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RESUME

Le phénomeéne El Nifio est le mode dominant de la variabilité du climat aux
échelles de temps interannuelles dans le Pacifique tropical. Il modifie considérablement
le climat régional dans les pays voisins, dont le Pérou pour lequel les impacts socio-
économiques peuvent étre dramatiques. Comprendre et prévoir El Nifio reste un enjeu
prioritaire pour la communauté climatique. Des progreés significatifs dans notre
compréhension du phénomene El Nifio et dans notre capacité a le prédire ont été réalisés
dans les années 80, en particulier grace a la mise en place du systéme d'observation dans
le Pacifique tropical (programme de TOGA, en particulier, ainsi que l'émergence de
I'ére des satellites). A la fin du XXe siécle, alors que de nouvelles théories scientifiques
ont été proposées et testées, les progres réalisés dans le domaine de la modélisation
numérique et de l'assimilation de données ont conduit a 1'idée que le phénomeéne El
Nifio pourrait étre prévu avec au moins deux ou trois saisons a l'avance. Or, depuis le
début du 2lieme siécle, les manifestations du phénomeéne El Nifio ont réduit cette
expectative: un nouveau type d'El Nifio est a été découvert - identifié¢ par des anomalies
de température moins intenses et localisées dans le centre du Pacifique équatorial. Ce
phénomene, connu sous le nom CP El Nifio pour El Nifio Pacifique Central ou El Nifio
Modoki a placé la communauté scientifique devant un nouveau défi. Cette these est une
contribution a I'effort international actuel pour comprendre la dynamique de ce nouveau
type d'El Nino, dans le but de proposer des mécanismes expliquant sa présence accrue

au cours des derniéres décennies.

Plus précisément, 1'objectif de cette thése est d'étudier le role des ondes longues
¢quatoriales dans le Pacifique tropical sur la dynamique océanique et la
thermodynamique associées au phénomene El Nino de type Pacifique Central. Cette
these s'intéresse tout d'abord au premier CP El Nifio du 21ieme siecle, le phénomene El
Nifio 2002/03, a partir des sorties d'un modele de circulation océanique général. Ensuite,
nous documentons les caractéristiques des ondes équatoriales de Kelvin aux
fréquences Intra Saisonniéres (ISKw) sur la période 1990-2011, fournissant une
statistique de l'activité¢ des ondes ISKw durant I'évolution des événements El Nifio de
type Central Pacifique. Nos résultats montrent que l'onde ISKw subit une forte
dissipation dans le Pacifique Est, qui est interprétée comme provenant de la dispersion

des ondes lorsqu'elles rencontrent le front zonal de la stratification dans I'Est du



Pacifique (i.e. la pente de la thermocline d'Ouest en Est). Une réflexion partielle de
I'onde ISKw en onde de Rossby équatoriale de prés de 120°W est également identifiée,
ce qui peut expliquer le confinement dans le Pacifique central des anomalies de
température de surface associées aux événements El Nifio de type Central Pacifique.
Nous suggérons que la fréquence accrue au cours des dernieres années des événements
CP EIl Nio peut étre associée a 1'état froid - de type La Nifia - observé dans le Pacifique
Equatorial depuis les années 90 et les changements dans la variabilité saisonniere de la

profondeur de la thermocline depuis les années 2000.



ABSTRACT

The El Nifio phenomenon is the dominant mode of climate variability at
interannual timescales in the tropical Pacific. It modifies drastically the regional climate
in surrounding countries, including Peru for which the socio-economical impacts can be
dramatic. Understanding and predicting El Nifio remains a top-priority issue for the
climatic community. Large progress in our understanding of El Nifio and in our ability
to predict it has been made since the 80s thanks to the improvement of the observing
system of the tropical Pacific (TOGA program and emergence of the satellite era). At
the end of the Twentieth century, whereas new theories were proposed and tested,
progress in numerical modeling and data assimilation led to the idea that El Nifio could
be predicted with at least 2 or 3 seasons in advance. The observations since the
beginning of the 21st century have wiped out such expectation: A new type of El Nifio,
known as the Central Pacific El Nifio (CP El Nifio) or Modoki El Nifio has put the
community in front of a new challenge. This thesis is a contribution to the current
international effort to understand the dynamics of this new type of El Nifio in order to

propose mechanisms explaining its increased occurrence in recent decades.

More specifically, the objective of the thesis is to study the role of the oceanic
equatorial waves in the dynamic and thermodynamic along the equatorial Pacific Ocean,
focusing on the CP El Nifio. This thesis first takes a close look at the first CP El Nifio of
the 21st century of this type, i.e. the 2002/03 El Nifio, based on an Oceanic General
Circulation Model. Then it documents the characteristics of the IntraSeasonal Kelvin
waves (ISKws) over the period 1990-2011, providing a statistics on the ISKws activity
during the evolution of CP El Nifo events. We find that the ISKw experiences a sharp
dissipation in the eastern Pacific that is interpreted as resulting from the scattering of
energy associated to the zonal contrast in stratification (i.e. sloping thermocline from
west to east). Partial reflection of the ISKw as Rossby waves near 120°W is also
identified, which may explain the confinement of CP El Nifio warming in the central
Pacific. We suggest that the increased occurrence of CP El Nifio in recent years may be
associated to the La Nifa-like state since the 90s and changes in the seasonality of the

thermocline since the 2000s.
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Chapter 1: Overview

1.1 Introduction (Version francaise)
1.1.1 Bref historique du phénomene El Niiio

A la fin du 19¢me siécle, Carranza (1891) reporte pour la premiére fois les
caractéristiques d'un événement climatique fort qui a lieu le long de la cote péruvienne
en 1891. Il décrit un courant inhabituel dirigé vers le Sud, provenant apparemment du
Golfe de Guayaquil, s'écoulant dans le sens contraire du courant cotier observé
normalement. Ce courant anormal a perturbé les conditions océaniques et
atmosphériques, occasionnant des températures de la surface de l'océan plus chaudes
qu'a I'habitude, ainsi que de fortes précipitations le long de la cote péruvienne a l'origine
d'inondations dans le Nord du Pérou en avril et mai 1891. Cet événement fut si fort que
des anomalies de précipitation touche des villes comme Lima [77°W; 12°S] et Ica
[75,7°W; 14°S] (Rodriguez, 2001) - villes qui ne recoivent normalement aucune
précipitation durant toute I'année. L'extension vers le Sud de cet événement inhabituel
peut étre observée sur la Figure 1.1 qui présente les anomalies interannuelles de la
température de la surface de la mer (SST) en mars (Figure 1.1a) et avril (Figure 1.1b) en
1891 dans la région du Pacifique Sud-Est. Les anomalies de SST exceédent 2°C de mars
a avril en moyenne le long de la cote du Pérou. Cet événement a surtout été décrit sur la
base de son expression cotiére et a cette époque la connexion avec la variabilité
¢quatoriale n'était pas comprise. Le premier article scientifique qui mentionne pour la
premicre fois "El Nino" le long de la cote du Pérou a été publié¢ deux ans plus tard dans
le bulletin de la Sociedad Geografica de Lima, écrit par Carrillo (1892). Dans ce
document, de nombreuses preuves d'un courant "étrange" observé dans I'océan au large
du Pérou ont été rapportées. Ce courant, dirigé vers le Sud, a été observé juste apres

Noél et fut baptisé pour 'occasion: La corriente del Nifo (le courant d'El Nifio).

Ce fut 1'événement El Nifo qui s'est produit en 1925, le plus grand événement
enregistré a 1'époque et documenté par un ornithologue (Murphy, 1926) qui éveilla
l'intérét de la communauté scientifique internationale autour du phénoméene El Nifio.

Tandis que le météorologue H. P. Berlage fut le premier a suggérer qu'El Nifio pourrait
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étre 1i¢ a la circulation grande échelle dans le Pacifique tropical (Cushman, 2004), la
premiére théorie a été proposée par Sir Bjerknes, suite aux travaux antérieurs de Sir
Walker, expatrié en Inde afin de prévoir la mousson pour augmenter la production de
coton - matiere premiere importante en Europe a cette époque. Sir Walker a observé que
les fluctuations de pression entre Tahiti et Darwin étaient en opposition de phase et
qu'elles variaient beaucoup d'une année a l'autre. Il a utilisé ces données (la différence
entre les deux) afin de prévoir la mousson indienne, qui est maintenant connue pour &tre
associ¢ a l'oscillation australe El Nifio (ENSO). Sir Bjerknes fut le premier a laisser
entendre que I'étrange phénomene qui était observé le long de la cote du Pérou (c.a.d. le
réchauffement épisodique de la température de la surface de la mer au moment de Noél)
pourrait étre li¢ aux fluctuations grande échelle identifiées par Sir Walker. Il a poussé le
concept en suggérant que le contraste zonal en SST le long du Pacifique équatorial était
¢troitement lié a la circulation de Walker, forcée par la différence de pression de surface

entre Tahiti et Darwin.

(a) SSTA for March 1891 (b) SSTA for April 1891
(SODA 2.2.4) (SODA 2. .4)
10M 10M
EM 1 5
EC A g EC 4 3.
55 55
105 1 105 1
155 1 155 |
205 205
100 B0W B0 FO 100 800 B0 FOM
I | [ | || I [ | [ [ [T=
—4 —35 —3 —25 -3 —1& -1 —0% 05 1 1.5 2 25 3 35 4

[c]
Figure 1.1 Anomalies interannuelles de la température de la surface de la mer dans le
Pacifique Sud-Est pour les mois de Mars (a) et Avril (b) 1891, a partir des sorties de la
réanalyse SODA (Simple Ocean Data Assimilation, version 2.2.4), calculées a partir de

la climatologie estimée sur la période 1876 a 1906. L'unité est °C.
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1.1.2 Emergence des théories et prévisions du phénomene El Nifio

Cette théorie n'expliquait cependant pas la nature oscillatoire d'ENSO: les
événements El Nifio chauds peuvent étre suivis par une phase froide (c.a.d. La Nifa) et
reviennent aprés un certain temps, ce dernier définissant la « périodicité» de
l'oscillation. Les années 80 et 90 sont une periode prospére pour 1'émergence des
théories d'ENSO, ce qui a été permis en partie grace aux développements du systéme
d'observation dans le Pacifique tropical: in situ (cf. programme TOGA-TAO lancé en
1985) et satellite (le premier altimetre (GEOSAT) a été lancé en 1985). En particulier,
l'altimétrie a permis l'observation quasi-synoptique des ondes équatoriales planétaires,
ce qui a permis de tester les différentes théories basées sur les réflexions des ondes
équatoriales aux frontieres méridionales du bassin Pacifique. Dans ces théories (par
exemple, celle de 1'oscillateur retardé, voir #1.3.2 pour plus de détails), I'effet retardé de
l'onde réfléchie est le processus par lequel un événement El Nifio est contraint a
s'amortiret ce processus permet d'introduire le concept nécessaire a la nature oscillante

d'ENSO.

Néanmoins, les dimensions zonales du bassin Pacifique Tropical associées a la
propagation d'ondes libres ne pouvaient pas fournir une vue cohérente des échelles de
temps de 1'évolution d'ENSO et de sa périodicité. La théorie de recharge-décharge a
émergé a la fin des années 90, en partie afin de résoudre cette question. Cette théorie
consideére un ajustement rapide qui a lieu a 1'échelle du bassin Pacifique tropical. Le
long de I'équateur, les alizés induisent un transport zonal, mais aussi un transport
méridional associé a l'effet de la force de Coriolis (transport de Sverdrup). Ce dernier «
recharge » la bande équatoriale en eaux chaudes lorsque la thermocline est remontée
(processus de recharge) ou évacue les eaux chaudes de la bande équatoriale (décharge),
ce qui constitue la rétroaction négative lente et permet au systeme d'osciller (voir
schémas de la Figure 1.2). Cette théorie est basée sur l'observation qu'il a un ajustement
différé entre la SST et le contenu thermique dans le Pacifique équatorial (i.e. Warm
Water Volume). Cette théorie a fourni le cadre général pour 1'étude d'ENSO durant les
deux derni¢res décennies. Au moment ou j'ai démarré cette thése, la théorie de la
recharge-décharge était encore le principal paradigme pour interpréter la variabilité
interannuelle dans le Pacifique équatorial. Elle fournit des bases théoriques solides pour

¢tudier divers aspects de 1'ENSO, en particulier le changement de ses propriétés
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(fréquence, amplitude, prévisibilité) sur de longues périodes de temps. Par exemple, a
partir des années 80, ENSO a connu une augmentation de son amplitude, qui a été
attribuée a 1'état moyen plus chaud, aprés le « shift » climatique de la fin des années 70
(Yeh et al., 2001). Une augmentation de 'activit¢ ENSO peut étre liée a une diminution
de la stabilité de l'oscillateur, qui peut étre diagnostiquée a partir d'observations ou de
produits de réanalyses et en utilisant ce formalisme (An et Jin, 2001). Ainsi les progres
de la modélisation numérique et de I'assimilation de données de la fin du XXe nous ont
conduits a 1'idée que le phénomene El Nifio pourrait étre prévu avec au moins deux ou

trois saisons a l'avance.

1.1.3 Un nouveau type d'événement El Nifio

Or, depuis le début du 21iéme siécle, les manifestations du phénomeéne El Nifio
ont réduit ces expectatives. En particulier, depuis les années 2000, le score de
prédictibilité de la théorie de recharge-décharge s'est significativement réduit, car la
phase entre la SST dans la région NINO3 [150°W-90°W; 5°S-5°N] et l'indice de
contenu thermique du bassin (WWYV) a significativement diminué¢ (McPhaden, 2012).
Tout d'abord, il a été suggéré que cela était dii a la modification de la position de la
région ou les anomalies de tension de vent associées a ENSO sont observées. En
particulier, il a ét¢ montré que plus I'anomalie de vent est a 1'Ouest, plus le décalage
entre I'indice NINO3 SST et le mode WWYV est marqué (Clarke, 2010; Fedorov, 2010).
En outre, les processus de dissipation pourraient jouer un rdéle important dans la
diminution du décalage entre NINO3 SST et l'index WWYV (Thual et al., 2013).
Toutefois, il n'est pas certain qu'un tel changement dans les caractéristiques d'ENSO
observés apres 2000 pourrait étre interprété a la lumiere de la théorie de recharge-
décharge. En fait, un nouveau type d'El Nifio, connu sous le nom de El Nifio Pacifique
Central (CP El Nifio, Kug et al., 2009) ou El Nifio Modoki (Ashock et al., 2007),
caractérisé par des anomalies de température moins intenses et localisées dans le centre

du Pacifique équatorial a placé la communauté scientifique devant un nouveau défi.

Cette these est une contribution aux efforts de la communauté pour comprendre
ce changement. Elle se concentre sur 1'étude de la variabilité équatoriale dans le bassin
Pacifique au cours du siecle dernier, lorsqu'un seul type d'événement El Nifio était

observé. Ces nouveaux événements El Nifio ont un centre d'action localisé dans le
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Pacifique central, comparé¢ aux événements El Nifio Pacifique Est ou Cold Tongue El

Nifio qui ont des impacts plus graves pour le Pérou.

Pour résumer le positionnement de cette thése dans l'histoire de la recherche
consacrée au phénomene El Nifio, la Figure 1.2 présente un schéma de la chronologie

de la recherche de la communauté ENSO au cours du XX° siécle.

Corriente calida a lo largo ENSO es un oscilador carga-descarga
de la costa del Perdl excitado por el ruido atmosférico

' || acoplamiento
| océano-atmosfera
I| (Bjerknes)

TSM (°C) en la region Nino3

I [ 9 A

Primer compuesto El Nifo Dos tipos de

Carranza (1891) Murphy (1926) (Rasmusson & Carpenter, 1982)  El Ni
Carrillo (1892) Berlage ¥ ’ e
Eguiguren (18%4) I El Oscitador Carga-Descarga

Comienzo del Jin (1997)

programa de

observacion TOGA,

Primero paradigma (Delayed Oscillator)

Figure 1.2 Chronologie de la recherche sur ENSO depuis le début du XXe siécle,
illustrée a partir d'une série temporelle de la SST moyennée dans la région NINO3
(150°W-90°W; 5°S-5°N) a partir des données ERSST (Extended Reconstructed Sea
Surface Temperature, Smith et al., 2008) v3b. L'unité est ° C. D'aprés Dewitte et al.
(2014).

1.1.4 Motivations et objectifs de cette thése

Il est maintenant reconnu qu'ENSO implique divers type de variabilit¢ a des
échelles de temps distinctes: de l'intrasaisonnier a l'interannuel. Un intérét particulier a
été porté a la variabilité atmosphérique intrasaisonniére dans le Pacifique tropical car
elle a été observée avant le développement des événements El Nifio récents et elle peut
étre impliquée dans la rectification d'ENSO (Kessler et Kleeman, 2000). Cette
variabilité intra-saisonniére est en particulier composée de I'Oscillation Madden Julian
(MJO, Madden and Julian, 1994) et les coups de vent d'ouest (Westerly Wind Bursts)

dont les échelles de temps de variabilité s'étendent de 10 a 60 jours. Etonnamment,
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I'onde de Kelvin IntraSaisonniére (ISKw) a un spectre de variabilité beaucoup plus large
allant de (50 jours)-1 jusqu'a la fréquence semi-annuelle, avec un pic d'énergie marqué
dans la bande de fréquence (90-120 jours)-1 (Cravatte et al., 2003, Dewitte et al.,
2008a). Une étude récente (Guschina and Dewitte, 2012) suggere par ailleurs que la
relation entre ENSO et la variabilité intrasaisonniere atmosphérique dans le Pacifique
pourrait étre distincte suivant le type d'El Nio. Il semble donc important d'étudier les
caractéristiques de I'onde ISKw et sont réle sur le développement et la décroissance des
¢vénements CP El Nifo, considérant de plus que l'onde ISKw a un impact sur la
dispersion des prévisions d ENSO (Wang et al., 2011) et que les systemes de prédiction
présentent une capacité de prévision réduite sur la période récente (Hu et al., 2012; Xue

etal., 2013).

D'autre part, il est également connu qu'une partie de I'énergie de 'onde de Kelvin
¢quatoriale qui se propage le long de 1'équateur a travers tout le Pacifique se propage
vers les poles le long de la cote du continent Sud-Américain, lorsque 1'onde de Kelvin
atteint la frontiére Est du Pacifique. Le long de la cote péruvienne, I'onde de Kelvin de
downwelling advecte des eaux chaudes équatoriales vers le Sud (surtout pendant les
événements El Nifio intenses) et approfondit également la thermocline, ce qui peut
entrainer une augmentation de la SST associée a une diminution de l'advection ou du
mélange vertical. La Figure 1.3 illustre le phénomeéne de propagation depuis I'Ouest du
Pacifique vers I'Est pour 1'événement de 2002. En ce qui concerne la relation avec
I'écosystéme marin, I'onde de Kelvin de downwelling diminue I'efficacité de I'upwelling
cotier, en termes d'enrichissement en nutriments (maintenant a la surface des eaux
chaudes, faibles en nutriments; cf. Barber and Chavez, 1983). Les événements chauds
associés a l'onde de Kelvin de downwelling incitent les anchois a se concentrer pres de
la cote et a se réfugier plus en sub-surface, et semblent influencer la stratégie
d'exploitation des navires de péche (Bertrand et al., 2008). L'augmentation de la SST
dans le Nord du Pérou en 1'été austral, en raison de l'impact de I'onde de Kelvin, peut
¢galement créer une instabilité atmosphérique qui engendre des précipitations le long
des cotes péruviennes et des inondations dans la région de Piura [80,6°W; 5,3°S]
(Takahashi, 2004). Les implications sociétales de la dynamique de 1'onde de Kelvin le

long de la cote du Pérou sont donc aussi une motivation a ce travail.
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Figure 1.3 Sur la gauche, les séries temporelle des anomalies de profondeur de la
thermocline (en meétres) le long du Pacifique équatorial estimées a partir des profils de
température TAO situés a 180°E (a) , 155°W (b) , 125°W (c) et 95°W (d). Sur la droite

(e), anomalies interannuelles de la SST (en °C, par rapport a la climatologie 2000-2013)
pour le 3 Avril 2002. D'aprés Mosquera (2014).

L'objectif général de cette thése est de mieux comprendre la variabilité
interannuelle dans le Pacifique équatorial depuis 2000, compte tenu de l'évolution
observée des caractéristiques de la dynamique associée a ENSO a depuis cette date.
(McPhaden et al., 2011). En particulier depuis 2000, le Pacifique équatorial n'a connu
que des événements El Nifo de type Pacifique Central. Les raisons en reste inconnues.
Cette these s’inscrit dans ’effort de la communauté internationale d’en comprendre les
raisons. Elle s’intéresse en particulier a la dynamique ondulatoire et aux échelles de
temps intrasaisonniéres. Le chapitre 1 rappelle les théories actuelles d'ENSO, et
synthétise 1’état des connaissances sur la dynamique des événements CP El Nifo. Il
aborde aussi 1’état des connaissances sur les processus agissant sur les caractéristiques
de propagation des ondes de Kelvin équatoriales. Il est suivi par un examen détaillé d'un

événement El Nifio Pacifique Central, 1'événement El Nifio 2002/03, le premier CP El
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Nifio du 21° siécle (chapitre 2). Dans cette étude, nous étudions les processus dans la
couche de mélange associés aux ondes longues équatoriales et nous examinons si un tel
événement satisfait la théorie de recharge-décharge. Puis, dans le chapitre 3, cette thése
aborde les échelles de temps intrasaisonnieres, en documentant l'activité de 'onde ISKw
au cours des événements CP El Nifio des deux derni¢res décennies, et en étudiant les
processus associés a la dissipation de I'onde ISKw. Enfin, considérant qu'El Nifo est
¢troitement liée au cycle saisonnier, nous documentons les changements dans les
caractéristiques du cycle saisonnier long de 1'équateur avant et aprés 2000 (chapitre 4).
Pour tous les chapitres, la méthodologie adoptée est basée sur I'analyse combinée de
données (in situ et satellite) et de sorties de modeles, du modele linéaire (Mosquera,

2009; Mosquera et al., 2010) aux modeles océaniques de circulation générale (OGCM).
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1.2  Introduction (English version)

1.2.1 A brief history of El Nifio phenomenon

At the end of 19th century, Carranza (1891) described for the first time the
characteristics of a strong climatic event that took place along the Peruvian coast in
1891. He depicted an abnormal southward current apparently originating from the
Guayaquil Gulf, and that was opposite to the southerly current. This abnormal current
disrupted the oceanic and atmospheric climatological conditions, resulting in warmer
than usual ocean conditions and heavy precipitations along the Peruvian coast and, as a
consequence, flooding in the Northern edge of Peru in April and May of 1891. This
event was so strong that precipitation anomalies reached cities such as Lima [77°W,
12°S] and Ica [75.7°W, 14°S] (Rodriguez, 2001) - cities that usually have no
precipitation all year around. The southward extension of this unusual event can be
appreciated from Figure 1.1bis that displays the Sea Surface Temperature (SST)
interannual anomaly in March (Figure 1.1bis-a) and April (Figure 1.1bis-b) of 1891
over the South Eastern Pacific region and highlights that the SST anomaly increased by
~2°C from March to April on average along the coast of Peru. This event was mostly
described based on its coastal expression and it was not clear at that time, how such
event was connected to the equatorial variability. The first document that ever mentions
“El Nifio” along the coast of Peru was published two years later in the bulletin of the
Sociedad Geografica de Lima, written by Carrillo (1892), in which he reported the
various evidences of a “strange” southward current observed in the ocean off Peru just

after Christmas: La corriente del Nifo (El Nifio current).

It was the El Nifio that occurred in 1925, the largest one registered at the time
and documented by an ornithologist (Murphy, 1926) that first enticed the concern of the
international scientific community on the El Nifio phenomenon. Whereas the
meteorologist H. P. Berlage was the first to suggest that El Nifio could be linked to the
large scale circulation in the tropical Pacific (Cushman, 2004), the first theory was
proposed by Sir Bjerknes, following earlier works by Sir Walker who was sent to India
to forecast the monsoon in order to improve the cotton production- an important raw
material for Europe at that time. Sir Walker observed that the fluctuations of pressure at

Tahiti and Darwin were opposite and they were varying a lot from one year to the other.
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He used these data (the difference between both) to forecast the Indian monsoon that is
now known to be associated with the El Nifio Southern Oscillation (ENSO). Sir
Bjerknes was the first to suggest that, the unusual phenomenon which was occurring
along the coast of Peru (the episodic warming of sea water at Christmas time) could be
related to the large scale fluctuations identified by Sir Walker. He spurred the concept
that the zonal contrast in SST across the equatorial Pacific is tightly linked to the so-

called Walker circulation driven by the difference in sea level pressure between Tahiti

and Darwin.
(a) SSTA for March 1891 (b) SSTA for April 1891
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Figure 1.1bis SST interannual anomalies in the South Eastern Pacific for March (a) and
April (b) 1891 from the outputs of the SODA (Simple Ocean Data Assimilation)
reanalysis (version 2.2.4) calculated using a climatology estimated over the period

expending from 1876 to 1906. Unit is °C.

1.2.2 El Niifo theories and forecasts

What was not explained by this theory is the oscillatory nature of ENSO: warm

El Nifo events can be followed by a cold phase (i.e. La Nifia) and comes back after
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some time, the later defining its “periodicity”. The 80s and 90s were the decades of
intense development in the theory of ENSO, which was allowed in part thanks to the
development of the observing system in the tropical Pacific, both in situ (TOGA-TAO
program launched in 1985) and from space (the first altimeter (GEOSAT) was launched
in 1985). In particular, altimetry allowed for the quasi-synoptic observation of planetary
equatorial waves, which permitted testing theories based on the reflections of equatorial
waves onto the Pacific meridional boundaries. In these theories (for instance, the so-
called delayed action oscillator, see #1.3.2 for more details), the delayed effect of the
reflected wave is the process by which an El Nifio event is suppressed, providing a

concept for its oscillating nature.

