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Résumé

L’Oscillation Australe El Nifio (ENSO pour El Nifio Southern Oscillation) est la fluctuation
climatique la plus intense sur Terre apres le cycle saisonhbsetvation, la compréhension et la prévision
de cette fluctuation aux retombées mondiales sont des enjeux scientifiques majeurbeseettetimente
divers aspes d’ENSO tels que ses mécanismes, sa modulation et sa prévision. Ces divers aspects sont
abordés en développant une hiérarchie de modéles du Pacifique équatorial, de compiesééte, qui
s’étend de modeles conceptuedsune méthode d’assimilation de données dans un modéle de complexité
intermédiaire.

Nous étudions dans un premier teriggamécanismes de formation d’ENSO. Nous développons une
dérivation alternative du modéle conceptuel de recharge/décharge ou ENSOdréaudjastement de la
thermocline équatoriale a échelle de bassin. Nous implémentons par ailleurs un idiagigisal dans un
modéle d’instabilités couplées équatoriale® qui met en avant un nouveau mécanisme de formation
d’ENSO ou les réflexions aux frontiéres océaniques jouent un rdle secondgageatification moyenne de
I’océan contribue a la modulation décenalledes caractéristiques d’ENSO. Cette relation est abordée dans un
nouveau modele réduit gpifend en compte les premiers modes baroclines d’un océan continlment stratifié.
L’espace des solutions du modeéle est exploré, indiquant un contrble de la stabili@ENSO par les
caractéristiques de la thermocline équatoriale. La sensibilité & la catadifi au cours des dernigre
décennies est mise en perspective avec la sensibilité aux rétroactions thermgpagsaanatmosphériques.
Nous soulignosen particulier certaines limitations des méthoaleslles d’estimation de la rétroaction de
thermocline dans le Pacifique central. Finalement, nous implémentons une méthodee dde Fflalman
d’Ensemble dans un modele intermédiaire du Pacifique équatorial déja existantd’afiimiler des
observations de niveau de la mer et d’initialiser des prévisions rétrospectives d’ENSO. Nous montrons que la
contrainte majeure du modeéle porte sur les modes de bassin qui sont associés aus pdacessu
recharge/décharge du Pacifique équatorial.

Notre travail fournit un formalisme pour diagnostiquer la modulation des castqtésd’ENSO
dans les observations, les prévisions et projections climatiques. Les résultats epouti@nnécessité
d’étendre la compréhension ek mécanismes d’ENSO, afin de rendre compte de la diversité des régimes

observést d’améliorer les prévisions.

Mots clefs: Oscillation Australe El Nifio, Modes Baroclines, Modéles Conceptuels, MadielEemplexité
Intermédiaie, Assimilation de Donnéegijltre de Kalman d’Ensemble, Variabilité Décennale, Processus de

Recharge/Décharge, Instabilité Absolue/Convective.
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Abstract

The EI Nifio Southern Oscillation (ENSO) is the most intense climatic flustuati Earth after the
seasonal cycle. The observation, understanding and forecast of this fluctuatievoridiivide impacts are
major scientific issues. This thesis (entitleBimple Models for Understanding the Mechanisms and
Modulation of ENSO) documents various aspects of ENSO such as its mechanisms, its modulation and its
forecast. Those various aspects are tackled by developing a hierarchy of ofddelsquatorial Pacific, of
increasing complexity, ranging from conceptual models to a data assimilation nrethndntermediate
complexity model.

We study at first mechanisms of ENSO formatiore Wévelop an alternative derivation of the
recharge/discharge conceptual model where ENSO arises from a basin-wide adja$tthentquatorial
thermocline. We alsomplement an original diagnostic in a model of equatorial coupled instedjlitinich
evidences a new mechanism of ENSO formation where reflections at the ocean ibsus@asecondary.
The background ocean stratification contributes to the decadal modulationS@ ENaracteristics. This
relation is adressed in a new reddanodel that takes into account the gravest baroclinic modes of a
continusouly stratified ocean. The space of model solutions is explored, indicatingrad conENSO
stability by characteristics of the equatorial thermocline. The sengitivistratification over the recent
decades is put in perspective with the sensitivity to thermodynamiatena$pheric feedbacks. We stress in
particular certain limitations of usual methods of estimation of hieentocline feedback in the central
Pacific. Finally, we implement an Ensemble Kalman Filter method in an alreastyng intermediate model
of the equatorial Pacific, in order to assimilate sea level observations itthtize retrospective forecasts.
We show that the major model constraint is on the basin modes that are assodfee#charge/discharge
process of the equatorial Pacific.

Our work provides a formalism to diagnose the modulation of ENSO charactenistizservations,
climate projections and forecasts. Results support the need to extenindkestanding of ENSO

mechanisms, in ordéo account for the diversity of observed regimes and to improve forecasts

Keywords: El Nifio Southern Oscillation, Baroclinic modes, Conceptual models, IntermediateleXdyn
Models, Data assimilation, Ensemble Kalman Filter, Decadal variability, Re¢Dé&gharge process,

Absolute/convective instability.
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Préambule

Les sciences du climat ont connu un véritable essor au cours des derniéres décennies, grace a des
avancées technologiques telles que les réseailseevations ou la simulation numérique, tout en étant
I’objet d’intéréts scientifiques, économiques et sociaux grandissarilstoriquement, 1’é¢tude de la
météorologie et de 1’océanographie consistait a cartographier les vents régionaux et les courants de
navigation ainsi qu’éventuellement leurs variations selon la saison. Cette vision traditionnelle, locale et
annuelle, est bien illustrée par la définition du mot climat donnée dans lendaite, qui désigne les
conditions météorologiques prévalentesnd région au cours de l’année. Aujourd’hui, les sciences du
climat se sont largement étendues au-dela de cette définition. Nous savons maiptéhariste des
fluctuations importantes du climat autour du cycle saisonnier. Ces fluctuations peuvertteodes régions
treés éloignées et varier dans une large gamme de fréquences. Pour cett®maiistmgue en général le
cycle annuel d’une région, appelé climatologie, des fluctuations climatiques. Des fluctuations climatiques
connues sont par exemplOscillation Australe El Nifio, la mousson asiatique, ou encore 1’Oscillation Nord
Atlantique qui varient sur des mois voire des années et affectent simultardasestntinents entiers. Le
réchauffement climatique est sans précédent dans 1’histoire du climat, et, contrairement aux fluctuations
naturelles mentionnées précédemmemtiernier est d’origine anthropique. Les causes (les émissions de gaz
a effet de serre) ainsi que les retombées (le réchauffement climatique) de ce ph&mrhénendiales.
Nous avons aujourd’hui une vision mondiale du climat, au sens oU nous savons que les différents climats de
la planéte sont connectés.

La fluctuation climatique la plus énergétique connue sur terre est 1’Oscillation Australe El Nifio
(ENSO pour El Nifio Southe Oscillation). Elle consiste en une modification de la circulation de 1’océan et
de I’atmosphére qui affectel’ensemble du Pacifique équatorialde 1’ Australie au Pérou environ) et qui se
répéte tous les 2 & 7 ans. La découverte de cette fluctuatimprésintative de 1’évolution des sciences du
climat. En accord avec la définition traditionnelle du climat, le nom El Nifio émargutrefois a un courant
chaud qui était observé autour de Noél le long des coOtes péruviennes. Il sigrghe garespagnol en
référence a la naissance de Jésus a la méme époque. Le nom a été donné par les pécheurs péruviens, peut é
avec une pointe d’ironie car ce courant chaud raréfiait considérablement leurs prises. A cette époque
personnene s’imaginait que ce courant chaud avait une contreparti®éutre bout du Pacifique. Cest
pourtanten essayant de prévoir ’intensité de la mousson indienne que Sir Walker découvrit pour la premiere
fois, vers le début du 2T siecle,’existence d’une connexion entre 1’est et I’ouest du Pacifique. Il observa
gue les pressions atmosphériques de surface relevées a Tahiti et Darwin étaientaielement opposées et
oscillaient interannuellemente qu’il qualifia de phénoméne d’Oscillation Australe. Il restait encore a relier
lesvariations de I’atmosphére a celles de 1’océan. La premiére vision d’ensemble fut donnée par J. Bjerknes
dans les années 1960, qui relia le courant chétdriipn et I’Oscillation Australe en un méme phénomeéne :

le cycle ENSO. Le cycle ENSO est une oscillation incessante du Pacifique étjeatoeiain état chaud et
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un état froid avec un cycle irrégulier qui dure entre 2 et 7 ans. LeEhd¥ifio désigne aujourd’hui 1’état
chaud de ce cycle, pendant lequel on peut observer non seulement le courant péruvierssinais au
ensemble de conditions associées dans le Pacifique équatorial. Dans les années i8atifigaiesc ont

nommé¢ 1’¢état froid du cycle La Nifia (fille en espagnol), par opposition a 1’état chaud El Nifio.
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Chapitre
1. Introduction

Dans ce chapitre, nous faisons un rappel’élat des connaissances sur 1’Oscillation Australe El
Nifio (ENSO pour EI Nifio Southern Oscillation). Cette présentation est non-exhaugtivieatne attention
particuliere sur les mécanismes de formation, la modulation et la prédigidisO, éléments qui seront
repris dans les chapitres suivants. A la finl’d&roduction, nous présentons les motivations de cette thése
ainsi qu’un plan du manuscrit.

Le Pacifique équatorial est le siége d’une circulation atmosphérique et océanique intense (la
circulation de Walker) qui est reliée a la circulation climatique gémétatte circulation équatoriale est
déstabilisée lors des événements El Nifio, et intensifiée lors des événements La Nifia. L’oscillation
interanuelle entre états El Nifio et La Nifia constitue le cycle ENSO, reconnu canfluetliation
climatique la plus énérgétigue au monde aprés le cycle saisonnier. Les modeles régipésodeiltateur
décrivent raisonnablement cette dynamique, qui a pour origine unectitiereouplée entre 1’océan et
I’atmosphére. Les théories actuelles expliquent égalemBintégularit¢é du cycle ENSO ainsi que la
modulation de ses caractéristiques a échelle décennale.

Le phénoméne ENSO a des retombées mondiales et ainsi sa prédisiorenjeu sociétal majeur
Cette prévision est permise par un large réseau d’observations ainsi qu’une vaste hiérarchie de modéles de
complexité croissante. Les modeéles actuels prévoient le phénoméne de maniére réaliste a édhéatize de
moais, bien gque les avancées en modélisation laissent envisager que cette limgeépaigepoussée. La
modélisation d’ENSO dans les projections climatiques est également un enjeu majeur pour comjgendre

retombées futures du changement climatique.



1€ Introduction

1.1.L’Oscillation Australe El Nifio

1.1.1.La Circulation de Walker

La principale source d’énergie que recoit la surface terrestre vient du rayonnement solaire. Cet
apport n’est pas uniformément réparti. Il est en particuliemaximal a 1’équateur et minimal aux pdles en
raison del’inclinaison de la Terre. Pour redistribuer 1’excédent d’énergiede 1’équateur vers les pdles, une
immense machine thermique est en place avec une circulation de grande échelle dans l’océan et
I’atmosphére. La circulation atmosphérique générale est représentéefignre 1.1 Elle redistribue environ la
moitié de I’excédent d’énergie. Cette circulation est a la fois méridionale et zonale, avec une symétrie entre
I’hémisphére nord et I’hémisphére sud. La circulation méridionale s’organise en plusieurs cellules qui
communiquent de proche en proche (la cellule de Hadley, puis la cellule de Fenfei & cellule polaire).

La circulation zonale est constituée de vents d’est (i.e. dirigés vers 1’ouest) ersurface a 1’équateur et aux
péles et de vent® ouest en altitude aux latitudes moyennes (le jet-stream). Cette géométrie est duea la for
de Coriolis, qui en raison de la rotation de la Terre induit une déviatiotodesnts de grande échelle (vers

la droite dans 1’hémisphére nord, et vers la gauche dafidiémisphére sud). Cette circulation atmosphérique
s’accompagne d’une importante circulation océanique de surface, dont les courants s’organisent a grande
échelle en gyres qui suivent le seng@etion de I’atmosphére. Une circulation océanique de profondeur, la
circulation thermohaline, redistribue également 1’excédent d’énergie, de manicre beaucoup plus lente mais

plus efficace en raison de la capacité calorifique de 1’eau (mille fois plus importante que celle de I’air). La
circulation du Pacifique équatorial (lieu du phénoméne ENSO) est fortemeat |iéeirculation générale

Elle est marquée par une circulation atmosphérique de surface orientée vers I’ouest (les alizés), une

circulation océanique de surface également orientée vers I’ouest, ainsi qu’une intense convection

atmosphérique (dans la zone de convergence intertropicale).

pole Norg__

C‘DO|6“’9\ c Ferrel

~ pble Sud

Figure 1.1 : Schéma de la circulation atmosphérique générale (http://www.educnébedtca


http://www.educnet.education.fr/
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Figure 1.2: Représentation de 1’état (a) La Nifa, (b) de référence, (c) El Nifio du Pacifique équatorial. Sont
indiqués les températures de surface de la mer (couleurs), la mofodd la thermocline, le sens de
circulation des masses d’air (fléches noires) et des masses d’eaux (fléches blanches), ainsi que les zones de

convection atmosphérique (nuages) (Source : NOAA).

L’état moyen du Pacifique équatorial (obtenu en moyennant les conditions dans le temps) est
représenté sur la figure 1.2.b. De maniére générale, les eaux chauttegate(inoins denses) sont situées
en dessous de la surface et au dessus des eaux froides de profondeur (plusGienskshe d’eaux
chaudes, ou contenu thermique, est délimité par la surface appelée thermocline qte ldesepaux froides
de profondeur plus la thermocline est profonde et plus la résef\eaux chaudes est importante. Le
Pacifique équatorial contient les réserves d’eaux chaudes les plus importantes de la planéte, en raison de son
ensoleillement maximal. Toutefois, la circulation océanique transporte ces eauKoumst. Ce sont
notamment les vents de surface (les alizés) qui entretiennent ce transporyumczan friction. En
conséguence le volumeaux chaudes est situé a 1’ouest du Pacifiqgue équatorial, ce qui se traduit par une
thermocline plus profonde et des températures de surface plus élevées. On ndamrpeneela piscine
d’eaux chaudes, ou Warm PoolA I’est, les eaux sont renouvelées par des eaux plus froides (par transport
d’Ekman vertical ou méridien) et on nomme cette zone la langue d’eaux froides. Aussi, le niveau moyen de
la mer est de 60 cm plus haul’ouest qua 1’est, tandis qu’en subsurface la thermocline est de 100 m plus
profonde. Le gradient zonal de températdgd’océan entretient une circulation atmosphérique zonale en
altitude dans laquelle les masses d’air s’élévent par convection au-dessus des eaux chaudes de I’ouest puis
subsident au-dessus desiefroides de 1’est. Cette circulation d’altitude se boucle avec les vents alizés en
surface pour former une cellule de convection zonale, la cellule de Walker. @veetine cellule similaire
a I’équateur dans 1’océan Atlantique, et une cellule inversée daliscéan Indien. Par ailleurs la variabilité
océanique et atmosphérique de ces trois océans est en partie connectée (lllig et Detyitianaen et al.
2009 Chen, 2011), mais ce sujet ne sera pas abordé ici.

Cet état de référence du Pacifique équatorial peut toutefois étre déstabilibagmuler en état El
Nifio (figure 1.2.c), ou de maniere opposée, La Nifia (figure&)1.@n attribue de maniére générale cette
déstabilisation a la rétroaction de Bjerknes, dans laquelle la cellule atmosphérigfatkeieet le gradient

zonal de température de I’océan s’intensifient ou s’atténuent mutuellement (Bjerknes, 1969). En supposant
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une légére intensification de la cellule de Walker par rapport a 1’état de référence, les alizés forcentn
transport océanique additionnel v&imuest, ce qui intensifie le gradient zonal de tempérdtutecéan. En
retour, le gradient zonal dentpérature intensifie la convection a 1’ouest et la subsidence a I’est, et donc la
cellule de Walker. En conséquence la perturbation initiale est amplifiée, ce quiopdutre le systema
I’état La Nifia, marqué par un gradient zonal de température et une cellule de Walkeepsgs On peut
suivre le méme raisonnement pour une légére réduction de la cellule de Walker, ce gongeine le
systéme en état El Nifio. En état El Nifes, alizéss’affaiblissent et les eaux chaudes dedest envahissent
le reste du bassin. Comme la zone de convection atmosphérique suit le déplatsmeatx les plus
chaudes, pour des épisodes de grande ampleur ou ces eaux atteignent le centre du Pasifigassible
d’observer une double cellule de convection atmosphérique avec des subsidences a la fois dans I’est et

I’ouestAinsi I’état E1 Nifio n’est pas exactement 1’état opposé a La Niiia.

Ocean Temperature Departures ("C) for Nifio 3.4
(5°N-5°S, 170°W-120"W)

St. Dev.

1970 1975 1980 1985 1830 1995
Figure 1.3 : Evolution temporelle des indices Nino3.4 SSTA et SOI (Source : NOAA
Pour caractériser 1’état du Pacifique a un instant donné, on utilise des indicesl’anomalies
représentatifs de la grande échelle, tpis par exemple I’indice Nifio 3.4-SST ou I’indice SOI qui sont
montrésenfigure 1.3. Pour calculer ces indices, on retire la climatologie (i.e. lggrmes saisonniéres) du
signal total. Un indice de temperature positif par exemple signifie un état anoentieimud par rapport
aux moyennes saisonniéréaindice Nifio 3.4-SSTA mesure la température des eaux de surface moyennée le
long de I’équateur (170°W-120°W, 5°N-5°S). Il est positif pendant El Nifio et négatif pehdaiifia.
L’indice SOI mesure la différence de pression atmosphérique de surface entre I’est (Tahiti) et 1’ouest
(Darwin) du Pacifique. Cette pression augmeniteuest avec I’intensité de la convection et diminuel’est
avec l’intensité de la subsidence. Ainsil’indice SOI mesure ’intensité de la cellule atmosphérique de
Walker. Les signaux sont trés correlés et montrent une oscillation interanentedieétats El Nifio et La
Nifia, ce qui constituke cycle ENSO. D’autres indices sont utilisés comme la position zonale de 1’isotherme
~28°C en SSbu de I’isohaline ~34.8 PSU qui quantifié 1’étendue des eaux chaudes de la Warm Pool vers
I’est (Delcroix et al., 2000; Singh et al., 201L)intensité¢ du gradient zonal de la profondeur de thermocline
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est égalemd trés représentatif, mais ce n’est pas un indice usuel. Ces signaux sont trés corrélés, ce qui met
en évidence un lien fort entre la circulation atmosphérique et océanique de granlie dectiRdcifique

équatorial.

1.1.2.0Osclillateurs

La forte corrélation entre les différentes composantes du systeme du Pacjigteriél (cf. figure
1.3) suggére que I’on peut décrire 1’évolution du cycle ENSO dans un espace réduit de variables. Cet
exercice est courant pour appréhender la complexité des systémes climatiques (notanwr@ergrand
nombre de variables et de processus mis en jeu). En suivant cette approche, les r@ddiéseont pu
décrire les mécanismes essentiels du cycle ENSO. Les modeéles réduits les plusemples oscillateurs
parfaits, linéairg dans lequel El Nifio est I’exact opposé de La Nifia. Ce sont des modéles d’anomalies, dans
lequel I’état moyen du Pacifique équatorial est prescrit. Ces modéles expliquent en particulier deux
composantes essentielles du cycle ENSO : le développement des épisodes El Nifio etilasNifiee la
transition entre ces épisodes. Dans ces modeles, c’est la présence d’une rétroaction positive rapide et d’une
rétroaction négative lente qui permet au systéme d’osciller. A partir d’une perturbation initiale du systeme, la
rétroaction positive rapide entraine la croissance d’un événement El Nino (ou La Nifa). La rétroaction
négative lente vient ensuite renverser la croissance initiale en sa phase ogtpesB®gme mécanisme de
croissance/renversement se répéte ensuite ce qui résulte en une oscillation rdguliémmaction positive
communément envisagée est la rétroaction de Bjerknes décrite précédemment, dansldaqabilke
atmosphérique de Walker et le gradient zonal @epdrature de 1’océan s’intensifient ou s’atténuent
mutuellement. La rétroaction négative lente du systétme est communément attribuée a I’ajustement de
I’océan. Plusieurs modéles réduits existent pour expliquer cette rétroaction négative, dont les fondements
sont similaires mais qui divergent par les processus mis en jeu ou encore leur représentation.

L’oscillateur retardé (Suarezet Schopf, 1988 Battisti et Hirst, 1989) est un modele dans lequel
I’ajustement de 1’océan est décrit par des composantes transitoires, les ondes équatoriales de Kelvin et
Rossby. Il est représenté en figure 1.4. Les ondes équatoriales de Kelossley Bnt une échelle planétaire
(>1000km, plus que la taille de la Francélles se propagent le long de 1’équateur, sont supposées non
dispersives, et sont confinées en latitude (5°N-5°S) en raison de la forceiais Qaes ondes de Kelvin se
propagent vers I’est (~3 cm/s) et les ondes de sky vers I’ouest (~lcm/s), ce qui correspond
respectivement a 2 et 8 mois pour traverser le Pacifique équatorial. Elleksleiggént partiellement aux
frontieres que formené,1’ouest e réseau d’iles a faible bathymétrie de 1’archipel indonésien/malaisien et du
continent océanique (130°E8t, a I’est, les cbtes sud-américaines (80°W). Ces ondes transportent plusieurs
propriétés. On distingue les ondes dites de downwelling (i.e. approfondissgmetithauffent 1’océan de

surface en approfondissant la thermocline, des ondes dlitgsvelling (i.e. soulévement) avd’effet
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opposé. Lorsque un évenement El Nifio se développe, la réduction des alizés (qui seatradeitrebdele

par des anomalies positives de vent de surface) force une onde de Kelvin de dogretvellie onde de
Rossby d’upwelling. L’onde de Kelvin de downwelling réchauffe 1’est du Pacifique et intensifie El Nifio (en
participant a la rétroaction positive de Bjernkes). Plus tard, ’onde de Rossby d’upwelling (qui se propage

plus lentement) se réfléchit au bonekg du Pacifique en une onde de Kelvin d’upwelling. C’est ensuite le
retour de cette onde d’upwelling qui refroidit I’est du bassin et peut renverser les conditions en La Nifia. En
résumé c’est la propagation des ondes qui explique le retard entre la rétroaction positive rapide (par onde de
Kelvin de downwelling directement forcée) et la rétroaction négative lente (par onde de Kelvin d’upwelling
réfléchie). En réalité le vent ne force pas une seule amndeune succession d’ondes d’upwelling et de
downelling (cf. figure 1.1 et c’est le résidu entre ces ondes qui fait lentement osciller le systéme entre El
Nifio et La Nifia. Des variantek 1’oscillateur retardé existent, qui ont la méme formulation explicite du
retard d0 a la ppagation d’ondes mais différent par les processus considérés. Dans 1’oscillateur advectif-
réflectif (Picaut et al., 1997Clarke et al., 2000 les ondes réchauffent 1’océan de surface a travers les
processus d’advection zonale plutdt que de thermocline. Dans I’oscillateur WPO (Weisberg and Wang, 1997),

les réflexionsd’ondes au bord ouest s’affranchissem de la frontiére océanique et s’opérent plutdt par un

couplage local entre I’océan et I’atmosphére.
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Figure 1.4: Schéma d’évolution du modéle d’oscillateur retardé, a 1’équateur en fonction de la longitude et du
temps. Sont indiqués les anomalies de SST (zones grisées), les anoemabkessdde surface (fleches en
trait gras), et les faisceaux de propagation des ondes équatoriales de Kelvin et fRadssy/ €n trait fin,

up pour upwelling et down pour downelling) (Source: Wang et Pi0@4).

Le modéele de recharge/décharge se distingue des modeéles précédents car il considére un ajustement ¢

échelle de I’ensemble du bassin (Jin, 1997& A 1’équateur, les vents alizés induisent un transport zonal de
surface mais aussi un transport méridien en raison de la force deisCdeidtansport de Sverdrup. Ce
transport méridien recharge ou décharge lentement le contenu thermique (i.e. la proftendeaur

thermocline) de toute la bande équatoriale du Pacifique, ce qui constitue la @troggative lente
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permettant au systéme d’osciller. Les quatre phases d’évolution du modéle de recharge/décharge sont
représentées sur la figure 1Bn phase El Nifio (I) I’est du Pacifique se réchauffe, par conséquent
I’affaiblissement des alizés force une diminution de I’inclinaison zonale de la thermocline ainsi qu’un
transport de Sverdrup vers les hautes latitudes. Ce transport décharge ensuiéatdateontenu thermique
sur I’ensemble de 1’équateur, ce qui se traduit par un soulévement homogéne de la thermocline (I). Ce
soulévement homogéne refroidit les eaux de surface de 1’Est ce qui permet au systéme de basculer en phase
La Nifa (lll). Les mémes rétroactions permettent ensuite la recharge du cdreaniqtie (IV) et le re-
basculement en phase EI Nifio ().

Figure 1.5: Schéma des quatre phases d’évolution (de I a IV) du modéle de recharge/décharge, a 1’équateur
dans le plan de surface (longitude et latitude) et le plan vertical (loagitugrofondeur). Sont indiqués les
anomalies de température de surface de la 8%T,), de tension de vent zonal,(fleches en ftrait fin), de
transport de Svedrup meéridien (fleches en trait gras), ainsi que les anomaliesfaielqur de la
thermocline équatoriale (trait gras) par rapport a une profondeur de réfémaiiceointillés) (Source
Meinen et McPhaden, 2000

Le mécanisme fondamental d’oscillation est donc le retard entre 1’ajustement des anomalies de SST
et celui du contenu thermique sur I’ensemble du bassin (appelé WWV pour Warm Water Volume). Notons
que I’on peut caractériser 1’ajustement de 1’océan dans ce modéle a travers 1’évolution temporelle de deux
modes zonaux de la profondeur de thermocline, le mode de Tilt (ou inclinaison zehalB,dt le mode de
WWV (ou approfondissement/soulevement homogeéne, Il et IV). Clarke (2010) mompiaetienlier que ces
modes intégrent & échelle interannuelle la propagation rapide des ondes équatoriaiest Relssby. Ainsi,
on peut aussi expliquer le mécanisme de recharge/décharge a travers I’évolution lente du résidu (le WWV)
issu de la propagation des ondes équatoriales, tout comme dans les théories ddlagparastardé. Dans
les observations toutefois, d’autres processus que celui de recharge/décharge controlentl&wssition du
WWYV (Lengaigne et al., 2011). Une revue compléte des modeles ENSO de typeeossiltatrfaits est
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proposée par Wargt Picaut (2004). lls proposent également un oscillateur unifié qui par modification de ses

parameétres passe d’ une dynamique de type oscillateur retardé a une dynamique de type recharge/décharge.

1.1.3.Instabilités Couplées

Les oscillateurs parfaits décrits précédemment proposent un ensemble de rétrpastioes et
négatives qui permetteati syst¢éme couplé du Pacifique équatorial d’osciller entre phases El Nifio et La
Nifia, et qui sont décrites de maniére heuristiqidautres études ont systématisé 1’identification des
rétroactions positives et négatives du Pacifique équatorial et ont proposkadsification, décrite en termes
d’instabilités. La description des instabilités est appréhendée en général a travers ’analyse de stabilité
linéaire, pour des anomalies a un état moyen prescrit. On identifie les itesgabdiminantes qui sont
potentiellement les plus a mémes de se développer (e.g. pour une légere perturbatsté@ntk).sgette
approche a permis d’étendre la compréhension des mécanismes ENSO a travers deux composantes
essentielles I’identification des échelles spatiales et temporelles ainsi que des processus dominants du

couplage entre I’océan et I’atmosphere (Neelin et al., 1998

A North B North
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Figure 1.6 : Schéma de la structure spatiale des instabilités couplées du modeéeleaedidtnlander (2001),
en fonction de la longitude et de la latitude, pour (A) les processus deottieen(B) les processus
d’advection zonale. Sont indiqués les zones d’anomalies de SST et de profondeur de thermocline (couleurs),

ainsi que les anomalies de tension de vent zonal (fleches).

Les instabilités dominantes dans le Pacifique équatoriaghdll@interannuelle sont couplées, c’est-
a-dire résultent d’une interaction entre ’océan et I’atmospheére. On considére généralement leur propagation
le long de I’équateur (en 1D), parfois en milieu infini (i.e. sans frontiéres). Les instabilités sont classées
notamment selon le type de processus physiques qui les maintient. On distingue dedr fyEE®sSSUS
importants dans I’océan. Ce sont les processus de thermocline ou 1’approfondissement de la thermocline
réchauffe les eaux de surface, et les prased%dvection zonale ou les courants océaniques zonaux
transportent de la chaleur en raison du gradient zonal moyen de Température (86rsAnlét Jin, 2001).
Fedorovet Philander (200)lidentifient deux types d’instabilités couplées associées a ces processus dans un

modele du Pacifique équatorial. Elles sont représentées sur la figure 1.6. tesspsode thermocline
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induisent uneétroaction a distance entre I’est et I’ouest du bassin, similaire a celle décrite dans le modele de
recharge/décharge. En revanche, les processus d’advection zonale induisent une instabilité couplée locale, se
propageant lentement vers 1’ouest. Ces instabilités sont différenciables de par leur structure spiatisle,
propagation ainsi que les processus mis en jeu. D’autres processus notables ont été identifiés, tels que par
exemple les interactions entre 1’atmosphére et la couche de mélange océanique (Dommenget, 20L0Manget

Xie, 1998. Les instabilités sont également classées selon les temps d’ajustement des différentes composantes

du systeme couplé. Neelin (1991) a identifié les instabilités de type slow SSTquetfen rencontre a la
limite asymptotique ou le temps d’ajustement de la SST est grand devant le temps d’ajustement de la
dynamique océanique. Ainsi, les échelles temporelles d’ENSO dépendent de 1’ajustement dynamique de

I’océan, mais aussie I’ajustement thermodynamique de la couche de mélange océanique.
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Figure 1.7 Fréquence (yh et taux de croissance @rdes solutions du modéle conceptuel desdin (2001)
Les solutions sont représentées en fonction de I’intensité du couplage océan-atmosphere (taille des
symboles, de 0 a 200% de la valeur nominative), pour les procestuermecline seuls (cercles blancs),
les processus d’advection zonale seuls (carrés), et les processus combinés (cercles noi)lutiess
oscillantes admettent un complexe conjugué, symétrique par rapport a I’axe vertical. Pour les processus
combinés, on observe une solution oscillante (fréquence~0.25 eyr Iégérement instable (taux de

croissance~0.05 Vj représentative du cycle ENSO.

Le cycle ENSO nait en partié#une déstabilisation de la circulation moyenne, éapproche des
instabilités coupléepermet d’envisager cette relation. Dans les model¢’ENSO linéarisés1’état moyen
prescrit agit comme une sourd&nergie pour la croissance des anomalies. Il contrdle les échelles spatiales
et temporelles du cycle ENSO qui est simigiéx de croissance, période d’oscillation, structure spatiale,
propagation...). Ainsi plusieurs études ont cartographi¢ un ensemble de régimes ENSO en fonction de

I’intensité des divers processus reliédl’g&tat moyen. La figure 1.7 montre la stabilité du modéle conceptuel
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de Anet Jin (2001).L’analyse de stabilit¢é met en évidence un mode dominant (le mode ENSO) qui est
représentatif du cycle ENS@e mode est représenté pour différentes valeurs du couplage entre 1’océan et
I’atmosphére (qui caratérise I’intensité de la réponse en vent aux anomalies de SSTainsi que pour
différentes configurations des processus thermodynamiques. Lorsque les processus sdatégon
isolément, les processus de thermoclidadvection zonale) favorisent un mode ENSO dissipé et a basse
(haute) fréquence. Pour la combinaison de ces processus en revanche, le modeéle siodéeEMSO plus
représentatif, Iégérement instable et a basse fréquBejeeanocet Jin (2008) suggérent plutbt que ces deux
processus conduisent a la coexistence de modes couplés indépendants : les prodéssosoclime
favorisent le mode de recharge/décharge d’ENSO, proche du quadri-annuel, tandis que les processus
d’advection zonale favorisent un mode biannuel que 1’on retrouve aussi dans les observations.

La sensibilit¢ d’ENSO a I’état moyen du Pacifique équatorial ne se limite pas aux processus de
thermocline et d’advection zonale, mais aussi a un grand nombre de processus qui sont a I’ceuvre dans
I’océan (dont la couche de mélange océanique en particulier) et dans 1’atmosphére. On peut citer entre autres
la stratification océanique (e.g. structure barocline, Dewitte,; ZD6@itte et al., 2007; 2009Yafffleurement
océanique équatorigételié a I’intensité des alizés, Fedorovet Philander, 2001), les courants de friction dans
la couche d’Ekman (Neelin et al., 1994), la réponse atmosphérique aux anomalies de S®T\{Amg,
2000), ou encore les couches barrieres de sel (Maes et al., 2002).

1.1.4.1rrégularité

Les modéles réduits expliquent la nature oscillatoire d’ENSO, toutefois des considérations
théoriques supplémentaires sont Be&gees pour expliquer ’irrégularité du cycle ENSO. L’évolution
temporelle des indices d’anomalies de SST et de contenu thermique (WWYV) est montrée sur la figure 1.8
Les indices sont oscillants et déphasés (les anomalies de contenu thermique prétésieirt 88IT), ce qui
est en accord avec la théorie de recharge/déch@sge:fois 1’oscillation n’est pas réguliére. Elle est
marquée premierement par 1’asymétrie entre phases El Nifio et La Nifa, les phases El Nifio étant de plus
grande intensitét de plus courte durée. Par ailleurs, aprés une phase de décharge du contenu thermique, le
cycle peut marquer une pause : la recharge est en fait de plus longue durée que ¢ge.d€dsar
caractéristiques sont illustrées plus clairement sur la figureul.thontre 1’évolution du cycle dans 1’espace
de phase des anomalies de SST et de contenu thermique. Cette répresentatidiinteanité ainsi que la
durée de chacune des phases du cycle ENSO (qui suit principallement le sen3. hargiease de
recharge/La Nifia (en haut a gauche) est plus longue et moins intense que les augeSgasdservation
améne Kessler (2002) a considérer ENSO plutdt comme un cycle incomplet qui commencarait pa
événement El Nifio (en haut a droite) et se terminerait aprés décharge du dostengue en phase de

recharge/La Nifa.
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Figure 1.8: Evolution temporelle des indices Nifio3-SST et WWV. Nino3 SST eslylanne des anomalies de
températures de surface de la mer dans la région 150°W-90°W et 5°N-5ts E=stifique). WWV est la
moyenne des anomalies de profondeur de thermocline (isotherme 20°@ d&gisn 130°E-80°W et 5°N-

5°S (i.e. moyenne zonale) (Sourdeessler, 200R

| ' | ' L 1 L | L |

o
I

- 1983-87
1987-92
1992-93
1993-94
199497
Post—1997

S)
1

(8]
I

;Nov 97 [

«<DISCHARGE (Z20 meters) RECHARGE -
2

-25 e S B
-3 -2 -1 0 1 2 3 4

< LA NINA (SST °C) EL NINO -

—

Figure 1.9: Evolution temporelle du cycle ENSO dans le plan de phase des indices Nifiet3V®&V de la
figure 1.8. Sont indiqués les phases Nifio, Nifia, de recharge et deggéthatlution suit principalement

le sens horaire (Sourc&essler, 2002

BN

Une des composantes du Pacifigue équatorial qui tend a rendre le cycle ENSO en partie
événementiebst la variabilité haute fréquence de 1’atmosphére. Le Pacifique central en particulier est le
siege d’une convection atmosphérique intense au dessus de la Warm Pool. Cette variabilité haute fréquence
est en grande partie stochastique (i.e. aléatoire), bien que 1’on observe un cycle marqué a 60 jours nommé
Madden Julian Oscillation auquel sont associés des coups de vents d’ouest (Majda et Stechmann, 2009
Zhang, 2005; Cassou, 2008). Cette variabilité haute fréquence peut déclerscbgenkements El Nifio/La
Nifia par déstabilisation des instabilités couplées plus lentes du Pacifique iagu&tleeman, 2008

Timmermann et Jin, 2008). Un tebmportement est envisageable du point de vue d’un systéme couplé
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oscillant, dans lequel ce dernier est légerement dissipé et la variabilité atmosphéricommeg une source

de forcage extérieure (Philandetr Fedorov, 2003). Jin et al. (2007) étend le probléeme au cas ou le bruit
atmosphérique dépend des anomalies de SST (on padel@bruit multiplicatif plutét qu’additif), ce qui

rend le cycle légérement plus instable (voir aEsstnman et al., 2005).

Le systéme couplé du Pacifigue équatorial est également marqué par plusieurs nagslinéarit
fondamentales qui peuvent expliquer certaines des asymeétries du cycle ENSO. Le sighandat&Sune
asymétrie positive a 1’est et négate a I’ouest du bassin, ce qui peut s’expliquer au premier ordre par
I’advection zonale des masses d’eau dans un gradient zonal de température constant (SchagifBurgman,
2006). Dans I’est du bassin, les processus de thermocline sont asymétriques, avec une rétroaction plus
importante lors des événements El Nifio que lors des évenements La Nifia (Beféteaud, 1996). Par
ailleurs, le bilan thermodynamique de la couche de mélange est en partie non-linéairdtelaégice, ce
qui entraine un réchauffement a la fois lors des événements El Nifio et La NifiaJ{An2003. Clarke
(2008) met également en avant le réle du seuil de déclenchement de la convection dtfnespfuéonde
pour une SST aux alentours de 28°C (au-dela de ce seuil la réponse atmosphérique fé&semés) dCette
caractéristique différencie fortement la dynamique couplée du Pacifique ocsintied,eaux de la Warm Pool
sont proches de 28°C, de celle du Pacifique est. immermann et al. (2003) a proposé une version modifiée du
modele réduit de recharge/décharge sans linéarisation (en particulier sur lesuprtberssodynamiques, la
source la plus importante de nbinéarité étant associé a I’advection verticale). Ce modele montre, dans un
intervalle restreint de paramétres toutefois, un cycle irrégulier etat@métrique qui est marqué par
intermittence par des événements El Nifio extrémes.

Une autre source d’irrégularité (mais aussi de régularitéu cycle ENSO provient de 1’interaction
entre variabilité interannuelle et cycle saisonnier (Kleeman, 2008). La figl®enontre une représentation
en composites d’évenements El Nifio. Les événements El Nifio (ainsi que les évenements La Nifia) ont
tendance a développer une amplitude d’anomalies maximale aux alentours de décembre. Cet accrochage du
cycle ENSO sur le calendrigeut s’expliquer par un accrochage en amplitude ou en fréquence (Stein et al.
2011). Le cycle saisonnier modifie la stabilité du systéme couplé du Pacifiqueridatipposé linéaire)
au cours de l’année, et ainsi certaines périodes de 1’année sont plus propices aux développements
d’anomalies associées a ENSO. C’est 1’accrochage en amplitude. L’intensité de la circulation de Walker
notamment fait varier la stabilité. La convection profonde dans le Pacifique ouest ppleegsinmaximale
pendant le printemps boréal (avril), tandis que le gradient zonal de tempétatlicéan est maximal en
septembre. Par ailleurs, comme le systéme couplé du Pacifique équatorial estieemagn-linéaire,
I’interaction entre un (ou plusieurs) mode(s) interannuel(s) et le mode annuel peut générer un accrochage en
fréquence. Jin et al., (1994) et Tziperman et al. (18@)rent dans un mod¢le réduit ainsi qu’un modeéle
intermédiaire que cet accrochage suit une loi de type devil staitt&serise des périodes d’oscillation qui
sont des multiples de la période annuelle, et peut éventuellement générer un comportemepie chaoti

contribuant a I’irrégularité du cycle ENSO. Le mécanisme dominant qui est observé est toutefois celui
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d’accrochage en amplitude, tandis qu’il est plus difficile de déduire des observationsl’atcrochage en

fréquence est effectif (Stein et al., 2011).
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Figure 110: Composites de I’indice Nifio3.4 SSTA pour plusieurs évenements de la période 1976-1998, €

fonction du temps (de ’année -1 a +1 par rapport au picanomalies) (Source : Clarke, 2003.
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Figure 111: Analyse en ondelettes du spectre en fréquence de ’indice Nifio3 SSTA. Cette représentation
montre localement 1’évolution temporelle (X-axis) du spectre en fréquence aXs). L’analyse est
significative hors des zones hachurées sensibles aux effets de(Boudse: Kleeman, 2008, adapté de

Torrence et Webster, 1999

1.1.5.Modulation Décennale

La variabilité du Pacifigue équatorial montre un spectre en fréquence étendsiétequi de
I’intrasaisonnier jusqu’au décennal (voir au deld). Ceci est illustré sur la figurdllpar une analyse en
ondelettes du spectre en fréquence des anomalies de SST. Le lien entre variabilité décesmizibdiet
interannuelle est intéressant du point de vue de la modulation de I’activit¢ ENSO. La répartition d’énergie
dans la bande interannuelle 72ns) varie d’une décennie a I’autre, ce qui suppose une modulation a basse
fréquence de I’activité ENSO (a différencier de la variabilité basse fréquence elle-méme). Cette modulation
décennale est en partie expliquée par les sources d’irrégularités du cycle ENSO décrites précédemment qui
rendent chaque événement El Nifio/La Nifia différent. On remarque aussi que les pramessasents
peuvent varierd’'un événementa ’autre. Les derniéres décennies par exemple ont ét¢ marquées par
I’occurrence accrue d’un type d’El Nifo différent du El Nifio canonique (Yeh et al., 200®e et McPhaden,
201Q Takahashi et al., 2011).a structure en SST des deux types d’événements est montrée sur la figure
1.12 (voir aussi W et al., 2011 pour la structure de subsurfaée}nkment El Niflo du Pacifique Central
(CP pour Central Pacific) est marqué par des anomalies de SST maximalesadamieldu bassin, tandis
gue pour évenement El Nifio canonique (EP pour Eastern Pacific) les anomalies sont maxiiaaddsest
du bassin. El Nifio CP est également désigné dans les premiéres études commavieldsii, qui signifie
en japonais semblable mais différeat référence a 1’événement canonique (Ashok et al., 2007). Les
mécanismes soljseents de El Nifio CP n’ont pas encore été clairement identifiés, mais seraient assez
différents de El Nifio EP. Kug et al. (2008uggérent notament un role accru des processus d’advection

zonale et de dissipation atmosphérique. Par ailleurs, le processus de recharge/décimatigntpés
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renversement en phase La Nifia serait quasiment absent, ce qui sugge¢ecaittype d’épisode Soit
événementiel plutét que cyclique. Ceci montre fumodulation décennale de 1’activité ENSO s’illustre

aussi par une modification des processus dominants.
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Figure 112: Regression des anomalies de SST sur les indices statistiques EP (E-paitget, @P (C-pattern,
bas). Les indices statistiques EP et CP sont obtenus a partir d’une rotation des EOFS (Empirical Orthogonal
functions) d’anomalies de SST (Source : Takahashi et al., 2011

On peut relier en partila modulation décennale de I’activité ENSO aux changements de 1’état
moyen. Ceci peut se concevoir notamment a travers 1’approche linéaire (e.g. les instabilités couplées) dans
laquelle 1’état moyen prescrit permet la croissance des anomalies associé®6S&. Un cas d’école pour
cette approche est le shift climatique de 1976 (Vé&tang, 1996 Guildersonet Schrag, 1998). Plusieurs
¢tudes ont montré que 1’on pouvait reproduire dans les modeles les changements de certaines caractéristiques
d’ENSO (période, amplitude, structure spatiale) observés dewahtft a partir des changements de 1’état
moyen (An et Wang, 200@\n et Jin, 2000 Moon et al., 200% Si 1’état moyen module 1’activité ENSO, il
devient intéressant d’en éluder les mécanismes de variations décennales (Kirgh&chopf, 1998Seager et
al., 2004). Les théories considérent le réle du forcage extratropical, ae elesoprocessus de rectification
internes au systeme du Pacifique équatorial ou variabilité interannuelle et décennalééesont |
dynamiguement. Mantuat Hare (2002) suggeéreiitinteraction avec la PDO (Pacific decadal modulation)
qui est un mode de variabilité décennale a échelle de tout le Paclfiqotvité ENSO peut également
modifier en retour I’état moyen a travers les non-linéarités du systéme couplé du Pacifique équatorial
(notamment 1’asymétrie entre El Nifio et La Nifia), le forcage de modes lents de I’océan, ou par le résultat de
fluctuations interannuelles aléatoires (®1Zhang, 2006; Dewitte et al., 2005, 2009 Choi et al., 200Q
Par ailleurson ne peut exclure I’effet du forgage anthropique sur 1’évolution de la variabilité au cours des

derniéres décennies (Fedorov et Philander, 2000
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1.2.Prévision del’Oscillation Australe

1.2.1.Enjeux

La prévision des épisodes EIl Nifio et La Nifia est un enjeu économique, politique emnapmigla
échelle mondiale (McPhaden et al., 2086iang et al., 2011). Bien que la variabilitt ENSO soit déerite
termes de processus du Pacifique équatorial, elle influence le climat deeneehrégions a travers le
monde par le biais des téléconnexions. Ceci est illustré sur la figure 1.13. Le phénaftuence, entre
autres, la variabilité saisonniére des Elaii$s (avec un hiver doux lors des années El Nifio), I’intensité de la
mousson asiatique, la circulation océanique le long des cbtes sud-américaine, et Eoocavezonienne.
La prévision du phénoméne permet de mettre en place de nombreuses planificatidasgestion des
ressources agricoles, électriques, forestiéres, ainsi que pour la péche, le trartspodirie voire méme les
marchés financiers. Elle permet aussi la gestle crises associées d’ordre écologique, telles que des
inondations au Pérou et en Equateur, des sécheresses et feux de foréts en Indonésie etNrapamikesi
Guinée, une intensification (lors de La Nifia) de I’activité cyclonique dans les Caraibes. Ces crises affectent
les populations les plus démunies face aux événements climatiques extrémes : épdesenessburces en
eau potable, épidémies, problémes de santé publique, conflits civils. Les retombées mdtiheds
expliquent les efforts considbles déployés au cours des derniéres décennies autour de 1’observation, la

compréhension et la prévision du phénomene.

