
THE SE 

présentée a 

, 
L UNIVERSITE DE BRETAGNE 

pour obtenir le grade de 

Docteur ès- Sciences Physiques 

par 

Joë·l 

SUR LES MECANISMES DES VARIATIONS THERMIQUES 

DANS LE GOLFE DE GUINEE 

(du semi-diurne à l'interannuel) 

Soutenue le 16 mai 1983 devant la commission d'examen 

Monsieur LACOMBE H. Professeur, Muséum National d'Histoire Naturelle Président 
Membre de l'Institut 

Messieurs LEFLOCHJ. Professeur, Université de Bretagne Occidentale 

MCCREARY J.P. Directeur Oceanographie Center, Nova University 

MOORED.W. Directeur Joint Institute for Marine and Atmospheric 
Research, University of Hawaii 

O'BRIEN J.J. Professeur, Florida State University 
Examinateurs 

SALOMON J.C. Professeur, Université de Bretagne Occidentale 

VOITURIEZ B. Chef du Service Océanographie Physique 
Centre National d'Exploitation des Océans 



Monsieur 

Messieurs 

THE SE 

présentée à 

, 
L UNIVERSITE DE BRETAGNE OCCIDENTALE 

pour obtenir le grade de 

Docteur ès- Sciences Physiques 

p~r 

Joël PICAUT 

SUR LES MECANISMES DES V ARIA TI ONS THERMIQUES 

DANS LE GOLFE DE GUINEE 

(du semi-diurne à l'interannuel) 

Soutenue le 16 mai 1983 devant la commission d'examen 

LACOMBEH. Professeur, Muséum National d'Histoire Naturelle 
Membre de l'Institut 

LEFLOCHJ. Professeur, Université de Bretagne Occidentale 

MC CREARY J.P. Directeur Oceanographie Center, Nova University 

MOORED.W. Directeur Joint Institute for Marine and Atmospheric 
Research, University of Hawaii 

O'BRIEN J.J. Professeur, Florida State University 

SALOMON J.C. Professeur, Université de Bretagne Occidentale 

VOITURIEZ B. Chef du Service Océanographie Physique 
Centre National d'Exploitation des Océans 

Président 

Examinateurs 



A mon P~e ~eg~ettl 

qu-i dè6 mon p!M jeune 

âge m'a poLL6.& l dan.& mon 

cho~x po~ l'oclanog~p~e. 

A ma M~~e. 

A me.& Am~(e).&. 



"Le:t me a a 6-Utm :tha:t :the 6Jteedom :to woJtk 6u.U .time .in 
J.Juenc.e, on one' .6 own, wUh c.orr.gerrlal c.o.U.eaguu, 
unae:t:te~ted by .6upeJtv.i.6.ion, wUh a .6Uen.tl6.ic. p!tOblem 
in one' .6 mind when he gou :to bed and when he a.wa.ku 
nex:t moJtni.ng, and :to be able :to g.ive und.iv.ided 
a.:ttentum :to W'l.l!.aveUng .6ome puzzle o6 na:tulte .i-6 

a plti.vilege beyond c.ompa!te." 

HeMy STOMMEL 



SOMMAIRE 

Remerciements ........................................................ 
Avant propos ......................................................... 
Résumé ............................................................... 
Abstract ............................................................. 
Sur les mécanismes des variations thermiques dans le Golfe de 

Guinée (du semi-diurne à l'interannuel) 

1 

3 

5 

7 

Texte de synthèse (J. Picaut) ••••••••••••••••••••••••••••••••••••• e 

Propaqation o.f a 14.7 day wave alonq the northern coast of 

the Guinea Gulf (J. Picaut et J.M. Verstraete) •••••••••••••••••••• 65 

Mise en évidence d'une onde de 40-50 jours de période sur les 

côtes du Golfe de Guinée (J. Picaut et J.M. Verstraete) 

Atmospheric and tidal observations along the shelf of the 

Guinea Gulf (J.M. verstraete, J. Picaut et A. Morlière) 

Equatorial adjustment in the eastern Atlantic (o.w. Moore, 

........... 

........... 

P. Hisard, J.P. McCreary, J. Merle, J.J. O'Brien, J. Picaut, 

79 

91 

J.M. Verstraete etc. Wunsch) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 105 

Propagation of the seasonal upwelling in the eastern equatorial 

Atlantic (J. Picaut) . • • . • • • • • • • • • • • • • . • . . . • • • • • • • • • • • • • • • . • • • . • • • • 109 

Evidence of remote forcinq in the equatorial Atlantic ocean 

(J. Servain, J. Picaut et J. Merle) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 129. 

Seasonal variation from a model of the tropical Atlantic 

(A.J. Busalacchi et J. Picaut) • • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • 137 

Effect of annual remote forcing in the eastern tropical 

Atlantic (J.P. McCreary, J. Picaut et o.w. Moore) ••••••••••••••••• 163 



- 1 -

REMERCIEMENTS 
(J(J(J(J 

Je Jr..e.meJLue. Mon6ie.WL He.YIJL.i. LACOMBE, Me.mbJr..e. de. l'IM:ti.:tu:t, poWL 

a.voi!L bien voulu .6 'intMeJ.J.6elr.. à c.e. mémoi!Le e:t M.&WLeJr.. la. plL~ide.nc.e de c.e 

jWLy. Mon6ie.WL Jean LE FLOCH m'a. a.c.c.ueilU d~ l' o!Ugine. du La.boJta:toi!Le. 

d'Oc.éa.nogJr..a.ph.ie. Phy.&ique. à. Re.nneJ.J, pui.6 a BlLeJ.Jt : je n'oubUe!La.i ja.ma.i.b 

no.6 p!Le.mièlr..v., a.rtnéeJ.J OÙ il a. .6U me oa.i!Le c.ommurtiqueJL .&a. pM.&ion dévoJr..a.nte. 

poWL l'oc.éa.nogJr..a.phie.. Me-6-&ieWL.& Ja.y Mc. CREARY, Ve.nrti.b MOORE e:t Jim O'BRIEN 

ont été pa.Jr..mi lv., plLe.mieM OutJr..e.-Atl.a.nü.que.. a .6 'illM-e.6.6eJt a me;., t!La.va..u.x ; 

leWL.& enc.oWta.ge.ment.&, c.on6 eili e:t ·a.Mi.&ta.nc.eJ.J ont été vita.ux polllL la. Jr..éa.

li.&a.tion d' 11rte. bortrte. pa.Jr..ile. de. c.v., t!La.va.ux. J' a.i été pa/L.Uc.uU~Jr..e.me..nt tou

c.hé pa.Jr.. le. 6a.U qu' ili n'aient pM huilé à vertilL .&pécia.le.me.nt de.b Eta.t-6-

Urti.b poWL pa.Jr..ilupeJL à. c.e jWLtJ de th~e. Jea.n-Cla.ude SALOMON m'a. oa.U 

l' am.Ui.é de .&iégeJL da.n.& c.e jWLIJ, je hU en .6ui.6 tJr..~ Jr..ec.onrta.i.&.&a.nt. Je 

Jr..emeJLc.ie pa.Jr..ilc.uU~Jr..e.ment B!Luno VOITURIEZ qui, de pl11.6, m'a. été d' 11rt tJr..~.& 

gJr..a.nd .6uppo!Lt pa.Jr.. .&e-6 nombJr..eux. enc.oWta.ge.ment-6 e:t c.oMe.ili a.vi-6~. 