Even if, at the time, the observation of long equatorial waves permitted to
understand its role on the oscillatory process of El Nifio, the basin scale adjustment
associated with the free propagating waves could not provide a consistent view of the
timescales of ENSO evolution and periodicity. The recharge-discharge theory emerged
in the late 90s in part in order to resolve such issue. The recharge-discharge oscillator
considers a fast adjustment that takes place at the scale of the tropical Pacific basin.
Along the equator, the trade winds induced a zonal transport but also a meridional
transport due to the effect of the Coriolis force (the so-called Sverdrup transport). The
latter replenishes the equatorial band in warm waters when the thermocline has risen
(recharge process) or evacuates the warm waters from the equatorial band (discharge),
which provides the slow negative feedback for the system to oscillate (see details in
Section 1.3). The theory is based on the observation that there is a delayed adjustment
between the SST and the heat content over the equatorial Pacific (the so-called warm
water volume). This theory has provided the most general framework for studying
ENSO for the last two decades. At the time when I started this thesis, the recharge-
discharge oscillator was still the main paradigm for interpreting the interannual
variability in the equatorial Pacific. The recharge-discharge oscillator provides a solid
theoretical basement for studying various aspects of ENSO, in particular its changes in
properties (frequency, amplitude, predictability) over long-timescales. For instance,
from the 80s, ENSO experienced an increase in its amplitude, which has been attributed
to the warmer mean state after the climate shift of the late 70s. An increase in ENSO
activity may be related to a decrease in the stability of the oscillator, which can be

diagnosed from observations or Reanalysis products based on this formalism (An and
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Jin, 2001). Hence, along with improvements in numerical modeling and data
assimilation, at the end of the XXe, we came to the idea that El Nifio could be predicted

with at least 2 or 3 seasons in advance.

1.2.3 A new type of El Nifio

However, the observations since the beginning of the 21st century have wiped
out this expectation. In particular, it has been observed that since the 2000s, the
predictive value of the recharge-discharge oscillator has been limited since the lag
between the NINO3 SST [150°W-90°W; 5°S-5°N] and the WWYV index has decreased
significantly (McPhaden, 2012). First, this has been suggested to be due to changes in
the location of the center of ENSO wind stress anomalies. In particular, it can be shown
that the further to the west the wind stress forcing, the smaller the lag between NINO3
SST and the WWYV mode (Clarke, 2010; Fedorov, 2010). Also, dissipation processes
could play a significant part in explaining the lag between the NINO3 SST and WWV
mode (Thual et al., 2013). However, it was not clear if such change in ENSO
characteristics observed after 2000 could be fully interpreted in the light of the
recharge-discharge theory. In fact, a new type of El Nifio, known as the Central Pacific
El Nino (CP EIl Nino, Kug et al., 2009) or Modoki El Nifio (Ashock et al., 2007),
characterized by weaker SST anomalies located in the central Pacific was described,
which, since then, has put the community in front of a new challenge (Capotondi et al.,

2015).

This thesis is a contribution to the efforts of the ENSO community for
understanding such change. It focuses on the investigation of the equatorial variability
in the Pacific over the last century, when only El Nifio of one type has taken place.
Those new El Nifio events have a center of action in the central Pacific conversely to the

Eastern Pacific or Cold Tongue El Nifio that has the most severe impacts for Peru.
As a summary of where the thesis stands within the history of El Niflo research,

the Figure 1.2bis provides a schematic of the chronology of ENSO research over the

Twentieth century.

22



Corriente calida a lo largo ENSO es un oscilador carga-descarga
de la costa del Perdl excitado por el ruido atmosférico

<=

29 _______________ -
3 ' || acoplamiento ]
§ 28 océano-atmosfera
= I| (Bjerknes)
2] \
g 27 ‘
5 )
A ¥ | bl
) ;i
= 25
=
wv
B 25 b i L et el [ B

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

I [ It

Primer compuesto El Nifo Dos tipos de
Carrgnza (1891) Murphy (1926) (Rasmusson & Carpenter, 1982)  El Nifo
Carrillo (1892) Berlage
Eguiguren (1854) El Oscilador Carga-Descarga

Comienzo del Jin (1997)

programa de

observacion TOGA,

Primero paradigma (Delayed Oscillator)

Figure 1.2bis Chronology of ENSO research since the beginning of the XX° century,
illustrated from a timeseries of the SST averaged in the NINO3 box (150°W-90°W;
5°S-5°N) from Extended Reconstructed Sea Surface Temperature (ERSST) v3b (Smith
et al., 2008). Unit is °C. (After Dewitte et al. (2014))

1.2.4 Motivations and objectives of the thesis

It is now well known that ENSO involves a variety of variability timescales:
from intraseasonal to interannual. The intraseasonal atmospheric variability in the
tropical Pacific has a particular interest because it has been observed prior to the
development of recent El Nifio events and possibly involved in the rectification of the
ENSO (Kessler and Kleeman, 2000). This intraseasonal atmospheric variability is in
particular composed by the Madden and Julian oscillation (Madden and Julian, 1994)
and the Westerly Wind Bursts (stochastic in nature) that are associated to periods of
variability ranging from 10 to 60 days. Surprisingly, the IntraSeasonal Kelvin wave
(ISKw) has a much wider spectrum of variability ranging from (50 days)-1 to the semi-
annual frequency with a particular energy peak in the (90 -120 days)-1 frequency band
(Dewitte et al., 2008a). A recent study (Gushchina and Dewitte, 2012) also indicates
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that the relationship between ENSO and the intraseaonal atmospheric variability could
be distinct among the two types of El Nifio. It appears important to document the
characteristics of the IEKws and its relationship with the CP El Nifio development and
decay, considering that the ISKw is influential on the spread of ENSO forecasts (Wang
et al., 2011) and that prediction systems exhibit a distinct forecast skill depending on the
El Nifio type (Hu et al., 2012; Xue et al., 2013).

On the other hand, it is also known that the Kelvin wave, when reaching the
eastern edge of the Pacific Ocean, keeps moving poleward along the coast of the South-
American continent. Along the Peruvian coast, the downwelling Kelvin wave can
advect southward warm waters from Ecuador (mostly during strong El Nifio events) and
also deepens the thermocline, which may result in increasing the SST through vertical
advection and/or mixing. Figure 1.3bis illustrates the eastward propagation of
thermocline disturbances along the equator during the 2002 El Nifio and the resulting
SST anomaly along the coast of Peru. Regarding the relationship with the marine
ecosystem, the downwelling Kelvin wave induces a reduced coastal upwelling and so a
decreased nutrient enrichment (bringing to the surface oceanic warm and low nutrient
waters; see Barber and Chavez, 1983). In particular, a warming event due to a
downwelling Kelvin wave causes generally the anchovies to concentrate close to the
coast and to migrate to deeper depths, which has been also suggested to influence the
fishing vessels exploration’s strategy (Bertrand et al., 2008). The increase of SST along
the northern region of Peru in Austral summer, due to the impact of a Kelvin wave, also
create an atmospheric instability that produces rains along the coasts of Peru and floods
in the Piura region (Takahashi, 2004). The societal implications of the Kelvin wave

dynamics along the coast of Peru are thus also motivating this work.

The general objective of this thesis is to better understand the interannual
variability in the equatorial Pacific since 2000 considering the likely shift in ENSO
dynamics at that period (McPhaden et al., 2011; McPhaden, 2012). In particular since
2000, the equatorial Pacific has experienced only Central Pacific El Nifo events. The
reason for this remains unclear. More specifically the thesis focuses on the equatorial
dynamics with a particular interest on the intraseasonal timescales. In the rest of this
chapter, more details about the state of art of ENSO theories, the CP El Nifio

characteristics and the Kelvin wave dynamics are provided. It is followed by a close
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look at a peculiar Central Pacific El Nino event, the 2002/03 El Nifio phenomenon - the
first CP El Nifio of the 21st century (Chapter 2). In this study, we investigate the mixed-
layer processes associated with the long equatorial waves and we question whether such
an event fits with the Recharge-Discharge theory. Then, in Chapter 3, this thesis
addresses the intraseasonal timescales documenting the ISKw activity during CP El
Nifio events and investigating the processes associated with the dissipation of the ISKw.
Finally, considering that El Nifio is tightly linked to the seasonal cycle, we document
the changes in characteristics of the seasonal cycle along the equator from before and
after 2000 (Chapter 4). The approach for all chapters is based on the combined analysis
of data (in situ and satellite) and model outputs, from a linear model (Mosquera, 2009;

Mosquera et al., 2010) to Oceanic General Circulation Models (OGCM).
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Figure 1.3bis On the left, time series of the thermocline depth (meters) anomaly along
the equatorial Pacific estimated from TAO temperature profiles located in 180°E (a),
155°W (b), 125°W (c) and 95°W (d). On the right (e), the SST interannual anomaly (°C,
relative to the 2000-2013 climatology) from Reynolds et al. (2002) is displayed for the
3rd of April 2002. Source: Mosquera (2014).
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1.3 ENSO theories

1.3.1 Bjerknes theory

Whereas the meteorologist H. P. Berlage was the first to propose that El Nifio
could be linked to the large scale circulation in the tropical Pacific (Cushman, 2004),
the first theory was proposed by Sir Bjerknes, following earlier works by Sir Walker
that was sent to India to forecast the monsoon in order to improve the cotton production,
an important raw material for Europe at that time. Sir Walker had observed that the
fluctuations of pressure at Tahiti and Darwin were opposite and they were varying a lot
from one year to the other. He used these data (the difference between both) to forecast
the Indian monsoon that is now known to be related to ENSO. Sir Bjerknes (1969) was
the first to propose that the east-west contrast in the equatorial ocean temperature during
El Nifo, in a warmer and colder eastern and western Pacific, respectively, could in turn
generate a reduced atmospheric pressure in the east and an increased one in the west.
This zonal contrast in pressure would result in winds from west to east, against normal
atmospheric circulation (east to west) that Bjerknes baptized with the name of Walker
circulation. These westerly winds favor further warming of the eastern Pacific,
increasing the initial heating. This amplification process is now known as "Bjerknes
feedback process" and is the basic theory that explains how an ENSO event grows in

magnitude (see Figure 1.4).

1.3.2 The delayed oscillator

Even thought Bjerknes provided the first theory of El Nifio, his theory could not
explain the oscillatory nature of El Nifio, which results from the fact that an El Nifio
event reverse to La Nifia conditions and vice-versa. The delayed oscillator theory
(Suarez and Schopf 1988; Battisti and Hirst, 1989) was an interesting concept that
includes in its dynamic the long equatorial waves, Kelvin and Rossby, as the ingredients
that allows the oscillatory property of El Nifio. It is important to mention that the role of
the long equatorial waves in the dynamics of the equatorial Pacific had been introduced
in the 70°s by Wyrtki (1975), McCreary (1976), Moore and Philander (1977) and Moore
(1968).
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Figure 1.4 Schematic of normal and El Nifio conditions in the equatorial Pacific (Figure

1 of McPhaden et al., 1998).

In general, the Delayed Oscillator Theory indicates that ENSO is an oscillatory
system with an interaction between the atmosphere and ocean through the projection of
eastward wind stress anomaly onto long equatorial oceanic waves. An eastward wind
anomaly (westerly), generated by SST anomalies east of the dateline, drives a
downwelling Kelvin wave that contributes to increase the SST anomalies in the eastern
Pacific. The original eastward wind anomaly also forces a Rossby wave that propagates
westward and is then reflected as an upwelling Kelvin wave at the western boundary.

This Kelvin wave moves to the east and contributes with a negative feedback to the
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coupled system. This process generates the alternation between El Nifio and La Nifa.
Figure 1.5 shows a schematic of this theory.

With the beginning of the satellite era dedicated to observing the earth surface,
strong progresses were made in tropical dynamics. In particular, altimeters likes
GEOdetic SATellite (GEOSAT) or more recent ones like TOPEX/POSEIDON and
JASON series allowed for the investigation of long equatorial waves. Pioneered works
in that field (Menkes et al., 1995ab; Boulanger and Menkes, 1995; Perigaud and
Dewitte, 1996) led to a quantitative step in our understanding of the ENSO dynamics
and testing paradigms (e.g. the delayed action oscillator). It takes about 12 months for a
wave to go back and forth as Rossby wave from east to west, and as a reflected Kelvin
wave from west to east. Meanwhile the period between El Nifio and La Nina is 24
months. This was an inconsistency of the Delayed Oscillator Theory that encouraged

developing other concepts.
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Figure 1.5 Schematic diagram of the delayed oscillator for ENSO. (After Wang and
Picaut (2004))
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1.3.3 Discharge and recharge oscillator theory

In front of the deficiency of the Delayed Oscillator, a new concept, named the
Discharge and Recharge oscillator, was introduced (Jin, 1996; 1997). This model
considers the importance of the heat content inside the Equatorial Pacific in the
oscillatory process of ENSO. Clarke (2008) provided a comprehensive description of
this theory and establishes an El Nifno condition with a positive SST anomaly plus a
depressed thermocline in the eastern Pacific (see Figure 1.6 I). The deep convection
associated with the SST anomaly pattern induces eastward winds, which results in two
consequences on the ocean: 1) eastward winds tilt the thermocline to the east increasing
the heat content in the Eastern Pacific; and 2) they produce a Sverdrup poleward
transport, allowing the evacuation of stored heat from the equatorial band. The latter is
considered as the Discharged phase of the model that reduces the thermocline depth to
values under the mean state (negative anomaly, Figure 1.6 II). This new thermocline
depth influences the decreasing of the SST anomaly. The negative values of SST
anomaly intensify with the presence of westward zonal currents anomalies that push the
equatorial system to a Cool Phase (Figure 1.6 III). Finally, this new state induces
westward zonal wind anomalies that transport warm water to the equatorial region. As a

consequence, the system evolves to a Recharge phase (Figure 1.6 IV).

The fundamental mechanism for the oscillation is the delay between the
adjustment of SST anomalies and the heat content of the entire basin (named WWYV for
Warm Water Volume). Note that the adjustment of the ocean in this model can be
characterized through the temporal evolution of two zonal thermocline modes: a) “tilt”
mode corresponding to the tipping (or tilting) of the thermocline around a pivot (located
around 160°), and b) a WWYV mode that corresponds to the heat accumulated in the
equatorial band and that corresponds to a mode having its maximum (minimum)
amplitude in the central Pacific. Clarke (2010) shows, in particular, that at interannual
timescales, these modes incorporate the propagation of long equatorial Kelvin and
Rossby waves. Thus, it may also explain the mechanism of recharge/discharge through
the slow evolution of the residue (the WWYV) from the propagation of the long

equatorial waves, similar to the Delayed Oscillator Theory.
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Figure 1.6 Schematic diagram of the four phases of the Recharge and Discharge
Oscillator: (I) the warm phase, (II) the warm to cold transition, (III) The cold phase, and
(IV) the cold to warm transition phase (from: Meinen and McPhaden, 2000).

14 The Central Pacific El Nifio (CP El Nifio)

The first El Nifio of the 21th century took place in 2002/03 and has been
categorized by the scientific community as a Central Pacific El Nifio (CP El Nifio) or
Modoki El Nifio. CP El Nifio consists in a warming of the Sea Surface Temperature in
the Central Pacific that is larger than the one occurring in the eastern Pacific at the peak
phase of the event (see Figure 1.7), namely in December-January-February (DJF)
(Ashok et al., 2007; Kug et al., 2009; Yeh et al., 2009). The occurrence of CP El Nifio
has increased in the recent decades (Lee and McPhaden, 2010; Yeh et al., 2009) and the
last ten years has witnessed only El Nifio events of this type, which has drawn the
interest of the community in its dynamics and predictability (Ashok et al., 2007;
Capotondi et al., 2015). Various hypotheses have been proposed to explain the
emergence of such type of El Niflo events since the 90s: First, changes in background
state have been invoked which can result either from natural variability or
anthropogenic activity. For instance, IPCC-class models predict an increased in
stratification (i.e. shoaling thermocline depth in the central and western Pacific), which
could modified the way the wind stress forcing projects onto to the ocean dynamics
(Yeh et al.,, 2009). However the observations suggest that the thermocline in the

western-central Pacific has deepened, which could be due to the residual effect of the
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increased occurrence of CP El Nino (McPhaden et al., 2011). Other studies have
suggested that non-linear processes could be involved due to La-Nifia like conditions
after 1990 (Xiang et al., 2013). The debate so far has been mostly on whether or not CP
El Nifio dynamics fits with the recharge-discharge theory (Jin, 1997). Kug et al. (2009)
based on the NCEP Reanalysis product conclude that the discharge process of the
equatorial heat content associated with the CP El Nifio is not efficient due to the spatial
structure of SST anomaly. They also show from composite analysis that the zonal
advective feedback (i.e. zonal advection of mean SST by anomalous zonal currents)
plays a crucial role in the development of a decaying SST anomaly associated with the
CP El Nifio, while the thermocline feedback is a key process during the EP El Nifio.
The decay phase of the CP El Niflo is in their view controlled by thermal damping.
Despite this contrasted feature in the dynamics of the CP and EP events, the
classification of the El Nifio into two types may still be oversimplified. In fact Kug et al.
(2009) introduced three types of El Nifo, i.e., CP, EP, and a mixed type, which
corresponds to SST anomalies peaking in the NINO34 region [5°S-5°N; 170-120°W].
For instance, the last El Nifio to date that took place in 2009-2010 can be categorized as
a CP El Nifio (Kim et al. 2011) but its ocean dynamical behavior resembles the EP El
Nifio. Yu et al. (2011) also propose to define CP El Nifio and mixed-type El Nifio based
on subsurface indices that are more appropriate to capture the specificities of the events
and account for the larger diversity of the El Nifio types in nature than what is generally
simulated by models (Yu and Kim, 2010; Kug et al., 2010; Dewitte et al., 2012).
Takahashi et al. (2011) somehow reconciles these studies proposing to classify the El
Nifio event according to their privileged regimes defined in their study from the first
two PC (Principal Component) time series of the SST anomalies in the tropical Pacific.
In particular, the mixed-type El Nifio of Kug et al. (2009) fits perfectly with the C
regime of Takahashi et al. (2011) in terms of its spatial pattern, which suggests that
within a regime, El Nifio event can have in fact a different dynamics. A dynamically-
based classification of the El Nifio event is probably required, which implies
documenting the balance between processes controlling the rate of SST changes in the

equatorial Pacific during the evolution of these types of El Nifo events.
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Figure 1.7 SST anomalies (Reynolds et al., 2002) for the month of December for five
El Nifio events since 1997. Pictures were created using the IRI Data Library

(http://iridl.1deo.columbia.edu/)

1.5 ENSO and the Kelvin wave

As it was mentioned in the previous section, the oceanic Kelvin has an important
role in the development of El Nifio. This disturbance can be forced by the zonal winds
anomalies in the Equatorial Pacific, or by the reflection of Rossby waves on the western
edge of the Pacific. Kelvin wave has the property of moving eastward with a typical
theoretical speed of 2-3 meters per second (equivalent speed of the first baroclinic

mode). This means, for example, that if a Kelvin wave is formed in the central
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equatorial Pacific (around dateline), this will take between 1.5 month and two months to

reach the South American coast (see Figure 1.8).
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Figure 1.8 Evolution of an equatorial Kelvin wave simulated with a linear oceanic
model (Mosquera, 2009) through the Equatorial Pacific. The model was forced during
30 days with a positive zonal wind anomaly (with a magnitude of 9 ms™ as its maximal

intensity in day 15). Sea level anomaly is displayed in colors and surface current

anomalies are overplotted with black arrows. Source: Mosquera (2014).
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Concerning its impact on state of the equatorial Pacific, Kelvin waves could be
divided in two types: 1) Downwelling Kelvin wave, which is characterized by positive
subsurface temperature anomaly, a deeper thermocline, sea level rise, and anomalies of

currents from west to east, and 2) Upwelling Kelvin wave, with opposite characteristics.

As it was mentioned, Kelvin waves influence the Sea Surface Temperature
through various processes. Anomalous currents associated with the wave may cause
displacement of the cold or warm surface waters. While this effect can take place along
the whole equatorial Pacific, it is prominent in the western region, where a downwelling
or upwelling wave can advect the edge of the "warm pool" eastward or westward,
respectively (see Figure 1.9b and 1.9d). Also, the Kelvin wave can deepen or rise the
thermocline (see Figure 1.9c), affecting the process of upwelling of cold water,
producing an increase or decrease of the SST, respectively (Figure 1.9d), mostly in

regions where the thermocline is shallow and/or the vertical stratification is marked.

Kelvin wave activity can also take place at a wide range of frequencies, from
intraseasonal to interannual timescales. Most studies have focused on the interannual
Kelvin wave because it is clearly observed from altimetry (Boulanger and Menkes,
1995; Perigaud and Dewitte, 1996; Boulanger and Fu, 1996) and is involved in strong
El Nifio events like the 1997/98 El Nifio (Boulanger and Fu, 1996; Dewitte et al., 2002).
The intraseasonal Kelvin wave has been observed as resulting from westerly wind
events (WWRBs) prior to the development of El Nifio, in particular during strong events
(Lengaigne et al., 2002). The intraseasonal Kelvin wave is in fact associated with the
intraseasonal atmospheric variability that spans a wide range of frequencies and
phenomenon. The later is composed of the Madden-Julian Oscillation (MJO), the
Convectively Coupled Equatorial Waves (CCEW), Westerly Wind Burst (WWB) and
Easterly Wind Surges (EWS). MJO is a source of variability with periods between 30
and 90 days in the tropical atmosphere. This oscillation is considered as a large-scale
coupled process between atmospheric circulation and deep convection. All the disrupted
variables in this process propagate to the east with a speed around 5 m s (Zhang,
2005). MJO has been considered as a key factor to the onset of the 1997-1998 El Nifio
through episodes of westerlies that triggered downwelling Intraseasonal Kelvin waves

(ISKw).
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Figure 1.9 Impact of downwelling (left) and upwelling (right) Kelvin wave on January
2002 and September 2008, respectively, over: (a) Sea level, (b) zonal currents and
28.5°C isotherm from Reynolds OISST with thick (thin) blue line representing the total
(climatology) SST, (c) temperature and 20°C isotherm depth with solid (dashed) black
line representing the total (climatology) values, and (d) SST from Reynolds OISST.
Source: Mosquera (2014)
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The CCEW may be considered as having a ‘‘stochastic’’ character relative to the
slow oceanic processes. This kind of atmospheric waves results from the interaction
between convection and the atmospheric dynamics in the tropical Pacific. Theoretically,
CCEW, which can be observed from Ongoing Long wave Radiation, are associated to
atmospheric Kelvin and Rossby waves with an equivalent depth around 12-50 meters
(see Wheeler and Kiladis (1999) for details). Like the MJO, their activity has a marked

seasonal cycle, and through their imprint on wind stress can act on the ocean dynamics.

WWRB can form under favorable conditions (i.e. When MJO activity is enhanced
(Puy et al., 2015)) and consists in a westerly gust in the equatorial Pacific that has a
period around 5-20 days and an intensity of at least 7 m.s™ (Harrison and Vecchi, 1997).
In addition, WWB activity is associated with the onset of El Nifio through the formation
of downwelling Kelvin waves (Latif et al., 1988; Lengaigne et al., 2004, Luther et al.,
1983; Perigaud and Cassou, 2000).

Recently EWS have been identified and documented (Chiodi and Harrison,
2015). It is a wind stress event with amplitude between 6 and 7 m s and with a
temporal scale of 6 and 7 days. EWS has an important impact in the dynamic and
thermodynamic of the Tropical Pacific and is related with the onset of cold tongue

cooling in La Nifa event (Chiodi and Harrison, 2015).

Intraseasonal atmospheric variability is tightly linked to ENSO. There is in
particular a seasonal relationship associated to strong Eastern Pacific El Nifo, with
WWRBs forcing ISKw prior to the development of the event (Bergman et al., 2001;
McPhaden et al., 2006). In particular the 1997/98 El Nifio was associated with three
pulses of ISKw prior to its development (Dewitte et al., 2003) which may have
triggered the initial warming in the central Pacific leading to the growth of the SST
anomalies (Lengaigne et al., 2004). The 1997/98 El Nifio is rather peculiar because the
peak activity of the ISKw took place ~6 months prior the El Nifio peak (Ramos et al.,
2008), which reflects the strong seasonal dependence of the MJO/ENSO relationship
(i.e. MJO peak variance being in May-June prior to the ENSO peak in Nov.-Dec.)
described in former studies (Hendon et al., 2007; McPhaden et al., 2006). Recent
studies (Gushchina and Dewitte, 2012) have suggested that this seasonal dependence of
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the MJO/ENSO relationship could be changed over the last decades due to the

predominance of Central Pacific El Nifio events.

1.6  Processes impacting the Kelvin wave in the equatorial Pacific.

As we will see in Chapter 3, CP El Nifio events are tightly linked to the ISKw
activity, which may explain its persistence and its seasonal evolution. The fact that CP
El Nifo events are not associated with a large SST anomaly in the eastern Pacific also
suggests that the ISKw does not impact efficiently the SST through the thermocline
feedback despite a shallow mean thermocline. The ISKw actually experience dissipation
as it propagates eastwards. There is a variety of processes of dissipation through which
the characteristics of ISKw (flux, phase speed, amplitude and vertical structure) can be

altered in its displacement to the Eastern Pacific.

The tilt of the thermocline around 120°W can changes the ISKw’s amplitude,
phase speed, vertical and meridional structure as it reaches the eastern Pacific due the
difference of the vertical structure of ISKw from West to East (Dewitte et al., 1999).
Also, the thermocline tilt, from the theoretical point of view, can produce a significant
dispersion through its impact on stratification resulting in scattering of energy
(Busalacchi and Cane, 1988; Giese and Harrison, 1990). The mixing produced by the
Tropical Instability Waves (TIW; Luther and Johnson, 1990) in the eastern Pacific
(where the thermocline is shallow and close to the mixed layer) affects the

characteristics of ISKw through changes in the vertical stratification.

The physical mechanism responsible for changing the Kelvin wave characteristic
that will be discussed in this thesis is the so-called modal dispersion mechanism
(Busalacchi and Cane, 1988; Giese, 1989; Giese and Harrison, 1990; Dewitte et al.,
1999). Modal dispersion occurs when the equatorial Kelvin wave experience a change
in vertical structure (due to a change in vertical stratification). In this case, there is a
leak of energy from the gravest baroclinic modes to the higher-order modes, and vice
versa. Due to the fact that the mean thermocline varies at seasonal to interannual
timescales, there is the possibility that the ISKw interacts with the mean thermocline
through modal dispersion leading to an energy cascade. The modal dispersion can also

act on the amplitude of the high-order baroclinic modes Kelvin wave, which can
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influence the coastal circulation in Ecuador and Peru. In particular depending on the
energy distribution on each baroclinic mode, the equatorial Kelvin wave can either be
coastally trapped or can radiate off-shore as Rossby wave north of the critical latitude

(Clarke and Shi, 1991; Dewitte et al., 2008b).