Figure 113: Schéma des téléconnexions ENSO durarit&)boréal et (b) I’hiver boréal (Source : NOAA).
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1.2.2.Réseau d’Observations

Le réseau d’observations qui surveille en continu I’activité ENSO est représenté sur la figure 1.14
Ce réseauw’est remarquablement densifié au cours des dernieres décennies (McPhaden et al., 1998). Le
lancement des observations satellites (TOPEX/Poséidon, JASON, QUICKSCAT...) depuis les années 1990 a
permis une couverture globale des conditions de surface (SST, niveau de.l3. rber maniere
complémentaire, un ensemble de stations récolte des données in-situ, dont les kesidlesldng de
I’équateur (le réseau TOGA) qui permettent d’observer le contenu thermique et la variabilité de subsurface.
Ce systeme est complété par des bouées dérivantes et des systemes autonomes quitaygutaeiiates
navires marchands. Les reconstructions historiques nous donnent également une vigivariddbilité
passée d’ENSO (Cane, 2005). Ces mesures sont par exemple les archives historiques, les données
isotopiques de coraux tropicaux, kesottes de glaciers andins, les cernes d’arbres et dépots sédimentaires.
Les reconstructions averent I’existence de 1’activité ENSO dans le Pacifique depuis plusieurs centaines voir
plusieurs milliers d’années. Par exemple, ’hctivit¢ ENSO aurait été trés faible au début et milieu de
I’Holocéne (<5000 ans). Elle aurait aussi diminué pendant la période médiévale chaud¥e(Gu Xlle
siécle) en comparaison a la période du petit age glaciaire (du XVlle au XVllle)gi€obb et al., 2003)
Par ailleurs grice aux techniques d’assimilation, les produits de réanalyse permettent de combiner
objectivement les observations historiques et actuelles avec la dynamique des siodg#nt la variabilité
ENSO. Ces produits proposent uagverture globale (notamment en subsurface) qui s’affranchit dans une
certaine mesure de la répartition inhomogéne des mesures existantes (Behragel398 Carton et
Giese, 2008Gieseet Ray, 2011).

ENSO Observing System
7 :

Figure 114: Répartition des mesures dita du systéme d’observation ENSO (Source : Wang et Picaut, 2004
adapté de McPhaden et al., 1998
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Figure 115: Schéma de la structure d’un modéle GCM. Les processus physiques des différentes composantes
du climat gncadré) sont résolus en chaque point d’une grille couvrant I’ensemble du globe terrestre, de

coordonnées longitude, latitude, et altitude (Source : NOAA).

1.2.3.Hiérarchie de Modeles

Une hiérarchie de modeles de complexité croissante permet de simuler lagienadoniPacifique
équatorial. Les modéles les plus simples sont les modéles réduits qui expliquenécdasismes
fondamentaux du cycle ENSO (Neelin et al., 1998; Wangicaut, 2004). Les modéles de complexité
intermédiaire ICM (Interradiate Coupled Models) ont permis les premicres prévisions réussies d’El Nifio
(Zebiaket Cane, 198) Dans ces modeles 1’état moyen climatologique (variant saisonniérement) est prescrit,
et on résout un systéme d’équations simplifiées, de type shallow-water pour la dynamique océanique et
atmosphérique, ainsi qu’un bilan thermodynamique dans la couche de mélange océanique. Les modéles
hybrides HCM sont une variante dans laquelle on considére une atmosphére statistique. Lesdmodéles
complexité supérieure sont les modéles GCM (Global Coupled Model). La figure 1.15 montre pteexem
d’architecture de modele GCM.Ces modéles sont congus a I’origine pour simuler le climat a échelle
mondiale, avec éventuellement la capacité de coupler différentes grandes composantiesatdu

hydrosphere, aérosphere, cryosphére, voir biosphére. lls résolvent les équations de tpendearfluides
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avec un réalisme maximal (e.g. une résolution spatiale et temporelle a la limgestrgces de calcul). Les
OGCM simulent la dynamique océanique en mode forcé par I’atmosphére. Les AGCM simulent la
dynamique atmosphérigua mode forcé par 1’océan. Les CGCM couplent la dynamique de ’océan et de
I’atmosphére, et sont donc naturellement les meilleurs candidats pour reproduire la variabilit¢ ENSO (Terray

et al., 1995Guilyardi et al., 2009; Belmadani et al., 2010).

1.2.4.Prévisibilité

ENSO est la fluctuation climatique la plus prévisible au monde aprés le cigdersar. Cei est d(
essentiellement a la dynamique déterministe d’ENSO, que nous avons décrite dans un cadre réduit, et dans
laquelle I’inertie du systéme couplé (notamment de 1’océan) est trés grande. Le contenu thermique équatorial
(ou WWV) par exemple e$tun des précurseurs majeurs du phénomeng que le dipole de I’océan indien
(Meinen et McPhaden, 200Clarke et Van Gorder, 200&umo et al., 2010) La grande inertie du systéme
couplé résulte aussi des échanges énergétiques associés au cycle ENSO, qui sont consai#ralidedea
bassin(de I’ordre du Tera Watt) (Brown et Fedorov, 2010).

Il existe une limite a la prévisibilitd’ENSO, intrinseque au systeme du Pacifique équatorial, qui
dépend du poids relatif de la dynamique déterministe et des sources d’irrégularités du phénoméne évoquées
précédemment. Cette limite montre notamment des variations saisonniéres.drapzihoréal par exemple
(vers aril) est la période de I’année la moins prévisible (aussi appelée spring barrier). La limite de la
prévisibilit¢ d’ENSO dépend entre autres de la stabilité du systéme du Pacifique équatorial (Phiktnder
Fedorov, 2008 Si le systéme est fortement dissipé, c’est une source extérieure telle que le bruit
atmosphérique (moins prévisible) qui contrble la variabilité interannuelle. Sisténsy est fortement
instable, ilestsensible aux conditions initiales en raisons de ses non-linéarités, ce qui limiteedgalam
prévisibilité. Les observations suggérent toutefois que le systéme est proche deralibdafggérement
dissipé, ou encore légérement instable) (Fedet&hilander, 2001Kessler, 2002Sunet Zhang, 2006). Le
phénoméne El Nifio est ainsi prévisible au-dela des échelles hautes fréquences dudspiitéaique et le
systeme peut par ailleurs étre considéré comme faiblement non linéaire. Dasndeseéchelles spatiales et
temporelles de la variabilité sont déterminées par les instabilités dominardgstélme linéarisé, et sont

donc plus facilement modélisables (Neelin et al., 1998).
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1.2.5.Prévisions et Projections Climatiques

La prévision opérationelld’ENSO est aujourd’hui permise pata hiérarchie de modéles présentée
précédemment (iri.columbia.edu/climate/ENSO/currentinfo/QuickLook.html). En dépéudecomplexité
croissante, les modéles montrent des scores de prévision relativement similaisest gedlistes pour des
échéancesle 1’ordre de 6 a 12 mois. Cette similitude s’explique par la dynamique réduite et déterministe
d’ENSO, qui est raisonnablement reproduite dans la plupart des modeles (Chenet Cane, 2008Latif et al.,
1998) Toutefois, certaines études suggérent que la limite de prévisibilité intrinséque du systéme n’est pas
encore atteinte dans les modéles, espérant méme des prévisions réalistes a écRdamoésd Chen et al.
2004). Les méthodes d’assimilation de données en particulier ont contribué et contribuent encore a améliorer
la simulation et la prévisiod’ENSO dans les modeles de maniére significative (Bennett et al., ;1998 et
al., 2002; Weaver et al., 200Zheng et al., 2006). Les scores de prévision varient aussi fortement en
fonction des processus dominants qui conhtdla variabilité ENSO, reproduits avec plus ou moins de
succeés. Ceci s’illustre notamment par des scores différents d’une décennie a 1’autre en raison de la
modulation de I’activité ENSO et du changement des processus dominants (Kirtman et Schopf, 1998).

Les projections climatiquesir 1’évolution de 1’activité ENSO sont également un enjeu de société,
notamment pour appréhender le réchauffement climatique a venir (Cane SBS#hson et al., 2012). A
échéance de plusieurs décennies, on ne peut prévoir les conditions exactes, mais erorepentdyaluer
la forme générale (e.g. statistique) que prendront les fluctuations climatiquespRat aux prévisions, les
projections climatiques ont donc pour objectif principal d’évaluer 1’évolution a long terme des processus
dominants. Les projections climatiques qui prennent en coifpigmentation des gaz a effet de serre
prévoient un état moyen plus chaud et plus stratifié dans le Pacifigue équatoriakt@ktré sur la figure
1.16 qui montre un exemple de tendand&solution des températures a 1’équateur. An et al. (2008)
suggeérent notammentie I’augmentation du gradient vertical de température (i.e. de la stratification) seita
plus influente sur ENSO que le changement de température en surface. Les projectiagsesimpaivoient
égalementine diminution de I’intensité de la cellule de Walker (Timmermann et al., 199%&cchiet Soden
2007 DiNezio et al., 2009)La diminution de I’intensité de la cellule de Walker, si elle est avérée, devrait
diminuer la rétroaction de Bjerknes. Le changement des processus dominants posinaiivdégier une
variabilité ENSO différente de celle que nous connaissons (e.g. Yeh et al., P@89X{ifficile toutefois de
se prononcer sur une amplification ou une réduction de I’activité ENSO, en raison de compensations
attendues entre plusieurs praassde 1’état moyen (Collins et al., 2010 Le GIEC (ou IPCC, Groupes
d’experts Intergouvernemental sur 1’Evolution du Climat) regroupe et compare 1’ensemble des projections
climatiques des principaux CGCM pour le réchauffement climatique a vevis&@n plusieurs scénarios
selon les émissions futures de gaz a effet de serre). Cet exercice estodpdeé 6 ans et alimente un
rapport destiné au grand public et aux décideurs qui fait 1’état des connaissances sur le réchauffement

climatique (IPCC, 2007).
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Figure 116: Tendances dempérature a I’équateur (°C par centaine d’années), en fonction de la longitude et de
la profondeur, pour une projection de changement climatique d’'un CGCM. Le réchauffement de surface et
le refroidissement de subsurface traduisent un renforcement de la theempai de la stratification

verticale) (Source Timmermann et al., 1999

Pour une introduction générale & ENSO et ses mécanismes, nous invitons également ledecteur a
référer (par ordre de complexité croissante) a McPhaden et al. (20068)y@ifR006), Wanget Picaut
(2004), ainsi que Neelin et al. (1994098). Pour une introduction compléte se référer par ailleurs au livre de
Clarke (2008).



3€ Introduction

1.3. Motivations

Version Francaise

Cette these aborde diverses thématiques liées aux mécanismes, a la modulatiorpréwviaida
d’ENSO. Chaque chapitre (du chapitre 2 au chapitre 6) aborde une thématique spécifique é&tepeu
considéré indépendamment, bien que les thématiques soient liées et que le manuscrit suiggess®pr
logique et technique (voir aussi le plan en section Pak)ordre d’apparition, les thématiques suivantes
seront abordées :

- Ch.2: Le processus de recharge-décharge tan&n Pacifique équatorial.
- Ch.3: Le rble du couplage océan-atmosphdmes la formation d’ENSO.

- Ch.4: La sensibilitéd’ENSO a la stratification océanique.

- Ch.5: Le role de I’état moyen sur la modulation décennale d’ENSO.

- Ch.6: L’assimilation de données altimétriques dans les mod&dSO.

Chapitre 2 Dans le théories majeures d’ENSO, 1’ajustement de I’océan équatorial a échelle de
bassinpermet 1’oscillation entre phases El Nifio et La Nifia (Jin, 1997a). Cet ajustement consiste notamment
en une évolution du contenu thermique équatorial (Warm Water Volume), queiaté&ghelle interannuelle
la propagation et la réflexion des ondes océaniques équatoriales. Il a été décrit deuns ghusies avec des
degrés de complexité différents (e.g. Jin, 1997a; Clarke, 2010; Fedorov, 2010). Neerodgnin modele
d’évolution du WWV en nous appuyant sur ces études, avec des hypothéses supplémentaires permettant
d’obtenir des solutions simplifiées. Nous fournirons également un formalisme qui permiestimer,
additionellement & 4justement de 1’océan a échelle de bassin, le bilan d’énergie associé (Brown et Fedoyov
2010). Ce formalisme differe des études précédentes car il considére les premiers modksebarun
océan continlment stratifié

Chapitre 3 L’interaction océan/atmosphere dans le Pacifiqgue équatorial est un élément essentiel de
la dynamique ENSO. Le formalisme des instabilités couplées a regu une grande attention pour @mprendr
une telle interactiorgar il permet d’identifier les échelles et processus dominants qui y sont associés (Neelin
et al.,, 1998) Alors que les diagnosticexistants sont basés sur 1’analyse de stabilité temporelle, nous
implémenterons un diagnostique original (Huerre et Monkewitz, )1§9i0détermine par ailleurs la nature
absolue ou convective des instabilités couplées. Ce diagnostic permettsauderde role de la variabilité
stochastique de 1’atmosphére ainsi que le role des réflexions aux frontiédess la formation d’ENSO, qui
sont toujours en partie méconnus (e.g. Weisberg and Wang, 1997

Chapitre 4 La dynamique du cycle ENSO est sensible aux caractéristiques de la stratification
océanique dans le Pacifique équatorial (Moon et al.,;2D8ditte et al., 2007; 2009). Cette sensibilité est

intéressante a comprendre pour appréhender les changements de dydaiN§@e dans un contexte de
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réchauffement climatique global, pour lequel les projections des modéles montrent orentatign
significative de la stratification océanique dans le Pacifique équatdrnahéfmann et al., 199%n et al,

2008). La stratification océanique moyenne modifie en particulier la projectidorchge en vent sur les
premiers mode baroclines de 1’océan, et ainsi leurs contributions a la dynamique océanique (Dewitte et al.,
1999 Dewitte, 2000 Yeh et al., 2001). Nous proposons de traiter ce sujet dans un cadre conceptuel, ol nous
construirons un modele réduit coupfei retient la dynamique essentielle d’ENSO et prend en compte les
premiers modes baroclines d’un océan continlment stratifié. La stabilité du modéle permettra de documenter
la sensibilit¢ d’ENSO a la stratification moyenneade 1’océan, et en particulier aux caractéristiques de la
thermocline équatoriale. Nous mettrons également en évidence certaines limitations npraleena
I’estimation statistique de la rétroaction de la thermocline (Zelle et al. 2004

Chapitre 5 Le cycle ENSO montre une modulation décennale de ses caractéristiques qiéeest rel
en partie aux changements des rétroaction¥te moyen du Pacifique équatorial (An et Jin, 2001 Fedorov
et Philander, 2001). Plusieurs diagnostics permettiant un cadre linéaire, d’étudier cette relation (Jin et
al., 200§. Ces diagnosticpeuvent s’appliquer par exemple dans les observations, les réanalyses ou les
projections climatiques. Ils permettent de comprednement 1’état moyen module en partie la variabilité
ENSO sur des échelles de temps décennalestfAang, 2000An et Jin, 2000). Par ailleurs, il reste encore
a déterminer les rétroactions qui seront les plus influentes pour le changemexigokna venir, afin de
pouvoir se prononcer sur une amplification ou tédaction de I’activité ENSO (Collins et al., 201D Nous
utiliserons un modeéle réduit couplé pour diagrpsti les rétroactions de 1’état moyen et la stabilité ENSO
associée au cours des derniéres décennies. Cette approche permettra notamment de aceepsbdité
d’ENSO a la stratification océanique, aux rétroactions atmosphériques et thermodynamiguss. N
discuteros aussijusqu’a quel point notre diagnostic peut rendre compte teidmentation récente de
I’occurrence des événements El Nifio du Pacifique Central, dont les mécanismes regdampatt
méconnus (Ashok et al., 200¥eh et al., 2009Takahashi et al., 2011).

Chapitre 6 La simulation et la prévision d’ENSO sont des sujets de grand intérét, pour lequels les
méthodes d’assimilation de données qui prennent en compte les incertitudes des modéles et des observations
peuvent fournir des améliorations significatives (Cae@ane, 2008). Nous construirons et implémenterons
un Filtre de Kalman d’Ensemble (Evensen, 2003dans un modéle de complexité intérmédiaire du Pacifique
équatorial déja existant (Dewitte, 200@¥in d’assimiler des observations de niveaux de la mer et
d’initialiser des prévisions rétrospectives. Dans la continuité des autres chapitres, nous déterminerons les
apports de la méthodBassimilation sur la dynamique réduite dENSO qui est simulée par le modéle. Un
élement clé que nous aborderons est la contraéntajustement de 1’océan a échelle de bassin, qui suit le
paradigme de recharge/décharge (Jin, 199éimen et McPhaden, 2000).
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English Version

This thesis treats a various topics related to ENSO mechanisms, modulation and feeetashapter
(from chapter 2 to chapter 6) treats a specific topic and can be considered indepettdargh the
thematics are related and the manuscript follows a logical and technical pogEes also the plan in
section 1.4). In order of appareance, the following topics will be treated:

- Ch.2: The recharge-discharge process in the Pacific equatorial ocean.
- Ch.3: The role of the ocean-atmosphere coupling on ENSO formation.
- Ch.4: The sensitivity of ENSO to ocean stratification.

- Ch.5: The role of the mean state on the decadal modulation of ENSO.
- Ch.6: The assimilation of altimetric data in ENSO models.

Chapter 2In major ENSO theories, the adjustment of the equatorial ocean at basin scate fermi
oscillation between phases of El Nifio and La Nifia,(1997a). This adjustment consists notably in an
evolution of the equatorial heat content (Warm Water Volume), whichratesgat interannual timescale the
propagation and reflection of ocean equatorial waves. It has been described in variossvtudigferent
degrees of complexity (e.g. Jin ,199%larke, 2010 Fedorov, 2010). We will derive a model for the
evolution of the WWV based on those studies, with supplementary hypotheses that peoiptifin
simplified solutions. We will also provide a formalism that allows estimgatadditionnaly to the ocean
adjustment at basin scale, the associated energy budget (Brown and Fedorov, #9I0)malism differs
from previous studies because it considers the first baroclinic modes of a continuously stratified oce

Chapter 3The ocean/atmaosphere interaction in the equatorial Pacific is an essential feature of ENSO
dynamics. The formalism of coupled instabilities has been given great focus totamdietsch interaction
because it permits to identify the leading scales and processes associatdietinitet al., 1998 While
existing diagnostics relate on temporal stability analysis, we will implemeatiginal diagnostic (Huerre
and Monkewitz, 1990that further assesses the absolute or convective nature of couplediiiestabihis
diagnostic will permit to discuss the role of atmospheric stochastic variability andadlleeof boundary
reflections in the formation of ENSO, which are still partly unknown (e.g. Weisberg arg] ¥@97).

Chapter 4 The dynamics of the ENSO cycle is sensitive to the characteristics of the ocean
stratification over the equatorial Pacific (Moon et al., 20Ddwitte et al., 2007; 2009). This sensitivity is
interesting to understand in order to apprehend changes in ENSO dynamics in a ¢aitde avarming,
for which model projections evidence a significant increase in oceaificsitin over the equatorial Pacific
(Timmermann et al., 1999An et al.,, 2008). The background stratification modifies in particther
projection of wind stress forcing onto the gravest ocean baroclinic modes, antdheis sortributions to the
ocean dynamics (Dewitte et al., 19%%witte, 2000 Yeh et al., 2001). We propose to treat this topic in a

conceptual framework, where we will design a reduced coupled model that retaessémtial ENSO
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dynamics and takes into account the gravest baroclinic modes of a continuougigdstraéian. The model

stability will permit to document the sensitivity of ENSO to the bamkgd ocean stratification, and in
particular to characteristics of the equatorial thermoclinewW also stress certain limitations arising from
the statistical estimation of the thermocline feedback (Zelle et al. 2004).

Chapter 5The ENSO cycle shows a decadal modulation of its characteristics that is related to some
extent to changes in the retroactions of the equatorial Pacific mean stated(Amna 2001 Fedorov and
Philander, 2001). Various diagnostics permit, in a linear framework, to studldtiom (Jin et al., 2006).
Those diagnosticsanbe used for exampla observations, reanalyses or climate projectidhsy permit to
understand how the mean state modulates in part the ENSO variability on diecasizdles (An and Wang,
2000 An and Jin, 2000). Also, there is still at this time the need to detemiod feedbacks will be most
influent for the future climate change, in order to give an opinion on afif@ation or a reduction of the
ENSO activity (Collins et al., 2010). We will use a reduced coupled modedgoale mean state feedbacks
and associated ENSO stability over the recent decades. This approach willnmaiy to compare the
sensitivity of ENSO to the ocean stratification, the atmospheric anddddgnamic feedbacks. We will also
discuss to which extent our diagnostic can account for the recent increase in the ceafir@ardral Pacific
El Nifio events, which mechanisms remain partially unknown (Ashok et al.,; 200 et al., 2009
Takahashi et al., 2011).

Chapter 6 The simulation and forecast of ENSO is a topic of great isfefer which data
assimilation methods that account for uncertainties in models and observations cde pigwificant
improvements (Chen and Cane, 2008% will design and implement an Ensemble Kalman Filter method
(Evensen, 2003in an already existing intermediate complexity model of the equatorial PéDiitte
2000), in order to assimilate sea level observations and to initiatizespective forecasts. In the continuity
of the other chapters, we will assess the improvements from the assimilatltoodon the low-order ENSO
dynamics that is simulated by the model. A key feature that we willomkeis the constraint of the ocean
adjustement at basin scale, which follows the recharge/discharge paradigm (Ja, Né@en and
McPhaden, 2000).
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1.4.Plan

This section details the organization of the manuscript. In addition to the introdwecti@hysion and
appendixes, the core of the manuscript accounts for five chapteralin tot

The core of the manuscript (chapters 2 to 6) treats various topics related to ERS@nisms,
modulation and forecast. Each chapter treats a specific topic and can be considered independently, though the
topics are related and the manuscript follows a logical and technical progéds&gochapters are ordered
such that the lecture of each chapter is useful for the following ones. We testsvely elements of ocean
dynamics (chapter 2), coupling with the atmosphere (chapter 3), reduced imeol€isg ENSO oscillations
(chapter 4), ENSO decadal modulation (chapter 5), and ENSO prevision with dataatissimilethods
(chapter 6). Background elements, whenever necessary, are recalled at the befiaaiiychapter, and
also sirve for the next chapters. We recall background elements on ogeamiat in chapter 2, on
atmosphere dynamics and mixed-layer thermodynamics in chapter 3, and on data assimilation in chapter 6.

Noteworhty, we present in those chapters a hierarchy of models with a general continuity. The chapters
are also ordered with respect to the increasing complexity of this hierarcimodéls. The main
characteristics of this hierarchy are summarized in the table next pageoddlsrare of the equatorial
Pacific, and simulate the evolution of anomalies around a prescribed mean state. Thenewblukbdel
variables may depend on time (0-D), longitude and t{f®), or longitude, latitude and timé-D).
Although each model is designed for the specific needs of its associated topic, themeeisahapntinuity in
the hierarchy. This is best described by successive approximations from the most dddip®% model to
the TW model. The LODCA model considers shallow-water dynamics of the gravest iedjetarclinic
modes, coupled with the evolution of sea surface temperatures and the atmosphere.nfdaeléan be
seen as a reduced version of LODCA, with a projection of shallow-water dynamécpiatorial wavesnd
only main processes controlling sea surface temperatures. The AC model is spewific coupled model
that does not include reflections at the eastern and western boundahesqtiatorial Pacific. Finally, the
TW model considers only the evolution of the ocean, with a further asymptotic expansioriraloencies.

The time spent on each chapter represents approximately 10% (ch.2), 10% (ch.3), 2p%20(eh.4
(ch.5), and 30% (ch.6) of the total investment, with the remaining 10% dedicatteel tedaction of the
manuscript. This is, however, difficult to estimate exactly, because theediffevorks have largely

complemented one another.
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Chapter

2. Ocean Dynamics

This chapter is dedicated to the study of ocean dynamics in the equatorial. Reeifiecall at fist
general elements of ocean dynamics that are relevant to ENSO. In this thesis, we focus on tatigpre$en
the baroclinic structure of the ocean in the continuously stratified case (whiigferent from the two-layer
approximation). Leading assumptions and limitations of this representatodiscussed, in particular the
fact that in the linear framework zonal changes in stratification areakenh tinto account. Elements of
shallow water dynamics and equatorial wave dynamics are also recalled. [Enosete serve as a reminder
of previous studies. We also propose the adaptation of an integrated ocegnbeidget to the particular
case of shallow water dynamics with a baroclinic structure.

In the equatorial Pacific, the adjustment of the ocean to wind stress fatchagin scale and at
interannual timescale is a central feature of the ENSO cycle. Several studiednsppagticular the link
between the fast component of equatorial wave dynamics and the slow adjustment of thélefaato
content (or Warm Water Volume) at larger timescales. We propose a reduced odea(time TW model for
Tilt and WWW mode) that is derivedn the low-frequency approximation, which permits to filter the fast
component of equatorial waves. As compared to previous studies, we propose additional hypiddingsis
in order to derive simpler yet representative solutions. With this, wlewvthermocline adjustment at basin
scale and interannual timescale is described by the temporal evolutiom oéal modes, the so-called Tilt
and WWV modes. Those zonal modes are associated to the popular recharge/disclaige.par
submitted article is included that presents main results. Supplementary materddds grevided, where we

discuss sensitivity of the WWV mode adjustment to the ocean baroclinic structure.
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2.1.Background

2.1.1.The Boussinesq Approximation

We derive linearized ocean dynamics in the equatorial Pacific, in the case tihaamasly stratified
ocean We consider departure of anomalies from a reference mean state constant in tiese,aadrin

hydrostatic balance. The mean state depends only on depth z. For convenience the totad depsitsted

as pot+ ;(z) +p, wherep, is the mean water density (~1024 kﬁ)n;(z) accounts for continuous variations

of mean density with deptt;(z) <<p,) andp is density anomalies relatively to the mean state. For small

departures from mean state, linearized momentum equations read

po(0U—pyv)=—0,p+X, (2.1)
po (0, v+ Byu) = -0, pY, (2.2)
0,p=-pg (2.3)

wheref is the beta-plane parameter and g the gravity constaridu are zonal and meridional current
anomalies, p is pressure anomaliesand Y are respectively zonal and meridional component of wind stress
forcing vertical derivative. They are equal tg= X /hmx andY= 7, /hyi in the ocean mixed layer of deptih
and are null belows, andz, are respectively zonal and meridional wind stress forcing. The incompressibility
equation and continuity equation read respectively
o,u+d v+o,w=0 (2.4)
0,p+wd,p(2=0 (2.5)
where w is vertical current anomalies. The Boussinesq approximation is considerethrehdensity
anomalies are accounted for only in the vertical momentum equation 2.3 and continuity equatioricéab. Vert

current anomalies w are directly related to density anomalighis relation depends on the mean vertical

gradient of density that is described conveniently by the Bruis\&frequency N (in'Y, also called mean
buoyancy or mean stratification, wh N?(z) =—gd, p(2)/p,. In general Ris positive. Noteworthy, N

sets the ratio between the vertical displacement of layers (isopycnes) and horizontalecoeyeingergence
Supposing that ftonstant locally, the vertical stretching of layM ? = —go,p/p, is related to horizontal
convergence/divergenes o,M 2:Nz(axu+8yv), therefore the greater the mean buoyantyHe greater

the stretching at equivalent horizontal convergence/divergence.
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2.1.2.Baroclinic Modes Projection

We projectequations 2.1-2.5 on a basis of ocean baroclinic modes, where we recall that densit
changes are continous with depth. For the physical processes that are relevarrtdlear, horizontal
scales are very largas compared to vertical scales. Therefore we separate horizontal and vertical

dependency using a baroclinic mode projection, which reads

X, Y a
(ulvl_p 1_21_2 Z(unlvnlpnlxn!Yn)Fn(Z) (26)
Po Po Po) n=0

where vertical functions Fdepend on depth z, and baroclinic variables in the right hand side of equation 2.6
do not depend on depth. For each baroclinic mode, baroclinic variables verify the sistgnations 2.1-
2.5 as well as a free surface condition and a no-slip condition at the ocean tfadionat depth H. This

forms a Sturm-Liouville problem for each baroclinic mode that reads

szn Fn —_
Fy +5-0 atz=0 (2.8)
N? g '
d,F.=0 at z=H (2.9)

We use a shooting-method (from a discretised verticale profile) to solveutm-ISouville problem (see
Press et al., 2007, its section 18.1). This gives an infinite set of baroclinic modes withedgd@ae speed
C, (that are roots of the Sturm-Liouville probleemd associated vertical functiong Fhe baroclinic modes
are usually classified and truncated with decaying eigenvajudse vertical functions fare orthogonal

according to the norm
j: F.F dzs, (2.10)

whered,m is the Kronecker delta. They are further normalised such tf@=R.. The projection of variables
from the ocean dynamics is straightforward using this scalar product, eecepind stress vertical
derivatives that vanish below the mixed-layer, and for which a projection cesffigj is introduced. For
each baroclinic mode wind stress vertical derivatives are equal®®,%/p, and Y=P,z/0, where

projection coefficients fPare computed as

p= J‘:mix FndZ

1
= "% or alternatively Pn:(J.O Fnzdz) (2.11)
2 H
Mo [, Fo’dz

- 1
and verify Y P= o (2.12)
n=0

mix



4€ Ocean Dynamics

The alternate expression of, B valid for the gravest baroclinic modes that are approximately
constant in the ocean mixed layer. To solve the ocean dynamics, one solves indgptredgtiamics for
each baroclinic mode then sums each component to reconstruct dynamical variables. At atliybeidat
anomalies can be reconstructed from pressure anonaibs= (d,F/N?)p,. This permits to reconstruct
thermocline depth anomalies (by summing contributions, @it the mean thermocline depth). In the ocean
mixed-layer it is assumed a null stratification, therefore height anomalies (elgveleanomalies) are rather
reconstructedas h,=py/g. We further introduce a dissipation coefficiegt that accounts for viscous
dissipation in the form of Rayleigh friction in the horizontal momenéaguations. An identical dissipation
coefficient is included in the vertical momentum equation equation, which facilitatesallyecanh treatment,
even though the two dissipation coefficients are not required to be equal. Followingt@&n{1983) the
dissipation coefficients may be parametrised as following a power lag~iy% where g is chosen
depending on the type of friction considered (q=0.5 for a Rayleigh friction, 1.5 for Laplacian damping, 2.5 in

McCreary, 1981). The dynamics for each baroclinic mode is similar to thefatallow water dynamics,

which reads
(at +8n)un _ﬁyvn: _axpn+ PnTX/pO (213)
(O, +&)V, + fyu,=—0,p,+ Pz, lp, (2.14)
(6, +&,) PG (8,U,+0 v, )=0 (2.15)

A more detailed derivation of the baroclinic mode projection can be found ine(Jaok8, its chapter 3)
See also for example McCreary (1981), Dewitte (2000), Keenlyside and Keg@82), and Shu and
Clarke (2002

2.1.3.Baroclinic Structure

We describe the structure of the gravest ocean baroclinic modes in the egBatifie. Figure 2.1
shows the mean density and Brunt-Vaisala frequency of the equatorial Pacific, as a bfriotigitude and
depth. The mean density depends on temperature and salinity. It increases Wwijtardkptso shows a zonal
contrast with minimal values in the western Pacific Warm Pool, marked by wé@hnagh saltier) waters.
The Brunt-Vaisala frequency is proportional to the vertical gradient of mearntyjemd shows maximal
values around the equatorial mean thermocline. The mean thermocline is located alafomweders in the
central Pacific and shoals in the eastern Pacific. Although the equatorial Raoiis important zonal
variations in density, the linear formalism of baroclinic modes is able to cormifiera single vertical
structure of mean density. Strategies to overcome this issue are prap&®ahliyside and Kleeman (2002)
and Dewitte et al. (1999), but will not be considered here. Following De(&ifi@0), a mean density profile
is chosen that is representative of the central Pacific stratificatiosiSThecause wind stress anomalies that

force ocean dynamics are maximal in this area.
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Figure 2.1 (a) Mean density (kg.ff) and (b) Brunt-Vaisala frequency (ifin of the equatorial Pacific as a
function of longitude and depth (m). Fields are deduced from the SODwlysas (Carton and Giese

2009 over 1958-2008.
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Figure 2.2 Baroclinic structure of the equatorial Pacific at the dateline, as a function of (d@ptta) Mean
density, (b) Brunt-Vaiséala frequency, and (c) Vertical functions efassociated gravest ocean baroclinic

modes. Fields are non-dimensional.

A mean density profile is computed at the dateliries density profile and the vertical functions of
the associated gravest baroclinic modes are shown in figure 2.2. Thalvexdide for n=0 is called the
barotropic mode because its vertical function is constant. It has a verplapggation speed<2000 m.8
and describes notably the tidal response of the ocean, but is irrelevant fmoblem (not shown). The
modes for n>0 are the baroclinic modes, in which motion depends on deptioci8eon the gravest
baroclinic modes (n=1, 2, 3). Each vertical functignigequal to unity at the surface, and its number of
nodes (where [Fvanishes) is proportional to the order n. Its derivative is maxiroal the upper ocean to
the mean thermocline depth. Note that under the hypothesis of large scale densiggscie vertical
functions can also be expressed analytically using a Wentzel-Kramers-Bri(MWKiB) approximation

(Chelton et al., 1998 From a dynamical perspective, the gravest baroclinic modes are sufficienbtmtac



48 Ocean Dynamics

for large scale motion in the upper ocean, such as vertical movements of the &qtretomocline for
example. Higher baroclinic modes are however necessary to account for shaathsiedility such as in the
ocean mixed-layer for example (Dewitte &t 4999). Also a greater number of modes is necessary so that
dynamical variables (pressure, currents...) vanish in the deep ocean (below 500 m approximately).
Parameters associated to this baroclinic structure are shown in tablbedravest baroclicimodes have
greatest phase speeg greatest wind stress projection coefficientsstallest vertical derivativef,/ N at
the mean thermocline depth (150m), and smallest dynamical damping

The representation of ocean dynamics with a baroclinic structure gothimuously stratified case

shares some similarities with the layered representation. We discuss thametigisnih appendix 1.

Baroclinic mode 1 2 3 4 5

Phase speed ¢m.s") 2.7 1.6 1.1 0.8 0.5
Projection coefficient P(mm’?) 3.8 3.6 15 1 0.9
d,F./ N at 150m (. 16.2 42 77.4 80.1 38
Dynamical damping %} (mths) 30 23 18 15 13

Table 2.1: Baroclinic structure parameters.

2.1.4.Energy Budget

We propose the adaptation of an integrated ocean energy budget to theapartisal of shallow
water dynamics with a baroclinic structure. Brown and Fedorov (2010) propdseegrated, basin-wide
ocean energy budget of the equatorial Pacific for application in observatiomaslyses and CGCM runs
(see also Goddard and Philander, 2008dorov, 2007Brown and Fedorov, 200®8rown et al., 2010)
With this view, the interannual variability is described in terms of the balagiwéecen energy input from
wind stress forcings (i.e. wind power) and changes in the storage of av@itdaehtial energy. This integral
approach has proven successful for intermodel comparison, and was recently apphedetpdtorial
Atlantic ocean (Burls et al., 2011

This energy budget has also been derived for application in the simpler cabkallofv-water
dynamics with two layers (see appendix B of Brown and Fedorov, 2010). We follovilar $ormalism, but
in the case of shallow waters dynamics with a baroclinic structure. We cosbaliyw water dynamics
from equations 2.13-2.15 in the long-wave approximation (i.e. the meridional momenturore@uidiis in
geostrophic balance) and omit the contribution from meridional wind stressgofFor each baroclinic

mode we derive a local energy budget:

0, +2¢,)e, +p, (0,u,p, +6yun p,)=Pu.z, (2.16)

e, = 05p_(u> + p2/c?) (2.17)
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The dissipation rate&? sums two dissipation rates that are identical in the equatiorsnaf and vertical
momentum 2.13 and 2.15 respectively. When further averaging horizontally over the equatorial Pacific basin,

we obtain a global energy budget, similar to the one of Brown and Fedorov (2010), which reads:

(0, + 2¢,)E, = PW, + energylossat boundarie: (2.18)
E, = 05/ p,(u} + p}/ct)dxdy (2.19)
W, = jfunrxdxdy (2.20)

where E is available potential energy by depth meter §.and W is wind power (Watts). Available
potential energy accounts for both kinetic and potential energy, although kinetig snsegondary (Brown

and Fedorov, 2010). Wind power accounts for the work of wind stress fofcita available potential
energy and wind stress power can be reconstructed by summing the (orthogonadyitammtirom each
baroclinic modes and integrating vertically. This energy budget gives a simplefiqgaaoti of the energy
transfer rate from wind stress forcing to the ocean dynamics. It shows (cf.oegRdiB) that the gravest
baroclinic modes are the ones that project more wind power (with transfep)ratelRhat are less dissipated
(with dissipation rate &). They are therefore the most relevant for the conversion and storage of available
potential energy. This theoretical formalism might also be useful to qu#mtifoaroclinic modes variability,

as a perspective for future works.

2.1.5.Equatorial Waves

We recall the theory of equatorial waves that can describe the traresponse of the equatorial
Pacific at interannual timescale (see also Clarke, 2008, its chapter8 Eig shows a dispersion diagram
(k for wavenumber and for frequency) of all equatorial waves that are solutions of the shalkaer w
dynamics from equations 2.13-2.15. At large spatial and temporal scales treleasat to ENSO (c.f. red
square), relevant solutions are equatorial Kelvin and Rossby waves, which can be considdiguensive.
For each baroclinic mode, there is a single Kelvin wave and an infinite ssfuaforial Rossby waves
(ordered with index m). To derive those solutions in the long-wave approximadkienmeridional
momentum equation 2.14 is approximated to geostrophic balance, and we furthbeanittribution from

meridional wind stress forcing.
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Figure 2.3: Dispersion relation of equatorial waves, as a function of thenwamer k and frequency
(adimensionalized by phase speed and Rossby radius). A single hanoclde is considered. nndicates

the meridional order for the different types of equatorial waves. Only n2=@1shown (adapted from
Clarke, 2003

For each baroclinic mode n, the evolution for Kelvin waweK) and Rossby waves,Rx, t) reads

0, +&,) K, +¢,0,K, Siilil (2.21)
Cn
c P.F
a4+ __ & 5 — _nRm
( t gn)an (2m+1) anm Cn (222)
< TXWO >
Fo—_"x0~
<= L (2.23)
m(m-+1) |:<ry/ > <ty 1>}
Fem = it 72 2.24
T 2@em+)p L, | Jmel Jm (224

where ¢ is the phase speed, R the wind stress forcing projection coefficieht, = \/c,/f is the ocean

Rossby radius, ang, is the dissipation rate. The Kelvin wave propagates eastward at spedtdle the
Rossby wave of order m propagates westward at spé2ch€1). The initial set of equations (2.13-2.15) has
been projected on the meridional basis of Hermite functignsThose functions are scaled by the ocean

Rossby radius |- which readsy,(y/L,) in equations 2.23 and 2.24. The Hermite functions are defined as

Vo (Y)= ex“\;%“(y) with H,,(y)=(-)"e” d"(e™) (2.25)

and are orthogonals according to the scalar product

<>= j‘” dy (2.26)
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If the system from equations 2.13-2.15 is truncated at the contribution from egjulddvin and
Rossby waves, zonal currents anomaligsand pressure anomalies for each baroclinic mode are

reconstructeds

Uy Vima Vi
- nwo+Zan{ Nl Jﬁ} (2.27)

p Vi '//m—l
Cn - nl//0+anm{ /—1 \/_i| (228)

where the number of Rossby wave m used in the truncature has to be determimedridioaal profiles of
pressure and zonal current anomalies reconstructed from equatorial Kelvin and R@ssily-vaves are
shown in figure 2.4For m even, Hermite functions are symmetrical, therefore the meridionfdegrof
Kelvin and Rossby-1 waves are symmetrical. The meridional extension is diffareatch baroclinic mode
due to the ocean Rossby radius The reader is invited to refer to Clarke (2008, its chapter I3)hfo
reconstruction of other fields.
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Figure 2.4 Non-dimensionnal meridional profiles of equatorial Kelvin waves (left) Rodsby waves (right),
as a function of latitude (degrees north). The figure shows meridioofilep for the contribution to
pressure (H, also height) and zonal currents (U), for the first (bladdnd (red) and third (blue) baroclinic

mode.

The equatorial waves reflect at the eastern and western border of theriebjiRacific. The
equatorial Pacific extends approximately from 120°E (Indonesia-Australia) to @2&wi-Ecuator), with a
length around L=14 000 km. For the first baroclinic mode the Kelvin wave crosses iimenbaound 2
months and the Rossby-1 wave in around 8 months. At the borders Kelvin waves are iafiededsby

waves and inversely, which can be introduced through reflection coefficients as

Ky 0= ranR 1 (O1) (2.29)
Rum(Lt)=r, K (Lt) (2.30)

wherergny is the reflection coefficient of Rossby-m wave into Kelvin wave at tbstevn boundaryx€0),

and K, is the reflection coefficient of Kelvin wave into Rossby-m wave at #iséeen boundary éL). The
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eastern boundary may be approximated into an infinite wall oriented meridionilya wo-slip condition
The western boundary is formed of many islands and is therefore gappy. It nappriogimated as a
condition of null normal flow. This reads

u(L,y,t)=0 (2.31)

I: u(0,y,t)dy=0 (2.32)

Under those approximations, reflection coefficients can be determined by recurrenceddn(Boulanger

and Menkes, 1995). In particular

ra=1, rg; =+3/2 andr,, =+/158 at the eastern boundary (2.33)
rri=1/2, Ty =1/ 46 and ry, =1/4+/30 at the western boundary (2.34)

Also it can be considered that since Kelvin waves are symmetrical meridtbegilpnly reflect into
Rossby waves that are symmetrical (i.e. with m odd) and inversely. In prémtEes at boundaries are more
complex than from this view and may be further parametrised (see Clarke, 200Bapter 4 for a
discussion). At the eastern boundary a part of the equatorial Kelvin waveriflaoted and continues its
propagation into coastal Kelvin waves along the American coast (both northwasbw@hdiard). At the
western boundary one may take into account the observed throughflow from theiaigBatwfic to the

equatorial Indian ocean.
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2.2.Derivation of the Oceanc Recharge-Discharge Modes

2.2.1.Article submitted to Journal of Physical Oceangraphy.

Based on previous elements of ocean dynamics, we propose a reduced ocean model @delTW m
that simulates the adjustment at basin scale of the equatorial Pacifimode is presented in an article
submitted to the revue Journal of Physical Oceanography (Thual et al.,).2818dvel derivation is
proposed that permits, using a minimum of approximations sigchn asymptotic expansion at low-
frequencies, to retrieve the dynamics of the Tilt and WWV modes that are assowiatdu
recharge/discharge process of the equatorial thermocline.

Abstract: The dynamics of ENSO (ElI Niflo Southern Oscillation) is largely adsdci the
interannual and basin-wide adjustment of the equatorial Pacific ocean. This amjeatment involves,
among others, the faster propagation and reflection of equatorial long-waves forced by wiridreings\
novel derivation is proposed for the ocean component of the recharge/discharge mathetetaims only
the essential dynamics of these processes: gravest baroclinic modes, firsti®doayg-waves, zonally-
averaged wind stress forcing and low-frequency approximation. Model dynamics reduce to thedso-ca
“Tilt” and “WWV” (Warm Water Volume) modes, corresponding respectively to a zonal sloping and a
homogeneous shallowing/deepening of the equatorial thermocline. The Tilt mode adjiastsyi to wind
stress forcing, while the WWV mode adjusts as a time-integrator. Main improwemgrntompared to
previous studies are a simpler yet physical model derivation, which gives semptive dissipation rate of
the WWV mode that accounts for both losses by friction and at boundaries, as arelbaslicit sensitivity
to wind stress curl. Despite its simplicity, the model forced by obseriedsweproduces accurately the
large-scale features of thermocline depth variability, giving furthereecil of the recharge/discharge

process relevance.
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Abstract

The dynamics of ENSO (El Nifio Southern Oscillation) is largely associated to the interannual
and basin-wide adjustment of the equatorial Pacific ocean. This ocean adjustment involves, among
others, the faster propagation and reflection of equatorial long-waves forced by wind stress forcing. A
novel derivation is proposed for the ocean component of the recharge/discharge model, which retains
only the essential dynamics of these processes: gravest baroclinic modes, first equatorial long-waves,
zonally-averaged wind stress forcing and low-frequency approximation. Model dynamics reduce to the
so-called “Tilt” and “WWV” (Warm Water Volume) modes, corresponding respectively to a zonal
sloping and a homogeneous shallowing/deepening of the equatorial thermocline. The Tilt mode adjusts
instantly to wind stress forcing, while the WWV mode adjusts as a time-integrator. Main
improvements as compared to previous studies are a simpler yet physical model derivation, which
gives a representative dissipation rate of the WWV mode that accounts for both losses by friction and
at boundaries, as well as an explicit sensitivity to wind stress curl. Despite its simplicity, the model
forced by observed winds reproduces accurately the large-scale features of thermocline depth

variability, giving further evidence of the recharge/discharge process relevance.



1. Introduction

The ENSO (EI Nifio Southern Oscillation) is the most energetic climate fluctuation known on
Earth after the seasonal cycle, with dramatic ecological and social impacts. Its dynamics is largely
associated to the slow and basin-wide ocean adjustment of the equatorial Pacific (Cane and Zebiak,
1985; Neelin et al., 1998). In ENSO theory, this ocean adjustment may drive a phase reversal from El
Nifio to La Nifa and inversely, through the propagation and reflection of equatorial waves (Suarez and
Schopf, 1988) or the recharge/discharge of the equatorial heat content (Jin, 1997a; b). This ocean
adjustment involves considerable energy exchanges through variations of the equatorial thermocline
depth (Fedorov, 2007; Brown and Fedorov, 2010), and explains the relatively high predictability of
ENSO (Meinen and McPhaden, 2000; McPhaden, 2012).

