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Résumé xi

Impact des forçages physiques sur la dynamique des éléments biogéochimiques en mer
Méditerranée
Approche couplée observations in situ et réseaux de neurones

Résumé
La mer Méditerranée est caractérisée par une circulation rapide des masses d’eau, des concentrations faibles
en nutriments avec un fort gradient d’oligotrophie, et une acidification plus rapide que pour l’océan global.
Les Eaux Levantines Intermédiaires (LIW) reliant les deux bassins sont marquées par un minimum d’oxygène
(O2). Les variabilités du contenu en O2, des nutriments et du carbone inorganique restent méconnues du fait
de leur faible densité d’observation. Le développement et la validation d’une méthode neuronale CANYON-
MED, spécifiquement conçue pour la Méditerranée, ont permis de dériver nutriments (nitrates, phosphates,
silicates) et variables du système des carbonates (alcalinité totale, carbone total et pH) à partir de variables
systématiquement mesurées (pression, température, salinité et O2, position spatio-temporelle). La dynamique
du minimum d’O2 dans la LIW face à la variabilité des processus de ventilation des eaux intermédiaires en
Méditerranée nord-occidentale a été étudiée sur la période 2012-2020. L’application de CANYON-MED a
permis la description des tendances en nutriments et carbonates dans cette zone, face au phénomène intermittent
de convection profonde. L’importance de la convection sur la ventilation des masses d’eau, et sur les tendances des
nutriments et d’acidification sont mises en évidence, dans un contexte de stratification accrue par le changement
climatique. Enfin, la ventilation de la LIW a été explorée dans sa zone de formation (le bassin Levantin) à l’aide
de flotteurs Argo sur la période 2018-2019, nuançant l’injection d’O2 dans le patch de mélange.

Mots clés : réseaux de neurones, mer Méditerranée, nutriments, système des carbonates, oxygène
dissous, flotteurs Argo

Abstract
The Mediterranean Sea is characterized by rapid circulation of its water masses, low nutrient concentrations with
a strong oligotrophy gradient, and a more rapid acidification than the global ocean. The Levantine Intermediate
Waters (LIW) that connect the two basins are marked by a minimum of oxygen (O2). Variability in O2
content, nutrients, and inorganic carbon remain poorly understood given their low density of observation. The
development and validation of a neural method CANYON-MED, specifically designed for the Mediterranean Sea,
allowed to derive nutrients (nitrates, phosphates, silicates) and carbonate system variables (total alkalinity, total
carbon and pH) from systematically measured variables (pressure, temperature, salinity and oxygen, position in
time and space). The dynamics of the O2 minimum in the LIW in the face of variability in intermediate water
ventilation processes in the northwestern Mediterranean was studied over the period 2012-2020. The application
of CANYON-MED allowed the description of nutrients and carbonate trends in this area, in response to the
intermittent deep convection phenomenon. The importance of convection on the ventilation of water masses,
as well as on nutrient and acidification trends are thus highlighted, in a context of increased stratification by
climate change. Finally, the ventilation of the LIW has been explored in its formation area (Levantine basin)
using Argo floats over the period 2018-2019, nuancing the injection of O2 in the mixing patch.

Keywords: neural networks, Mediterranean sea, nutrients, carbonate system, dissolved oxygen,
Argo floats

Laboratoire d’Océanographie
de Villefranche
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Une mer semi-fermée La région Méditerranéenne a de nombreuses caractéristiques morpho-
logiques, géographiques, historiques et sociétales qui en font un lieu privilégié de l’étude des
impacts du climat sur l’environnement marin. En particulier, on réfère souvent la Méditerranée à
un « océan miniature », où se retrouvent en jeu de nombreux processus de la circulation globale
(circulation thermohaline, apports atmosphériques, présence de régions aux caractéristiques
distinctes : biorégions) mais à une échelle de temps et d’espace plus restreinte. Sa taille réduite
et la facilité d’accès à son environnement hauturier en font un laboratoire d’étude idéal pour
l’étude de ces nombreux phénomènes. En particulier, la Méditerranée est un « hotspot » du
changement climatique (Giorgi 2006 ; Diffenbaugh et al. 2007), fortement soumise aux
impacts anthropiques. De plus, de part sa taille restreinte (0.3% du volume de l’océan global), la

1



2 CHAPITRE 1. La mer Méditerranée

circulation générale des masses d’eau en Méditerranée est dix fois plus rapide que dans l’océan
global et des changements y sont ainsi déjà visibles. Elle est reliée à l’océan global (figure 1.1)
par des échanges au travers du détroit de Gibraltar et est donc influencée par, et influence, les
masses d’eau Atlantique qui rejoignent la circulation thermohaline globale.

Figure 1.1 – Bathymétrie de la mer Méditerranée. Les noms des principaux bassins et îles de
la Méditerranée sont indiqués. D’après Houpert et al. (2015).

1.1 Masses d’eau caractéristiques

Les trois masses d’eau principales de la mer Méditerranée sont présentées en figure 1.2 :

1. Les eaux d’origine Atlantique (Modified Atlantic Water, MAW), trouvées en surface
avec une épaisseur de la surface à entre 50 et 200 mètres et caractérisées par une salinité
de 36.2 près de Gibraltar à leur entrée et de 38.6 dans le bassin Levantin après avoir subi
de l’évaporation le long de leur parcours (Schroeder et al. 2012). La circulation des
MAW est globalement cyclonique (sens anti-horaire dans l’hémisphère Nord) à l’échelle
des différents bassins, à l’exception de la circulation en mer Ionienne, caractérisée par une
oscillation entre phase de circulation cyclonique et anticyclonique (Gačić et al. 2010).

2. Les masses d’eau intermédiaires formées par mélange vertical lors de périodes hivernales :
les eaux levantines intermédiaires (Levantine Intermediate Waters, LIW) formées dans
le bassin Levantin, situées en moyenne entre 300 et 800 m et caractérisées par des
températures autour de 13.5 °C et des salinités vers 38.6 (Zavatarielli et Mellor
1995). Leur signature est détectable par leur maximum en sub-surface de température
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Figure 1.2 – Schéma simplifié de la circulation en 3 couches en Méditerranée le long d’une
radiale détroit de Gibraltar - bassin Levantin. Les principales masses d’eau méditerranéennes et
leurs caractéristiques en température et salinité sont présentées. Adapté de Zavatarielli et
Mellor (1995).

et de salinité aux caractéristiques fortes dans le bassin Oriental et atténuées dans le
bassin Occidental. Ces eaux chargées en sel et en chaleur ont un rôle crucial pour la
circulation thermohaline méditerranéenne (Grignon et al. 2010 ; Sparnocchia et
al. 1994 ; Lacombe et al. 1985). Ces eaux intermédiaires suivent globalement le trajet
cyclonique décrit par les masses d’eau de surface (figure 1.3 B). Le long de leur trajet depuis
leur lieu de formation dans le bassin Levantin, leurs caractéristiques évoluent, cependant
elles gardent l’appellation de LIW en référence à leur site de formation principal à l’est
de la Méditerranée (Lascaratos et al. 1999). En Méditerranée Occidentale, la LIW est
également caractérisée par un minimum d’oxygène dissous (O2) reflétant l’absence de
contact avec l’atmosphère depuis leur formation (Coppola et al. 2018).

3. Les eaux profondes méditerranéennes trouvées sous 1000 m et formées dans des zones
spécifiques des bassins occidental (Golfe du Lion) et oriental (mers Adriatique et Égée)
(figure 1.3 C). L’eau profonde est méditerranéenne (Eastern Mediterranean Deep Water,
EMDW) est principalement formée en mer Adriatique sous l’effet de la Bora et en
mer Égée sous l’effet des vents Étésiens (cf. parties 1.3.3 Formation d’eau dense en
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mer Méditerranée Orientale et 1.3.2 Formation d’eau dense en mer Adriatique et en
mer Égée) (Bergamasco et Malanotte-Rizzoli 2010 ; Klein et al. 1999). L’eau
profonde ouest méditerranéenne (Western Mediterranean Deep Waters, WMDW) est
formée dans la partie nord-occidentale, dans le Golfe du Lion, sous l’effet du Mistral et
de la Tramontane (cf. partie 1.3.1 Formation d’eau dense en mer Méditerranée Nord-
Occidentale) (Schroeder et al. 2008b).

1.2 Circulation

La figure 1.3 schématise les circulations principales (cyclonique), secondaires et interannuelles
impliquant les masses d’eau présentées en partie 1.1 Masses d’eau caractéristiques à différentes
profondeurs en Méditerranée.

La circulation générale de surface en mer Méditerranée est fortement contrainte par les vents
(Pinardi et Navarra 1993) et la bathymétrie complexe de cette mer semi-fermée (figure 1.1,
Testor et al. 2005). En raison de son climat, la Méditerranée est un bassin de concentration,
c’est-à-dire qu’elle perd plus d’eau par évaporation qu’elle n’en reçoit par les précipitations et
les fleuves (Bethoux et al. 1999). Sans l’apport de l’océan via le détroit de Gibraltar (débit
entrant de 1 million de m3 d’eau par seconde), le niveau de la Méditerranée baisserait de 0.5 à 1
m par an. En moyenne, il faut 100 ans entre le moment où l’eau entre en surface par Gibraltar et
y ressort, en profondeur, transformée lors des convections (Durrieu de Madron et al. 2011).

La circulation thermohaline en mer Méditerranée est caractérisée par une circulation composée
de 3 cellules :

1. Une cellule de retournement ouverte et peu profonde où la MAW entrent au niveau
de Gibraltar, se propagent en surface vers l’est puis plongent sous forme de LIW en
Méditerranée Orientale. La LIW se propage alors jusqu’à Gibraltar à des profondeurs
intermédiaires (Pinardi et al. 2019).

2. Une cellule profonde de retournement dans le bassin Occidental, dont le moteur est la
formation d’eaux profondes WMDW dans le Golfe du Lion(Pinardi et al. 2019).

3. Une cellule profonde de retournement dans le bassin Oriental caractérisée comme une
cellule thermohaline fermée(Pinardi et al. 2019). Son moteur est traditionnellement
situé en mer Adriatique (considérée comme la source principale) mais des modifica-
tions transitoires peuvent modifier le comportement de cette cellule(Bergamasco et
Malanotte-Rizzoli 2010). La mer Égée devient alors contributrice même si elle reste
majoritairement une source d’eaux intermédiaires (cf. partie 1.4.1 Eastern Mediterranean
Transient).

La circulation méditerranéenne est aussi marquée par la présence de structures permanentes
à l’échelle des bassins et sur différentes profondeurs (figure 1.3). Dans la partie nord du bassin
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Figure 1.3 – Circulation en mer Méditerranée (A) des eaux de surface, (B) des eaux inter-
médiaires et (C) des eaux de fond. Ces masses d’eaux sont décrites dans la figure 1.2. Les
isolignes représentent les isobathes 1000 m et 2000 m. Les circulations principale et secondaire
(en termes de volume) sont représentées par des flèches rouges (épaisses et fines respectivement).
Les flèches vertes décrivent les circulations interannuelles et saisonnières. Les flèches circulaires
bleues et rouges montrent les circulations cycloniques/anticycloniques issues du vent ou des
instabilités respectivement. Les cercles verts représentent les zones de convection hivernale et le
tiret pointillé indique le front. Tiré de Durrieu de Madron et al. (2011).

occidental, la circulation est connue comme étant cyclonique et le courant Nord (courant de
bord intense) constitue une branche de cette circulation (Millot 1999). La circulation en
mer Adriatique est caractérisée par deux gyres cycloniques (gyre Nord et gyre Sud) et en mer
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d’Alboran, deux gyres anticycloniques sont présents à l’entrée de la Méditerranée (Poulain et al.
2012). À ces structures permanentes de grande taille s’ajoutent des phénomènes de mésoéchelle
(environ 100 km) et submésoéchelle (environ 10 km) tels que les tourbillons et les fronts (Millot
1999). En particulier, le long des côtes algériennes, la MAW forme de nombreux tourbillons
causés par des instabilités dont certains durent plusieurs années (Puillat et al. 2002). Dans
le bassin Levantin, des structures cycloniques (gyre de Rhodes) et anticycloniques (gyre de
Ierapetra) quasi-permanentes sont également présentes (Hamad et al. 2005 ; Rio et al. 2007 ;
Estournel et al. 2021).

1.3 Processus de formation d’eau dense

La circulation thermohaline est issue des différences de densité de l’eau de mer, due aux
variations de leur température et salinité (Pinardi et al. 2019). Dans certaines régions et à
des saison précises, sous l’effet d’interactions avec l’atmosphère, les eaux de surface peuvent
perdre en chaleur, se densifier et ainsi plonger à des profondeurs intermédiaires voire jusqu’au
fond (Testor et al. 2018 ; Marshall et Schott 1999 ; Sur et al. 1993). Plus précisément,
sous l’action de vents froids et secs, la couche de mélange (Mixed Layer, ML) s’approfondit
sous l’effet combiné de l’évaporation et du refroidissement des eaux générant des instabilités
verticales (Boyer Montégut 2004 ; D’Ortenzio et Prieur 2012). La profondeur maximale
atteinte par la couche de mélange varie fortement dans le temps et dans l’espace (Lavigne
2013). En mer Méditerranée, les phénomènes de convection hivernale et par conséquent de
formation d’eau dense ont lieu dans 3 zones principales : la Méditerranée Nord-Occidentale,
l’Adriatique et la Méditerranée Orientale (Durrieu de Madron et al. 2011).

1.3.1 Formation d’eau dense en mer Méditerranée Nord-Occidentale

En Méditerranée nord-occidentale, la présence de masses d’eau de caractéristiques thermo-
dynamiques différentes, ainsi que la circulation régionale cyclonique induisant une stabilité
verticale réduite, font de cette région une zone de formation d’eau dense. Le phénomène de
convection dans le Golfe du Lion est un phénomène intermittent (Somot et al. 2006) qui varie
en intensité et en volume d’eaux nouvellement formées de façon inter-annuelle. Marshall
et Schott (1999) ont conceptualisé le phénomène de convection profonde en trois étapes :
préconditionnement, mélange vertical et restratification.

Préconditionnement La circulation cyclonique de la Méditerranée Nord-Occidentale entraîne
un « doming » des isopycnes entraînant ainsi une remontée d’eau intermédiaire plus proche
de la surface et plus facilement affectée par des pertes de chaleur localisées. De plus, la LIW
complète ce préconditionnement : lorsque celle-ci remonte, elle entraîne l’augmentation de la
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salinité et donc de la densité des eaux de surface qui se refroidissent avec les vents froids et secs.
C’est ainsi le déclenchement du mélange vertical (MEDOC GROUP 1970).

Mélange vertical Le préconditionnement et les forçages atmosphériques varient selon les
années, ce qui explique la variabilité (en terme de timing et de surface concernée) du phénomène
de convection profonde dans la zone. Dans les zones soumises au préconditionnement et sous l’effet
des vents froids et secs, la stabilité de la colonne d’eau est affaiblie, permettant l’apparition de
cellules convectives (ou panaches, <1 km de diamètre) sur l’ensemble de la colonne d’eau. Cette
phase de mélange vertical intense produit un volume important d’eaux formées et renouvelle les
couches profondes. La forme du patch convectif ainsi que la profondeur maximale atteinte par
la convection varient selon les épisodes convectifs. Elle est hétérogène et génère de nombreuses
structures de mésoéchelle (Frajka-Williams et al. 2014) et de sub-mésoéchelle (Marshall
et Schott 1999).

Restratification Dès que le refroidissement à l’interface air-mer s’arrête et que l’eau est à
nouveau chauffée par l’atmosphère, les eaux de surface de la zone mélangée se restratifient (au
début du printemps), tandis que les eaux denses nouvellement formées plongent et se répandent
en profondeur. Elles deviennent ainsi séparées des interactions avec l’atmosphère. Les échanges
latéraux reprennent le dessus avec une advection de ces eaux nouvellement formées.

Ces différentes phases se chevauchent dans le temps et le préconditionnement ainsi que
la dispersion des eaux formées joue un rôle important dans le préconditionnement de l’année
suivante. Le golfe du Lion, où la convection peut atteindre le fond (> 2000 m) certaines années
(Houpert 2013), est classifié parmi les zones de convection les plus profondes et les plus connues
au monde (Marshall et Schott 1999).

Testor et al. (2018), grâce à un effort intense d’observation multi-plateformes dans le Golfe
du Lion pendant l’hiver 2012-2013, ont pu revoir et compléter la description du phénomène
de convection en océan ouvert de Marshall et Schott (1999) (figure 1.4). Les trois phases
décrites précédemment se chevauchent et interagissent. Le diagramme du haut montre un premier
événement de mélange, avec des panaches n’atteignant pas encore le fond, du « cascading »
près de la côte et de fortes instabilités près du bord de la zone de mélange. Des tourbillons
cohérents de sub-mésoéchelle (Submesoscale Coherent Vortices, SCV) se forment, exportant les
eaux nouvellement formées à différentes profondeurs intermédiaires (Bosse et al. 2015). Suite à
un mélange additionnel, la couche de mélange peut atteindre le fond de l’océan et des SCVs se
forment, également attachés au fond de l’océan, contribuant ainsi à la propagation des WMDW
nouvellement formées.

Par ailleurs, il a été observé dans le passé que la convection peut s’étendre à la mer Ligure à
l’est du Golfe du Lion (Coppola et al. 2017 ; Smith et al. 2008), mais ce phénomène reste
toutefois principalement localisé dans la zone du Golfe du Lion où les conditions océaniques



8 CHAPITRE 1. La mer Méditerranée

Figure 1.4 – Représentation schématique de l’évolution de la zone de convection pendant la
phase de mélange intense sur une période de 1-2 semaines. La stratification sous-jacente est
représentée par les isopycnes sélectionnés (lignes noires) et les flèches noires représentent les
vents. Le volume d’eau qui vient d’être mélangé par convection est coloré selon les classes de
densité potentielle (densité ramenée à la pression de surface). AW : Eaux Atlantiques (Atlantic
Waters). Tiré de Testor et al. (2018).

sont les plus favorables au mélange profond. En plus du phénomène de convection profonde qui
forme des eaux profondes au large, vers la côte le phénomène de « cascading » d’eaux denses en
provenance du plateau peut avoir lieu occasionnellement sur le plateau du Golfe du Lion ou en
mer Adriatique (Durrieu de Madron et al. 2005 ; Ivanov et al. 2004). En effet, le cascading
d’eau de plateau dense peut se produire dans des régions peu profondes (100 m) séparées de
l’océan profond par une pente abrupte (Durrieu de Madron et al. 2005 ; Ivanov et al. 2004),
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situation qui décrit bien le plateau du Golfe du Lion. Le plateau du Golfe du Lion est séparé
de l’océan profond par plusieurs canyons qui agissent comme des couloirs naturels pour les
eaux denses (Durrieu de Madron et al. 2005 ; Font et al. 2007 ; Canals et al. 2006). Le
phénomène de cascading a été décrit en détail par Shapiro et al. (2003).

Les deux processus de formation d’eaux profondes peuvent se produire simultanément ou
séparément, et les eaux profondes formées par les deux interagissent et se trouvent à leurs
profondeurs de flottabilité neutre respectives, entraînant un chevauchement parfois complexe de
ces masses d’eau nouvellement formées aux propriétés (température et salinité) différentes. Ce
chevauchement est bien visible sur les diagrammes θ-S de propriétés des masses d’eau (décrits
en détail en partie 1.4.2 Western Mediterranean Transition). Le cascading est intermittent (n’a
pas lieu tous les ans) et se produit à une fréquence moindre que le phénomène de convection
profonde, variant en intensité selon les années (J. P. Béthoux et al. 2002).

1.3.2 Formation d’eau dense en mer Adriatique et en mer Égée

Sous l’influence du vent Bora, les eaux relativement chaudes et salées, riches en LIW qui
rentrent dans l’Adriatique par l’est et les eaux froides et peu profondes du nord de l’Adriatique
se mélangent (Bergamasco et Malanotte-Rizzoli 2010). La LIW contribue ainsi à la
formation de l’eau profonde Adriatique (Adriatic Deep Water, ADW) qui alimente l’EMDW.
Dans les années 90, la zone de formation d’eau dense de l’EMDW a changé du sud de l’Adriatique
à la mer de Crête, phénomène appelé Eastern Mediterranean Transient (EMT) (Klein et al.
1999) (voir détails en partie 1.4.1 Eastern Mediterranean Transient).

En 1997, le gyre Nord-ionien est passé d’anticyclonique à cyclonique (Manca et al. 2002).
Ce phénomène décennal d’alternance entre un mode cyclonique et anticyclonique (figure 1.5)
a été nommé le BIOS : Adriatic-Ionian Bimodal Oscillating System (Gačić et al. 2010). Les
variations entre le mode cyclonique et anticyclonique impliquent des trajets de masses d’eau
différents, ainsi que des impacts sur les nutriments et la distribution des espèces (Civitarese
et al. 2010).

La mer Égée est également considérée comme une zone de convection et une source d’eaux
crétoises intermédiaires (Cretan Intermediate Water, CIW) dont les caractéristiques varient de
manière interannuelle selon la profondeur maximale de mélange atteinte (Velaoras et al. 2013 ;
Theocharis et al. 1993), et étant parfois plus dense que la LIW (Theocharis et al. 1999b).
De plus, les eaux profondes de la mer Égée sont constituées d’eaux profondes crétoises (Cretan
Deep Water, CDW) issues de l’EMT (Theocharis et al. 1999a ; Velaoras et al. 2018).
L’EMDW est composée d’un mélange d’eau profonde formée en mer Égée pendant l’EMT et
d’ADW formée en mer Adriatique après l’EMT (Roether et al. 2007).
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Figure 1.5 – Représentation schématique des caractéristiques principales du BIOS et de ses
conséquences dans la zone. a. NIG cyclonique, B. NIG anti-cyclonique. Acronymes : MAW,
Modified Atlantic Water, LIW, Levantine Intermediate Water, AdDW Adriatic Deep Water,
NIG North Ionian Gyre. Tiré de Civitarese et al. (2010).

1.3.3 Formation d’eau dense en mer Méditerranée Orientale

Dans le bassin Levantin, la MAW chaude et salée en raison des faibles apports d’eau douce
par les précipitations ou les fleuves (Lascaratos et Nittis 1998) se refroidit en surface et
s’évapore sous l’effet des vents Étésiens. Ce refroidissement est le moteur de mélanges verticaux
importants qui peuvent atteindre 500 à 1000 m (Lascaratos et al. 1993). Ces mélanges sont
ainsi à l’origine de la LIW assez chaude et très salée formée par une convection intermédiaire.
Certaines années, la convection peut donner lieu à la formation d’eau Levantine profonde
(Levantine Deep Water, LDW) (Sur et al. 1993). La LIW formée dans le bassin Levantin se
propage dans le bassin Oriental et une partie entre en mer Adriatique où elle contribue à la
formation d’eau dense (Robinson et al. 2010). Elle se mélange avec les CIW dans le bassin
oriental avant de rejoindre la Méditerranée occidentale via le détroit de Sicile. Une autre partie
rejoint la mer Tyrrhénienne puis le bassin Nord-Occidental. La LIW représente un réservoir de
chaleur et de sel à des profondeurs intermédiaires, jouant ainsi un rôle crucial pour la circulation
thermohaline globale de la mer Méditerranée (Grignon et al. 2010). Elle a une signature
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caractéristique dans le bassin oriental (salinité de 39 et température potentielle de 15°C), et
ces caractéristiques s’atténuent le long du trajet vers le bassin occidental (salinité de 38.6 et
température potentielle de 13.5°C) (Zavatarielli et Mellor 1995). De plus, en Méditerranée
occidentale, la LIW est caractérisée par un minimum d’O2, reflétant son absence de contact
avec l’atmosphère depuis sa formation et la dégradation bactérienne de la matière organique.
Au niveau du détroit de Gibraltar, on retrouve la LIW qui représente une partie des eaux qui
vont s’exporter vers l’Atlantique (H. L. Bryden et al. 1994 ; Gascard et Richez 1985).

1.4 Modifications transitoires de la circulation

1.4.1 Eastern Mediterranean Transient

L’Eastern Mediterranean Transient (EMT) s’est produit en mer Égée de 1988 à 1995 et est
considérée comme la plus importante perturbation de circulation et de propriétés des masses
d’eau en Méditerranée depuis les années 1950, quand les mesures instrumentales sont devenues
systématiques. Différentes mécanismes sont considérés qui pourraient expliquer ce phénomène :
une modification des vents, cruciaux pour la circulation des masses d’eau (Samuel et al. 1999) ;
une augmentation de la salinité due à une réduction multi-décennale des apports fluviaux
(Boscolo et H. Bryden 2001) et des apports de la mer Noire (Zervakis et al. 2000) ; une
perte de chaleur très importante durant les hivers rudes au début des années 1990 (Tsimplis
et al. 2006) ; une réduction des précipitations entre 1989 et 1993 (Theocharis et al. 1999a) ;
l’impact du BIOS (Gačić et al. 2010) (voir partie 1.3.2 Formation d’eau dense en mer Adriatique
et en mer Égée). Le moteur de la cellule thermohaline fermée de l’Adriatique s’est alors déplacé
vers le sud de la mer Égée (sous-bassin crétois) (Bergamasco et Malanotte-Rizzoli 2010).
Les eaux profondes formées en mer Égée, moins froides et plus salées, plus denses que les
eaux profondes présentes dans le bassin oriental et habituellement formées en Adriatique ont
provoqué un changement brutal de la composition des EMDW. Un retour à la situation de
circulation précédente, pré-EMT (avant 1987), avec une dominance des eaux profondes issues de
l’Adriatique, a eu lieu en 1997 (Borzelli et al. 2009). Ce retour est associé à un renversement
complet de la circulation des eaux ioniennes superficielles d’un mode anticyclonique à un autre
cyclonique, plutôt issu de tourbillons barocliniques (Gačić et al. 2010 ; Bergamasco et
Malanotte-Rizzoli 2010). La propagation du signal de l’EMT vers l’ouest s’est manifesté
au niveau de la LIW. En effet, la LIW est devenue plus salée et plus chaude au cours des
années 2000, probablement par un effet couplé de l’EMT et d’une accumulation de chaleur
dans les eaux intermédiaires en raison de l’absence de convection profonde engendrée par la
succession d’hivers doux en Méditerranée Nord-Occidentale (Herrmann et al. 2010). Puis, lors
des deux hivers très froids de 2005 et 2006, un évènement massif de production d’eaux profondes
aux caractéristiques exceptionnellement chaudes et salées a eu lieu enfouissant en profondeur
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l’accumulation de chaleur et de sel de la LIW (Herrmann et al. 2010). Les conséquences de
ce phénomène perdurent de nos jours en Méditerranée Occidentale, en mer Tyrrhénienne et
en mer Ligure (Schroeder et al. 2008b) avec des impacts importants sur les caractéristiques
physico-chimiques des masses d’eau, en particulier la distribution verticale et spatiale du carbone
anthropique (Touratier et Goyet 2011) ainsi qu’une modification générale de la distribution
des principaux traceurs biogéochimiques (O2, nutriments, etc., Schroeder et al. 2012).

1.4.2 Western Mediterranean Transition

Un réchauffement et une salinisation de l’ensemble de la colonne d’eau ont également été
observés en Méditerranée occidentale, comparables à l’EMT, aussi bien en termes d’intensité
que de conséquences observées (Schroeder et al. 2008a) : la Western Mediterranean Transition
WMT.

Figure 1.6 – Diagrammes θ-S des masses d’eau en octobre 2004 (gauche), et en octobre 2006
(droite) dans le bassin occidental. Tiré de Schroeder et al. (2008a).

Pendant l’hiver 2005, un évènement de convection profonde particulièrement intense a
été observé dans le Golfe du Lion (López-Jurado et al. 2005 ; Font et al. 2007). La zone
convective a été beaucoup plus étendue, jusque dans le sous-bassin Catalan, au Nord des Baléares
(Smith et al. 2008). La WMDW alors formée est caractérisée par des température et salinité
significativement plus élevées que précédemment, avec une signature très reconnaissable qualifiée
de « queue de scorpion » sur les diagrammes θ-S (figure 1.6). L’origine de la WMT aurait
deux explications. Tout d’abord, l’hiver 2005 a été particulièrement froid et sec et a entraîné
de fortes évaporations et pertes de chaleur et donc de flottabilité en surface (López-Jurado
et al. 2005 ; Font et al. 2007 ; Schroeder et al. 2010 ; Herrmann et al. 2010). Ces conditions
atmosphériques ont certainement joué un rôle dans l’intensité de l’évènement de convection
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profonde de l’hiver 2005. De plus, la forte évaporation des eaux de surface a pu engendrer une
augmentation de la salinité de surface, ce qui pourrait en partie expliquer la salinité élevée de la
WMDW produite cet hiver. Deuxièmement, les conséquences de l’EMT ont pu contribuer aussi
bien en influant sur les caractéristiques des masses d’eau (plus chaudes et plus salées) arrivant de
la Méditerranée Orientale en Méditerranée Nord-Occidentale que sur la stratification verticale
des masses d’eau, ce qui a pu avoir un impact sur l’étendue de la convection profonde. Lors de
l’hiver 2006, la convection a de nouveau été plus étendue, englobant également la mer Ligure
(Smith et al. 2008) et la WMDW alors formée a été similaire à celle de l’hiver précédent. Ces
eaux se sont alors dispersées et les caractéristiques de la nouvelle WMDW ont été observées le
long des côtes algériennes jusqu’à la mer d’Alboran (Schroeder et al. 2008b) dès l’été 2005.

Dans le bassin Nord-Occidental, ce chevauchement de masses d’eau profondes aux caractéris-
tiques différentes semble s’estomper pour tendre à revenir à une masse d’eau homogène. Depuis
2014 (et jusqu’au mélange de 2018), la LIW devient progressivement plus chaude et plus salée
comme au début des années 1990 (Margirier et al. 2020). L’augmentation de salinité dans les
eaux intermédiaires et profondes reste une conséquence marquée de ce WMT.

1.5 Biogéochimie de la mer Méditerranée

Oxygénation en Méditerranée Comparée à l’océan global, la Méditerranée a des eaux
profondes plus oxygénées, en partie issu des épisodes de ventilation intense lors du mélange
hivernal dans les zones de formation d’eau dense (Schneider et al. 2014). La LIW est
caractérisée par un minimum d’O2 (Coppola et al. 2018). Ce minimum est la conséquence
d’un apport de matière organique par les zones productives supérieures alimentant ainsi la
respiration bactérienne et engendrant la consommation d’O2 et d’une stratification verticale
des eaux de surface qui empêche la diffusion de l’O2 depuis les couches de surfaces en contact
avec l’atmosphère et bien oxygénées. De plus, la LIW est formée dans le bassin Oriental (cf.
partie 1.3.3 Formation d’eau dense en mer Méditerranée Orientale) puis isolée de la surface, sa
teneur en O2 diminue donc le long de son trajet à cause d’un arrêt des échanges air-mer. Une
augmentation de la stratification verticale des masses d’eau aurait entre autres pour conséquence
une diminution globale de l’O2 dans l’océan selon les modèles climatiques (Oschlies et al. 2008 ;
Oschlies 2021). En l’absence de ventilation issue de la convection, il est probable que l’O2

diminue dans cette couche intermédiaire. Coppola et al. (2018) ont par exemple estimé qu’il
faudrait 25 ans pour atteindre l’hypoxie (O2 < 60 µmol kg−1) dans un site en Méditerranée
nord-occidentale (DYFAMED, détails en partie 2.2.2 Mouillages LION et DYFAMED) selon les
tendances estimées et si aucune ventilation intense du minimum d’O2 n’a lieu.
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Dynamique des nutriments en Méditerranée Les sels nutritifs tels que les nitrates,
phosphates et silicates sont utilisés par les espèces de phytoplancton lors de la transformation du
CO2 dissous dans l’eau de mer en carbone organique et en utilisant l’énergie lumineuse lors de la
photosynthèse. La disponibilité des nutriments est déterminante pour la productivité biologique
et pour la séquestration de carbone sous-jacente. Les nutriments en Méditerranée peuvent être
d’origine naturelle, atmosphérique (dépôt de poussières sahariennes), ou anthropique (apports
par les fleuves, sauf pour les silicates qui n’ont aucune source anthropique) (O. P. Pasqueron
de Fommervault 2015). Leur distribution est très marquée sur la verticale. Les eaux de surface
sont appauvries en nutriments qui sont consommés par le phytoplancton. Au contraire, les eaux
profondes sont riches en nutriments. Enfin, les masses d’eau intermédiaires présentent souvent
des concentrations plus élevées issues de la forte reminéralisation de la matière organique par
les bactéries dans cette couche.

Figure 1.7 – Carte de la distribution des nitrates en profondeur (valeurs moyennées sous 800
m) montrant le gradient ouest-est. Les données issues de campagnes en mer entre 1961 et 2010
sont interpolées à l’aide d’une méthode cubique à base de triangles. Adapté de O. Pasqueron
de Fommervault et al. (2015a).

La mer Méditerranée présente un gradient d’oligotrophie (limitation en nutriments) d’ouest en
est (figure 1.7, Pujo-Pay et al. 2011) principalement causé par la circulation anti-estuarienne au
niveau du détroit de Gibraltar (J. Béthoux et al. 1998). Ce gradient d’oligotrophie est caractérisé
par une diminution des concentrations en nitrates et phosphates ainsi qu’un approfondissement
des nutriclines (Moutin et Raimbault 2002 ; Pujo-Pay et al. 2011). Les nutriclines sont des
zones de forts gradients des concentrations en nutriments qui séparent verticalement les zones
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appauvries des zones les plus riches. Leur position détermine l’accessibilité des nutriments par
le phytoplancton. En Méditerranée, le macro-nutriment limitant est le phosphore, comme mis
en évidence par des rapports N/P dans les eaux profondes (rapport entre la concentration en
nitrates et phosphates) supérieurs au rapport de Redfield (C : N : P 106 : 16 : 1, Redfield
1934). En effet, en Méditerranée ce rapport varie de 22 au fond du bassin ouest (J. P. Béthoux
et al. 2002) à 27 à l’est (Ribera d’Alcalà et al. 2003).

Suite à des régulations sur l’utilisation de phosphore (e.g. lessives, apports fluviaux, agricul-
ture), les apports globaux de nutriments ont évolué dans les dernières décennies (Ludwig et al.
2009), dans des proportions variables influençant directement les rapports entre ces éléments
nutritifs.

La convection verticale hivernale renouvelle les nutriments dans les couches de surface, et
la quantité d’eau profonde formée détermine la disponibilité en nutriments dans la couche
euphotique qui influence alors directement la production primaire (Mayot et al. 2017). La
remontée de sels nutritifs en surface à disposition du phytoplancton est en partie contrôlée
par l’intensité de la convection (O. Pasqueron de Fommervault et al. 2015b). En effet, la
remontée de nutriments en surface est possible lorsque la MLD est supérieure à la profondeur des
nutriclines et spécifiquement de la nitracline et de la phosphacline. La réponse des nutriments à
la dynamique de la couche de mélange et au mélange vertical reste cependant nuancée : dans une
certaine mesure, des profondeurs de couche de mélange plus élevées conduisent à une injection
plus importante des nutriments dans les eaux de surface. Cependant, Heimbürger et al. (2013)
a suggéré qu’une succession d’approfondissements de la couche de mélange, même de moindre
ampleur, peut permettre un plus fort enrichissement en nutriments en surface qu’un unique
approfondissement.
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Principes de la chimie des carbonates

Le carbone est stocké sous forme organique ou sous forme de dioxyde de carbone dans trois
réservoirs principaux : l’atmosphère, les continents et l’océan (Zeebe et Wolf-Gladrow
2001). Ce dernier représente le plus large réservoir de carbone, il contient plus de 95%
du CO2 total (Zeebe et Wolf-Gladrow 2001). Le cycle actuel du carbone implique
fortement l’océan dans lequel le CO2 atmosphérique est absorbé par l’eau de mer, avec un
équilibre chimique entre les différentes espèces du système des carbonates régi par les lois
de la thermodynamique. Plus précisément, le système des carbonates est un système «
acide-base » issu de la dissolution du CO2 et de minéraux carbonatés dans l’eau (figure 1.8).
L’ajout d’un acide ou d’une base à une solution aqueuse contenant des espèces carbonatées
donne lieu à des modifications du pH et des changements dans les concentrations de toutes
les espèces qui constituent le système. Les gaz atmosphériques se dissolvent dans l’eau
de mer et sont distribués à toutes les profondeurs par les courants et les autres processus
thermodynamiques.

Figure 1.8 – Système des carbonates avec la dissolution du CO2, AT, CT, et pH.
Dans l’eau de mer, le CO2 se trouve, essentiellement, sous 3 formes inorganiques (figure
1.8) : CO2 aqueux (CO2(aq)), ions bicarbonates (HCO3-), et ions carbonates (CO32-). Le
CO2 se dissocie dans l’eau de mer par réactions successives dont les constantes d’équilibre
dépendent de facteurs environnementaux comme la température, la pression et la salinité.
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Dans l’eau de mer, ces trois formes sont en équilibre permanent. On définit alors le carbone
inorganique total ou CT comme la somme suivante :

CT = [CO2(aq)] + [HCO−
3 ] + [CO2−

3 ] (1.1)

Les ions bicarbonates constituent la forme principale de CT (>85%), suivi des ions
carbonates puis du dioxyde de carbone et de l’acide carbonique (H2CO3). Dans l’océan
global, le CT varie de 1850 à 2300 µmol kg−1 (Bégovic 2001). Le CT est souvent le plus
faible en surface dans les eaux appauvries par la photosynthèse et le plus élevé dans les
eaux intermédiaires où la décomposition de la matière organique libère du carbone.
Dans l’eau de mer, le pH est gouverné essentiellement par le système des carbonates. Le
pH diminue lors de la dissolution du CO2 atmosphérique dans l’eau de mer ou lors de la
reminéralisation de la matière organique qui engendrent une formation d’ions provoquant
une diminution du pH. Le pH mesure ainsi l’activité des protons en solution :

pH =−log(H3O
+) (1.2)

Le pH est une mesure logarithmique, ainsi une baisse de 1 unité de pH signifie une
augmentation par un facteur de 10 de la concentration des ions hydrogène. Dans la
pratique, la mesure du pH dépend des solutions étalons de référence choisies. Dans les
travaux de cette thèse, le pH utilisé est le pHT ou pH sur l’échelle totale (qui prend en
compte les protons associés aux sulfates, (Dickson 1993). Ce choix a été fait pour être
comparable à des études ultérieures. L’acidification des océans correspond à la diminution
du pH par dissolution de CO2 atmosphérique dans l’eau de mer. Le pH global des océans a
diminué de 0.017 à 0.027 unité de pH par décennie depuis la fin des années 1980 (Bindoff
et al. 2019) et continue de diminuer avec l’augmentation des émissions anthropiques de
CO2 (figure 1.9).
range of 0.017–0.027 pH units per decade since the late 1980s
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Figure 1.9 – Série chronologique de la moyenne annuelle du pH de l’eau de mer de surface
au niveau mondial sur la période 1985-2019 en utilisant une méthodologie de reconstruction.
La tendance ± sa variation sont calculées comme la moyenne et l’écart type des différences
entre deux estimations consécutives. Tiré de Copernicus Marine Service
La dernière variable du système des carbonates est l’alcalinité totale (AT) qui correspond
au nombre de moles d’ions hydrogène équivalent à l’excès des accepteurs de protons (bases
formées par des acides faibles) sur les donneurs de protons (acides) dans un kilogramme
de l’échantillon (Dickson et Goyet 1994) :

AT = [HCO−
3 ] + 2[CO2−

3 ] + [B(OH)4] + [OH−] + [HPO2−
4 ] + 2[PO3−

4 ]

+[SiO(OH)−
3 ] + [NH3] + [HS−]− [H+]F − [HSO−

4 ]− [HF ]

−[H3PO4] + [basesmineures− acidesmineurs]

(1.3)

La distribution de l’AT dans l’océan ouvert est principalement fonction de la salinité et
des facteurs physiques qui la régulent : les mouvements des masses d’eau, les phénomènes
de mélange, l’évaporation ou encore les précipitations (Broecker et Peng 1982). Ainsi
de nombreuses relations empiriques existent pour dériver l’AT depuis la salinité d’une
masse d’eau.
En connaissant la valeur de deux des quatre variables du système des carbonates : AT,
CT, pH et CO2, il est possible de recalculer les deux autres facilement, par exemple à
l’aide de CO2SYS (Lewis et Wallace 1998 ; Heuven et al. 2011). CO2SYS est une

https://marine.copernicus.eu/access-data/ocean-monitoring-indicators/global-mean-sea-water-ph/


1.6. Objectifs de la thèse 19

famille de logiciels qui calculent les équilibres chimiques pour les variables du carbone
inorganique aquatique.

Système des carbonates en mer Méditerranée La dynamique du système des carbonates
en Méditerranée dépend des apports par les continents et par les échanges avec l’océan Atlantique,
la mer Noire et la mer Rouge. Ces apports peuvent être causés par le lessivage et l’érosion naturels
des sols mais aussi par des apports atmosphériques ou encore par des rejets liés aux activités
humaines. L’AT en Méditerranée est élevée (2560-2620 µmol kg−1) avec des concentrations plus
élevées dans le bassin oriental (Álvarez et al. 2014). A l’inverse, le CT (2270-2330 µmol kg−1)
présente des concentrations plus élevées dans le bassin occidental (Álvarez et al. 2014). De
plus, des études ont montré que la mer Méditerranée se comporte comme un léger puits de CO2

(moyenne sur 1998-2004, D’Ortenzio et al. 2008), avec un bassin occidental majoritairement «
puits » et un bassin oriental majoritairement « source » de CO2 (D’Ortenzio et al. 2008). La
modification du pH de la mer Méditerranée a été estimé à une diminution de 0.05 à 0.14 depuis
l’ère préindustrielle pour les eaux de surface (Touratier et Goyet 2009) signifiant ainsi une
acidification plus rapide que pour l’océan global. De plus cette acidification est présente dans
l’ensemble de la colonne d’eau à cause du mélange vertical (Coppola et al. 2020a).

Les événements comme l’EMT (cf. partie 1.4.1 Eastern Mediterranean Transient) et le
WMT (cf. partie 1.4.2 Western Mediterranean Transition) ont de fortes conséquences biogéochi-
miques, en particulier sur le système des carbonates en Méditerranée. En effet, la Méditerranée
a la capacité de séquestrer de grandes quantités de CO2 anthropique (Cant) grâce à l’AT

et aux températures élevées sur la colonne d’eau (Álvarez et al. 2014). Cependant, les ef-
fets des changements récents de circulation sur la séquestration du Cant restent peu connus
(Malanotte-Rizzoli et al. 2014).

1.6 Objectifs de la thèse

Dans le contexte d’une mer Méditerranée fortement soumise aux pressions anthropiques
comme les changements globaux, les pollutions, le tourisme ou encore la sur-pêche, il est crucial
d’affiner notre compréhension de ce système pour mieux appréhender les évolutions futures.
Les températures des eaux de surface vont augmenter de 1 à 4°C d’ici 2100 selon les scénarios
considérés, accompagnées de modifications des apports nutritifs et d’une acidification accrue,
tous ces phénomènes impactant les communautés phytoplanctoniques et les réseaux trophiques
(Cramer et al. p. d. ; Cherif et al. p. d.).

En combinant les méthodes classiques d’acquisition de données océanographiques de qualité
(campagnes océanographiques) avec les nouvelles plateformes équipées de capteurs biogéochi-
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miques ces dernières années (flotteurs-profileurs, planeurs, mouillages), nous pouvons obtenir
une meilleure compréhension de cet environnement. Dans ce contexte, cette thèse se concentre
en particulier sur la dynamique de l’O2, les nutriments et le système des carbonates dans toute
la colonne d’eau.

En effet, la dynamique de ces variables biogéochimiques est fortement influencée par le
processus de convection hivernal, comme présenté en partie 1 La mer Méditerranée. Par ailleurs
de nombreuses plateformes d’observation de l’océan sont présentes en Méditerranée mais leurs
mesures sont restreintes à un faible nombre de variables biogéochimiques. Dans ce contexte, les

principales questions scientifiques traitées au cours de cette thèse sont les suivantes :

— Peut-on améliorer notre caractérisation de la distribution spatio-temporelle des concen-
trations en nutriments, O2 et carbonates en combinant les observations in situ et de
nouvelles méthodes de machine learning ?

— Quel est l’impact de la formation d’eau dense, en Méditerranée nord-occidentale, sur
l’O2, sur les nutriments et sur les variables du système des carbonates ?

Suite à ces travaux en Méditerranée nord-occidentale, et pour tirer profit des campagnes
PERLE ayant eu lieu dans le bassin Levantin et auxquelles j’ai participé, une étude préliminaire
sur la dynamique de l’O2 dans cette zone de mélange hivernal a été entreprise.

Après une introduction générale sur la Méditerranée en partie 1 La mer Méditerranée, les
différents moyens d’observations de l’océan sont présentées en partie 2 Mesures océanographiques.
Les méthodes neuronales et les jeux de données utilisés sont présentés en partie 3 Méthodologie.
La partie 4 Méthode CANYON-MED présente la méthode neuronale CANYON-MED dévelop-
pée au cours de cette thèse pour tirer profit des mesures systématiques de température, salinité
et O2 pour dériver nutriments et variables du système des carbonates en mer Méditerranée
(objectif 2). Une attention particulière sera portée en partie 5 Convection et biogéochimie
en Méditerranée nord-occidentale sur la Méditerranée nord-occidentale et sur l’impact des
évènements de mélange hivernaux sur la dynamique des éléments biogéochimiques dans un
contexte d’augmentation de la stratification (objectif 1). La partie 6 Ventilation dans le bassin
Levantin abordera la ventilation de la LIW au niveau de sa zone de formation, masse d’eau qui
se répand dans l’ensemble de la Méditerranée et a donc des conséquences à l’échelle du bassin.
Enfin, les conclusions de cette thèse ainsi qu’une remise en perspective seront présentées en
partie 7 Conclusions et perspectives.
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L’étude de l’océan nécessite l’utilisation de nombreuses plateformes complémentaires. Les
techniques de mesure océanographiques ont grandement évolué avec les développements techno-
logiques. De nos jours, l’océan est étudié via des mesures in situ effectuées depuis des navires
océanographiques, via des plateformes autonomes (ou semi-autonomes) déployées dans les océans
ou encore via des techniques d’observation de l’océan depuis l’espace, parmi d’autres. Chaque
moyen d’observation ne couvre qu’une partie du continuum d’échelles spatio-temporelles des
processus physiques océaniques (figure 2.1).
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2.1 Plateformes d’observation

Figure 2.1 – Couverture spatio-temporelle de différents types de moyens d’observation de
l’océan. Les échelles de temps sont représentées en ordonnée et les échelles d’espace en abscisse.
Les systèmes qui acquièrent des profils verticaux sont entourés en noir. Tiré de Liblik et al.
2016.

2.1.1 Campagnes en mer : mensuelles, annuelles, épisodiques

Des navires océanographiques sont largement utilisés pour faire des mesures in situ et
des prélèvements d’eau pour analyse en laboratoire embarqué ou à terre. Les bathysondes,
rosettes couplées à des CTDs (Conductivity, Temperature, Depth) permettent de faire, en
continu le long de la colonne d’eau, des mesures de température, salinité, pression, oxygène
dissous (O2) et fluorescence accompagnées de prélèvements d’eau in situ à des profondeurs
d’intérêt, via les bouteilles Niskin fixées sur la rosette. Ainsi, ces instruments permettent une
acquisition des paramètres physiques et biogéochimiques de la colonne d’eau à différentes
positions géographiques. Cet échantillonnage est restreint à la fois dans le temps et dans l’espace,
et permet d’obtenir des mesures de certaines variables biogéochimiques, mais avec une faible
résolution. Par exemple, les mesures de nutriments effectuées à bord ne fournissent qu’une vision
instantanée des masses d’eau et ne permettent pas une résolution des dynamiques saisonnières
ou interannuelles ou des variations spatiales. Ainsi bien que fournissant des mesures in situ
de référence, les données de campagne en mer nécessitent d’être complétées avec d’autres
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plateformes d’observation du milieu océanique. De plus, les capteurs peuvent dériver au cours
du temps, il est donc essentiel d’utiliser certaines données in situ de référence pour corriger
ces données acquises, et ainsi obtenir une précision satisfaisante. Ainsi, l’O2 de la CTD est
corrigée à partir des analyses Winkler réalisées sur les échantillons prélevés et la fluorescence de
la chlorophylle a est corrigée via des mesures HPLC (High Performance Liquid Chromatography)
ou des mesures de fluorescence de la chlorophylle.

2.1.2 Mouillages fixes

Les mouillages fixes sont constitués d’un câble vertical ancré aux fonds océaniques qui reste
droit grâce à des structures flottantes fixées le long. Ces mouillages sont équipés de nombreux
capteurs autonomes et permettent l’acquisition haute fréquence de certaines variables. Ces
capteurs peuvent être fixés à différentes profondeurs (selon leur position sur le câble quand le
mouillage est mis à l’eau). Les variables les plus fréquemment mesurées par les mouillages sont
la température, la salinité, la pression mais aussi les courants, l’export vertical de particules (via
des pièges à particules) ou encore des variables biogéochimiques. Certaines lignes de mouillages
sont également reliées à une bouée de surface qui va mesurer les variables météorologiques ainsi
que des variables en subsurface à la même position géographique. Les lignes de mouillage et
leurs capteurs sont déployées, récupérées et entretenues à l’aide de navires océanographiques. La
plupart des mouillages ne transmettent pas leurs données en temps réel, ils sont donc récupérés
systématiquement à fréquence régulière pour récolter les données et permettre l’entretien du
mouillage et des capteurs. Les capteurs sont sensibles aux facteurs environnementaux et peuvent
dériver au cours du temps et il n’existe pas à l’heure actuelle de moyen de connaître l’état de
ceux-ci. Ainsi, les mouillages permettent d’effectuer des mesures à haute fréquence sur l’ensemble
de la colonne d’eau (selon la position des capteurs) et ils ont l’avantage de pouvoir embarquer
des capteurs nécessitant beaucoup d’énergie. La localisation en point fixe permet également
des visites régulières et donc l’obtention de mesures de référence à côté du mouillage afin de
corriger les mesures issues des capteurs. Cependant, la résolution spatiale des mouillages fixes
est souvent restreinte, ce pourquoi les mouillages sont souvent organisés en réseau de mouillages
fixes. Au niveau européen ces mouillages sont gérés par EMSO (Dañobeitia et al. 2020) et au
niveau global par OceanSites.

2.1.3 Flotteurs-profileurs Argo

Dans les années 2000 a été lancé le programme Argo (Roemmich et al. 2019) dédié à
l’observation des propriétés physiques des océans. Les flotteurs profileurs sont des plateformes
autonomes lagrangiennes qui dérivent au grès des courants. Elles contrôlent leur flottabilité
en modifiant leur volume grâce à un système de vessie hydraulique, permettant au flotteur de

http://www.oceansites.org/
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Figure 2.2 – Flotteurs profileurs Argo, un effort international. Carte des déploiements par pays.
Tiré de Ocean-Ops.