39



Chapter 2: The 2002/03 El Nifo: Equatorial waves sequence

and their impact on Sea Surface Temperature

2.1 Overview

In 2002, a strong equatorial Kelvin wave was triggered in Austral Summer
producing an alert in the international agencies responsible for monitoring the global
climate. The scenario was indeed very similar to 1997, when an extraordinary El Nifio
developed. However, according to current definitions, this event is now considered as a
Central Pacific El Nifio (CP El Nifio) (Yeh et al., 2009; Takahashi et al., 2011) and did
not develop as a strong Eastern Pacific El Nifio. Along the equator, the 2002/03 El Nifio
is characterized by a comparable warming of the NINO3 (150°W-90°W; 5°S-5°N) and
NINO4 (150°E-150°W; 5°S-5°N) regions of the order of 1°C. However, while during
the developing phase, the NINO3 index is above the NINO4 index, at the peak phase
(December-January-February season) the warming in the western Pacific is slightly
larger, which implies its Central Pacific-type following Yeh et al. (2009). This event has
been well observed and documented (McPhaden, 2004). There has been however very
few studies that took a close look at its dynamics and thermodynamics. In this chapter,
an OGCM (Ocean General Circulation Model) simulation is used to carry out a heat
budget of the evolution of this particular El Nifio event, highlighting the contribution of
locally and remotely forced variability to the advection terms. The proposed analysis is
aimed at providing material for the interpretation of the evolution of this event in the
light of current ENSO theories, and in particular the recharge-discharge mechanism

(Jin, 1997).

This chapter contains a paper published in Journal of Geophysical Research-
Ocean that focuses on the 2002/03 El Nifio event (Mosquera-Vasquez et al., 2013) and
investigates the sequence of equatorial waves and their impact on zonal and vertical
advection processes. In order to test the robustness of our results, the investigation of
the first CP El Nifio of the XXI" century is followed by complementary analyses
(Section 2.3), which can be considered as an extension of Mosquera-Vasquez et al.
(2013) and that investigate the dynamics and thermodynamics of other El Nifio events

over the period 1989-2011.

40



2.2 Article published in Journal Geophysical Research- Oceans

The 2002/2003 E Nifio: Equatorial wave sequence and their impact on sea surface
temperature

Kobi A. Mosquera-Vasquez, Boris Dewitte and Serena Illig

Abstract

The recent decades have experienced changes in the characteristics of the El Nifio
phenomenon, with in particular an increased occurrence of so-called Modoki or Central
Pacific El Nifios. Here the 2002/2003 El Nifio, characterized as a Central Pacific El
Ninfo, is studied from an Ocean General Circulation Model simulation. The focus is on
the sequence of equatorial waves and their impact on zonal and vertical advection. The
wave amplitude according to the most energetic baroclinic modes are first estimated,
which allows inferring the sequence of the intraseasonal equatorial Kelvin (IKW) and
Rossby (IRW) waves. It is shown that energetic downwelling IKWs, forced in the
western-central Pacific, crossed the equatorial Pacific. Reflections of IKWs into IRWs
onto the zonally varying thermocline and eastern boundary are also observed. A
simplified heat budget of the surface layer is then carried out to infer the dominant
processes at work during the evolution of this event focusing on the wave-induced
advection terms. The results indicate that the warming phase (April-November 2002) is
mainly controlled by zonal advection of mean temperature (accounted for by IKWs and
locally wind-driven current) and by vertical advection in the eastern Pacific. The
cooling phase (December 2002 to April 2003) is dominated by a reduction in solar
radiation and the IRW-induced zonal advection of mean temperature respectively in the
central and eastern equatorial Pacific. The recharge-discharge process is also showed to
be at work with the recharge (discharge) process operating mainly through the second
(first) baroclinic mode.
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JOURNAL OF GEOPHYSICAL RESEARCH: OCEANS, VOL. 118, 346-357, doi:10.102920120C008551, 2013

The 2002/2003 El Niiio: Equatorial waves sequence and their
impact on sea surface temperature

K. Mosquera-Vasquez,"” B. Dewitte,"* S. Illig,'” K. Takahashi,' and G. Garric”
Reeived 25 September 2012, mvised 30 November 2012, accepted 3 Decamber 2012, published 30 January 2013,

[1] The recent decades have experienced changes in the characteristics of the El Nifio
phenomenon, with in particular an increased occurrence of so-called Modoki or Central
Pacific El Nifios. Here the 2002/2003 El Nifio, characterized as a Central Pacific El Nifio, is
studied from an Ocean General Circulation Model simulation. The focus is on the sequence
of equatorial waves and their impact on zonal and vertical advection. The wave amplitude
according to the most energetic baroclinic modes are first estimated, which allows inferring
the sequence of the intraseasonal equatorial Kelvin (IKW) and Rossby (IRW) waves. It is
shown that energetic downwelling IK'Ws, forced in the western-central Pacific, crossed the
equatorial Pacific. Reflections of IK'Ws into IRW's onto the zonally varying thermocline
and eastern boundary are also observed. A simplified heat budget of the surface layer is
then carried out to infer the dominant processes at work during the evolution of this event
focusing on the wave-induced advection terms. The results indicate that the warming phase
(April-November 2002) is mainly controlled by zonal advection of mean temperature
{accounted for by IKWs and locally wind-driven current) and by vertical advection in the
eastern Pacific. The cooling phase (December 2002 to April 2003) is dominated by a
reduction in solar radiation and the IRW-induced zonal advection of mean temperature
respectively in the central and eastern equatonal Pacific. The recharge-discharge process is
also showed to be at work with the recharge (discharge) process operating mainly through

the second (first) baroclinic mode.

Citation: Mosquera-Vasquez, K., B. Dewitie, 8. [llig, K. Takahashi, and G. Garric (2013), The 20022003 El Nifio:
Equatorial waves sequence and their impact on sea surface temperature, J. Geopfiys. Res. Oceans, 118, 346-357,

doi:10. 1029201 2JCO08551.

1. Introduction

[2] The first El Nifio of the 2 1st century took place in 2002/
2003 and has been categorized for the scientific community as
a Central Pacific El Nifio (hereafter CP El Nifio) or Modoki
El Nifio. CP El Nifio consists in a warnming of the sea surface
temperature {SST) in the central Pacific that is larger than the
one occurring in the eastern Pacific at the peak phase of the
event, namely in December-Tanuary-February (DIF) [Ashok
et al . 2007; Kug eral , 20009; Yeh et al., 2009]. The ocourrence
of CP El Nifio has increased in the recent decades [Lee and
MePhaden, 2010; Yeh ef al., 2009] and the last 10 years has
witnessed only El Nifio events of this type, which has drawn
the interest of the community in it dynamics and predictabil-
ity [Ashok ef al., 2007). Kug ef al. [2009] tested the recharge-
discharge process [Jin, 1997] that applies for the so-called
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eastem Pacific (hereafter EP El Nifio) to this type of event
based on a reanalysis product. They conclude that the
discharge process of the equatorial heat content assoaated
with the CP El Nifio is not efficient owing to the spatial struc-
ture of $5T anomaly. They also show from composite analysis
that the zonal advective feedback (i.e., zonal advection of
mean S5T by anomalous zonal currents) plays a crucial role
in the development of a decaying S5T anomaly assocated
with the CP El Nifio, while the thermocline feedback s a
key process during the EP El Nifio. Despite this contrasted
feature in the dynamics of the CP and EP events, the classifica-
tion of the El Nifio into two types may still be oversimplified.
In fact Kug ef al. [2009] introduced three types of El Nifio,
i.e., CP, EP, and a mixed type, which comresponds to S5T
anomalies peaking in the NINO34 region (5°5-5°N;
170°W-120°W). For instance, the last El Nifio to date that
took place in 2008-2010 can be categorized as a CP ElNifio
[Kim et al., 2011] but its ocean dynamical behavior resem-
bles the EP El Nifio. Yu ef al. [2011] also propose to define
CP El Nifio and mixed-type El Nifio based on subsurface
indices that are more approprate to capiure the specificities
of the events and account for the larger diversity of the El Nifio
types in nature than what is generally simulated in models
[Yu and Kim, 2010, Kug et al., 2010; Dewitie ef al., 2012].
Takahashi et al. [2011] somehow reconciles these studies
proposing to classify the El Nifio event according to their
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privileged regimes defined in their study from the first two
principal component time series of the SST anomaties in the
tropical Pacific. In particular, the mixed-type El Nifio of Kug
et al, [2009] fits perfectly with the so-called C regime of
Takahashi et al. [2011] in terms of its spatial pattern, which
suggests that within a regime, El Nifio event can have in fact
a different dynamics. A dynamically based classification of
the El Nifio event is probably required, which implies docu-
menting the balance between processes controlling the rate
of SST changes in the equatonal Pacific during the evolution
of these types of El Nifio events. This study lies into this line
of research focusing on the 20022003 El Nifio, a CP El Nifio
according to current definitions [Yeh et al., 2009; Takahashi
etal, 2011, Asan illustration, Figure 1 presents the evolution
of the observed SST, sea surface height (SSH), 20°C isotherm
depth anomalies over two different regions along the equator
and along the coast of Peru. Along the equator, the 2002/2003
El Nifio is characterized by a comparable warming of

the NINO3 (150°W-90°W; 5°S-5°N) and NINO4
(150°E-150°W; 5°S-5°N) regions of the order of 1°C.
However, whereas during the developmg phase, the NINO3
index is above the NINO4 index, at the peak phase (December—
January-Febnuary season) the warming in the westem Pacifie
is shightly larger, which implies its central Pacific-type
following Yeh et al. [2009]. As a consistency check of the
nature of this El Nifio event, we venfy that it belongs to
the C regime defined by Takahashi et al. [2011]: Figure 1d
presents the evolution of these indices over the period of
interest (based on HadlSST data [Rayner et al., 2003]). It
shows that the C index is positive with values above its
standard deviation where the £ index is mostly negative
except around November 2002 when it peaks to ~0.8°C.
Clearly, the 2002/2003 El Nifio belongs to the C regime
but it also evidences some contribution from the £ regime,
which reflects its mixed nature. Interestingly, this CP El
Nifo is also associated to pulses of warm SST anomalies
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Figure 1. Time series for the period July 2001 to October 2003. Bicolor (red/blue) filled plot represents the
TMI's SST anomaly for (a) NINO4 (150°E-150°W; 5°S-5°N), (b) NINO3 (150°W-90°W; 5°S—5°N),
and (¢) Puerto Chicama coastal station (Courtesy of IMARPE). In Figure lc, thick (thin) black line
indicates the 20 °C isotherm depth (sea level height) anomaly, in meters (centimeters), from TAQ Project
(Lobos de Afuera coastal station located at the Peruvian coast) at the equator (6°56'S) and 110°W
(80°43'W). (d) The C (red) and £ (blue) mndices as defined in Takahashi et al. [2011). Anomalies are
refative to the climatology over 20002008 for Figures 1a,1b, and 1¢ and over 1958-2008 for Figure 1d.
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near the coast of Peru (Figure 1¢) that may comrespond to the
arrivals of downwelling Kelvin waves at the Ecuadorian
coast (Figure 1¢), as suggested by the good comrespondence
of the SST anomalies at Chicama (8°S) and either the 20°C
isotherm depth anomaly at 110°W or the sea level anoma-
lies at Lobos de Afuera coastal station (Figure 1d). These
perturbations observed at the coast sugpgest their intra-
seasonal nature because there is no corresponding anoma-
lies of the NINO3 index and intraseasonal equatorial Kelvin
wave are theoretically trapped at these frequencies [Clarke
and Shi, 1991]. It indicates that the 20022003 El Nifio
was associated to energetic equatorial wave foreing, Still,
the 2002/2003 El Nifio, the first El Nifio of this century,
was very different from its predecessor in terms of magni-
tude, evolution and teleconnection [McPhaden, 2004].
McPhaden [2004] provided a comprehensive description
of the evolution of this unusual event from the TAQ array
data and satellite observations. Whereas this event gathered
some ingredients of the canonical El Nifio-Southem Oseil-
lation (ENS0), namely a build-up in heat content along
the equator two to three seasons prior to its onset as well
as strong Madden-Julian Oscillation related westedy winds
prior to the peak phase, it was surprisingly weaker than the
1997/1998 El Nifio. This was argued to be the results of
processes (not identified) counteracting the tendency for
remote forcing to deepen the thermocline in the eastem
basin, leading to weaker 55T anomalies that would have
been expected there. The resulting anomalous zonal 88T
contrast suggests that the large-scale ocean-atmosphere
feedbacks may not have fully engaged to amplify and
sustain the El Nifio warming. On the other hand, episodic
westerlies, particularly that are related to the Madden-Julian
Oscillation, may have participated to the persistence of warm
anomalies in the central Pacific through the forang of down-
welling Kelvin waves. As pointed out by McPhaden [2004],
a better understanding of the factors giving rise to the unusual
SST pattemn of the 20022003 El Nifio requires a quantitative
evaluation of the processes from a coupled ocean-atmosphere
perspective. This is the objective of this paper that focuses on
the analysis of the equatorial Kelvin waves and their contribu-
tion to the main ENSO feedback processes, namely the zonal
advective feedback and the thermocline feedback. In particu-
lar, we use an OGCM (Ocean General Circulation Model)
simulation to carry out a heat budget of the evolution of the
20022003 El Nifio, highlighting the contribution of locally
and remotely forced varability to the advection terms. The
proposed analysis is aimed at providing material for the inter-
pretation of evolution of this event in the light of current
ENSO theories, and in particular the recharge-discharge
mechanism [Jin, 1997].

[3] The paper is organized as follows: Section 2 describes
the data sets, the model, and the methods, Section 3 provides
a description of the wave sequence during the 2002/2003
El Nifio and then analyzes the results of a simplified heat
budget model during the different phases of the event.
Section 4 is a discussion followed by concluding remarks.

2. Data and Methods Description

[4] The study is based on the analysis of an OGCM
simulation over the period 2000-2008 that was previously val-
idated from in situ and satellite observations (see section 2.4).

The mean circulation and intraseasonal to interannual vari-
ability (anomalies) of the model are considered. Anomalies
are caleulated as the deviation from the mean seasonal eyele
over the period 2000-2007. The seasonal cycle is denved
from the monthly mean of the data, which is then interpolated
on a 3 day mean temporal grid using spline functions. The sea-
sonal eyele was smoothed with a 1-2-1 filter before caleulating
anomalies. The same postprocessing is performed for all data
sets used in this study.

2.1. Temperature and Zonal Currents From TAQ

[5] In situ temperature and current data from the Tropical
Atmosphere Ocean (TAQ) project aray [Hayes ef al., 1991,
MecPhaden ef al., 1998] were used in this smdy for validating
the model skills along the equator (see section 2.4). Vertical
profiles of zonal current data from equatorial TAQ moorings
are considered at four sites: 147°E, 165°E, 140°FW, and
110°FW, whereas temperature data are taken at the 10 TAO
mooring sites (147°E, 156°E, 165°E, 1807, 170°W, 155°W,
140°W, 125°W, 110°W and 95°W). The last group is used
to derive the depth of the 20°C isotherm that is taken as a
proxy for the thermocline depth. Daily current and temper-
aure data were averaged into 3 day mean to compare with
muodel outputs.

2.2, Sea Surface Temperature From Tropical Rainfall
Measuring Mission Microwave Imager

[6] The 3 day mean SS5T data as derived from the Tropical
Rainfall Measuring Mission Microwave Imager (TMI)
{Wentz ef al. [2000], httpy/www remss.com’) is compared
to the output model temperature at 0.49 m (the first vertical
level) along the equatorial line. The estimated 55T is based
mainly on emissions at 10.7 GHz, and isalso largely uninflu-
enced by cloud cover, min, aerosols and atmospheric water
vapor [ Wenfz ef al., 2000, However, the microwave retrie-
vals are sensitive to (wind-induced) sea-surface roughness.
TMI comparisons with buoys give an RMS emror of about
0.6 K [Wene ef al., 2000] due to a combination of instru-
mental (buoy) collocation emor [Genfemann ef al., 2003].
Comparisons of the TMI 55T produet with buoy-measured
near-surface ocean temperature show that, on greater than
weekly time scales, TMI 55T reproduces the characteristics
of the 1 m buoy-observed temperatures in the tropical Pacific
[Chelton ef al., 2001].

2.3. Sea Level Height From Merged Product TOPEX-
POSEIDON/JASON

[7] The gridded sea level anomaly data were supplied by
AVISO/altimetry [Ducet et al., 2000]. They were built by
optimal interpolation of T/P and ERS data on a 1/4° x 1/4°
grid every 10 days. Ifa precision of individual instantaneous
measurements is of order of 6 em RMS [Fu er al., 1994],
errors on such grdded data is estimated to 2-3¢m RMS
for 10 day map and spatial scales of order of 200 km and
more [Le Traon and Ogor, 1998].

2.4. OGCM Simulation

[8] The outputs of the MERCATOR global OGCM
{ http:/fwwrw. mercator-ocean. f'himl/produits/index_en.html)
areused. MERCATOR is an eddy-permitting '4° model, based
on the primitive-equation global ocean general circulation
model Qcéan PArllélisé [Madec ef al., 1998] and developed
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at the Laboratoire d'Océanographie et du Climat: Expérnimen-
tations et Approches Numériques. The model was forced with
daily surface atmospheric conditions from the European
Center for Medium Range Weather Forecast Integrated
Forecast System analysis. The simulation is hereafter
referred to as MERCATOR (see Garric et al. [2008] for
more details). Here the experniment was mitialized on 4
Apnl 1998 with an ocean ar rest and climatologic tempera-
ture and salinity from Levituy et al. [1998] data set. Three
key fields were analyzed for the model validation: (1) the
mean SST and its variability, (3) the mean thermocline
depth and its variability, and (3) the sea level vanability.
Figure 2 presents the results of the companson between
observations and the simulation for these different fields
along the equatorial line. It indicates that the model is skill-
ful in captunng most aspects of the observed variability, In
panticular, the thermocline vanability along the equator ig
rather realistic with correlation between model and observa-
tions reaching (.76 on ayerage along the equator. Such skill
is comparable to other Reanalysis products like Simple
Ocean Data Assimilation or Global Ocean Data Assimila-
tion System for the monthly averige outputs (not shown).
Model biases include a tendency to simulate a slightly
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weaker SST anomaly variability than the observations and
a cooler mean SST in the model (by ~1°C). The companson
henw een model and observation for SST, thermoclme and
sea level is summarized in Table |. Companson of model
vertical zonal current (anomalies) and Acoustic Doppler
Current Profiler measurements from TAO indicates that
the madel also realistically simulates the zonal circulation
(see Table 2). This simulation was used in a recent study
1o derive an estimate of the intraseasonal equatorial Kelvin
wave over 20002008 [Dewitte et al., 2011).

Table 1. Validation of MERCATOR Along the Equator Over
2000-2008: Zonally Averaged (Between 140°E and BO"W) Corre-
lation and RMS Error Between Mode! Outputs and Observations
for SST Anomalies (TMI), the 20°C Isotherm Depth Anomalies
(TAQ Data) and Sea Level High Anomaly (TPJ Data)

TML-MERC  TAD-MERC  TPI-MERC
(SSTA) (D20A) (SLHA)
Mean conelation 0.7 (.76 {181
Mean RMS ermor 0,75°C W2Zm 3S53em
Mean State
32
I -3a
'*é‘ \\\ r 28
o = 26 %’J
o = L 24
3 22
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Figure 2. Comparison between model and observations. Left panels show the statistics for the anomaly
of SST (upper), 20°C isotherm depth (center) and sea level high (SLH, bottom). In this side, each panel
indicates the RMS of observed data, RMS of model results, RMS eror (RMSe), and correlation (both
between observed data and model results) using black solid line, black dashed line, red thick solid line,
and blue thick salid line, respectively. The scale of RMS and RM Se is located on the left and correlation
scale 18 on the nght of each graphics. On the right-hand side, the mean SST (upper panel) and 20°C iso-
therm depth (lower panel) along the equator in 20002008 for mode! (dashed line) and observation (plain
line). Open squares in the upper and lower borders of the panels indicate the position of the TAQ mooring

buoys in the equatorial line,
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Table 2. Validation of MERCATOR Along the Equator Over
2000-2008 for Zonal Current Anomalies: Vertically Averaged
(Between 0 and 55 m) Correlation and RMS Ermor Between Model
Outputs and Observations. Observations Are From the TAO Array

Moaring Langitude 165°E 170°W 1407 W 110"W
Mean correlation 0.61 067 0.59 (.54
Mean RMS eror (cm/s) 17.0 166 209 201

2.5. Estimation of Wave Amplitude

[0] To denve the Kelvin wave amplitude for the most
energetic baroclinic modes (m = 1, 2 and 3), a similar method-
ology to that described in Dewitte et al. [2003] is used. It
consists in projecting the vanability on the vertical (baroclinic)
and hordzontal (Kelvin and Rossby) modes as obtamed from
the vertical mode decomposition of the mean stratfication
over the period 2000-2008. Usually wave amplitude is consid-
ered as its contribution to sea level or zonal current anomalies,
Here, to compare with observed thermocline fluctuations as
derived from the TAO data, we consider the Kelvin and
Rossby wave contributions to thermocline anomalies following
Dewitte et al. [2012], namely considering the vertical isotherm
displacements at the depth of the mean thermochne under the

RMS error
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hydrostatic approximation. The details of the method can be
found in Dewitte et al. [2012]).

3. Results

3.1. Equatorial Wave Sequence in July 2001 to
October 2003

[10) As a first step, the contribution of the n* baroclinic
mode Kelvin (AK,,), first-mendional Rossby wave (R1,)
and third meridional Rossby wave (R3,) to themocline
depth anomalies are estimated (see section 2.5). Figure 3b
presents the evolution of the summed-up contribution
of the Kelvin and first-meridional Rossby waves to thermo-
cline fluctvations. The contribution of the first three baro-
clinic modes is considered here. Figure 3¢ is equivalent to
Figure 3b except that only the contribution of the Kelvin
wave is considered. They can be compared to Figure 3a,
which displays the TAO observations. It first indicates
that the thermocline variability along the equator can be
accounted for o a large extent by the summed-up contn-
bution of the Kelvin waves of the first three baroclinic
modes (Figure 3c¢) since the level of agreement between
observations and Kelvin wave estimate in terms of
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Figure 3. Evolution of thermocline depth anomalies along the equator between July 2001 and October
2003 (a) for the TAO data, (b) the contribution of the Kelvin and Rossby waves of the first three baroclinic
modes, and (¢) for the Kelvin wave contribution. Upper panels indicate the RMS (dashed line), RMS error
(solid line), and correlation (thick solid line) between model and observation. Open squares in the superior
axis of each graphic indicate the position of the TAO mooring buoys along the equator line. In Figure 3¢,
black arrows have been drawn to show the time of initiation of the downwelling Kelvin waves.
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correlation and RMS error is comparable than for the total
model thermocline anomalies (compare top Figure 3 with
the left-center panel of Figure 2). Rossby waves contribute
to the themmocline fluctuations mostly in the far western
Pacific, but their contribution 15 more clearly seen around
4°N and 4°S. The simulated Kelvin wave can be clearly
identified; It propagates as far as to the eastem boundary
with a slight decrease in amplitude as it approaches the east-
ern boundary. During the developing phase of the 2002/
2003 El Niio, two main episodes of downwelling Kelvin
wave activity can be observed: An energetic downwelling
Kelvin wave in January 2002 and a packet of five downwel-
ling Kelvin wave (DKW) between April 2002 and January
2003 (see Figure 3¢). Each DKW is associated to a westerly
wind burst that took place in the westem Pacific (Figure 4a).

[11] To visualize and infer the advection processes associ-
ated o the waves, the SST anomalies have been overaid in
Figures 4b, 4e, and 4d and only the amiplitude of the Kelvin
wave larger than 10 m is contoured, At the end of 2001, a
westerly wind burst triggered a DKW that projected onto
the first two baroclinic modes (Figure 44, 4b, and 4¢). This

wave crossed the equatorial Pacific deepening the themo-
cline depth and slightly dissipating as it reaches the eastern
Pacific in the austral summer of 2002, This wave shghtly
increased the SST over the castern equatorial Pacific
(Figure l¢)and may have been rapped along the Ecuadorian
and Peruvian coasts producing coastal positive SST anoma-
lies (Figure 1d). Also, this Kelvin wave, along its trajectory,
encounters a steeper thermocline (i.¢., mereased zonal strat-
ification) which may result in reflections into intraseasonal
Rossby waves [Busalacchi and Cane, 1988] as suggested
by the cvidenced by the westwand propagating current
anomalies associated to the first-meridional Rossby wave
(Figure d¢). After that, between mid and end of 2002, five
DKWs of the first wo baroclinic modes, produced by westerly
wind bursts, appear in the equatorial Pacific and depressed the
thermocline depth. This wave packet participated to the devel-
opment of the 20022003 El Nifio, In the eastem Pacific,
around 120°W-110°W in November—December 2002, a
Kelvin wave of the third baroclinic mode appeared as a conse-
quence of the sloping thermocline that may have induced
modal dispersion.  Additionally, these waves transferred

‘ - e T
; 3 ’ Lo s . B e i
160E 160W 110w 160E 160W 110W IB0E 160W 1TOW 1B0E 180W 110w
2 4 6 8 10 12 -3 =2 =1 Z_3 -80 -60 -40 =20
10° N © em &

Figure 4. Evolution of equatonal zonal wind stress anomaly (ZWSA); the contribution of the Kelvin and
Rossby wayes to thenmocline depth anomaly and zonal current anomaly, respectively; and SS'I;A along the
equalor line between July 2001 and October 2003, (a) Colors indicate the positive ZWSA (107" Nm ) and
gray scale, the contribution of DKW (sum of barcclinic modes 1, 2, and 3) (in meter). Shown in black lines
are the contribution of the DKW from (b) mode 1, (¢) mode 2, and (d) mode 3. In these three panels the SSTA
from TML is overlad in colors (scale is located at the bottom of Figure 4¢). (¢) The contribution of Kelyin and
Rossby wave to the zonal current anomaly is drawn in black contours and in blue tones, respectively. The
scake of the Rossby contrbution is Jocated at the bottom of Figure de. Also, the Z8°C isotherm is overplatted
in blue line for the climatological SST (dashed line) and the total SST (solid line) in all panels.
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energy to the Rossby waves along their ways, eventually
reflecting at the American boundary (Figure 4e). Note the
slight eastward displacement of the warm pool associated to
this wave packet (see the eastem movement of the 28°C
isotherm—blue dashed line—in Figure 4), which indicates
that the large-scale ocean-atmosphere feedbacks have fully
engaged to amplify and sustain the CP El Nifio warming. From
January 2003, the Kelvin wave activity subsides and S5T
anomalies started to decrease and the 28°C wsotherm reached
its normal position around April of 2003,

3.2. Warming and Cooling Processes

[12] To document the processes at work during this CP El
Mifio event, a simplified heat budget model of a fixed depth
layer (h=350m) is carried out from the MERCATOR data.
The use of a constant depth is appropriate for estimating
processes assoclated to wave dynamics in the equatorial
Pacific and has been used in many ENSO studies (see Zebiak
and Cane [1987] or Belmadani et al. [2010] among others).
It is based on the following temperature anomaly equation:

<%> = =V Vi), = (Ve VI, = (VoV}, (1
[

+Fy + R

where (X}, indicates the vertical average of the quantity ¥
from the surface to the depth h, taken constant equal to
50 m. Subseript C and A, in some variables, represent clima-
tology and anomaly, respectively. T, V={w,v,w) and F are
the temperature, velocity, and surface energy fluxes, respec-
tively. The lefi-hand side term of equation (1) represents the
tendency of Ta. On the right, the three advection terms, cor-
respond to the combination of climatological and anomalous
currents and gradients. The surface fluxes anomaly is
estimated following Wang and McPhaden [1999], namely
Fa=(0p+ Op)(poCplhl), where Oy is the sum of anomalies
of shortwave rmdiation (Qgy), longwave radiation (Qpyw),
latent heat (), and sensible heat (Qg) {ie, Qy=0gw+
Ouw + O+ 0s), while Op is the outgoing shortwave fluxes
that escape from the bottom of the layer: Op=—0.45 - Ogy -
e M., is the heat capacity (=3940T kg™ °C™), py is the
density of the seawater (=1022.4 kgm"jj and 7' =25m is
the attenuation length scale. Finally, R is the residual of the
budget that includes physical processes such as vertical dif-
fusion or entrainment.