The slow ocean adjustment of the equatorial Pacific has been described in previous studies
with different degrees of complexity (e.g. Jin, 1997a; b; Fedorov, 2010; Clarke, 2010). A common
feature of those studies is the consideration of a low-frequency approximation, i.e. of a slow
adjustment that integrates, on an interannual timescale, faster processes of the equatorial Pacific ocean.
Jin (1997a) has illustrated the major recharge/discharge paradigm of ENSO in a conceptual model,
where ocean dynamics is averaged and discretized into a western and eastern box of the equatorial
Pacific, and where, in the low-frequency approximation, the propagation time of equatorial Kelvin
waves is omitted. Jin (1997b) has further derived a stripped-down coupled model with a synthetic
representation of equatorial wave dynamics, exhibiting in the low-frequency approximation an ENSO
regime with essential physics from Jin (1997a). Fedorov (2010) has considered the low-frequency
approximation in order to expand the solutions of ocean shallow-water equations into power series.
This allows describing ENSO with a rigorous and rich integro-differential equation, which
encompasses both paradigms from Suarez and Schopf (1988) and from Jin (1997a; b).

At interannual timescale, the thermocline adjustment to wind stress forcing can be described
by the evolution of two zonal modes of basin scale, the so-called “Tilt” and “WWYV” (Warm Water
Volume) modes (Meinen and McPhaden, 2000; Clarke et al., 2007; Clarke, 2010). The Tilt and WWV
modes can be statistically inferred from the first and second EOF modes of observed thermocline
depth anomalies, as shown in figure 1 (from Clarke et al., 2007). They consist respectively in a zonal
tilting and a homogeneous shallowing/deepening of the equatorial thermocline. The associated
timeseries show that the Tilt and WWYV modes are in phase respectively with SST and time-integrated
SST anomalies. Since, at interannual timescale, SST anomalies are almost in phase with wind stress
anomalies, the Tilt mode adjusts instantly to the wind stress forcing, while the WWYV mode adjusts as
a time-integrator. Those modes are encountered (though not named) in the recharge/discharge model
of Jin (1997a; b) that relates on a synthetic representation of equatorial wave dynamics. Clarke (2010)

has further confirmed and documented that those modes can arise, in the low-frequency



approximation, from the faster propagation and reflection of equatorial waves. The evolution of the
WWYV mode is, however, also controlled by additional processes than the recharge/discharge process
of the equatorial Pacific ocean (Meinen and McPhaden, 2000; Clarke et al., 2007; Bosc and Delcroix,
2008; Lengaigne et al., 2011).
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Figure 1: (a) First EOF (51% of variance) of 20°C isotherm depth anomaly (m) in the equatorial Pacific (5°N-
5°S) and (c) corresponding first principal component (solid line). The dashed curve in (c) is the Nifio-3.4
SSTA timeserie (c=0.93). (b) Second EOF (35% of variance) and (d) the corresponding second principal
component (solid line). The dashed curve in (d) is the time-integrated Nifio-3.4 SSTA timeserie. All

timeseries are normalised at variance=0.5 (from Clarke et al., 2007).

In this article, we derive a novel recharge/discharge model that reunites and extends some
essential results of those studies dealing with the slow and basin-wide adjustment of the equatorial
Pacific ocean. The model dynamics are similar to the one of Jin (1997a; b), though with a different
derivation as we take advantage of an algebraic expansion in Fourier space similar to Fedorov (2010).
The thermocline variability reduces to a Tilt and a WWV mode similar to Jin (1997a; b; Clarke, 2010),
with additionally an explicit sensitivity to wind stress curl as already suggested by Clarke et al. (2007)
and Fedorov (2010). For clarity, the model will be denoted hereafter as TW model (for “Tilt and
WWYV” model).

The article is organised as follows: section 2 presents shallow water equations in the long-
wave approximation that are considered as a starting point to derive the TW model. Section 3 presents
solutions from those shallow water equations in the case without wind stress forcing. Section 4 derives
the TW model from the shallow water equations of section 2, in the low-frequency approximation and

in the case of a realistic wind stress forcing. Section 5 interprets the TW model dynamics in terms of a



Tilt and WWYV mode. Section 6 validates the TW model dynamics with observations. Section 7 is a

discussion followed by concluding remarks.

2. Shallow waters dynamics

We consider linearized shallow-water dynamics in the equatorial Pacific ocean. We derive
solutions in the long-wave approximation, where meridional momentum is supposed to be in
geostrophic balance and where we omit the contribution from meridional wind stress forcing (see
Clarke, 2008, its chapter 3). The system is truncated at the three gravest baroclinic modes (n=1, 2, 3)
as in Dewitte (2000), and is further truncated at the equatorial Kelvin and first order Rossby wave
(hereafter Rossby-1) as in Thual et al. (2011). Parameters of the ocean baroclinic structure are taken

from Thual et al. (2011) (its table 1). For each baroclinic mode 7, the system evolution reads:

d,+¢,)K, +c 0 K, =c F,_, (1

(ar + E,‘n )Rn - Cnaan /3 = CnFR—n’ (2)

F, =P Jod (3)
K-n n 2plncn2 ’

_p f:('[¢2 /\/E)dy - f:'[¢ody

F
® 3plc,’

; “4)

—n

where, for each baroclinic mode n, K, is Kelvin wave amplitude, R, is Rossby-1 wave amplitude, and
Fk., and Fy,, are projections of zonal wind stress anomalies 7. &, is a friction coefficient, ¢, is the phase
speed of Kelvin waves, and P, is a projection coefficient. @y=y;(y/l,) and @=ys(y/l,) are respectively

the zero order and second order Hermite functions, ¥, and Y, scaled by the oceanic Rossby radius
1 =4/c, ! B (normalisation of Hermite functions is the one from Clarke, 2008). /3 is the beta-plane

parameter and p is the ocean density. Equatorial waves reflect at the western boundary (x=0) and

eastern boundary (x=L) of the equatorial Pacific. This reads, for each baroclinic mode n:
K, (0,t)=9R (0,1), 5)
R,(L,t)=7K,(L,1), (6)

where yand 7 are reflection coefficients, and L is the basin length (~18 000 km) that extends from
120°E to 80°W. We can reconstruct total thermocline depth anomalies H by summing the contribution

of each baroclinic mode n, which reads:
H=Y h,  withh (s,c2)=(K,+R)@, +R,0, /N2, ()

where the scaling factor s,,=a’zV,,/N2 is estimated at the mean thermocline depth, d; is vertical

derivative, V, is the vertical profile of the baroclinic mode n, and N is the Brunt-Viisild frequency.



Hereafter, we will solve the system of equations (1-6) independently for each baroclinic mode and

omit the subscript n for simplicity.
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Figure 2: Solutions of equatorial Kelvin waves (dashed line) and Rossby-1 waves (thick line) without wind
stress forcing, at =0 and as a function of longitude x non-dimensionalized by the basin length L. (a) p=0, (b)

p=1, (c) p=2, and (d) p=3. For a better visualisation, x extends to four times the basin length L. We choose

A,=1, B,=1, 3=0.7 and 7=1.
3. Solutions without wind stress forcing

At first, we solve the system of shallow-water equations (1-6) in the case of null wind stress
forcing. Those solutions are shown for posterior comparison with the solutions of equations (1-6) that
will be presented in the following sections in the case of non null wind stress forcing and in the low-

frequency approximation. The elementary solutions of the linear system read:

K:ZPAP exp[—o't—(e—a)x/c+ikp(x—ct)], ®)
R= ZPBP exp[—at+3(e —o)x/c—ik, (3x+ct)], 9)

oc=¢e—In(ym)c/4L, (10)
k =—-prl/4L, h))

p
where p is an arbitrary integer, and A, and B, are arbitrary constants satisfying boundary conditions.
Figure 2 shows the spatial structure of the four first solutions (p=0, 1, 2, 3). Similar modes have been
described by Jin (1997b, its equation 2.7) and Jin (2001) and designated as free ocean adjustment
modes. They can be illustrated by the standing oscillations of an elastic beam with two free boundary
conditions. Those solutions are however not valid for high values of p, for which the small zonal

scales are in contradiction with the long-wave approximation. The dissipation rate ¢ in equation (10)

accounts for losses by both friction € and boundary reflections, and is identical for all solutions that are



indexed by p. Losses from boundary reflections arise from the fact that, over each round-trip of the
equatorial waves that lasts 4L/c, the signal is multiplied by y7<1. The dissipation rate ois of particular
interest, because it will be encountered in the asymptotic solutions of equations (1-6) presented in the

following sections in the case of non null wind stress forcing and in the low-frequency approximation.
4. Low-frequency approximation

We consider a low-frequency approximation (Jin, 1997b; Fedorov, 2010; Clarke, 2010) to
derive the TW model from the system of equations (1-6) in the case of non null wind stress forcing.
The low-frequency approximation is also an approximation of small dissipations for the large scales
and timescales under consideration (smaller scales, not described in the model, can be dissipated more
strongly). Both the system oscillation frequencies @ and the friction coefficient £ are supposed to be
small compared to the frequency c/4L of a round-trip of equatorial waves across the basin. This reads
w<<c/4L and &<c/4L. Losses at boundaries are also supposed to be small, which reads j~1 and 7~1
and also implies that -In(y77)<<1. Usually, a condition of null zonal current at the eastern boundary
reads 7=1, and a condition of null zonal mass flow at the western boundary reads 7=0.5, among
additional reflection coefficients for higher order Rossby waves that are here omitted (see Boulanger
and Menkes, 1995, beware that normalisation of Hermite functions is here different). The validity of
the present asymptotic expansion may however extend up to such values, as will be shown in the
following sections. Finally, in order to obtain simple solutions similar to Jin (1997a), we neglect the
zonal dependency of wind stress forcing and rather consider the average of this signal over the entire
basin. We suppose that, in the TW model, the intensity of wind stress forcing reads Fg=fg/L and
Fr=fr/L, where the zonally integrated wind stress projections fx and fx are estimated from observations

as:

L L
fi =] Fedx and fo = [ Fedx. (12)

We now present the derivation of the TW model. We focus on the steady response to a given
wind stress forcing that oscillates at the low frequencies ax<c/4L. We consider the time-Fourier
transform of equations (1-6) and perform an algebraic expansion similar to the one of Fedorov (2010),

using ax<c/4L, &<c/4L and -In(p)<<1. The slow time asymptotic analysis will then recovered by

replacing the term -i® by 9,, where i is the complex number. For each @, the solution of equations

(1-6) in the Fourier space reads:

K = A(x)exp(-rx) , (13)
R = B(x)exp(3rx), (14)
r=(—iw+e)/c, (15)



A(x) = J.Ox Fy exp(rs)ds +9B, . (16)

B(x)=- j::sFR exp(=3rs)ds+B,, (17)

B, = !
* 1—exp(In(yn)—4rL)

UOL 3F, exp(=3rs)ds+n exp(—4rL)IOL Fy exp(rs)ds} , (18)

where By=B(0). The low-frequency approximation implies that 4rl<<1 and that -In(y7)<<1. This
permits to simplify the system of equation (13-18). We use the approximation exp(a)~1+a, where
a<<l1 is for example a=rx, a=-3rx, a=4rL or a=In(yn)-4rL. We also use the approximation of zonally-
independent wind stress forcing that reads Fg= fx/L and Fr=fx/L. Taking the inverse Fourier transform
and coming back to the notation K(x,f) and R(x,¢) for the amplitude of Kelvin and Rossby-1 waves, the

evolution of equatorial waves now reads:

K =0.75(f, — fo)x/ L=In(yn)B,x/ 4L +B,, (19)
R=0.75(f, — fo)x! L+3In(y)B,x/4L+B,,  (20)
@, +0)B, =0.25(f, +3f,)c/L, 1)
o=e—In(ym)c/4L. (22)

5. TW model

From the system of equations (19-22) and equation (7), we reconstruct thermocline depth

anomalies for the baroclinic mode considered (we omit the n notation). This reads:

hi(sc®) = lhwwv¢o + 8wwy P> /\/EJ+(X/L)lhTILT¢O + 8rr P> /\/EJ (23)

where hywy, gwwvs hrr and gpr are scalar functions of time that are deduced from equations (19-22)
and that depend on the baroclinic mode considered. Equation (23) shows that thermocline depth
anomalies are divided into a zonal mean component (i.e. that does not depend on x) and a sloping
component (i.e. increasing/decreasing linearly with x). The zonal mean component is at the first order
of the asymptotic expansion while the sloping component is at the second order (hrr <<hwwy and gryr
<<gwwv). We must however retain it because it accounts for the spatial variability of the model. As
authorized by the asymptotic expansion, we further choose to remove the zonal mean component at

the second order, since it is the spatial structure of the first order. This modifies equation (23) into:

hi(sc®) = lhwwv Do + Ewwv P> /\/EJ"'(X/L_ O‘S)lthLT¢o + 811 Ps /\/EJ (24)
We denote respectively the second and first term in the right-hand side of equation (24) the “Tilt
mode” and “WWYV mode” to be consistent with names from Clarke (2010). hryr and grr are the
intensity of the Tilt mode respectively on the zero and second order Hermite (scaled) function, ¢, and

@. hywy and gwwy are the intensity of the WWYV mode respectively on ¢ and ¢».
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Figure 3: Spatial structure of thermocline depth anomalies from the TW model, non-dimensional and as a
function of longitude and latitude, for (a) the Tilt mode and (b) the WWYV mode on the zero order Hermite
function ¢, and for (c) the Tilt mode and (d) the WWYV mode on the second order Hermite function ¢,. The
amplitude of spatial structure in (a), (b), (c), and (d) is given respectively by the scalar functions of time
hrirs hwwvs rir and gwwy (with g7y,7=0.5h7;r and gwwy=0.5hywr). We consider contribution from the

gravest ocean baroclinic mode (n=1).

The Tilt and WWYV mode dynamics are similar to the dynamics of the ocean component from
Jin (1997a) with regards to spatial and temporal dependency. The spatial structure of the Tilt and
WWYV modes is illustrated in figure 3. For each baroclinic mode, the spatial structure is similar, only
with a different meridional extension given by the corresponding oceanic Rossby radius (not shown).
The Tilt mode consists in a zonal slope of thermocline depth anomalies, while the WWYV mode is
constant zonally. The simple expression of the Tilt mode (increasing/decreasing linearly with x) arises
from our approximation of zonally-independent with stress forcing. In addition, the null zonal mean
component of the Tilt mode (which we have chosen to remove) is consistent with the near null zonal
mean component on the first EOF of observed thermocline depth anomalies (cf Figure 1.a). As

deduced from equations (7) and (19-23), the temporal evolution of the Tilt and WWYV modes reads:
hepr =1.5(fx — fz) +0.25In(ym) by » (25)
, +0)hyyy =0.5(f +3fx)c/L, (26)
where we choose to neglect the second term from the right-hand side of equation (25), which is small
in practice when the model is forced by observed winds. In addition, g7;;7=0.5h7;r and gwwy=0.5hwwy.
Therefore, the Tilt mode adjusts instantly to wind stress forcing, while the WWYV mode adjusts as a

time-integrator with dissipation rate o. Note that wind stress forcing is, like the Tilt mode, at the

second order of the asymptotic expansion. Consistently with Jin (1997a; b) and Clarke (2010), the



WWYV mode arises explicitly from the propagation and reflection of equatorial waves that is not in
phase with wind stress forcing. Model dynamics are similar to the ocean component from Jin (1997a;
b), even though the overall WWV adjustment is slightly more complex because it sums up the
contribution of the WWYV mode from each baroclinic mode with different dissipation rate. However,
the asymptotic expansion in the low-frequency approximation permits, here, to obtain a dissipation
rate ¢ of the WWV mode that is the same than the one of solutions without wind stress forcing
(equations (8-11)). This appears to be more representative because the WWV mode is obtained from a
linear composition of those solutions. In addition, as compared to Jin (1997b, its equation 5.8) the
dissipation rate ¢ further takes into account losses by friction €.

We note that the WWYV mode adjusts explicitly to wind stress curl, as already suggested by
Clarke et al. (2007) and Fedorov (2010). Using the property of Hermite function derivatives (e.g.
Clarke, 2008, its chapter 3) that

ldy¢l =—0, + 9, /\/E (27)
and combining equation (3), (4), and (12), we can rewrite equation (26) into:
(ar +0)hyyy =0.5f e/ L, (28)
oo oL
[ ] e, 0 dxdy

=P , 29)
CURL \/5 oc 2

where fcuri=fx+3fr is the zonally integrated projection of wind stress curl on @,=y;(y/]) that is the first
order Hermite function y; scaled by the corresponding oceanic Rossby radius /. As compared to
previous studies, we also note that fcyg, can be estimated directly from observations without

hypothesis on the shape of wind stress forcing.
6. TW Model Validation

In this section, we validate the TW model from the previous sections with observations from
the SODA reanalysis (Carton and Giese, 2008) over the period 1958-2007. Figure 4 shows the
evolution of thermocline depth anomalies in the equatorial Pacific, from the SODA reanalysis (figure
4.a), the shallow-water equations (1-6) forced by SODA winds (figure 4.b), and the TW model forced
by SODA winds (figure 4.c). First, the shallow water equations (1-6) reproduce the thermocline depth
variability with overall a good accuracy, indicating that our initial truncature of ocean dynamics (at the
Kelvin and Rossby-1 waves and at the three gravest baroclinic modes) is appropriate. As compared to
those shallow-water equations, the TW model further considers the low-frequency approximation. Due
to its simpler spatial structure, the TW model reproduces accurately only the large scales of

thermocline depth variability. Its solutions are also slightly in advance, probably due to the low-

10



frequency approximation that neglects the propagation time of equatorial long-waves for the
adjustment of the Tilt mode.
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Figure 4: Hovmoller of thermocline depth anomalies (average 5°N-5°S) for (a) the SODA reanalysis, (b) the
shallow water equations (1-6) forced by SODA winds, and (c) the TW model forced by SODA winds (see

text). Contouring step is 10m and thick line (from blue to green) is zero-contour. Timeseries of thermocline

and wind stress forcing were detrended and smoothed at 6 months, with time mean removed.

In order to validate the division of solutions into a Tilt and a WWYV mode, we define a Tilt
mode index I7;;r and a WWYV mode index Iyywy. They read Iy =(Ig -Iw)/2 and Iyyy=(g + Iy)/2, where
I and Iy are averages of thermocline depth anomalies H, respectively within 160°W-80°W and 120°E-
160°W, and within 5°N-5°S. The Tilt mode index, I7;7, measures the zonal tilting of the thermocline.
The WWV mode index, Iywy, measures the zonal mean of thermocline depth, and is also the
conventional WWYV index (Meinen and McPhaden, 2000). Figure 5 shows evolution of the Tilt and

WWYV mode indexes Ir;r and Iyyy, which are estimated from the SODA reanalysis (black) and from
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the TW model forced by SODA winds (red). To compute figure 5, we choose values of reflection
coefficients »=0.7 and 77=1 in the TW model that permit to better match observations (same values are
also used in figure 4). Note that, while we have used an approximation of small losses by friction and
at boundaries to expand model solutions, those solutions may still remain valid for stronger losses (e.g.
for »=0.7 and 7=1). Results from the TW model are in overall agreement with observations
(correlation is respectively 0.89 and 0.73 for Iy and Iywy), despite the model simplicity (see also

Fedorov, 2010, its figure 9, for a similar diagnostic).

(ﬂ) Iriir
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Figure 5: Timeseries of (a) Tilt mode index I7;r and (b) WWV mode index Iyyy measured in the SODA
reanalysis (black) and in the TW model forced by SODA winds (red). Units are meters. Correlation between
timeseries is 0.89 in (a) and 0.73 in (b). Timeseries of thermocline and wind stress forcing were detrended

and smoothed at 6 months, with time mean removed.

7. Conclusions

We have derived and validated a recharge/discharge model of the equatorial Pacific ocean (the
TW model) based on shallow-water equations truncated at the contribution of the gravest baroclinic
modes and first equatorial long-waves. Despite its simplicity, the model is non-heuristic. It catches the
essential dynamics thanks to an asymptotic expansion in which the frequencies and the dissipations,
both in the basin and at the boundaries, are small.

The TW model dynamics are similar to the ocean component from Jin (1997a; b), with slight
improvements that consist in a representative dissipation rate o of the WWYV mode that accounts for
both losses by friction and at boundaries, as well as an explicit sensitivity to wind stress curl. It would
be interesting to explore whether those improvements may lead to new considerations in the broad

range of applications that has been allowed by the simplicity and versatility of the recharge/discharge
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model from Jin (1997a; b). This includes, among others: coupling to mixed-layer thermodynamics and
atmosphere thermodynamics to invoke ENSO-oscillations (Jin, 1997a; b; An and Jin, 2001; Clarke et
al., 2007; Fedorov, 2010, where the phase lag of the WWYV mode depending on ois the essential
feature for understanding the phase transition between El Nifio and La Nifia events), analytical
sensitivity of ENSO to mean state feedbacks (Jin et al., 2006, where the dissipation rate o was
omitted, but may be included as a further feedback term), analytical sensitivity of ENSO to ocean
stratification (which is numerical in Dewitte, 2000; Thual et al., 2011), and recharge/discharge process
in the equatorial Indian and Atlantic oceans (Jansen et al., 2009).

It may be interesting to assess whether the decrease in the lag between SST and WWV
anomalies observed after 2000 (McPhaden, 2012) may be accounted for by the TW model.
Considering that the SST anomalies are in phase with wind stress forcing, then, according to the TW
model, changes in this lag may arise from changes in the dissipation rate o=&In()c/4L of the WWV
mode, and would therefore be related to the background mean state. This possibility however calls for
better estimating friction coefficients £ and boundary reflection coefficients yand 7, for which there is
a great uncertainty in respective values (e.g. Boulanger and Menkes, 1995; Fedorov, 2007).

The TW model energetics share some similarities with the energy budget from Fedorov (2007,
its appendix B) that is derived in the case of two-layer shallow water dynamics. In this energy budget,

available potential energy E integrated over the basin adjusts to wind stress power W integrated over

the basin as (ar +2&)E =W + B, where €is the friction coefficient of shallow water equations, and

B is an implicit term corresponding to losses at boundaries. Locally, one can assume that available
potential energy e only depends on thermocline depth anomalies H as e=g H*/2, where g is the
reduced gravity constant. For comparison, we may derive a similar expression of available potential
energy e in the TW model directly from thermocline depth anomalies (equation 24-26), even though
the expression of e is in reality more complex as we work with ocean baroclinic modes. With this
view, available potential energy E integrated over the basin depends on a summed-up contribution
from the Tilt and WWYV modes. Assuming that, for the WWV mode contribution, H is a
monochromatic function of frequency with dissipation rate o=&In(y7)c/4L, then the dissipation rate of
associated available potential energy is 20. This is in agreement with the dissipation rate 2¢€of
available potential energy E from Fedorov (2007), though the dissipation rate 2o further makes
explicit energy losses at boundaries B that result from the reflection of equatorial waves. The available
potential energy E in the TW model also results from the contribution of the Tilt mode, which is in
phase with wind stress forcing and which is therefore incompatible with the dissipation rate 2& from
Fedorov (2007). Brown and Fedorov (2010) however stressed that the available potential energy E is
largely a measure of the observed zonal slope of the equatorial thermocline, which we may traduce as
the intensity of the Tilt mode. This counter-intuitive result calls for further understanding of the

relation between the Tilt and WWYV modes and ocean energetics.
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While a main advantage of the TW model is its simplicity and versatility, it may as well be
extended in order to better simulate the thermocline response to wind stress forcing. Main
discrepancies with the observed thermocline response (cf figure 4 and 5) may arise from the following
issues:

1) The zonal structure of the Tilt and WWYV modes in observations of thermocline depth
anomalies is more complex than in the TW model. Figure 1 shows that the Tilt mode has a zonal slope
that is maximal in the central Pacific where zonal wind stress forcing is maximal. The WWYV mode is
also maximal in the central Pacific, probably for the same reason. To account for this, one may
consider that wind stress forcing is non-null only over a restricted domain, for which the model
derivation remains similar (e.g. from % to 3 of the basin length as in An and Jin, 2001). More
radically, the approximation of zonally-independent wind stress forcing (that permits to obtain a Tilt
mode increasing/decreasing linearly with longitude) may be relaxed.

2) The TW model is truncated at the gravest baroclinic modes and first equatorial long-waves.
We have also derived an alternate version the TW model that considers shallow water dynamics with
two ocean layers, which is somewhat equivalent to considering a single ocean baroclinic mode (setup
is from Jin, 1997b). This alternate version exhibits a weaker thermocline depth variability that would
call for modified parameter tunings in order to better fit to observations (not shown). This appears to
come to the fact that it lacks the contribution from higher-order baroclinic modes that helps trapping
more momentum flux from wind stress forcing (Dewitte, 2000; Thual et al., 2011). Furthermore, the
sensitivity to the truncature of equatorial long-waves should have to be explored, though this would
require to derivate more complex solutions where higher orders of Rossby waves are considered (e.g.
Jin, 2001; Clarke, 2010).

3) Additional processes that control the evolution of the WWYV mode are not accounted for in
the TW model. They are, among others, adiabatic processes such as interior mass transport and mass
transport across the western boundary (Meinen and McPhaden, 2000; Clarke et al., 2007; Bosc and
Delcroix, 2008), as well as diabatic processes such as diathermal mass transport and solar forcing that
reaches the equatorial thermocline (Lengaigne et al., 2011). Further model parameterization might

allow accounting for those processes.
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7C Ocean Dynamics

2.2.2.Supplementary Materials

The ocean adjustment to wind stress forcing described in the previous sectionThealret al.
20129 is sensitive to the relative contribution of each baroclinic mode, which shdifferent evolution of
the Tilt and WWV modes. Noteworthy, the dissipation rate of the WWV mode for egmtlitia mode n is
on=er-In(yn)c/4L. The sensitivity ofa, to the baroclinic mode considered is shown in figure 2.5.a, where
values are taken from table 2.1. The dissipation rate accounts for both los&mgdigh frictiong, and by
boundary reflectiong=-In(yn)c/4L. The dissipation rate by Rayleigh frictiasy increases with higher
baroclinic modes. Note that the exact valuegpfis arguable, and that it may also be parameterized
differently than from a Rayleigh friction (McCreary, 1983ent et al., 1983; Picaut et al., 1993). The
dissipation rate from boundary reflectiogisis proportional to the basin crossing time of equatorial waves
c/4L, because each crossing multiplies the signay/gyl. Because higher baroclinic modes have a slower
phase speed,cthey result in weaker loss from boundary reflections. Losses however depends on the
boundary reflection coefficientg and , which account for several processes at the western and eastern
boundaries and which exact values are therefore arguable (Boulanger and Menkekn12997h Dewitte
et al., 2003). We set;=0.6, 0.8 or 1 in figure 2.5.a to show this sensitivity.

Our results suggest that the contribution of the gravest baroclinic modesisadbfor the ocean
adjustment at basin scale and at interannual timestals. is because they have greatest projection
coefficient B, and smallest dissipation ratg for the evolution of the WWV mode (figure 2.5.b). Under
similar considerations, @have shown in previous section 2.1.4 that the gravest baroclinic modes are also the
most relevant for the storage of available potential energy. Those eatisids may justify in particular a
truncature at the contribution from the three gravest baroclinic madesi)l be done in the following
chapters. The same truncature is considered in the model of Dewitte (2000) and otbér steldies
Because our work in several following chapters is an extension of those studiealsitt convenient to
consider, whenever possible, similar hypotheses. In the following chapters,|weentthat the sensitivity to
the ocean baroclinic structure can however be more complex when considering that aimeande

atmosphere are coupled, which is another central feature of the ENSO.
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Figure 2.5:(a) Contributionss, (red) andZ,=-In(yn)c/4L (blue) to the dissipation rate,, in yr* and as a

function of the baroclinic mode n. Losses at boundagjesre shown for three values of reflection

coefficient producty=0.6, 0.8 or 1(b) Dissipation rates, (red,yr") and wind stress projection coefficient

P, (mm?) as a function of the baroclinic mode n. Dissipation ratés shown for three values of the

reflection coefficient product;=0.6, 0.8 or 1.
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Chapter

3. Coupled Dynamics

This chapter is dedicated to the study of coupled ocean-atmosphere dynamics in theakequator
Pacific. We recall at first notions on mixed-layer thermodynamics and ph@s dynamics that are
relevant to ENSO. A reduced coupled model (the AC modeldsolute and Convective modiét proposed
that is truncated meridionaly to the first ocean and atmosphere equatorial wattest dvas a zonal infinite
domain (i.e. no boundary reflections). TA€ model considers contributions from the first ocean and
atmosphere baroclinic modes and retains the dominant thermodynamic processeseit mixed-layer
The temporal stability of this model evidences some of the leading coupledlitistabf the equatorial
Pacific system. Those instabilities are of large spatial scale (approxirtisediasin length), of interannual
timescale and are of coupled nature between the ocean and atmosphere.

The diagnostic of absolute/convective instability is further introduced, vphagioses an alternative
view on the stability problem. This diagnostic assesses whether small parhghatalized in space and
time (e.g. random wind disturbances) lead to instabilities that developca-ptgpropagate away from the
perturbed region. It may identify different ENSO formation mechanisms, wheraote of boundary
reflections is either central or secondary. Such diagnostic permits to discudsakeres of coupled
instabilities that are implicitly considered in ENSO models. The possitilay ENSO develops, in the
absolutely unstable regime, without involving boundary reflections is of partimikrest, because it is in
contradiction with common theories. An article is included that preseais rasults. Supplementary
materials are also provided, where we compute the temporal stability ACtmeodel with contributions

from the three gravest ocean baroclinic modes.
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3.1.Background

3.1.1.Mixed Layer Thermodynamics

We recall at first elements of mixed-layer thermodynamics that are refevdENSO. We derive an
equation for the evolution of mixed-layer temperature anomalies followijkgtiia (2006). The upper ocean
is generally well-mixed up to a depth of 50m. The temperature in this mixeddhanges due to air-sea
interaction, exchange processes with deeper layers and advection. Under the approximatibe that
temperature is vertically homogeneous over the layer, one can integrate the hea égimtion which
results in an equation for the mixed-layer temperature. The evolution of temperagadsT r

8,T +ud,T+vo,T =K, (ainaﬁﬂ% (3.1)

o~pim
where u and v are respectively zonal and meridional currents integrated in the mixegpldgdhe ocean
density, hx is the mixed layer depth (considered constang),i$the ocean-atmosphere heat fluy,i€Qthe
heat flux at the bottom of the mixed layey, i€ a heat capacity constant, angl iK a dissipation constant.
The ocean-atmosphere heat flux may be parametrised into a linear dampinglyetatian equilibrium
temperature, and a similar approach may be adopted for dissipative processes. It rsaynbd Hsat the
heat flux at the bottom of the mixed layer is attributed essentiallgrtical advective processes, whereas
diffusive processes are secondary. It is therefore parametrised as

& =wG, with G, = T Tsve (3.2)

PCH,, P
where w and Jg are respectively vertical current and temperature at the base of the mixedalaydg
defines a vertical gradient of temperature at the base of the mixed layéne¥dfisé the heat budget from
equation 3.1 around a mean state at equilibrium. For simplicity we keep previatisnsofor anomalies

while an over-bar denotes a mean state average. The linearised heat budget reads
(@, +&0)T +(Ud, T +V0, T +WG,) +(ud, T +vo,T +WG,) =0 (3.3)

where & is a collective linear damping accounting for ocean-atmosphere heat flux andatidissip
processes..Temperature anomalies at the base of the mixeddayeray be related directly to thermocline
depth anomalies h through an empirical efficiency factor, which reags=# (An and Jin, 2001). This
assumes a direct relation between heating at the base of the mixed layer anicHialiggpiacements of the
isotherms within the well stratified waters. The efficiency factor igpractice computed from a linear
regression. For simplicity we retain only a few dominant terms of thebelget from equation 3.3, which

now reads

0T =FE°T+F?u+F'h (3.4)
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with F® =—(g; +W/h_ ), F#* =-0.T and FT =Wy /h__ that are respectively coefficients of the
damping feedback, the zonal advective feedback and the thermocline feedback (An 2681)idn and

Jin, 2000 Fedorov and Philander, 2001). Those feedbacks are illustrated in figure 3.1. Thegdampin
feedback (usually negative) accounts collectively for the adjustment dinthe mixed layer through
dissipative processes, ocean-atmosphere heat flux adjustment and the mean upwellrogal advective
feedback accounts for the zonal heat advection by anomalous zonal current in a megnaroatl of
temperature, which is the case at large scale in the equatorial Pacifec wdstern waters are warmer than
eastern waters. The thermocline feedback accounts for vertical heat adeétgmperature anomalies by

the mean upwelling, where temperature anomalies are related to thermocline vertical desgkcem

W avrm } mixed layer
velocity '“a”nom:ﬂy __thermocline
anomaly —TYY

/

? ,,;.;- /f jf f lf” NrmOCne

background upwelling

TSU'B

Figure 3.1: Sketch of the thermocline feedback (red arrows) and the zoeatiaelfeedback (green arrows)
(adapted from Dijkstra2008).



76 Coupled Dynamics

3.1.2.Atmosphere Dynamics

We recall elements of atmosphere dynamics that are relevahe interannual variability of the
equatorial Pacific. For the large scales under consideration, a simple Gill mageldescribe the
deterministic response of the atmosphere (Gill, 1980). Note that this lalgedgoamics is different from
the high frequency and stochastic dynamics that is encountered in the central Pacifior eunich

additional processes are considered (Wang and Xie, 1998).

Tropopaué::
Q é

u

T

Figure 3.2: Sketch of the Gill Model (adapted from Battisti et al., 1999

The Gill model is illustrated in figure 3.B.describes the response of the entire troposphere (the first
10 km) to deep convection, where the latent heat flux at the top of tlospiogre (the tropopause) is the
forcing term. It considers simple shallow water dynamics, similar to thenpt®it where the adjustment
time of the atmosphere (~a few days) is neglected. In particular, it is assutnn thBnospheric response
is dominated by the first gravest baroclinic mode, confined to the tropoggker€larke, 2008, its Chapter
9). Because the first baroclinic mode changes sign between the bottom andHhepropbsphere, zonal
advection is inverted (for example horizontal convergence in lower layers liasuitszontal divergence in

upper layers). The Gill model reads

eu—pyv+0,(gh) =0 (3.5)
Pyu+0,(gh)=0 (3.6)
e(gh)+cZ(@,u+0,v) =—Q (3.7)

where g is the beta-plane parameter, g the gravity constant, u and v are retpexinal and meridional
velocity averaged through the lower layer, h is height anomalies at the tropopaissthecatmospheric
wave speed (that is estimated from the troposphere thickness and stratification), isnd thermal and
mechanical dissipation rate (chosen identical in equations 3.5 and 3.7 tdysihgphnalytical treatment). Q
is the latent heat flux at the top of the troposphere, which results fronevegbration and convection and
which may be related empirically to SST anomalies. The model then gives theviwinds, which act as

a forcing term for the ocean dynamics through friction at the ocean-atmosphere interface.
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An alternative to the Gill model that is worth mentioning is the Lindzigasd model indzen and
Nigam, 1987). The Lindzen-Nigam model describes the response of the atmospheric boundahe Ifigsr (t
1 km) to horizontal gradients of surface pressure that are related tort@ri@ST gradients. Although quite
different with regard to the physical processes under consideration, the LMidgan-model can be put in a
similar form to the one of the Gill model following the variable change proposéddebiin (1989). This
facilitates the analytical treatment, though model parameters are different8adis follow shallow water
dynamics with two layers (i.e. a single atmosphere baroclinic mode). Discrepancienlsttihesmodels are
discussed in Battisti et al. (1999) aAd (2011). Also a modified version of the Gill model is used in the
model from Zebiak and Cane (1987), with a further parametrisation of atmospheric eogedrgthe lower
layers.

It is possible to consider atmospheric equatorial waves as solutions of the Gill model fatiadtigr
the LindzenNigam model), following a similar formalism than for the ocean (see chapt&g@atorial
Kelvin and Rossby waves in the long-wave approximation are relevant to deswib&mosphere
adjustment at large spatial and temporal scales that are relevant to EN&Bds€karke, 2008, its chapter
6). The Rossby radius of atmospheric equatorial waves is however larger tharsshg Radius of oceanic
equatorial waves, as shown in figure 3.3. This truncated representation ohtsplatre will be considered
in the following section.

latifude

Figure 3.3 Non-dimensional meridional profiles of ocean and atmospheatodgl waves, as a function of
latitude (degree north). Contribution to zonal currents is showthéocean Kelvin wave (red), the ocean

Rossby wave (orange), the atmosphere Kelvin wave (blue), and thspdiene Rossby wave (cyan).
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3.2. Absolute or Convective Nature of ENSO Instabillities

3.2.1.Article Published in Q. J. R. Meteorol. Soc.

Based on previous elements of ocean dynamics, atmosphere dynamics and mixed-layer
thermodynamics, we propose a reduced coupled model (the AC model) that identifies domimpded
instabilities of the equatorial Pacific. The model is presented artashe published in the revue Quarterly
Journal of the Royal Meteorological Society (Thual et al.,, 2012a). Tiweafurther introduces the
diagnostic of absolute/convective instability, which proposes an alternatiweatithe stability problem in
the equatorial Pacifidt permits to discuss certain features of coupled instabilities that are related tréhe m
general understanding of ENSO formation mechanisms.

Abstract: The El Nifle-Southern Oscillation (ENSO) is driven by oceatmosphere interactions in
the equatorial Pacific, and this variability is often attributed to coupled nmbdésre evidenced by the
temporal stability analysis of anomaly models. Here, the further diagnostic aiiteisahvective instability
is considered, which assesses whether small perturbations localized in spdireeate.g. random wind
disturbances) lead to instabilities that develop in-place or propagate awayhie perturbed region. It is
shown that boundary conditions play a secondary role for this approach and that the devetdpange-
scale wave packets in the equatorial Pacific basin is possible, as in the eas@fofite domain. As an
illustration, two simple coupled models are diagnosed that rely either on therenpcticesses or zonal
advective processes. dimodel with thermocline processes is ‘absolutely unstable’ and therefore develops
intrinsic oscillations, while the model with zormlvective processes is ‘convectively unstable’ and therefore
acts as a noise amplifier. The identification of the two instaliéiggmes may characterize different ENSO
formation mechanisms as a response to random wind disturbances. For the absolutely naggtad) a
standing ENSO-like oscillation can develop in the equatorial Pacific witheoltving boundary reflections,

while for the convectively unstable regime boundary reflections are essential.
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The El Nino—Southern Oscillation (ENSO) is driven by ocean—atmosphere inter-
actions in the equatorial Pacific, and this variability is often attributed to coupled
modes that are evidenced by the temporal stability analysis of anomaly models.
Here, the further diagnostic of absolute/convective instability is considered, which
assesses whether small perturbations localized in space and time (e.g. random wind
disturbances) lead to instabilities that develop in-place or propagate away from the
perturbed region. It is shown that boundary conditions play a secondary role for
this approach and that the development of large-scale wave packets in the equato-
rial Pacific basin is possible, as in the case of an infinite domain. As an illustration,
two simple coupled models are diagnosed that rely either on thermocline processes
or zonal advective processes. The model with thermocline processes is ‘absolutely
unstable’ and therefore develops intrinsic oscillations, while the model with zonal
advective processes is ‘convectively unstable’ and therefore acts as a noise amplifier.
The identification of the two instability regimes may characterize different ENSO
formation mechanisms as a response to random wind disturbances. For the abso-
lutely unstable regime, a standing ENSO-like oscillation can develop in the equato-
rial Pacific without involving boundary reflections, while for the convectively unsta-
ble regime boundary reflections are essential. Copyright () 2012 Royal Meteorologi-
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1. Introduction

A hierarchy of models of increasing complexity simulate
the interannual variability of the equatorial Pacific with
a particular focus on the forecast of El Nino/La Nina
events and, more generally, explain the main features of the
El Nino-Southern Oscillation (hereafter ENSO). In those
models, the development of anomalies is mainly attributed
to interactions between the ocean and the atmosphere.
The studies of temporal instabilities exhibited by those
models have led to the emergence of the theory of coupled

Copyright (© 2012 Royal Meteorological Society

modes (Neelin et al., 1998). It also provides a fruitful view
for the interpretation of observations and coupled general
circulation models.

The temporal stability analysis of models has allowed
the identification of various types of coupled modes of
the equatorial Pacific. They are usually classified depending
on the physical processes involved. A large number of
studies distinguish two families of coupled modes either
based on thermocline processes or zonal advective processes
in the ocean (Hirst, 1986; Bejarano and Jin, 2008; Thual
etal., 2011). An and Jin (2001) and Fedorov and Philander
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(2001) further suggest that the relative strength of those two
processes can lead to different regimes of the ENSO in terms
of amplitude, frequency and propagation. Other relevant
coupled modes have been evidenced that rely solely on the
interaction between the atmosphere and the oceanic mixed
layer (Wang and Xie, 1998; Dommenget, 2010). Asymptotic
limits for the adjustment time of each of the coupled system
components are also important. Neelin (1991) distinguishes
the coupled modes where the adjustment time of sea-surface
temperature (SST) is fast compared to the adjustment time
of the ocean dynamics (the fast-SST regime) and inversely
(the fast-wave regime). Furthermore, within this line of
studies, it is usually assumed that a ‘fast atmosphere’
adjusts immediately to SST. Although the reflections at
the eastern and western boundaries are usually considered
in coupled models, some noticeable studies identify coupled
modes without boundary conditions (Hirst, 1986; Wang
and Weisberg, 1996; Weisberg and Wang, 1997; Wang and
Xie, 1998; Pontaud and Thual, 1995, 1998).

A further approach to temporal stability analysis is the
diagnostic of absolute/convective instability. So far, this
approach has not been considered for the identification
of coupled modes in the equatorial Pacific. The diagnostic
of absolute/convective instability originates from plasma
physics (Briggs, 1964) and has been further developed
in fluid mechanics. A review of the method is given
in Huerre and Monkewitz (1990), a discussion on its
practical implementation in Suslov (2006), and a few
applications in geophysical fluid dynamics stability problems
are listed in Pedlosky (2012). The diagnostic assesses whether
small perturbations localized in space and time lead to
instabilities that develop in-place or propagate away from
the perturbed region. Absolutely unstable systems develop
intrinsic oscillations in the perturbed region: they act as
‘oscillators’ with intrinsic dynamics. Convectively unstable
systems amplify but disperse the external perturbations: they
act as ‘noise amplifiers’ with extrinsic dynamics.

In most ENSO theories, boundary reflections are essential
for the system to oscillate, as they provide the necessary
negative feedback for the transition from a warm (El Nino)
phase to a cold (La Nifa) phase and inversely (Suarez and
Schopf, 1988; Jin, 1997; Picaut et al., 1997). Those theories
consider coupled modes that are solutions of a system with
prescribed boundary conditions. Absolute or convective
instabilities are of a different nature, although they are not
incompatible with the presence of boundary conditions.
They are described in terms of wave packets, which result
from the superposition of a continuum of modes that are
solutions of a linear system in an infinite domain. When
further considering boundary conditions, the reflected
components simply superpose in a linear framework. The
diagnostic of absolute/convective instability depicts whether
the stationary component decays or develops into a standing
oscillation, independently of the reflected components.

The diagnostic may characterize different ENSO forma-
tion mechanisms as a response to random disturbances, e.g.
westerly winds bursts (Harrison and Vecchi, 1997). Differ-
ent scenarios can be expected depending on the stability of
the equatorial Pacific system (Philander and Fedorov, 2003;
Kleeman, 2008; Kessler, 2002). If the system is strongly
damped, the ENSO has to be only a direct response to
random wind disturbances, but this hypothesis is unlikely.
If the system is unstable enough, it may be self-regulated
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by internal nonlinear processes, such as overlapping reso-
nance with the seasonal cycle (Jin et al., 1994) or mean state
rectification by the heat budget asymmetry (Timmermann
et al., 2003). The diagnostic presented here applies in the
intermediate case of a slightly unstable system. As stressed
by Neelin et al. (1998), for such a system the ENSO is weakly
nonlinear, in the sense that dominant spatial and temporal
scales of variability are determined by the leading coupled
mode(s) issued from linear stability. Random wind distur-
bances are not necessary to maintain the variability but still
act as a trigger of specific events, through small perturba-
tions that are amplified by the coupled system in the form of
wave packets. As a response to random wind disturbances,
in the absolutely unstable regime an ENSO cycle can develop
as a standing oscillation, while in the convectively unstable
regime an ENSO cycle may still develop but only if boundary
reflections are involved.

In this article, the approach is illustrated by diagnosing
two simple coupled models of the equatorial Pacific that
differ in the thermodynamic processes considered. We aim
at evaluating, among those processes, those that lead either
to an absolute or to a convective regime. The models are
presented in section 2. Section 3 is dedicated to a temporal
stability analysis of the models as a consistency check with
previous studies. In section 4 we diagnose the models
in terms of absolute/convective instability. Section 5 is a
discussion, followed by concluding remarks.

2. Coupled system

We consider a shallow-water model for the ocean in the
long-wave approximation and in an infinite domain. This
system is projected on the meridional basis of ‘oceanic’
Hermite functions (with oceanic Rossby radius /c,/B)
and truncated at the Kelvin and first Rossby equatorial wave
components, K(x, t) and R(x, t). Those depend on longitude
and time through

(0 + 80)K 4 ¢,0, K = P(1y),

C,
(3 + &0)R — g"axR=PR(rx), (1)

where ¢, is the dynamical damping, ¢, is the phase speed
of the oceanic Kelvin waves, t.(x, y,t) is the field of zonal
wind stress anomalies (N m~2) and Px and Py are projection
operators on the oceanic Hermite functions. The parameter
values are those from Thual et al. (2011) when considering
only the contribution from the first baroclinic mode of
the ocean. The approach is similar for the atmosphere. We
consider a Gill-type shallow-water model in the long-wave
approximation (Gill, 1980). The system is projected on the
meridional basis of ‘atmospheric’ Hermite functions (with
atmospheric Rossby radius /c,/B) and truncated at the
Kelvin and first Rossby equatorial wave components, k(x, t)
and r(x, t). Those depend on longitude and time through

gak + cq Oxk = Pr( T),

Eal — % oxr = P.(T), (2)

where ¢, is the atmospheric dynamical damping, ¢, is the
phase speed of the atmospheric Kelvin waves, T(x, y, t) is the
field of SST anomalies and Py and P, are projection operators
on the atmospheric Hermite functions. The parameter values
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are those from Hirst (1986). The adjustment time of the
atmosphere (a few days) is neglected compared to the one of
the ocean (a few months). Finally, we consider a linearized
mixed-layer thermodynamic model for SST anomalies T
and retain only the dominant thermodynamic processes,
namely the feedbacks due to damping, zonal advection and
thermocline depth anomalies:

(0 +er)T = fgH + fu U, (3)

where &7 is the thermodynamic damping and fi and fy are
constant coefficients. Model parameters are derived from
Thual etal. (2011), where further considering constant
and representative values of the thermocline feedback
efficiency factor (y = 0.1°C m™!) and the mean SST zonal
gradient (0,T = —10°C/L, where L is the basin length of
17000 km). H(x, y,t) and U(x, y, t) are fields of thermocline
depth anomalies (m) and zonal current anomalies (m s~!)
respectively, which can be reconstructed from K and R
using the oceanic Hermite functions. Similarly, 7,(x,y,t)
can be reconstructed from k and r using the atmospheric
Hermite functions if assuming, as in Hirst (1986), that wind
stress is proportional to wind speed. In order to eliminate
the variables 7y, T, H and U we project and combine the
oceanic, atmospheric and thermodynamic equations. We
obtain a linear system of four variables K, R, k, r that depend
on longitude and time:

(at + EO)K +¢,0x K = MKkk + Mg,
(3, + £0)R — %“axR = Mgk + Mg, 1,

C,
(3, + &7) (k + ?“axk> = MK + MigR,

a

C,
(0r +e71) <T’ - 3 “ axr> = MxK + MR, (4)

a

where Mgy, Mgy, Mgk, Mgy, Mix, Mir, M,x and M, are
constant coefficients. Interestingly, the phase speed resulting
from the combined atmosphere and thermodynamics
ercalea ~ 2 m s~! is close to the phase speed of the
ocean model ¢, ~ 3 m s~!. The resulting damping &1 ~
(35 day)~! is, however, much stronger than for the ocean
model g, = (2.5 year) L.