Figure 2.3 – Cycle de vie d’un flotteur profileur Argo. ©Thomas Haessig.

se déplacer verticalement sur la colonne d’eau à bas coût énergétique. Durant cette phase de
mouvement vertical (et notamment lors de l’ascension), les capteurs du flotteurs sont activés et
acquièrent des données, ce qui permet d’obtenir de profils verticaux. Le programme Argo est un
programme international (figure 2.2) comprenant un réseau mondial de presque 4000 flotteurs
profileurs actifs de nos jours. Les flotteurs profileurs sont le plus souvent déployés depuis des

https://www.ocean-ops.org/board?t=argo
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navires océanographiques ou des navires d’opportunité. Les flotteurs fonctionnent selon des
cycles (figure 2.3) : depuis la surface, le flotteur plonge à une profondeur dite « de parking »
vers 1000 mètres où il dérive au grès des courants pendant 10 jours (selon ses paramètres de
cycles). Au bout de ces 10 jours, le flotteur descend à 2000 m puis il remonte lentement jusqu’à
la surface tout en mesurant de nombreuses variables lors de sa remontée. Une fois en surface, les
données sont transmises par satellite à des centres de données à terre (Data Assembly Center,
DAC). Le flotteur replonge ensuite et entame un nouveau cycle de mesures, et ce jusqu’à ce que
sa batterie se vide au bout de plusieurs années ou que le flotteur soit récupéré dans certains cas.

Figure 2.4 – Flotteur Argo et ses capteurs. T : température, S : salinité, P : pression, FChla :
fluorescence de la chlorophylle a, PAR : Photosynthetically active radiation, bbp : coefficient de
rétrodiffusion particulaire, NO3-, O2 : Oxygène dissous.

A l’origine, les flotteurs profileurs étaient équipés uniquement de capteurs CTD, mais au vu du
succès du programme Argo et des développements technologiques (notamment la miniaturisation
des capteurs), le programme BGC-Argo (pour BioGeoChemical-Argo) a officiellement vu le
jour en 2016 (Roemmich et al. 2019 ; Claustre et al. 2020) après des premiers déploiements
de flotteurs équipés de capteurs d’O2 dans les années 2006-2007 (Gruber et al. 2007). Ainsi,
sur cette nouvelle génération de flotteurs profileurs peuvent être implémentés (figure 2.4) des
capteurs d’oxygène dissous (O2, Körtzinger et al. 2004), de concentration en nitrates (NO3-,
Riser et Johnson 2008), de différentes mesures bio-optiques (fluorescence de la chlorophylle,
coefficient de rétrodiffusion particulaire, coefficient d’atténuation, fluorescence de la matière
organique dissoute colorée, Claustre et al. 2009), de radiométrie (éclairement dans la colonne
d’eau et lumière disponible pour la photosynthèse, Xing et al. 2014), ou encore de mesure de
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Figure 2.5 – Carte des flotteurs profileurs BGC-Argo en fonction des variables mesurées. Tiré
de Ocean-Ops.

pH (Johnson et al. 2016). De nos jours, environ 400 flotteurs équipés de capteurs d’O2 (figure
2.5) sont déployés, l’objectif étant d’atteindre un réseau de 1000 flotteurs BGC-Argo, qui aurait
la résolution nécessaire pour améliorer considérablement notre compréhension des processus
biogéochimiques à l’échelle mondiale.

Les flotteurs profileurs permettent de couvrir de larges échelles de temps (phénomènes
journaliers, saisonniers à pluriannuels) et d’espace (de la méso-échelle à l’échelle d’un bassin)
complétant ainsi les dispositifs plus classiques d’échantillonnage du milieu marin principalement
basés sur les campagnes à bord de navires océanographiques. Cependant, il est important de
rappeler que les flotteurs-profileurs Argo évoluent simultanément dans le temps et dans l’espace ;
il est donc difficile de séparer ces deux composantes lors de l’exploitation de leur données.

2.1.4 Planeurs sous-marins

Les planeurs sous-marins ou « gliders » (Stommel 1989) sont des plateformes autonomes de
mesure qui explorent l’océan mais dont la trajectoire reste pilotable. Ces planeurs se déplacent par
un système de vessie hydraulique qui change leur volume. Cependant, au contraire des flotteurs
profileurs Argo, leurs ailettes permettent de transformer une partie du déplacement vertical en
déplacement horizontal (Testor et al. 2010). Ils sont programmés pour aller d’un point A à un
point B en effectuant des montées et descentes en dent de scie (comme sur la figure 2.6), effectuant

https://www.ocean-ops.org/board?t=argo
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Figure 2.6 – Principe de fonctionnement d’un planeur sous-marin, d’après IFM-GEOMAR.

des mesures lors des montées et des descentes le long de leur trajectoire. Ils sont habituellement
équipés d’une CTD mais aussi de capteurs d’O2, de fluorescence. À chaque remontée en surface,
les planeurs peuvent estimer un courant moyen intégré sur toute la colonne d’eau en comparant
les positions de sortie théorique et réelle. De plus, en surface une communication par Iridium
permet un échange d’information à deux sens : le planeur transmet les données dégradées (basse
résolution) et récupère les paramètres de mission. Ainsi, au contraire des flotteurs profileurs,
les planeurs ont une batterie plus faible et ne sont pas faits pour être laissés en mer mais
sont récupérés pour obtenir leurs données (en haute résolution, données centimétriques), les
recharger et les redéployer. Les planeurs sous-marins sont ainsi un moyen d’étude des océans
complémentaire aux plateformes décrites précédemment qui permettent l’étude de phénomènes
précis par leur pilotabilité (par exemple la description en mer Méditerranée de structures de
submésoéchelle (Bosse 2016) ou l’étude de fronts comme le Courant Nord (Niewiadomska
et al. 2008). Ils permettent également d’augmenter la couverture spatiale des autres plateformes
avec notamment l’étude des processus côte-large. Les planeurs sont gérés par OceanGliders et
rattachés au GOOS (Global Ocean Observing System, Moltmann et al. 2019 ; Testor et al.
2019).

2.1.5 Observations satellitaires

Un autre moyen d’observation de l’océan est le satellite qui a la particularité de couvrir
une grande partie du globe et de transmettre les données en temps quasi réel. Les satellites
permettent également un suivi long-terme de certaines variables à l’échelle globale. Les satellites
en océanographie fournissent de nombreux types d’informations telles que les vents, le niveau de
la mer (différence entre la hauteur de l’eau et l’ellipsoïde de référence prenant en compte le géoïde
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et les courants océaniques), la température de surface (obtenue par mesure infrarouge ou par
radiométrie) et les paramètres de couleur de l’eau. Dans les dernières années, le développement
de satellites géostationnaires qui restent au-dessus d’une zone donnée au cours du temps
permettraient de s’affranchir de cet effet des nuages et d’obtenir des données à plus haute
fréquence, permettant ainsi l’investigation de cycles diurnes par exemple. Au cours de cette
thèse ont été utilisées des données calibrées récupérées du Copernicus Marine Service.

2.1.6 Le réseau MOOSE

Figure 2.7 – Réseau MOOSE. Présentation des plateformes le long d’une coupe côté-large et
positionnement géographique des plateformes. Tiré du site MOOSE.

Le réseau MOOSE (Mediterranean Ocean Observing System for the Environment) est
un réseau d’observation multi-disciplinaire régional et intégré mis en place en 2010, et qui a

https://resources.marine.copernicus.eu/products
https://www.moose-network.fr/
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pour objectif d’étudier l’environnement en Méditerranée nord-occidentale face aux pressions
anthropiques et au changement climatique. Plus précisément, le réseau MOOSE a pour objectif
d’observer la variabilité dans l’espace et dans le temps des processus qui interagissent entre
la côte et le large, et entre l’océan et l’atmosphère. Il a été construit comme un système
d’observation multi-disciplinaire et intégré pour répondre à la demande scientifique et sociétale
(Coppola et al. 2019). Le réseau MOOSE a été conçu pour surveiller les variabilités saisonnières
ou interannuelles, ainsi que l’impact des événements extrêmes qui contrôlent les flux physiques et
biogéochimiques et la biodiversité marine. Il permet un suivi long-terme et un traitement de cinq
grandes questions scientifiques que sont la circulation de mésoéchelle, les cycles biogéochimiques
et l’acidification, les communautés biologiques et la biodiversité, les apports fluviaux, et les
dépôts atmosphériques. Ce réseau intégré est composé de mouillages, radars, bouées de surface,
campagnes en mer (mensuelles et annuelles), flotteurs Argo et planeurs, ainsi que de mesures
atmosphériques (figure 2.7).

2.2 Données en Méditerranée

Dans cette partie sont présentés les différents jeux de données utilisés au cours de cette thèse.

2.2.1 Campagnes en mer

En Méditerranée, le nombre de données biogéochimiques (O2, nutriments, carbonates)
est croissant ; cependant, l’effort d’échantillonage est assez disparate entre les bassins : la
Méditerranée nord-occidentale est la zone la mieux échantillonnée, là où la rive sud et le bassin
oriental (notamment le bassin Levantin) manquent encore cruellement d’observations (figure 2.8).
Des campagnes internationales telles que GO-SHIP (tous les 10 ans) et Med-SHIP (tous les 5 ans,
Schroeder et al. 2015), des campagnes nationales répétées (RADMED et MOOSE-GE) et des
sorties mensuelles hauturières (MOLA, ANTARES, E1M3A et DYFAMED, série temporelle la
plus ancienne en Méditerranée initiée en 1991 (JGOFS, J.-C. Marty et al. 2002)) y permettent
l’acquisition de variables biogéochimiques. Plusieurs efforts pour compiler les mesures effectuées
durant ces nombreuses campagnes en mer en un jeu de données homogène et de qualité sont
en cours comme SOCAT (ciblé sur les variables du système des carbonates), GLODAP et
CARIMED, un jeu de données qualifiées de variables biogéochimiques en Méditerranée.

2.2.2 Mouillages LION et DYFAMED

Deux mouillages précis seront utilisés au cours de ces travaux. Les mouillages LION et
DYFAMED situés en Méditerranée nord-occidentale (figure 2.7) fournissent des données à haute
fréquence à un endroit fixe avec une résolution verticale assez faible. Ces deux mouillages, inclus



30 CHAPITRE 2. Mesures océanographiques

Figure 2.8 – Carte des campagnes en mer mesurant des variables biogéochimiques (T, S, O2,
ainsi que nutriments (nitrates, phosphates, silicates) et/ou variables du système des carbonates
(AT, CT, pHT) entre 1981 et 2018) utilisées au cours de cette thèse. Tiré de Fourrier et al.
(2020).

dans le réseau MOOSE (détails en partie 2.1.6 Le réseau MOOSE), sont localisés à 42°N, 5°E
pour LION et 43.42°N, 7.87°E pour DYFAMED. Ils sont équipées de capteurs CTDs (avec ou
sans capteur d’O2), de courantomètres, de pièges à particules et de capteurs de température
uniquement (figure 2.9). Les capteurs sont calibrés avant et après déploiement avec la CTD à
bord du navire océanographique pour les variables physiques. Pour l’O2, une intercomparaison
des capteurs a lieu le jour de la maintenance et les capteurs sont révisés tous les deux ans. À
cela s’ajoute une post-correction grâce aux sorties mensuelles et annuelles à la position des
mouillages. En raison des conditions environnementales et du trafic maritime et halieutique,
ces deux lignes de mouillages sont immergées et s’arrêtent plusieurs dizaines de mètres sous la
surface. Les CTDs équipées de capteurs d’O2 sont situées dans les eaux intermédiaires (350 m
environ) et en profondeur (2000 m environ) pour les deux mouillages, donnant ainsi une vision
partielle de la colonne d’eau. Cependant, le choix de ces profondeurs permet d’étudier finement
la dynamique de l’O2 dans les eaux intermédiaires (LIW) et dans les eaux profondes (WMDW)
au cours du temps et en réponse aux évènements physiques et climatiques dans cette zone.
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Figure 2.9 – Profondeurs et description des capteurs des mouillages a. DYFAMED et b. LION.
Les positions des mouillages DYFAMED et LION sont visibles sur la figure 2.7 Les étoiles
jaunes représentent les capteurs mesurant l’O2. Adapté de Fixed point Open Ocean Observatory
network (FixO3).

2.2.3 Flotteurs-profileurs Argo

Plusieurs programmes ont permis un ensemencement de la Méditerranée en flotteurs-profileurs
équipés de capteurs d’O2 depuis 2012 et notamment dans le bassin nord-occidental (figure
2.10). La France est un grand contributeur de données Argo-O2 au travers de programmes
comme MISTRAL, DEWEX, NAOS (Equipex 2010-2020), Med-Argo, MOOXY (LEFE-GMMC
2014, 2016, 2017, 2019), etc. et contribue ainsi à la densité élevée de flotteurs en Méditerranée.
En Méditerranée, la couverture des flotteurs a évolué de 3 flotteurs Argo équipés d’O2 et 1
flotteur BGC-Argo en 2012 à 37 et 17 respectivement en 2020. Concernant les mesures O2

effectuées par les flotteurs Argo, les mesures dans l’air et les protocoles de calibration des optodes
(capteur optique utilisé pour la mesure de l’O2 sur les plateformes autonomes) ont permis une
nette amélioration de la qualité et de la précision de ces données (Bittig et al. 2018 ; Bittig
et Körtzinger 2015). Celles-ci peuvent maintenant atteindre des précisions de 1-1,5 µmol
kg−1 proches de celles réalisées in situ par la méthode Winkler. Au cours de cette thèse, nous
utiliserons uniquement des flotteurs qui ont à minima un capteur d’O2 issues du Data Assembly
Center (DAC) Coriolis qui centralise les données de flotteurs de Méditerranée. Au cours de

https://fixo3.eu/
https://fixo3.eu/
https://www.coriolis.eu.org/Observing-the-Ocean/ARGO
https://www.coriolis.eu.org/Observing-the-Ocean/ARGO


32 CHAPITRE 2. Mesures océanographiques

.
Figure 2.10 – Carte de densité des profils des flotteurs profileurs Argo équipés de capteur d’O2
en Méditerranée.

ma thèse, j’ai pu contribuer à la correction des données d’O2 sur les flotteurs Argo pour la
Méditerranée (cf. partie 3.1.2 Contrôle qualité des données d’O2 de flotteurs BGC-Argo).

2.2.4 Planeurs

En Méditerranée, les planeurs sont majoritairement déployés au niveau des Baléares par le
SOCIB (Espagne), en Méditerranée Nord-Occidentale dans le cadre du réseau MOOSE ou en
Adriatique. Ces déploiements sont qualifiés de lignes d’endurance le long desquelles les planeurs
sont déployés de manière répétée pour suivre l’évolution des variables océaniques (figure 2.11).
Dans cette thèse, les données issues d’un planeur équipé d’un capteur d’O2 ont été utilisées.
Spécifiquement il s’agit des radiales T00_23 et T00_26 dont les données ont été corrigées par
Bosse et al. (2017). Ces radiales ont eu lieu en janvier-février 2013 et en juin-juillet 2013 et
correspondent à 615 et 655 profils respectivement.

2.2.5 Sorties de modèles

De nombreux modèles décrivant la circulation et les variables biogéochimiques existent en
Méditerranée. Parmi eux, le modèle couplé SYMPHONIE-Eco3MS (modèle couplé circulation-
biogéochimique, figure 2.12) comprend des modules de variables biogéochimiques prédites par la
méthode neuronale développée au cours de cette thèse. Le modèle Eco3MS est un modèle bio-
géochimique multi-nutriments et multi-éléments qui décrit l’évolution temporelle de 35 variables
d’état et permet de décrire la dynamique du plancton pélagique (Ulses et al. 2016). Il est forcé
en « offline » par le modèle de circulation océanique SYMPHONIE (Marsaleix et al. 2008).
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.
Figure 2.11 – Carte des profils des planeurs équipés de capteur d’O2 en fonction des années en
Méditerranée (données Everyone’s Gliding Observatories (EGO)) et tracés des lignes d’endurance
manquantes (tiretés oranges).

Le domaine du modèle couplé s’étend sur le bassin occidental. La modélisation couplée a été
validée par Estournel et al. (2016) pour la température, la salinité et la couche de mélange,
et par Kessouri (2015) pour les nutriments inorganiques et la chlorophylle. Un module d’O2

y a été ajouté et a été validé dans Ulses et al. (2021) (cf. Annexe 2 : Oxygen budget of the
north-western Mediterranean deep-convection region).

Des comparaisons de variables du système des carbonates sont en cours en Méditerranée
nord-occidentale au site DYFAMED entre des données in situ de campagnes, des sorties de ce
modèle couplé et des sorties de la méthode neuronale développée au cours de cette thèse (détails
en partie 4 Méthode CANYON-MED) (figure 2.13), afin de valider les modèles ou pour leur
phase d’assimilation.

https://www.ego-network.org/dokuwiki/doku.php
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.
Figure 2.12 – Représentation schématique du modèle Eco3MS. Les étoiles jaunes correspondent
aux données virtuelles générées par CANYON-MED qui peuvent servir de comparaison.
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.
Figure 2.13 – Séries temporelle sur la période Octobre 2012-Septembre 2013 à DYFAMED
de a. température, b. salinité, c. pCO2, d. CT, e. pH, f. AT. Comparaison des données in
situ (DYFAMED à 3 m, DYFAMED à 10 m, et BOUSSOLE à 3 m en orange, rose et rouge
respectivement), des données virtuelles générées par CANYON-MED (à 3 et 10 m en bleu
foncé et bleu clair) (détails en partie 4 Méthode CANYON-MED) et des données du modèle
SYMPHONIE-Eco3MS (à 3 et 10 m en noir et gris). Adapté de (Kessouri 2015).
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3.1 Contrôle qualité des données

3.1.1 Contrôle qualité des données de campagnes en mer

Les données de campagnes en mer utilisées au cours de cette thèse ont été présentées en partie
2.2.1 Campagnes en mer. Les données étant issues de campagnes d’époques et de laboratoires
variés, les méthodes analytiques et les unités varient beaucoup (exemple de l’O2 exprimé en
ml l−1, µmol l−1, µmol kg−1, ...). Pour chaque campagne en mer, différents contrôles qualité
ont été effectués. Tout d’abord les données ont été homogénéisées en terme d’unités de mesure
afin de rendre le jeu de données cohérent. Puis un premier critère a été appliqué avec un «
range test » (test de gamme vérifiant si la donnée est comprise dans un intervalle possible
pour la variable) pour chaque variable, pour exclure les valeurs aberrantes et impossibles (par
exemple des salinités inférieures à 35 sont aberrantes en Méditerranée). Des contrôles visuels
plus poussés ont ensuite eu lieu afin de retirer les profils ou les mesures qui rentraient dans la
gamme de valeur de la variable mais semblaient incohérents pour la région/saison par rapport

37
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aux autres données ainsi qu’à la bibliographie (figure 3.1). Par exemple, des valeurs anormales
de nutriments ont pu être observées à l’hiver 2006, mais ces valeurs n’ont pas été exclues car
elles sont probablement la conséquence du mélange intense qu’il y a eu à cette période. Ces
contrôles ont eu lieu par campagne puis inter-campagne.

Figure 3.1 – Données issues de campagnes en mer utilisées au cours de cette thèse. a. Tempé-
rature, b. Salinité, c. O2, d. NO3-, e. PO43-, f. Si(OH)4, g. AT, h. CT et i. pHT.

3.1.2 Contrôle qualité des données d’O2 de flotteurs BGC-Argo

Les données brutes envoyées par les flotteurs lors de leurs sorties en surface sont commu-
niquées par satellite à des centres de données (Data Assembly Center, DAC) pour décodage
et mise en forme. Une étape de contrôle qualité est nécessaire avant leur distribution pour les
scientifiques. Les variables sont ajustées de différentes manières : soit a posteriori par un expert
de la variable (données en Delayed Mode), soit en quasi temps réel (24h) via des coefficients
d’ajustement calculés à un temps donné et propagés sur la vie du flotteur.

L’O2 est le premier paramètre biogéochimique mesuré par les flotteurs BGC-Argo en termes
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de volume de données (plus de 95% des flotteurs BGC-Argo mesurent l’O2). Lorsque les données
passent par les DACs, des filtres sont appliqués pour qualifier (associer un code qualité) les
valeurs aberrantes (Thierry et al. 2018). Cependant, il est également nécessaire de corriger la
mesure dès le déploiement et les dérives qui peuvent apparaître au cours de la vie du flotteur.
La dérive et le gain peuvent être issus de la calibration des capteurs ou d’anomalies propres aux
instruments (Bittig et al. 2018 ; Bittig et al. 2019). Plusieurs méthodes de correction existent
selon le type de capteur, sa position (dans ou hors de l’eau quand le flotteur est en surface), la
méthode de calibration, et la présence ou non de dérive dans le temps.

Les données de flotteurs utilisées au cours de cette thèse sont majoritairement des données
en « Delayed Mode » et sont toutes issues du DAC coriolis (qui gère ces flotteurs déployés en
Méditerranée). Pour passer des données d’O2 en Delayed Mode, plusieurs méthodes existent
selon l’O2 mesuré par le flotteur et permettent de calculer les coefficients de correction que sont
le gain et éventuellement la dérive (Thierry et al. 2018) :

1. Le flotteur effectue des mesures d’O2 dans l’air quand il est en surface (le capteur d’O2 est
surélevé et dépasse nettement de l’eau). L’O2 est alors converti en pO2 (pression partielle
d’O2 en saturation) et comparé à la climatologie NCEP à l’aide des outils SAGE-O2
(S. B. Argo 2021) ou LOCODOX (LOCODOX 2020) pour calculer les coefficients de
correction selon la méthode de Bittig et Körtzinger (2015). Les coefficients sont alors
appliqués et les mesures reconverties en O2 en µmol kg−1. La précision obtenue est de
l’ordre de 2 mbar.

2. Le flotteur n’effectue pas de mesures dans l’air en surface. Il est alors nécessaire de prendre
les mesures d’O2 en subsurface et de les comparer à une référence. Dans notre cas, la
référence en Méditerranée est la climatologie du World Ocean Atlas (WOA, Boyer et al.
2018) qui est une climatologie mondiale présentant des trous dans sa couverture spatiale
en Méditerranée. Ainsi l’O2 est converti en PPOX (pression partielle d’O2) et l’ensemble
des valeurs de subsurface sont comparées à la climatologie de référence pour calculer les
coefficients de correction selon la méthode de Takeshita et al. (2013). Les coefficients
sont alors appliqués et les mesures reconverties en O2 en µmol kg−1. La précision obtenue
avec ce type de correction est de l’ordre de 4-6 mbar.

3. Cependant, il arrive que les mesures présentes dans le WOA soient trop éloignées
spatialement ou temporellement des profils du flotteur et ainsi ne permettent pas la
correction de l’O2. Dans ce cas là, les mesures Winkler effectuées à bord du navire à la
position du flotteur et converties en PPOX sont utilisées pour obtenir les coefficients de
correction. Les coefficients sont alors appliqués et les mesures reconverties en O2 en µmol
kg−1. Ceci présente plusieurs inconvénients : la correction a alors lieu avec un seul profil
de référence à un moment donné et ce profil peut ne pas correspondre exactement à la
position ni au temps du premier profil du flotteur. En effet, un flotteur dérive souvent en
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surface pendant plus de 24h avant de plonger et d’effectuer son premier profil. A noter
que les mesures Winkler au déploiement servent habituellement à valider la correction
effectuée par les autres méthodes évoquées précédemment mais sont utilisées dans ce cas
car aucun autre moyen de correction n’est possible. La précision maximale que l’on peut
obtenir avec ce type de correction est de l’ordre de 4-6 mbar et peut aller jusqu’à 10
µmol kg−1.

Figure 3.2 – Profils du flotteur 6901032 (bleu) et de la CTD de référence (violet). (a) Tempé-
rature, (b) salinité, (c) O2 brut et (d) O2 corrigé. L’O2 corrigé est cohérent avec le profil de la
CTD de référence.

De plus en plus de flotteurs sont équipés de capteurs d’O2 qui permettent l’acquisition
de mesures dans l’air, et ainsi obtiennent de meilleurs précisions lors des corrections d’O2.
Cependant, pour des flotteurs plus anciens, le paragraphe précédent montre que les corrections
peuvent être compliquées et que de nombreuses méthodes et données sont utilisées pour tenter
de corriger les données d’O2 pour les rendre exploitables.

Au cours de ma thèse, j’ai participé au passage en Delayed Mode de la majorité des flotteurs
équipés de capteur d’O2 en Méditerranée en procédant au calcul des coefficients d’ajuste-
ment selon les cas de figures présentés précédemment (environ 80 flotteurs). Ces coefficients
ont été transmis au DAC Coriolis pour validation par les responsables de chaque flotteur et
implémentation.

Voici des exemples concrets des corrections obtenues par les différentes méthodes présentées
précédemment.

Dans ce premier exemple, le flotteur n’effectue pas de mesures dans l’air et la climatologie
n’a pas de mesures suffisamment proches du point de déploiement du flotteur pour pouvoir
procéder à une correction. Cependant, une CTD de référence dont l’O2 a été corrigé avec les
mesures Winkler a été effectuée proche (dans le temps et l’espace) du déploiement du flotteur.
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Figure 3.3 – Correction avec CTD de référence du flotteur 6901032. (a) O2 et PPOX bruts du
flotteur au deuxième profil, (b) O2 et PPOX de la CTD de référence, (c) température et salinité
du flotteur au deuxième profil, (d) température et salinité de la CTD de référence, (e) position
du flotteur au cours du temps et position de la CTD de référence, (f) régression et coefficients
entre la PPOX du flotteur et du profil de référence.

Ainsi, après avoir écarté le premier profil du flotteur qui est souvent de mauvaise qualité,
le flotteur étant été hors de l’eau pendant longtemps avant son déploiement, une comparaison
des profils de température, salinité et O2 est effectué entre le second profil du flotteur et la
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CTD de référence (figure 3.3). Cette comparaison permet de s’assurer que la structure verticale
des masses d’eau est similaire et que les données sont comparables avant de procéder au calcul
des coefficients de correction. Les coefficients sont obtenus par régression entre la PPOX du
flotteur sur l’ensemble de la colonne d’eau et la PPOX du profil de référence. Ces coefficients
sont ensuite appliqués en PPOX puis a lieu une reconversion en O2 (en µmol kg−1). Ainsi, l’O2

brut du flotteur présentait un décalage de presque 20 µmol kg−1 (figure 3.2) et après correction
les profils de référence et du flotteurs se superposent et le décalage a disparu sur l’ensemble de
la colonne d’eau.

Dans ce second exemple, le flotteur n’effectue pas de mesure dnas l’air mais la climatologie
présente des données à la localisation de déploiment du flotteur. L’O2 est converti en PPOX. En
inspectant visuellement la série temporelle de la PPOX du flotteur en subsurface, il apparait une
dérive au cours du temps (figure 3.4a). Cette dérive est calculée puis corrigée sur le flotteur (figure
3.4b). Le ratio entre la PPOX de subsurface du flotteur corrigé de la dérive et la climatologie
colocalisée est calculé sur la série temporelle du ratio (figure3.4c). On obtient finalement le
coefficient de pente du ratio avec lequel la PPOX du flotteur sera corrigé. Enfin cette PPOX
sera reconvertie en O2 (en µmol kg−1).

Figure 3.4 – Correction du flotteur 6902803 avec une climatologie de référence : le World Ocean
Atlas (WOA). (a) PPOX du flotteur en subsurface au cours du temps permettant d’identifier
une dérive, (b) PPOX du flotteur en subsurface corrigé de la dérive, (c) ratio entre la PPOX de
subsurface du flotteur et le WOA colocalisé au cours du temps, permettant d’obtenir la pente
(gain).
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3.2 Méthodes neuronales

Les plateformes de mesures présentées précédemment permettent l’acquisition de large
jeux de données. Afin de répondre aux problématiques présentées en partie 1.6, le choix de
méthodologie a porté sur les méthodes neuronales, utilisées de plus en plus dans les sciences
environnementales et en océanographie ces dernières années.

3.2.1 Définitions et historique

Bien qu’existant en théorie depuis les années 1950, (Rosenblatt 1958 ; Rosenblatt 1960)
la mise en place computationnelle concrète des Réseaux de Neurones Artificiels (ANN) n’a eu lieu
qu’à partir des années 1990. Ces ANN sont utilisés en sciences environnementales pour prédire des
variables clés et trouver des relations à partir de jeux de données écologiques, ayant souvent des
distributions spatio-temporellement complexes (non linéaires) et bruitées (Lek et Guégan 1999).
Les ANNs ont ainsi ont été appliqués à différentes thématiques en écologie comme les notions
de dynamique des poissons et de connectivité, de production phytoplanctonique (Scardi p. d.),
d’effet de serre, de « remote sensing » atmosphérique et océanique (haupt_neural_2009), . . .
Les réseaux de neurones sont en effet des fonctions approximatrices qui permettent de modéliser
des jeux de données variés (Marzban 2009), notamment ceux complexes et bruités. Ce sont
donc des outils adaptés pour dériver des variables à partir de paramètres définis, notamment
quand les relations sous-jacentes exactes sont difficilement formalisables ou inconnues, comme
présenté en partie 1.6 Objectifs de la thèse. En océanographie spécifiquement, le potentiel des
réseaux de neurones a été largement éprouvé, notamment pour dériver des variables climatiques
(Landschützer et al. 2016), biogéochimiques (pCO2, Telszewski et al. 2009, ou du système
des carbonates (Broullón et al. 2019 ; Broullón et al. 2020 ; Landschützer et al. 2020)).

Ainsi, un ANN est un ensemble de processeurs élémentaires, les neurones, largement connectés
les uns aux autres et capables d’échanger des informations par le biais des connexions par
lesquelles ils sont reliés. Ces connexions sont directionnelles et à chaque connexion est associé
un réel, appelé « poids » de la connexion. L’information est transmise d’un neurone à un autre,
pondérée du poids. Les ANNs sont des méthodes approximatrices adaptées à de nombreux jeux
de données (Marzban 2009). Un des principaux avantages de ces méthodes est leur capacité
à reconnaître et exploiter des relations non prédéfinies dans les données (contrairement aux
techniques de régressions) et qui ne nécessitent pas d’être explicitées par des équations. Cela
les rend particulièrement adaptées à la cartographie des relations non linéaires et empiriques,
à condition que des données soient suffisamment disponibles pour « entraîner » le réseau de
neurones (Lefevre et al. 2005).

Dans cette thèse, le type de réseaux de neurones utilisé est le MLP ou Perceptron Multi-
Couche.
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3.2.2 Les MLPs

Parmi les différents types d’ANNs existants, les Perceptrons Multicouches (MLP : Multi-
Layered Perceptrons) utilisant un algorithme de rétropropagation ont été choisis pour leurs pro-
priétés d’approximateurs universels de n’importe quelle fonction continue et dérivable (Hornik
et al. 1989). Utilisés dans 70% des études avec des ANNs (Oña et Garrido 2014 ; Gedeon
et al. 1995), ils seront utilisés au cours de cette thèse pour modéliser une relation permettant de
prédire, à partir des variables océanographiques essentielles (température, salinité, pression, O2),
les nutriments (NO3-, PO43-, Si(OH)4) et les variables du système des carbonates (AT, CT,
pHT). Les MLPs sont des ANNs organisés en plusieurs couches (couches d’entrée, cachée(s)
et de sortie) contenant plusieurs neurones. Lors du développement du réseau de neurones, la
topologie est choisie par l’utilisateur afin d’être la plus adaptée au problème choisi. La topologie
d’un réseau de neurones correspond au nombre de couches cachées et au nombre de neurones sur
chacune de ces couches (avec nj , le nombre de neurones de la première couche cachée et ni, le
nombre de neurones de la deuxième couche cachée, figure 3.5). Chaque noeud du réseau (noeud
d’entrée, neurone caché, noeud de sortie) est relié aux noeuds de la couche précédente/suivante
grâce à un poids. Ces poids sont réajustés de manière itérative lors de la phase d’entraînement
du MLP.

Figure 3.5 – Représentation schématique de l’architecture d’un MLP à 2 couches cachées.
Chaque segment reliant les différents neurones est défini par un poids w.

Plus précisément, les poids sont réajustés de manière itérative en minimisant une fonction
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de coût, définie ici comme l’erreur quadratique moyenne. L’erreur ei(t) du neurone i au temps t
est définie comme ei(t) = ci(t)− ai(t) avec ci(t), la valeur de sortie ciblée et ai(t) la valeur de
sortie actuelle. Cette erreur est réduite en minimisant la fonction de coût F :

F (e(t)) =
N∑
i=1

e2
i (t) (3.1)

avec N le nombre de neurones de sortie du réseau. La minimisation est effectuée via la
technique de régularisation Bayésienne (Bishop 1995).

Il existe deux grandes phases dans la création d’un MLP : 1) la phase d’apprentissage et de
validation et 2) la phase de test. Les données utilisées pour développer le réseau de neurones
sont ainsi séparées en deux sous-jeux, de manière aléatoire, le jeu de la phase de test étant un
sous-ensemble représentatif de la diversité des valeurs prises par les variables. La première phase
utilise la majorité des données de la base de données initiale lors de la conception du réseau de
neurones. Les données restantes sont utilisées lors de la deuxième phase qui teste l’efficacité
du MLP. Cette phase de test détermine la capacité de généralisation du réseau de neurones
(Bishop 1995). Cette séparation est souvent faite selon les proportions 80%-20%.

Architecture Les MLPs développés dans le cadre de cette thèse sont composés de quatre
couches : une couche d’entrée, deux couches cachées et une couche de sortie (figure 3.5). Chaque
neurone est connecté à ceux des couches suivantes. Le transfert de l’information au travers du
MLP se fait de manière unidirectionnelle et de la façon suivante :

O = f(W 2,O ∗ f(W 1,2 ∗ f(W I,1 ∗ I))) (3.2)

où I et O représentent respectivement les données d’entrée et de sortie du MLP, et W I,1,
W 1,2, W 2,O représentent les matrices de poids des connections entre la couche d’entrée et la
première couche cachée, la première et la deuxième couche cachée, et entre la deuxième couche
cachée et la couche de sortie, respectivement (figure 3.5). f est une fonction sigmoïde telle que :

f(x) = A ∗ exp
αx− 1

expαx + 1 (3.3)

où A et α sont deux constantes fixées respectivement à 4/3 et 1,7159 afin de garantir un
comportement quasi-linéaire entre -1 et 1 (Jamet 2004).

L’architecture ou « topologie » optimale d’un réseau de neurones (nombre d’entrées, de sorties,
nombre de couches cachées et de neurones dans chaque couche cachée) dépend de la complexité
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des relations entre les entrées et les sorties. Après avoir testé plusieurs configurations différentes
par un processus d’essais et d’erreurs, les topologies des réseaux de neurones produisant les
meilleurs résultats (minimisant l’erreur sans montrer de sur-apprentissage et avec de bonnes
capacités de généralisation) ont été déterminées avec 2 couches cachées, contenant entre 15 et
50 neurones pour la première couche, et entre 8 et 30 pour la deuxième.

Pré-traitement des données Les données d’entrée du MLP représentent différents types
de paramètres/variables, avec donc des ordres de grandeurs différents. Ceci est aussi le cas
pour les variables de sortie du MLP. Afin que le MLP prenne en compte toutes les entrées
de manière similaire et pour éviter des saturations des MLPs, il est nécessaire qu’elles aient
le même poids numérique, et qu’elles soient donc dans le même ordre de grandeur. Ainsi, les
variables A et α ont été définies afin que le domaine [−1;1] de la fonction ait un comportement
linéaire. Par conséquent et pour éviter la saturation, les entrées et les sorties du MLP (xi,j)
sont centré-réduites selon :

X = 2
3 ∗

x− x̄
σ

(3.4)

où xi,j , x̄i,j et σi,j sont respectivement, la jème dimension de la ième donnée, la moyenne de
la jème dimension et l’écart-type de la jème dimension. Le facteur 2/3 permet de ramener au
moins 80% des données dans la gamme [−1;1] (Jamet et al. 2012).

Phase d’apprentissage et validation L’apprentissage permet de déterminer les poids du
réseau de neurones à l’aide d’un processus itératif tel que :

Wi,j(t+ 1) =Wi,j(t) + δWi,j(t) (3.5)

où Wi,j(t+ 1) représente le poids reliant le neurone j au neurone i à l’itération t+ 1. Ce
poids dépend du poids à la précédente itération Wi,j(t). L’initialisation des poids au début de
l’entraînement est aléatoire (entre -1 et 1). La modification des poids au cours de l’apprentissage
a lieu via une fonction de coût au travers du terme δWi,j(t). L’apprentissage consiste à minimiser
cette fonction de coût, dans notre cas à l’aide d’une méthode de régularisation bayésienne
(Bishop 1995). Cette méthode minimise le sur-apprentissage en tenant compte de la qualité
de l’ajustement ainsi que de l’architecture du réseau de neurones. L’algorithme d’entraînement
utilisé est précisément une méthode d’apprentissage itérative supervisée mettant à jour les poids
selon l’optimisation de Levenberg-Marquardt (Linares-Rodriguez et al. 2013). Cet algorithme
a été choisi car il est mieux adapté à l’ajustement de fonctions et ne nécessite pas de temps ni de
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puissances de calcul excessifs, tout en généralisant de manière appropriée (Beale et al. p. d.).
Pour éviter de tomber sur un minimum local, une combinaison linéaire de poids et d’erreurs
quadratiques a été minimisée par descente de gradient, et de multiples initialisations avec des
poids aléatoires ont été effectuées. Ensuite, pour déterminer la combinaison appropriée de poids
et d’erreurs, la régularisation bayésienne a été utilisée. Cela a permis la généralisation du réseau
de neurones par l’optimisation de la combinaison linéaire des poids et des erreurs (MacKay
1992b ; MacKay 1992a ; Foresee et Hagan 1997 ; Hagan et al. 2014). L’apprentissage et la
validation sont simultanées : en effet, pendant la phase d’apprentissage (également appelée «
entraînement »), une validation croisée (Bishop 1995) a lieu. Cette validation croisée permet
de tester la robustesse des résultats obtenus sur la base de données indépendantes. L’erreur
calculée, durant la phase d’apprentissage, entre les valeurs du jeu de validation et celles obtenues
par le MLP renseigne sur la validité du réseau. Il faut arrêter l’apprentissage du réseau de
neurones avant que l’erreur de validation n’augmente (figure 3.6), cette augmentation signifiant
que le MLP devient mauvais en généralisation et qu’un « sur-apprentissage » commence. Si un
sur-apprentissage a lieu, cela entraîne une dégradation de la performance du MLP qui n’est
plus capable de généraliser, puisqu’il n’a alors pas appris la relation sous-jacente aux données
mais juste une relation qui lui permet de retrouver avec précision les données d’apprentissage
(figure 3.7).

Figure 3.6 – Illustration de la validation croisée : arrêt du réseau de neurones avant que l’erreur
de validation n’augmente.

Ce sur-apprentissage peut avoir lieu quand l’arrêt de l’apprentissage n’est pas fait assez tôt
ou lorsque la topologie du réseau devient trop complexe par rapport au problème à résoudre. Un
ANN avec trop peu de neurones sera sous-ajusté : par manque de neurones, il ne trouvera pas
la relation sous-jacente aux données (3.7 a). Par opposition, un ANN ayant trop de neurones
sera sur-ajusté : il va « inventer » des relations lui permettant de retrouver toutes les valeurs
(figure 3.7 c).
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Figure 3.7 – Exemples de (A) sous-ajustement, (B) bon ajustement et (C) sur-ajustement
avec y la variable à expliquer et x la variable explicative. La vraie relation entre x et y est :
y = 0.01x3− 1.5x2 + 56.5x+ 0.01. Tiré de Marzban (2009).

Phase de test Lors de cette phase, les poids (W ) obtenus lors de l’apprentissage et de la
validation sont figés, et utilisés pour générer des valeurs de sortie prédites. Pour comparer les
valeurs prédites à partir du MLP (Y ) aux valeurs observées (X), un modèle linéaire est choisi :
Y = aX + b, le coefficient de détermination (R2) ainsi que la pente du modèle linéaire sont
extraits. Le R2 informe sur la corrélation entre les valeurs prédites et observées et la pente du
modèle linéaire renseigne sur le biais entre ces valeurs. De plus, l’erreur-type (RMSE : Root
Mean Squared Error) et l’erreur absolue moyenne (MAE : Mean Absolute Error) sont utilisées
pour évaluer respectivement l’erreur et la précision de chaque MLP :

MAE = 1
N

N∑
i=1
|Yi−Xi| (3.6)

RMSE =

√√√√ 1
N

N∑
i=1

(Yi−Xi)2 (3.7)

Limitations Une limitation importante des ANNs est leur incapacité à extrapoler sur des
valeurs d’entrée n’étant pas comprises ou peu représentées dans la base de données d’entraînement.
Les erreurs sont donc d’autant plus élevées que les valeurs d’entrée s’éloignent de celles présentes
dans la base d’entraînement. De plus, les ANNs ne peuvent prédire des résultats meilleurs que
les données avec lesquelles ils ont été entraînés, ce qui inclut leur bruit inhérent (Vega et al.
2009). Ainsi, des valeurs observées lors d’évènements exceptionnels et donc anormales pour
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l’ANN seront difficiles à reproduire.

3.2.3 Ensembles de réseaux de neurones

Sharkey (1999) a montré que la robustesse et la fiabilité des ANNs peuvent souvent
être significativement améliorées en combinant plusieurs ANNs en un ensemble d’ANNs. La
construction d’un tel ensemble se fait en deux étapes : la construction des réseaux individuels,
et la combinaison des ANNs les plus performants pour produire une sortie unique (Linares-
Rodriguez et al. 2013). Ainsi, pour chaque variable, plusieurs réseaux de neurones à 2 couches
cachées (avec nj et ni neurones) ont été créés et entraînés. L’initialisation des poids et la division
des sets d’entraînement et de test ont été faites de manière aléatoire. Chaque topologie a été
développée et entraînée 10 fois (10 initialisations des poids par topologie). Pour chaque variable
de sortie des réseaux de neurones, 10 réseaux ont été sélectionnés pour créer un ensemble de
10 MLPs produisant une sortie unique. Pour ce faire, pour chaque variable, les 50 meilleures
topologies et itérations, ont tout d’abord été sélectionnées sur leurs critères statistiques (R2,
pente, MAE, RMSE), ainsi que sur leurs capacités de généralisation (statistiques issues de la
validation indépendante). Puis sur ses 50 topologies, les 10 meilleures ont été sélectionnées en
portant une attention particulière à leur capacité à gérer des valeurs proches de 0 (proches de
la limite de détection pour les nutriments), à reproduire les différences caractéristiques entre
les deux bassins méditerranéens (gradient longitudinal d’oligotrophie, différence de valeurs
profondes). Ainsi, la sortie finale de l’ensemble de réseaux de neurones pour chaque variable
correspond à la moyenne des sorties de ces 10 meilleurs réseaux (seulement ceux dont la valeur
prédite est inférieure à un écart type par rapport à la moyenne)

La Toolbox « Neural Network » de Matlab, et précisément l’algorithme « trainbr » ont été
choisis pour l’implémentation des ANNs.
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et le système des carbonates en Méditerranée,
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4.1 Contexte

Ces dernières décennies, plusieurs modifications rapides ont été observées au niveau des
processus physiques et biogéochimiques en Méditerranée (Tanhua et al. 2013 ; Malanotte-
Rizzoli et al. 2014 ; Schroeder et al. 2016), bien que partiellement masquées par des
évènements épisodiques et une forte variabilité régionale. Du point de vue biogéochimique, la
Méditerranée est particulière pour ses concentrations élevées en O2 (Schneider et al. 2014 ;
Coppola et al. 2017), son minimum d’O2 dans les eaux intermédiaires (LIW) (cf. partie
1.5 Oxygénation en Méditerranée). Le manque de données ne permet pas de contraindre
correctement la saisonnalité des nutriments, notamment face aux sources externes dépendantes
des activités humaines. Concernant le cycle du carbone, la Méditerranée possède des AT, CT et
Cant particulièrement élevées dans les eaux profondes, comparé à l’océan global (Schneider
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et al. 2010 ; Álvarez et al. 2014) (cf. partie 1.5 Système des carbonates en mer Méditerranée).
Cependant, la variabilité du carbone inorganique reste méconnue, compte tenu de la faible densité
d’observations sur le système des carbonates à l’heure actuelle. Ainsi la dynamique de ces éléments
biogéochimiques clefs, fortement impactés par les processus océaniques physiques qui prédominent
en Méditerranée, est mal connue compte tenu du manque de données biogéochimiques in situ et
de qualité.

Face à ce manque crucial d’observations in situ en Méditerranée, des programmes et des
systèmes d’observation intégrés se sont mis en place, principalement dans le bassin ouest depuis
2010 (MISTRALS, SOCIB, RADMED, RITMARE, MOOSE, MED-SHIP, NAOS), contribuant
ainsi à augmenter la densité des mesures physiques et biogéochimiques. Dans ce contexte, le
développement et la mise en oeuvre de plateformes autonomes instrumentées (planeurs sous-
marins, flotteurs profileurs, mouillages) laissent espérer, à moyen terme, de densifier les mesures
de certaines variables biogéochimiques. Néanmoins, les mesures réalisées par ces plateformes
autonomes ne sont pas exhaustives (il n’existe pas de capteurs pour toutes les variables).
Parallèlement à cette intensification des acquisitions de données en Méditerranée, techniques
dérivées du « machine learning » permettent d’estimer, avec une précision connue, un certain
nombre de variables biogéochimiques. Ainsi les fonctions de transfert développées à partir du
réseau de neurones CANYON (pour « Carbonate system and Nutrients concentration from
hYdrological properties and Oxygen using a Neural network ») permettent, à partir de mesures
facilement réalisables par des plateformes autonomes (température, salinité, oxygène dissous)
de prédire avec une précision connue des variables importantes mais qui ne sont pas mesurables
de manière autonome (ex. silicates, phosphates, pCO2, pH) (Sauzède et al. 2017). La méthode
CANYON a été développée pour l’océan global (grâce à la base de données GLODAPv2,
Olsen et al. 2016) et n’est pas adaptée au spécificités de la mer Méditerranée (salinité élevée,
fort gradient d’oligotrophie, circulation rapide, forte séquestration du CO2, etc.).

Ce chapitre vise à présenter la méthode neuronale CANYON-MED, régionalisation de la
méthode CANYON développée spécifiquement à la mer Méditerranée. Ainsi CANYON-MED
est modifiée pour prendre en compte les spécificités de la Méditerranée et s’appuie sur une
densité de données biogéochimiques in situ de qualité qui couvrent un domaine spatio-temporel
plus étendu que les « plus rares » données GLODAPv2 en Méditerranée (figure 4.1). Une base
de données de mesures in situ a été spécifiquement assemblée pour constituer un nouveau jeu
de données de qualité utilisé pour l’entraînement des réseaux de neurones. Plus précisément,
des ensembles de réseaux de neurones ont été entraînés et leurs résultats sont comparés à ceux
des architectures de réseau de neurone unique. Les réseaux optimisés CANYON-MED sont
validés avec un jeu de données indépendant et comparés aux méthodes existantes pour prédire
les nutriments et le système des carbonates en Méditerranée.

Suite à la publication, un corrigendum a été publié afin de rectifier des erreurs de méthodologie
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Figure 4.1 – Carte des données de la base GLODAPv2 et zoom sur les quelques valeurs en
Méditerranée.

dans la version publiée. Celui-ci a légèrement modifié les statistiques de la méthode CANYON-
MED qui sont celles présentées au long de ce manuscrit.

4.2 Résumé de l’étude

Une régionalisation à l’échelle de la mer Méditerranée d’une méthode de réseaux de neurones
est développée. Cette méthode est appelée CANYON-MED pour "CArbonate system and
Nutrients concentration from hYdrological properties and Oxygen using a Neural network in
the MEDiterranean Sea". Elle permet l’estimation de nutriments et de variables du système
des carbonates en Méditerranée à partir de variables systématiquement mesurées que sont
pression, température, salinité et O2, ainsi que la position dans le temps et dans l’espace.
Six ensemble de réseaux de neurones sont développés, un par variable prédite : trois pour les
macronutriments (nitrates (NO3-), phosphates (PO43-), et silicates (Si(OH)4) et trois variables
du système des carbonates (pH sur l’échelle totale (pHT), alcalinité totale (AT), et Carbone
Inorganique Dissous ou Carbone Total (CT). A l’aide d’une base de données « bouteilles » de
référence qualifiées en mer Méditerranée, représentative des spécificités de cette mer semi-fermée,
les réseaux de neurones sont entraînés. Plus précisément, pour chaque variable, les réseaux
de neurones ont été entraînés sur 80% des données choisies aléatoirement et validés sur les
20% restants. CANYON-MED prédit les variables avec une bonne précision (RMSE) : 0.73
µmol kg−1 pour NO3-, 0.045 µmol kg−1 pour PO43- et 0.70 µmol kg−1 pour Si(OH)4, 0.016
unités pour le pHT, 11 µmol kg−1 pour AT et 10 µmol kg−1 pour CT.

Une seconde validation effectuée sur le jeu de données indépendant de la série temporelle
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ANTARES confirme l’application de la méthode en mer Méditerranée. Après comparaison avec
d’autres méthodes de prédiction des nutriments et des variables du système des carbonates
en Méditerranée, CANYON-MED ressort comme la méthode la plus robuste, basée sur
les paramètres d’entrée mentionnés précédemment. L’application de CANYON-MED sur
des données de systèmes d’observation en Méditerranée, allant du réseau intégré de flotteurs-
profileurs BGC-Argo, des mouillages eulériens ou encore de planeurs sous-marins qui mesurent
des propriétés hydrologiques ainsi que l’O2, pourrait avoir un large spectre d’applications. Ainsi
en plus de la prédiction de nutriments et de variables du système des carbonates, CANYON-
MED peut être utilisé pour du contrôle qualité de données, pour combler les trous dans les séries
temporelles, ou encore pour de l’assimilation de données biogéochimiques et/ou l’initialisation
et la validation de modèles biogéochimiques régionaux qui manquent encore cruellement de
données.