[13] Toestimate the role of the equatorial Kelvin waves on
the mte of S8T change during the evolution of the 2002/
2003 El Nifio, the contribution to zonal curent anomalies
is separated into its bamclinic component and a residual
component caleulated by the difference between total zonal
current anomalies and the summed-up contribution of the
baroclinic modes 1 to 3. This residual component there fore
stands for the share of the variability that tends to be trapped
into the fixed-depth mixed layer and accounts for the so-
called locally wind-driven current anomalies along the equa-
tor. Such contribution could be also estimated considering a

simple frictional layer of depth & forced by =7 = 7{|1/h] —
S Pi) [ef. Blumenthal and Cane, 1989] (P; being the wind

prajection coefficient for the baroclinic mode 7). As a consis-
tency check, we have fitted such a frictional layer model so

that residual component of the current, which leads to an
estimation of the damping rate coefficient of ~(6days) .
Although such estimated decay time is somewhat larger than
what is usually used in intermediate complexity models
[Zebiak and Cane, 1987], it is consistent with the interpreta-
tion of the residual component of the current anomalies as
the locally wind-driven contribution.
[14] Equation (1) then writes as follows:

T T T 7 T T
9T 9T 0T,
o oy € e
0T T O O T )
L&: R r&: Ja Jaz

W
Osw +QLw ¥ O ¥ Os ¥ Op
Encp-:’ PGl pgGlt - poGoh - pgGolt
+

where wg (ug) is the contribution of the Kelvin (first and
third mendional Rossby) wave, from the first three gravest
baroclinic modes, to the zonal curents anomaly. Temm w,
is the difference between wa (total zonal current anomaly)
and (g +ug). Angle brackets (< ;) has been omitted for
clarity. Hereafler, each term are considered as its average
within the layer A.

[15] Figure 5 displays the tendency terms of equation (1), as
Hovmiller diagrams, over the perod from July 2001 to
October 2003 along the equator. The rate of 58T changes
{Figure 5a) clearly shows a wanning and a cooling phase
between April 2002 and November 2002, and December
2002 and Apnl 2003, respectively. Advection (Figure 5b) is
the most important process contributing to the warming of
the 2002/2003 El Nifio. It is partly compensated by surface
flux anomalies (Figure 5¢) that act as a thermal damping espe-
cially durng the decaying phase of the event. The residual
term (Figure 5d) does not exhibit a clear pattem. Its variability
is the largest in the eastern Pacific where vertical diffusion
and entrainment are likely to play a role due to the shallow
fixed-depth mixed layer. Note however that the offline com-
putation (based on 3 day mean averages of model vanables)
is not adequate for clearly separating entrainment and vertical
mixing processes. What should appear as diurnal entrainment,
for instance, appears in the offline computation as daily-mean
vertical mixing. Anyway by construction our budget is closed.
Only the interpretation of the physical process is limited in the
castern Pacific. With this limitation in mind, the following
provides a deseription of the warming and cooling phases of
the 2002/2003 El Nifio in three equatorial regions having the
zomal extent of the histonical El Nifio indices, namely N4Eq
(160°E-150° W, 07), N34Eq (170°W—-120°W; 0°) and N3Eq
(150°W-90°"W; 0°). The perods of the warming and cooling
phases are inferred from Figure 5a, ie, April-November
2002 and December 2002 to April 2003, respectively.

3.2.1. Warming Phase

[16] Figure 6 displays the values of the tendency terms in
the three regions along the equator during the wanming
phase. A contrasted situation between N3Eq and N4Eq is
observed. In the central Pacific (N4Eq), the warming during
the 2002/2003 El Nifio is produced mainly by the zonal
advection of the climatological temperature due to the Kelvin
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Figure 5. Evolution of the tendency terms (in colors) along the equator as defined in equation (1),
(a) The rate of SST changes (< @ Ta/d1 > 3). (b) The advection terms, which means the sum of the first
three terms on the right-hand side of equation (1). (¢) The surface fluxes [fourth term of equation (1))
(d) The residual term (R’) that accounts for vertical mixing or entrainment. In each panel the SSTA is over-

laid in black contours.

waves (—ug(d 7,/0x)) and due 1o the locally wind-driven
currents (—udd T/ x)) whereas in the eastern Pacific
(N3Eq), it is associated to the zonal advection of the ¢limato-
logical temperature due (o the Kelvin waves (— ug(d TJ/0x))
and the vertical advection of the temperature anomaly by
climatology vertical velocity — w{0 Ta/0)z). Consistently
with Figure 4, the peak contribution of the zonal advection
due to the Kelvin wave is found in the N34Eq region. Cooling
processes during this warming phase are aftributed to the
Rossby wave component of the zonal advection termall along
the equator (peaking in the N34Eq region) and to short wave
radiation and latent heat in the N4Eq and N3Eq regions
respectively, This is consistent with the increased convection
in the N4 and the expected increased convergence east of it
(N34Eq and N3Eg regions) during the warming of the warm
pool. The residual term consists i a cooling tendency in the
eastern Pacific which may be due to either the incresse in
vertical mixing at the crossing of the downwelling Kelvin
wave or the unusual zonal extent of anomalous easterly
stresses during this event [cf. McPhaden, 2004, Figure 5b).

3.2.2. Cooling Phase

[17] The cooling phase is associated to a different balance
between terms (Figure 7) with in paticular an enhanced

contribution of the heat-flux damping through solar radiation
reduction in the central Pacific (N4Eq) and increased evapo-
ration along the equator (peaking in the N34Eq region). The
zonal adyection remains a major contributor to the rate of
SST change, but mainly through its baroclinic component.
The latter corresponds to the effect of the refiected downwel-
ling Rossby waves that produces a cooling tendency in the
N34Eq and N3Eq regions and the small warming tendency
in the N4Eq region as a consequence of upwelling Rossby
waves that, due to its zonal current structure at the equator,
advect warm water from the western Pacific.

4. Discussion and Conclusions

[18] The 20022003 El Nifio is chamcterized by SST
anomalies developing and peaking in the central Pacific and
a slight warming of the eastern Pacific. It is shown here that
this event was associated to intraseasonal downwelling Kelyin
wave activity of the first two baroclinic modes: a first down-
welling Kelvin wave initiated ~8-9 month prior to the devel
opment of the CP El Nifio that slightly warmed the equatonal
Pacific and may have contributed to set up favorable con-
ditions for its development; a second episode of downwel-
ling Kelvin waves is diagnosed that occurred during the
development phase from October 2002, These waves exhibit
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Figure 6. Three-bar plots for each term of equation (2) in the warming phase ( April-November 2002) of
20022003 El Nifio. The three bars indicate the mean value in regions El Nifio 4 (left), El Nifio 3.4 (center)
and El Nifio 3 (right); see text for the definition of regions. Filled (no filled) bar represents warming (cooling)

contribution (*C month™).

a peak vanability in the central Pacific, most prominent in
the second baroelinic mode, and dissipate as they propagate
castward suggesting either vertical propagation, modal disper-
sion associated W the slopmg thermocline from west o ¢ast,
Or miXing.

[1v] A sumplified heat budget analysis inside a fixed depth
layer reveals that anomalous zomal advection of mean temper-
ature and mean vertical advection of temperature anormaly are
the major contributors to SST changes dunng the warming
phase (April-November 2002), whereas the reversal toward
covler conditions { December 2002 to April 2003) is assoctated
to zonal advection and net heat flux reduction, The zonal
advection s further decomposad into a barockinic component
and a locally forved component trapped into the fixed-depth
mixed layer. The latter reveals that the wamming process in
the central and eastern Pacific can be atributed 1o a large
extent to the Kelvin waves. In the N4Eq region, it contributes
as much as the direet wind forcing component to the zonal
advection. Iis effect in the eastern Pacific is enhanced by the
contribution of the vertical advection. However there is a
compensation by the latent heatand the vertical mixing, which
may explain why SST anomalies in the N3Eq region do not
exceed those in the N4Eq region, Noteworthy, there is a con-
mibution of the Rosshy waves 1o the zonal adveetion along
the equator, which is apparently due to reflection of the Kelvin
wave on the slopmg thermocline. As a summary of the waves'
sequence and ther impact on advection, we provide a schematic
of the evolution of the 20022003 El Nifo (Figure 8).

[20] We now discuss our results in the light of previous
works., Our analysis 1 overall consistent with the study by
Kug et al. [2010] who analyzed a composite CP El Nifio
event as simulated by a Coupled General Circulation Model,
in the sense that the zonal advection process is 4 dominant
process to explain the development of the 2002/2003 El
Nifio whereas thenmal damping is a major contibutor (o
the “discharge process.” Our results, however, suggest that
there is a clear dynamical response in terms of equatorial
wave, which does not rule out that processes relevant for
the EP El Nifio take place, which includes the recharge-
discharge process [Jin, 1997]. In particular, Dewitie ef al.
[2012] showed that in the same OGCM simulation studied
by Kug er al. [2010] that the recharge-discharge process
could uike place through the second baroclinic mode. Here
we also find that different waves can haye a different contri-
bution to the evolution of heat content along the equator.
However, conversely to the composite CP El Nifio described
in Dewitlte et al. [2012], for the 2002/2003 El Nifo, both
baroclinic modes appear o contribute distinctively to the
recharge and discharge processes. As an iflustration, Figure 9
shows the evolution of the Warn Water Volume (WWV)
anomaly for the contribution of the first and second barocli-
nic modes, for their summed-up contributions and the total
field. The WWV is calculated following Meinen and
McPhaden [2000]. Besides confirming the good agreement
between the model used in this study and observations in
terms of heat content anomalies, Figure 9 indicates that the
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Figure 7. Similar to Figure 6 but for cooling phase (December 2002 to April 2003) of 2002/2003
E!l Nifio. In contrast, filled (no filled) bar represents cooling (warming) contribution (°C month™),

second mode contributes o the recharge process whereas
the first mode remains weak during this phase. After the
peak phase (vertical dashed line) right after the peak SST
anomaly, both modes experience a sharp decrease initiating
the discharge process. The temporal integral of the first
barocinic mode contribution to the WWYV anomaly over

Time

the cooling phase leads a negative value conversely tothe sec-
ond baroclinic mode, indicating that the first mode is dominat-
ing the discharge process. This suggests that there is a
dynamical asymmetry between the recharge and discharge
processes during the 2002/2003 El Nifio with the second bar-
oclimie mode contributing mostly to the recharge process and
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Figure 8.  Schematic from denved results of the wave sequence and their impact on advection during the
warming and cooling phases of the 2002/2003 El Nifio along the equator,
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re 9. Evolution of the Warm Water Volume (WWV) as denved from TAO (thin blue line) and

MERCATOR (thick blue line) between Apnl 2002 and October 2003, The WWV is calculated from
the spatial average of the 20°C otherm depth anomaly over (145°E-95°E; 5°S§-5°N) for TAO and
(135°E-8(FW; 5°§-5°N) for MERCATOR. The lines, mn black, represent the contnbution to the WWV
of the sum of Kelvin and first meridional Rossby modes of the first two baroclinic modes. Dashed (dotted)
lin¢ represents the first (second) baroclinic mode’s contribution. The sum of vertical mode 1 and 2 is repre-
sented by a solid black line. As a background, the SSTA along the equatorial Pacific (mean over 5°S-5°N)
is displayed (zonal axis is put on the right). Vertical dashed line indicates | December 2002, which is the
limit between warming and cooling phase based in the tendency of SSTA (Figure 5).

the first haroclinic mode mostly amplifying the decay of the
event. Because ENSO is sensitive to the thenmocline depth
and swatification [Fedorov and Philander, 2001], we may
argue that such feature results from changes in stratification
considermg that the latter has been reduced during the last
decade [McPhaden et al., 2011]. Further investigation is
required ini order 10 document if such dynamical asymmetry
pattern in the evolution of the WWV is a fundamental charac-
tenstic of the CP El Nifio and may explain recent changes i
the relationship between WWV anomalies and SST anomalies
at the peak phase of ENSO |[McPhaden, 2012},

[21] Our study also indicates that vertical mixing, taken
into account here as a residual term (R°), also participates
in the compensation of the effect of the Kelvin wave onto
the vertical advection, which may explain the evolution of
this event toward a CP type. Further investigation is required
in order o separate the contribution of the different terms
participating to vertical mixing, that is vertical diffusivity
and entramment, This can be¢ achieved through an online
computation of the heat budget, which we plan to do from
another OGCM. In particular, Lengaigne et al. [2012]
indscates that vertical mixing can significantly contrbute
to the WWV tendency dunng the 2002/2003 El Nifo
[see Lengaigne et al.. 2012, Figure 8], This contribution as
well as the one from the penetration solar forcing at the
20°C isotherm depth may explain the differences that we
find between the total WWV and the estimate from the

Kelvin and first meridional Rossby waves (summed-up of
baroclinic modes | and 2) at the peak phases of the recharge
and discharge (Figure 9). Our results indicate however that
the main contribution 1o the WWYV tendency originates from
the wave dynamics, which is consistent with the results by
Bosc and Delcroix [2008)]. This suggests that, despite its
weak amplitude, the CP El Nifio may be ay predictable as
the EP El Nifio, even though a modulation of the predictability
may originate from change in mean state | MePhaden et al.,
2011]. Further study is certainly required to document
the wave dynamics of such type of event to determme il
the dynamical vertical structure of the WWV could explain
the reduced seasomal time scale predictability during
periods dominated by CP El Nifos.
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2.3  Thermodynamics associated to the El Nifio phenomenon over 1990 - 2011

2.3.1 Introduction

This complementary analysis is an extension of the results published in
Mosquera-Vasquez et al. (2013). The heat balance advection terms within the fixed
depth layer (A=50m) are estimated during six El Nifio events that occurred between
1989 and 2011: 1991/1992, 1994/1995, 1997/1998, 2004/2005 and 2009/2010. Note
that the 2002/2003 El Nifio is also considered in this analysis. This analysis focuses on
the interannual timescales and can be viewed as a consistency check with previous
studies (Kug et al., 2009; Xiang et al., 2013). In particular an estimate of the
thermodynamical processes within the mixed-layer is provided for the seven CP El
Nifios that were present since 1989. An oceanic analysis carried out by MERCATOR
(T323 configuration), with 50 vertical levels (~50% of them are located in the first 100
m) and forced by ERA Interim surface fluxes is used. The results indicate that the
intensity of the InterAnnual Kelvin wave (IAKw) has decreased since 1997/1998 El
Nifio phenomenon and, as a consequence, its impact on the Sea Surface Temperature
(SST) was reduced with slighter zonal advection feedback and thermocline feedback
processes in the central and eastern Pacific, respectively. The interannual zonal wind in
the western Pacific has been weak since the last 2002/2003 El Nifio which is probably
related to the permanent “La Nifia state” that maintains a cooling (warming) tendency in
the upper 100 (between 100 and 300) meters in the central eastern Pacific (western
Pacific) as illustrated in Figure 2.1. Finally, the results indicate that in the central and
eastern Pacific other physical processes (mixing and entrainment), not resolved by our
simple heat budget model, become important in the warming phase of El Nifio for the

last three events.

2.3.2 Data and methodologies

Daily SST and 20°C isotherm depth (hereafter thermocline) anomalies from the
Tropical Atmosphere Ocean (TAO) project moorings at 10 positions [147°E, 156°E,
165°E, 180, 170°W, 155°W, 140°W, 125°W, 110°W and 95°W] along the equatorial
wave guide, are used to validate the interannual variability of the T323 reanalysis over

the period 2000-2011. The data were downloaded from TAO’s home page
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(http://www.pmel.noaa.gov/tao/). More details about this in situ data can be found in

McPhaden et al. (2001).

.
(eriginal vertical levels)

Figure 2.1 Linear trend in temperature in the first 360 meters (period 1989-2011) along
the equator. Units are °C year'. Upper plots were estimated based on TAO data: on the
left (right) using the raw data (interpolated version). Linear trend in the bottom left
(right) panel is calculated from GODAS (T323) product.

The oceanic model outputs used in this complementary work are from a global
Ocean General Circulation Model (OGCM) (http://www.mercator-ocean.fr/) and were
provided by MERCATOR. This configuration, labeled as T323, is an eddy-permitting V4
° resolution model, that solves the primitive equations using the Océan PArallélisé
(OPA) model [Madec et al., 1998] that has been developed at the Laboratoire
d’Océanographie et du Climat: Expérimentations et Approches Numériques (LOCEAN,
Paris, France). The model was forced with 3-hour and daily forcing (corrected

precipitation and radiative fluxes only) from ERA-Interim. The experiment was

initialized on January 1989 and ran until December 2011.
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In order to calculate the Kelvin wave amplitude for the most energetic baroclinic
modes (m= 1, 2 and 3), a similar methodology to that described in Dewitte et al. [2003]
was used. It consists in projecting the variability on the vertical (baroclinic) and
horizontal (Kelvin and Rossby) modes as obtained from the vertical mode
decomposition of the mean stratification over the period 1989-2011. Usually wave
amplitude is considered as its contribution to sea level or zonal current anomalies. Here,
to compare with observed thermocline fluctuations as derived from the TAO data, we
consider the Kelvin and Rossby wave contributions to thermocline anomalies following
Dewitte [2000], namely considering the vertical isotherm displacements at the depth of
the mean thermocline under the hydrostatic approximation. The details of the method

can be found in Dewitte [2000].

Following Mosquera-Vasquez et al. (2013) we use a simplified mixed-layer
model that considers the mixing and entrainment processes as a residual. The model
further separates wave-induced horizontal advection terms from those associated with a

wind-driven friction layer. The temperature equation writes as follows:

oT a7, a7, a7, a7, o7,
A:_MK C_uR C_ur C_VA C_WA c
ot ox ox 0x ay 0z
oT oT oT

—u, 4 _— 4 - 4

0x dy 0z

oT oT oT oT oT

D e T e 2.1
ox ox 0x ay 0z

+ QSW + QLW + QL + QS + QP
IOOCph IOOCph IOOCph IOOCph pOCph
+R
where all the terms included in Equation (2.1) have been averaged from the surface to

the depth 4 (h = 50 m). Subscript C and 4 in some variables represent climatology and
anomaly, respectively. The variables 7, (u,v,w) and F are the temperature, velocity
(zonal, meridional and vertical) and surface energy fluxes, respectively. Subscript K, R
and 7 in zonal currents indicates the contribution of Kelvin, Rossby and the residual
consisting in the difference between the total anomalous currents and the sum of Kelvin

and Rossby current contribution (i.e. u,=u4-(ux+ug)). The surface heat fluxes anomaly is
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+
estimated following Wang and McPhaden (1999), namely £, = %, where Q) is

0p|

the sum of anomalies of shortwave radiation (Qsw), longwave radiation (Qrw), latent
heat (O:) and sensible heat (Qs) (i.e. O, =0, +0,, +0, +0s), while Op is the

outgoing shortwave fluxes that escapes from the bottom of the mixed layer:

0,=-045-0Qg, oM C, and py are the heat capacity (C, =3940 J kg °C™") and the
density (p,=1022.4 kg m™) of the seawater. y' = 25 m is the attenuation length scale.
Finally, R is the residual of the budget that includes unresolved physical processes in the

model, such as vertical diffusion or entrainment.
2.2.3 Results

First, the model outputs (especially temperature and 20°C isotherm depth) are
validated against in situ data (TAO) and an ocean reanalysis product (GODAS). The
analysis of the long term trend in the model over the period 1989-2011 portrays a dipole
pattern in the zonal and vertical axes, similarly to TAO and GODAS products (see
Figure 2.1). On one hand, there is a negative tendency in the central and eastern Pacific
in the upper 100 meters (T323 is weaker than TAO and GODAS), most likely
associated with La Nifia state observed in the last decade. On the other hand, a positive
trend in the western Pacific (between 100 and 300 meters) is also represented correctly
by T323 according with the GODAS product. Concerning the interannual variability,
the model is compared to the SST and thermocline depth anomaly from TAO over the
period 2000-2011 (interval of time that does not consider the very strong 1997/1998 El
Nifio in order to emphasize the intraseasonal timescales in the statistics). Results are
displayed in Figure 2.2. The thermocline depth interannual variability is in agreement
with the observation, with a correlation between model and TAO data that remains
larger than 0.8, while the Root Mean Square error (RMSe) is lower than around 9 m.
For SST interannual anomalies, the correlation between model and observations shows
a maximum (~0.8) close to the dateline and then decrease towards the East where is
reaches a value of 0.5. The peak in RMSe between model and observed SST interannual
anomalies is located in the eastern Pacific and reaches 1.2 °C. Despite such bias, the
model skill is consistent with other models that do have any data assimilation. The use

of a free run is here motivated by the conservation of energy, which ensures that the

57



residual does not results from compensating errors associated with the assimilation

process.
(a)
5 = = L= g = = = = g= =
70 fﬂ"\\_——_”_‘-’-’\ Los
n =
o
6 15 L 0E - =
) O’w [
v | S gy -
c 1o —a— —— ot £
\\_’_,—ﬁ//—"w—r =)
]
5 02
) ety i i = = () | = i
140E 180E 180 16D 140U 1200 100 2o
18 roa

o
=)
[} i
’ fﬂi—\“‘“ * — =
. /D// //—H_’ o+ E
£
Dt o NS Loz ©
] = Bt +3 = -—t = B = -—f Lo
140E 180E 180 160 1400 1200 108 an
—O— RMS TAD
—8— RMS T3Z23
— RMS error

oorre

Figure 2.2 Validation of the T323 for the period 2000-2011 (interannual scale) for the
thermocline (a) and SST (b). RMS for TAO (T323) is represented by opened (closed)
circles and RMS-error (correlation) is displayed with thin (thick) line. Correlation scale
is located on the right of each panel. Open squares, in the upper and lower edge of each

panel, indicate the place of the equatorial mooring buoys of TAO project.

The heat budget analysis is performed for the following seven El Nifio events:
1991/1992 (91EN92), 1994/1995 (94EN95), 1997/1998 (97EN9S8), 2002/2003
(02EN03), 2006/2007 (06ENO07) and 2009/2010 (09EN10). This selection was
performed based on the results of a wavelets analysis (using Paul wavelet function) of
the zonal averaged [180-80°W] rate of temperature term at interannual timescales
averaged within the mixed layer (074/0¢) and along the equator band. The analysis is
displayed in Figure 2.3. The selected El Nifio events exhibit a significant energy peak
of the wavelet power in the frequency band between 0.5 and 2 year-1 (see Figure2.3d).

Note that, this analysis indicate, except for the 97EN98 and 09EN10, the wavelet power
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tends to peak around the period of ~ 1 year (see Figure2.3c), suggesting that these El

Nifio events could be interpreted as a modulation of the seasonal cycle.
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Figure 2.3 Wavelets power spectrum (using Paul wavelet function) applied to the

spatial mean (180°E-80°W) of 97", / 9¢. Panel (a) is the time series of 97, / 9z (in

°C.month™), (b) is the power spectrum, (c) is the mean of the power wavelet spectrum

for the entire period (blue line) and for the period that does not include the 1996-2000

chunck (red line); (d) Scaled-average spectrum within the periods 0.5 years and 2 years .

Figure 2.4 shows the Hovmoller diagram of the SST anomaly (black contours

with solid (dashed) line representing positive (negative) values), and Interannual Kelvin

wave (IAKw) activity over the thermocline (colors) for the selected seven El Nifio

events. The figure shows that the intensity and frequency of the IAKw before 2000 are

stronger than after 2000. Also, Figure 2.4, emphasizes that the maximum value of the

SST anomaly is not located at the same period of the year: for instance the 91EN92 has

its maximum SST anomaly value between January — February, whereas 97EN98 peaks

in November-December.
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Figure 2.4 Hovmoller diagrams of the SST anomaly (contours) and the activity of the
Interannual Kelvin waves (IAKw) over the thermocline (colors) along the equatorial

Pacific for seven El Niflo events.

In order to evaluate the dispersion of the physical processes involved in the
seven selected El Nifio events, we first identified the warming and cooling phases in
each El Nifio using the tendency term of the monthly SST interannual anomaly 0TA/ot
in N3eq (150°-90°W, equatorial line) (region where this term has its maximum
variability). The warming and cooling phases are used to adjust the Hovmoller diagrams
of Figure 2.5. The motivation in this section is to provide an objective way to compare
the characteristics of the time evolution of the El Niflo events (e.g. duration of the
warming and cooling phases), considering that they do not have the same climatological
evolution. In the Figure 2.5, the SST anomaly is displayed using black lines and
<0TA/ot is shaded with colors. Then, the different fields were averaged in 3 boxes:
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N4eq (160°E-150°W, equatorial line), N34eq (170°-120°W, equatorial line) and N3eq

for the onset of the warming phase and for each event.
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Figure 2.5 Hovmoller diagrams of the tendency of the SST anomaly (d74/d¢ , in colors)

and SST anomaly (black contour) for seven El Nifio events along the equatorial Pacific.

To compare the warming and cooling phase of each event, the temporal scale of each

diagram has been adjusted in base of the information indicated in Table 1. The scale of

the tendency is located on the bottom. Horizontal dark lines indicate and separate the

warming and cooling phase.