We consider two variants of this coupled system,
which differ by the thermodynamic processes involved.
The distinction between thermocline and zonal advective
processes has already been adopted in various studies of
the equatorial Pacific coupled modes, as it leads to two
families of coupled modes that have different properties
and that are both relevant for interpreting the interannual
variability. We consider a first model (hereafter H-model)
where only thermocline processes are considered (fy = 0),
and a second model (hereafter U-model) where only zonal
advective processes are considered (fy = 0). Note that we
also implemented a third model where both processes
are considered, which is not documented here since the
main conclusions are similar to those of the H-model. For
numerical applications, &, = (30 month) ~!,¢c, = 2.8 ms™!,
gs = (2.3 day)™}, ¢, =30 m s7!, and er = (35.7day) L.
In both models, Mgy = —6.0, Mg, = 8.4, Mg, = 2.3, and
Mpg, = —3.9 (numerical values are given in year~!). In the
H-model Mg = 32.1, Myp = 45.3, M,x = 12.5,and M, =
21.1. In the U-model Mix = 16.8, Mg = —9.9, M,x = 6.6
and M, = —2.1.
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3. Temporal stability analysis

We search for one-dimensional vector fields X(x,t) =
[K, R, k,r] that are solutions of the coupled system of the
previous section. Since the system is real, linear and homo-
geneous in an infinite domain, one can consider complex
solutions of the form X = X, expli(kx — wt)], where
k = k; + ik; and @ = w, + iw; are respectively the complex
wave number and frequency (i is the imaginary number).
Non-trivial solutions are obtained when a couple (k, w)
satisfies the generalized dispersion relation D(k, w) = 0,
which is obtained through the transformations 0, = ik
and 9; = —iw followed by a kernel analysis of the resulting
algebraic system. The temporal stability consists, for a deter-
mined real wave number k;, in evaluating the complex roots
o of the dispersion relation D(k,, ) = 0. As a preliminary
step to the diagnostic of absolute/convective instability, we
comment here on the temporal stability analysis of each
model as a consistency check with previous studies.

The temporal stability of the H-model is shown in
Figure 1. At large wave number, the modes are identical
to the uncoupled case, with an ‘oceanic Kelvin coupled
mode’ (yellow) and an ‘oceanic Rossby coupled mode’
(green) that propagate at speed ¢, and —c,/3 respectively
(co~ 3 m s7!) and that are slightly damped (w; ~ —1
year~!), as well as two ‘atmospheric coupled modes’ (cyan
and blue) that do not propagate and that are strongly damped
(w; ~ —10 year™!). For a decreasing wave number, one of
the atmospheric coupled modes (blue) eventually becomes
unstable. Neelin (1991) named this type of unstable mode
the ‘slow SST mode’, where the ocean dynamics adjustment
is fast compared to the SST adjustment. This slow SST mode
propagates eastward for k, ~ 0.2 (1000 km) ! and westward
for k, < 0.1 (1000 km)~!, and has maximal amplitude on
the atmospheric Kelvin wave (not shown). The temporal
stability of the U-model is shown in Figure 2. In this
model the oceanic Kelvin coupled mode (yellow) and the
second atmospheric coupled mode (cyan) are similar to
those of the H-model. However, the slow SST mode (blue)
remains damped and the oceanic Rossby coupled mode
(green) is slightly unstable. This oceanic Rossby coupled
mode propagates westward as in the uncoupled case, and
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Figure 1. Temporal stability of the H-model. Results are shown for the four
mode solution of the dispersion relation, which are identified by colours
(yellow, green, cyan, blue). (a) Phase speed ¢, =w, /k, (ms~!) asa function
of the real wave number k, (unit is (1000 km)~!). For comparison, the
equatorial Pacific length is 17 000 km, which corresponds to a wave number
around 0.4 (1000 km)~!. (b) Growth rate w; (year™!) as a function of k.
This figure is available in colour online at wileyonlinelibrary.com/journal/qj
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Figure 2. Same as Figure 1 but for the U-model. This figure is available in
colour online at wileyonlinelibrary.com/journal/qj

has maximal amplitude on the oceanic Rossby wave (not
shown). As in Hirst (1986), we have tested the case with
an opposite mean SST gradient (fy < 0), which leads to
an opposite direction of propagation, i.e. a slightly unstable
oceanic Kelvin coupled mode (not shown). The results agree
overall with Hirst (1986, their Figures 7 and 13), Wang and
Weisberg (1996, their Figure 1) and Wang and Xie (1998,
their Figure 9).

The results from Hirst (1986, their Figure 20), however,
exhibit great sensitivity to the number of Hermite functions
retained for the meridional truncation. As a further test,
we recomputed the temporal stability of the H-model
and U-model when increasing the number of meridional
components in both the ocean and atmosphere (only odd,
i.e. symmetrical Rossby components, were considered). We
find that this only slightly modifies the behaviour of the
most unstable modes (not shown). We believe that this
interesting property of our system is due to the use of an
adapted Hermite basis for the atmosphere (with atmospheric
Rossby radius), different from the Hermite basis used for
the ocean (with oceanic Rossby radius). In Hirst (1986),
the Hermite basis of the ocean is used to project the entire
system, therefore a large number of meridional modes are
necessary to represent the larger meridional scale of the
atmosphere.

In the infinite domain considered here, the above
temporal stability analysis can be used to describe wave
packets made of the superposition of a continuum of
modes with wave numbers close to a given real value k,.
Such wave packets propagate at group velocity dw,/dk,.
One can compute the growth rate w; of the wave packets
propagating at zero group velocity and document their
temporal growth or decay at a given location. However,
such a consideration must be extended with the study
of ‘generalized wave packets’ built with a continuum
of complex wave numbers, i.e. waves with both a wave
number k. and a spatial growth rate —k;. Indeed, the most
unstable of the generalized wave packets with zero group
velocity will provide the local response of the system to a
localized perturbation. This analysis is formalized through
the diagnostic of absolute/convective instability described
and applied to our models in the next section.

4. Absolute or convective instability

We introduce the diagnostic of absolute/convective insta-
bility following Huerre and Monkewitz (1990) and apply
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it to the models described in the previous sections. Such
a diagnostic is relevant only for systems that are linearly
unstable. This is the case for the H-model and the U-model,
where the temporal analysis evidences the unstable slow
SST mode and the slightly unstable oceanic Rossby coupled
mode respectively (see section 3). For such a system, we aim
at evaluating the system response G(x, t) to a pulse in space
and time, which is a solution of

D(—idy,10¢)G(x, ) = 8(x)5(1),

where D(k, w) is the dispersion relation of the system, i is
the complex number and § is the Dirac function. For this
problem, G is the Green function, which can be computed
through integration in the complex space as

1 exp(i(kx — wt))
Got) = oy / / Dk

where @ and k are complex. We suppose for simplicity
that the dispersion relation admits a single root w(k) (the
demonstration can be extended to the case of multiple
roots), and we use the residual method to integrate over the
path w(k):

dk,

—1i
Glx,t) = —
(x, 1) 5

>

20 exp(i(kx — wt))
/_oo 9w D(w, k) d

where t > 0. We consider solutions over a ray path at
constant (and real) velocity V (m s™!), verifying x = Vt.
For large t, we can approximate asymptotically the integral
with the steepest-descent method, provided we find a saddle
point of the complex function p(k) = i[kV — w(k)], i.e. a
complex root kg of (dp/dk)(ko) = 0. If such a root exists,
the asymptotic expansion for large f reads

G(Vt, 1) ~ —explin/4) (2 t d2w)™ '/ exp(p),
9D

where the right member is taken at ko = ko, + i ko; and
at the corresponding wy = wo, + i wp;. This shows that
the response is a ‘generalized wave packet’ of wavelength
27 /ko, and spatial growth rate —ko,; that travels at speed
V = (dw/dk)(ky) with a temporal growth rate equal to
Re[p(ko)]. If multiple roots exist, the behaviour is dominated
by the most unstable root.

Such behaviour is overlooked in particular for V = 0, to
distinguish between the absolutely unstable and convectively
unstable regimes. If for V = 0 the temporal growth rate
Re[p(ko)] is positive (which reads wy; > 0), then the system
is said to be absolutely unstable, meaning that an unstable
generalized wave packet develops in the perturbed region.
If for V =0 the temporal growth rate is negative, it is
said to be convectively unstable. Such a system has to
be at least unstable for one non-null value of V, because
it is nevertheless linearly unstable according to temporal
stability. Supposing that such an unstable generalized wave
packet develops, then, in the meantime, it propagates away
at non-null speed V from the perturbed region and is
evacuated at a large time-scale. Therefore, in the perturbed
region the signal is dispersed and decays, similarly to the
linearly stable regime.

In general, searching the saddle points of the system can
require an important practical implementation, especially if
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Figure 3. Saddle point detection for the H-model. (a) Imaginary frequency
w; (year™!) as a function of the real wave number k, (X-axis, unit
is (1000 km)~!) and the imaginary wave number k; (Y-axis, unit is
(1000 km)~!). The saddle point is found at the intersection of the
isocontours for wg; ~ 3.1 year~!. (b) Imaginary wave number—k; (unit is
(1000 km)~") as a function of the real frequency w, (year™!) and for w; =
wo;. The saddle point is found at the intersection of two roots k(w). This
figure is available in colour online at wileyonlinelibrary.com/journal/qj

automation is required (Suslov, 2006). The coupled system
considered here, with four variables, is, however, rather
simple thanks to the system truncation at the first meridional
Hermite functions. We use a graphical method for the
detection of saddle points, which is illustrated in Figure 3
for the H-model. At first, the saddle points for V = 0 are
detected in the wave number complex space (k;, k;) at the
intersections of the isocontours of the imaginary frequency
w; (Figure 3(a)). At least one saddle point must be detected.
The system is absolutely unstable provided that the most
unstable saddle point verifies wp; > 0 (wy; is the absolute
growth rate). Also one can easily show that wy; is always
inferior or equal to the maximal growth rate from the
temporal stability. As stressed by Huerre and Monkewitz
(1990), for the absolute instability to be assessed the most
unstable saddle point must also satisfy the Briggs (1964)
criterion: such a saddle point must be at the intersection
(w = wyp) of tworoots k(w) that originate from the upper and
lower parts of the k-plan (k; > 0 and k; < 0) when increasing
;. We have checked that this was the case (Figure 3(b)).
We have found that the H-model is absolutely unstable,
while the U-model is convectively unstable. For the H-
model the absolute growth rate is wgy; = 3.1 year™! and
the absolute frequency is wq, = 2.8 year™! (period is
27 /wor ~ 2.2 years). This is consistent with contemporary

ENSO characteristics (i.e. a maintained oscillation with a
period of 2 to 7 years). The associated saddle point is found
at koj ~ —0.1 (1000 km)~" and ko, ~ 0.2 (1000 km)~!
(i.e. a wavelength 2m/ko, ~ 30000km, which is about
twice the equatorial Pacific basin length). The oscillation
therefore occurs at a basin scale. For the U-model there
are no unstable (wy; > 0) roots, therefore the system is
convectively unstable.

As a consistency test, we simulated numerically the
impulse response of both models, and the results are
illustrated in Figure 4. In good agreement with the diagnostic
of absolute/convective instability, for the H-model, which
is absolutely unstable, the amplitude of the response grows
in-place of the initial perturbation, while for the U-model,
which is convectively unstable, the amplitude decays.

We also investigated results as a function of the
intensity of the thermodynamic feedback considered (either
thermocline or zonal advective feedback). In both models,
we found a first transition from the linearly stable regime
to the convectively unstable regime when increasing the
intensity from zero, followed by a second transition from
the convectively unstable regime to the absolutely unstable
regime. In the H-model, the first transition occurs at around
14% of the reference value of fi and the second transition
at around 16%. It is therefore unlikely that the H-model
sustains a convective regime within such a narrow range
of parameter values. In the U-model the first transition
occurs at around 50% of the reference value of fi; and the
second transition at around 130%. Therefore the U-model
is preferentially in the convective regime. When the U-
model is in the absolute regime (fy ~ 130% to 200% of
its reference value), however, it sustains a high-frequency
oscillation (27 /g, ~ 0.9 year) that is only slightly unstable
(wo;i < 1.3 year™!).

5. Discussion

In this article we have considered a simple coupled system
of the equatorial Pacific in an infinite domain, using
shallow-water dynamics for both the ocean and atmosphere
in the long-wave approximation and truncating at the
Kelvin and first-meridional Rossby waves. Two variants
of the coupled system were considered, which differ by
the thermodynamic processes controlling the variations
in SST. At first, the models were diagnosed in terms of
temporal stability. In agreement with previous studies,
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Figure 4. Response to an initial and localized perturbation. The atmospheric Kelvin profile is initialized with a Gaussian shape of 1000 km root mean
square centred at x = 0. The amplitude of the atmospheric Rossby profile r(x, t) is represented as a function of x (unit is 1000 km) as ¢ increases by
steps of 20 days. For comparison, the equatorial Pacific basin length is about 17 000 km. (a) Absolute instability for the H-model: the amplitude grows
in-place of the initial perturbation (time increases up to 200 days). (b) Convective instability for the U-model: the amplitude decays in-place of the initial
perturbation (time increases up to 500 days). This figure is available in colour online at wileyonlinelibrary.com/journal/qj
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the model with thermocline processes (H-model) shows
an unstable slow SST mode, while the model with zonal
advective processes (U-model) shows a slightly unstable
oceanic Rossby coupled mode. Then, the models were
diagnosed in terms of absolute/convective instability. Within
a representative range of parameters values, the H-model
is absolutely unstable and the U-model is convectively
unstable.

In the H-model, spatial and temporal scales of the
absolute instability are consistent with contemporary ENSO
characteristics, namely a basin-scale interannual oscillation.
This suggests that a standing ENSO-like oscillation can
develop in the equatorial Pacific without involving boundary
reflections. Here, the ENSO develops on a continuum of
coupled modes that can be viewed as ‘generalized wave
packets’, which are considered in an infinite domain and that
are not inhibited by the addition of boundary conditions. In
most ENSO theories, the dynamics are rather described by
coupled modes that are temporal ‘basin modes’, which are
quantified as they satisfy boundary conditions (e.g. as the
harmonics of a vibrating string). Temporal basin modes were
not considered here, but they can coexist with the generalized
wave packets in a linear framework. However, generalized
wave packets cannot be constructed as a continuum of
temporal basin modes because their asymptotic behaviour
for large time is in exp(p t)/+/t . In the case of an absolutely
unstable system, generalized wave packets may be at least as
important for ENSO formation as temporal basin modes.
In the case of a convectively unstable system, only temporal
basin modes may develop an ENSO oscillation, therefore
basin parameters (its geometry and reflection coefficients)
should be important.

There is an ongoing discussion on whether ENSO
is a series of events triggered by random wind distur-
bances or a self-sustained natural mode of the coupled
ocean—atmosphere. The diagnostic presented here, within
the assumed hypothesis, may eventually provide material
for this discussion. It is assumed here that the interannual
variability results from the linear amplification of random
wind disturbances, which leads to different ENSO forma-
tion mechanisms depending on the regime of the equatorial
Pacific system. The regime (absolutely unstable, convectively
unstable or linearly stable) may change depending on the
mean state, and therefore it would be fundamental to map
transitions as a function of the many mean state parameters.

So far, we have considered local modes where the
mean state is constant or varies very slowly in space as
compared to the wavelength of the problem. The diagnostic
of absolute/convective instability may, however, be different
when considering various regions as a whole, with different
properties. Such a diagnostic for inhomogeneous systems
in space requires the concept of global modes (Huerre
and Monkewitz, 1990). Since the equatorial Pacific shows
an important zonal contrast in its mean state parameters,
it would be interesting to consider global modes where
this contrast is taken into account. The equatorial Pacific
can be schematically divided into the Eastern Pacific
(Nino3 region: 150°W-90°W, 5°S—5°N) dominated by
thermocline processes and the Central Pacific (Nino4 region:
150°E—150°W, 5°S—5°N) dominated by zonal advective
processes (An and Jin, 2001). According to our results
(where only the thermocline process leads to the absolute
regime) an intrinsic oscillation should develop preferentially
in the Eastern Pacific, while in the Central Pacific the flow
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should be in large part controlled by the features of the
random wind disturbances. This, however, assumes that the
Eastern and Central Pacific are independent.

There is also the possibility that changes in the leading
processes over the equatorial Pacific modify the areas of
convective/absolute instability from one El Nino event
to another and, consequently, the location of peak SST
anomalies. For example, focus has been given recently to
a new type of El Nino with peak SST anomalies in the
Central Pacific, called ‘Modoki’ El Nifio, “Warm Pool’ or
‘Central Pacific’ El Nifio (Ashok et al., 2007; Kao and Yu,
2009; Yeh et al., 2009; Dewitte et al., 2011). Kug et al. (2009)
noted that this type of event is related to stronger zonal
advective and atmospheric damping processes, while the
conventional ‘Cold Tongue’ event with peak anomalies in
the Eastern Pacific is more related to thermocline processes.
For this type of event, the discharge process of the equatorial
heat content is not efficient enough to trigger the reversal
from the warm to the cold phase, which suggests a secondary
role of boundary reflections. This questions to what extent
the ‘Central Pacific’ El Nifio may be accounted for by the
absolute regime documented in this study.
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3.2.2.Supplementary Materials

Additional sensitivity tests have been performed with the AC model frenprevious article, and
are recalled briefly. We removed the cross tefd in the equation that combines thermodynamics and
atmosphere dynamics, which simplifies the system into two equations of characteristézsiand a similar
temporal stability except at small scales. We computed the spatial stability of imed@el and compared it
to temporal stability using standard techniques, which evidences discrepancias landyg scales. Finally,
we computed temporal stability with alternatively a Lindzen-Nigam atmospherpaaatheters taken from
An (2011), which presents only damped modes.

C, w;

(a)/ )|
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Figure 3.4: Temporal stability of the AC modehith thermocline processes, when considering contributions ¢
the three gravest ocean baroclinic modgd Phase speed=aa/k, (m.s') as a function of the real
wavenumber k(units is (1000 kmj). (b) Growth rates as a function of k The system admits eight

eigenmodes, each represented by different coltnssi®w SST mode is in thick blue line.

We compute the temporal stability of the AC model (with thermoclirecgsses onlywhen
considering the contribution from the three gravest ocean baroclinic modegs $hisvn in figure 3.4. We
focus in particular on the slow SST mode (thick blue line), which is the leading coupéddlitysin term of
growth rate. As compared to a single baroclinic mode ocean (see previous itifiglee 1), the slow SST
mode hasa greater growth rate, which extends to higher values of the wavenumibert keeps a similar
phase speed. The increased growth rate is most likely related to an increasedlitemstroaction. The
similar phase speed is most likely because, for the slow SST mode, the ocean dgdarsiogent is much
faster than the thermodynamic adjustmefwhich is the so-called fast wave limit, Neelin, 1991). It is
therefore rather the thermodynamic adjustment that sets the phase speed.uStieesl how the
contribution of the higher baroclinic modes may modify the characteristasupled instabilities. Note also
that, because with three baroclinic modes the number of system variables is increaged,acdiagnostic

of absolute/convective instability would require more complex and automated methods (Suslov, 2006
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Chapter

4. A Reduced ENSO Model

In this chapter, we design and document the dynamics of a reduced strip model reproducing ENSO
like oscillations, the TD model (for Thual and Dewitte model). Itnispired from previous studies but
additionnaly takes into account the three gravest baroclinic modes of a continstoatified ocean. The
background stratification of the equatorial Pacific ocean may modify in partithdaocean baroclinic
structure, and so the relative contribution of the gravest baroclinic nmties ocean dynamics. This feature
is critical for the ocean adjustment to wind stress forcing at interannusgdate asdiscussedn chapter 2.
The sensitivity of ENSO to the background stratification has already been docuineptedious studies,
from observations or numerical simulations. We extend those studies by adopting a diffexsatrgpphere
the sensitivity to the background stratification is studied in a conceptual framework. The testgimlig} of
the TD model gives the main characteristics (growth rate, frequency, spai@us) of the simulated
ENSO mode. We document how those characteristics may vary with changes in theuratlgrean
stratification. The stratification modifies in particular the proattdf wind stress forcing onto the gravest
ocean baroclinic modes, and as such their contributions to the ocean dyNdenfasd that an increased
stratification (i.e. increased contribution from the second and third baroclioiesh leads to a more
unstable and low frequency ENSO mode in the model. An article presentingresaits is included.
Supplementary materials are also provided, wherdagument the design of the statistical atmosphere that
is used in the TD model.

In a short second part, we discuss limitations arising from the statisttiahation of the
thermocline feedback, which is commonly used in reduced models of ENSO such as the TD model. We show
that this estimation can be misleading in the central Pacific due to theaftmonal advective feedback.
This calls for a modified estimation of the thermocline feedback, which woald to be based on more
dynamical considerations. The latter may be crucial for the representation of EN$€luced to
intermediate complexity models, because the thermocline feedback is one of the eramdymamic

processes that control characteristics of the ENSO.
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4.1. Sensitivity of ENSO to Ocean Stratification

4.1.1.Article Published in Journal of Climate

We insert an article that documents the stability of a reduced strip mapdetlueing ENSO-like
oscillations (TD model for Thual and Dewitte model). This article has pebklished in Journal of Climate
(Thual et al., 2011). The TD model is strongly inspired by the strip moidéh and Jin (2001), but
considers an ocean baroclinic structure instead of two-layers shallow wateriadyefinchapter 2). This
accounts for peculiarities of the background stratification differesut the mean thermocline deptm A
increased stratification (i.e. increased contribution from the second addénbclinic modes) leads to a
more unstable and low frequency ENSO mode. Sensitivity to the thermocline and zonavedeedback
is also documented.

Abstract: El Nifio-Southern Oscillation (ENSO) is driven by large-scale oes@mosphere
interactions in the equatorial Pacific and is sensitive to change in the mean statad/¢baceptual models
of ENSO usually consider the depth of the thermocline to be influential on ahititgtof ENSO, the
observed changes in the depth of the 20°C isotherm are rather weak, on the ordexxohatgy 5 m over
the last decades. Conversely, changes in stratification that affebtshieointensity and sharpness of the
thermocline can be pronounced. Here, the two-strip conceptual model of An and Jin iscetdeindkide
three parameters (i.e., the contribution of the first three baroclinic meldasyaccount for the main
characteristics of the mean thermocline vertical structure. A stadildlysis of the model is carried out that
indicates that the model sustains a lower-frequency ENSO mode when thlerdeglparoclinic modes (M2
and M3) are considered. The sensitivity of the model solution to the coupling effidiemher indicates
that, in the weak coupling regime, the model allows for several ocean bad@es mat low frequency. The
latter can eventually merge into a low-frequency and unstable mode represent@iie®fas the coupling
efficiency increases. Also, higher baroclinic modes project more energythentmcean dynamics for the
same input of wind forcing. Therefore, in this study’s model, a shallower, yet more intense mean thermocline
may still sustain a strong (i.e., unstable) and low-frequency ENSO mode. Sensitstyo the strength of
the two dominant feedbacks (thermocline vs zonal advection) indicate thatebenge of lyh-order
baroclinic modes favors the bifurcation from a low-frequency regime to a Higlogrency regime when the
zonal advective feedback is enhanced. It is suggested that the proposed formalism cdrid@teseret

and measure the sensitivity of coupled general circulation models to climate change.
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ABSTRACT

El Nino-Southern Oscillation (ENSO) is driven by large-scale ocean—atmosphere interactions in the
equatorial Pacific and is sensitive to change in the mean state. Whereas conceptual models of ENSO usually
consider the depth of the thermocline to be influential on the stability of ENSO, the observed changes in the
depth of the 20°C isotherm are rather weak, on the order of approximately 5 m over the last decades. Con-
versely, change in stratification that affects both the intensity and sharpness of the thermocline can be pro-
nounced. Here, the two-strip conceptual model of An and Jin is extended to include three parameters (i.e., the
contribution of the first three baroclinic modes) that account for the main characteristics of the mean ther-
mocline vertical structure.

A stability analysis of the model is carried out that indicates that the model sustains a lower ENSO mode
when the high-order baroclinic modes (M2 and M3) are considered. The sensitivity of the model solution to
the coupling efficiency further indicates that, in the weak coupling regime, the model allows for several ocean
basin modes at low frequency. The latter can eventually merge into a low-frequency and unstable mode
representative of ENSO as the coupling efficiency increases. Also, higher baroclinic modes project more
energy onto the ocean dynamics for the same input of wind forcing. Therefore, in this study’s model,
a shallower, yet more intense mean thermocline may still sustain a strong (i.e., unstable) and low-frequency
ENSO mode. Sensitivity tests to the strength of the two dominant feedbacks (thermocline vs zonal advection)
indicate that the presence of high-order baroclinic modes favors the bifurcation from a low-frequency regime
to a higher-frequency regime when the zonal advective feedback is enhanced.

It is suggested that the proposed formalism can be used to interpret and measure the sensitivity of coupled
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general circulation models to climate change.

1. Introduction

El Nifio-Southern Oscillation (ENSO), the well-known
climate fluctuation, is driven by large-scale ocean—
atmosphere interactions in the equatorial Pacific. It has
dramatic impacts in many regions surrounding the Pacific
Ocean. In recent decades, many efforts have been
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en Géophysique et Océanographie Spatiale, 14 Av. Edouard Belin,
31400 Toulouse, France.

E-mail: sulian.thual@gmail.com

DOI: 10.1175/2011JCLI4148.1
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dedicated to the observation and modeling of ENSO. In
particular, the Tropical Ocean and Global Atmosphere
(TOGA) program (McPhaden et al. 1998) has led to
the development of a wide variety of models and para-
digms that allowed improving our understanding of this
phenomenon (Neelin et al. 1998). From the early work
of Bjerknes (1969), who first observed positive ocean—
atmosphere feedbacks leading to El Nifio (and oppo-
sitely to La Nifa) growth, various ENSO theories were
proposed that consider negative oceanic feedbacks as-
sociated with the decay and phase transition of such
events. Those negative oceanic feedbacks were based on,
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among others, the delayed effect of planetary equatorial
wave propagation on SST anomalies (Battisti and Hirst
1989; Schopf and Suarez 1988) and/or on the oceanic
heat transfer from the equatorial region toward the off-
equatorial regions and vice versa [cf. recharge—discharge
oscillator of Jin (1997a,b)]. The oscillatory nature of
ENSO could therefore be linked to the coupled nature
of the equatorial ocean—atmosphere system, in which the
ocean provides the memory of the system. In a simplified
framework, this has been addressed through the theo-
rical formalism of basinwide coupled instabilities (Neelin
et al. 1994), which permits the exploration of the phase
space of the ENSO mode. In particular, this approach
permitted establishing that ENSO (characterized here
by a growth rate and an oscillation frequency) is very
sensitive to the characteristics of the oceanic mean state
(An and Jin 2000; An and Wang 2000; Fedorov and
Philander 2001). The latter actually controls the relative
strength of the dominant feedbacks in the tropical Pacific—
namely, the thermocline feedback, which relates the
thermocline depth anomalies to SST anomalies [domi-
nant in the Nifo-3 region (5°S-5°N, 150°-90°W)]; and
the zonal advective feedback, which designates the rate
of SST changes along the equator as mostly controlled
by anomalous zonal advection of mean SST [dominant
in the Nifio-4 region (5°S-5°N, 150°E~150°W)]. This con-
ceptual view has been particularly fruitful for interpreting
more complex systems (Mechoso et al. 2003), which in-
clude the coupled general circulation models (CGCMs)
of the Coupled Model Intercomparison Project phase 3
(CMIP3) (Meehl et al. 2007), and their sensitivity to
change in mean state. In particular, the diversity of the
mean state characteristics in these models goes along with
a wide range of ENSO dynamics (Van Oldenborgh et al.
2005; Guilyardi 2006; Belmadani et al. 2010). For instance,
in these models, a cooler SST mean state tends to be as-
sociated with a larger (reduced) contribution of the zonal
advective (thermocline) feedback strength (Belmadani
et al. 2010). Changes in ENSO variability in recent de-
cades (Yeh et al. 2009; Lee and McPhaden 2010) also
suggest that a warmer state may influence the ENSO
dynamics through the change in the balance between the
two feedbacks. However, the diversity of the sensitivity of
models to the increase in greenhouse gases (An et al. 2008;
Yeh et al. 2010) makes it difficult to identify which pa-
rameter change of the mean state is critical. An et al.
(2008) show that the change in the vertical contrast—that
is, the change in difference between the subsurface tem-
perature and SST—turns out to be more influential on
ENSO than changes in the mean SST itself. This indicates
that the vertical ocean stratification is a key parameter for
understanding the sensivity of ENSO to global warming
(Yeh et al. 2010).
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In linear conceptual models of ENSO [Jin 1997b; An
and Jin 2001, the two-strip Jin model (JN model);
Fedorov and Philander 2001)], three parameters usually
define the mean state: 1) the mean upwelling; 2) the
mean zonal SST gradient across the equatorial Pacific;
and 3) the mean thermocline depth, which constrains the
wave dynamics. Although the mean thermocline depth
(as inferred from the depth of the 20°C isotherm) de-
termines to some extent the characteristics of the mean
stratification, paradoxically, observations and oceanic re-
analyses reveal a small change in the mean thermocline
depth at decadal-to-interdecadal time scales (Wang and
An 2001; Dewitte et al. 2009). Conversely, change in
stratification in the vicinity of the thermocline can be sig-
nificant, reflecting the rich vertical structure variability of
the equatorial Pacific (Dewitte et al. 1999; Moon et al.
2004). In particular, a slight flattening thermocline, as ex-
perienced after the 1970s, is associated with an increased
stratification in the central equatorial Pacific that corre-
sponds to a 1.4°C decrease at 150 m, 180° (cf. Fig. 1 of
Dewitte et al. 2009). In CGCMs, increased stratification
may actually lead to an ENSO amplitude rise, although the
thermocline flattens and thus reduces the Bjerknes feed-
back (Dewitte et al. 2007). Although the change in ENSO
may result from a rectified effect by the change in mean
state (Jin et al. 2003; Rodgers et al. 2004; Dewitte et al.
2007), it has been argued that the stability of ENSO may
be altered in a warmer climate, meaning that the balance
between the thermocline and zonal advective feedbacks
is modified (Yeh et al. 2009; Collins et al. 2010). Before
addressing the climate change problem, it seems necessary
to first better understand the sensitivity of ENSO to the
representation of the thermocline in a linear framework.
This is the objective of this paper, which builds upon the
works by Jin (1997b) and An and Jin (2001) to document
the stability of ENSO in a more realistic framework. In
particular, it proposes an extension of the Jin two-strip
model, which takes into account the peculiarities of the
equatorial Pacific thermocline—namely, its depth, thick-
ness (e.g., sharpness), and intensity—which had not been
considered explicitly in the original Jin model. The latter
are introduced in the model in the form of the contribution
of the first three baroclinic mode structure functions. In
that sense the model can be considered as a reduced and
linearized version of the model by Dewitte (2000), in the
same manner that the Jin two-strip model is a reduced and
linearized version of the model by Zebiak and Cane
(1987). The background motivation of this study is to
provide a theoretical framework within the linear ap-
proximation for the understanding of the impact of climate
change on ENSO.

The paper is organized as follows: section 2 provides
a description of the model. Section 3 is dedicated to a
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stability analysis of the model and documents the sen-
sitivity of the ENSO mode to several key parameters
accounting for the mean state change. Section 4 is a
discussion followed by concluding remarks.

2. Model description

The model used in this study is called the Thual-
Dewitte (TD) model. It can be viewed as an extension of
Jin’s (1997b) two-strip model. It is based on similar
physics, except that it has a refined representation of the
mean thermocline through the consideration of several
baroclinic modes (instead of one mode in the Jin model).
It is thus composed of six equatorial strips extending
from 125°E to 80°W for the oceanic component. Like the
Jin model, only one equatorial strip is considered for the
mixed layer model, and a statistical relationship is con-
sidered for the atmosphere. Also, the TD model can be
considered as a reduced and linearized version of the
model by Dewitte (2000), in the same manner the Jin
two-strip model is a reduced and linearized version of
the model by Zebiak and Cane (1987). This implies that
nonlinear advection is omitted in the formulation of the
model and that entrainment temperature is symmetrical
and linear with respect to thermocline depth anomalies.
The TD model also does not consider a seasonally vary-
ing mean state, unlike the Dewitte (2000) model. Finally,
the Dewitte (2000) model considers an infinite number of
meridional Rossby modes, whereas the TD model con-
siders only the first meridional Rossby mode. All model
parameters were derived from the Simple Ocean Data
Assimilation (SODA) reanalysis over the period 1958
2007 (Carton and Giese 2008), and anomalies are con-
sidered with respect to the mean over this period. The
following details each component of the model.

a. Ocean dynamics

We consider an ocean at rest in hydrostatic balance
with a reference state that is described by the mean
density py and Brunt-Viisili frequency N°. The Brunt—
Viisila frequency (or mean buoyancy) is proportional
to the vertical gradient of density and therefore defines
various characteristics of the mean thermocline, such as
its depth (being the depth where N? is maximal), thick-
ness, for example, sharpness (being the vertical exten-
sion of the N? profile around the mean thermocline
depth), and intensity (being the value of N* at the mean
thermocline depth). Although the mean stratification in
the equatorial Pacific exhibits important zonal varia-
tions, here a mean buoyancy vertical profile N*(z) typ-
ical of the central Pacific (170°-120°W) is chosen
because the linear formalism cannot easily account for
the zonal changes in stratification. Note that the central
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Pacific (170°-120°W) is the area that mostly controls
ocean dynamics in our model, as the wind stress forcing
is maximal in such an area. For clarity, N*(z) will be
referred to as the mean stratification. From N*(z), a ba-
sis of vertical functions F,, with associated speed c,, can
be derived assuming the separation into horizontal and
vertical variables as follows:

X Y
(u TR )(x ¥,2,1)
Py’ Py Py
= 21 (u,,v,.p,.X,. Y, )(x,y,0)F,(z),
oy

where (i, v) are the anomalies of zonal and meridionnal
currents, respectively; p is the pressure; and (X, Y,) are
the zonal and meridionnal wind stress vertical de-
rivatives, respectively. The ocean dynamics thus reduce
to an equation of evolution for each vertical mode on the
equatorial B8 plane as shown:

du, —ypv,=—-0op, +X,
dv, +yBu, = —aypn +Y,
9P, + cp(u, +0,)=0. (1)

In this paper, the focus is on the long wavelength—low-
frequency equatorial waves (Kelvin and Rossby waves),
which are nondispersive. The meridional momentum
equation is thus approximated by the geostrophic bal-
ance, and therefore the meridional wind stress contri-
bution is neglected. The system (1) can be projected onto
the basis of the theoretical meridionnal functions associ-
ated with an infinitely unbounded ocean (Cane and
Sarachik 1976), and the contribution of the baroclinic
modes to zonal currents and pressure reads as follows:

“0,0) = 4,0 0 (9,)

+ Z @y (X, t)[

D (3.0 = 4,000 0,)

+ 2 Gy (X, t)[

m+1(y,,) Y, 0)
Vm Vm

} and

m+l(y) l»[/m 1(y ):|
Vmrl | vm |

with y, = y,/Blc,. The g, and g,,,, are the projection of
the nth baroclinic mode on the Kelvin and mth meridi-
onal Rossby wave structures, respectively, and the ,,
terms are the Hermite functions. A differential equation
for the ocean dynamics can then be written for each
baroclinic mode n:
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X >
(at + 8n)qn0 + CnaanO = W and (2)
S
(az + 8n)qnm - m aanm
_ m(m + 1) <Xn’ l,llm+1(yn)> _ <Xn’ lpm*l(yn)>
2, L,(2m+1) m+1 vm ’

where weuse L, = /c,/Band (X, ()= [" X, ¥, dy.

In the absence of wind forcing, the first equation (m =
0) accounts for the free eastward propagation of Kelvin
equatorial waves with phase speed c,,, while the second
equation (m > 0) accounts for the free westward prop-
agation of Rossby waves with phase speed —c,/(2m + 1).
Odd (even) Rossby waves have a meridional symetric
(asymetric) structure. A damping is introduced as a
Rayleigh-type friction with e-folding rate ¢, for each
vertical mode following Dewitte (2000). Furthermore,
a perfect reflection of the waves at the meridional
boundaries is considered that leads to an explicit for-
mulation of the reflection efficiencies (Boulanger and
Menkes 1995). For simplicity, the reflection efficiency
depends only on the horizontal modes m. We assume
an infinitely extended wall in the north—south direction
for the eastern boundary xz and a no mass flow con-
dition for the western boundary xy. Therefore, the
theorical values of reflection efficiency in the case of
a Kelvin wave (m = 0) and the first meridional-mode
Rossby wave (m = 1) can be derived as

G0y, 1) = 0.5q,, (xyy, 1) and  q, (xp, 1) = q,0(x g, 1),

where we use the conditions u = 0 at xz and foj Ludy=0
at xyy.

A constant mixed layer depth of 50 m is assumed, and
for each vertical mode a projection coefficient P, is in-
troduced. By taking H, the ocean bottom depth, we have

0
J F,dz

h
and P =—"o

n 0
h . J Fldz

0

where Z:ZOPH =1/h_. ., 7. is the zonal wind stress
anomalies, and &, is the mixed layer depth.
Therefore, by considering n vertical modes and m
horizontal orders, the ocean dynamics can be depicted
by n X m strips of variables g,,,. In our model, we
consider the contribution of the first three vertical baro-
clinic modes (n = 1, 2, 3). These modes are the most
energetic propagating modes in the equatorial Pacific
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TABLE 1. Ocean model parameters.

Baroclinic mode

1 2 3

¢y (ms™ 1 2.7 1.6 1.1
P,(mm™") 3.8 3.6 15
d.F,/JN* (m™! §?) 16.2 420 77.4
&7 (month ™) 1/30 123 118

that best describe the wave dynamics (Dewitte et al.
1999, 2009). As in Kang and An (1998), only the con-
tribution of the Kelvin and first-meridional Rossby
waves (m = 0, 1) are taken into account, considering that
they explain a large amount of variance of the baroclinic
modes (Dewitte et al. 1999, 2003). Therefore, the ocean
dynamics is depicted by six strips of variables g,,,. The
use of several baroclinic modes introduces slower-
propagating waves and therefore lower frequencies in
the model. One could alternatively increase m instead
of n to introduce slower-propagating Rossby waves
(at speed —c,/(2m + 1)); however, it would keep the
propagation speed of the Kelvin waves (at speed c,)
unchanged, and the introduced Rossby waves would be
dissipated relatively quickly because of their slower
phase speed (shorter wavelength). The parameters of
the ocean model are summarized in Table 1. A more
detailed description of the ocean dynamics formalism
used in this article can be found in Clarke (2008).

b. Atmospheric component

A statistical relationship between SST anomalies
along the equator Ty and 7, between 11°S and 11°N is
used to build the atmospheric model. Here SST anom-
alies along the equator are calculated from a meridional
average between 1°S and 1°N and therefore depend only
on longitude and time. The statistical relationship is
derived from the singular value decomposition (SVD)
(Bretherton et al. 1992) between T and 7, of the SODA
data during 1958-2007, which leads to the modes e;(x)
and fi(x, y) associated to the time series ay and By, such
that

Ty(x.) = ;ak(t)ek(x) and
7 (6, 9,1) = §Bk<r>fk<x,y>.

We retain the first two SVD modes (k = 1, 2) that ac-
count for 66% and 15% of the covariance, respectively.
The first (second) SVD mode accounts for 70% (28%)
of the total variance for the SST and 31% (30%) of the
wind stress. The first SVD mode captures a remote in-
teraction between eastern positive SST anomalies and
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central positive wind stress anomalies, while the second
SVD mode captures a more local and delayed in-
teraction between central positive SST anomalies and
positive (negative) wind stress anomalies slightly west
(east) of the SST anomalies (not shown). Therefore, in
our model the atmospheric relationship reduces to

2
T (1) = Mk; CSVPSVP (0, (x.).

where CPVP is a regression coefficient defined as
(a,B,)/ (%), where the angle brackets here denote the
time average over the entire length of the used sample,
1958-2007; and VP at a given time is derived by pro-
jecting SST anomalies onto the SST eigenvector e.
The atmospheric relationship is somewhat similar to
the one of An and Jin (2000), but it is based on a SVD
rather than an empirical orthogonal function (EOF)
decomposition. As in An and Jin (2000) and other com-
parable studies, a coupling coefficient (or efficiency) u is
introduced to explore the sensitivity of the coupled in-
stabilities to the strength of the air-sea interaction; u =
1 corresponds to realistic ocean—atmosphere coupling
at interannual time scale. Here, the projection of wind
stress forcing patterns (f; and f,) on the equatorial
waves meridional profiles is only slightly dependent on
the baroclinic mode order (not shown). This is consis-
tent with the fact that the atmospheric Rossby radius is
much larger than the oceanic Rossby radius L,, of the
gravest baroclinic modes (assuming that the zonal wind
stress anomalies along the equator can be fitted to a
Gaussian profile in the meridional direction). This im-
plies that the forcing term of the right-hand side of (2)
in section 2a can be approximated by P, (Fy/c,) and
P, (Fylc,) for the Kelvin and first-Rossby equation, re-
spectively, where Fx and Fg are longitudinal profiles
independent of the baroclinic mode order that is con-
sidered.

¢. Mixed layer model

An equatorial strip is used for the thermodynamic
equation controlling the rate of SST anomaly changes.
The formulation is identical to An and Jin (2001), but
here the equatorial strip extends from 1°S to 1°N. The Tg
anomalies, thermocline depth anomalies /g, and zonal
surface currents anomalies 1z are averaged in the equa-
torial strip and therefore depend only on longitude and
time. For Ty, we have

— D T 7ZA
39,Ty=FPT, + FThy, + F*Au,, 3)

where
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ZA _ _o 7T
Fo% = =0, T(x).

Here e7 is a thermodynamical damping coefficient of
125 days™', w is the mean upwelling, Ay, is constant
(=50 m), vy is an efficiency factor associated with the
vertical thermal advection, and aXT is the mean zonal
gradient of SST along the equatorial Pacific. We derive
hg and ug from ocean dynamics (see section 2a). Fol-
lowing Dewitte (2000), iz and uy are estimated as

3

hp(x,t) = 2 < z ”)h and

ug(x,t)= 2

w

JF, (0)

with F,(0) = 1. The angle brackets denote a meridional
average in the equatorial strip and / is the mean depth
of the equatorial thermocline. The first, second, and
third terms on the right-hand side of (3) correspond to
the damping feedback, thermocline feedback (FT), and
zonal advective feedback (FZA), respectively, in the
equatorial strip. The thermocline feedback accounts for
the anomalous advection of subsurface temperature
anomalies by the mean upwelling, while the zonal ad-
vective feedback represents the anomalous advection of
mean SST by zonal currents. Thus, FT and FZA depend
on the characteristics of the mean state of the equatorial
Pacific. The values of those parameters are derived from
SODA. They are plotted in Fig. 1 in a nondimensionnal
form to ease the comparison with previous studies. To
derive w (mean vertical velocity), the linear model of
Dewitte (2000) is forced by the mean climatological
wind stress from SODA with wave parameters derived
from the vertical model decomposition of the mean
stratification of SODA (see Table 1). From this model
a mean upwelling of w = 0.99 m day ' is estimated by
zonal averaging over the domain 140°-90°W. We use an
empirical function connecting 4 (defined as the depth of
the 20°C isotherm) and the subsurface temperature
Tsup (the temperature at hyiy) as Tqp = A tanh(Bh)
(Zebiak and Cane 1987; Battisti and Hirst 1989), where
the coefficients A and B are estimated by the least
squares method from the SODA data. After the line-
arization of the derivative dTg,/dh, the efficiency
factor for the thermocline feedback is thus y(x) =
A(x)B(x). Such a formulation is different from An and
Jin (2000), who further introduce a constant coefficient
asy = AB cosh™*(Bhy), where hy = 70 m. However y(x)
is around 0.15°C m ™! in the eastern Pacific, which is in
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FIG. 1. Zonal profiles of FT (solid line) and FZA (dotted line).
FTis adimensionalized by HL/D ;.c, and FZA by L/D ., where H =
150 m, L is the basin width (m) ranging from 125°E to 80°W, D =
7.5°C, and c; is the speed of the first baroclinic mode (m s~ ').

good agreement with the obtained values in An and Jin
(2000). A Savitsky—Golay filter (Savitzky and Golay
1964) is used to smooth the thermocline feedback profile
and to calculate the derivative axT in the zonal advective
feedback term.