Les codes en R et en Matlab sont disponibles dans un répertoire en ligne :
Github CANYON-MED

4.3 Papier publié dans Frontiers in Marine Science

https://github.com/MarineFou/CANYON-MED/
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A regional neural network-based method, “CANYON-MED” is developed to estimate
nutrients and carbonate system variables specifically in the Mediterranean Sea over
the water column from pressure, temperature, salinity, and oxygen together with
geolocation and date of sampling. Six neural network ensembles were developed, one
for each variable (i.e., three macronutrients: nitrates (NO−3 ), phosphates (PO3−

4 ) and
silicates (SiOH4), and three carbonate system variables: pH on the total scale (pHT),
total alkalinity (AT), and dissolved inorganic carbon or total carbon (CT), trained using
a specific quality-controlled dataset of reference “bottle” data in the Mediterranean
Sea. This dataset is representative of the peculiar conditions of this semi-enclosed
sea, as opposed to the global ocean. For each variable, the neural networks were
trained on 80% of the data chosen randomly and validated using the remaining 20%.
CANYON-MED retrieved the variables with good accuracies (Root Mean Squared Error):
0.73 µmol.kg−1 for NO−3 , 0.045 µmol.kg−1 for PO3−

4 and 0.70 µmol.kg−1 for Si(OH)4,
0.016 units for pHT, 11 µmol.kg−1 for AT and 10 µmol.kg−1 for CT. A second validation
on the ANTARES independent time series confirmed the method’s applicability in the
Mediterranean Sea. After comparison to other existing methods to estimate nutrients
and carbonate system variables, CANYON-MED stood out as the most robust, using
the aforementioned inputs. The application of CANYON-MED on the Mediterranean
Sea data from autonomous observing systems (integrated network of Biogeochemical-
Argo floats, Eulerian moorings and ocean gliders measuring hydrological properties
together with oxygen concentration) could have a wide range of applications. These
include data quality control or filling gaps in time series, as well as biogeochemical
data assimilation and/or the initialization and validation of regional biogeochemical
models still lacking crucial reference data. Matlab and R code are available at https://
github.com/MarineFou/CANYON-MED/.
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INTRODUCTION

The global ocean currently absorbs around 25% of anthropogenic
carbon dioxide (CO2) from the atmosphere, therefore playing
a crucial role in buffering the effects of climate change (Le
Quéré et al., 2018). This role is likely to be modified by
ocean warming and acidification, having complex impacts on
marine ecosystems and organisms (Gattuso and Hansson, 2011).
To better understand the underlying processes and anticipate
changes, a large number of variables have to be observed in
order to gain a more accurate overall picture. In this context, the
“Framework for Ocean Observing” (FOO, Lindstrom et al., 2012)
was designed to coordinate the ocean observing community’s
efforts and maintain a sustained Global Ocean Observing System
(GOOS) (Tanhua et al., 2019). This framework is organized
around Essential Ocean Variables (EOVs; GOOS, 2018), chosen
to balance the feasibility of their measurement with their societal
and scientific relevances. The sustained measurement of key
EOVs helps fill the gaps in our understanding of the ocean.

Historically, measurements have come from oceanographic
cruises and from continuous measurements at fixed stations
(buoys and moorings) (Chai et al., 2020). However, the low
spatial and temporal resolutions of these sampling platforms have
resulted in chronic under-sampling of biogeochemical variables,
creating “observational gaps” (Tanhua et al., 2019; Weller
et al., 2019; Chai et al., 2020). Today, technological advances
(miniaturization of sensors, automation of measurements) have
made it possible to develop a network of autonomous platforms
such as profiling floats (Riser et al., 2016; Roemmich et al.,
2019; Claustre et al., 2020) and ocean gliders (Testor et al.,
2019). These platforms provide measurements of physical and
biogeochemical variables at much higher spatial and temporal
resolutions in regions or seasons otherwise difficult to access.
These active autonomous networks have thus contributed to the
progressive densification of databases of key variables at global
scale (Abram et al., 2019). Some variables are presently almost
systematically measured regardless of the acquisition platform,
for instance physical data (temperature, salinity, pressure) and
dissolved oxygen concentration (O2). However, measurements
from these autonomous platforms remain limited to a small
type of biogeochemical variables, owing to the high cost of
some sensors and technological limitations (Bittig et al., 2019;
Chai et al., 2020).

Machine learning methods represent a promising way to
fill these “observational gaps”. They have the potential to
predict, from variables systematically measured by autonomous
platforms, variables still difficult to measure accurately and
cost-effectively with these platforms (e.g., Gregor et al., 2019).
Transfer functions such as multiple linear regressions (e.g., Velo
et al., 2013; Carter et al., 2018) have therefore been developed
to estimate biogeochemical variables. Neural network methods,
known to be universal substitutes for any differentiable and
continuous function (Hornik et al., 1989), have been also applied
to complex data sets in oceanography (e.g., estimation of the
variability of the global ocean carbon sink (Landschützer et al.,
2014), detection of phytoplankton groups in open ocean waters
(Ben Mustapha et al., 2014).

O2 is a key EOV in oceanography (GOOS, 2018). It is widely
and increasingly measured on autonomous platforms, with
measurement accuracies close to those obtained by Winkler
titration of discrete samples (Bittig and Körtzinger, 2015). The
O2 concentration results from the balance between exchanges
at the ocean-atmosphere interface, mixing and ventilation
(Körtzinger et al., 2004; Piron et al., 2016, 2017; Coppola et al.,
2018), solubility (dependent on temperature and salinity), and
biological processes such as primary production and respiration
(Robinson, 2019). Furthermore, O2 is linked to nutrients and
inorganic carbon via Redfield’s stoichiometric ratios (Redfield,
1934). Therefore, based on the role of O2 in remineralization
and carbon fixation, Sauzède et al. (2017) have developed
neural network-based methods to retrieve carbon and nutrient
variables in the global ocean. They use O2, temperature, salinity,
pressure, longitude and latitude, day of the year and year as input
variables to predict the concentrations of three macronutrients
[nitrates (NO−3 ), phosphates (PO3−

4 ), silicates (SiOH4)] as well as
carbonate system variables [total alkalinity (AT), total dissolved
inorganic carbon (CT), pH on the total scale (pHT), and CO2
partial pressure (pCO2)]. This method referred to as CANYON
for “CArbonate system and Nutrients concentration from
hYdrological properties and Oxygen using a Neural network”
predicts these key oceanographic variables, which cannot be
measured independently or with sufficient accuracy, with much
improved temporal and spatial resolution (Chai et al., 2020). This
method as well as its subsequent improvement, CANYON-B
(Bittig et al., 2018), were trained on high-quality data collected
over the past thirty years (the GLODAPv2 for Global Ocean
Data Analysis Project version 2 database; Olsen et al., 2016).
One of its potential applications is to generate virtual carbon and
nutrients estimates from the large amount of data acquired by
the Biogeochemical-Argo float array (BGC-Argo; Johnson and
Claustre, 2016; Claustre et al., 2020).

The Mediterranean Sea is a semi-enclosed marginal sea
characterized by high salinities and a rapid overturning
circulation, rendering it capable of absorbing more CO2 than
adjacent oceanic regions (Schneider et al., 2010; Lee et al.,
2011; Touratier and Goyet, 2011; Álvarez et al., 2014). Machine
learning methods produce better results when trained on
datasets representative of the considered case study. Therefore,
both CANYON and CANYON-B approaches may underperform
in this specific oceanic region making a regionalization of this
approach highly desirable. Furthermore, the Mediterranean Sea
is also a low nutrient concentration basin (McGill, 1966; Krom
et al., 1991) with an eastward-increasing oligotrophy gradient.
Nutrients are particularly important as tracers of biological
cycles, biomass production, and natural and anthropogenic
inputs (Béthoux, 1989; Béthoux et al., 1992). Through its
rapid response to external conditions relative to other oceans
(Crispi et al., 2001), the Mediterranean Sea is considered as a
good indicator of global shorter-scale ocean processes and is
therefore defined as a “hot spot” for climate change (Giorgi,
2006; Diffenbaugh et al., 2007). This “miniature ocean” (Millot
and Taupier-Letage, 2005) is particularly relevant for the
study of biogeochemical cycles because of its molar ratios of
nutrients very distinct from those of other oceanic regions
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(Ribera d’Alcalà et al., 2003; Krom et al., 2005; Pujo-Pay et al.,
2011; Pasqueron de Fommervault et al., 2015). Additionally,
the high amount of data from BGC-Argo floats and observing
programs (e.g., MOOSE, NAOS) emphasize the need for a
regionalized approach, specific to the Mediterranean Sea, to
fully take advantage of these observing systems and platforms
(Tintoré et al., 2019).

In this paper, we present the regional downscaling of the
CANYON method for the Mediterranean Sea, CANYON-MED.
A database of in situ measurements has been specifically
assembled to constitute a new quality-controlled dataset used to
train the regional neural networks. Neural network ensembles
were trained and their results are compared to single neural
network architectures. The resulting optimized CANYON-
MED networks are validated with an independent dataset
and compared to existing methods available for nutrients and
carbonate system variables prediction in the Mediterranean Sea.

MATERIALS AND METHODS

Available Datasets
Training and Validation Datasets
The CARIMED (CARbon in the MEDiterranean Sea) data
synthesis initiative (Sanleón-Bartolomé et al., 2017) aims to
produce a consistent quality-controlled database for carbon
relevant variables from hydrographic cruises covering the whole
water column and the different basins of the Mediterranean
Sea. As the validation of CARIMED data is still in progress, we
performed secondary quality control through visual inspection of
the profiles and by comparison with literature values, to remove
outliers. After applying similar quality control, the data from
ten other cruises were added to the database (i.e., CARBOGIB,
CASCADE, DEWEX, GIFT, MOOSE_GE 2011, MOOSE_GE
2013, MOOSE_GE 2015, PACIFIC-CELEBES, SOMBA, MSM72;
Table 1). The spatial coverage of the complete dataset is shown
in Figure 1.

The DYFAMED site (Coppola et al., 2019a) is located in the
Ligurian Sea (43◦25′N, 7◦52′E, water depth of 2350 m; red star
in Figure 1). It is surrounded by the permanent geostrophic
Ligurian frontal jet flow caused by the Northern Current’s
cyclonic circulation, separating the sampling area from coastal
inputs by a density gradient (Millot, 1999; Niewiadomska et al.,
2008). Monthly cruises are performed over the whole water
column since 1991 and included in the MOOSE network since
2010 (Marty et al., 2002; Coppola et al., 2019b). This is the
longest open sea time series in the Mediterranean Sea in terms
of O2, nutrients and carbonate system measurements that led
to a homogeneous and calibrated data set with well-described
seasonality of these variables (Copin-Montégut and Bégovic,
2002; Marty et al., 2002; Pasqueron de Fommervault et al., 2015;
Coppola et al., 2018).

The dataset gathered for this study (Table 1) therefore includes
35 oceanic cruises and a time series, from 1976 to 2018 with
samples from the surface to 4600 m depth of core variables such
as O2, temperature, salinity as well as macronutrients [nitrates:
NO−3 , phosphates: PO3−

4 , silicates: Si(OH)4] and carbonate

system variables (total alkalinity: AT, total carbon or dissolved
inorganic carbon: CT, and pH on the total scale: pHT). When
AT and CT were available, pHT was calculated using CO2SYS-
MATLAB (Lewis et al., 1998; van Heuven et al., 2011). This
dataset is openly accessible (Fourrier, 2020). Thermodynamic
calculations within the carbonate system used the carbonic
acid dissociation constants of Mehrbach et al. (1973) as refit
by Dickson and Millero (1987), the dissociation constant for
bisulfate of Dickson (1990) and Uppström (1974) for the ratio
of total boron to salinity. These constants were used to ensure
consistency with pHT units in some of the data sets compiled.

Independent Validation Dataset
The ANTARES site is located in the Ligurian Sea (42◦48′N, 06◦
05′E, water depth of 2500 m; yellow square in Figure 1). It
is visited monthly since 2010 and integrated into the MOOSE
network (Lefevre, 2010). This time series extends from 2009 to
2018 for ancillary data, O2, nutrients, and from 2009 to 2017 for
AT and CT. pHT was computed as described in section “Training
and Validation Datasets.” However, O2 measurements are lacking
prior to 2011, restricting the use of the data in this study to the
period 2011–2018.

For the whole dataset and after quality control, the distribution
of observations per year and month (Figure 2) demonstrates
the systematic under-representation of winter months (which are
quite exclusively sampled thanks to the DYFAMED time series),
as well as the difference in coverage according to year and variable
of interest, such as the lower number of CT and pHT data.

Neural Network Development
Artificial Neural Networks (ANNs) are approximate functions
adapted to any dataset (Marzban, 2009). One of the main
advantages of these methods is their ability to recognize and
exploit relationships in data that are not predefined (unlike
regression techniques) and do not need to be made explicit
by equations (Marzban, 2009). This makes them particularly
suitable for mapping non-linear relationships, provided that data
are sufficiently available to “train” the neural network (Lefevre
et al., 2005). Similarly to Sauzède et al. (2017) and Bittig et al.
(2018) for CANYON and CANYON-B, respectively, an iterative
statistical learning-based method, and more specifically an ANN
was developed to predict carbon and nutrient variables.

Separate the learning data into a training dataset for training
the machine learning method and a validation dataset used to
assess the performance of the trained method is a common
practice. It ensures that the model can produce reliable estimates
outside the range of learning data (generalization capabilities)
(Bishop, 1995). In the present paper, the dataset was randomly
split according to the proportions of 80% and 20% for training
and validation sets, respectively. Additionally, an external dataset
was also used to further validate the ANNs.

Multi-Layered Perceptron
Among the different types of ANNs available, Multi-Layered
Perceptron (MLP; Rumelhart et al., 1986; Bishop, 1995) using
a backpropagation algorithm (Bishop, 1995; Hagan et al., 2014)
has been chosen for its properties as universal approximator
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TABLE 1 | List of cruises, principal investigators, references (when available), and the number of data for each variable of interest [NO−3 , PO3−
4 , Si(OH)4, AT, CT, pHT] in our database.

Cruise Number of measurements Leader References

NO−

3 PO3−
4 Si(OH)4 AT CT pHT

ALMOFRONT 807 843 909 425 0 427 L. Prieur Prieur (1991)

BOUM 0 957 620 576 567 561 T. Moutin Moutin (2008)

CARBOGIB 25 25 25 25 20 25 E. Huertas Huertas (2007a,b,c,d,e)

CASCADE 219 220 220 210 210 210 X. Durieu de Madron Durrieu De MadronXavier, 2011

DEWEX 1074 1076 1076 291 297 297 P. Testor, P. Conan Testor (2013), Conan (2013)

DYFAMED 1370 1361 1474 1112 1124 1026 L. Coppola Coppola et al. (2019a)

GEOSECS_LEG_3 31 31 31 22 22 22 AE. Brainbridge Environmental Sciences Division (1988)

GIFT 15 15 14 15 12 15 E. Huertas Huertas (2007f,g)

HOTMIX 0 315 320 311 104 316 J. Arístegui –

MCXXIS 73 191 199 211 0 0 – http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=1385
http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=1435
http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=1436

MEDIPROD IV 0 157 161 90 90 90 H.J. Minas and B. Coste Minas (1981)

MEDSEA_2013 328 332 332 328 328 324 P. Ziveri Ziveri and Grelaud (2015), Goyet et al. (2015)

METEOR_51_2 0 655 662 231 232 228 W. Roether Schneider et al. (2013)

METEOR_84_3 540 569 573 544 557 573 T. Tanhua Tanhua et al. (2013)

MILLERO 0 0 0 0 0 0 F.J. Millero –

MOOSE_GE_2010 0 329 325 79 79 79 P. Testor Testor et al. (2010)

MOOSE_GE_2011 343 358 362 94 94 90 P. Testor Testor et al. (2011)

MOOSE_GE_2012 763 773 780 142 168 139 P. Testor Testor et al. (2012)

MOOSE_GE_2013 621 583 626 124 124 110 P. Testor Testor et al. (2013)

MOOSE_GE_2014 771 675 912 147 143 140 P. Testor Testor et al. (2014)

MOOSE_GE_2015 661 606 742 147 147 147 P. Testor Testor et al. (2015)

MOOSE_GE_2016 1004 948 1012 162 153 153 L. Coppola Coppola (2016)

MSM72 797 749 819 713 343 855 D. Hainbucher –

OTRANTO 0 86 87 0 0 0 E. Krasakopoulou Krasakopoulou and Souvermezoglou (2013)

PACIFIC_CELEBES 0 0 0 22 22 22 D. Hydes Hydes et al. (2011)

POEMXXIS 0 0 107 221 0 0 – http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=1653
http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=1585

PROSOPE 252 231 197 185 0 209 H. Claustre Claustre (1999)

SESAME_IT01 0 204 214 214 0 214 G. Catalano –

SEASAME_IT02 0 149 151 160 0 160 M. Azzaro –

SESAME_IT04 0 139 169 152 158 152 C. Santinelli http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=5188
http://isramar.ocean.org.il/perseus_data/CruiseInfo.aspx?criuseid=5148

SESAME_IT07 205 204 206 164 0 167 G. Catalano http://isramar.ocean.org.il/PERSEUS_Data/CruiseInfo.aspx?criuseid=5503

SESAME_SPI 205 205 205 205 0 204 G. Navarro http://isramar.ocean.org.il/PERSEUS_Data/CruiseInfo.aspx?criuseid=5451

SESAME_SPII 273 274 273 274 0 271 G. Navarro http://isramar.ocean.org.il/PERSEUS_Data/CruiseInfo.aspx?criuseid=5450

SOMBA 0 0 0 184 184 172 L. Mortier Mortier et al. (2014)

TRANSMED_LEGII 78 78 78 44 0 45 M. Azzaro –

TRANSMED_LEG_III 97 91 99 92 0 94 S. Fonda –
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FIGURE 1 | Location of the 35 cruises used in this study, and of the DYFAMED (red star) and ANTARES (yellow square) sites in the Ligurian Sea, Northwestern
Mediterranean, with a schematic representation of the North Current circulation in surface (black arrows). The DYFAMED time series and the 35 cruises constitute
the training dataset whereas the ANTARES time series is used for validation.

of any continuous and derivable function (Hornik et al., 1989).
A MLP is an ANN organized in several layers (i.e., input, hidden
and output layers) containing neurons that are connected to
each other and able to exchange information through their
connections (Figure 3). These connections are directional, and
each connection is associated with a real number, called the
“weight”. The information is transmitted from one neuron to
another through the weights that are readjusted iteratively during
the training phase to minimize the difference between MLP
outputs and observations.

MLPs use an activation function between the neurons (here
the sigmoid function f (Figure 3), with A and α equal to 4/3 and
1.7159, respectively) to ensure a quasi-linear behavior between
−1 and 1 (Jamet, 2004; Sauzède et al., 2017):

f (x) = A ∗
expαx

− 1
expαx + 1

(1)

The backpropagation algorithm used for the MLP (Bishop, 1995)
can be divided into two steps. First, the forward propagation of a
stimulus (from the inputs) through the MLP generates an output.
Second, the errors are propagated backward from the output

through the MLP to change the weights in the opposite direction
to the error gradient.

The input data were normalized to have an average of
zero and a standard deviation of one using the mean and
standard deviation of the training data to improve convergence
(Goodfellow et al., 2016) and to prevent neural networks
saturation (caused by the difference in the range of the different
input variables) according to:

x =
2
3
∗

x− x̄
σ

(2)

Where x, x̄, and σ are, respectively, the input data, their mean and
their standard deviation. The factor 2/3 brings at least 80% of the
data in the range [−1;1] (Jamet et al., 2012).

In order to improve the generalization capabilities of the
ANNs, Bayesian regularization (Bishop, 1995) was used. This
method minimizes over-fitting by considering the goodness of fit
as well as the network architecture. The training algorithm used
was a supervised iterative training method updating weights
according to Levenberg-Marquardt optimization (Linares-
Rodriguez et al., 2013). This algorithm was chosen because
it is better suited for function fitting and does not require
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FIGURE 2 | Distribution of sample numbers (A) per month and (B,C) per year provided by the scientific cruises, after quality control. Note the difference in the y-axis
for the early distributions.

excessive computing time and power, while still appropriately
generalizing (Beale et al., 2018). To avoid falling to a local
minimum, a linear combination of weights and quadratic
errors was minimized through gradient descent, and multiple

initializations with random weights were performed. Then, to
determine the appropriate combination of weights and errors,
Bayesian regularization was used. This allowed the generalization
of the neural network through the optimization of the linear
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FIGURE 3 | Schematic representation of the signal-flow of a perceptron (A) and a Multi-Layered Perceptron (B). The inputs are connected to a neuron and each
connection is associated with a weight “w.” The output is produced by combining the inputs and weights and adding the neuron’s bias “bj” before going through a
sigmoid activation function “f.” A Multi-Layered Perceptron is composed of multiple neurons in hidden layers combined in the same manner to produce a single
output.

combination of weights and errors (MacKay, 1992a,b; Foresee
and Hagan, 1997; Hagan et al., 2014). The Matlab Neural
Network Toolbox, and more specifically the algorithm “trainbr,”
has been chosen for the ANN implementation. The ANN
optimal architecture or topology (number of inputs, outputs,
number of hidden layers and neurons in each hidden layer)
hinges on the complexity of the relations between inputs and
outputs. After testing several different configurations through
a trial-and-error process, the topologies for neural networks
producing the best results were determined with 2 hidden layers
and a number varying between 15 and 50 neurons for the first
layer and between 8 and 30 for the second hidden layer.

ANN Ensemble Model
The robustness and reliability of an ANN can be significantly
improved by combining several ANNs into an ANN
ensemble model (Sharkey, 1999; Linares-Rodriguez et al.,
2013). The construction of an ANN ensemble is done
in two main steps. First, the individual members of the
model are created (as described above in section “Multi-
Layered Perceptron”). Second, the combination of the
outputs of these members is averaged to obtain the unique
ensemble output. Thus, for each neural network [NO−3 ,
PO3−

4 , Si(OH)4, AT, CT, pHT], the ten best topologies were
chosen according to their statistics (as defined in section
“Validation Statistics Metrics”). The final output of each
neural network ensemble model (ANN-E) corresponds to the
mean of the outputs of these ten best ANNs. Additionally,
the best topology (ANN-1) among the ten best was also
selected to compare between a one ANN structure and a neural
network ensemble.

CANYON-MED
Based on the CANYON networks (Sauzède et al., 2017)
principle, the CANYON-MED neural networks corresponding

to neural-network ensemble models (ANN-E) (as described
in “ANN Ensemble Model”) were developed. Similarly to the
work by Sauzède et al. (2017), the chosen input variables
for the networks are in situ measurements of pressure,
temperature, salinity (water mass characteristics), and
oxygen together with geolocation (latitude and longitude),
date of sampling (day of year or day, representing the
seasonality of processes) and year of sampling (representing
global trends linked to anthropogenic changes). Compared
to the CANYON networks, where the year is an input
only for pHT and CT, it has been chosen as an input
for the six CANYON-MED networks [i.e., NO−3 , PO3−

4 ,
Si(OH)4, AT, CT, and pHT]. This change, namely the
addition of the year for each network, was based on the
long-term increases in deep nutrients observed in the
western basin by Béthoux et al. (1998, 2002), as well as
the increases in temperature and salinity in the deep
Mediterranean Sea over the past 40 years (Borghini et al.,
2014) which demonstrate the need of a temporal component in
CANYON-MED networks.

According to the work by Sauzède et al. (2017), the
pressure input was transformed according to the combination
of a linear and a logistic curve to limit the degrees of
freedom of the ANN in deep waters and to account for the
large range of pressure values (from the surface to 4000 m
depth) and a non-homogeneous distribution of data within
this range:

P =
P

20000dbar
+

1
(
1+ exp

(
−

P
300dbar

))3 (3)

Furthermore, in agreement with the CANYON networks, the
day has been modified to account for the periodicity of this
measurement [day 365 (end of December) of a year is similar
to day 1 (beginning of January) of the next year from a
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chronological perspective]. It was therefore transformed into
radians according to:

doyrad =
doy ∗ π

365
2

(4)

Furthermore, similarly to the aforementioned method, and due to
the nature of the transfer function (a sigmoid varying in the range
[−1;1]), the inputs and outputs of the neural networks have been
centered and reduced to also fall into the range [−1;1] (Sauzède
et al., 2016, 2017).

Moreover, also building on the CANYON networks, Bittig
et al. (2018) developed CANYON-B, a Bayesian neural network
improvement of CANYON. CANYON-B is constructed as a
committee of neural networks and provides estimates of nutrients
and carbonate system variables with a local uncertainty (whereas
CANYON provides global uncertainties). Neural networks
committees are composed of several neural networks and use
the spread of predictions between individual members of the
committee to improve the estimation of uncertainty of the
committee output (Bishop, 1995). This other neural network
method was also used for comparative purposes.

The Matlab and R code are available at https://github.com/
MarineFou/CANYON-MED/.

Validation Statistics Metrics
Results were validated using four statistical metrics chosen to
evaluate the performance of the CANYON-MED algorithms on
the validation datasets: the MAE (Mean Absolute Error, Equation
5), the RMSE (Root Mean Squared Error, Equation 6), the
coefficient of determination (r2, Equation 7) as well as the slope
(Equation 8) of the linear regression between the CANYON-
MED-retrieved values and the corresponding in situ measured
values. The absolute uncertainties are expressed as concentrations
for NO−3 , PO3−

4 , Si(OH)4, AT, and CT (in µmol.kg−1) and pHT
(pH unit) parameters.

MAE =
1
N
∗

N∑

i=1

|XCANYON−MEDi − XDATAi| (5)

RMSE =

√√√√ 1
N
∗

N∑

i=1

(XCANYON−MEDi − XDATAi)2 (6)

r2
=

(
1
N

N∑

i=1

(
XDATAi − XDATAi

) (
XCANYON−MEDi − XCANYON−MEDi

)

σXDATA ∗ σXCANYON−MED

)2

(7)

Slope =
XCANYON−MED − CANYON −MEDintercept

XDATA
(8)

RESULTS AND DISCUSSION

Neural Network Ensemble Improvement
and Overall CANYON-MED Performance
For each studied variable [i.e., NO−3 , PO3−

4 , Si(OH)4, AT, CT, and
pHT], a CANYON-MED ensemble neural network was created
as described in section “ANN Ensemble Model.” Comparing the
statistics for the case using a single neural network (ANN-1) and
the ensemble neural network model (ANN-E, corresponding to
CANYON-MED), the ANN-E model provides the most accurate
nutrient and carbonate system estimates (Table 2). For most
variables, an increase in the determination coefficient is shown
(i.e., from 0.94 to 0.95, 0.90 to 0.92, 0.93 to 0.96, 0.91 to 0.94, 0.84
to 0.86 for NO−3 , PO3−

4 , AT, CT, and pHT, respectively) as well as
a decrease in MAE and RMSE (up to 20% and 30% of the errors,
respectively). The low MAE values suggest that the ANN-E model
is not biased, although the slopes are slightly less than 1, resulting
in an underestimation of neural network outputs.

Using the validation dataset, the performance of the
CANYON-MED method was evaluated by comparing
CANYON-MED’s results with the corresponding in situ values.
Figure 4 shows these results as a function of pressure while the
corresponding statistics are in Table 2. The accuracies obtained
are very satisfactory with, for example, an accuracy of NO3−
extracted from the neural network method (0.73 µmol.kg−1)
comparable to that obtained with optical sensors such as
those mounted on BGC-Argo floats (1 µmol.kg−1; Johnson
et al., 2017). Owing to the lower number of data presently
available in our training dataset for CT and pHT, the ability of
the corresponding neural networks to generalize correctly is
lowered, explaining the less robust statistics for CT and pHT with
slopes around 0.9, and determination coefficients of 0.91 and
0.84, respectively (Table 2).

In Figure 4, two different deep value ranges (i.e., two
“patches” of dark blue points) can be distinguished for NO3−
and PO3−

4 corresponding to the deep values of the Western and
Eastern Basins. The Eastern Mediterranean Sea is known to be
more oligotrophic than its western counterpart (Ribera d’Alcalà
et al., 2003; Pujo-Pay et al., 2011). Indeed, deep NO−3 and PO3−

4
values (Figures 4A,B) are lower in the ultraoligotrophic eastern
Mediterranean than in the oligotrophic western Mediterranean,
as evidenced by the differences in concentrations of the deep
values (5 and 10 µmol.kg−1 for eastern and western NO−3 ,
respectively and 0.2 and 0.4 µmol.kg−1 for PO3−

4 , respectively).
The deep Si(OH)4 values are quite similar between the two
Mediterranean basins as it is not a limiting nutrient (Krom et al.,
1991). A larger dispersion is observed for low concentrations of
PO3−

4 and NO−3 (Figures 4A,B) recovered by CANYON-MED,
coinciding with the low concentrations of surface nutrients in the
Eastern Basin (Tanhua et al., 2013; Kress et al., 2014).

Furthermore, deep AT ranges between 2590 and
2610 µmol.kg−1 (Figure 4D) corresponding to the deep waters
of the Western and Eastern Mediterranean Sea respectively.
The difference between the two basins stems from an eastward
increasing trend for AT mirroring the increase in salinity and
an eastward increase in pHT (Hassoun et al., 2015). However,
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TABLE 2 | Number of points in the training and validation datasets and statistics between in situ measurements from the validation database and the values predicted by
CANYON-MED’s “best topology” (ANN-1) and CANYON-MED (ANN-E) for NO−3 , PO3−

4 , Si(OH)4, AT, CT and pHT.

CANYON-MED

N r2 Slope MAE RMSE

Training Validation ANN-1 ANN-E ANN-1 ANN-E ANN-1 ANN-E ANN-1 ANN-E

NO−3 (µmol kg−1) 8439 2113 0.94 0.95 0.96 0.96 0.50 0.47 0.79 0.73

PO3−
4 (µmol kg−1) 10785 2644 0.90 0.92 0.95 0.95 0.030 0.026 0.050 0.045

Si(OH)4 (µmol kg−1) 11071 2909 0.96 0.96 0.95 0.95 0.45 0.40 0.66 0.70

AT (µmol kg−1) 6406 1516 0.93 0.96 0.97 0.98 8.0 6.5 12.1 11.1

CT (µmol kg−1) 4154 1024 0.91 0.94 0.92 0.92 8.9 7.0 13.6 10.0

pHT 6090 1447 0.84 0.86 0.93 0.93 0.011 0.010 0.017 0.016

Bold values highlight the best statistic result.

this difference is not very visible owing to the large range of
AT. For CT, the difference between the two Mediterranean
basins is lower (Figure 4E). CT variability is controlled by
salinity, biological processes (such as photosynthesis, oxidation
of organic matter, dissolution and precipitation of CaCO3),
as well as air-sea CO2 exchange (Lovato and Vichi, 2015).
Additionally, pHT (Figure 4F) exhibits a large range below 1500
m (7.98 to 8.1). This also stems from the difference between the
two Mediterranean basins, a pattern similar to that of AT, with
higher surface and deep values in the Eastern Mediterranean Sea
(Rivaro et al., 2010).

Validation on Independent Time Series:
ANTARES
The ANTARES time series was chosen as an additional
independent validation dataset because, among the few time
series in the deep offshore Mediterranean, it is one of the
few where measurements of nutrients and carbonate system
variables are performed semi-regularly and over the entire
water column (Lefevre, 2010). The vertical profiles of the
differences between in situ measurements of the ANTARES
dataset and the values predicted by CANYON-MED are
represented (Figure 5) along with their mean value and
associated standard deviation. In general, the accuracies (Table 3)
of each variable are comparable, albeit slightly worse, to those
determined on the CANYON-MED validation dataset (Table 2).
These accuracies are even lower for AT and CT probably
due to the smaller ranges covered by the ANTARES site.
The errors seem quite homogeneous over the whole water
column (Figure 5), with higher errors when lacking data at
specific depths [e.g., NO−3 and Si(OH)4 at around 1250 dbar].
In addition, we can also note the clear overestimation of
PO3−

4 at the ANTARES time series, evident from the slope
of 1.06 (Table 3) as well as from the observation of a clear
shift in Figure 5B.

However, it is important to note that the ANTARES
dataset, although subject to quality control, still exhibits a high
nutrient dispersion along the water column. This variability
may result from natural phenomena or potential issues in the
measurement accuracy (e.g., measurement uncertainty, sampling

procedure, change of operator, evolution of techniques). In the
latter case, it can explain the dispersion of errors found for
nutrients in Figure 5.

Comparison to Other Methods Available
CANYON Methods
The performance of the CANYON, CANYON-B, and CANYON-
MED methods were compared using the validation dataset (the
remaining 20% of the database not used for training). The
performances were computed by comparing the neural network
outputs for nutrients and carbonate system parameters with
the in situ measurements according to the metrics defined in
section “Validation Statistics Metrics.” Scatterplots of neural
network-retrieved variables against their corresponding in situ
measurements (Figure 6) reveal that the CANYON-MED
method gives much better results than its global counterparts
(i.e., CANYON and CANYON-B). The accuracies (RMSE) have
been reduced, for each variable, by more than half between
CANYON-B and CANYON-MED and by a third for nutrients
and AT between CANYON and CANYON-MED, as shown
by statistics in Table 4. The differences are primarily due
to the under-representation of Mediterranean Sea cruises in
CANYON and CANYON-B’s training dataset (Mediterranean
data poorly represented in the GLODAPv2), as opposed to
the training dataset specifically designed for the Mediterranean
Sea in CANYON-MED.

Specifically, for the CANYON and CANYON-B networks, a
higher scatter is observed for NO−3 and PO3−

4 near-zero values
(Figures 6A,B). CANYON-MED’s MAE and RMSE are halved
compared to CANYON and CANYON-B’s (Table 4). In addition,
a significant number of values are predicted to be negative
(around −0.1 µmol.kg−1). This feature is mainly caused by the
difference in the nutrient concentrations for the oligotrophic
to ultra-oligotrophic Mediterranean Sea which are close to the
detection limits of the nutrients analysis method (Krom et al.,
1991) compared to the higher concentrations found in the global
ocean (high concentrations present in GLODAPv2, CANYON,
and CANYON-B training data).

A very high scatter is also present for Si(OH)4 CANYON
and CANYON-B-retrieved values, especially for the lower values
(i.e., <4 µmol.kg−1) (Figure 6C). In the global ocean, Si(OH)4
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FIGURE 4 | Comparison of the CANYON-MED-retrieved values with the corresponding in situ measurements according to pressure for (A) NO−3 , (B) PO3−
4 ,

(C) Si(OH)4, (D) AT, (E) CT, and (F) pHT. The darker blue points correspond to the deeper points whereas the lighter ones correspond to values closer to the
surface. The 1:1 line is shown in black. The corresponding statistics are shown in Table 2.
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FIGURE 5 | Vertical profiles of the differences between in situ measurements from the ANTARES time series and the values predicted by CANYON-MED for
(A) NO−3 , (B) PO3−

4 , (C) Si(OH)4, (D) AT, (E) CT, and (F) pHT. The black line represents the mean value and the shaded area represents the standard deviation
around this mean value. The statistics of the corresponding regression are presented in Table 3.
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TABLE 3 | Statistics between in situ measurements from the ANTARES time series and the values predicted by CANYON-MED for NO−3 , PO3−
4 , Si(OH)4, AT, CT and pHT.

N r2 Slope MAE RMSE

NO−3 (µmol kg−1) 411 0.89 0.97 0.70 1.09

PO3−
4 (µmol kg−1) 390 0.85 1.06 0.064 0.079

Si(OH)4 (µmol kg−1) 410 0.86 0.95 0.8 1.1

AT (µmol kg−1) 294 0.80 0.86 5.2 6.8

CT (µmol kg−1) 295 0.94 0.90 5.2 7.4

pHT 293 0.85 0.85 0.0099 0.0142

concentrations range from low concentrations (<10 µmol.kg−1)
similar to those found in the Mediterranean Sea to very
high concentrations (up to 200 µmol.kg−1) at high latitudes
(Ragueneau et al., 2000; Pujo-Pay et al., 2011), thus explaining
the difference in scatter between the Si(OH)4 values obtained by
CANYON and CANYON-MED.

AT and CT retrieval performance appears to be relatively
similar using the three methods (Figures 6D,E) due to the wide
range of values of these two variables, which reduces differences
between approaches. However, for AT a large spread is present
in CANYON estimates. Indeed, the MAE and RMSE range to a
third less than CANYON and CANYON-B (Table 4). Moreover,
a larger dispersion remains perceptible in the values predicted by
CANYON and CANYON-B with predicted values lower by up to
100 µmol.kg−1 than their in situ measurements.

Likewise, pHT values are comparable between the three
neural network-based methods (Figure 6F), with CANYON-
MED projecting pHT with the lowest spread. Compared to the
global average surface ocean, the Mediterranean Sea will be
subject to amplified acidification (Touratier and Goyet, 2009,
2011; Palmiéri et al., 2015). The Mediterranean Sea is known to
absorb more anthropogenic CO2 per unit area (Palmiéri et al.,
2015). Essentially, the Mediterranean’s high AT increases its
capacity to absorb anthropogenic CO2 and the short timescales
at which its deep waters are ventilated (Schneider et al., 2014)
allow for deeper penetration of this CO2, thus resulting in a
lower pHT.

Other Methods
A key advantage of CANYON-MED lies in the few inputs
required to use it, but other methodologies exist to predict
nutrients and carbonate system variables. CANYON-MED and
the methods described in this section were applied to our
validation dataset and their results evaluated by the MAE and
RMSE (as defined in section “Validation Statistics Metrics”) are
presented in Table 5.

First of all, Carter et al. (2018) developed methods for
locally interpolated estimations of NO−3 , PO3−

4 , Si(OH)4,
AT, and pHT (LINR, LIPR, LISIR, LIARv2, and LIPHR,
respectively). These methods base their computations on
equations requiring salinity, Apparent Oxygen Utilization
(derived from O2), depth, temperature, as well as nutrients
concentrations. For comparability to our method and its
possible application on BGC-Argo floats, these regressions were
applied on our validation dataset using only the equations
with similar inputs as our neural networks (i.e., temperature,

depth or pressure for CANYON-MED, salinity, and O2). The
computations with Locally Interpolated Regressions (LIRs) were
performed using their functionality that selects, using the given
inputs, the lowest-uncertainty estimate among possible estimates
(Carter et al., 2018).

Furthermore, also building on the CANYON networks, and
in addition to CANYON-B presented in section “CANYON-
MED,” Bittig et al. (2018) developed another neural network-
based method: CONTENT. This method predicts carbonate
system variables. In CONTENT, CANYON-B estimates of the
four carbonate system variables (i.e., AT, CT, pHT, pCO2)
are combined through calculations of every pair (as the four
variables can be derived from any pair of them). CONTENT
therefore provides better estimates through the use of all
four parameters of the carbonate system, whereas CANYON-
B provides a unique direct estimate. These methods have
the same inputs as CANYON-MED, except for the year
which is only an input for the CT, pHT and pCO2 neural
networks in CANYON-B.

In addition, specifically for the Mediterranean Sea, Hassoun
et al. (2015) derived equations to calculate AT and CT from
salinity hereafter referred to as AT-S and CT-S. Equations are
available for the entire Mediterranean Sea as well as specific
equations for each sub-basin and several depth layers. For our
comparison, the global equations were used since some equations
for specific depth layers and locations had low performance.
Furthermore, it is possible to use a single equation over the whole
Mediterranean Sea, to derive AT from salinity, if marginal seas
and regions of important freshwater influence are not considered
(Cossarini et al., 2015), which is relevant because CANYON-
MED is not suited for coastal areas.

As shown in Table 5, CANYON-MED has lower errors
for all predicted variables than the methods presented above.
CONTENT has very similar errors in the prediction of carbonate
system parameters compared to CANYON-B. The equations
from Hassoun et al. (2015), predict AT and CT with errors
up to four times the errors of CANYON-MED. Moreover, the
LIRs clearly stand out, with errors up to ten times higher than
the other methods. However, it should be stressed that the
results from the LIRs would have been more robust (errors
10% lower but still higher than the other methods, data not
shown) if they had been applied using all inputs, that is including
nutrients as predictors, but as mentioned before, for aims of
comparability, they were not.

Generally, CANYON-MED neural networks are more
accurate than other methods with the same inputs. This is not
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FIGURE 6 | Comparison of the CANYON (brown dots), CANYON-B (green dots) and CANYON-MED (blue dots) -retrieved values with the corresponding in situ
measurements for (A) NO−3 , (B) PO3−

4 , (C) Si(OH)4, (D) AT, (E) CT, and (F) pHT. The 1:1 line is shown in black.
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TABLE 4 | Statistics between the CANYON, CANYON-B, and CANYON-MED -retrieved values with the corresponding in situ measurements applied on the entire
database for NO−3 , PO3−

4 , Si(OH)4, AT, CT and pHT.

CANYON CANYON-B CANYON-MED

r2 Slope MAE RMSE r2 Slope MAE RMSE r2 Slope MAE RMSE

NO−3 (µmol kg−1) 0.71 0.69 1.37 1.81 0.84 0.82 0.95 1.34 0.95 0.96 0.47 0.73

PO3−
4 (µmol kg−1) 0.60 0.81 0.075 0.107 0.78 0.85 0.049 0.074 0.92 0.95 0.026 0.045

Si(OH)4 (µmol kg−1) 0.38 0.46 2.28 2.98 0.86 0.92 0.97 1.30 0.96 0.95 0.40 0.70

AT (µmol kg−1) 0.77 0.99 21.5 32.7 0.88 0.99 11.2 20.1 0.96 0.98 6.5 11.1

CT (µmol kg−1) 0.79 0.91 13.6 19.9 0.83 0.84 12.3 17.8 0.94 0.92 7.0 10.0

pHT 0.68 0.83 0.018 0.025 0.78 0.83 0.014 0.020 0.86 0.93 0.010 0.016

TABLE 5 | Performance indicators on the 20% validation dataset of CANYON
(Sauzède et al., 2017), CANYON-B (Bittig et al., 2018), CANYON-MED (this
paper), CONTENT (Bittig et al., 2018), AT-S and CT-S (Hassoun et al., 2015),
LIARv2, LINR, and LIPHR (Carter et al., 2018) for NO−3 , PO3−

4 , Si(OH)4, AT,
CT, pHT.

Method MAE RMSE

NO−3 (µmol kg−1) CANYON
CANYON-B
CANYON-MED
LINR

1.37
0.95
0.47
4.14

1.81
1.34
0.74
5.90

PO3−
4 (µmol kg−1) CANYON

CANYON-B
CANYON-MED
LIPR

0.076
0.049
0.026
0.228

0.107
0.075
0.045
0.308

Si(OH)4 (µmol kg−1) CANYON
CANYON-B
CANYON-MED
LISIR

2.28
0.97
0.43
4.32

2.98
1.30
0.66
7.93

AT (µmol kg−1) CANYON
CANYON-B
CANYON-MED
CONTENT
LIARv2
AT-S

21.53
11.18
6.51
11.52
47.64
15.59

32.74
20.07
11.09
21.24
67.08
30.21

CT (µmol kg−1) CANYON
CANYON-B
CANYON-MED
CONTENT
CT-S

13.64
12.34
6.98
12.54
45.24

19.88
17.85
10.03
17.58
90.37

pHT CANYON
CANYON-B
CANYON-MED
CONTENT
LIPHR

0.0181
0.0140
0.0102
0.0156
0.0672

0.0254
0.0204
0.0158
0.0216
0.1173

Bold values highlight the best statitstic result.

surprising as it was built specifically for the Mediterranean
Sea whereas CANYON, CANYON-B, CONTENT, and the
LIRs were developed for the global ocean. However, high MAE
and RMSE were obtained using AT-S and CT-S from Hassoun
et al. (2015). This can be explained by the fact that, while
having been developed specifically for the Mediterranean Sea,
these equations were derived using data collected only in May
whereas our validation dataset covers as much as possible the
whole year. Furthermore, we only used the global equations
developed for the entire Mediterranean Sea and for all depths.

It is acknowledged that the equations derived for specific areas
and depth layers would have produced more accurate results in
targeted areas, but the aim was to compare the methods on a
global basin scale. Therefore, it is suggested that, while allowing
for easy computations of carbonate system variables in cases
where they are lacking, the simple approximation from salinity
might not always produce the best results on a varied dataset.

Overall, CANYON-MED stands out as the most robust
method for the prediction of nutrients and carbonate system
parameters in the Mediterranean Sea. The variables required are
limited to systematically measured variables such as temperature,
pressure, and salinity as well as high-quality O2 measurements
as inputs which are also widely measured (Bittig and Körtzinger,
2015). Thus, with the increased densification of high-quality O2
measurements from BGC-Argo floats, as well as ocean gliders and
moorings in the Mediterranean Sea (Testor et al., 2019; Tintoré
et al., 2019; D’Ortenzio et al., 2020), CANYON-MED has a strong
potential to support the development of new applications for
marine biogeochemistry.

As is the case for all neural networks, the combination of the
weights connecting the different hidden layers is not transparent,
contrary to the weights obtained with linear regressions (Cortez
and Embrechts, 2013). Nevertheless, a sensitivity analysis of the
relative contribution showed no significant difference between
the inputs of CANYON-MED, also indicating that no input
parameter stands out over the others in an unrealistic manner.
Thus, confirming the relevance of the chosen inputs and their
balance as none is superfluous nor solely driving the neural
network’s outputs.

It should be underlined that other approaches allow for
the prediction of nutrients and carbonate system variables
with higher accuracies than ours. But these methods are
often developed for the global ocean and might therefore not
be as satisfactory in the semi-enclosed Mediterranean Sea.
Furthermore, they often require a larger amount of inputs to
predict a single variable. For example, Broullón et al. (2019)
developed a neural network method called NNGv2 to derive AT
from geolocation, depth, temperature, salinity, and O2 as well as
nitrate, phosphate and silicate concentrations. NNGv2 predicts
AT, for the global ocean, with a RMSE of 5–6 µmol.kg−1, about
half the RMSE obtained when retrieving AT using CANYON-
MED. However, it is highly likely that those results would worsen
in the Mediterranean Sea as NNGv2 was trained using the
GLODAPv2 database (Olsen et al., 2016), similarly to CANYON,
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CANYON-B, and CONTENT, in which the Mediterranean Sea is
poorly described. Furthermore, NNGv2 requires more predictors
than CANYON-MED. The additional variables [Si(OH)4, PO3−

4 ,
NO−3 ] are not systematically measured, which hinders the use
of this method, especially with the long-term objective to be
applied on BGC-Argo, which are only equipped with O2 sensors
(Claustre et al., 2020 and references therein).

Example of Application: Mediterranean
Deep Values
Using our 20% validation dataset, the averages of CANYON-
MED outputs were calculated for each variable [i.e., NO−3 ,
PO3−

4 , Si(OH)4, AT, CT, and pHT] from 1000 m depth to
the bottom of the water column (4000 m) and averaged. The
corresponding in situ measurements were averaged in the same
way. The differences between in situ values and those predicted
by CANYON-MED are presented in Figure 7. The choice of deep
values relies on their seasonal stability.

Overall, the variables provided by CANYON-MED and
the corresponding in situ measurements are in satisfactory
agreement, i.e., the difference is close to zero. No spatial trend is
observed in the differences between the in situ data and neural
network’s outputs indicating that CANYON-MED adequately
predicts without bias values along the known oligotrophy and
acidity gradients between the Eastern and Western basins (Krom
et al., 1991; Flecha et al., 2015). However, a few outlier points
stand out for each parameter. These larger differences may be due
to seasonal imprints (the data presented in Figure 7 refer to the
complete validation dataset, regardless of their date and time).

In the Algero-Provencal basin, a deep AT value stands out
with a high difference (Figure 7D). The same occurs for a
few CT and pHT values in the Gulf of Lion (Figures 7E,F).
These extreme values could be explained by local phenomena
also impacting temperature, salinity and/or O2, the neural
network’s inputs, consequently impacting the retrieved
values. Indeed, these areas are known to be dynamic with
an eddy-driven mesoscale circulation, where the anomalous
biogeochemical profiles could originate from (Pessini et al.,
2018). We therefore hypothesize that discrete data may
not sufficiently reflect the vertical distribution of these
variables in a dynamic region such as the Gulf of Lion,
owing to the lack of adequate observational resolution.
High differences can also stem from erroneous stations not
detected by the quality controls but being highlighted in
CANYON-MED’s outputs, causing the differences to deviate
from zero values.

Additionally, some points standing out as high differences
(exceptionally low values) for CT (and AT) in the Alboran Sea,
Gulf of Lion and Algero-Provencal basin appear, after further
investigation, to correspond to the first sampling campaign of the
carbonate system in our database (i.e., in 1981). We, therefore,
hypothesize that a difference in the quality of the measurements
could explain some of the extreme deviations. Furthermore, for
all variables, a larger variability can be found in the Alboran Sea
than in the rest of the Mediterranean Sea. This variability can be a
result of the influence of the Atlantic Ocean through the Gibraltar

TABLE 6 | Statistics between the CANYON-MED retrieved values and the
corresponding in situ measurements on the validation database according to
Basin (West and East) for NO−3 , PO3−

4 , Si(OH)4, AT, CT, pHT.

CANYON-MED

r2 MAE RMSE

NO−3 (µmol kg−1) West
East

0.95
0.89

0.48
0.45

0.79
0.67

PO3−
4 (µmol kg−1) West

East
0.89
0.87

0.031
0.021

0.052
0.029

Si(OH)4 (µmol kg−1) West
East

0.96
0.96

0.43
0.43

0.63
0.70

AT (µmol kg−1) West
East

0.95
0.87

6.73
7.88

10.57
11.81

CT (µmol kg−1) West
East

0.92
0.73

8.56
9.19

12.35
17.60

pHT West
East

0.85
0.83

0.0098
0.0112

0.0156
0.0165

Strait and the strong associated mesoscale activity (Viúdez et al.,
1998; Baldacci et al., 2001).

Given the disparate spatial coverage of the training data
available, we expected CANYON-MED to predict nutrients and
carbonate system variables with higher errors in the Eastern Basin
compared to the Western Basin. As shown by the statistics for
each basin, gathered in Table 6, carbonate system parameters are
indeed predicted with less accuracy in the Eastern Basin. As for
nutrients, the difference between Eastern and Western Basin is
less marked: a slightly lower MAE and RMSE for NO−3 and PO3−

4
in the East are linked to a lower r2. The difference between basins
is mainly caused by the disparity in spatial and temporal coverage
in our training database, stemming from a lack of cruises in the
Eastern part of the Mediterranean Sea.

CANYON-MED remains unsatisfactory in areas where
training data are too scarce (e.g., South Ionian Sea, off the Libyan
coasts) and results accuracy might be lowered during anomalous
events (extreme meteorological conditions impacting physical
variables, such as deep convection). It should also be recalled that
CANYON-MED is not suited for coastal areas.

CONCLUSION AND PERSPECTIVES

We have demonstrated the limited performance of the CANYON
and CANYON-B methods to retrieve nutrients and carbonate
system variables in the Mediterranean Sea. A new approach,
CANYON-MED, was subsequently created and trained using an
artificial neural network ensemble model. The approach takes
advantage of the accuracy of EOVs systematically measured
today (Wang et al., 2019), whether during scientific cruises or
by autonomous platforms. The model was built as an ensemble
of 10 optimized multi-layered perceptron feed-forward neural
networks. CANYON-MED inputs were in situ measurements of
pressure, temperature, salinity, and O2 as well as geolocation
(latitude and longitude) and sampling date (day of year and year).

The resulting ensemble model produces accurate estimates
of nutrients and carbonate system variables [0.73, 0.045, and
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FIGURE 7 | Difference between in situ measurements and the corresponding values predicted by CANYON-MED averaged from 1000 m to the bottom for (A) NO−3 ,
(B) PO3−

4 , (C) Si(OH)4, (D) AT, (E) CT, and (F) pHT.

0.70 µmol.kg−1 for NO−3 , PO3−
4 and Si(OH)4, respectively, and

0.016 units, 11 µmol.kg−1 and 10 µmol.kg−1 for pHT, AT,
and CT, respectively]. With such accuracy, CANYON-MED can
produce estimates of variables that are not currently measured
by autonomous platforms, as is the case for PO3−

4 , Si(OH)4,
AT, and CT. CANYON-MED can also help identify periods and
areas in the Mediterranean Sea where the data density remains
too low in space and/or time, which limits the understanding
of some processes and the assessment of long-term variability.
Indeed, the spatial and temporal domains where the method
provides the least satisfactory results are related to weaknesses in
the training database that does not sufficiently capture variability
in space and time. Furthermore, more dynamic regions such as
deep convection zones and mesoscale eddies may be less well
reproduced by CANYON-MED.