In the warming phase (see Figure 2.6, 2.7 and 2.8), the most important terms

which play a significant part in changing the SST anomaly in the three equatorial

regions (N3eq, N34eq and N4eq) are: the zonal (vertical) advection of the

climatological SST by the anomalous zonal (vertical) currents, the vertical advection of

the SST anomaly by climatological vertical current, the short wave radiation, the latent

flux and the residual term.
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In general, the rate of change in the SST anomaly (°C.month™) in N3eq is larger
than in N34eq, and both rates are larger than in N4eq. The extraordinary 97EN98 El
Nifio event shows the largest tendency in N3eq and N34eq regions (~0.5 and 0.4
°C.months™, respectively), but in N4eq it shows comparable rate of change than
94EN95, 06ENO7 and 09EN10 El Nino events. The 04ENO5 has the most modest
tendency in all the equatorial regions (around 0.1 °C.months™). The 91EN92, 94EN95,
02ENO03, 06ENO07 and 09EN10, in N3eq and N34eq, have similar rate of change ~0.25
°C.months™ (see Figure 2.6, 2.7 and 2.8).
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Figure 2.6 Seven-bar plots for each term of Equation (2.1) and, in the red square,
thermocline (meters), zonal wind (m/s) and divergence (m/s/degree) anomaly. Each bar
indicates each individual selected El Nifio event in N3eq in the warming phase. From
left to right, a bar indicates El Nifo events: 1991/1992, 1994/1995, 1997/1998,
2002/2003, 2004/2005, 2006/2007 and 2009/2010. Filled (no filled) bar means warming
(cooling) contribution (°C month™) in the terms of equation (1), while for the variables

inside the red square the bars symbolizes positive (negative) anomaly.
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The zonal advection of the climatological SST due to the zonal current anomaly
(zonal advective feedback), in the three El Nifio regions, is an important physical
process in the first four El Nifio phenomena analyzed in this work (91EN92, 94EN9S,
97EN98 and 02ENO03). The influence of the interannual long equatorial waves is
important in the three El Nifio regions, but with more intensity in N3eq and N34eq,
where Kelvin (ux0T/0x) and Rossby (uz0Tc/0x) waves contributions to the zonal
advection terms leads to a warming and cooling respectively. The wind tress anomalies
in the N3eq and N34eq regions associated to these waves can be observed in in
Figure2.7 and Figure 2.8, respectively. On the other hand, urdTC/0x, the zonal
advection associated to the residual currents (i.e. associated with the wind energy that is
not projected onto the wave dynamics) is more important in the central and western
Pacific. Finally, the last three El Nifio events appears to be less influenced (compared
with the first four El Nifio) by the interannual long equatorial waves and the residual

zonal current anomaly.
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Figure 2.7 Similar to Figure 2.6, but for N34eq region.
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Again, in the first four El Nifio events the w407/dz term has a significant role in
the warming phase, with a maximum value in N3eq in 97EN98. w,4d7/dz does not have

a signitificant contribution to the SST anomalies during the others three El Nifio.

The so-called “thermocline feedback™ (wcdT4/dz) term (related with IAKw), as it
is expected, is more important in the central and eastern Pacific. The results show that
thermocline feedback has an important impact over N3eq in 91EN92 associated with
the downwelling IAKw driven by the strong zonal wind anomaly (compared with the
97EN98) in the western Pacific (see Figure 2.8). It is possible to speculate that there is
a negative tendency of this term in N3eq from 91EN92 to 06ENO7 in N3eq, probably
related with the decreased activity in IJAKw in the last decade (see Figure 2.4 to see
activity of the IAKw over the thermocline). Also, over N4eq (Figure 2.8) the zonal wind

anomaly is strong only in the first four El Nifio.

As it is expected, the impact of the short wave radiation (-Osp/ApC,H)) is
reduced due the increase of the convection in N4eq that is associated with the increase
in the SST anomaly. Six of the seven El Nifo have this characteristic, except the
06ENO7 that has a positive value. Moreover, the latent heat fluxes (-O/(pC,H)) in
N34eq and N3eq, also has negative values that is a consequence of increased low level

wind convergence in that regions. In N3.4eq (N3eq) the maximum values is observed in

02EN03 (91EN92 and 97EN9S).

The residual term (R), which contains unresolved terms by our mixed-layer
model (entrainment and vertical diffusion), does not exhibit a disctintive pattern . In
N4deq (N3.4eq - N3eq), the positive value is a characteristic of 91EN92, 94ENO9S,
02ENO03 and 09EN10 (94ENOS, 97EN9S, 06EN07 and 09EN10 — 97EN98, 06EN07 and
09EN10). The other El Nifios have negative tendency.

Concerning the non-linear terms, the u,d74/0x has a cooling effect in the
warming phase, mainly, for the first four El Nifio phenomena over N4eq. The term
uxdT4/dx in N3.4eq and N3eq has a positive effect almost in all El Nifio events, except

in 97ENOS.
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This analysis also highlights the changes in the intensity of [AKw after 02ENO03,
which are driven by zonal wind anomaly in the western Pacific. The latter has showed

also an abrupt change in intensity after 02ENO3 (see Zonal Wind in Figure 2.8).
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Figure 2.8 Similar to Figure 2.6, but for N4eq region.

As a summary, these results indicate that the intensity of the IAKw has
decreased since the 1997/1998 El Nifio event and, as a consequence, its impact on the
SST was reduced with slighter zonal advection feedback and thermocline feedback
processes in the central and eastern Pacific, respectively. The interannual zonal wind in
the western Pacific has been weak after the 2002/2003 El Nifio which is probably
related to the permanent “La Nifia state” that maintain a cooling (warming) state
tendency in the upper 100 (between 100 and 300) meters in the central eastern Pacific
(western Pacific). Finally, the results indicate that in the central and eastern Pacific
other physical processes (mixing and entrainment), not resolved by our simple heat
budget model, become important in the warming phase of El Nifio for the last three

events.
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Chapter 3: The Central Pacific El Nino Intraseasonal Kelvin

wave

3.1 Overview

This chapter focuses on the study of the IntraSeasonal Kelvin wave (ISKw) in
the equatorial Pacific. The characteristics of the ISKw is documented and interpreted
over the 1989-2011 period, based on observations, simulation with a linear model
(Mosquera, 2009) and the outputs of an Ocean General Circulation Model (OGCM).
The wave activity during the Central Pacific (CP) El Nifio events is contrasted with the
extraordinary El Nifio of 1997/1998. One of the most important results is that ISKw
activity is enhanced in Austral Summer (Spring) in the central Pacific (west of ~120°W)
during CP El Nifio events. Experimentation with the linear model indicates that the
Austral Summer peak is wind-forced, while the Austral Spring peak is not and
consequently results from non-linear processes. In addition, a strong dissipation of the
ISKws is observed east of 120°W which cannot be accounted for by a linear model
using a Rayleigh friction. A vertical and horizontal mode decomposition of the OGCM
simulation further confirms the sharp changes in characteristics of the ISKws as well as
the reflection of the latter into first-meridional Rossby wave at the longitude where the
maximum zonal gradient of the thermocline is found (~120°W). The analysis suggests
that the confinement of CP El Nifio warming in the central Pacific may result from the
reinforcement of the zonal gradient in stratification associated with the cold La Nina-
like conditions since the 90s, favoring the scattering of energy of the ISKws in the

eastern Pacific.

This chapter contains the paper by Mosquera-Vasquez et al. published in Journal

of Geophysical Research in 2014.
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3.2 Article published in Journal of Geophysical Research - Oceans

The Central Pacific El Nifio Intraseasonal Kelvin Waves
Kobi A. Mosquera-Vasquez, Boris Dewitte and Serena Illig
Abstract

In this study, we document and interpret the characteristics of the IntraSeasonal Kelvin
wave (ISKw) in the Pacific over the 1989-2011 period, based on observations, a linear
model, and the outputs of an Ocean General Circulation Model (OGCM). We focus on
the wave activity during the Central Pacific (CP) El Nifio events contrasting with the
extraordinary El Nifio of 1997/1998. We find that the ISKw activity is enhanced in
Austral summer (spring) in the central Pacific (west of ~120°W) during CP El Nifo
events. The linear model experiment indicates that the Austral summer peak is wind-
forced, while the Austral spring peak is not and consequently results from nonlinear
processes. In addition, a strong dissipation of the ISKws is observed east of 120°W
which cannot be accounted for by a linear model using a Rayleigh friction. A vertical
and horizontal mode decomposition of the OGCM simulation further confirms the sharp
changes in characteristics of the ISKws as well as the reflection of the latter into first-
meridional Rossby wave at the longitude where the maximum zonal gradient of the
thermocline is found (~120°W). Our analysis suggests that the confinement of CP El
Nifilo warming in the central Pacific may result from the reinforcement of the zonal
gradient in stratification associated with the La Nifia-like conditions since the late of the
1990s, leading to scattering of the energy of the ISKws in the eastern Pacific.
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Abstract In this study, we document and interpret the characteristics af the IntraSeasonal Kelvin wave
(I5Kw) in the Pacific over the 1989-2011 period, based on observations, a linear model, and the outputs of
an Ocean General Circulation Madel (OGCM), We focus on the wave activity during the Central Pacific (CP)
El Mino events contrasting with the extraordinary El Nino of 1997/1998. We find that the 5Kw activity is
enhanced in Austral summer (spring) in the central Pacific fwest of ~120°W) during CP EI Nifo events. The
inear model experiment indicates that the Austral summer peak s wind-forced, while the Austral spring
peak is not and conseguently results from nonlinear processes. Inaddition, a strong dissipation of the |SKws
s observed east of 120°W which cannot be accounted for by a linear model using a Raylsigh friction. A ver-
tical and horizontal mode decomposition of the OGCM simulation further confirms the sharp changes in
characteristics of the |SKws as well as the reflection of the latter inta first-meridional Rossby wave at the lon-
gitude where the maximum zanal gradient of the thermocline is found {~120°W). Our analysis suggests
that the canfinement of CP El Ning warming in the central Pacific may result from the reinforcement of the
zonal gradient in stratification associated with the La Nina-llke conditions since the late of the 19905, lead-
ing to scattering of the energy of the 15Kws in the eastern Pacific.

1. Introduction

Regent studies have reparted the existence of at least two types of El Nino events [Ashok et al,, 2007; Koo
and Yu, 2009; Kug er af, 2009 | one with anomalies peaking in the eastern Pacific (i.2, Eastern Pacific (EP) El
Mifoar cald tongue El Mino) like in 19971998, and one having its center of action in the central Pacific
referred to as Modoki El Mina or Central Pacific (CF) El Mino (as referred hereafter) or warm pool El Mino. The
exact nature and mechanism of the latter have been the subject of debate in the community [Copotond et
al, 2014] due in part to its apparent increase in coourrence inrecent decades [Yeh et al, 2009; Lee and
McPhaden, 2010] and the difficulty to interpret these two types of events as the expression of =ither two dis-
tinct regimes [Takahashi et al, 2011) or a continuum in the EN50 variability [Giese and Ray, 2011; Johnson,
2013]. Thers have been also some difficulties in interpreting the recent El Nifio events from current ENSO
theories [Xiang et ol,, 20131 For instance, although Ren and Jin [2013] suggest that CP El Nifo can be under-
stood to a large extent by the recharge oscillatar mechanism, Kug et al, [2009] indicate that CF El Nina are
characterized by a weak recharge-discharge process and the phase relationship between the two dominant
mades of the thermocline variability (e, the so-called tilt and warm water volume miodes) has changed at
the beginning of the 215t century [McPhaden, 20120, In term of thermodynamical processes within the
mixed-layer, CP El Nino #vents tend to be dominated by the zonal advective feedback in the central Pacific
with a weak contribution from thermacline feedback in the eastern equatorial Pacific [Kug et al, 2009, Ren
and Jin, 2013), On the ather hand, CP El Nino events are also associated with equatorial Kelvin wave dynam-
ics [Dewitte er al,, 2012a] that have the potential to produce anomalous vertical advection in the sastern
Pacific [Mosguera-Vasquer et al, 2013], The former studies, howewver, do not explain why the 55T warming
remains confined in the central Pacific, calling for the investigation of other processes including nonlinear
ones [Xigng et al, 2013; Dommenget et al, 2012]. The fact that the recharge-discharge process is weak dur-
ing CP El Nino, implying that the gcean state prior to'ts development is weakly influential, suggests that CP
El' Ming evolution are more |ikely to be influenced by random atmaspheric forcing during its development
phase, Random atmaospheric noise usually refers to the compaonents of the Intraseasonal atmaspheric Tropi-
cal Variability (ITV) [Whealer and Kifadis, 1299] including the Madden Julian Oscillation (MJO) [Madden and
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Figure 1. Root mean square (RMS) along the eqaatarial band {22 5-27N) of the {al intrasea- den et al, 2006]. In particular,
sonalzonal wind stress as-a function of longitude fin 12 ' N m Y and{b] inraseasonal the 1997/1998 E| Mino was

temperature 2= a function of longitede and dapth {in *0 from TAD data for the peslod . .
2006 2011, The green thick fine in Flguse 1b indicates the mean thermodine depth [26°C 555":":'3".*& w':‘h two pulses of
Icotherm depthl. The squanes on the longitude 2xks indicate the posttions of the TAQ moar- ISKw prior to its development

g buoys [Dewitte et al,, 2003] which

may have triggered the initial
warming in the central Pacific leading to the growth of the 55T anomalies [Lengaigne et al, 2004]. The 1997/
1998 El Nino is rather peculiar because the peak activity of the [SKw took place ~6 months prior the El Nino
peak [Ramos et al, 2008, which reflects the strong seasonal dependence of the MJIO/ENSO relationship (e,
MO peak varlance being in May to June prior to the ENSO peak in Movember to December) described in
former studies [Hendon et ol, 2007, McPhaoden et al, 2006].

Here we investigate the [SKw activity during CP El Nino events over the |ast two decades based on observa-
tions and mode| outputs. Our motivation is first to better understand its relationship with the €P El Nino
development and decay, considering that the 1SKw is influential on the spread of ENSO forecasts [Wang
etal, 2011] and that prediction systems exhibit a distinct forecast skill depending on the El Nino type [Hu
etal, 2012 Xueet al, 2013]. We ako aim at documenting some characteristics of the |5Kw activity that can-
not be inferred directly from the available observation data sets and sheding light on processes that may
explain why CP El Mino events do not expand to the eastern Pacificand remain confined in the central
Pacific. Former studies have largely contributed to better understanding the forcing mechanisms of the
[5kw in the Pacific in particular exploiting TAO (Tropical Atmosphere Ocean project) and altimetry observa-
tions, For instance, Cravatte et ol [2003] used TOPEX/POSEIDON and TAQ data to study the |SKws over the
1992-1999 period. They found that the [SKw chamacteristics (frequency, amplitude) could not be explained
in a stralghtforward manner from linear theory, For instance, energy at (120 day) ' was found in the eastern
Pacific that could not be attributed to wind farcing. They alsonoted a complex vertical structure variability
associated with at least the first two baroclinic modes. Interestingly, the intraseasonal variability of tempera-
ture along the equator has also a fine vertical scale (Figure 1), with a peak amplitude in the vicinity of the
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thermacline and a weak amplitude at the surface. Although the pattern of Figure 1b cannot be solely inter-
preted as resulting from 15Kw, it is expected that vertical isotherm displacements near the thermocline
along the equator will be to a large extent explained as resulting from the forced equatorial Kelvin wave
[e.g, Kessler et al, 1995; see also Dewitte et al, [2009] for the theoretical background]. Mate that the variabili-
ty decreases to the east of ~120°W by a factor of 1.4 that is an indication of a marked dissipation. TAD data
also revealed that intraseasonal variability in the range of frequencies [60-90 days] ' was also prominent in
subsurface zonal current at 140°W and 110°W [McPhaden and Tafft, 1988]. Most studies of the oceanic [SKw
have argued that it is tightly linked to the MJO-induced wind stress anomalies [e.q., Kessker et al, 1995; Hen-
don et al., 1998; Zhang, 2001; Roundy and Kiladis, 2006; Shinoda et al, 2008) and that it can act as a trigger
of El Mifo events [Kessler and McPhaden, 1995a, 1995b; McPhaoden, 1999, 2002; Kessier and Kleeman, 2000,
Seo and Xue, 2005). However, the latter studies have focused on a period encompassing the strong 1997/
1995 El Nino, for which there is a well-known delayed ENSO-MJO seasonal relationship [Hendon et al, 2007;
McPhaden et al, 2006). Recently, Gushchina and Dewitte [2012] have shown that the seasonal dependence
of the ENSO-MIO relationship was distinctive during CP and EP El Nina events and that such difference
between the two types of El Nino could reflect into the |SKw activity. They proposed in particular, that MJO
activity is enhanced during the mature phase of the CP El Nifio events, extending their persistence com-
pared to EP El Mino events. This issue is worth tackling because it suggests that ITV and its oceanic expres-
sion might be tightly linked to the CP El Nino dynamics, rather than just acting as a noise maker for ENSO
triggering. It calls for better understanding the [SKw dynamics during such type of ENSO event, that is, its
forcing mechanism and dissipation process. This is the topic of the present paper that can be viewed as an
extension of Gushching and Dewitte [2012] focusing on the aceanic 1SKw characteristics and its forcing
mechanism. Of particular interest is the dissipation process associated with the horizontal anisotropy of the
mean density in the upper thermodine. In the recent decades, the mean thermocline has been steeper due
to La Mina-like conditions since the late of the 1990s [Xiang et al, 2013]. Our analysis suggests that this may
have favored scattering of energy of the |SKw, leading to a “trapping” of its energy in the central equatorial
Pacific.

The paper is organized as follows: section 2 introduces the observed data sets and the ocean model outputs
used in this study, as well as the methodology. Section 3 documents the characteristics of the propagating
variability in both the observations and two models having different physics, Section 4 provides evidences
of modal dispersion of the intraseasonal equatorial Kelvin wave in the eastern Pacific. Section 5 is a discus-
sion of the results followed by concluding remarks and perspectives to this work.

2. Data and Method

The intraseasonal (I5) anomalies are estimated as the difference between the original data (either daily mean,
3 day mean or 7 day mean, depending on its source) and the filtered (1-2-1) monthly mean data interpolated
at the temporal resolution of the original data. This methodaology was suggested by Lin et al. [2000] to study
intraseasonal atmospheric varability in the tropics and is similar to a high-pass filker with a transfer function
characterized by a —1, —3, and — 10 dB attenuation {79%, 50%, and 10% of the input power survives) at {117
day) ', (168 day) ', and (466 day) ', respectively. It has been used recently to study the intraseasonal oceanic
variability in the upwelling systems of north Benguela [Goubanowva et al, 2013) and Peru [Illig et al, 2014].

Interannual (|A) anomalies correspond to monthly mean data, which is smoothed with a 1-2-1 filter, relative
to the mean climatology calculated over the period 1990-2011.

CP EINino years are selected following Yu and Kim [2013], which leads to 1992, 1994, 2002, 2004, 2006, and
2009 as CP El Nifio years. Mote that the 2006 year is classified as a mized-type El Nifio year by Yu and Kim
[2013). However, we consider this event as a CP El Nino event considering its closer similarity to the other EI
Mino events of the record used in this study compared to the 1997 El Nino event. We will therefore contrast
the characteristics of the CP El Nifio events with the ones of the 1997/1998 El Nifio that is clearly the only
extremne El Nino event over the period of interest in this paper.

2.1. Sea Level Height From Altimetry
The gridded sea level anomaly (hereafter referred to as TPJ) data over the period 1993-2011 were supplied
by AVISO/altimetry [Ducet et al, 2000). They were built using optimal interpolation of T/P and ERS dataon a
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1447 =1/4° grid every 7 days. If
a precision of individual instan-
taneous measurements is of
the order of 6 cm Root Mean
Square (RMS) [Fu et al, 1994}
errors on such gridded product
have been estimated to
2-3cm RMS for 7 day-
averaged maps and spatial
scales larger than 200 km [Le
Troon and Ogor, 1998],

2.2. 55T and 20°C Isotherm
Depth From TAO

In this study, we also take
advantage of the TAO data
[Hayes et al, 1991; McPhaden
et af, 19981 where the 55T and
20°C isatherm depth are
obtained from 29 mooring
buoys (2°N, 07, and 2°5 at
147°E, 156°E, 165°E, 1807,
170°W, 155°W, 140°W, 125°W,
1107, and 95°W), In order to
fll gaps in the data, a vertical
linear interpolation is first
applied to each time series
{daily mean data) and then a
linear interpolation in the zonal
direction s applied in order to
fill data gaps only if both
neighbaring data are available,
Ther, a meridional mean {275,
O, and 2° M) provides an esti-
mated equatarial section with-
out missing data, Mote that
some linear temporal interpo-

lations are necessary, especially at 95°W. Such interpolation procedure is acceptable until 2011 when the
density of the TAD data remains reasonable (above 60% at 100 m in the eastern equatorial Pacific) but can-
not be performed beyond that date due to the maintenance suspension of the TAO array (density of data
falls below ~25% at 100 m from 2012, see Takahashi et al [2014], Figura 5.2), The limitations associated
with the interpolation of the TAQ data have motivated the use of a model simulation for the interpretation

of the observational results,

2.3. The OGCM Simulation (T323)

The model product used in this work belongs to the set of MERCATOR global OGCM simulations (http://
www.mercator-ocean.fr/) The configuration, referred to as T323, is an eddy-permitting 1747 mode| with
50 vertical levels (wham 23 belong to the upper 100 m), It is based on the primitive-equation glabal

OGCM Océan PArallglise (OPA) [Madec et al, 1998] and is developed at the Laboratoire d'Océanographie
et du Climat: Expérimentations et Approches Numériques (LOCEAN, Paris, France). T323 was forced with
3 h {surface winds) and daily forcing (corrected precipitation and radiative fluxes only) from ERA-Interim.
Here the experiment was initialized an January 1989 from rest and with temperature and salinity from
Levitus data [Levitus and Boyer, 1994], Since no spin-up is used, only intraseasonal to intera nnual variabili-
ty will be discussed in the paper and the year 1989 is disregarded in the estimation of the reference
climatology.
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Despite the fact that there is no data assimila-
Table 1. Valldation of Thermaodine Depth interannual Varlab#itye

FonalMaan for RMS, ComelHon; and RS Difference Benween T123 tion in this experiment, the model is skillful in
and Observatians (TAQ) at147°E, 156°E, 165°E, 1807, T70°W, 1557 W, capturing most aspects of the equatorial vari-
TADUW, T3, THCW, and 957W {Moaring Locations| ability in the Pacific Ocean, In particular, a
Mean RMS :
v e i e 2 comparable n‘n.jndel conﬁgt.!ratlan has been
[T323.TAG] ma23pim TAO] imi [T323TAO] {m) evaluated previously [Dewitte et al, 2007; Mos-
a0 . 163 - guera-Vasquez et al., 2013), which indicated

that the mode| simulates realistically the fun-
damental features relevant to the equataorial
wave dynamics at interannual timescales, including the mean temperature vertical structure, Despite the
increased vertical resolution of the present version of the model compared to the version used in Mas-
quero-Vasquez et al. |2013], the realism of the mean thermocline (Figure 2c) is comparable, with a bias that
consists in a weaker zonal and vertical gradient in the central equatorial Pacific than the observations The
interannual variability simulated by the model is rather realistic (Figure 2a, Tables 1 and 2). Regarding intra-
seasonal variability (Figure 2b), the realism of the model is reduced compared to interannual timescales,
with still a fair agreement with observations. Since the SKw activity is modulated at seasonal [Mig et al,
2014] and interannual [Dewitte et al., 2008] timescales, the validation of intraseasonal variability over the rel-
ative long record used here is a rather stringent test. The dispersion ofthe annual correlation is indicated in
Figure 2b that shows that the correlation can reach up to 0.7 in the western Pacific for some specific peri-
ods. The mast realistic period is 2004-2008, with 19956-1998 being the period with the lowest skill (not
shown), Such limitation should be kept in mind for the interpretation of the results, considering that T323 is
used as a diagnaostic tool for the interpretation of the results derived from TAO,

The model outputs are further used to derive an estimate of the equatorial waves (sum of the first three bar-
oclinic maodes) based on a modal decomposition of the variability (pressure and zonal current), which is not
possible to estimate from the available observations. The modal decompaosition consists in deriving the
vertical modes from the zonally slow-varying stratification over which pressure and zonal current anomalies
are projected, This provides the baroclinic mode contribution to sea level and zonal current anomalies
wihich are then projected onto the theoretical Kelvin and Rossby wave structures to derive the wave coeffi-
cients, The method is similar to Dewitte et al, [ 1999] and has been shown to extract the salient features of
the equatorial waves [Mosquera-Vasguez et al., 2013], including the effect of the zonally varying stratifica-
tion, which is.of major interest in this paper (see section 3.2,

2.4, Linear Ocean Model (LOM)

A simple Linear Ocean Mode| (hereafter referred to as LOM) for the tropical Pacific is used to interpret
the characteristics of the |SKw in the equatorial Pacific as estimated in the OGCM T323 simulation. The
linear model was used previously in Mosguera [2009). It consists in one active layer with a linear friction
of time decay 1. Note that the value of © can varies from 6 to 30 months depending on the studies [Pic-
aut et al, 1993 Dewitte et al, 1999 which reflects that dissipation processes may be frequency depend-
ent and/or that a linear friction is not perfectly adequate to simulate wave dissipation. In this study, we
will also use a linear friction to test to which extent it is adequate for simulating wave dissipation ewi-
denced in the OGCM. Three experiments are carried out that differ either from the values used for fric-
tion or the structure of the thermocline: LOM-CR [control runj is the experiment that uses a constant
friction of (24 month) ', while LOM-Rx uses a zonally varying time decay for friction, bath experiments
having a constant depth thermodine (H = 150 m). LOM-H= is the experiment in which a zonally varying
thermocdine is used (derived from Levitus and Boyer [1994) data) along with a constant linear friction of
(24 manth) ",

Consistently with the T323 simulation, LOM is forced

e e e A o with wind stress anomalies derived from ERA-Interim

rent Anomalles Averaged inthe First 55 m Between T323 data. Note that we alsoused wind stress from the

and TAD {1993-2010) at Fve Mooring Lomtions MCEP/MCAR reanalysis and the results presented here
Mooring Longiude 1447 185°E 170°W 140'W 110°W are similar for both surface forcings, For consistency
Mean cormelation 0 0B 067 05 064 with the T323 outputs, only the results of the linear
Mean RMS 147 HWE 173 201 214

maode | with forcing from ERA-Interim fluxes are pre-

difference tmis™ ")
sented here.
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Figure 3. Time evolution of ) interannual and {b} intraseasana! Kelvin wave contribution to thermoc ine depth sum of the first three bar-
odinc modes) along the equator from T323. |¢] Three maont b running BMS of the BKwW from T323, {dl TAOQ |ntraseasonal thesmodine (200C
isgtherm] depthanomalies, and (€] TP intraseasonnal saa level anomalies. Units are in meters, except In Figure 3e which & in centimeters.
The contours in Flgures 3a, 3h, and 3¢ indicte the interannual 55T anomalies for T323 that & wsed to comgae the maximum Kehin wave
acthity with B! Mino event along the Bquatorial Pacfic. Flled squares on the x axis in Figure 3d indicate the position of the TAD mooring
bucys and the gray shading in Figures 3d and 3e comesponds 1o peniods and locations when obsoenvations are not avallable.