3. Stability analysis of the simulated ENSO

A stability analysis of the TD model is performed and
the results are analyzed in this section. Because the
mean stratification influences both the mean circulation
and the variability, its impact on the ENSO mode cannot
be inferred in a straightforward way. Here, we focus on
interpretating the model’s behavior in light of previous
comparable theoretical studies, as well as depict the
model’s sensitivity to the mean stratification. First, for
a fixed mean stratification, we document the depen-
dency of the ENSO mode to the strength of the ocean—
atmosphere coupling, as in previous comparable studies
(sections 3a—c). Then we document the dependency of
the ENSO mode to the projection of wind stress forcing
on the different baroclinic modes (section 3d). Finally, we
document the dependency of the ENSO mode to the
relative strength of the thermodynamical feedbacks
(section 3e).

a. Frequency and growth rate

The solutions of the TD model are calculated nu-
merically. It consists of seeking the eigenvectors and
eigenvalues of the Jacobian matrix built from the linear
differential equations described above (see section 2),
where the vector (q,,,,, Tr) is the unknown of our sys-
tem. The eigenvalues provide the growth rate and fre-
quencies of the leading coupled modes. They are plotted

THUAL ET AL.

4337

in Fig. 2 for different values of u, ranging from 0 to 1.5.
Only the eigenmodes with a growth rate greater than
—1.8 yr ' and a frequency less than 1.5 yr~ ' are plotted.
The results indicate that the TD model is able to sustain
a variety of oscillatory and stationary modes that can be
stable (negative growth rate) or unstable (positive growth
rate).

In the uncoupled case (u = 0), the oscillating eigen-
modes consist of ocean basin modes (OBMs). In our
model with no ocean-atmosphere interaction (u = 0),
each baroclinic mode is independent of the others (there
is no mode interference) and has associated Kelvin and
Rossby-1 waves, which propagate freely at speeds c,, and
c,/3, respectively. Therefore, each baroclinic mode
produces an ocean basin mode of its own, whose fre-
quency is consistent with the time for a Kelvin wave and
a Rossby-1 wave to reflect and travel across the basin
[the frequency is (L/c,, + 3L/c,) "', where L is the length
of the basin]. The ocean basin mode frequency is 1.2,
0.73,and 0.5 yr~! (see Table 1) for the first, second, and
third baroclinic modes (M1-M3), respectively. In Fig. 2,
we identify OBM1, OBM2, and OBM3 (at u = 0), which
are associated with the baroclinic modes M1, M2, and
M3, respectively. Two other ocean basin modes can be
observed in Fig. 2 in the uncoupled case (marked by
asterisks), whose frequencies (1.46 and 1 yr ') are the
double of the frequency of OBM2 and OBM3 (0.73
and 0.5 yr ', respectively). These solutions are gener-
ally associated with large zonal wavenumbers, which are
difficult to relate to some aspects of the observed vari-
ability in the equatorial Pacific. They also remain sec-
ondary for the stability of the system in term of growth
rate.

We now focus on the system’s behavior in the coupled
case (u > 0). Here, the baroclinic modes are no longer
independent because of ocean—atmosphere interaction,
and therefore the eigenmodes take into account the
contribution of every baroclinic mode. For each pu, the
leading eigenmode of the system is defined as the ei-
genmode with maximal growth rate. With an increasing
coupling coefficient, the leading eigenmode switches
from a nonoscillatory damped mode (u = 0.3) to an
oscillatory eigenmode (0.3 = u = 1.3) before breaking
into two nonoscillatory unstable modes (u > 1.3, not
shown). Such behavior is similar to the one observed in
the Jin two-strip model (An and Jin 2001), although for
a different range of u. Our focus is on the range of values
for coupling efficiency where the leading eigenmode is
oscillatory (0.3 = u = 1.3), which we define as the ENSO
mode of our model. In Fig. 2, the ENSO mode is ap-
proximately in the range of frequency and growth rate of
0.05 to 0.5 and —1 to 0.8 yr !, respectively. The fre-
quency and growth rate of the ENSO mode are further
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FIG. 2. Plot of eigenvalues of the TD model. Axes are frequency (yr ') and growth rate
(yr~1). We represent u with increasing dot size as well as with color value (right scale), ranging
from 0 to 1.5. For a coupling equal to unity, eigenvalues are overcontoured in black thick-lined
open circles. Five ocean basin modes from the uncoupled case are identified (marked by
OBM1, OBM2, OBM3, or an asterisk) as well as the ENSO mode in the coupled case (see text).
The plot is symetric along the y axis, as all complex (i.e., oscillating) eigenvalues of the system
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come with their corresponding complex conjugate.

displayed in Fig. 3 as a function of u (0.3 = u = 1.3). For
n = 1, the ENSO mode is unstable with a period of
approximately 3.7 yr, which is consistent with the
contemporary ENSO characteristics (Trenberth and
Stepaniak 2001) and the dominant frequency of the
ENSO mode in the Dewitte’s (2000) model (namely,
3.3 yr). In the following sections, we further analyze
the spatial characteristics (eigenfunctions) of the ENSO
mode of our model and its sensitivity to u.

b. Structure of the ENSO mode

In this section, we analyze the eigenfunctions of the
ENSO mode of our model. They are presented for the
SST, thermocline depth H, and zonal current U anom-
alies of the model’s equatorial strip in Fig. 4 for a value
of coupling efficiency u = 1. In such representation, all
eigenfunctions are sinusoidal. All fields are dominated
by a standing ENSO oscillation for a period of 3.7 yr.
The warm phase is associated with positive SST that
departs from the central Pacific (160°W) and propagates
both eastward and westward. West of 160°E, the SST is
of opposite sign because of the cooling effect of the
zonal advective feedback in this region (cf. Fig. 1).
Along the equator, analytical Kelvin (Rossby-1) wave
solutions have a contribution that is larger on H (U)

(Cane and Sarachik 1976). Figure 4 indeed suggests that
the transition from warm to cold phase is ensured
by Rossby-1 wave reflections at the western boundary
(with positive U) into Kelvin waves (with negative H),

1-0 T T T T T

years '

.
.
o

—-1.0t 1 1 1 1

04 0.6 08 10 1.2
u

FI1G. 3. Dependence of the eigenvalues of the leading eigenmode
(ENSO mode) on the relative u. Solid curve is frequency (yr—');
dotted curve is growth rate (yr~'). The parameters are as in Fig. 2,
but u ranges from 0.3 to 1.3.
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FIG. 4. Time-longitude plots of (a) SST anomalies (°C), (b) thermocline depth anomalies (m)

and (c) zonal current anomalies (m s~

1Y along the equator for the ENSO mode at u = 1 (see

text). The contour interval is 0.5°C for the SST, 5 m for H, and 0.1 m s~ for U. Shading is for

positive values.

consistent with the delayed oscillator theory (Schopf
and Suarez 1988). Features relevant to the recharge—
discharge theory (Jin 1997a,b) are also observed, which
result from oceanic wave adjustment in the model: the
warm water volume (WWYV) (or zonal average of H) is
maximal at the beginning of the warm phase (when H is
positive all along the equator), thus leading the El Nifio
signal in the east by approximately a quarter of a period.

The characteristics of the ENSO mode in the TD
model can be interpreted in light of the coupled in-
stability theory, in which the H mode (U mode) refers to
the instabilities arising from a dominant thermocline
feedback (zonal advective feedback) process. The H
mode and the U mode impact on SST can be observed in
Fig. 4, where they are responsible for the eastward SST
anomaly propagation from 160° to 90°W and the west-
ward SST anomaly propagation from 160°W to 125°E,
respectively. Here, the H mode is dominant, which
produces maximal SST in the eastern Pacific. The feed-
back mechanisms of the two instabilities (the H mode
and the U mode) are different in many ways. The H
mode, associated with the thermocline feedback, arises
from the merging of a damped SST mode and ocean
adjustment mode (An and Jin 2001). Such a mode was
originally discussed as the delayed oscillator mode by
Schopf and Suarez (1988). The zonal advective feedback
produces the U mode by destabilizing the gravest ocean
basin mode (An and Jin 2001). It is related to the SST
mode introduced by Neelin et al. (1994). Jin and An

(1999) further demonstrated that both instabilities are
dynamically linked via the geostrophic balance between
the upper-ocean zonal current and the meridional gra-
dient of the thermocline. In our model, because the
geostrophic balance is not considered explicitly, the dy-
namical coexistence of the two instabilities has to emerge
through a different process.

Our results indicate that the TD model is able to
simulate a realistic ENSO mode at u = 1 that is con-
sistent with former theoretical studies (Jin 1997a,b; An
and Jin 2001). Figure 4 can be compared to Fig. 8 of An
and Jin (2001), which shows the results of the stability
analysis of their model [model parameters are derived
from the National Centers for Environmental Pre-
diction (NCEP) oceanic reanalysis covering the period
from January 1980 to December 1995]. Although the
TD model and the Jin model are based on a different
formalism for ocean dynamics, the eigenmodes charac-
teristics are comparable. The TD model, however, pro-
duces more intense SST anomalies in the east because of
a stronger thermocline feedback. The sensitivity of the
TD model to u is depicted in the next section.

c¢. Sensitivity to coupling coefficient

In the following, as a first step, we document the
sensitivity of the dynamical adjustment of the model to
w. Figure 5 presents the eigenvectors amplitude of SST,
H, and U for the ENSO mode as a function of longitude
and p (0.3 = p = 1.3). The results indicate that the TD
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model sustains distinct regimes depending on the cou-
pling coefficient. The amplitude of SST is maximal in the
eastern Pacific and shows little sensitivity to the coupling
coefficient. The amplitude of H increases with the cou-
pling coefficient in both the eastern and western Pacific.
The amplitude of U, however, shows a different sensi-
tivity, with strong zonal currents in the central Pacific for
both a small coupling coefficient (i ~ 0.3) and a strong
coupling coefficient (u ~ 1.3). First, for a small coupling
coefficient (u ~ 0.3), the ENSO mode is very close to
OBMS3 from the uncoupled case (see Fig. 2). As a result
the model produces relatively strong zonal currents
(U= 0.3 m s~ ") in the central Pacific, which is identical
to the feature of an ocean basin mode (An 2005). Sec-
ond, for a large coupling coefficient (u ~ 1.3), the ENSO
mode has a period that is very large compared to the
time delays induced by the propagation of equatorial
Kelvin and Rossby-1 waves (see section 3a). Therefore,
there is no apparent zonal propagation on the dynamical
fields U and H (not shown). This absence of zonal
propagations leads to an increase of U in the central
Pacific through the contribution of Rossby-1 waves,
which are locally forced by the atmosphere. This pecu-
liar behavior of the system with a strong coupling co-
efficient is in contrast to the behavior of the Jin model
which produces strong zonal currents only for a small
coupling coefficient [see Fig. 5 of An (2005) for a com-
parison]. It is attributed to different ocean dynamics
adjustments in the Jin model and the TD model. The Jin
model assumes a geostrophic balance between the
equatorial and the off-equatorial strips as well as a lo-
cally wind-driven component to derive zonal current
anomalies along the equator (Jin and An 1999), whereas
in the TD model zonal current anomalies are derived
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FIG. 5. Eigenvector amplitude as a function of longitude and u for the ENSO mode. We consider the anomalies of (a) SST (°C), (b) H (m),
and (c) U (m s~ ). The contour interval is 0.2°C for the SST, 2 m for H, and 0.05 m s * for U.
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explicitly from the Kelvin and Rossby-1 wave contri-
butions. Therefore, differences between the two models
originate mostly from their sensitivity to . In particular,
for a similar value of the coupling coefficient, the TD
model sustains a lower-frequency ENSO mode than the
Jin model, which is mainly attributable to the contri-
bution of higher-order baroclinic modes. Details of the
differences in sensitivity to u of the TD model and the
Jin model are provided in the appendix.

We now investigate the role of vertical structure var-
iability in the model, documenting the dynamical ad-
justment with regard to the contribution of the baroclinic
modes.

d. Role of baroclinic modes

Considering the importance of high-order baroclinic
modes (n = 2, 3) in setting the sensitivity of eigenmodes
to the coupling efficiency described above, in this section
we detail their specific role in the transition phase be-
tween leading instabilities and in setting the character-
istic time scales of variability of the ENSO mode. The
eigenvectors’ amplitude of H and U for M1-M3 is dis-
played in Fig. 6 as a function of longitude and p (0.3 =
p = 1.3). Each baroclinic mode exhibits maximum
amplitude for H in the eastern and western Pacific and
maximum amplitude for U in the central Pacific. In-
terestingly, differences arise regarding the baroclinic
modes’ sensitivity to coupling. For a small coupling co-
efficient (0.3 = p = 0.8), the amplitude of M3 (for U and
H) is dominant because the ENSO mode is close to
OBMS3 (see Fig. 2), which has a dominant amplitude on
M3 (not shown). However, for a large coupling co-
efficient (0.8 = p = 1.3), M2 is dominant both in terms of
U and H. Interestingly, the amplitude of M1 remains
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FIG. 6. (a) As in Fig. 5b, but for the contribution of the baroclinic modes to H anomalies (m).
(left to right) Contribution of the first, second, and third baroclinic modes is contoured with a 2-m
interval. Shading is for values greater than 6 m. (b) As in Fig. 5c, but for the contribution of
the baroclinic modes to U anomalies (cm s~ ') contoured with a 4 cm s~ " interval. Shading is for

values greater than 12 cm s~ .

overall secondary compared to the other baroclinic
modes. This illustrates the importance of higher baro-
clinic modes in setting the characteristics of the ENSO
mode in our model. First, although wind stress forcing
projects similarly onto the first two baroclinic modes
(Py ~ P,, see Table 1), M2 is overall the main contrib-
utor to the ENSO mode. Second, when varying u, the
baroclinic mode contribution is modified through change
in the nature of the ENSO mode from an ocean basin
mode regime to a strong coupling regime (see section 3c).

It is also worth investigating the inverse problem,
which consists of determining how changes in the baro-
clinic mode contribution only may alter the nature of the
leading eigenmode. To document such sensitivity, the
solution of the TD model is sought for a wide range of
values of the projection of wind stress forcing on each
baroclinic mode P,, while the other parameters derived
from the mean stratification remain constant. We in-
troduce a new varying sensitivity parameter 6 while w is
kept constant (w = 1). In such a test, the wind stress
projection coefficients (see section 2a) vary as P1(1 — §),
P,(1 + 8/2), and P3(1 + 8/2) for the baroclinic modes
M1, M2, and M3, respectively. At § = —2 (6 = 1), the
wind stress projects solely on M1 (M2 and M3) while we

roughly conserve the wind stress energy input, defined
here as the sum of P; + P, + Ps. It is worth noting here
that M1 (n = 1) accounts for the density difference be-
tween the upper layer and the bottom ocean, and
therefore it mostly represents the mean thermocline
depth, whereas higher-order baroclinic modes M2 and
M3 (n = 2, 3) stand for the mean thermocline sharpness
and intensity (Dewitte et al. 2007, 2009). Simply put, a
deeper thermocline tends to increase the first baroclinic
mode contribution, while a sharper and more intense
thermocline leads to an increased contribution of the
second and third baroclinic modes. A stability analysis is
then performed for each value of § in the range (—1.5 =
8 = 1), and the frequency and growth rate of the solu-
tions are presented in Fig. 7. For an increasing param-
eter 8 (P, and P; favored over P;), the ENSO mode is
displaced toward a more unstable and low-frequency
regime. For instance, a larger é corresponds to a sharper
and shallower thermocline, which will tend to trap more
wind stress forcing in the surface layers because of the
finer meridional scale of variability of the high-order
baroclinic modes. Note that in our model, a larger & is
roughly equivalent to a larger w in terms of the growth
rate and frequency of the simulated ENSO mode (by
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FIG. 7. Dependence of the eigenvalues of the ENSO mode on 6,
where & ranges from —1.5 to 1. The solid curve is frequency (yr~');
the dotted curve is growth rate (yr1).

comparing Figs. 3 and 7). However, u is arbitrary in our
model, while § can be related to the characteristics of the
thermocline, and in that sense has a physical meaning.
This emphasizes the role of mean stratification in
setting the stability characteristics of the ENSO mode.

e. Sensitivity to thermodynamical feedbacks

Changes in mean state associated with natural vari-
ability or climate change have the potential to impact
the ENSO dynamics through changes in the main ENSO
feedbacks (An and Jin 2001). In the TD model, the mean
stratification N*(z) controls the wind stress forcing of
ocean dynamics through the relative contribution of the
baroclinic modes (see section 3d), but it also constrains
some aspects of the mixed layer thermodynamics be-
cause it influences the strength of the thermocline
feedback and the zonal advective feedback (see section
2c). For instance, mean upwelling conditions (which
contribute to the thermocline feedback) depend on the
characteristics of the mean thermocline. The more in-
tense (i.e., thinner) or shallower the thermocline, the
larger the w for the same input of wind stress forcing.
Also, the dynamical relationship between changes in the
thermocline depth and changes in the subsurface tem-
perature at the base of the mixed layer, described by y in
the thermocline feedback (see section 2c), is sensitive to
the mean stratification. A shallower thermocline leads to
a stronger vy, which is observed, for example, in the eastern
equatorial Pacific in comparison to the central equatorial
Pacific (see Fig. 1). Furthermore, a more intense thermo-
cline leads to a stronger 7y, as subsurface temperature
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anomalies become more sensitive to the vertical displace-
ments of the isopycnes. Conversely, the sensitivity of the
zonal advective feedback to the mean stratification is not
straightforward. However, the mean zonal gradient of SST
aXT (see section 2c) is related to ocean—atmosphere heat
flux adjustments, which are also constrained by the mean
stratification characteristics.

In this section, we introduce the new sensitivity pa-
rameter «, which controls the ratio of the FZA over the
FT in the SST equation

9, T,=F°T . +(1—a)F h,+(1+a)F**u, with

—1l=a=1.

The mean stratification influences the relative strength
of the zonal advective and thermocline feedbacks, thus
the o parameter. However, we assume that « has a dif-
ferent effect on the ENSO mode than the other param-
eters (c,, P,, F,) characterizing the mean stratification
because it influences the ENSO mode through the mod-
ification of the mixed layer thermodynamics instead of
the ocean dynamics. Therefore, we assume that « can be
modified to explore the phase space of the ENSO mode
in the model while the other parameters (c,, P,, F,) re-
main fixed. Note also that this parameter has already
been used to explore various regimes of the Jin model in
previous studies (An and Jin 2000, 2001; An 2005). For
a = —1, only the thermocline feedback is at work, while
for a = 1, the rate of SST changes is mainly controlled by
the zonal advective feedback. The case o = 0 corre-
sponds to the reference run described previously. We
choose to work with the two parameters (a, u) to ex-
plore the phase space of the ENSO mode as a function of
the strength of the ENSO feedbacks. The analysis is
similar to the one by An (2005) but in a multibaroclinic
mode context.

The results of the stability analysis of the model in
terms of growth rate and frequency are presented in Fig. 8
for different values of @ and u. High-frequency eigen-
modes (>0.75 yr~ ') are not contoured, as they remain
secondary for the stability of the system in term of
growth rate. In Fig. 8 we identify two types of eigenmodes
called EG2 and EG3. By definition, the eigenmodes of
EG2 (EG3) depart in the uncoupled case from the OBM?2
(OBM3) (see section 3a). With an increasing u, the ei-
genmodes of EG3 are eventually displaced toward a low-
frequency regime, while the eigenmodes of EG2 keep a
somewhat similar frequency in the range of 0.55-0.73 yr .
This has implications for the stability of the ENSO mode
of our model, defined here as the leading oscillating
eigenmode of the system (see section 3a). For a negative
a (FT favored), the ENSO mode belongs to EG3 and the
stability is very similar to the previous case (Fig. 2).
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However, for strong positive values of @ (a = 0.7), the
ENSO mode eventually switches (bifurcates) from EG3
to EG2 with significant changes of its growth rate and
frequency. To better illustrate such a feature, the fre-
quency and growth rate of the leading eigenmode
(ENSO mode) are contoured in Fig. 9 as a function of
a and p. Here, the ENSO mode is alternatively in EG3
or in EG2, or is nonoscillating (NO, not contoured). The
transition between EG3 and EG2 is marked by a slight
jump in frequency and a local minimum of growth rate.
Near such a transition, the second leading eigenmode
has a similar growth rate compared to the first one (not
shown); therefore, the system has two favored frequen-
cies (around 0.5 and 0.6 yr ). It is worth noting that the
ENSO mode can even switch to EG1 for very strong
(hypothetical) coupling values and a ~ 1 (not shown).
The representation in Fig. 9 gives insight into the sys-
tem’s sensitivity to both « and u. When « decreases (FT
favored), the leading eigenmode is displaced toward
a more unstable and low-frequency regime. For a near
unity (FZA favored), the system’s frequency remains
close to the frequency of OBM2 (0.73 yr '), indepen-
dent of the value of the coupling efficiency parameter.
Such a result is in agreement with An (2005), who
suggests that the H mode (see section 3b) induced
by the thermocline feedback is much more sensitive
to u than the U mode induced by the zonal advective
feedback.

In the following, we focus on the spatial structure of
the ENSO mode in the phase space («, n). The locali-
zation of SST anomalies depends mostly on « and very
little on w, with a favored thermocline (zonal advective)
feedback producing maximal SST anomalies in the
eastern (central) Pacific (not shown). Also, when « in-
creases so does the amplitude of H and U while the
thermocline pivot (defined here as the longitude of the
minimum amplitude of H along the equator) is pro-
gressively displaced to the west, from 145°W at a = —1
to 175°E at @ = 1 (not shown). These changes reflect
changes in the WWYV anomalies, which characterize the
delayed response of the ocean with respect to the at-
mosphere in the coupled system (Meinen and McPhaden
2000). Here, the WWYV anomaliess are defined as the
zonal and meridional average of H in the equatorial
strip of the model (1°N-1°S, 125°E-80°W). The ampli-
tude of the WWYV anomalies is displayed in Fig. 10a as
a function of @ and u. When the ENSO mode is dis-
placed toward a low-frequency regime (see also Fig. 9),
the amplitude of the WWV anomalies decreases and the
H anomalies reduce to a zonal seasaw mode or “tilt”
mode, consistent with Clarke (2010). This is illustrated
by the phase difference of H between the eastern Pacific
(90°W) and the western Pacific (180°) (gray dashed lines
on Fig. 10a). At low frequencies, the eastern and western
Pacific are almost in phase opposition (180°), which leads
to weak WWYV anomalies. Also, the WWYV anomalies are
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FIG. 9. (a) Frequency (yr ') of the first leading eigenmode
(ENSO mode) as a function of @ and p. Contour intervalis 0.1 yr .
Thick black lines separate areas NO, EG3, and EG2 (see text). NO
eigenmodes are not represented. Shading is for eigenmodes in the
area EG3. (b) Growth rate (yr!) of the first leading eigenmode.
Contour interval is 0.25 yr~'. Thick black lines separate areas NO,
EG3, and EG2. Shading is for positive values.

related to the recharge—discharge mechanism proposed by
Jin (1997a). Jin’s (1997a) simple model for ENSO is based
on two linear first-order ordinary differential equations
for eastern SST and heat content (~WWYV) anomalies.
Therefore, in this model the WWYV anomalies lead the
eastern SST anomalies by a quarter of a period (90°) [see
also Burgers et al. (2005) for a similar approach]. The
phase difference between the eastern SST and WWV
anomalies is contoured in Fig. 10b as a function of @ and
w for the TD model. When the thermocline feedback is
favored (a ~ —1), the TD model reproduces the recharge—
discharge mechanism of Jin (1997a) with a phase difference
between SST and WWYV anomalies close to 90°. However,
when the zonal advective feedback is favored (a ~ 1), the
WWYV and eastern SST anomalies are almost in phase,
indicating that the recharge—discharge mechanism of Jin
(1997a) is not at work. It is also interesting to note from
Fig. 10a that when the recharge—discharge mechanism is
operating in the TD model (@ ~ —1), the amplitude of
the WWYV anomalies is smaller than when the recharge—
discharge mechanism is not operating (« ~ 1).
Considering the sensivity of the recharge—discharge
mechanism in the TD model to «, it is worth investigating
how M1-M3 contribute to the WWYV anomalies. For each
baroclinic mode, the WWYV anomalies (WWV,, forn =1,
2,3) were estimated and analyzed (not shown), where the
total WWYV anomalies result from WWV = WWV, +
WWV, + WWV;. The results indicate that first, WWV;
leads WWYV,, consistent with the faster oceanic
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FIG. 10. (a) Amplitude of WWYV anomalies (m) as a function of «
and u, defined here as the zonal average of H anomalies in the
equatorial strip (1°N-1°S, 125°E-80°W). Contour interval is 2 m.
Thick black lines separate areas NO, EG3, and EG2 as defined in
Fig. 9. Shading is for values greater than 6 m. Phase difference of H
anomalies between the eastern Pacific (90°W) and the central Pa-
cific (180°) is overplotted in thick gray dashed lines (°). (b) Phase
difference (°) between Nifio-3 SST anomalies and WWV anomalies
as a function of @ and u. Nifio-3 SST is defined here as the average
of SST anomalies in the region 1°N-1°S, 150°-90°W. A positive
phase difference is for WWV anomalies leading the Nifio-3 SST
anomalies. Shading is for values greater than 50°.

adjustment time scale associated with M1 compared to
M2. For the same reason, WWV, leads WWWj3. Second,
on average in the («, u) phase space, the second bar-
oclinic mode mostly contributes to the total WWV
anomalies (by almost 40%). As a result, the total WWV
anomalies tend to be in phase with WWV,,.

4. Discussion and conclusions

In this study, we propose an extension of the Jin two-
strip model (Jin 1997b; An and Jin 2001) that includes
the dominant characteristics of the vertical structure
variability of the ocean stratification, in order to explore
the sensitivity of the ENSO mode to change in mean
stratification. While conceptual ENSO models usually
rely on shallow-water dynamics in a two-layer frame-
work, here we test to what extent the characteristics of
mean stratification can impact the ENSO mode con-
sidering the contribution of the first three baroclinic
modes. As with Jin (1997a,b), the model solution con-
sists of a mode that shares many characteristics with the
observed ENSO in terms of frequency and stability.
Both elements of the recharge—discharge theory and the
delayed oscillator theory are observed in the model,
which result from oceanic wave adjustment. As in An
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and Jin (2001), the stability of the ENSO mode depends
on w, which controls the coupling efficiency between the
ocean and the atmosphere. In the standard case (u = 1),
the dominant mode is unstable and oscillates at a period
of 3.7 yr, which is consistent with the contemporary
ENSO characteristics (Trenberth and Stepaniak 2001).
Interestingly, for a similar value of the coupling coef-
ficient, the TD model sustains a lower-frequency ENSO
mode than in the Jin model that is mainly attributable
to the longer oceanic adjustment time scales associated
with the contribution of the higher-order baroclinic
modes (n = 2, 3) in the TD model.

In the model the contribution of each baroclinic mode
to the thermocline depth and zonal current anomalies is
sensitive to the coupling coefficient. For the interme-
diary range of values of the coupling coefficient, the
system is dominated by the contribution of the second
baroclinic mode, while the contribution of the first baro-
clinic mode remains secondary. As with Dewitte (2000),
this stresses the role of the second baroclinic mode in
setting the variability time scales and stability character-
istics of the ENSO mode. At weak coupling, however, the
system is dominated by the contribution of the third
baroclinic mode. Also, in a hypothetical case where the
projection of wind stress forcing is accounted for essen-
tially through higher-order baroclinic modes, the ENSO
mode is displaced toward a more unstable and low-
frequency regime. The latter suggests that a shallower,
yet more intense mean thermocline may still sustain a
strong (e.g., unstable) and low-frequency ENSO mode.
We further introduce the sensitivity parameter «, which
controls the ratio of the thermodynamical feedbacks in
our model, namely, the thermocline and zonal advective
feedbacks. Depending on the value of «, the system can
produce different El Nifio events with either the eastern
or the central SST anomalies in the case of a favored
thermocline or zonal advective feedback, respectively. For
a favored zonal advective feedback, the frequency exhibits
little sensivity to the coupling coefficient, as mentioned
in An (2005). For a favored thermocline feedback, the
recharge—discharge mechanism is at work with the second
baroclinic mode controlling (in terms of phase and mag-
nitude) the WWYV anomalies.

Within certain ranges of parameters in our model, the
consideration of high-order vertical modes allows for
the existence of several ocean basin modes, which per-
mits the bifurcation behaviors of the solution within
the interannual frequency band. Thus, several leading
modes with similar growth rate but a different frequency
can coexist. This is consistent with the wide spectrum
of ENSO variability. It suggests that the spreading of
ENSO variability in the frequency domain may be ex-
plained to some extent within the linear formalism
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through the consideration of the peculiarities of the ocean
stratification, without invoking chaotic behavior or non-
linear processes (Timmermann et al. 2003).

We now review a few limitations of our approach.
Considering the critical role of high-order baroclinic
modes in setting the ENSO mode characteristics and
its sensitivity to wu, one may wonder about the implica-
tion of truncating to the first three baroclinic modes.
Figure 11a shows the ENSO mode as simulated by the TD
model in terms of frequency and growth rate, depending
on the number of baroclinic modes considered, from 1 to
5. For n = 3 the results are identical to Fig. 2. As more
baroclinic modes are considered, more energy is added
to the system; therefore, the ENSO mode is slightly
displaced toward a more unstable and low-frequency
regime. Interestingly, the stability is quite singular in the
case of n = 1, in which the ENSO mode remains in
a high-frequency and strongly damped regime. The lat-
ter stresses the importance of higher baroclinic modes
(n = 1) for energy balance and dynamical adjustement
of the tropical Pacific system (see also the appendix).
However, for n = 4, the higher-order modes’ contribution
is essentially trapped in the upper layer and corresponds
to the locally forced variability (Dewitte et al. 1999);
therefore their representation may be inaccurate within
the simple formalism of the TD model. Alternatively, the
variability for n = 4 can be taken into account considering
a simple frictional equation (Blumenthal and Cane 1989)
forced by T = 1rh, — ?:1Pl.)'rx (where P; is the wind
projection coefficient for the baroclinic mode i and /,x
is the mixed layer depth), which represents the part of
the wind stress forcing that does not project onto the
gravest baroclinic modes (here, the first three baro-
clinic modes). This leads to an estimation of zonal
Ekman currents as shown:

3
1 1
uECK ( - ngi Pn>7x ’

Po €ECK i

where pg is the mean density, egck is a damping rate
coefficient of 1.5 days ™!, and , is the zonal wind stress
anomalies. For the sake of simplicity, Ekman currents
were not considered in this study. Considering them
in the model does not lead to qualitative changes of
the results (not shown), which indicates that only the
baroclinic modes having clear propagating character-
istics (n = 1,2, 3) are relevant here. Similarily, one may
wonder what is the implication of truncating to the first
Rossby wave (m = 1) in the TD model. An experiment
is performed in which the contribution from the third
and fifth Rossby waves (m = 3, 5) is added to the
model, and the results are displayed in Fig. 11b. Note
that the Rossby waves for m = 2, 4 are meridionally
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FIG. 11. (a) Plot of eigenvalues for the ENSO mode with sensitivity to n considered in the model, namely, n = 1
(purple), n = 2 (blue), n = 3 (green), n = 4 (yellow), and n = 5 (red). Axes are frequency (yr ') and growth rate
(yr~'). ENSO mode is defined as the dominant oscillating eigenmode of the system. Here u increases from 0 to 2 with
an interval of 0.1. For u = 0.8, eigenvalues are overcontoured in black thick-lined open circles. (b) As in (a), but
adding the contribution of the Rossby-3 and Rossby-5 equatorial waves (m = 3 and m = 5, see text) to the model.

asymmetrical and are therefore omitted. The contribu-
tion from Rossby-3 and Rossby-5 waves increases the
strength of zonal advective processes in the TD model,
and as a consequence it leads to a slight increase of the
frequency of the ENSO mode (see section 3e). The re-
sults, however, suggest that the contribution from higher-
order Rossby waves is not critical for the stability of the
TD model.

Another limitation is associated with the representa-
tion of SST in the model that omits the meridional
variability scales, because, like in the Jin model, only
one equatorial strip for SST is considered. Considering
that the first baroclinic mode extends more meridionally
than the higher-order baroclinic modes (in terms of the
Kelvin wave), this may somehow lead to a greater
contribution of the first baroclinic mode to SST change
in the equatorial band (5°N-5°S) than considered here.
The consideration of two or more strips for SST off the
equator would, however, require considering the con-
tribution of meridional advection, which may burden
the formalism proposed here. Also, specific coupling
between baroclinic modes and the atmospheric (SVD)
modes may be at work in the real word (Yeh et al.
2001), which stresses the sensivity of ENSO to the
meridional scale of variability of SST. Further study is
required to document this process in a more realistic
framework.

As a last limitation, it is worth mentioning the sim-
plicity of the formalism with regard to the realism of the
thermocline in terms of its east-west contrast. The ther-
mocline slope (deep in the central Pacific and shallow in

the eastern Pacific) is not accounted for in our model,
which considers a zonally uniform mean stratification.
Because of modal dispersion, a greater contribution of
higher baroclinic modes is expected in the eastern basin
(Dewitte et al. 1999). Although such an effect could be
taken into account within the linear formalism used here
(cf. Busalacchi and Cane 1988), it is not clear to what
extent it may modify the sensitivity of the model solu-
tion to the mean stratification characteristics docu-
mented here. This would deserve further study.
Despite these limitations, the model presented here
may contain the appropriate physics to document the
interaction between mean state changes and ENSO var-
iability. Fedorov and Philander (2001) already showed
that the depth of the mean thermocline can modify the
ENSO characteristics (growth and frequency) and that
with a realistic value for the thermocline depth, the
ENSO mode can be significantly modified. Here, two
other ingredients that depict the thermocline structure—
namely, its sharpness and intensity—are considered in
a similar theoretical framework. This has implications for
the study of the ENSO modulation in the contemporary
climate. In particular, the vertical stratification is ex-
pected to increase during the future greenhouse warming
(An et al. 2008; Yeh et al. 2009), which tends to increase
the higher-order baroclinic mode contributions (Dewitte
et al. 2009). To what extent change in stratification as-
sociated with global warming can impact the balance
between feedback processes is an issue of debate in the
community. At this stage, it is interesting to note that
most Intergovernmental Panel on Climate Change (IPCC)
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models exhibit a high sensitivity to global warming with
drastic change in stratification (Timmerman et al. 1999; An
et al. 2008; Yeh et al. 2009, 2010). The extended version of
the Jin model proposed here can provide a theoretical
framework for interpreting such diversity in model be-
havior. This is the topic of future research.
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APPENDIX

Sensitivity to the Coupling Coefficient:
Comparison with the Jin Model

In this appendix we describe the differences in sensi-
tivity to the coupling coefficient u of the TD model and
the Jin two-strip (JN) model (Jin 1997b; An and Jin
2001). Both models use similar ocean thermodynamics
and statistics for the atmosphere; although, in the TD
model, the sea surface temperature and wind stress
anomalies are statistically related through singular value
decomposition (SVD), rather than empirical orthogonal
function (EOF) formalism as in An and Jin (2000). The
two models mostly differ in their ocean dynamics.
The Jin model assumes a geostrophic balance between
the equatorial and the off-equatorial strips to derive
zonal current anomalies along the equator, whereas in
the TD model zonal current anomalies are derived ex-
plicitly from the Kelvin and Rossby-1 wave contribu-
tions. Also, the JN model proposes a collective view of
the equatorial Rossby waves propagating at one-quarter
(instead of one-third) of the Kelvin wave speed for the
first baroclinic mode, as well as a reduced domain (140°E~
90°W) compared to the TD model (125°E-80°W).

To ease the comparison between the two models, we
introduce a reduced version of our model that considers
only the contribution of the first vertical baroclinic mode
(n=1). Such areduced model (TD-M1 model) serves as
a benchmark for the comparison to the Jin model, be-
cause the “one-mode” approximation in our model is
equivalent to consider shallow-water dynamics in a two-
layered ocean. The same atmospheric and mixed layer
models from sections 2b and 2¢ are used in the JN, TD,
and TD-M1 models. For clarity, it is convenient to use
the same fraction of the total wind stress forcing that is
projected onto the baroclinic ocean in all three models.
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4.3). Eigenvalues are omitted for the coupling range where the
ENSO mode is not oscillating. TD model and TD-M1 models are
artificially modified to project the same amount of wind stress
forcing on baroclinic motion as for the JN model (see text).

In the case of the TD model, the P, coefficients give the
fraction of wind stress forcing that is projected onto the
corresponding vertical baroclinic modes, where the total
fraction is expressed as 2:=0Pn =1/h_, . Therefore, the
first, second, and third baroclinic modes project 19%,
18%, and 7%, respectively, of the total wind stress
forcing and 44 % in total (see Table 1). In the case of the
JN model, which comprehends a single baroclinic mode
and considers a mean thermocline depth at 150 m with
a 50-m mixed layer depth, the momentum forcing that is
projected onto the baroclinic ocean accounts for 33% of
the total wind stress forcing. To compare the TD model
and the TD-M1 model with the Jin model, the coupling
efficiency is chosen so that wind stress forcing projecting
onto the baroclinic ocean is adjusted to reach 33% of the
total wind stress forcing, as in the JN model. The latter is
achieved by adjusting/scaling the ocean-atmosphere
coupling coefficient.

A stability analysis of the two models is performed for
a set of values of u. The eigenvalues of the ENSO mode
(defined here as the dominant oscillating eigenmode of
the system) are presented in Fig. A1 for the three models
as a function of . To ease the comparison, eigenvalues
are omitted for the range of values of coupling efficiency
where the ENSO mode is not the leading eigenmode of
the system. In all three models, the frequency (growth
rate) of the ENSO mode continuously decreases (in-
creases) with w. Both the JN model and the TD-M1
sustain a low-frequency ENSO mode (with a frequency
between 0.1 and 0.5 yr™') only when values of the
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coupling efficiency are large (2.5 = p = 3.5). This sug-
gests that the stability of the JN and TD-M1 models
are somewhat similar, although the JN model also ex-
hibits solutions at a lower value of the coupling effi-
ciency (n = 2.5). For the intermediary range of value of
the coupling efficiency (u ~ 1), the JN model sustains a
high-frequency ENSO mode (~1 yr~') because it has a
fast oceanic adjustment time related to the phase speed
of the first baroclinic mode (¢; = 2.7 m s~ '). By com-
parison, the TD model sustains a lower-frequency ENSO
mode (~0.4 yr') around pu ~ 1 because higher baro-
clinic modes (¢; = 1.6 ms ' and ¢; = 1.1 ms™') in-
troduce longer oceanic adjustment time scales. A similar
comparison is made in Dewitte (2000) but with an ex-
tended version of the Cane-Zebiak model. Neverthe-
less, the reason why the JN model and the Cane-Zebiak
model simulate a proper time scale of ENSO is that the
ENSO time scale can also be modified by the other
model’s parameters, such as the sensivity of entrain-
ment temperature to the thermocline depth, for ex-
ample (Dewitte and Perigaud 1996). Intermediate
coupled models, such as the Cane—Zebiak model, and
simple models, such as the JN model, and the TD
model all relate to some point on an empirical formu-
lation that best fits their needs to reproduce realistic
ENSO characteristics. Most of the assumptions are
usually made on the mixed layer thermodynamics, es-
pecially when nonlinearities are taken into account.
Here, it is suggested that higher baroclinic mode con-
tribution (n = 2, 3) introduces longer oceanic adjust-
ment time scales, thus leading to larger and more
realistic ENSO time scales (2-7 yr). This does not ex-
clude the possibility to reduce the ocean dynamics to
a single baroclinic mode for simplicity; however, if so,
its characteristics should be representative of the whole
baroclinic motion.
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4.1.2.Supplementary Materials

We present supplementary material to the proposed article. A scalar versionTd) thedel is
proposed in appendix 2. Its formulation is coarser yet more synthetic than the TD modelpernits to

understand the essential recharge/discharge process that leads to an ENSO oscillation.
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Figure 4.1 SST anomalies (°C) in the equatorial strip as a function of longitude, forsa)66% cov) and (b)
second (14% cov) SVD mode between SST and wind stress anorfgliasd (d): Idem for wind stress
anomalies (18.dyn.cm? as a function of longitude and latitude. Thick line indicates zero-corfids
are dimensionalised by standard deviation of associated timeseries. (e). dwr(falized and smoothed
timeseries associated to (e) the first and (f) second SVD mode: SST (blaskndradress anomalies (red).

Figure 4.1 shows the statistical atmosphere used in the TD modelg@&iValue Decomposition
(SVD, see Bjornsson and \enegas, 1997) is computed between SST anomalies averaged in an equatorial
strip 1°N-1°S and wind stress anomalies, from the SODA reanalysis (Cartonesg] B08). The SVD is
truncated at the first two statistical modes. For the first SVD m@ghs (cov), eastern SST anomalies force
central zonal wind stress anomalies, which is the main feature of El Nifio eventise Second SVD mode
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(14% cov), central SST anomalies force both eastern and western wind streafiemlt is then supposed
that wind stress anomalies adjust immediately to SST anomalies, which can be congputaddgression
model between SVD modes. A similar approach is adopted in An and Jin @@n and Jin (2000)
which however consider rather EOF decompositions.

A statistical atmosphere is an interesting alternative to the GillimtzenNigam atmosphere
presented in chapter 3. It may account for additional features of atmosphemiocdysach as its non-
linearities, as well as changes in atmospheric variability between thermwestd eastern Pacific. The
statistical atmosphere is however less likely to allow for the zonal prigagditcoupled instabilities (e.g.
as in the AC model of chapter 3), becaitsgesponse to SST anomalies remains basin-wide and is fixed
spatially. An important care must also be taken when dealing with SVD (or EGdgsnof a statistical
atmosphere, because they may not correspond to fully individual dynamics modes (Mehaha2009).
Note also that this statistical relation takes implicitly into accountlitect (i.e. short timescale) feedback of
the atmosphere on SSThis includes notably the heat flux feedback, accountingaftatent heat ana
shortwave flux components (Lloyd et al., 2009). A slight limitation of the TD mizdéiat those direct
feedbacks, implicitely accounted for in the statistical atmosphere, ataekeot into account in the mixed-
layer thermodynamics controlling the evolution &Tswhere only the main processes are retained.
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Figure 4.2 Meridional projection of the SVD modes from the statistical atmosphere on theazdrsecond
order Hermite functions, as a function of longitude. (a) Projectiotheffirst SVD mode ($ non-
dimensional) on the zero order Hermite functiggiwith Rossby radius Lfrom the associated baroclinic
mode: n=1 (red), n=2 (green), n=3 (blue). (b) Projection pb$the second order Hermite functipn (c)
Projection of the second SVD modgdd y,. (d) Projection of Son .

Figure 4.2 shows the projection of the statistical atmosphere (first and seconth@&@éd) on the
zero and second order Hermite functions with Rossby radius of the associated ocelaricharade. The

projection terms are almost independent on the baroclinic mode considered, which is candlisteatfact
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that the atmospheric radius of wind stress anomadiéere much larger than the oceanic radius of each

baroclinic mode (see also commentary at the end of section 2.b of the previous article).

4.2.Estimation of the thermocline feedback

In this section, we discuss some limitations related to the statisticabgsh of the thermocline
feedback efficiency. In the TD model, the efficiency facto(°’C.m?) of the thermocline feedback is
estimated from a regression between temperature anomalies at the base of thayeliXaddund 50m) and
thermocline depth anomalies (see figure 1 of the article in this chaptes)statistical estimation can
however be misleading in the central Pacific due to the dominant zonal adveetiback. Figure 4.3.a
shows the correlation between temperature anomalies and thermocline depth anomgliest(ie equator
and as a function of longitude and depth. Focus is given on temperaisied The base of the mixed layer
(around 50m)The correlation map suggests that the estimation of the efficiency faitton a regression is
quite valid in the eastern equatorial Pacific, where the thermocline is slaaitbtherefore J;s and B, are
highly correlated. It is however more difficult to estimaia the central Pacific, where correlation lowers or
even change sign which leads to an opposite thermocline feedback that is irretetfamtcéntral Pacific,
one has to disentangle the role of the zonal advective feedback that is the tiqronass. Figure 4.3.b
shows the correlation between temperature anomalies and anomalies of the position of tI8SP8°C
isotherm (X%g, deg lon). The 28°C isotherm is a proxy of the Warm Pool eastern edge, which sepeafate
eastern cold waters from western warm waters (Delcroix et al.).2ZDI0® correlation betweergJs and %s
is positive from the central to eastern Pacific and negative in the westdin. Adnds is because during El
Nifio events (and oppositely during La Nifia events) the Warm Pool is advected eastwardeadsdo la
warming in the central to eastern Pacific and a cooling in the westeifit Bamugh the zonal advective
feedback.
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isotherm), as a function of longitude and depth (m). The mean thinés overplotted (black thick line),
as well as the zero-contour of the first EOF mode of temperature ano(blieshick line). (b) Correlation

of temperature anomalies withganomalies (28°C SST isotherm).

To summarize, in the central Pacific region (150°E to 150°W) anomalies of teampeaiithe base
of the mixed-layer are anticorrelated with thermocline depth anomalies, and in thénmaeanet correlated
with anomalies of the position of the Warm Pool eastern edge. This partieatare is related to the
chronology of El Nifio and La Nifia events. Zelle et al. (2004) already discussetkatwrie, but here we
propose a different interpretation from the first EOF of temperature aiesmibhe first EOF of temperature
anomalies (hereafter EOF1, 59% Yas shown in figure 4.4.a. Sign is inverted between surface and
subsurface in the region 150°E-150°W (which leads to an anticorrelation wheeldhis feconstructed),
and notably the zero-contour (thick blue line) matches the left edpe af¢a of anticorrelation from figure
4.3. EOF1 accounts for the zonal tilting of the equatorial thermocline, whiahsrés opposite subsurface
warming and cooling in the eastern and western Pacific. Figure 4.4.b shows thaBlE®Rtcounts for
zonal currents in the central to eastern Pacific. In other words, EOFlné&sdor the simultaneous
thermocline tilting and eastward displacement of the Warm Pool during El éNiéats, and an opposite
behaviour during La Nifia events. In fact, anomalies of thermocline and zonal canemtssome extent
dynamically linked through geostrophic balance near the equator (Jin and Apn,Ab98ad Jin, 2001
Because EOF1 accounts for 59% of total covariance, it may explain to a large leatanticorrelation
between temperature and thermocline depth anomalies observed in figure 4.3.a. lIoth&5@Yt-150°W,
the thermocline feedback from EOF1 alone should cool the surface waters, however the zotigk advec
feedback from EOFL1 is positive and dominant therefore a warming rathes.occur

This may explain from a dynamical approach the anticorrelation between temperature anamalie
the base of the mixed layer and thermocline depth anomalies in the central Paaf@nfidurrelation can
lead to a statistical estimation of the efficiency fagtdrom the thermocline feedback that is misleading.

