
HAL Id: tel-03735594
https://theses.hal.science/tel-03735594

Submitted on 21 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Influence of salinity on the coupled ocean-atmosphere
dynamics of the tropical Atlantic Ocean

Manon Gevaudan

To cite this version:
Manon Gevaudan. Influence of salinity on the coupled ocean-atmosphere dynamics of the tropical
Atlantic Ocean. Ocean, Atmosphere. Université Paul Sabatier - Toulouse III, 2021. English. �NNT :
2021TOU30280�. �tel-03735594�

https://theses.hal.science/tel-03735594
https://hal.archives-ouvertes.fr


THÈSETHÈSE
En vue de l’obtention du

DOCTORAT DE L’UNIVERSITÉ DE TOULOUSE

Délivré par : l’Université Toulouse 3 Paul Sabatier (UT3 Paul Sabatier)

Présentée et soutenue le 17/12/2021 par :
Manon GÉVAUDAN

Influence de la salinité sur la dynamique couplée océan-atmosphère de
l’océan Atlantique tropical

JURY
Gregory Foltz Senior scientist

(NOAA, Miami)
Rapporteur

Gilles Reverdin Directeur de recherche
(LOCEAN, Paris)

Rapporteur

Sabrina Speich Professeure des universités
(LMD, Paris)

Examinatrice

Gaëlle De Coëtlogon Maîtresse de conférences
(LATMOS, Paris)

Examinatrice

Hervé Giordani Directeur de recherche
(CNRM, Toulouse)

Examinateur

Sébastien Masson Physicien adjoint
(LOCEAN, Paris)

Examinateur

Julien Jouanno Directeur de recherche
(LEGOS, Toulouse)

Directeur de thèse

Fabien Durand Chargé de recherche
(LEGOS, Toulouse)

Co-directeur de thèse

École doctorale et spécialité :
SDU2E : Océan, Atmosphère, Climat

Unité de Recherche :
LEGOS (UMR 5566)

Directeur(s) de Thèse :
Julien JOUANNO et Fabien DURAND

Rapporteurs :
Gregory FOLTZ et Gilles REVERDIN





Abstract

The tropical Atlantic Ocean has a highly contrasted surface salinity, with low surface salin-
ity in the western and central parts of the basin. This low salinity is due to an important
freshwater supply from large rivers such as the Amazon, Orinoco and Congo, and from heavy
precipitation in the intertropical convergence zone. This results in a strong salinity stratifica-
tion that may influence the vertical mixing, and thus the sea surface temperature (SST) and
air-sea fluxes. The aim of this thesis is to investigate the influence of salinity – and especially
the strong salinity stratification – on the tropical Atlantic Ocean climate. To do so, a 1/4◦

coupled ocean–atmosphere model of the region is developed, using NEMO as the ocean com-
ponent, WRF as the atmospheric component and OASIS as the coupler. The use of a coupled
ocean-atmosphere model allows to take into account all the air-sea interactions and feedback
processes, which have been shown to impact the regional climate and are at the heart of
this study. A series of sensitivity experiments is then conducted with this model, in order
to assess the impact of increasingly detailed processes. First, the impact of the total salinity
stratification on SST and air-sea fluxes is assessed by removing it from the model. Then, the
Amazon and Orinoco rivers, major contributors to salinity stratification in the tropical At-
lantic, are removed from the model. Interannual variability of river discharge is then studied
to quantify the impact of Amazon extreme floods. Finally, the experiment without salinity
stratification is conducted in a future climate, where several of the key variables identified in
the present climate are very distinct from their present state, allowing a deeper understanding
of the processes at stake. From these sensitivity tests, a consistent mechanism emerges in the
northwestern tropical Atlantic in summer. The presence of salinity stratification decreases the
cooling by vertical mixing, which leads to an increase in SST. This warming is then damped
by a negative feedback from the atmosphere: the oceanic response is mitigated by a decrease
in net heat flux. This decrease in net heat flux is primarily due to an increase in latent heat
loss, but also to a reduction in shortwave radiation reaching the ocean surface, related to an
increase in deep convection and associated cloud cover and precipitation. The final change in
SST is determined by the balance between the warming due to the vertical mixing and the
cooling due to the atmospheric feedback, both depending on the sensitivity test. However,
the resulting SST change is always relatively small (0.5◦C maximum). In winter, the impacts
of salinity stratification are much weaker, most probably because of a deeper mixed layer at
this time. SST changes are finally observed in the cold tongue region, related to changes in
the thermocline depth. Subsurface temperature changes are present throughout the year, but
the seasonality of upwelling occurrence dictates the timing of SST changes. In this thesis,
the impact of salinity stratification on the mean tropical Atlantic climate is studied, but the
model developed here could be adapted to study the impact of salinity stratification on the
cyclones. Indeed, the Amazon plume is crossed by numerous tropical cyclones, and the impact
of its associated salinity stratification remains controversial.
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Résumé

L’océan Atlantique tropical présente une salinité de surface très contrastée, avec notamment
une faible salinité de surface dans l’ouest et le centre du bassin. Cette faible salinité est
due à d’importants apports d’eau douce provenant de fortes précipitations dans la zone de
convergence intertropicale et de grands fleuves tels que l’Amazone, l’Orénoque et le Congo.
Il en résulte une forte stratification en sel qui peut influencer le mélange vertical, et donc la
température de surface de la mer et les flux air-mer. L’objectif de cette thèse est d’étudier
l’influence de la salinité – et en particulier de la forte stratification en sel – sur le climat de
l’océan Atlantique tropical. Pour ce faire, un modèle couplé océan-atmosphère au 1/4◦ de
la région est développé, utilisant NEMO comme composante océanique, WRF comme com-
posante atmosphérique et OASIS comme coupleur. L’utilisation d’un modèle couplé océan-
atmosphère permet de prendre en compte toutes les interactions air-mer et les processus de
rétroaction, dont l’impact sur le climat régional a déjà été mis en évidence et qui sont au
cœur de cette étude. Une série de tests de sensibilité a ensuite été menée avec ce modèle, afin
d’évaluer l’impact de processus de plus en plus fins. Tout d’abord, l’impact de la stratifica-
tion en sel totale sur la température de surface de la mer et sur les flux air-mer est évalué
en la retirant du modèle. Ensuite, les fleuves Amazone et Orénoque, contributeurs majeurs
à la stratification en sel dans l’Atlantique tropical, sont retirés du modèle. La variabilité
interannuelle du débit des fleuves est ensuite étudiée pour quantifier l’impact des crues ex-
trêmes de l’Amazone. Enfin, l’expérience sans stratification en sel est menée dans un climat
futur, où plusieurs des variables clés identifiées dans le climat actuel sont très distinctes de
leur état actuel, permettant une compréhension plus profonde des processus en jeu. De ces
tests de sensibilité se dégage un mécanisme dans l’Atlantique tropical nord-ouest en été, sim-
ilaire quelle que soit la force de la stratification en sel. La présence de la stratification en
sel diminue le refroidissement par mélange vertical, ce qui entraîne une augmentation de la
température de surface de la mer. Ce réchauffement est ensuite modéré par une rétroaction
négative de l’atmosphère : la réponse océanique est atténuée par le biais d’une diminution du
flux thermique, qui est principalement due à une augmentation de la perte de chaleur latente,
mais aussi à une réduction du rayonnement solaire atteignant la surface de l’océan, en lien
avec une augmentation de la convection profonde et de la couverture nuageuse et des précip-
itations associées. Le changement de température final est déterminé par l’équilibre entre le
réchauffement dû au mélange vertical et le refroidissement dû à la rétroaction atmosphérique,
les deux dépendant du type de test de sensibilité. Cependant, le changement de température
de surface de la mer résultant est toujours relativement faible (0,5◦C au maximum). En hiver,
les impacts de la stratification en sel sont beaucoup plus faibles, probablement en raison d’une
couche mélangée plus profonde en cette saison. Des changements de température de surface
de la mer sont finalement observés dans la région de la langue d’eau froide, liés à des modifi-
cations de la profondeur de la thermocline. Des variations de température en subsurface sont
présentes tout au long de l’année, mais la saisonnalité de l’apparition de l’upwelling détermine
le moment où les changements de température apparaissent à la surface. Dans cette thèse,
l’impact de la stratification en sel sur le climat moyen de l’Atlantique tropical est étudié, mais
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iv Résumé

le modèle développé ici pourrait être adapté pour étudier l’impact de la stratification en sel
sur les cyclones. En effet, le panache de l’Amazone est traversé par de nombreux cyclones
tropicaux, et l’impact de la stratification en sel qui lui est associée reste controversé.



Remerciements

Cette thèse n’aurait jamais vu le jour sans le soutien de nombreuses personnes, à qui je
souhaite exprimer toute ma gratitude. J’espère n’en oublier aucune (je m’en excuse sinon...).

Contrairement à de nombreux doctorants, cette thèse n’est pas l’aboutissement d’un rêve
ou l’accomplissement d’une vocation, mais plutôt la conséquence d’une série de hasards. L’un
de ces hasards a fait qu’il y a 5 ans, fraîchement sortie de mon école d’ingénieur, j’aie postulé
pour un VIA au Pérou avec l’IRD, en océanographie. Le hasard a ensuite voulu que 2
chercheurs du LOCEAN, François Colas et Vincent Echevin, aient accepté ma candidature
malgré mon manque flagrant de compétences en la matière. Je voudrais donc commencer par
vous remercier chaleureusement tous les deux de m’avoir laissé une chance, et ce faisant de
m’avoir ouvert la voie vers la recherche, de m’avoir initiée à l’océanographie et de m’avoir
donné goût à la modélisation. L’idée d’une thèse n’aurait jamais germée dans mon esprit sans
vous !

Je voudrais ensuite remercier du fond du cœur Julien et Fabien, mes deux encadrants de
thèse qui m’ont accompagnée (et supportée !) tout au long de ces trois années. Merci tout
d’abord d’avoir imaginé ce sujet de thèse pluridisciplinaire et ambitieux, à l’interface entre
l’océan et l’atmosphère, entre la science et la technique. Merci de m’avoir accompagnée dans
mon appropriation du sujet et des connaissances théoriques nécessaires, et de m’avoir ensuite
fait confiance et laissé le champ libre pour étudier ce que je voulais. Merci pour vos grandes
compétences scientifiques, qui se sont soldées par de passionnantes conversations, mais merci
surtout pour vos qualité humaines, votre patience et votre gentillesse. Merci Julien d’avoir eu
ta porte toujours grande ouverte, prêt à répondre à mes dizaines de questions. Merci Fabien
d’avoir su te montrer si disponible, même à l’autre bout du monde, et de m’avoir guidée et
cadrée notamment dans la fin de thèse, pas toujours facile à gérer.

Je voudrais également remercier Sébastien Masson et Hervé Giordani d’avoir apporté un
œil neuf et des idées nouvelles lors des comités de thèse. Merci aussi aux rapporteurs de cette
thèse, Gilles Reverdin et Gregory Foltz pour la lecture attentive et les remarques constructives
sur le manuscrit, ainsi qu’à Sabrina Speich et Gaëlle de Coëtlogon pour avoir accepté d’évaluer
ce travail de thèse. Merci à tous pour les échanges fructueux lors de la soutenance.

Ces heures passées au LEGOS auraient été bien fades sans votre présence à tous !
Merci donc à tous les doctorants et CDD avec qui j’ai partagé tant de bons moments, et tant
de pauses thé. Merci à Romain, Marion et Lise pour les heures de potins (bon ok ça s’applique
à pleins de gens, mais surtout à vous !). Merci à Adé d’avoir partagé toutes tes excellentes
lectures avec moi, de m’avoir aidé à lancer la chorale et de m’avoir mis pleins de super
chansons dans la tête ! Merci à Audrey et Lisa pour toutes les conversations, scientifiques ou
non. Merci à Simon et Pierre pour votre excellent boulot de respo doctorants. Merci à tous
les choristes du LEGOS (et affiliés) : Adé, Pierre, Audrey, Lise, Lisa, Simon, Gabriela, Julia,
Morgane, Benjamin, Juliette, Arne, Antonin, et les petits nouveaux : Elisa, Adrien (et Simon
II un jour peut-être ?). Bravo à vous de vous être lancés ! Merci à Alice, Audrey H, Cori,

v



vi Remerciements

Aude, toutes ces "vieilles" qui m’ont si bien accueillies quand je suis arrivée. Merci à Marco
d’avoir partagé mon bureau pendant 2 ans et de m’avoir aidé à entretenir mon espagnol !
Merci enfin à tous les autres doctorants et CDD que j’ai croisé de près ou de loin pendant
ces trois années : Nolwenn, Micaël, Michel, Marion B, Margot, Hahn, Mahmoud, Quentin,
Wassim, Tung, Thai, Victorien, et j’en oublie sûrement...

Merci à Brigitte, Agathe, Martine et Nadine, puis Catherine et Sandra, à l’équipe info,
Geoffray puis Caroline, ainsi qu’à toute l’équipe de direction passée et présente, Alexandre,
Frédéric, Bertrand, de nous aider au quotidien et de faire tourner cette machinerie énorme
qu’est le LEGOS. Merci aussi à toute l’école doctorale, et particulièrement Geneviève Sou-
cail, Tanya Robinson et Adrien Bru pour tout le temps consacré et l’aide apportée pour les
procédures et le suivi de nos thèses.

Une thèse, c’est aussi des moments de détente pour se ressourcer. Pour ça, un grand
merci à la team St-Mich’ (Margaux, Julien, Claire, Yann) et à la team LEGOS (Romain,
Pierre, Lisa, Adé, Audrey, Lise) pour toutes les soirées jeux, les randos, les aprèms escalade
et les dégustations de fromage qui ont su égayer nos week-ends. Un merci tout particulier à
Margaux pour les séances de "footing"-papotage et à Romain pour tous ces bons moments à
Billière, et pour nous avoir lancé des défis jeux toujours plus grands (Pandemic expert, puis
légendaire, puis Robinson !). Merci enfin à Marion pour les week-ends à Autrans et Lafigère,
et d’être toujours là malgré toutes ces années à me supporter !

Si j’avais voulu respecter un ordre chronologique, il aurait bien sûr fallu que je commmence
par vous : merci à mes parents et à ma sœur de m’avoir soutenue, écoutée et confortée dans
mes choix, à chaque étape de ma vie, et d’avoir été là jusqu’au bout (vous avez même fait
l’effort de venir supporter des heures de soutenance en anglais !). Je sais tout ce que je vous
dois, et je ne serais pas arrivée là sans vous. Merci aussi à toute ma famille et ma belle-famille
pour leur bonne humeur constante et leur présence dans les moments durs.

Enfin Flo, merci pour ton soutien, merci pour ton amour, merci pour tout. Sans toi je ne
suis rien.



Contents

Abstract i

Résumé iii

Remerciements v

Acronyms xiii

General introduction 1

Introduction générale 5

1 Background 9

1.1 SSS variability of the tropical Atlantic Ocean . . . . . . . . . . . . . . . . . . 10

1.1.1 Precipitation associated with the intertropical convergence zone . . . . 10

1.1.2 River runoff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.1.3 Currents system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.1.4 Winds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Ocean-atmosphere coupling mechanisms in the tropical Atlantic Ocean . . . . 15

1.2.1 Bjerknes feedback and Atlantic Niño . . . . . . . . . . . . . . . . . . . 16

1.2.2 Wind-evaporation-SST feedback and Atlantic Meridional Mode . . . . 17

1.2.3 Latent heat feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.2.4 Wind-mixed layer-SST feedbacks . . . . . . . . . . . . . . . . . . . . . 19

1.2.5 Cloud feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3 Impact of salinity on the ocean-atmosphere interactions . . . . . . . . . . . . 20

1.3.1 River plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.2 Barrier layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

vii



viii CONTENTS

1.3.3 Tropical cyclones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2 Materials and methods 29

2.1 Coupled configuration description . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.1 Ocean model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.2 Atmospheric model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2 Observational datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3 Parameterization of the atmospheric model . . . . . . . . . . . . . . . . . . . 32

2.4 Validation of the configuration . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 Mean state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.2 Seasonal and interannual variability . . . . . . . . . . . . . . . . . . . 39

2.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.5.1 Mixed layer budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.5.2 Pycnocline depth and barrier layer thickness . . . . . . . . . . . . . . 42

2.5.3 Salinity contribution to total stratification (OSS100m) . . . . . . . . . 43

2.5.4 Significance of the anomalies in simulations intercomparisons . . . . . 44

3 Impact of salinity stratification 45

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.2 Areas of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1 Impact of salinity stratification on SST . . . . . . . . . . . . . . . . . 47

3.3.2 Northwestern tropical Atlantic SST anomaly . . . . . . . . . . . . . . 49

3.3.3 Cold tongue SST anomaly . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



CONTENTS ix

3.4.1 Relevance of the coupled approach . . . . . . . . . . . . . . . . . . . . 58

3.4.2 Sensitivity of NWTA SST to salinity stratification: no impact of barrier
layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 Impact of the Amazon and Orinoco river discharges 63

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2.2 Areas of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.1 Impact of river discharge on SSS in the NWTA . . . . . . . . . . . . . 65

4.3.2 Impact of river discharge on SST in the NWTA . . . . . . . . . . . . . 67

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4.1 Comparison with previous studies . . . . . . . . . . . . . . . . . . . . 69

4.4.2 Distinct responses between NOS and NORiver in the cold tongue region 70

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Impact of the interannual variability of river discharge 75

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.2 Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.3 Definition of Amazon-Orinoco plume . . . . . . . . . . . . . . . . . . . 79

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3.1 Impact of runoff interannual variability on SSS . . . . . . . . . . . . . 79

5.3.2 Impact of runoff interannual variability on the plume area . . . . . . . 83

5.3.3 Impact of runoff interannual variability on SST . . . . . . . . . . . . . 84



x CONTENTS

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.4.1 Influence of the Atlantic Meridional Mode . . . . . . . . . . . . . . . . 86

5.4.2 SSS changes in the Orinoco plume . . . . . . . . . . . . . . . . . . . . 87

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6 Impact of salinity stratification in a future climate 91

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2.2 CMIP6 multi-model ensemble mean . . . . . . . . . . . . . . . . . . . 93

6.2.3 Pseudo-global warming approach . . . . . . . . . . . . . . . . . . . . . 93

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3.1 Changes in the tropical Atlantic Ocean induced by the increase in GHG
concentrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3.2 Changes in the relationship between salinity stratification and SST in-
duced by the increase in GHG concentrations . . . . . . . . . . . . . . 100

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Conclusion and perspectives 109

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Impact of salinity stratification on the tropical cyclones . . . . . . . . . . . . 112

Impact of salinity stratification on biogeochemistry . . . . . . . . . . . . . . . 114

Impact of salinity stratification on the ocean dynamics . . . . . . . . . . . . . 114

Other perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Conclusion et perspectives 117

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117



CONTENTS xi

Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Impact de la stratification en sel sur les cyclones tropicaux . . . . . . . . . . . 119

Impact de la stratification en sel sur la biogéochimie . . . . . . . . . . . . . . 120

Impact de la stratification en sel sur la dynamique océanique . . . . . . . . . 120

Autres perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Appendix A Publication in Climate Dynamics 123

Bibliography 145





Acronyms

English acronyms

AMM Atlantic Meridional Mode

AMJ April-May-June

ASO August-September-October

BL Barrier Layer

BLT Barrier Layer Thickness

CMIP Coupled Model Intercomparison Project

CT Cold Tongue

DJF December-January-February

ENSO El Niño Southern Oscillation

EUC Equatorial Undercurrent

GCM General Circulation Model

GHG Greenhouse Gases

HF Highest Floods

ITCZ Intertropical Convergence Zone

IPCC Intergovernmental Panel on Climate Change

JAS July-August-September

JJA June-July-August

LF Lowest Floods

MMEM Multi-Model Ensemble Mean

ML Mixed Layer

MLD Mixed Layer Depth

NEMO Nucleus for European Modeling of the Ocean

NBC North Brazil Current

NBUC North Brazil Undercurrent

xiii



xiv Acronyms

NEC North Equatorial Current

NECC North Equatorial Countercurrent

NWTA Northwestern Tropical Atlantic

NH Northern Hemisphere

PGW Pseudo-Global Warming

SEC South Equatorial Current

SH Southern Hemisphere

SSS Sea Surface Salinity

SST Sea Surface Temperature

STD Standard Deviation

SSTA Sea Surface Temperature Anomaly

TC Tropical Cyclone

WRF Weather Research and Forecasting

Acronymes français

GIEC Groupe d’experts Intergouvernemental sur l’Évolution du Climat

SSM Salinité de Surface de la Mer

TSM Température de Surface de la Mer

ZCIT Zone de Convergence Intertropicale



General introduction

Salinity is one of the key physical variables of the ocean. It originates from continental
erosion and hydrothermal vents. It affects the ocean circulation through its contribution to
seawater density, and is one of the main drivers of the meridional overturning circulation
(also known as thermohaline circulation). At the ocean surface, salinity is modulated by
evaporation, precipitation, river runoff and the melting or formation of ice, which makes it a
good tracer of the global water cycle (e.g. Durack, 2015). Salinity usually ranges from 31 to
38 PSU, but it can reach higher values in strong evaporative areas such as the Mediterranean
sea, or lower values in river plumes for instance. Its regional variations depend on the process
that predominates locally. At the high latitudes of the Atlantic Ocean, sea ice formation and
high evaporation increase locally the salinity and densifies the surface waters. This causes
the cold salty surface waters to sink, forming deep waters and initiating the cold branch of
the thermohaline circulation (e.g. Warren, 1983; Killworth, 1983). In the subtropical areas,
evaporation prevails and results in a high sea surface salinity (SSS). Finally, in the tropics,
precipitation is high and reduces the SSS, leading to the development of a strong salinity
stratification.

Salinity stratification can locally affect sea surface temperature (SST) through its control
on the depth of the mixed layer (ML). The ML is the ocean surface layer and has homogenized
properties (temperature, salinity, and thus density). It is warmer and often less salty than
the subsurface. The ML is separated from the deep ocean by a vertical density gradient, the
pycnocline, which is generally controlled by the temperature gradient, the thermocline. In
areas of strong salinity stratification, however, the depth of the pycnocline - and thus the
depth of the ML - can also be partly controlled by salinity. Strong salinity stratification can
then induce a ML thinning and cause a change in its heat content. However, these changes
are complex and sometimes opposite. With a 1D model of the ML, Miller (1976) showed that
strong salinity stratification inhibits the entrainment of cold water by vertical mixing at the
base of the ML: when stratification is stronger, the ML is less reactive to wind anomalies for
instance, and it does not deepen as much. This reduced entrainment leads to positive SST
anomalies. But in case of surface heat loss events, in winter or during the night for instance,
a thinner ML results in an increased cooling of the ML.

In regions where salinity stratification is particularly strong, barrier layers (BLs) some-
times develop. These are intermediate layers that can appear between the ML and the deep
ocean. In areas of strong salinity stratification, the pycnocline can sometimes be entirely con-
trolled by salinity, and the thermocline can become deeper than the pycnocline. The barrier
layer is then defined as the layer between the base of the ML and the top of the thermocline
(Godfrey and Lindstrom, 1989; Lukas and Lindstrom, 1991). The presence of a BL implies
that the mixing at the base of the ML does not cool the ML, since the temperature of the
water in the BL is the same as in the ML: the result is an insulation of the warm ML from the
cooler subsurface (Sprintall and Tomczak, 1992). BLs were originally observed in the tropical
Pacific Ocean (e.g. Lukas and Lindstrom, 1991), but are also present in the tropical Atlantic.

1



2 General introduction

Figure 0.1: Sea surface salinity [PSU] from ESA-CCI, average between 2010 and 2018.
Salinité de surface de la mer [PSU] provenant de ESA-CCI, moyenne entre 2010 et 2018.

They were first observed in the western tropical Atlantic (Pailler et al., 1999; de Boyer Mon-
tégut et al., 2007a; Mignot et al., 2009) and more recently in the northeastern Gulf of Guinea
(Dossa et al., 2019).

The tropical Atlantic Ocean exhibits a very contrasted surface salinity distribution (Fig-
ure 0.1). High SSS areas are located in the subtropical gyres, linked with strong evaporation
and low precipitation in these zones. Low SSS areas are due to large amounts of freshwa-
ter, supplied by four of the world’s largest rivers in terms of discharge (Amazon, Congo,
Orinoco and Niger), and high precipitation associated with the Intertropical Convergence
Zone (ITCZ). This freshwater supply induces a strong salinity stratification in the Amazon-
Orinoco and the Congo river plumes, as well as in the ITCZ (e.g. Pailler et al., 1999; Maes
and O’Kane, 2014).

In the western tropical Atlantic, BL and salinity stratification impact on the SST and the
air-sea heat fluxes has been extensively studied, but the past conclusions diverge. Observa-
tional studies suggest a strong impact of BL and salinity stratification on the SST of 1 to 2◦C
(Pailler et al., 1999; Ffield, 2007; Foltz and McPhaden, 2009; Fournier et al., 2017), whereas
modeling studies show weak impact on the SST (Carton, 1991; Masson and Delecluse, 2001;
Breugem et al., 2008; Balaguru et al., 2012a). This controversy also underlies the issue of
cyclones intensification in the western tropical Atlantic, with some studies concluding that BL
play a significant role in this intensification (Balaguru et al., 2012b; Grodsky et al., 2012; Reul
et al., 2014; Androulidakis et al., 2016), and other studies showing the opposite (Newinger
and Toumi, 2015; Hernandez et al., 2016).

The purpose of this thesis is to evaluate the impact of salinity on the tropical Atlantic
Ocean SST, air sea-fluxes, and more generally on the regional ocean and climate. To do so,
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we develop a coupled model configuration of the region, and we perform a series of sensitivity
tests with it.

The previous modeling studies evaluating the impact of BL and salinity stratification
on the SST, the air-sea heat fluxes and the cyclones were mostly conducted using forced
ocean models. This prevents to take into account the ocean-atmosphere feedback processes,
which are very important in this region. Indeed, in the tropical Atlantic, air-sea interactions
drive the regional climate and its modes of variability, which affect continental rainfall over
Africa and South America (Caniaux et al., 2011; Giannini et al., 2004; Meynadier et al.,
2016; Lübbecke et al., 2018; Crespo et al., 2019), tropical cyclone formation (Vimont and
Kossin, 2007; Wang et al., 2008), and biological productivity (Christian and Murtugudde,
2003; Radenac et al., 2020). It is therefore of great importance to use models that include
these feedback processes. To this end, we develop a coupled ocean-atmosphere configuration
of the tropical Atlantic Ocean at a 1/4◦ resolution. We use the ocean model NEMO coupled
with the atmospheric model WRF. The parameterization and validation of the configuration
are presented in Chapter 2.

Chapter 3 addresses the controversy described previously by revisiting the question of the
impact of salinity stratification and BL on the tropical Atlantic climate. To do so, we perform
and analyze two simulations in which the salinity stratification is either included or removed
from the ocean model (Vialard and Delecluse, 1998).

The next step is to evaluate more specifically the effect of river discharge, and in particular
the Amazon and Orinoco discharge. This is motivated by the fact that a large part of the
salinity stratification of the tropical Atlantic is due to river runoff. Moreover, numerous
studies have investigated this issue (Masson and Delecluse, 2001; Ffield, 2007; Huang and
Mehta, 2010; Coles et al., 2013; Newinger and Toumi, 2015; Hernandez et al., 2016; Fournier
et al., 2017; Jahfer et al., 2020), and a controversy similar as before appears, with observational
and modeling studies having distinct conclusions. These studies were mainly conducted either
with observations or with forced models, and the use of a coupled model can provide new
insights on the subject. In Chapter 4, we analyze a simulation where Amazon and Orinoco
rivers are removed to study the effect on SSS and SST.

These last three decades, the hydrological cycle of the Amazon basin has intensified and
extreme floods and droughts are more and more frequent (Espinoza et al., 2009a; Gloor et al.,
2013, 2015; Marengo and Espinoza, 2016; Barichivich et al., 2018). The impact of this runoff
interannual variability has been little studied, and once again, the conclusions of the different
studies diverge. In Chapter 5, we perform another set of sensitivity experiments, where we
use alternatively monthly interannual runoff and a monthly runoff climatology. This allows
us to quantify the impact of interannual variability of river runoff compared to the rest of the
variability.

Finally, we investigate the modulation of the relationship between salinity stratification
and SST in a future climate. Indeed, several variables and processes relevant for the impact
of salinity stratification on SST will change in the future (e.g. mixed layer depth, ocean
stratification, intensification of the water cycle). In Chapter 6, we modify the ocean and
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atmospheric forcings in order to model a climate corresponding to a business-as-usual scenario
at the end of the 21st century (2086-2100). We then carry out a sensitivity test with and
without salinity stratification, and compare it with the results in the present climate discussed
in Chapter 3.

The western tropical Atlantic Ocean is regularly crossed by strong tropical cyclones, strik-
ing highly populated areas such as the Antilles and the United States. The intense salinity
stratification of the area – induced by the Amazon and Orinoco rivers and by precipitation in
the ITCZ – could intensify them, and yet we still do not understand the impact of this salinity
structure on the regional climate. A better knowledge of the role of salinity stratification in
air-sea interactions is therefore essential, and is a first step toward a better understanding of
its impact on cyclones. More generally, salinity has long been considered a key variable in the
climate of the tropical Atlantic Ocean, although its exact role remains unclear. This thesis
therefore aims at a better understanding of the influence of salinity on the regional climate.
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La salinité est l’une des variables physiques clés de l’océan. Elle provient de l’érosion conti-
nentale et de sources hydrothermales. Elle affecte la circulation océanique par sa contribution
à la densité de l’eau de mer, et est l’un des principaux moteurs de la circulation méridienne
de retournement (également connue sous le nom de circulation thermohaline). À la surface
de l’océan, la salinité est modulée par l’évaporation, les précipitations, le ruissellement et
la fonte ou la formation de glace, ce qui en fait un bon traceur du cycle de l’eau (Durack,
2015). La salinité est généralement comprise entre 31 et 38 PSU, mais elle peut atteindre des
valeurs plus élevées dans des zones de forte évaporation comme la mer Méditerranée, ou des
valeurs plus faibles dans certains panaches fluviaux par exemple. Ses variations régionales
dépendent du processus qui prédomine localement. Aux hautes latitudes de l’océan Atlan-
tique, la formation de glace et une forte évaporation augmentent localement la salinité, ce qui
densifie les eaux de surface. Les eaux de surface froides et salées plongent alors, participant
à la formation des eaux profondes et initiant la branche froide de la circulation thermohaline
(e.g. Warren, 1983; Killworth, 1983). Dans les zones subtropicales, l’évaporation prédomine
et résulte en une forte salinité de surface de la mer (SSM). Finalement, dans les tropiques,
les précipitations sont fortes et réduisent la SSM, entrainant le développement d’une forte
stratification en sel.

La stratification en sel peut affecter la température de surface de la mer (TSM) en mod-
ifiant la profondeur de la couche mélangée. La couche mélangée est la couche de surface de
l’océan, et présente des propriétés homogènes (température, salinité, et donc densité). Elle
est plus chaude et souvent moins salée que l’océan profond, lui-même froid et salé. La couche
mélangée est séparée de l’océan profond par un gradient vertical de densité, la pycnocline, qui
est généralement contrôlé par le gradient de température, la thermocline. Dans des zones de
fortes stratification en sel cependant, la profondeur de la pycnocline - et donc la profondeur
de la couche mélangée - peut être aussi en partie contrôlée par la salinité. La forte stratifi-
cation en sel peut alors amincir la couche mélangée et modifier son contenu thermique. Ces
changements sont toutefois complexes, et parfois contradictoires. À l’aide d’un modèle 1D de
la couche mélangée, Miller (1976) a montré qu’une forte stratification en sel peut empêcher
l’entraînement d’eau froide dû au mélange vertical à la base de la couche mélangée : quand la
stratification est plus forte, la couche mélangée est moins réactive aux anomalies de vent par
exemple, et elle ne s’approfondit pas autant. Cette réduction de l’entraînement conduit à une
augmentation de la TSM. Mais dans le cas où l’océan perd de la chaleur en surface, en hiver
ou pendant la nuit par exemple, une couche mélangée plus mince entraîne un refroidissement
accru de celle-ci, et donc une diminution de la TSM.

Dans les régions où la stratification en sel est particulièrement forte, des couches barrières
peuvent parfois se développer. Il s’agit de couches intermédiaires qui peuvent apparaître
entre la couche mélangée et l’océan profond. Dans des zones de fortes stratification en sel,
il peut arriver que la profondeur de la pycnocline soit entièrement contrôlée par la salinité,
et que la thermocline devienne plus profonde que la pycnocline. La couche barrière est

5
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alors définie comme la couche située entre la base de la couche mélangée et le sommet de
la thermocline (Godfrey and Lindstrom, 1989; Lukas and Lindstrom, 1991). La présence
d’une couche barrière implique que le mélange à la base de la couche mélangée ne refroidit
pas celle-ci, car la température de l’eau dans la couche barrière est la même que dans la
couche mélangée : il en résulte une isolation de la couche mélangée chaude par rapport
à la subsurface froide (Sprintall and Tomczak, 1992). Les couches barrières ont d’abord
été détectées dans l’océan Pacifique (e.g. Lukas and Lindstrom, 1991), mais sont également
présentes dans l’océan Atlantique tropical. Elles ont d’abord été observées dans l’ouest de
l’océan Atlantique tropical (Pailler et al., 1999; de Boyer Montégut et al., 2007a; Mignot et al.,
2009) et plus récemment dans le nord-est du golfe de Guinée (Dossa et al., 2019).

L’océan Atlantique tropical présente une distribution de salinité de surface très contrastée
(Figure 0.1). Des zones de fortes SSM sont localisées dans les gyres subtropicaux, dues à une
forte évaporation et de faibles précipitations. Des zones de faibles SSM sont dues à l’apport
de grandes quantités d’eau douce, fournies par quatre des plus grands fleuves du monde en
terme de débit (l’Amazone, le Congo, l’Orénoque et le Niger) et par de fortes précipitations
associées à la Zone de Convergence Intertropicale (ZCIT). Cet apport d’eau douce induit une
forte stratification en sel dans le panache de l’Amazone et de l’Orénoque, dans le panache du
Congo, ainsi que dans la ZCIT (e.g. Pailler et al., 1999; Maes and O’Kane, 2014).

Dans l’ouest de l’océan Atlantique tropical, l’impact des couches barrières et de la strati-
fication en sel sur la TSM et sur les flux de chaleur air-mer a été largement étudié, mais les
conclusions divergent. Les études observationnelles suggèrent un fort impact des couches bar-
rières et de la stratification en sel sur la TSM d’un à deux degrés (Pailler et al., 1999; Ffield,
2007; Foltz and McPhaden, 2009; Fournier et al., 2017), tandis que les études de modélisation
montrent au contraire un faible impact sur la TSM (Carton, 1991; Masson and Delecluse,
2001; Breugem et al., 2008; Huang and Mehta, 2010; Balaguru et al., 2012a; Jahfer et al.,
2020). Cette controverse sous-tend également la question de l’intensification des cyclones dans
l’ouest de l’Atlantique tropical, certaines études concluant que les couches barrières jouent
un rôle important dans cette intensification (Balaguru et al., 2012b; Grodsky et al., 2012;
Reul et al., 2014; Androulidakis et al., 2016), alors que d’autres études montrent le contraire
(Newinger and Toumi, 2015; Hernandez et al., 2016).

Le but de cette thèse est d’évaluer l’impact de la salinité sur la TSM et les flux de chaleur
air-mer de l’océan Atlantique tropical, et plus généralement sur les variables océaniques et le
climat régional. Pour ce faire, nous avons développé une configuration couplée de la région,
et effectué une série de tests de sensibilité avec celle-ci.

Les précédentes études de modélisation évaluant l’impact de la stratification de la BL et de
la salinité sur la SST, les flux de chaleur air-mer et les cyclones ont été réalisées principalement
à l’aide de modèles océaniques forcés. Ceci empêche de prendre en compte les processus
de rétroaction océan-atmosphère, qui sont pourtant très importants dans cette région. En
effet, les interactions océan-atmosphère influencent le climat de l’Atlantique tropical et ses
modes de variabilité, affectant les précipitations continentales en Afrique et en Amérique du
Sud, (Caniaux et al., 2011; Giannini et al., 2004; Meynadier et al., 2016; Lübbecke et al.,
2018; Crespo et al., 2019), la formation des cyclones tropicaux (Vimont and Kossin, 2007;
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Wang et al., 2008), et la productivité biologique (Christian and Murtugudde, 2003; Radenac
et al., 2020). Il est donc nécessaire d’utiliser des modèles incluant ces processus de rétroaction.
Pour ce faire, nous avons développé une configuration couplée océan-atmosphère de l’océan
Atlantique tropical à une résolution de 1/4◦. Nous avons utilisé le modèle océanique NEMO
que nous avons couplé avec le modèle atmosphérique WRF. La paramétrisation et la validation
de la configuration sont présentées dans le Chapitre 2.