Ship-based sampling remains imperfect either because of
limited ship-time or human resources or because of weather
conditions that prevent sampling in specific areas or at certain
times of the year such as winter. CANYON-MED has the
capability to fill gaps in observations in a cost-effective way,
for example by filling the gaps in time series (subject to the

absence of exceptional events). It can also be applied to a large
network of BGC-Argo profiling floats and underwater gliders
equipped with CTD and oxygen sensors, thus increasing the
flow of biogeochemical data from systematically measured basic
variables. CANYON-MED can also contribute to the quality
control of NO−3 and pHT obtained from these autonomous
platforms by providing data to correct for sensor drift during
deployments and adjust deep values (e.g., Johnson et al.,
2016, 2015; Sauzède et al., 2020). In line with this, multiple
Eulerian moorings acquire and provide high-quality and
high-frequency measurements of temperature, salinity, and O2
over the water column at fixed locations in the Mediterranean
Sea (e.g., HYDROCHANGES, EMSO, and OceanSITES
networks). CANYON-MED can be applied to data collected
at these sites, complementing the measured core variables,
and generating high-frequency biogeochemical datasets, hence
supplementing temporally limited oceanographic cruises.

Finally, since the accuracy of the virtual data obtained for
NO−3 by this approach is comparable to that obtained with
autonomous platforms, their use in oceanography would be
beneficial, in particular by increasing the datasets used for
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the assimilation of some regional models that still lack crucial
reference data (Doney et al., 2009; Cossarini et al., 2019).
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A Corrigendum on

A Regional Neural Network Approach to Estimate Water-Column Nutrient Concentrations

and Carbonate System Variables in the Mediterranean Sea: CANYON-MED

by Fourrier, M., Coppola, L., Claustre, H., D’Ortenzio, F., Sauzède, R., and Gattuso, J.-P. (2020).
Front. Mar. Sci. 7:620. doi: 10.3389/fmars.2020.00620

In the original article, there was an error. The published version of the neural network created a
fake seasonality in the output parameters at depth. This has been corrected and a second version of
the CANYON-MED neural networks was created.

A correction has been made to the Abstract:
A regional neural network-based method, “CANYON-MED” is developed to estimate nutrients

and carbonate system variables specifically in the Mediterranean Sea over the water column from
pressure, temperature, salinity, and oxygen together with geolocation and date of sampling. Six
neural network ensembles were developed, one for each variable (i.e., threemacronutrients: nitrates
(NO−

3 ), phosphates (PO
3−
4 ) and silicates (Si(OH)4), and three carbonate system variables: pH on

the total scale (pHT), total alkalinity (AT), and dissolved inorganic carbon or total carbon (CT),
trained using a specific quality-controlled dataset of reference “bottle” data in the Mediterranean
Sea. This dataset is representative of the peculiar conditions of this semi-enclosed sea, as opposed
to the global ocean. For each variable, the neural networks were trained on 80% of the data
chosen randomly and validated using the remaining 20%. CANYON-MED retrieved the variables
with good accuracies (Root Mean Squared Error): 0.78 µmol.kg−1 for NO−

3 , 0.043 µmol.kg−1

for PO3−
4 and 0.71 µmol.kg−1 for Si(OH)4, 0.014 units for pHT, 13 µmol.kg−1 for AT and 12

µmol.kg−1 for CT. A second validation on the ANTARES independent time series confirmed the
method’s applicability in the Mediterranean Sea. After comparison to other existing methods to
estimate nutrients and carbonate system variables, CANYON-MED stood out as the most robust,
using the aforementioned inputs. The application of CANYON-MED on the Mediterranean Sea
data from autonomous observing systems (integrated network of Biogeochemical-Argo floats,
Eulerian moorings and ocean gliders measuring hydrological properties together with oxygen
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concentration) could have a wide range of applications. These
include data quality control or filling gaps in time series, as well
as biogeochemical data assimilation and/or the initialization and
validation of regional biogeochemical models still lacking crucial
reference data. Matlab and R code are available at https://github.
com/MarineFou/CANYON-MED/v2/.

A correction has been made to Material and methods, ANN

ensemble model, Paragraph 1:
The robustness and reliability of an ANN can be significantly

improved by combining several ANNs into an ANN ensemble
model (Sharkey, 1999; Linares-Rodriguez et al., 2013). The
construction of an ANN ensemble is done in two main steps.
First, the individual members of the model are created (as
described above in section “Multi-Layered Perceptron”). Second,
the combination of the outputs of these members is averaged
to obtain the unique ensemble output. Thus, for each neural
network [NO−

3 , PO
3−
4 , Si(OH)4, AT, CT, pHT], the ten best

topologies were chosen according to their statistics (as defined
in section “Validation Statistics Metrics”). The final output of

each neural network ensemble model (ANN-E) corresponds to

the mean of the outputs of these ten best ANNs (if falling

less than a standard deviation from the mean). Additionally,

the best topology (ANN-1) among the ten best was also
selected to compare between a one ANN structure and a neural
network ensemble.

A correction has been made to Material and methods,

CANYON-MED, Paragraph 1:
Based on the CANYON networks (Sauzède et al., 2017)

principle, the CANYON-MED neural networks corresponding
to neural-network ensemble models (ANN-E) (as described in
“ANN Ensemble Model”) were developed. Similarly to the work

by Sauzède et al. (2017), the chosen input variables for the
networks are in situ measurements of pressure, temperature,
salinity (water mass characteristics), and oxygen together with
geolocation (latitude and longitude) and date of sampling.
Compared to the CANYON networks, where the year is an
input only for pHT and CT, the decimal year has been chosen
as an input for the six CANYON-MED networks [i.e., NO−

3 ,

PO3−
4 , Si(OH)4, AT, CT and pHT]. This change, namely the

transformation from day of year and year to decimal year for
each network, was based on the long-term increases in deep
nutrients observed in the western basin by Béthoux et al. (1998,
2002), as well as the increases in temperature and salinity in the
deep Mediterranean Sea over the past 40 years (Borghini et al.,
2014) which demonstrate the need of a temporal component in
CANYON-MED networks.

A correction has been made to Material and methods,

CANYON-MED, Paragraph 3: the following text has
been removed.

“Furthermore, in agreement with the CANYON networks,
the doy has been modified to account for the periodicity of
this measurement [doy 365 (end of December) of a year is
similar to doy 1 (beginning of January) of the next year from
a chronological perspective]. It was therefore transformed into
radians according to:

doyrad =

doy∗π
365
2

′′

The authors apologize for this error and state that this does not
change the scientific conclusions of the article in any way. The
original article has been updated.
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4.5 Conclusions et perspectives de l’étude

En mer Méditerranée, les méthodes neuronales CANYON et dérivées produisent des
estimations peu satisfaisantes des nutriments et des variables du système des carbonates. Une
nouvelle approche, CANYON-MED, a ainsi été créée et entraînée comme un ensemble de
réseaux de neurones. Cette approche tire profit de la précision élevée avec laquelle les EOVs
sont mesurées systématiquement de nos jours (Wang et al. 2019) lors de campagnes en mer ou
sur des plateformes autonomes. La méthode est constituée d’un ensemble de 10 perceptrons
multi-couches, un type de réseau de neurones. Les paramètres d’entrée de CANYON-MED sont
des mesures in situ de pression, température, salinité et O2 ainsi que la position dans l’espace
(latitude et longitude) et dans le temps (année décimale). La méthode prédit les nutriments et
les variables du système des carbonates avec une précision élevée (0.73, 0.045, et 0.70 µmol kg−1

pour NO3-, PO43- et Si(OH)4 respectivement, et 0.016 unités, 11 µmol kg−1 et 10 µmol kg−1

pour pHT, AT et CT respectivement). Avec de telles précisions, CANYON-MED peut estimer
des variables qui ne sont pas actuellement mesurées par les plateformes autonomes telles que
PO43-, Si(OH)4, AT et CT. CANYON-MED peut également aider à identifier les périodes et
les zones de la mer Méditerranée où la densité de données reste trop faible dans l’espace et/ou
le temps, ce qui limite la compréhension de certains processus et l’évaluation de la variabilité
à long terme. En effet, les domaines spatiaux et temporels où la méthode fournit les résultats
les moins satisfaisants sont liés aux faiblesses de la base de données d’entraînement qui ne
capture pas suffisamment la variabilité spatio-temporelle. De plus, des régions plus dynamiques
telles que les tourbillons de mésoéchelle ou les zones de formation d’eau dense pourraient être
moins bien reproduites par CANYON-MED. L’échantillonnage par campagne en mer demeure
imparfait de part des limitations de temps bateau, de ressources humaines ou financières ou
encore de par les conditions météorologiques qui limitent l’échantillonnage de certaines zones ou
à certaines périodes de l’année telles que l’hiver. CANYON-MED a la capacité de « combler
les trous » dans les systèmes d’observations de façon rentable, par exemple en complétant les
trous dans les séries temporelles (sous réserve de l’absence d’évènements exceptionnels). La
méthode peut également être appliquée au large réseau de flotteurs-profileurs BGC-Argo et
de planeurs sous-marins équipés de CTD et de capteurs d’O2, augmentant ainsi le flux de
données biogéochimiques à partir de variables de base systématiquement mesurées. CANYON-
MED peut également contribuer au contrôle qualité des NO3- et du pHT obtenus à partir
de ces plateformes autonomes en fournissant des données pour corriger la dérive des capteurs
pendant les déploiements et ajuster les valeurs profondes (e.g. Johnson et al. 2015 ; Johnson
et Claustre 2016 ; Sauzède et al. 2020. Dans cette optique, de multiples mouillages eulériens
acquièrent et fournissent des mesures de haute qualité et de haute fréquence de la température,
de la salinité et de l’O2 dans la colonne d’eau à des observatoires fixes de la mer Méditerranée
(par exemple, les réseaux HYDROCHANGES, EMSO et OceanSITES Schroeder et al. 2013 ;
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Dañobeitia et al. 2020). Enfin, puisque la précision des données virtuelles obtenues pour le
NO3- par cette approche est comparable à celle obtenue avec des plateformes autonomes, son
utilisation en océanographie serait bénéfique, notamment pour augmenter les jeux de données
utilisés pour l’assimilation de certains modèles régionaux qui manquent encore cruellement de
données de référence (Doney et al. 2009 ; Cossarini et al. 2019).
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Chapitre5
Impact de la convection intermittente en
Méditerranée nord-occidentale sur le contenu en
oxygène, nutriments et carbonates
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5.1 Contexte

Ces dernières décennies, plusieurs modifications rapides ont été observées au niveau des
processus physiques et biogéochimiques (Tanhua et al. 2013 ; Malanotte-Rizzoli et al. 2014 ;
Schroeder et al. 2016), bien que partiellement masquées par des évènements épisodiques et
une forte variabilité régionale. Par exemple, la température et la salinité des eaux profondes ont
augmenté depuis 40 ans (respectivement 0,04°C et 0,015, Borghini et al. 2014), phénomène
accentué par l’augmentation de température et de salinité dans les eaux intermédiaires qui
s’est ensuite propagée dans les eaux profondes par les événements récents de formation intense
d’eau dense dans le bassin occidental (Schroeder et al. 2008b). La LIW caractérisée par un
minimum d’O2 dans toute la Méditerranée, est sensible à une diminution globale de l’O2 prédit
par les modèles climatiques et biogéochimiques dans un contexte de dérèglement climatique
et notamment face à une augmentation de la stratification de la colonne d’eau qui limite les

81
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Figure 5.1 – Évolution de la température à (haut) DYFAMED (43.41°N 7.89°E) et (bas) LION
(42.04°N 4.68°E) en mer Ligure et dans le golfe du Lion respectivement. Les profils dans un
rayon de 15 km du mouillage ont été utilisés et « mergés » avec les mesures des mouillages. La
ligne noire représente la MLD, calculée selon Houpert et al. (2016). Tiré de Margirier et al.
2020.

apports d’O2 depuis la surface (Oschlies 2021 ; Somot et al. 2018), et ainsi la ventilation des
eaux intermédiaires et profondes. Le manque d’observations sur la variabilité du contenu en
O2 en Méditerranée limite la compréhension de l’impact de la désoxygénation sur le cycle du
carbone et les écosystèmes marins. En Méditerranée nord-occidentale a lieu le phénomène de
formation d’eaux dense (DWF) principalement dans le Golfe du Lion (Herrmann et al. 2010 ;
Somot et al. 2018 ; Coppola et al. 2017), où les mélanges hivernaux de LIW avec les eaux
de surface produisent les WMDW. En mer Ligure, des phénomènes moins intenses de DWF
ont lieu de manière épisodique (Sparnocchia et al. 1994 ; Somot et al. 2018). La convection
verticale hivernale renouvelle les nutriments dans les couches de surface, et l’efficacité de la
convection détermine la disponibilité en nutriments dans la couche euphotique (Mayot et al.
2017) qui influence alors directement la production primaire. L’impact des évènements de DWF
sur les variables physiques dans le bassin nord-occidental a été largement étudié (Testor et al.
2018 ; Durrieu De Madron et al. 2017 ; Margirier 2018), figure 5.1).

Les conséquences sur l’O2 et les variables biogéochimiques ont été étudiées lors d’un effort
intense d’observation lors de l’hiver 2012-2013. Ainsi Coppola et al. (2017) ont étudié la
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ventilation des couches profondes et Kessouri et al. (2017) ont analysé l’effet de la DWF sur
les budgets biogéochimiques et la production primaire. En mer Ligure, une étude par Coppola
et al. (2018) a analysé l’évolution des caractéristiques des masses d’eau et de la dynamique
de l’O2 au niveau de la série temporelle DYFAMED. Les changements dans les propriétés des
eaux profondes du bassin occidental sont principalement le résultat des propriétés des eaux
de surface et intermédiaires modifiées par les changements liés au climat qui se propagent
en profondeur par l’intermédiaire de la convection profonde (Touratier et Goyet 2011).
Il est prévu que l’intensité de la convection profonde diminue en mer Méditerranée (Somot
et al. 2006 ; Soto-Navarro et al. 2020), ce qui pourrait entraîner une hypoxie dans les
couches intermédiaires et profondes, ayant ainsi des répercussions importantes sur le biotope
marin. Pourtant, aucune étude n’a caractérisé les changements temporels de l’O2 dans les deux
zones de la Méditerranée nord-occidentale soumises à la DWF avec des résolutions spatiales
et temporelles permettant d’évaluer la réponse de l’O2 aux événements de mélange hivernal.
Ceci est d’autant plus important que les études de modélisation prévoient une évolution vers
une stratification accrue et une profondeur de couche de mélange (MLD) plus faible dans le
nord-ouest de la mer Méditerranée (Somot et al. 2006 ; Pagès et al. 2020 ; Soto-Navarro
et al. 2020), réduisant ainsi les apports de nutriments issus de la convection vers les eaux de
surface appauvries en nutriments et impactant directement la reminéralisation de la matière
organique et l’export de carbone par une séquestration réduite lors des événements de DWF
(Kessouri et al. 2018). Des tendances d’évolution des nutriments ont été déduites d’études
réalisées à partir de campagnes en mer mais celles-ci restent limitées dans l’espace, à des stations
fixes comme DYFAMED (O. Pasqueron de Fommervault et al. 2015b) ou dans le temps,
lors de campagnes en mer annuelles (Kessouri et al. 2018). Quant à l’évolution du système des
carbonates en Méditerranée nord-occidentale, la majorité des études se sont concentrées sur la
couche de surface et ont soit été restreintes dans l’espace (DYFAMED, Merlivat et al. 2018 ;
Coppola et al. 2020a), soit ont estimé des changements par rapport à l’ère préindustrielle
(Touratier et al. 2016 ; El Rahman Hassoun 2015).

Au cours de la dernière décennie, un grand nombre de flotteurs Argo équipés de capteurs
d’O2 ont été déployés en mer Méditerranée dans le cadre de multiples programmes tels que
l’initiative nationale française « Novel Argo ocean Observing System » (NAOS), un projet visant
à promouvoir, consolider et développer le réseau Argo (ex, D’Ortenzio et al. 2020 ; Le Traon
et al. 2020) ou MOOXY (projet GMMC 2014-2019, CNRS) complétant ainsi les systèmes
d’observation traditionnels (mouillages, campagnes mensuelles et annuelles) et permettant un
meilleur suivi de la dynamique de l’O2 dans la zone. De plus, une méthode basée sur des
réseaux de neurones, CANYON-MED (Fourrier et al. 2020) a été développée pour la mer
Méditerranée permettant d’estimer NO3-, PO43-, Si(OH)4, et les variables du système des
carbonates : AT, CT et pH sur l’échelle totale (pHT) à partir de la température, de la salinité,
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de l’O2, de la position dans le temps et l’espace. Ainsi, en appliquant CANYON-MED sur le
large réseau de flotteurs Argo mesurant l’O2 et les mouillages fixes dans le bassin nord-occidental,
il est possible de dériver ces variables biogéochimiques et d’étudier leurs variations temporelles,
par exemple en réponse à la convection dans un contexte de réduction des événements de DWF
(Somot et al. 2006 ; Pagès et al. 2020 ; Soto-Navarro et al. 2020).

5.2 Résumé de l’étude

La présente étude analyse les séries temporelles d’O2 reconstituées à partir de campagnes,
de mouillages et de flotteurs Argo dans le golfe du Lion et la mer Ligure, en mettant l’accent
sur les eaux intermédiaires appauvries en oxygène (LIW). Les nutriments et les variables du
système des carbonates sont décrits et leurs réponses aux évènements de DWF ainsi que leurs
tendances en surface, dans les eaux intermédiaires et en profondeur sont discutées. Dans les
eaux intermédiaires, le minimum d’O2 est fortement affecté par le processus de convection
intermittent, et les deux zones présentent des réponses différentes aux événements convectifs.
Dans les deux zones, au cours de la période 2012-2020, on observe une augmentation globale
des nutriments dans les couches intermédiaires et profondes, avec un impact concomitant
sur les rapports stoechiométriques augmentant la limitation en phosphore. Les estimations
d’acidification dérivées dans différentes couches de la colonne d’eau montrent une augmentation
globale de l’AT et du CT et une diminution concomitante du pH. Ces tendances ont été
fortement affectées par les événements de convection.

5.3 Papier en révision dans Journal of Geophysical Re-
search : Oceans

Impact of intermittent Convection in the northwestern Mediterranean Sea on
Oxygen content, Nutrients and the Carbonate system
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1 Sorbonne Université, CNRS, Laboratoire d’Océanographie de Villefranche, F-06230 Villefranche-
sur-Mer, France
2 Sorbonne Université, CNRS, Institut de la Mer de Villefranche, F-06230 Villefranche-sur-Mer,
France
3 Institute for Sustainable Development and International Relations, Sciences Po, Paris, France

Corresponding author : Marine Fourrier (marine.fourrier@imev-mer.fr)

Key Points :



5.3. Papier en révision dans Journal of Geophysical Research : Oceans 85

— The strong effect of winter convection on the O2 minimum in the Mediterranean Sea is
investigated through multiple observation platforms

— We provide estimates of nitrate, phosphate and silicate trends.
— Dissolved inorganic carbon increases in intermediate and deep waters with a concurrent

pH decrease.

Abstract Using Argo profiling floats, cruises and mooring data, we reconstructed the
dissolved oxygen (O2) dynamics in the Gulf of Lion and in the Ligurian Sea, with a focus on the
intermediate waters. By applying the CANYON-MED neural network-based method on the
large network of O2-equipped Argo floats we derived nutrients and carbonate system variables
in the Gulf of Lion and the Ligurian Sea at different depths in the water column and derived
trends over the 2012-2020 period. In these waters, the O2 minimum is strongly affected by the
intermittent convection process, and the two areas show dissimilar responses to the mixing
events. In both areas, over the 2012-2020 period, nutrients increase overall in deep layers, with
a concomitant impact on nutrient molar ratios tending towards an increase in P-limitation.
Acidification estimates derived in different layers of the water column show an overall increase
in dissolved inorganic carbon and a concurrent pH decrease. These trends were strongly affected
by convection events.

Plain Language Summary Using multiple observation platforms such as Argo profiling
floats (autonomous, free-floating instruments equipped with sensors and profiling regularly in the
first 2000 m of the water column), at sea cruises on oceanographic vessels, and moorings (fixed
position stations), we reconstructed the dissolved oxygen (O2) dynamics in the northwestern
Mediterranean Sea. The intermediate waters are characterized by an O2 minimum strongly
affected by the intermittent convection process (due to winter forcings and density changes,
mixing of water masses occurs over the water column). We also derived nutrients and carbonate
system variables (related to acidification) from a neural network methodology developed for
the Mediterranean Sea, CANYON-MED, applied on Argo floats equipped with O2 sensors in
different layers of the water column. Over the 2012-2020 period, the derived trends show an
overall increase of nutrients in deep layers, with an impact on nutrient limitations. Acidification
estimates show an overall acidification. These trends were strongly affected by convection events.

1. Introduction
The Mediterranean Sea is a semi-enclosed marginal sea characterized by a rapid overturning
circulation (Millot et Taupier-Letage 2005) where deep-water formation processes happen
in both the Western and Eastern basins (Schroeder et al. 2012 and references therein,
Pinardi et al. 2019). In the northwestern Mediterranean Sea, the intermediate water masses
are characterized by a temperature and salinity maximum in subsurface corresponding to the
Levantine Intermediate Waters (LIW) formed in the Eastern basin in late February/early March
(Lascaratos et al. 1993). This saline and relatively warm water mass spreads at intermediate
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depths (between 200 and 600 m) over the Mediterranean in a westward pathway, entering the
Ligurian Sea and flowing within the Northern Current along the southern French coasts on its
way to the Strait of Gibraltar. During its transit from the eastern basin, the consumption of
organic matter sinking from the surface decreases the O2 content in this water mass creating
an O2 minimum in the water column (160-170 µmol kg−1, Coppola et al. 2018) and lowering
pHT and increasing dissolved inorganic carbon (CT ; Álvarez et al. 2014). In the northwestern
Mediterranean Sea, which is well ventilated compared to the global ocean (Schneider et
al. 2014), Dense Water Formation (DWF) mainly occurs in the Gulf of Lion (Herrmann
et al. 2010 ; Somot et al. 2018), where winter mixing of LIW with surface waters produces
Western Mediterranean Deep Water (WMDW). In the Ligurian Sea, less intense DWF also
occurs episodically (Sparnocchia et al. 1994 ; Somot et al. 2018). The Mediterranean Sea is
considered an oligotrophic basin with low annual primary production (Sournia 1973 ; Moutin
et Raimbault 2002 ; Reale et al. 2020) and an eastward increasing gradient of oligotrophy
(Pujo-Pay et al. 2011). Winter vertical convection replenishes nutrients in the surface layers,
and the efficiency of convection determines the availability of nutrients in photic waters (Mayot
et al. 2017). The impact of these DWF events on physical variables has been thoroughly
documented (Testor et al. 2018 ; Durrieu De Madron et al. 2017 ; Margirier 2018). The
consequences on O2 and biogeochemistry were investigated during an intense observing effort in
2012-2013. Coppola et al. (2017) studied the ventilation of the deeper layers and Kessouri
et al. (2017) analyzed the effect of DWF on biogeochemical budgets and primary production.
In the Ligurian Sea, a study by Coppola et al. (2018) analyzed the evolution of water mass
characteristics and O2 dynamics at the DYFAMED time-series station.

Changes in the deep-water properties of the western basin are primarily the result of surface
properties modified by climate-related changes taking place at the air-sea interfaces which are
propagated downwards through deep formation (Touratier et Goyet 2011). It is predicted
that the intensity of deep convection will lessen in the Mediterranean Sea (Somot et al. 2006 ;
Soto-Navarro et al. 2020) which could lead to hypoxia in intermediate and deep layers, thus
having significant impacts on marine biota. Yet, no study has characterized the temporal changes
of O2 in the two areas of the northwestern Mediterranean Sea subjected to DWF with spatial
and temporal resolutions enabling to assess the O2 response to winter mixing events. This is
especially important as modeling studies predict an evolution towards enhanced stratification
and shallower Mixed Layer Depth (MLD, in meters) in the northwestern Mediterranean Sea
(Somot et al. 2006 ; Pagès et al. 2020 ; Soto-Navarro et al. 2020), therefore reducing
nutrient inputs from convection to the nutrient-depleted surface waters and directly impacting
remineralization of organic matter and carbon export through reduced sequestration during
DWF events (Kessouri et al. 2018). Trends in the evolution of nutrients have been derived from
ship-based studies but these remain limited in space through fixed stations such as DYFAMED
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(O. Pasqueron de Fommervault et al. 2015b) or limited in time through yearly cruises
(Kessouri et al. 2018). As for the evolution of the carbonate system in the northwestern
Mediterranean Sea, most studies have focused on the surface layer and were either restrained
spatially (DYFAMED, Coppola et al. 2020a) or estimated changes relative to the preindustrial
era (Touratier et al. 2016 ; El Rahman Hassoun 2015).

In the past decade, a large number of Argo floats equipped with O2 sensors have been
deployed in the Mediterranean Sea through multiple programs such as the French national
initiative “Novel Argo ocean Observing System” (NAOS), a project to promote, consolidate,
and develop the Argo network (e.g., D’Ortenzio et al. 2020 ; Le Traon et al. 2020) or
MOOXY (2014-2019 GMMC project, CNRS) complementing the traditional observing systems
(moorings, monthly and yearly cruises) and allowing better monitoring of O2 dynamics in the
area. Moreover, a neural network-based method CANYON-MED (Fourrier et al. 2020)
has been developed for the Mediterranean Sea allowing to estimate nitrate (NO3-), phosphate
(PO43-), silicate (Si(OH)4), and carbonate system variables total alkalinity (AT), total inorganic
carbon (CT), and pH on the total scale (pHT) from temperature, salinity, O2, geolocation and
date of sampling. Therefore, by applying CANYON-MED on the large network of O2-equipped
Argo floats, biogeochemical variables can be derived and their temporal variations investigated,
for example in response to convection in a context of reduction of DWF events (Somot et al.
2006 ; Pagès et al. 2020 ; Soto-Navarro et al. 2020). In the present study, the O2 time series
reconstructed from Argo floats, moorings, and cruises in the Gulf of Lion and the Ligurian Sea,
with a focus on the oxygen-depleted intermediate layer (LIW), are analyzed. Nutrients and
carbonate system variables derived from Argo float data are described and the responses to
DWF and trends at the surface, in intermediate waters, and at depth are discussed.

2. Materials and Methods
2.1. Study area and observational data
2.1.1. DYFAMED and LION sites
The DYFAMED site (Coppola et al. 2020b) is located in the Ligurian Sea (43.41°N, 7.89°E,
water depth of 2350 m ; purple star in the blue box figure 5.2). It is surrounded by the
permanent geostrophic Ligurian frontal jet flow caused by the Northern Current’s cyclonic
circulation, separating the sampling area from coastal inputs by a density gradient (Millot
1999 ; Niewiadomska et al. 2008). Monthly cruises with full water column profiles have been
performed at the DYFAMED site since 1991 and are included in the MOOSE network since 2010
(J.-C. Marty et al. 2002 ; Coppola et al. 2019). This is the longest open-sea time series in the
Mediterranean Sea in terms of O2, nutrients, and carbonate system measurements. The LION
site (Testor et al. 2020) is located in the Gulf of Lion (42.04°N, 4.68°E, water depth of 2400
m, red triangle in the orange box in figure 5.2) in the vicinity of the center of the DWF. At the
two sites, moorings are equipped with CTD and oxygen sensors at intermediate depth (around
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350 m) and 2000 m. The oxygen data were corrected by applying a slope-offset correction to the
Winkler reference data on samples collected monthly and yearly at DYFAMED and yearly at
LION (Coppola et al. 2019).

Figure 5.2 – Position of Argo profiling floats profiles equipped with O2 sensors according to
the time of the profile (blue circles), stations from cruises (brown squares), and of the LION
(red triangle) and DYFAMED (purple star) mooring sites in the Gulf of Lion (orange box) and
Ligurian Sea (blue box) respectively.

Two regions are distinguished : the Gulf of Lion and the Ligurian Sea (figure 5.2, orange
and blue box respectively), with a limit chosen at 6.9°E taking into account regional dynamics
and ensuring sufficient data in each area.

2.1.2. Argo floats
Data from 18 Argo (Argo 2020) profiling floats deployed in the Mediterranean Sea were used.
They were equipped with O2 sensors (optode Aanderaa) from October 2012 (first deployments of
Argo-O2 floats in the area) to July 2020 (see Supplementary Table 1 and figure 5.2). To ensure
data consistency, only the O2 adjusted in “Delayed Mode” was used. This signifies that the O2

was checked by the Principal Investigator responsible for the float after adjustment (Bittig et
al., 2019). Most of the floats were calibrated during “Delayed Mode” to a reference CTD cast or
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climatological value. Only the more recent floats were able to do in air measurements which
they were corrected with, enabling a higher quality correction. Of the 18 floats in this study, 4
were corrected for drift during the “Delayed Mode” procedures. Argo floats have been set up to
profile every 1 to 5 days to catch the O2 variability at a 1000 m parking depth. Some floats
profiled upwards from 2000 m to the surface while others profiled from 1000 m to the surface.

2.1.3. MOOSE-GE yearly basin-scale cruises
Observations from the yearly MOOSE-GE cruises (Coppola et Diamond Riquier 2008)
have also been used. The O2 measurements were performed using a Seabird SBE43 sensor
calibrated with Winkler measurements performed on board. Water samples were collected from
CTD-rosette casts equipped with Niskin bottles. Seawater was sampled at different depths
from the surface to just above the seafloor once per day. The calibration coefficients of the
SBE43 sensor were adjusted for the whole cruise using the least-squares method as described by
Coppola et al. (2018). Samples for dissolved inorganic nutrients were collected from Niskin
bottles in 20 mL polyethylene bottles. They were analyzed by a standard colorimetric method
on a segmented flow analyzer (Autoanalyser II Seal Bran & Luebbe) following Aminot et
Kérouel (2007). Samples for CT and AT were collected into acid-washed 500 cm3 borosilicate
glass bottles and poisoned with 100 mm3 of HgCl2, following the recommendation of Dickson
et al. (2007). Samples were stored in the dark at 4°C pending analysis. Measurements of CT and
AT were performed simultaneously by potentiometric acid titration using a closed cell following
the methods described by Edmond (1970) and (Dickson et Goyet 1994). Analyses were
performed at the National facility for the analysis of carbonate system parameters (SNAPO-CO2,
LOCEAN, Sorbonne Université – CNRS, France).

2.2. Derived variables
Seawater pH on the total scale at in situ pressure and temperature was derived from AT and
CT data for the MOOSE-GE cruises. Calculations were performed using CO2SYS-MATLAB
(Lewis et Wallace 1998 ; Heuven et al. 2011) using the carbonic acid dissociation constants
of Mehrbach et al. (1973) as refit by Dickson et Millero (1987), the dissociation constant
for bisulfate of Dickson (1990) and Uppström (1974) for the ratio of total boron to salinity.
The MLD was estimated for each float profile based on potential density profiles calculated
from pressure, temperature, and salinity data. The MLD was derived using a 0.03 kg.m-3

threshold density criterion with a reference depth of 10 meters (D’Ortenzio et al. 2005). The
maximum Argo-derived MLD is restricted to 2000 m, i.e. the maximum depth reached by the
Argo floats. In the Ligurian Sea over the period of study, few Argo floats were located close to
the DYFAMED mooring. As the position of these Argo floats did not allow us to resolve the
temporal variation of MLD at the position of the fixed time series, the MLDs calculated from
a 3D numerical simulation were used. These estimates were obtained from a simulation of the
Mediterranean basin using the SYMPHONIE model (Marsaleix et al. 2008). This model has



90 CHAPITRE 5. Convection et biogéochimie en Méditerranée nord-occidentale

already been used to simulate convection in the northwestern Mediterranean (Estournel et al.
2016 ; Herrmann et al. 2008) and its impact on biogeochemistry (Kessouri et al. 2018) and
oxygen budget (Ulses et al. 2021) for which the MLD is a key parameter. Furthermore, the
MLD calculated by this model at DYFAMED was also used by Heimbürger et al. (2013)
and O. Pasqueron de Fommervault et al. (2015c). The numerical domain of the model
has a mesh size ranging from 0.8 km in the north to 1.4 km in the south of the Mediterranean
Sea (Ulses et al. 2021). In the present study, the daily median MLD using the 0.03 kg.m-3

criterion over a 20 km area around the DYFAMED location was extracted from the simulation
(supplementary data) and is used in figures 5.3, 5.4 and Supplementary figure 1.

In the western Mediterranean Sea, the O2 Minimum Layer (OML) often coincides with the
mean LIW depth (300-450 m ; Tanhua et al. 2013). In this layer, O2 consumption is higher than
O2 replenishment through diffusive and advective processes (Packard et al. 1988 ; Tanhua
et al. 2013 ; Coppola et al. 2018). In this study, the depth of the LIW was determined as
either the salinity or temperature maxima deeper than the 29 kg m-3 isopycnal. Margirier
et al. (2020) proposed this method as a way to better track the LIW in T/S space rather
than restricting it to a fixed depth. In some cases for winter profiles, the water column is
completely homogenized because of mixing, therefore the depth of the LIW was determined in
this homogeneous layer. To study the impact of winter convection events on intermediate layers,
Argo float data are compared with mooring data (DYFAMED for the Ligurian Sea profiles, and
LION for the Gulf of Lion profiles) at the corresponding depth, and with bottle data less than
15 days apart and less than 20 km apart. By applying the CANYON-MED neural networks
(Fourrier et al. 2020), NO3-, PO43-, Si(OH)4, AT, CT, and pHT were derived from float data.

2.3. Statistical analyses
Temporal trends over the period 2013-2020 were computed at different depths for the biogeoche-
mical variables of interest. After removing the seasonal component through a yearly moving
average, we used a Student test to detect trend significance (p-value < 0.01).

3. Results
3.1. Variability of the O2 concentrations in the northwestern basin
figure 5.3 shows the time series of O2 in the Gulf of Lion (figure 5.3a) and Ligurian Sea (figure
5.3b) as reconstructed from Argo floats, mooring data, and monthly and yearly cruises. For
each area, O2 data was interpolated over a grid with a 5-day step and with an adapted vertical
resolution (metric over the first 10 m, with a 10 m-step until 200 m, and a 25 m-step until the
bottom). Mooring data, monthly and yearly cruises were filtered down to a five-day sampling
frequency and gridded on the same grid as the Argo data. The coupling of these high-frequency
measuring platforms allows for a reconstruction of O2 dynamics in the two areas. In the Gulf of
Lion, MLD increases to around 2000 m in the winter 2012-2013 and to 1900 m at the beginning
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of 2018. In the Ligurian Sea, monthly cruises allow for a reconstruction of the O2 time series
with fewer gaps than for the Gulf of Lion (figure 5.3b). However, fewer Argo floats are located
in the area, and float-derived MLD data is sparse. Therefore, specifically for the Ligurian Sea, a
modeled MLD (median of 20 km around DYFAMED) is also used to complement the incomplete
Argo-derived MLD. O2 follows the classical vertical distribution with higher O2 in surface waters
in contact with the atmosphere (> 225 µmol kg−1), a minimum in intermediate layers (LIW),
and a subsequent increase with depth. The O2 minimum spreads in the Gulf of Lion between
300 and 600 m with concentrations lower than 170 µmol kg−1. In the Ligurian Sea, the O2

minimum in intermediate waters spans from 250 to more than 600 m with a mean concentration
of around 165 µmol kg−1. In both areas, the O2 minimum is periodically interrupted in winter.

Figure 5.3 – Time series of O2 from profiling floats, moorings and cruises in the Gulf of Lion
(a) and Ligurian Sea (b), and Mixed Layer Depth (MLD ; dark red line). For the Ligurian Sea,
the median modelled MLD (bright red line) completes the MLD derived from Argo floats.

To better study the effect of deep-water formation on the O2 minimum in the intermediate
layers of the northwestern Mediterranean Sea, Argo, mooring, and cruise data were extracted at
the depth of the mooring (around 350 m), for the Gulf of Lion (figure 5.4a) and the Ligurian
Sea (figure 5.4b). In the Gulf of Lion at the depth of the mooring, O2 ranges from 160 to 210
µmol kg−1. All instrumental platforms show periodic increases of O2 followed by subsequent
decreases over time. There is a strong covariance of O2 from Argo, mooring, and cruise data
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at the mooring depths (supplementary figure 1). These platforms used together allow a better
reconstruction of the O2 dynamics. In the Ligurian Sea, Argo floats data is scarce. O2 also
ranges from 160 to 210 µmol kg−1 in this area. All platforms capture a strong O2 increase in
winter 2013 (around 30 µmol kg−1) and at the beginning of 2018 (up to 40 µmol kg−1).

Figure 5.4 – Time series of median O2 at the depth of the mooring in the Gulf of Lion (a,
orange) and the Ligurian Sea (b, blue) from all platforms. The colored line represents the
median signal. The Mixed Layer Depth (MLD in meters, black line) was computed with a 0.03
density threshold (D’Ortenzio et al. 2005). For the Ligurian Sea, the median modelled MLD
completes the MLD derived from Argo floats.

Based on the consistency of the different platforms used in this study at the depth of the
mooring (detailed in figure S2), a median O2 signal using all available data was derived in both
areas of study at the mooring depth and is presented in figure 5.4, together with the MLD from
Argo floats and modeled MLD for the Ligurian Sea (same as in figure 5.3) in both areas. In
the Gulf of Lion (figure 5.4a), there is a yearly seasonal cycle with increases in winter of about
30 µmol kg−1 (highest values around February) and decreases from April onwards until the
following winter. In winter 2012-2013, O2 increased in the intermediate layers up to 210 µmol
kg−1. The spatial variability remained high in summer 2013 as demonstrated by the spread
around the median value (about 20 µmol kg−1 of difference). From January 2013 to January
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2014, an Argo float left the mixed area explaining the decreasing signal from 190 to 170 µmol
kg−1 by January 2014. Variations occur in the yearly seasonal cycle with an increase in the
minimum values of around 10 µmol kg−1 between the end of 2014 and the end of 2019. In
the Ligurian Sea (figure 5.4b), O2 in the intermediate waters does not exhibit the same yearly
seasonal cycle as the Gulf of Lion. In winter 2013, O2 increased from 170 µmol kg−1 at the
end of 2012 to a higher amount (higher than 200 µmol kg−1) and returned to 170 µmol kg−1

almost a year later. Afterwards, O2 steadily decreased between January 2014 and January 2018
by 0.75 µmol kg−1 year-1 in that area. At the beginning of 2018 O2 increased up to 210 µmol
kg−1 in the intermediate waters with a slow decrease afterward. A year later, in June 2019, O2

remained higher than the year before leveling with values around 170 µmol kg−1. From October
2019 onwards, O2 remained stable.

3.2. Carbonate and nutrient variability
CANYON-MED-derived nutrients and carbonate system variables at the surface, in interme-
diate layers (in the LIW), and at depth (around 2000 m) in the Gulf of Lion and the Ligurian
Sea are in agreement with the data collected during the monthly and yearly cruises (figure 5.5 ;
Supplementary figure 2).

At the surface, all variables display clear seasonal cycles with large amplitudes, also present
in the bottle reference data (squares on figure 5.5) and no clear trend emerges at that depth.
Nutrients exhibit a maximum at the end of winter and a minimum in summer, with a seasonal
range twice larger in the Gulf of Lion than in the Ligurian Sea. AT, CT, and pHT also vary
seasonally with maxima in winter and minimal values in summer. There is no clear difference
between the two areas in terms of seasonal range. In both areas, lacking data in specific seasons
or years hinders the analysis of the seasonal cycles. In the LIW and at depth, nutrients, CT

increased throughout the 2013-2020 period as pHT decreased (figure 5.5, table 5.1). However,
the rate of change differs between regions (Gulf of Lion vs Ligurian Sea) and depths (LIW vs
2000 m). In the Gulf of Lion in the LIW, only NO3- exhibit an increase over the 2013-2020
period. During the winters 2012-2013 and 2017-2018, nutrients present a large range (up to 2
µmol kg−1 for NO3-). In the Ligurian Sea, no trend is significant in the LIW. At about 2000
m, the three macronutrients increase over the study period, and the impact of the 2012-2013
winter event and, to a lesser extent, the 2017-2018 winter event, are visible. While NO3- and
Si(OH)4 have similar rates of increase between the two study areas, at depth, PO43- increases
twice faster in the Ligurian Sea than in the Gulf of Lion (0.0034 and 0.0016 µmol kg−1 year−1

respectively). In the LIW, CT increases in both areas with a concomitant pHT decrease. In
intermediate layers, lower AT, CT, and higher pHT are observed in winter than in other seasons.
The periodic increase in pHT is large enough to affect the slope of decrease, but with pHT

reaching similar values by the end of 2020 in both areas. At depth, CT increases at a similar
rate in both areas, while for pHT the trend is only significant in the Gulf of Lion.
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Figure 5.5 – Biogeochemical evolution of the northwestern Mediterranean Sea. Panels a-f
shows the evolution in the surface waters (with high seasonal variability), panels g-l at the
intermediate waters (at the depth of the LIW), and panels m-r at 2000 m, for nitrates (a, g, m),
phosphates (b, h, n), silicates (c, i, o), total alkalinity (d, j, p), total carbon (e, k, q) and pHT
(f, l, r). The range changes between panels to better represent the values in the corresponding
layer. CANYON-MED derived values from Argo float data are represented as dots (orange
for the Gulf of Lion and blue for the Ligurian Sea). Bottle measurements are superimposed as
colored squares according to their area. The bottle data come from a 15 day- 25 km- matchup
with the CANYON-MED derived values from Argo floats.

4. Discussion
4.1. O2 evolution with DWF events
The episodic ventilation of the intermediate and deeper layers by deep convection is a major
source of O2 for these water masses that are propagated in the western Mediterranean Sea
through circulation. Tamburini et al. (2013) have shown that the spreading of dense waters
from the Gulf of Lion ventilates deep layers, moving south and east, thus affecting areas such
as the Ligurian Sea. Ulses et al. (2021) have also demonstrated that the newly formed deep
waters flow south and west, which might be the case for highly convective events such as winter
2012-2013. In the Gulf of Lion, convection is especially intense due to the strong wind forcings
preconditioning the area combined with the cyclonic circulation (Testor et al. 2018). In the Gulf
of Lion, annual bottom-reaching convection occurred in winter from 2009 to 2013 (Margirier
et al. 2020), ventilating the intermediate waters where the OML is present. In winter 2012-2013,
mixing reached more than 2000 m (figure 5.3a, 5.4a) and homogenized the whole water column.
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The O2 minimum disappeared and O2 increased to more than 200 µmol kg−1 in intermediate
waters. After restratification, the O2 minimum reformed with a thickness ranging from 200 to
550 m, and values down to less than 170 µmol kg−1. From 2014 to 2017, the winter convection
remained limited to 500 m (Margirier et al. 2020), leading to an increase in temperature
and salinity in the intermediate layers. In 2018, intense deep convection occurred reaching at
least 1900 m (as captured by the Argo floats), weakening the O2 minimum (figure 5.3a, 5.4a).
Consequently, O2 remained at relatively high values in the intermediate layer (around 175 µmol
kg−1) from March 2018 to January 2019 without an O2 minimum until the last mixing event in
winter 2018-2019 as captured by the fixed mooring data (LION and DYFAMED). By the end
of 2019, the O2 minimum had reformed with values around 170 µmol kg−1 but deeper (400 m
to 750 m). In the deep layers, the lack of data prevents getting a clear picture of the effects of
the deepening of the mixed layer depth on O2, with the exception of the winter of 2012-2013
when a deepening to more than 2000 m was captured by Argo floats and increased the O2

concentration at depth to about 205 µmol kg−1 (figure 5.3a). O2 slowly decreased from 203 µmol
kg−1 to 193 µmol kg−1 in this layer between summer 2014 to summer 2019. In contrast to the
2012-2013 winter mixing, the event of winter 2018-2019 did not affect much the O2 concentration
trend at the depth of the mooring. Furthermore, the 2013 convective event in the Gulf of Lion
may have induced increases in O2 at depth in the Ligurian Sea through dense water spreading
(Coppola et al. 2017), and the 2018 increase in O2 at depth may result from a combination of
the Ligurian Sea deep convection and the spreading of water masses from the Gulf of Lion deep
convection. However, the OML is ventilated through local convective events. The detection of
the convective events with Argo floats is consistent with previous studies, although Margirier
et al. (2020), using the MLD criterion of Houpert et al. (2016), reported a maximum depth
of convection of 2330 m in 2013, which cannot be captured by Argo floats that profile down to
2000 m. Between 2014 and 2017, Margirier et al. (2020) detected maximum depths reached
by winter convection ranging between 420 m and 710 m while the Argo floats detected shallower
deepenings (500 m at most). This difference is due to the irregularity of the Argo data and the
location of the floats relative to the convective area (figure 5.2). The 2018 convective event in
the Gulf of Lion is a result of multiple ML deepenings (with a cold winter period in 2018-2019)
and its effect on the O2 distribution over the water column appears limited with no ventilation
of deep waters as compared to the 2013 DWF event, during which the volume of deep water
formed ranged from 1.5x1013 m3 (Coppola et al. 2017) to 5 to 7x1013 m3 (Testor et al.
2018). The difference between the 2012-2013 and 2017-2018 events can be attributed to several
factors : (1) the convective surface area estimated by Margirier et al. (2020) is half the surface
reported by Houpert et al. (2016) or Testor et al. (2018) for intensive convective years, (2)
large-scale to submesoscale structures mixing waters varied between the two events (eddies,
SCVs ; Bosse et al. 2015 ; Bosse et al. 2017 ; Testor et al. 2018, and (3) preconditioned
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states differed. Indeed, from 2009 to 2013, all winter convections reached the bottom, while
between 2014 and 2018, in the absence of convection, the intermediate layers rapidly evolved
to a warmer and saltier state. This led to a thickening of the LIW and thus to a considerable
input of salt into the intermediate layers. This amount of salt in the intermediate layers is a
good indication of the future convective state for the following winter (Testor et al. 2018 ;
Margirier et al. 2020). In the Ligurian Sea, weaker atmospheric forcings than in the Gulf of
Lion lead to episodically occurring convection events (Estournel et al. 2016). In the Ligurian
Sea, lacking MLD data due to the limited number of Argo floats in the area was compensated
using modeled MLD data around the DYFAMED mooring (figure 5.3b, 5.4b). At the beginning
of 2013, glider transects from Nice to Calvi captured a strong mixing event with a deepening of
the mixed layer to at least 800 m (gliders in their study being limited to 1000 m) (Bosse et al.
2017) and modeled MLDs increased to more than 2000 m (whereas no Argo float were present
in the area hindering the retrieval of Argo-derived MLDs). In the following summer, shipborne
observations revealed an O2-enriched (around 195 µmol kg−1) layer between 300 and 1200 m
(Bosse et al. 2017). The O2 minimum was reformed more than a year later by summer 2014 and
its O2 content decreased from January 2014 by 1 µmol kg−1 per year until the convection event
of 2018 (figure 5.4b). This slow decrease differs from the one reported at the DYFAMED site by
Coppola et al. (2018) who reported a decrease of 5 µmol kg−1 per year on average over the
1994-2005 period. However, in the period 2007-2014, their results showed a stable concentration
of around 180 µmol kg−1. In winter 2018, modeled MLD data reveal a mixing event up to 2000
m with an increase in O2 up to more than 210 µmol kg−1. This episodic mixing event may also
have slowed the decreasing trend in O2 in the OML as the 2006 intense mixing in the Gulf of
Lion (Coppola et al. 2018) is considered to have happened before. With no apparent mixing
until the end of our time series, the O2 minimum remained stable (168 µmol kg−1) and spread
from 350 m to more than 800 m by July 2020. In the Ligurian Sea, the high variability in O2

along the time series (figures 5.4b and 5.5b, Supplementary figure 1) stems from the different
locations of the mooring and Argo data. The Argo profiles were mainly located West of Corsica,
where a vein of LIW is strongly located with lower O2 concentrations. In the Ligurian Sea,
the 2018 winter was the last cold winter with important heat loss at the beginning of March,
inducing mixing up to 1000 m caught by the DYFAMED mooring or up to 2000 m as modeled.
The ventilation of the OML is especially important as the Mediterranean circulation influences
the Atlantic Ocean through the intermediate and deep waters flowing through Gibraltar where
changes in temperature, salinity, and O2 in the outflowing waters could affect the North Atlantic
(Schroeder et al. 2016).

4.2. Nutrient dynamics
In the oligotrophic northwestern Mediterranean Sea, one of the only regions where a yearly
phytoplankton bloom occurs (Lavigne et al. 2013), winter mixing of the water column induces
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the upwelling of bioavailable nutrients from deep water masses to the surface (J. C. Marty
et Chiavérini 2010 ; Estrada et al. 2014 ; Severin et al. 2014 ; Ulses et al. 2016) and the
refueling of the photic layer influencing the intensity of the spring phytoplankton blooms (Lévy
et al. 1999 ; Migon et al. 2002 ; Ulses et al. 2016). The efficiency of winter vertical convection
is a main determinant of the availability of nutrients in surface waters and of phytoplanktonic
blooms during the subsequent late spring (Lavigne et al. 2013) and the consecutive export of
particulate organic carbon (POC) at depth. However, Macias et al. (2018) projected that, by
the year 2030, the main control of primary production in the northwestern Mediterranean Sea
may likely change from deep winter convection to a condition where mesoscale activity will have
a predominant role for nutrient delivery into the euphotic layer, which could in return cause a
phenological change of plankton seasonality.

At the surface (figure 5.5a-c, Table 5.1, Supplementary figure 2), no trends were significant.
During our study period (2013-2020), nitrate concentrations increased in the LIW (figure 5.5g)
and nutrients increased at depth (figure 5.5m-o) in the Gulf of Lion and at depth in the Ligurian
Sea for nitrates and siliactes (Table 5.1). Specifically NO3-, and Si(OH)4 increased at depth with
no significant difference between the two areas (figure 5.5m,o table 5.1). In the Ligurian Sea,
at the DYFAMED site, O. Pasqueron de Fommervault et al. (2015b) found a significant
increase in NO3- of 0.23% per year, while Si(OH)4 had no significant trend (Table 5.1). They also
detected an abrupt change in 2005-2006 for NO3-, PO43-, Si(OH)4, characterized by a slight but
statistically significant increase in nutrient concentration linked to the intense winter convection
observed in 2005 and in 2006 that led to the formation of new warmer and saltier Western
Mediterranean Deep Water (WMDW ; Smith et al. 2008 ; López-Jurado et al. 2005 ; Font
et al. 2007 ; Schröder et al. 2006 ; Schroeder et al. 2010). This can be compared to the
impact the 2012-2013 DWF event had on nutrients at depth with a high dispersion of NO3- and
Si(OH)4 in the Gulf of Lion and, to a lesser extent, on PO43- (figure 5.5 g-i, m-o), the mixing of
enriched deep waters with depleted surface waters causing a large dispersion in nutrients (up to
2, 0.1 and 3 µmol kg−1 respectively for NO3-, PO43- and Si(OH)4) in intermediate and deep
waters.