Results call for a different estimation of the thermocline feedback whichdwae to be based on more
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dynamical considerations. This may be crucial for the representatiBN$0O in reduced to intermediate
complexity models, because the thermocline feedback is one of the major thermodynansiseprticat
control characteristics of the ENSO. Those preliminary results have been decedsind extended in an
article published recently, where it is further investigated mechanisms ofeshamghe thermocline

feedback of the central Pacific over the recent decades (Dewitte et al., 2012).
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Figure 4.4: (a) First EOF (59% var) of temperature anomalies (°@eaduator (5°N-5°S), as a function of
longitude and depth (m). The mean thermocline is overplotted (blacklithé}kas well as the zero-contour
of the first EOF mode of temperature (blue thick line). (b) RegnessfoPrincipal Components (i.e.
timeserie) from the first EOF of temperature on zonal currents anom@ies’). Contours are

dimensionalised by the timeserie standard deviation.
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Chapter

5. Decadal Modulaton

In this chapter, we document the relation between the decadal modulation of ENSQedkacact
and the changes in the mean state of the equatorial Pedficse the TD model introduced ¢hapter 4asa
diagnostic tool. Its parameters are tuned from the SODA reanalysis, in order to ceatpeseof the ENSO
stability over the recent decades. We relate observed changes in stabiityous ocean and atmosphere
feedbacks during the climate shift of the 1970s. A particular focus is givéreanle of ocean stratification
that modifies the projection of wind stress forcing on the gravest ocean baroudides. It is shown that the
sensitivity of ENSO stability to this process of an order of magnitude similar to the sensitivity to
thermodynamic and atmospheric feedbacks. We extend the method to a preindustriainrtimef GFDL
model (300 years), which shows separable periods where changes in mean state aexassdo#aiges in
the occurrence of the type of El Nifio event (either of typden Pacific or Central Pacific), and which
somewhat mimicks the changes in conditions after 2000. A submitted article iseoh¢had presents main
results. Supplementary materials are proposed where model parameters are tunéue fIG@DAS
reanalysis. We also discuss main limitations for the use of the TD moddubg robust and reproductible
diagnostic tool for ENSO stability.

The modelling of Central Pacific events in reduced models such as the TD maldel isscussed.
Noteworthy, the TD model simulates changes in stability of the mode associatedaim Pagific events,
buth it does not simulate a dominant ENSO mode associated to Central Pamifie @his feature is also
observed for background conditions from after 2000 in SODA and GODAS). This leadgjusstion to
which extent the mechanisms of the Central Pacific El Nifio may be accounteddduced models of this
kind.
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5.1. Modulation of ENSO over the Recent Decades

5.1.1.Decadal Changes in Ocean Stratification

We document how decadal changes in ocean stratification reflect on the oamaimibastructure.
The ocean stratification (e.g. the Bruntid#a frequency profile fj sets in particular the wind stress
projection coefficients Pof the ocean baroclinic structure (cf. chapter 2 and chapter 4). Figure 5.1 Bhows t
regression of Non wind stress projection coefficients fer the gravest ocean baroclinic modes (n=1, 2, 3),
as a function of longitude and depth. This regression was obtained from the racaifdllyle SODA dataset
that ranges from 1871 to 2008 (Giese and Ray, 2@lillustrates the relationship betweepdnd variations
of ocean stratification at dadal timescale. In the central Pacific, regression is positive (negatiosea
(below) the mean thermocline depth. This indicates thatoefficients increase with a shallowing of the
mean thermocline, which also corresponds to a more stratified ogeawefficients are also sensitive to the
thermocline intensity and vertical extension, because they are deduced from thé\eptioéile. In the
eastern Pacific however the relation betweeari®l N is inverted. This may be because the vertical scale of
the first baroclinic mode is much greater than the mean thermocline depth, afidrénhtire first baroclinic
mode is not representative of vertical motion at the mean thermocline defdbt,Iim the eastern Pacific
thermocline motion is much more accounted for by the contribution from higher barootidees (Dewitte
2000).

Within the linear formalism of the TD model a single vertical profitéshconsidered to compute,P
which is representative of the central Pacific stratification (170°EVY70f. chapter 2 and chapter 4). The
evolution over the recent decades of coefficient¢nBl, 2, 3) from the central Pacific is shown in figure
5.2. The decadal variability is more pronounced on the higher baroclinic mgdasd(P) than on the first
baroclinic mode (P (Dewitte et al., 2007; 2009The coefficients Pand B show a strong increase after the
1970s as well as a strong decrease after 2000 (see also akd26t11) that documents the interannual
variability of those parameters). From the proposed formalism of the TD model,llvwevestigate in the
next sections how changes in ocean stratification may have influeneaibderved changes in ENSO
characteristics after the 1970s and after 2000.

As stressed in Thual et al. (2011), the ocean stratification may daré@adioth the baroclinic
structure and thermodynamic feedbacks of the ocean mixed layer (e.g. thermocline drabvective
feedbacks). In the following, we will however assume that those processes ardelivedbated: PR
coefficients reflect ocean stratification at large vertical scale (i.e. the gptiical structure that includes the
equatorial thermocline), while thermodynamic feedbacks may be sensitive tostiadication in the upper
layers (i.e. below the ocean mixed-layer). We suppose that the influence of thosesps on ENSO

characteristics is separable. In the next sections, the ocean stratification wilhheterR, coefficients.
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Figure 5.1 Regression of the Brunt-Vaisala frequency profilé (10 mn?) on wind stress projection
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coefficients (a) B (b) P, and (c) B, as a function of longitude and depth. Regressions are computed fron
running mean (7-years) on SODA over718008 (Giese and Ray, 2011), whergdepends on longitude.
Regression values are multiplied by the standard deviation. dfi€an thermocline depth is overlaid (thick
line) which is defined at maximal value of temporal average®oTNe solver failed to compute the second
baroclinic mode (B within 110°W-90°W.
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Figure 5.2 Running mean (7 years) of wind stress projection coefficiened), B (blue), and R(green) from
a density profile of the equatorial central Pacific (170°E-170°W). Valuesxgmessed in percent of their
average value over 1960-2008.
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5.1.2.Article submitted to Journal of Climate

We include a submitted article that documents changes in background conditioassaoidted
ENSO stability during the climate shift of the 1970s and after 2000. The drtisldbeen submitted to
Journal of Climate (Thual et al., 2032t can be seen as an extension of the article presented in chapter 4
Changes in ENSO characteristics during the climate shift of the I@¥@already been documented, and it
is interesting to compare results from the TD model with previous studies. &3hangNSO characteristics
after 2000 are also worth documenting, because they have been given significant foutlys (ke and
McPhaden, 2010; McPhaden, 2012) but have not been related to the backgrousthtadaom a stability
approach.

Abstract: Changes in the mean circulation of the equatorial Pacific are peldhgd to the strong
decadal modulation of the EI-Nifio Southern Oscillation (ENSO). This relationshigei®oked from the
linear stability of a conceptual recharge/discharge model of the equatorial Pacific naitieexs tuned from
the observed mean state. Focus is given to change in the mean stratificateoopgdehocean that modifies
the projection of wind stress forcing momentum onto the gravest oceatibanmodes. Whereas decadal
changes in the mean thermaocline depth are usually considered in conceptual ENSO modelshaecmda
in mean stratification that accounts for the intensity and thicknebg oh¢an thermocline are also shown to
influence the simulated ENSO stability. Their influence on the simulategidney and growth rate is
comparable in intensity to the one of usual thermodynamic and atmospheric feedbackhewtites/e here
a secondary effect on the spatial structure and propagation of SST anomadiegnBhivity is evidenced in
particular for the climate shift of the 1970s in the SODA dataset, as wallaagre-industrial simulation of
the GFDL model showing stratification changes similar to the ones after 2000.exaspimitations of the
linear stability formalism, conclusions on the sensitivity to stratificathay be extended to interpret the
modulation and diversity of ENSO in observations and in global circulation mddsldhave a refined

representation of the oceanic vertical structure.
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Abstract

Changes in the mean circulation of the equatorial Pacific are partly related to the strong decadal
modulation of the EI-Nifio Southern Oscillation (ENSO). This relationship is overlooked from the linear
stability of a conceptual recharge/discharge model of the equatorial Pacific with parameters tuned from the
observed mean state. Focus is given to change in the mean stratification of the upper-ocean that modifies the
projection of wind stress forcing momentum onto the gravest ocean baroclinic modes. Whereas decadal
changes in the mean thermocline depth are usually considered in conceptual ENSO models, decadal changes in
mean stratification that accounts for the intensity and thickness of the mean thermocline are also shown to
influence the simulated ENSO stability. Their influence on the simulated frequency and growth rate is
comparable in intensity to the one of usual thermodynamic and atmospheric feedbacks, while they have here a
secondary effect on the spatial structure and propagation of SST anomalies. This sensitivity is evidenced in
particular for the climate shift of the 1970s in the SODA dataset, as well as in a pre-industrial simulation of the
GFDL model showing stratification changes similar to the ones after 2000. Despite the limitations of the linear
stability formalism, conclusions on the sensitivity to stratification may be extended to interpret the modulation
and diversity of ENSO in observations and in global circulation models that have a refined representation of the

oceanic vertical structure.
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1. Introduction

The El-Nifio Southern Oscillation (ENSO) is a natural mode of variability of the equatorial Pacific that
experiences a strong modulation of its characteristics at decadal to inter-decadal timescales. For example, after
the 1970s, ENSO characteristics were modified towards less frequent and stronger events, with additionally a
tendency towards more eastward propagating SST anomalies (Wang and Wang 1996; An et al. 2006). ENSO
characteristics also changed dramatically over the recent decades, with an increased occurrence of Central
Pacific El Nifio events characterized by maximal SST anomalies in the central Pacific, in opposition to the
more described Eastern Pacific El Nifio events (Ashok et al. 2007; Kug et al. 2009; Lee and McPhaden 2010).
In addition, the amplitude and phase-lag of the recharge/discharge process (Jin 1997a; b) associated to the
equatorial Pacific thermocline weakened after 2000, suggesting also changes in the mechanisms and
predictability of ENSO (McPhaden 2012). The modulation of ENSO characteristics remains a critical issue for
the scientific community, as it continuously challenges established theoretical understanding of ENSO
properties as well as the reliability of forecasting systems (Kirtman and Schopf 1998; Neelin et al. 1998;
McPhaden 2012).

A non-resolved issue regarding the ENSO modulation is its relation to the changes in the mean
circulation of the equatorial Pacific, and in particular those associated to changes in the mean stratification.
Figure 1a shows changes in mean temperatures at the equator after the climate shift of the 1970s, evidencing a
shallowing of the equatorial mean thermocline as well as a vertical stratification increase, with a 0.2°C
warming in surface and a 1.8°C cooling in subsurface (Moon et al. 2004; Dewitte et al. 2009). Despite the
relatively short record, changes in the mean state were also observed after 2000 (figure 1b), with a
strengthening of the equatorial Pacific Warm Pool associated to a slight deepening of the equatorial mean
thermocline, a 0.2°C warming in surface and a 1.2°C warming in subsurface. One established understanding of
the ENSO is that it is a near-neutral mode of oscillation that arises from a destabilization of the equatorial
Pacific mean circulation rather than from external forcing alone (Neelin et al. 1998; Philander and Fedorov
2003). Therefore, although the ENSO modulation in observations and simulations is related to many aspects of
the climatic system, such as decadal modes of variability, ENSO asymmetry, seasonal cycle interaction, or
random fluctuations (Jin et al. 1994; Jin 2001; Rodgers et al. 2004; Seager et al. 2004), some of its
characteristics have been clearly shown to be related to changes in the destabilized background mean state
(Fedorov and Philander 2001; An and Jin 2001; Sun and Zhang 2006; Choi et al. 2011). This relation is also of
particular interest in a context of global warming, for which climate projections by coupled general circulation
models (hereafter CGCMs) overall agree on a modification towards a warmer mean state of the equatorial
Pacific, but overall disagree on an increase or decrease of ENSO activity (Guilyardi et al. 2009). Those models
indeed simulate their own mean state with a large and complex set of compensating ENSO feedbacks, among
which a critical challenge is to identify which feedbacks are most influential on the simulated ENSO

modulation (Collins et al. 2010; Kim and Jin 2010; Belmadani et al. 2010).
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Figure 1: Mean temperature difference (a) 1980-2000 minus 1960-1980 and (b) 2000-2008 minus 1980-2000, in the
SODA reanalysis, at the equator and as a function of longitude and depth. Contour interval is 0.2°C. The mean 20°C
isotherm (D20) is superimposed for 1960-1980 (blue), 1980-2000 (red), and 2000-2008 (green). (c) Brunt-Viiséla
frequency N° (min, averaged within 170°E-170°W) as a function of depth for each period. Changes are significant at
the 99% level from a Student t-test assuming unequal variance, except in the first 50 meters (at depth 110m) for the

climate shift of the 1970s (the mean state change of 2000).

Among the various mean state feedbacks (i.e. parameters) that may be influential on the ENSO
modulation, this article focuses in particular on the upper-ocean stratification of the equatorial Pacific. Figure
1c shows changes in the Brunt-Viisila frequency profile N2, which is proportional to the vertical gradient of
density (i.e. buoyancy or stratification), for the climate shift of the 1970s and for the mean conditions after
2000. It evidences changes in both the thermocline depth (defined where N? is maximal) and “sharpness” (i.e.
amplitude and vertical extension of N?). To account for the sensitivity of ENSO to this particular parameter, a
refined representation of the ocean vertical structure is necessary, which may be achieved by considering the
gravest baroclinic modes of the continuously stratified ocean (Dewitte 2000; Moon et al. 2004; Dewitte et al.
2007; 2009; Thual et al. 2011). One critical aspect that will be overlooked here is how decadal changes in the
thermocline shape (i.e. stratification) may modify the projection of wind stress forcing onto the gravest ocean
baroclinic modes, and to which extent this may be influent on ENSO.

This sensitivity is accounted for in the recharge/discharge conceptual model from Thual et al. (2011)
(hereafter TD2011). In this anomaly model the mean state is prescribed and controls the linear stability of the
so-called ENSO mode, i.e. its oscillation frequency, growth rate and spatial structure. Such types of reduced to
intermediate models that focus on fundamental oscillation mechanisms have been successful to interpret several
aspects of ENSO modulation (An and Jin 2000; An and Wang 2000; Fedorov and Philander 2001; An and Jin

2001). They have also allowed for synthetic inter-comparison of most influential ENSO feedbacks in
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observations and CGCM simulations, with for example the Bjerknes index (Jin et al. 2006; Kim and Jin 2010)
that is build from the linear stability of the recharge/discharge model of Jin (1997a). In the line of those former
studies, the TD model has been shown to reproduce the linear stability, driving mechanisms and main
parameter sensitivity of the ENSO (TD2011). Its peculiarity is, however, its particular sensitivity to the upper-
ocean stratification, which is not taken into account in former reduced models with a two-layer ocean.

This article therefore extends the study from TD2011, where here the sensitivity of the simulated
ENSO stability to upper-ocean stratification is assessed for realistic cases of mean state changes such as the
climate shift of the 1970s in the SODA reanalysis (Carton and Giese 2008), as well as in a pre-industrial
simulation of the GFDL_CMZ2.1 model (Wittenberg et al. 2006) showing stratification changes similar to the
ones after 2000. The article is organized as follows: Section 2 recalls the main characteristics of the TD model.
Section 3 documents mean state and stability changes during the climate shift of the 1970s. Section 4
documents the mean state and stability changes in the GFDL model, with considerations also extended to a

panel of other pre-industrial CGCM simulations. Section 5 is a discussion followed by concluding remarks.

2. Method

In this section, we briefly recall the main characteristics and formalism of the TD model, which is used
for linear stability analysis through tuning of its parameters from the observed mean state. The reader is also
invited to refer to TD2011 for more details. We also describe briefly the pre-industrial datasets that will be used

in section 3 and 4.

2.1 The TD model

The TD model is a linear model of the equatorial Pacific that considers the evolution of anomalies with
respect to a prescribed mean state. It solves the first equatorial waves for the three gravest baroclinic modes of
a continuously stratified ocean (derived from the Boussinesq approximation). This reads, for each baroclinic

mode n (n=1,2,3):

P, mwf dy
@, +e)K, +¢,0.K, _EL ety L
2p0ann
P (e, N2 =1, )dy
@,+¢)R,—(c,/3)d.R = L( 2 0) .
3p0ann

with also conditions of reflection at the eastern and western boundaries (not shown). 7, is zonal wind stress
forcing anomalies and p, is ocean mean density. For each baroclinic mode n, K, and R, are respectively the

amplitude of the Kelvin and first Rossby wave, ¢, is the phase speed of Kelvin waves. y=¢@(y/L,) and
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Y=¢(y/L,) where ¢ and ¢, are the zero and second order Hermite functions respectively, L, =+/c, / f is the

ocean Rossby radius and f is the beta-plane parameter. The contributions from all equatorial waves and
baroclinic modes are solved and then summed-up to reconstruct both thermocline and zonal current anomalies
(see TD2011).

The efficiency of transfer of mechanical work from wind stress forcing to ocean motion is set by
projection coefficients P,, which are computed for the three gravest ocean baroclinic modes (n=1,2,3) as

1

P, = 0
IH F”Zdz

n

3)

where H is the ocean bottom depth, and F, is the vertical function associated to the baroclinic mode n. The
vertical functions F, (and therefore the P, coefficients) are computed from the Brunt-Viiisili frequency N° of
the ocean, i.e. the buoyancy or stratification profile. N’ is averaged in the central Pacific (170°E-170°W), where
decadal variability is most marked (Dewitte 2000, see also figure 1). Figure 2 shows variations in the P,
coefficients estimated from the SODA reanalysis, with marked decadal variations over the recent decades that
reach up to 20% of their nominal values and that are anti-correlated with variations in the central Pacific mean
thermocline depth. Noteworthy changes in P; are weak while P, and P; capture the essential stratification

variability at decadal timescales (Dewitte et al. 2007).

120%
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Figure 2: Running mean (20 years) of projection coefficients P; (red), P, (blue) and P; (green), and mean thermocline

depth D20 (black, averaged in area Nifio4), in percent of their mean value over 1958-2008 in the SODA reanalysis.

In addition, the TD model considers dominant processes of oceanic mixed-layer thermodynamics that
control the evolution of sea surface temperature anomalies in an equatorial strip, consisting in a zonal advective
feedback Fy, thermocline feedback Fy and damping feedback Fy. It further considers coupling to a statistical
atmosphere that relates zonal wind stress anomalies to SST anomalies, with two responses #; and £, build from

the two first modes of a Singular Value Decomposition (66 and 15% of covariance respectively). This reads

0T =F,T+F,h+F,u 4)

T, =11+ u,(T) (5
where T, h, u, and 7, are respectively anomalies of SST, thermocline depth, zonal currents, and zonal wind

stress forcing.
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2.2 SODA and CGCMs

In this article, the TD model parameters are tuned from the Simple Ocean Data Assimilation (SODA)
reanalysis version 1.2.6 (Carton and Giese 2008) and from various CGCM simulations derived from the CMIP3
(Coupled Model Intercomparison Phase 3) archive. For the CGCMs, the pre-industrial simulations are used,
namely for which the concentration of greenhouse gases is fixed to estimates from 1850, which makes it
appropriate for studying the physical mechanisms of natural climate variability. The simulations are listed in
table 1. They correspond to the models selected in Belmadani et al. (2010), except for the BCCR-BCM2.0
model. They span around 150 years except for the GFDL_CM?2.1 model for which we consider a longer pre-
industrial simulation of 300 years (Wittenberg et al. 2006). This later simulation has been extensively analysed
in recent studies (Kug et al. 2010; Choi et al. 2011; Dewitte et al. 2012a) due to the ability of the GFDL model
to simulate an alternation of periods with increased occurrence of Central Pacific or Eastern Pacific El Nifio

events.

3. Climate shift of the 1970s

In this section, we compute the stability of the TD model which parameters are tuned from the varying
mean state of the SODA reanalysis spanning 1958-2008 (Carton and Giese 2008). Only a reduced set of the TD
model parameters are tuned from this varying mean state, while remaining parameters are estimated over the
entire SODA record as in TD2011. For the ocean, only the P, coefficients are tuned, because they show the
most marked decadal variations among parameters from equations (1-2) (Dewitte et al. 2007). For mixed-layer
thermodynamics (equation 4), the zonal advective feedback Fy is scaled by mean SST difference between
150°W-90°W and 120°E-180°E (An and Jin 2000). The thermocline feedback Fy is scaled by mean difference
between SST and subsurface temperature (0 to 100m) over 150°W-90°W (An et al. 2008). The damping
feedback Fyy is scaled by the intensity of mean zonal wind stress over 150°W-90°W (which controls the mean
upwelling intensity). Finally, the statistical atmosphere responses u; and u, (equation 5) are scaled by the
correlation of timeseries from their respective SVD modes, whereas those SVD modes are computed over the
entire SODA record.

The TD model is linear with respect to initial conditions, and, for a given set of model parameters, its
eigenmodes (eigenvectors and eigenvalues) are computed from a linear stability analysis (see for example
TD2011, its figure 2). As in TD2011, the so-called ENSO mode is defined as the eigenmode with maximum
growth rate. The model also exhibits various secondary eigenmodes, but they remain here significantly more
damped (with growth rate around -1.5 yr™") and are therefore not considered.

Figure 3 shows the linear stability of the simulated ENSO mode, namely its period and growth rate, as a
function of the position and length of the window interval used to tune model parameters (P,, Fy, Fu, Fw, ui,
u>) from the varying mean state of the SODA reanalysis. This tests the significance of mean state and stability

changes with respect to shorter-term climatic fluctuations. Specific events of the interannual variability (e.g. El

"I PAGE [170]



Nifio 1983, 1992, 1998) may result in spurious stability shifts for short window intervals, as seen on associated
diagonal rays (see for example the white dashed lines for the effect of the 1983 El Nifio). Stability changes for
window intervals shorter than 10 years are obviously spurious (cf red horizontal line), and are shown here only
for illustration purpose, while stability changes become more clearly separable from interannual variability for
longer window intervals (~20 years). This notably reveals the difficulty, due to the short record, to evidence
changes in stability after 2000, despite the observations that some ENSO properties have been changing with
notably an increased occurrence of Central Pacific El Nifio events (Lee and McPhaden 2010; McPhaden 2012).
The relation between the mean circulation and the occurrence of the Central Pacific El Nifio will be considered
in a following section based on the analysis of a pre-industrial CGCM simulation than spans a sufficient period
to reach statistical confidence. Here the main feature of the SODA record is rather the climate shift of the
1970s, which consists in an increase in period and growth rate after 1980 and that is separable from interannual
fluctuations for a window interval around 20 years.

(a) Period (b) Growth rate

20 yr 20 yr F \ T
15 yr 15 yr
10 yr 10h
Syr ) Sy
Rt @l
0 0 ; ) M) D
1960 1970 1980 1990 2000 1960 1870 1980 1890 2000

Figure 3: (a) Period (yr) and (b) Growth rate (yr'l) of the simulated ENSO mode, as a function of the window center (X-
axis, years) and window length (Y-axis, years) used for the tuning of the TD model parameters from the SODA
reanalysis. For the period (growth rate), contour increases from blue to red with a step of 0.5 years (0.2 yr'') and values
superior to 7 years (1.2 yr'') are not contoured. Stability changes for short window intervals (<10 years, cf. red

horizontal line) are spurious, and may result from specific El Nifio events (e.g. white dashed lines for El Nifio 1983).

Changes in stability for the climate shift of the 1970s are further shown in figure 4. Here the TD model
parameters are tuned from either the window interval 1960-1980 (blue) or 1980-2000 (red). Despite the TD
model simplicity, the simulated increase in frequency and growth rate after 1980 is qualitatively consistent with
the decrease (increase) in ENSO occurrence (amplitude) from the observed record (Wang and Wang 1996; An
and Jin 2000). This corresponds to modified scaling of model parameters after 1980, on P; (+3%), P, (+25%),
P; (+18%) for the upper-ocean stratification, Fy (-5%), Fp (+18%) and Fy (-11%) for mixed-layer
thermodynamics, u; (+1%) and u, (+66%) for the statistical atmosphere. Noteworthy changes are weak for P,
but marked for P, and P; (see also figure 2). Changes in parameters of mixed-layer thermodynamics are in
qualitative agreement with An and Jin (2000), while the increase in atmospheric response u, somewhat reflects

the eastward shift of the zonal wind stress with respect to the SST anomalies after 1980 (An and Wang 2000).
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Figure 4: Frequency (yr"') and growth rate (yr') of the ENSO mode simulated by the TD model, for the climate shift of the
1970s. Stability values are shown for tuning from the SODA record from either the window interval 1960-1980 (blue)
or 1980-2000 (red). The open black circles are obtained by tuning individually each parameter from 1980-2000 with
other parameters tuned from 1960-1980. The “sum point” (black open dashed circle) sums all stability changes from

individual parameter changes.

As an attempt to quantify the sensitivity to each model parameter, the model stability is recomputed
with tuning from 1960-1980 except for a single parameter tuned from 1980-2000 (black open circles in figure
4). This reveals the contribution of each parameter to the total change in stability, and as so its relative
influence on the ENSO stability. The influence of P, for example is much weaker than the one of P, and P;.
The influence of mixed-layer thermodynamic processes has already been depicted in An and Jin (2000), though
the latter study did not disentangle the relative influence of the thermocline and zonal advective feedbacks.
Here it appears that the thermocline feedback Fj is most influential, at least in our model. In addition, the
atmospheric response u, leads to moderate changes in stability. As a consistency check, we also compute the
sum of each stability changes from single parameter changes (black open dashed circle). It approximately
matches the stability from 1980-2000 (red), which validates our hypothesis of stability changes depending
linearly on parameter changes. In conclusion, a main result from figure 4 is that the influence of stratification
parameters (P, and P;) onto the ENSO stability is comparable in magnitude to the one of mixed-layer
thermodynamics and atmosphere parameters. This indicates that sensitivity to stratification parameters P, also
needs to be taken into account.

Figure 5 shows the spatial structure of SST and thermocline depth anomalies reconstructed from the
eigenvectors of the ENSO modes of figure 4 (where the tuning of the TD model is either from 1960-1980 or
1980-2000 periods). They remain similar after 1980 except for the increased period of oscillation, and there is
in particular no significant changes in SST propagation like in the observed record (An et al. 2006). This
limitation may arise from the model statistical atmosphere (build from two SVD modes) that may constrain too

much the location of the center of action of wind stress anomalies, and therefore limit the zonal propagation of
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coupled instabilities. Such limitation could be overcome by further considering higher SVD modes, or
alternatively a dynamical atmosphere (Neelin et al. 1998; Fedorov and Philander 2001), but is out of the scope
of this article. The TD model however simulates a spatially fixed recharge/discharge process (Jin 1997a; b) that
is qualitatively representative of ENSO. This is seen from maximal SST anomalies in the eastern Pacific in
phase with a sea-saw pattern of thermocline depth anomalies and out of phase with the equatorial heat content
as seen from the thermocline depth anomalies having the same sign all along the equator. We also note from the
zero-contours (dashed lines) that the contribution of each baroclinic mode to thermocline depth anomalies

follows a similar recharge/discharge process, though with a slight delay on higher baroclinic modes.
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Figure 5: (a) Temperature and (b) thermocline depth anomalies, as a function of longitude and time, reconstructed from the
ENSO mode eigenvector of 1960-1980 with growth rate omitted. (c) Temperature and (d) thermocline depth anomalies
from the ENSO mode eigenvector of 1980-2000. Contouring step is 0.25°C (3m) for temperature (thermocline depth)
anomalies. Black dashed lines in (b) and (d) are the zero-contours for the contribution of the three gravest baroclinic

modes (n=1,2,3) to thermocline depth anomalies.

The increased stratification after 1980 modifies the frequency and growth rate of the simulated ENSO
mode (cf. figure 4), but has little impact on its spatial structure (cf. figure 5). From equations (1-2), it appears
that the increased stratification (P, coefficients) enhances the intensity of the thermocline response, because for
a same atmospheric forcing the ocean baroclinic modes trap more momentum (Dewitte 2000). This somewhat
increases the intensity of ocean/atmosphere coupling and as so modifies the simulated growth rate and
frequency (Jin 1997a; An and Jin 2001). There is also a slight decrease in the simulated amplitude of heat
content (Warm Water Volume) anomalies after 1980, which is due to a slight increase in the phase between heat
content and SST anomalies (not shown). A similar result was found in TD2011 (its figure 10) when increasing
directly the intensity of ocean/atmosphere coupling, which has been interpreted in terms of change in the

regime of oscillation rather than only in the direct thermocline response to wind stress forcing.
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4. Decadal changes in stratification and ENSO stability

Because the SODA reanalysis only allows to address sensitivity to stratification during the climate shift
of the 1970s, in the section we also analyse various CGCM simulations that grasp some aspects of the ENSO
modulation (Lin 2007). As a first step, we perform a stability analysis similar to the one of the previous section
with the TD model tuned from the mean state outputs of a pre-industrial simulation of the GFDL_CM?2.1 model
(Wittenberg et al. 2006). While the SODA record is too short after 2000 such that changes in stability may be
disentangled from interannual fluctuations (cf. figure 3), the GFDL simulation offers the opportunity to study
qualitatively similar changes over a longer time record, at least with respect to the ENSO modulation and mean

stratification (Kug et al. 2010; Choi et al. 2011; Dewitte et al. 2012a).
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Figure 6: (a) Decadal variability and decadal modulation of ENSO in the GFDL_CM2.1 simulation, as a function of time
(X-axis, yr). Green (red) thin line indicates twenty-year frequency of CP (EP) events, in numbers by 20 years (right Y-
axis). Black line indicates twenty-year running mean of SST averaged within Nifio4m region, in °C (left X-axis). Green
(red) horizontal thick lines in the top (bottom) indicate period intervals used to compute the warm (cold) mean state.
Adapted from Kug et al. (2010) and Choi et al. (2011)). (b) Temperature differences at the equator between the warm
and cold mean state, as a function of longitude and depth. Contour interval is 0.2°C. The 20°C isotherm depth is drawn

for the warm (green) and cold (red) mean state.

Figure 6a shows the decadal variability and ENSO modulation of the GFDL simulation. The GFDL
model simulates an alternation of periods of increased occurrence of Central Pacific (CP) and Eastern Pacific
(EP) El Nifio events. Following Kug et al. (2010) and Choi et al. (2011), CP and EP events are defined from a
0.5°C threshold value of SST anomalies during NDJ respectively in areas Nifio4m and Nifio3m. Those areas are
defined by shifting by 20° westward the usual areas Nifio4 and Nifio3 due to the westward shift of variability in

the GFDL simulation. Figure 6 evidences that at decadal timescale the occurrence of CP events (thin green line)
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is anticorrelated (c=-0.6) with the one of EP events (thin red line), and is further correlated (¢=0.7) to variations
of central Pacific mean SST (black line). Similarly to Choi et al. (2011), we define a warm (cold) mean state
that is averaged over all period intervals where deviation of central Pacific mean SST is superior (inferior) to
0.5°C (-0.5°C) as compared to the full record. This threshold value is lower than +-1°C in Choi et al. (2011)
because here the simulation is shorter (300 years instead of 500). The period intervals used for averaging are
shown in figure 6a for the warm mean state (thick green horizontal lines, in top) and the cold mean state (thick
red horizontal lines, in bottom). Figure 6b shows temperature differences between the defined warm state and
the cold state. Interestingly, it consists in a strengthening of the equatorial Pacific warm pool similar to the one
observed after 2000 on the shorter SODA record (cf. figure 1). In this sense the transition from the cold state
(with higher occurrence of EP events) to the warm state (with higher occurrence of CP events) in the GFDL
simulation is qualitatively similar to the transition after 2000 in the SODA record.

The TD model parameters are tuned from either the warm mean state or the cold mean state of the
GFDL simulation. We use a similar method than in the previous section, by first computing a reference state
from the full GFDL record and then by tuning a reduced set of parameters. This corresponds to modified
scaling of model parameters from the cold to the warm mean state, on P; (+1%), P, (-9%), P; (-25%) for the
upper-ocean stratification, Fy (+4%), Fy (-7%) and Fy (+4%) for mixed-layer thermodynamics, u; (+5%) and
Uz (+2%) for the statistical atmosphere. In addition, because in the GFDL simulation the variability is shifted
westward by around 20 degrees, averages are shifted accordingly to compute variations in P,, Fy, Fy, and Fy.
Changes in mean state parameters are qualitatively consistent with Choi et al. (2011), where the warm mean
state is associated to a reduced thermocline feedback (Fy), an enhanced damping feedback due to enhanced

easterlies (Fy), and a slightly increased atmospheric response to SST anomalies (u; and u,).
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Figure 7: Frequency (yr') and growth rate (yr') of the ENSO mode simulated by the TD model, with parameters tuned
from the warm mean state (green) or the cold mean state (red) of the GFDL_CM2.1 simulation. The open black circles are
obtained by tuning individually each parameter from the cold mean state with other parameters tuned from the warm mean

state. The “sum point” (black open dashed circle) sums all stability changes from individual parameter changes.
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Changes in stability are shown in figure 7, where the TD model is tuned from either the warm mean
state (red) or the cold mean state (green) of the GFDL simulation. The TD model simulates a more stable and
high frequency ENSO mode for the warm mean state. Like for the climate shift of the 1970s in the SODA
record (figure 4), changes in stability are mostly controlled by the thermocline feedback (F},) and stratification
parameters P, and P;. Again, a main conclusion is that the influence of stratification parameters (P, and P;)
onto the ENSO stability is comparable in magnitude to the one of mixed-layer thermodynamics and atmosphere
parameters. This also extends results from Choi et al. (2011) where linear stability was not assessed.

Like for the climate shift of the 1970s (cf. figure 5), the TD model here simulates a spatially fixed
recharge/discharge process with maximal SST anomalies in the eastern Pacific, which is representative of EP
events (not shown). For a warmer mean state (with decreased stratification) this eigenmode is more damped,
which is qualitatively consistent with the decreased occurrence of EP events. There is however no leading
eigenmode associated to CP events, at least with maximal SST anomalies in the central Pacific. Indeed, to our
knowledge there are at this time no studies of reduced models such as the TD model that clearly identify an
eigenmode representative of CP events. This limitation will be discussed in the concluding section of this

article.
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Figure 8: (a) Ensemble mean and (b) ensemble dispersion, among the panel of fifteen CGCM simulations, of the mean
state temperature variability (°C, defined as standard deviation of the 10 years running mean). Results are shown at the
equator as a function of longitude and depth. The ensemble mean thermocline depth is superimposed (yellow thick

line).

The relation between ENSO modulation and the mean stratification is further considered in a panel of
pre-industrial simulations of various CGCMs from the CMIP3 archive (see section 2.2). Like the
GFDL_CM2.1 model (included in the panel), these models simulate their own mean state with a refined
representation of the ocean vertical structure allowed by their relatively high vertical resolution. Figure 8 shows
the mean state temperature variability among the ensemble of model simulations. From the ensemble mean in
figure 8a, it appears that mean state variability is most pronounced just above the equatorial thermocline and in
the central to western Pacific, which is similar to the previously described mean state changes of the SODA
reanalysis (cf. figure 1) and the GFDL_CM2.1 simulation (cf. figure 7). The ensemble dispersion in figure 8b

further shows that this region is also where CGCMs mostly disagree on the intensity of mean state variability.
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Those considerations may be extended to the P, coefficients, which mean state variability shows a significant
ensemble mean (1.0%, 3.2%, and 6.9% with respect to nominal value for P;, P, and P; respectively) and

ensemble dispersion (0.3%, 1.5%, and 3.4% with respect to nominal value for P,;, P, and P; respectively).

Model P1 P2 P3 D20
MIUB_ECHO_G -0.53 0.81 0.82 -0.54
CNRM_CM3 -0.49 0.78 0.75 -0.75
GFDL_CM2_1 -0.47 0.60 0.72 -0.57
MPI_ECHAMS 0.46 0.62 0.62 -0.70
INMCM3_0 0.10 0.62 0.61 -0.71
CSIRO_MK3_0 -0.29 0.57 0.64 -0.36
GFDL_CM2_0 -0.40 0.46 0.73 -0.33
CSIRO_MK3_5 -0.32 0.54 0.47 -0.21
UKMO_HADCM3 -0.19 0.46 0.53 -0.44
FGOALSrunl -0.03 0.64 0.28 -0.39
MRI_CGCM2_3 _2A -0.25 0.36 0.32 -0.54
NCAR_CCSM3_0 -0.52 0.18 0.42 0.00
IPSL_CM4 -0.21 0.03 0.52 0.28
INGV_ECHAM4 0.18 -0.03 0.30 0.07
UKMO_HADGEMI1 -0.24 -0.20 0.02 0.22

Table 1: Correlation, among the panel of fifteen CGCM simulations, between the 20-years running standard deviation of
Niflo3-SST anomalies (i.e. the index N3Var like in Rodgers et al. 2004), and the 20-years running mean of P;, P,, P;
(averaged within 170°E-170°W) and D20 (mean thermocline depth averaged in area Nifio4). Models are ordered by

decreasing correlation on P, and P;. All timeseries were detrended.

We also consider, in the panel of CGCM simulations, the relation between the decadal variability of
mean stratification and the simulated ENSO modulation. Table 1 shows correlations between the variations in
the P, coefficients and in the index N3Var of ENSO modulation (defined here as the running standard deviation
of Niflo3-SST anomalies). Interestingly, various models (up-most in table 1) show a significant correlation
(¢>0.6) for both P, and P;. Meanwhile, variations in P; are rather weakly anticorrelated with the ENSO
modulation, as is also the case for the mean thermocline depth of the central Pacific. Nevertheless, results from
the SODA and GFDL_CM2.1 suggest that P, and P; are most influent on ENSO stability. In all models the
index N4Var (for Nifio4-SST anomalies) is strongly correlated with N3Var (c>0.7), which therefore does not
permit in those relatively short records (~150 years) a clear separation between periods of increased occurrence
of EP or CP events. It is however interesting to note that the CNRM_CM3, GFDL_CM2.1 and INCM3_0 (but
not UKM0O-HADGCM.1) are among the models showing greatest correlations between stratification changes
and the ENSO modulation, while they are in the meantime the ones where the relative intensity of CP and EP
events is best represented (Yu and Kim 2010). In conclusion, the decadal variability of mean stratification in
the central Pacific (P, coefficients) appears to be a robust feature of the panel of CGCM simulations, which is
significantly correlated to the ENSO modulation in some models, while in the meantime there are significant

discrepancies among models with respect to the intensity of such variability.

"I PAGE [114[]



5. Summary and discussion

A recharge/discharge conceptual model has been used to document changes in the mean state and
stratification of the equatorial Pacific as well as the associated changes in ENSO stability. This relation has
been overlooked for the climate shift of the 1970s in the SODA reanalysis as well as in a pre-industrial
simulation of the GFDL_CM2.1 model showing stratification changes similar to the ones after 2000.
Considerations on the relation between stratification changes and ENSO modulation were also extended to a
panel of other pre-industrial simulations of coupled global circulation models (CGCMs).

Sensitivity tests have been considered for the relative influence of various mean state parameters onto
the ENSO stability rather than for one type of parameter alone (see also Jin et al. 2006; Kim and Jin 2010). As
compared to previous sensitivity studies, the conceptual model used here (Thual et al. 2011) also considers
dynamics of the gravest baroclinic modes of the continuously stratified ocean rather than two-layer shallow-
water dynamics, which further allows considering peculiarities of the mean thermocline structure (thickness,
intensity and overall shape) and its changes. Results from the SODA reanalysis and the GFDL simulation
confirm the significant sensitivity of ENSO stability to decadal changes in the ocean stratification parameters
(P,) that control the efficiency of transfer of work from wind stress forcing to ocean motion. In addition, such
sensitivity is comparable in magnitude to the one of usual thermodynamic and atmospheric parameters. This
also complements previous studies where the sensitivity to stratification has been assessed through direct
numerical simulation (Moon et al. 2004; Dewitte et al. 2007; 2009).

The evidenced sensitivity is, however, limited to the model representation of ENSO dynamics, and the
means by which mean state feedbacks are estimated. The reduced model is indeed too simple to account for all
the many features of ENSO modulation. It successfully simulates a dominant oscillating eigenmode,
qualitatively representative of ENSO oscillations, where the main process is a recharge/discharge on the
equatorial thermocline (Jin 1997a; b). However, due to its statistical parameterization of the atmospheric
response, the model favors standing SST modes rather than propagating SST modes like in the observed record
(An et al. 2006). For this reason, its sensitivity to ocean stratification is mostly on the frequency and growth
rate of the simulated eigenmode. In particular, for realistic parameter range (e.g. as derived from the
GFDL_CM2.1 simulation) the reduced model does not simulate an eigenmode representative of Central Pacific
(CP) El Nifio events. Indeed, to our knowledge there are at this time no studies of reduced models such as the
one proposed here that clearly identify an eigenmode representative of CP events. Accounting for this may
involve additional parameter tunings (e.g. on the thermocline feedback which estimation can be misleading in
the central Pacific, cf. Dewitte et al. 2012b) or additional mechanisms, including non linear ones (Philip and
van Oldenborgh 2009). Kug et al. (2010) for example suggested from composites of the GFDL_CM2.1
simulation that the CP El Nifio might be representative of a damped westward propagating mode of SST
anomalies, involving mainly atmospheric processes. In addition, we may wonder if the CP El Nifio can be
accounted for by either modifications of the leading eigenmode (Fedorov and Philander 2001) or rather as a

secondary eigenmode competing in term of growth rate with the leading eigenmode (Bejarano and Jin 2008).
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One general and critical challenge for reduced ENSO models is to account, at the same time, for both a
more refined representation of the observed processes as well as a more synthetic view at the most influential
ones. This suggests two complementary perspectives for future works on sensitivity to ocean stratification.
First, we may further refine the representation of ocean stratification in the reduced model, for example by
considering the contribution of higher ocean baroclinic modes (Thual et al. 2011) or by accounting for zonal
stratification changes (Busalacchi and Cane 1988). Second, it would be interesting to provide a more synthetic
view at the sensitivity to ocean stratification in order to easier CGCM inter-comparison. For example, the linear
stability of the proposed reduced model shares many characteristics with the Bjerknes index (Jin et al. 2006;
Kim and Jin 2010), such as a recharge/discharge process with fixed spatial structure, as well a growth rate of
the simulated ENSO depending linearly on the contribution of various mean state feedbacks. Therefore it may
be interesting to assess sensitivity to ocean stratification within this synthetic and versatile framework, though
the consideration of the gravest ocean baroclinic modes would render the derivation of the Bjernkes index more
complex.

In conclusion, our results call for considering stratification changes in order to interpret more aspects of
the modulation and diversity of ENSO in observations (e.g. for the climate shift of the 1970s) and in CGCMs
that have a refined representation of the ocean vertical structure. Notably, the diversity of ENSO variability in
CGCMs goes along with significant model dispersion in terms of mean stratification and its low-frequency
variability (e.g. figure 8 and table 1 for the CMIP3 archive). This is also likely to have implications for the
CGCM responses to global warming (Guilyardi et al. 2009) where mean stratification is expected to increase
significantly. It is proposed here to include in the metrics for the evaluation of the CGCMs one related to ocean
stratification. The formalism and results proposed in this study may provide material for elaborating such

metric, which is plan for future work.
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5.1.3.Supplementary Materials

We provide supplementary materials to the previous submitted article. In apBemdixpropose a
statistical relationship built from the evolution of the TD model parametetrsstaility, which evidences
certain features of the decadal modulation of ENSO characteristics.
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Figure 5.3 (a) Frequency (yf) and growth rate (%) of the ENSO mode as simulated by the TD model with
paameters tuned from the SODA reanalysis, for the period 1980-g@0) and 200@008 (green),
Stability values are shown when a single parameter is modified (blackcopls) from period 1980-2000
to period 2000-2010. (b) Same as (a) but for parameters tunedHeo@ODAS reanalysis, for the period
19802000 (red) and 2000-2010 (green).

The change in ENSO stability after 2000 was not computed in the previous sulamitied due to
the short record of the SODA dataset. This change in stability is nevertbletegs in figure 5.3. We also
proceed to a consistency check based on the GODAS reanalysis (Behringer et alhat998ends from
1980 to 2010. The method used to compute ENSO stability from GODAS is similaraoettier SODA: a
reference state of the TD model is initially computed from an averagel®86r2010 (see Thual et al.
2011), then several mean state parameters are tuned from either the period 1980-2002012Q6€e
previous submitted article). Results are overall similar in each datasefD model simulates an ENSO
mode that is more damped and at higher frequency after 2000, and the sensitivity toogEhertin
feedbacks and to the stratification parameters is dominant. Note however that, due trecasttf both
datasets, it is not possible to determine wether the change in ENSO staleiti®08@ is significant. Those
results remain therefore subjective, but however suggest that the clrasgradification after 2000 might
(potentially) have a significant impact on ENSO variability. This also cemghts an article that we have
published recently, which documents change in baroclinic modes variability dwirtgaCPacific El Nifio
events with a particular focus on conditions after 2000 (Dewitte et al.).2011

We have also extended our analysia preindustrial run of the Kiev Climate model (KCM) (Park et
al., 2009). Similarly to the GFDL, the KCM exhibits a decadal modulatigheooccurrence of EP and CP
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events (Yeh et al.,, 2011). We have investigated whether this modulation isatessdo changes in the
background mean state. We have separated periods of higher occurrence of EP and Gitlewergslie
classification fromYeh et al. (2011), and alternatively the classification from Chailet{2010). Those
approaches however do not evidence that changes in the occurrence of the two typefi@felzéMs are
associated to significant changes in background conditions. In particular, chrattygrsnal structure at the
equator are too weak (~0.1°C maximum) to induce a significant change in EASIDysiT his suggests that
the selection of the El Nifio type has to arise from another process in e ¥l et al. (2011) shows for
instance that changes in the background mean state do occur in the KCM dighidicant only at higher
latitudes. Those may impact the interannual variability of the equatorialidPtgibugh teleconnections,
which should be investigated.