Le Chapitre 3 aborde la controverse décrite précédemment en réexaminant la question de
l’impact de la stratification en sel et de la couche barrière sur le climat de l’Atlantique tropical.
Pour ce faire, nous effectuons et analysons deux simulations dans lesquelles la stratification
en sel est soit incluse, soit retirée du modèle océanique (Vialard and Delecluse, 1998).

L’étape suivante consiste à évaluer plus spécifiquement l’effet du débit des fleuves, et en
particulier du débit de l’Amazone et de l’Orénoque. Une première motivation vient du fait
qu’une grande partie de la stratification en sel de l’Atlantique tropical est due à l’apport d’eau
douce des fleuves. De plus, de nombreuses études se sont penchées sur cette question (Masson
and Delecluse, 2001; Ffield, 2007; Huang and Mehta, 2010; Coles et al., 2013; Newinger
and Toumi, 2015; Hernandez et al., 2016; Fournier et al., 2017; Jahfer et al., 2020), et une
controverse similaire à la précédente apparaît : les études utilisant des observations et les
études de modélisation ont des conclusions différentes. Enfin, ces études ont là encore été
principalement menées avec des observations ou des modèles forcés, et l’utilisation d’un modèle
couplé peut apporter de nouvelles perspectives sur le sujet. Dans le Chapitre 4, nous effectuons
donc une simulation où l’Amazone et l’Orénoque sont enlevés, afin d’analyser l’effet sur la
SSM et la TSM.

Ces trois dernières décennies, le cycle hydrologique du bassin amazonien s’est intensifié
et les inondations et sécheresses extrêmes sont de plus en plus fréquentes (Espinoza et al.,
2009a; Gloor et al., 2013; Marengo and Espinoza, 2016; Barichivich et al., 2018). L’impact
de cette variabilité interannuelle du débit a été peu étudié, et une fois encore les conclusions
des différentes études divergent. Dans le Chapitre 5, nous réalisons deux autres tests de
sensibilité, où nous utilisons le débit interannuel mensuel pour l’un, et une climatologie de
débit mensuel pour l’autre. Cela permet de quantifier l’impact de la variabilité interannuelle
du débit par rapport au reste de la variabilité.

Enfin, nous étudions l’impact de la stratification en sel dans un climat futur. En ef-
fet, plusieurs variables et processus importants concernant l’impact de la stratification en
sel sur la TSM vont changer dans le futur (e.g. profondeur de la couche mélangée, strat-
ification de l’océan, intensification du cycle de l’eau). Dans le Chapitre 6, nous modifions
les forçages océaniques et atmosphériques afin de modéliser un climat correspondant à un
scénario "business-as-usual" à la fin du 21ème siècle (2086-2100). Nous reproduisons ensuite le
test de sensibilité avec et sans stratification en sel, et nous comparons avec les résultats dans
le climat présent discutés dans le Chapitre 3.

De violents cyclones tropicaux traversent régulièrement l’ouest de l’océan Atlantique trop-
ical et frappent des zones très peuplées comme les Antilles ou les États-Unis. La stratification
en sel intense dans cette zone – induite par les fleuves Amazone et Orénoque et par les précip-



8 Introduction générale

itations dans la ZCIT – pourrait les intensifier, et pour autant nous ne comprenons toujours
pas l’impact de cette stratification en sel sur le climat régional. Une meilleure connaissance
du rôle de la stratification en sel dans les interactions air-mer est donc essentielle, et con-
stitue un premier pas vers une meilleure compréhension de son impact sur les cyclones. Plus
généralement, la salinité a longtemps été considérée comme une variable clé du climat de
l’océan Atlantique tropical, bien que son rôle exact reste incertain. Cette thèse vise donc à
améliorer notre compréhension de l’influence de la salinité sur le climat régional.
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10 Chapter 1. Background

1.1 SSS variability of the tropical Atlantic Ocean

The tropical Atlantic Ocean presents warm waters at its surface - over 26-28◦C - allowing
the development of deep convection (e.g. Sabin et al., 2013; Evans and Webster, 2014) and
inducing heavy precipitation in the ITCZ. This precipitation is distributed over the ocean,
locally decreasing the SSS, and over the continents, resulting in strong runoff. This runoff
in turn decreases the SSS at the location of river plumes. The tropical Atlantic is also a
region presenting strong evaporation rates, especially in the subtropical gyres, resulting in
SSS increase. SSS variability of the tropical Atlantic Ocean is thus mainly driven by changes
in precipitation, evaporation and runoff, but also in currents, winds and tides (e.g. Masson
and Delecluse, 2001; Nikiema et al., 2007; Molleri et al., 2010; Coles et al., 2013; Foltz et al.,
2015; Ruault et al., 2020). In the following, we will describe the main processes responsible
for the SSS variability in the various regions of the tropical Atlantic Ocean.

1.1.1 Precipitation associated with the intertropical convergence zone

The ITCZ is located in the tropics, and is the region of convergence of the trade winds. It
is characterized by a belt of clouds around the Earth (Figure 1.1). It corresponds to the
ascending branch of the Hadley cell, which is the mechanism of heat redistribution from the
Equator to the subtropical regions. The convergence of the moist trade winds combined with
warm SST in the tropics lead to the rise of air masses. As they ascend, these air masses

Figure 1.1: Intertropical Convergence Zone in the tropical Atlantic Ocean. Satellite image
from NASA Worldview, modified by Christoph Kersten/GEOMAR.
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cool and condensate, forming deep convective clouds and leading to intense precipitation.
The location of the ITCZ varies from one ocean basin to the other. In the tropical Atlantic
Ocean, the ITCZ is localized north of the geographical Equator, varying from 1◦N in March
to 9◦N in August (Fonseca et al., 2004; Schneider et al., 2014).

ITCZ variability is associated with variability in precipitation. Precipitation brings fresh-
water at the surface of the tropical Atlantic, locally decreasing salinity. This is particularly
important in the central tropical Atlantic, in the ITCZ, and is the main process driving
the SSS seasonal and interannual variability in this region (Grodsky et al., 2006; Foltz and
McPhaden, 2008; Coles et al., 2013; Da-Allada et al., 2013; Foltz et al., 2015; Awo et al.,
2018). Moreover, precipitation strongly affects the SSS in the Gulf of Guinea, which is also
under the influence of the ITCZ (Coles et al., 2013; Da-Allada et al., 2013, 2014). Never-
theless, Hu et al. (2004) showed that precipitation alone cannot explain the low SSS pattern
in the northwestern tropical Atlantic, while Ferry and Reverdin (2004) showed that precipi-
tation does not have a strong impact on SSS interannual variability in the region. Another
freshwater source is needed to explain the SSS variability there: river runoff.

1.1.2 River runoff

The tropical Atlantic Ocean is the recipient of four of the largest rivers in the world: the
Amazon, the Congo, the Orinoco and the Niger. Together, they account for almost 25% of
the global river discharge (Dai and Trenberth, 2002). The Amazon is by far the largest of
them, and has therefore the largest impact on SSS. Its plume of low SSS extends over several
thousands of kilometers and merges with the Orinoco plume (e.g. Hu et al., 2004; Molleri
et al., 2010; Coles et al., 2013). The Congo river is the second largest river, but has been
little studied. Its plume extends over a few hundred kilometers, and its impact on SSS is
relatively local (Denamiel et al., 2013; Hopkins et al., 2013; Berger et al., 2014).

Several modeling studies assessed the impact of the Amazon and/or Orinoco on the SSS
by removing the river discharge in their models (Masson and Delecluse, 2001; Coles et al.,
2013; Newinger and Toumi, 2015; Hernandez et al., 2016; Giffard et al., 2019; Varona et al.,
2019). They all found a strong impact on SSS, with a decrease in SSS of -2 to -4 PSU on
annual average in the Amazon-Orinoco plume (Masson and Delecluse, 2001; Coles et al., 2013;
Giffard et al., 2019). Maximum changes are observed in spring and summer northwestward
of the Amazon mouth, and year-round near the Amazon and the Orinoco mouths (Newinger
and Toumi, 2015; Varona et al., 2019). Using observations, Zeng et al. (2008) found a strong
correlation between the plume area and the Amazon discharge, while Molleri et al. (2010)
showed that river discharge was the main driver of the plume area seasonal variability. More-
over, Masson and Delecluse (2001) observed that the amplitude of SSS seasonal cycle in the
western tropical Atlantic is controlled by the Amazon discharge. However, the impact of river
runoff on the SSS interannual variability remains a matter of debate, some studies showing
that the Amazon interannual variability impacts the SSS interannual variability (Hellweger
and Gordon, 2002; Salisbury et al., 2011; Gouveia et al., 2019a; Jury, 2019), while others
suggest the contrary (Grodsky et al., 2014, 2015; Fournier et al., 2017).
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Figure 1.2: Surface salinity anomaly in January after 4 model years (1983) for a) NoRiver-
Control experiments and b) NoPrecip-Control experiments. NoRiver is the Control simulation
without Amazon and Tocantins rivers. NoPrecip is the Control simulation without precipi-
tation from the Equator to 10◦N. Reproduced from Coles et al. (2013).

Coles et al. (2013) compared the impact of precipitation and Amazon runoff on SSS in
the whole tropical Atlantic (Figure 1.2). They observed a significant effect of Amazon in the
northwestern tropical Atlantic (-1 to -2 PSU) and in the central tropical Atlantic (-0.5 to
-1 PSU). The effect of precipitation, however, is broader and stronger: it impacts the whole
tropical Atlantic from 10◦S to 20◦N, with anomalies ranging from -2 to -4 PSU in the Gulf of
Guinea, and -1 to -2 PSU in the central tropical Atlantic. The northwestern tropical Atlantic
is the only region where Amazon discharge contribution to SSS is equal to or greater than
that of precipitation. Coles et al. (2013) also underlined the importance of the currents in
SSS variability, and we will now describe them.

1.1.3 Currents system

The tropical Atlantic Ocean circulation (Figure 1.3) is mainly zonal and wind-driven (Fieux,
2010). At the surface, the North Equatorial Current (NEC) and the South Equatorial Current
(SEC) are forced by the trade winds and flow westward. They are both composed of several



1.1. SSS variability of the tropical Atlantic Ocean 13

Figure 1.3: Schematic of surface (solid) and thermocline (dashed) tropical Atlantic currents,
including the North Equatorial Countercurrent (NECC), North Equatorial Current (NEC),
South Equatorial Current (SEC) along with its northern and central branches (nSEC, cSEC),
North Brazil Current and Undercurrent (NBC, NBUC), Equatorial Undercurrent (EUC), as
well as the cyclonic circulation around the Guinea Dome (GD), superimposed on the mean
SST for the period October 1992 to December 2009. Reproduced from Hormann et al. (2012).

branches. The southern branch of the SEC feeds the North Brazil Undercurrent (NBUC),
while its central branch feeds the North Brazil Current (NBC). The NBC flows northward
along the South-American coast. In winter and spring, it is weak and continues along the
coast towards the Lesser Antilles, feeding the Guiana Current. In summer, it starts retroflect-
ing eastward into the North-Equatorial Counter-Current (NECC), releasing eddies into the
Guiana Current as it meanders: the NBC rings (Johns et al., 1998; Bourles et al., 1999; Ffield,
2005). The NECC also varies seasonally. It is strong in summer and fall, when the ITCZ
is at its northernmost position. It is very weak, almost disappearing in winter and spring,
when the ITCZ is at its southernmost position (Fonseca et al., 2004). Finally, the Equatorial
Undercurrent (EUC) is an eastward current located at the Equator and fed by the NBUC.
It is deeper in the west than in the east as it follows the thermocline slope, almost reaching
the surface in the east of the basin. The EUC is characterized by a salty core. These salty
waters originate from the subtropical gyre of the southern hemisphere, brought by the SEC
then by the NBUC into the EUC (Fieux, 2010).

It is interesting to note that in the tropical Atlantic Ocean, the whole surface currents
system is asymmetrical with respect to the equator: the northernmost branch of the SEC is
located around 3◦N, and the southernmost branch of the NEC is located around 10◦N. This is
due to the asymmetry of the ITCZ in the tropical Atlantic, which is linked with a northward
shift of the trade winds.

Currents are the main process driving the SSS seasonal variability in the northwestern
tropical Atlantic, as they control the river plume dispersion (e.g. Masson and Delecluse, 2001;
Foltz and McPhaden, 2008; Molleri et al., 2010; Da-Allada et al., 2013; Foltz et al., 2015;
Fournier et al., 2017). Indeed, Masson and Delecluse (2001) found that the SSS seasonal cycle
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phase was identical with monthly and constant Amazon runoff: regardless of the discharge,
the SSS minimum always occur three months after the Amazon flood. Using monthly Amazon
runoff only improves the amplitude of the seasonal cycle. They concluded that the currents
play an important role in the seasonality of the spreading of the plume waters. Nikiema et al.
(2007) also observed that in a model including only Amazon discharge and Coriolis force,
the plume has a different trajectory: it does not go northwestward but spreads offshoreward,
perpendicular to the coast. The mean northwestward pathway of the plume is not due to wind
because it is unchanged regardless of the wind strength and direction (Lentz, 1995; Nikiema
et al., 2007), suggesting again a strong effect of the currents.

SSS variability in the northwestern tropical Atlantic is mostly associated with the season-
ality of two currents, the NBC and the NECC, which advect the Amazon and Orinoco plumes.
In winter, the NBC is weak so the Amazon and Orinoco waters remain near the river mouth.
In spring, the NBC strengthens and starts advecting the freshwater from the Amazon and
Orinoco plume northwestward, along the North Brazilian coast and into the Guiana current.
In summer and fall, the NBC retroflection sets up, deflecting the Amazon waters eastward
into the NECC (Müller-Karger et al., 1988; Ferry and Reverdin, 2004; Hu et al., 2004; Coles
et al., 2013). Therefore, the NECC also plays an important role in SSS variability of some
parts of the central tropical Atlantic by advecting the low salinity plume waters there (Foltz
et al., 2004). The EUC has also been shown to participate in SSS variability in the eastern
tropical Atlantic, by bringing salty water in subsurface. This then impacts the surface salinity
through vertical mixing and upwelling (Da-Allada et al., 2017). Finally, the SEC deflects the
Congo plume westward during spring, strongly influencing the SSS of the easternmost part
of the tropical Atlantic basin during this season (Denamiel et al., 2013; Hopkins et al., 2013;
Berger et al., 2014).

1.1.4 Winds

Winds can impact SSS in three main ways: they drive some surface horizontal currents, they
induce evaporation at the air-sea interface, and they induce vertical turbulence in the mix-
ing layer. In the northwestern tropical Atlantic, changes in the trade winds modulate the
northward extension of the Amazon plume. For instance in boreal winter, when the trade
winds come from the northeast, the Amazon plume is constrained near the coast. However,
modulations of wind direction can sometimes occur in this season, favoring temporarily north-
westward transport and inducing short-lived freshwater plumes (Reverdin et al., 2021). In
summer, a seasonal shift in wind direction from northeasterly to southeasterly increases the
northwestward advection and allows a more important cross-shore extension of the plume,
decreasing the residence time of the low SSS waters near the Amazon mouth (Nikiema et al.,
2007; Molleri et al., 2010; Coles et al., 2013). This wind change is linked with the ITCZ
position (Fonseca et al., 2004; Coles et al., 2013). Winds only modulate the plume extension:
the mean northwestward advection of the plume is governed by the currents (Lentz, 1995;
Masson and Delecluse, 2001; Nikiema et al., 2007; Coles et al., 2013). However, the winds
interannual variability in the region drives the interannual variability of the plume extension,
and therefore of the SSS (Fournier et al., 2017). This is also the case in the Gulf of Guinea,
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where the winds have a weak impact on the seasonal cycle of SSS but a strong impact on
SSS interannual variability (Da-Allada et al., 2014). At the Congo mouth, winds play a more
important role: seasonal changes in the direction and area of the Congo plume are determined
by the seasonal cycle of wind and wind-driven currents (Hopkins et al., 2013; Denamiel et al.,
2013). Moreover, a doubling of the wind speed near the Congo mouth causes a decrease of the
plume extent, due to an increase of vertical mixing that dilutes faster the freshwater (White
and Toumi, 2014).

Wind also impacts the evaporation through changes in latent heat flux (e.g. Kumar et al.,
2017). Evaporation then affects the SSS: it removes freshwater from the ocean surface, in-
creasing the salinity locally. This process is particularly important in the subtropical gyres
(e.g. Camara et al., 2015), leading to a maximum in salinity there. Foltz and McPhaden
(2008) showed that the seasonal variation of the ITCZ modifies the evaporation. In winter
and spring, when the ITCZ is at its southernmost position, the trade winds are the strongest
between 10◦N and 20◦N, inducing strong evaporation there. In summer, the ITCZ shifts
northward, and so do the trade winds and the core of evaporation maximum. Moreover,
Grodsky et al. (2006) attributes the salinization of the tropical Atlantic between 1960 and
1985 to wind changes: a strengthening of the trade winds during this period probably led to
enhanced evaporation, as well as an increase in upwelling of EUC salty waters.

Finally, wind is one of the main processes inducing mixing at the ocean surface. Vertical
mixing has been shown to impact SSS seasonal and interannual variability in areas of low
SSS primarily, such as the ITCZ and the river plumes (Da-Allada et al., 2014; Camara et al.,
2015; Foltz et al., 2015; Awo et al., 2018). In these areas, vertical mixing is one of the main
terms of the salinity budget, attenuating the strong surface freshening from river runoff and
precipitation by bringing saltier water at the surface. In the evaporative regions, mixing
has a weaker impact, and can either induce a salinization of the surface as in the northern
hemisphere, or a freshening of the surface as in the southern hemisphere, depending on the
sign of the salinity gradient (Camara et al., 2015). Finally, the equatorial upwelling is also
a region where mixing plays an important role (Camara et al., 2015; Da-Allada et al., 2017;
Awo et al., 2018). Mixing indeed induces a strong salinization at the surface in spring, the
season when the SEC is maximum, due to an increase in vertical shear between the SEC at
the surface and the EUC in subsurface (Camara et al., 2015; Da-Allada et al., 2017).

1.2 Ocean-atmosphere coupling mechanisms in the tropical
Atlantic Ocean

The coupling between the ocean and the atmosphere involves several feedback loops that
determine the mean state and coupled modes of variability over a wide range of time scales.
In this section, we will review the main air-sea coupling mechanisms and the dominant modes
of variability in the region. This will help us understand how the salinity could participate
to the regional climate and its variability – the focus of the next section.
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1.2.1 Bjerknes feedback and Atlantic Niño

The Bjerknes feedback is a positive feedback mostly known for driving the El Niño Southern
Oscillation (ENSO) in the Pacific Ocean (Bjerknes, 1969). It is linked with the Walker
circulation, discovered in the Pacific but present over all the oceans. Therefore, a mode of
variability similar to ENSO, although weaker, occurs in the Atlantic Ocean: the Atlantic
Equatorial Mode, or Atlantic Niño for the warm events and Atlantic Niña for the cold events
(Zebiak, 1993; Keenlyside and Latif, 2007; Lübbecke and McPhaden, 2017).

Figure 1.4 (McPhaden et al., 2010) presents the Walker circulation and the Bjerknes
feedback in the tropical Pacific, but the mechanism is similar in the tropical Atlantic. Under
normal conditions (Figure 1.4a), the easterly trade winds push the warm surface waters to the
west, deepening the thermocline there and creating a "Warm Pool". The accumulation of mass
in the west leads to higher sea level than in the east, and is associated with a shoaling of the
thermocline in the east that generates the EUC through pressure adjustments. The shallow
thermocline, combined with Ekman divergence and wind-induced equatorial waves explains
the presence of an equatorial upwelling (also called Cold Tongue, or CT) in the eastern part
of the basin (e.g. Weingartner and Weisberg, 1991; Wang et al., 2017). In the Warm Pool,
the SST is higher than the convection threshold (26 to 28◦C, Sabin et al., 2013; Evans and
Webster, 2014), which allows the development of deep convection and strong precipitation.
This is the ascending branch of the Walker cell. The air will then recirculate eastward and
subside above the CT because of the cooler SST there, creating the descending branch of the
Walker cell. Due to the zonal SST gradient, the trade winds blow westward and connect the
two branches, closing the Walker circulation.

An El Niño event (Figure 1.4b for the Pacific, also valid for the Atlantic) is characterized
by a relaxation of the trade winds leading to an anomalous eastward extension of the Warm
Pool. The trade winds relaxation is associated with a downwelling equatorial Kelvin wave,

Figure 1.4: Schematic showing a) normal conditions and b) warm ENSO events (El Niño) in
the tropical Pacific. It shows the Walker circulation and illustrates the Bjerknes feedback,
also at stake in the tropical Atlantic. Reproduced from McPhaden et al. (2010).
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which leads to a flattening of the thermocline and a weakening of the CT (Wyrtki, 1975).
The zonal SST gradient decreases, causing a further relaxation of the trade winds and closing
the positive feedback loop. Conversely, during La Niña events, the trade wind strengthens,
increasing the slope of the thermocline. The SST gradient increases as well, leading to a
further strengthening of the trade winds. These events occur in boreal summer, and are
associated with changes in precipitation. In the Pacific, ENSO impacts the precipitation over
South America, with El Niño events being generally associated with lower precipitation and
river discharge in most of the Amazon basin while La Niña events are associated with higher
precipitation and river discharge in the basin (e.g. Ropelewski and Halpert, 1987; Ronchail
et al., 2005; Espinoza et al., 2009b; Towner et al., 2020). In the Atlantic, an increase of
precipitation over northeast Brazil and West Africa (Angola and Guinea) as well as droughts
in Sahel have been reported during Atlantic Niños, possibly due to a weaker ITCZ shift
(Ruiz-Barradas et al., 2000; Polo et al., 2008; Losada et al., 2010; Rodríguez-Fonseca et al.,
2015).

1.2.2 Wind-evaporation-SST feedback and Atlantic Meridional Mode

Another important feedback is the Wind-evaporation-SST (WES) feedback. It is associ-
ated with an anomalous cross-equatorial SST gradient, for instance positive SST anomalies
(SSTAs) in the northern hemisphere (NH) and negative SSTAs in the southern hemisphere
(SH). This anomalous northward SST gradient modifies the temperature of the atmospheric
boundary layer and forces an anomalous southward sea level pressure gradient, which in turn
induces anomalous southerly cross-equatorial winds (Lindzen and Nigam, 1987). Due to the
Coriolis force, these winds are deflected to the right (i.e. to the east) in the NH and to the
left (i.e. to the west) in the SH. Moreover, the trade winds are northeasterly in the NH, and
southeasterly in the SH. Therefore, the anomalous southerly cross-equatorial winds cause a
decrease of the trade winds in the NH, leading to a decrease of the evaporation and a further
increase in SST (less evaporation means indeed less heat loss by latent heat flux for the ocean).
Conversely, the trade winds increase in the SH, leading to an increase of the evaporation and
a further decrease in SST. The cross-equatorial SST gradient is thus amplified, which closes
the positive feedback loop.

The WES feedback was presented by Xie and Philander (1994) as a mechanism explaining
the northward asymmetry of the ITCZ in the Atlantic and Pacific oceans. It is now considered
to be the major mechanism driving the Atlantic Meridional Mode (AMM) (e.g. Carton et al.,
1996; Chang et al., 1997; Xie, 1999; Mahajan et al., 2010). The AMM is one of the main modes
of variability of the tropical Atlantic Ocean. It initiates in winter with changes in trade winds
strength, and fully develops in boreal spring (Figure 1.5, from Rugg et al., 2016). Indeed,
boreal spring is the season when the ITCZ is the closest to the Equator and therefore the
season when the WES feedback is the most effective (Xie and Carton, 2004; Hu and Huang,
2006). Associated with AMM is a change in the ITCZ location: for a positive phase of the
AMM for instance (i.e. positive SSTAs in the NH), the increase in southerly winds induces
a northward shift of the ITCZ (Hastenrath and Greischar, 1993; Ruiz-Barradas et al., 2000;
Chiang and Vimont, 2004). This has strong consequences on the continental rainfall over
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Figure 1.5: Composite maps of AMM events for 1982-2014, SST anomalies (shaded) and wind
stress anomalies (vectors) for a) January, b) March and c) May. Signs shown are for typical
negative events. Reproduced from Rugg et al. (2016).

northeast Brazil, and can induce floods or droughts in the Amazon watershed (Hastenrath
and Greischar, 1993; Nobre and Shukla, 1996; Chiang and Vimont, 2004; Foltz et al., 2012;
Marengo and Espinoza, 2016).

The WES feedback is the main mechanism explaining the AMM, but it is not the only
one (Tanimoto and Xie, 2002; Mahajan et al., 2010; Rugg et al., 2016; Kataoka et al., 2019).
In the following we will describe three more ocean-atmosphere feedbacks participating in the
development or damping of the AMM.
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1.2.3 Latent heat feedback

With the development of SSTAs, due to the AMM for instance, comes also a change in latent
heat flux. Indeed, a SST increase leads usually to an increase in heat loss by latent heat flux
(Kumar et al., 2017). Therefore, a negative feedback appears during the AMM: the increase
in SST leads to an increase in latent heat flux which decreases the SST (Rugg et al., 2016).
Conversely, in the other part of the AMM SST dipole, the decrease in SST leads to a decrease
in latent heat flux which increases the SST.

1.2.4 Wind-mixed layer-SST feedbacks

The ML hosts the ocean-atmosphere interactions and can impact the SST (e.g. Miller, 1976).
Rugg et al. (2016) first observed that during AMM events, positive SSTAs are associated
with a thinner ML, making it more sensitive to the positive surface heat fluxes and heating
it further. Later, Kataoka et al. (2019) described two positive feedbacks involving the ML,
and named them the wind-induced turbulence–mixed layer–SST (WIMS) feedback and the
wind–evaporation–mixed layer–SST (WEMS) feedback.

Analogous to WES feedback, WIMS and WEMS feedback originate from an anomalous
cross-equatorial SST gradient that modulates the trade winds. Positive SSTAs are associated
with a decrease in wind. In the case of the WIMS feedback, the decrease in wind will cause a
thinning of the ML by an inhibition of turbulent mixing. In the case of the WEMS feedback,
the decrease in wind will cause a decrease in evaporation and thus a gain in buoyancy, leading
to a thinning of the ML. A thinner ML is then more sensitive to the surface heat fluxes and
leads to a further warming of the surface. Conversely, negative SSTAs will lead to a deepening
of the ML, a ML less sensitive to positive surface heat fluxes and thus a further cooling of
the surface.

We can note that these feedbacks are actually sensitive to the sign of the net heat flux.
In both Rugg et al. (2016) and Kataoka et al. (2019) studies, the net heat flux is positive,
making the feedback positive. But in case of a negative net heat flux, the WIMS and WEMS
feedback will become negative feedbacks: a thinner ML - linked with positive SSTAs - will
be more reactive to heat loss, which will lead to a decrease in SST; a deeper ML - linked
with negative SSTAs - will be less reactive to heat loss, which will lead to an increase in SST
(Miller, 1976).

1.2.5 Cloud feedback

Clouds are involved in two different feedbacks: a positive feedback associated with low level
clouds, and a negative feedback associated with deep convective clouds.

During AMM events for instance, low level cloud cover increases above the negative SSTAs,
and decreases above the positive SSTAs. Clouds are blocking the solar radiation, resulting in
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additional positive feedback: areas of negative SSTAs receive less solar radiation, amplifiying
the negative SSTAs, whereas areas of positive SSTAs receives more solar radiation, amplifying
the positive SSTAs (Tanimoto and Xie, 2002; Hu and Huang, 2006; Xie, 2009; Myers et al.,
2018).

However, the clouds associated with deep convection induce a negative feedback. Indeed,
deep convection occurs in areas of warm SST, typically over 26-28◦C (e.g. Sabin et al., 2013;
Evans and Webster, 2014). In these areas, an increase in SST is associated with a densification
of deep convective clouds, which in turn decreases the solar flux reaching the ocean surface
and thus the SST (Xie, 2009).

1.3 Impact of salinity on the ocean-atmosphere interactions

Salinity can have an influence on the air-sea exchanges of heat, freshwater and momentum.
This influence is indirect and the main mechanism is through its impact on the upper ocean
stratification and mixed layer depth (MLD). In presence of a strong salinity stratification,
the ML becomes thinner. Its heat capacity thus decreases and it is more effectively heated
or cooled (depending on the sign of the surface heat fluxes). Moreover, a strong salinity
stratification stabilizes the ML, making it less sensitive to wind gusts: in such a case, the ML
will not deepen as much and the entrainment of cold water through the base of the ML will
decrease (e.g. Miller, 1976). A thinner ML also traps more effectively the wind momentum,
enhancing the wind-driven currents (Vialard and Delecluse, 1998).

The strongest salinity stratifications of the tropical Atlantic Ocean are localized in river
plumes (Maes and O’Kane, 2014). The impact of the river plumes on the SST has therefore
been frequently studied, and is the first topic discussed in this section. Moreover, in the
literature, the impact of the river plumes on SST is usually associated with the presence
of barrier layers (BLs). We will therefore explain what it is, how they form in the tropical
Atlantic Ocean, and the impact that they can have on the SST and on the air-sea heat
fluxes. Finally, the presence of BLs might contribute to tropical cyclones (TCs) maintenance
and intensification in the northwestern tropical Atlantic (e.g. Grodsky et al., 2012; Balaguru
et al., 2020). However, the effect of BLs - and more generally of salinity stratification - on
TCs is a long-standing debate, and is thus the last topic of this section.

1.3.1 River plumes

In the tropical Atlantic Ocean, two main river plumes are associated with strong salinity strat-
ification: the Amazon-Orinoco plume, and the Congo plume. The influence of the Amazon
and Orinoco plume on SST has been extensively studied, but the results are contradictory.
Observational studies suggest a strong impact of the plume on the SST of the region (Pailler
et al., 1999; Ffield, 2007; Fournier et al., 2017; Jury, 2019). For instance, Pailler et al. (1999)
evaluate that the presence of the river plume conducts to a 1◦C increase of SST, while Ffield
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(2007) notes that the river plumes are on average 2◦C warmer than the open ocean wa-
ters. On the other hand, modeling studies do not find any compelling impact on tropical
Atlantic SST when removing Amazon runoff, whether conducted with forced ocean models
(Huang and Mehta, 2010; Newinger and Toumi, 2015; Hernandez et al., 2016), or coupled
ocean-atmosphere models (Jahfer et al., 2017). Nevertheless, Jahfer et al. (2017) suggest that
freshwater brought by Amazon runoff has a long-term effect on the North Atlantic climate:
shutting down the Amazon for a hundred years would bring saltier water in the northern
Atlantic and enhance the sinking of water there, thus strengthening the Atlantic Meridional
Overturning Circulation (AMOC) as well as the Gulf Stream and the Guiana Current. These
changes in currents then trigger a permanent negative phase of the North Atlantic Oscillation,
altering the whole North Atlantic climate.

The impact of the Congo plume on air-sea heat fluxes and on SST has been little studied,
and the results are contradictory. Using in-situ measurements of Congo runoff and SST,
Materia et al. (2012) found significant - albeit weak - positive correlations between the two
along the Angolan coast, in the Gulf of Guinea and in the Cold Tongue area, suggesting that
the Congo river was responsible for warming in these areas. On the other hand, Hopkins
et al. (2013) used remote sensing data to conduct EOF analysis and found no impact of the
Congo river on SST. Furthermore, White and Toumi (2014) conducted modeling experiments
with and without Congo river and they also concluded that the Congo has no impact on SST,
apart from a slight cooling (up to 0.25◦C) off of the Congo mouth.

1.3.2 Barrier layers

1.3.2.1 What is a barrier layer ?

Usually, the tropical oceans can be represented in an idealized way by two layers: the ML,
a warm surface layer homogeneous in salinity and temperature - and therefore in density,
and the deep ocean, cold and salty (Figure 1.6a). The two layers are separated by a sharp
pycnocline that is usually controlled by temperature. However, in areas of strong salinity
stratification (river plumes, ITCZ), the pycnocline depth can be driven by salinity. This is a
necessary condition of appearance of a BL, but not a sufficient one. For a BL to appear, a
decoupling between the thermocline and the halocline is also necessary: the thermocline must
be deeper than the halocline, and therefore deeper than the pycnocline (Figure 1.6b). A third
layer then appears between the ML and the deep ocean, called the Barrier Layer (Godfrey
and Lindstrom, 1989). It is called so because it acts as an insulating barrier between the
warm surface waters, interacting with the atmosphere, and the cold waters of the deep ocean.
Its thickness is calculated as the difference between the top of the thermocline depth and
the pycnocline depth (corresponding to the MLD) (Lukas and Lindstrom, 1991; Sprintall and
Tomczak, 1992).
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Figure 1.6: Profiles of temperature (blue), salinity (black), and density (red) representing the
mixed layer depth (MLD) and the barrier layer thickness (BLT). Two cases are shown: a) no
BL and b) thick BL. Reproduced from Yan et al. (2017).

1.3.2.2 Formation mechanisms

In the tropical Atlantic, BLs are mainly present in the northwestern part, and more exactly
along the coast between Brazil and Venezuela northwest of the Amazon mouth (Pailler et al.,
1999; Masson and Delecluse, 2001; Mignot et al., 2007), in the NBC retroflection and in the
NECC in summer (Pailler et al., 1999; Mignot et al., 2007; Saha et al., 2021), near the lesser
Antilles, in winter especially (Sprintall and Tomczak, 1992; Mignot et al., 2007, 2012), in the
ITCZ (Foltz et al., 2004; Mignot et al., 2007; Tanguy et al., 2010) and equatorward of the
northern hemisphere subtropical gyre (Sato et al., 2006; Mignot et al., 2007, 2012; Saha et al.,
2021). They are also present equatorward of the southern hemisphere subtropical gyre, close
to the Brazilian coast (Sprintall and Tomczak, 1992; Sato et al., 2006; Mignot et al., 2007;
Tanguy et al., 2010).

The mechanisms of formation of all these BLs have been thoroughly studied, and are
globally similar. Two elements are needed for a barrier layer to develop: a shallow pycnocline
and a deeper thermocline (Masson and Delecluse, 2001). The shallow pycnocline is caused by
a strong salinity stratification, usually due to the advection at the surface of freshwater from
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the Amazon and Orinoco or from the ITCZ (Pailler et al., 1999; Masson and Delecluse, 2001;
Mignot et al., 2007). The salinity stratification can be reinforced in some places by the ad-
vection of salty water at the subsurface, originating from the subtropical gyres (Sprintall and
Tomczak, 1992; Mignot et al., 2007; Tanguy et al., 2010; Balaguru et al., 2012a). In summer,
the NBUC also advects salty water of the southern subtropical gyre under the Amazon plume,
which helps maintaining the strong salinity stratification there (Masson and Delecluse, 2001).
Small scale salinity fronts also play a role in creating strong salinity stratifications locally
(Sato et al., 2006; Tanguy et al., 2010; Saha et al., 2021).

The explanation for a deeper thermocline depends on the season and the region. In winter,
the thermocline deepens naturally due to a decrease of temperature at the surface inducing a
decrease of the temperature gradient, strong mixing and a deepening of the ML. In the area
near the lesser Antilles for instance, it deepens faster than the pycnocline, causing very thick
BLs (Mignot et al., 2012). In summer, the NBUC advects warm waters from the southern
subtropical gyre under the Amazon plume, heating the subsurface. Coupled with the shallow
pycnocline, this allows for the development of a BL there (Masson and Delecluse, 2001).
Moreover, in spring and summer, solar radiation is maximum, and the ML is very thin in
various regions due to the strong salinity stratification. This induces a penetration of the
solar flux under the ML, a warming of the subsurface and the development of a BL (Vialard
and Delecluse, 1998; Masson and Delecluse, 2001; Mignot et al., 2012).