Ce:t en6 emble de t!La.va.ux n' a.uJr..a.U pM été po.6.&ible .&a.M del.LX 

.&éjol.LM a.u CerttJt.e de Rec.heJLc.hv., Oc.éa.nogJr..a.phiquv., (ORSTOM) de Côte d' Ivoi!Le 

de .&eptembJr..e 1912 à .&epte.mbJr..e. 1914 e:t d'oc.tobJr..e. 1918 a a.oût 1980, e:t l1YL 

.&éjoWL a.u Joint 1M.tliu.te. o0 Ma.Jr..ine. a.nd Atmo.&pheJLic. ReJ.Jea.Jr..c.h de. l'UrtiveJr..

.&Ué d' Hawa.U de. mai a oc.to biLe. 7 9 81 • Je Ue.M do ne. a Jr..emeJtc.ieJt c.ha.lewr.e.u

.6e.me.nt l' e.Me.mble. de. la. diJr..e.c.tion e:t du pe.Monnel de. c.e.& del.LX irt.&Utua 

de Jr..e.c.heJLc.hv.,, polllL a.voilL oJr..ga.ni.&é c.e.& .&éjol.LM e:t lu a.voilL Jr..e.ndl1.6 .&uen

U0ique.ment e:t huma.irte.me.nt pa.Mionna.YLU. Me;., Jr..e.me.Jr..de.me.nt-6 vont pl11.6 .6pé

Ua.le.me.nt a RigobeJtt BANHORO poWL .&on a.Mi.&ta.nc.e te.c.hnique., Ka.Jr..e.na. YEE 

polllL .bon a.c.c.ue.il, Sha.Jr..On YOKOGAWA e:t Linda. SMITH poWL le.WL M.&i.&ta.nc.e in

ooJr..ma.Uque e:t Roge.Jr.. LUKAS polllL .6U nombJr..el1.6eJ.J fuc.uMion6 .&uertti6iquu. 

Je .&l.Li.6 tJr..~ Jr..ec.onruuMa.nt enve.M l' eM emble du me.mbJr..eJ.J du La.boJr..a.toiJr..e 

d' Oc.éa.nogJr..a.ph.ie Phy.6ique de l' UrtiveJL.&lié de BJr..e:ta.gne Oc.udenta.le où j' a.i 
pJr..o 0Ué d' 11rte bonne a.mbia.nc.e de t!La.va.il e:t d'un .6uppo!Lt technique, en 

pa/L.Uc.uUeJL de la. pa.Jr..t de Cha.rr.tal MAZE qui a. p!r..ê.pa.Jr..é erttJt.e a.utJt.e le ma.-



- 2 -

ru.u,CJLU de. .&yrr.:thùe. ave.c. .&a tllu .&ympath.ique. e.66,[c.ac.U:é. 

PlM..i.eu!L6 c.hvc.c.he.uJL.6 orr.:t paJLtic...i.pé CÜ.Jr.e.c.teme.rr.:t a c.e.& tltavaux e,t 

il e.n ut aM.&..<. Jté.&uUé qudquu amWu pM0ondu. Mal.gJté un c.Umat de. 

.&c.e.pUwme., Jean-MMe. VERSTRAETE a te.nu bon pouJr. que., dù 1914, noM dé

montll..<.on.& que. le. Gol6e. de. Gu..i.née. ut le. .&..i.~ge. de. nombJte.Mu onde..& moyenne..& 

6Jtéque.nc.u. Jac.quu SERVAIN rn' a t:.oujouJr.-6 ..i.mpJte..&.&..i.onné pM .&on c.aime. e.t .&a 

te.nac.U:é à tMuvVt la bonne. c.oMU.ation d'une. morr.:ta.gne. de. donnée..&. Jay Mc. 
CREARY e,t Ve.nn..i.-6 MOORE orr.:t .&u me. 6a..i.Jte. un pe.u c.ompJte.ru:.!Jte. l! Mt de. me.ttlt..e. 

l' oc.éan équatoûal e.n .&ubUlu équat..i.on-6 e.t Tony BUSALACCHI m'a épu..<..&é a 
voulo..i.Jt lu Jté.&oudJte. numé.Jt..i.que.me.rr.:t ! ToM m'ont a.u&.&..i. montJté qu' ili .&a

va..<.e.rr.:t .6 e. Jte.laxvc. loM de. mémoJtablu .6 o..i.Jtéu. 

Je. Jte.mvc.c...<.e. égal.eme.rr.:t, Ge.oJtge. PHILANVER pouJr. avo..i.Jt c.JtU a la 

pJte.m..i.èJte. pMt..i.e. de. c.e. tllava..<.l, Philippe. HISARV, Ala..<.n MORLIERE e,t Jacque..& 

MERLE pouJr. le.uJt c.ol.e.aboJtation e.t ~ut pMt..<.c.ul..<.èJte.me.rr.:t c.e. de.Jtn..i.e.Jt pouJr. .&u 

C.OM.ta.tt.û e.nc.ouJr.age.me.n.t.&. F..i.nal.e.me.rr.:t, je. .&u..i.-6 .tJr.u Jte.c.onna..i.-6.&arr.:t a tou& 

lu anonyme..& de..& .&tation-6 c.ôUèJte..& du Golo e. de. Gu..i.née., .&an.& qu..i. c.e. mérno..i.Jte. 

n' auJta..i.t j ama..i.-6 vu le. jo uJr.. 

0000 



- 3 -

AVANT PROPOS 

Les principaux travaux que j'ai réalisés depuis une dizaine d'années 

ont une certaine continuité dans l'étude générale du mécanisme des 

variations thermiques du Golfe de Guinée. Je les ai regroupés dans le 

présent mémoire. Il est intéressant de noter que cette continuité est 

autant le fait du hasard de la recherche et de circonstances externes que 

d'une évolution spatio-temporelle logique de mon champ d'étude (du semi

diurne dans le Trou sans Fond à l'interannuel dans tout l'Atlantique 

Tropical!). Un texte résumant et liant les différentes publications ainsi 

rassemblées s'imposait. Il s'est tout naturellement étendu en un essai 

de synth~se de ce que j'ai pu apprendre sur le sujet. A ma connaissance, 

il n'existe pas de document en francais présentant les différences fonda

mentales entre les océans des basses latitudes et hautes latitudes et 

résumant les intérêts scientifiques et économiques des océans tropicaux. 

C'est le but principal de la longue introduction du texte de synthèse. 

Dans la suite de ce text~ le lecteur pourra être amusé par le mélange 

de "je" et de "nous". Il n'est pas d'usage fréquent d'utiliser le "je" 

dans l'écriture scientifique et tout particulièrement en océanographie 

où le travail du chercheur ne peut être que le résultat de l'effort de 

toute une équipe. Cependant, dans le cadre du présent mémoire, il est 

demandé de faire la distinction entre les travaux que j'ai pu faire en 

collaboration avec d'autres chercheurs et les quelques travaux que j'ai 

mené "tout seul" ( ••• c'est-à-dire avec d'efficaces marins, techniciens, 

secrétaires et l'appui intell7ctuel et psychologique de mes collègues!). 