The response of nutrients to ML dynamics remains nuanced : to a certain extent, deeper
MLDs lead to more efficient refueling of nutrients in surface waters. However, Heimbürger
et al. (2013) suggested that a succession of ML deepenings, even though of lesser magnitude,
can be more efficient than a single one. While our data show increasing trends in both areas
with an increase three times larger in the Ligurian Sea than in the Gulf of Lion, O. Pasqueron
de Fommervault et al. (2015b) found a decrease in PO43- at depth of -0.62%/year over the
period 1991-2011. However, their study considered the layer from 800 m to the bottom whereas
the focus of the present paper is on the layer around 2000 m. Furthermore, O. Pasqueron
de Fommervault et al. (2015b) hypothesized that the formation of new warmer and saltier
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WMDW in 2006 led to the uplift of the old WMDW by several hundreds of meters (Schroeder
et al. 2008b ; Schroeder et al. 2013), increasing nutrient concentrations over the 800 to 2000 m
depth range. In the intermediate layer, the increase of nutrients is linked to remineralization along
the LIW’s path (Schroeder et al. 2020) and the periodic inputs through convective winter
events. Moreover, high productivity in the upper layers caused more intense remineralization in
the intermediate layers. At the annual scale for 2013, Kessouri et al. (2017), estimated that
the DWF area was a sink of NO3- and PO43- in intermediate layers and a source of organic
nitrogen and phosphorus throughout the water column for the surrounding regions through
circulation. Below 200 m depth, O. Pasqueron de Fommervault et al. (2015b) found no
clear seasonal variability in nutrients. In our data, the large scatter of nutrient concentration
in the intermediate layer is linked to the spatial distribution of the float profiles (figure 5.2)
and to the consequences of the mixing events. The nutrient increases in intermediate waters
are close to the Redfield’s model (C :N :Si :P :-O2 = 106 :16 :15 :1 :-172 ; Pujo-Pay et al.
2011), indicating faster remineralization of NO3- than of Si(OH)4 and PO43- (Schroeder et al.
2020). Higher N :P ratios in intermediate waters could be a signature of the original eastern
Mediterranean waters contributing to its formation (Krom et al. 2005) or of the activity of
heterotrophic communities in the Mediterranean mesopelagic layer (Rahav et al. 2019).

The concurrent increase of some nutrients in both the LIW and at 2000 m can be the result
of many interplaying factors. First, the different evolutions between nutrients led to a significant
increase in the N :P ratio at all depths (data not shown), yielding an increasing P-limitation
relative to Redfield’s model, consistent with the findings of O. Pasqueron de Fommervault
et al. (2015b) at DYFAMED. Indeed, the N :P ratio is always high in the atmospheric material
(Bartoli et al. 2005 ; Krishnamurthy et al. 2010 ; O. Pasqueron de Fommervault
et al. 2015c), and the impact of atmospheric deposition is particularly important in the whole
Mediterranean Sea (Christodoulaki et al. 2013 ; O. Pasqueron de Fommervault et al.
2015c). This P-limitation increased faster in the Gulf of Lion than in the Ligurian Sea through
a decoupling between NO3- and PO43- trends (nitrates increased while phosphates did not
significantly evolve). Second, physical circulation of the water masses in this area may have
brought nutrient inputs from the southeast through advection and isopycnal diffusion from the
West Corsica current. Third, due to the marked decrease in convection and mixing, water masses
might have evolved from a structure with multiple water masses overlapping at the bottom to a
more homogeneous monolayer situation. This enables a better detection of nutrient increases
in the deep water masses through remineralization processes. O2 decreased at depth in both
the Gulf of Lion and Ligurian Sea, which is consistent with the signature of remineralization
caused by higher microbial activity. Fourth, the decrease of local convective events would likely
result in weaker replenishment in surface and accumulation of nutrients at depth. In the North
Atlantic, Williams et Follows (2003) have shown the accumulation of nitrates at the bottom
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in the absence of advection. Similarly, in the absence of convection these nutrients are no longer
upwelled to the surface and/or diffused through advection.

4.3. Carbonate system variability
The characteristics of acidification of the Mediterranean Sea are linked to its biogeochemical
characteristics and circulation features (Álvarez et al. 2014 ; Hainbucher et al. 2014).
Specifically, it is known to absorb more anthropogenic CO2 per unit area (Palmiéri et al. 2015)
due to the high AT values (linked to the high salinities of the Mediterranean Sea caused by
evaporation). This increases its capacity to absorb but also buffer anthropogenic CO2. The short
timescale at which the deep waters are ventilated (Schneider et al. 2014) allows for deeper
penetration of CO2, therefore lowering pHT. Specifically, carbon sequestration stems from two
main causes, the physical and biological pumps, both intricately linked to the intermediate
waters (Schroeder et al. 2020). First, the cooling of surface waters increases CO2 absorption,
and during DWF events CO2-enriched water masses deepen and consequently sequester CO2

through the physical pump (Touratier et al. 2016 ; Cantoni et al. 2016). Second, through
the biological pump, the uptake of CO2 during photosynthesis is followed by its release at depth
when the sinking organic matter is remineralized, mainly occurring in the intermediate layers
(Bethoux et al. 2005). The distribution of pH is a result of the equilibrium between ocean
mixing, biological production and remineralization, precipitation and dissolution of calcium
carbonate, and temperature and pressure changes across the water column (Lauvset et al.
2020). In the global ocean, the most important natural process controlling pH in the ocean
interior is organic matter remineralization (Lauvset et al. 2020). In the Mediterranean Sea,
high rates of organic matter remineralization are observed in intermediate and deep waters
related to the downward export of dissolved organic carbon (Lefévre et al. 1996), especially
during winter DWF events (Copin-Montégut et Avril 1993), thus having a large influence
on pH. In the intermediate layers, increased respiration and organic matter remineralization also
lower pHT and increase CT, decreasing the buffering capacity (Urbini et al. 2020 ; Álvarez
et al. 2014). At the surface, no trend is significant. In intermediate waters, our results for CT

and pHT are similar to estimates by previous studies. However, at depth, the rate of decrease
is two to four times lower than previously described. This difference may be explained by the
peculiar location of Argo floats, west of Corsica, for most of our Ligurian Sea profiles. CT

increased twice faster in intermediate waters than previously estimated (Coppola et al. 2020a ;
Table 5.1) while at depth the results were much more similar. It should be noted that the trends
at intermediate depths described by Coppola et al. (2020a) spanned over the 300-800 m layer
whereas ours focused on the area around the O2 minimum, therefore covering a smaller vertical
portion. Furthermore, the periods studied while having an overlap are different (1998-2016 for
Coppola et al. (2020a) versus 2013-2020 for the present study) and were subjected to different
winter mixing events (both in terms of frequency and intensity) between both periods. The
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distribution of CT in the water column is driven by an equilibrium between the biological pump,
which lowers CT at the surface and increases it at intermediate depths, and the physical pump
which exchanges CO2 at the air-sea interface. Strong mixing events episodically bring together
intermediate waters with cold surface waters poorer in AT and CT, with a higher pHT and
depending on convection strength CT-enriched deep waters with a lower pHT as compared to
the intermediate waters. The effect is particularly strong on pHT changing the slope of decrease,
but with pHT reaching similar values by the end of 2020 in both areas. The large impact of
winter mixing on the CT and pH signal is crucial as it drives the acidification signal : pH
trends between both areas would be similar were it not for convective events that increase pH in
intermediate layers and strong events (such as in 2013 and 2018) that increase pH in the deep
layers. Furthermore, Touratier et Goyet (2011) have shown that the deep convection and
cascading in the Gulf of Lion could explain the relatively high rate of acidification estimated in
the deep layers of the western Mediterranean Sea. Therefore, these convection events seem to
induce a slowing down of the acidification process in intermediate waters, essential in weakening
the acidification process already reported in the Mediterranean Sea (Hassoun et al. 2015 ;
Palmiéri et al. 2015 ; Touratier et Goyet 2011). It has also been shown that the CO2

chemistry is less sensitive to temperature in the Mediterranean Sea than in the Atlantic because
of the low CT/AT ratio and high buffer factors (Álvarez et al. 2014). Moreover, the increase
in atmospheric CO2 increases CT and has little effect on AT which is consistent with our results
with an increase in CT with no significant change in AT (figure 5.5).

5. Conclusion
The consequences of climate change on the physical properties of water masses are well established,
with warming and salinification of the Levantine Intermediate Water in the northwestern
Mediterranean Sea (Margirier et al. 2020) and in the deep waters of the western Mediterranean
Sea (Borghini et al. 2014). These changes lead to an increase in stratification and a decrease
in the intensity and frequency of dense water formation events (Macias et al. 2018 ; Soto-
Navarro et al. 2020 ; Somot et al. 2006). The intensity of winter mixing is likely to reduce
the ventilation of the water column and specifically of the O2-depleted Levantine Intermediate
Layer and to decrease the supply of nutrients required for phytoplankton growth in the upper
layers (Severin et al. 2017). An intensification of the O2 minimum in the intermediate layers
is already visible in the Ligurian Sea (Coppola et al. 2018) and the combination of mooring,
Argo, and ship-based observations show that the O2 minimum is very strongly affected by the
intermittent convection process. In the absence of deep convection events, the O2-depleted
layer spreads vertically and intensifies even more so in the Ligurian Sea, where the mixing
events are less regular and intense than in the Gulf of Lion. When these events occur, the O2

minimum is affected with an increase of O2 in intermediate layers depending on the intensity of
the winter convection, accompanied by a decrease afterward. Our results also show a difference
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in ventilation of the deeper layers between the Gulf of Lion and the Ligurian Sea, with the
latter seemingly more easily ventilated by deep convection events, maybe through recirculation
between the two areas. Integrated observing networks and multi-platforms approaches are
fundamental in studying dense water formation events (Tintoré et al. 2019) and their impacts
on biogeochemistry (monthly and yearly cruises, moorings, Argo floats, . . . ). The application of
the CANYON-MED neural networks (Fourrier et al. 2020 ; Fourrier et al. 2021) on the
large network of O2-equipped Argo floats in the northwestern Mediterranean Sea allowed the
study of reconstructed time series of nutrients and carbonate system variables with large spatial
and temporal coverage. Nevertheless, they are limited by their technical capacities to a profiling
depth of 2000 m and as drifting platforms, sometimes offer biased representations of the studied
areas (e.g. the accumulation of floats west of Corsica in the Ligurian Sea area). However, we
were able to describe how convective events impact nutrients and carbonate system variables
changing their overall evolutions over time and at different depths. In the Gulf of Lion, nitrates
increase in intermediate layers and all nutrients increase at depth, whereas in the Ligurian Sea
only nitrates and silicates at depth increase over the period of study. However, the decoupling
between nitrates and phosphates might lead to an evolution in the nutrient molar ratios as
compared to Redfield’s model. Complementary studies are required to further investigate the
exact cause of the nutrient increases between the atmospheric, physical and biological factors
interconnected. Ocean acidification time series of consistent sampling over many years are still
lacking for the Mediterranean Sea (Durrieu de Madron et al. 2011). Our approach using
neural-network derived pHT allowed for acidification estimates in different layers of the water
column. Overall, CT increased with a concurrent pHT decrease and were strongly affected by
mixing events.
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5.4 Conclusions et perspectives de l’étude

Les conséquences du changement climatique sur les propriétés physiques des masses d’eau
sont connues, avec un réchauffement et une salinisation de la LIW dans le nord-ouest de la
mer Méditerranée (Margirier et al. 2020) et dans les eaux profondes de la mer Méditerranée
occidentale (Borghini et al. 2014). Ces changements entraînent une augmentation de la
stratification et une diminution de l’intensité et de la fréquence des événements de DWF
(Macias et al. 2018 ; Soto-Navarro et al. 2020 ; Somot et al. 2006). L’intensité du mélange
hivernal est susceptible de réduire la ventilation de la colonne d’eau, spécifiquement des eaux
intermédiaires appauvries en O2, et de diminuer l’apport de nutriments nécessaires à la croissance
du phytoplancton dans les couches de surface (Severin et al. 2017). Une intensification du
minimum d’O2 dans les couches intermédiaires est déjà visible en mer Ligure (Coppola et al.
2018) et la combinaison d’observations issues de mouillages, de flotteurs Argo et de campagnes
en mer montre que le minimum d’O2 est très fortement affecté par le processus de convection
intermittente. En l’absence d’événements de convection profonde, la couche appauvrie en O2

s’étend verticalement et s’intensifie encore plus en mer Ligure, où les événements de mélange
sont moins réguliers et moins intenses que dans le Golfe du Lion. Lorsque ces événements
se produisent, le minimum d’O2 est affecté avec une augmentation de l’O2 dans les couches
intermédiaires relative à l’intensité de la convection hivernale, accompagnée d’une diminution
par la suite. Nos résultats montrent également une différence dans la ventilation des couches
profondes entre le Golfe du Lion et la mer Ligure . Dans cette dernière, les eaux intermédiaires
sont plus facilement ventilées lors des évènements de mélange. De plus, on retrouve en mer Ligure
la dispersion des eaux profondes formées dans le Golfe du Lion qui pourraient impacter l’O2

dans les eaux profondes de la mer Ligure . Les réseaux d’observation intégrés et les approches
multi-plateformes sont fondamentaux pour étudier les événements de DWF (Tintoré et al.
2019) et leurs impacts sur la biogéochimie (campagnes mensuelles et annuelles, mouillages,
flotteurs profileurs Argo, ...).

L’application des réseaux de neurones CANYON-MED (Fourrier et al. 2020) au vaste
réseau de flotteurs Argo mesurant l’O2 dans le nord-ouest de la Méditerranée a permis l’étude
de séries temporelles reconstituées de nutriments et de variables du système des carbonates
avec une large couverture spatio-temporelle. Néanmoins, ils sont limités techniquement à une
profondeur maximale de 2000 m et en tant que plateformes dérivantes, offrent parfois des
représentations biaisées des zones étudiées (par exemple l’accumulation de flotteurs à l’ouest
de la Corse dans la zone de la mer Ligure). Cependant, nous avons pu décrire comment les
événements convectifs impactent les nutriments et les variables du système des carbonates
en modifiant leurs évolutions globales dans le temps et à différentes profondeurs. Le Golfe
du Lion et la mer Ligure montrent des réponses similaires aux événements de mélange avec
une augmentation globale des nutriments dans les couches intermédiaires et profondes et un
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impact limité de la convection sur les tendances à long terme. Les évènements de mélange
ont cependant un impact sur les rapports stoechiométriques des nutriments, augmentant la
limitation en phosphore. Des études complémentaires seraient nécessaires pour approfondir la
cause exacte de l’augmentation des nutriments entre les facteurs atmosphériques, physiques
et biologiques fortement liés. En Méditerranée nord-occidentale, une acidification des eaux
de surface a été mise en évidence (Kapsenberg et al. 2017 ; Merlivat et al. 2018) ainsi
qu’une acidification des couches intermédiaires et profondes (Coppola et al. 2020a). Ces
tendances ne permettent pas de refléter les variabilités saisonnières et interannuelles affectant
cette acidification. Ainsi, une approche par des plateformes autonome mesurant le pH ou en
couplant des plateformes autonomes équipées de capteurs d’O2 avec des méthodes de réseau de
neurones comme CANYON-MED sont nécessaires pour mieux prédire ces tendances. Dans
cette étude, la seconde approche a permis d’estimer des tendances de diminution du pH à
différentes profondeurs ainsi que l’augmentation concomitante de CT, tous les deux fortement
affectés par les événements de mélange.
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6.1 Contexte

La LIW, masse d’eau clé pour la circulation générale de la mer Méditerranée (Robinson
et al. 2010), se forme dans le bassin Levantin en mer Méditerranée orientale (détails en partie
1.3.3 Formation d’eau dense en mer Méditerranée Orientale). Les masses d’eau de la Méditerranée
orientale sont plus chaudes, avec une salinité et une teneur en oxygène plus élevées que celles de la
Méditerranée occidentale (Álvarez et al. 2014). Le long de son parcours vers le bassin occidental
et vers Gibraltar, les caractéristiques de la LIW évoluent. Elle maintient une température et une
salinité élevées, influençant ainsi la circulation et la formation d’eau dense le long de son parcours,
mais sa teneur en oxygène évolue avec une diminution d’O2 associée à une reminéralisation
accrue (Tanhua et al. 2013). Dans le bassin oriental, la couche de minimum d’oxygène est
fortement étendue sur la verticale avec un coeur autour de 500-700 m (Tanhua et al. 2013). Les
eaux de cette zone sont fortement stratifiées, ce qui limite le mélange diffusif sur la verticale.

Cependant, les processus biogéochimiques qui se produisent pendant le mélange dans cette
zone restent mal compris en raison de la faible couverture de données (principalement des
croisières historiques) due entre autres au contexte géopolitique difficile. Il a été démontré que le
gyre de Rhodes, dans le nord-ouest du bassin Levantin, est un des lieux de formation de la LIW
sous les vents du nord froids et secs provenant des continents (The LIWEX Group 2003).

Cette étude préliminaire vise en s’appuyant sur des flotteurs BGC-Argo équipés de capteurs
d’O2 déployés dans la zone d’étude à caractériser la ventilation dans le patch sur la période
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automne 2018 - été 2019.

6.2 Étude préliminaire

1. Introduction
The LIW, a key water mass for the general circulation of the Mediterranean Sea (Robinson et
al, 2001), is mainly formed in the Rhodes Gyre in the eastern Mediterranean Sea. The Levantine
basin is considered one of the most oligotrophic regions in the world (Azam et al. 1983). The
water masses of the Eastern Mediterranean Sea are warmer, with higher salinity and oxygen
content than those in the Western Mediterranean Sea (Álvarez et al. 2014) and the LIW is
no exception. Along its path to the western basin and to Gibraltar, the characteristics of the
LIW evolve. It maintains a high temperature and high salinity, therefore influencing circulation
and dense water formation along its path but its oxygen content evolves with an O2 decrease
associated with increased remineralisation. In the eastern basin, the oxygen minimum layer is
spread vertically with its core around 500-700 m (Tanhua et al. 2013). The waters in this area
are highly stratified restricting diffusive mixing on the vertical.

However, the biogeochemical processes occurring during the mixing in this area remain
poorly understood because of the low data coverage (mostly historical cruises) amongst others
due to the difficult geopolitical context. Mixing events associated to LIW formation can inject
nutrients in the surface layer therefore triggering phytoplankton growth (D’Ortenzio et al.
2021) (Sur et al. 1993). The Rhodes Gyre in the northwestern Levantine has been shown to be
the main location of the formation of the LIW under the cold and dry north winds from the
continents (The LIWEX Group 2003).

We hypothesize that the main ventilation of the LIW occurs in the area where the MLD is
the deepest, thus allowing O2 injection in the water column.

In the framework of the PERLE (Pelagic Ecosystem Response to deep water formation in
the Levant Experiment) project, cruises took place in the Levantine basin during the 2018-2019
period (D’Ortenzio et al. 2021). During those cruises, BGC-Argo floats equipped with O2

sensors were also deployed to acquire data in between cruises and increase our monitoring of
this area. Wimart-Rousseau et al. (2021) have described the inorganic carbon in the area
thanks to the data from the PERLE cruises and D’Ortenzio et al. (2021) have reported on
nitrate and phytoplancton dynamics in the area combining BGC-Argo, satellite and cruise data.
Our study is based on O2 from BGC-Argo data and we hypothesize that the main ventilation of
the LIW occurs in the area where the MLD is the deepest. We also hypothesize that the MLD
maximum patch could be identified by region of annual minimum SST as in D’Ortenzio et al.
(2021).
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2. Material and methods

.
Figure 6.1 – Argo float locations in the Levantine basin. The coloured Sea Surface Temperature
(SST) patch depicts the waters < 15°C as in D’Ortenzio et al. (2021). The Argo float profiles
are colored according to their location inside (white circles) or outside (black circles) the patch.
Red squares show the location of the PERLE cruise stations. Argo locations have been filtered
keeping only locations above 27°E, i.e. closer to the SST patch.

Sea surface temperature data
Sea Surface Temperature (SST) observations form the Copernicus Marine Service were extracted
as in D’Ortenzio et al. (2021) for the fall 2018 to summer 2019 period and the annual absolute
minimum value per pixel was identified. The resulting SST "patch" is shown in figure 6.1.

BGC-Argo data
Five BGC-Argo floats were deployed in the Levantine basin equipped with O2 sensors over the
2018-2019 period (figure 6.1). The floats O2 measurements were corrected by the Coriolis Data
Assembly Center either using in air measurements compared to NCEP climatology data (for
floats 6902872, 690873, 6902874, and 6902900) or with subsurface measurements compared to
climatology data (float 690904) (Thierry et al. 2021). For each profile, a distinction was made
between the floats inside or outside the patch.

Derived variables
The Mixed Layer Depth (MLD) was estimated for each float profile based on potential density
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profiles calculated from pressure, temperature, and salinity data. The MLD was derived using
a 0.03 kg.m-3 threshold density criterion with a reference depth of 10 meters (D’Ortenzio
et al. 2005). The maximum Argo-derived MLD is restricted to 2000 m, i.e. the maximum depth
reached by the Argo floats.

For each Argo profile the oxygen content over the water column was calculated by integrating
the oxygen content from the surface to the maximum depth reached by the Argo float. The
mean O2 value in the 300-600 meters layer was also extracted.

3. Results and discussion

Argo float profiles located inside the mixed patch show higher MLDs, up to 1100 m (figure
6.2), whereas MLDs outside the patch only reach 300 meters, confirming that the mixing occurs
mainly inside the SST patch as defined in D’Ortenzio et al. (2021). The O2 integrated content
increases from around 180 µmol kg−1 between November 2018 and mid-January 2019 to 185
µmol kg−1 by March 2019. The O2 in the 300-600 m displays similar dynamics with a stable
value around 172 µmol kg−1 up to mid-January 2019 followed by an increase to 189 µmol kg−1

by March 2019. Afterwards, both the integrated content and the O2 in intermediate layers
decrease slowly to revert back to their original value at the beginning of the period. The O2

increase starts around the 20th of January when the MLD deepens and reaches around 1000 m.
The integrated content inside and outside the patch shows similar values. Profiles were extracted
at six dates and for similar oxygen contents to allow for a comparison between the O2 inside and
outside the patch on the vertical (figure 6.2 d-i). The O2 profiles from October and December
show similar distributions between the profiles inside and outside the patch. In January, the
overall O2 is similar with a small difference at the surface with the profile inside the patch 10
µmol kg−1 lower than the one outside in the first 100 meters. In February 2019, after the ML
deepenings, the profiles inside and outside the patch show a different vertical structure with O2

variations in the upper 300 m probably associated to vertical mixing and oxygenation of the
upper part of the water column. In April 2019, outside the patch the float shows a different
dynamic with an intrusion of a different water mass between 100 and 300m, whereas the float
inside the patch has homogeneous O2 in the upper 200 meters and decreases with depth. In
June 2019, there is a subsurface maximum of O2 in the first 100 meters that doesn’t seem to be
associated with biological activity. The O2 increase and homogenization are similar between
the Argo profiles inside and outside the patch leading to believe that the main ventilation isn’t
restricted to the patch and is quickly advected to the sides.
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.
Figure 6.2 – Time series of a. MLD, b. O2 content over the water column, c. O2 in the 300-600
m layer, d-i. O2 profiles at selected dates. Black and green markers correspond to Argo profiles
inside the patch whereas gray and blue markers correspond to profiles outside the patch.
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7.1 Conclusions

Ces travaux de thèse sont à l’origine d’une méthode neuronale adaptée à la Méditerranée
pour estimer les nutriments et les variables du système des carbonates à partir de variables
systématiquement mesurées. Cette méthode a ensuite été appliquée en Méditerranée nord-
occidentale pour mieux comprendre la dynamique de variables biogéochimiques (O2, nutriments
et variables du système des carbonates) en réponse aux évènements de mélange intense. Enfin,
la ventilation de la LIW au niveau de sa zone de formation a été estimée.

Les principales questions scientifiques présentées dans la partie 1.6 Objectifs de la thèse et
traitées au cours de cette thèse ainsi que les résultats majeurs sont décrits ci-après.

Quel est l’impact de la formation d’eau dense, en Méditerranée nord-occidentale,
sur l’O2, sur les nutriments et sur les variables du système des carbonates ?
Dans le Golfe du Lion et en mer Ligure, des évènements de mélange hivernal et de formation
d’eau dense ont lieu de manière alternée selon les années avec une forte variabilité saisonnière
ventilant les couches intermédiaires et profondes, et permettant la remontée de nutriments vers
la surface. Le jeu de données utilisées est limité dans le temps, et pour estimer l’impact du
changement climatique un jeu de données plus long serait nécessaire (30 ans). Néanmoins, dans
un contexte d’augmentation de la stratification et de réduction de ces évènements de mélange
(Somot et al. 2006 ; Soto-Navarro et al. 2020), l’analyse des séries temporelles 2012-2020
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d’O2 reconstituées à partir de campagnes, mouillages et flotteurs Argo dans le Golfe du Lion et
la mer Ligure ont permis de montrer que le minimum d’O2 dans la LIW est fortement affecté
par le processus de convection intermittent qui ventile les couches intermédiaires. Une différence
de réponse entre la mer Ligure et le Golfe du Lion a également pu être mise en évidence. Les
tendances sur la période 2012-2020 ont été calculées pour les nutriments et les variables du
système des carbonates en surface, dans la LIW et en profondeur. Dans les deux zones, au cours
de la période 2012-2020, on observe une augmentation globale des nutriments dans les couches
intermédiaires et profondes, avec un impact sur les rapports stoechiométriques augmentant
la limitation en phosphore. Les estimations d’acidification dérivées dans différentes couches
de la colonne d’eau montrent une augmentation globale de l’AT et du CT et une diminution
concomitante du pH. Ces tendances ont été fortement affectées par les événements de convection
et semblent avoir des conséquences sur l’ensemble de la colonne d’eau.

Peut-on améliorer notre caractérisation de la distribution spatio-temporelle des
concentrations en nutriments, O2 et carbonates en combinant les observations in
situ et de nouvelles méthodes de machine learning ?
Les mesures de nutriments et de variables du système des carbonates en Méditerranée sont
nombreuses mais certaines régions et périodes temporelles restent sous-échantillonnées. Les
mesures d’O2 sont devenues de plus en plus fréquentes et de bonnes qualités qu’elles proviennent
de mouillages, de flotteur Argo ou de planeurs. La méthode CANYON-MED constituée d’un
ensemble de réseaux de neurones et développée au cours de cette thèse s’appuie sur la méthode
CANYON créée pour l’océan global. Cette méthode permet d’estimer nutriments (nitrates,
phosphates, silicates) et variables du système des carbonates (AT, CT et pHT) avec des précisions
connues à l’aide de mesures de température, salinité, pression et O2 ainsi que la position dans
le temps et dans l’espace. De plus, les variables prédites ont des précisions équivalentes aux
précisions des capteur existants ce qui permettrait d’appliquer les méthodes CANYON-MED
pour résoudre des verrous scientifiques. Par exemple, de nombreuses applications voient le jour
en s’appuyant sur le large réseau de flotteurs-profileurs ainsi que sur les planeurs et mouillages
présents en mer Méditerranée.

7.2 Perspectives

Les travaux présentés au cours de cette thèse on été concentrés sur la partie hauturière
de la mer Méditerranée. Cependant, des études préliminaires ont pu montrer des perspectives
d’application de la méthode CANYON-MED en milieu côtier. Le milieu côtier est une zone
complexe où se mêlent de nombreux processus physiques et biogéochimiques ayant des échelles
de temps et d’espace très variables (variabilités diurnes, de marées, saisonnières, interannuelles,
etc.). La zone côtière est en général plus sensible aux pressions que le large. Les impacts
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sociétaux et économiques face au réchauffement et à l’occurrence des évènements extrêmes
ont des répercussions considérables. Ces changements sont même souvent irréversibles. Dans
ce contexte, les séries temporelles côtières sont sujettes aux facteurs environnementaux et
des trous apparaissent dans ces séries limitant la compréhension des processus côtiers. Par
ailleurs, des mesures in situ côtières sont effectuées régulièrement et permettent le contrôle
qualité des capteurs installés en milieu côtier au delà de leur exploitation scientifique, mais ces
mesures restent basse fréquence. Afin d’obtenir une meilleure compréhension de l’évolution des
nutriments (notamment face aux apports variables) et des variables du système des carbonates
(Kapsenberg et al. 2017) ainsi que pour mieux appréhender la réponse du plancton à leurs
variations dans le milieu côtier, il est nécessaire de densifier les données existantes. Ainsi, les
méthodes neuronales comme CANYON-MED peuvent permettre de compléter les trous dans
les séries temporelles (figure 7.1).

.
Figure 7.1 – Comparaisons entre les données in situ (en bleu) et les sorties de CANYON-MED
(en orange) à la position correspondante pour a. le pHT au point B, b. le pHT à Solemio, c. la
pCO2 à Boussole.

De plus, appliquées au données de planeurs sous-marin, elles permettent d’explorer le
continuum côte-large (figure 7.2).

Ces résultats restent préliminaires mais indiquent la possibilité de développer des méthodes
similaires à CANYON-MED spécifiques pour le milieu côtier.

Par ailleurs, comme mentionné dans la partie 2.2.5 Sorties de modèles, la méthode CANYON-
MED est un atout pour améliorer les simulations issues de modèle, que ce soit pour l’assimilation
de ces données prédites ou pour comparer les sorties de modèles qui manquent encore cruellement
de données de référence (Doney et al. 2009 ; Cossarini et al. 2019).
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De par leurs capacités à générer des données « virtuelles », les méthodes neuronales peuvent
être utilisées pour la génération d’indicateurs climatiques. En particulier, leur utilisation peut
permettre l’estimation de tendances dans différentes sous-régions de la mer Méditerranée,
à différentes profondeurs caractéristiques correspondant à des masses d’eau d’intérêt dans
un contexte de changement climatique. En particulier, un produit de nutriments (Produit :
MULTIOBS_GLO_BIO_NUTRIENTS_PROFILES_REP_015_009) à l’échelle globale, dérivé
de données de flotteurs Argo à l’aide de méthodes neuronales, est distribué par CMEMS
(Copernicus Marine Environment Monitoring Service). La partie Méditerranée de ce produit est
issue d’estimations par la méthode CANYON-MED, en complément des méthodes CANYON
pour l’océan global. Ce produit peut être utilisé par la communauté de modélisateurs pour
l’assimilation de données.

Enfin, CANYON-MED peut servir pour des utilisations plus dérivées telles que le calcul de
la Production Communautaire Nette (Net Community Production, NCP). En effet Possenti
et al. (2021) ont dérivé la NCP via l’O2 mesuré sur les planeurs sous-marins, mais aussi via
le CT dérivé de la CO2 mesurée par le planeur. En s’appuyant uniquement sur l’O2 mesuré
par planeur, CANYON-MED permettrait de faire une estimation robuste de CT et donc de
retrouver la NCP selon la méthode de Possenti et al. (2021). Les précisions du CT estimé
par CANYON-MED et du CT recalculé à partir du CO2 sont similaires. Cette méthode
permettrait ainsi de tirer profit des mesures gliders équipés de capteur d’O2 mais encore peu
équipés de capteurs de CO2.

https://resources.marine.copernicus.eu/product-detail/MULTIOBS_GLO_BIO_NUTRIENTS_PROFILES_REP_015_009/INFORMATION
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.
Figure 7.2 – Séries temporelles de nitrates, phosphates, silicates, AT, CT et pHT dérivées de
CANYON-MED pour les données gliders de la section T00 23 (panneau gauche) et T00 26
(panneau droit). Les données bouteilles suffisamment proches dans le temps et l’espace ont été
représentées sous forme de cercles pour comparaison avec les données virtuelles générées par
CANYON-MED.
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Figure S1. Time series of O2 at the moorings depth in the Gulf of Lion (a) and the Ligurian Sea (b) from Argo data (black dots), mooring 

data (grey stars), and cruise data (brown squares). In the Gulf of Lion, low Argo O2 values between January 2013 and 2014 correspond 

to a float that left the mixed patch. 
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Figure S2. Model II linear regressions between the in situ and CANYON-MED derived biogeochemical variables according to matchup 

distance (light blue points are further away). The purple line corresponds to the 1:1 line and the purple shaded area corresponds to the 

CANYON-MED error (Fourrier et al., 2021). The black line corresponds to the actual regression line between the in situ values and 

CANYON-MED outputs. The matchup is for data less than 15 days and less than 5 dbar apart.  
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Figure S3. Changes in key biogeochemical evolution in the northwestern Mediterranean Sea. Panels a-f shows the evolution in the 

surface waters (with high seasonal variability), panels g-l in the LIW, and panels m-r at 2000 m, for nitrates (a, g, m), phosphates (b, h, 

n), silicates (c, i, o), total alkalinity (d, j, p), total carbon (e, k, q) and pHT (f, l, r). Boxplots for each year are constructed from CANYON-

MED derived values from Argo float data (orange  for the Gulf of Lion and green for the Ligurian Sea), only for years when every season 

is represented. For the sake of readability, the time axis is discontinuous and the boxplots for each region do not overlap. The trends 
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WMO Gulf of Lion Ligurian Sea 

First profile Last profile Number of 

profiles 

Firstt profile Last profile Number of 

profiles 

6901460 11/08/2014 17/06/2015 15 12/07/2014 13/05/2015 54 

6901463 23/07/2014 19/04/2015 40 24/01/2015 19/05/2015 21 

6901464 11/08/2014 02/07/2015 61 12/07/2014 04/12/2015 42 

6901465 09/07/2014 24/02/2015 47 - - 0 

6901467 24/11/2012 02/06/2014 205 - - 0 

6901470 31/01/2013 07/07/2013 98 17/06/2013 23/05/2014 67 

6901471 29/01/2013 21/08/2013 112 - - 0 

6901496 04/03/2014 04/03/2014 1 16/07/2013 13/03/2014 178 

6901512 10/04/2013 04/05/2014 143 - - 0 

6901648 07/07/2014 26/05/2016 186 - - 0 

6901649 16/07/2014 06/06/2016 155 23/09/2014 22/04/2015 31 

6901776 - - 0 15/03/2014 24/09/2014 140 

6902687 30/05/2016 17/10/2018 128 06/12/2016 06/03/2018 46 

6902733 28/05/2016 18/08/2016 19 25/08/2016 19/01/2018 74 

6902803 14/11/2017 09/05/2020 213 10/09/2017 09/11/2017 13 

6902804 03/09/2017 04/02/2019 125 11/12/2018 09/05/2020 103 

6902901 - - 0 07/12/2018 12/06/2019 68 

Table S1. Characteristics of the floats used in this study. WMO: World Meteorological 

Organization float number. For each area, the dates of the first and last profiles are given 

together with the corresponding number of profiles in the area. 
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Abstract. The north-western Mediterranean deep convec-
tion plays a crucial role in the general circulation and bio-
geochemical cycles of the Mediterranean Sea. The DEWEX
(DEnse Water EXperiment) project aimed to better un-
derstand this role through an intensive observation plat-
form combined with a modelling framework. We developed
a three-dimensional coupled physical and biogeochemical
model to estimate the cycling and budget of dissolved oxygen
in the entire north-western Mediterranean deep-convection
area over the period September 2012 to September 2013.
After showing that the simulated dissolved oxygen concen-
trations are in a good agreement with the in situ data col-
lected from research cruises and Argo floats, we analyse the
seasonal cycle of the air–sea oxygen exchanges, as well as
physical and biogeochemical oxygen fluxes, and we estimate
an annual oxygen budget. Our study indicates that the an-
nual air-to-sea fluxes in the deep-convection area amounted
to 20 molm−2 yr−1. A total of 88 % of the annual uptake
of atmospheric oxygen, i.e. 18 molm−2, occurred during the
intense vertical mixing period. The model shows that an
amount of 27 molm−2 of oxygen, injected at the sea sur-
face and produced through photosynthesis, was transferred
under the euphotic layer, mainly during deep convection.
An amount of 20 molm−2 of oxygen was then gradually ex-
ported in the aphotic layers to the south and west of the west-
ern basin, notably, through the spreading of dense waters re-
cently formed. The decline in the deep-convection intensity

in this region predicted by the end of the century in recent
projections may have important consequences on the over-
all uptake of atmospheric oxygen in the Mediterranean Sea
and on the oxygen exchanges with the Atlantic Ocean, which
appear necessary to better quantify in the context of the ex-
pansion of low-oxygen zones.

1 Introduction

Deep convection is a key process leading to a massive trans-
fer of oxygen from the atmosphere to the ocean interior
(Körtzinger et al., 2004, 2008b; Fröb et al., 2016; Wolf et
al., 2018). Its weakening in some regions (de Lavergne et
al., 2014; Brodeau and Koenigk, 2016), induced by enhanced
stratification, is one of the primary factors, along with chang-
ing ventilation at intermediate depths, slowdown of the over-
turning circulation, warming-induced decrease in solubility
modulated by salinity changes and changes in C : N utili-
sation ratios, that may explain the ongoing decline in the
open-ocean oxygen inventory, or deoxygenation, observed
and modelled since the middle of the 20th century (Bopp et
al., 2002; Keeling and Garcia, 2002; Plattner et al., 2002;
Joos et al., 2003; Keeling et al., 2010; Helm et al., 2011; An-
drews et al., 2017; Ito et al., 2017; Schmidtko et al., 2017;
Breitburg et al., 2018). The oxygen decline leads to an in-
crease in the volume of hypoxic or even anoxic waters and
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to the expansion of oxygen minimum zones (OMZs), which
substantially affect life and habitats of marine ecosystems
and have implications for biogeochemical cycles (Ingall et
al., 1994; Levin, 2003; Diaz and Rosenberg, 2008; Breit-
burg et al., 2009; Naqvi et al., 2010; Stramma et al., 2010;
Scholz et al., 2014; Bristow et al., 2017). It is crucial to gain
understanding of the actual ventilation occurring in deep-
convection areas and to continue developing models to pre-
dict its future evolution under climate change.

The north-western (NW) Mediterranean Sea (Fig. 1a and
b) is one of the few regions of the world where deep convec-
tion takes place (Schott et al., 1996). In autumn, during the
preconditioning phase, a cyclonic gyre formed by the North-
ern Current and the Balearic front leads to the doming of the
isopycnals and the rising of high-salinity intermediate wa-
ters, the Levantine Intermediate Waters (LIW), close to the
surface. In winter, cold and dry northerly winds (Mistral, Tra-
montane) produce the cooling, evaporation and subsequent
density increase in surface waters. The instability of the wa-
ter column induces convective mixing of surface waters with
deeper waters, and, when the process is intense, in the forma-
tion of new deep waters that spread into the western Mediter-
ranean Sea, such as observed in 2004–2006 (Schroeder et al.,
2008a). The depth and horizontal extension of convection in
the NW region show strong interannual variability, driven by
both the variability of the winter buoyancy loss and the strat-
ification magnitude prior to the convection period (Mertens
and Schott, 1998; Béthoux et al., 2002; Houpert et al., 2016;
Somot et al., 2016). The deepest convection takes place in
the centre of the Gulf of Lion where the yearly maximum of
the mixed-layer depth varies from a few hundred metres to
2500 m when the bottom is reached (MEDOC Group, 1970).

At the Mediterranean basin scale, the deep convection oc-
curring in the north-western region is one of the major pro-
cesses responsible for an enrichment of the euphotic layer
with nutrients, compared to Atlantic influx as well as terres-
trial and atmospheric inputs (Severin et al., 2014; Ulses et al.,
2016; Kessouri et al., 2017). The replenishment of the sur-
face layer with nutrients during deep convection is followed
by an intense bloom in spring when vertical mixing weak-
ens (Bernadello et al., 2012; Lavigne et al., 2013; Auger et
al., 2014; Ulses et al., 2016; Kessouri et al., 2018). The for-
mation of deep waters is also at the origin of a huge venti-
lation of the western Mediterranean Sea (Minas and Bonin,
1988; Copin-Montégut and Bégovic, 2002; Schroeder et al.,
2008a; Schneider et al., 2014; Stöven and Tanhua, 2015;
Touratier et al., 2016; Coppola et al., 2017; 2018; Li and Tan-
hua, 2020). The study of Mavropoulou et al. (2020), based
on in situ observations over the period 1960–2011, indicated
that its variability is one of the main drivers of the inter-
annual variability of the dissolved oxygen (O2) concentra-
tion in the deep waters of the western Mediterranean Sea.
The oxygenation induced by recurrent intermediate and deep
convection together with a relatively low primary produc-
tion make the Mediterranean Sea a well-oxygenated basin

(Tanhua et al., 2013). In the western Mediterranean open
sea, the oxygen minimum layer (OML) is located in the
LIW and shows a minimum oxygen concentration of 170–
185 µmol kg−1, above ≈ 70 % of the saturation levels (Tan-
hua et al., 2013; Coppola et al., 2018). Thus the OML in
this region is clearly less pronounced than the OMZs in the
open oceans or deep basins of other seas, such as the adjacent
Black Sea, where hypoxic conditions (oxygen concentration
< 2 mL O2 L−1 or< 61 µmol O2 kg−1; Diaz and Rosenberg,
2008; Breitburg et al., 2018) are encountered. However the
semi-enclosed Mediterranean Sea with a fast warming was
identified as one of the most vulnerable marine regions to cli-
mate change (Giorgi, 2006). Recently, regional ocean models
of the Mediterranean Sea converged to predict a weakening
of NW deep-convection intensity under climate change sce-
narios by the end of the 21st century (Soto-Navarro et al.,
2020). Yet, Coppola et al. (2018), by analysing the evolu-
tion of observed oxygen profiles in the Ligurian Sea over a
20 year period, suggested that hypoxic conditions may be
reached in water masses at intermediate depths after a pe-
riod of 25 years without deep-convection events (presuming
bacterial respiration remains the same).

One of the objectives of the DEWEX (DEnse Water EX-
periment) project carried out in 2012/13 was to investigate
the deep-convection process, the formation of north-western
Mediterranean Deep Waters and the impact of deep convec-
tion on biogeochemical fluxes (Conan et al., 2018). Three
cruises and the deployment of autonomous platforms (glider,
Argo floats) provided an unprecedented intensive observa-
tion of this region before, during and after a deep-convection
event and completed the observation effort during the strat-
ified period operated since 2010 in the framework of the
MOOSE-GE (Mediterranean Ocean Observing System for
the Environment-Grande Échelle) programme (Estournel et
al., 2016b). The 2012/13 event was identified by observa-
tional and modelling studies as one of the five most intense
deep-convection events over the period 1980–2013 (Somot
et al., 2016; Herrmann et al., 2017; Coppola et al., 2018) due
to extremely strong buoyancy loss (Somot et al., 2016). Re-
garding the oxygen dynamics, DEWEX winter observations
showed a strong increase in the O2 inventory of the entire
water column, which was concomitant to the deepening of
the mixed layer and was attributed to a rapid intake of atmo-
spheric dissolved oxygen (Coppola et al., 2017). However,
these observations remain limited in time and space. Up to
date, no high-resolution modelling of the oxygen dynamics
in the NW deep-convection region that could complete the
monitoring effort and provide quantification for the whole
area has yet been proposed.

In this study, we take advantage of the DEWEX project to
implement and constrain with in situ observations a 3D cou-
pled physical–biogeochemical model representing the dy-
namics of dissolved oxygen and to gain understanding in the
variability of the oxygen inventory in the whole NW Mediter-
ranean deep-convection area, for the period between Septem-

Biogeosciences, 18, 937–960, 2021 https://doi.org/10.5194/bg-18-937-2021

154 Annexes



C. Ulses et al.: Oxygen budget of the north-western Mediterranean deep convection region 939

Figure 1. Domain and bathymetry (m) of (a) the forcing coupled NEMO-Eco3MS Mediterranean model (red contour) and of (b) the coupled
SYMPHONIE-Eco3MS western sub-basin model. The blue contour in (a) indicates the limits of the western sub-basin model. The red
contoured area in (b) corresponds to the deep-convection area. (c) Scheme of the downscaling strategy from the Mediterranean Sea to the
western sub-basin.

ber 2012 and September 2013. In this framework, we investi-
gate the seasonal cycle of the oxygen inventory and estimate
its annual budget, and we analyse and quantify the relative
contribution of air–sea exchanges, as well as of physical and
biogeochemical processes in the budget. The following doc-
ument is organised as follows: in Sect. 2, we describe the nu-
merical model, its implementation and the observations used
for its assessment. In Sect. 3, we compare our model results
with in situ observations. In Sect. 4, we describe the seasonal
cycle of atmospheric and physical conditions. In Sect. 5, we
examine the seasonal cycle of oxygen inventory and fluxes,
as well as the annual oxygen budget. We discuss our results
in Sect. 6 and conclude in Sect. 7.

2 Material and methods

2.1 The numerical model

2.1.1 The hydrodynamic model

The SYMPHONIE model used in this study is a 3D primitive
equation model, with a free surface and generalised sigma
vertical coordinate, as described in Marsaleix et al. (2008).
The vertical diffusion is parameterised with a prognostic
equation for the turbulent kinetic energy and a diagnostic
equation for the mixing and dissipation lengths, following
Gaspar et al. (1990). Atmospheric forcing (turbulent fluxes)

is calculated using the bulk formulae described by Large
and Yeager (2004). This model was previously used in the
Mediterranean Sea to simulate open-sea convection (Her-
rmann et al., 2008; Estournel et al., 2016a; Ulses et al., 2016),
shelf dense-water cascading (Estournel et al., 2005; Ulses et
al., 2008b) and continental shelf circulation on the Gulf of
Lion shelf (Estournel et al., 2001; 2003; Ulses et al., 2008a).

2.1.2 The biogeochemical model

The biogeochemical model Eco3M-S is a multi-nutrient and
multi-plankton functional type model that simulates the dy-
namics of the biogeochemical decoupled cycles of several
biogenic elements (carbon, nitrogen, phosphorus, silicon)
and of non-Redfieldian plankton groups (Ulses et al., 2016).
The model was previously used to study the biogeochemical
processes on the Gulf of Lion shelf (Auger et al., 2011) and
in the NW Mediterranean deep-convection area (Herrmann
et al., 2013, 2017; Auger et al., 2014; Ulses et al., 2016;
Kessouri et al., 2017, 2018). In this study, the model was ex-
tended to describe the dynamics of dissolved oxygen in the
ocean interior and the air–sea exchanges of oxygen. Here we
only describe the rate of change of the new state variable, the
dissolved oxygen concentration and the parameterisation of
the air–sea flux of oxygen, which were included in the model
version described in detail by Auger et al. (2011). The rate
of change of dissolved oxygen concentration due to biogeo-
chemistry in the water column is governed by the following
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equation:

dDOx
dt
=

3∑
i=1

(
GPPi −RespPhyi

)
γC/DOx− (1)

3∑
i=1

(
RespZooi +RespZooadd

i

)
γC/DOx−

RespBacγC/DOx −NitrifγNH4/DOx ,

where DOx is the dissolved oxygen concentration; GPPi
and RespPhyi are gross primary production and respira-
tion, respectively, for phytoplankton group i; RespZooi and
RespZooadd

i are basal respiration and additional respiration
fluxes to maintain constant N : C and P : C internal ratios,
respectively, for zooplankton group i; RespBac is bacterial
respiration; and Nitrif is nitrification. γC/DOx and γNH4/DOx ,
equal to 1 and 2, respectively, are the mole of DOx , used per
mole of C in respiration and needed to oxidise 1 mol of am-
monium in nitrification as described in Grégoire et al. (2008).

The flux of dissolved oxygen at the air–sea interface,
DOxFlux, is computed from

DOxFlux=Kw (DOx sat−DOx surf) , (2)

where DOx sat and DOx surf (mmolm−3) are the concentra-
tion of dissolved oxygen at saturation level and at the surface
of the ocean, respectively, and Kw(ms−1) is the gas trans-
fer velocity. The oxygen solubility (or dissolved oxygen at
saturation level) is determined using the equation of Garcia
and Gordon (1992). The oxygen saturation anomaly (noted
1O2) is defined as1O2 = (DOx−DOx sat)/DOx sat×100 %.
We computed here the gas transfer velocity using the param-
eterisation of Wanninkhof and McGillis (1999) with a cu-
bic dependency to the wind speed, following the study in the
convective Labrador Sea by Körtzinger et al. (2008b), who
found that this parameterisation was one of those that gave
the best results and recommended a stronger-than-quadratic
wind speed dependency for the high wind speed range. In
addition, sensitivity analyses using eight various parameter-
isations of the gas transfer velocity were performed to esti-
mate uncertainties of air–sea exchanges and are discussed in
Sect. 6.1. For these sensitivity tests, we used quadratic (Wan-
ninkhof, 1992, 2014) and hybrid (Nightingale et al., 2000;
Wanninkhof et al., 2009) wind speed dependency parameter-
isations, as well as parameterisations including air–sea fluxes
due to bubble formation (Woolf, 1997; Stanley et al., 2009;
Liang et al., 2013; Bushinsky and Emerson, 2018).

2.1.3 Implementation

The implementation of the hydrodynamic and biogeochemi-
cal simulations used in this study was described by Estournel
et al. (2016a) and Kessouri et al. (2017; 2018). The numeri-
cal domain (Fig. 1a, b) covers most of the western Mediter-
ranean basin, using a curvilinear grid with variable horizontal

resolution (Bentsen et al., 1999). The mesh size ranges from
0.8 km in the north to 1.4 km in the south. The grid has 40
vertical levels with closer spacing near the surface (15 levels
in the first 100 m in the centre of the convection area charac-
terised by depths of ≈ 2500 m). As explained in Estournel et
al. (2016a), the size of the grid is not small enough to explic-
itly represent convective plumes, which thus need to be pa-
rameterised. In our case, to prevent the development of static
instabilities at the surface resulting in noise at the scale of
the mesh, the heat and water fluxes are distributed over the
whole mixed layer whose thickness is given by the depth at
which the vertical density gradient becomes negative.

The biogeochemical model is forced offline by daily out-
puts of the hydrodynamic model. The advection and diffu-
sion of the biogeochemical variables were calculated using
the QUICKEST (QUICK with Estimated Streaming Terms)
scheme (Leonard, 1979) on the horizontal and with a centred
scheme on the vertical.

A strategy of downscaling from the Mediterranean basin to
the western sub-basin scale was implemented in three stages
(Fig. 1a and c) as described by Kessouri et al (2017). In a first
step, the SYMPHONIE hydrodynamic model was initialised
and forced at its lateral boundaries with daily analyses of the
configuration PSY2V4R4, based on the NEMO ocean model
at a resolution of 1/12◦ over the Atlantic and the Mediter-
ranean Sea by the Mercator Ocean International operational
system (Lellouche et al., 2013). Second, the biogeochemi-
cal model was forced at the Mediterranean basin scale by
the outputs of the same NEMO simulation. In a third step,
the daily outputs of the two previous simulations were used
to initialise and force the Eco3M-S biogeochemical model
over the western Mediterranean Sea. This nesting protocol
ensures the coherence of the physical and biogeochemical
fields at the open boundaries. The basin configuration of
the biogeochemical model was initialised in summer 2011,
with climatological fields of in situ nutrient concentrations
from the oligotrophic period in the MEDAR/MEDATLAS
database (Manca et al., 2004) and according to oxygen ob-
servations from the Meteor M84/3 cruise carried out in April
2011 (Tanhua et al., 2013) and DYFAMED station observa-
tions in August 2011 (Coppola et al., 2018). The regional
biogeochemical simulation started in August 2012. Due to
strong vertical diffusivities in the basin-scale model, we cor-
rected the initial oxygen concentration for the north-western
region using DYFAMED observations carried out in the sum-
mer of 2012 (Coppola et al., 2018) and for the south-western
region according to Meteor M84/3 observations.