More recently, BLs have been detected in the northeastern Gulf of Guinea, associated
with precipitation in the ITCZ and the Niger river plume (Dossa et al., 2019). Thin BLs (less
than 6 m) are also induced by the Congo River (White and Toumi, 2014). However, the exact
mechanisms leading to the appearance of barrier layers there have not yet been studied.

1.3.2.3 Impact on SST and air-sea fluxes

BLs have several impacts on SST and on air-sea interactions. First, the trapping of solar
flux at the origin of the BLs formation can also lead to the development of temperature
inversions (Vialard and Delecluse, 1998). Indeed, the stabilization by the strong salinity
stratification allows for the ML to be cooler than the water below without being unstable.
These temperature inversions have been observed in the western tropical Atlantic (Miller,
1976; de Boyer Montégut et al., 2007a; Foltz and McPhaden, 2009), and were also reported
in models (Miller, 1976; Masson and Delecluse, 2001; Balaguru et al., 2012a; Mignot et al.,
2012). They can reach up to 1◦C (Mignot et al., 2012). They have been shown to participate
to the seasonal and interannual variability of the SST in the tropical Indian Ocean (Durand
et al., 2004; Masson et al., 2005; Nagura et al., 2015).

In presence of a BL, there is no cooling by entrainment of cold water at the base of the
ML: the water being the same temperature in the BL and in the ML, the deepening of the ML
- during a gust a wind for instance - brings water of the same temperature into the ML, or
warmer in case of a temperature inversion (Vialard and Delecluse, 1998; Foltz and McPhaden,
2009).



24 Chapter 1. Background

Nevertheless, the impact of BL on SST is controversial. Using in-situ observations, Foltz
and McPhaden (2009) suggested that BL presence leads to an increase of SST of 1.3 to 1.9◦C in
the western tropical Atlantic. The observational studies that noticed an impact of the Amazon
plume on SST all linked it to the presence of BLs (Pailler et al., 1999; Ffield, 2007; Fournier
et al., 2017). Moreover, modeling studies using a forced ocean model in the tropical Pacific
(Vialard and Delecluse, 1998) and a coupled ocean-atmosphere model in the southeastern
Arabian sea (Masson et al., 2005) removed the salinity stratification (and therefore the BLs),
and each observed an impact of up to 0.5◦C on SST. However, similar modeling experiments
conducted in the western tropical Atlantic with a forced ocean model (Masson and Delecluse,
2001) and in the Bay of Bengal with a coupled ocean-atmosphere model (Krishnamohan et al.,
2019) did not find any impact of salinity stratification on the SST. Moreover, Balaguru et al.
(2012a) strengthened the salinity stratification in its coupled model of the tropical Atlantic
by increasing the freshening in the Amazon region and increasing the salinity maxima of
the subtropical gyres. This resulted in a thicker BL, but no associated change in SST was
observed.

Breugem et al. (2008) studied the ability of coupled global General Circulation Models
(GCMs) to reproduce the BLs in the tropical Atlantic Ocean, and they observed the devel-
opment of spurious BLs in the southeastern tropical Atlantic. They linked them with the
well-known SST biases of the coupled GCMs in this region. Furthermore, they hypothesized
a positive feedback mechanism between BL, SST and ITCZ to explain the persistence of the
SST biases. The spurious BLs cause a warm SST bias in the region, which in turn leads to a
southward shift of the ITCZ and an increase of precipitation in the area. The latter leads to
an increase of freshwater supply, helping to maintain a shallow pycnocline. The warm SST
bias also causes a weakening of the easterly winds, leading to a subsurface warm bias that
maintains a deep thermocline. The two effects combined cause a persistence of the BL bias,
and of the SST bias.

1.3.3 Tropical cyclones

TCs are natural disasters that occur frequently in the tropical Atlantic Ocean (14 tropical
storms per year including 7 hurricanes on average over the 1991-2020 period, according to
Météo-France). They have strong consequences on the populations, and as such are the
subject of intense research and monitoring.

Ffield (2007) was the first to suggest a link between TC intensification and salinity stratifi-
cation associated with the presence of the Amazon-Orinoco plume. She observed that between
1960 and 2000, 68% of the category 5 hurricanes crossed the Amazon plume. Moreover, rel-
atively strong positive correlation is found between SST in the plume and winds induced by
the TCs crossing the area. Coupled with the fact that SSTs are on average 2◦C higher in the
plume, this seems to indicate an impact of salinity stratification on the TCs intensity.
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Subsequently, several studies have focused on this link, but the results are contradictory.
Some studies confirmed its existence (e.g. Balaguru et al., 2012b; Grodsky et al., 2012; An-
droulidakis et al., 2016; Rudzin et al., 2018). For instance, Balaguru et al. (2012b) showed that
in the tropical Atlantic Ocean, observations of TC intensification rate are almost 50% higher
over regions with BL than over regions without BL. Using also a coupled ocean-atmosphere
model, they observed that the surface cooling and the vertical turbulent heat fluxes subse-
quent to the passage of a TC were reduced by almost 40% in areas with BLs, leading to
TC intensification. More recently, Balaguru et al. (2020) studied the rapid intensification
of TCs and also found an impact of salinity stratification. Moreover, they observed a slight
improvement of the forecast of TC rapid intensification when salinity was included in the
predictors.

Yan et al. (2017) refined and nuanced a little this link: they concluded that the impact of
BL is complex, and depends on various factors such as ocean stratification and TC intensity.
They explain the mechanism behind the impact of strong salinity stratification and BLs on
TCs as follows. Under normal circumstances, a surface cooling (1◦C on average) appears in
the wake of a TC due to the mixing associated with the intense winds. Indeed, the strong
winds break through the ML and induce mixing of cooler waters from under the thermocline.
Since TCs develop because of high SSTs, this cooling induces a negative feedback on the
TC intensity that can reduce the TC intensification by up to 50% (e.g Schade and Emanuel,
1999; Vincent et al., 2012). But in presence of a strong salinity stratification, the pycnocline
is sharper and the ML is harder to break through. The ML is also thinner when salinity
stratification is strong. This results in less cooling by entrainment of cold water, but more
cooling by latent heat flux. The latter is the main process for weak TCs, and the combination
of the two processes still results in a decrease of the SST, and an inhibition of the weakest
TCs (Vincent et al., 2012; Yan et al., 2017; Hlywiak and Nolan, 2019). In presence of a BL
and when the TC is strong enough for the ML to be breached, the water that is mixed is
warmer than the surface, previously cooled by the still weak TC. It results in a warming
of the surface and a TC intensification. When the TC is strong enough, the induced winds
reach the bottom of the BL and the SST begins to decrease. But even then, the presence of
a BL induces a higher SST and thus an intensification in comparison with regions without
BLs (Yan et al., 2017).

Nevertheless, two modeling studies reported different results (Newinger and Toumi, 2015;
Hernandez et al., 2016). By conducing experiments with and without runoff, they have shown
that salinity stratification and BLs associated with the Amazon plume have very little impact
on SST, on cooling in the wake of TCs, and thus on TC intensification. Newinger and Toumi
(2015) studied the separate impact of salinity stratification and bio-optical effects induced
by the Amazon. They concluded that salinity stratification alone has a weak impact on TC
intensity (modest intensification of -5 to -12 hPa), which is only due to the stabilizing effect
of the increased stratification and not to temperature changes. Moreover, the light absorbing
particles of the colored plume offset this effect (modest weakening of +6 to +16 hPa), because
of a slight increase in SST (+0.1◦C) and a slight decrease in subsurface temperature (-0.3◦C).
The net effect of the plume on TC intensity is therefore negligible.
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Hernandez et al. (2016) studied the cooling in TCs wake and confirmed the weak ef-
fect of the plume. Like Balaguru et al. (2012b), they observed a lower surface cooling in
the wake of TCs in the plume waters than in the open ocean waters (50 to 60%). How-
ever, removing runoff - and thus BLs - does not significantly alter this cooling difference
(Figure 1.7). Hernandez et al. (2016) concluded that the underlying thermal stratification,
incidentally high in the plume area, is the main factor explaining the low TC-induced cooling
and the high TC intensification rate in the region.

Figure 1.7: Distribution of mean SST maximum cooling (◦C) as a function of 10 min aver-
aged maximum wind speed (m/s) obtained from observations and REF and NO-RUNOFF
experiments, using data from the period 1998–2012, for open-ocean waters (dashed lines) and
plume waters (continuous line). Four categories of the Saffir Simpson scale (rescaled to 10
min averaged maximum wind speed) are considered: TS, TD, Cat 1 and 2, Cat 3 and higher.
Vertical bars indicate the standard deviation of the mean cooling in REF experiment. Hori-
zontal bar indicates the standard deviation of the mean winds. Reproduced from Hernandez
et al. (2016).

To this date, the debate on the impact of BLs and salinity stratification on the SST and
the air-sea interactions is still open. The tropical Atlantic Ocean is an area of particular
interest: the salinity structure is especially intense there, and the region is crossed by nu-
merous TCs that affect strongly the population (Carribean islands, southeastern coasts of
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Northern America). As most of the modeling studies investigating salinity stratification in
the area were conducted with forced ocean models, the need for a high resolution coupled
ocean-atmosphere model arises, in order to better understand this peculiar salinity structure
and its role on the climate of the tropical Atlantic Ocean. Note however that the impact of
salinity stratification on TCs has not been studied in this thesis, despite a detailed review of
the literature on the subject. This work can be seen as a preliminary study, that has served to
develop the adequate tool and increase our knowledge of the impact of salinity stratification
on the mean climate; the study of the TCs would then be the logical continuity of this thesis.
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A strong air-sea coupling takes place in the tropical Atlantic Ocean. Ocean-atmosphere
feedback processes impact the regional climate and its modes of variability (Section 1.2), and
it is necessary to take these processes into account in order to properly understand the role
of salinity in the regional climate (Section 1.3). A first part of this thesis consists therefore
in developing a coupled ocean-atmosphere configuration of the tropical Atlantic well suited
to the study of the impact of salinity on regional oceanic and atmospheric variables.

2.1 Coupled configuration description

The coupled regional configuration relies on the ocean model NEMO v4.0 (Nucleus for Eu-
ropean Modeling of the Ocean; Madec and the NEMO team, 2016), the atmospheric model
WRF-ARW v3.7.1 (Weather Research and Forecasting; Skamarock and Klemp, 2008), and
the coupler OASIS3-MCT v4.0 (Valcke, 2013). A similar configuration has already been used
in the Indian Ocean (Samson et al., 2014) and in the tropical belt (Samson et al., 2017;
Renault et al., 2019), and to our knowledge, this is its first implementation in the tropical
Atlantic. The ocean and the atmospheric model share the same horizontal grid: a Mercator
projection that encompasses the tropical Atlantic from 15◦S to 35◦N, and from 99◦W to 20◦E,
with a resolution of 1/4◦ (∼ 27 km). Both models use an Arakawa-C grid. Since the grids are
identical, no spatial interpolation is required by the coupler. Every hour, heat fluxes, water
fluxes and wind stress are sent by WRF to NEMO, and SST and surface currents are sent by
NEMO to WRF. All fields exchanged are hourly averages.

2.1.1 Ocean model

The ocean model solves the three-dimensional primitive equations. Its grid has 75 fixed
vertical levels (z coordinates), with 12 levels in the upper 20 m and 24 levels in the upper
100 m. The advection scheme used for tracers is the Flux Corrected Transport (FCT) scheme
(Zalesak, 1979). The lateral diffusion is parameterized as a bilaplacian isopycnal diffusion.
For the vertical mixing, we use the Generic Length Scale (GLS) scheme (Reffray et al., 2015),
with a k-ϵ closure. The mixed layer eddy parameterization of Fox-Kemper is also used (Fox-
Kemper et al., 2008).

Lateral open boundaries of the model are prescribed using an interannual hindcast from
the MERCATOR global daily reanalysis GLORYS2V4 (Ferry et al., 2012), and more specif-
ically temperature, salinity, sea level and horizontal velocities. The solar radiation penetra-
tion scheme used is the three-waveband RGB (Red-Green-Blue) model from Lengaigne et al.
(2007), a simplified version of the full spectral model of Morel (1988). In order to take into
account the ocean color in this scheme, the model is forced with a monthly climatology from
1999 to 2005 of chlorophyll concentrations derived from SeaWiFS (McClain et al., 1998).
The empirical parameterization from Morel and Berthon (1989) is used to calculate a vertical
profile of chlorophyll from the surface chlorophyll satellite concentrations. Interannual daily
runoffs are specified at the river mouths, and were obtained from the ISBA-CTRIP land
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surface system (Decharme et al., 2019).

This oceanic configuration has already been used in Giffard et al. (2019), and is very
similar to the one used in Jouanno et al. (2017) and in Hernandez et al. (2016, 2017), which
gives us confidence in its ability to simulate realistically the dynamics and thermodynamics
of the upper tropical Atlantic ocean.

2.1.2 Atmospheric model

The atmospheric model WRF solves the compressible and non-hydrostatic Euler equations,
using the Advanced Research WRF dynamical solver (ARW). Its grid has 40 terrain-following
vertical levels (sigma coordinates), and the top of the atmosphere is located at 50 hPa.

From the many parameterizations that can be chosen, the best representation of air-sea
fluxes was obtained with the Yonsei University planetary boundary layer scheme (Hong et al.,
2006) used together with the WSM6 microphysics scheme (Hong and Lim, 2006) modified to
take into account the droplet concentration (Jousse et al., 2016). The Rapid Radiative Trans-
fer Model for GCMs (Iacono, 2011) is used for both shortwave and longwave radiation. Con-
vection is represented with the Multi-Scale Kain-Fritsch scheme (Zheng et al., 2016), which
allows interaction between parameterized clouds and the radiation schemes. The Noah Land
Surface Model (Niu et al., 2011) together with the revised MM5 surface layer scheme (Jiménez
et al., 2012) are used. The choice of these parameterizations is explained in Section 2.3.

Lateral boundary conditions are given by 6-hourly fields from ERA-Interim reanalysis
(Dee et al., 2011). Following Samson et al. (2017), we prescribed a monthly climatology of
albedo derived from MODIS observations (Schaaf et al., 2010).

This coupled configuration is called CONTROL in the rest of this work.

2.2 Observational datasets

In the next two sections, we will present a sensitivity testing of WRF parameterizations and
assess the realism of the CONTROL simulation. To this end, several observational datasets
are needed. The Optimum Interpolation Sea Surface Temperature (OISST) dataset v2.0 from
NOAA (Banzon et al., 2016) is used to assess the model SST. This dataset is a merging of
AVHRR satellite data and in situ observations from 2001 to 2015, interpolated on a 1/4◦ grid.
A seasonal climatology of SSS observations at 1/4◦ resolution was built from Soil Moisture
and Ocean Salinity (SMOS) satellite data (Boutin et al., 2020) for the period 2010-2015, the
common period between the model simulations and SMOS dataset. A monthly climatology
from 2000 to 2014 of the Clouds and the Earth’s Radiant Energy System (CERES) Energy
Balanced and Filled (EBAF) Surface dataset Ed2.8 (Kato et al., 2013) is used to assess the
net longwave and shortwave radiation at the ocean surface. CERES data derives from Terra
and Aqua satellite measurements, and has a 1◦ resolution. The latent heat flux and net heat
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flux from the model are compared with those from the Objectively Analyzed air-sea Fluxes
(OAFlux) project (Yu et al., 2008). The net heat flux is a combination of radiative downward
fluxes (shortwave and infrared fluxes) from the International Satellite Cloud Climatology
Project (ISCCP) and turbulent heat fluxes (latent and sensible) from OAFlux, with a spatial
resolution of 1◦ and a temporal resolution of 1 month. Both climatologies were computed
using data from 2000 to 2009. Precipitation data are from the Tropical Rainfall Measuring
Mission (TRMM; Huffman et al., 2007)), which is a merging of various satellite datasets as
well as rain gauges wherever available. The product is provided on a 1/4◦ grid, and a 2001-
2015 climatology is used. To assess the wind speed, the Scatterometer Climatology of Ocean
Winds (SCOW) is used (Risien and Chelton, 2008). SCOW is a monthly climatology from
1999 to 2009 based on QuikSCAT scatterometer data and with a 1/4◦ resolution. To compute
the 20◦C isotherm depth, we used a climatology from 2002 to 2015 of the ISAS dataset of
3D temperature (Kolodziejczyk et al., 2017; Gaillard et al., 2016). ISAS is based on in-situ
measurements, and has a 1/2◦ resolution. Finally, we compared the model mixed layer depth
(MLD) with the climatology from de Boyer Montégut et al. (2004), based on in-situ salinity
and temperature profiles. The MLD is computed as the depth where the density is equal
to the 10-meter density plus ∆σ, with ∆σ a fixed density criterion of 0.03 kg/m3. Using a
density criterion instead of a temperature criterion is critical in regions with strong upper
ocean salinity gradients (de Boyer Montégut et al., 2004).

2.3 Parameterization of the atmospheric model

In order to minimize the biases, a large set of sensitivity tests to model parameters was
performed. Since the ocean regional configuration has already been extensively validated and
used in several studies (Hernandez et al., 2016, 2017; Jouanno et al., 2017; Giffard et al.,
2019) adjustment of the NEMO parameters was straightforward. Therefore, the focus was on
adjusting the atmospheric model WRF, which to our knowledge has never been coupled to
NEMO over a domain encompassing the whole tropical Atlantic Ocean. However, WRF has
already been coupled to NEMO in the Indian Ocean (Samson et al., 2014) and in the tropical
belt (Samson et al., 2017; Renault et al., 2019). The coupled configuration developed here
has benefited from the experience brought by these works, and is a continuation of them.

We started from a set-up based on Meynadier et al. (2015), who conducted sensitivity tests
to parameterizations in the Gulf of Guinea with a forced WRF model. We used the Noah land
surface model and the WSM6 microphysics scheme that they found to be optimum, especially
for precipitation and latent heat flux. Then, we conducted sensitivity tests to determine the
best longwave (LW) and shortwave (SW) radiation schemes, convection scheme and planetary
boundary layer (PBL) scheme. The choice of the PBL scheme then determines the surface
layer scheme. Figure 2.1 summarizes the different schemes included in WRF and how they
relate to each other.
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Figure 2.1: Interactions between WRF parameterization schemes. The variables exchanged
appear on the arrows. The dotted arrow represent an interaction that is not present in all
the sensitivity tests (Run 7 and 8 only, see Table 2.2 for the description of the runs).

The tests were conducted for a 1+3-year period: 1 year of spin-up and 3 years analyzed.
Table 2.1 describes the different schemes tested, and Table 2.2 summarize the different tests
conducted. The choice of the parameterizations tested is also largely based on Meynadier
et al. (2015). Note that the Multi-scale Kain-Fritsch scheme is only available with the Yonsei
University PBL scheme, and has only been tested with the two best LW and SW radiation
schemes.

To determine the best set of parameters, we observe meridional sections of 8 variables:
SST, SSS, precipitation, MLD, wind speed and the three main heat fluxes: the net shortwave
and longwave radiations, and the latent heat flux (Figure 2.2). These 8 variables were chosen
as indicators of the good representation of the ocean-atmosphere interactions and of the water
cycle. Note that precipitation over land do not have impact on the ocean: river runoff is not
interactive, but prescribed at the river mouths. These 8 variables show patterns relatively
homogeneous zonally, making the meridional sections a good diagnostic to check whether
simulations and observations are in agreement. We also analyze the convective processes in
the model by plotting the cumulative precipitation as a function of the precipitation intensity
(Figure 2.3a), as is done by Samson et al. (2014), and the precipitation intensity as a function
of SST (Figure 2.3b) to evaluate the good representation of the SST-convection threshold
(Sabin et al., 2013).
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Table 2.1: List of the tested schemes and their acronyms

Options Schemes tested Reference

Microphysics WSM6 Hong and Lim (2006)

Land Surface Model Noah Niu et al. (2011)

Convection
Betts-Miller-Janjic (BMJ) Betts and Miller (1986)

Janjić (1994)

Multi-scale Kain-Fritsch (MSKF) Zheng et al. (2016)

PBL
Yonsei University (YSU) Hong et al. (2006)

Assymetric Convective Model 2 (ACM2) Pleim (2007)

Surface Layer
Revised MM5 Monin-Obukhov (MM5) Jiménez et al. (2012)

Pleim-Xiu Pleim (2006)

LW Radiation
New Goddard Chou et al. (2001)

Rapid Radiative Transfer Model (RRTM) Mlawer et al. (1997)

RRTM for GCMs (RRTMG) Iacono (2011)

SW Radiation
New Goddard Chou and Suarez (1999)

Goddard Chou (1992)

RRTM for GCMs (RRTMG) Iacono (2011)

Table 2.2: List of the sensitivity tests conducted, with the corresponding combinations of
parameterizations

Run Convection PBL Surface Layer
LW / SW

Radiation

Conv.-Rad.

Feedback

—– 1 BMJ YSU MM5 New Goddard No

- - - 2 BMJ YSU MM5 RRTMG No

...... 3 BMJ YSU MM5 RRTM / Goddard No

—– 4 BMJ ACM2 Pleim-Xiu New Goddard No

- - - 5 BMJ ACM2 Pleim-Xiu RRTMG No

...... 6 BMJ ACM2 Pleim-Xiu RRTM / Goddard No

—– 7 MSKF YSU MM5 New Goddard Yes

- - - 8 MSKF YSU MM5 RRTMG Yes



2.3. Parameterization of the atmospheric model 35

Figure 2.2: South-North sections, 3-years mean between 20◦W and 40◦W of a) Sea Sur-
face Temperature, b) Sea Surface Salinity, c) Precipitation, d) Mixed Layer Depth, e) Net
Shortwave Radiation, f) Net Longwave Radiation and g) Latent Heat Flux

The meridional sections first show us that the model is highly sensitive to the PBL scheme,
the convection scheme and the radiative schemes used. But the model has the largest sen-
sitivity to the radiative scheme for most of the variables (comparison between solid, dashed
and dotted lines of the same color).

Run 3 and 6 (dotted lines), which use the RRTM and Goddard radiative schemes, can
be first eliminated. The precipitation is far too intense with these schemes (Figure 2.2c,
Figure 2.3b), and the cumulative precipitation far too high (Figure 2.3a). This impacts the
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Figure 2.3: a) Total rainfall as a function of rainfall intensity and b) Rainfall intensity as a
function of Sea Surface Temperature

SSS, which is consequently much too low. The wind speed is also too high, invalidating
further these radiative schemes.

Run 7 can also be eliminated because it presents a double ITCZ bias: a secondary pre-
cipitation maxima is present in the southern hemisphere, and the maxima of the northern
hemisphere is too far north (Figure 2.2c). SSS is also too high in the ITCZ area.

For Run 1 and 4, SST, SSS and precipitation are in relatively good agreement with the
observations, but the MLD, the wind speed and the heat fluxes are not well represented
compared to the other simulations. Moreover, they also have a problem representing the
convective processes. Indeed, Run 1 has a SST in perfect agreement with the observations
in the deep-convective area of the ITCZ (0◦N-10◦N), but the SST threshold for convection is
around 0.5◦C too high (Figure 2.3b), which means that there is not enough deep-convection.
Similarly, Run 4 has a SST too cold by 0.5◦C in the ITCZ area, but a SST threshold in
agreement with the observations.

Run 2 and 5 perform good, apart from a slightly too high precipitation. But overall, Run
8 performs better, especially for the heat fluxes. The heat fluxes of this run also present a
strong bias, but it is not as large as for the other sets of parameters. The SST-convection
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threshold is 0.75◦C too high but so is the SST, which leads to a cumulative precipitation close
to the observations (Figure 2.3a). Finally, contrary to Run 2 and 5, Run 8 includes a feedback
of the parameterized clouds in the radiation schemes (see Figure 2.1, dotted arrow). This is
an important process to consider, because at this resolution a large part of the clouds are
parameterized. Moreover, Section 1.2.5 showed that the clouds can feedback on the SST due
to a modulation of the solar radiation, and we will see in Chapter 3 that this cloud feedback
is important for the sensitivity of the coupled system to salinity stratification.

For all these reasons, the set of parameters of Run 8 was chosen and used in the rest of
this work.

2.4 Validation of the configuration

2.4.1 Mean state

The CONTROL run is compared with the observational datasets in Figure 2.4. First, our
model reproduces fairly well the observed regional patterns of SST, SSS, precipitation, MLD,
net heat flux and thermocline depth. However, the model SST is slightly too warm, especially
in the ITCZ, with a bias of about 1◦C. The SST bias has a magnitude similar to that of the
ensemble mean of CMIP5 and CMIP6 coupled GCMs, but is positive everywhere instead of
negative in the western part of the basin as usually found in coupled GCMs (Richter and Xie,
2008; Richter et al., 2012,0; Xu et al., 2014). This bias does not appear to have any prominent
impact on precipitation nor SSS. Indeed, both are in good agreement with the observations,
apart from a slightly too intense precipitation in the ITCZ (about 2 mm/day) and a slighlty
too high SSS in the central and northwestern tropical Atlantic (about 0.2-0.4 PSU), and near
the Amazon mouth (about 2 PSU). Precipitation is better represented than in state-of-the-art
coupled GCMs, except in the Gulf of Guinea (Breugem et al., 2008; Toniazzo and Woolnough,
2014; Siongco et al., 2015). The low salinity band associated with the Amazon plume and the
ITCZ are particularly well represented, as is the meridional location of the ITCZ: our model
does not show the ITCZ southward extension bias that is so frequent in the coupled GCMs
in the tropical Atlantic (Richter et al., 2014; Tian and Dong, 2020; Richter and Tokinaga,
2020). It has therefore a better SSS than in coupled GCMs: in the major part of the basin, the
SSS bias is more than twice lower than in the ensemble mean of CMIP6 coupled GCMs (not
shown). SSS biases at river mouths may be partly attributed to the different time periods
used for the observations and the model, and to the lower accuracy of SMOS near the coast
and in areas of high variability such as river plumes, despite an improvement in the latest
versions (Boutin et al., 2016, 2018).

The large-scale structure of the MLD is very similar to the observations, apart from the
ITCZ and the Amazon plume where it is too thick (5 to 10 m, i.e. 20 to 40% too thick in the
ITCZ; 10 to 20 m, i.e. 50 to 100% too thick in the Amazon plume). However, it should be
kept in mind that the resolution of the MLD climatology is coarse (2◦x2◦) and could explain
part of the inconsistencies observed. The net heat flux (considered positive downward) is too
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Figure 2.4: 2001–2015 annual climatology of a), b): SST; c), d): SSS; e), f): Precipitation;
g), h): MLD; i), j): Net heat flux; k), l): 20◦C isotherm depth — model (left column) and
difference between the model and the observations (right column)
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low, with a bias of -30 to -40 W/m2 overall. It is caused by too much heat loss by latent heat
flux (-40 to -50 W/m2, not shown) that is partly compensated by a too strong shortwave heat
flux (+10 to 20 W/m2, not shown). While some of these biases undoubtedly fall within the
range of the classical biases found in atmospheric and coupled GCMs (Kumar et al., 2012; Xu
et al., 2014), OAFlux product is also known to have a positive bias over our region (Kumar
et al., 2012), hereby exacerbating the negative bias estimate of our model. The 20◦C isotherm
depth, a proxy of the thermocline depth, is in good agreement with the observations except
in the Gulf of Mexico where it is too deep.

The Gulf of Guinea is the least realistic area in the model, with some zones showing
substantial biases of temperature (up to +2◦C), salinity (down to -4 PSU) and precipitation
(up to +12 mm/day). However, these strong differences occur over small areas and are located
nearshore, outside of the areas we are interested in.

2.4.2 Seasonal and interannual variability

We now assess the ability of the model to reproduce the seasonal and interannual variability
of the regional salinity (Figure 2.5) and temperature (Figure 2.6), the two main variables
of interest. Figure 2.5a and 2.5b show the standard deviations (STD) of monthly SSS from
2010 to 2015 for the CONTROL simulation and for SMOS respectively. The patterns are
well reproduced by the model, but the variability near the Amazon mouth is slightly too high
in the model. Figure 2.5c shows the SSS seasonal cycle for CONTROL (in red) and SMOS
(in black) in the Amazon-Orinoco plume, which is our main region of interest. The Amazon-
Orinoco plume is defined as the region where the mean SSS from 2001 to 2015 in CONTROL
is under 35 PSU. The phase of the seasonal cycle is well simulated, but the amplitude is a
little too strong in the model, with a slighlty too high SSS in boreal winter, and a slightly
too low SSS in boreal spring.

Figure 2.5d shows SSS monthly anomalies with respect to their 2010-2015 monthly clima-
tology for CONTROL (in red) and SMOS (in black), averaged in the Amazon-Orinoco plume.
The two time series are overall in good agreement from 2012 onwards. There is a SSS peak
in 2010 in CONTROL that does not appear in SMOS observations, even though it coincides
with one of the most severe Amazon droughts ever recorded (e.g. Barichivich et al., 2018).
Some salinity drops are also present in our model but not in the observations (2011, 2014).
These discrepancies can be due to the underestimation of SSS on the Amazon shelf in the
model due to the too coarse resolution of the model and/or to the absence of tides (Ruault
et al., 2020). As before, it can also be caused by a lower accuracy of SMOS data near the
coasts and in river plumes (Boutin et al., 2016, 2018).

Temperature variability is very well reproduced by the model (Figure 2.6). STDs are
very similar in CONTROL (Figure 2.6a) and OISST (Figure 2.6b), apart from a slightly
too high variability in the model near the Amazon mouth, in the Caribbean sea and in the
Senegal-Gambia upwelling. The seasonal cycle in the Amazon-Orinoco plume is also rather
well reproduced (Figure 2.6c). Even if the bias in mean state described earlier is also present
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Figure 2.5: 2010–2015 monthly standard deviation of SSS for a) CONTROL run and b) SMOS
observations; c) seasonal cycle of SSS and d) monthly anomalies of SSS for CONTROL (red)
and SMOS (black). In c) and d), the SSS is averaged over the Amazon-Orinoco plume, defined
as the western tropical Atlantic region where the mean SSS from 2001 to 2015 in CONTROL
is under 35 PSU.

Figure 2.6: 2001–2015 monthly standard deviation of SST for a) CONTROL run and b)
OISST observations; c) seasonal cycle of SST and d) monthly anomalies of SST for CONTROL
(red) and OISST (black). In c) and d), the SST is averaged over the Amazon-Orinoco plume,
defined as the western tropical Atlantic region where the mean SSS from 2001 to 2015 in
CONTROL is under 35 PSU.
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in this region (0.5 to 1◦C), the seasonal amplitude is close to observations, without any
prominent phase shift of the seasonal cycle. Finally, the interannual variability of the model
in the Amazon plume is in very good agreement with the observations, and all the main
variations are properly reproduced (Figure 2.6d). This indicates a strong constraint by the
ocean and atmospheric lateral boundary conditions, and a weak internal variability of the
coupled model.

In conclusion, the model compares overall fairly well with the observations, apart from a
bias in heat fluxes commonly found in GCMs.

2.5 Methods

In the following, we present the methods common to the entire thesis. The methods more
specific to each chapter will be presented in each of them.

2.5.1 Mixed layer budgets

2.5.1.1 Heat budget

A mixed layer heat budget was calculated online at each time step, following Vialard and
Delecluse (1998). It consists of an integration of the equation of temperature over the ML,
expressed as follows:

∂tT︸︷︷︸
Total tendency

= < −u∂xT − v∂yT >h︸ ︷︷ ︸
Horizontal Advection

+ < Dl >h︸ ︷︷ ︸
Lateral Diffusion

+ Qs(1 − F−h) + Qns

ρ0Cph︸ ︷︷ ︸
Atmospheric Forcing

+

< −w∂zT >h︸ ︷︷ ︸
Vertical Advection

+ (Kz∂zT )z=−h

h︸ ︷︷ ︸
Vertical Diffusion

+ ∂th

h
(T−h− < T >h)︸ ︷︷ ︸

Entrainment︸ ︷︷ ︸
Vertical Processes

(2.1)

with

< • >h= 1
h

∫ 0

−h
• (2.2)

where T is the model temperature, u the zonal current, v the meridional current, w

the vertical current, Kz the vertical diffusion coefficient and Dl the lateral diffusion. Qs

and Qns are respectively the solar and non-solar part of the total heat flux, F−h is the
fraction of shortwave radiation reaching the base of the ML, and T−h the temperature at the
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ML base. Finally, the MLD, h, is calculated using a threshold criterion ∆σ = 0.01 kg/m3

(de Boyer Montégut et al., 2007b). We chose this criterion, different from the one used
previously, for consistency with several dynamical parameterizations in NEMO (Madec and
the NEMO team, 2016).

This approach was used in several other studies (Vialard and Delecluse, 1998; Durand
et al., 2004; Menkes et al., 2006; Peter et al., 2006; Hernandez et al., 2016; Krishnamohan et al.,
2019). It allows to quantify the temperature tendency due to advection, diffusion, atmospheric
forcing and entrainment. The entrainment term arises from the integration of the temperature
equation over a time-varying ML. In the litterature, however, the entrainment sometimes
refers to the processes at the ML base (mixing, vertical advection). In the remainder of the
manuscript, to avoid confusion, the only meaning of the term "entrainment" will be that given
by Equation 2.1.

2.5.1.2 Salt budget

Similarly, a mixed layer salt budget was calculated online at each time step, and is expressed
as follows:

∂tS︸︷︷︸
Total tendency

= < −u∂xS − v∂yS >h︸ ︷︷ ︸
Horizontal Advection

+ < Dl >h︸ ︷︷ ︸
Lateral Diffusion

+ (E − P )S
h︸ ︷︷ ︸

Atmospheric Forcing

+

< −w∂zS >h︸ ︷︷ ︸
Vertical Advection

+ (Kz∂zS)z=−h

h︸ ︷︷ ︸
Vertical Diffusion

+ ∂th

h
(S−h− < S >h)︸ ︷︷ ︸

Entrainment︸ ︷︷ ︸
Vertical Processes

(2.3)

where S is the model temperature, u the zonal current, v the meridional current, w the
vertical current, Kz the vertical diffusion coefficient and Dl the lateral diffusion. E − P is the
air-sea freshwater flux, with E the evaporation and P the precipitation. S−h is the salinity
at the ML base, and h is the MLD, calculated using the same threshold criterion of ∆σ =
0.01 kg/m3. Note that the river runoff is imposed as a divergence of the flow at the coastal
point closest to the river mouth, and is therefore included in the advection term.

Both budgets were calculated online, at each time step of the ocean model (i.e. every 30
minutes), and averaged monthly afterwards.

2.5.2 Pycnocline depth and barrier layer thickness

The pycnocline depth Dσ is estimated as the depth where a density increase corresponding
to a temperature decrease of 0.2◦C at 10 m depth is found (de Boyer Montégut et al., 2004,
2007a):
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Dσ = depth where [ σ0 = σ0(T10m − 0.2◦C, S10m, P0) ] (2.4)

In areas of intense precipitation or in river plumes, some decoupling may occur between
the haline and the thermal stratification of the upper ocean. In such a situation, the low
surface salinity limits the pycnocline to the halocline depth, while the thermocline is located
deeper: a barrier layer appears (Godfrey and Lindstrom, 1989; Lukas and Lindstrom, 1991).
The barrier layer thickness (BLT) is then defined as the difference between the top of the
thermocline depth and the pycnocline depth (Sprintall and Tomczak, 1992):

BLT = DT−0.2 − Dσ (2.5)

with

DT−0.2 = depth where [ T = T10m − 0.2◦C] (2.6)

the top of the thermocline depth (de Boyer Montégut et al., 2004, 2007a).

2.5.3 Salinity contribution to total stratification (OSS100m)

To characterize the strength of the salinity stratification, we rely on the OSS100m indicator
(Maes and O’Kane, 2014):

OSS100m = < N2S >100m

< N2 >100m
(2.7)

with
N2 = − g

ρ0

∂ρ(T, S)
∂z

(2.8)

the Brunt-Väisälä frequency, where ρ0 is the sea water density, equal to 1026 kg/m3, g is the
acceleration of gravity, T is the model temperature and S the model salinity. N2 represents the
total stratification, and can be expressed as the sum of the stratification due to temperature
N2T and the stratification due to salinity N2S:

N2 = N2S + N2T (2.9)

with
N2S = − g

ρ0

∂ρ(T0, S)
∂z

, N2T = − g

ρ0

∂ρ(T, S0)
∂z

(2.10)

T0 and S0 are constant temperature and salinity values respectively that are representative
of the area. Since salinity is more homogeneous than temperature, we chose to calculate N2S

as the difference between N2 and N2T (Equation 2.9), as in Hernandez et al. (2016). S0 is
taken equal to 36, which corresponds to the mean value of salinity in the upper 100 m in our
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areas of interest (CT, NWTA, ITCZ). We also verified that OSS100m is not sensitive to the
chosen value of S0. N2, N2S and N2T are calculated from the outputs of the CONTROL
run. The value of 100 m is chosen as the depth at which salinity stratification becomes close
to zero and negligible compared to temperature stratification.