Enfin, pour faciliter tant soit peu la tâche du lecteur, j'ai noté d'un 

astérisque les références des publications suivant ce texte de synthèse. 
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SUR LES MECANISMES DES VARIATIONS THERMIQUES 

DANS LE GOLFE DE GUINEE 

(du semi-diurne à l'interannuel) 

Texte de synthèse 

(J. Picaut) 

Cette revue des mécanismes dynamiques associés aux variations 

thermiques dans le Golfe de Guinée est basée principalement sur nos 

travaux depuis une dizaine d'années. Dans l'introduction générale on 

résume les traits principaux qui différencient fondamentalement les 

océans des basses latitudes de ceux des plus hautes latitudes. Les 

conséquences climatiques et économiques des variations thermiques dans 

les océans tropicaux sont aussi résumées. Le domaine de fréquence de 

notre étude est divisé en deux bandes. La premiere, définie comme de 

la moyenne fréquence, concerne essentiellement les ondes de plateau 

(Picaut et Verstraete, 1976, 1979) forcées par la marée (semi-diurne 

et semi-mensuelle) et l'atmosphère (4o:so jours de période). Dans la 

même bande de fréquence les travaux d'autres chercheurs sur les méandres 

du Sous Courant Equatorial et les ondes océaniques sont aussi résumés. 

Dans la seconde bande de fréquence, saisonniere et interannuelle, notre 

revue porte essentiellement sur le mécanisme d'action éloigné du vent 

de Moore et al. (1978). Les principaux élements de cette théorie sont 

vérifiés par des analyses de données récentes et historiques, à savoir, 

corrélation entre la température de surface dans le Golfe de Guinée et 

tension zonale du vent dans la partie ouest de l'Atlantique Equatoriale 

(Servain, Picaut et Merle, 1982), et propagations horizontale et verti

cale du signal côtier d'upwelling dans le Golfe de Guinée (Picaut, 1983). 

Ce mécanisme d'action éloigné du.vent est fin~llement détaillé grâce~ 

deux modèles. Busalacchi et Picaut (1983) ont forcé un modèle ~ un mode 

barocline avec une côte et un vent saisonnier réalistes. McCreary, 
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Picaut et Moore (1984) ont forcé un modèle linéaire à trois dimensions 

aveè des côtes et un vent annuel simplifiés. Ces études résultantes 

d'une étroite collaboration entre théoriciens et observateurs ont permis 

une meilleure compréhension des processus dynamiques de la variabilité 

dans le Golfe de Guinée. 
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ON THE MECHANISMS OF THERMAL VARIATIONS 

IN THE GULF OF GUINEA 

(with time scales from semi-diurnal to interannual) 

ABSTRACT 

This review of dynamic mechanisms associated with thermal variations 

in the Gulf of Guinea is principally based on our work during the last 

ten years. In the general introduction we summarize the main features 

that fundamentally differentiate the low-latitude oceans from the higher 

ones. The climatic and economie consequences of thermal variations in 

the tropical oceans are also summarized. The frequency domain of our 

study is divided into two bands. The first one, defined as medium 

frequency, focuses mainly on shelf waves (Picaut and Verstraete, 1976, 

1979) forced by tides (semi-diurnal and fortnightly) and the atmosphere 

(period of 40-50 days). In the same frequency range the works of others 

on Equatorial Undercurrent meanders and oceanic waves are also summarized. 

For the second frequency band, at seasonal and interannual time scales, 

our review is mostly concentrated on the remote forcing mechanism of 

Moore et al. (1978). The main elements of this simple theory are cor

roborated by analyses of direct and historical observations, i.e. cor

relation between sea surface temperature in the Gulf of Guinea and zonal 

wind stress in the western equatorial Atlantic (Servain, Picaut and 

Merle, 1982), and poleward and vertical propagation of the coastal up

welling in the Gulf of Guinea (Picaut, 1983). This remote forcing 

mechanism is finally detailed by the use of two numerical models. 

Busalacchi and Picaut (1983) forced a single baroclinic mode model with 

realistic coastline and seasonal winds. McCreary, Picaut and MOore 

(1984) forced a three-dimensional linear model with simplified coastline 

and annual winds. These studies, resulting from a close collaboration 

between theoreticians and observationalists, have enabled a better 

understanding of the dynamical processes of the variability in the Gulf 

of Guinea. 
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I. INTRODUCTION 

1. Historique et évolution de l'étude de cette variabilité 

L'historique de l'océanographie dans le Golfe de Guinée a été 

très bien décrit par Hisard (1983). Notons avec cet auteur, que dès 1886, 

il avait été observé une variation saisonnière de la structure hydrologi

que à l'équateur. Et dès 1906, par la mise en place de la première station 

côtière à Lomé (Janke, 1923), il a été observé que la température de surfa

ce pouvait varier de façon importante sur plusieurs jours. Mais pendant 

très longtemps, il n'a pas été question d'étudier cette variabilité, il fal

lait décrire les océans et pour cela on les a traités comme s'ils étaient 

pratiquement stationnaires. Tout au plus on considérait qu'ils étaient im

prégnés d'un bruit, perturbant les mesures océanographiques. Et avec la 

découverte, dès le début du siècle, des ondes internes haute fréquence, on 

a limité l'origine de ce bruit aux seules ondes internes de gravité, de 

quelques minutes à quelques heures de période, et aux ondes internes de ma

rée semi-diurne. Cet état de fait se retrouve au niveau des premiers modè

les à moyenne et grande échelle qui eux aussi étaient stationnaires. Citons, 

pour exemple le modèle de Stommel (1960), extension de la théorie classique· 

d'Ekman aux zones équatoriales. 

CUrieusement, ce sont les théoriciens qui ont été à l'origine 

de la découverte de l'énorme variabilité intermédiaire qui nous intéresse. 

En effet, avec le plan S, Rossby (1939) a introduit le concept mathématique 

des ondes planétaires dites ondes de Rossby. Dans la bande équatoriale, il 

a fallu que des météorologues mettent en évidence les singularités des équa

tions de marée de Laplace pour lancer l'idée d'ondes piégées à l'équateur 

(Matsuno, 1966). L'existence de frontières méridiennes limitait l'extrapo

lation des théories équatoriales de l'atmosphère à l'océan ; Moore (1968) 

dans un travail de thèse, qui sert encore de base aux théoriciens équato

riaux, a détaillé les solutions correspondantes. Un grand pas dans l'étude 

de la réponse d'un océan équatorial à un vent variable a été fait par 

Lighthill (1969) qui projette la force du vent sur les modes verticaux. 

Cette idée de traiter mathématiquement le problème comme la somme des ondes 

forcées et libres pouvant être générées, a laissé sceptiques bien des océa-
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nographes de terrain, d'autant plus que tout cet énorme travail théorique 

avait été fait jusqu'alors sans aucune évidence d'onde in ~itu. 

La principale raison de cette avance de la théorie est d'ordre 

technique. Jusqu'il y a une vingtaine d'années, les mesures océanographi

ques se faisaient à partir d'un bateau isolé et avec des moyens qui n'avaient 

pas évolué depuis le début du siècle, comme la bouteille à renversement et 

le courantomètre Ekman. EQUALANT en 1963-1965 est le premier exemple d'une 

campagne multinationale dans l'Atlantique Tropical. Mais faute de connais

sances préalables,. cette opération internationale a surtout servi à décrire 

les grands traits de la circulation générale. Avec le développement des ins

truments électroniques et du nombre de navires de recherches, le passage à 

la connaissance des phénomènes dépendant du temps s'est rapidement effec

tué. Ce fut le but principal de la partie océanographique de l'expérience 

GATE en 1974. Auparavant, il y eut quelques tentatives isolées pour saisir 

cette variabilité en Atlantique Tropical. En particulier, notre laboratoire 

en 1968 et 1972, avait décrit en moins d'un mois, trois fois deux zones res

treintes du Golfe de Guinée, mettant en évidence une surprenante variabilité 

spatio-temporelle (Le Floch, 1970, 1972). Mais les premières évidences d'on

des équatoriales dans l'Atlantique ont été obtenues par Dulng et a!. (1975). 

dans les couches de surface et Weisberg et al. (1979) dans les couches plus 

profondes~ Citons pour mémoire, les analyses de niveau moyen de WUnsch et 

Gill (1976) dans le Pacifique Equatorial et la découverte de jets profonds 

équatoriaux basse fréquence par Luyten et Swallow (1976) dans l'Océan Indien. 