Meteorological parameters including downward radiative
fluxes were taken from the ECMWF (European Centre for
Medium-Range Weather Forecasts) operational forecasts at
1/8◦ horizontal resolution and 3 h temporal resolution based
on daily analyses. River runoffs were considered based on
realistic daily values for French rivers (data provided by
Banque Hydro, http://www.hydro.eaufrance.fr/) and Ebro
(data provided by SAIH Ebro, http://www.saihebro.com),
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and mean annual values for the other rivers. At the Rhône
River mouth, nitrate, ammonium, phosphate, silicate and dis-
solved organic carbon concentrations were prescribed us-
ing in situ daily data (P. Raimbault, MISTRALS database).
These data, combined with those of Moutin et al. (1998) and
Sempéré et al. (2000), were used to estimate dissolved or-
ganic phosphorus and nitrogen and particulate organic mat-
ter concentrations as described in Auger et al. (2011). At the
other river mouths, climatological values were prescribed ac-
cording to Ludwig et al. (2010). Dissolved oxygen concen-
tration at the river mouths was set to values at saturation. The
deposition of organic and inorganic matter from the atmo-
sphere was neglected in this study. Fluxes of inorganic nutri-
ents and oxygen at the sediment–sea interface were consid-
ered by coupling the pelagic model with a simplified version
of the meta-model described by Soetaert et al. (2001). The
parameters of the latter model were set following the mod-
elling study performed by Pastor et al. (2011) for the Gulf of
Lion shelf.

2.1.4 Study area

For analyses and budget purposes, we defined the deep-
convection area as the area where the daily averaged
mixed-layer depth exceeded 1000 m at least once during
wintertime (red contoured area in Fig. 1b), according to
Kessouri et al. (2017, 2018). It covered an area of 61 720 km2

in 2013. The mixed-layer depth is defined as the depth where
the potential density exceeds its value at 10 m depth by
0.01 kg m−3 (Coppola et al., 2017). Heat fluxes and physical
and biogeochemical parameters and fluxes presented in
the following sections correspond to values averaged over
all model grid points included in this area. The budget of
oxygen inventory was computed in two layers based on bio-
geochemistry processes: in the upper layer (from the surface
to 150 m) including the euphotic layer where photosynthesis
influences the dynamics of oxygen and in the underlying
aphotic layer (from 150 m to the bottom) where only respira-
tion and nitrification processes are taken into account in the
model. The maximum depth of the base of the euphotic layer
was defined at 150 m, based on the regional minimum value
of diffuse attenuation coefficient of light at 490 nm derived
from satellite observations (http://marine.copernicus.eu/,
products: OCEANCOLOUR_MED_OPTICS_L3_REP_-
OBSERVATIONS_009_095), and following the studies by
Lazzari et al. (2012) and Kessouri et al. (2018).

2.2 Observations used for the model assessment

2.2.1 Cruise observations

To assess the horizontal and vertical distribution of the sim-
ulated dissolved oxygen concentration, we use in situ obser-
vations collected during two cruises carried out in the frame-
work of the DEWEX project on board the RV Le Suroît: the

first one, DEWEX Leg1, was carried out during the active
phase of deep convection, in February 2013 (Testor, 2013),
and the second one, DEWEX Leg2, was carried out during
the following spring bloom, in April 2013 (Conan, 2013).
In addition, we use observations from the 2013 MOOSE-GE
cruise, conducted during the stratified, oligotrophic season,
in June–July 2013 on board RV Tethys II (Testor et al., 2013).
The dissolved oxygen measurements were performed dur-
ing the DEWEX (Leg1: 74 stations, Leg2: 99 stations) and
MOOSE-GE (74 stations) cruises, using a Sea-Bird SBE43
sensor. The calibration and quality control of the measure-
ments were described by Coppola et al. (2017). The accu-
racy of the measurements was estimated at 2 % of oxygen
saturation, i.e. 4 µmolkg−1. A Winkler analysis performed
on board was used to adjust the SBE43 raw data, as specified
by the GO-SHIP programme (http://www.go-ship.org/).

We also compare our model results with high-frequency
measurements of wind at 10 m and of ocean surface
temperature, salinity (thermosalinograph and conductivity–
temperature–depth (CTD)) and dissolved oxygen concentra-
tion (optode) at 3 m depth using the sea surface water contin-
uous acquisition system (SACES) (Dugenne, 2017) during
the two DEWEX cruises.

2.2.2 Argo floats

To evaluate the temporal evolution of the modelled oxy-
gen inventory, we use data of three Argo-O2 floats (floats
6901467, 6901470, 6901487) deployed in the NW Mediter-
ranean Sea during the preconditioning phase (late November
2012) and the active phase (late January 2013) of dense wa-
ter formation and operational until the end of the study period
(Coppola et al., 2017; Argo, 2020). Dissolved oxygen mea-
surements were made with a standard CTD sensor, equipped
with an oxygen optode with fast time response (Aanderaa
4330). Calibrations of optodes were performed before the
float deployment and also during the deployment using CTD
profiles and seawater samples (Niskin bottles). Details on
float deployment strategy and calibration are given by Cop-
pola et al. (2017). We calculated the oxygen inventory from
1800 m to the surface for floats 6901467 and 6901470 and
only from 1000 m to the surface for float 6901487 due to
poor quality salinity data below this depth.

2.3 Statistical analysis

In order to quantify the performance of the model in its abil-
ity to represent the dynamics of dissolved oxygen for the
study period, we computed four complementary metrics fol-
lowing the recommendations of Allen et al. (2007): (1) the
SD ratio (rσ = σo

σm
where σm and σo are the SD of model

outputs and observations, respectively); (2) the Pearson cor-
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relation coefficient,

R =

1
K

K∑
k=1

(
ymk − y

m
)(
yok − y

o
)

σmσo
,

whereK is the number of observations, yok is the observation
k, ymk is the corresponding model output k, and yo and ym are
the mean of observations and model outputs, respectively; (3)
the normalised root-mean-square error,

NRMSE=

√
1
K

K∑
k=1

(
yok − y

m
k

)2
yo

× 100%;

and (4) the percentage bias (PB= ym−yo

yo
× 100 %). The

model results are compared with the observations at the same
dates and positions.

3 Evaluation of the model

The accurate representation of the winter mixing of water
masses is an essential point for the simulation of the dis-
solved oxygen dynamics in this region, marked by a strong
ventilation of the deep waters that plays a crucial role in its
seasonal cycle (Copin-Montégut et al., 2002; Touratier et al.,
2016; Coppola et al., 2017; 2018). A validation of the hy-
drodynamic part of the simulation is described by Estour-
nel et al. (2016a), who showed similar spatial distribution of
the modelled water column stratification in the entire deep-
convection area, as well as modelled time evolution of the
temperature profile in the centre of the Gulf of Lion open sea
during the winter that is close to the observations.

Furthermore, an assessment of the biogeochemical part
of the coupled model is presented in Kessouri et al. (2017;
2018). These studies showed that the model is able to ac-
curately reproduce the timing and magnitude of the surface
chlorophyll increase during the spring and autumnal blooms,
as well as the concentrations of nutrients and depths of nu-
triclines and the dynamics and depth of the deep chlorophyll
maximum during the stratified, oligotrophic period.

In this study, we focus the evaluation of the coupled model
on its ability to realistically represent the dynamics of dis-
solved oxygen in the deep regions of the NW Mediterranean
Sea. For this purpose, we first compare the model results to
in situ observations from DEWEX and MOOSE-GE cruises
conducted at three key periods: the winter mixing period, the
phytoplankton bloom period and the stratified summer pe-
riod. We then compare the model outputs to Argo data de-
ployed in the area in terms of time evolution of oxygen in-
ventory.

3.1 Comparisons to cruise observations

The comparisons of modelled wind velocity and ocean model
outputs with in situ observations from the high-frequency
SACES are shown in Fig. 2. Modelled wind provided by
ECMWF and used to force the hydrodynamic model and to
calculate the air–sea oxygen flux is highly correlated with
the observations (R = 0.96, p value < 0.01). The low val-
ues of NRMSE (13.9 %) and percentage bias (−0.5 %) show
the accuracy of this variable, found for all ranges of value.
Regarding the surface ocean variables, we obtain statistically
significant correlations equal to 0.64, 0.83 and 0.83 (p value
< 0.01), between observed and modelled values of, respec-
tively, surface temperature, salinity and dissolved oxygen
concentration. The NRMSEs are equal to 2.0 %, 0.3 % and
5.2 %, respectively. The percentage biases remain negligible
for temperature (−0.7 %), salinity (0.002 %) and dissolved
oxygen concentration (−1.2 %).

Figures 3 and 4 compare the observed and modelled dis-
solved oxygen concentration for the stations sampled dur-
ing the DEWEX and MOOSE-GE cruises, respectively, at
the surface (between 5 and 10 m) and along the south–north
transect passing across the convection area (stations encir-
cled in black in Fig. 3). Overall, the simulation correctly re-
produces the spatial and temporal variability of the oxygen
concentration observed at the surface and in the water col-
umn during and between the three cruises. During winter-
time, the model simulates low surface oxygen concentrations
(< 220 µmol kg−1) in the open sea of the Gulf of Lion and the
Ligurian Sea, areas that coincide with the deep vertical mix-
ing regions (Estournel et al., 2016a; Kessouri et al., 2017)
(Fig. 3a and b). Figure 4a shows the oxygen homogenisa-
tion of the whole water column between 41.5 and 42.3◦ N,
the core of the deep-convection area. Concentrations above
240 µmolkg−1 are modelled in the surface layer on the shelf
and in the south at the Balearic front, in accordance with the
observations (Figs. 3a, b and 4a). The model also agrees with
observations showing a layer of low oxygen concentration
(minimum concentration < 185 µmolkg−1 at depths around
500 m) located between 150 and 1500 m, mainly in the LIW
(300–800 m), outside the deep-convection area (Fig. 4a). The
metrics confirm the good agreement between model outputs
and observations with a significant spatial correlation of 0.81
and 0.61 (p value < 0.01), an NRMSE of 5.3 % and 15.7 %,
and a negligible percentage bias of −1.1 % and 0.01 %, re-
spectively, at the surface and along the south–north transect.

During the spring cruise period, the model represents high
dissolved oxygen values (> 240 µmol kg−1) at the surface
throughout the region, as observed (Fig. 3c and d). The in-
crease in modelled oxygen concentration in the surface layer
between both campaigns is in agreement with observations
(Figs. 3a–d and 4a, b). A zone of low oxygen concentra-
tion in the intermediate waters is present in the convection
area in both datasets (Fig. 4b). However, it is worth noting
that this zone of low oxygen concentration is heterogeneous
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Figure 2. Time evolution during DEWEX Leg1 (in February 2013, a, c, d and e) and Leg2 (in April 2013, b, f) cruises of observed
(red) and modelled (blue) (a and b) wind velocity (ms−1), (c) surface temperature (◦C), (d) surface salinity, and (e, f) surface dissolved
oxygen concentration (µmolkg−1). Trajectories of the measurements during DEWEX Leg1 and Leg2 cruises are indicated on inserted maps.
Modelled wind velocity was provided by ECMWF. No surface temperature and salinity data are available over the period of DEWEX Leg2.
The metrics indicated for the modelled wind velocity and surface oxygen concentration were calculated for both DEWEX Leg1 and Leg2
periods.

in its magnitude and thickness both in model outputs and
in observations, and it is not similarly distributed in space
in the model compared to the measurements. At the surface
and along the transect, the spatial correlation coefficients be-
tween modelled and observed dissolved oxygen are equal to
0.59 and 0.30 (p value < 0.01), respectively, the NRMSE to
4.6 % and 19.3 %, respectively, and the percentage biases to
−1.2 % and −4.4 %, respectively.

The north–south gradient, with lower surface concentra-
tions in the south of the deep-convection area, observed dur-
ing the stratified period (i.e. MOOSE-GE cruise period in
June–July), is then well reproduced by the model (Fig. 3e
and f). The minimum zone is more established than in spring
in both in situ data and model results (Fig. 4c). Both sets
of data represent a maximum in the subsurface at depths
around 50 m, close to the deep chlorophyll maximum (shown
in Fig. 5 in Kessouri et al., 2018), although an underesti-
mation of its magnitude is visible between 41.5 and 42◦ N
in the model (Fig. 4c). We find a spatial correlation coeffi-

cient of 0.64 and 0.96 (p value< 0.01), an NRMSE of 3.2 %
and 3.5 %, and a negligible percentage bias (absolute values
≤ 0.4 %) between model outputs and observations at the sur-
face and along the north–south transect, respectively.

The metrics computed using all station data from the three
cruises are given in Table 1. The modelled dissolved oxygen
concentration is significantly correlated with the observed
concentration (R ≥ 0.81, p < 0.01), in particular for the win-
ter period when the pattern of the oxygen distribution appears
to be primarily shaped by deep-convection processes, shown
to be accurately represented by Estournel et al. (2016a). The
model results show low percentage biases (PB < 1 %), low
NRMSE (< 8 %), and SD ratios ranging between 1.13 and
1.35, which indicate a larger variability in the observations
than in the model outputs.
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Figure 3. Surface dissolved oxygen concentration (µmolkg−1) observed (a, c and e) and modelled (b, d and f) over the (a and b) DEWEX
Leg1 (1–21 February 2013), (c and d) DEWEX Leg2 (5–24 April 2013) and (e and f) MOOSE-GE (11 June–9 July 2013) cruise periods.
The black-outlined dots correspond to the measurement stations shown in Fig. 4.

Table 1. Statistical analysis of model results: Pearson correlation coefficient (R), normalised root-mean-square error (NRMSE), percentage
bias (PB) and SD ratio, calculated between modelled dissolved oxygen concentrations and observations from DEWEX winter and spring
cruises and the MOOSE-GE summer cruise and from Argo-O2 platforms.

R NRMSE, % PB, % SD ratio

DEWEX Leg1 0.86 (p < 0.01, n= 2960) 5.6 −0.59 1.34
DEWEX Leg2 0.93 (p < 0.01, n= 3960) 4.9 0.55 1.13
MOOSE 2013 0.81 (p < 0.01, n= 2960) 7.6 0.51 1.35
Float 6901467 0.56 (p < 0.01, n= 5120) 10.3 −0.12 1.37
Float 6901470 0.93 (p < 0.01, n= 4480) 3.0 −0.19 0.99
Float 6901487 0.88 (p < 0.01, n= 4720) 4.1 −0.11 1.01

3.2 Comparison to Argo float data

The model accurately reproduces the magnitude of oxygen
inventory in the water column and its time evolution ob-
served using Argo floats during the study period (Fig. 5).
The model simulates the increase observed between early
December and late February. This increase is estimated at
≈ 20 molm−2 over a layer from the surface to 1800 m,
along the trajectory of the float 6901467 (Fig. 5a), and at

≈ 10 mol m−2 over a layer from the surface to 1000 m, along
the trajectory of the float 6901487 (Fig. 5c), both floats being
located in the Gulf of Lion at that period. The oxygen inven-
tory remains high during the month of March and then de-
creases significantly from early April to early June, in model
outputs and Argo observations. In both datasets, the decrease
reaches up to 20 mol m−2 over 1800 m along the path of the
Argo float 6901470 in the Gulf of Lion (Fig. 5b) and is
less pronounced (≈ 10 molm−2) along the trajectory of the
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Figure 4. Comparison between model outputs and observations on a transect crossing the deep-convection area (stations are circled in black
in Fig. 3a, c and e) over the (a and b) DEWEX (Leg1: 10–12 February 2013, Leg2: 8–10 April) and (c) MOOSE-GE (27 June–5 July
2013) cruise periods. The left column shows observed and modelled profiles at 42 and 40.3◦ N. The right column shows vertical section
of dissolved oxygen concentration (µmolkg−1) along the transect; the model is represented by background colours and observations are
indicated in coloured circles.

float 6901467 in the Balearic Sea (Fig. 5a). More moder-
ate decreases are then simulated and observed until Septem-
ber along all float trajectories. The statistical analysis shows
that, in terms of oxygen inventory, significant correlation co-
efficients are obtained between the model outputs and the
three float observations (0.64<R < 0.83, p value < 0.01),
NRMSEs are smaller than or equal to 2.4 %, and the abso-
lute values of percentage bias are smaller than or equal to
2 % (Fig. 5). In terms of dissolved oxygen concentration in
the water column, we obtain significant correlation coeffi-
cients (0.56<R < 0.93, p value < 0.01), NRMSEs smaller
than 10.5 %, percentage biases smaller than 1 %, and SD ra-
tios close to 1 for floats 6901470 and 6901487 and of 1.37
for float 6901467 (Table 1).

4 Atmospheric and hydrodynamic conditions

In the NW Mediterranean Sea, deep convection takes place
every winter but shows strong interannual variability in its
magnitude and spatial extent. This interannual variability
is partly related to the variability of heat fluxes (Somot
et al., 2016). Over the study period, the convection area
was marked by severe heat loss episodes from late Octo-
ber 2012 to mid-March 2013 (Fig. 6a). In particular, there
was a first short but intense heat loss event (mean heat flux
<−1000 W m−2) at the end of October, followed by several
long northerly wind episodes when heat loss peaks reached
500 Wm−2, during the months of December to February
(late November to mid-December, mid-January, early Febru-
ary and late February). Finally, a last strong heat loss episode
occurred in mid-March after a period of positive heat flux.
The wind velocity averaged over the convection period (15
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Figure 5. The left column shows oxygen inventory integrated from the surface to 1800 m depth (a and b) or 1000 m (c) (mol m−2) in Argo
float measurements (cyan) and model outputs (black) along Argo (a) 6901467, (b) 6901470 and (c) 6901487 float trajectories. The right
column shows trajectories of corresponding Argo float.

January–8 March, 15–24 March) was maximum in the cen-
tre of the Gulf of Lion, where it reached 10 ms−1 (Fig. 7a).
From April onwards, the convection region was mainly char-
acterised by heat gains.

In response to the autumnal heat loss events, the mixed
layer (ML) began to deepen below 50 m at the end of Novem-
ber (Fig. 6b). Its deepening was strongly enhanced in winter
over four periods that coincided with the four episodes of
intense northerly wind associated with heat loss mentioned
above (Fig. 6a and b). Deep convection reached the bottom
layer (≈ 2000 m) in the core of the convection zone (latitude
≈ 42◦ N, 4◦ E< longitude< 5◦ E) in early February, and the
spatially averaged mixed layer reached a maximum depth of
about 1500 m at the end of February (Fig. 6b). At the end
of the main convection event, end of February–early March,
the spatially averaged mixed layer abruptly decreased to less
than 100 m (Fig. 6b). Finally, during the secondary convec-
tion event from 15 to 24 March, it reached almost 800 m.
Figure 7b shows the modelled mixed-layer depth (MLD) av-
eraged over the convection periods. It exceeded 1000 m in a

central area of the Gulf of Lion, between 41.5 and 42.5◦ N
and 3.5 and 7◦ E and was smaller than 500 m in the Ligurian
Sea. From mid-April to the end of the period, the mixed layer
was shallow (depth< 50 m) and its depth remained above the
nutriclines (Kessouri et al., 2017) and the deep chlorophyll
maximum (Kessouri et al., 2018).

5 Results

5.1 Seasonal cycle of dissolved oxygen

The good agreement found between model results and in
situ measurements (Sect. 3) gave us confidence in the model
that we use here to analyse the evolution of the oxygen in-
ventory in the deep-convection area and to quantify the rel-
ative contribution of each oxygen flux in its variation: ex-
changes at the air–sea interface, as well as physical and bio-
geochemical fluxes in the ocean interior. Based on the evo-
lution of vertical mixing and the phytoplankton growth in
the study area, Kessouri et al. (2017) divided the study pe-
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Figure 6. Time series of modelled (a) total heat fluxes (Wm−2),
(b) mixed-layer depth (m), (c) surface oxygen and oxygen solu-
bility (µmol kg−1), (d) air-to-sea oxygen fluxes (mmolm−2 d−1),
(e) downward oxygen transport at 150 m (dark blue) and lat-
eral oxygen transport towards the convection area (light blue)
(mmol m−2 d−1), and (f) biogeochemical oxygen production (see
Eq. 1) (mmol m−2 d−1), spatially averaged over the convection
area (spatial mean in solid line and shaded area for SD). Sources:
ECMWF for heat fluxes, SYMPHONIE/Eco3M-S for the other pa-
rameters and fluxes. The blue shaded area corresponds to the deep-
convection period (period when spatially averaged MLD > 100 m).
Note that the range of the y axis varies for the different oxygen
fluxes, and due to higher values SD for vertical and lateral transport
is not shown.

riod into four sub-periods. The first period from September
to the end of November, which we will refer to as the autumn
period, is characterised by a stratified water column (mean
MLD < 50 m) and respiration dominating primary produc-
tion (Kessouri et al., 2018). The second period, from the end
of November to the end of March, referred to here as the
winter period, is characterised by a sustained vertical mix-
ing (mean MLD> 50 m). The third period, called spring, ran
from late March to early June. It corresponds to the period of
restratification of the water column (Estournel et al., 2016a)
and of the peak of the phytoplankton bloom at the sea sur-
face followed by the formation of a deep chlorophyll maxi-
mum (Kessouri et al., 2018). The last period, summer, from
early June to September, is characterised by a strong stratifi-
cation (mean MLD < 20 m) and the permanent presence of

a deep chlorophyll maximum below 40 m depth (Kessouri et
al., 2018). In the following, we will analyse the dynamics of
dissolved oxygen for these four periods. The time evolution
of daily oxygen budget terms is shown in Fig. 6d–f, while
the time evolution of cumulative oxygen fluxes and the re-
sulting variation in oxygen inventory for the upper (surface
to 150 m) and deeper (150 m to bottom) layers is presented in
Fig. 8. The biogeochemical term of the budget is defined as
the sum of oxygen production through photosynthesis and of
oxygen consumption through respiration by phytoplankton,
zooplankton and bacteria and through oxidation of ammo-
nium (nitrification) (see Eq. 1). The physical term is decom-
posed into two modes of transport: a net lateral transport due
to advection (positive values correspond to an input for the
deep-convection area) and a net vertical downward transport
at the interface between the two layers, at 150 m depth, due
to advection and turbulent mixing. Finally, the time evolution
of the dissolved oxygen concentration and the oxygen satu-
ration anomaly, 1O2, averaged over the convection area is
shown in Fig. 9.

Autumn

From September to the end of November 2012 (91 d),
depth-integrated respiration exceeded depth-integrated pri-
mary production in the upper layer (Fig. 6f). The result of
biogeochemical processes in the water column was a net con-
sumption of oxygen and a decrease of 1.8 mol m−2 in oxygen
inventory (Fig. 8). Lateral transport was low for autumn and
yielded a slight decrease of 0.9 mol m−2 in oxygen inventory
(Fig. 8). The heat loss and vertical mixing caused by the
northerly wind gust at the end of October 2012 led to a de-
crease in surface temperature and consequently to an increase
in oxygen solubility (Fig. 6c). In addition, the vertical mix-
ing reached the depth of the oxygen maximum present in the
subsurface (Fig. 9). This caused its erosion and an increase in
the surface oxygen concentration which was, however, lower
than the oxygen solubility (Figs. 9 and 6c). From this event,
the NW deep-convection area became undersaturated at the
surface (Fig. 9b) and the sea began to absorb atmospheric
oxygen (flux towards the ocean of 80 mmol d−1 on 29 Octo-
ber, Fig. 6d). Over the autumnal period, the cumulative air–
sea oxygen flux amounted to 0.3 molm−2 (Fig. 8a). Globally,
the convection area was characterised by a decrease in oxy-
gen inventory of 2.4 mol m−2, more than two-thirds of which
occurred in the upper layer.

Winter

The winter period was defined from late November 2012
to late March 2013 but can be further divided into two
sub-periods based on the intensity of the vertical mixing
(Kessouri et al., 2017). During the first sub-period, from
the end of November to mid-January (44 d), the mixing in-
tensified, but remained moderate: the ML averaged over
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Figure 7. Modelled (a) wind velocity (ms−1), (b) mixed-layer depth (m) (dark grey lines represent 500, 1000 and 1500 isocontours and
light grey line the contour of the deep-convection area), (c) oxygen saturation anomaly (%) at the surface and (d) air-to-sea oxygen flux
(mmol m−2 d−1), averaged over the 2013 deep-convection period (15 January–8 March; 15–24 March).

Figure 8. Time series from September 2012 to September 2013 of
the oxygen inventory (black line) and cumulative air–sea flux (red
line), downward transport (dark blue), lateral transport (positive val-
ues: input for the convection area, light blue), and biogeochemical
flux (green line) in the (a) upper (surface to 150 m) and (b) deeper
(150 m to bottom) layer. Unit: molm−2.

the deep-convection area remained above the depth of the
maximum euphotic layer (150 m; see Sect. 2.1.3) (Fig. 9).
The vertical mixing induced a supply of inorganic nutri-
ents in the upper layer that supported primary production.
Kessouri et al (2018) identified the beginning of this pe-
riod as the beginning of a first bloom. From mid-December,
the net biogeochemical production of oxygen became pos-

Figure 9. Time evolution of (a) the dissolved oxygen concentra-
tion (µmolkg−1) and (b) the oxygen saturation anomaly (%), with
mixed-layer depth (m) indicated by the black line, all horizontally
averaged over the deep-convection area.

itive in the upper layer (Fig. 6f). However, over this sub-
period, the influence of biogeochemical processes on the
oxygen inventory remained low (−0.3 mol m−2, Fig. 8). Air-
to-sea oxygen flux was marked by several peaks, greater than
250 mmol m−2 d−1 (Fig. 6d), coinciding with cold gales from
the north. Its contribution to the oxygen inventory over this
sub-period amounted to 3.6 mol m−2. Regarding the lateral
oxygen export, it contributed to a loss of 1.3 molm−2. The
sum of the contributions of the different processes in the wa-
ter column and at the air–sea interface yielded an increase in
O2 inventory of 2.0 molm−2 in the water column. A total of
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90 % of this increase occurred in the upper layer, from which
0.7 molm−2 of O2 was exported toward the deeper layers.

The second winter sub-period, from mid-January to late
March (69 d), corresponds to the period of deep convec-
tion. From the middle to the end of January, the surface
water masses previously enriched with oxygen, due to pri-
mary production and air–sea exchanges, were mixed with
the intermediate water masses characterised by a minimum
of oxygen (Fig. 9). From the beginning of February, the ver-
tical mixing intensified, causing a net oxygen transport to-
wards deeper layers (depth > 800 m, Figs. 6e, 8 and 9). O2
concentration decreased significantly at the surface and the
difference between surface oxygen concentration and oxy-
gen solubility deepened further, with the oxygen saturation
anomaly reaching −15 % until the end of the convection pe-
riod (Fig. 9). Over this sub-period, the whole NW convec-
tion area was undersaturated at −10 % to −15 % (Fig. 7c).
Strong undersaturation and wind intensity led to very high
air–sea fluxes. Several peaks reaching 800 mmolm−2 d−1 are
modelled until mid-March (Fig. 6d). The contribution of
air–sea fluxes over this period amounted to 18.0 molm−2

(Fig. 8a). Over the deep-convection period, air–sea oxy-
gen exchanges are characterised by high spatial variability
(Fig. 7d) with a SD of 38 %. The air-to-sea oxygen flux av-
eraged over the deep-convection period varied between 300
and 460 mmolm−2 d−1 in the heart of the convection area
and between 65 and 200 mmolm−2 d−1 in the Ligurian Sea.

With regard to biogeochemical processes, as shown in pre-
vious studies (Auger et al., 2014; Kessouri et al., 2018), zoo-
plankton growth was largely reduced by the deep-convection
process due to a dilution-induced decoupling of prey and
predators. In the upper layer, oxygen production through pri-
mary production exceeded oxygen consumption processes
(respiration, nitrification) (Fig. 6f). In parallel, the export of
organic matter into the intermediate and deep layers dur-
ing deep convection (Kessouri et al., 2018) led to an in-
crease in remineralisation processes (Fig. 6f) and conse-
quently a decrease in oxygen inventory in these aphotic lay-
ers. The sum of biogeochemical fluxes over the entire water
column resulted in a small increase in oxygen inventory of
0.4 mol m−2, negligible compared to that induced by air–sea
fluxes, in consistency with the previous study of Minas and
Bonin (1988).

Over this period, the lateral export of dissolved oxygen
had high values, reaching 220 mmolm−2 d−1 (Fig 6e). In the
upper layer, the total lateral transport over the period was low
(0.5 molm−2), while it is estimated that in the deeper layers
6.7 molm−2 was exported horizontally from the convection
area between mid-February and the end of the convection pe-
riod (Fig. 8b). The downward transport at the base of the up-
per layer showed strong peaks reaching 500 mmol m−2 d−1

(Fig. 6e), concomitant with the peaks of the air-to-sea fluxes
and the deepening of the ML.

The model results indicate that atmospheric oxygen in-
jected at the surface and, to a lesser extent, produced by

phytoplankton or horizontally advected in the upper layer,
was massively transported to the intermediate and deep lay-
ers (20.1 molm−2). It is worth noting that vertical fluxes
showed high spatial variability within the convection area.
Over this period, the lateral transport from the aphotic layer
outside the convection area represents 33 % of the amount
of downward transport. Globally, the different contributions
led to an increase in the water column oxygen inventory of
12.3 mol m−2.

Spring (late March to early June, 74 d)

In spring, net biogeochemical production of O2 remained
high in the upper layer until the bloom peak in mid-April;
afterwards it decreased but generally remained positive until
the end of that period (Fig. 6f). Oxygen consumption through
heterotrophic respiration in the deeper layers also remained
relatively high. The result of biogeochemical contributions
was a small increase of 0.3 molm−2 in the O2 inventory of
the water column.

During this period, primary production led to a sharp
increase in surface oxygen concentration from 220 to
280 µmol kg−1 at the peak of the phytoplankton bloom
(Fig. 6c), and the latter became above saturation in early
April, when the convection area became a source of oxygen
for the atmosphere (Fig. 6c and d). This oversaturation situ-
ation at the surface then persisted until the end of the period.
The model simulates significant outgassing during the bloom
peak (235 mmolm−2 d−1 on 18 April 2013, Fig. 6d) when
the mean saturation anomaly reached a maximum value of
15 % (Figs. 6c and 9). Overall, the convection area released
0.8 molm−2 of oxygen to the atmosphere during spring. Dur-
ing this restratification phase, a moderate oxygen export to
the deep layers is found (3.2 molm−2, Fig. 8). Lateral ex-
port to regions surrounding the convection area continued at
a high rate with a cumulative value of 5.1 mol m−2. Finally,
over this period, the water column in the convection area was
subjected to a 5.7 mol m−2 decrease in its oxygen inventory,
due to the lateral export of oxygen via the spreading of dense
waters in the deeper layers and a slight outgassing to the at-
mosphere.

Summer

During the summer period (87 d), the surface oxygen concen-
tration remained higher than the oxygen solubility (Fig. 6c).
A supersaturated situation occurred in the deep chloro-
phyll maximum zone, due to primary production and a gen-
eral stratification (Fig. 9). We estimate that the ocean re-
leased 1.4 mol O2 m−2 to the atmosphere over this period
(Fig. 8), mainly during moderate northerly gales. Depth-
integrated oxygen-consuming biogeochemical processes ex-
ceeded depth-integrated primary production on average over
this period. The result of biogeochemical fluxes was re-
sponsible for a consumption of 0.8 mol m−2 of oxygen.
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Figure 10. Schematic showing the terms of the annual oxygen
budget (mol O2 m−2) for the north-western Mediterranean deep-
convection area over the period from September 2012 to September
2013. FA–S: air-to-sea flux; FH: net horizontal transport; Fv 150: net
downward transport at the base of the euphotic layer (150 m); FB:
net biogeochemical production; 1

∫
O2: variation in oxygen inven-

tory. Positive fluxes are inputs for the deep-convection zone. The
terms of the budget are estimated for the upper euphotic layer (sur-
face to 150 m) and the deeper aphotic layers (150 m to bottom).

In addition, the convection area continued to export oxy-
gen to the adjacent zone (1.3 molm−2), but at a lower
rate (15 mmolm−2 d−1) than in the two previous peri-
ods (90 mmol m−2 d−1 over the deep-convection period and
69 mmolm−2 d−1 in spring). Finally, the oxygen inventory
decreased by 3.5 molm−2 in the whole water column of the
deep-convection area (Fig. 8).

5.2 Annual oxygen budget

Figure 10 illustrates the oxygen budget of the NW Mediter-
ranean convection area over the period September 2012 to
September 2013. At the annual scale, the deep-convection
area is a net sink of oxygen for the atmosphere, estimated at
20.0 mol O2 m−2. A total of 88 % (17.7 mol O2 m−2) of this
amount was injected into the ocean interior during the period
when the deep-convection process took place.

The annual net biogeochemical production of oxygen in
the euphotic layer (0–150 m) is estimated at 1.6 mol O2 m−2.
The net annual NCP (net community production, defined
as gross primary production minus community respiration
in the euphotic zone) is estimated at 3.9 mol O2 m−2 yr−1,
yielding autotrophy in this area. In the deeper layers (150 m–
bottom) an oxygen consumption of 3.8 mol O2 m−2 was as-
sociated with respiration of heterotrophic organisms by 70 %
and oxidation of ammonium by 30 %. This led to an annual
net biogeochemical consumption of 2.2 mol O2 m−2 over the
whole water column.

The model indicates that 27.1 molm−2 of O2 was exported
from the upper layer to deeper layers. This net transport to-

ward the bottom occurred during 68 % of the events of deep
vertical mixing of oxygen-rich surface waters with oxygen-
poor underlying waters. Finally, the budget shows that the
deep-convection area appears as a net source for dissolved
oxygen for the rest of the western Mediterranean Sea with
an annual net horizontal transport of 15.0 mol O2 m−2. This
transport breaks down into an input of 5.3 mol O2 m−2 in the
upper layer and an export of 20.3 mol O2 m−2 in the deeper
layer.

At the end of the annual cycle, a negligible decrease
(0.3 mol m−2, i.e. 0.05 %) in the oxygen inventory of the up-
per euphotic layer is found, while 3.1 molm−2 (i.e. 0.66 % of
the inventory) was stored in the deeper water masses.

6 Discussion

6.1 Air–sea oxygen flux

Our model results indicate that the NW Mediterranean deep-
convection area was a net sink for the atmospheric oxy-
gen at a rate of 20.0 mol m−2 yr−1 between September 2012
and September 2013 and at a rate of 280 mmolm−2 d−1

(17.7 mol m−2 over 63 d) during the 2013 deep-convection
period. Inside the area, the annual air–sea flux shows
strong spatial heterogeneity, with a range extending from
2.7 mol m−2 yr−1 at the periphery to 36.0 molm−2 yr−1 in
the centre. Considering its sea surface area (61 720 km2),
the NW deep-convection zone received 1233 Gmol of oxy-
gen from the atmosphere over the period September 2012
to September 2013, including 1090 Gmol during the win-
ter 2013 intense vertical mixing period. We showed that the
strong oxygen ingassing was essentially driven by a high un-
dersaturation (<−10 %) and intense northerly winds during
the deep-convection period.

Nevertheless, uncertainties in the net uptake rate remain.
First, uncertainties are linked to errors in modelled ocean
surface variables (dissolved oxygen, temperature and salin-
ity) and wind velocity used for the calculation of the air–
sea flux. The comparisons of model results with in situ high-
frequency measurements at the surface during the period of
maximum flux (deep-convection period) indicate a bias of
less than or close to 1 % and a NRMSE smaller than 14 %
for the wind velocity, surface temperature, salinity and oxy-
gen concentration (Sect. 3.1). A second source of uncer-
tainty is linked to the parameterisation chosen for the cal-
culation of the gas transfer velocity. In the standard run, we
used the cubic dependence with wind speed parameterisa-
tion proposed by Wanninkhof and McGillis (1999). Sensitiv-
ity analyses were performed using eight other parameterisa-
tions for the calculation of air–sea flux (Wanninkhof, 1992,
2014; Woolf, 1997; Nightingale et al., 2000; Wanninkhof et
al., 2009; Stanley et al., 2009; Liang et al., 2013; Bushin-
sky and Emerson, 2018; see Sect. 2.1.2). Estimates of annual
air–sea flux, as well as flux and amount of atmospheric oxy-
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gen captured by the study area during the deep-convection
period, calculated with all these parameterisations are gath-
ered in Table 2. All estimates show a net sink for atmo-
spheric oxygen for the study area. They range from 14.2 to
21.5 molm−2 yr−1 at the annual scale, with a mean value of
17.7±2.8 molm−2 yr−1, and from 188 to 285 mmolm−2 d−1,
with a mean value of 242± 38 mmolm−2 d−1, during the
deep convection. Both estimates in the standard run are
in the upper range of all estimates. Considering all es-
timates, we determine an uncertainty (SD) of 15 %–16 %
for the annual and convection period air–sea flux. This un-
certainty, associated with the parameterisation of the gas
transfer velocity, propagates to the estimates of vertical
and lateral transport of oxygen in the ocean interior. De-
pending on the gas transfer parameterisation used, at the
annual scale, downward export below the euphotic zone
ranges from 22.0 to 27.9 molm−2 yr−1 (mean value: 25.1±
2.2 molm−2 yr−1), and lateral transport ranges from 4.8 to
6.1 mol m−2 yr−1 (mean value: 5.6± 0.5 molm−2 yr−1) in
the euphotic layer and from −17.1 to −20.6 molm−2 yr−1

(mean value:−19.0±1.3 molm−2 yr−1) in the aphotic layer.
During the deep-convection event, downward export below
the euphotic zone ranges from 223 to 302 mmol m−2 d−1

(mean value: 265± 30 mmolm−2 d−1). The uncertainty on
the transport terms of the annual budget thus remains smaller
than 12 %. The values of the NRMSE between cruise ob-
servations and modelled dissolved oxygen from sensitivity
tests are found very close to the NRMSE obtained for the
standard run. Slightly smaller NRMSE values (≈ 10 %) are
found only for the winter DEWEX-Leg1 cruise period using
the parameterisations of Wanninkhof and McGillis (1999),
Woolf (1997), Stanley et al. (2009), and Liang et al. (2013),
which give a higher oxygen transfer than the other parame-
terisations. Previous studies on oxygen air–sea flux in deep-
convection zones recommended the use of parameterisations
with high transfer during periods of strong wind and con-
vection (Copin-Montégut and Bégovic, 2002; Körtzinger et
al., 2008b; Koelling et al., 2017; Atamanchuk et al., 2020).
Atamanchuk et al. (2020), comparing flux estimates based
on several parameterisations, found that these flux estimates
may vary by an order of magnitude and warned of the pos-
sibility of a strong underestimation of air–sea oxygen flux in
biogeochemical models that do not include bubble-mediated
terms. In our study, the range of estimates obtained with
both types of parameterisations, those that are only diffu-
sive and those that include bubble-mediated terms, is similar.
Although the parameterisation of Wanninkhof and McGillis
(1999) used in our standard run does not include an ex-
plicit bubble-mediated transfer term, it provides estimates
of air–sea fluxes close to those obtained with the bubble-
flux-inclusive one of Stanley et al (2009), preferred by Ata-
manchuk et al. (2020) in their Labrador Sea study. The strong
undersaturation obtained in the north-western Mediterranean
during the convection period, between −10 % and −20 %,
may explain a greater contribution of the diffusive flux com-

pared to the air injection by bubbles. Moreover, winter condi-
tions are less extreme than in the Labrador Sea where strong
wind speeds of more than 13.8 m s−1 were encountered for
at least 40 d. In the NW Mediterranean Sea and in winter
2012/13, only 13 % of the convection area was characterised
by a number of days with wind speeds > 13.8 m s−1 varying
between 30 and 35 d. An experimental study of flux measure-
ments in this region over a whole year would allow a better
assessment of the contribution of air injection in the total air–
sea flux and hence of the different parameterisations of gas
transfer.

Previous studies based on in situ observations have pro-
posed estimates for the air–sea oxygen flux in the study
area. Our modelled seasonal cycle of air–sea oxygen flux
agrees with the results of Copin-Montégut and Bégovic
(2002) and Coppola et al. (2018) in the Ligurian Sea, at
the DYFAMED site, who observed an annual cycle with a
net ingassing from December to March and net outgassing
from April to November. In the Ligurian Sea the deep-
convection process does not occur each winter. When oc-
curring, it is generally shorter and shallower than in the
centre of the Gulf of Lion, the core of dense water forma-
tion. Coppola et al. (2018) using temperature, salinity and
oxygen monthly profiles and the gas transfer parameterisa-
tion of Ho et al. (2006) estimated for the period 1994–2014
a monthly air-to-sea flux varying from −15.1 to 14.8 mol
O2 m−2 yr−1, with an annual mean value of −2.6 mol O2
m−2 yr−1. Over this 20-year period, the authors identified
one winter, winter 2005/2006, with intense vertical mixing
reaching the deep layers, and four winters (1999, 2000, 2006
and 2013) with moderate vertical mixing reaching intermedi-
ate depths. From the difference in O2 inventory between De-
cember 2005 and April 2006, they deduced that 24 molm−2

of atmospheric O2 was injected between 350 and 2000 m at a
rate of 300 mmol m−2 d−1. At the same site, Copin-Montégut
and Bégovic (2002) estimated an air–sea ingassing of 5 and
2.6 mol O2 m−2, respectively, for the moderate cold win-
ters 1999 (for 26 d, rate of 190 mmolm−2 d−1) and 2000 (for
23 d, rate of 110 mmol m−2 d−1), respectively, using in situ
surface measurements of oxygen in winter and the formula-
tion of gas transfer velocity from Wanninkhof and McGillis
(1999). Those estimates were twice as small as their obser-
vation of variation in the oxygen content in the first 600 m
of depth, namely 11 and 15 mol m−2 (in 1 month) for win-
ters 1999 and 2000, respectively. Those authors suggested an
underestimation in their estimates due to low-frequency mea-
surements and an underestimation of the gas transfer coeffi-
cient. At the same location, for the study period, we found
a net oxygen ingassing of 9.2 mol m−2 yr−1 at the annual
scale and 135 mmol O2 m−2 d−1 during the period of deep-
convection events (63 d) (Fig. 7d). Thus our calculation of
atmospheric oxygen uptake in the Ligurian Sea is close to
the ones of Copin-Montégut and Bégovic (2002) for moder-
ate convective winters. Our estimates in the centre of the Gulf
of Lion, where convection reached the deep waters, with val-
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Table 2. Estimates of air-to-sea oxygen flux (FA–S) for the period September 2012–September 2013 and during the deep convection (15
January–8 March, 15–24 March), using different parameterisations of gas transfer velocity.

Gas exchange parameterisation Annual FA–S
mol O2 m−2 yr−1

FA–S and amount exchanged at the air–sea in-
terface during the 2013 deep-convection event
mmol O2 m−2 d−1 – mol O2 m−2

Wanninkhof and McGillis (1999) (used in the standard run) 20 280–18
Wanninkhof et al. (1992) 18 247–16
Woolf (1997) 20 279–18
Nightingale et al. (2000) 15 207–13
Wanninkhof et al. (2009) 15 212–13
Stanley et al. (2009) 21 285–18
Liang et al. (2013) 20 270–17
Wanninkhof et al. (2014) 15 214–14
Bushinsky and Emerson (2018) 14 188–12
Mean (SD) 18 (3) 242 (38)–15 (2)

ues of 20–28 mol O2 m−2 during deep convection are also
close to the estimate by Coppola et al. (2018) for the intense
vertical mixing winter 2005/2006 in the Ligurian Sea.

Finally, our model calculation of air–sea oxygen flux
for the NW Mediterranean is in the same range found for
other worldwide deep-convection areas. At the centre of
the Labrador Sea, Körtzinger et al. (2008b) found an an-
nual air–sea ingassing of 10.0± 3.1 mol O2 m−2 yr−1 over
the period 2004/2005, using in situ observations at the K1
mooring site and the Wanninkhof (1992) parameterisation.
By quantifying the relative contribution of biogeochemical
and lateral fluxes, Koelling et al. (2017) estimated an oxy-
gen ingassing of 29.1± 3.8 molm−2 over winter 2014/2015
at the same mooring site K1. Wolf et al (2018) derived
from Argo float observations in the Labrador Sea mean air–
sea fluxes with a large range of values varying from 5.7
to 22.8 molm−2 yr−1 using various parameterisations. Using
parameterisations including bubble-mediated fluxes (Liang
et al., 2013; Yang et al., 2017), their estimates of atmo-
spheric oxygen uptake ranged from 21.6 to 36.6 molm−2

for the convective winter 2003/2004. Based on measure-
ments of oxygen from a moored profiler and Argo floats and
on the Stanley et al. (2009) parameterisation, Atamanchuk
et al. (2020) estimated an annual air–sea flux of oxygen
of 19.3± 3.4 molm−2 yr−1 for the year 2016/2017. For the
Irminger Sea, Maze et al. (2012) estimated an abiotic air–
sea oxygen flux of 13± 3 molm−2 yr−1 for the years 2002,
2004 and 2006, using an optimisation method and observa-
tions from three surveys and Word Ocean Atlas 2009.

6.2 The role of the NW deep-convection area in the
ventilation of the western Mediterranean Sea

Open-sea convection and shelf dense water cascading
(Canals et al., 2006; Ulses et al., 2008b) in the NW Mediter-
ranean are the main mechanisms for the ventilation of the
entire western Mediterranean Sea. Over the past decades,
several observational studies reported increases in O2 con-
centration in deep water masses at several sites in the west-
ern Mediterranean where deep convection did not occur and
where winter vertical mixing was limited to surface or inter-
mediate levels. Coppola et al. (2018) associated the high con-
centrations of O2 observed in deep layers of the Ligurian Sea
in 1994 and 2005, when convection was limited to intermedi-
ate waters, with the arrival of deep water formed in the open
sea of the Gulf of Lion or formed on the Gulf of Lion shelf
and cascading down to the deep basin. Using measurements
from five cruises, Schroeder et al. (2008a) documented an
abrupt increase in heat, salt and O2 inventory of deep waters
in an extensive area of the western Mediterranean, occurring
in 2005 and 2006. The authors attributed these changes, re-
ferred to as the western Mediterranean Transient (hereafter
WMT; Zunino et al., 2012), to the propagation of the new
dense waters formed in the NW deep-convection area during
the winters 2004/2005 and 2005/2006, when severe weather
conditions caused intense dense water formation (Lopez-
Jurado et al., 2005; Schroeder et al., 2006). The study of
Schroeder et al. (2008a) showed the presence of these new
O2-rich deep waters in the Balearic Sea, the Ligurian Sea and
in the Algerian sub-basin in June 2005 and their propagation
to the whole Algerian sub-basin and the west of the Albo-
ran Sea in October 2006. New oxygenated waters were also
observed in the entire deep layers of the Algerian sub-basin
in 2011 (Schneider et al., 2014; Stöven and Tanhua, 2015),
2014 (Keraghel et al., 2020), 2016 and 2018 (Li and Tanhua,
2020). Moreover, the results of Li and Tanhua (2020) showed
a ventilation of the deep waters of the Tyrrhenian Sea through
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an overflow of well-oxygenated water masses from the Alge-
rian basin into the deep layer, between 2011 and 2016.

Somot et al. (2016) found that winter 2012/13 is one of
the five winters over the 33-year period 1980–2013 show-
ing high dense water formation rates (above 0.6 Sv), using
the CNRM-RCSM4 model. According to their estimates,
the cumulative volume of dense water formed over the win-
ters 2011/2012 (0.45 Sv) and 2012/13 (0.7 Sv), amounting to
1.15 Sv, may be close to the volume of dense water formed
in winter 2004/2005 of 1.2 Sv. As a result, these successive
2012 and 2013 deep-convection events could have been re-
sponsible for a similar ventilation as the one observed after
the event of 2005 (Schroeder et al., 2008b; Schneider et al.,
2004; Stoven and Tanhua, 2015), assuming similar air–sea
exchanges.

Our modelling study indicates that, over the period
September 2012 to September 2013, the upper layer of the
NW deep-convection area captured 5.3 mol O2 m−2 from
the surrounding regions, in addition to the 20.0 molm−2 of
oxygen from the atmosphere, while the deeper layers re-
leased 20.3 molm−2 toward the adjacent seas (Sect. 5.2).
Considering the deep-convection surface area of 61 720 km2,
the lateral transport led to a gain in the upper layer
of 330 Gmolyr−1 in the convection area and a loss of
1250 Gmolyr−1 towards the adjacent deep areas. As a
result, the NW convection area appears as a source of
920 Gmolyr−1 of oxygen for the rest of the western basin
for the period 2012/13. Lateral O2 inputs in the upper layer
occurred mainly from February to September with two peak
periods, in early March, a calm period between two convec-
tive events, and in April, during restratification. These im-
ports were mainly related to eddies produced by the baro-
clinic instability that was triggered at the periphery of the
convection zone when strong wind ceased (Killworth, 1976;
Testor et al., 2018). These inputs from the peripheral zone
contributed to the vertical export of oxygen to the aphotic
layer. First in the short term, the oxygen imported between
two convection events was exported at depth by the follow-
ing events. At longer timescales (April–September), the con-
vection area was also fed by the peripheral zones and in
turn produced a vertical export to the aphotic layer. These
exchanges were of lower intensity and concerned shallower
layers but are not negligible when integrated over the year.
Regarding the lateral transport in the deeper layer, our model
outputs show that the O2-rich dense waters formed in the
NW deep-convection area propagated towards the Balearic
Sea, first at intermediate depths (150–800 m) from the be-
ginning of the winter mixing period and then through deep
layers (800 m to bottom) from mid-February (not shown).
These water masses then mostly flowed towards the south
of the western basin, while a smaller part was advected back
in the convection area through mesoscale circulations coun-
teracting the effect of the intrusions of low-oxygen LIW
during the restratification period, in increasing the oxygen
inventory of intermediate waters (not shown). A preferen-

tial pathway to the south of the basin was the one along
the eastern coast of Minorca in the Algerian sub-basin, in
agreement with previous observational and modelling stud-
ies that examined the spreading of waters formed in winter
in the NW region (Pinot and Ganachaud, 1999; Schroeder
et al 2008b; Beuvier et al., 2012). Our simulated circulation
of oxygen in the western basin is also consistent with the
study of Piñeiro et al. (2019), who reported the arrival of new
dense water masses formed in the deep-convection area east
of Minorca over the 2011–2013 period using temperature and
salinity observations at the hydrographic stations RADMED.
In our model outputs, the offshore Balearic Sea (bathymetry
> 1000 m, surface area: 19 700 km2) and Algerian sub-basin
(bathymetry > 1000 m, surface area: 171 610 km2) experi-
enced an increase in their oxygen inventory, during and after
the NW deep-convection events, receiving oxygen through
lateral transport (271 and 1276 Gmol, respectively) while the
amounts of oxygen captured at the air–sea interface during
the period of intense vertical mixing were smaller in those
areas than in the NW deep-convection area by a factor of 10
and 3, respectively (i.e. 104 and 385 Gmol versus 1090 Gmol
for the NW deep-convection area). This suggests that an im-
portant part of the oxygen absorbed at the air–sea interface
of the NW deep-convection area, exported first vertically to-
wards its deeper layers and then horizontally towards the ad-
jacent regions, was stored, at least temporarily, in the Alge-
rian sub-basin.