OSS100m is the contribution of salinity stratification N2S to total stratification N2, both
of which averaged over the first 100 meters. It is expressed as a percentage of N2.

2.5.4 Significance of the anomalies in simulations intercomparisons

In the rest of this work, the CONTROL simulation is compared with other simulations. The
significance of the differences between the two simulations is based on a two-tailed Student’s
t-test, with a confidence level of 99%. Anomalies considered statistically significant are indi-
cated by dots on the difference maps in Figure 3.1, 3.7, 3.8, 3.10, 4.1, 4.2, 4.4, 6.6, 6.9.
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3.1 Introduction

The aim of this chapter is to study the influence of salinity stratification on the tropical
Atlantic Ocean climate. Indeed, as discussed in Section 1.3, the main mechanism by which
salinity can influence the air-sea interactions is through changes in ocean stratification. The
next step is therefore to assess the impact of salinity stratification on SST and air-sea fluxes.
To this end, a twin sensitivity simulation is performed, for which the contribution of salinity
stratification in the vertical mixing scheme is included or discarded. Removing salinity stratifi-
cation also means removing BL, whose impact on SST and air-sea interactions is controversial
(see Section 1.3.2).

This idealized approach has already been adopted by several studies, in different regions
of the world: in the western tropical Pacific Ocean (Vialard and Delecluse, 1998), in the
western tropical Atlantic Ocean (Masson and Delecluse, 2001), in the southeastern Arabian
Sea (Masson et al., 2005) and in the northern Bay of Bengal (Krishnamohan et al., 2019).
They obtained different results depending on the region: an impact of up to 0.5◦C on SST is
observed in the tropical Pacific and in the Arabian Sea, while no SST change is observed in
the tropical Atlantic and in the Bay of Bengal. Nevertheless, all these studies were conducted
using forced ocean models. Here, the use of a coupled ocean-atmosphere model allows us
to be confident that the air-sea interactions are well reproduced, and that the response of
SST and air-sea fluxes to salinity stratification is as accurate as possible and is not damped
artificially by prescribed atmospheric variables used in the computation of the air-sea fluxes.

This chapter is based on the peer-reviewed publication of Gévaudan et al. (2021) (see
Appendix A for the published version).

3.2 Methodology

We describe here the methodology specific to this chapter. The rest of the methods are
described in Chapter 2, and especially the coupled configuration (Section 2.1) and its vali-
dation (Section 2.4), the mixed layer heat budget (Section 2.5.1.1), the definition of barrier
layer thickness and pycnocline depth (Section 2.5.2), and the way of defining the anomalies
significance (Section 2.5.4).

3.2.1 Simulations

In this chapter, we conducted two ocean-atmosphere coupled simulations: a CONTROL
simulation described in Section 2.1, and a sensitivity simulation NOS. In NOS, following
Vialard and Delecluse (1998), the salinity gradient is set to zero in the Brunt-Väisälä frequency
calculation over the whole domain. The Brunt-Väisälä frequency (N2), a measure of the
ocean stratification, enters as a sink term (or a source term in case of static instability) in
the turbulent kinetic energy prognostic equation that is used to derive the vertical diffusion



3.3. Results 47

coefficient Kz (Reffray et al., 2015; Madec and the NEMO team, 2016). Thus, through
removing the sensitivity of N2 to salinity variations, this experiment allows to remove the
contribution of salinity stratification to vertical mixing, without direct modification of the
model water density. Both sensitivity experiments are conducted from 2000 to 2015, and the
analyses conducted hereafter rely on a 15-year period from 2001 to 2015.

3.2.2 Areas of interest

In the following, we will see that two regions show particularly interesting features. We
define here two areas in which analyses will be conducted: the northwestern tropical Atlantic
(NWTA, 70◦W–50◦W and 5◦N–18◦N), and the equatorial cold tongue (CT, 25◦W–0◦E and
3◦S–1◦N). The two boxes are drawn on Figure 3.1a.

3.3 Results

3.3.1 Impact of salinity stratification on SST

The impact of salinity stratification on the SST is obtained for summer (June-July-August,
JJA) and winter (December-January-February, DJF), as the difference between simulations
CONTROL and NOS (Figure 3.1a and 3.1b). The sensitivity to salinity stratification is
largest in summer, with a warming of 0.2◦C-0.5◦C in the NWTA, and a cooling of 0.2◦C-
0.5◦C in the equatorial region, especially in the CT. Over the rest of the basin, the response
is not statistically significant. In winter, the response is weaker albeit statistically significant
in some localized areas like the ITCZ. It is also worth mentioning that there is a very limited
change in SST in the ITCZ throughout the year, despite heavy precipitation in this area.

The seasonal cycle of SST in the NWTA and in the CT (Figure 3.1c) confirms that
changes are maximum in summer, and almost null in winter. It shows that the presence of
salinity stratification increases the amplitude of the seasonal cycle in both regions (+6% in
the NWTA, +9% in the CT). Note finally that the SST seasonal cycles in the NWTA and
the CT are opposed.

We will now investigate the causes of this contrasted sensitivity of SST among these
regions and seasons.
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Figure 3.1: SST differences between CONTROL and NOS in a) summer (JJA) and b) winter
(DJF), dots indicating the areas where the difference is significant ; c) SST seasonal cycle in
the NWTA and the CT (the two boxes are drawn on Figure a);
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3.3.2 Northwestern tropical Atlantic SST anomaly

3.3.2.1 Impact of salinity stratification on SST

In summer, the warm anomaly in CONTROL with respect to NOS in the NWTA corre-
sponds to a region with large haline stratification. It is revealed by the OSS100m distribution
(Figure 3.2a), which represents the strength of salinity stratification as a percentage of the
total stratification. During winter, such a link does not exist (Figure 3.2b). Note that the
OSS100m summer map shows patterns very similar to those obtained by Sallée et al. (2021)
using observations.

This contrast between summer and winter in terms of sensitivity of the surface temperature
to the local haline stratification is confirmed in Figure 3.3a and 3.3c: during summer, the
higher the OSS100m, the larger the SST anomalies; it reaches 1.2◦C where OSS100m equals
90%. In winter, the SST anomalies between the two simulations are weak and are not related
to the strength of the salinity stratification (Figure 3.3c). We relate this seasonal contrast to a

Figure 3.2: Summer (JJA) maps of a) OSS100m, c) BLT and e) MLD for CONTROL simula-
tion; summer SST differences contours are plotted, only where they are statistically significant.
b), d), f): same than a), c), e) respectively, but in winter (DJF).
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Figure 3.3: Summer (JJA) SST differences as a function of a) OSS100m and b) BLT for
CONTROL run, envelope: ±σ; coastal areas (i.e. areas where the bathymetry is under 50 m)
were removed, as well as values corresponding to less than 100 grid cells. c), d): same than
a), b) respectively, but in winter (DJF). For each figure, bins surfaces are represented on a
histogram. The analyze is applied on the NWTA box.

much deeper MLD in winter compared to summer (Figure 3.2e and 3.2f). In summer, salinity
stratification is maximum in the Amazon plume area, with MLDs between 10 m and 20 m,
while in winter, salinity stratification is maximum in the Caribbean Sea, with a mean MLD
reaching 60 m to 70 m. This implies that the positive temperature anomaly due to salinity
effects is spread over a deeper layer in winter, resulting in a weak SST response regardless of
the salinity stratification strength.

3.3.2.2 Mixed layer heat budget

To understand more precisely how salinity stratification impacts SST, we now analyze the
seasonal heat budget of the ML (see Section 2.5.1.1) in the NWTA (Figure 3.4a and 3.4c).
The ML temperature tendency is controlled at first order by the air-sea fluxes and by two
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Figure 3.4: Seasonal cycle of mixed layer heat budget in a) NWTA and b) CT ; c) and d):
same than a) and b) respectively, but for the vertical processes

Figure 3.5: Seasonal cycle of temperature section in NWTA for a) CONTROL simulation and
c) the difference (CONTROL-NOS) ; b) and d): same than a) and c) respectively, but in the
CT. The gray lines represent the ML for CONTROL (solid line) and NOS (dashed line).
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vertical processes: the vertical mixing and the entrainment. Moreover, the changes between
CONTROL (solid lines) and NOS (dashed lines) mainly concern these three processes. First,
a reduction of cooling due to vertical mixing occurs when salinity stratification is considered,
because of the stabilizing effect of the salinity stratification. This reduction of the vertical
mixing is illustrated by Figure 3.5a and 3.5c, which represent the seasonal evolution of the
temperature profile in NWTA: the inclusion of salinity stratification in CONTROL reduces
the mixing between the surface and subsurface, leading to a warm anomaly at the surface
and a cold anomaly in subsurface. This effect of vertical mixing has already been observed
by Deppenmeier et al. (2020). The surface warming happens all year long but is stronger in
summer, when salinity stratification is stronger and the ML is at its shallowest.

The reduction of cooling due to vertical mixing reaches 1.2◦C/month in summer (Fig-
ure 3.4c). It is then partly compensated by a decrease of the warming due to air-sea fluxes
and entrainment, each with a contribution of about 0.5◦C/month in summer (Figure 3.4a and
3.4c). It results in a 0.1 to 0.2◦C/month differential warming between CONTROL and NOS
during the summer season, leading to the positive SST anomaly observed in Figure 3.1a. In
winter, the changes are much smaller for all the processes and compensate each other so that
there is no change in SST.

Figure 3.6: Summer (JJA) maps of MLD diurnal cycle for a) CONTROL simulation and b)
NOS simulation.
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Entrainment is a term that appears when the equation of temperature is integrated on
the time-varying ML (see Equation 2.1). During ML deepening events, entrainment is null:
in that case, the mean temperature of the ML is equal to the temperature at the base of the
ML, which means that the factor (T−h− < T >h) is equal to zero. Entrainment is therefore
controlled by the occurrence of restratification events, and especially those due to the diurnal
cycle. In the CONTROL experiment, the MLD diurnal cycle is close to zero in the regions
where salinity stratification is strong - and especially the NWTA, while it is important in the
NOS experiment due to the absence of salinity stratification (Figure 3.6). As a consequence,
the daily restratification is less important in CONTROL than in NOS simulation, leading to
a weaker ∂th factor and explaining the lower entrainment in the CONTROL simulation.

3.3.2.3 Impact of salinity stratification on the atmosphere

As mentioned previously, the air-sea fluxes also dampen the SST differences between the
two simulations. This negative feedback of the atmosphere is now investigated. We focus on
summer, as this is the season with the largest changes. Figure 3.7 represents CONTROL-NOS
summer differences of the key atmospheric variables. Mean values in summer and NWTA are
detailed in Table 3.1 for the heat fluxes, and Table 3.2 for the other atmospheric variables.

The net heat flux (Figure 3.7a) - positive, tending to warm the ocean - is much weaker in
CONTROL than in NOS in the NWTA region (decrease of more than 30% on average over
the NWTA box; Table 3.1). This is linked to lower net shortwave radiation (Figure 3.7b),
responsible for about 29% of the total change in net heat flux, and larger heat loss by latent
heat flux (Figure 3.7c), responsible for about 71% of the change. Differences in longwave
radiation and sensible heat flux are small (< 1 W/m2; Table 3.1).

The increase in latent heat loss can be explained by the SST increase, the wind changes
being weak in the NWTA (Figure 3.7e, Table 3.2). This leads to a negative feedback of
latent heat flux on SST (Section 1.2.3). Over the western tropical Atlantic, the increase in
latent heat loss resulting from the SST increase is commonplace in observational air-sea flux
databases (Kumar et al., 2017).

The change in net shortwave radiation is due to negative feedback from clouds (see Sec-
tion 1.2.5). The warm SST anomaly leads to an enhancement of atmospheric deep convection
(Sabin et al., 2013) and thus to a more prominent cloud cover (Figure 3.7d). This change in
cloud cover is significant (about 15% increase between NOS and CONTROL), and is mainly
associated to a change in high clouds (not shown), confirming the enhancement of deep con-
vection. This causes the observed decrease in net shortwave radiation by capturing a part of
the incident solar radiation. More extended cloud cover is also consistent with a 19% increase
in precipitation between NOS and CONTROL (Figure 3.7f). Moreover, it is worth noting the
northward shift of the ITCZ when salinity stratification is considered, which may result from
the large scale SST anomaly dipole (Figure 3.1b).

The longwave radiation differences are weak (Table 3.1). This is due to a compensation
between the SST increase, leading to more longwave radiation emitted by the ocean, and the
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Figure 3.7: Difference between CONTROL and NOS in summer (JJA) of a) Net Heat flux,
b) Net Shortwave Radiation, c) Latent Heat Flux, d) Cloud Cover, e) Wind speed and f)
Precipitation, dots indicating the areas where the difference is statistically significant

cloud cover increase, leading to more shortwave radiation intercepted by clouds and therefore
more longwave radiation emitted by clouds and received by the ocean (not shown).

Finally, the change in MLD can also explain part of the atmospheric negative feedback.
First, a thinner ML leads to a higher part of the solar flux penetrating underneath, and
therefore less warming by atmospheric fluxes (Lewis et al., 1990; Vialard and Delecluse, 1998;
Masson and Delecluse, 2001; Mignot et al., 2012; Krishnamohan et al., 2019). This is especially
true in summer, when the ML is thin enough for that process to be significant (Mignot et al.,
2012). Moreover, the change in MLD between NOS and CONTROL is substantial in this
season (about -36%, see Table 3.2). In winter, the net heat flux is negative and a thinner ML
is thus more effectively cooled, leading also to a negative feedback.
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Table 3.1: Changes in atmospheric heat fluxes between CONTROL and NOS, in the NWTA
box, in summer (JJA), in areas where the SST anomaly is higher than 0.1◦C (i.e. where it is
significant). CONTROL and NOS values are rounded off to 0.5 W/m2.

Fluxes
CONTROL value

[W/m2]

NOS value

[W/m2]

Contribution to

net heat flux change

Net heat flux 39.5 57 -

Net shortwave radiation 261.5 266.5 29%

Net longwave radiation -47.5 -48 -3%

Latent heat flux -163.5 -151 71%

Sensible heat flux -10 -9 6%

Table 3.2: Changes in several oceanic and atmospheric variables between CONTROL and
NOS, in the NWTA box, in summer (JJA), in areas where the SST anomaly is higher than
0.1◦C (i.e. where it is significant).

Variables CONTROL value NOS value

SST 29.3◦C 29◦C

SSS 33.6 psu 35.4 psu

Mixed Layer Depth 17.6 m 27.3 m

Cloud cover 6.1% 5.3%

Precipitation 5 mm/day 4.2 mm/day

Wind speed 6.8 m/s 6.7 m/s

3.3.3 Cold tongue SST anomaly

A strong sensitivity of the central equatorial Atlantic Ocean to salinity stratification is also
revealed by our set of simulations. We analyze this pattern in the following.

3.3.3.1 A negative SST anomaly

Like in the NWTA, the SST sensitivity to salinity stratification in the equatorial area is
greatest in summer, the period of development of the Atlantic CT (Carton and Zhou, 1997),
and close to zero in winter (Figure 3.1). However, unlike in the NWTA, the SST anomaly in
the CT region is negative: the presence of salinity stratification induces a cooling of the CT.
The mixed layer heat budget for the CT region is shown in Figure 3.4b and 3.4d. It indicates
that vertical mixing is enhanced when salinity stratification is considered, increasing the ML
cooling by about 0.5◦C/month in summer. It should be noted that the change in vertical
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mixing in the CT is opposite to the one in the NWTA. The increase in vertical mixing in the
CT is due to an equatorial adjustment of the thermocline depth, and is discussed in details
in the following section.

Entrainment is also decreased in this region, although not to the same extent as in the
NWTA. Even so, this leads to an additional cooling of the ML of about 0.2◦C/month, bringing
down the total to about -0.7◦C/month in summer. Again, this is partly compensated by the
atmospheric fluxes that show a +0.5◦C/month difference in summer. Here the atmospheric
feedback is mainly due to the fact that the decrease in SST leads to a decrease in latent heat
loss. The atmospheric deep convection is indeed very weak in this region, and the change in
SST does not impact the cloud cover nor the shortwave radiation as it does in the NWTA
(Figure 3.7b and 3.7d).

3.3.3.2 Strengthening of the CT

The mechanism leading to the CT strengthening is illustrated in Figure 3.8 and 3.9. Fig-
ure 3.8a and 3.8b present the annual pycnocline depth for the CONTROL run and for the
difference CONTROL-NOS respectively. We can observe a strong shoaling of the pycnocline
in the NWTA when salinity stratification is accounted for. This is due to the reduced ver-
tical mixing in the NWTA, which causes a readjustment of the density profile. This density
readjustment propagates as baroclinic waves through the equatorial waveguide to adjust the
whole equatorial basin up to the eastern part (not shown). The primary indicator of this new
state is the change in the equatorial currents: a shoaling and a strengthening of the equatorial
undercurrent (EUC) is indeed observed (Figure 3.9b and 3.9d). An impact of salinity stratifi-
cation on the equatorial currents has already been reported by Vialard and Delecluse (1998):
salinity stratification traps the wind momentum over a thinner ML, and therefore enhances
the ocean response to wind forcing. But this effect is local and applies to the surface currents,
while we observe here a remote effect of salinity stratification on the subsurface currents.

The new equilibrium also exhibits changes in the vertical temperature structure, and in
particular a shallower thermocline. This can be observed on Figure 3.8c, where the depth of
the 20◦C isotherm (D20), a proxy of thermocline, is plotted. The D20 shoals consequently
year-round, with a higher response in summer (6 to 7 m) with respect to winter (about
3 m) leading to a larger amplitude of the seasonal cycle. The shoaling of the thermocline
is confirmed by Figure 3.9a and 3.9c, which represent summer zonal temperature sections
averaged between 3◦S and 1◦N. The top of the thermocline is clearly seen on Figure 3.9a,
zonally tilted from about 100 m at 35◦W to 25 m at 0◦E. These depths correspond to the
depths of the strongest temperature anomalies on Figure 3.9c. The anomalies being negative,
this indicates an upward shift of the thermocline occurring across the whole equatorial basin.

The thermocline shoaling leads to an enhancement of the CT (Latif and Grötzner, 2000).
However, this happens only when the thermocline is sufficiently shallow and when upwelling
occurs, i.e. in summer (Keenlyside and Latif, 2007; Jouanno et al., 2017). Figure 3.5b reveals
that the period of the CT development spans from June to October. The temporal evolution
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Figure 3.8: Annual pycnocline depth (2001-2015 climatology) for a) CONTROL simulation
and b) the difference (CONTROL-NOS), dots indicating the areas where the difference is
statistically significant; c) seasonal cycle of 20◦C isotherm depth for the 2001-2015 climatology
in the CT box
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Figure 3.9: a) Temperature section in summer (JJA) for CONTROL simulation, mean be-
tween 3◦S and 1◦N, c) same than a) but for the temperature anomaly (CONTROL-NOS) ;
b) and d) : same than a) and c) respectively, but for zonal velocity

of the 15◦C to 24◦C isotherms also highlights the upwelling period, from May to August,
which is consistent with the observations (Wang et al., 2017). Although the adjustment
of the thermocline - marked once again by strong temperature anomalies in subsurface -
occurs year-round, surface temperature anomalies are only significant from June to October
(Figure 3.5d), which coincides with the period of CT development. This also corresponds to
the period when the anomaly of temperature trend associated with vertical mixing is largest,
suggesting a link between the two. One explanation may be that vertical mixing is more
efficient with a shallower thermocline, because it implies the mixing of cooler water and thus
a more efficient heat exchange.

3.4 Discussion

3.4.1 Relevance of the coupled approach

A similar experiment was performed by Masson and Delecluse (2001) in the same region,
but using an ocean model forced with prescribed air-sea fluxes. They did not find any
impact of salinity stratification on SST despite large modifications of the MLD. We re-
produced this experiment with our ocean configuration, forced with DFS5.2 atmospheric
variables (Dussin et al., 2016) and bulk formulations for the surface fluxes instead of being
coupled with WRF. DFS5.2 is based on ERA Interim reanalysis (Dee et al., 2011) and con-
sists of 3-hourly fields of wind speed, atmospheric temperature and humidity, and daily fields
of longwave radiation, shortwave radiation and precipitation. In that case, the changes in
SST are similar, although weaker than those obtained with the coupled model (Figure 3.10;
Figure 3.1). This result differs from Masson and Delecluse (2001), which might be explained
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by the use of a different vertical mixing scheme and vertical resolution.

Despite the similar results between the forced model and the coupled model, it is necessary
to use the latter. Indeed, not all the processes at stake are represented when using a bulk
formulation for air-sea fluxes: the shortwave radiation is prescribed, and the feedback of SST
on atmospheric deep convection and precipitation observed in the coupled model is obviously
not taken into account. Moreover, using bulk formulations induces by definition an indirect

Figure 3.10: Same as Figure 3.1, but for the forced model
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nudging toward the surface air temperature, mainly through latent heat flux (not shown). We
saw in Figure 3.7 that latent heat fluxes dominate the net air-sea feedback. This can explain
why SST changes are very similar in the forced and the coupled models.

The negative feedback of atmospheric fluxes through a decrease in latent heat flux and
shortwave radiation is consistent with Krishnamohan et al. (2019), who conducted similar
sensitivity simulations to salinity stratification in the Bay of Bengal. However, in their case,
the air-sea heat fluxes completely compensate for the decrease in vertical mixing, leading to
insignificant SST change in this area: this suggests that the impact of salinity stratification
results from a subtle balance whose sign depends on the region considered.

3.4.2 Sensitivity of NWTA SST to salinity stratification: no impact of
barrier layer

Previous studies investigating the impact of salinity stratification on SST in the NWTA
have all focused on the importance of BL (see Equation 2.5 for the definition of the BLT,
and Section 1.3.2.3 for more details on the impact of BL on SST and air-sea fluxes). BL
inhibits vertical mixing: thus the presence of a BL can decrease the cooling induced by
mixing and warm the surface (Pailler et al., 1999; Foltz and McPhaden, 2009). However, as
revealed in Figure 3.2c and 3.2d, such a relationship is not found in our simulations. The
simulations reproduce realistically the location and strength of both summer and winter BL
(de Boyer Montégut et al., 2007a; Mignot et al., 2007, 2012). Nevertheless, the spatial patterns
of summer BLT do not reveal any direct and compelling relationship with the corresponding
patterns of SST anomalies. Although the distribution of the SST anomalies in the NWTA
is colocalized with thick BLs, this is not true for the ITCZ area (40◦W to 20◦W and 0◦N to
10◦N), where there are no SST anomalies despite BL thicker than in the NWTA (Figure 3.1b,
Figure 3.2c). This lack of relationship between SST anomalies and BLT is even more marked in
winter: SST anomalies are weak and non-significant almost everywhere (Figure 3.1c), whereas
the BL is at its thickest. This is furthermore confirmed by the distribution of SST differences
as a function of BLT in summer (Figure 3.3b) and winter (Figure 3.3d) that do not exhibit any
statistical relationship between the two variables. This result is in contradiction with previous
observational studies conducted in the area (Pailler et al., 1999; Foltz and McPhaden, 2009),
which concluded to a strong warming caused by BL (about 1◦C for Pailler et al., 1999; 1.3 to
1.9◦C for Foltz and McPhaden, 2009). However, our result is in line with modeling studies
(Breugem et al., 2008; Balaguru et al., 2012a; Hernandez et al., 2016), which did not reveal any
impact of BL on SST. Hernandez et al. (2016) also showed with a one-dimensional conceptual
mixed layer model that SST cooling primarily depends on vertical salinity gradient rather
than on BLT, in the NWTA. This model was applied to ocean cooling due to cyclones, but
a parallel can be drawn with cooling occurring at seasonal time scales, and their conclusions
may be applied to this case. Moreover, the fact that we do not find any significant relationship
between BLT and SST differences, while there is one between salinity stratification and SST
differences, reinforces the conclusions drawn by Maes and O’Kane (2014). Indeed, Maes and
O’Kane (2014) showed that in several regions without any BL, salinity stratification can still
be significant and can play an important role in stabilizing the upper layers of the ocean.
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3.5 Conclusion

In this chapter, we used our coupled ocean-atmosphere configuration of the tropical Atlantic to
evaluate the impact of salinity stratification on SST and air-sea fluxes. To do so, we performed
two simulations: a CONTROL simulation, validated against observations in Section 2.4, and a
sensitivity test NOS, where the salinity gradient is removed from the Brünt-Väisälä frequency
calculation so that salinity stratification is not taken into account in the computation of
the vertical mixing. We investigated the difference (CONTROL minus NOS) of several key
variables to assess the impact of salinity stratification, first in the NWTA and then in the CT
area.

In the NWTA, seasonal changes of SST are observed: a significant increase is observed in
summer (0.2 to 0.5◦C) while no change is found in winter. This seasonal warming primarily
results from a strong decrease in cooling due to vertical mixing at the ML base. The magnitude
of the SST increase then results from a subtle interplay between the decrease in vertical
turbulent cooling and a decrease of atmospheric fluxes and entrainment. A negative feedback
from the atmosphere mitigates the SST increase, and can be explained as follows. The
SST increase leads on the one hand to an increase of latent heat loss (about -12 W/m2 in
summer). On the other hand, it results in an enhancement of atmospheric deep convection,
leading to a more prominent cloud cover (about 15% increase in summer) and to a decrease
in shortwave radiation received by the ocean (about -5 W/m2 in summer). This also leads to
a strong increase of precipitation over the area (about 19 %), which most likely strengthens
the salinity stratification. These two processes (increase in latent heat loss and decrease in
shortwave radiation) add up to cause a significant decrease in net heat flux (about -31% in
summer), leading to a damping of the SST increase. This damping is total in winter while
only partial in summer, explaining the positive SST anomaly observed in summer. A tight
relationship between salinity stratification and SST anomalies is found in summer, whereas
we could not evidence any relationship between BLT and SST anomalies. It is thus very clear
that summer warming in the NWTA is due to the salinity stratification itself, irrespective of
the presence of a BL. The impact of salinity stratification on SST in the NWTA revealed here
is consistent with historical conceptual studies (e.g. Miller, 1976), although previous studies
using forced ocean numerical models reported little effect of it (e.g. Masson and Delecluse,
2001).

Our set of simulations also revealed an important effect of the salinity stratification in the
equatorial region: it increases the cooling in the CT, especially in summer during its peak
period. This is due to a readjustment of vertical density structure over the whole equatorial
basin, leading to a shoaling of the thermocline throughout the year, with larger impact on
the SST during summer, when the thermocline is at its shallowest in the CT area.

The salinity structure of interest in the tropical Atlantic Ocean is localized mainly in the
river plumes and in the ITCZ, and at the ocean surface. In this respect, NOS experiment
is relatively crude, as it removes the salinity stratification on the whole water column and
over the whole basin. Moreover, NOS experiment does not allow to differentiate the processes
contributing to ocean salinity stratification: the contributions to vertical stratification of
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precipitation, river runoff and salinity advection at subsurface by the NBUC (Masson and
Delecluse, 2001) are all removed at once. In the following, we will refine the sensitivity
experiments in order to study more realistic cases, and understand more in depth the influence
of salinity induced by the rivers in the western tropical Atlantic.
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4.1 Introduction

The aim of this chapter is to specifically study the impact of the Amazon and Orinoco
rivers on the SSS and the SST of the northwestern tropical Atlantic Ocean. Indeed, as
we saw in the previous chapter, salinity stratification of the northwestern tropical Atlantic
affects locally the SST. Moreover, salinity stratification in this area is mainly caused by the
river discharge from Amazon and Orinoco. The second step of this work is therefore to
isolate the effect of salinity stratification induced by river discharge from the other processes
(precipitation, subsurface supply of salty water by the NBUC). To do so, we conducted an
additional sensitivity experiment in which the freshwater flux from the Amazon and Orinoco
is not considered, and we compare this simulation to our reference simulation.

This method has already been extensively used to study the impact of the Amazon and/or
Orinoco rivers on the tropical Atlantic Ocean (Masson and Delecluse, 2001; Huang and Mehta,
2010; Coles et al., 2013; Newinger and Toumi, 2015; Hernandez et al., 2016; Jahfer et al., 2017;
Giffard et al., 2019; Jahfer et al., 2020). The other usual way is to analyze satellite and in-situ
observations (Pailler et al., 1999; Ffield, 2007; Zeng et al., 2008; Fournier et al., 2017). Both
observational and modeling studies concluded to a strong impact of Amazon runoff on the sea
surface salinity (SSS), the salinity stratification and the plume extent. However, modeling
studies revealed that the seasonal cycle of the SSS and the plume extent are not caused by the
seasonal cycle of Amazon runoff but by the seasonal cycle of the oceanic circulation (Masson
and Delecluse, 2001; Coles et al., 2013). The impact of rivers on the tropical Atlantic SST
is controversial, with observational studies suggesting a strong impact on SST (Pailler et al.,
1999; Ffield, 2007; Fournier et al., 2017) while modeling studies find a weak impact on SST
(e.g Newinger and Toumi, 2015; Hernandez et al., 2016; Jahfer et al., 2017).

Most of the modeling studies are conducted with forced ocean models, which do not
reproduce the ocean-atmosphere interactions. Recently, coarse and global ocean-atmosphere
coupled models have been used to investigate the role of the Amazon on SST and global
climate (Jahfer et al., 2017, 2020). Here we propose to reproduce the experiment with a higher
resolution regional coupled model, which is expected to be more accurate in reproducing the
regional physics.

4.2 Methodology

4.2.1 Simulations

In this chapter, two ocean-atmosphere coupled simulations are analyzed: the CONTROL
simulation already described in Chapter 2 and used in Chapter 3, and a sensitivity simulation
called NORiver. In the NORiver experiment, all the rivers of the South American coast from
65◦W to 40◦W are removed. This corresponds to the Amazon and Orinoco rivers and all
the rivers outflowing in between, as well as some rivers to the east of the Amazon, along the
Brazilian coast. The parameterization of the thermal effect of ocean color is kept identical to
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that of the CONTROL experiment, and we use the same monthly climatology of chlorophyll
concentrations in CONTROL and NORiver. This allows to isolate the haline effect of the low
salinity plume: the change in ocean color due to river turbidity is not studied here. Note that
our coupled simulations do not include any hydrological model: runoff is directly specified as
a forcing field at the land-ocean boundary.

A spin-up of 30 years was first conducted with a forced ocean model. This gives the system
time to adjust and produce a mean oceanic state consistent with the absence of rivers. The
NORiver experiment is then conducted from 2000 to 2010 with the coupled model, and the
analyses conducted hereafter are based on the 10-year period from 2001 to 2010.

4.2.2 Areas of interest

The main area of interest of this chapter is the same NWTA domain already defined in
Chapter 3 (70◦W–50◦W and 5◦N–18◦N, Figure 4.1a). The rivers are indeed removed in this
area only, and the main changes are expected there. An analysis is also conducted in the CT
(25◦W–0◦E and 3◦S–1◦N, Figure 4.4a), to compare with results from the NOS experiment.

4.3 Results

4.3.1 Impact of river discharge on SSS in the NWTA

The first aim of this chapter is to quantify the impact of Amazon and Orinoco rivers on the
SSS. To do so, we analyze SSS differences maps between CONTROL and NORiver for summer
(Figure 4.1a) and winter (Figure 4.1b). As expected, including the Amazon and the Orinoco
into the model forcings decreases significantly the SSS in a large part of the tropical Atlantic,
with the strongest signal in the NWTA. Near the Amazon mouth, this decrease is very large
year-round (less than -5 PSU). In the rest of the NWTA, the decrease is more important in
summer than in winter: around -4 PSU against -1 PSU in the Amazon and Orinoco plume.
This can be explained by the seasonal variations of SSS (Figure 4.1c): in CONTROL, SSS is
much higher in winter than in summer. In NORiver, the seasonal cycle almost disappears,
and the differences are thus larger in summer than in winter. The SSS seasonal cycle is
itself linked with the seasonal cycle of the Amazon plume extent, which is mainly driven by
currents. In winter, the currents are weak and the Amazon freshwater remains near the river
mouth. In spring, NBC starts to advect the freshwater plume northwestward, towards the
Lesser Antilles. In summer, the NBC retroflection advects the plume eastward in the NECC
(e.g. Coles et al., 2013, see Section 1.1.3 for more details).

It is also interesting to note that the SSS signal crosses the tropical Atlantic basin and
reaches as far as the Gulf of Guinea, with a difference still significant there albeit weak (0.1
to 0.2 PSU).
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Figure 4.1: SSS differences between CONTROL and NORiver in a) summer and b) winter,
dots indicating the areas where the difference is significant
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4.3.2 Impact of river discharge on SST in the NWTA

We now assess the impact of Amazon and Orinoco discharge on the SST by analyzing SST
differences maps between CONTROL and NORiver for summer (Figure 4.2a) and winter
(Figure 4.2b). In both seasons, SST changes are weak in the whole basin: there are almost no
significant changes, apart from a small SST increase of about 0.1◦C in the NWTA and in the
CT. This means that there is a weak SST signature associated with the strong SSS change in
the NWTA.

Figure 4.2: SST differences between CONTROL and NORiver in a) summer and b) winter,
dots indicating the areas where the difference is significant ; c) SST seasonal cycle in NWTA

This result is surprising at first considering what we learned in Chapter 3. Indeed, we
saw previously that salinity stratification has a significant impact on SST in summer in the
NWTA (Figure 3.1a). Furthermore, removing Amazon and Orinoco (as in NORiver) or
removing salinity stratification (as in NOS) results in changes in total stratification in the
NWTA of relatively similar magnitude (not shown). Thus, similar changes in SST in the two
experiments would be expected, which is not the case.
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This discrepancy can be understood through the analysis of the mixed layer heat budget
in CONTROL and NORiver in the NWTA (Figure 4.3). The heat budget shows that three
main processes are at stake in this region: the air-sea heat fluxes, the vertical mixing and the
entrainment.

In presence of Amazon and Orinoco plumes, the vertical mixing is less efficient to cool the
ML. But this is compensated by weaker warming by air-sea fluxes and entrainment. These
processes balance each other almost perfectly, resulting in a very small SST change in the
NWTA.

Figure 4.3: Seasonal cycle of the mixed layer heat budget in NWTA: a) main terms of the
budget and b) vertical processes



4.4. Discussion 69

Table 4.1: Changes in atmospheric heat fluxes between CONTROL and NOS and between
CONTROL and NORiver, in the NWTA box, in summer. CONTROL and differences values
are rounded off to 0.5 W/m2.

Fluxes
CONTROL

[W/m2]

CONTROL-NOS

[W/m2]

CONTROL-NORiver

[W/m2]

Net heat flux 44 -15 -6.5

Net shortwave radiation 263.5 -4.5 -2

Net longwave radiation -48 0.5 0

Latent heat flux -161 -10.5 -4.5

Sensible heat flux -9.5 -1 -0.5

This change in the heat balance is similar to what was found for the NOS simulation
(Figure 3.4a and 3.4c). However, the temperature change due to vertical mixing is stronger
in the NOS experiment than in the NORiver experiment. This is most likely due to the fact
that removing the whole salinity stratification destabilizes more the ML than removing only
the rivers. The negative atmospheric and entrainment feedbacks are also stronger in the NOS
experiment than in the NORiver experiment. Nevertheless, the change in vertical mixing
in the NOS experiment is too strong to be fully compensated by the negative atmospheric
and entrainment feedbacks: an imbalance remains, resulting in SST anomalies. In contrast,
the change in vertical mixing in the NORiver experiment is weak enough to be almost fully
compensated by the negative atmospheric and entrainment feedbacks: equilibrium is nearly
reached, and there are weak SST anomalies.

The negative feedback mechanisms of entrainment and atmospheric heat fluxes have al-
ready been explained in the previous chapter (see Section 3.3.2.2 and Section 3.3.2.3), and will
not be detailed further. Yet, we noticed that the atmospheric changes are much weaker for
the NORiver experiment than for the NOS experiment (Table 4.1). Therefore, the intensity
of the change in atmospheric trend for NORiver is likely due primarily to strong ML changes,
and to a lesser extent to the feedback of atmospheric heat fluxes.