Ces découvertes en zones équatoriales sont à mettre en parallèle avec celles 

des tourbillons d'échelle moyenne dans les océans tempérés. Ainsi, il exis

terait dans l'océan énormément d'énergie dans les échelles de temps allant 

de quelques jours à quelques années. Le problème, maintenant admis en météo

rologie, que certaines de ces fluctuations puissent être à l'origine du 

mouvement moyen est donc posé en océanographie. 

L'étude de cette variabilité tropicale pourrait se faire, comme 

dans les moyennes latitudes, via une statistique d'un ensemble important de 

mesures systématiques qui aboutirait à un modèlè semi-empirique. Mais nous 

verrons qu'aux basses latitudes, l'identification des mécanismes de cette 

variabilité est beaucoup plus facile que dans les océans tempérés. Les pro-
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grès fantastiques des ordinateurs pourraient.laisser penser que cette appro

che dynamique devrait se limiter à l'élaboration d'un modèle numérique sophis

tiqué reproduisant cette variabilité. Mais pour espérer vraiment simuler 

l'océan, un tel modèle nécessiterait l'adjonction de plus en plus d'une phy

sique encore mal connue, et à la limite on aboutirait à un modèle dont les 

solutions seraient aussi compliquées que l'océan réel, et surtout fortement 

dépendantes de coefficients d'échanges, réceptacles de notre ignorance. La 

tendance actuelle est donc à la recherche de modèles simples qui permettent 

de comprendre le mécanisme de cette variabilité. Ils doivent aussi servir de 

guide pour les programmes de mesures. Mais ce ne sera que par une collabora

tion de plus en plus étroite entre les observateurs et les modélisateurs que 

l'on pourra espérer comprendre, puis simuler, cette énorme variabilité. 

2. Particularité des océans équatoriaux 

Si l'on s'affranchit des forces astronomiques, les fluctuations 

océaniques sont régies par des apports de quantité de chaleur par absorp

tion du rayonnement solaire, et de quantité de mouvement par le vent. L'im

portance relative de ces apports dans les couches proches de la surface est 

fondamentalement différente suivant la latitude. 

Aux moyennes et hautes latitudes, la thermodynamique locale est 

dominante ce qui explique le succès des modèles unidimensionnels pour simu

ler les variations thermiques des couches superficielles (Lacombe, 1973). 

De plus, ces mêmes régions semblent être dominées par la présence de tour

billons à échelle moyenne. Ces mouvements transitoires, à vitesse de phase 

très faible, contiennent des quantités d'énergie cinétique très importantes 

dépassant très souvent celles de la circulation moyenne. Leur très grand 

nombre et l'impossibilité actuelle de relier ces tourbillons à une cause di

recte les a fait considérer comme de la turbulence à grande échelle. Les 

techniques spectrales semblent ainsi plus adaptées à leur modélisation. 

Aux basses latitudes, il semblerait que les modèles thermodynami

ques unidimensionnels ne soient pas applicables. En particulier Merle (1980 a) 

trouve qu'à l'échelle saisonnière, les variations du contenu thermique de 

l'Océan Atlantique Equatorial sont dix fois plus importantes que les varia-
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tiens des flux locaux de chaleur entre l'atmosphère et l'océan. Ainsi, une 

très importante redistribution de chaleur par une dynamique purement équa

toriale semble se produire. A grande échelle, cette dynamique parait être 

directement reliée au vent. L'exemple le plus spectaculaire est la renverse 

du courant de Somalie avec la renverse des vents de mousson. Les modèles 

océaniques dynamiques, directement forcés par le vent, sembleraient donc 

être beaucoup mieux adaptés aux problèmes des basses latitudes que des mo

dèles thermodynamiques. L'aptitude des océans correspondants à répondre de 

manière cohérente et claire aux sollicitations basse fréquence du vent rend 

beaucoup plus aisée l'étude de sa variabilité. Notons à ce propos que, mis 

à part quelques cyclones occasionnels, le régime des alizés couvrant les 

zones tropicales, est beaucoup plus stable et régulier que celui des vents 

aux plus hautes latitudes. 

Nous verrons que cette.dynamique équatoriale très particulière 

est â relier â l'annulation puis au changement de signe de la force de Co

riolis au passage de l'équateur. Cette singularité est aussi à l'origine 

d'un upwelling océanique et d'un contre-courant le long de l'équateur. Ce 

dernier parait faire partie d'un ensemble de contre-courants zonaux à trois 

branches (Khanaichenko, 1974), transportant des quantités d'énergie considé

rables de l'ouest vers l'est. A l'opposé des océans tempérés, tous ces 

contre-courants ainsi que les courants de surface océaniques et cOtiers sont 

· très rapides et étroits. L'océan équatorial est donc fortement barocline 

comme le suggère aussi la présence d'une thermocline quasi-permanente mar

quée. Ce caractère barocline se retrouve â grande profondeur avec la décou

verte récente de jets zonaux multiples confinés à l'équateur. Luyten et 

Swallow (1976), dans l'Océan Indien, ont été les premiers à les observer 

grâce à un nouveau profileur à flotteurs. Les mesures de Hayes et Milburn 

(1980) et Eriksen (1981) dans le Pacifique et de Weisberg et Horigan (1981) 

dans le Golfe de Guinée, suggèrent leur existence dans les autres océans 

équatoriaux. Ces jets auraient une période de quelques mois à l'année et 

une échelle verticale de quelques centaines de mètres et rendraient compte 

d'une bonne partie de l'énergie en profondeur des océans équatoriaux. 

La théorie et les observations montrent que les ondes internes 

de quelques minutes à quelques heures de période ne diffèrent pas vraiment 
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avec la latitude. Par contre, dans le domaine moyenne et basse fréquence, 

l'effet dynamique de l'annulation à l'équateur de la force de Coriolis et 

du gradient symétrique du tourbillon planétaire fait de l'équateur un guide 

. d'ondes particulièrement efficace. Ceci est montré par la théorie équatoria

le (Moore, 1968 ; Moore et Philander, 1978) : les équations sont linéarisées 

(méthode des perturbations) ce qui permet de découpler la structure verti

cale de la structure horizontale. L'océan équatorial est ainsi décomposé en 

modes barocline et barotrope stationnaires sur la verticale et en modes ho

rizontaux. Ces modes horizontaux sont représentés par des fonctions oscil

lantes d'Hermite doublées d'une décroissance exponentielle correspondant au 

piégeage équatorial. Ce piégeage n'affecte pas le mode barotrope, ce qui 

fait que celui-ci est à traiter au niveau de l'océan global et non au niveau 

de la zone équatoriale. Les solutions ainsi obtenues sont composées de dif

férents types d'ondes équatoriales 

• Les ondes d'inertie-gravité dont la phase et l'énergie se pro

pagent vers l'est ou vers l'ouest et dont la période va de la journée à la 

semaine. 