We have explored a vast amount of alternative TD model parametrizations @ridional
truncature and average, proxy of thermocline and mixed-layer depth, mean upwéiliradi@s, idealised
atmosphere, computation of atmospheric SVD modes over time) that are not detailéat beievety. We
have found overall significant discrepancies in results depending on the meanschythehimodel is
designed and the mean state feedbacks are computed. We must therefore advice éfiak sewsitivity
tests to mean state feedbacks with the TD model can be misleadiagefspective for future works, they
are several limitations thahould be overcome in order to use the TD model stabiligyfally robust and
reproductible diagnostic tool (e.g. for any dataset, and to assess sensitivity to arsfateteedback):

1.) The spatial structure of certain model parameters is too complex to explotigigerdiis is the
case for thermodynamic feedbacks that are estimated zonally in an equaipri@itstre the thermocline
feedback estimation can further be misleading in the central Pacifahagiter 4). It is also the case for the
first SVD modes of the statistical atmosphere, which may not correspond taliradidynamial modes
(Monahan et al., 2009) and whose sensitivity is therefore difficulttesgret. This is notably one of the
reasons for which sensitivity tests in the previous submitted axticle restricted to a limited set of
parameters.

2.) The computation of D model reference state omits several processes associated to the mean
state of the equatorial Pacific, and its associated stability may trebef@uite different from one dataset to
another (e.g. in GODAS where the ENSO mode is much more damped than in SODA, e’ figiwhile
we may limit variations in mean state over time to a few representativegiararte.g. B P, P, Fy, Fu,,
Fw., 14, 1), a reference state however needs to be recomputed from one dataset to anethenits e
comparison between datasets.

3.) The sensitivity of the simulated ENSO stability may depend non-lineartyean state feedbacks
(cf. sum point in figure 5.3). Although sensitivity may for instancenbe-linear in the real world, this
burdens the intercomparison between sensitivity to each feedback.

Alternative stability diagnostics exist that overcome certain of those icHnest al., 2006; Kim and
Jin, 2010a; 2010b). The stability index from Jin et al. (2006) i fsoin the recharge/discharge model of
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Jin, 1997a (its growth rate). Conditions are averaged in a western and eastefringoequatorial Pacific,
which removes the sensitivity to a complex spatial structure (though spmmfii@l structures may not be
accounted for, for instance the one associated to Central Pacific El Nifig)eWost ocean processes are
retained, and several regression coefficients are introduced that relatgetisities of variationin each
model variable. Those regression coefficients ensure in particular that theysitathélk is representative of
the amplitude of ENSO in the associated dataset (e.g. Kim and Jin, 2010lyé&slfy. Finally, by omitting
the damping rate of WWV anomalies that is small as compared to the damping rate ofo8falies, the
stability index (i.e. growth rate) depends linearly on mean state feed{@eokgrs, 2005). Those further
simplifications could be implemented in the TD model as a perspective foe fwnks. The objective
would be to obtain a framework similar to the one of Jin et al.(2006)wbald additionally take into
account the sensitivity to the background ocean stratificaligood starting point for this may be the scalar
version of the TD model that is presented in appendix 2.

5.2.Central Pacific El Nino Events in Reduced Models

On the basis of results from the previous sections, we discuss how the TD model and reduced models
in general may reproduce the mechanisms of Central Pacific El Nifio events. In eaeh (GDd3A,
GODAS, GFDL), the TD model reproduces an ENSO mode representative of EP eventsitinatdamped
when mean state parameters are representative of a stronger Warmheamkakening of EP events is
qualitatively consistent with the observed variability. The picture given bytahdity of the TD model is
however incomplete, because it fails to reproduce a dominant mode associated to CP ewvhants. In
following, we discuss strategies to overcome this issue.

An eigenmode simulated by the TD model that would be representative of @B may have to be
related to enhanced zonal advective processes rather than thermocline processes, accortihgitis
from Kug et al. (2009). In the TD model, thermocline and zonal advective processés Eadpeting
modes in terms of growth rate (see also Fedorov and PhilanderB¥)@iano and Jin 2008), though they
may also contribute collectively to a single ENSO mode in other models (Adiar2D0). Figure 5.4
shows stability values of the TD model as a function of the relative s$tresfgthermocline and zonal
advective processes (this is also figure 8 from Thual et al. 2011). Enhancecawesetive (thermocline)
processes favour the mode EG2 (EG3). Figuresktvs eigenvectors of the ENSO mode EG2 for enhanced
zonal advective processaeg=0.9, see Thual et al. 201 EG2 is associated to maximal SST anomalies in the
central Pacific, and might therefore be a good candidate to accol®® feventslt is, however, associated
to strong thermocline depth anomalies that are not representative of CP elentss-Fepresentation of CP
events may also be related to an underestimation of zonal advective processePimibael Indeed, we

found that changes in the intensity of the zonal advective feedback as inchuoedbkervations (SODA,
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GODAS, GFDL) do not lead to significant changes in ENSO stabilitypfefiious sectionssuggesting that

in the TD model the latter feedbaisksecondary. This is also the case for Ekman zonal currents (not shown).
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Figure 5.4 Plot of eigenvalues (frequency and growth raté) wf the TD model with sensitivity to the ocean
atmosphere coupling and the relative intensity of thermocline and zonal advective process&sminal
values areu=1 anda=0. We represent with increasing dot size £0:<1.5), and foru=1 eigenvalues are
contoured in black. We represeatwith colors (-kKo<1), where o=-1 (¢=1) corresponds to dominant
thermocline (zonal advective). OBM3 and OBM2 are ocean basin modes identiffexl incoupled case.

EG3 and EG2 are two competing modes in terms of growth rate (fraal hal. 2011).
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Figure 5.5: Time longitude plots of (a) SST anomalies (°C), (b) thetimneodepth anomalies (m) and (c) zonal

currents anomalies (m.s-1) for the ENSO mode EG2 simulated by thmeotiBl, aty=1 anda=0.9 (see
Thual et al. 2011, its figure 4).
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The role of boundary reflections during CP events may also be investigated. FigahewsAthat
the frequency of EG2 remains close to the one of an ocean basin mode (OBWM2yalkeet al. 2011). The
eigenmode EG2 is controlled by the delay associated to the crossing and refleastiearoéquatorial waves
across the equatorial Pacific, and is therefore strongly related to teageasf boundary reflections. This is
consistent with our diagnostic from chapter 3, where we have found that represevatties of zonal
advective processes lead to an ENSO oscillation that is convectively unstable, amdetieliek to a large
extent on boundary reflections. Alternatively, it could also be interestingsassasf the CP events are
associated to an absolute instability, where on the contrary boundary reflenti@es@ndary. This could be
the case for enhanced zonal advective (or thermocline) processes in the Racifia] or maybe for
enhanced Ekman zonal currents (Kug et al. 2009, its figure 9) that have not bedarednsi Thual et al.
(2012a). Those are two opposite views at the mechanisms of Central Pacific evemts tive role of
boundary reflections is either essential (for an ocean basin mode) or seddodary absolute instability).
More generally, we may question whether CP events are associated to &tiass@hbradigm that is
different from the one(s) of EP events.
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Chapter

6. Data Assimilation

In this chapter, we implement a method for the assimilation of sea levahdataalready existing
intermediate complexity model of the equatorial Pacific, the LODCA model (foati@eean Dynamically
Coupled to the Atmosphere). We begin this chapter by recalling elements aofaskimilation. The
assimilation method is an Ensemble Kalman Filter (EnKF), which describes model uncesritaititien
ensemble of model realizations. We present the LODCA model as well as thehtatolvere developed
during the thesis for the construction and implementation of the EnKF method.

The EnKF is implemented for a model configuration where the ocean is forcedntystwess
forcings from the SODA reanalysis spanning 1958-2007. We design a perturbation metheevin tstress
forcings where it is supposed that uncertainties arise from high frequemogpdteric variability. \&
document how this perturbation method permits the constraint of the model dynamics by- pseudo
observations of sea level from the SODA reanalysis. We show that themaagel constraint from sea level
data is on the so-called Tilt and WWV modes that are associated to thege¢discharge process of the
equatorial thermocline. An alternative experiment is considered where pseudo-obserattigmsansist in
two indexes measuring the intensity of the Tilt and WWV modes. This experieeag to a similar
predictive skill of sea surface temperature anomalies, which suggests that thairtooktihe low-order
model dynamics by sea level data is esserdiaubmitted article is included that presents main results.

Supplementary materials are also provided.
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6.1. Background

6.1.1.Minimisation Problem

In order to introduce main features of data assimilation methods, webgtgtesenting two
minimisation probler, in the scalar case and the multi-dimensional case. Suppose that the usiefeaal
scalar is x This value is unknown, but we search a best estimabé ik given two estimates with known
uncertainties. One estimate is a model realisatiprx, with error g, Another estimate is an observation
realisation y=Hx+g, with error g,. The observation is an indirect estimate of the scaldbixwhich we
introduce a linear observation operator H. We make the following hypstheserorss, andes,:

1) Errors are unbiased: &)=0 and E&)=0, where E is the mean value (i.e. expected value).
2) Model and observation errors are uncorrelategisB€0
3) Errors are Gaussian with known variances; 3oy’ and E€,)=c,

The estimate xof the true state, kas an error varianeg?. We construct it as a linear combination
Xa(K)= K yo/H+(1-K)%y, which impliesc.2(K)= Ko,2H?+(1-K)’c,2 where k has to be determined. We define the
best estimate ;xas having minimal errors, which is found at k wheteis minimal. This implies that
k=H%c,?/(c>+ H?o,?). Another equivalent approach is to choogavith minimum distance to all estimates,
which minimizes a quadratic cost function J that reads:

_ 1) 1(Hx—y,)°
2

2
oy 2 o,

J(X) (6.1)

This minimisation problem is the elementary step for assimilatioblgms. In appendix 4, we
propose an alternative probabilistic formulation. It is shown thahaximizes a probability function that
accounts for both model and observation uncertainties. However, because the true staiemns fing
probability function has to be approximated.

We may generalize the minimisation problem to the multi-dimensional 8appose now that the
true value of a field ix,. We search a best estimatg of it, given a model realisatior,=x+& and an
observation realisatiop=Hx+&,. H is an observation operator, here linearised (i.e. a matrix). As previously,
we suppose that errors are Gaussian, unbiased, and that model and observation encosrelated. They
may however be correlations between model errors or between observations ermhiclionve define a
covariance matrix of model erroBs-E(g,,'), and a covariance matrix of observation erR¥E (g,&,'). The
best estimate, has an associated covariance matrix of elarB(g.&.'). As previously, the best estimate

minimizes a quadratic cost function J, which is generalised as

1 Tp-1 1 Tp-1
300 =5 0= %) B (x = %) + 2 (Hx = Y,) R (Hx - y,) 62)
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The best estimate, is also the one that minimizes the tracéofn addition x, andA are expressed as

Xa = X + K (Y, —HX;) (6.3)
A =B-—KHB (6.4)
with K =BHT(HBH ™ +R)™* (6.5)

For a little vocabulark is called the Kalman gain matriy,-HxX;, is called the innovatiorx,—x, is called tie
gain, wherexy is the background state arglis the analysed state, is also called the Best Linear Unbiased
Estimator (BLUE). By extension, the minimisation method is called the BLUE mé@wit, 1974Wunsch
1996). The BLUE is the elementary step of most assimilation problems. The differenticestesisd

implementations are discussed in the next section.

6.1.2.Assimilation Methods

A large variety of assimilation methods exist to treat the problem torha®n with known
uncertainties, of which the minimisation problems presented in the previous seetiarparticular case
When working with both models and observations, the most common application is t@ repteadel
background stat&, with an analysed state, that combines additional information from observatigns
Note however that the model correctismot necessarily restricted to the model statecamsometimes be
extended to model forcings and parameters. Two families of methods exist to solve the miniprisatéam
for model states that evolve over time: sequential methods and variatienad{pint) methods. They are

sketched in figure 6.1.

S

Field ® }’0 Field yn ®

value X, .\. value

(@) [ I [ (b) | [ | 5

T T T N 7
time

4

time~
Figure 6.1: Sketch of (a) Sequential assimilation methods and (b) Variatiomailatgm methods. In this
example we consider scalar values of the background stétie), analysed statg ¢red), and observations
Yo (green). In sequential methods,ix corrected into xat each timestep where an observatiois yavailable.
In variational methods,,Xs an initial condition that is corrected intg such that its trajectory best matches

posterior observations.y
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Sequential assimilation methods consist in running the model and applying correctionsiaguen
at timesteps where observations are available. The Linear Kalman Filter (LKF) method takesannt the
evolution of the model and associated uncertainties over time (Kalman, ¥968).timestep where
observations are available, the BLUE is performed: the analysedxstagplacesx,, and the analysed
covariance matribA replacesB. The model is then ran to computgandB at the next timestep where
observations are available. It is supposed that the model temporal evolution is linear, which reads:

Xt =MKxK (6.6)

Bk+1=MkAk(Mk)T+Qk (67)
where k denotes the timestep, a¥d is the model evolution operator. It is also possible to consider
additional model errors arising from the temporal evolution, which are accountdy thie covariance
matrix of errorsQ* (if Q* is null, the model is said to be perfect). In Er¢ended Kalman filter (EKF) (Gelb
1974), it is further assumed that the temporal evolution of the model state can heerofdl andH are
no longer linearized in equations 6.3 and 6.6), while the evolution of model uncertagwieger remains
linear (all terms remain linearized in equations 6.4, 6.5 and 6.7). Finally, the Ensemble KalmaBriHIEr (
describes statistics of uncertainties using a Monte Carlo approacts€By@®032007). This method will
be presented in the next section. Sequential methods have been used extensively maaRIiS@Miller
and Cane, 1989%ischer et al.,, 1997Cafiizares et al., 2001; Sun et al., 200@&ng and Hsh 2003
Kondrashov et al., 2008with in particular several applications of the EnKF method (e.g. Ueng @08H;
Ham et al., 200%Kug et al., 2010azheng and Zhu, 2010).

For variatioml assimilation methods, the minimum of the cost function is searched while mgposi
some dynamical constraints related to the model temporal evolution. Teraigitial background model
statex, is associated a first guess track given by the posterior temporal evafiitioe model. This initial
state is corrected intm,, such that the associated track best matches all posterior obserygtidhe
observation operatoH (not necessarily linearized) includes the along-track model evolution bath t
Yo=H(Xp). The search for a minimupy, of the cost function J is performed by integrating the adjoint model
and using a descent method (@.gonjugate gradient method) (Dimet and Talagrand, 198@sch, 1996).
The 4DVAR method in particular has been extensively used by the meteorological comiTalaigrand
and Courtier, 1987Courtier et al., 1994). There are also many applicattonENSO modelling and
forecasting (e.g. Kleeman et al., 19%&hneider et al., 199Bennett et al., 19982000 Weaver et al.
2003).

6.1.3.Ensemble Kalman Filter

The Ensemble Kalman Filter (EnKF) is the assimilation method used in this thesisén, 2003;

2007). The EnKF is a sequential method in which uncertainties are described by a Monte Carlo approach, i.e.
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an ensemble of realizations. It has gained popularity because of its simpldation and relative ease of
implementationAn essential advantage of the EnKF is that the ensemble of realizations direditiepthe
covariance matrix of model erroBsand its associated temporal evolution. The background modekgtate
represented by an ensemble of N model realizatignghere i=1,.., N. The observed staig is represented
by an ensemble of N observation realizatighsvhere i=1,.., N. The covariance matrix of model errors and

of observation errors read respectively

B= E([x, — E(x,)][X, — E(X,)]") (6.8)

R=E([y, - E(Y,)I[Ys — E(Y,)I") 6.9)

where E denotes an average over the N realizations. The analysed madr} &atepresented by an

ensemble of N model realizatiorg where #1...., N. It is computed during the analysis s&p

x! =x, +K(y, —Hx;), fori=l, ...,N (6.10)
with K =BHT (HBH ™ + R)* (6.11)
and A = E([x, - E(x)I[X, - E(x,)]") (6.12)

whereK is the Kalman gain matrix, artd is the linearised observation operator. The temporal evolution of
each model realization is then computed independently as

XKt =M (xE)+qg" fori=1,..,N (6.13)
where k is the timestep, amd® is the model evolution operator. For each model realizafibhas to be

specified and accounts for (unbiased) errors arising from the model evolution.

6.2.Sea Level Data Assimilation in an Intermediate ENSO Model

6.2.1.Implementation

We present the LODCA model (for Linear Ocean Dynamically Coupled to the Atmosdbevejt¢
2000), for which we implement the Ensemble Kalman Filter method. LODCAirgenrmediate complexity
model of the equatorial Pacific used for ENSO simulations and foredastternds the model of Zebiak and
Cane (1987) by considering the shallow-water dynamics of the gravest oceelinltamodes. It has been
used to study from a modelling approach the relation between the ocean verticalesttua@tacteristics and
dynamics and the ENSO variability (e.g. Dewitte, 20D8witte et &, 2007h Belmadani et al., 2010), as
well for ENSO forecasts (Dewitte et al., 2002). In addition, the TD moeéskpted in chapters 4 and 5 can
be seen as a reduced version of LODCA.
General elements on the various components of LODCA have already been introduced in previous

chapters. LODCA is an anomaly model with a prescribed mean state climatologysiders the evolution
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of the three gravest baroclinic modes of a continuously stratified ocddle, thve contribution of higher
baroclinic modes is embedded in the form of mixed-layer shear currents (Btatent Cane, 1989). As in
the TD model, the baroclinic structure is constant over the equatorial P#uifigh the possibility to
account for zonal stratification changes has been discussed in Dewitt€1608) (see also Keenlyside and
Kleeman, 2002). The LODCA model uses an explicit Euler scheme to compute the evolutitimewair
shallow-water ocean dynamics, which is permitted by a separation of eastwaresinérg propagating
components (Cane and Patton, 1984). The atmospheric component is alternativeigad&iliGill, 1980

or a statistical atmosphere. As in Hirst (1986), a bulk formula is considered thatwéhatetress anomalies
to wind velocity in surface. The mixed-layer thermodynamics compasesimilar to the one from the
model of Zebiak and Cane (1987), though LODCA uses a different paratietriof the thermocline
feedback (Dewitte and Perigaud, 1996). Most thermodynamic processes awredredad associated mean
state parameters have an annual component. This permits notably to produce a mechanisnookisigase-
to the seasonal cycle in LODCA, with El Nifio/La Nifia events peakinghdrd@ecember (Jin et al., 1994
Tziperman et al. 1994).

(a) Forced configuration

1960 1970 1980 1990 2000
(b) Coupled configuration

1960 1970 1980 1990 2000
Figure 6.2: (a) Timeseries of Nifio3-SST (black, °C) and Nifio4-SST {&das simulated by the model in
forced configuration. (b) Timeseries of Nifio3-SST (°C) as simulatgtidomodel in coupled configuration,
for increasing values of the ocean-atmosphere coupling: 70% (6¥48)(\&llow), 90% (green) and 100%

(black) of its reference value.

LODCA can be run either in forced, nudged or coupled configuration. Figure 6.2 shawateim
SST anomalies in the forced and coupled configuration. In the forced configuration, obse/stieses
force the ocean component of the model. With this forcing alone, the modehtssnan interannual
variability that is close to the observed one. In the coupled configuration, the evotleds from an initial
condition with no external forcing, and wind stesare simulated by the atmospheric component. The
nudged configuration is an intermediate case, where wind est@gsnudged between values from external
forcings and values simulated by the atmospheric component. The nudging coefficientfreani¢be

equator to higher latitudes (Dewitte et al. 2002), with an opposite latitudiieaof change as compared to
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Chen et al. (1997). ENSO forecasts are initialized in forced or nudged catifiguand ran in coupled
configuration (Dewitte et al., 2002).

From Figure 6.2.b, we may hint the linear stability of LODCA in the coupledgumatiion. Visually,
it appears that the LODCA model simulates a dominant ENSO eigenmode osdcitaipgriod of around 4
years. For a small value of the ocean-atmosphere coupling (orangeBNtBO mode is damped. For an
increagd value(black), the ENSO mode should become unstable, but anomalies have nevertheless a limited
growth (to around 3°C), which results in a maintained (but non-sinusoidal) osnill&te attribute this
behaviour to the main model nonlinearity that is in the formulation of the tlodima feedback (Dewitte and

Perigaud, 1996). The evolution of the field of SST anomalies T can be sketched as:
h—
0,T=F°T+F"' tanr{Thoj (6.14)

where P is the damping feedback coefficent antitiie thermocline feedback coefficient (we omit other
feedbacks for brievity). lis the field of thermocline depth anomalies, agdahd 4 are reference values.
Although the thermocline feedback (in tan& non-linear, v may linearise it around three asymptotical
values of h in order to hint the model stability. For h neaftdnh(3~X), the thermocline feedback is
proportional to h and the system is linearly unstable and oscillating. This tieaddues of h and T
increasing over time. For increasing values of h (tanh(x)~constant) and T, thegldegulback eventually
overcomes the thermocline feedback in equation (6.14) and the system becomes lai#arlylss leads to
values of h and T decreasing over tifibe non-sinusoidal oscillation observed in figure 6.2.b is therefore
marked by constant transitions from the linearly unstable regime (h and[J tentlaé linearly stable regime
(h and T large). A quantitative stability analysis would be necessaryittateathose elements, though it
would be more complex to implement in a model of this complexity (FedorovPdmldnder, 2001;
MacMynowski and Tziperman, 2008

Part of the student work during the thesis has consisted in implementingKikengethodin the
LODCA model. The constructed assimilation platform is written in Interaddas Language (IDL). It
executes the assimilation step in a fashion similar to Evensen (2003), runs the.@D@A (Fortran 70)
and its forecasts. The architecture allows for various configurationplésiperturbed or corrected runs,
ensemble forecasts) and permits to easily modify or add model variables to kgebad or observation
state. It builds on a vast personal IDL toolkit that includes pre-proceasithgpost-processing tools. The
platform and LODCA are light enoudgio be run on a personal laptop (with around one day needed to
compute 50 years of ensemble simulation and 12 month forecasts, with 100 modelares)isati initial
plateform has also been designed that uses the OpenPalm coupler (Buis et all;H##0@enPalm coupler
(now open source) is designed at the European Centre for Research and Advanced ifir&iciegfific

Computation (CERFACS, Toulouse), which further provides useful training courses.



15C Data Assimilation

6.2.2.Article submitted to Ocean Dynamics

We insert a submitted article that documents certain aspects of the experinteat agsimilation in
LODCA (Thual et al., 2012b). The assimilation method is recalled and is thereadyatlescribed in the
previous sections, where the LODCA model is forced by perturbed wind stress forcing amnairemhdy
pseudo-observations of sea level anomalies from the SODA reanalysis over @@ yastrs. We further
show that the major model constraint is on the so-called Tilt and WWV modear¢hassociated to the
recharge/discharge paradigm (see also chapter 2).

Abstract: A model of intermediate complexity of the equatorial Pacific implemented with an
Ensemble Kalman Filter assimilation method is used to initialize retrospeotiweasts of the El Nifio
Southern Oscillation (ENSO) over the period 1958-2007. The model is forced by winds and coyreetad
level pseudo-observations from the SODA reanalysis. We build a specific ensemble operagbhations
from the high-frequency component of atmospheric forcing, believed to be a main sbuaredel errors.

With this perturbation method, it is shown that the largest covariance of modslisroor the so-called Tilt

and WWV modes of sea level, which are usually associated to the low-order and determinist
recharge/discharge process of the equatorial Pacific controlling ENSO osullafiee constraint from sea

level observations is therefore greatest on those modes, and permits to nquegtitillar the weak model
amplitude of the WWV mode. As a consistency test, an alternative experiment is considered where the model
is constrained only from observed sea level indexes quantifying the Tilt and M¥ amplitudes, leading

to a similar predictive skill. Results from this perturbation method stiggesntral role on ENSO forecasts

of the constraint of the low-order dynamics by the observed sea level.
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Abstract

A model of intermediate complexity of the equatorial Pacific implemented with an Ensemble Kalman
Filter assimilation method is used to initialize retrospective forecasts of the El Nifio Southern Oscillation
(ENSO) over the period 1958-2007. The model is forced by winds and corrected by sea level pseudo-
observations from the SODA reanalysis. We build a specific ensemble of model perturbations from the high-
frequency component of atmospheric forcing, believed to be a main source of model errors. With this
perturbation method, it is shown that the largest covariance of model errors is on the so-called Tilt and WWV
modes of sea level, which are usually associated to the low-order and deterministic recharge/discharge process
of the equatorial Pacific controlling ENSO oscillations. The constraint from sea level observations is therefore
greatest on those modes, and permits to correct in particular the weak model amplitude of the WWV mode. As
a consistency test, an alternative experiment is considered where the model is constrained only from observed
sea level indexes quantifying the Tilt and WWYV mode amplitudes, leading to a similar predictive skill. Results
from this perturbation method suggest a central role on ENSO forecasts of the constraint of the low-order

dynamics by the observed sea level.
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1. Introduction

A hierarchy of models of increasing complexity simulate the interannual variability of the equatorial
Pacific with a particular focus on the forecast of the El Nifio Southern-Oscillation (hereafter ENSO). Although
those models show different levels of complexity, ranging from statistical models to hybrid models as well as
fully physical models, they show overall a similar lead time of 6 to 12 months for which ENSO is predictable.
This relatively important lead time is due to the deterministic and low-order dynamics of ENSO that is
relatively well accounted for in all models, and is however limited due to partly stochastic variability in the
equatorial Pacific that leads to an inherent predictability limit for the forecast of ENSO (Latif et al. 1998;
Kirtman and Schopf 1998). Despite this inherent predictability limit, the advances in modelling strategies still
leads to new improvements in ENSO forecasting (Chen et al. 2004; Chen and Cane 2008).

Main advances in modelling strategies are notably on assimilation methods, where the initialization of
ENSO forecasts takes into account uncertainties in both models and available observations (e.g. Bennett et al.
1998; Sun et al. 2002; Zhang et al. 2005 ; Zheng et al. 2007). In the equatorial Pacific the intraseasonal
atmospheric variability is partly stochastic (e.g. westerly wind-bursts) and can trigger specific El Nifio/La Nifia
events (Moore and Kleeman 1999; Philander and Fedorov 2003; Kleeman 2008), which makes it a main natural
source of model uncertainties. In addition, a large ensemble of observations is available for the correction of
ENSO model uncertainties, which comprehends among other observed sea level, sea surface temperature,
subsurface heat content, or surface wind stresses in the equatorial Pacific (McPhaden et al. 1998). A main issue
for the building of assimilations methods is, however, in the choice of model uncertainties and observations
that allow for relevant model corrections.

The low-order nature of ENSO dynamics may orient strategies for the building of assimilation methods.
For example, in the equatorial Pacific the two leading statistical modes of covariance of thermocline depth
anomalies are of basin scale. They are the so-called “Tilt mode” and the “Warm Water Volume mode” (Clarke
2010), which consist respectively in a zonal tilting and a homogeneous shallowing/deepening of the equatorial
thermocline (see Meinen and McPhaden 2000, its figure 1). They have also a similar spatial structure on sea
level anomalies due to the reduced gravity effect. In the recharge-discharge theory of Jin (1997), those modes
form a lower-order system that illustrates the main oscillating characteristics of ENSO through the coupling to
the atmosphere. In addition, the WWYV mode, which adjusts slowly to wind stress forcing through meridional
Sverdrup transport, is one of the main precursor of El Nifio events (Meinen and McPhaden 2000; McPhaden
2012).

In this article, a model of intermediate complexity of the equatorial Pacific (Dewitte 2000)
implemented with an Ensemble Kalman Filter assimilation method (Evensen 2003) is used to initialize
retrospective ENSO forecasts over the period 1958-2007. The model is forced by winds and constrained by sea
level observations from the SODA reanalysis (Carton and Giese 2008). We build specific model uncertainties

from the high-frequency component of atmospheric forcing, and assess whether this perturbation method
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allows for the correction of the Tilt and WWYV mode associated to the equatorial thermocline variability. A
main focus is therefore on the correction by sea level observations of the low-order and subsurface dynamics of
the model, which is shown to be a main feature of the assimilation method and to be critical for the
improvement of ENSO forecasts. The article is organised as follow: Section 2 presents the model, the
observations and the assimilation method. Section 3 presents the construction of model uncertainties and the
correction of the Tilt and WWYV mode. Section 4 is dedicated to forecasting experiments. Section 5 is a

discussion followed by concluding remarks.

2. Method

We use the intermediate complexity model of the equatorial Pacific from Dewitte (2000) for ENSO
forecasting. In this anomaly model the mean state is prescribed. The ocean dynamics consists in linear and
adiabatic shallow water dynamics on an equatorial beta-plane, described by the evolution of the three gravest
ocean baroclinic modes (see also McCreary 1981; Keenlyside and Kleeman 2002). The thermodynamics of the
ocean mixed-layer are similar to the one in Zebiak and Cane (1987) but uses a different parametrization for
subsurface temperature. During the initialization step, the model is forced by observed wind stress anomalies,
while during the forecasting step the model simulates wind stress anomalies from sea surface temperature
anomalies using a statistical atmosphere. The reader is invited to refer to Dewitte (2000), Dewitte et al. (2002)
and Yeh et al. (2001) for more details on the model. Also a reduced version of the model is documented in
Thual et al. (2011).

The model is embedded with an Ensemble Kalman Filter (EnKF) assimilation method (Evensen 2003).
The EnKF uses a Monte Carlo approach, i.e. an ensemble of model realizations (here N=100) to account for
model uncertainties. The generation of each model realization is made here from the perturbation of wind stress
forcing, and is described in the next section. At a given time step and for one of the N model realizations, the
model state is x,=(h;, hy, hs, u;, uy, us,) that depends on longitude and latitude, where /4, is the contribution from
the baroclinic mode n (n=1, 2, 3) to thermocline depth anomalies (meters), and u, the contribution to zonal
currents anomalies (cm.s"). Sea level, thermocline depth and zonal current anomalies are reconstructed by
summing the contribution of the three gravest baroclinic modes. In particular, for a given model state x” the
simulated sea level anomalies are given by Hx”, where H is a linear operator (see Dewitte 2000).

The model is corrected using sea level pseudo-observations from the SODA reanalysis over 1958-2007
(Carton and Giese 2008). As compared to regular observations, the SODA reanalysis provides full
reconstructed maps of sea level data over the last 50 years, which permits to assess the model predictive skill
over a large serie of El Nifio/La Nifia events. Following Evensen (2003), we consider N realizations of
observations y, that consist of monthly maps of sea level anomalies over the area 120°E-80°W and 20°N-20°S,
and that are perturbed to account for observation uncertainties.

The analysis step of the EnKF is done at each month of the model simulation. It corrects each model

realization x; into x, using y,, which reads
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x, =x, +K(y, —Hx,) (1)

K =BH’ (HBHT + R)_l 2)
B=E([x, - E(x,)llx, — Ex,)I"). 3)
R=E([y, -E(y)Ily, —Ey)]"). 4)

where E denotes an average over the ensemble of realizations. B and R are respectively covariance matrix of
model errors and observations errors. To compute the matrix inversion of equation (2), we follow the method of

Evensen (2003) for large observation space.
3. Model uncertainties

We implement a specific perturbation method where model uncertainties arise from the high-frequency
atmospheric component of wind stress forcing. Similarly to Kirtman and Schopf (1998), we compute a high-
frequency timeserie of wind stress maps, which is obtained by removing the low-pass filtered component of
wind stress maps from the SODA reanalysis (>9 months). We suppose that this high-frequency timeserie
describes a stochastic process uncorrelated in time. Noteworthy its temporal distribution is nearly Gaussian (not
shown). Then, at each month of the simulation of all N model realizations, we choose randomly an ensemble of
N maps among all available maps of the high-frequency timeserie, which perturbs wind stress forcings (this is
done posterior to the analyis step). Therefore, for each model realization the low frequency component of wind
stress forcing is identical, while the high frequency component is stochastic and uncorrelated in time. In
addition, in order to generate observation uncertainties, the monthly observations of sea level are perturbed
with a white noise uncorrelated in space (R is diagonal), with an uniform variance &, chosen at a typical value
of 4 cm’.

We diagnose the nature of model uncertainties that are induced by this perturbation method. We
compute the empirical orthogonal functions (EOFs) of the matrix HBH" as HBH'=UWU", where U is a matrix
of eigenvectors and W is a diagonal matrix of eigenvalues. Because here R is diagonal and uniform with
variance &,, its projection on the basis of eigenvectors U is also a diagonal matrix with values &,. Therefore, we
can express the gain in observation space, H(x,-x;), as a sum of independent contributions related to the
innovation y,-Hx,, which reads:

m
H(xa_xb):zUigiUiT(yo_be) &)
i=1
with g, =W, /(W; +¢€,) (6)
where m is the dimension of observation space, and U; is the i" column of U. This sets an ensemble of
orthogonal directions (or eigenvectors) U; that correspond to different and independent model gains.
Interestingly, the expression of g; is similar to the one of the analysis step in the scalar case, where the variance

of model errors is here replaced by the eigenvalue W;; of matrix W. From equations (5-6), we may expect that
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the model correction (i.e. gain) is maximal for directions i among which the innovation (i.e. the projection U;
T(y,,—I-be) ) is maximal, and for which g; is maximal. Those are mot likely to be the first eigenvectors U; (i.e. the
first Ensemble-EOFs), because g; is maximal for greatest eigenvalues W;. See also Stephenson and Doblas
Reyes (2000), Echevin et al. (2000) and Auclair et al. (2003) for similar approaches, and note that because
here R is diagonal and uniform the EOF decomposition is a particular case of Hénaff et al. (2009).

(a) (b)

10 10

O

—10

1600°E 160 120 160°E 1o0=WW 120V

Figure 1: (a) Sea level anomalies from the first eigenvector of HBH" (19% var), or WWV-like mode, as a function of
longitude and latitude, for the 15™ of June 1997. The eigenvector is multiplied by the standard deviation of its

associated principal component, such that units are cm. (b) Second eigenvector (12% var), or Tilt-like mode.

Figure 1 shows the first and second eigenvectors of HBH", respectively U; and U,, at date June 1997
(prior to the major El Nifio event of December 1997). Interestingly, those patterns of sea level anomalies are
similar to the Tilt and WWYV mode, which consist respectively in a zonal tilting (figure 1b) and a homogeneous
shallowing/deepening (figure 1a) of equatorial sea level (see also Meinen and McPhaden 2000, its figure 1, on
thermocline depth anomalies). This is consistent with the fact that the Tilt and WWYV modes are leading modes
of variability of the equatorial Pacific shallow-water sytem (e.g. as evidenced from linear stability, see Jin 2001
and Clarke 2010), and are therefore most likely to be disturbed by stochastic atmospheric forcing. In addition,
because the perturbations from atmospheric high-frequency forcing are uncorrelated in time, and, because the
shallow-water system is linear, the matrix HBH" is supposed to be constant over time. Indeed, the eigenvectors
U; and U; show only slight variations over time that arise mostly from issues related to the undersampling of
model uncertainties (because the ensemble size is limited) and the separation of HBH" into leading EOFs
(Monahan et al. 2009).

Figure 2 shows the ensemble-correlation of model state variables with the leading EOFs from figure 1,
computed among the ensemble of model realizations. This illustrates main model uncertainties on thermocline
depth and zonal currents that are likely to be corrected from the observed sea level. Interestingly, main model
uncertainties are spatially similar for the contribution of each baroclinic mode (except in term of amplitude
which is not taken into account by the correlation). The spatial structure of the Tilt and WWV modes from

figure 1 are retrieved on each baroclinic mode contribution to thermocline depth anomalies, due to the reduced
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gravity effect (Dewitte 2000). In addition, uncertainties on the WWV (Tilt) mode are associated to
uncertainties on zonal current all over the equator (in the eastern Pacific). This notably shows how the
perturbation method permits, from the observed sea level, to correct the subsurface variability of the model.

This correction would be impossible e.g. from direct linear interpolation (since H is non invertible).

Figure 2: (a) Ensemble-Correlation, as a function of longitude (°E) and latitude (°N), of the first EOF from figure 1a (or
WWV-like mode) with various model fields, such as baroclinic contribution to thermocline depth anomalies #,, &,
and h; (top row, from left to right), and baroclinic contribution to zonal current anomalies u;, u; and u; (second
row, from left to right). (b) Ensemble-Correlation of the second EOF from figure 1b (or Tilt-like mode), with model

fields h;, h,, and h; (third row, from left to right) and u;, u,, and u; (bottom row, from left to right)

4. Forecast experiments

As a consistency check of results from the previous section, we perform various experiments of
retrospective forecast over the period 1958-2007, namely RUN, EXP1 and EXP2. The experiment RUN is a
single model realization without assimilation of sea level observations. The experiment EXP1 is the one

described in the previous section, with assimilation of sea level observations. In the experiment EXP2, the
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assimilation method is similar but observations from the SODA reanalysis consist only in two observed indexes
of sea level, Iz and Iyywy (thus y,, R and H are different). Those are defined as Iprr=([g-Iw)/2 and
Lywy=(g+1Iw)/2, where I and Iy are respectively average of observed sea level anomalies over the Nifio3
domain (150°W-90°W,5°N-5°S) and the Nifio4 domain (150°E-150°W, 5°N-5°S). Each index is perturbed in
order to account for observation uncertainties, with a representative variance £,=0.4 cm’ (which is smaller than
in EXP1 because the indexes are integrated quantities). The experiment EXP2 is a simplified setup as

compared to EXP1, but is expected to lead to a similar correction of the Tilt and WWV mode in the model.

20
15—
10—

1960 1970 1980 19490 2000

1960 14970 1980 1990 2000

Figure 3: (a) Tilt mode index Z; 7 of sea level anomalies (cm), as a function of time, as simulated in the experiment RUN
(red), the experiment EXP1 (blue), and for observations from the SODA reanalysis (black). (b) Same as (a) for the
WWYV mode index Zyyy.

Figure 3 shows the simulated Tilt and WWYV indexes for each experiment. Despite the lack of
assimilation, the simulated Tilt mode in the experiment RUN (red, figure 3a) is in good agreement with the one
from the SODA reanalysis (black, figure 3a), because in EXP1 the model is forced by observed winds. In EXP1
the model however simulates a WWYV mode (red, figure 3b) that is too weak in amplitude as compared to
observations (black, figure 3b), mostly during the discharge of equatorial of heat content (Jin 1997) that follows
the major El Nifio events of 1983, 1987 and 1998. This may arise from the shallow-water ocean component of
the model that does not account for certain processes controlling the adjustment of the WWYV mode (Clarke
2010; Lengaigne et al. 2011), as well as from its parameterization. In EXP1 (blue), the Tilt and WWYV indexes
are strongly corrected (cf previous section) and are therefore in strong agreement with observations. This strong
agreement is also observed in EXP2 (not shown). Furthermore, in both EXP1 and EXP2 the ensemble
dispersions of the Tilt and WWYV mode show little variations over time (because B remains approximately
constant, see previous section). During the analysis step of EXP1 (EXP2), the standard deviation of the Tilt
index lowers from 0.63 to 0.28 cm (0.86 to 0.39 cm), while the standard deviation of the WWYV index lowers
from 0.58 to 0.31 cm (0.74 to 0.53 cm).

From the initialised states of RUN, EXP1 and EXP2, 12 months ensemble forecasts are ran in coupled

mode. Figure 4 shows the predictive skill (correlation and RMSE) of each experiment, assessed on the Nifio3-
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SST index (average of sea surface temperature anomalies in 150°W-90°W, 5°N-5°S). This index is an
independent variable as compared to sea level anomalies, though it is strongly correlated with the Tilt index
I (c=0.89 in SODA) consistently with the recharge/discharge theory (Jin 1997). The experiment RUN
without assimilation (blue) shows a predictive skill that is overall similar to other models of the TOGA era
(Latif et al., 1998). Its correlation is better than the persistence of observations (black) for a lead time greater
than 5 months, but it RMSE remains however greater. Both EXP1 (red) and EXP2 (green) show a slightly
improved predictive skill as compared to RUN (blue), at all lead times. Most interestingly, the predictive skill
is very similar in EXP1 and EXP2. We argue that this is because in both experiments there is a strong
correction of the Tilt and WWYV modes that are leading model uncertainties (cf figure 1). This suggests a

central role on ENSO forecasts of the constraint of the low-order dynamics by the observed sea level.

CORRELATION RMSE
ER OBS |
EXP1|
0.8 EXP2|
RUN ;
0.6 :
0.4
0.2
0.0 ’
{
~6.2 i} 0.0 |
0 2 4 6 8 10 12 0 2 4 6 8 10 12

lead time lead time

Figure 4: Predictive skill for the Nifio3-SST index, over the period 1958-2007, as a function of the lead time (X-axis, in
months). (a) Correlation with persistence of observed conditions (black), for the model without correction (blue),

EXP1 (red) and EXP2 (green). (b) Same as (a) for Round Mean Square Errors (RMSE) in °C.

4. Discussion

An intermediate complexity model of the equatorial Pacific implemented with an Ensemble Kalman
Filter assimilation method has been used to initialise El Nifio retrospective forecasts over the period 1958-2007.
We have built a specific ensemble of model perturbations from the high-frequency component of atmospheric
forcing and quantified model constraint from observed sea level. We show that the major model constraint is on
the so-called Tilt and WWYV modes that are associated to the low-order and deterministic recharge/discharge
process of the equatorial Pacific.

It has been argued in previous studies that in the equatorial Pacific the intraseasonal atmospheric
variability (e.g. westerly wind-bursts) is a main source of uncertainties for the forecasting of ENSO events
(Moore and Kleeman 1999; Philander and Fedorov 2003; Kleeman 2008). We have built a specific ensemble of

model perturbations based on this assumption. From the analysis of the covariance matrix of model
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uncertainties (Stephenson and Doblas Reyes 2000; Hénaff et al. 2009), an interesting result here is that such
perturbation method leads to leading model uncertainties on the so-called Tilt and WWYV modes of sea level
anomalies. This is consistent with the fact that the Tilt and WWYV modes are leading modes of variability of the
equatorial Pacific shallow-water ocean (e.g. as evidenced from linear stability, Jin 2001; Clarke 2010), and are
therefore most likely to be disturbed by stochastic atmospheric forcing. In other words, model uncertainties
associated to this atmospheric stochastic variability have a low-order nature that is similar to the one of
deterministic ENSO dynamics.

The Ensemble Kalman Filter assimilation method (Evensen 2003) implemented here permits the
constraint of the model dynamics using observed sea level. Noteworthy, it solves a main issue that is to
constraint the subsurface variability (here the contribution of the gravest ocean baroclinic modes) from the
observed sea level in surface. Because the model is forced by observed winds, the simulated Tilt mode is quite
realistic and requires no further corrections. The simulated WWYV mode shows however a weak variability as
compared to observations, especially during major El Nifio events. This may arise from the shallow-water
ocean component of the model that does not account for certain processes controlling the adjustment of the
WWYV mode (Clarke 2010; Lengaigne et al. 2011), as well as from its parameterization. The assimilation
method permits to correct this feature. Based on those results, we have considered various retrospective
forecast experiments spanning the period 1958-2007. We have shown in particular that coarse indexes of sea
level observations, measuring only the amplitude of the Tilt and WWYV mode, lead here to a similar ENSO
predictive skill on SST anomalies. This suggests, in agreement with Chen and Cane (2008) and Latif et al.
(1998), that the model predictive skill is at first order related to an accurate simulation of the low-order
dynamics of ENSO. This also suggests that the most useful information from observed sea level is here the
signal at basin scale.

Main conclusions from this article are of course restricted to the setup of the model and assimilation
method. The predictive skill of the model is similar to the one of other models from the TOGA era (Latif et al.,
1998), but would however benefit from an initialization with a coupled ocean-atmosphere rather than with
prescribed atmospheric forcings (Dewitte et al. 2002; Chen et al. 2004). Despite the fact that the model setup
and assimilation method may still be improved, conclusions on the leading role of the Tilt and WWYV mode
constraint are likely to be relevant to other experiments. Within a coupled framework, the atmospheric
stochastic variability will rather perturb leading modes of variability that are coupled between the ocean and
atmosphere, but which however also have a Tilt and WWYV mode structure (Meinen and McPhaden 2000;
Kleeman 2008). In addition, we may broaden the observations used for model correction, e.g. to sea surface
temperatures or surface wind stresses (Zhang et al. 2005; Zheng et al. 2007). In this framework, the constraint
of the recharge/discharge process from sea level observations will still be at work, but will require to consider
additional covariance existing between uncertainties in the Tilt and WWYV mode and other fields (Zheng and

Zhu 2008).
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6.2.3.Supplementary Materials

We present supplementary materials to the submitted article proposed in this. ¢chapendix 5,
we implement a parameter estimation method, where the model state is augmented gachrtieders of
the baroclinic structure can be estimated.

Figure 6.3 illustrates the construction of wind stress forcing perturbations.e@emintial timescales,
the atmospheric variability can be considered in approximate equilibrium withGBS3horter timescales,
however, the intense moist convection over the Warm Pool creates various atmosphebiandissu(e.g.
westerly wind bursts, cf. Harrison and \ecchi, 1997) that may trigger ENS@ts by destabilising slower
modes of the equatorial Pacific coupled system. This high-frequency variahditybe considered as a
source of model uncertainty in LODCA, because it is partly stochastic smdbetause it is not accounted
for by the model physics. Figure 6.3.a shows the high-frequency timeserie that is useusttoct
perturbation maps (of zonal and meridional wind stress anomalies) in theritkéd. It is computed from
SODA by removing the low-pass filtered component (>9 months) of the total sigoworthy, figure
6.3.b shows that its temporal distribution is nearly Gaussian.
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Figure 6.3 (a) High-frequency timeserie of zonal wind stress forcing (R.averaged in the Nifio4 domain
(150°E-150°W, 5°N-5°S). (b) Corresponding histogram (20 stejik)fit of a Gaussian profile (red).

Figure 6.4 shows an ensemble run of LODCA whith perturbed wind stress forcings. Tinegbiert
method leads to an ensemble dispersion that is almost constant over time, and that has a staridardfdeviat
around 1°C for SST anomalies and 10m for thermocline depth anomalies. For stioagpd$alies the
ensemble dispersion is however reduced (i.e. collapses), as seen for exampléhduginhifio events of
1982/83 and 1997/98. This is due to the formulation of the thermocline feedbamkhirthat limits the
growth of SST anomalies for strong values of thermocline depth anomalies (cf. section 6.2.1).

Another source of uncertainty that has not been considered here is that, bbeaageatorial
Pacific system is partly nonlinear, dominant modes of variability may intevagfeberate a chaotic
behaviour (Philander and Fedorov, 208Beman, 2008 Timmermann and Jin, 2008). In that case, the
interannual variability may become very sensititive to initial conditions, ltmisng ENSO predictability.