4.4 Discussion

4.4.1 Comparison with previous studies

Several studies have investigated the impact of the Amazon and Orinoco rivers on the tropical
Atlantic, and here we compare their results with ours. First, the SSS response obtained here
is faithful to what has been observed previously. All studies investigating SSS found a strong
impact of the Amazon and/or Orinoco rivers, with a decrease of -2 to -4 PSU in the Amazon-
Orinoco plume (Masson and Delecluse, 2001; Coles et al., 2013; Newinger and Toumi, 2015;
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Giffard et al., 2019; Varona et al., 2019). A strong decrease was reported year-round near the
Amazon mouth (Newinger and Toumi, 2015; Varona et al., 2019), very similar in magnitude to
the one found here (Figure 4.1a and 4.1b). Moreover, the winter difference map (Figure 4.1b)
compares very well in magnitude and patterns with the January map of Coles et al. (2013)
(Figure 1.2). The main difference is that the maps are smoother in this study, due to the
different periods of time used for the average (3-month mean over 15 years here against 1-
month mean for Coles et al., 2013). The response is also a little stronger in the west in our
model, probably due to the fact that they only removed Amazon and Tocantins while we also
removed the Orinoco.

Regarding the SST response in the NWTA, our findings are in agreement with the other
modeling studies conducted in the region (Huang and Mehta, 2010; Newinger and Toumi,
2015; Hernandez et al., 2016; Jahfer et al., 2017), which all concluded to a very weak effect of
Amazon and/or Orinoco on SST. In particular, the magnitude and patterns of SST response
are very similar to Newinger and Toumi (2015) and Hernandez et al. (2016), who both studied
a similar period of time (from 2000 to 2010 for Newinger and Toumi, 2015, from 1998 to 2012
for Hernandez et al., 2016, from 2001 to 2010 in this work). However, observational studies
in the region concluded to a very strong effect of Amazon-Orinoco plume on SST of 1 to
2 ◦C (Pailler et al., 1999; Ffield, 2007; Fournier et al., 2017). This conclusion is based on
the fact that the low SSS plume (characterized by SSS under 35 to 35.5 PSU depending
on the study) is colocalized with high SSTs, while waters presenting SSS higher than this
threshold are cooler. But Ffield (2007) also notes that the highest SSTs can be observed in
the Caribbean Sea; yet, the Caribbean Sea exhibits SSS that is higher than the SSS threshold
used to characterized plume waters (Figure 2.4c). As a matter of fact, none of these studies
include the Caribbean Sea, and taking it into account could alter the results obtained. This
is emphasized by Hernandez et al. (2016), who showed that the colocalization of Amazon
plume and high SSTs is a mere coincidence: high SSTs in the region are due to the presence
of the Atlantic Warm Pool (Wang and Enfield, 2001), and removing the Amazon and Orinoco
weakly affects thermal stratification and SST.

4.4.2 Distinct responses between NOS and NORiver in the cold tongue
region

The CT region exhibits SST changes in the NORiver experiment that are opposite to the
NOS experiment. Indeed, a strong SST decrease occurs in summer in the NOS experiment
(Figure 3.1a), while a slight SST increase is observed in the NORiver experiment (Figure 4.2a).
In winter, the changes are much weaker but of the same sign than in summer.

These distinct changes are related to a response of the pycnocline that is different de-
pending on the experiment. Indeed, the NOS experiment present a strong shoaling of the
pycnocline in the whole basin (Figure 3.8b). On the other hand, the shoaling of pycnocline
in the NORiver experiment is confined to the northern hemisphere, and the pycnocline even
shows a slight deepening in the southern hemisphere, especially in the CT region (Figure 4.4a).
It is associated with a slight deepening of the 20◦C isotherm depth – a proxy of the thermo-
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Figure 4.4: a) Annual pycnocline depth (2001-2010 climatology) for the difference
(CONTROL-NORiver), dots indicating the areas where the difference is statistically sig-
nificant; b) seasonal cycle of 20◦C isotherm depth for the 2001-2010 climatology in the CT
box; c) Section of temperature anomaly (CONTROL-NOS) in summer, mean between 3◦S
and 1◦N.
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cline – year-round in the CT (Figure 4.4b). The underlying mechanism is the exact opposite
to what was observed in the NOS experiment: the deepening of the thermocline leads to an
increase of the subsurface temperature (Figure 4.4c), which is then upwelled and leads to
an increase in SST. As for the NOS experiment, the deepening of the thermocline happens
year-round, but the impact on SST is particularly marked during the CT development, when
upwelling occurs, i.e in summer.

The reason for this different response in pycnocline depth (strong shoaling in NOS ex-
periment, slight deepening in NORiver experiment) remains unclear. This is probably linked
with the fact that removing the Amazon and Orinoco rivers is less drastic and has a more
local effect (primarily restricted to the north of the equatorial waveguide) than removing the
whole salinity stratification (which affects both hemispheres).

4.5 Conclusion

In this chapter, we used our coupled ocean-atmosphere configuration of the tropical Atlantic
Ocean to quantify the impact of Amazon and Orinoco rivers on the SSS and the SST of
the NWTA. To this end, we compared two simulations: a CONTROL simulation as close
to observations as possible (see Section 2.4), and a NORiver simulation, where all the rivers
from 65◦W to 40◦W are removed, corresponding mainly to the Amazon and Orinoco rivers.
We analyzed the difference (CONTROL minus NORiver), which corresponds to the response
when Amazon and Orinoco rivers are included to the model.

A very large SSS decrease is observed year-round near the Amazon mouth. In the NWTA,
the decrease is stronger in summer than in winter. This is well explained by the seasonal
variations of the Amazon-Orinoco plume, linked with the seasonal cycle of currents. In the
rest of the basin, the SSS signal is weak but significant over much of the area: it crosses the
tropical Atlantic from west to east to reach the Gulf of Guinea.

Despite a strong salinity response, the SST changes are very weak year-round in the
NWTA. This is due to a compensation between vertical mixing, atmospheric heat fluxes
and entrainment. Indeed, adding the rivers limits the cooling by vertical mixing, causing
an increase in SST. However, this increase is balanced by a decrease in the warming from
the atmospheric heat fluxes and from entrainment. The combination of all these processes
results in a slight SST increase. This mechanism is the same as for the NOS experiment
(Section 3.3.2.2). The negative feedback of the atmosphere is also similar, albeit much weaker,
to what is observed in the NOS experiment (Section 3.3.2.3).

The results obtained are coherent with previous modeling studies for both SSS and SST
(e.g. Newinger and Toumi, 2015; Hernandez et al., 2016; Giffard et al., 2019). But here, the
use of a coupled ocean-atmosphere model ensures that all ocean-atmosphere interactions are
included, and thus that the SST response is well represented.

NORiver experiment allows to isolate the effect of Amazon and Orinoco rivers on salinity
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and temperature, but some studies also justified conducting this experiment on the grounds
that the Amazon should dry up in the future. Nevertheless, even studies predicting a strong
decrease of runoff in the Amazon and Orinoco basins do not forecast a drying up of the
rivers (e.g. Brêda et al., 2020). Moreover, other studies present more nuanced findings:
Sorribas et al. (2016) show for instance that the future tendencies are not the same across
the Amazon basin, wetter conditions being found in the west and drier conditions in the east.
Conflicting results are also observed among the GCMs from the CMIP intercomparison stud-
ies, which disagree on whether there will be an increase or decrease in precipitation (Li et al.,
2006; Sorribas et al., 2016). Therefore, NORiver may not be considered as a fully plausible
situation.

Current consensus is rather that the hydrological cycle is intensifying, with an increase in
extreme droughts and floods, especially in the Amazon basin (Espinoza et al., 2009a; Gloor
et al., 2013; Marengo and Espinoza, 2016; Barichivich et al., 2018). This trend is expected to
persist in the future (Skliris et al., 2016; Allan et al., 2020). It therefore seems important to
assess the impact of these extreme events on the tropical Atlantic Ocean, which is the next
step of this work.
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5.1 Introduction

The purpose of this chapter is to quantify the impact of the interannual variability of river
discharge – and especially the Amazon – on the SSS and the SST of the northwestern tropical
Atlantic Ocean. In the previous chapter, we assessed the impact of Amazon and Orinoco
rivers on SSS and SST, and we now want to refine our understanding of the impact of the
rivers by investigating the impact of floods.

The Amazon basin is regularly affected by extreme droughts and floods, which have a
strong impact on the population and the ecosystems of the region (e.g. Marengo et al., 2013;
Filizola et al., 2014; Espinoza et al., 2016). The cause of these extreme hydrological events is
well documented: they are mainly associated with two modes of tropical variability, ENSO and
the AMM, which explain most of the last events (Drumond et al., 2014; Marengo and Espinoza,
2016; Towner et al., 2020). Both ENSO and the AMM have a similar influence on these
extreme events (Zeng et al., 2008; Yoon and Zeng, 2010), and the mechanism by which they
influence precipitation and runoff is also well understood (see Section 1.2.1 and Section 1.2.2).
Nevertheless, the impact of the resulting interannual variability of river discharge has been
little studied, and the published results can appear contradictory. Several studies have found
a link between the variability of Amazon runoff and the SSS variability of different areas:
Barbados (Hellweger and Gordon, 2002), the Antilles (Jury, 2019), the NECC (Gouveia et al.,
2019a), and along the Amazon plume trajectory (Salisbury et al., 2011). However, Grodsky
et al. (2014) observed that the ocean surface was saltier in 2012, despite a stronger Amazon
runoff this year, and Fournier et al. (2017) found no evidence of an influence of SSS by
river discharge east of the lesser Antilles. Moreover, the modeling study of Grodsky et al.
(2015) found a variability of SSS in the Caribbean very close to observations when their model
considered a climatological runoff, leading them to conclude that the interannual variability of
Amazon does not significantly impact the SSS interannual variability in this area. Regarding
SST, a positive correlation is found between the interannual variability of the Lesser Antilles
SST and the Amazon runoff (Jury, 2019), and between the SST and the SSS to the east of
the Lesser Antilles (Fournier et al., 2017). However, Fournier et al. (2017) also mention a
strong interannual variability of SST linked with the AMM that could impact these results.

The studies on the interannual variability of the Amazon discharge were usually conducted
with ocean observations, which present several problems. One of them is that the correlations
found are highly dependent on the discharge estimates used (Reeves Eyre and Zeng, 2021),
and that the Obidos stream gauge commonly used to estimate the Amazon discharge at
the river mouth misrepresents the seasonal cycle (Salisbury et al., 2011; Reeves Eyre and
Zeng, 2021). Another one is that the oceanic impact of runoff variability cannot be separated
from the impact of ocean and atmospheric variability (mixing, advection, atmospheric fluxes),
something that can be done with a model. To our knowledge, no sensitivity test has ever been
conducted with a model to isolate the impact of runoff interannual variability on the Amazon
plume region. Therefore, we conducted two simulations with our coupled configuration, forced
alternatively with daily interannually-varying runoff and a daily runoff climatology. The use
of a coupled model is once again essential since we want to assess changes in the ocean
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thermodynamics as a whole, including SST. Composite analysis of the lowest and highest
floods years for both simulations allows us to isolate and quantify precisely the effect of the
extreme floods that occurred in the last decades, and separate the effect of runoff interannual
variability from the effects of ocean and atmospheric interannual variability.

5.2 Methodology

5.2.1 Simulations

In this chapter, two coupled simulations of 16 years each are conducted, with the last 15 years –
from 2001 to 2015 - being analyzed. The aim of these twin experiments is to assess the impact
of the runoff interannual variability. Thus, the first simulation, REF, has interannual daily
runoff forcing while the second simulation, CLIM, has a daily climatological runoff forcing
averaged from 2001 to 2015. Runoff data were obtained from the ISBA-CTRIP land surface
model (Decharme et al., 2019). Moreover, according to Newinger and Toumi (2015), the
ocean color is of great importance in the good representation of the impact of Amazon plume
on the air-sea heat fluxes. Therefore, we decided to use chlorophyll fields consistent with the
runoff forcing: we used interannual monthly fields of chlorophyll for the REF experiment, and
a monthly climatology averaged from 2001 to 2015 for the CLIM experiment. Note that in
these simulations, the ocean color forcing of the solar radiation penetration scheme has been
modified. Following Hernandez et al. (2017), we use chlorophyll data from Globcolour, which
is based on a merging of several satellite products (Maritorena et al., 2010), together with
the empirical parameterization from Morel and Berthon (1989) to calculate a vertical profile
of chlorophyll from surface chlorophyll satellite concentration.

5.2.2 Composites

5.2.2.1 Composites calculation

Composite analysis is conducted in the rest of the chapter to analyze the consequences of
the anomalous Amazon discharges, resulting either from high floods or low floods, on the
tropical Atlantic Ocean. Since the Amazon river yields the first discharge of the global ocean,
and it accounts for around 70% of the total discharge received by the NWTA, we based our
composite analysis on the Amazon runoff, shown on Figure 5.1a. The 4 years with the highest
floods, 2006, 2008, 2009 and 2014, are averaged to give the highest floods composite or HF,
while the 4 years with the lowest floods, 2003, 2004, 2007 and 2010, are averaged to give
the lowest floods composite, or LF. The years of highest and lowest floods are chosen by
comparing the maximum discharge value of each year. Moreover, we chose to study the flood
season because the seasonal cycle of interannual discharge standard deviation peaks at this
time (not shown), indicating that variability is greater during this season. The composite
analysis is performed on both REF and CLIM simulations. In the following, REFHF and
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CLIMHF refer to the two composites for the highest floods years, and REFLF and CLIMLF
refer to the two composites for the lowest floods years. The seasonal maxima of runoff is
around 345,000 m3/s for REFHF, around 267,000 m3/s for REFLF, and around 305,000 m3/s
for the CLIM experiment, giving a 25% relative change between the peak runoff of the REFHF
and REFLF composites.

Figure 5.1: Time series of a) Amazon discharge and b) Orinoco discharge for the REF and
CLIM experiments. The dots indicate the years with the lowest Amazon floods while the
stars indicate the years with the highest Amazon floods.

5.2.2.2 Differences between composites

In the following, differences between composites are being analyzed. This allows to assess the
impact of runoff interannual variability independently of the ocean and atmospheric variabil-
ity (mixing, advection, atmospheric water and heat fluxes). The difference between REFHF
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and REFLF represents the sum of all variabilities: river runoff, ocean dynamics and atmo-
spheric fluxes. The difference between CLIMHF and CLIMLF represents the impact of ocean
and atmospheric variability only. Indeed, the river runoff is climatological in the CLIM exper-
iment, which means that the runoff interannual variability is removed, leaving only the ocean
and atmospheric variability. Therefore, the difference between REF and CLIM composites –
that is (REFHF - REFLF) - (CLIMHF - CLIMLF) – represents the sole runoff variability.

5.2.3 Definition of Amazon-Orinoco plume

In the following, some analyses are conducted in the low salinity plume associated with the
Amazon and Orinoco rivers. Following Coles et al. (2013), the plume is defined as the area
where the annual SSS averaged from 2001 to 2015 is under 35 PSU (see gray contour in
Figure 5.3a). The area used is therefore fixed in time, and does not vary with the seasons.

5.3 Results

5.3.1 Impact of runoff interannual variability on SSS

The first aim of this study is to investigate the impact of the runoff interannual variability
on SSS. Figure 5.2 represents the seasonal cycle of SSS in the Amazon-Orinoco plume in
REF (solid lines) and CLIM (dashed lines) for the highest floods (blue lines) and lowest
floods (red lines) composites. At the beginning of the year, SSS is similar for all composites.
Then, as the flood season peaks, anomalies develop. For both REF and CLIM, the differences
between highest floods and lowest floods years are the largest from May to July. They
subside afterwards and have completely disappeared by October: the anomalies vanish in a
few months only.

To quantify the impact of the runoff interannual variability on SSS, we now observe
differences between composites of SSS seasonal cycle (Figure 5.2, bar chart). As explained
in Section 5.2.2.2, these differences allow to disentangle the different forcing driving the SSS
anomalies. First, we can see that the change between the highest and lowest floods years
when all the variability is considered is very important in spring and summer: up to 1.7 PSU
in June (Figure 5.2, black bars). This change is due almost equally to runoff interannual
variability (Figure 5.2, green bars) and to ocean and atmospheric variability (Figure 5.2,
gray bars), with nonetheless a larger share of the variability explained by runoff in May-
June-July. This indicates that the interannual variability of the Amazon does not explain
all of SSS variability in the region: other factors such as the surface currents (and especially
the NBC), the precipitation and the wind-induced mixing and currents influence the SSS
variability in the same way as the runoff, inducing fresh anomalies during the years of excess
runoff (Masson and Delecluse, 2001; Molleri et al., 2010; Coles et al., 2013; Fournier et al.,
2017). This result is however in disagreement with Grodsky et al. (2014) and Grodsky et al.
(2015), who suggested that runoff interannual variability has no impact on SSS variability,
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and therefore in agreement with the studies observing a correlation between SSS and runoff
variabilities (Hellweger and Gordon, 2002; Salisbury et al., 2011; Gouveia et al., 2019a; Jury,
2019).

In order to better understand the changes in salinity distribution, SSS maps of difference
between REF composites are shown for spring (Figure 5.3a) and summer (Figure 5.3b), the
two seasons of greatest change. A strong SSS decrease is observed in spring close to the river
mouth and along the Guiana coast. In summer, the decrease has already partially vanished
and has moved towards the lesser Antilles, while an increase in SSS is observed to the east,
at the location of the NBC retroflection and the NECC.

To quantify the part of SSS variability that can be attributed to runoff interannual vari-
ability, we now observe SSS maps of difference between REF and CLIM composites for spring
(Figure 5.3c) and summer (Figure 5.3d). In spring, the runoff interannual variability leads to
important changes in salinity near the Amazon mouth (less than -3 PSU), and anomalies in
the whole Amazon plume decreasing with the distance from the mouth (-1 PSU up to 9◦N
and -0.2 PSU in the Lesser Antilles). In summer, the changes are still noticeable but their
magnitude has diminished by a factor of 2 to 3.

Figure 5.2: SSS seasonal cycle in the Amazon-Orinoco plume of each composite (curves) and
of the differences between composites (bar chart).
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Figure 5.3: Spring (April-May-June, AMJ) maps of SSS differences between highest floods
and lowest floods for a) REF, c) REF - CLIM and e) CLIM; b), d), f): same as a), c), e)
respectively but for the summer season (July-August-September, JAS); the arrows on e) and
f) represent the current anomalies with a norm greater than 0.1 m/s. g), h): zoom at the
Amazon mouth of e) and f) respectively. The contours represent the SSS of CLIMHF and the
arrows represent the currents anomalies of (CLIMHF - CLIMLF) for each season.
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The patterns of SSS differences driven by ocean and atmospheric variability are captured
by the CLIM experiment (Figure 5.3e and 5.3f). In spring, the SSS map of difference between
years of highest floods and years of lowest floods shows a dipole with positive anomalies near
Guiana and in the Lesser Antilles and a strong negative anomaly near the Amazon mouth.
These anomalies are consistent with changes in the currents, as can be seen in Figure 5.3g. At
this time of the year, the Amazon plume is mainly advected northwestward along the coast
by the NBC and the Guiana current (Coles et al., 2013). Figure 5.3g shows a weakening of
these currents in highest floods years compared to lowest floods years, leading on the one
hand to an accumulation of freshwater near the Amazon mouth, and on the other hand to a
lesser northwestward along-shore freshwater transport and thus a positive SSS anomaly along
the Guiana coast. Furthermore, these changes occur in the region of Amazon plume front,
an area of very strong SSS gradients (see contours of Figure 5.3g), which explains the high
amplitude of the negative anomaly (down to -9 PSU). A southward shift of NECC can also be
observed (see arrows on Figure 5.3e). In summer, the changes in currents near the Amazon
mouth disappear (Figure 5.3h), as well as the SSS anomaly dipole. A strengthening of the
NBC and a weakening of the NBC retroflection are observed (see arrows on Figure 5.3f),
leading to an increase of freshwater transport towards the Lesser Antilles and a decrease of
freshwater transport by the north-equatorial countercurrent (NECC). Finally, we note here
again that the contribution of runoff interannual variability is similar in magnitude to the
contribution of ocean and atmospheric variability.

To understand more precisely the changes in salinity observed, and especially the fast
disappearance of the SSS anomaly (Figure 5.2), we analyze the seasonal cycle of mixed layer
salt budget averaged over the Amazon-Orinoco plume (Figure 5.4). Two main processes
dominate this salt budget: the horizontal advection and the vertical diffusion. The atmo-

Figure 5.4: Seasonal cycle of the mixed layer salt budget in the Amazon-Orinoco plume
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spheric fluxes (evaporation and precipitation) are negligible. The horizontal advection term
is strongly negative since it corresponds to the transport of freshwater from the river runoff,
and it dominates the total tendency at the beginning of the year. However, it is immediately
counterbalanced by a strongly positive vertical diffusion term that mixes the underlying salty
water into the ML. Therefore, the total tendency becomes positive as early as June. These
results are consistent with Ferry and Reverdin (2004), who also found a strong contribution of
horizontal advection at the beginning of the year, followed by a damping by vertical mixing
and entrainment. It is also consistent with Foltz et al. (2004), who found that horizontal
advection was an important component of the salt budget in the northwestern tropical At-
lantic due to strong SSS gradients. Camara et al. (2015) found a more prominent effect of
the vertical mixing year-round and lesser impact of horizontal advection, but their analysis
domain lies further east and is not representative of the whole plume. The detail of the
curves on Figure 5.4 shows that the runoff interannual variability can impact the salt budget.
The horizontal advection and vertical diffusion are stronger in REFHF (solid lines) than in
CLIMHF (dashed lines): adding the runoff interannual variability exacerbates the response
during the highest floods years. Conversely, REFLF (dashed-dotted lines) shows weaker hor-
izontal advection and weaker vertical diffusion than CLIMLF (dotted lines), but differences
are not as strong as for the highest floods composites.

5.3.2 Impact of runoff interannual variability on the plume area

Another commonly studied feature is the plume extent, whose seasonal cycle is shown in
Figure 5.5 for the two simulations, and for the lowest and highest floods years. The plume
extent is at its lowest in winter, increases during spring and reaches its highest values in

Figure 5.5: Seasonal cycle of the plume extent of each composite (curves), and of the differ-
ences between composites (bar chart).
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summer and fall. This is consistent with Coles et al. (2013), but not exactly with Molleri
et al. (2010), who found smaller values of plume extent, and a seasonal cycle peaking in July
and decreasing shortly after. However, Molleri et al. (2010) used a different threshold value
for the plume (34 instead of 35 PSU) and their area of analysis is smaller. We obtain a
comparable seasonal cycle by using the same criterion as them (not shown).

The impact of the runoff interannual variability on the plume extent is also substantial.
During the season of largest plume extent, that is August-September-October (ASO), the
total change in plume extent (i.e. the difference between REF composites, Figure 5.5, black
bars) is around 16%. Around three quarters of this change is explained by runoff interannual
variability (i.e. the difference between REF and CLIM composites, Figure 5.5, gray bars).
This is in perfect agreement with Molleri et al. (2010), who found that runoff interannual
variability explained 74% of the plume extent variability. This is also in agreement with Zeng
et al. (2008), who did not quantify the impact of runoff variability on the plume extent, but
found a strong correlation between Amazon runoff and plume extent interannual anomalies.

It is interesting to note that in April, the plume in CLIMLF is much larger (around 35%)
than the plume in CLIMHF. This might be related to the weakening of the along-shore
currents observed in spring during years of highest floods (Figure 5.3g).

5.3.3 Impact of runoff interannual variability on SST

As done for the SSS, we isolate the effect of the runoff interannual variability on the SST
(Figure 5.6a and 5.6b) from the changes due to the other forcing factors (Figure 5.6c and 5.6d).
Despite a strong impact on SSS (Figure 5.3c), the runoff interannual variability leads to very
weak changes in SST in spring (Figure 5.6a). More importantly, these changes are completely
negligible compared to the very strong changes in SST induced by ocean and atmospheric
variability (Figure 5.6c), which can most likely be related to the AMM (see Section 5.4.1).
From July onwards, the SST anomalies linked with AMM tend to disappear (Foltz et al.,
2012). This explains the weaker summer anomalies due to ocean and atmospheric variability
(Figure 5.6d). The impact of interannual runoff variability remains weak (Figure 5.6b), which
was expected since the salinity anomaly is already fading in summer (Figure 5.3d).

The fact that SST anomalies induced by runoff interannual variability are weak despite
a strong SSS change can be explained by the same compensation mechanism as in the two
previous chapters. Indeed, if we observe the differences in mixed layer heat budget caused by
runoff interannual variability (Figure 5.7), we can see that the temperature trend in vertical
mixing increases from April to June. This is due to an increase in salinity stratification caused
by the extreme floods, which inhibits the cooling by vertical mixing. On the other hand, the
temperature trend due to the atmospheric fluxes decreases, most likely due to a decrease in
net heat flux. In fall, the changes are reversed, in link probably with a salinization of the
surface at this time (not shown).
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Figure 5.6: Spring (AMJ) maps of SST differences between highest floods and lowest floods
for a) CLIM and c) REF minus CLIM; b), d): same as a), c) respectively but in summer
(JAS)

Figure 5.7: Seasonal cycle of the different contributions to the mixed layer heat budget for
the difference between REF and CLIM composites in the NWTA box.
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5.4 Discussion

5.4.1 Influence of the Atlantic Meridional Mode

A large part of the variability captured by the chosen composites is likely caused by the AMM.
First of all, runoff interannual variability can be linked to AMM. Indeed, several Amazon
droughts are related to positive AMM phase, while several Amazon floods are related to
negative AMM phase (Foltz et al., 2012; Marengo and Espinoza, 2016). The difference between
highest floods and lowest floods composites can therefore be associated with a negative AMM
phase. And indeed, some patterns that emerge are very characteristic of a negative AMM
event.

AMM is primarily characterized by a dipole of SST anomalies, generated and enhanced
by WES feedback (see Section 1.2.2), which peaks in spring. For a negative AMM event,
the SST anomalies are negative in the northern hemisphere, and positive in the southern
hemisphere (Figure 1.5). This pattern is identical to what is observed in spring in the SST
map of difference between the REF composites (not shown, but very similar to Figure 5.6c).
This is also consistent with results from Fournier et al. (2017), who found strong negative
SST anomalies in 2014 (one of the year composing our highest floods composite), and strong
positive anomalies in 2010 (one of the year composing our lowest floods composite).

The SST dipole generates a southward shift of the ITCZ during negative AMM phase, and
therefore an increase in precipitation over the Amazon basin (Xie and Carton, 2004; Rugg
et al., 2016; Grodsky et al., 2018), leading to higher Amazon floods in the process. This ITCZ
shift is clearly observed in the precipitation map of difference between the REF composites
(Figure 5.8), and is similar to what observe Jury (2019) when doing a difference between fresh
and salty years .

The SSS signature of AMM has been extracted by Awo et al. (2018), and is similar to
what is obtained here (Figure 5.3a). Moreover, the changes in currents previously identified
as drivers of SSS variability are likely caused by AMM (Hormann et al., 2012; Jury, 2019),
and especially the southward shift of NECC in spring (Hormann et al., 2012) and the increase
in NBC and decrease in NBC retroflection in summer (Jury, 2019).

Finally, it is interesting to note that MLD is also strongly impacted by AMM: during
negative AMM events, a deepening of the ML is observed in the northwestern part of the basin
(including the Amazon plume), despite the strong SSS decrease and the increase in salinity
stratification induced by Amazon extreme floods (Rugg et al., 2016, ; see also Figure 5.8).
This shows that the Amazon extreme floods does not have a strong impact on the vertical
dynamics in the Amazon plume. This ML deepening is most likely related to a wind increase
(not shown, see Rugg et al., 2016), but also to the SST decrease previously discussed, which
suggests that temperature changes linked to AMM have a stronger control on stratification
than salinity changes due to extreme floods.
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Figure 5.8: Map of a) precipitation and b) mixed layer depth in spring (AMJ), difference
between the REF composites. The contours of the Orinoco (in blue) and Amazon (in red)
watersheds are represented on a).

5.4.2 SSS changes in the Orinoco plume

A strong positive anomaly near 62◦W and 10◦N can be observed in Figure 5.3d and 5.3f,
which corresponds to the location of the Orinoco river mouth. Indeed, the variability of the
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Orinoco is generally opposite to that of the Amazon: years of low floods of the Amazon
correspond to years of extreme floods for the Orinoco, and some of the major Amazon floods
coincides with years of low floods for the Orinoco (see Figure 5.1a and 5.1b). This is driven
by ITCZ interannual variability. Indeed, Amazon floods usually occur when the ITCZ is
anomalously far south. This ITCZ shift, usually due to a negative AMM phase, then leads to
a lack of precipitation in the north of the Amazon watershed and in the Orinoco watershed
(see Figure 5.8a). Moreover, the effect of the Orinoco is not observed in spring but only
in summer, the time of the year where the Orinoco discharge is the highest (Müller-Karger
et al., 1989). Both processes combined probably explain part of the salinization that drives
the change in mixed layer heat budget in fall (Figure 5.7).

5.5 Conclusion

In this study, we used a coupled ocean-atmosphere model at a 1/4◦ resolution to assess the
impact of runoff interannual variability on the SSS, the plume extent and the SST in the west-
ern tropical Atlantic. To this end, we conducted two 15-years experiments: a REF experiment
with interannual variability of river runoff and ocean color, and a CLIM experiment forced
with 2001-2015 monthly climatologies of runoff and ocean color. To investigate the effect of
the extreme floods observed in the last decades, we calculated composites of the four years
with the highest floods and the four years with the lowest floods. The runoff change between
highest and lowest floods years is about 25%. Finally, we calculated differences maps of the
two composites, for the REF minus CLIM difference and for the CLIM experiment. This
allows us to isolate the effect of runoff interannual variability from other processes (mixing,
advection, atmospheric water and heat fluxes) whose variability can impact the salinity and
temperature properties in the western tropical Atlantic.

Runoff interannual variability has a strong impact on the SSS of the Amazon plume in
spring (less than -3 PSU near the Amazon mouth), but this effect fades rapidly under the
action of the vertical mixing and has completely disappeared by fall. Moreover, the ocean
and atmospheric variability impacts the SSS to a similar magnitude as runoff. In spring,
a decrease in NBC and in coastal currents leads to an accumulation of freshwater near the
Amazon mouth and a salty anomaly downstream, near the Guiana coast. In summer, a
decrease in NBC retroflection leads to a stronger northwestward freshwater transport into
the Lesser Antilles, and less freshwater transport into the NECC. These currents changes can
be associated with AMM.

The plume area is also affected by extreme floods in summer and fall, the period when
it is the most extended. In ASO, a change of 16% in plume area is observed, and runoff
interannual variability explains 75% of it .

Finally, we show that years with high and low floods are associated with strong SST
anomalies in spring in the north tropical Atlantic. This anomaly is linked with a negative
phase of the AMM and therefore a southward shift of the ITCZ, which in turn causes Amazon
floods. But our simulations do not reveal any clear impact of the runoff interannual variability
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on the SST, neither in spring nor in summer. Nevertheless, a mechanism similar – albeit much
weaker – to what is observed in the simulations without salinity stratification (Chapter 3) and
without rivers (Chapter 4) is observed: the increase in stratification due to extreme floods
leads to a decrease in cooling by vertical mixing, more than compensated by a decrease in
heat brought by atmospheric fluxes.

One limitation of this chapter is the lack of relevant indicator to assess the statistical
significance of the differences between composites. Having 4-year composites already makes
the study robust, but one way to make the study even more robust would be to have a longer
simulation, in order to compute composites with more high floods and low floods events.
Another way would be to compute an ensemble of several members (5 to 10 for instance) for
REF and CLIM simulations: averaging these members would allow to smooth the intrinsic
variability and retain only the significant signal (Bessières et al., 2017). Nevertheless, the
intrinsic variability in the tropics and in the tropical Atlantic is relatively low, especially at
the ocean surface (e.g. Sérazin et al., 2017), and we can be reasonably confident in the results
obtained here.
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6.1 Introduction

In Chapter 3, a link between salinity stratification and SST has been identified in the present
climate. The aim of this chapter is to investigate the evolution of this link in the future: will
it be exacerbated under climate change, or on the contrary will it be damped?

Indeed, several parameters influencing this link are expected to be affected by climate
change. The MLD plays an important role in the relationship between salinity stratification
and SST, and it is well known that the increase in temperature due to climate change will
strengthen thermal stratification and impact the MLD, especially in the tropics (Capotondi
et al., 2012; Bindoff et al., 2019). In the tropical Atlantic Ocean, the increase in SST could
locally reach up to 4.5◦C above the present value by 2100 under the RCP 8.5 scenario (Dep-
penmeier et al., 2020). This SST increase is likely to affect the atmospheric deep convection,
which is bound to modify the atmospheric feedbacks revealed in Chapter 3. The water cycle
is also expected to amplify in the future (Durack, 2015; Skliris et al., 2016), which could
induce changes in runoff and therefore in salinity stratification, leading to a possible feedback
on SST. Finally, the vertical mixing also influences the response of SST and precipitation to
future climate in the tropical Atlantic, and the way vertical mixing will evolve in the future
remains unclear (Deppenmeier et al., 2020). Some changes are counteracting, and the way
the relationship between salinity stratification and SST will evolve cannot be easily guessed
and needs a proper study.

6.2 Methodology

To study the link between salinity stratification and SST in a future climate, a dynamical
downscaling is conducted. This consists in using one model or a multi-model ensemble mean
of the Coupled Model Intercomparison Project (CMIP) to force a regional model. This
dynamical downscaling approach first allows to limit the computational costs inherent to a
global model. A regional model is also expected to reproduce more accurately the regional
physics, since an appropriate set of parameterizations is chosen specifically for the region of
study. Finally, using dynamical downscaling allows to increase the model resolution compared
to global models, which generally gives better results (e.g. Siongco et al., 2017; Cabos et al.,
2018) and might modify the response to climate change (van Westen et al., 2020).

6.2.1 Simulations

In this chapter, four ocean-atmosphere coupled simulations are analyzed. The twin sensitiv-
ity experiments with and without stratification, CONTROL and NOS, are used as present
state (see Chapter 2 and Chapter 3), and two more simulations of a future climate with and
without salinity stratification are computed: CTLf and NOSf.
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The simulations of a future climate need some new boundary conditions and a new initial
state that take climate change into account. The scenario chosen is SSP5–8.5 of CMIP6,
which is similar to the RCP8.5 scenario of CMIP5. It represents a high economic growth
and an extensive use of fossil fuels (Gidden et al., 2019), and is known as the “business as
usual” scenario, even if this statement is debated (Hausfather and Peters, 2020). The method
used to obtain the new forcings is described in the following. 15 years of simulation were
conducted, corresponding approximately to the last 15 years of the 21st century (2086 to
2100). New values for the atmospheric concentrations of greenhouse gases (GHG) were also
set, corresponding to the year 2090 for the RCP8.5 scenario (see IPCC, 2013).

6.2.2 CMIP6 multi-model ensemble mean Table 6.1: CMIP6 models used for
the MMEM

Model name Member
used

ACCESS-CM2 r1i1p1f1
ACCESS-ESM1-5 r1i1p1f1
CMCC-CM2-SR5 r1i1p1f1

CNRM-CM6-1 r1i1p1f2
CNRM-CM6-1-HR r1i1p1f2

CNRM-ESM2-1 r1i1p1f2
CanESM5 r1i1p1f1

CanESM5-CanOE r1i1p2f1
EC-Earth3 r1i1p1f1

EC-Earth3 Veg r1i1p1f1
FGOALS-f3-L r1i1p1f1
GFDL-CM4 r1i1p1f1
GISS-E2-1-G r1i1p1f2

HadGEM3-GC31-LL r1i1p1f3
HadGEM3-GC31-MM r1i1p1f3

INM-CM4-8 r1i1p1f1
INM-CM5-0 r1i1p1f1

IPSL-CM6A-LR r1i1p1f1
MCM-UA-1-0 r1i1p1f2
MIROC-ES2L r1i1p1f2

MIROC6 r1i1p1f1
MPI-ESM1-2-HR r1i1p1f1
MPI-ESM1-2-LR r1i1p1f1

MRI-ESM2-0 r1i1p1f1
UKESM1-0-LL r1i1p1f2

The first step to construct the new boundaries was to
compute a multi-model ensemble mean (MMEM) of 25
CMIP6 models. The criterion for the choice of the
CMIP6 models is the availability of all the atmospheric
and oceanic variables that we need, for both the histor-
ical and the SSP5-8.5 scenarios. Some CMIP6 models
have multiple members available, but to avoid giving
too much weight to these models with respect to the
other CMIP6 models, we chose to use only the first
available member. All the models and the chosen mem-
bers are listed in Table 6.1.