3. Intraseasonal Kelvin Wave Activity

As a first step, we evaluate the contribution of the Interannual Kelvin wave (1aKw) and 15Kw to the variability
of thermaocline depth along the equator, stressing on the distinct characteristics of the two types of El Nifio
events (Figure 3). The Kelvin wave anomalies consist here in the summed-up contribution of the first three
baroclinic modes to the thermocling depth anomalies, The visual inspection of Figure 3a reveals clearly that
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J=months running RMS[ISKw (m=1,2 and 3; over the region the CP El Nifw events are asso-
2|J:TEiCI'E—TZIZI"'t'l' . O] {in block line) ond WINO3A index {in rf:t Ime}‘ ciated with a relatively weak
§ [AKw amplitude compared to

1517 i 'H i y i y . ! the eastern Pacific 1997/19%8
El Mino. The ratic of the peak
amplitude of the |AKw
between the 1997 /1908 El
Nino and the CP El Mino com-

[ posite amplitude reaches 3.0n
the ather hand, the inspection

B of the ISKw (Figure 3b) does
not reveal any distinguishable
differences in terms of ampli-

METers

e i i ; | -3 tude between events, This s
further illustrated in Figure 3¢
M i WA 1004 18 000 000 22 2004 2008 TG0 20 202 that shows the 3 month run-
time (year]) ning RMS of the ISkw for T323,

) ) Peak in the ISKw activity is
Flgure 4. Time evolution of the 3 month running RMS of the jleft scale) BS¥w contribution i & b ind
to thermoc line. depth {sum of the first three baroclinic modes), aveaged ower the region ound for the periods 1981~
{180 E-T207%: 07 M| fblack Bine in metess], and dight scake) of the MINC343.4 Index {red line 1992, 19971999, 2002-2003,

G 2007-2008, and 2009-2010,

which coincides with warming
and cooling events at intraseasonal timescale (Figure 3b). Figure 3¢ thus indicates that the magnitude of
the |SKw activity is comparable between events, which is also evidenced in the in situ (Figure 3d) and alti-
metric (Figure 3&) data,

The time series of the T323 1SKw activity (3 month running RMS) averaged over the region (160°E-120"W,
07} are displayed in Flgure 4 along with the Nino 3.4 55T index (NINC34 (150°E-150°W; 5" 5-5" N}, which
indicates that the |SKw activity does not present the large positive asymmetry of the NIND34 index. In arder
to delineate the relative role of CP and EF E| Nino events, we use the € and E indices obtained from the EOF
analysis of 55T in the tropical Pacific (see Takahoshi et al, [2011], for details). The I15Kw activity index of Fig-
ure 4 correlates (with the maximum value at lag = 0) more tothe Cindex {c = 0.5) than to the Eindex

lc = 0.3), suggesting that |5Kw activity is tightly linked to CP El Nino events during their peak phase. This is
further illustrated by the compasite evolution of the ISKw activity during CP El Nino events comparing to
the |SKw variance during the 1997 /1998 El Nifa (Figure 5. This figure indicates that the |SKw activity during
CPEINInG peaks in DIOIJF(+ 1), similar to interannual SST anomalies, whereas for the 1997/1998 El Ning, the
peak variance is found around Marchi0), which is consistent with former studies [Hendon et of, 2007;
McPhaden et al, 20061 During a strong eastern Pacific event, the western Pacific tends wo cool at the mature
phase suppressing convection over the Maritime Continent region, so that MJO convective events maintain
less continuity from the Indian basin to the central Pacific [Hendon et al, 2007, explaining the reduced |SKw
activity, Figure 5 further reveals the apparent strong dissipation of the |5Kw activity in the eastern Pacific
laround 120°W). Such dissipation may result from the shallowing thermocline that induces a slower phase
speed of the wave or from local wind forcing at intraseasonal timescales [Shinoda et al, 2008). As a consis-
tency check the lag correlation as a function of longitude for a reference point at 120°W for the madel
[15Kw) and at 125"W for the thermocline depth intraseasonal anomalies as derived from TAD data is esti-
mated and the result is presented in Figure 6, The equivalent plot for the altimetric data is also provided. It
indicates that there is a slight change in characteristics of the propagating variability (slower phase speed,
lower caherency) around 120°W for thermacline anomalies of TAOQ and T323, An estimation based on the
slope of the straight line fitted to the maximum correlation west and east of 120°W indicates that the phase
speed changes from 22 (270 to 15 (1.2) ms ' for TAD data (T323), Interestingly, the altimeétric data do nat
evidence changes in phase propagation, which is related to the fact that there is a larger contribution of
the gravest baroclinic modes to sea level anomalies than to thermocline fluctuations in the eastern equato-
rial Pacific. These changes in propagating characteristics east of 120°W are also distinguishable directly on
the amplitude of the intraseazonal anomalies. This is illustrated in Figure 7 that displays the RMS of the
ISKw at each longitude normalized by the RMS of the 1SKw at 120"'W. The significant decrease of the 1SKw
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Figure 5 Longitude-time diagram along the equator of the 158w acthity (58w 3 month minndng RMS) for {top plots) T3:23 and {pottom
piots) LOM-CR: for the 19971908 (left plots) B Hino event, joenter plots) the compasite of CF 81 Mino evaents, and {right plots) the averaged
seasonal oycke Units are in metars: The year (0] on the time axs of Figures 53, 50, 50, and 5S¢ refers to the £1 Mina years, that & £ Mino
peaking atound December of year (O] The interannual T323 55T anomabizs coresponding ta the 1997/ 1988 E1Mino and the CP B Nino
events composite ane overald in Fgures 5a and 5b in gray contowr {"C) The shading in Figures 53 5h, 5d, and 5& indicates where values
are dgnificant at the 5% level, wheteas in Figures 5¢ and 5fit anly comesponds to values birger than 4 m. Significance levels were esti-
mated using the bootstrap method [Emon, 1983]
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160E

variance east of 1200W indicates that a strong dissipation is taking place there. Similar dissipation charac-
teristics cannot be accounted for by the linear model unless a very strong friction is applied sast of
120°W. As a consistency check, an experiment is carried out with the linear model, in which the time
decay for friction is reduced to 2 manths east of 120°W, This location corresponds to the maximum in
zonal gradient of the thermadline (blue line in Figure 7). West of 120°W, the time decay remains equal to
24 months as in the control experiment (LOM-CR), This experiment is called LOM-Rx and the results for
the RMS of intraseasonal thermocling depth anomalies are displayed as a green curve in Figure 7. Even
with such a strong friction, the decrease in BMS of the thermocline anomalies east of 1200W is not as
strong as in T323, suggesting that other processes than just a linear dissipation is at work. This will be
investigated further in section 4.

A5 a consistency checloof the Former stateme rits inferred from the model outputs, TAD data are further ana-
lyzed using EOF decomposition. CP El Nino years are selected (from June (0} to May [+ 13 and EOF analysis is
carried out on the subsurface temperature intraseasonal anomalies of the first 300 m along the equator, The
results are compared tothe EOF analysis caried out for the EP El Nife event (June 1997 to May 1998). For
both types of El Nino events, the result consists in two dominant mades exhibiting comparable explained var-
iance, with associated time series phase-lagged by a quarter of period (not shown), Indicating that the modes
can be paired and corresponds to the eastward propagating variability associated with the [SKw along the
thermacline (Figure 8}, The second mode of the CP years is equivalent to a tik mode of the thermocline, 12,
with a pattemn consisting ina zonal seesaw with a node around 150°W, [t has been verifed that the associated
time series are significantly correlated to the zonal wind stress anomalies at 165°E (maximum correlation of
043 for the wind stress ahead of the PC time series by 12 days) which indicates that this mode responds
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anomalles from TAD, and || intraseasonal sea level anomalies from TPL The vertical thin linein Figures 63 and &c indicates the longrhude of 120"W ireference point) meanwhile in Figure
b it 1257, The squares onthe longitude ads {Figure &) indicate the posiions of the TAD mooring buoys.

relatively rapidly to the wind stress forcing. On the other hand, the first mode has a pattern with an appros
mate zanal wave number of 2, which reflects the propagation nature of the paired EOF modes, Interestingly,
the dominant EOF modes for CP El Mifio years exhibit an overall much larger loading in the central Pacific
than during the 1997 El Nino years. During the latter, the intraseasanal variability peaks in the eastern Pacific
at a depth that corresponds to the mean thermocline depth over this period (see orange dashed line in Fig-
ures Bb and 8d) and the paired modes are indicative of eastward propagation as far as the eastern boundary.
In contrast, during the CP El Ming years, the variability peaks along {or just below) the mean thermocline and
east of ~120"W, it exhibits a very weak amplitude of the paired modes, evidencing the strong dissipation tak-

ing place east of 120°W.

RMS[ISKw] ond meon thermocline zonal gradient

15
— T

— LOM=CR
— LOM=Rx

(W, = 5.7 m)
[[Ho= 7.0 mf
{He = 7.8 m):

125 — <Blino20d}/ B} {H = — B degree} i

150

Flgure 7. BMS of 5w for T323 {black line), LOM-CR fred line), and LOM-Rx {green ling), The
bhue lime shows the tempoal mean of the zonal gradient of the 207 C sotherm | thermeo cling)
depth from T323. Values are adimensonalzed by thelr respective values at 1200 W {ind®-

180 150w [E
lengitude

cated Inthe upper eft comer as H,l

Further, the amplitude of

the EOF time series is estimated
a% v‘h:. (£} +PCy(t)* where
PGyt |1.2] 8TE the normalized
time series associated with the
EOF modes, and monthly mean
climatologies are derived,
which indicates the privileged
seasons for intraseasonal activ-
ity. The results are presented in
Figure Be, They indicate that
the peak season for intraseaso-
nal variability aleng the thermo-
cline during CP El Nino years is
December to February, which is
consistent with the model
results (Figure 5. The range of
values associated with the dis-
persion of the six CP El Mina
years (shading in Figure 8g)
suggests that such feature is
significantly different from the
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1997 El Mifo year duririg which the intraseasonal variability peaks around Nevember and then decreases
sharply, maintaining a low amplitude until May 1998,

Both model results and observations suggest that dissipation processes take place around 120°W during CP
El Nifio years. The next section investigates to which extent such feature can be interpreted in terms of
maodal dispersion that is the process of the scattering of energy between baroclinic mades when the wave
crosses a region with distinct density [Busalocchi and Cone, 1988 Harrison and Giese, 1991],

4, Wave Dispersion in the Eastern Pacific

4.1. Rossby Wave Activity and Role of Wind Forcing
Tofurther get insights on the processes taking place in the eastern equatorial Pacific, we display the Intra-
Seasonal Rossby wave (I5Rw) variance (3 mornith running RMS) (Figure 9a) as derived fraom the modal
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Figure 9. Time svolution of the 3 manthranning RMS of la) the SRw [equiialent zonal current, first-meridional mode, cmos™ '] from T323
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buoys and the gray shading where data ase not avallable. The blue contowrs indicate the zonal gradient of the thermodine from T323 in
absolute value. Units are inmy'". Only gradiant s larger than 2 my* are shown

decompasition of the T323 simulation, The Rossby wave consists here in the first three baroclinic mode
summed-up contribution of the first-meridional Rossby modes in term of zonal current and can be com-
pared to the variance of the observed sea level anomalies or thermocline anomalies at 5°5 (ie, where first-
meridional Rossby wawve structure of the first baroclinic mode is maximum) (Figures 9b and 9¢). Figures 9a-
9¢ evidence westward propagating variability for T323, TAD, and TP data, Strikingly the propagation is only
clearly observable west of - 120°W from which the |SRw activity seems to originate. The region where the
|5Rwe variance originates coincides with the location of the maximum zonal gradient of the thermaocline
depth [blue contour overplotted in Figures 9a-9¢c) suggesting that the [SRw results either fram the
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reflection of the [SKw on the
sharp zonal density front (see
next section) or from wind
" forcing. As a consistency check,
A g the ISRw is derived from the
! e o - linear mode| control run (LOM-
CH) and displayed in Figure 9d.
Nommo” : \k 1 It reveals that the ISRw cannot
150 160 210 40 70 be accounted for by the wind
stress forcing since the maxi-
miurm af variability is confined

{a) Annual mean of zonal fluxe and
mean thermocline depth (blue
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{t) Integrated annual mean of zonal fluxe (0—300m)
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Figure 10. Annual mean of the zonal energy fux for {al the depth-integrated {from bottom :
to surface] 2onal fiu for the 196w and 58w, fb) depth-integrated |0-300'm) zonal flux, and the thermaodine slope, the

ic) the total flux as a function of longfrude and latiiude. In Rgure 100, the black line repre- maode | does not simulate sig-
sants the total zonal flux, the solid sed line is the sum of the first three barodinke modes, Eart Kalvin wisve reflecticn
and the green line s the residual {see text]. In Figure 10c, the Blue line indicates the mean L

thermeocline depth. Units are inm’ s fior Figures 102 and 10c andemy’ s " fior Figura 10c at the longitude where the

thermacline gradient is maxi-
mum, A compaosite analysis of the |SKw and wind stress anomalies during CP El Nifo years also revealed
that an easterly wind stress event follows the peak phase of the main dowrmwelling 1SKw (not shown), which
could have the potential to alter the downwelling 15Kw in the eastern Pacific and contribute to the dissipa-
tion observed at 120°W. However, the easterly wind stress event is located slightly to the west of the previ-
ous westerly wind stress event and does not coincide with the crest of the downwelling 15Kw, which rules
out any role of the easterly wind stress event in dissipating the downwelling [SKw in the eastern Pacific. The
linear model results confirm this interpretation {not shown). This indicates that the features observed in
T323 cannot be accounted for by the linear model, and that the maximum variance in [SRw west of 120°W
results from nonlinear processes.

4.2. Energy Scattering

The former analysis suggests that the energy of the [SKw is scattered near 120°W corresponding to the
region where the largest zonal gradient in stratification (thermocling) is found, In order to evidence the dis-
persion, we estimate from T323 simulation, the zonal energy flux along the equator [Efiassen and Pafm,
1860]. It consists in cakeulating the quantity {u (x y=0.z.1).p (x. y=0, z, t)}, where ' denotes intraseasonal
anomalies and the brackets stand for the temporal average performed over the CF El NiRo years. This hori-
zontal energy flux is displayed along the equatar within the first 300 m between 140°W and 90°W [Figure
10a). It indicates that the zonal energy flux experiences an eastward change in vertical structure, with the
energy concentrated in the upper layer (first 100 m) in the central-western Pacific faccounting for mizing
associated with the locl wind power) and just below the thermocline in the eastern Pacific (which cannot
be accounted for the local winds), |t was checked that energy flux is enhanced during CP El Nino years

MOSQUERA-VASQUES ET AL

Er2014. Amenican Geophysical Union. All Rights Ressirved. 6516

79



&JAGU Joumal of Geophysical Research: Oceans 101002/20141C010044

compared to the mean energy flux calculated over the whole record with a comparable pattern (not
shown). The change in vertical structure of the zonal energy flux from west to east is indicative of modal dis-
persion associated with the zonal gradient in mean thermocline. In order to quantify this, we consider the
depth-integrated zonal energy flux within the first 300 m (ZF300). Assuming that o and g can be decom-
posed into an infinite sum of baroclinic modes such as uf —Z: ) UnFalz) and g’ —Z: 1 Prfalz), the 300 m
depth-integrated zonal flux can write as follows:

[i] 3 3 1]
ZF300= J W' pdz=> "% " (u ) J FalZ) Fon(2)dz+R
_im Al e _im

Here Flz) are the baroclinic mode functions that also depend on longitude [Dewitte et al, 1999), and R is a
residual accounting for the contribution of the high-order baroclinic modes. R therefore writes as follows:

3 o a L 3 o o o0 a
R=3"3 ", pl) [ Faiz)Fm(z)dz+Y "> " (U} ph) J Folz) Fnl(2)dz+3 S " {tf,. ) I Fol2) i Zhdlz
00

n=lm=d 0 n=d me= 0 = =g

a
The term Z: . z; 1{L.If,|.p:|,}] Falz).Friz)dz represents the zonal flux in the upper 300 m associated
-300
with the propagating waves, while R accounts for the energy flux associated with locally forced variability
that can originate from either local wind forcing or mixing. Both terms implicitly include the effect of modal
dispersion onto the zonal energy flux if any, and their zonal variability may be indicative of such a process,
If there is no scattering of energy, change in energy flux is to be due to dissipation process if local wind fore-
ing is weak, and therefore the flux should decrease eastward. Figure 10k shows the depth-integrated zonal
flux along the equator for the aforementioned terms. Interestingly, the integrated zonal flux associated with
the first three baroclinic mode (black curve) has a local minimum at - 120°W, from which it increases east-
ward. Such increase can be interpreted in term of the larger trapping of zonal flux along the equator by the
Kelvin wave due to the finer meridional scales (smaller phase speed) in the eastern Pacific, which is also evi-
denced in Figure 10c that shows the zonal flux associated with the Kelvin and Rossby waves (first three bar-

oclinic modes) integrated over the whole water column (i.e, Z" Jiu.p, ) where only the contributions of

the Kelvin and first to third meridional Rossby waves to (u,,. p,) are considered). Figure 10c shows that the
zonal flux associated with the Kelvin wave is increased eastward due to the decrease in meridional scale of
the Kelvinwave (resulting from the shallower thermaodine). West of 120°W, the signature of the Rossby
waves on the zonal flux is more prominent than east of 120°W, indicative of the partial reflection of the Kel-
vin waves into Rossby waves on the zonal front in stratification, consistently with results of Figure 9. The
increase in the zonal flux east of 120°W also results from a redistribution of energy between baroclinic
modes toward the higher-order modes as evidenced by the slight increase of the residual term (R) east of
120°W [green curve in Figure 10b)

Another indication of modal dispersion is provided by the spectral analysis of the thermocline depth fluctu-
ations west and east of the density front at ~120°W, which can be estimated from the TAO data. The varia-
tions of thermocline depth are estimated from the ECF analysis of intraseasonal temperature anomalies in
the vicinity of the mean thermaocline in the central Pacific (i.e, at 1807, 170°W, 155"W between 120 and

215 m) and the eastern Pacific (i.e, at 110°W, 95°W between 30 and 80 m). Only the six CP El Nino years are
considered. We retain the first two mades which summed-up contribution explains more than 79% of the
explained variance. A wavelet decomposition of the EOF time series is then performed. Since there is a
marked seasonal dependence of the intraseasonal variability, the climatological wavelet spectrum is esti-
mated which consists in calculating the climatology of the wavelet power coefficient at each frequencies.
Wavelet power was first normalized following equation (14) of Torrence and Compo [1998] in order to com-
pare the magnitude of the wavelet power at different frequencies, following the method introduced in Gou-
banova et al. [2013]. The results are presented in Figure 11. Figure 11 shows that there is a significant
change in the seasonality of the intraseasonal variability of the thermocline de pth fluctuations: intraseaso-
nal variability peak in Austral summer west of 120°W, whereas it tends to peak in Austral winter east of
120°W. In addition, there is a tendency for a broadening of the global wavelet spectrum from west to east,
in particular toward lower frequencies, Since the wind forcing is weak in the eastern Pacific at intraseasonal
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timascales, the change in the spectral characteristics of the thermacling fluctuations from west to east is
due to changes in the background state, inducing ta madal dispersian.

5. Discussion and Conclusions

The characteristics of the intraseasonal Kelvin wave in the Pacific are examined based on observations
{TAD data and altimetry) and an OGCM simulation covering the period 1983-2011. We show that the
expression of the intraseasonal temperature variability is dominant in the vicinity of the thermocline
land not at the surface), which is associated with the contribution of the first three barocdlinic mode
Kelvin waves to the thermacline anomalies. It is then evidenced that the CP El Nino events are associ-
ated with an Increase in intraseasonal equatorial Kelvin activity compared ta neutral years, The peak
variance takes place during the mature phase of the CP El Nino events which Is in contrast with the
extreme 1997,/1998 El Nina event for which the peak variance takes place 5-6 months earlier. Whereas
the peak variance of the intraseasonal Kelvin wave during CP El Mino event is wind-forced in the cen-
tral Pacific as inferred from the linear model simulations performed in this study, the Kelin wave in
the eastern Pacific experiences a drastic change in its characteristics, which cannot be accountad for
by just a linear dissipation in the linear model and wind stress forcing. It Is shown that the region
from which the Kelvin wawve starts strongly dissipating coincides with the location of the mazimum
thermodine zonal gradient (~120"W). This region also corresponds to the location where intraseasonal
Rossby waves originate, which cannot be accounted for by a linear model, suggesting scattering of
energy of the Kelvin wave as it propagates eastward and partial reflections on the density front. An
analysis of the zonal flux in the OGCM is consistent with this interpretation revealing in particular a
sharp charge in its vertical structure near 120°W and an increase in the zonal lux associated with the
high-order baroclink modes in the far eastern Pacific. The eastward change in spectral characteristics
of the thermocline Aluctuations from TAO data is also consistent with the process of modal dispersion,
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Our results may have implications for the understanding of the modulation of ENSO; in particular, the
increased occurrence of CP El Nino events aver the recent decades [Veh et al, 2009; L ee and McPhaden,
2010 In the light of our results, it may be hypothesized that an increase in the zonal contrast of the ther-
macline is favorable for modal dispersion of the intraseasonal Kelvin wave preventing its free propagation
in the far eastern Pacific where it could trigger a local wind response (local Bjerknes feedback) through its
impact on 55T via the strong thermocline feedback there. Interestingly since the late of the 19905, the tropi-
cal Pacific has entered a La Mifa-like state [cf. Xiang et al, 2013] that is associated with a slightly steeper
thermocline. A Coupled General Circulation Model (CGCM) that simulates a decadal variability in the ratio of
occurrence of CP El Nino and EP El Nino events indicates that the latter is associated with a decadal mode
in the thermocline zonal gradient across the equatarial Pacific [Choi et al, 2011] with the periods of
increased occurrence of CP El Nino characterized by a steeper mean thermocdline. Such feature has also
been suggested from observations for the transition in mean state of the 2000s [McPhaden et al, 2011). The
intraseasonal Kelvin wave could thus be “trapped” in the central Pacific during periods when the zonal con-
trast in stratification is increased [see Dewdtte et al, 2012b, Figure 8] for the estimate of the Kelvin wave in
the GFDL_CM2.1 model for CP El Mino events). Mote that this is consistent with the study by Hu et al. [2013)]
which suggests that the combination of a steeper thermocline slope with stronger surface trade winds has
hampered the eastward migration of the warm waters along the equatorial Pacific since 2000, favoring the
occurrence of CP El Nino events. The stee per thermocline leads to a strong zonal contrast in stratification
which can alter the Intraseasonal Kehin wave characteristics through modal dispersion. This is in contrast
with recent studies [Xiang et al, 2013; Dommenget et al, 2012] that rather suggest a nonlinear atmaspheric
process for explaining the predominance of CP El Nino events under a La Mina-like mean state, which calls
for further study. The latter could be based on the experimentation with a tropical Pacific OCGM allowing
the analysis of an explicit heat budget to diagnose mixing and diffusive processes. In particular, it could be
interesting toassess if there is a threshold associated with the amplitude of the equataorial Kelvin wave from
which vertical diffusivity increases sharply, mixing barodinic modes, and preventing the Kelvin wave to
propagate freely. There is also the possibility that the intraseasonal Kelvin wave propagates verticaly along
steep WKB ray paths from its forcing region at the surface in the central Pacific and encounters the stratifi-
cation front associated with the mean thermocline further east. There is indication of such a process in the
OGCM used here (not shown) suggesting that scattering of energy in the east might be taking place both

in the zonal and vertical directions. Further study will be dedicated to the investigation of such process.
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Chapter 4: On the change in thermocline seasonal variability
along the equatorial Pacific from before and after 2000

4.1 Overview

The previous chapter has suggested that the strong dissipation of the ISKws in
the eastern equatorial Pacific could explain the confinement of warm SST anomalies in
the central Pacific during CP El Nifio events. Because there is evidence of increased
occurrence of CP El Nifo events since the 90s (Lee and McPhaden, 2011), there has
been a debate whether or not changes in mean state could be responsible for this. From
the perspective of this thesis, such changes would have to favor the scattering of energy
of the ISKws. A change in the mean slope of thermocline has been observed from
before and after 2000 (McPhaden et al., 2011), which has the potential to impact the
ISKws characteristics. However the change in the mean thermocline depth is weak
(~5m). Here instead on investigating mean state variations, changes in the seasonality of
the thermocline depth are investigated, considering there is a seasonal phase locking of
the ISKws activity (cf. Chapter 3). Based on in situ observations (TAO array) and a
Reanalysis product (GODAS), the seasonal variability of the thermocline depth is
analyzed and interpreted over the period 2000-2011 (P2) and compared with the period
1988-1996 (P1). The results are interpreted in the light of linear model experiments that
provide estimation of the contribution of Kelvin and Rossby wave to the observed
changes in seasonality of the thermocline depth. The methodology is similar to Yu and
McPhaden (1999) that focused on the 1988-1996 period. Significant changes in
seasonality are found between the two periods, which consists in an enhanced Austral
summer shallowing of the thermocline after 2000. The chapter is organized as a paper
and consists in a draft document to be submitted to Journal of Geophysical Research —

Oceans. Supplementary materials are organized as an Appendix A.
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4.2  Draft article to be submitted to Journal of Geophysical Research - Oceans

On the change in seasonal cycle in the equatorial Pacific from before and after
2000

Abstract

The equatorial Pacific has experienced a shift in its mean state since 2000, which has
been suggested to result from the residual effect of ENSO property changes. Here we
show that the seasonal cycle of the thermocline has also changed (both in magnitude
and phase) which is associated with the wind stress forcing. In particular the seasonal
cycle of thermocline exhibits a westward propagation pattern after 2000, which was not
observed before 2000. The differences between the periods before and after 2000 can be
interpreted as an enhanced upwelling Kelvin wave response due to the absence of wind
convergence (divergence) in the far western Pacific after 2000. The enhanced seasonal
shallowing of the thermocline in the eastern Pacific during Austral summer intensifies
the zonal thermocline contrast, which is suggested to either damp the intraseasonal
Kelvin wave during El Nino developments or induce an anomalous cooling through

mean vertical advection of anomalous temperature.
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Abstract

The equatorial Pacific has experienced a shift in its mean state since 2000, which has
been suggested to result from the residual effect of ENSO property changes. Here we
show that the seasonal cycle of the thermocline has also changed (both in magnitude
and phase) which is associated with the wind stress forcing. In particular the seasonal
cycle of thermocline exhibits a westward propagation pattern after 2000, which was not
observed before 2000. The differences between the periods before and after 2000 can be
interpreted as an enhanced upwelling Kelvin wave response due to the absence of wind
convergence (divergence) in the far western Pacific after 2000. The enhanced seasonal
shallowing of the thermocline in the eastern Pacific during Austral summer intensifies
the zonal thermocline contrast, which is suggested to either damp the intraseasonal
Kelvin wave during El Nino developments or induce an anomalous cooling through

mean vertical advection of anomalous temperature.
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1 Introduction

It is now recognized that El Nifio has changed properties over the last 5 decades.
In particular, there has been an increased occurrence of Central Pacific El Nifio events
(Yeh et al., 2009; Lee and McPhaden, 2010): since the beginning of the 21* century
only Central Pacific El Nifio events (hereafter CP El Nifio) have taken place. The reason
for that remains unclear although some aspects of change in mean states could be
involved. For instance Luo et al. (2012) showed that the Walker circulation increased
from 2000, which is associated with the La-Nina mean state observed in recent decades
(Xiang et al., 2013). The change towards a cooler mean state can be related to the
enhancement of non-linear processes for the low-level circulation that could explain
why CP El Nifo events have been more frequent in recent decades (Xiang et al., 2013).
Recently Mosquera-Vasquez et al. (2014) suggested that characteristics of the mean
thermocline could be also a key player. In particular, the intraseasonal Kelvin wave
activity during CP El Nifio events is strongly dissipated East of 120°W and model
results suggest that such dissipation is associated with scattering of energy onto the
zonal density gradient in the eastern Pacific. Whereas most recent studies have focused
on change in mean state after 2000 in order to explain changes in ENSO properties
(Thual et al.,, 2013; Luebbecke et al., 2014; Wen et al., 2014), to the authors’
knowledge, none have investigated changes in the seasonal cycle, although the latter
interacts with ENSO and may explain its irregularity by producing deterministic chaos
through a two-way interaction (Chang et al., 1994, 1995; ; Tziperman et al., 1994, 1995;
Jin, 1997; Wang and Fang, 1996; Wang et al.,1999; Timmermann et al., 2003). Another
view is that, because ENSO is seasonally-phase locked (Rasmusson and Carpenter,

1982; Galanti and Tziperman, 2000; An and Wang, 2001), the ENSO (amplitude and
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asymmetry) modulation can rectify on the seasonal cycle and produce changes in it. An
and Choi (2009) suggest in particular that the changes in the seasonality of the
asymmetry of ENSO may modify the amplitude of the annual and semi-annual cycles of
the tropical eastern Pacific SST via a nonlinear process. A change in the ENSO
asymmetry took place from the 2000s (Boucharel et al., 2011), which has an imprint on
the equatorial wave dynamics (Dewitte et al., 2012). It mostly consists in a sharp
reduction of the ENSO positive asymmetry from before and after 2000 as illustrated by
the Figure 1, which shows the climatological skewness of the NINO3 region for two
periods. Figure 1 indicates that the changes are more pronounced during Austral

summer, i.e. when El Nifio peaks.