One interaction of this kind that has been given greatest focus is between the interannual modes bf variabili
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and the annual cycle (Jin et al., 199Ziperman et al. 1994tein et al., 2011). This kind of interaction is
however not observed in the LODCA model, whishonly weakly non-linear and does not generate a

chaotic behaviour.

(a)1

1960 1970 1980 1990 2000

1960 1970 1980 1990 2000

Figure 6.4: (a) Ensemble of model realizations (red) and ensemble nes) (5 Nifio3 SSTA index (°C), for
the model LODCA forced by perturbed winds. (b) Ensemble ofeinoehlizations (blue) and ensemble
mean (black) of thermocline depth anomalies (m, average 150°E-90°87d+&f S).

We further illustrate the constraint of the model dynamics by the assimit#tissa level data in
figure 6.5. Figure 6.5.a-c shows hovmullers of sea level anomalies for the experimenERBL, and
observations from the SODA reanalysis. The assimilation method improves in pattieutepresentation
on sea level anomalies during strong El Nifio events such as the ones of 1983, 198 B anddk@levents
are characterized by a strong zonal tiltedghe peak phase (i.e. on the Tilt mode) and are followed by a
basin-wide shallowing (i.e. on the WWV mode) in agreement with the rectmdearge theory (Jin,
1997a). The model ensemble dispersion on sea level anomalies shows weak variatiomaeoyei. t
previous article), and shows furthermore weak variations over longitudshiown). Its standard deviation
decreases from 1.2 cm to 0.7 cm during the analysis step.

Figure 6.5.d-f shows the model constraint on integrated indexes of ocean variablege that a
independent from the sea level, such as sea surface temperatures (SST), thedeyitlifel) and zonal
currents (U). As compared to the model without assimilation (blue), the model wiitiilason (red) shows
improvements that are weak on sea surface temperature and zonal currents. Thosed@rzatly well
simulated by the model without assimilation that is forced by observed wiesksesdr from the SODA
reanalysis. The model without assimilation however simulates a weak variabitig heat content (i.e.
Warm Water Volume) as compared to observations (figure 6.5.e). The assimilatiaydrpermits to correct
this feature. Note that the enhanced heat content variability leads to a alafestimation of SST
anomalies, especially during strong La Nifia events (not shown). We may overcomestigisby
constraining the model SST anomalies as well or by tuning parameters contiodliredficiency of the
thermocline feedback (cf. chapter 4), in order to set an appropriate ratio bdtestecontent and SST

anomalies.
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Results are shown for (a) the model run without assimilation RUN, (@nemble average of model runs
with assimilation EXP1, and (c) observations from the SODA resisalZontours increase by 3°C, and
from green to blue values become positive. Timeseries of (d) Nifio3a&8imalies (°C), (e) WWV
anomalies (m, average 150°E-90°W), and (f) Nifio-4 zonal current anor@tie®). Results are shown for
the model run without assimilation (blue), the ensemble average of modehitln assimilation (red), and
the SODA reanalysis (black).
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Chapter

7. Conclusions and Perspectives

Version Francaise

Dans cette thése nous avons abordé plusieurs thématique liées aux mécanismes, aitannedthulat
prévisionde 1’Oscillation Australe El Nifio (ENSQO),sur la base d’une hiérarchie de modéles de complexité
croissante, allant des modéles conceptuelseaméthode d’assimilation de données dans un modéle de
complexité intermédiaire déja existant. Afin de résumer les objectifs de dénmarche durant ces trois
années de these, nous pouvons citer par exemple le leitmotiv de 1I’équipe de recherche de D. Neelin a UCLA :
construire une hiérarchie de modéles de complexité toujours décroissant&; §¢ que le phénomene ait
été distillé en ses éléments essentiels. Notre travail fournit omralisme pour diagnostiquer la modulation
des caractéristique ENSO dans les observations, les prévisions et projections climatiques. Les résultats
soutienrnt la nécessité d’étendre la compréhension des mécanismes d’ENSO, afin de rendre compte de la
diversité des régimes observés et d’améliorer les prévisions. En perspective pour des travaux futurs, nous
pourrions également étendre notre formalisme pour étddietres éléments essentiels du cycle ENSO tels
gue son irrégularité, son interaction avec le cycle saisonnieseos-linéarités.

Les thématiques suivantes ont étés abordgesnous présentons par ordre d’apparence dans le
manuscrit :

- Ch.2: Le processus de rechardéharge dans 1’océan Pacifique équatorial.

- Ch.3: Le rdle du couplage océatmosphére dans la formation d’ENSO.

- Ch.4: La sensibilitdd’ENSO a la stratification océanique.

- Ch.5: Le role de I’état moyen sur la modulationdécennale d’ENSO.

- Ch.6: L’assimilationde données altimétriques dans les modéles d’ENSO.

Chapitre 2 Dans les théories majeures d’ENSO, I’ajustement de 1’océan équatorial a échelle de
bassin permet 1’oscillation entre phases El Nifio et La Nifia (Jin, 1997a). Cet ajustement consiste notamment
en une évolution du contenu thermique équatorial (Warm Water Volume), queidtéghelle interannuelle
la propagation et la réflexion des ondes océaniques équatoriales. Il a été décrit dans ptusiesiavec des
degrés de complexité différents (e.g. Jin ,199Ckrke, 2010 Fedorov, 2010). Nous avons dérivé un
modele d’évolution du WWV (TW mode) en nous appuyant sur ces études (Thual et al., 20L2d

solutions décrivent de maniere synthétidagustement océanique a échelle de bassin, a travéésolution
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d’un mode de Tilt (i.e. inclinaison zonale de la thermocline équatoriale) et d’un mode de WWYV (i.e.
approfondissement/sa@vement homogéne de la thermocline équatoriale). Par rapport aux études
précédentes, ces solutions simples sont obtenues waveaainimum d’approximations, telles qu’une

projection de la dynamique sur les ondes équatoriales et une approximation des basses fréquences. Le
formalisme simple de ce modéle pourrait étre étendu et utilisé pour des applicatansgepr Nous avons
également fourni un formalisme qui peitnd’estimer, additionellement a 1’ajustement de 1’océan a échelle

de bassin, le bilan d’énergie associé (Brown et Fedorov, 2010). Ce formalisme difféere des études précédentes
car il considére les premiers modes baroclines d’un océan continlment stratifié. Nous suggérons pour une
perspective de travaux futursegee bilan d’énergie pourrait également se révéler un outil intéressant pour
interpréter la variabilit@les modes baroclines de 1’océan.

Chapitre 3 L’interaction océan/atmosphere dans le Pacifique équatorial est un élément essentiel de
la dynamique ENSO. Le formalisme des instabilités couplées a recu une grande attention pour @mprendr
une telle interaction, car il permet d’identifier les échelles et processus dominants qui y sont associés (Neelin
et al., 1998). Nous avons implémenté un diagoasiginal (Huerreet Monkewitz, 1990) qui détermine par
ailleurs la nature absolue ou convective des instabilités couplées. Nous avons arantré thodéle couplé
en milieu infini (AC modél que, pour un état moyen représentatif, les processus de thermocline induisent
une instabilité absolue tandis que les processus d’advection zonale induisent une instabilité convective
(Thual et al., 2012a). La troncature méridionale adaptée du modéle couplé que nous avopeutésivé
également étre intéressante pour des utilisations pédagogiques, car elle pedémirddes instabilités
couplées avec un jeu réduit de variables. Le diagndstistabilité absolue/convective permet de discuter le
réle de la variabilité stochastigue 1’atmosphere et le role des réflexions aux frontieres dans la formation
d’ENSO, qui sont toujours en partie méconnus (e.g. Weisberg and Wang, 1997). Pour le régime absolument
instable, une oscillation maintenue de type ENSO peut se développer dans le Péaqifigiegial sans
impliguer de réflexions aux frontiéres, tandis que pour le régime convectivemabteriss réflexions aux
frontieres sont essentielldsa possibilité qu’ENSO se développe sans impliquer de réflexions aux frontieres
devrait étre explorée plus en détails, car elle est en contradiction atleédess courantes. Nous pourrions
implémenter le diagnostic en retenant des processus supplémentaires qui contrélerinbititévar
interannuelle du Pacifique équatorial (e.g. Wang et Xie, 1998). Par ailleus suggérons que perturber les
réflexions aux frontiéres dans les modéles ENSO serait un sujet de grandpiotiéréés travaux futurs, en
raison des incertitudes importantes qui sont usuellement attribuées a cesn®f{Boulangeret Menkes
1995), et parce que ceci pourrait mettre en évidence une variabilité siquiléerait qualitativement
différente (e.g. de type absolument instabli#e application spécifique serait par exemple de perturber les
réflexions aux frontiéres au cours du temps, afin de filtrer les inségisildtouplées qui dépentiéortement
de réflexions aux frontieres constantes.

Chapitre 4 La dynamique du cycle ENSO est sensible aux caractéristiques de la simatificat

océanique dans le Pacifique équatorial. Cette sensibilité est intéressanfgréndoenpour appréhender les



16¢

changements de dynamiqd&NSO dans un contexte de réchauffement climatique global, pour lequel les
projections des modéles montrent une augmentation significative de la stratificeéanique dans le
Pacifique équatorial (Timmermann et al., 1998 et al., 2008 DiNezio et al., 2009). La stratification
océanigue moyenne modifie en particulier la projection du forcage en vent sianésrpmmodes baroclines
de I’océan, et ainsi leurs contributions a la dynamique océanique (Dewitte et al.,; T988itte, 2000 Yeh et
al., 2001). Nous avons traité ce sujet dans un cadre conceptuel, ol nous avons oanstodiéle réduit
couplé (TD mod@l qui retient la dynamique essentielle d’ENSO et prend en compte les premiers modes
baroclines thn océan continiment stratifié (Thual et al., 2011). A notre connaissance le TD model est le
premier modéle qui détermine par une approche conceptuelle le réle de la struciclieebacéanique sur
ENSO.L’espace des solutions du modéle a étéexploré, indiquant un contrdle de la stabilité d’ENSO par les
caracteéristiqgues de la thermocline équatoriBlleus avons montré en particulier qu’une stratification plus
marquée (i.e. une augmentation de la contribution du second et troisieme mode barociine) irédime
ENSO plus instable et a plus basse fréquence. Ces résultats remettent en geedtioie$ de sensibilité qui
ont considergusqu’ici la profondeur de thermocline équatoriale comme un paramétre influent surligéstabi
(e.g. Fedorov et Philander, 2001, leur figure 4). Dans ces études, une thermoatisg@rofonde induit un
régime ENSO plus stébet a plus haute fréquence. Nous montrons ici que cette sensibilitéaeétirplus
complexe, voire inverse : de maniére générale une thermocline moins profonde estsaggs a@sune
augmentation de la stratification. Ceci peut induire, par le processus propoSéeprg®nt, un régime
ENSO qui est au contraire plus instable et a plus basse fréquence. Notre formakspas forcément plus
véridique, mais la divergence entre résultats suggeié est nécéssaire de mieux prendre en compte les
caractéristiques de la thermocline équatoriale. Ceci est aussi valable pétrotion de thermocline sur
les anomalies de SST. Nous avons ¢nigvidence certaines limitations provenant de 1’estimation statistique
de cette rétroaction (Zelle et al. 2004), peit s’avérer inappropriée dans le Pacifique central. Ces résultats
appellent & une estimation différente de la retroaction de thermocline, notammelet Haoisique central,
qui devrait étre basée sur davantage de considérations dynamiques. Ces résiltatgifmelont été
reconsidérés et étendus dans un article que nous avons publié récemment (Dewitte et al., 2012).
Chapitre 5 Le cycle ENSO montre une modulation décennale de ses caractéristiques difieest re
en partie aux changements des rétroaction¥te moyen du Pacifique équatorial (An etJin, 2001 Fedorov
et Philander, 2001). Plusieurs diagnostics permettent, dans un cadre lingaikerdcette relation (Jin et
al., 200§. Ces diagnostics peuvent s’appliquer par exemple dans les observations, les réanalyses ou les
projections climatiques. lisermettent de comprendre comment 1’é¢tat moyen module en partie la variabilité
ENSO sur des échelles de tempseagales (An et Wang, 200@n et Jin, 2000). Par ailleurs, il reste encore
a déterminer les rétroactions qui seront les plus influentes pour le changemetitjgé a venir, afin de
pouvoir se prononcer sur une amplification ou une réductidfadévité ENSO (Collins et al., 2010). Nous
avons utilisé un modéle réduit couplé (le TD mogeljr diagnostiquer les rétroactions de 1’état moyen et la

stabilité ENSO associée au cours des derniéres décennies. Nous avons montré quelepshdant
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climatigue de années 1970, la stratification moyedend’océan a inféré des changements de stabilité
d’ENSO comparables en termes de magnitude aux changements inférés par les rétroactions atmosphériques
et thermodynamiques (Thual et al., 2012c). Il serait toutefois nécéssairaplifies la représentation de
certaines rétroactions de 1’état moyen dans le TD model, qui est a I’heure actuelle encore complexe pour
permettre un diagnostic entiérement robuste et reproductible. Nous avons également doalseesitdilité

a I’état moyen desévenements El Nifio de type Pacifique Central (Ashok et al.,, 2@vet al., 2009), dans
une simulation préindustrielle d’un CGCM (Kug et al. 2010pChoi et al., 2010 Le TD model simule des
changements de stabilité du mode associé aux évenements de type Pacifique Est, mais ne slmule pas
mode dominant associé aux événements de type Pacifique Central. Les mécanismes der dgpeern
d’événement restent encore a étre clairement identifiés. Les résultats de ce chapitre complémentent
également un article que nous avons publié récemment, qui documente la variabilité debanumtiess
pendant les événements CP (Dewitte et al., 2011).

Chapitre 6 La simuhtion et la prévision d’ENSO sont des sujets de grand intérét, pour lequels les
méthodes d’assimilation qui prennent en compte les incertitudes des modeéles et des observations peuvent
fournir des améliorations significatives (ChetiCane, 2008). Nous avons construit et implémenté un Filtre
de Kalman d’Ensemble (Evensen, 2003) dans un modele intermédiaire du Pacifique équatorial déja existant
(LODCA model, Dewitte, 2000). En nous basant sur certaines considérationgjubgole.g. Kleeman
2008, nous avons supposé que la variabilité atmosphérique aléatoire était la priswipalel’ incertitude
dans le modéle (Thual et al., 2012b). Le modele a été forcé par des véumtiséseet contraint par des
réanalyses de niveaux de la mer, afimitialiser des prévisions rétrospectives sur les cinquante dernieres
années. Dans la continuité des autres chapitres, nous avons déterminé les appartmétieode
d’assimilation surla dynamique réduite d’ENSO qui est simulée par le modéle. Nous avons montré que la
contrainte majeure du modéle porte sur les modes de Tilt et de WWV qui sont aasop#radigme de
recharge/décharge (Jin, 1997a; Meinen et McPhaden,).20@0 méthode d’assimilation permet de
contraindre en particulier le contenu thermique équatorial (WWYV) dont la vagadslittrop faible dans le
modele.L’implémentation de la méthode de Filtre de Kalman d’Ensemble dans le modéle de complexité
intermédiaire est également un développentariinique qui pourrait s’avérer utile pour des applications
futures de simulation et de prévision d’ENSO. Une perspective intéressanteait 1’initialisation du modéle

en configuration couplée (ChehCane, 2008).
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English Version

In this thesiswe have assessed various topics related to the mechanisms, the modulation and the

forecast of the El Nifio Southern Oscillation (ENSO), on the basis of hierarcmpadéls of increasing
complexity, from conceptual models to a data assimilation method in an already exigtimgediate
complexity model. To summarize the objectives of our approach during thosgdhrseof thesis, we may
guote for example the leitmotiv from the research team of D. Neelin at UBukding a hierarchy of
models of successively less complexity, until the phenomenon has been distilled dd\snessential
elements. Our work provides a formalism to diagnose the modulation of ENSO clstiestan
observations, climate projections and forecasts. Results support the nedgrtiothe understanding of
ENSO mechanisms, in order to account for the diversity of observed regimesicupddve forecasts. As a
perspective for future work, we could also extend our formalism to otsentéd features of the ENSO
cycle such as its irregularity, its interaction with the seasonal cycle and its hon-kseariti

The following topics have been treated, which we present in order of appearance in the ntanuscrip

- Ch.2: The recharge-discharge process in the Pacific equatorial ocean.

- Ch.3: The role of the ocean-atmosphere coupling on ENSO formation.

- Ch.4: The sensitivity of ENSO to ocean stratification.

- Ch.5: The role of the mean state on the decadal modulation of ENSO.

- Ch.6: The assimilation of altimetric data in ENSO models.

Chapter 2In major ENSO theories, the adjustment of the equatorial ocean at basin scéie therm
oscillation between phases of El Nifio and La Nifia (Jin, 1997a). This adjustmerstscomgably in an
evolution of the equatorial heat content (Warm Water Volume), whichrateeggat interannual timescale the
propagation and reflection of ocean equatorial waves. It has been described in variossvittudidferent
degrees of complexity (e.g. Jin ,199Tlarke, 2010 Fedorov, 2010). We have derived a model for the
evolution of the WWV (TW modglbased on those studies (Thual et al., 2012d). Solutions describe
syntheticallythe ocean adjustment at basin scale, through the evolution of a Tilt mode (i.e. zonal tilting of the
equatorial thermocline) and a WWV mode (i.e. homogeneous deepening/shallowing ofuétteriaq
thermocline). As compared to previous studies, those simple solutiorabtaired with a minimum of
approximations, such as a projection of the ocean dynamics on equatorial wavesoantteguency
approximation. The simple formulation of this model might be extended and used farapgmplications.
We have also provided a formalism that permits to estimate, additiondty tocean adjustment at basin
scale, its associated energy budget (Brown and Fedoroy). 2018 formalism differs from previous studies
because it considers the first baroclinic modes of a continuously stratified oc=amt\&s a perspective for
future work that this energy budget might also prove to be a useful todetpret the variability of ocean

baroclinic modes.
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Chapter 3The ocean/atmosphere interaction in the equatorial Pacific is an essential feature of ENSO
dynamics. The formalism of coupled instabilities has been given great focus totamdiexgch interaction,
because it permits to identify the leading scales and processes associathdalintet al., 1998 We have
implemented an original diagnostic (Huerre and Monkewitz, 1990) that fusdssrsses the absolute or
convective nature of coupled instabilities. We have shown in a coupled modelindinite domain (AC
mode) that, for a representative mean state, thermocline processes lead to an alssahili¢yimhile zonal
advective processes lead to a convective instability (Thual et al., 20h2aadapted meridional truncation
of the coupled model that we have derived might also be interesting for pedagsgizeaseisé permits to
describe coupled instabilities with a reduced set of variaflbs. diagnostic of absolute/convective
instability permits to discuss the role of atmospheric stochastic variahititly the role of boundary
reflections in the formation of ENSO, which are still partly unknown (@&isberg and Wang, 1997). For
the absolutely unstable regime, a standing ENSO-like oscillation can develbp equatorial Pacific
without involving boundary reflections, while for the convectively unstadaggme boundary reflections are
es®ntial. The possibility that ENSO develops without involving boundary reflesthas to be further
explored, because it is in contradiction with common theories. We may implé¢ngediagnostic when
retaining additionnel processes that control the interannual variadilitye equatorial Pacific (e.g. Wang
and Xie, 1998). Also, we hint that perturbing boundary reflections in ENSO models woutdgie af great
interest in future works, due to the strong uncertainty that is usually attributed to these refleotitansgd
and Menkes, 1995), and because this might evidence a simulated variability qgoatitatively different
(e.g. of type absolutely unstable). A specific application would be for @rato perturb boundary
reflections over time, in order to filter coupled modes that rely strongly on cohstamiary reflections.

Chapter 4 The dynamics of the ENSO cycle is sensitive to the characteristics of the ocean
stratification over the equatorial Pacific. This sensitivity is gg#ng to understand in order to apprehend
changes in ENSO dynamics in a context of global warming, for which modeaicponis evidence a
significant increase in ocean stratification over the equatorial PaGifitnermann et al., 199%n et al,
2008; DiNezio et al., 2009). The background ocean stratification modifies in particular #aipropf wind
stress forcing onto the gravest ocean baroclinic modes, and as so their consritautie ocean dynamics.
We have tre&d this topic in a conceptual framework, where we have dedigmeduced coupled model (TD
mode) that retains the essential ENSO dynamics and takes into account the grawdstibanodes of a
continuously stratified ocean (Thual et al., 2011). To our knowledge the TD rizodet first model
assessing in a conceptual framework the role of the ocean baroclinic structur8©nHi¢ space of model
solutions has been explored, revealing a control on ENSO stability by charasteristhe equatorial
thermocline. We have shown in particular that an increased stratifi¢eéomcreased contribution from the
second and third baroclinic modes) leads to a more unstable arat fguency ENSO regime. Those
results question sensitivity studies that have considered so far the equla¢oniicline depth as an influent

parameter on stability (e.g. Fedorov et Philander, 2001, their figuren 4hoke studies, a shallower
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thermocline leads to an ENSO regime that is more stable and at higher frequerstyoWhere that this
sensitivity can be more complex, or even invegemerally speaking, a shallower thermocline is associated
to an increase in stratification. This can induce, by the process described pregioENSO regime that is
on the contrary more unstable at lower frequency. Our formalism is not ndgessgag veridic, but the
divergence between results suggests that it is necessary to better aacobatdcteristics of the equatorial
thermocline. This also holds for the thermocline feedback on SST anomalies. We kasedstrertain
limitations arising from the statistical estimation of this rettmn (Zelle et al. 2004), which can be
misleading in the central Pacific. Those results call for a diffestitation of the thermocline feedback,
notably in the central Pacific, which would have to be based on more dynamical @timiderThose
preliminary results have been reconsidered and extended in an article that we havedubetishtly
(Dewitte et al., 2012).

Chapter 5The ENSO cycle shows a decadal modulation of its characteristics that is related to some
extent to changes in the retroactions of the equatorial Pacific mean staedAtin, 2001Fedorov and
Philander, 2001). Various diagnostics permit, in a linear framework, to studeldtiom (Jin et al., 2006).
Those diagnostics can be used for example in observations, reanalyses ompcbjeat®ns. They permit to
understand how the mean state may modulates in part the ENSO variability on detestallés (An and
Wang, 2000An and Jin, 2000). In addition, there is still at this time the need to deeemhich feedbacks
will be most influent for the future climate change, in order to give an epimman amplification or a
reduction of the ENSO activity (Collins et al., 201@e have used a reduced coupled modelT{ihenodel)
to diagnose changes in mean state feedbacks and associated ENSO stability over the recent decades. We hav
shown that, during the climate shift of the 1970s, the background ocean stratifinftioed changes in
ENSO stability similar in terms of magnitude to the changes inferrednbgspheric and thermodynamic
feedbacks (Thual et al., 2012c). It would however be necessary to simplify the representatiamahean
state feedbacks in the TD model, which is at this time still complex to perntliy actoust and reproductible
diagnostic. We have also documented the sensitivity to mean state of Central Pawiific &/ents (Ashok
et al., 2007 Yeh et al., 2009) in a preindustrial CGCM run (Kug et al. 200Mwi et al., 2010). The TD
model simulates changes in stability of the mode associated to Eastern Pacificenatties not simulate a
dominant mode associated to Central Pacific events. The mechanisms of thgdattérevent still remain
to be clearly identified. Results from this chapter also complement ale #nt we have published recently,
which documents baroclinic modes variability during Central Pacific events (Dewitte 20Hl).

Chapitre 6 The simulation and forecast of ENSO are topics of great interest, for wdsirhilation
methods that account for uncertainties in models and observations can provideasigimiprovements
(Chen and Cane, 2008)e have implememtd an Ensemble Kalman Filter method (Evensen, 2@92n
already existing intermediate complexity model of the equatorial Pacific Ql&Omode| Dewitte, 2000)
Following certain theoretical considerations (e.g. Kleeman, 2088 have supposed that random

atmospheric variability was the main source of model uncertainty (Thua) 2042b). The model has been
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forced by perturbed winds and constrained by reanalyses of sea level, irtoomdigialize retrospective
forecasts over the last fifty years. In the continuity of the other clsapterhave asses$the improvements
from the assimilation method on the low-order ENSO dynamics that is simulatix logodel. We have
shown that the major model constraint is on the so-called Tilt and WWV modesetagsaciated to the
recharge/discharge paradigm (Jin, 1997a; Meinen and McPhadeih, B@®@ssimilation method permits to
constrain in particular the equatorial heat content (WWV) whose variabilibpisveak in the model. The
implementation of the Ensemble Kalman Filter method in the intermediate exdtypinodel is also a
technical development that might prove useful for future applied ENSO siomslaand forecasts. An

interesting perspective would be the model intialization in coupled configuration (Chen a)@20ah
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1. Comparison with a Layered Ocean Model

We discuss differences between the representation of ocean dynamics with hstarttae that is
either continuously stratified (i.e. density changes are continuous) or separatgsts (i.e. density changes
are discontinuous) (Clarke, 2008). Both approaches are similar in the sendeyhate both a singular
value problem that describes ocean dynamics in a set of independent baroclinic modeAlFighmvs a
representation of a shallow water model with two layers of different density (single discontinuity at the

interface). pis atmospheric pressure, and p» (with p1<p.) are upper and lower layer density respectively,

h is mean thermocline depth, id bottom depth; is sea surface anomalies and h is thermocline depth
anomalies. This representation can account at first order for vertical movements obtoeadbermocline
(defined at the separation between layers). For this layered model there apodsilsle motions, a
barotropic mode and a single baroclinic mode. At the bottom depth the pressure reads

p(H) = p, + o g(h+7-h) +p,9(H ~h-+h) (AL1)
The barotropic mode is independent of depth, therefore its contribution to pressmigep at the bottom
depth. Removing this contribution from equation Al.1, one finds that for the remainodjifiarmode the
sea surface and thermocline interface move in oppositionn =h(p,—p,)/ p,. The approach can be

extended to the case of an ocean with n layers. A little combinatory gvesinber of possible motigns
which are different with respect to vertiadirections of displacement (either upward or downward) of each

of the n layers. For n layers moving in the same direction, one carn/ pl(n—p)! groups of p layers

moving in opposite direction gm), then integration from=® to p=n gives 2" possible motions, from which
all symmetrical motions are removed. There are theref8fé gssible motions (i.e. eigenvalues of the
problem), which is also the number of baroclinic modes (plus the barotropic.rmbeéejecomposition in a
set of n layers is a degenerate case as compared to the baroclinic mode decomposition tinubastpn
stratified case, in the sense that the infinite set of modes collapstsite set of n modes. In this thesis, the
term baroclinic structure refers to the continuously stratified ¢dmeigh we have seen that baroclinic

modes are also evidenced in the layered case).



P, surface n
$ IK———"1
P, h
. H-h
bottom X

Figure Al1.1: Schematics of a shallow-water model with two layers, as a funttamgiude x and depth z (see

text).
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2. Scalar ENSO Model

We take the opportunity to mention the possibility to reduce the TD model (whickzdsal strip
model) into a scalar model. A scalar model is coarser yet more syntlagtia girip model, which permits to
understand the essential recharge/discharge process that leads to an ENSQ@roégifiati997aBurgers
2005). It may also be more adapted to diagnose ENSO stability and its ggrsitbackground conditions
in datasets (Jin et al., 2006; Kim and Jin, 201e and Jin, 2010b, see discussion of ChaptelA5).
limitation is however that because variability is averaged in speeifioms of the equatorial Pacific, large
differences in spatial patterns of ENSO may not be accounted for (Belmadani et gl., 2010

For the derivation of the scalar ENSO model, we may follow the leading assumptonslifr
(1997a), which proposes a scalar version of the strip model from Jin (1997b). We ctwesat=an reduced
model from chapter 2, where the thermocline depth adjustment is described by them\ailtite Tilt and
WWV modes. The derivation of this ocean reduced model is different froifi997a) because there is no
discretisation of the ocean dynamics into a western and eastern box. We catiseterodynamic equation
for the evolution of SST. It is similar to TD2011, but we average iB83fe eastern Pacific region (usually
Nifio3, 150°W-90°W, 5°N-5°S) and retain only the thermocline feedbackn@ damping feedbackpF
Finally, we assume as innJ(1997a) that SST anomalies in the eastern Pacific region force wind stress

anomalies over the entire basin. Without entering into details of the derivation, weiteath@scalar model

as
0,T =F,T+Fh,with h= ZhTILTn i (A2.1)
where > hy = pn T (A2.2)
and (at + Un)h/\/w\/n = :unT (A23)

where T is SST anomalies. Thermocline depth anomalies h averaged in the eastern Pacifieselys

from the summed-contribution of the Tilt modgf and Rww, Mmode on each baroclinic mode n. The Tilt
mode adjusts immediately to wind stress forcing, and as so its summed-up contighatlee related to SST
anomalies through a coupling coefficigaf r. The WWV mode adjustment is different for each baroclinic
mode, with dissipation rate, (cf. chapter 2), and is related to SST anomalies through a coupling coefficient

M. The scalar model reduces to

O =(Fp + pis F)T + F¢ Zh\NWVn (A2.4)

at hNWVn = _Gnh/\NVVn + :unT (A25)
The model invokes ENSO oscillations through a recharge/discharge procedaad 897a). In the

case of a single baroclinic mode (say n=1), solutions can be found analyticatlye Bgstem to oscille, it
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must verify that A=(Fy+ g, F +0,)°—4F 1, is negative. The roots are therefore

s=(Fp +un+ Fr —0'1)/2+i\/Z/2 and its complex conjugate, which real and imaginary part give
respectively the growth rate and frequency of the system. For three baroclinic nimesre three
independent equations for the ocean dynamics.The growth rate and frequency may be conipaited s

of a matrix of dimension 4 by 4. We may alternatively derive independentatalifor each baroclinic
mode and use a perturbation method to represent the coupling between oscillators.

We may also suggest a specific setup of this model, in order to usa #talsility index similar to
the one of Jin et al.,, 2006 (cf. discussion of chapter 5). We may supposthehsensitivity to the
background ocean stratification is critical only for the WWV adjustemenh thi$ view, the damping rate
of SST anomalies may be computed following Jin et al. (2006), while the Vijistment and its
retroaction on SST anomalies may be computed from the contribution of the grasebhibamodes. This
however implies that the damping rate of WWV anomalies cannot be omitted as is dimet al. (2006).

Such setup could be implemented as a perspective for future works.
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3. Statistical Relationship between Mean State and Stability

As a last remark on the decadal modulation of ENSO variability, we propose a isydidogostic
that relates decadal changes in ENSO feedbacks and characteristics. Thildgrezstic on ENSO stability
extends the one from chapter 5 to its limits, and as so remains exploraisrizere fully assumed that,
around a reference state, stability changes depend linearly on parameter chamgésgnostic is based on
a Singular Values Decomposition (SVD, see Bjornsson and \enegas, 1997) betmesstgrachanges and
stability changes of the TD modét consists in first defining the “parameter vector” P=(Py, Py, Ps, 14, it
Fu, Fu, Fw), which temporal evolutiors estimated using a 7 years running mean. UBiigthe TD model
we compute frequency (F) and growth rat, {Ben we define the “stability vector” S=(F,G). Both vectors
are expressed in terms of anomaly with respect to their time-averaged vhioh, each component
normalized by its standard deviation. The SVD leads to the modes that maximiseskeorrelation
betweenS andP.

The diagnostic is applied over the recently available SODA dataset thatdexXtom 1871 to 2008
(Giese and Ray, 2011). The first SVD mode accounts for 90% of cross-Gomelhe associated
eigenvectors are shown in figure A3.1a. They provide the dominant patterabditystand parameter

changes. Changes are strongly pronounced on the stratification parameratd®’the second atmospheric

mode 1, and the thermocline feedback.FThose parameters are not necessarily most influent on stability

when considered individually, but rather the direction of the associated eigenVentseries associated to
the first SVD mode are shown in figure A3.1b. They evidence abrupt changes istaieaconditions and
stability after the climate shift of the 1970s and after 2000, in agreeniténtesults from chapter 5. Also,
the decadal modulation is quite different before the 1960s, where there is mogaadktion and where both
timeseries are in phase. Results may suggest that, before the 1960s, the firsto@/[@vidences the
internal variability of the ocean model used in SODA, which is only weakly momst by the few
observations available over this period. Those suggestions would however need to be furthgateesti
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Figure A3.1: (a) Eigenvectors of the first SVD mode (90% ceos®lation) between the “stability vector” S
and the “parameter vector” P. Components values of the eigenvectors are displayed in full circles thleng
X-axis (yr* for S, % of the reference value over 1870-2008 for P). (binillised timeseries associated to S
(red) and P (black).
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4. Probabilistic Formulation in the Scalar Case

We reconsider the minimisation problem of chapter 6 with a probabilisticufation in the scalar
case. This formulation is an alternative to the Bayesian formulationistiietsed on the concept of joint
probability. We propose a graphical method to understand how the best estimate is condtvactedrch a
best estimate xof a true state;xgiven two estimatesy»xand y with known uncertainties. This alternative
approach is equivalent to finding a best estimatihat has minimum error variance, i.e. minimum distance
to each estimate according to the cost function J. The model realisaione realisation of a random
variable x, with associated probability density function (pdg).fAs previously,fis Gaussian, centred on x
and with error variance,’. The observation realisation is one realisation of a random variable y, with
associated pdf(fy). f, is Gaussian, centred orFkix, where H is an observation operator and with error
variances,?. We suppose that model and observations errors are uncorrelated, therefore we azst aonstr

joint pdf as f(x, y)= (X) f,(y), which reads

_;(x—xt)Z_yy—yt)Z} (Ad.1)

fy(xY) =#ex;{ : :
20,0, 2 o} 2 o}
The joint pdf is shown ifigure A4.1.a. They are only a restricted ensemble of couples of realisations
(x, y) that are relevant to our problem. Those are the couples verifykfhg §er which model realisation and
observation realisation are representative of a same random variable. We hiefraedom variable as z
with associated pdf()=Cf(z, HZ) that can be deduced graphically in figure A4.1.a over the straight line
y=Hx. C is a normalization factor which ensure that the integrdieoptlf §(z) is equal to one. A realization
of the random variable z is the estimate of our problem, which combines estfroatelsoth model and
observations (i.e. realisations of x and y). The maximumieffbund at z=x(with Hz=y,), which is also the
maximum of §,. The pdf fis Gaussian, and its variance issgsc,°c,/(H’0p +064).
In practice, the true state (with y;=Hx,) is however not known, and the random variable z has to be
approximated only from given realisationsaxd y and from known uncertainties, andc,. The joint pdf

itself has to be estimated. It reads:

fx(;UESS(

1 1(x—=%)% 1(y-V.)2
x,y)=2—exp€ (X=%)" 1(y yo)) (A4.2)

oo, 2 ot 2 o
which supposes that the pdf of x and y are centred, any respectively (rather than on and y which
are unknown). The approximated joint pdf is shown in figure A4.1.b. The pdf ohtidom variable z is
constructed from the approximated joint pdf, under the constraint thatx, ywhich reads
.52 =1, """z, H2). We define xsuch that for z=x £,°V**%is maximal. xis the best estimate (i.e. most
probable realisation) of our problem. This is also equivalent to finding ithienom of the cost function J

Z? UESS

that is found at the exponent gf4¥°5 The error variance of z (aroung is the one of > which reads
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o= 0, /(Ho,2+0,°). The main message is that in the minimisation problem, because the teues stat
unknown, the entire probabilistic model (which best realization gives the bestategtihas to be

approximated.

f\)‘

f‘(;’ UESS

(a) - > x (b) : L 5 &
Xt Xa Xp

Figure A4.1: (a) Joint pdf{x,y) for Gaussian distribution and straight line y=Ki®) Construction of the joint

pdf £,°V55{x,y) from estimatespand y, straight line y=Hx, and best estimate x
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5. Estimation of Baroclinic Structure Parameters

We have explored the possibilitp correct parameters of the baroclinic structure in the model
LODCA. The method remains identical to the EnKF method described in chapter 6. Howeeuse the
augmented vector approach (Evensen, 26@hdrashov and al., 2008) to additionally correct projection
coefficients R, P, and B of the model LODCA. Those parameters are simply added to the model
background state in order to be corrected sequentially, and it is assumedseemmysmodel for their
temporal evolution. Parameters are constantly perturbed considering uncorrelatetthatrames proportional
for each parameter to 10% of the standard values from Dewitte (2000). Adsadiied a constraint on the
sum of B parameters (supposedly constant), assuming a variance of errors proportional totf&6 of
standard valuetlierefore the parametern+P,+P; is added in the model background state). The parameter
estimation is shown in figure A5.1. The estimated parameters show an intenzamnalaility, notably on P
and R. A limitation arising from this approach is that the small ensemble (N=&dGoers) does not permit
the experience to be reproducible. In fact, when running the corrected run with a difiegamh generation
of uncertainties the variability of parameters is different (i.e. the sequeriitahgsn does not converge).
An alternative may be to consider a variational approach, or to considestitimation of parameters alone.
Despite this limitation, it may also be possible to filter timesedf the parameters evolution (which is near
interannual) to infer if the analysed decennal variability is in agreewidnbbserved decennal changes in

the ocean stratification (see chapter 5).
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12001 TP PSP PPRPRTOTRPRPPN 47............

Figure 2.2 Baroclinic structure of the equatorial Pacific at the dateline, as a function of d@ptla Mean density, (b)
Brunt-Vaisala frequency, and (c) Vertical functions of the associatagsfrocean baroclinic modes. Fields are
(Lo Rt o [T 4= ] T ] o= | PP PPPSSRRRRRRR 47...........

Figure 2.3: Dispersion relation of equatorial waves, as a function of the wabenuk and frequencyw
(adimensionalized by phase speed and Rossby radius). A single hanodote is considered. nndicates the

meridional order for the different types of equatorial waves. Only m=0,%}isn (adapted from Clarke, 2008).

Figure 2.4 Non-dimensionnal meridional profiles of equatorial Kelvin waves (left) andsBy waves (right), as a
function of latitude (degrees north). The figure shows meridiomdilgs for the contribution to pressure (H, also
height) and zonal currents (U), for the first (black), second (redjrenadd(blue) baroclinic mode.................. 51

Figure 2.51(a) Contributionss, (red) andZ=-In(yn)c/4L (blue) to the dissipation rats, in yr* and as a function of the
baroclinic mode n. Losses at boundarigsare shown for three values of reflection coefficient produgt0.6,
0.8 or 1. (b) Dissipation rate;, (red,yr) and wind stress projection coefficient @nm™) as a function of the

baroclinic mode n. Dissipation ratg is shown for three values of the reflection coefficient produgt0.6, 0.8
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Figure 3.1: Sketch of the thermocline feedback (red arrows) and the zoratieel feedback (green arrows) (adapted

FrOM DIJKSIIra, 2000)......ceeeeiieiiiiieee ettt ettt e e e e e e e e e e e e e s e s s s nnnbbabbsbeeseeeeaeeeaaaaeaaeeeeseesansannnnnnnsid Deveeeeeens
Figure 3.2: Sketch of the Gill Model (adapted from Battisti et al., 1999)..........cccooriiiiiiiiiiiiiiiiiee e 76...

Figure 3.3 Non-dimensional meridional profiles of ocean and atmas@ueratorial waves, as a function of latitude
(degree north). Contribution to zonal currents is shown for the d¢elam wave (red), the ocean Rossby wave
(orange), the atmosphere Kelvin wave (blue), and the atmosphere R@gb{cyan)........cccccccvvvveeereeeennnnnn. 77

Figure 3.4: Temporal stability of the AC model whith thermocline procesges) considering contributions of the
three gravest ocean baroclinic modes. (a) Phase speedke (m.s?) as a function of the real wavenumber k

(units is (1000 kmj). (b) Growth ratews as a function of k The system admits eight eigenmodes, each
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represented by different colors. The slow SST mode is in thick blue.liNe.........ccccoeveeeei s 86..
Figure 4.1: SST anomalies (°C) in the equatorial strip as a function of Idegftr (a) first (66% cov) and (b) second
(14% cov) SVD mode between SST and wind stress anomalies. (c) atde(d)for wind stress anomalies {10
2 dyn.cn?) as a function of longitude and latitude. Thick line indicates zero-corfimids are dimensionalised
by standard deviation of associated timeseries. (e) and (f): Normalizedhanthed timeseries associated to (e)
the first and (f) second SVD mode: SST (black) and wind stress anomalies.(red)................ccoeeecnnnnns 109
Figure 4.2 Meridional projection of the SVD modes from the statistical atmosphere on theaméreecond order
Hermite functions, as a function of longitude. (a) Projection of tisé $¥D mode (S non-dimensional) on the
zero order Hermite functiomp with Rossby radius Lfrom the associated baroclinic mode: n=1 (red), n=2
(green), n=3 (blue). (b) Projection of &1 the second order Hermite functign. (c) Projection of the second
SVD mode 0N . (d) ProjeCtion OF SOMN Y. ....eeeiiiiiiiiiieeiiiieiee ettt 11Q...
Figure 4.3: (a) Correlation of temperature anomalies at the equator (5°NAHiE),, anomalies (20°C isotherm), as a
function of longitude and depth (m). The mean thermocline is overplitack thick line), as well as the zero-
contour of the first EOF mode of temperature anomalies (blue thick line)Cdlelation of temperature
anomalies with % anomalies (28°C SST iSOtherm)..........ccoviiiiiiiiiic e 112..
Figure 4.4: (a) First EOF (59% var) of temperature anomalies (°C) at the e(fiatds°S), as a function of longitude
and depth (m). The mean thermocline is overplotted (black thick line), as wla#l asro-contour of the first EOF
mode of temperature (blue thick line). (b) Regression of Principal Coemp® (i.e. timeserie) from the first EOF
of temperature on zonal currents anomalies (m.€ontours are dimensionalised by the timeserie standard
[0 Y= U1 T RS RR 113.........
Figure 5.1 Regression of the Brunt-Vaisala frequency profife(N?> mn?) on wind stress projection coefficients (a)
P;, (b) P, and (c) B, as a function of longitude and depth. Regressions are computea fnemming mean (7-
years) on SODA over 1871-2008 (Giese and Ray, 2011), wheledends on longitude. Regression values are
multiplied by the standard deviation of.PMean thermocline depth is overlaid (thick line) which is defined at
maximal value of temporal average of Nhe solver failed to compute the second baroclinic mogev(ihin
0T e 0 DRSPS 117.........
Figure 5.2 Running mean (7 years) of wind stress projection coefficien(seR), B (blue), and R (green) froma
density profile of the equatorial central Pacific (170°E-170°W). Values aressgd in percent of their average
VAlUE OVET 1960-2008.......cceiiiiriiieeee ittt e ettt e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e e e e e e e e 117......
Figure 5.3: (a) Frequency (Jrand growth rateyt™) of the ENSO mode as simulated by the TD model with parameters
tuned from the SODA reanalysis, for the period 1980-2000 @ed)2000-2008 (green),. Stability values are
shown when a single parameter is modified (black open circles) fromd@80D-2000 to period 2000-2010. (b)
Same as (a) but for parameters tuned from the GODAS reanalydise foeriod 1980-2000 (red) and 2000-2010
(o =T=T0) TR O PRSPPI 137..........
Figure 5.4: Plot of eigenvalues (frequency and growth ratd, gf the TD model with sensitivity to the ocean
atmosphere coupling and the relative intensity of thermocline and zonal advective processisminal values
are ;=1 anda=0. We represent with increasing dot size (0<u<1.5), and for x=1 eigenvalues are contoured in
black. We represent with colors (1<a<l), where a=-1 (a=1) corresponds to dominant thermocline (zonal
advective). OBM3 and OBM2 are ocean basin modes identified in the uncoupledE@G&sand EG2 are two

competing modes in terms of growth rate (from Thual et al. 2011)..........coooiiiiiiiiiiiiiiee e 140
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Figure 5.5: Time longitude plots of (a) SST anomalies (°C), (b) thermaitdiplh anomalies (m) and (c) zonal currents
anomalies (m.s-1) for the ENSO mode EG2 simulated by the TD modellanda=0.9 (see Thual et al. 2011,
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Figure 6.1: Sketch of (a) Sequential assimilation methods and (b) Variagsialilation methods. In this example we
consider scalar values of the background statblue), analysed state ¢red), and observations ggreen). In
sequential methodsy, ¥s corrected into xat each timestep where an observatigisyavailable. In variational
methods, x is an initial condition that is corrected intq guch that its trajectory best matches posterior
ODSEIVALIONS ..ottt ettt e e r et e e s bbb e e e a e e e s 145........
Figure 6.2: (a) Timeseries of Nifio3-SST (black, °C) and Nifio4-SST (rgdasGimulated by the model in forced
configuration. (b) Timeseries of Nifio3-SST (°C) as simulated by the nmindebupled configuration, for
increasing values of the ocean-atmosphere coupling: 70% (red)y@l&tv), 90% (green) and 100% (black) of
IES FEFEIEINCE VAIUE... ... .ttt ettt e e e e e e e e e e e e e s et b bbb e e e et et e et e e aaeeeeaeas 148........
Figure 6.3 (a) High-frequency timeserie of zonal wind stress forcing (N.averaged in the Nifio4 domain (150°E-
150°W, 5°N-5°S). (b) Corresponding histogram (20 steps) with t@aussian profile (red)...................... 163
Figure 6.4: (a) Ensemble of model realizations (red) and ensemble nieek) @ Nifio3 SSTA index (°C), for the
model LODCA forced by perturbed winds. (b) Ensemble of modékatimns (blue) and ensemble mean (black)
of thermocline depth anomalies (m, average 150°E-90°W and 5°N-5%S)........ccceeeiiiiiiiiieinniiiieee e 164
Figure 6.5: Hovmoller diagram of SLA (cm), as a function of longitudetiamel over the period 1958-2006. Results are
shown for (a) the model run without assimilation RUN, (b) the enseavelege of model runs with assimilation
EXP1, and (c) observations from the SODA reanalysis. Contours $ecbga3°C, and from green to blue values
become positive. Timeseries of (d) Nifio3-SST anomalies (°C), (e) WWiMalies (m, average 150°E-90°W),
and (f) Nifio-4 zonal current anomalies (ch).sResults are shown for the model run without assimilation (blue)

the ensemble average of model runs with assimilation (red), and the @@bdlysis (black)...................... 165