We computed 30-years monthly climatologies of the
MMEM for the historical run (1985 to 2014) and the
SSP5-8.5 scenario (2071 to 2100). Then, we calculated
the monthly anomalies between future and present
climatologies, which will be called "CMIP6 MMEM
anomaly" in the following.

6.2.3 Pseudo-global warming approach

To simulate the future climate, we used the Pseudo-
Global Warming (PGW) approach (e.g. Schär et al.,
1996; Rasmussen et al., 2011; Liu et al., 2016; Dai et al.,
2017b; Dutheil et al., 2019). This method of dynami-
cal downscaling consists in adding the CMIP6 MMEM
anomaly to the lateral boundaries and to the initial
state of the oceanic and atmospheric model. To ini-
tialize the oceanic model, a 30 years spin-up is con-
ducted using a forced ocean model: the CMIP6 MMEM
anomaly is thus also added to the atmospheric bound-
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Table 6.2: Variables modified using the CMIP6 MMEM anomaly

Variables Dimension Unit Model

Air temperature 3D [K] WRF

Relative humidity 3D [%] WRF

Zonal and meridional wind 3D [m/s] WRF

Geopotential height 3D [m] WRF

Sea level pressure 2D [Pa] WRF and NEMO forced

Surface pressure 2D [Pa] WRF

Sea surface temperature 2D [K] WRF

Ocean temperature 3D [K] NEMO coupled and forced

Salinity 3D [PSU] NEMO coupled and forced

Zonal and meridional currents 3D [m/s] NEMO coupled and forced

Precipitation 2D [kg/m2/s] NEMO forced

Specific humidity at the surface 2D [kg/kg] NEMO forced

Surface air temperature 2D [K] NEMO forced

Zonal and meridional surface winds 2D [m/s] NEMO forced

Surface longwave radiation 2D [W/m2] NEMO forced

Surface shortwave radiation 2D [W/m2] NEMO forced

aries of the forced model. The detail of the modified variables can be found in Table 6.2.
Runoff is kept identical in the present and the future simulations because precipitation changes
are very different in our model and in the CMIP6 MMEM (see Section 6.3.1): including the
future changes in runoff to the model would mean including changes in runoff corresponding
to very distinct changes in precipitation, which would lead to inconsistency.

The PGW approach is robust: doing downscalings of several individual CMIP models
and taking the ensemble mean afterwards gives results very similar to one downscaling of the
ensemble mean of these models (Kawase et al., 2009; Lauer et al., 2013). Moreover, the mean
state biases of the GCMs are removed, since we are using the difference between future and
present MMEM added to reanalyses instead of the MMEM itself (Liu et al., 2016). But with
this method, the only changes taken into account are the seasonal mean changes due to the
increase in GHG: the internal climate variability imposed on the boundaries is the same in
the future and present simulations (Dai et al., 2017a), and corresponds to the variability of
the reanalyses (ERA-Interim for the atmosphere and GLORYS2V4 for the ocean). This is
illustrated on Figure 6.1: the present and future SST variability are really close from one
another, and the small changes observed (a slight decrease of SST extremes in the future)
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Figure 6.1: SST anomaly averaged over the whole domain, for the present (blue) and the
future (red). The anomaly is calculated as the difference between the monthly SST and the
15-year average. Note that the SST anomaly does not have any trend: our model is not in
a transient state like for instance the CMIP models that simulate climate between 2000 and
2100. On the contrary, it has reached a stable state.

are due solely to the impact of the mean warming on the internal temperature variabil-
ity. Since the future variability is highly uncertain, this can be considered as an advantage
(Deser et al., 2016; Liu et al., 2016). Moreover, this allows the use of shorter simulations
(Kawase et al., 2009). However, this also implies that the PGW approach is not suited for
studying the interannual and decadal changes (Xu et al., 2018; Adachi and Tomita, 2020).

6.3 Results

6.3.1 Changes in the tropical Atlantic Ocean induced by the increase in
GHG concentrations

The present simulation CONTROL has been validated in Section 2.4, and is globally faithful
to the observations. We now assess the impact of climate change on the tropical Atlantic
Ocean, and the difference between what is obtained with the MMEM of CMIP6 global models
(Figure 6.2) and what is obtained with our downscaled model (Figure 6.3).

The variable most characteristic of climate change is SST. In this scenario, the SST
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increase is very strong: up to 3.5◦C in the GCMs (Figure 6.2a and 6.2b), and up to 4◦C in
our model (Figure 6.3a and 6.3b). An overall increase in temperature is observed, but the CT
area and the ITCZ exhibit stronger SST changes, while the Canary upwelling system shows
weaker changes. The patterns of SST changes are very similar in the CMIP6 MMEM and
in our model, despite a slightly higher amplitude of warming in our model. This suggests
that the PGW approach is successfully implemented: the warming trend induced by climate
change is effectively input into our model.

The changes in SSS and precipitation are really different in our model compared to CMIP6
MMEM. Indeed, an increase in SSS is found in the main part of the basin in the MMEM,
except in the western tropical Atlantic (Figure 6.2c and 6.2d), while a decrease is found
in most of the basin in our model (Figure 6.3c and 6.3d). This is partly due to the very
distinct changes in precipitation. In the MMEM, changes in precipitation are small: a slight
increase (around +1 mm/day) is observed in the ITCZ while there is a slight decrease in
the rest of the basin (locally up to -1 mm/day) (Figure 6.2e and 6.2f). On the other hand,
a strong, widespread precipitation increase is observed in our model (up to +6 mm/day),

Figure 6.2: Maps of a), b): SST ; c), d): SSS and e), f): precipitation for the future (2071-
2100) CMIP6 MMEM on the left, and the CMIP6 MMEM anomaly on the right.
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Figure 6.3: Maps of a), b): SST ; c), d): SSS ; e), f): precipitation ; g), h): MLD and i),
j): net heat flux for the future downscaled simulation CTLf (2086-2100) on the left, and the
difference between CTLf and present simulation CONTROL (2001-2015) on the right.

due to a broadening of the ITCZ toward the south mainly and toward the north a little
(Figure 6.3e and 6.3f). Note that the color scales of Figure 6.2f and Figure 6.3f are different.
Nevertheless, our model has a better representation of the ITCZ than the GCMs in the present
climate (Figure 6.4). Indeed, the CMIP6 MMEM exhibits a double ITCZ bias: a secondary
precipitation maximum is observed in the southern hemisphere. Furthermore, the maximum
in the northern hemisphere is too low compared to the TRMM observations. This problem
was already documented in CMIP3 and CMIP5, and is still present in CMIP6 (e.g. Tian and
Dong, 2020). Having a better representation of precipitation in the present could indicate
that the precipitation changes in the future may also be better represented in our model.

MLD is an important feature when studying the impact of salinity stratification on SST.
In our model, a strong thinning of the ML is observed in the future in most of the basin,
together with two small areas of increase in the north and the south of the domain (Figure 6.5a
and 6.5b, see also Figure 2.4g for the present MLD). The thinning of the ML occurs in an area
where it is already very thin, and the decrease in MLD reaches -25% in the NWTA, making
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Figure 6.4: South-North sections of precipitation averaged between 20◦W and 40◦W: TRMM
(2001-2015) in black, CONTROL (2001-2015) in red and CMIP6 MMEM (1985-2014) in blue.

the ML even more sensitive to the atmospheric fluxes. The change in ML is associated with
a change in total stratification (Figure 6.5c and 6.5d). Indeed, the patterns of both variables
are very similar, with a strong increase in total stratification in areas where the ML thinning
is the most intense, and a weaker increase or even a decrease in stratification in areas where
the ML is deepening. Note that the link between the two is not straightforward: an increase
of stratification has been observed over the past 50 years, and is associated with a deepening
of the ML (Sallée et al., 2021).

Salinity stratification shows an increase in our main areas of interest (NWTA, ITCZ, CT;
Figure 6.5e and 6.5f), consistent with the overall decrease in SSS (Figure 6.3d). However,
the patterns of salinity stratification changes match the patterns of SSS changes in only a
portion of the basin. Indeed, an increase in SSS is observed in the southeast of the domain,
destabilizing the water column and leading to a decrease in salinity stratification. On the
other hand, a decrease in SSS is observed in the main part of the domain, but this leads to
an increase in salinity stratification south of 15◦N only. In the northern part of the basin,
a SSS decrease is not systematically associated with an increase in salinity stratification.
This discrepancy is likely due to subsurface processes, combined with the fact that salinity
stratification is very weak in this part of the basin.

The part of density stratification driven by salinity increases much less than the total den-
sity stratification. This means that total stratification change is mainly driven by a strong
thermal stratification increase. As a consequence, OSS100m (see definition in Section 2.5.3)
is decreasing in some part of the basin where salinity stratification is increasing (Figure 6.5g
and 6.5h): even though salinity stratification increases, the greater increase in thermal strat-
ification results in a smaller contribution of salinity stratification to total stratification. This
is especially the case in NWTA, where the OSS100m decrease is quite important (about -20%
on average in the NWTA box).
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Figure 6.5: Maps of a), b): MLD ; c), d): total stratification N2 averaged over 100 m,
e), f): salinity stratification N2S averaged over 100 m and g), h) OSS100m for the future
downscaled simulation CTLf (2086-2100) on the left, and the difference between CTLf and
present simulation CONTROL (2001-2015) on the right.
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6.3.2 Changes in the relationship between salinity stratification and SST
induced by the increase in GHG concentrations

The difference between CTLf and NOSf simulations is now analyzed, in order to evaluate the
impact of salinity stratification in a future climate. SST differences are calculated for the
present simulations (Figure 6.6a and 6.6c) and the future simulations (Figure 6.6b and 6.6d)
in summer and winter. The sensitivity of SST to salinity stratification exhibits very similar
patterns in the present and in the future, with a SST increase in the NWTA in summer, a
SST decrease in the CT in summer, and lesser changes in winter. Nevertheless, small changes
in the response appear: in the NWTA, the response in the future climate is weaker than in
the current climate in summer and slightly stronger in winter ; in the CT, the response is
stronger in summer (down to -0.8◦C in the future simulations, but down to -0.5◦C only in
the present simulations), and weaker in winter. In winter, a new pattern of response develops
in the future in the central tropical Atlantic: a slight increase between 10◦N and 20◦N and
between 50◦W and 30◦W. A decrease in SST can also be observed in winter in the upwelling
off the Senegalese coast; it was already there in the present climate, but it is stronger and
encompasses a wider area in the future simulations.

Figure 6.6: SST differences between CONTROL and NOS in a) summer and c) winter, dots
indicating the areas where the difference is significant. b), d): same as a), c) respectively, but
for the difference between CTLf and NOSf.
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6.3.2.1 Changes in the northwestern tropical Atlantic SST anomaly

In the NWTA, the temperature response is very similar in the present and future climate,
with an increase in surface temperature and a decrease in subsurface of same magnitude
(Figure 6.7a and 6.7b). Nevertheless, some modulations can be observed: the sensitivity
of SST to salinity stratification is decreased in summer in a future climate, but increased in
winter. This can be related to a change in the seasonal cycle of the salinity stratification, N2S

(Figure 6.7c). First, a stronger salinity stratification is observed in winter in the future, which
could explain the greater SST difference in this season. Then, N2S becomes lower in July
and August in the future, explaining the weaker response compared to the present. Finally,
a secondary maximum in SST difference is observed in the future in November (Figure 6.7b),
corresponding to a secondary peak in N2S during this month.

The ML heat budget (see Section 2.5.1.1) of the area is now analyzed (Figure 6.8). First,
the ML heat budgets of CTLf and CONTROL show strong similarities (Figure 6.8a and 6.8b,
dashed and solid lines): the three main processes influencing it are the vertical diffusion,
the atmospheric fluxes and the entrainment, roughly compensating each other to give smaller
changes in the total tendency. The total tendency is close for CTLf and CONTROL, meaning
that climate change does not alter much the amplitude of the SST seasonal cycle in the NWTA.
However, other terms of the heat budget are impacted by climate change, and especially the
atmospheric fluxes and the vertical diffusion. The atmospheric fluxes warm more intensely
the ML in the future and particularly in summer. This is due to an increase in net heat
flux (not shown), combined with a thinning of the ML in the future (Figure 6.4) that makes
the ML more responsive to heat fluxes. It is then balanced by an increase in cooling by
vertical diffusion. This increase is likely linked to the strong increase in stratification in the
future. It is a competition between two processes. On the one hand, the increase in total
stratification stabilizes the water column and decreases the mixing. On the other hand, the
strong increase in thermal stratification leads to a much sharper thermocline, enhancing the
mixing efficiency. This second process seems to prevail over the first, leading to a more
efficient cooling by vertical diffusion in the future.

The changes in ML heat budget due to salinity stratification are similar in the present and
the future (Figure 6.8c and 6.8d). The same processes and feedbacks are at stake, with 1) a
decrease in the cooling by vertical diffusion when taking salinity stratification into account,
leading to a warming of the ML, and 2) a damping of this warming by the entrainment and
the atmospheric fluxes. Nevertheless, some variations can be observed in the future, especially
in AMJ, which is the period of development of the SST anomaly due to salinity stratification
(see for instance Figure 6.7a). Vertical diffusion is more sensitive to salinity stratification,
(1.2◦C/month in the future in AMJ, i.e. +20% compared to the present climate), but this
higher sensitivity is more effectively compensated by the atmospheric fluxes (-0.7◦C/month
in the future in AMJ, i.e. +55% compared to the present climate), which gives in the end a
weaker change in total tendency in the future (0.05◦C/month in the future in AMJ instead of
0.1◦C/month). Finally, the new secondary SST maximum observed previously in November
can be related to the peak in CTLf-NOSf total tendency in October. The latter is due mainly
to a secondary maximum in vertical diffusion trend, which can be related to the secondary
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Figure 6.7: Seasonal cycle of temperature difference in the NWTA as a function of depth
for a) the present simulations (CONTROL-NOS), b) the future simulations (CTLf-NOSf);
c) Seasonal cycle of N2S100m (i.e. salinity stratification averaged over 100 m depth) in the
NWTA for CONTROL (blue) and CTLf (red).

peak in N2S (Figure 6.7c). More generally, the differences in vertical diffusion (Figure 6.8d,
black curves) are very well correlated to N2S (Figure 6.7c), suggesting that the increased
sensitivity of vertical diffusion to salinity stratification in the future is directly linked to the
change in N2S seasonal cycle.
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Figure 6.8: Seasonal cycle of the mixed layer heat budget in NWTA for CONTROL, CTLf
and NOSf simulations (left) and differences CONTROL-NOS and CTLf-NOSf (right): a), c)
main terms of the budget and b), d) vertical processes

The mechanism behind the damping by the atmospheric heat fluxes is similar to what is
found in the present climate (Section 3.3.2.3). In the NWTA, the increase in SST induced by
the decrease in vertical mixing strengthens the latent heat flux, and leads to a more important
heat loss (Figure 6.9a) that mitigates the SST increase. As in the present climate, this is the
main feedback mechanism and it drives most of the changes in net heat flux (not shown). A
secondary feedback loop occurs through the solar heat flux: the increase in SST enhances the
deep-convection in the NWTA, and leads to an increase of cloud cover (Figure 6.9b). Clouds
block solar radiation, leading to a decrease in solar heat flux reaching the ocean surface, and
thus a decrease in SST.

However, some small changes in the atmospheric response to salinity stratification in the
future are worth noting. First, the northward shift of the ITCZ observed in the present does
not appear in the future (Figure 3.7d and Figure 6.9b). It is replaced by a stronger decrease
in cloud cover in the ITCZ and over the West African coast. The associated decrease in
precipitation mitigates therefore the increase in precipitation induced by climate change,
especially over the coasts of Liberia and Nigeria. In addition, in the NWTA, the area of
strongest increase in cloud cover is shifted to the northwest in the future. Yet, the area
of high SST increase is located in the same place, and a decrease in SST response to the
northwest is even observed in the future. This discrepancy might be related to a decrease in
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Figure 6.9: Difference between CTLf and NOSf in summer of a) Latent Heat Flux and b)
Cloud Cover, dots indicating the areas where the difference is statistically significant

precipitation there due to climate change (Figure 6.3f): deep convection is less likely to be
triggered there, and is thus less sensitive to a change in SST.

The overall similarity of the SST sensitivity to salinity stratification in a present and a
future climate strengthens the conclusions of Chapter 3: the response is robust, even in a
very different climate. However, so little change in the link between salinity stratification and
SST in NWTA can be surprising given the intensity of the changes induced by the increase
in GHG.

6.3.2.2 Changes in the cold tongue SST anomaly

In the CT region, the sensitivity of surface and subsurface temperature to salinity stratification
is increased in summer in a future climate, but decreased in winter (Figure 6.10a and 6.10b).
In summer, all the changes observed in the present are enhanced in a future climate: the
decrease in surface and subsurface temperature due to salinity stratification is almost twice
as important in the future (Figure 6.10c and 6.10d), and so is the strengthening of the EUC
(Figure 6.10e and 6.10f).

The reason for the enhanced sensitivity in summer is probably twofold. In Chapter 3, we
observed that the SST decrease in the CT is due to a shoaling of the thermocline. This shoaling
causes a decrease in subsurface temperature that impacts the surface during the season of
upwelling and CT development, i.e. in summer. In a future climate, the 20◦C isotherm
depth, proxy of the thermocline depth, is much more sensitive to salinity stratification: when
averaging over the CT box, the D20 shoals by 9 m in CTLf-NOSf, and only by 6 m in
CONTROL-NOS. Moreover, a strong increase in thermal stratification is observed in the
region (Figure 6.5). This means that the temperature gradient is stronger, and that a change
in the thermocline depth has more impact on the subsurface temperature. The stronger
decrease in subsurface temperature is then upwelled in summer, leading to a stronger SST
decrease in the future. In winter however, the stabilizing effect of the enhanced stratification
prevails, and the subsurface temperature anomaly does not reach the surface at all, unlike in
the present climate.
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Figure 6.10: a), b): Seasonal cycle of temperature difference in the CT as a function of depth;
Summer section averaged between 1◦N and 3◦S of c), d) temperature difference and e), f)
zonal velocity. The difference CONTROL-NOS is on the left, and CTLf-NOSf is on the right.

6.4 Discussion

Several studies have investigated the influence of climate change, the main source of infor-
mation on this subject being the IPCC. Studies concerning the tropical Atlantic Ocean are
not as frequent, but global studies can already allow us to compare with the results from our
downscaling.

The SST in our model has patterns and magnitude of changes very similar to CMIP5 and
CMIP6 models (e.g. Stocker et al., 2013; Arias et al., 2021). The exception is the southeastern
tropical Atlantic, near the coast of Angola, where our model predicts a lower change in SST
than the globel models do (around 2◦C instead of 3 to 4 ◦C). However, this area is poorly
described in the CMIP models and exhibits a strong SST bias (e.g. Richter and Xie, 2008;
Richter and Tokinaga, 2020), while our model has a better representation of the SST in this
area. The stronger increase observed in the CT is consistent with other studies (Deppenmeier
et al., 2020) and seems to indicate a decrease in upwelling, as found by Terada et al. (2020),
but unlike Seo and Xie (2011). A stronger SST increase is also observed in the Senegalo-
Mauritanian upwelling, suggesting a decrease in upwelling, as reported by Sylla et al. (2019)
and Mignot et al. (2020).
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Regarding salinity, Capotondi et al. (2012) found that a salinity stratification decrease
was to be expected in the tropical Atlantic due to an increase in SSS, whereas we observe a
decrease in SSS (Figure 6.3d) and an increase in salinity stratification (Figure 6.5f) in most
of the basin. However, total stratification is expected to increase drastically (e.g Capotondi
et al., 2012; Bindoff et al., 2019), which we also observe (Figure 6.5d). This increase is mainly
driven by the increase of thermal stratification: even in areas where salinity stratification
decreases, the total stratification increases strongly. This phenomenon is already observed
in the present climate, due to the increase in temperature linked with the climate change
already at stake (Sallée et al., 2021).

The precipitation changes show a strong increase in our model (Figure 6.3f), which is con-
sistent with some studies and inconsistent with others. Precipitation changes are uncertain
in the tropics (Kent et al., 2015) due to a weakening of the tropical atmospheric circulation
(Vecchi and Soden, 2007; Chadwick et al., 2013; Ma et al., 2018) balanced with an ampli-
fication of the hydrological cycle (Durack, 2015; Skliris et al., 2016). Moreover, the models
disagree on the spatial changes of precipitation, leading to non-significant and usually weak
changes in the MMEM (Stocker et al., 2013; McSweeney and Jones, 2013; Chadwick et al.,
2015). But individually, most of the models exhibit strong precipitation changes (Chadwick
et al., 2015) that are for some of them relatively similar to what we observe, and for some
others opposite (Cook et al., 2012; Dufresne et al., 2013; Brêda et al., 2020; Deppenmeier
et al., 2020).

Despite these uncertain changes, two other precipitation-related variables are validated.
A southward shift of the ITCZ is found in several studies (Skliris et al., 2020; Mamalakis
et al., 2021) while we observe instead a widening of the ITCZ, mostly to the south and a
little to the north. An increase in the SST-convection threshold is also observed in our model
(Figure 6.11), consistent with what found Johnson and Xie (2010) in the whole tropics.
However, an increase in rainfall rate occurs in our model, while Johnson and Xie (2010)
observed no change in this variable, but this could be due to the difference in scenario studied
(A1B, equivalent to RCP6.0 for them ; SSP5-8.5, equivalent to RCP8.5 for us).

Regarding the modulation of the link between salinity stratification and SST, no study
addressed this specific topic. However, an experiment relatively close has been made by
Deppenmeier et al. (2020): they examined the impact of increased vertical mixing in a present
and a future climate. Removing salinity stratification as is done in NOS experiment means
increasing the vertical mixing. Contrary to Deppenmeier et al. (2020), the increase in vertical
mixing is not uniform in NOS experiment as it affects more strongly the areas of high salinity
stratification. Nevertheless, a qualitative comparison of the SST patterns obtained by this
study and ours can be made. The changes in the relationship between salinity stratification
and SST induced by the increase of GHG (Figure 6.6) are globally consistent with the results
of Deppenmeier et al. (2020). In summer, an increase in SST response is observed in the CT
area, while a decrease is observed in NWTA. This is similar to what we observe. However,
the decrease in NWTA is such that the sign of the anomaly is switching, which is not the case
in our model. In winter, an increase in the SST response occurs in the Senegalo-Mauritanian
upwelling, as well as in the central tropical Atlantic, in the area where the new pattern
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Figure 6.11: Rainfall intensity as a function of SST representative of the SST-convection
threshold for TRMM in black, CONTROL run (2001-2015) in blue and CTLf (2086-2100) in
red.

response develops in our model. This gives us more confidence in the results obtained here.

Finally, it is interesting to note that the CT and the Senegalo-Mauritanian upwelling
show an impact of salinity stratification enhanced in the future during their period of de-
velopment. Indeed, the CT appears in summer, and this region exhibits a stronger SST
decrease in the future than in the present in this season (Figure 6.6a and 6.6b). Similarly, the
Senegalo-Mauritanian upwelling shows a stronger decrease in the future in winter, its period
of occurence (Figure 6.6c and 6.6d). These two upwelling regions are highly impacted by
climate change, more than the rest of the basin: a warming of up to 4◦C is observed in both
areas, while the mean warming over the whole basin is around 3◦C. This suggests that salin-
ity stratification has an important role in mitigating climate change in these two upwelling
regions.

6.5 Conclusion

In this Chapter, we studied the changes in the relationship between salinity stratification
and SST induced by climate change. To do so, we modified the boundaries of our coupled
configuration to model the end of the 21st century climate under the "business as usual"
scenario from CMIP6, the SSP5-8.5 scenario. The new boundaries are created using the
PGW approach with a MMEM of 25 CMIP6 models. This approach allows to study the
impact of a mean climate change, with the internal variability being identical in the future
and the present simulations.
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According to our model, the tropical Atlantic will undergo substantial changes in the
future. The most important one concerns SST: a warming of up to 4◦C in the CT, and more
than 3.5◦C in the ITCZ. The SSS decreases from -0.2 to -0.5 PSU in a large part of the basin,
mainly related to a very strong increase in precipitation (up to 6 mm/day). The MLD also
shows an important thinning, associated with a strong increase in stratification driven mainly
by thermal stratification changes. The increase in thermal stratification is so great that total
stratification increases even in areas where salinity stratification decreases, and that OSS100m

– the contribution of salinity stratification to total stratification – decreases in areas where
the salinity stratification increases.

Despite these strong changes in the tropical Atlantic climate, salinity stratification is
expected to have a similar impact on SST in the future and in the present climate in terms
of patterns. In winter, the changes remain small in a future climate. In summer, an increase
of SST in the NWTA and a decrease in the CT is still observed when salinity stratification is
taken into account. However, the amplitude of the SST changes varies. In the NWTA, a more
moderate SST sensitivity is seen in summer. It is caused by a change in the ML heat budget
balance: the inclusion of salinity stratification leads to a stronger increase of the vertical
diffusion trend in the future, but an even stronger decrease of the trend in atmospheric
fluxes. In winter, the SST response is slightly more important in the future, likely linked
with a stronger salinity stratification in this season. In general, changes in vertical mixing
sensitivity seem closely related to changes in stratification. In the CT, the response is stronger
in the future: the SST and subsurface temperature decrease is almost twice stronger, as is
the strengthening of EUC. It is due to a stronger change in subsurface temperature, linked
with the strong strengthening of thermal stratification and with a more important sensitivity
of the thermocline depth to salinity stratification in the future.

One of the limitation of this study is that runoff is prescribed in our coupled model, and we
kept it identical between the future and the present run. We saw in Chapter 4 that the absence
of runoff can modify some ocean variables, and especially the heat balance in the ML. The
strong precipitation increase observed in our model, especially in the Amazon and Orinoco
basin (about +50%), could impact the runoff, assuming that the increase in evaporation linked
with the strong surface temperature increase does not counteract it. An increase in runoff
could modify a little the results obtained here, by increasing the salinity stratification in the
Amazon and Orinoco plume for instance, which in turn may further enhance the warming
response of the NWTA. Yet, the changes in precipitation are highly uncertain in the future
in the Amazon basin (Vera et al., 2006; Boisier et al., 2015; Guimberteau et al., 2017; Brêda
et al., 2020), and keeping the runoff identical to present climate is also a valid hypothesis.
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Conclusion

The tropical Atlantic Ocean exhibits a unique salinity structure, largely due to the presence
of the ITCZ and the Amazon and Orinoco rivers. This salinity structure is characterized
in particular by a strong salinity stratification in the northwestern part of the basin, whose
impact on the tropical Atlantic climate is poorly understood and remains controversial. This
work aimed at a better understanding of this salinity stratification. It improved the knowledge
of the key processes underlying its impact on the mean state of the region, including SST.

To this end, a coupled ocean-atmosphere general circulation model of the tropical Atlantic
Ocean has been developed. It is based on NEMO and WRF models, which exchange informa-
tion through the OASIS coupler, and has a resolution of 1/4◦ for both ocean and atmosphere.
The use of a coupled model is essential for our study, because the ocean-atmosphere interac-
tions are at the heart of the processes studied. A series of sensitivity experiments was then
conducted, from the most idealized to the most realistic. First, salinity stratification was
removed from the ocean model, to understand its impact on the SST and the atmosphere.
Then, South American rivers, and notably the Amazon and Orinoco, were removed from the
model. These rivers are indeed a major contributor to salinity stratification in the tropical
Atlantic. Interannual variability of river runoff was then studied to assess the impact of Ama-
zon extreme floods. Finally, the experiment without salinity stratification has been conducted
in a future climate, where several of the key variables identified in the present climate are
very distinct from their present state. This allows to better discriminate the effect of each of
these variables.

From this hierarchy of sensitivity experiments, a consistent mechanism emerges. It is
identified in summer in the northwestern tropical Atlantic, the season and region of strongest
salinity stratification. Salinity stratification first impacts vertical diffusion. Indeed, the inclu-
sion of salinity stratification (or part of it) in the model results in a less efficient cooling of the
mixed layer by vertical mixing. The resulting warming is substantial, but is then mitigated
by a negative feedback from the atmosphere and the entrainment. The balance between these
three processes is subtle, and the outcome – an increase or a decrease in SST – depends on the
sensitivity test considered (Figure 7.1). Overall, the response of the three processes decreases
as the tests become more realistic, that is from including salinity control on vertical mixing
to including the interannual variability of the Amazon runoff. This is due to the fact that a
smaller fraction of the stratification is added when assessing the impact of Amazon interan-
nual variability than when assessing the impact of the whole salinity stratification. But this
does not reflect on the SST: for instance, the response of vertical diffusion, atmospheric fluxes
and entrainment to salinity stratification is stronger in the future (CTLf-NOSf) than in the
present (CONTROL-NOS), and yet the change in total tendency (i.e. in SST) is weaker in
the future due to a better compensation between the three processes. The SST changes are
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therefore hard to anticipate, and cannot be predicted without a coupled ocean-atmosphere
model taking into account all the air-sea interactions. Moreover, the sensitivity test to Ama-
zon extreme floods shows weak changes that fade quickly in time and space, suggesting that
the variability of Amazon discharge has little impact on the tropical Atlantic SST and climate.

Figure 7.1: Sensitivity to salinity stratification of the different contributions to the mixed
layer heat budget, averaged between April and June and over the NWTA, for all the different
sensitivity tests. CONTROL-NOS represents the impact of adding salinity stratification in
the present climate, CTLf-NOSf is the same, but for a future climate. CONTROL-NORiver
represents the impact of the inclusion of the rivers in the present climate. Finally, the "Amazon
Floods" test shows the impact of the Amazon extreme floods in the present climate (see
Section 5.2.2 for methodological details). Note that the total tendency is representative of
the SST anomaly.

As mentioned earlier, the results point to a mitigation by the atmosphere of the surface
warming induced by salinity stratification. The processes at play have been investigated in
detail. It consists of two negative feedback loops that reduce the net heat flux received by
the ocean. First, the SST increase leads to an increase in heat loss by latent heat flux,
which reduces the SST anomaly. This is the main feedback loop, accounting for around
70% of the net heat flux change in the northwestern tropical Atlantic. Second, the SST
increase enhances the atmospheric deep convection, and thus the cloud cover, which then
masks the solar radiation. This results in a decrease in the shortwave radiation reaching the
ocean surface, and the further damping of the SST anomaly. This second process accounts
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for around 30% of the net heat flux change. It is worth noting that the deep convection
enhancement also causes a significant increase in precipitation (around 15%), which could
have a positive feedback effect by further increasing salinity stratification. Finally, the SST
increase leads to more longwave radiation emitted by the ocean, but the increase in cloud
cover results in more longwave radiation emitted by the clouds and absorbed by the ocean.
The resultant is close to zero.

Significant SST changes are also observed in the equatorial region in summer. The inclu-
sion of salinity stratification in the model causes a decrease in SST in the cold tongue area
in the present, a response exacerbated in the future. However, the sensitivity test to river
discharges shows on the contrary a slight increase in SST in this area. The mechanism behind
these SST changes is nevertheless the same, and is related to a modulation of the thermocline
depth. In the two sensitivity tests to salinity stratification (present and future), the thermo-
cline shoals substantially year-round, leading to an intense subsurface cooling throughout the
year, and a surface cooling in summer – the period of the CT development. On the contrary,
the thermocline deepens slightly in the sensitivity test to rivers, leading to a moderate sub-
surface warming year-round and a slight surface warming in summer. The reason for these
opposite responses remains unclear.

Figure 7.2: Summer SST differences as a function of N2S for CONTROL run, envelope: ±σ;
coastal areas (i.e. areas where the bathymetry is under 50 m) where removed, as well as
values corresponding to less than 20 grid cells. Bins surfaces are represented on a histogram.
The analyze is applied on the NWTA box.
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One of the limitations of this work, common to all modeling studies, is that the magnitude
of the SST responses obtained might depend on the numerical choices and on the model
configuration used. We expect the mechanism of compensation between vertical diffusion,
atmospheric fluxes and entrainment to be robust, given that it is identical in all sensitivity
tests independently of the strength of the salinity stratification, and independently of the mean
state of the ocean-atmosphere system (present or future). However, the balance between all
the processes, which ultimately determines the magnitude and the sign of the SST response,
is expected to depend to some extent on the choice of parameterizations. Nevertheless, we
showed here the importance of cloud feedback on SST, and the set of parameterizations chosen
is the only one that includes a feedback of the parameterized clouds in the radiation schemes
while comparing satisfactorily with observations.

Another limitation is the difficulty in selecting the appropriate indicator to assess the
sensitivity of SST to salinity stratification. For a long time, the barrier layer depth has been
used, but it has been shown in this work that it is not relevant (Figure 3.3b). The variable
OSS100m – the contribution of salinity stratification to total stratification – has then been
chosen instead, and seemed to serve its purpose well (Figure 3.3a). Nevertheless, the climate
change study has shown that it is not really the case when the upper ocean is significantly
warmer than today: variation of OSS100m in the future poorly explains the changes in SST
sensitivity to salinity stratification. N2S finally seems to be the right indicator: it explains
well the changes in the future (Figure 6.7c) and in the present as well (Figure 7.2).

Perspectives

Impact of salinity stratification on the tropical cyclones

In this thesis, we studied the impact of salinity stratification in the western tropical Atlantic
on the mean state of the basin. But historically, salinity stratification has also been studied
for its potential impact on TCs, which are numerous in this region. This issue is still under
debate, with some studies showing that cyclones intensify more in the area of strong Amazon-
induced salinity stratification, while other studies suggest that the intensification in this area
may be sustained by a large heat content, independently of the presence of the Amazon plume
(Section 1.3.3). Most of these studies rely on observations or forced ocean models to draw
conclusions, whereas we have shown that air-sea interactions are critical to understand the
processes involved. Therefore, the coupled ocean-atmosphere configuration developed here
could provide new insights into the subject.

A first step would be to evaluate the ability of our model to correctly reproduce TCs.
Indeed, our coupled configuration has a resolution of 1/4◦, which is theoretically sufficient
to simulate the number and trajectory of TCs, but does not allow to reproduce accurately
the intensity of the most powerful cyclones (e.g. Lengaigne et al., 2018; Roberts et al., 2020;
Vannière et al., 2020). An example of cyclones generated by our model is shown in Figure 7.3.
The sensitivity tests to salinity stratification, river freshwater supply and Amazon extreme
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Figure 7.3: Daily snapshot of a) surface pressure, b) wind speed, c) precipitation and d) SST
showing two TCs in the tropical Atlantic Ocean.

floods performed for this thesis could then be analyzed to assess their impact on the trajectory,
number and intensity of TCs. Finally, increasing the resolution of the configuration (from
1/4◦ to 1/12◦ for instance) could be interesting in order to simulate more realistically the
most intense TCs.

In addition, it would be interesting to study the impact of climate change on the different
metrics of TCs. The simulation of climate change conducted in this thesis does not take into
account future interannual variability, but has the advantage of a fairly high horizontal and
vertical resolution in the ocean and the atmosphere, as well as better SST, which may be
lacking in the global CMIP models. Moreover, despite the progress made in the last IPCC
report (Seneviratne et al., 2021), the question of the impact of climate change on cyclones
remains open, particularly in the tropical Atlantic (e.g. Roberts et al., 2020).
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Impact of salinity stratification on biogeochemistry

Stratification has been shown to influence biological productivity: enhanced stratification
reduces the nutrient supply brought at the surface by vertical mixing, especially in areas
already strongly stratified such as the tropics (Behrenfeld et al., 2006; Boyce et al., 2010).
Climate change induces a strengthening of the stratification, and a decreasing trend in primary
production and phytoplankton in the tropics has already been observed in the last decades
(e.g. Behrenfeld et al., 2006; Polovina et al., 2008; Boyce et al., 2010) and is consistently
predicted by the CMIP models for the end of the century (e.g. Bopp et al., 2013; Kwiatkowski
et al., 2020).