• Les ondes mixtes de Rossby-gravité, appelées encore ondes de 

Yana!, avec une vitesse de groupe dirigée vers l'est et une vitesse de phasé 

dirigée vers l'est ou vers l'ouest • 

• Les ondes de Rossby, avec une vitesse de phase dirigée vers 

l'ouest, de période supérieure à un mois qui se partagent en ondes disper

sives à courte longueur d'onde (quelques centaines de kilomètres) dont 

l'énergie se propage vers l'est et en ondes presque non-dispersives à gran

de longueur d'onde (quelques milliers de kilomètres) dont l'énergie se pro

page vers l'ouest • 

• Les ondes non-dispersives de Kelvin dont l'énergie et la phase 

se propagent vers l'est. 

Ces ondes équatoriales couvrent une bande continue de périodes 

allant de la journée à l'année. Au contraire, dans les latitudes tempérées, 

il existe un trou spectral entre les deux seuls groupes d'ondes libres pos

sibles : les ondes d'inertie-gravité (période éqale ou inférieure à celle 

d'inertie) et les ondes planétaires de Rossby (période de quelques mois à 

quelques années). Dans cette bande de fréquence intermédiaire ne peuvent 

exister que des ondes forcées (Philander, 1979 a). Ainsi, on note qu'il 

n'existe pas d'ondes libres longues allant vers l'est aux moyennes latitudes, 
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ce qui expliquerait en partie l'accumulation d'énergie sur les bords ouest 

des océans. Par contre, le guide d'onde équatorial permet un transfert 

d'énergie sur le bord est des océans. 

Une autre particularité importante des zones équatoriales, consé

quence de ce guide d'onde, est leur aptitude à répondre rapidement à un 

changement dans le régime des vents. Les ondes de Rossby ont un rôle essen

tiel dans un tel ajustement. Ce sont elles qui établissent le gradient hori

zontal de densité contre-balançant la tension du vent. De par la célérité 

importante des modes baroclines équatoriaux, cet ajustement est effectué en 

quelques mois (Cane, 1979 a-b). Par contre, aux moyennes et hautes latitudes, 

cela peut prendre jusqu'à une décennie et la variation correspondante du 

gradient de pression à l'échelle du bassin océanique se fera sur la même 

échelle de temps. Ainsi donc, la redistribution horizontale de chaleur cor

respondante est extrêmement lente; En zones équatoriales, ce temps de répon

se est beaucoup plus proche des échelles de temps caractéristiques du vent 

qu'aux latitudes moyennes (Leetma et al., 1981). Cette approche explique en 

partie pourquoi les modèles forcés par le vent sont plus adaptés aux basses 

latitudes que les modèles thermodynamiques unidimensionnels de couche homo

gène qui eux marchent mieux aux latitudes supérieures. 

Un autre intérêt de la présence d'ondes équatoriales se propa

geant rapidement vers l'est ou vers l'ouest, est que des informations peu

vent rayonner hors de la zone d'action du vent et réagir très vite et forte

ment sur des régions éloignées. C'est le phénomène dit de l'action éloignée 

du vent sur lequel porte une bonne partie de nos travaux. De plus, ce méca

nisme pourrait être à l'origine des jets équatoriaux profonds. En effet, 

d'après Mc Creary (1984) les ondes équatoriales peuvent rayonner aussi vers. 

les profondeurs créant, après d'éventuelles réflexions sur les frontières 

méridiennes, de multiples jets équatoriaux en profondeur. Cette étude théo

rique semble être appuyée par les observations récentes de Luyten et Roemmich 

(1982) dans l'Océan Indien. 

Des variations de l'intensité du vent dans la bande équatoriale, 

ou de son rotationnel dans les zones extra-équatoriales, sont à l'origine 

de la plupart de ces ondes équatoriales. Mais des instabilités entre les 

courants ou des fluctuations rapides de la pression atmosphérique peuvent 

induire les ondes plus courtes d'inertie-gravité (Philander, 1978 a). Notons 
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que jusqu'à maintenant, ce sont ces dernières qui ont été observées de fa

çon très nette. Le brouillage haute fréquence des couches de surface, la 

présence de phénomènes locaux non ondulatoires (d'origine thermodynamique 

ou thermohaline par exemple), le peu de mesures de longue durée et leur 

caractère non sinusoldal rendent difficile la détection directe des ondes 

longues équatoriales. Mis à part les plausibles observations directes de 

Knox et Halpern (1982) et Eriksen et a!. (1983), des méthodes indirectes, 

comme celles que nous allons présenter, permettent de confirmer l'existen

ce des ondes longues équatoriales. 

3. Intérêts climatiques et économiques des océans équatoriaux 

Les zones tropicales sont caractérisées par une accumulation de 

chaleur d'origine solaire dans les couches superficielles tout au long de 

l'année (Hastenrath et Lamb, 1978)_. Ce sont les seules parties des océans 

où le bilan thermique océan-atmosphère est largement positif, au contraire 

des océans aux moyennes et hautes latitudes. Il y a donc des transferts im

portants d'énergie des tropiques vers les pôles via des processus interac

tifs océan-atmosphère et de l'advection marine. Il existe aussi un transfert 

moyen entre les deux hémisphères à travers la zone tropicale puisque le bi

lan énergétique de chacun des hémisphères n'est pas équilibré <çort et 

Vonder Haar, 1976). Des fluctuations à grande échelle et basse fréquence de 

ces transferts sont à l'origine des variations climatiques de notre planète. 

Des modèles numériques récents (Shukla, 1975 Reiter, 1978) montrent l'im-

portance des courants et des températures de surface des zones équatoriales 

dans le mécanisme de ces variations climatiques, non seulement dans les tro

piques mais aussi aux latitudes plus élevées. 

Bjerknes (1966, 1969) a été le premier à présenter une telle in

teraction océan-atmosphère à grande échelle dans le Pacifique Tropical. Il 

suggère que la cellule de circulation convective de Walker dans le plan 

équatorial répond directement aux variations du gradient de température de 

surface le long de l'équateur. Ce gradient résulte de la présence d'une 

thermocline qui est profonde dans la partie ouest du bassin équatorial et 

qui affleure dans la partie est. Ce schéma est complété, au niveau des 

échanges nord-sud, par la cellule méridienne de Hadley, maintenue par les 

contrastes thermiques entre les tropiques et les latitudes moyennes. Wyrtki 

(1975) reprend cette idée en insistant sur la réaction dynamique de l'océan 

équatorial aux vents. En effet, les variations saisonnières et interannuel-
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les de la profondeur de la thermocline dans le plan équatorial semblent di

rectement reliées à l'intensité des vents zonaux, partie basse de la cellule 

de Walker. Cet exemple de couplage océan-atmosphère dans les tropiques a été 

modélisé par Mc Creary (1983 a) et semblerait même avoir de l'influence sur 

le climat du nord du Pacifique et de l'Amérique du Nord (Bjerknes, 1966). 