Finally, our results demonstrate that the total oxygen sup-
ply by air–sea exchanges in the NW deep-convection region
for the period 2012/13 (1233 Gmolyr−1), which was then
mainly released to adjacent seas in the aphotic layer, con-
stitutes a major source of oxygen at the scale of the whole
Mediterranean Sea. Indeed this supply is close to the biogeo-
chemical oxygen consumption within the Mediterranean Sea
estimated at 1545 Gmolyr−1 by Huertas et al. (2009) using
in situ measurements at the Strait of Gibraltar over the period
2005–2007.

The present study of the period 2012/13 constitutes a first
step in our analysis and quantification of the oxygen budget
for the western Mediterranean Sea. Previous observational
studies (Coppola et al., 2018; Mavropoulou et al., 2020) over
periods of 20 years or more showed that the mean oxygen
concentration in the western Mediterranean and in particu-
lar in the NW deep-convection area is subjected to a strong
interannual variability, mainly in response to the variabil-
ity of deep convection, the latter being influenced by tran-
sient changes such as the WMT event. A deeper analysis of
the physical processes involved in the vertical and horizontal
transport in the convection zone as well as of the spreading of
the oxygen-enriched dense waters, formed in the NW deep-
convection area, in the western basin and toward the Atlantic
Ocean through the Gibraltar Strait will be conducted in fur-
ther studies using a numerical simulation with extended do-
main and period.
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6.3 Net community production

Our budget calculation shows that in this region charac-
terised by intense vertical mixing the biogeochemical terms
remained very low compared to the air–sea oxygen flux over
the period 2012/13. Our modelling results indicate that the
net biogeochemical production of oxygen in the euphotic
layer was positive from mid-December to the end of July
and negative the rest of the year. It was maximum during
the spring bloom from mid-March to mid-April. We estimate
a net annual NCP (in the upper layer) of 46.8 g C m−2 yr−1

(3.9 molO2 m−2 yr−1; see Eq. 1). This indicates a net autotro-
phy for the euphotic layer of the NW Mediterranean deep-
convection area over the period September 2012–September
2013. If consumption of oxygen through nitrification is con-
sidered, net biogeochemical production amounted to 1.6 mol
O2 m−2 yr−1. It is worth noting that nitrification, discussed
in Kessouri et al. (2017), who estimated a nitrogen budget
using the same coupled model, accounts only for 7 % of the
total oxygen consumption but for 60 % of the NCP, suggest-
ing that this process should be considered when estimating
NCP from oxygen concentration.

Our value of NCP is higher than the net downward export
of organic carbon at the base of the euphotic layer estimated
at 35 g C m−2 yr−1 (25 g C m−2 yr−1 for particulate organic
carbon and 10 g C m−2 yr−1 for dissolved organic carbon) by
Kessouri et al. (2018) over the same period and using the
same coupled model. Also using the same coupled model,
Kessouri et al. (2017), who analysed the nitrogen cycle over
the study period, obtained a new primary production varying
from 65 to 77 g C m−2 yr−1 in the deep-convection zone. By
analysing the carbon, nitrogen and oxygen cycles, the NW
deep-convection region is always found to be an autotrophic
ecosystem. The discrepancies in magnitude obtained depend-
ing on the element considered reflect different dynamics for
these elements in the euphotic layer, possibly due to vari-
able O2 : C : N ratios in biogeochemical production and con-
sumption processes as shown by Copin-Montégut (2000) in
the Ligurian Sea using high-frequency measurements.

Our estimate of NCP is smaller than the estimate of
85.2 g C m−2 yr−1 in the Ligurian Sea at the DYFAMED site
over the period 1994–2014 by Coppola et al. (2018) using
monthly observations. It is close to the estimate by Ulses
et al. (2016) of 42.8 g C m−2 yr−1 over the period 2003–
2008 using the same numerical model and considering an
area extending to the whole offshore NW Mediterranean
and a 100 m thick upper layer. It is also similar to the pre-
vious estimates of new primary production by Severin et
al. (2014) varying from 46 to 63 g C m−2 yr−1 over the pe-
riod February–March 2011, based on in situ nutrient concen-
trations.

NCP is often used to estimate the strength of the biologi-
cal pump and the potential capacity of a system to capture at-
mospheric CO2. Although the NW deep-convection pelagic
ecosystem appears as a net annual sink for atmospheric CO2

from our modelling results and previous studies (Coppola et
al., 2018; Ulses et al., 2016), the role of this region in terms of
carbon sequestration remains highly uncertain. Deep convec-
tion generates a strong downward transport of organic car-
bon below the euphotic layer (Ulses et al., 2016; Kessouri
et al., 2018). A large amount of organic carbon transferred
below the euphotic zone is then consumed and deminer-
alised after deep convection (Santinelli et al., 2010), lead-
ing to an increase in CO2 inventory into the deeper reservoir
that could be raised back in the euphotic layer during the
following deep-convection events as shown in the Atlantic
Ocean by Körtzinger et al. (2008a) and in the Pacific Ocean
by Palevsky et al. (2016). Episodes of oversaturation of sea
surface pCO2 related to atmospheric pCO2 were reported
during short wind gusts and intense vertical mixing events
in the Ligurian Sea (Copin-Montégut et al., 2004; Merli-
vat et al., 2018) and in the central Gulf of Lion open sea
(Touratier et al., 2016). The authors explained those oversat-
uration episodes by the increase in CO2 concentration at the
ocean surface induced by the mixing of surface CO2-poorer
waters with deep CO2-rich waters. Those punctual observa-
tions suggested short releases of CO2 by the ocean induced
by deep convection. On the other hand, using a 0.5◦ reso-
lution array of coupled 1D hydrodynamic–biogeochemical
models of the upper layer in the Mediterranean Sea over
the period 1998–2004, D’Ortenzio et al. (2008) estimated
that the NW region is a sink for atmospheric CO2 in win-
ter and at the annual scale (between 12 and 24 g C m−2 yr−1)
and found that biogeochemical processes dominate air–sea
exchanges and mixing processes in this region most of the
year. In another region of deep convection, the Labrador Sea,
DeGrandpre et al. (2006) and Körtzinger et al. (2008b) also
found an annual uptake of atmospheric CO2 that amounted
to 55.2 g C m−2 yr−1 for the period 2000–2001 and 32.4±
9.6 g C m−2 yr−1 for the period 2004–2005, using mooring
observations (and also a 1D biogeochemical model for De-
Grandpre et al., 2006).

In the study area, our results show that lateral transport
dominated the budget of oxygen during the restratification
period when deep dense waters spread in the western basin
and LIW reintegrated the deep-convection zone. This sug-
gests that coupled 3D biogeochemical–physical models, in-
cluding a carbonate system module, could be useful tools to
complete the previous 1D studies of dissolved inorganic car-
bon dynamics and integrate on an annual scale the exchanges
at the air–sea interface by taking into account lateral transport
and mesoscale structures influencing the spreading of water
masses and their compounds during convection and restrati-
fication phases and impacting the budgets.
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7 Conclusions

Our study is the first attempt to describe the seasonal cy-
cle of dissolved oxygen and to estimate the oxygen budget
over the whole NW Mediterranean deep-convection area, us-
ing a high-resolution coupled 3D physical–biogeochemical
model. The assessment of the model results using in situ
measurements from DEWEX and MOOSE-GE cruises and
from Argo-O2 floats shows the ability of the model to cap-
ture the main spatial and temporal variability of dissolved
oxygen observed. From our modelling results, the following
conclusions can be drawn for the period 2012/13.

– The seasonal cycle of surface dissolved oxygen in this
area exhibited a winter period with strong undersatura-
tion due to a decrease in temperature and surface dis-
solved oxygen concentration, induced by strong heat
loss and vertical mixing of surface O2-rich waters with
the underlying low-O2 waters. The undersaturation av-
eraged over the whole area indeed reached −15 % dur-
ing the deep-convection event. During the stratified pe-
riod, an oversaturation situation occurred with a maxi-
mum surface value of 15 % during the peak of the spring
bloom.

– The NW Mediterranean deep-convection area acted as
a large sink for atmospheric oxygen. We estimate that
the area captured 20 mol m−2 yr−1 of atmospheric oxy-
gen at the annual timescale. An uptake of 18 molm−2

of atmospheric oxygen, which equals 88 % of the an-
nual uptake, took place during the deep-convection pe-
riod. This uptake is characterised by high spatial vari-
ability, with a SD of 38 % in this area including the open
sea of the Gulf of Lion and Ligurian Sea. The magni-
tude of the uptake is maximum inside a central zone
of the Gulf of Lion where the average over the deep-
convection period (63 d) reached a rate ranging between
300 and 460 mmol O2 m−2 d−1.

– The NW Mediterranean deep-convection area acts as
a conveyor of atmospheric oxygen, as well as of oxy-
gen produced in the upper layer, both locally and in the
surrounding areas, towards the intermediate and deep
layers of the western Mediterranean Sea. Based on the
rate of dense water formation (Somot et al., 2016), the
ventilation due to deep convection in the NW area in
2012/13 may represent half of the ventilation observed
in 2004/2005 by Schroeder et al. (2008a). The magni-
tude of atmospheric O2 uptake and lateral transport to
the adjacent regions in the aphotic layers in 2012/13 is
close to the magnitude of the oxygen consumption of
the whole Mediterranean Sea estimated by Huertas et
al. (2009).

– Sensitivity tests to the parameterisation of the gas trans-
fer velocity yield an estimate of the budget term (air–

sea exchanges and transport terms) uncertainty of 12 %–
16 %.

– As expected for this very energetic region, the annual
budget of oxygen is clearly dominated by air–sea ex-
changes and physical transport over convective years
such as 2012/13. The net biogeochemical production in
the euphotic zone is estimated to account for 10 %, i.e.
2 mol O2 m−2 yr−1, of the net atmospheric oxygen up-
take. In deeper depths, heterotrophic organisms’ respi-
ration and nitrification resulted in an oxygen consump-
tion of 4 mol m−2 yr−1.

– The NW Mediterranean deep-convection area is found
to be an autotrophic ecosystem with an annual NCP (in
the 150 m upper layer) estimated at 47 g C m−2 yr−1.

The high interannual variability of deep convection in the
NW Mediterranean (Houpert et al., 2016; Somot et al., 2016)
suggests a high variability of the oxygen budget. Further
modelling at pluri-annual and multi-decadal scales is thus
needed to investigate the interannual variability of the annual
budget over the whole western basin, as well as the evolution
of this budget under climate warming, the effects of which
could have been masked for the time being by the significant
impacts of climatic transient shifts such as WMT according
to Mavropoulou et al. (2020).
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The seasonal variability of the carbonate system in the eastern Mediterranean Sea
(EMed) was investigated based on discrete total alkalinity (AT ), total dissolved inorganic
carbon (CT ), and pH measurements collected during three cruises around Crete
between June 2018 and March 2019. This study presents a detailed description of
this new carbonate chemistry dataset in the eastern Mediterranean Sea. We show that
the North Western Levantine Basin (NWLB) is unique in terms of range of AT variation
vs. CT variation in the upper water column over an annual cycle. The reasons for this
singularity of the NWLB can be explained by the interplay between strong evaporation
and the concomitant consumption of CT by autotrophic processes. The high range of
AT variations, combined to temperature changes, has a strong impact on the variability
of the seawater pCO2 (pCO2

SW ). Based on Argo float data, an entire annual cycle
for pCO2

SW in the NWLB has been reconstructed in order to estimate the temporal
sequence of the potential “source” and “sink” of atmospheric CO2. By combining
this dataset with previous observations in the NWLB, this study shows a significant
ocean acidification and a decrease in the oceanic surface pHT

25 of −0.0024 ± 0.0004
pHT

25 units.a−1. The changes in the carbonate system are driven by the increase of
atmospheric CO2 but also by unexplained temporal changes in the surface AT content.
If we consider that the EMed will, in the future, encounter longer, more intense and
warmer summer seasons, this study proposes some perspectives on the carbonate
system functioning of the “future” EMed.

Keywords: carbonate system, Mediterranean Sea, acidification, CO2 fluxes, Levantine Sea, inorganic carbon
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INTRODUCTION

Since the beginning of the industrial era, the rise in atmospheric
CO2 due to anthropogenic activities is considered to be the
main factor responsible for current climate change (IPCC, 2018).
The ocean plays a significant role in modulating atmospheric
CO2 as it has sequestrated ca. 31% of the global anthropogenic
CO2 emissions in the past few decade (Gruber et al., 2019).
Between 2009 and 2018, the ocean CO2 sink was estimated
to be equal to 2.5 ± 0.6 PgC.a−1 (Friedlingstein et al.,
2019). Ocean CO2 uptake induces an increase in hydronium
ion concentration (i.e., a decrease in oceanic pH) commonly
referred as ocean acidification (Doney et al., 2009). This ocean
acidification represents a significant threat to marine organisms
(Kroeker et al., 2013) and is likely to affect marine ecosystems
(Feely et al., 2004).

The marginal Mediterranean Sea (MedSea) is a singular
oceanic basin in terms of carbonate chemistry and deserves
specific study. Due to the relatively short residence time of
its water masses, this semi-enclosed, basin is considered to
be more reactive to external forcing than other oceanic areas
(Durrieu de Madron et al., 2011). The warm and highly alkaline
waters absorb CO2 from the atmosphere and transport it to the
interior by active overturning circulation (Schneider et al., 2010;
Álvarez et al., 2014). Indeed, while representing only 0.3% of
the global oceanic volume, the anthropogenic carbon content
of the MedSea was estimated to represent 1.1% of the world’s
ocean content in 1994 (Schneider et al., 2010; Lee et al., 2011).
Moreover, several studies have reported a marked decline in
the pH of the MedSea over the last few decades (e.g., Touratier
and Goyet, 2011; Hassoun et al., 2015b; Palmiéri et al., 2015;
Flecha et al., 2019).

Detailed descriptions of the circulation and water masses
of the MedSea can be found in Millot and Taupier-Letage
(2005), Bergamasco and Malanotte-Rizzoli (2010), and
Durrieu de Madron et al. (2011). The water masses of
the Eastern Mediterranean Sea (EMed) are warmer, more
haline, more oxygenated and more alkaline than those in
the Western Mediterranean Sea (WMed) (Álvarez et al.,
2014). The EMed water column can be schematically divided
into three layers: (1) The surface layer, filled with Modified
Atlantic Waters (MAW) with specific regional and seasonal
characteristics [e.g., Levantine Surface Waters (LSW)]; (2)
Intermediate waters characterised, in the presence of MAW,
by a local salinity maximum and generally described by the
generic name Levantine Intermediate Waters (LIW); (3)
The Eastern Mediterranean Deep Waters (EMDW), mostly
retained in the EMed, consisting of a mixture of Adriatic
Deep Waters (AdDW) and Aegean Deep Waters (AeDW).
EMDW have undergone drastic changes over the last few
decades (known as the Eastern Mediterranean Transient;
Roether et al., 1996).

The MedSea is already exhibiting a consistent ocean
acidification trend as a direct consequence to oceanic CO2
uptake. It is therefore important to observe carbonate chemistry
over sustained time-series to understand the long-term changes

in ocean chemistry. The seasonal dynamics of the carbonate
system, crucial in understanding the variability in the air-
sea CO2 exchanges, also requires these important time-series
observations. When compared to other oceanic areas, including
the WMed, the oligotrophic EMed (Pujo-Pay et al., 2011) is
characterised by low primary production rates (Moutin and
Raimbault, 2002). This low productivity reduces the vertical
gradients of dissolved inorganic carbon, making the detection
and understanding of decadal and seasonal changes in the
carbonate system particularly challenging in this area. Over the
last few decades, a considerable amount of work has been devoted
to the EMed (e.g., Schneider et al., 2010; Álvarez et al., 2014;
Hassoun et al., 2015b; Hainbucher et al., 2019), however, these
cruises do not cover a full seasonal cycle leading to biased
observations. Most of the time-series measurements recorded
in the MedSea have been taken in the coastal (e.g., De Carlo
et al., 2013; Ingrosso et al., 2016; Kapsenberg et al., 2017) and
oceanic WMed (Lefèvre, 2010; Coppola et al., 2018). In the EMed,
time-series measurements are scarce and mostly based in the
Cretan Sea (Petihakis et al., 2018) or coastal sites such as the
Lebanese coast (Hassoun et al., 2019) or the Israeli coast (Sisma-
Ventura et al., 2017), precluding a rigorous description of the
temporal variability of the carbonate system in the open-ocean
EMed. In the MedSea open-ocean, studies based on data derived
from satellite observations have been conducted to decipher,
over a seasonal and interannual scale, the variations in pCO2
(D’Ortenzio et al., 2008; Taillandier et al., 2012). Nonetheless,
understanding the variability in the seasonal carbonate system
in the EMed is required to evaluate the effects of the increasing
threats in this area, such as warming (Nykjaer, 2009) and
ocean acidification.

In the frame of the PERLE project (the Pelagic Ecosystem
Response to deep water formation in the Levant Experiment),
an intense in situ survey of the Levantine area was carried
out during 2018–2019 (D’Ortenzio et al., 2020). This study
reports on a new oceanic inorganic carbon dataset acquired
over three different periods of the year in the South Cretan
area (described as the North Western Levantine Basin or NWLB
hereafter) (Figure 1).

This study gives a detailed description of this new dataset
and the oceanographical context (section “Descriptive Carbonate
Chemistry in the Context of the PERLE Cruises”). In section
“Atypical Drivers of the Seasonal Dynamics of the Carbonate
Chemistry Within the Mixed Layer of the North Western
Levantine Basin,” using these new annual observations in the
NWLB, the physical and biological drivers explaining the
seasonal variability of the carbonate parameters in the upper
water column will be investigated and the impact of the
variations on air-sea CO2 fluxes will be discussed. In section
“Long Term Temporal Changes in Carbonate Chemistry in the
North Western Levantine Basin,” the main drivers of carbonate
chemistry changes will be considered on longer timescales, based
on the estimated trends in the surface carbonate chemistry of the
NWLB derived from existing data over the last 20 years. Some
hypotheses on the future of the carbonate system functioning of
the EMed will be discussed.
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FIGURE 1 | Map of the “PERLE area.” Stations visited during PERLE0 are in red, during PERLE1 in blue and during PERLE2 in green. Diamonds represent stations
with carbonate chemistry. Stations from the CARIMED database with AT and CT measurements are shown by small yellow dots. Grey dots show the WMO 6902913
Argo profiler positions from October 2018 to July 2020. Arrows show the main surface water mass pathways (see acronyms in the text). The North Western
Levantine Basin area (NWLB) is defined by the dotted insert.

MATERIALS AND METHODS

Cruise and Sampling Strategy
This study focuses on three PERLE cruises: PERLE0, PERLE1,
and PERLE2 (Figure 1). These cruises were carried out in the
EMed between 2018 and 2019. At all stations, a CTD-Rosette
was deployed (1) to acquire data with sensors (Conductivity
Temperature and Depth–CTD and associated parameters) along
vertical profiles and (2) to collect discrete seawater samples from
Niskin bottles for chemical analysis. Over the 11, 31, and 125 casts
performed during the PERLE0, PERLE1, and PERLE2 cruises,
seawater was sampled from 1, 12, and 17 casts, respectively, for
carbonate parameter analysis (see Supplementary Table 1 and
Supplementary Figure 1). Details for the cruises and parameters
measured during each PERLE cruise are summarised in Table 1.

Parameters Measured
CTD and Seawater Sampling
A SeaBirdTM 911+ underwater unit was used to interface a
pressure sensor, an external temperature probe (SBE3plus) and
an external conductivity cell (SBE4C). Sensors were calibrated by
the manufacturer. Additional sensors were interfaced and data
from a fluorescence (Chelsea Aqua 3) and an oxygen (SBE43)
sensor are used in this study. Fluorescence and oxygen are
expressed in A.U. (Arbitrary Unit) and µmol.kg−1, respectively,
in this study. For vertical profiles, 24 Hz data on the downcast
were averaged on 1 dbar bins by the SeaBirdTM dedicated
software. Water samples were collected from CTD-Rosette casts
with a carousel equipped with 22 Niskin bottles (12 L). Water
was sampled from 10 to 21 depths, from a few meters above the
seafloor up to the surface (0–5 dbars). From 0 to 200 dbars, a

higher sampling resolution was applied (every ca. 20 dbars) than
below 200 dbars (every ca. 200 dbars).

In addition, the “Real-time” CTD data from the WMO
6902913 Argo float (Argo, 2000) deployed during the PERLE1
cruise were used in this study to complete the hydrological
data. Data collected from October 2018 to July 2020 were used
(Figure 1). Because the Argo float considered in this study is
still operational, no “Delayed Mode” data were available at this
stage. The Argo real-time quality control procedures have been
applied by the Coriolis data centre (Wong et al., 2020). A visual
comparison of the Argo CTD data with collocated PERLE cruise
CTD data was carried out on two profiles to exclude major
deviations in the Argo data. Salinity measurements (derived from
conductivity—SBE41CP sensor, SeabirdTM) were recorded with
an accuracy of 0.005 psu.

Total Alkalinity and Total Dissolved Inorganic Carbon
Samples for total dissolved inorganic carbon (CT) and total
alkalinity (AT) were collected into acid-washed 500 cm3

borosilicate glass bottles, poisoned with 200 mm3 of a 36 g.dm−3

HgCl2, as recommended by Dickson et al. (2007) and stored
in the dark at 4◦C. Analyses were performed after 5 months
of storage. Measurements of CT and AT were performed
simultaneously by potentiometric acid titration using a closed
cell following the methods described by Edmond (1970) and
Dickson and Goyet (1994). Analyses were performed at the
National Facility for Analysis of Carbonate System Parameters
(SNAPO-CO2, LOCEAN, Sorbonne University—CNRS, France)
with a prototype developed at LOCEAN. The average accuracy
of AT and CT analysis (estimated from repeated measurements
of Certified Reference Material provided by Prof. Dickson’s
laboratory from the Scripps Institution of Oceanography, San
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TABLE 1 | Summary of the cruise information and the parameters measured during each PERLE cruises including availability, number of samples (n) and their
associated accuracy.

PERLE0 PERLE1 PERLE2

Date 8th–24th June 2018 10th–21st October 2018 27th February–16th March 2019

Cruise
information

Research Vessel Téthys II L’Atalante Pourquoi Pas?

DOI 10.17600/18000550 No DOI available 10.17600/18000865

Carbonate
parameters

AT /CT Parameter sampled [n = 12]
QC test ok [±1.8/2.1 µmol.kg−1]

Parameter sampled [n = 164]
QC test not ok–Derived** [±19/19 µmol.kg−1]

Parameter sampled [n = 341]
QC test ok [±4.6/4.7 µmol.kg−1]

pH Parameter not sampled
Derived* [±0.012]

Parameter sampled [n = 156]
QC test ok [±0.007]

Parameter sampled [n = 361]
QC test ok [±0.003]

Ancillary data Oxygen Parameter sampled
QC test ok

Parameter sampled
QC test ok

Parameter sampled
QC test ok

Nutrients Parameter sampled
QC test ok

Parameter sampled
QC test ok

Parameter sampled
QC test ok

* pHT
25 values were calculated with the AT /CT couple.

** AT values deduced from the AT -S relationship proposed by Hassoun et al. (2015a,see section 3.2.2). CT values were calculated with the AT /pHT
25 couple.

Stations where carbonate parameters were studied are represented by diamonds on Figure 1. Nutrients were used at these stations to calculate the derived carbonate
parameters. Errors for the derived carbonate parameters have been computed by propagating the standard uncertainties of the thermodynamic constants and associated
errors of the environmental variables (Orr et al., 2018).

Diego) was 1.8 and 2.1 µmol.kg−1, respectively, for PERLE0
and 4.6 and 4.7 µmol.kg−1, respectively, for PERLE2. Although
AT and CT measurements were carried out during the PERLE1
cruise, the accuracy of the dataset did not conform to the
quality control procedure (see section “Primary Quality Control
of the Measured Data”) therefore the measured PERLE1 AT/CT
dataset was not used in this study. However, AT values
were reconstructed for PERLE1 based on a published AT-S
relationship (see section “Derived Parameters”).

pH
The pH was measured directly on board. Samples for pH
measurements were collected in cylindrical optical glass vials
and analyses were performed manually using purified m-Cresol
Purple (mCP) following the spectrophotometric protocol (at
25◦C) described by Clayton and Byrne (1993) (see details
in Supplementary Material). This method is based on the
dissociation of the pH-sensitive mCP dye (provided by Prof.
Byrne, University of Southern Florida) in the water sample. pH
is reported on the total scale at 25◦C (pHT

25) using the equation
by Liu et al. (2011). The reproducibility of measurements
was estimated to be ± 0.0009 by measuring replicates from
the same Niskin bottle. The accuracy was determined to
range within ± 0.007 for PERLE1 and ± 0.003 for PERLE2
by analysing replicates of TRIS solution (provided by Prof.
Dickson, Scripps Institution of Oceanography, San Diego). No
direct pH measurements were carried out during the PERLE0
cruise. The effect of the addition of the indicator on the
seawater pH was evaluated and corrected (see details in the
Supplementary Material).

Oxygen
For all three PERLE cruises, dissolved oxygen concentrations
([O2]mes) were analysed on board following the Winkler method
(Winkler, 1888; modified Carritt and Carpenter, 1966) using
photometric endpoint detection (Williams and Jenkinson, 1982).

The recommendations of Langdon (2010) were followed
for sampling, reagent preparation and sample analysis. The
thiosulfate solution was calibrated by titrating it against a
potassium iodate certified standard solution of 0.0100 N
(CSK standard solution—WAKO). The reproducibility of
measurements, calculated by measuring replicates from the
same Niskin bottle, was estimated to be ± 0.86 µmol.kg−1

(n = 42, PERLE2).
Oxygen measurements from the SBE43 sensor from the CTD

rosette were systematically adjusted for all cruises with the
“Winkler” values on the whole water column. Based on the
raw data processing algorithm (Owens and Millard, 1985), 3
calibration coefficients were adjusted (the oxygen signal slope, the
voltage at zero oxygen signal and the pressure correction factor)
by minimising the sum of the square of the difference between
the Winkler oxygen values and oxygen derived from the sensor
signal. The accuracy of the SBE43 adjusted values is around ± 2
µmol.kg−1.

Nutrients
Samples for dissolved inorganic nutrients were collected from
Niskin bottles in 20 mL polyethylene bottles. Samples were
analysed directly on board during PERLE2 and frozen before
analysis on land for PERLE0 and PERLE1. Analyses were
performed after less than a month of storage. All nutrient samples
were analysed by a standard colorimetric method on a segmented
flow analyser (Autoanalyser II Seal Bran& Luebbe R©) following
Aminot and Kerouel (2007). The relative precision of these
analyses ranged from 5 to 10% (Aminot and Kerouel, 2007).

Primary Quality Control of the Measured
Data
Systematic primary quality control of the measured data was
performed on each PERLE dataset. No significant problems
have been detected for Winkler oxygen and pH measurements.
During PERLE1, for a few casts, a CTD pump dysfunction
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significantly altered the quality of the CTD oxygen: oxygen
measurements from these casts were disregarded. A systematic
quality control procedure for AT and CT was conducted based
on internal consistency tests between AT , CT and pHT (see details
in the Supplementary Material). Following these steps, only 15
PERLE2 casts were validated, leading to the loss of ca. 60% of
the PERLE2 AT/CT dataset. All the AT/CT PERLE1 dataset was
lost. A comparison of the quality controlled PERLE dataset with
previously collected data does not reveal systematic biases for AT ,
CT , or pHT

25 (Figure 2A–C).

Statistical Tests on the Linear Model
Relationships between years and carbonate parameters (AT ,
CT , and pHT

25) and between AT and salinity were computed
using a linear regression model. Linear regression statistics,
including the standard error of the slope (i.e., the error of the
estimated trend), the coefficient of determination (r2) and the
significance of the trend (p-value) were calculated using the R
software. Linear relationships have been tested using the Pearson
coefficient for parametric test (Sokal and Rohlf, 1969) with a
significance level of 95%.

Parameters derived from the AT-S linear relationship were
tested against previously published AT-S relationships in the area
using a Student’s t-test for the slope and intercept. The null
hypothesis, H0, was that our observations were not significantly
different from these linear models.

Derived Parameters
Absolute salinity (SA), conservative temperature (2) and
potential density (σθ) were derived from practical salinity,
temperature and pressure and the geographic position based on
the TEOS-10 (The International Thermodynamic Equation of
Seawater-2010). In this study, following the recommendations of
the Intergovernmental Oceanographic Commission (Valladares
et al., 2011), SA and 2 were used to study the hydrological context
(2− SA diagrams). Calculations were made with the “oce” R
package (Kelley et al., 2017). Note that practical salinity (labelled
Salinity) and in situ temperature (labelled Temperature) were
used in this study to facilitate comparisons with previous studies
in particular, for AT-S relationships.

Apparent Oxygen Utilisation (AOU–µmol.kg−1) was
calculated from the difference between oxygen solubility
concentration (at P = 0 dbar) estimated with the “Benson and
Krause coefficients” (Garcia and Gordon, 1992) and in situ
[O2]mes.

A density threshold of 0.03 kg.m−3 with a reference depth of
10 dbars was used to compute the Mixed Layer Depth (MLD)
(D’Ortenzio et al., 2005).

Salinity data were used to reconstruct an AT time-series
using the sub-surface AT-S relationship proposed by Hassoun
et al. (2015a) (see discussion in section “Total Alkalinity and
Salinity Relationships Within the Mixed Layer”). In this study,
the PERLE1 and the Argo float AT datasets were reconstructed
following this AT-S relationship. Considering the standard
deviation of the AT-S relationship proposed by Hassoun et al.
(2015a), the accuracy of the calculated AT values is ± 19
µmol.kg−1.

Salinity-normalised changes in AT (NAT
39.3) and CT

(NCT
39.3) were calculated dividing by in situ salinity

and multiplying by 39.3 (i.e., the mean PERLE salinity
above 200 dbars).

Seawater carbonate system parameters were derived from
AT and CT values. Calculations were made with the software
program CO2SYS-MATLAB (van Heuven et al., 2011) using
silicate and phosphate concentrations. When nutrient data was
not available, silicate and phosphate mean concentrations for
each depth were used. As recommended for the MedSea by
Álvarez et al. (2014), the carbonic acid dissociation constants K1
and K2 from Mehrbach et al. (1973) as refitted by Dickson and
Millero (1987) and the dissociation constant for HSO4

− from
Dickson (1990) were used. Uppström (1974) was used to calculate
the ratio of total boron to salinity and Dickson and Riley (1979)
to calculate the hydrogen fluoride constant KF .

The buffer factors γAT (γCT), βAT (βCT) and ωAT (ωCT)
provide an estimation of the seawater’s ability to buffer changes
in the aqueous CO2 [CO2], protons [H+] and the carbonate
saturation state (�) when AT (CT) changes at constant CT (AT)
(Egleston et al., 2010). The calculations were performed following
the formula proposed by Álvarez et al. (2014).

Quantification of Biological Processes
Net Ecosystem Production (NEP) is defined as the sum of
biotic and abiotic carbon fluxes in the ecosystem (Borges
et al., 2008). Net Ecosystem Calcification (NEC) is a measure
of the balance between CaCO3 formation (calcification) and
dissolution (Smith and Kinsey, 1978). Based on the NAT

39.3

and NCT
39.3 plot, the reaction path can take on variable

slopes depending on the ratio of different processes, such
as photosynthesis/respiration, carbonate dissolution/formation
and CO2 release/invasion (Zeebe, 2012). Temporal changes in
NAT

39.3 (1NAT
39.3) and NCT

39.3 (1NCT
39.3) between each

PERLE cruise can be calculated according to NEP and NEC
processes as:

4NC39.3
T = −0.15 ∗ NEP + 0.9 ∗ NEC (1)

4NA39.3
T = 0.02 ∗ NEP + 1.8 ∗ NEC (2)

Following equation (2), NEP can be expressed according to
NEC as:

NEP =
1NA39.3

T − 1.8 ∗ NEC
0.02

(3)

Then, by replacing the NEP term in equation (1) by equation (3),
NEC can be calculated as:

NEC =
1NC39.3

T +
(0.15∗1NA39.3

T )

0.02
14.4

(4)

NEC and NEP are expressed in µmolC.kg−1.d−1. Salinity-
normalised AT and CT values “exclude” the “precipitation-
evaporation” influence in the layer where biological activity is at
a maximum. It is assumed that the layers considered (MLD-200
dbars) to estimate the NEP and NEC processes are not influenced
by air-sea CO2 fluxes, which were therefore not considered.
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FIGURE 2 | Upper panel: Vertical profiles of total alkalinity (AT –µmol.kg−1; A), total dissolved inorganic carbon (Cθ–µmol.kg−1; B) and pH (measured and
calculated) in total scale at 25◦C (pHT

25; C) for the three PERLE cruises superimposed on the CARIMED data corresponding to the PERLE area (22◦–29◦E,
33◦–36.5◦N; grey dots). Lower panel: 2–SA diagrams for the three PERLE cruises with the name of the main water mass end members for the entire water column.
Colored points correspond to AT on (D), to CT on (E) and to pHT

25on (F). Isopycnal horizons based on potential density referenced to a pressure of 0 dbar (σθ) are
represented by grey contour lines. On (D–F), different dots have been used for each PERLE cruise. Because no AT and CT data were available for PERLE1 cruise,
only pHT

25 data have been represented (C,F).

CARIMED Database
CARIMED (CARbon, tracer and ancillary data In the MEDsea)
aims to be an internally consistent database containing inorganic
carbon data relevant for this basin (Álvarez et al., in preparation).
Ancillary (hydrographic, inorganic nutrients and dissolved
oxygen), CO2 (pH, AT , and CT) and transient tracer (CFC-11
and 12, Tritium, SF6, Neon, CCl4, and 1He3) data from several
cruises in the MedSea from 1976 until 2018 were assembled.
Primary and secondary quality control procedures following
the GLODAP (Global Ocean Data Analysis Project) philosophy
(Tanhua et al., 2010) are locally adapted to this marginal sea.
This work only uses data collected in the Levantine basin
(Supplementary Table 2).

DESCRIPTIVE CARBONATE CHEMISTRY
IN THE CONTEXT OF THE PERLE
CRUISES

Carbonate Chemistry Along the Water
Column Below the Surface Layer
All vertical profiles for AT , CT and pHT

25 measured during
the PERLE cruises are presented in Figures 2A–C, respectively.
All the AT profiles presented maximum values in the surface,
minimum values between 500 and 700 dbars and remained

almost constant (or slightly decreasing) below 1000 dbars.
Most of the CT vertical profiles presented the lowest values
in surface waters, reaching maximum values between 500 and
700 dbars and then remaining relatively invariable below 1000
dbars. pHT

25 presented maximum values at the surface (with
values around 8.060 measured during PERLE1 cruise), minimum
values close to 700 dbars and nearly constant values under 1000
dbars (Figure 2C). The main water masses are identified in
Figures 2D–F and detailed in Supplementary Figure 1.

Intermediate waters (mostly LIW) were located around
the 29.0 kg.m−3 isopycnal layer (Lascaratos and Nittis, 1998;
see Supplementary Figure 1) and were characterised by
an AT maximum evolving from 2,600 to 2,640 µmol.kg−1

(Figures 2A,D). As observed by Álvarez et al. (2014), the
LIW was located above the layer of maximum organic matter
mineralisation in the EMed and was associated with low CT
concentrations (ca. 2,290 µmol.kg−1) and high pHT

25 values (ca.
8.000) in contrast to the deepest water masses. It can be observed
that slightly colder, more haline and denser Cretan Intermediate
Waters (Velaoras et al., 2019) were detected during PERLE2 in
the western part of the Cretan Sea with the highest AT value for
PERLE2 cruise (ca. 2,660 µmol.kg−1, Figure 2A).

In the deep-water layer (i.e., EMDW), both AeDW and AdDW
presented similar CT values (Figure 2E) while slightly higher
pHT

25 (Figure 2F) and AT (Figure 2D) values were measured
in the AeDW (see Supplementary Figure 2). On the Cretan
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FIGURE 3 | Vertical profiles of pH in total scale at 25◦C (pHT
25, A), temperature (◦C, B), salinity (C), fluorescence (A.U., D) and AOU concentrations (O2

sol—O2
mes;

µmol.kg−1, E) above 350 dbars for all stations in the North Western Levantine Basin during the three PERLE cruises. Horizontal full lines represent the mean Mixed
Layer Depth (MLD; dbars). Dotted lines represent the minimum and maximum MLD values, respectively. For PERLE1, a distinction is made between inside (light blue
lines) and outside (dark blue lines) the Ierapetra gyre.

shelf, deep waters were comprised of dense EMDW with high AT
(≈ 2,650 µmol.kg−1) and CT values (≈ 2,350 µmol.kg−1). Deep
waters of the Cretan Sea were filled with CDW with low pHT

25

(≈ 7.950) values resulting from relatively low AT and high CT
content (Figures 2D–F).

This description of the carbonate chemistry in the deep
and intermediate water masses in the PERLE area is in good
agreement with previous studies (Schneider et al., 2010; Álvarez
et al., 2014). However, the PERLE strategy based on an intense
observation period over a year is not appropriate to describe
changes in deep-water masses. For the rest of this study, in order
to tackle the seasonal dynamics of the surface waters, only data
in the NWLB (Figure 1) where all three PERLE cruises were
conducted, will be discussed further.

Seasonal Variability in the Upper Water
Column
The highest spatial and temporal variability in carbonate
chemistry parameters was encountered in the upper water layer
which has been defined to be approximately the first 200 dbars.
Discrete pHT

25 values (measured and calculated), taken from
the southern part of the PERLE sampling area (the NWLB)
illustrate the seasonal variability of the carbonate chemistry in
the upper layer (Figure 3A). The pHT

25 was the most measured
carbonate parameter in this study and, when normalised to
25◦C, can be considered as an indicator of the carbonate

chemistry status by including the changes in AT and CT . An
overview of the upper layer seasonal dynamics is also presented
for temperature, salinity, fluorescence, and AOU profiles in
Figures 3B–E, respectively.

The lowest pHT
25 values were encountered in March 2019

during the PERLE2 cruise and correspond to the relatively
higher CT values and lower AT values. During this cruise,
a significant range in the MLD was encountered with the
deepest values observed. This cruise coincided with the abrupt
stratification observed in the EMed after the deepening of the
MLD from November to February-March (D’Ortenzio et al.,
2005). Increased fluorescence values were observed in shallow
waters at the end of the cruise (in the eastern part of the
area) in comparison to the beginning of the cruise (in the
western part).

Intermediate pHT
25 values were measured in June 2018

during the PERLE0 cruise corresponding to increased surface
alkalinity and a moderate depletion in inorganic carbon. The
PERLE0 cruise is an early summer cruise characterised by a
shallow MLD. The highest fluorescence values were recorded
during this cruise well below the MLD (ca. 90 dbars) and
light oxygen supersaturation (AOU ≈ −20 µmol.kg−1) just
beneath the MLD.

Finally, high pHT
25 values (>8.000) were measured up to

100 dbars during the PERLE1 cruise, probably in association
with a high AT content due to evaporation. During this late
summer cruise, the deepest Deep Chlorophyll Maximum (DCM)
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with the lowest fluorescence values but also the deepest negative
AOU concentrations were encountered. Moreover, during this
cruise, the mesoscale Ierapetra Eddy (IE) was crossed (see
Supplementary Figure 3 and Ioannou et al., 2019). The core of
this warm and salty eddy (Figures 3B,C) was characterised by a
deepening of the MLD associated with a deep DCM and negative
AOU values. Nonetheless, no clear IE signal was observed on the
pHT

25 values (Figure 3A).
In the EMed, spring and autumn seasons need to be

considered as short transition periods between the summer and
winter, which come later than on the continent (Özsoy et al.,
1989). Moreover, in the EMed, summer is characterised by
maximum heat in the surface layer that can remain up until
November, whereas winter is identified with minimal heat that
can occur until April. Considering each cruise as representative
of a period within the annual cycle, the PERLE0 cruise (June
2018) associated with intermediate pHT

25 values corresponds
to the early summer period with decreasing biological activity
associated with the strengthening of stratification. PERLE1
(October 2018) is associated with the highest pHT

25 values and
corresponds to the end of the summer period characterised
by a warm and stratified water column with deep and low
fluorescence maximum. PERLE2 (March 2019), associated with
the lowest pHT

25 values and shallow fluorescence maximum,
corresponds to the end of the winter period, with the
beginning of the seasonal stratification of the water column
in the eastern part. These features agree with the analysis of
the seasonal patterns of surface chlorophyll a concentration
(Chl a) (based on remote sensing). The lowest values of
surface Chl a were observed during the summer period,
whereas an increase in surface Chl a was observed in winter,
concomitantly to the deepening of MLD (Bosc et al., 2004;
D’Ortenzio and Ribera d’Alcalà, 2009).

Total Alkalinity and Salinity Relationships
Within the Mixed Layer
When no AT values were available (see section “Primary
Quality Control of the Measured Data”), AT can be estimated
based on an AT-S relationship. In the MedSea, several linear
relationships between AT and salinity in the surface waters
have been proposed for different sub-basins (e.g., Schneider
et al., 2007; Cossarini et al., 2015; Hassoun et al., 2015a;
Gonzaìlez-Daìvila et al., 2016).

During the PERLE cruises, in the NWLB, AT was significantly
(n = 14, p-value = 0.014, r2 = 0.36) influenced by salinity
variations within the mixed layer (Figure 4). Figure 4 also
displays the AT-S distribution in the Cretan Sea (grey dots
on Figure 4). The mixing of high alkalinity Black Sea waters
(values of ca. 2,967 µmol.kg−1; Hiscock and Millero, 2006) in
the Cretan Sea shifts the AT-S characteristics of surface waters
in agreement with Schneider et al. (2007) who demonstrated
that freshwater and Black Sea inputs affect the AT-S relationship.
More pronounced deviations from the expected linear AT-S
relationship are observed for stations with deeper mixed layers
(Figure 4). This might be the result of the mixing of water
masses with different AT-S relationships during winter mixing.

As AT values were available only for PERLE0 and PERLE2
cruises, the AT-S relationship derived for the PERLE cruises in
the mixed layer (and in the NWLB) have been based on a very
limited number of data. The PERLE AT-S linear relationship
was tested against the Hassoun AT-S linear model (Hassoun
et al., 2015a). No significant differences were found on either
the slope (t-test = 1.86, n = 14, p < 0.05) or the intercept
(t-test = 0.27, n = 14, p < 0.05). Therefore, the annual time-
series were reconstructed based on the AT-S linear relationship
measured by Hassoun et al. (2015a) in the surface waters (0–
25 m) of the eastern Mediterranean sub-basin, and AT has been
estimated based on this relationship.

ATYPICAL DRIVERS OF THE SEASONAL
DYNAMICS OF THE CARBONATE
CHEMISTRY WITHIN THE MIXED LAYER
OF THE NORTH WESTERN LEVANTINE
BASIN

Seasonal Variations in Total Alkalinity
and Total Inorganic Carbon
During the PERLE cruises, the NWLB exhibited a greater
range in AT than CT values within the mixed layer (see
section “Total alkalinity control on the seasonal air-sea
CO2 exchanges”). AT ranged between 2,610 and 2,693
µmol.kg−1 whereas CT ranged between 2,292 and 2,332
µmol.kg−1. Over an annual scale, the ratio of the range in
AT variations to the range in CT variations (1AT/1CT)
can be used to infer the sensitivity to AT and CT changes
in the upper ocean. Over the period studied, in the NWLB,
the ratio 1AT/1CT is equal to 2.1. In the global ocean,
long-term time-series 1AT/1CT ratios are lower than 1.0
(Table 2).

The reasons for these apparent and rather unique ranges of
AT and CT over the year in the NWLB can be attributed to
several factors: (1) The main drivers of the CT gradient in the
water column are, primary production transforming the CT into
organic carbon in the photic layer, and respiration transforming
the organic carbon into CT . As the EMed is an area of low
productivity (Moutin and Raimbault, 2002), the vertical CT
gradient is lower than in other oceanic areas. Consequently, the
CT range in surface waters, driven by CT consumption during the
stratified period and replenishment via vertical mixing with sub-
surface waters enriched in CT , is greatly reduced. (2) The high
levels of evaporation that affect the MAW in the EMed during the
summer season increases salinity by nearly 1 g.kg−1 (Figure 2)
between the end of winter (PERLE2) and the end of summer
(PERLE1). The AT and CT parameters should be equally affected
by evaporation in a closed system. However, when reported
on a AT/CT diagram (with normalised axes—see Figure 5),
a higher range of AT variation compared to CT is observed.
This indicates that when salinity increases in surface waters, a
concomitant consumption of CT must occur to compensate for
the CT increase due to evaporation to maintain an apparent
stability in CT concentrations. The biological consumption of CT
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FIGURE 4 | AT vs. Salinity during PERLE0 and PERLE2 cruises within the mixed layer for all stations situated in the North Western Levantine Basin. The colour scale
corresponds to the mixed layer depth (MLD–dbars). The black line corresponds to the significant linear regression (in the NWLB). The different grey lines correspond
to the linear regressions between AT and salinity in the surface EMed reported by Schneider et al. (2007), Cossarini et al. (2015), Hassoun et al. (2015a), and
Gonzaìlez-Daìvila et al. (2016). The grey dots correspond to data in the Cretan Sea (not used in the linear regression).

TABLE 2 | Ratios (1AT /1CT ) of the range in AT variations (maximum value minus minimum value) to the range in CT variations (maximum value minus minimum value) in
the upper ocean for the different time-series.

NWLB ANTARES
Time-series

DYFAMED
Time-series

BATS
(Bermuda Atlantic
Time-series Study)

HOT
(Hawaii Ocean
Time-series)

ESTOC
(European station for

Time-series in the
ocean Canary islands)

Iceland sea

Localisation EMed WMed WMed North western Atlantic North Pacific North eastern Atlantic Iceland sea

Depth MLD 0–30 dbars 0–30 dbars 0–30 dbars 0–30 dbars Surface 0–30 dbars

Period 2018–2019 2009–2019 1994–2018 1988–2019 1988–2018 1996–2004 2014–2019

1AT /1CT 2.1 0.6 0.9 0.2 0.9 0.8 0.5

References This study Lefèvre, 2010 Coppola et al., 2020 Bates et al., 1996 Dore et al., 2009 Santana-Casiano and
González-Dávila, 2010

Olafsson et al., 2009

will be discussed in the next section as a possible mechanism to
explain this low CT variability.

Impact of Biological Processes on
Variations in Seasonal Carbonate
Parameters
To understand the overall impact of biological processes on
the seasonal variations in the carbonate system in the NWLB,
changes in AT and CT need to be considered independently
from the changes induced by dilution and evaporation. For
this purpose, salinity-normalised changes of AT and CT in the
upper 200 dbars are plotted in Figure 5. To differentiate waters
affected by air-sea exchanges from sub-surface waters, the upper

200 dbars of water column has been divided into two layers:
within and below the mixed layer (0 dbars—MLD and MLD—
200 dbars). The barycentre of all observational points, defined
as the coordinate of the mean AT and CT values during each
cruise, is reported and considered to be representative of the
“season” sampled.

The barycentres are spread along the photosynthesis-
respiration line between the three cruises, reflecting the effects
of biological processes on the carbonate system over the
year. From the early summer period (PERLE0—red dots on
Figure 5) to the end of the summer period (PERLE1—blue
dots on Figure 5), for both layers, the barycentre shift was
a signature for increased photosynthetic processes compared
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FIGURE 5 | Salinity-normalised AT (NAT
39.3) vs. salinity-normalised CT (NCT

39.3) during the three PERLE cruise in the upper 200 dbars for all stations situated in the
North Western Levantine Basin. The layer of 0-200 dbars has been chosen as having the highest AOU variability because of the biological signal. Salinity-normalised
values have been calculated with the mean PERLE salinity above 200 dbars (i.e., 39.3). Empty and full dots represent data within and below the mixed layer,
respectively. Circled crosses and circled stars represent the barycentre of data below and within the mixed layer, respectively. Black vectors reflect theoretical
impacts of various processes (photosynthesis/respiration, carbonate dissolution/formation and CO2 release/invasion) on AT and CT . Grey isolines indicate levels of
constant pHT

25 as a function of AT and CT .

to respiration processes. The deepening of the DCM observed
between the PERLE0 and PERLE1 cruises and the negative AOU
values recorded during these cruises supported this observation.
The deepening of the DCM is a signature to the downward
displacement of primary producers related to surface nutrient
depletion (Sigman and Hain, 2012), and negative AOU values
reflect oxygen production. All these elements indicate that
autotrophic processes dominate the upper water column between
early and late summer. Based on these assumptions, between
the end of the summer period (PERLE1) and the end of the
winter period (PERLE2—green dots on Figure 5), the barycentre
shift indicates that heterotrophic processes were dominant in
the upper water column. Whilst observations cannot be time
related, it can be assumed that between the late winter period
of PERLE2 and the early summer period of PERLE0, the
“theoretical” shift of the barycentre indicates a balance in favor
of autotrophic processes during this period. When considered
together, these seasonal changes in normalised AT and CT
confirm that during periods of high evaporation, autotrophic
processes are consuming CT and increasing AT . This can explain

the apparent CT stability and the important change in AT over
an annual cycle.

Based on the assumption that, below the mixed layer, the
PERLE sampling area is a closed system (unimpacted by air-
sea CO2 fluxes), the temporal evolution in NAT

39.3 and NCT
39.3

was used to calculate NEP and NEC fluxes. From the end
of the bloom period (PERLE0) to the end of the summer
period (PERLE1), daily NEP and NEC values of 0.53 and 0.01
µmolC.kg−1.d−1, respectively, were estimated whereas from the
end of the summer period (PERLE1) to the start of the bloom
period (PERLE2), negative daily NEP and NEC values of −1.02
and −0.04 µmolC.kg−1.d−1, respectively, were estimated. In
the MedSea, the MLD seasonal variability is characterised by a
deepening from November to February-March (D’Ortenzio et al.,
2005). Therefore, it can be assumed that the water masses below
the mixed layer remain isolated from surface CO2 inputs between
the PERLE0 and PERLE1 cruises. However, due to the late winter
deepening of the MLD (Figure 3), between the end of the summer
period (PERLE1) and the late winter period (PERLE2), NEC and
NEP could be biased by air-sea exchanges.
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The seasonal NEP values estimated in this study confirm
previous estimations based on oxygen concentration
changes monitored with short-time incubations during the
stratified period. In June 2006, Regaudie-de-Gioux et al.
(2009) reported a positive NEP value of 0.22 ± 1.30 mmol
O2.m−3d−1 in waters above 100 meters in the EMed and
in summer 2008, Christaki et al. (2011) reported positive
NEP values of 4 ± 14 mmol O2.m−2d−1. As previously
observed by Schneider et al. (2007), the contribution of
calcification and dissolution processes to variations in the
carbonate system could be assumed to have a minor role
in the MedSea. The NEC values calculated in the NWLB
confirm this. The spreading of PERLE2 data points along
the CaCO3 formation/dissolution line in Figure 5 (green
dots) might be associated to the spatial changes in alkalinity
content across the geographical distribution of sampling
sites during this cruise rather than to calcification and
dissolution processes.