In the tropical Atlantic, several regions are of particular interest in this regard. The
Amazon plume is a region of high biological productivity due to riverine input of nutrients (e.g.
Smith and Demaster, 1996). Moreover, three upwelling systems are located in the tropical
Atlantic: the Benguela upwelling, the Senegalo-Mauritanian upwelling and the equatorial
upwelling in the CT region. Upwellings are areas where a particular wind structure induces
a rise of cold and nutrient-rich subsurface waters, driving a high biological productivity. The
impact of vertical mixing on productivity has been shown in at least two of these regions:
the CT (Jouanno et al., 2011; Radenac et al., 2020) and the Amazon plume (Gouveia et al.,
2019b). Therefore, it could be interesting to investigate the impact of salinity stratification
on these high productivity areas by coupling a biogeochemical model (for instance PISCES)
to our configuration.

Impact of salinity stratification on the ocean dynamics

Few studies have investigated the impact of the Amazon and its associated salinity stratifi-
cation on the ocean currents and dynamics (Masson and Delecluse, 2001; Coles et al., 2013).
However, they have revealed that it is significant. Indeed, when Amazon is included in their
model, a weakening of the NBC retroflection is observed by Masson and Delecluse (2001),
while Coles et al. (2013) find a broadening of the NBC. Coles et al. (2013) also mention an
increase of the vertical velocity shear, due to the trapping of the wind momentum in the
shallower mixed layer (see also Vialard and Delecluse, 1998) and to the horizontal salinity
gradient (Cronin and McPhaden, 2002).

Comparison of the Eddy Kinetic Energy (EKE) between the CONTROL and NOS experi-
ments reveals an enhancement of the EKE when salinity stratification is included (Figure 7.4).
A strong response is observed in the Amazon and Niger plumes, as well as a significant increase
in the central tropical Atlantic, suggesting an impact of salinity stratification on tropical in-
stability waves (see also Olivier et al., 2020). The processes involved in these sensitivities
would deserve to be examined and would complement our understanding of the importance
of salinity stratification on ocean dynamics. Furthermore, unlike the studies of Masson and
Delecluse (2001) and Coles et al. (2013) mentioned above, our coupled configuration would
allow to investigate how the “current feedback” (Renault et al., 2016; Jullien et al., 2020) and
the mesoscale “thermal feedback” are altered by salinity stratification.
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Figure 7.4: Impact of salinity stratification on the EKE [cm2/s2].

Other perspectives

Several other perspectives that arise from this work could be investigated.

• Feedback of continental freshwater on salinity stratification: A statistically sig-
nificant decrease in precipitation is observed in a large part of the Amazon basin when
salinity stratification is included in the model (Figure 3.7f). A similar signal, albeit
weaker, is also observed when the rivers are included to the model (not shown). This
leads to a negative feedback on salinity stratification: including salinity stratification
causes a decrease in precipitation over the Amazon basin, a decrease in runoff (evap-
oration change is weak, not shown) and therefore a decrease in salinity stratification.
On the other hand, an increase in precipitation in the NWTA is observed, leading this
time to a positive feedback on salinity stratification. Since runoff is prescribed, our
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model includes only the positive feedback. It could therefore be of interest to couple a
hydrological model to our configuration, in order to assess the impact of precipitation
change over the Amazon basin on salinity stratification and on tropical Atlantic climate.

• Ocean color: The Amazon brings very turbid waters to the ocean due to high load
of sediments and colored dissolved organic matter (Vecchio, 2004; Hu et al., 2004).
It is also a source of nutrients, leading to high biological productivity in the plume
(Smith and Demaster, 1996). All these processes color the plume and alter the light
absorption, impacting the ocean temperature in the NWTA (Newinger and Toumi, 2015;
Hernandez et al., 2017), with a temperature increase at the surface and a decrease
in subsurface. These results have been obtained with forced ocean models, and this
topic has not yet been studied with a coupled ocean-atmosphere model in the tropical
Atlantic. Our current configuration is forced with a monthly climatology of chlorophyll
concentrations in order to include ocean color. It might therefore be interesting to
perform a sensitivity test where the the influence of chlorophyll and suspended matter
on solar flux penetration is removed (clear waters), as we have shown in this work
that among the air-sea interactions, the shortwave radiation is an important process to
consider.

• Congo river plume: The Congo is the second largest river in the world in terms of
discharge, and therefore strong salinity stratification is also present in the Congo plume.
As for the Amazon, its impact on the SST is controversial (Materia et al., 2012; Hop-
kins et al., 2013; White and Toumi, 2014), and it has been studied with observations
or forced ocean models only. It could be worth verifying whether the mechanism iden-
tified for the Amazon plume is also valid in another river plume. Moreover, the Congo
plume is particularly interesting to study because despite the large freshwater input,
no barrier layer is observed in the region (Figure 3.2c and 3.2d). This work hints that
barrier layer have a weak impact on SST, contrary to salinity stratification. Finding
the same mechanism in areas with and without barrier layers would therefore support
this hypothesis.
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Conclusion

L’océan Atlantique tropical présente une structure en salinité unique, due en grande partie
à la présence de la ZCIT et des fleuves Amazone et Orénoque. Cette structure en salinité
est notamment caractérisée par une forte stratification en sel dans la partie nord-ouest du
bassin, dont l’impact sur le climat de l’Atlantique tropical est mal compris et reste controversé.
Ce travail visait à mieux comprendre cette stratification en sel. Il a permis d’améliorer la
connaissance des processus clés qui sous-tendent son impact sur l’état moyen de la région, et
notamment la TSM.

Pour ce faire, un modèle couplé océan-atmosphère de l’océan Atlantique tropical a été
développé. Il est basé sur les modèles NEMO et WRF, qui échangent des informations via le
coupleur OASIS, et a une résolution de 1/4◦ pour l’océan et l’atmosphère. L’utilisation d’un
modèle couplé est essentielle pour notre étude, car les interactions océan-atmosphère sont
au cœur des processus étudiés. Une série d’expériences de sensibilité a ensuite été menée,
de la plus idéalisée à la plus réaliste. Tout d’abord, la stratification en sel a été enlevée du
modèle océanique, afin de comprendre son impact sur les TSM et l’atmosphère. Ensuite, les
fleuves sud-américains, et notamment l’Amazone et l’Orénoque, ont été retirés du modèle.
Ces fleuves sont en effet un contributeur majeur à la stratification en sel dans l’Atlantique
tropical. La variabilité interannuelle du débit des fleuves a ensuite été étudiée pour évaluer
l’impact des crues extrêmes de l’Amazone. Enfin, l’expérience sans stratification en sel a été
menée dans un climat futur, où plusieurs des variables clés identifiées dans le climat actuel
sont très distinctes de leur état actuel. Cela permet de mieux discriminer l’effet de chacune
de ces variables.

De cette hiérarchie d’expériences de sensibilité, un mécanisme émerge. Il est identifié en
été dans l’Atlantique tropical nord-ouest, saison et région où la stratification en sel est la
plus forte. La stratification en sel a d’abord un impact sur la diffusion verticale. En effet,
l’inclusion de la stratification en sel (ou d’une partie de celle-ci) dans le modèle entraîne un
refroidissement moins efficace de la couche mélangée par le mélange vertical. Le réchauffement
qui en résulte est important, mais il est ensuite atténué par une rétroaction négative de
l’atmosphère et de l’entraînement. L’équilibre entre ces trois processus est subtil, et le résultat
– une augmentation ou une diminution de la TSM – dépend du test de sensibilité considéré
(Figure 7.1). Dans l’ensemble, la réponse des trois processus diminue à mesure que les tests
deviennent plus réalistes. Cela est dû au fait qu’une plus petite fraction de la stratification
est ajoutée lorsque l’on étudie les crues extrêmes de l’Amazone que lorsque l’on étudie la
stratification en sel totale. Mais cela ne se répercute pas sur la TSM : par exemple, la réponse
de la diffusion verticale, des flux atmosphériques et de l’entraînement à la stratification en sel
est plus forte dans le futur (CTLf-NOSf) que dans le présent (CONTROL-NOS), et pourtant le
changement de la tendance totale (c’est-à-dire de la TSM) est plus faible dans le futur en raison
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d’une meilleure compensation entre les trois processus. Les changements de SST sont donc
difficiles à anticiper, et impossibles à prévoir sans un modèle couplé océan-atmosphère prenant
en compte toutes les interactions air-mer. De plus, le test de sensibilité aux inondations
extrêmes de l’Amazone montre de faibles changements qui s’estompent rapidement dans le
temps et l’espace, ce qui suggère que l’Amazone a peu d’impact sur la TSM et le climat de
l’Atlantique tropical.

Comme mentionné précédemment, on constate une atténuation par l’atmosphère du réchauf-
fement de la surface induit par la stratification en sel. Les processus en jeu ont été étudiés en
détail. Ils consistent en deux boucles de rétroaction négative qui réduisent le flux de chaleur
net reçu par l’océan. Premièrement, l’augmentation de la TSM entraîne une augmentation de
la perte de chaleur par flux de chaleur latente, ce qui réduit l’anomalie de TSM. Il s’agit de
la principale boucle de rétroaction, qui représente environ 70 % de la variation du flux ther-
mique net dans l’Atlantique tropical nord-ouest. Deuxièmement, l’augmentation de la TSM
renforce la convection atmosphérique profonde, et donc la couverture nuageuse, qui masque
alors le rayonnement solaire. Il en résulte une diminution du rayonnement solaire atteignant
la surface de l’océan, et une atténuation supplémentaire de l’anomalie de TSM. Ce deuxième
processus représente environ 30 % de la variation du flux thermique net. Il convient de noter
que le renforcement de la convection profonde entraîne également une augmentation signi-
ficative des précipitations (environ 15 %), qui pourrait avoir un effet de rétroaction positif en
augmentant davantage la stratification en sel. Enfin, l’augmentation de la TSM entraîne une
augmentation du rayonnement infrarouge émis par l’océan, mais l’augmentation de la cou-
verture nuageuse entraîne une augmentation du rayonnement infrarouge émis par les nuages
et absorbé par l’océan. La résultante est proche de zéro.

Des changements significatifs de la TSM sont également observés dans la région équatoriale
en été. L’inclusion de la stratification en sel dans le modèle entraîne une diminution de la
TSM dans la zone de la langue d’eau froide dans le climat présent, une réponse exacerbée dans
le futur. Cependant, le test de sensibilité aux débits des fleuves montre au contraire une légère
augmentation de la TSM dans cette zone. Le mécanisme à l’origine de ces changements de
TSM est néanmoins le même, et est lié à une modulation de la profondeur de la thermocline.
Dans les deux tests de sensibilité à la stratification en sel (présent et futur), la thermocline
remonte de manière significative tout au long de l’année, entraînant un refroidissement intense
de la subsurface tout au long de l’année et un refroidissement de la surface en été – la
période de développement de la langue d’eau froide. Au contraire, la thermocline s’approfondit
légèrement dans le test de sensibilité aux fleuves, conduisant à un réchauffement modéré de la
subsurface tout au long de l’année et à un léger réchauffement de la surface en été. La raison
de ces réponses opposées reste incertaine.

Une des limites de ce travail, commune à toutes les études de modélisation, est que
l’ampleur des changements de TSM observés pourrait dépendre des choix numériques et de
la configuration du modèle utilisée. Nous nous attendons à ce que le mécanisme de com-
pensation entre la diffusion verticale, les flux atmosphériques et l’entraînement soit robuste,
étant donné qu’il est identique dans tous les tests de sensibilité indépendamment de la force
de la stratification en sel, et indépendamment de l’état moyen du système océan-atmosphère
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(présent ou futur). En revanche, l’équilibre entre tous les processus, qui détermine finalement
l’ampleur et le signe du changement de TSM, est susceptible de dépendre dans une certaine
mesure du choix des paramétrisations. Néanmoins, nous avons montré ici l’importance de la
rétroaction des nuages sur la TSM, et l’ensemble de paramétrisations choisi est le seul qui
inclut une rétroaction des nuages paramétrés dans les schémas de rayonnement tout en se
comparant de manière satisfaisante aux observations.

Une autre limite est la difficulté quant au choix de l’indicateur correct pour évaluer la
sensibilité de la TSM à la stratification en sel. Pendant longtemps, la profondeur de la couche
barrière a été utilisée, mais il a été démontré dans ce travail qu’elle n’est pas adéquate (Fig-
ure 3.3b). La variable OSS100m – la contribution de la stratification en sel à la stratification
totale – a alors été choisie à la place, et a semblé bien remplir son rôle (Figure 3.3a). Néan-
moins, l’étude dans un climat futur a montré que ce n’est pas vraiment le cas lorsque l’océan
est nettement plus chaud qu’aujourd’hui : la variation d’OSS100m dans le futur explique mal
les changements de sensibilité de la TSM à la stratification en sel. La variable N2S semble fi-
nalement être le bon indicateur : elle explique bien les changements dans le futur (Figure 6.7c)
et dans le présent également (Figure 7.2).

Perspectives

Impact de la stratification en sel sur les cyclones tropicaux

Dans cette thèse, nous avons étudié l’impact de la stratification en sel de l’ouest de l’Atlantique
tropical sur l’état moyen du bassin. Mais historiquement, la stratification en sel a été étudiée
pour son impact potentiel sur les cyclones tropicaux, nombreux dans cette région. Cette ques-
tion est toujours en débat, certaines études montrant que les cyclones s’intensifient plus dans
la zone de forte stratification en sel induite par l’Amazone, et d’autres études suggérant que
l’intensification dans cette zone semble être favorisée par un important contenu thermique,
indépendamment de la présence du panache de l’Amazone (Section 1.3.3). La plupart de ces
études s’appuient sur des observations ou des modèles océaniques forcés pour tirer des conclu-
sions, alors que les interactions air-mer sont essentielles à la compréhension des processus en
jeu. De ce fait, la configuration couplée océan-atmosphère développée ici pourrait apporter
de nouveaux éléments sur le sujet.

Une première étape serait d’évaluer la capacité de notre modèle à reproduire correctement
les cyclones tropicaux. En effet, notre configuration couplée a une résolution de 1/4◦, ce qui
est théoriquement suffisant pour simuler le nombre et la trajectoire des cyclones tropicaux,
mais ne permet pas de reproduire l’intensité des cyclones les plus puissants (e.g. Lengaigne
et al., 2018; Roberts et al., 2020; Vannière et al., 2020). Un exemple de cyclones générés
par notre modèle est représenté sur la Figure 7.3. Les tests de sensibilité à la stratification
en sel, à l’apport d’eau douce des fleuves et aux crues de l’Amazone effectués pour cette
thèse pourraient ensuite être analysés pour évaluer leur impact sur la trajectoire, le nombre
et l’intensité des cyclones. Enfin, l’augmentation de la résolution de la configuration pourrait
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être envisagée afin de simuler de manière plus réaliste les cyclones les plus intenses.

Parallèlement, il serait intéressant d’étudier l’impact du changement climatique moyen sur
les différentes métriques des cyclones tropicaux. La simulation de changement climatique réal-
isée dans cette thèse ne prend pas en compte la variabilité interannuelle future, mais présente
l’avantage d’avoir une assez haute résolution verticale et horizontale ainsi qu’une meilleure
TSM, ce qui peut faire défaut aux modèles globaux CMIP. De plus, malgré les progrès réal-
isés dans le dernier rapport du GIEC (Seneviratne et al., 2021), la question de l’impact du
changement climatique sur les cyclones reste ouverte, notamment dans l’Atlantique tropical
(e.g. Roberts et al., 2020).

Impact de la stratification en sel sur la biogéochimie

Il a été démontré que la stratification influe sur la productivité biologique : une stratification
renforcée réduit l’apport de nutriments à la surface par le mélange vertical, en particulier
dans les zones déjà fortement stratifiées comme les tropiques (Behrenfeld et al., 2006; Boyce
et al., 2010). Le changement climatique induit un renforcement de la stratification, et une
tendance à la baisse de la production primaire et du phytoplancton dans les tropiques a déjà
été observée au cours des dernières décennies (e.g. Behrenfeld et al., 2006; Polovina et al.,
2008; Boyce et al., 2010) et est systématiquement prédite par les modèles CMIP pour la fin
du siècle (e.g. Bopp et al., 2013; Kwiatkowski et al., 2020).

Dans l’Atlantique tropical, plusieurs régions présentent un intérêt particulier à cet égard.
Le panache de l’Amazone est une région de forte productivité biologique due à l’apport fluvial
de nutriments (e.g. Smith and Demaster, 1996). Par ailleurs, trois systèmes d’upwelling sont
situés dans l’Atlantique tropical : l’upwelling du Benguela, l’upwelling sénégalo-mauritanien
et l’upwelling équatorial dans la région de la langue d’eau froide. Les upwellings sont des
zones où une structure de vent particulière induit une montée des eaux de subsurface froides
et riches en nutriments, entraînant une forte productivité biologique. L’impact du mélange
vertical sur la productivité a été démontré dans au moins deux de ces régions : la langue d’eau
froide (Jouanno et al., 2011; Radenac et al., 2020) et le panache de l’Amazone (Gouveia et al.,
2019b). Par conséquent, il pourrait être intéressant d’étudier l’impact de la stratification en
sel sur ces zones de haute productivité en couplant un modèle biogéochimique (par exemple
PISCES) à notre configuration.

Impact de la stratification en sel sur la dynamique océanique

Peu d’études se sont penchées sur l’impact de l’Amazone et de la stratification en sel qui lui
est associée sur les courants et la dynamique de l’océan (Masson and Delecluse, 2001; Coles
et al., 2013). Cependant, elles ont révélé qu’il est significatif. En effet, lorsque l’Amazone est
incluse dans leur modèle, un affaiblissement de la rétroflexion du NBC est observé par Masson
and Delecluse (2001), alors que Coles et al. (2013) trouvent un élargissement du NBC. Coles
et al. (2013) mentionnent également une augmentation du cisaillement vertical de vitesse, due
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au piégeage de la quantité de mouvement du vent dans la couche mélangée moins profonde
(voir aussi Vialard and Delecluse, 1998) et au gradient horizontal de salinité (Cronin and
McPhaden, 2002).

La comparaison de l’énergie cinétique turbulente (Eddy Kinetic Energy, EKE) entre les
expériences CONTROL et NOS révèle une augmentation de l’EKE lorsque la stratification
en sel est incluse (Figure 7.4). Une forte réponse est observée dans les panaches de l’Amazone
et du Niger, ainsi qu’une augmentation significative dans le centre de l’Atlantique tropical,
ce qui suggère un impact de la stratification en sel sur les ondes d’instabilité tropicales (voir
aussi Olivier et al., 2020). Les processus impliqués mériteraient d’être étudiés et viendraient
compléter notre compréhension de l’importance de la stratification en sel sur la dynamique
océanique. En outre et contrairement aux études de Masson and Delecluse (2001) et Coles
et al. (2013) mentionnées ci-dessus, notre configuration couplée permettrait d’étudier com-
ment la "rétroaction du courant" (Renault et al., 2016; Jullien et al., 2020) et la "rétroaction
thermique" à méso-échelle sont modifiées par la stratification en sel.

Autres perspectives

Plusieurs autres perspectives découlant de ce travail pourraient être explorées.

• Rétroaction de l’apport d’eau douce sur la stratification en sel : Une diminu-
tion statistiquement significative des précipitations est observée dans une grande partie
du bassin de l’Amazone lorsque la stratification en sel est incluse dans le modèle (Fig-
ure 3.7f). Un signal similaire, bien que plus faible, est également observé lorsque les
fleuves sont inclus dans le modèle (non illustré). Cela conduit à une rétroaction négative
sur la stratification en sel : l’inclusion de la stratification en sel entraîne une diminution
des précipitations sur le bassin de l’Amazone, une diminution du débit (les changements
d’évaporation sont faibles, non illustré) et donc une diminution de la stratification en
sel. D’autre part, une augmentation des précipitations est observée dans l’ouest de
l’Atlantique tropical, conduisant cette fois à une rétroaction positive sur la stratifi-
cation en sel. Comme le débit est prescrit, notre modèle n’inclut que la rétroaction
positive. Il pourrait donc être intéressant de coupler un modèle hydrologique à notre
configuration, afin d’évaluer l’impact du changement des précipitations dans le bassin
amazonien sur la stratification en sel et sur le climat de l’Atlantique tropical.

• Couleur de l’eau : L’Amazone déverse dans l’océan des eaux très turbides, en raison
d’une forte charge en sédiments et en matière organique dissoute colorée (Vecchio, 2004;
Hu et al., 2004). L’eau douce apportée est également riche en nutriments, ce qui entraîne
une forte productivité biologique dans le panache (Smith and Demaster, 1996). Tous
ces processus colorent le panache et modifient l’absorption du rayonnement solaire,
ce qui a un impact sur la température de l’océan dans l’ouest de l’océan Atlantique
tropical (Newinger and Toumi, 2015; Hernandez et al., 2017), avec une augmentation
de la température en surface et une diminution en subsurface. Ces résultats ont été
obtenus avec des modèles océaniques forcés, et ce sujet n’a pas encore été étudié dans



122 Perspectives

l’Atlantique tropical avec un modèle couplé océan-atmosphère. Notre configuration
actuelle est forcée avec une climatologie mensuelle des concentrations en chlorophylle
afin d’inclure la couleur de l’océan. Il pourrait donc être intéressant de réaliser un
test de sensibilité où l’influence de la chlorophylle et des matières en suspension sur la
pénétration du flux solaire est supprimée (eaux claires), car nous avons montré dans
ce travail que parmi les interactions air-mer, le rayonnement solaire est un processus
important à considérer.

• Panache du Congo : Le Congo est le deuxième plus grand fleuve du monde en termes
de débit, et son panache présente donc lui aussi une forte stratification en sel. Comme
pour l’Amazone, son impact sur la SST est controversé (Materia et al., 2012; Hopkins
et al., 2013; White and Toumi, 2014), et il n’a été étudié qu’avec des observations ou
des modèles océaniques forcés. Il pourrait être intéressant de vérifier si le mécanisme
identifié pour le panache de l’Amazone est également valable dans un autre panache flu-
vial. De plus, le panache du Congo est particulièrement intéressant à étudier car malgré
l’important apport d’eau douce, aucune couche barrière n’est observée dans la région
(Figure 3.2c et 3.2d). Cette thèse suggère que la couche barrière a un faible impact sur
la TSM, contrairement à la stratification en sel. Le fait de trouver le même mécanisme
dans des zones avec et sans couches barrières confirmerait donc cette hypothèse.
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Abstract
The tropical Atlantic Ocean receives an important freshwater supply from river runoff and from precipitation in the inter-
tropical convergence zone. It results in a strong salinity stratification that may influence vertical mixing, and thus sea surface 
temperature (SST) and air–sea fluxes. The aim of this study is to assess the impact of salinity stratification on the tropical 
Atlantic surface variables. This is achieved through comparison among regional 1/4◦ coupled ocean–atmosphere simulations 
for which the contribution of salinity stratification in the vertical mixing scheme is included or discarded. The analysis reveals 
that the strong salinity stratification in the northwestern tropical Atlantic induces a significant increase of SST (0.2 ◦C–0.5 ◦ C)  
and rainfall (+ 19%) in summer, hereby intensifying the ocean–atmosphere water cycle, despite a negative atmospheric 
feedback. Indeed, the atmosphere dampens the oceanic response through an increase in latent heat loss and a reduction of 
shortwave radiation reaching the ocean surface. In winter, the impacts of salinity stratification are much weaker, most prob-
ably because of a deeper mixed layer at this time. In the equatorial region, we found that salinity stratification induces a 
year-round shoaling of the thermocline, reinforcing the cold tongue cool anomaly in summer. The concept of barrier layer 
has not been identified as relevant to explain the SST response to salinity stratification in our region of interest.

Keywords  Ocean vertical mixing · Air–sea coupling · Regional modeling · Mixed layer heat budget · Atlantic cold tongue · 
Barrier layer

1  Introduction

Air-sea coupling in the tropical Atlantic drives the regional 
climate and its modes of variability, which affect conti-
nental rainfall over Africa and South America (Caniaux 
et al. 2011; Giannini et al. 2004; Meynadier et al. 2016; 
Lübbecke et al. 2018; Crespo et al. 2019), tropical cyclone 
formation (Vimont and Kossin 2007; Wang et al. 2008), 
and biological productivity (Christian and Murtugudde 
2003; Radenac et al. 2020). The region shows warm surface 
waters throughout the year, sustaining the development of 
atmospheric deep convection and associated precipitation 
at large scale. It is also the recipient of Amazon freshwater 
supply, the most powerful fluvial system in the world (50% 

of the total Atlantic river runoff). The surface salinity dis-
tribution, which largely results from these freshwater fluxes, 
can have indirect but important impacts on the upper ocean 
temperatures and thus on the air–sea heat and freshwater 
fluxes. Nevertheless, the impact of salinity distribution on 
the regional climate remains controversial (Balaguru et al. 
2012b; Hernandez et al. 2016).

Salinity can affect sea surface temperature (SST) through 
its contribution to stratification, with changes that are often 
complex and not straightforward to interpret. With a 1D 
model of the mixed layer (ML), Miller (1976) showed that 
strong salinity stratification inhibits the entrainment of 
cold water by vertical mixing at the base of the ML: since 
stratification is stronger, the ML thickness is less reactive to 
wind anomalies for instance, and the ML does not deepen 
as much. This reduced entrainment leads to positive SST 
anomalies. But in case of surface heat loss events, in win-
ter or during the night for instance, a thinner ML results 
in an increased cooling of the ML. In some areas, salinity 
stratification can be so strong that it allows the ML to be 
colder than the water below without being unstable. These 
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so-called temperature inversions have been reported in both 
observations (Anderson et al. 1996; de Boyer Montégut et al. 
2007a; Foltz and McPhaden 2009) and models (Miller 1976; 
Vialard and Delecluse 1998; Mignot et al. 2012; Krishnamo-
han et al. 2019). They have been shown to participate to the 
seasonal and interannual variability of the SST in the tropi-
cal Indian Ocean (Durand et al. 2004; Masson et al. 2005; 
Nagura et al. 2015).

These temperature inversions are due to the presence of 
barrier layers (BL): these are salt-stratified layers embedded 
within the warm upper layer (Godfrey and Lindstrom 1989; 
Lukas and Lindstrom 1991). The presence of a BL implies 
that the mixing at the base of the ML does not cool the ML, 
since the temperature of the water in the BL is the same as 
in the ML (or even higher than it, if there is a temperature 
inversion): the result is an insulation of the warm ML from 
the cooler subsurface (Sprintall and Tomczak 1992). BL 
have been observed in the tropical Atlantic, in the western 
part (Pailler et al. 1999; de Boyer Montégut et al. 2007a; 
Mignot et al. 2009), and more recently in the northeastern 
Gulf of Guinea (Dossa et al. 2019). Moreover, studies have 
been conducted in the western tropical Atlantic to evaluate 
the impact of BL on the SST and the air–sea fluxes, but 
their conclusions diverge. Observational studies suggest a 
strong impact of BL on the SST (Pailler et al. 1999; Foltz 
and McPhaden 2009), whereas modeling studies show weak 
impact of BL (Breugem et al. 2008; Balaguru et al. 2012a; 
Hernandez et al. 2016). This controversy also underlies 
the issue of cyclones intensification in the western tropi-
cal Atlantic, with some studies concluding that BL play a 
significant role in this intensification (Balaguru et al. 2012b; 
Grodsky et al. 2012; Reul et al. 2014; Androulidakis et al. 
2016), and other studies showing the opposite (Newinger 
and Toumi 2015; Hernandez et al. 2016). Yan et al. (2017) 
tend to reconcile both perspectives: they concluded that the 
impact of BL is complex, and depends on various factors 
such as ocean stratification and cyclone intensity.

The tropical Atlantic Ocean exhibits a very contrasted 
surface salinity distribution, with (1) low SSS due to large 
amounts of freshwater, supplied by four of the world’s larg-
est rivers in terms of discharge (Amazon, Congo, Orinoco 
and Niger), and high precipitation associated with the Inter-
tropical Convergence Zone (ITCZ), and (2) high SSS in the 
subtropical gyres, linked with strong evaporation and low 
precipitation in these zones. The surface freshwater distri-
bution presents a marked seasonal variability in response to 
seasonal variations of the ITCZ (Tchilibou et al. 2015; Foltz 
et al. 2015), transport by the large-scale currents (Masson 
and Delecluse 2001; Da-Allada et al. 2013; Foltz et al. 2015; 
Coles et al. 2013), or variability of the Amazon discharge 
(Masson and Delecluse 2001). The PIRATA observing 
system (Foltz et al. 2019) fostered significant advances on 
the identification and understanding of the modes of upper 

ocean variability occurring in the tropical Atlantic, and also 
on the processes that control the ML properties. Neverthe-
less, local observations alone could not provide a clear pic-
ture of the impact of salinity distribution on the regional 
climate, nor on its seasonal variability.

The aim of this paper is to identify the influence of salin-
ity stratification in the tropical Atlantic on SST, air–sea 
fluxes and regional climate. To tackle these questions, we 
performed a set of interannual 1/4◦ resolution simulations 
using a regional tropical Atlantic ocean–atmosphere cou-
pled model. This choice allows the identification of regional 
ocean–atmosphere feedback processes while limiting the 
computational cost inherent to coupled modeling. Following 
Vialard and Delecluse (1998), we performed a twin sensitiv-
ity simulation for which the impact of salinity stratification 
on the vertical mixing is removed. We focused on the north-
western part of the basin (5◦ N–18◦ N and 70◦ W–50◦ W) 
and on the cold tongue region (3◦ S–1◦ N and 25◦ W–0◦ E),  
both showing interesting features.

2 � Methodology

2.1 � Coupled model description

The coupled regional configuration relies on the ocean 
model NEMO v4.0 (Nucleus for European Modeling of 
the Ocean; Madec and the NEMO team 2016), the atmos-
pheric model WRF-ARW v3.7.1 (Weather Research and 
Forecasting; Skamarock and Klemp 2008), and the coupler 
OASIS3-MCT v4.0 (Valcke 2013). A similar configura-
tion has already been used in the Indian Ocean (Samson 
et al. 2014) and in the tropical channel (Samson et al. 2017; 
Renault et al. 2019), and to our knowledge, this is its first 
implementation in the tropical Atlantic. The ocean and the 
atmospheric model share the same horizontal grid: a Merca-
tor projection that encompasses the tropical Atlantic from 
15◦ S to 35◦ N, and from 99◦ W to 20◦ E, with a resolution of 
1/4◦ ( ∼ 27 km). Both models use an Arakawa-C grid. Since 
the grids are identical, no spatial interpolation is required by 
the coupler. Every hour, heat fluxes, water fluxes and wind 
stress are sent by WRF to NEMO, and SST and surface cur-
rents are sent by NEMO to WRF. All fields exchanged are 
hourly averages.

2.1.1 � Ocean model

The ocean model solves the three-dimensional primitive 
equations. Its grid has 75 fixed vertical levels (z coordi-
nates), with 12 levels in the upper 20 m and 24 levels in 
the upper 100 m. Lateral open boundaries of the model are 
prescribed using an interannual hindcast from the MER-
CATOR global daily reanalysis GLORYS2V4 (Ferry et al. 
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2012), and more specifically temperature, salinity, sea level 
and horizontal velocities. In order to take into account the 
ocean color in the solar radiation penetration scheme, the 
model is forced with a monthly climatology from 1999 to 
2005 of chlorophyll concentrations derived from SeaWiFS 
(McClain et al. 1998). Interannual daily runoffs are specified 
at the river mouths and were obtained from the ISBA-CTRIP 
land surface system (Decharme et al. 2019). This oceanic 
configuration has already been used in Giffard et al. (2019). 
We refer the reader to this paper for further details on the 
configuration parameters and for a comprehensive validation 
of the sea level and surface salinity fields. It is worth men-
tioning that the ocean model configuration is very similar 
to the one used in Jouanno et al. (2017) and in Hernandez 
et al. (2016, 2017), which gives us confidence in its ability 
to simulate realistically the dynamics and thermodynamics 
of the upper tropical Atlantic ocean.

2.1.2 � Atmospheric model

The atmospheric model WRF solves the compressible 
and non-hydrostatic Euler equations, using the Advanced 
Research WRF dynamical solver (ARW). Its grid has 40 
terrain-following vertical levels (sigma coordinates), and the 
top of the atmosphere is located at 50 hPa. From the many 
parameterizations that can be chosen, the best representa-
tion of air–sea fluxes was obtained with the Yonsei Univer-
sity planetary boundary layer scheme (Hong et al. 2006) 
used together with the WSM6 microphysics scheme (Hong 
and Lim 2006) modified to take into account the droplet 
concentration (Jousse et al. 2016), and the Rapid Radiative 
Transfer Model for GCMs (Iacono 2011) for both shortwave 
and longwave radiation. Convection is represented with the 
Multi-Scale Kain–Fritsch scheme (Zheng et al. 2016), which 
allows interaction between parameterized clouds and the 
radiation schemes. The Noah Land Surface Model (Niu et al. 
2011) together with the revised MM5 surface layer scheme 
(Jiménez et al. 2012) were used. The choice of these param-
eterizations is mainly based on Meynadier et al. (2015), 
who conducted sensitivity tests to parameterizations in the 
Gulf of Guinea with a forced WRF model. Lateral boundary 
conditions are given by 6-hourly fields from ERA-Interim 
reanalysis (Dee et al. 2011). Following Samson et al. (2017), 
we prescribed a monthly climatology of albedo derived from 
MODIS observations (Schaaf et al. 2011).

2.2 � Simulations

The ocean model, initialized from the World Ocean Atlas 
1998 climatology, was first spun up alone for 30 years 
(1970 to 1999) using DFS5.2 atmospheric forcing (Dus-
sin et al. 2016), and bulk formulation (Large and Yeager 
2009). Then, from 2000 onwards, two ocean–atmosphere 

coupled simulations are conducted: a CONTROL simula-
tion as described in the previous section, and a sensitivity 
simulation NOS. In NOS, following Vialard and Delec-
luse (1998), Masson and Delecluse (2001) or Krishnamo-
han et al. (2019), the salinity gradient is set to zero in the 
Brunt–Väisälä frequency calculation over the whole domain. 
The Brunt–Väisälä frequency (N2 ), a measure of the ocean 
stratification, enters as a sink term (or a source term in case 
of static instability) in the turbulent kinetic energy prognos-
tic equation that is used to derive the vertical diffusion coef-
ficient K z (Reffray et al. 2015; Madec and the NEMO team 
2016). Thus, through removing the sensitivity of N 2 to salin-
ity variations, this experiment allows to remove the contri-
bution of salinity stratification to vertical mixing, without 
direct modification of the model water density. Both sen-
sitivity experiments are conducted from 2000 to 2015, and 
the analyses conducted hereafter rely on a 15-year period 
from 2001 to 2015.

2.3 � Observations

Several observational datasets are used to assess the real-
ism of the CONTROL simulation. The Optimum Interpola-
tion Sea Surface Temperature (OISST) dataset v2.0 from 
NOAA (Banzon et al. 2016) is used to assess the model 
SST. This dataset is a merging of AVHRR satellite data 
and in situ observations from 2001 to 2015, interpolated 
on a 1/4◦ grid. A seasonal climatology of SSS observations 
at 1/4◦ resolution was built from SMAP satellite data for 
the period 2015–2018 (Meissner et al. 2019). Our model 
net heat flux is compared with the net heat flux from the 
Objectively Analyzed air–sea Fluxes (OAFlux) project (Yu 
et al. 2008). More precisely, it is a combination of radiative 
downward fluxes (shortwave and infrared fluxes) from the 
International Satellite Cloud Climatology Project (ISCCP) 
and turbulent heat fluxes (latent and sensible) from OAFlux, 
with a spatial resolution of 1 ◦ and a temporal resolution of 
1 month. A climatology was computed using data from 2000 
to 2009. Precipitation data are from the Tropical Rainfall 
Measuring Mission (TRMM; Huffman et al. 2007), which is 
a merging of various satellite datasets as well as rain gauges 
wherever available. The product is provided on a 1/4◦ grid, 
and a 2001–2015 climatology is used. To compute the 20 ◦ C 
isotherm depth, we used a climatology from 2002 to 2015 
of the ISAS dataset of 3D temperature (Kolodziejczyk et al. 
2017; Gaillard et al. 2016). ISAS is based on in-situ meas-
urements, and has a 1/2◦ resolution. Finally, we compared 
the model mixed layer depth (MLD) with the climatology 
from de Boyer Montégut et al. (2004), based on in-situ salin-
ity and temperature profiles. The MLD is computed as the 
depth where the density is equal to the 10-meter density plus 
Δ� , with Δ� a fixed density criterion of 0.03 kg/m3 . Using a 
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density criterion instead of a temperature criterion is critical 
in regions with strong upper ocean salinity gradients.