As a first step towards a better understanding of the mechanisms that leads to
ENSO properties changes after 2000, the thorough investigation of observed changes in
the seasonal cycle of the equatorial circulation is required, which this paper contributes
to. Our focus is on the seasonal changes in the thermocline and surface winds due to the
availability of data over a sufficiently long record to assess changes in seasonality at
decadal timescales. We also analyse oceanic and atmospheric Reanalysis products and
carry out model experiments in order to provide a dynamical interpretation of the

changes in seasonality.

The paper is organized as follows: data and methodology are described in

Section 2. The results are presented in Section 3 and the section 4 is a discussion

followed by concluding remarks.

2. Data and method
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For each data set, two periods are considered to derive the seasonal cycle: 1988-
1996 (P1) and 2000-2011 (P2). The 1997-1998 El Nifio is not considered in the
statistics due to exceptional amplitude. The monthly mean is calculated and a 1-2-1
filter is applied to filter out the remaining intra-seasonal variability. At last, the mean
seasonal cycle is derived. P1 covers nine years, which has been shown appropriate for
accounting for the seasonal variability. Yu and McPhaden (1999) in particular compared
the climatologies estimated from different products over this period and found a good
agreement between them. The period P2 covers twelve years due to the low density of
in in situ data collection in the equatorial Pacific from 2012 (see Takahashi et al.
(2014)), preventing in particular to estimate properly the 20°C isotherm depth in the
eastern equatorial Pacific in 2013-2014. Despite such limitation, we showed that our
estimate of the seasonal variability over P2 from observations is comparable to estimate
from Reanalysis products over 2000-2014 (not shown). Similar analysis was applied to

period of nine years and the results are similar (not shown).

2.1 Winds and 20°C isotherm depth from TAO

TAO (Tropical Atmosphere Ocean Project) is the cornerstone of the now defunct
TOGA project. With around 70 mooring buoys, deployed in the tropical Pacific since
the 80s, the ocean in this region has been monitored with high temporal resolution. The
variables used in this work are: 20°C isotherm depth (hereafter thermocline depth) and
zonal (u) and meridional (v) winds. Variables were downloaded from the TAO

homepage and interpolated between 2°S and 2°N in order to fill gaps in the equatorial
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wave guide. Zonal and meridional wind at a daily resolution are used to estimated the

zonal pseudo stress (U) using the following formula: .

2.2 GODAS Reanalysis

The GODAS (Global Ocean Data Assimilation System) is a model developed to
initialize a numerical coupled model at National Environmental Prediction Center
(NCEP) used to operational ENSO prediction. The current version of GODAS has 40
vertical levels with a 10 m resolution in the upper twenty meters and extends
meridionally from 75°S to 65°N. GODAS is forced by the momentum flux, heat flux
and fresh water flux from the NCEP atmospheric Reanalysis 2 (R2). The oceanic model
assimilates SST from Reynolds Optimal Interpolation product (OISST, Reynolds et al.,
2002), temperature vertical profiles from TAO project (see Section 2.2.1) and
expendable bathy thermographs (XBT) observations from NODC World Ocean
Database 1998 (information before 1990) and Global Temperature-Salinity Profile
Project (after 1990). The current version does not assimilate satellite sea level
information but has a comparative sea level diagnostic. More information could be

found in Behringer and Xue (2004).

Like for TAO data, GODAS temperature is used to derive the seasonal cycles of
thermocline depth over P1 and P2. As mention above, we also use an extended P2
period (2000-2014) allowed by the availability of the data until November 2014 in order
to test the sensitivity of the results to the period over which the climatology is

calculated. It is expected that GODAS, due to the assimilation of TAO data, compare
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wells with the TAO data, although differences can emerge due to the assimilation

process.

GODAS is also used to derive information needed to tune a Multi-modal linear
oceanic model (see below) that is used for interpreting the results. In particular a
vertical mode decomposition of the GODAS mean stratification over both periods is
performed in order to derive the wave parameters required for the linear model. The
analysis also allows estimating the baroclinic mode contributions to thermocline
variability and zonal current in GODAS (See Dewitte et al. (1999) for the details of the

method).

Wind at 10 meters from NCEP-DOE Reanalysis 2 (R2; Kanamitsu et al., 2002),
which is the surface momentum fluxes for GODAS model, is used to compare with the
TAO data. Climatological wind stress is obtained from monthly mean data to be

employed to force the linear model experiments (see Section 2.5).

2.3 Multi-modal linear ocean model (MMLOM) and derivation of long

equatorial waves

For the interpretation of the results, following Yu and McPhaden (1999), a linear
oceanic model is used. The model is described in Mosquera-Vasquez et al. (2014)
where it is used in a single mode version. Here three baroclinic modes are used, which
characteristics (¢, , H,) are derived from a vertical mode decomposition of the mean
stratification from GODAS. (¢, , H,) are respectively the phase speed and the equivalent

depth for the nth baroclinic modes. The model outputs are further decomposed in
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Kelvin and first meridional Rossby waves for each mode, which can be compared to the
decomposition of GODAS. The friction r;, has the form », = (¢, /¢,)’(30 months)™,

Two seasonal simulations are carried out that corresponds to the different
periods P1 and P2. The model is run for ten years to ensure that we are in steady state at
climatological time scale and only the last year is analyzed.

3 Results

Thermocline depth

The Figure 2 (bottom panels) shows the seasonal variability (represented in two
consecutive years in order to emphasize the complete variation) of the thermocline
depth from TAO for P1 and P2. The fluctuations of the thermocline depth exhibits
contrasted difference between the two periods. For P1, the variations indicate that the
Upwelling Phase (UP) is concentrated mainly between March and September with a
maximum value in May-June, which corresponds to period when trade winds intensify
seasonally (see Figure 5a). The location of the upwelling centers (where the thermocline
becomes shallow) are at 155°W and 125°W. Between October and February, the
thermocline deepens with a maximum depth around November at the same location of
the UP. The central and eastern Pacific are in phase, evidencing no propagation of the
seasonal cycle. These results, in general, are consistent to those found by Yu and
McPhaden (1999) using the same information to characterize the seasonal variability in
the equatorial Pacific region. On the other hand, for P2, the variations in thermocline
depth are indicative of a westward propagation, with the UP starting in Austral summer

in the east and evolving to the west until winter. The eastern (western) Pacific in P2 has
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a prominent semi-annual (annual) oscillation compared with P1. Interestingly the
difference between P2 and P1 (Figure 2¢) evidences an eastward propagating seasonal
variability in the central Pacific with a peak variability in the eastern Pacific more
pronounced for the UP and DP. This results in particular in a shallower thermocline
(5m) in the eastern Pacific during P2 compared to P1 (Figure 2¢). On the other hand,
the mean thermocline is deeper (10m) in the central Pacific during P2 (Figure 2d),
which has been suggested to result from the rectified effect of CP El Nifio events

(McPhaden et al., 2011).

To further document the change in seasonality in thermocline depth, the
amplitude and phase of the annual and semiannual oscillations are derived from both
periods using a Harmonic Regression Model (for details of the methodology, refer to
Emery and Thomson, 2001) for each period. The Figure 3 shows the results. They
indicate that, after 2000 the magnitude of the annual cycle has been reduced along the
equatorial Pacific to the east and to the west of 140°W. The maximum value of around
12 m during P1 is decreased to 7 m during P2. In the case of the semi-annual cycle, the
magnitude in P2 increases (decreases) at 125°W (central and western Pacific). The
phase has changed from before and after 2000: during P1, the phase is indicative of a
seasonal cycle propagating eastward, contrary to during P2 when the phase indicates a

slow westward propagation from the far eastern Pacific (see Figure 3f).

Due to uncertainty associated with variations in data density (in particular in the
eastern equatorial Pacific), GODAS is also analyzed, which somehow provides a
consistency check of the above results. The Figure 4 indicates that annual and semi-

annual cycles of thermocline depth in GODAS is comparable to the one of TAO, with
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in particular the annual cycle in P1 (P2) showing a fast eastward (slow westward)
propagation (Figure 4a, c¢), while the semi-annual cycle has an eastward propagating
pattern (Figure 4b, d). In Figure 4e, it is clear that the magnitude of the 1* harmonic
has been reduced in most of the equatorial Pacific region, except to the west of the
dateline, where the magnitude during P2 is greater than during P1. The phase of the 1*
harmonic also shows differences between P1 and P2, revealing opposite movements:

eastward and westward during P1 and P2, respectively (Figure 4f).

Wind stress

Thermocline variability in the equatorial at seasonal timescales is to a large
extent due to the adjustment to momentum flux in the equatorial Pacific (Xie and
Philander, 1994; Yu and McPhaden, 1999). To clucidate the causes of the observed
changes in the thermocline seasonal variability, the changes in the seasonal cycle of
zonal pseudo stress (UU) is thus documented. The Figure 5 displays the results of the
harmonic regression model applied to UU estimated from TAO winds. The amplitude of
the annual cycle is larger during P2 than during P1 and evidences a clear westward
propagation that extends to the west more during P2 than during P1 (Figure 5a and
Figure 5c). This is clearly evidenced in the amplitude (Figure Se) and phase (Figure
5f). On the other hand, the semi-annual cycle does not exhibit significant changes from
P1 to P2, except in the far western Pacific where the phase indicates a slower westward

propagation than in the central Pacific during P2 (Figures Sbdef).

The analysis of the NCEP-DOE wind stress reveals comparable features (Figure

6), that is, the amplitude (Figure 6e) and phase (Figure 6f) of the annual cycle has a
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marked westward propagating signal during P2 that extends over the entire equatorial
Pacific region, whereas during P1, the westward propagation is no longer taking place

around the dateline.

Dynamical interpretation

In this section we investigate to which extent the changes in seasonally
described above can be interpreted in terms of the dynamical response to wind stress
forcing. The vertical mode decomposition of GODAS as well as results of linear model
experiments are used. The linear model is tuned based on the parameters derived from
the GODAS vertical mode decomposition. The latter is performed at each grid point
along the equator, which provides wave parameters of the first three baroclinic modes
(n=1, 2, and 3) as a function of longitude. They are then averaged between 170°W-
120°W (see Table 1 for values) and prescribed into the linear model. The linear model
outputs that are analyzed here consist in the summed-up contribution of the Kelvin
wave contribution to sea level anomalies for the three baroclinic modes (HK) and the
summed-up contributions of the first and third meridional mode Rossby wave

contribution to sea level anomalies for the three baroclinic modes (HR).

The Figure 7 displays the results of the harmonic analysis applied to the linear
model outputs. The focus is on the annual harmonic considering that the semi-annual
cycle has a much lower amplitude. The results reveals that the changes in the
seasonality of the thermocline can be interpreted to a large extent as a dynamical linear
response to the changes in the seasonal wind stress. In particular the sea level anomalies

simulated by the model after 2000 propagate westward, which is not observed before
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2000. The prominent westward propagation during P2 is due to the change in the Kelvin
wave response to the wind stress as indicated by the meridional decomposition. During
P1, there is an annual upwelling Kelvin wave forced in the western Pacific during April-
June that propagates freely eastward and reaches the eastern Pacific in August-October
where it intensifies. This free annual Kelvin wave is no longer present during P2, which
emphasizes the annual Rossby wave and so the westward propagation along the equator.
The Kelvin wave response during P2 consists in a westward propagation indicating that
it is mostly wind forced. Even though the magnitudes are similar in both periods (1% and
2" harmonic, see Figure 7g), the phases of the annual cycle are not (see Figure 7i).
Regarding the Rossby wave, the phase is identical in both periods (westward
propagation, Figure 7¢ and 7f). However the amplitude is significantly larger during P2
to the west of 150°W (Figure 7h). Similar features are obtained from the vertical mode
decomposition of GODAS (not shown). The difference in the annual Kelvin wave
response between both periods explains to a large extent the difference in thermocline

depth observed in TAO.

4. Summary and Discussion

Due to the tied relationship between the ENSO and seasonal cycle, the low
frequency modulation of the later is worth investigating for understanding ENSO
property changes. Here the focus is on changes in the seasonality of thermocline depth
from before and after 2000 considering that a change in ENSO dynamics has been
observed around 2000 (McPhaden et al., 2011). The analysis is based on in situ data
(TAO), the NCEP reanalysis and a linear model simulation. It reveals significant

changes in the characteristics of the seasonal variability of the thermocline depth. In
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particular, whereas the seasonal cycle of thermocline depth is stationary before 2000, it
exhibits a westward propagation similar to SST after 2000. This is interpreted as a
changes in the forcing of seasonal Kelvin and Rossby waves: After 2000, the seasonal
Kelvin wave is locally forced by the westward propagating wind stress, whereas before
2000, the Kelvin was is forced in the far western Pacific and then propagates freely
towards the eastern Pacific where it is intensified. As a result, the change in seasonality
of the thermocline depth consists in an apparent Kelvin wave response leading to a
shallowing (deepening) of the thermocline in Austral Spring-Summer (Fall-Winter) in
the far eastern Pacific. Another striking difference between the two periods is the
amplification of the semi-annual cycle in the eastern Pacific after 2000. The latter
explains the change in asymmetry of the seasonal cycle in the eastern Pacific from

positive to negative.

Where changes in the seasonality of thermocline depth in the eastern Pacific
may not impact significantly the seasonal SST because the latter is mostly driven by the
meridional winds (Xie, 1994), it can alter the ENSO dynamics in two ways: 1) First,
since a shallowing of the thermocline is observed after 2000 during Autral Summer, it
may induce an anomalous cooling through vertical advection of mean temperature
during the development phase of ENSO, damping the Bjerknes feedback and so the
growth rate of the ENSO mode. 2) Second, the enhanced shallowing of the thermocline
in Austral winter is propitious for the scattering of energy of the Kelvin wave due to the
enhanced zonal contrast of the thermocline and the proximity of the thermocline to the
mixed-layer (inducing a more diffuse thermocline). Such process has been suggested to
be at work onto the intraseasonal equatorial Kelvin wave during CP El Nifo events

(Mosquera-Vasquez et al., 2014). Whether or not such process would be at work and
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enhanced after 2000 needs to be further investigated. At this stage it is interesting to
note that the seasonal changes in thermocline depth described in the paper have not been
observed over the last 5 decades. The Figure 8 displays the cross-correlation between
the seasonal cycle of thermocline depth calculated over 10-year running windows from
1958 to 2008 (SODA) over different regions along the equator. It clearly shows that
changes in seasonality are the most prominent in the far eastern Pacific and for the
period after 2000. Further studies are necessary in order to better understand the
mechanisms associated with such seasonal changes and how they could affect ENSO

dynamics.
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Table Captions

Table 1. Parameters used in the MMLOM for each baroclinic mode (columns) averaged

between 170° - 120°W.
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Baroclinic modes

m=1 m=2 m=3

cn(ms™) 2.77 1.62 1.06

H, (m) 313 257 864

1/r, (months) 30 23 18
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456 Table 1. Parameters used in the MMLOM for each baroclinic mode (columns) averaged
457 between 170°W- 120°W.
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Figures Captions

Figure 1. Climatology skewness of the El Nifio 3 index for the periods 1981-1999
(black line) and 2000-2014 (red line) based in the version 3 of ERSST product

(http://www.cpc.ncep.noaa.gov/).

Figure 2. Seasonal variability of the observed (TAO) thermocline in the period P1 (a) y
P2 (b). Units are meter. The panel (c) shows the difference between the two periods (P2
minus P1). In the three upper panels the grey shading indicates negative values. The
panel (d) displays the mean thermocline depth over P1 (black solid line) and P2 (red
solid line) and the difference between P2 and P1 (black dashed line with an axis on the
right). Open squares located in the upper and lower axes of each panel indicate the

location of the mooring buoys.

Figure 3. Annual and semi-annual harmonics of the thermocline depth from TAO along
the equator during P1 (panels (a) and (b)) and during P2 (panels (c¢) and (d)). The
bottom panels display the magnitude (e) (scaled by the maximum value) and phase (f)
during P1 (black) and P2 (red). The 1st (2nd) harmonic is represented with a thick (thin)
line. Open squares located in the upper and lower axes of each panel indicate the

location of the mooring buoys.

Figure 4. Similar to Figure 3 but for GODAS. The period P2 is here 2000-2014

Figure 5. Similar to Figure 3 but for pseudo stress (m2s-2) estimated from TAO winds.
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Figure 6. Similar than Figure 3 but for pseudo stress (m2s-2) estimated from NCEP-

DOE winds.

Figure 7. The 1st harmonic seasonal SLH simulation results from MMLOM for period
P1 (first row) and P2 (second row). The first (second, third) column of the first two
rows displays the sum of HK and HR (HK, HR). The last four panels (j, h, i and j)
display harmonic analysis results for HK and HR: panels (g) an (h) indicate the
magnitude of HK and HR, respectively; panel (i) and (j) represent the phase. Thick

(thin) line indicates Ist (2nd) harmonic and black (red) line represents P1 (P2).

Figure 8. Cross-correlation between the seasonal cycles of thermocline depth calculated
over 10-year running windows between 1950 to 2008 along the equator. Data are from
SODA: (a) Whole Pacific region, (b) Western Pacific, (d) Central Pacific and (d)

Eastern Pacific.
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Chapter 5: Conclusions and perspectives

(English Version)

In this thesis, the oceanic intraseasonal variability during Central Pacific El Nifio
(CP El Nino) events is investigated with emphasis on the long equatorial wave
dynamics. Whereas Mosquera-Vasquez et al. (2013) focuses on a single event (the
2002/03 El Nifio), Mosquera-Vasquez et al. (2014) provides a more generalized view of
the intraseasonal Kelvin wave (ISKw) activity during the development and evolution of
CP El Nifio events that took place from 1990. The most significant and new finding is
that ISKws during CP El Nifio events experiences a drastic dissipation in the Eastern
Pacific that is interpreted as resulting from modal dispersion due to the zonally varying
stratification (sloping thermocline). Since during CP El Niflo events, there is a weak Sea
Surface Temperature (SST) variability in the eastern equatorial Pacific, it suggests that
this strong eastward dissipation of the ISKws could be responsible for the CP El Nifo
spatial structure, i.e. a zonal seesaw of SST anomaly, positive in the central Pacific and
negative (near zero) in the eastern Pacific. If the ISKw did not dissipate, it would be
effective in inducing SST anomaly in the eastern Pacific because the thermocline
feedback is effective there (due to the shallow thermocline). It could therefore explain
why CP El Niflo does not develop as an Eastern Pacific El Nifio once they are initiated:
the dissipation of the ISKws does not allow the warming in the eastern Pacific through
the thermocline feedback and as a consequence does not contribute to a local Bjerknes
feedback there, prone to increase the growth rate of ENSO instability (Takahashi and
Dewitte, 2015).

This thesis also suggests that there have been changes in the circulation in the
equatorial Pacific that have enhanced the dissipation of long equatorial waves in recent
years since CP El Niflo have occurred more frequently since the 90s (Lee and
McPhaden, 2011). The equatorial Pacific has a La Nifia-like state since the 90s (Xiang
et al., 2013), which has the potential to increase the zonal contrast in vertical
stratification (Thual et al., 2013). So our findings are consistent with the idea that
change in mean state could influence the dissipation process of the ISKws. A recent

observational study has suggested that changes in mean state could be a response of the
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increased occurrence in CP El Nifio through a rectification process (McPhaden et al.,
2011), whereas modeling studies suggest that a two-way feedback between change in
mean state and CP El Nifo could exist leading to a decadal variability of the ENSO
properties (Choi et al., 2011; 2012). In line with these studies, this thesis has thus
explored decadal changes in the seasonal cycle, considering that the ISKw activity has a
marked seasonality during CP El Nifio events. The focus is on the change in the
seasonal cycle of the thermocline depth from before and after 2000s. The results, which
are based on in situ data (TAO), the NCEP reanalysis and a linear model simulation,
show that there exist significant changes in the seasonality of the thermocline depth
from before and after 2000. This has been interpreted as partly resulting from changes
in the forcing of the seasonal Kelvin and Rossby waves along the equatorial Pacific.
Another striking difference between the two periods is the amplification of the semi-
annual cycle in the eastern Pacific after 2000. The latter explains the change in
asymmetry of the seasonal cycle in the eastern Pacific from positive to negative. These
results are consistent with the hypothesis that ISKws would be more dissipated over the
recent decade during Austral Summer, implying an inhibition of the thermocline
feedback in the eastern Pacific. Although we show that these changes in thermocline
slope can be explained to a large extent through equatorial wave dynamics, there is a
local amplification of these changes in the eastern Pacific, which could be explained by
other processes. These includes mixing associated with Tropical Instability Waves that
could erode the stratification near the shallow thermocline in the east, or buoyancy
fluxes associated with nonlocal mixing within the mixed-layer when non-solar heat
fluxes are larger than the solar flux that penetrates the surface layer and would
destabilized locally the fluid (Large et al., 1994). Model simulations can provide
material for the understanding of such process. Along the evolution of this thesis, a
ROMS (Regional Oceanic Model System) configuration of the equatorial Pacific (15°S-
15°N) was implemented (see Appendix B) with the perspective to carry out a heat
budget analysis of the surface layer. This is a direction for future work. The model
could be further coupled to an atmospheric model to elucidate to which extent there can
be an air-sea positive feedback associated with the mixing process. Note that there has
been indication that the ISKws could be coupled to the low-level circulation during the
Madden Julian Oscillation activity (Hendon et al., 1998; Roundy and Kravitz, 2009).
This is a process that cannot be diagnosed from a forced model, so the coupled model

would be ideal to tackle this issue. Such a model could also have a value for seasonal
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prediction at basin scale and at regional scale (along the Peruvian coast) and serve as a

seasonal prediction system for Peru.

This thesis also calls for a better understanding of the mechanisms associated
with the propagation of the ISKws along the South America coast and for the
investigation how the latter impacts the circulation and SST. A recent study has
suggested that the ISKw was weakly influential on SST along the coast of Peru,
although the ISKws was propagating efficiently along the thermocline (Illig et al.,
2014). Although this study is peculiar to the 2000-2008 period, it highlights the likely
role of local stratification in influencing the oceanic teleconnection off Peru. An
observational platform off Peru could be set up to investigate this, which the author of
this thesis is keen on contributing to within a national and international context

(Takahashi et al., 2014).

At the time this thesis was written, a warm event developed along the Peruvian
coast in 2014 (See Figure 5.1). This warm event has again challenged our
understanding of El Nifio since it did not develop as expected: It was anticipated to lead
to an El Nifio event as strong as the 1997/98 El Nifio but it was not at basin scale
(Menkes et al.,, 2014). This event was still significant for Peru, leading to warm
anomalies along the coast. Such event remains unexplained' and it is likely to mobilize
the ENSO community for a few years in order to propose a mechanism by which this
event vanished at a moment when ENSO scientists thought it would lead to a strong
eastern Pacific El Nifio. Again, around 9" of March 2015, a huge MJO signal was
followed by wind stress anomalies that are expected to force intense downwelling
ISKws (see Figure 5.1). The ENSO community is again pending how this event will

develop.