Total Alkalinity Control on the Seasonal
Air-Sea CO2 Exchanges
To address the question of the control of AT and CT
changes on the “source” (pCO2

SW > pCO2
ATM) or “sink”

(pCO2
SW < pCO2

ATM) of CO2 in the NWLB, PERLE’s AT
and CT values are reported in Figure 6. The temperature
range in the area has been used to draw the red and
blue “iso pCO2

SW-lines” as representative of the pCO2
SW

values encountered during the winter and summer PERLE
cruises. Considering a mean atmospheric partial pressure
(pCO2

ATM) value of 403 µatm (recorded at Lampedusa site
from October 2018 to December 2019; Dlugokencky et al.,
2021), the upper seawaters encountered at the warm end
of summer with high alkalinity (PERLE1) were a “source”
of CO2. In contrast, the cold and low alkalinity end of
winter (PERLE2) surface waters were a “sink” of CO2 with
pCO2

SW .
Although the CT content remained almost stable between the

PERLE cruises, the AT variability was noticeable with the lowest
AT values measured at the end of the winter period (PERLE2)
and the highest AT values estimated during PERLE1, at the end
of the summer period. When considering the large pCO2

SW

variations due to the temperature variability represented by
the shift between the red and blue isolines, the high alkalinity
seawater at the end of summer (PERLE1–blue dots on Figure 6)
induces low pCO2

SW values when seawater starts to cool and
therefore highlights the potential for surface waters to absorb
atmospheric CO2. In the NWLB, the variability of the AT content
of the surface waters over an annual cycle impacts the air-sea CO2
exchanges. The “classical” vision that the pCO2

SW variability is
not driven by temperature change but by the biological control
on CT , must be largely revisited in light of the important
effect that variations in AT have on the pCO2

SW regulation
capability in the EMed.

In order to estimate the effect of the AT variability on
the pCO2

SW over an annual cycle, alkalinity was derived
from salinity data from an Argo float that cycled in the

FIGURE 6 | Total alkalinity (AT ) vs. total dissolved inorganic carbon (CT ) within
the MLD for all stations situated in the North Western Levantine Basin during
the three PERLE cruises. Red and blue isolines indicate levels of constant
pCO2

SW as a function of AT and CT at 26◦C and 15◦C, respectively.

NWLB for over a year. The temperature and total alkalinity
(derived from salinity) values recorded by the float in the
upper 20 dbars of the water column representative of the
surface mixed layer affected by air-sea exchanges are presented
in Figure 7. The cruise data within the mixed layer are also
reported. In Figure 7, the red “iso pCO2

SW-line” indicates
the pCO2 equilibrium between the ocean and the atmosphere.
This isoline was derived at constant CT , based on the
assumption that the pCO2

SW is, apart from temperature,
controlled by AT rather than by CT in the NWLB. The
distribution of data above and below this line highlights
the “source” or “sink” status of the NWLB for atmospheric
CO2, respectively.

The float derived data agreed with data measured during
the PERLE cruises and indicate a penetration of atmospheric
CO2 into the EMed from December to April, and a release
of CO2 into the atmosphere from May to November. It must
be noted that these estimates are sensitive to the CT value
used. Indeed, by considering a high CT content (grey isoline
labelled “CT max” in Figure 7), the period of CO2 “sink”
for the atmosphere will be shorter (from February to April).
Conversely, if the lowest CT mean value is considered (black
isoline labelled “CT min” in Figure 7), the area will act as a
“sink” from December to May. The observed “iso pCO2

SW-
lines” shift (grey and black isolines in Figure 7) from the “iso
pCO2

SW-line” at mean CT (red isoline in Figure 7) due to
the CT variability over a year induces a temporal change in
the status of “source” or “sink” of the upper water masses.
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FIGURE 7 | Total alkalinity (AT ) vs. temperature in the upper 20 dbars during the three PERLE cruises and for the WMO 6902913 float data from October 2018 to
July 2020 [AT values have been estimated from the float salinity following the AT -S sub-surface relationship proposed by Hassoun et al. (2015a)]. The colour bar
corresponds to the “month of the year.” The red “iso pCO2

SW -line” corresponds to the mean pCO2
ATM value at Lampedusa site (estimated from the mean mole

fraction of CO2 in ppm) calculated with the mean CT values for all PERLE cruises ( = 403 µatm). The two others grey isolines correspond to the same constant
pCO2

SW with the minimum and maximum CT values (from PERLE cruises) (2,292 and 2,332 µmol.kg−1, respectively). Arrows reflect the theoretical changes in AT

and temperature throughout the year. The coloured area represents the error associated to the red “iso pCO2
SW -line” deduced by combining the uncertainty

associated to the AT values (i.e., ± 19 µmol.kg−1) with the default standard uncertainties from the constants (Orr et al., 2018).

Moreover, by considering the accuracy of ± 19 µmol.kg−1

associated to the AT estimation (according to Hassoun et al.,
2015a), the uncertainty of the estimated pCO2

SW has been
calculated (Orr et al., 2018) and ranged between the two “iso
pCO2

SW-lines” deduced from the maximum and minimum
CT values (red area on Figure 7). Although the displacement
of the air-sea pCO2 equilibrium might shift considering the
AT uncertainty, the temporal succession of the “sink” or
“source” status for atmospheric CO2 throughout a year in the
NWLB is evidenced. It confirms that the AT content of the
surface waters is a significant driver of the air-sea CO2 fluxes
in the NWLB.

These are, to the best of our knowledge, the first estimates
of the succession of the “sink” and “source” status in the
NWLB based on in situ data. Previous estimates based on
satellite observations of sea surface properties, and on a
model characterising the evolution of the mixed layer pCO2

SW

(D’Ortenzio et al., 2008; Taillandier et al., 2012) are confirmed by
this study. Moreover, coastal observations in the South eastern
Levantine basin close to the Israeli shelf have also reported a CO2
source for the atmosphere in summer (from May to December)
and a sink of atmospheric CO2 in winter (from January to April)
(Sisma-Ventura et al., 2017).

LONG TERM TEMPORAL CHANGES IN
CARBONATE CHEMISTRY IN THE
NORTH WESTERN LEVANTINE BASIN

Decadal Carbonate Chemistry Trends in
Surface Waters in the NWLB
Based on historical observations from the CARIMED dataset
and observations from the PERLE cruises, temporal changes
in carbonate chemistry between 2001 and 2019 in the surface
NWLB have been assessed to study the mechanisms that could
explain the carbonate system changes over the last twenty years
(Figure 8). The surface layer has been defined to a depth
of 50 dbars to include sufficient data. Due to the seasonal
changes in surface salinity in the EMed (Grodsky et al., 2019),
salinity-normalised AT (NAT

39.3) and CT (NCT
39.3) were used

to facilitate the comparison between the different datasets across
space and time. Indeed, due to the strong salinity dependency
of alkalinity, by normalising by salinity, a significant part of the
seasonal signal for alkalinity is removed.

While being higher (even when salinity-normalised) than the
trends observed in the North Western MedSea (i.e., 1.40 ± 0.15
µmol.kg−1.a−1; Merlivat et al., 2018), the temporal CT increase
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in the NWLB surface waters (Figure 8A) is consistent with other
trends measured in the eastern Levantine basin (i.e., 5 ± 2
µmol.kg−1.a−1; Hassoun et al., 2019). However, when compared
to other time-series over the global ocean, the trends measured
in the surface NWLB waters are 3.7–1.5 times higher (if the
NCT

39.3 trend is considered) than the global ocean range which
lies between 0.78 µmol.kg−1.a−1 (Munida South Pacific time-
series) and 1.89 µmol.kg−1.a−1 (CARIOCA time-series; Bates
et al., 2014). This suggests that distinct mechanisms explaining
the increasing CT trend exist in the NWLB.

While AT is considered insensitive to atmospheric CO2
penetration (Zeebe, 2012), positive trends in CT and negative
trends in pHT

25 (Figures 8A,E) can be explained, at least
partially, by the increase in atmospheric CO2. Indeed, between
2006 and 2018, a mean annual increase of 2.2 ± 0.08 ppm.a−1

in xCO2
ATM (mole fraction of CO2) was recorded at the

Lampedusa site (equivalent to the trend recorded on a global
scale; Dlugokencky et al., 2021). To estimate the sensitivity
of the estimated trends to the increase in atmospheric CO2,
the increase in xCO2

ATM was assumed to be equivalent to a

surface ocean increase in pCO2
SW . Based on the estimated

trends in pCO2
SW , NAT

39.3, and NCT
39.3, annual changes

in carbonate chemistry pCO2
SW have been calculated by

solving thermodynamic equations (Table 3). The observed
annual decrease in pHT

25 (Figure 8E) and increase in CT
(Figure 8A) lies between the values estimated with and
without an AT increase. This suggests that an AT increase
must exist to compensate for the decrease in pH and the
increase in CT or, in other words, that the high observed
CT trend is the consequence of the observed AT increase.
Although a positive AT trend has been observed elsewhere
in a coastal site of the MedSea (Kapsenberg et al., 2017),
it remains unexplained. These changes could be related to
changes in riverine inputs or changes in Black Sea water inputs
(Schneider et al., 2007).

It is worth noting that the CARIMED database, by merging
data measured over the past 20 years, has a large over-
representation of the spring season (Supplementary Figure 1
and Supplementary Table 2). Moreover, the spatial distribution
of the sampled stations was different for each cruise. The

FIGURE 8 | Temporal evolution in the North Western Levantine Basin of total dissolved inorganic carbon (CT –µmol.kg−1; A) and salinity-normalised CT

(NCT
39.3–µmol.kg−1; B), total alkalinity (AT –µmol.kg−1; C) and salinity-normalised AT (NAT

39.3–µmol.kg−1; D) and pHT
25 (E) based on the CARIMED dataset (grey

dots) and PERLE cruises. The colour code for the dots is the same as in Figure 1. Only data above 50 dbars are used. In (E), full line and dashed lines correspond
to the temporal trends calculated according to all pHT

25 data [measured (full dots—trend framed in full lines) and calculated (crosses—trend framed in dotted lines)].
Estimated trends are obtained from slope values of a linear regression between the studied parameters and time. The confident interval has been added for each
trend with the coefficient of determination (r2), the number of values used (n) and the significance of the trend (p-value).
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TABLE 3 | Projection of annual changes on the carbonate parameters. Considering the temporal trends calculated in section “Decadal carbonate chemistry Trends in
Surface Waters in the NWLB,” changes were calculated by adding the trend values to the mean values estimated for the surface layer (0–50 dbars) of the PERLE area.

Trends presented in this study Projection of annual changes

pCO2
SW increase

(AT constant)
NCT

39.3 increase
(AT constant)

NCT
39.3 and NAT

39.3

increases
NAT

39.3 and pCO2
SW

increases

*Annual pCO2
SW changes (µatm.a−1) +2.2 +2.2 + 4.7 +1.2 +2.2

Annual pHT
25 changes (pHT

25 units.a−1) −0.0024 −0.0020 −0.0042 −0.0007 −0.0016

Annual NCT
39.3 changes (µmol.kg−1.a−1) +2.9 +1.4 + 2.9 +2.9 +3.6

Annual NAT
39.3 changes (µmol.kg−1.a−1) +2.7 / / +2.7 +2.7

*Assuming that the increase in pCO2
SW in the surface ocean is equal to the increase in xCO2

ATM.

scarcity of observations in the NWLB precludes the estimation
of the seasonal variability on the observed trends. Due to the
observed influence of seasonal conditions on the carbonate
parameters during the PERLE cruises, time-series that would
include observations of the peculiar conditions observed in
the late summer (high surface pHT

25 associated with high AT
values during PERLE1—Figure 2C) or winter could modulate
the observed temporal trends. Nonetheless, when data collected
during “not spring” cruises are not considered to estimate the
trends, despite shifting the temporal trend values, tendencies
remain significant for each parameter. Thus, the conclusion
that a decadal AT increase must exist to counterbalance
the pH decrease associated to the CT increase remains
coherent and valid.

Perspectives on the Future Functioning
of the Eastern Mediterranean Carbonate
System
In the projected warmer MedSea (Nykjaer, 2009), increased
stratification but also reduced nutrient inputs from river
discharge caused by more frequent drought periods could
increase the oligotrophy of the MedSea (e.g., Moon et al., 2016;
Pagès et al., 2019, 2020). As this study suggests that the magnitude
of the annual CT variation in surface waters is reduced in the
EMed due to the low CT vertical gradients, all processes that
could decrease primary production in the future could reduce the
CT contribution to the air-sea exchanges.

Even if internal thermohaline oscillation needs to be
considered to draw solid conclusions about salinity trends, over
the past 30 years, a positive long-term trend in salinity for the
LSW and LIW has been recorded (Ozer et al., 2017). Because of
the salinity impact on alkalinity concentrations (Figure 4) and
of the AT impact on the air-sea CO2 fluxes (Figure 7), if the
PERLE1 conditions are exacerbated in the future with marine
heatwaves extending over longer periods of the year, even more

alkaline waters can be expected at the end of the summer. An
even greater potential pCO2

ATM sink will result when surface
seawaters cool. The gyres (such as the IE), which have a higher
AT content due to their saltier waters, might be even more
efficient at catching atmospheric CO2 when seawater cools. The
control of air-sea CO2 exchange by alkalinity that is suggested
in this study could be enhanced in a future warmer and less
productive EMed. However, as CT and AT are equally affected
by evaporation and as, in the future less productive EMed, the
CT biological consumption will be less efficient, the mechanisms
leading to stable inorganic carbon content described in this study
might be altered.

In an attempt to quantify the sensitivity of the carbonate
system to future CT and AT changes, estimated buffer factors
within the MLD for each PERLE cruise are presented in Table 4.
At a comparable period of the year (March–April for PERLE2
cruise), the estimated buffer factors are in good agreement with
former estimates (Álvarez et al., 2014) whereas the estimated
buffer factors for PERLE0 and PERLE1 cruises during summer
are significantly higher. Higher absolute buffer values imply
higher buffering capacity and lower changes in [CO2], pH
or � for a given change in AT or CT . Assuming that the
PERLE1 conditions will be exacerbated in the future (Darmaraki
et al., 2019), the EMed surface water is moving toward an
overall increase in its buffering capacity (relative to changes in
AT and CT).

It is worth noting that, when atmospheric CO2 dissolves
in seawater, the CO2 concentration in solution changes due
to the carbonate ion buffering effect. The future effects of the
decadal trends measured in the NWLB on the buffering capacities
of the carbonate ion can be discussed using three different
perspectives: (1) By considering the observed decrease in pHT

25,
the carbonate ion availability will decrease accordingly, reducing
the atmospheric CO2 uptake by the MedSea. (2) The greater
increase in CT in comparison to the increase in AT will reduce
the carbonate ion availability, but, nevertheless, will compensate

TABLE 4 | Mean values and standard deviations of buffer factors (in mmol.kg−1) during PERLE cruises.

Cruise Season γCT βCT ωCT γAT βAT ωAT

PERLE0 Early summer period 0.26 ± NA 0.33 ± NA −0.44 ± NA −0.33 ± NA −0.36 ± NA 0.41 ± NA

PERLE1 End of summer period 0.27 ± 0.00 0.34 ± 0.00 −0.46 ± 0.00 −0.34 ± 0.00 −0.38 ± 0.00 0.43 ± 0.00

PERLE2 End of winter period 0.24 ± 0.00 0.30 ± 0.00 −0.38 ± 0.00 −0.30 ± 0.00 −0.32 ± 0.01 0.35 ± 0.01
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for the impact of a pH decrease on the carbonate ion content, so
allowing the CO2 uptake into the atmosphere. (3) The positive
trend in AT , and its impact on the CO2 atmospheric uptake
and on mitigating the decreasing pH trend, may indirectly
increase the CT .

CONCLUSION

Based on data collected in the EMed over three different
seasons of the year, this study provides for the first time, an
annual overview of the seasonal dynamics of the carbonate
chemistry in the NWLB. In this area, an atypical seasonal
range in AT variations compared to the range in CT variations
results from the combination of high rates of evaporation and
biological processes.

The high AT content at the “end of summer” period has a
strong impact on the air-sea exchanges of CO2. In the NWLB, the
status of “source” or “sink” for atmospheric CO2 is adjusted by
the AT variability more than the CT variability. Over longer time
scales, and by compiling historical data, the reported increasing
trends in AT and CT impact with divergent effects the observed
acidification. These “end of summer” conditions will occur more
frequently and lasting longer in the future. This ocean warming
up will result in an increased buffer capacity that could mitigate
the ocean acidification of the EMed.
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1.  Introduction
The Levantine Sea, the Mediterranean Sea's easternmost area, is considered as one of the most oligotroph-
ic regions of the global ocean (Krom, Groom, & Zohary,  2003; Siokou-Frangou, Christaki, et  al.,  2010). 
In the Levantine, low-to-very-low values of phytoplankton primary production and chlorophyll-a (CHL) 
concentration have been obtained from both satellite (Bosc et al., 2004) and in situ (Manca et al., 2004) 

Abstract  In the eastern Mediterranean Sea, satellites have observed events of spring surface-
chlorophyll increase in the Rhodes Gyre region recurring intermittently. Few in situ biogeochemical 
data, however, exist to confirm their consistency, elucidate their seasonal characteristics, or discriminate 
among the possible drivers. During the year 2018, an array of BGC-Argo floats was deployed in the 
region, collecting the first-ever annual time series of in situ profiles of biogeochemical parameters in this 
area. Their observations demonstrated that nitrates, driven by mixed-layer dynamics, were available at 
surface from December 2018 onwards and could have sustained phytoplankton growth. Phytoplankton 
accumulation at the surface was observed by satellite only in March 2019 when the mixed-layer depth 
shoaled. These findings confirm that blooms occurring before the start of seasonal stratification are not 
easily recorded by satellite observations and reaffirm the need to consolidate the BGC-Argo network to 
establish time series of the evolution of biogeochemical processes.

Plain Language Summary  The Levantine Sea, the easternmost area of Mediterranean 
Sea, is considered one of the poorest oceans on the Earth in terms of abundance of phytoplankton, the 
microscopic organisms that fuel the marine food web. However, historical data and satellite maps of 
chlorophyll (the pigment that reveals phytoplankton presence in the water) show episodic increases in 
the concentration of this pigment in the area near the island of Rhodes. To elucidate the characteristics of 
these events, a set of six robotic instruments (i.e. the BGC-Argo floats) was deployed in the Levantine Sea 
in 2018. A BGC-Argo float is an autonomous, free-floating instrument that makes oceanic observations 
over the first 2,000 m of the water column on a regular basis. This article presents an analysis of the 
data collected by these six robots. They provided the very first annual time series of biogeochemical 
observations in area, including during winter, when ship and satellite data are hard to collect. Our results 
reveal the increase in phytoplankton occurring before the start of seasonal stratification, increase that is 
not easily recorded by satellite observations and reaffirm the need to consolidate the BGC-Argo network to 
establish time series of the evolution of biogeochemical processes.
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Key Points:
•	 �BGC-Argo floats observe nitrate 

injections in surface Mediterranean 
waters

•	 �Mixed-layer dynamics sustain 
phytoplankton persistence all over 
winter-very early spring

•	 �The Mediterranean BGC-Argo 
network provides unique 
observations that complement 
ship-based sampling and satellite 
monitoring
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observations. Surface nutrient availability in the region is generally deemed insufficient to sustain signifi-
cant phytoplankton biomass (Siokou-Frangou, Christaki, et al., 2010). However, biogeographical analysis of 
time series of available Mediterranean ocean-color observations (D'Ortenzio & Ribera d'Alcalà, 2009; Mayot 
et al., 2016) slightly moderates this picture of a highly oligotrophic Levantine Sea. It has been shown that 
episodic but recurrent events of surface CHL increase occur during the winter-to-spring transition period 
in an area of the Levantine Sea located southeast of Rhodes Island known as the Rhodes region, as already 
mentioned by Antoine et al. (1995), using satellite data and by Vidussi et al. (2001), using in situ obser-
vations. Nevertheless, these events of increased surface phytoplankton biomass in the Rhodes region are 
generally considered as having a feeble impact on the basin's widespread oligotrophic nature: Not only are 
they sporadic (out of the 16 years analyzed, they were observed 7 times, Mayot et al. [2016]), their absolute 
maximum concentrations also rarely exceed 1 mg m−3. Occasionally (as in D'Ortenzio, Ragni, et al. [2003], 
Mayot et al. [2016], and in 2012, Pedrosa-Pàmies et al. [2016]), they are observed over a large surface area 
but they are generally short-lived. The accepted explanation for these events pertains to the prevailing 
physical conditions, characterized by a large-scale permanent cyclonic feature, generally referred to as the 
Rhodes Gyre (RG; Robinson et al., 2001). In the RG, nutrient stocks are permanently uplifted at shallow 
depths, and under cold and windy conditions, winter convection induces significant injection of nutrients 
in the sunlit layers, which, in turn, sustains moderate phytoplankton growth (Ediger & Yilmaz, 1996; Sali-
hoǧlu et al., 1990; Souvermezoglou & Krasakopoulou, 1999). Accordingly, Ediger et al. (2005) showed that 
the upper layer of the RG and its peripheries reveal great temporal variations in both the abundance and 
composition of particulate matter, more plentiful during late winter–early spring when it reaches values 
comparable to those of the more productive NW Mediterranean basin. Similarly, Karageorgis et al. (2008) 
reported elevated values of beam attenuation coefficient due to particles (cp up to 0.5 m−1) during spring in 
this sector of the Levantine Sea, pinpointing relatively enhanced particle concentrations presumably related 
to higher productivity and abundance of biogenic particles in the upper water column. Overall, then, the 
RG area seems to be the unique “oasis” within the desert-like Levantine area of the Eastern Mediterranean 
(Siokou-Frangou, Gotsis-Skreta, et al., 1999).

Although the RG is a privileged area for dense water formation events (Malanotte-Rizzoli, Manca, d'Alcala, 
et al., 1999), in particular by producing the Levantine Intermediate Water, a key water mass for the general 
circulation of the Mediterranean Sea (Robinson et al., 2001), the vertical distribution and the temporal evo-
lution of nutrient stocks are predominantly driven by the mixed layer depth (MLD; Lascaratos et al., 1993). 
The MLD dynamics are therefore likely to be the primary factor in controlling the uptake and the availabil-
ity of nutrients in the upper layers, and then, ultimately, of phytoplankton growth (Napolitano et al., 2000; 
Pedrosa-Pàmies et al., 2016; Varkitzi et al., 2020).

This overall picture, which emerged from a series of intense in situ surveys of the area performed in the 
1990s (Malanotte-Rizzoli, Manca, Marullo, et al., 2003 and references therein), is, however, still not com-
pletely satisfactory. First, the MLD evolution, its interplay with the subsurface nutrient stock and the result-
ing phytoplankton response, are still not fully characterized, mainly because high-frequency and spatially 
resolved in situ data are largely insufficient. In particular, in situ data of CHL and nutrient concentrations 
are dramatically scarce in the RG and practically non-existent during the winter-to-spring period when 
CHL increase events are episodically recorded by satellite. Second, the generally rapid and intermittent na-
ture of these CHL increase events (Mayot et al., 2016) is still largely unresolved. Furthermore, ocean-color 
observations are subject to several limitations (e.g. cloud cover, atmospheric correction and chlorophyll 
algorithm failures), especially in the Mediterranean Sea (Volpe et al., 2007), hence raising the question of 
the capability of remote sensing to satisfactorily gauge phytoplankton increase.

For these reasons, the available observations are, as a whole, presently inadequate for confirming the pre-
sumed biogeochemical dynamics of the RG. Specifically, the lack of comprehensive year-long in situ mon-
itoring of the area has hindered the establishing of a full understanding of the physical/biogeochemical 
interplay.

To mitigate this chronic scarcity of data, and with the explicit objective of better characterizing the bio-
geochemical dynamics of the area and its main forcing factors, an array of BGC-Argo floats was deployed 
widely during the 2018–2019 period. Floats operations were carried out within the broader framework of 
an intense in situ survey of the Levantine Sea, the Pelagic Ecosystem Response to deep water formation in 
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the Levantine Experiment (PERLE): Six BGC-Argo floats (Leymarie et al., 2013) from French Novel Argo 
Ocean observing System (NAOS; D'Ortenzio, Taillandier, et al., 2020) and from Argo-Italy projects were 
deployed.

Among the main macronutrients relevant for phytoplankton growth, BGC-Argo floats can presently meas-
ure only nitrate (NO3) concentration. In particular, floats are not able to measure phosphates, which are 
considered the main limiting macronutrient in the Eastern Mediterranean (Krom, Emeis, & Van Cappel-
len, 2010 and references therein). The recurrent observation of phytoplankton growth in the RG, howev-
er, indicates that phosphorus limitation is episodically mitigated and that environmental abiotic condi-
tions temporally change to induce phytoplankton growth. Taking into account the observational limits of 
BGC-Argo, we hence focus this study on analysis of the interplay between MLD and NO3 distribution, with 
the ultimate goal of evaluating their influence on phytoplankton growth. Further analyses dedicated to bio-
geochemical processes and based on the PERLE cruise strategy are ongoing and will not be presented here.

This study consequently presents an analysis of the BGC-Argo float observations, combined with the avail-
able satellite data (sea surface temperature and ocean color). In situ data of PERLE surveys are also referred 
to, in particular for the calibration of the floats' bio-optical sensors to support the autonomously obtained 
data.

2.  Data and Methods
2.1.  PERLE Cruises

Three large-scale cruises were conducted in the Levantine Sea during the period 2018–2019: PERLE-0 
(May 2018), PERLE-1 (October 2018) and PERLE-2 (March to April 2019). CTD (conductivity, temperature, 
depth) casts were performed at all the stations. NO3 concentrations were also evaluated at every station by 
sampling water at fixed depths and further analyzing with a colorimetric method using an Auto-Analyz-
er continuous flow analysis system (Aminot & Kérouel, 2007). Water-column CHL (through High Perfor-
mance Liquid Chromatography (HPLC) analysis, Ras et al., 2008) was assessed through discrete sampling at 
approximately one-third of the PERLE stations. Two groups of PERLE stations are used here: A first group 
(referred in the next as CAL in situ stations), which is composed of the stations of deployment and recovery 
of floats, is used for sensor calibration (for NO3) and data quality control (for both NO3 and CHL) of the 
BGC-Argo sensors; a second group (referred in the next as VAL in situ stations) is used to qualitatively assess 
the BGC-Argo and satellite observations in the area (the positions of the two groups of stations are shown 
in Figure S1; Figure 1 shows the positions of the VAL stations).
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Figure 1.  Map of sea surface temperature (SST) annual absolute minima, with the locations of all BGC-Argo profiles 
(each point represents a profile). White marks indicate the location of BGC-Argo profiles within the SST15 region 
(squares for float 6902900, diamonds for float 6902902, triangles for float 6902904), whereas gray dots indicate the 
location of profiles outside the SST15 region, independently of the float. The locations of ship-based profiles of VAL 
stations used for qualitative comparison with floats are also plotted: CHL profiles in October 2018 (yellow dots), CHL 
profiles in March 2019 (orange dots), NO3 profiles in October 2019 (dark-brown dots).
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2.2.  BGC-Argo Floats

Six BGC-Argo floats were deployed in the Levantine basin (see Figure S1 map of BGC-Argo deployment 
points) over the 2018–2019 period. All the floats were equipped with temperature, salinity and PAR (Photo-
synthetically Active Radiation) sensors, a fluorometer for CHL and a backscattering sensor used to measure 
the volume scattering coefficient measured at an angle of 124° at 700 nm and subsequently converted to 
a particulate backscattering coefficient (bbp, in m−1, following Schmechtig, Poteau, Claustre, D'Ortenzio, 
Dall'Olmo, and Boss [2018]), which is considered a proxy for particulate organic carbon concentration (Boss 
& Pegau, 2001). Four floats were additionally equipped with NO3 concentration sensors (Suna™ Satlan-
tic). Two floats have been recovered and four were still operational in October 2020. BGC-Argo data were 
obtained from the Coriolis Data Assembly Center. Considering that some floats are not yet validated in 
Delayed Mode as they are still operational at the time of writing (October 2020), values for CHL, bbp, and 
NO3 were derived from the available raw data. We followed precisely the standard BGC-Argo algorithms as 
indicated by Johnson et al. (2018) and by Schmechtig, Poteau, Claustre, D'Ortenzio, and Boss (2015) and 
Schmechtig, Poteau, Claustre, D'Ortenzio, Dall'Olmo, and Boss (2018). For NO3 data, an additional adjust-
ment of the standard calibration was performed, by using ancillary measurements obtained on the CAL in 
situ stations. Details of the processing of NO3 and CHL profiles are presented in the supporting information 
(Text S1, Figures S2 and S3).

2.3.  Satellite Observations

Sea surface temperature (SST) and ocean-color surface CHL observations were provided by the Copernicus 
Marine Service and CNR-ISAC Rome, respectively. Mediterranean daily products at 1/6° spatial resolution 
for SST and at 1 km for surface CHL were downloaded and remapped on the Levantine region. For each 
pixel in the interest area, a time series of SST values was extracted for the fall 2018-summer 2019 period. 
For each time series, the annual absolute minimum value was identified (i.e. the lowest SST values during 
the period fall 2018-summer 2019). The obtained values were then mapped (Figure 1). Almost all the SST 
minima values were recorded in February 2019 (data not shown).

2.4.  Selection of Float Profiles and Reconstruction of Time Series

The positions of the BGC-Argo profiles in the Levantine area for the period from October 2018 to May 2019 
are indicated in Figure 1, superimposed on the map of the annual satellite SST minima. From the SST min-
ima map, all pixels having values lower than 15°C were further used to identify the region where the mixed 
layer cooled the most (Marullo et al., 2003). The resulting region (hereafter referred to as SST15) marks a 
large area south of Rhodes and east of Crete (Figure 1), which comprises the coldest SST of the Levantine 
Sea. We considered that these values delineate the area where mixing was likely to have occurred and where 
nutrient injection may have been subsequently favored (Marullo et al., 2003; Napolitano et al., 2000; Vidussi 
et al., 2001).

Choosing to focus on the BGC-Argo profiles within the SST15 area (white marks in Figure 1), we recon-
structed time series over the period October 2018–May 2019 (Figure 2, panel a) for MLD (using the density 
threshold value of 0.03 kg m-3 as in D'Ortenzio, Iudicone, et al. [2005]), for the depth of the lower limit of 
the nitrate depleted layer (NDL; Omand & Mahadevan, 2015), the depth of the isoline 5 µmol L-1 of nitrate 
(used as an indicator of the deep stock of nitrate) and the depth of the isoline 0.415 mole photons m−2 day−1 
(indicating the minimum light level above which phytoplankton growth potentially occurs, Mignot, Claus-
tre, et al., 2014). For each profile, NDL depth is computed as following: if the nitrate concentration is not 
null in the mixed layer, the NDL depth is set to the surface (0 m). If not, the NDL depth is estimated by the 
depth of the nitrate depletion density, which is the deepest isopycnal at which nitrate concentration is zero 
(Omand & Mahadevan, 2015). The nitrate depletion density is estimated by the intercept of the regression 
line reported in a nitrate-density diagram. From the same subset of profiles, surface time series were gener-
ated for NO3 concentrations averaged over the mixed layer (NO3MLD), and for CHL and bbp averaged over the 
first 10 m, if at least 9 records at 1 m resolution were available (Figure 2, panels b–d, respectively).

The time series inside the SST15 region were generated by the sampling of the three floats 6902900, 6902902, 
and 690904. The time series outside the SST15 region (sampled by all the floats) is shown in Figure 2 for 
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NO3MLD and in Figure  S4 for the other parameters. Finally, a time series of daily satellite surface CHL 
concentration was also derived, by averaging all available satellite ocean-color pixels over the region SST15.

Surface CHL and NO3MLD were also calculated from discrete in situ profiles collected at VAL stations during 
the PERLE-1 and the PERLE-2 surveys. We used the in situ samples collected in the 0–10 m layer (only one 
observation per profile available). The VAL stations selected were those most adjacent to the SST15 region 
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Figure 2.  Time series derived from subsets of BGC-Argo floats. Panel (a) MLD (gray dots and area), NDL depth 
(red dots and line), depth of the NO3 isoline of 5 μmol L-1 (brown line), depth of the isoline 0.415 mole photons 
m−2 day−1 (base of yellow area). Note that NDL values equal to zero indicate that the NDL is non-existent (i.e. the NO3 
concentrations present at the surface are greater than the detection limit). Dots are maintained in the plot to indicate 
that profiles are available. Panel (b) time series of depth averaged NO3MLD concentration from BGC-Argo floats (brown 
dots and line for profiles inside the SST15 region; mustard yellow points for profiles outside the SST15 region) and from 
discrete ship-based samples from VAL stations (brown squares). Panel (c) surface chlorophyll concentration: from BGC-
Argo floats (light-green dots), from satellite ocean color (dark-green dots), from in situ HPLC of VAL stations (yellow 
squares). Panel (d) BGC-Argo floats' surface bbp. Letters on the top of the panels refer to the vertical profiles shown in 
Figure S6.
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(this area was not sampled during the PERLE cruises due to geopolitical issues) and they are all positioned 
west of the SST15 zone (Figure 1). These stations are only used in the next to qualitatively assess the CHL 
and NO3 concentrations retrieved from floats.

3.  Results and Discussion
The SST15 region attests to intense cooling of the surface water, suggesting that it is an area where the 
MLD deepens and the upper water column undergoes mixing (Marullo et al., 2003). Compared with the 
surrounding regions (Figure S4, panel b), the SST15 area shows the deepest MLD winter values, confirming 
the specific physical characteristics of the SST15 region. In this area, the MLD time series from float data 
confirms that the maximum deepening of the MLD was at a depth of 250 m in late February/early March 
2019, while also revealing that the deepening began in December 2018 then further accelerated in January 
2019. Before this period (i.e. October to December 2018), the MLD was shallow and never exceeded 50 m 
in depth. The NDL depth was observed as being close to the MLD for most of fall 2018. Over the same peri-
od, the deep stock of NO3 in the SST15 area (i.e. isoline of 5 μmol L-1) fluctuates between 100 and 200 m in 
depth. In the surrounding areas, NO3 stock and DNL are generally deeper than in the SST15 area (Figure S4, 
panels b and c). The cyclonic circulation of the RG, which is particularly intense in the fall-winter seasons 
(Malanotte-Rizzoli, Manca, Marullo, et al., 2003) likely induces a localized (i.e. centered in the SST15 area) 
uplift of NO3 stock.

In the SST15 area, the deepening of the MLD observed from late December 2019 onwards induced a consist-
ent injection of NO3 into the upper layers, resulting in the presence of NO3 concentrations typical of deep 
stock close to the surface. Moreover, the NDL disappeared, indicating the surface water column was NO3 re-
plenished. Although maxima were observed in January 2019, NO3 values in the MLD remained persistently 
elevated (always greater than 1 μmol L-1) throughout the period from January to early March 2019 (Figure 2, 
panel b), revealing that the MLD deepening and the associated mixing continuously redistributed NO3 from 
the deep stock into the surface layer. The NO3MLD started to progressively decrease in February 2019, before 
definitively vanishing in late March 2019, when the observed values were below the detection limit.

Concomitant in situ data to confirm the NO3 evolution assessed by floats, in particular the high NO3MLD 
values observed in January/February, are unavailable. However, the analysis of NO3 profiles of VAL stations 
measured during the PERLE-2 survey (March 2019) reveals that at one station at least, NO3MLD was not 
completely exhausted (brown squares in Figure 2, panel b). Although the spatiotemporal matching of VAL 
stations with float data is not perfect (as the former were obtained from outside the SST15 region and outside 
the temporal window when the NO3 increase was most observed by floats), the in situ data still provide 
confirmation of the BGC-Argo observations.

NO3 augmentation in the mixed layer is also indirectly confirmed by the parallel increase of biomass at the 
surface (as assessed by the simultaneous analysis of surface CHL and bbp time series). Showing very low 
values in October to November 2018, surface CHL started to increase slightly from December 2019, when 
the MLD deepened marginally. This augmentation could likely be ascribed to a redistribution of the bio-
mass associated to the Deep Chlorophyll Maxima (DCM), directly related to the MLD deepening. During 
this period, the depths of DCM and of mixed layer are nearly coincident (see Figure S5 for a time series of 
DCM and mixed layer depths, and also some examples of vertical profiles during this phase in Figure S6, 
panel a–c). Additionally, since the increase in CHL was not accompanied by a respective increase in bbp, it 
may be related to an increase in CHL per cell content as described in Bellacicco et al. (2016), resulting from 
a decrease in light availability rather an increase of biomass (as confirmed by the low values of the ratio 
bbp/CHL during this phase, see Figure S5, lower panel). A phosphorus limitation could also explain the 
relatively low values of biomass, even in the presence of NO3 availability. In December 2018–January 2019, 
however, surface biomass increased unequivocally, as concomitantly indicated by an increase in the surface 
CHL and bbp values observed by BGC-Argo. During February 2019, biomass, although fluctuating, remained 
relatively constant, with CHL and bbp largely higher than the fall values. In early March 2019, surface CHL 
concentrations and bbp values reached their maxima, before further decreasing in late March.

From December 2018, the evolution of phytoplankton biomass can be directly correlated to the MLD/NO3 
interplay:
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1.	 �The acceleration of MLD deepening in December/January 2019 generated a dramatic increase in NO3 in 
the mixed layer; during this phase, surface CHL and bbp were not synced, the former generally increas-
ing, while the latter still showed fall values (Figure S6, panels d–e).

2.	 �The MLD deepening stopped temporarily in mid-January, maintaining stable mean values for most of 
February 2019; concurrently, an abrupt decrease in NO3MLD concentrations was observed, likely indicat-
ing nutrient consumption and the end (or substantial diminution) of NO3 injection at the surface; the 
biomass of phytoplankton, exploiting favorable conditions, started to grow, as attested by the surface 
increase in bbp, now synced to CHL increase (Figure S6, panels f–g).

3.	 �In late February-early March 2019, an additional deepening of the MLD (showing the maximum MLD 
values of the time series, ∼250 m) induced a temporary decrease in surface CHL concentration, concom-
itant to a significant increase in NO3MLD (Figure S6, panels h–i).

4.	 �The following and thereafter permanent shallowing of MLD induced, in early March 2019, a biomass 
peak, as indicated by the absolute maxima of the CHL and bbp series; in situ HPLC data from VAL 
stations (yellow squares in Figure 2, panel c) confirmed the phytoplankton peak, which persisted for ∼2 weeks (Figure S6, panel l).

5.	 �After this last episode, the MLD remained permanently shallow, the NO3MLD rapidly vanished, and sur-
face CHL and bbp decreased back to low fall values (Figure S6, panel m).

6.	 �In April 2019, a second peak of surface bbp was observed while the other parameters showed no relevant 
anomalies (Figure S6, panel n).

The succession of events recorded by the BGC-Argo floats is completely consistent with the dynamics of 
phytoplankton growth primarily driven by MLD dynamics and controlled by nutrient availability. Since 
December, the NO3 availability induces an increase of surface CHL, maintaining elevated the biomass dur-
ing the winter months. The spring CHL peak, occurring at the definitive stratification of the water column, 
concludes the biomass accumulation period, which protracted for most of the winter. The influence of 
light availability appears less critical than the impact of NO3 on biomass dynamics. However, it partially 
explains the stable conditions observed in February 2019 when, although NO3 was available at the surface, 
biomass stagnated. During this period, the isoline of 0.415 mole photons m−2 day−1 was permanently shal-
lower than the MLD, suggesting that mixing removes phytoplankton cells from the sunlit layers, causing a 
slowdown of, or temporarily stop in biomass growth (Williams et al., 2000). We also considered as driver the 
dilution-recoupling hypothesis (Behrenfeld, 2010; Boss & Behrenfeld, 2010). Indeed, it may have favored 
the mid-January bloom, when there was a deepening of the mixed layer by ∼50 m but (1) for the rest of 
winter the MLD was quite stable around 100 m and (2) the impact of the other convective event at the end 
of February was more in diluting the existing biomass than in favoring the accumulation of new biomass. 
The large scale cyclonic circulation of the RG is also an important factor driving the NO3 dynamic (Robin-
son et al., 2001). The shallow values of isoline 5 μmol L-1 and of NDL in the SST15 area, compared to those 
observed in the surrounding regions (Figure S4, panels a and c), suggest that the fall-winter large scale 
circulation induces favorable conditions for NO3 injections in the central RG.

The second surface bbp peak observed in April could likely be related to the presence of detached coccoliths 
(Terrats et al., 2020), released by coccolithophores, a dominant group in the region (Oviedo et al., 2015; 
Vidussi et al., 2001), observed to thrive during late winter and spring in the Levantine basin (Knapperts-
busch, 1993; Ziveri et al., 2000). During March 2019 (PERLE-2), coccolithophores were present at relatively 
high densities (up to 7.6 × 104 cells L-1, partial results from microscopical cell counts). Alternatively, the 
surface bbp peak could be associated with Saharan dust inputs, which are frequent in the region during this 
time of the year (Guerzoni et al., 1999).

Although NO3 and CHL float data may still be affected by uncertainties (D'Ortenzio, Taillandier, et al., 2020), 
the rise in NO3MLD concentration, followed by a significant surface CHL increase, are unequivocal. The NO3 
and CHL increases are larger than the estimated errors of float data, which, in the Mediterranean, are esti-
mated at about 1 μmol L-1 and 0.2 mg m-3, respectively (Mignot, D'Ortenzio, et al., 2019). Finally, although 
in situ ship data are used here only to corroborate floats observations, they indicate that NO3 and CHL 
increases are effective, supporting the float-derived results.

The hypothesis of significant phytoplankton increase in the area, as a consequence of MLD and nutrient 
dynamics related to winter overturning mixing, has already been formulated in the past (Denis et al., 2010; 
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Ediger & Yilmaz, 1996; Malanotte-Rizzoli, Manca, Marullo, et al., 2003; Souvermezoglou & Krasakopou-
lou, 1999; Vidussi et al., 2001). These previous studies, however, were based on a very limited set of in situ 
observations largely collected in late 1990s, and therefore they could not assess or predict the duration of 
such events. An observational gap over the following 20 years precluded further validation, resulting in the 
bulk of subsequent analysis being based on satellite ocean-color observations.

While satellite surface CHL concentrations match the float observations from fall 2018 and late spring 2019, 
they completely overlook the CHL dynamics observed in late winter and also under-evaluate the observed 
concentrations in March 2019 (as indicated when in situ HPLC data are compared with float and satellite 
observations). Cloud coverage may primarily explain the lack of ocean-color observations, while the cor-
rection of white caps (due to the intense winds recurrently observed in the area) may strongly reduce the 
number of available ocean-color pixels and thus available match-ups in the Levantine Sea.

The combined approach of BGC-Argo floats and satellite observations proposed here is still improvable. 
One such point is the selection of BGC-Argo profiles to generate time series on the basis of the annual min-
ima of SST obtained by satellite, here considered as permanent and not temporally variable. In this respect, 
this approach misrepresents the very high frequency of mixing events and the patchy nature of spatial 
phytoplankton patterns. In addition, mesoscale and sub-mesoscale processes influence NO3, bbp, and CHL 
distributions, inducing additional variability for time series. The effect of these processes is evident in the 
oscillation of the time series, in particular during the transition periods (i.e. stratification/destratification). 
Another point is the lack of observations by BGC-Argo floats of macronutrients other than NO3, in par-
ticular phosphorus, which is considered the main limiting nutrient in the area. The picture proposed here, 
based on the MLD/NO3 interplay, appears nevertheless coherent with the existing hypothesis on the RG 
biogeochemical functioning. It also provides, for the first time, a description of the seasonal biogeochem-
ical evolution of the region, providing a conceptual framework (based on in situ observations) to improve 
our comprehension of the functioning of the whole Levantine region. PERLE survey data (presently under 
analysis), including phosphorus observations, will certainly allow refining this understanding, by introduc-
ing and modulating the findings obtained in this study. Also, the analysis of biogeochemical variables relat-
ed to the ecosystem dynamics should provide complementary information on this ecosystem functioning by 
indicating the distribution of their bulk properties.

Overall, however, and despite these limitations, the proposed approach provides the first continuous annual 
survey of water-column distribution of NO3, bbp, and CHL in the RG and surrounding regions. It also offers 
a comprehensive view of the seasonal evolution in the area, which largely confirms and also enhances pre-
vious explanations of its biogeochemical functioning.

4.  Conclusions
An unprecedented BGC-Argo observation system was implemented in the Levantine area of the Mediter-
ranean Sea in 2018–2019. It was supported by an equivalent and concomitant ship-based effort (3 seasonal 
surveys from May 2018 to March 2019) to elucidate the impact of physical forcing on the biogeochemical 
dynamics of the basin. The analysis of the floats data presented here unequivocally confirms phytoplank-
ton response to the successive mixing events from December to March. This response was first hypoth-
esized and observed in the 1990s, but, later on, substantiated only indirectly through models or satellite 
observations, which could fail in fully assessing the biogeochemical dynamic of the area (as suggested by 
the presented results). In the area where the lowest SSTs were recorded, BGC-Argo floats unambiguously 
observed significant NO3 availability in the sunlit layer, followed by rapid accumulation of biomass on the 
surface. Phytoplankton growth appears to be primarily driven by MLD dynamics as shown by the temporal 
match between MLD stratification and destratification events and CHL fluctuations in the upper layers. As 
hypothesized in previous studies, MLD deepening drives surface NO3 availability, as observed by floats in 
the RG from January 2019 onwards. Floats data also revealed that the upper limit of the deep stock of NO3 
was closer to the surface (between 100 and 170 m) than in the surrounding regions and that an uplift of 
nutrients occurred at the end of the year (i.e. December 2018). Our results confirm that large-scale cyclonic 
circulation, uplifting density isolines, is likely to be the principal preconditioning cause of subsurface NO3 
increase in the RG region. Moreover, our results indicate that phytoplankton accumulation, as well as the 
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environmental conditions that induce it, occur permanently during winter. In other words, the spring event 
(observed here in March) delimits the end of the productive period, instead of starting it as in other temper-
ate areas (e.g. the North Western Mediterranean Sea; Kessouri et al., 2018).

BGC-Argo data accuracy is still not equivalent to that of classic ship-based observations, in particular 
for NO3 and CHL. The results obtained here, however, are directly and indirectly confirmed by ancillary 
high-quality measurements. Moreover, the variations observed by the float data are sufficiently large in re-
lation to the estimated errors to confirm the reliability of the general picture described above. On the whole, 
the BGC-Argo network has provided the first observational evidence of the evolution of NO3 concentration 
in the surface layer of the RG region, showing the direct influence of MLD dynamics on this evolution. The 
response of phytoplankton to the NO3/MLD interplay was also documented in an unprecedented fashion, 
confirming existing understanding about the region's phytoplankton dynamics, providing more insight in 
the underlying mechanisms controlling the physical-biogeochemical interactions.

The results presented here fine-tune the existing picture of the sporadic and intermittent nature of the RG 
CHL increase, mainly obtained from ocean-color satellite observations. In the 2018–2019 period specifically 
analyzed here, satellite ocean-color observations partially failed to detect the area's increase in biomass. 
Considering that the region's biogeochemical budgets are primarily estimated on the basis of remote-sens-
ing data, our evidence on the observational limits of satellites indicates then that these budgets could ac-
cordingly be biased. In this context, the massive use of BGC-Argo floats, in support of and as a supplement 
to space and ship-based observation, is one of the potentialities of an expanded BGC-Argo network. To 
fully exploit these potentialities, more investigations are required to improve integration of the different 
sources of biogeochemical data and to enhance the use of coupled models assimilating both BGC-Argo and 
satellite observations (as in Cossarini et al. [2019]). Our analysis also demonstrates that BGC-Argo floats are 
a powerful tool for elucidating complex interactions between physical and biogeochemical dynamics, al-
though they should be integrated, as far as possible, to “classic” observational systems such as ship surveys, 
moorings and satellites (see relevant discussion in D'Ortenzio, Taillandier, et al. [2020] and in Taillandier 
et al. [2018]).

Data Availability Statement
The BGC-Argo data presented here are freely available at https://doi.org/10.17882/42182#71394 or ftp://ftp.
ifremer.fr/ifremer/argo/dac/. These data were collected and made freely available by the International Argo 
Program and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.
org). The PERLE data are available at SISMER (https://doi.org/10.17600/18000865) and SEDOO (https://
mistrals.sedoo.fr/MERMeX/). Satellite data were provided by the Copernicus Marine Service and CNR-
ISAC Rome, and are available from the Copernicus Marine Service website: https://marine.copernicus.eu.
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Impact des forçages physiques sur la dynamique des éléments biogéochimiques en mer
Méditerranée
Approche couplée observations in situ et réseaux de neurones

Résumé
La mer Méditerranée est caractérisée par une circulation rapide des masses d’eau, des concentrations faibles
en nutriments avec un fort gradient d’oligotrophie, et une acidification plus rapide que pour l’océan global.
Les Eaux Levantines Intermédiaires (LIW) reliant les deux bassins sont marquées par un minimum d’oxygène
(O2). Les variabilités du contenu en O2, des nutriments et du carbone inorganique restent méconnues du fait
de leur faible densité d’observation. Le développement et la validation d’une méthode neuronale CANYON-
MED, spécifiquement conçue pour la Méditerranée, ont permis de dériver nutriments (nitrates, phosphates,
silicates) et variables du système des carbonates (alcalinité totale, carbone total et pH) à partir de variables
systématiquement mesurées (pression, température, salinité et O2, position spatio-temporelle). La dynamique
du minimum d’O2 dans la LIW face à la variabilité des processus de ventilation des eaux intermédiaires en
Méditerranée nord-occidentale a été étudiée sur la période 2012-2020. L’application de CANYON-MED a
permis la description des tendances en nutriments et carbonates dans cette zone, face au phénomène intermittent
de convection profonde. L’importance de la convection sur la ventilation des masses d’eau, et sur les tendances des
nutriments et d’acidification sont mises en évidence, dans un contexte de stratification accrue par le changement
climatique. Enfin, la ventilation de la LIW a été explorée dans sa zone de formation (le bassin Levantin) à l’aide
de flotteurs Argo sur la période 2018-2019, nuançant l’injection d’O2 dans le patch de mélange.

Mots clés : réseaux de neurones, mer Méditerranée, nutriments, système des carbonates, oxygène
dissous, flotteurs Argo

Abstract
The Mediterranean Sea is characterized by rapid circulation of its water masses, low nutrient concentrations with
a strong oligotrophy gradient, and a more rapid acidification than the global ocean. The Levantine Intermediate
Waters (LIW) that connect the two basins are marked by a minimum of oxygen (O2). Variability in O2
content, nutrients, and inorganic carbon remain poorly understood given their low density of observation. The
development and validation of a neural method CANYON-MED, specifically designed for the Mediterranean Sea,
allowed to derive nutrients (nitrates, phosphates, silicates) and carbonate system variables (total alkalinity, total
carbon and pH) from systematically measured variables (pressure, temperature, salinity and oxygen, position in
time and space). The dynamics of the O2 minimum in the LIW in the face of variability in intermediate water
ventilation processes in the northwestern Mediterranean was studied over the period 2012-2020. The application
of CANYON-MED allowed the description of nutrients and carbonate trends in this area, in response to the
intermittent deep convection phenomenon. The importance of convection on the ventilation of water masses,
as well as on nutrient and acidification trends are thus highlighted, in a context of increased stratification by
climate change. Finally, the ventilation of the LIW has been explored in its formation area (Levantine basin)
using Argo floats over the period 2018-2019, nuancing the injection of O2 in the mixing patch.

Keywords: neural networks, Mediterranean sea, nutrients, carbonate system, dissolved oxygen,
Argo floats
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