2.4 � Validation

The CONTROL run is compared with the observational 
datasets in Fig. 1. First, our model reproduces fairly well the 
observed regional patterns of SST, SSS, precipitation, MLD, 
net heat flux and thermocline depth. The model SST is slightly 
too warm, especially in the ITCZ zone, with a bias of the order 
of 1 ◦ C. The SST bias has a magnitude similar to that of the 
ensemble mean of CMIP5 and CMIP6 coupled general cir-
culation models (GCMs), but is positive everywhere instead 
of negative in the western part of the basin as usually found 
in coupled GCMs (Richter and Xie 2008; Richter et al. 2012, 
2014; Xu et al. 2014). This bias does not appear to have any 
prominent impact on SSS nor precipitation. Indeed, both are 
in good agreement with the observations, with the exception of 
a slightly too high SSS in the northern subtropical gyre (about 
0.2 PSU) and slightly too intense precipitation in the ITCZ 
zone (about 2 mm/day). Precipitation is better represented 
than in state-of-the-art coupled GCMs, except in the Gulf of 
Guinea (Breugem et al. 2008; Toniazzo and Woolnough 2014; 
Siongco et al. 2015). The low salinity band associated with the 
Amazon plume and the ITCZ are particularly well represented, 
as is the meridional location of the ITCZ: our model does not 
show the ITCZ southward extension bias that is so frequent 
in the coupled GCMs in the tropical Atlantic (Richter et al. 
2014; Tian and Dong 2020; Richter and Tokinaga 2020). It 
has therefore a better SSS than in coupled GCMs: in the main 
part of the basin, the SSS bias is more than twice lower than 
in the ensemble mean of CMIP6 coupled GCMs (not shown). 
SSS biases at river mouths may be partly attributed to the dif-
ferent time periods used for the observations and the model, 
and to the lower accuracy of SMAP at the coast (Grodsky et al. 
2018). The large-scale structure of the MLD is very similar to 
the observations, apart from the Amazon plume and the ITCZ 
where it is slightly too thick (by 5–10 m). However, it should 
be kept in mind that the resolution of the MLD climatology is 
coarse (2◦× 2 ◦ ) and could explain part of the inconsistencies 
observed. The net heat flux (considered positive downward) is 
too low, with a bias of − 30 to − 40 W/m2 overall. It is caused 
by too much heat loss by latent heat flux (− 40 to − 50 W/m2 , 
not shown) that is partly compensated by a too strong short-
wave heat flux (+ 10 to 20 W/m2 , not shown). While some of 
these biases undoubtedly fall within the range of the classical 
biases found in atmospheric and coupled GCMs (Kumar et al. 
2012; Xu et al. 2014), OAFlux product is also known to have a 
positive bias over our region (Kumar et al. 2012), hereby exac-
erbating the negative bias estimate of our model. The 20 ◦ C  
isotherm depth, a proxy of the thermocline depth, is in good 
agreement with the observations except in the Gulf of Mexico 
where it is too deep.

The Gulf of Guinea is the least realistic area in the model, 
with some zones showing substantial biases of temperature (up 
to + 2 ◦C), salinity (down to − 4 PSU) and precipitation (up to 
+ 12 mm/day). However, these strong differences occur over 
small areas and are located nearshore, outside of the areas we 
are interested in. Finally, Fig. 2a shows the SST seasonal cycle 
in two areas of importance for the rest of the study: the cold 
tongue (CT, 25◦ W–0◦ E and 3 ◦ S–1◦ N) and the northwestern 
tropical Atlantic (NWTA, 70◦ W–50◦ W and 5 ◦ N–18◦ N). 
We can see that the model (in red) matches well the OISST 
observations (in black): the SST is too high in winter in the 
CT and too high in summer in the NWTA, but the seasonal 
amplitude is close from observations in both regions, without 
any prominent phase shift of the seasonal cycle.

2.5 � Methods

2.5.1 � Salinity contribution to total stratification ( OSS
100m

)

To characterize the strength of the salinity stratification, we 
rely on the OSS100m indicator (Maes and O’Kane 2014):

with

the Brunt–Väisälä frequency, where �0 is the sea water den-
sity, equal to 1026 kg/m3 , g is the acceleration of gravity, 
T is the model temperature and S the model salinity. N2 
represents the total stratification, and can be expressed as 
the sum of the stratification due to temperature N2T  and the 
stratification due to salinity N2S:

with

T0 and S0 are constant temperature and salinity values respec-
tively that are representative of the area. Since salinity is 
more homogeneous than temperature, we chose to calculate 
N2S as the difference between N2 and N2T  (Eq. (3)), as in 
Hernandez et al. (2016). S0 is taken equal to 36, which cor-
responds to the mean value of salinity in the upper 100 m in 
our areas of interest (CT, NWTA, ITCZ). We also verified 
that OSS100m is not sensitive to the chosen value of S0 . N2 , 
N2S and N2T  are calculated from the outputs of the CON-
TROL run.

Finally, we have

(1)OSS100m =
⟨N2S⟩100m

⟨N2⟩100m

(2)N2 = −
g

�0

��(T , S)

�z

(3)N2 = N2S + N2T

(4)N2S = −
g

�0

��(T0, S)

�z
, N2T = −

g

�0

��(T , S0)

�z
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Fig. 1   2001–2015 annual climatology of a, b: SST; c, d: SSS; e, f: Precipitation; f, g: MLD; i, j: Net heat flux; k, l: 20 ◦ C isotherm depth—
model (left column) and difference between the model and the observations (right column)
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OSS100m is the contribution of salinity stratification N2S 
to total stratification N2 averaged over the first 100 m to 
total stratification N2 , also averaged over the first 100 m, 
expressed as a percentage of N2.

(5)⟨∙⟩h =
1

h ∫
0

−h

∙
2.5.2 � Mixed layer heat budget

A mixed layer heat budget was calculated online, following 
Vialard and Delecluse (1998). This consists of an integra-
tion of the equation of temperature over the ML, expressed 
as follows:

Fig. 2   a SST seasonal cycle in 
NWTA and CT (the two boxes 
are drawn on figure b; SST 
differences between CONTROL 
and NOS in b summer and 
c winter, dots indicating the 
areas where the difference is 
significant
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where T is the model temperature, u the zonal current, v the 
meridional current, w the vertical current, Kz the vertical 
diffusion coefficient and Dl the lateral diffusion. Qs and Qns 
are respectively the solar and non-solar part of the total heat 
flux, F−h is the fraction of shortwave radiation reaching the 
base of the ML, and T−h the temperature at the ML base. 
Finally, the MLD, h, is calculated using a threshold criterion 
Δ� = 0.01 kg/m3 (de Boyer Montégut et al. 2007b). We 
chose this criterion, different from the one used previously, 
for consistency with several dynamical parameterizations in 
NEMO (Madec and the NEMO team 2016). This approach 
was used in several other studies (Vialard and Delecluse 
1998; Durand et al. 2004; Menkes et al. 2006; Peter et al. 
2006; Hernandez et al. 2016; Krishnamohan et al. 2019). It 
allows to quantify the temperature tendency due to advec-
tion, diffusion, atmospheric forcing and entrainment. The 
entrainment term arises from the integration of the tempera-
ture equation over a time-varying ML.

2.5.3 � Pycnocline depth

The pycnocline depth D � is estimated as the depth where a 
density increase corresponding to a temperature decrease of 
0.2 ◦ C at 10 m depth is found (de Boyer Montégut et al. 2004, 
2007a):

2.5.4 � Definition of the barrier layer thickness (BLT)

In areas of intense salinity precipitation or in river plumes, 
some decoupling may occur between the haline and the ther-
mal stratification of the upper ocean. In such a situation, the 
low surface salinity limits the pycnocline to the halocline 
depth, while the thermocline is located deeper: a barrier 
layer (BL) appears (Godfrey and Lindstrom 1989; Lukas and 
Lindstrom 1991). The BLT is then defined as the difference 
between the top of the thermocline depth and the pycnocline 
depth (Sprintall and Tomczak 1992):

(6)

𝜕tT
���

Total tendency

= < −u𝜕xT − v𝜕yT >h

�������������������������
Horizontal Advection

+ < Dl >h
���

Lateral Diffusion

+
Qs(1 − F−h) + Qns

𝜌0Cph
�����������������������

Atmospheric Forcing

+

< −w𝜕zT >h
�����������
Vertical Advection

+
(Kz𝜕zT)z=−h

h
�����������
Vertical Diffusion

+
𝜕th

h
(T−h− < T >h)

�����������������������
Entrainment

�����������������������������������������������������������������������������
Vertical Processes

(7)D� = depth where
[
�0 = �0(T10m − 0.2◦C, S10m, P0)

]

(8)BLT = DT−0.2
− D�

with

the top of the thermocline depth (de  Boyer  Montégut 
et al. 2004, 2007a). The pycnocline depth D � is defined in 
paragraph 2.5.3.

2.5.5 � Significance of the anomalies in simulation 
intercomparison

In the rest of the study, the CONTROL simulation is com-
pared with the NOS simulation over a fifteen year period. 
The significance of the differences between the two simula-
tions is based on a two-tailed Student’s t-test, with a con-
fidence level of 99%. Anomalies considered statistically 
significant are indicated by dots on the difference maps in 
Figs. 2, 8, 9 and 11.

3 � Results

3.1 � Impact of salinity stratification on SST

The impact of salinity stratification on the SST is obtained 
for summer (June–July–August, JJA) and winter (Decem-
ber–January–February, DJF), as the difference between sim-
ulations CONTROL and NOS (Fig. 2b, c). The sensitivity to 
salinity stratification is largest in summer, with a warming of 
0.2 ◦C–0.5 ◦ C in the NWTA, and a cooling of 0.2 ◦C–0.5 ◦ C  
in the equatorial region, especially in the CT. Over the rest 
of the basin, the response is not statistically significant. In 
winter, the response is weaker albeit statistically significant 
in some localized areas like the ITCZ. Moreover, it is inter-
esting to note that there is a very limited change in SST 
under the ITCZ throughout the year, despite heavy precipi-
tation in this area. The seasonal cycle of SST in the NWTA 
and in the CT (Fig. 2a) confirms that changes are maximum 
in summer, and almost null in winter. It shows that the pres-
ence of salinity stratification increases the amplitude of the 
seasonal cycle in both regions (+ 6% in the NWTA, + 9% in 
the CT). It is worth mentioning that the SST seasonal cycles 
of NWTA and CT are opposed.

(9)DT−0.2
= depth where

[
T = T10m − 0.2◦C

]
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We will now investigate the causes of this contrasted sen-
sitivity of SST among these regions and seasons.

3.2 � Northwestern tropical Atlantic SST anomaly

3.2.1 � Impact of salinity stratification on SST

In summer, the warm anomaly in CONTROL with respect 
to NOS in the NWTA corresponds to a region with large 
haline stratification. It is revealed by the OSS100m distribution 
(Fig. 3a), which represents the strength of salinity stratifica-
tion as a percentage of the total stratification. During winter, 
such a link does not exist (Fig. 3b). This contrast between 
summer and winter in terms of sensitivity of the surface 
temperature to the local haline stratification is confirmed in 
Fig. 4a, c: during summer, the higher the OSS100m , the larger 
the SST anomalies; it reaches 1.2 ◦ C where OSS100m equals 
90%. In winter, the SST anomalies between the two simula-
tions are weak and are not related to the strength of the salin-
ity stratification (Fig. 4c). We relate this seasonal contrast to 

a much deeper MLD in winter compared to summer (Fig. 3e, 
f). In summer, salinity stratification is maximum in the Ama-
zon plume area, with MLDs between 10 and 20 m, while in 
winter, salinity stratification is maximum in the Caribbean 
Sea, with a mean MLD reaching 60–70 m. This implies that 
the positive temperature anomaly due to salinity effects is 
spread over a deeper layer in winter, resulting in a weak SST 
response regardless of the salinity stratification strength.

3.2.2 � Mixed layer heat budget

To understand more precisely how salinity stratification 
impacts the SST, we now analyze the seasonal heat budget 
of the ML (see Sect. 2.5.2) over the NWTA area (Fig. 5a, c). 
The ML temperature tendency in the NWTA is controlled 
at first order by the air–sea fluxes and by two vertical pro-
cesses: the vertical mixing and the entrainment. The changes 
between CONTROL (solid line) and NOS (dashed line) 
mainly concern these three processes. There is a reduction 
of cooling due to vertical mixing when salinity stratification 

Fig. 3   Summer maps of a OSS
100m

 , c BLT and e MLD for CONTROL simulation; summer SST differences contours are plotted, only where they 
are statistically significant. b, d, f: same than a, c, e respectively, but in winter
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is considered, because of the stabilizing effect of the salin-
ity stratification. This reduction of the vertical mixing is 
illustrated by Fig. 6a, c, which represent the seasonal evolu-
tion of the temperature profile in NWTA. In CONTROL, 
the salinity stratification reduces the mixing between the 
surface and subsurface, leading to a warm anomaly at the 
surface and a cold anomaly in subsurface. This effect of 
vertical mixing has already been observed by Deppenmeier 
et al. (2020). The surface warming happens all year long 
but is stronger in summer, when salinity stratification is 
stronger and the ML is at its shallowest. In summer, when 
considering the salinity stratification, the decrease of the 
ML cooling by vertical mixing reaches 1.2 ◦C/month. It is 
partly compensated by a decrease of the warming due to 
air–sea fluxes and entrainment, each with a contribution of 
about 0.5 ◦C/month in summer (Fig. 5a, c). It results in a 
0.1–0.2 ◦C/month differential warming between NOS and 

CONTROL during the summer season, leading to the posi-
tive SST anomaly observed in Fig. 2b. In winter, the changes 
are much smaller for all the processes and compensate each 
other so that there is no change in SST.

Entrainment is a term that appears when the equation 
of temperature is integrated on the time-varying ML (see 
Eq. 6). During ML deepening events, entrainment is null: 
in that case, the mean temperature of the ML is equal to the 
temperature at the base of the ML, which means that the 
factor (T−h − ⟨T⟩h) is equal to zero. Entrainment is therefore 
controlled by the occurrence of restratification events, and 
especially those due to the diurnal cycle. In the CONTROL 
experiment, the MLD diurnal cycle is close to zero in the 
regions where salinity stratification is strong—and espe-
cially the NWTA, while it is important in the NOS experi-
ment due to the absence of salinity stratification (Fig. 7). As 
a consequence, the daily restratification is less important in 

Fig. 4   Summer SST differences as a function of a OSS
100m

 and b BLT 
for CONTROL run, envelope: ±� ; coastal areas (i.e. areas where the 
bathymetry is under 50 m) where removed, as well as values corre-

sponding to less than 100 grid cells. c, d: same than a, b respectively, 
but in winter. For each figure, bins surfaces are represented on a his-
togram. The analyze is applied on the NWTA box
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Fig. 5   Seasonal cycle of mixed layer heat budget in a NWTA and b CT; c, d are same than a, b respectively, but for the vertical processes

Fig. 6   Seasonal cycle of temperature section in NWTA for a CONTROL simulation and c the difference (CONTROL-NOS); b and d: same than 
a, c respectively, but in CT. The grey lines represent the ML for CONTROL (solid line) and NOS (dashed line)
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CONTROL than in NOS simulation, leading to a weaker 
�th factor and explaining the lower entrainment in the CON-
TROL simulation.

3.2.3 � Impact of salinity stratification on the atmosphere

As mentioned previously, the air–sea fluxes also dampen 
the differences between the two simulations. This negative 
feedback of the atmosphere is now investigated. We focus 
on summer, since this is the season with the largest changes. 
Figure 8 represents CONTROL-NOS summer differences 
of the key atmospheric variables. Mean values in summer 
and NWTA are detailed in Table 1 for the heat fluxes, and 
Table 2 for the other atmospheric variables. The net heat flux 
(Fig. 8a) is much weaker in CONTROL respective to NOS 
in the NWTA region (down to − 40 W m 2 , corresponding 
to a decrease of more than 50%). This is linked to lower net 
shortwave radiation (Fig. 8b), responsible for about 29% of 
the total change in net heat flux, and larger heat loss by latent 
heat flux (Fig. 8c), responsible for about 71% of the change. 
Differences in longwave radiation and sensible heat flux are 
small (< 1 W/m2 ; Table 1). We can also notice in Table 1 
that the differences between CONTROL and NOS values 

are rather low for all fluxes composing the net heat flux. 
For instance, the change in latent heat flux is − 8%, and the 
change in shortwave radiation is − 2%. But all these small 
changes add up to give a significant change in net heat flux 
(more than 30%).

The increase in latent heat loss can be explained by the 
SST increase, the wind changes being weak in the NWTA 
(Fig. 8e, Table 2). Over the western tropical Atlantic, the 
increase in latent heat loss resulting from the SST increase 
is commonplace in observational air–sea flux databases 
(Kumar et al. 2017).

The changes in net shortwave radiation involve a more 
complex feedback loop, which can be synthesized as fol-
lows. The warm SST anomaly leads to an enhancement of 
atmospheric deep convection (Sabin et al. 2013) and thus 
to a more prominent cloud cover (Fig. 8d). This change in 
cloud cover is significant (about 15% increase between NOS 
and CONTROL), and is mainly associated to a change in 
high clouds (not shown), confirming the enhancement of 
deep convection. This causes the observed decrease in net 
shortwave radiation by capturing a part of the incident solar 
radiation. This mechanism is in agreement with Xie (2009), 
who described this negative cloud-SST feedback over warm 

Fig. 7   Summer maps of MLD 
diurnal cycle for a CONTROL 
simulation and b NOS simula-
tion
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areas where deep convection develops. More extended cloud 
cover is also consistent with a 19% increase in precipita-
tion between NOS and CONTROL (Fig. 8f). Moreover, it is 
worth noting the northward shift of the ITCZ when salinity 
stratification is considered, which may result from the large 
scale SST anomaly dipole (Fig. 2b).

The longwave radiation differences are weak (Table 1). 
This is due to a compensation between the SST increase, 
leading to more longwave radiation emitted by the ocean, 
and the cloud cover increase, leading to more shortwave 
radiation intercepted by clouds and therefore more longwave 
radiation emitted by clouds and received by the ocean (not 
shown).

Finally, the change in MLD can also explain part of this 
atmospheric negative feedback: a thinner ML leads to a 
higher part of the solar flux penetrating underneath, and 
therefore less warming by atmospheric fluxes (Lewis et al. 
1990; Vialard and Delecluse 1998; Masson and Delecluse 
2001; Mignot et al. 2012; Krishnamohan et al. 2019). This is 
especially true in summer, when the ML is thin enough for 

that process to be significant (Mignot et al. 2012). Moreover, 
the change in MLD between NOS and CONTROL is sub-
stantial in this season (about − 36%, see Table 2).

Fig. 8   Difference between CONTROL and NOS in summer of a Net Heat flux, b Net Shortwave Radiation, c Latent Heat Flux, d Cloud Cover, e 
Wind speed and f Precipitation, dots indicating the areas where the difference is statistically significant

Table 1   Changes in atmospheric heat fluxes between CONTROL and 
NOS, in the NWTA box, in summer, in areas where the SST anomaly 
is higher than 0.1 ◦ C (i.e. where it is significant)

CONTROL and NOS values are rounded off to 0.5 W/m2

Fluxes CONTROL  
value
[W/m2]

NOS value
[W/m2]

Contribution 
to net heat flux 
change

Net heat flux 39.5 57 –
Net shortwave radiation 261.5 266.5 29%
Net longwave radiation − 47.5 − 48 − 3%
Latent heat flux − 163.5 − 151 71%
Sensible heat flux − 10 − 9 6%
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3.3 � Cold tongue SST anomaly

A strong sensitivity of the central equatorial Atlantic Ocean 
to salinity stratification also appears, as mentioned in 
Sect. 3.1. We analyze this pattern in the following.

3.3.1 � A negative SST anomaly

Like in the NWTA, the SST sensitivity to salinity stratifica-
tion in the equatorial area is greatest in summer, and close 
to zero in winter (Fig. 2). Summer season corresponds to 

Table 2   Changes in several oceanic and atmospheric variables between 
CONTROL and NOS, in the NWTA box, in summer, in areas where 
the SST anomaly is higher than 0.1 ◦ C (i.e. where it is significant)

Variables CONTROL value NOS value

SST 29.3 ◦C 29 ◦C
SSS 33.6 psu 35.4 psu
Mixed layer depth 17.6 m 27.3 m
Cloud cover 6.1% 5.3%
Precipitation 5 mm/day 4.2 mm/day
Wind speed 6.8 m/s 6.7 m/s

Fig. 9   a Annual turbocline 
depth (2001–2015 climatology) 
for a CONTROL simulation and 
b the difference (CONTROL-
NOS), dots indicating the areas 
where the difference is statisti-
cally significant; c seasonal 
cycle of 20 ◦ C isotherm depth 
for the 2001–2015 climatology 
in the CT box
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the period of development of the Atlantic CT (Carton and 
Zhou 1997). However, unlike the NWTA, the SST anomaly 
in the CT region is negative: the presence of salinity strati-
fication induces a cooling of the CT. The mixed layer heat 
budget for the CT region is shown in Fig. 5b, d. It indi-
cates that vertical mixing is enhanced when salinity strati-
fication is considered, increasing the ML cooling by about  
0.5 ◦C/month in summer. It should be noted that the change 
in vertical mixing in the CT is opposite to the one in the 
NWTA. The increase in vertical mixing in the CT is due to 
an equatorial adjustment of the thermocline depth, and is 
discussed in details in the following section. Entrainment 
is also decreased in this region, although not to the same 
extent as in the NWTA. Even so, this leads to an additional 
cooling in the contribution of the vertical processes of  
about 0.2 ◦C/month, bringing down the total to about  
− 0.7 ◦C/month in summer. Again, this is partly compen-
sated by the atmospheric fluxes that show a + 0.5 ◦C/month 
difference in summer. Here the atmospheric feedback is 
mainly due to the fact that the decrease in SST leads to a 
decrease in latent heat loss. The atmospheric deep convec-
tion is indeed very weak in this region, and the change in 
SST does not impact the cloud cover nor the shortwave 
radiation as it does in the NWTA (Fig. 8b, d).

3.3.2 � Strengthening of the CT

The mechanism leading to the CT strengthening is illustrated 
in Figs. 9 and 10. Figure 9a, b present the annual pycnocline 
depth for the CONTROL run and for the difference CON-
TROL-NOS respectively. We can observe a strong shoaling 
of the pycnocline in the NWTA when salinity stratification 

is accounted for. This is due to the reduced vertical mixing 
in the NWTA, which causes a readjustment of the density 
profile. This density readjustment propagates as baroclinic 
waves through the equatorial waveguide to adjust the whole 
equatorial basin up to the eastern part (not shown). The pri-
mary indicator of this new state is the change in the equato-
rial currents: a shoaling and a strengthening of the equatorial 
undercurrent (EUC) is indeed observed (Fig. 10b, d). An 
impact of salinity stratification on the equatorial currents 
has already been reported by Vialard and Delecluse (1998): 
salinity stratification traps the wind momentum over a thin-
ner ML, and therefore enhances the ocean response to wind 
forcing. But this effect is local and applies to the surface 
currents, while we observe here a remote effect of salinity 
stratification on the subsurface currents.

The new equilibrium also exhibits changes in the vertical 
temperature structure, and in particular a shallower thermo-
cline. This can be observed on Fig. 9c, where the depth of 
the 20 ◦ C isotherm (D20), a proxy of thermocline, is plot-
ted. The D20 shoals consequently year-round, with a higher 
response in summer (6–7 m) with respect to winter (about 
3 m) leading to a larger amplitude of the seasonal cycle. 
The shoaling of the thermocline is confirmed by Fig. 10a, 
c, which represent summer zonal temperature sections aver-
aged between 3 ◦ S and 1 ◦ N. The top of the thermocline is 
clearly seen on Fig. 10a, zonally tilted from about 100 m 
at 35◦ W to 25 m at 0 ◦ E. These depths correspond to the 
depths of the strongest temperature anomalies on Fig. 10c. 
The anomalies being negative, this indicates an upward shift 
of the thermocline occurring across the whole equatorial 
basin. The thermocline shoaling leads to an enhancement 
of the CT (Latif and Grötzner 2000). However, this happens 

Fig. 10   a Temperature section in summer for CONTROL simulation, mean between 3 ◦ S and 1 ◦ N, c same than a but for the temperature anom-
aly (CONTROL-NOS); b and d: same than a and c respectively, but for zonal velocity
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only when the thermocline is sufficiently shallow and when 
upwelling occurs, i.e. in summer (Keenlyside and Latif 
2007; Jouanno et al. 2017). Figure 6b reveals that the period 
of the CT development spans from June to October. The tem-
poral evolution of the 15 ◦C–24 ◦ C isotherms also highlights 
the upwelling period, from May to August, which is con-
sistent with the observations (Wang et al. 2017). Although 
the adjustment of the thermocline—marked by strong tem-
perature anomalies in subsurface— occurs year-round, 

temperature anomalies at the surface are important only 
from June to October, which coincides with the period of 
the CT development (Fig. 6d). This also corresponds to the 
period during which the anomaly of temperature trend asso-
ciated with vertical mixing is the most important, suggesting 
a connection between the two. One explanation may be that 
vertical mixing is more efficient with a shallower thermo-
cline, because it implies the mixing of colder water and thus 
a more efficient heat exchange.

Fig. 11   Same as Fig. 2, but for 
the forced model
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4 � Discussion

4.1 � Relevance of the coupled approach

A similar experiment was performed by Masson and Dele-
cluse (2001) in the same region, but using an ocean model 
forced with prescribed air–sea fluxes. They did not find any 
impact of salinity stratification on SST despite large modi-
fications of the MLD. We reproduced this experiment with 
our ocean configuration, forced with DFS5.2 atmospheric 
variables (Dussin et al. 2016) and bulk formulations for the 
surface fluxes instead of being coupled with WRF. DFS5.2 
is based on ERA Interim reanalysis (Dee et al. 2011) and 
consists of 3-hourly fields of wind speed, atmospheric tem-
perature and humidity, and daily fields of longwave radia-
tion, shortwave radiation and precipitation. In that case, 
the changes in SST are similar, although weaker than those 
obtained with the coupled model (Figs. 2, 11). This result 
differs from Masson and Delecluse (2001), which might be 
explained by the use of a different vertical mixing scheme 
and vertical resolution.

Despite the similar results between the forced model 
and the coupled model, it is necessary to use the latter. 
Indeed, not all the processes at stake are represented when 
using a bulk formulation for air–sea fluxes: the shortwave 
radiation is prescribed, and the feedback of SST on atmos-
pheric deep convection observed in the coupled model is 
obviously not taken into account. Moreover, using bulk 
formulations induces by definition an indirect nudging 
toward the surface air temperature, mainly through latent 
heat flux (not shown). We saw in Fig. 8 that latent heat 
fluxes dominate the net air–sea feedback. This can explain 
why SST changes are very similar in the forced and the 
coupled models.

The negative feedback of atmospheric fluxes through a 
decrease in latent heat flux and shortwave radiation is con-
sistent with Krishnamohan et al. (2019), who conducted 
similar sensitivity simulations to salinity stratification in the 
Bay of Bengal. However, in their case, the air–sea heat fluxes 
completely compensate for the decrease in vertical mixing, 
leading to insignificant SST change in this area: this suggests 
that the impact of salinity stratification results from a subtle 
balance whose sign depends on the region considered.

4.2 � Sensitivity of NWTA SST to salinity 
stratification: no impact of the barrier layer

Previous studies investigating the impact of salinity stratifi-
cation on SST in the NWTA have all focused on the impor-
tance of BL (see paragraph 2.5.4 for the definition of the 
BLT). A BL inhibits vertical mixing: thus the presence of a 
BL can decrease the cooling induced by mixing and warm 

the surface (Pailler et al. 1999; Foltz and McPhaden 2009). 
However, as revealed in Fig. 3c, d, such a relationship is not 
found in our simulations. The simulations reproduce realisti-
cally the location and strength of both summer and winter 
BL (de Boyer Montégut et al. 2007a; Mignot et al. 2007, 
2012). Nevertheless, the spatial patterns of summer BLT 
do not reveal any direct and compelling relationship with 
the corresponding patterns of SST anomalies. Although the 
distribution of the SST anomalies in the NWTA is colo-
calized with thick BL, this is not true for the ITCZ area  
(40◦ W–20◦ W and 0 ◦ N–10◦ N), where there are no SST 
anomalies despite BL thicker than in the NWTA (Figs. 2b, 
3c). This lack of relationship between SST anomalies and 
BLT is even more marked in winter: SST anomalies are 
weak and non-significant almost everywhere (Fig. 2c), 
whereas the BL is at its thickest. This is furthermore con-
firmed by the distribution of SST differences as a function 
of BLT in summer (Fig. 4b) and winter (Fig. 4d) that do not 
exhibit any statistical relationship between the two variables. 
This result is in contradiction with previous observational 
studies conducted in the area (Pailler et al. 1999; Foltz and 
McPhaden 2009), which concluded to a strong warming 
caused by BL (about 1 ◦ C for Pailler et al. (1999); 1.3 to 1.9 
◦ C for Foltz and McPhaden (2009)). However, our result is 
in line with modeling studies (Breugem et al. 2008; Bal-
aguru et al. 2012a; Hernandez et al. 2016), which did not 
reveal any impact of BL on SST. Hernandez et al. (2016) 
had also shown with a one-dimensional conceptual mixed 
layer model that SST cooling primarily depends on vertical 
salinity gradient rather than on BLT, in the NWTA. This 
model was applied to ocean cooling due to cyclones, but 
a parallel can be drawn with cooling occurring at seasonal 
time scales, and their conclusions may be applied to this 
case. Moreover, the fact that we do not find any significant 
relationship between BLT and SST differences, while there 
is one between salinity stratification and SST differences, 
reinforces the conclusions drawn by Maes and O’Kane 
(2014). Indeed, Maes and O’Kane (2014) showed that in 
several regions without any BL, salinity stratification can 
still be significant and can play an important role in stabiliz-
ing the upper layers of the ocean.

5 � Summary

In this study, we used a 1/4◦ coupled ocean–atmosphere 
model of the tropical Atlantic to evaluate the impact of 
salinity stratification on the SST. To do so, we performed 
two simulations: a CONTROL simulation, validated against 
observations, and a sensitivity test NOS, where the salinity 
gradient is removed from the Brünt–Väisälä frequency calcu-
lation so that salinity stratification is not taken into account 
in the computation of the vertical mixing. We investigated 
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the difference (CONTROL minus NOS) of several key vari-
ables to assess the impact of salinity stratification, first in 
the NWTA and then in the CT area. In the NWTA, sea-
sonal changes of SST are observed: a strong increase is 
observed in summer (0.2–0.5 ◦ C) while no change is found 
in winter. This seasonal warming primarily results from a 
strong decrease in cooling due to vertical mixing at the ML 
base. It affects significantly the tropical Atlantic climate as 
revealed by a 19% increase of precipitation over the area. 
The magnitude of the SST increase results from a subtle 
interplay between a decrease in vertical turbulent cooling 
and a decrease of atmospheric fluxes and entrainment. A 
negative feedback from the atmosphere mitigates the SST 
increase, and can be explained as follows. The SST increase 
leads on the one hand to an increase of latent heat loss (about 
− 12 W/m2 in summer). On the other hand, it results in an 
enhancement of atmospheric deep convection, leading to a 
more prominent cloud cover (about 15% increase in sum-
mer) and to a decrease in shortwave radiation received by 
the ocean (about − 5 W/m2 in summer). These two pro-
cesses add up to cause a significant decrease in net heat flux 
(about − 31% in summer), leading to a damping of the SST 
increase. This damping is total in winter while only partial 
in summer, explaining the positive SST anomaly observed in 
summer. A tight relationship between salinity stratification 
and SST anomalies is found in summer, whereas we could 
not evidence any relationship between BLT and SST anoma-
lies. It is thus very clear that summer warming in the NWTA 
is due to the salinity stratification itself, irrespective of the 
presence of a BL. The impact of salinity stratification on 
SST in the NWTA revealed by our study is consistent with 
historical conceptual studies (e.g. Miller 1976), although 
previous studies using forced ocean numerical models 
reported little effect of it (e.g. Masson and Delecluse 2001).

Our set of simulations also revealed an important effect 
of the salinity stratification in the equatorial region: it 
increases the cooling in the CT, especially in summer dur-
ing its peak period. This is due to a readjustment of vertical 
density structure over the whole equatorial basin, leading 
to a shoaling of the thermocline throughout the year, with 
larger impact on the SST during summer when the thermo-
cline shoals in the CT area.

One of the limitations of our study is that the magni-
tude of the responses observed may depend on the numeri-
cal choices and on the model configuration used. While 
we expect the processes at stake to be robust, the balance 
between all the processes (shown on Fig. 5) which ultimately 
determine the SST response is expected to be modulated 
by the use of different sets of parameterizations. A system-
atic assessment of these sensitivities might deserve further 
attention.

An interesting lead to dig into is the evolution of the link 
between salinity stratification and SST in the future: will 

it be exacerbated under climate change, or on the contrary 
will it be damped? Several key-parameters of the present 
study will indeed be affected by climate change. The MLD 
plays an important role in the relationship between salinity 
stratification and SST, and it is well known that the increase 
in temperature due to climate change will impact the MLD 
through its effect on thermal stratification, especially in 
the tropics (Bindoff et al. 2019; Capotondi et al. 2012). 
Besides, the increase in SST, which could locally reach up to  
4.5 ◦ C above the present value by 2100 in the tropical Atlan-
tic under the RCP 8.5 scenario (Deppenmeier et al. 2020), 
is likely to affect the atmospheric deep convection, which 
is bound to modify the atmospheric feedbacks revealed in 
this study. The water cycle is expected to amplify in the 
future (Durack 2015; Zika et al. 2018), even if changes in 
precipitation remain unclear in the tropics, due to changes 
in the atmospheric circulation (Chadwick et al. 2013; Huang 
et al. 2017; Skliris et al. 2020). This could induce changes 
in runoff, and therefore in salinity stratification, leading to a 
feedback on SST. Finally, the vertical mixing also influences 
the response of SST and precipitation to future climate in the 
tropical Atlantic (Deppenmeier et al. 2020). The way vertical 
mixing will evolve in the future remains unclear. Our study 
provides the baseline mechanism, against which the future 
projections may be investigated.           
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Influence de la salinité sur la dynamique couplée océan-atmosphère de
l’océan Atlantique tropical

Résumé — L’océan Atlantique reçoit des apports d’eau douce provenant des précip-
itations et des grands fleuves tropicaux (e.g. Amazone) qui contribuent très fortement à
la stratification des couches de surface de l’océan. L’objectif de cette thèse est d’étudier
l’influence de cette stratification induite par la salinité sur le climat de l’océan Atlantique
tropical. Des simulations couplées océan-atmosphère montrent que la présence d’une forte
stratification en sel réduit considérablement les apports d’eau froide par mélange vertical à la
base de la couche mélangée. Cet effet est cependant atténué par une rétroaction négative de
l’atmosphère, via une modulation du flux de chaleur latent et de la couverture nuageuse. Des
projections indiquent que dans un climat futur, l’influence de la stratification sur le mélange
vertical et sur l’atmosphère serait renforcée du fait de l’intensification de la stratification en
température.

Mots-clés : Stratification en sel, interactions air-mer, Amazone, ZCIT, barrière de sel,
convection atmosphérique, NEMO-OASIS-WRF

Influence of salinity on the coupled ocean-atmosphere dynamics of the
tropical Atlantic Ocean

Abstract — The Atlantic Ocean receives freshwater inflow from precipitation and large
tropical rivers (e.g. Amazon) that strongly contribute to the stratification of the ocean surface
layers. The objective of this thesis is to study the influence of this salinity-induced stratifi-
cation on the climate of the tropical Atlantic Ocean. Coupled ocean-atmosphere simulations
show that the presence of a strong salt stratification significantly reduces the cold water in-
flow by vertical mixing at the base of the mixed layer. However, this effect is mitigated by
a negative feedback from the atmosphere, via modulation of the latent heat flux and cloud
cover. Projections indicate that in a future climate, the influence of stratification on vertical
mixing and on the atmosphere would be increased due to enhanced temperature stratification.

Keywords: Salinity stratification, air-sea interactions, Amazon, ITCZ, barrier layers,
atmospheric convection, NEMO-OASIS-WRF