Les tropiques sont aussi les régions qui réagissent très souvent 

de façon catastrophique aux variations de température de surface. Le schéma 

précédent à été proposé par Bjerknes comme une explication possible du phéno-
~ 

mène bien connu d'El Nino d'accumulation anormale d'eaux chaudes le long des 

côtes de l'Equateur et du Pérou. Cet événement provoque, entre autres, des 

pluies dévastatrices sur ces régions côtières. En Atlantique Tropical, il 

semble exister un phénomène similaire (Hisard, 1980 ; Merle, 1980 b) qui 

peut amener des pluies torrentielles le long des cOtes nord du Golfe de 

Guinée (Hockey, 1970) et de l'Angola (Hisard et Piton, 1981). En effet, les 

températures de surface influencent le régime des pluies par contrOle de 

l'humidité et de la stabilité des basses couches de l'atmosphère. Dans la 

partie nord de l'Atlantique Tropical, la présence de températures de surface 

anormales peut avoir un effet important sur la formation des cyclones (Namias, 

1969). Et à plus grande échelle, il semblerait qu'il y ait une téléconnexion 

entre les températures de surface et les sécheresses du Sahel et du Nord du 

Brésil (Lamb, 1968; Hastenrath, 1976; Markman et Mc Lain, 1977). 

~ ~ 
Nous avons vu que le phenomène d'El Nino a d'importantes consé-

quences sur le climat des cOtes de l'Equateur et du Pérou. Mais de par la 

cessation de l'upwelling côtier correspondant, il peut entratner une chute 

considérable du premier stock mondial d'anchois suivie d'une diminution im

portante du nombre d'oiseaux de mer et donc de la quantité de guano récupé

rée. En effet, les upwellings participent à un enrichissement actif de la 

zone euphotique par apport vertical de sels nutritifs qui débouche sur une 

augmentation de la productivité à travers la chaine alimentaire. De plus, 

ces upwellings induisent des changements importants de paramètres physiques 

comme la température de surface et la profondeur de la thermocline qui con

ditionnent la concentration des poissons favorisant ainsi leur capture 

(Evans et a!., 1980). Les tropiques sont les régions où les upwellings sont 

les plus intenses. Ces résurgences d'eaux froides existent de façon quasi

permanente le long des bords nord-est et sud-est des bassins tropicaux et 
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existent de façon saisonnière dans la partie est de la bande équatoriale, le 

long des côtes et de l'équateur. 

Dans l'Atlantique, l'importance de l'upwelling équatorial comme 

facteur d'enrichissement a été décrite par Voituriez et al. (1982). Les up

wellings saisonniers du Golfe de Guinée sont à l'origine de fronts thermi

ques favorables à la concentration des thons (Stretta, 1977). Ces mêmes up

wellings côtiers, couplés avec les apports nutritifs d'origine fluviale in

fluencent les pêcheries de sardinelles (Binet, 1982). Plus au sud, un phéno

mène pouvant ressembler à El Ni~o peut perturber les pêcheries d'anchois et 

de sardinelles des côtes de l'Angola (Hisard et Piton, 1981). 

Ainsi, les océans tropicaux, de façons directes ou indirectes, 

seraient à l'origine des variations climatiques, lesquelles peuvent avoir 

des répercussions économiques importantes. La prévision d'une bonne partie 

de ces fluctuations climatiques, ne pourra se faire que grâce à des modèles 

couplés océan-atmosphère. Mais le caractère hautement non linéaire de ce 

couplage ne permet pas de garantir actuellement les résultats de tels modè

les. En attendant, les océanographes cherchent à mieux conna!tre la physi

que de la réponse des océans aux différents forcings. 

4. L'intérêt particulier de l'Atlantique Tropical et plus 

spécifiquement du Golfe de Guinée 

Nous venons de voir qu'au niveau des catastrophes climatiques, 

économiques et humaines, l'océan Pacifique Tropical agit avec un maximum 

d'effets sur ses cOtes sud-est, l'océan Atlantique Tropical, par contre, in

fluence plus l'intérieur des continents avec la terrible sécheresse du Sahel. 

Mais il existe bien d'autres différences entre ces deux océans tropicaux, 

ne serait-ce que par leur dimension. L'Atlantique est en effet trois fois 

moins large que le Pacifique. Le temps de réponse des océans tropicaux aux 

sollicitations basse fréquence du vent étant fonction du temps de parcours 

des ondes longues baroclines à travers le bassin, il devrait donc être plus 

grand dans le Pacifique que dans l'Atlantique (Cane, 1979 a-b ~ Philander, 
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1979). Cela va se traduire par une prépondérance du signal saisonnier dans 

l'Atlantique Tropical (Merle et al., 1980) et du signal interannuel dans le 

Pacifique (Wyrtki, 1975 ; Hickey, 1975; Busalacchi, 1982). Mais les résul

tats récents d'un modèle linéaire forcé par des vents périodiques (Cane et 

Sarachik, 1981) suggèrent que cette différence dans la réponse serait plu

tôt à relier aux écarts dans le régime des vents. En effet, le cycle annuel 

des vents dans l'Atlantique Tropical est plus évident que dans le Pacifique 

Tropical (Roden, 1962; Wyrtki, 1975; Philander et Pacanoswski, 1981 a). 

Par contre, le cycle semi-annuel dans les vents comme dans leurs réponses, 

existe dans l'Atlantique Tropical (Merle et Le Floch, 1978 Busalacchi et 

Picaut, 1983) tout comme dans le Pacifique Tropical (Meyers, 1979 ; 

Busalacchi et O'Brien, 1980), mais il est beaucoup moins important que dans 

l'Océan Indien (Duing, 1978 ; Luyten et Roemmich, 1982) qui est principale

ment soumis aux renverses de la mousson. 

Contrairement au reste de l'Atlantique Equatorial, soumis à de 

forts vents zonaux issus des alizés de nord-est et sud-est, le Golfe de 

Guinée est principalement sous l'influence d'un vent de mousson de secteur 

sud, d'intensité moyenne. Cette région, qui occupe plus du tiers du bassin 

équatorial, a été tout particulièrement étudiée en océanographie comme en 

météorologie de par la présence française depuis de nombreuses années. Ainsi, 

il existe sur son littoral toute une série de stations côtières de prélève

ments journaliers de température de surface dont les plus longues séries 

excèdent la vingtaine d'années (Figure 1). Cette partie est de l'Atlantique 

équatorial est caractérisée par une thermocline qui affleure, alors qu'elle 

est profonde, dans la partie ouest. Il en résulte que les déplacements sai

sonniers de cette thermocline vont induire des variations importantes de la 

température de surface (5 à 7° contre 1 à 2° dans l'ouest) qui, nous l'avons 

vu, ont des répercussions climatiques, économiques et sociales importantes. 

Cette thermocline très proche de la surface est une des raisons de la vulné

rabilité des thons aux techniques de pêches modernes, ce qui explique qu'une 

bonne partie des thons pêchés dans l'Atlantique ·Tropical provient du Golfe 

de Guinée (Evans et al., 1980; Fonteneau et Cayré, 1983). 
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Le Golfe de Guinée et les stations côtières (d'après Verstraete, 

Picaut et Morlière, 1980). 