Based on the work presented in this thesis, its author is willing to participate to
such effort in the coming years. Since the afore-mentioned proposed processes
potentially leading to the amplification or erosion of the zonal contrast in stratification

(and thus to the dissipation of the ISKws in the eastern Pacific) has not been

*Dr. Mike McPhaden is having a poster at the EGU 2015 entitled “Who Killed the Big 2014-15 El
Nifo?”
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investigated yet, there is still plenty work to be done. This should guide the author’s
research in the next years at Instituto Geofisico del Perui (IGP) considering the socio-
economical consequences associated with coastal warmings (not just El Nifio events)

along the coast of Peru.
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Figure 5.1 Howmoller diagram along the equatorial region of the zonal wind stress
anomaly from ASCAT (a); thermocline depth anomaly from TAO (b), and ARGO
drifters (c); and sea level anomaly from JASON-2 (d), (e) the thermocline depth
anomaly, calculated with a linear oceanic model that was forced by ASCAT winds, is
displayed. For prediction purpose, the linear model is forced with (taux, tauy) = (0, 0)
when ASCAT data are no longer available.
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(Version francgaise)

Dans cette thése, la variabilité intra-saisonniere océanique durant les événements
El Nifo de type Pacifique Central (CP El Nifo) est étudiée en mettant I'accent sur la
dynamique des ondes longues équatoriales. Tandis que Mosquera-Vasquez et al. (2013)
se concentre sur un événement particulier (EI Nifio 2002/03), Mosquera-Vasquez et al.
(2014) présente une vue plus générale de l'activité IntraSaisonniére de I'onde de Kelvin
(ISKw) pendant le développement et 1'évolution des événements CP El Nifio qui ont eu
lieu a partir de 1990. Le résultat le plus important et original de cette thése est que
durant les événements CP El Nifio, I'onde ISKw subit une forte dissipation dans le
Pacifique Est. Celle ci est interprétée comme résultant de la dispersion modale en raison
de la variation zonale de la stratification (i.e. la remontée de la thermocline d'Ouest en
Est). Puisque lors des événements CP El Nifio, la variabilité de la température de la
surface de la mer (SST) est faible dans I'Est du Pacifique équatorial, cela suggere que
cette forte dissipation des [ISKws pourrait étre responsable de la structure spatiale des
événements CP El Nifio, i.e. un dipole zonal de I'anomalie de SST, positive dans le
Pacifique central et négative (proche de zéro) dans le Pacifique oriental. Si 1'onde ISKw
ne se dissipait pas, elle pourrait induire des anomalies de SST dans le Pacifique Est, car
le processus de thermocline feedback est efficace dans cette région (en raison de la
thermocline peu profonde). Cela pourrait donc expliquer pourquoi 1'événement El Nifio
de type Central Pacifique ne se développe pas comme un événement El Nifio Pacifique
Est une fois 1'événement initié: la dissipation des ISKws ne permet pas le réchauffement
dans le Pacifique Est par le thermocline feedback et par conséquent ne permet pas de
déclencher la retro-alimentation locale de Bjerknes (« Bjerknes feedback »), qui conduit
a la croissance de l'instabilitt ENSO pendant les événements forts (Takahashi et
Dewitte, 2015, soumis).

Cette these suggere également qu'il ya eu des changements de la circulation dans
le Pacifique équatorial qui ont intensifié la dissipation des ondes longues équatoriales au
cours des dernicres années, puisque les événements CP El Nino ont été plus fréquents
depuis les années 90 (Lee et McPhaden, 2011). Le Pacifique équatorial est dans un état
froid - de type La Nifia - depuis les années 90 (Xiang et al., 2013), ce qui a le potentiel
d'augmenter le contraste zonal de la stratification verticale (Thual et al., 2013). Ainsi,

nos résultats sont cohérents avec 1'idée qu'un changement d'état moyen pourrait
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influencer le processus de dissipation des ISKws. Une étude observationnelle récente
(McPhaden et al., 2011) a suggéré que le changement de I'é¢tat moyen du Pacifique
équatorial pourrait expliquer la fréquence accrue des événements CP El Nifio a travers
un processus de rectification, alors que les études de modélisation suggerent qu'une
rétroaction entre le changement de I'état moyen et 'occurrence des CP El Nifio pourrait
exister, conduisant a une variabilité décennale des propriétés ENSO (Choi et al., 2011 ;
2012). Dans ce contexte, cette thése a donc exploré les changements décennaux du
cycle saisonnier, estimant que l'activité de 'onde ISKw a une saisonnalit¢ marquée au
cours des événements CP El Nifio. L'accent a ét¢ mis sur le changement du cycle
saisonnier de la profondeur de la thermocline avant et apres 2000. Les résultats, qui sont
basés sur des données in situ (TAO), la réanalyse NCEP et une simulation d'un mod¢le
linéaire, montrent qu'il existe d'importants changements dans la saisonnalité de la
profondeur de la thermocline avant et aprés 2000. Cela a été interprété comme résultant
en partie de changements dans le forgage des ondes de Kelvin et de Rossby
saisonniéres, le long du Pacifique équatorial. Une autre différence frappante entre les
deux périodes est 1'amplification du cycle semi-annuel dans le Pacifique Est aprés 2000.
Ce dernier explique le changement de I'asymétrie du cycle saisonnier dans le Pacifique
Est, passant de positif a négatif. Ces résultats sont cohérents avec I'hypothese que 'onde
ISKw se dissiperait davantage au cours de la derniére décennie durant 1'été austral, ce
qui implique une inhibition du processus de thermocline feedback dans le Pacifique Est.
Bien que nous montrions que ces changements de pente de la thermocline peuvent étre
expliqués dans une large mesure par la dynamique des ondes équatoriales, il y a une
amplification locale de ces changements dans le Pacifique Est, qui pourrait &tre
expliquée par d'autres processus. Par exemple, le mélange associ¢ aux ondes
d'instabilité tropicales pourrait éroder la stratification dans I'Est, ou la thermocline est
peu profonde. Aussi, les flux de flottabilité¢ associés au mélange non local dans la
couche de mélange qui est activé lorsque les flux non solaires sont plus important que le
flux solaire qui pénectre dans la couche de surface et auraient ainsi tendance a
déstabiliser localement le fluide (Large et al., 1994). Les simulations numériques sont
utiles pour la compréhension de ces processus. Au cours de cette thése, une
configuration du Pacifique équatorial (15°S-15°N) a partir du modele régional ROMS
(Regional Oceanic Model System) a été mise en place (voir Annexe B), dans le but de
réaliser une analyse du budget de chaleur de la couche de surface. C'est une perspective

pour les travaux futurs. En outre, le modéle peut étre couplé a un modele atmosphérique
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régional pour étudier dans quelle mesure il peut y avoir une rétroaction positive air-mer
associée aux processus de mélange. Il est a noter que les ondes ISKws pourraient étre
couplées a la circulation atmosphérique de surface pendant les pic d’activité de la MJO
(Madden-Julian Oscillation (Hendon et al., 1998; Roundy et Kravitz, 2009). C'est un
processus qui ne peut pas €tre diagnostiqué a partir de simulations forcées, et par
conséquent un modele couplé océan-atmosphére serait un outil idéal pour aborder cette
question. Un tel modéle pourrait également &tre trés utile pour la prévision saisonniére a
I'échelle du bassin et a I'échelle régionale (le long de la cote péruvienne) et servir

comme systéme de prévision saisonniere pour le Pérou.

Cette these appelle également a une meilleure compréhension des mécanismes
liés a la propagation des ondes ISKws le long de la cote Sud-Américaine et a étudier
comment ces dernicres modifient la circulation océanique régionale et de SST. Une
¢tude récente a suggéré que l'impact de I'onde ISKw était faible sur la variabilité¢ de la
SST le long de la cote du Pérou, bien que I'onde ISKw se propage efficacement le long
de la thermocline (Illig et al., 2014). Bien que cette étude soit propre a la période 2000-
2008, elle met en évidence le role probable de la stratification locale sur les
caractéristiques de la téléconnection océanique le long des cotes du Pérou. Une plate-
forme d'observation au large du Pérou pourrait étre mise en place pour étudier cela, et
l'auteur de cette thése est désireux de contribuer a cet effort dans un contexte national et

international favorable (Takahashi et al., 2014).

Au moment ou cette thése a été écrite, un événement chaud s'est développé le
long de la cote péruvienne en 2014 (Voir Figure 5.1). Cet événement chaud a de
nouveau mis au défit notre savoir sur le phénomene El Nifio, car il ne s'est pas
développé comme prévu: On attendait un événement El Nifio aussi fort que 1'événement
El Nifio de 1997/98, mais il disparu a I'échelle du bassin (Menkes et al., 2014).
Néanmoins, cet événement a ét¢ important pour le Pérou, avec des anomalies chaudes le
long de la cote. Un tel événement demeure inexpliqué” et il est susceptible de mobiliser
la communaut¢ ENSO pour quelques années afin de proposer un mécanisme qui
explique pourquoi cet événement s'est affaibli au moment ou les scientifiques

spécialistes ' ENSO pensaient que les conditions allaient conduire a un fort événement

* Dr. Mike McPhaden présente un poster a 'EGU 2015 intitulé “Who Killed the Big 2014-15 El Nifio?”
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de type Pacifique Est. A nouveau, vers le 9 Mars 2015, un énorme signal MJO a été
suivi par des anomalies de tension du vent de surface qui théoriquement vont forcer
d'intense ondes ISKws de downwelling (Voir Figure 5.1). La communauté ENSO est a

nouveau dans l'attente de savoir comment cet événement va se développer.

A partir du travail présenté dans cette thése, son auteur est disposé a participer a
un tel effort dans les années a venir. Puisque les processus énoncés précédemment, qui
peuvent conduire a I'amplification ou a I'érosion du contraste zonal de la stratification
(et donc a la dissipation des ondes ISKws dans le Pacifique Est) n'ont pas encore ¢été
¢tudiés, il y a encore beaucoup de travail a faire. Cela devrait guider la recherche de
l'auteur dans les prochaines années a 1'Instituto Geofisico del Peru (IGP) dont une des

missions est I'étude et la prévision du phénoméne El Nifio.
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Appendix A: Supplementary material for Chapter 4

This appendix contains complementary material to verify that the changes in the
seasonality of the wind stress forcing, sea level and zonal currents from before and after
2000 are consistent among products. Statistical tests are performed to estimate the
significance of the changes (Figure A.2 — A.6). Different data sets are used: TAO,
NCEP-DOE Reanalysis, ERA-Interim Reanalysis and GODAS Reanalysis. The oceanic
products (GODAS Reanalysis) help in the interpretation of the observed changes along
the equatorial Pacific.

To derive statistical significance of the difference between climatology in P1
and P2 the following methodology is followed:

To reach a formal Climatological Monthly Mean (CMM), each variable is
processed to obtain confidence interval (90%) for each month. For this, an analysis of
Student t-distribution is implemented assuming that each year is independent. As a
consequence the following equation is used to estimate the interval of confidence of the
real mean (u):

u=x+¢& (A1)

where X is the mean of each month in each time series (P1 or P2) and £ is expressed as:

a (A.2)

£ =ty ———
0.05 \/ﬁ

with s as a standard deviation, N the number of samples (number of years, with the
exclusion of TAO data, where N means the available monthly information) and #js is
the value of t statistic for which only 0.05 (5 %) of the values of # would be expected to
be greater.

After that, a statistical test for Difference of Mean is used to get the significance
difference between CMM 1988-1996 and CMM 2000-2009 from many datasets.
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Figure A.1 Number of data (in colour) for each month to calculate the Climate Monthly
Mean (CMM) from TAQO’s pseudostress (m* s). (a) And (b) indicate the period 1988-
1996 and 2000-2009, respectively. Crosses are the position for each mooring buoys and

circles around them display that there is enough information to calculate the CMM.
White contours display the CMM.
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Figure A.2 Pseudo-stress (m’ s7%) analysis from TAO data along the equator where
mooring buoys location are marked with open squares on the x-axis, and crosses along
the figures. (a) and (b) show the climatologic pseudo-stress (m* s7%) for the period 1988-
1996 and 2000-2009, respectively. In both panels, white lines are the climatologic
variability, expressed in two years, and black contours and gray scales are the &
parameter of equation (A.2), that means the (+/-) 90% confidence limit. (c) Is the
difference (in gray scale an black contours) between both climatologic wind stress,
whereas red fill circles indicate the points where the significance difference are

important in 90% after a Student’s t-distribution test.
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Figure A.3 As in Figure A.2 but for pseudo-stress from the NCEP-DOE reanalysis.
Colors in (c¢) indicate where the differences are significant.
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Figure A.4 As in Figure A.2 but for pseudostress from the ERA-Interim reanalysis.
Colors in (c¢) indicate where the differences are significant.
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Figure A.5 As in Figure A.2 but for the sea level (cm) from GODAS. Colors in (c)
indicate where the differences are significant.
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Figure A.6 As in Figure A.2 but for the zonal currents (cm s) from GODAS. Colors in
(c) indicate where the differences are significant.
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Figure A.7 RMS of the baroclinic mode contribution to the climatological zonal
currents (ZC) from GODAS for P1: (a) mode 1, (b) mode 2, (¢) mode 3 and (d)

summed-up modes 4 to 10. The first three baroclinic modes accounts for the equatorial
wave dynamics, while the sum of the higher-order modes accounts for the Ekman layer

dynamics. In (a) the highest variability of the ZC is located in the central western

Pacific with a maximum value of 15 m s™' around the dateline and to the north of the
equatorial line. The peak variability of the second mode (b) is found around the dateline
with a value of 10 m s™. On the other hand, the third mode variability peaks in the

eastern Pacific.
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Figure A.8 This figure is similar to Figure A.7 but for P2. Compare to P2, we observe

an eastward shift of the variability for the second baroclinic mode.
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Figure A.9 Seasonal variability of the 20°C isotherm depth (meters) for P1 (a) and P2
(b), and for the difference between P2 and P1 (¢). In this figure the position of each
mooring buoys is represented by an open square located in the upper and lower axis of
each graphics. Negative values (gray scale) indicate an elevation and positive values
indicate a shallowing of the thermocline.
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Figure A.10 Similar to Figure A.9, but for GODAS.
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Appendix B: Numerical simulation with the Regional Ocean Model

System (ROMS) over the period 2000-2010.

B.1 Overview

This Appendix describes the efforts done in the implementation of an OGCM
(ROMS) over the equatorial Pacific (15°S and 15°N) and its validation. The model is
aimed at providing a tool for sensitivity experiments to wind forcing and stratification
characteristics. It could also be used for the operational forecast of the equatorial Kelvin
wave, something that already exist based on a linear model at IGP. The model uses
boundary and initial conditions from SODA and forcing from ERA-I. Twelve
experiments were performed with the main objective to represent correctly the mean
thermocline depth. Basically, the increase of vertical levels in the upper ocean, opened
and closed boundaries in the western Pacific and increase of intensity of mean zonal
winds were tested. As mentioned above this configuration will be useful for research, in
particular for diagnostic the thermodynamic and dynamic of the equatorial Pacific
during El Nifio events, with emphasis on the far eastern Pacific. This tool shall also
contribute to the monthly analysis of the ENFEN (Estudio Nacional del Fenomeno El

Nirio) Technical Committee in Perti (www.imarpe.gob.pe), governmental entity in

charge of the diagnosis and prediction of El Nifio in base of international and national

information (data in situ and numerical models).

B.2 Data

The information used in this work covers the period 2000-2008 and each
calculation is based 5-day averaged outputs (pentads). The mean state is determined by
the mean of the original time series; the seasonal variability is defined as a multi-annual
monthly mean obtained from the result of the original time series minus the mean state;
and, finally, the interannual time series is calculated by subtracting the sum of the mean

state and seasonal variability to the original time series.

In this appendix, daily in situ data (temperature and zonal currents) along the

equatorial Pacific, obtained from the Tropical Atmospheric and Oceanic Project (TAO),
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is used for validating the model configuration. For temperature, ten mooring buoys
(147°E, 156°C,165°C, 180°, 170°W, 155°W, 140°W, 125°W, 110°W and 95°W) are
selected and for ADCP (Acoustic Doppler Current Profiler) only five are used (147°E,
165°E, 170°W, 140°W and 110°W).

Daily sea surface temperature, estimated by the Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager (TMI, Wentz et al., 2000) was obtained from the
Remote Sensing System’s home page (http://www.ssmi.com/). The most important
characteristic of this instrument is the ability to estimate the SST, even in the presence

of clouds. Only the data along the equator are used for the validation.

The outputs from ORCAO0.25 LIM that was provided by the MERCATOR
project (a French consortium: IRD, CNES, CNRS, IFREMER, SHOM, the Meo-France
weather service) is also used for compairson purpose. The ORCA0.25 LIM
configuration uses the oceanic model named OPA 8.1 (Océan PArallélisé) developed
by Madec et al (1998) at the Laboratoire d’Océanographie DYnamique et de
Climatologie (LODYC). The horizontal resolution is 0.25° and there is 31 vertical
levels. Details of this MERCATOR configuration is described in Garric et al. (2008).

The simulation was also used in the paper presented in Chapter 2.

The version 2.1.6 of the Simple Ocean Data Assimilation (SODA) product is
used in this work. This product used the ocean model POP 2.1 (Parallel Ocean Program,
Smith et al., (1992)) that was forced by European Center for Medium Range Weather
Forecasts ERA-40 reanalysis and QSCAT for the period 1958-2008 and assimilated
information of temperature and salinity from the World Ocean Database 2009
(WODO09). Temperature and zonal currents, every five days, are used in ROMS as initial
and boundary conditions for the experiments. The SODA data are also used for the
comparison between the different products. Details of the characteristic of this model

can be found in Carton et al. (2000) and Carton and Giese (2008).

B.3  The Regional Oceanic Model System (ROMS) and the tropical Pacific

configurations
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The Regional Ocean Modelling System (ROMS; Shchepetkin and McWilliams, 2005)
solves the hydrostatic primitive equations with a free-surface explicit scheme, and
stretched, terrain-following sigma coordinates. Subgrid-scale vertical mixing is
parameterized using the KPP boundary layer scheme (Large et al., 1994). Bathymetry
from ETOPO has been interpolated on to the model grid, smoothed as in Penven et al.
(2005) in order to reduce pressure gradient errors and modified at the open boundaries
to match with bottom topography from the boundary forcing of the SODA outputs. The

horizontal resolution is 1/4 degree.

Two groups of experiments are considered: Group 1 which considers changes in
the model domain, the number of vertical levels and the climatological wind speed to
force the model; and Group 2 that gather sensitivity experiments to ocean boundary
forcing (i.e. climatological boundary conditions or interannual boundary conditions) and
the boundary conditions at the western boundary (i.e. with and without a closed western
boundary). The experiments in each group are denominated TROP_PAC (TP) plus the
number of the experiment (for example, experiment 7 is TP07). The Tables B.1 and B.2

summarizes the characteristics of each experiments.

B.3.1 Group1

This set of experiments is aimed at assessing the sensitivity to the vertical
resolution of the model. 32 to 54 sigma layers are consisdered. Two positions of the
western boundary are also tested: 170° and 135°E; the existence or not of the Galapagos
islands; and finally a change, by a factor 1.1, of the zonal wind speed are tested in order
to improve the realism of the thermocline slope. In total eight experiments of 13 years
(3 years of spin up repeating the year 2000 three times and 9 years corresponding to the

2000-2008 period) each were done (see Table B.1).

Mean State

The best experiment in Group 1 is TP07, which has 54 vertical levels, with a
domain having the zonal (meridional) extension between 135°E to 70°W (15°S to
15°N). Additionally, the Galapagos Islands are included although there is not much
influence of this topographical aspect. In TPO8 (that is similar to TP07), the intensity of
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the wind forcing is increased in 1.1, which was implemented after a comparative
analysis of the 20°C isotherm depth between TP07 and TAO in order to improve the
thermocline depth. The results indicate that the TPOS is the most skillful in simulating
the caracteristics of the mean thermocline (depth and “strength”) However, the 24°C
isotherm depth in the Eastern Pacific is too close to the surface, inducing a cool bias in

the model. Due to this cool bias, the TP07 configuration is favored for the addition tests.

Table B.1 Experiments from Group 1

Experiments Zonal Vertical levels | Zonal wind Period
extension speed (ERAI)

TROP_PACO1 |135°E to 70°W 32 u,v 2000-2001
TROP_PACO02 |135°E to 70°W 32 u,v 2000-2001
TROP_PACO03 |135°E to 70°W 32 u,v 2000-2001
TROP PAC04 | 170°E to 70°W 54 U, v 2000-2001
TROP_PACO07 |135°E to 70°W 54 uU,v 2000-2001
TROP PACO8 | 135°E to 70°W 54 1.1*U,V ~ |2000-2001

The mean thermocline depth of the different simulations of Group 1 is presented
in Figure B.1, which indicates that the zonal structure of the thermocline (including its
the vertical gradient with the thermocline, see 16, 20 and 24°C isotherms) simulated by
TPO7 is realistic (TAO data in black line). TPO7 has a best representation of the 16°C
isotherm depth compared to MERCATOR, which simulates a too warm state at such
depth. The difference between products is further illustrated by the Figure B.1b that
shows, for the four products, the difference between 20°C isotherm depth and 16°C
isotherm depth (negative values) and between 20°C isotherm depth and 24°C isotherm
depth (positive values). It is clear from Figure B.1b that MERCATOR has the largest
bias with the products, whereas TP07 is comparable to SODA. Figure B.lc, that
displays the difference between 16 and 24°C isotherm depth, diagnoses the realism of
the vertical stratification along the equator that is a key parameter for the wave

dynamics. The results indicates that TP07 has a slightly too diffuse thermocline in the
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central and eastern Pacific. Despite such bias, it is rather realistic, close to what is

obtained from SODA.
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Figure B.1 Isotherms depths (ISOd) for TAO (black thick line), TPO7 (blue thick line),
SODA (red line) and MERCATOR (green line) products. (a) Mean state of ISOd for
16°C, 20°C and 24°C for each product. (b) Difference between ISOd: lines over zero
level are the difference between 20°C ISOd and 24°C ISOd, on the other hand, lines

under zero level are the difference between 20°C ISOd and 16°C ISOd for each product.

Finally, (c) difference between 16°C ISOd and 24°C ISOd.

Regarding SST, (upper panel of Figure B.2), TP07 is, in general, around -0.7°C
cooler than TMI with a reduce error in the far eastern pacific (blue dashed line). The
agreement in terms of SST for TPO7 is close to the MERCATOR product (green dashed
line) but still not as good as SODA (red dashed line). It is important to mention that, in
detail, the SODA product underestimates (overestimates) the mean SST in the western

and eastern (central) Pacific by around -0.3 (0.3) °C.
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Figure B.2 Mean state of sea surface temperature (SST) and zonal currents (ZC) along
the equatorial Pacific line. At the top (a) the SST is plotted for TMI (black line), TP07
(blue line), SODA (red line) and MERCATOR (green line). In the same panel, three
difference of the SST: between TP07 and TMI (blue dashed line), SODA and TMI (red
dashed line) and, finally, MERCATOR and TMI (green dashed line). The axis of this
product is on the right. In the middle (b), five panels, that represent five position along
the equatorial line, display the mean state of ZC for TAO (dark line), TPO7 (blue line),
SODA (red line) and MERCATOR (green line). The vertical dashed line represents the
position for ZC equal zero. At the end of the figure, the five panels on the bottom show
the difference of ZC: TP07-TAO (blue line), SODA-TAO (red line) and MERCATOR-
TAO (red line).

Regarding zonal currents along the equator (see the five panels of the second and

third rows in Figure B.2), TP07 is quite realistic, although the core of the Equatorial
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Undercurrent (EUC) is deeper than in TAO (black line), MERCATOR (green line) and
SODA (red line), especially at 140°W and 110°W and in the western Pacific edge
(147°E) the TPO7 simulation has an eastward position. The five panels in the third row
display the difference between TAO and each product. Despite the fact that TPO7 has
the poorest agreement with observation in the eastern Pacific, its skills in simulation the
vertical structure of the zonal current along the equator is comparable to MERCATOR

and SODA in the upper 150 m.

Interannual variability

The interannual SST anomaly from TP07 is compared to TMI . The results are
provided in Figure B.3 in which the upper panels indicate the statistical results of the
validation and the two Hovmuller diagrams are for TMI (left) and TPO7 (right). The
correlation between TP0O7 and TMI (black thick line) is better than between
MERCATOR and TMI (blue thick line) but still below the one between SODA and
TMI (red thick line). As MERCATOR and SODA, the maximum correlation (around
0.83) is located between 170°E and 160°W and decreases eastward and westward with a
minimum value of 0.5. TP07 exhibits a little less variability than TAO in the Eastern
Pacific, which leads to a larger RMS difference than the other products there. These
statistics are indicative that TPO7 simulates realistically the sequence of warm and cool

events over the period 2000-2008, as illustrated by the Figure B.3.

The Sea Level Height (SLH) was also analyzed: TP07 and TPJ has a correlation
of around 0.8 along the equator (Figure B.4). The RMS in both products has similar
distribution with a maximum in the Central Pacific. On the other hand, the RMS
difference has a maximum in the Easter Pacific (~6 cm) and a minimum around 160°E

(~0.4). This results are quite similar than other OGCMs.
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Figure B.3 Statistical results of the interannual SST (2000-2008) validation between

TMI and TPO7 are plotted in the upper panels. The Root Mean Square (RMS) is

represented with a dashed line in both products (a) and (b), correlation is plotted in the

upper top panel with thick black line and RMS difference is represented by a thin black

line in the upper right panel. The thick blue (red) line represents the correlation between

TMI product and MERCATOR (SODA). Longitude vs Time diagrams of the SST
anomaly from TMI (left) and TPO7 (right) is displayed in the bottom two panels,

respectively.
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Figure B.4 Similar than Figure B.3, but for SSH

B.3.2 Group 2

The Group 2 builds upon the results obtained from Group 1 and is aimed at
testing the sensitivity to the boundary conditions. Climatological conditions for
temperature and currents from SODA are used in the Northern, Southern and Western
boundary. Additionally, in some experiments a closed western boundary was used. This
configuration would allow using the model in operational mode using only available
atmospheric fluxes. However there would be limitations associated to the possible
change of the oceanic circulation near the boundaries at low freqeuncy timescales. . A

summary of the characteristics of these experiments is provided in Table B.2.

The results of these simulations indicate that, over the period of interest (2000-
2008) there is hardly no difference between TP0O7 and the experiments of Group 2. This
can be interpreted by the fact that the 2000-2008 period experiences only CP El Nifio

events for which the contribution of the reflected Rossby wave at the western boundary
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is weak. The influence of the circulation at the meridional boundary is also weak in the

equatorial band over such a short period of time, which is expected.

Table B.2 Experiments of Group 2

Experiment Period Atmospheric forcing Oceanic boundary
(ERAI) conditions (SODA)
TROP_PAC09 2000-2008 |4-day fluxes 5-day SODA Clim. (N-S-W)
TROP_PAC10 2000-2008 |4-day fluxes 5-day SODA Clim. (N-S)
TROP PACI11/|2000-2011 |Daily fluxes 5-day SODA Clim. (N-S)
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