Les déplacements saisonniers de cette thermocline sont associés 

à un phénomène d'upwelling équatorial et côtier qui semble mal expliqué par 

des concepts classiques comme l'advection ou la théorie d'Ekman (Berrit, 

1976; Houghton, 1976; Bakun, 1978; Voituriez, 1980). Un des principaux 

résultats de notre étude a été de montrer qu'une partie significative de ce 

phénomène est due à un effet des vents à l'extérieur du Golfe de Guinée, 

transmis par des ondes équatoriales. Ces variations saisonnières sont conta

minées par des fluctuations importantes à plus hautes fréquences qui peuvent 

être dues à des ondes équatoriales ou à des ondes côtières (Figure 2). En 

effet, une discontinuité de profondeur (talus continental) ou une pente ré

gulière du fond (plateau continental) offrent également la possibilité de 
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piéger l'énergie sous forme d'ondes côtières. La côte du Golfe de Guinée, 

partout proche de l'équateur est une région favorable pour la propagation 

d'ondes topographiques équatoriales barotropes et baroclines. La présence 

d'une côte orientée est-ouest, unique dans les zones équatoriales, peut 

être à l'origine d'un mode supplémentaire des ondes piégées par l'équateur 

sous la forme d'une onde de Kelvin se propageant vers l'ouest piégée à la 

côte (Hickie, 1977; Philander, 1977). Enfin, dans le même point de vue, 

plutôt théorique, l'existence d'un fond plat dans le Golfe de Guinée laisse 

penser que des modes verticaux stationnaires peuvent beaucoup plus facile

ment s'établir que dans la partie ouest de l'Atlantique Equatorial o~ le 

fond est particulièrement irrégulier (Garzoli et Katz, 1981). 
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Variations journalières de température de surface et de niveau 

moyen en 1974 à Téma (d'après Picaut et Verstraete, 1979). 

L'existence d'un Centre de Recherches Océanographiques (ORSTOM) 

à Abidjan, c'est-à-dire sur cette cOte orientée est-ouest et à quelques de

grés de l'équateur, est un avantage important pour étudier ces phénomènes 

équatoriaux. 
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5. Présentation de la présente étude 

Cette étude porte sur les oscillations dont les périodes sont 

égales ou supérieures à celle de la marée semi-diurne. Nous ne nous intéres

sons pas aux ondes internes haute fréquence, c'est-à-dire de quelques minu

tes à quelques heures de périodes. Bien que nous les ayons observées systé

matiquement dans le Golfe de Guinée depuis 1968 (Trébern-Etienne, 1971), 

elles ne diffèrent pas vraiment de leurs homologues aux plus hautes latitu

des. Dans les modèles à grande échelle que nous avons utilisés, elles seront 

donc considérées et paramétrisées comme de la turbulence. 

Notre domaine d'étude se partage en deux bandes de fréquence. La 

première, que nous définissons comme de la moyenne fréquence, va du semi

diurne à quatre mois de période et englobe toutes les oscillations que nous 

avons pu observer, soit à l'aide de points fixes à partir de navire de re

cherches, soit à l'aide de stations côtières. Nous avons complété cette 

revue de nos propres travaux par un survol des résultats similaires de quel

ques autres chercheurs aussi bien à la côte qu'au large. La deuxième bande 

de fréquence, que nous définissons comme de la basse fréquence, traite du 

cycle saisonnier et de l'interannuel. La limite entre ces deux domaines est· 

assez floue. Nous avons montré (Picaut, 1983~) que le cycle saisonnier était 

parfaitement reconstitué à l'aide des cinq premières harmoniques de l'annuel. 

En fait d'énergétique, il n'existe que les trois premières. Or s'il est fa

cile d'imaginer des événements océaniques annuels et semi-annuels, l'exis

tence d'une onde tiers-annuelle est problématique (Picaut et at., 1978). 

Notre étude des moyennes fréquences porte surtout sur les ondes 

de plateaux forcées par la marée (semi-diurne et semi-mensuelle !uni

solaire) et l'atmosphère (45 jours de période). Par contre, le deuxième 

chapitre concerne surtout le mécanisme des upwellings côtiers et équato

riaux à l'échelle saisonnière et interannuelle. 

Dans ces deux bandes de fréquence nous nous intéressons princi

palement à la dynamique des variations thermiques. Mais une bonne partie 

de nos observations consiste en température de surface dans le Golfe de 

Guinée, où la thermocline est toujours proche de la surface. Il ne faut 

donc pas oublier qu'en plus des mouvements dynamiques de cette thermocline, 

des processus thermodynamiques sont nécessaires pour mélanger la couche 

homogène et induire les variations de la température de surface. 
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II. VARIATION A MOYENNE FREQUENCE 

1. Marée interne semi-diurne 

La marée est le parfait exemple de réponse océanique à un forcing 

oscillant. Le cas barotrope a été mathématiquement étudié par Laplace dès 

1776 mais il faudra attendre 1940 pour adjoindre de la stratification dans 

ces équations (Hendershott, 1981). Si le phénomène de marée barotrope est 

connu depuis l'aurore des temps, il faudra attendre le début du siècle pour 

les premières observations de marée interne par Nansen. Quelques mesures au 

point fixe durant la campagne du Météor puis par Varlet (1958) suggèrent 

leur existence dans le Golfe de Guinée. 

En 1973, j'ai effectué une douzaine de sorties avec le NO Reine 

Pokou du Centre de Recherches Océanographiques de Côte d'Ivoire, en vue 

d'étudier la variabilité interne induite par le grand canyon sous-marin, 

au large d'Abidjan, appelé Trou sans Fond. Des mesures en huit points fixes, 

sur le plateau continental ou la rupture de pente, ont montré la permanence 

des ondes de marée interne et leur forte amplitude. Ainsi, sur un fond de 

200 m, cela se traduit par un déplacement, principalement semi-diurne, des 

isothermes de plus de 50 met sur les fonds de 50 m d'environ 30 m. L'uti

lisation en continu, lors des deux dernières sorties d'un profileur de cou

rant, prêté par l'Université de Miami, a conduit à la mise en forme de 450 

profils de courant et de température. Sur la figure 3 sont représentés les 

résultats du dernier point fixe. On note une très forte cohérence entre le 

déplacement vertical des isothermes, la composante parallèle à la côte des 

courants et le niveau moyen mesuré à quelques milles. Les températures au 

fond peuvent ainsi varier de près de 6° en quelques heures. Les oscillations 

de courants, pratiquement en opposition de phase entre les couches de sur

face et celle au fond, suggèrent la dominance du premier mode barocline. 

Cet ensemble de mesures et travaux a été repris et développé par 

Park (1979). Ses principaux résultats peuvent se résumer ainsi : en présen

ce d'une faible pente, ces oscillations sont assez bien expliquées par la 

théorie linéaire des ondes internes. Si le fond est bien incliné, le dépla

cement des masses d'eaux, suivant la pente et sous l'action du courant de 

/ 
\ 
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SEA SURFACE HEIGHT 

Fig~re 3 :,Marée interne observée sur un fond de 52 rn au large d'Abidjan 

à partir de 298 profils de courant et de température et niveau 

moyen correspondant mesuré à la côte (d'après Picaut et 

Verstraete, 1979) • 
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marée barotrope, peut être prépondérant. Enfin, il ne faut pas totalement 

négliger les déplacements baroclines résultant de l'effet du 'courant de 

marée barotrope à·travers le gradient horizontal de densité qui équilibre 

le courant de Guinée. Les changements de la stratification moyenne au passa

ge des saisons marines (Morlière et Rébert, 1970) semblent affecter les ca

ractéristiques internes de ces oscillations. En particulier, durant la sai

son chaude, une analyse portant sur les courants montre que le premier mode 

barocline est fortement dominant et égal en amplitude au mode barotrope. 

L'adaptation du modèle de Prinseberg (1971) au plateau continental ivoirien 

et du modèle de Cavanié (1969) au canyon sous-marin Trou sans Fond montre 

que ces ondes internes peuvent être générées par l'action du courant de ma

rée sur le talus continental et sur les rebords du Trou sans Fond. 

Concernant la répartition spectrale de ces ondes internes, Park 

(1979) note l'existence de faibles oscillations diurnes. A partir de mesu

res avec une chaine à thermistances sur près de six mois, nous avons réussi 

à séparer les ondes internes semi-diurnes M2 et S2, la première étant évi

demment prépondérante (Picaut et Verstraete, 1979*). 

Ces marées internes que l'on retrouve aussi au large des côtes 

du Golfe de Guinée peuvent être à l'origine d'erreurs dans l'interprétation 

des mesures hydrologiques (Defant, 1950), c'est pourquoi, elles seront, si 

possible, filtrées dans le reste de notre étude. Par contre, elles semblent 

être une source importante de l'agitation interne des océans et des mélan

ges. Wunsch (1975) trouve qu'au moins 10 % de l'énergie des marées barotro

pes est transféré dans les marées: internes, ce qui par comparaison est simi

laire à l'apport d'énergie dans la circulation générale. 

Ces oscillations internes sont aussi importantes au niveau de la 

chatne alimentaire par les interactions qu'elles pourraient avoir sur le 

phytoplancton (Kamykows~i,· 1974). Elles semblent aussi avoir une influence 

directe sur la répartition des poissons. En effet, une expérience de 24 

traits de chalut toutes les deux heures sur le plateau ivoirien, encadrée 

par quatre jours de mesures physiques en continu, semble montrer que des 

mouvements de certains poissons correspondent aux variations de température 

dues aux marées.internes (Caverivière et Picaut, communication personnelle). 
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2. Ondes côtières 

Dès le début de mon premier séjour au Centre de Recherches Océa

nographiques de Côte d'Ivoire (septembre 1972- septembre 1974), j'ai été 

frappé par l'amplitude des variations à moyenne fréquence des températures 

mesurées à la station côtière bi-hebdomadaire au large d'Abidjan et à la 

sation côtière journalière du warf de Lomé au Togo. Les températures de sur

face peuvent en effet varier jusqu'à 5° en moins d'une semaine (voir Fig. 2 

pour exemple). Une première analyse spectrale, sur ces séries de température 

et sur une série marégraphique d'un peu plus d'un an effectuée à Abidjan, 

met en évidence des maxima d'énergie dans la bande des 3 à 60 jours de pé

riode. Cette première étude a été reprise, sur une plus grande échelle, à 

partir de mai 1974 en collaboration étroite avec J.M. Verstraete. Nous avons 

ainsi mis sur support informatique les données d'un maximum de stations 

côtières au Togo-Bénin-Ghana et Côte d'Ivoire et incité les autres centres 

ORSTOM de Dakar et Pointe Noire à en faire autant. Les séries chronologiques 

de 27 stations (Figure 1), comportant des mesures généralement journalières, 

de températures, niveau moyen, pression atmosphérique et vent ont été ainsi 

systématiquement analysées. Parallèlement, nous avons maintenu une chaine à 

thermistance sur un fond de 65 m au large d'Abidjan, pendant près de six 

mois. Sur la figure 4 correspondante, obtenue après filtrage des fluctuations 

dues aux marées internes semi-diurnes, il apparaît que ces oscillations 

moyenne fréquence intéressent toute la couche d'eau. Sur cette même figure, 

on notera que l'upwelling de l'été boréal semble se déclencher en profondeur 

dès la mi-mai créant un minimum thermique (21°) en surface, fin juillet. 

Ces séries chronologiques ont été soumises à un ensemble de trai

tements statistiques comme l'analyse spectrale, la corrélation croisée, la 

décomposition en série de Fourier, l'analyse harmonique de marée, le fil

trage passe-bande et la démodulation complexe. Ces analyses nous ont permis 

de mettre en évidence des oscillations océaniques côtières plus énergétiques 

dans les bandes de périodes allant de 3 à 9 jours, 13-15 jours et 40-50 jours 

(Picaut et al., 1978 ; Verstraete et al., 1980*). 
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Variation de la structure thermique sur un fond de 65 m- au large 

d'Abidjan du 11 février au 25 juillet 1977, à partir de données 

de surface et d'une chaîne de thermistance après élimination des 

oscillations dues aux marées internes (d'après Verstraete et 

Picaut, 1983). 

• Une oscillation vers 3 jours de période semble être forcée par 

l'atmosphère • 

• Une oscillation dans les alizés dans les périodes allant de 3 

à 6 jours (Krishamurti et Krishamurti, 1980), probablement reliée aux ondes 

atmosphériques .africaines se propageant vers l'ouest (Arnold, 1966), pour

rait forcer une onde océanique que nous avons trouvée dans cette même gamme 

de période. Houghton (1979) et Mc Grail (1979) notent cette même oscilla

tion à partir de mesures de courants sur le plateau continental du Ghana, 

du Libéria et de Sierra Léone. Il faut noter que le long de la côte nord du 

Golfe de Guinée, la période d'inertie correspond à ces mêmes valeurs • 

• L'atmosphère forcerait aussi une onde océanique vers 9 jours 

de période. A partir des mesures de courant, Houghton (1979) retrouve cette 

oscillation qui semble s'atténuer à l'approche du fond. Dans une étude d'on

des de plateau barotropes dans le plan B, Beer (1978 a) indique que cette 
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onde pourrait correspondre au deuxième mode. 

b) Période semi-mensuelle 

1974 est l'année particulière où apparaît de façon très nette une 

oscillation semi-mensuelle dans les températures de surface de la saison 

d'upwelling, époque durant laquelle la thermocline est la plus proche de la 

surface (Figure 2). Houghton et Beer (1976), avec les mesures des sta~ions 

côtières de Cotonou et du Ghana de cette même période, montrent que cette 

oscillation se propage vers l'ouest à une vitesse moyenne de 64 cm/s. Simul

tanément, Picaut et Verstraete (1975), par une analyse spectrale de toutes 

les séries chronologiques de température de surface, ont trouvé un maximum 

d'énergie autour de quinze jours de période se propageant le long de la côte 

nord du Golfe de Guinée avec une vitesse approximative de 75 cm/s. Nous 

avons poursuivi cette étude par la collecte d'un maximum de données marégra

phiques dans cette même région et avons alors montré que cette oscillation 

existe toute l'année dans le niveau moyen (Figure 2), mais surtout qu'elle 

se compose de deux ondes (Figure 5). La première correspond à l'onde semi

mensuelle lunaire Mf (13,66 jours de période) et a une phase constante tout 

au long de ces côtes. La deuxième a une période de 14,76 jours, ce qui cor

respond à celle de l'onde semi-mensuelle !uni-solaire Msf. Cette onde se 

propage vers l'ouest sur au moins 1500 km de la côte nord du Golfe de Guinée . 
avec une vitesse moyenne de phase de 53 cm/s (Figure 6) et de 675 km de lon-

gueur d'onde (Picaut et Verstraete, 1979*). Ces ondes particulièrement éner

gétiques (Figure 5) ont un effet important sur la structure thermique et in

duisent des oscillations verticales des isothermes de sub-surface tout au 

long de l'année. 

De par la petitesse de la force astronomique !uni-solaire semi

mensuelle, nous en avons déduit que l'onde Msf est très probablement le ré

sultat d'une interaction non-linéaire entre les deux. ondes de marée semi

diurne M2 et S2. On vient de voir que des ondes internes M2 et S2 existent 

vraisemblablement tout le long des côtes du Golfe de Guinée. Elles pourraient 

forcer une onde de 14,76 jours de période via un processus non-linéaire. 

Mais il semble difficile d'imaginer que des ondes de 15 à 20 km de longueur 

d'onde puissent forcer localement une onde de 675 km de longueur d'onde • Il 
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Spectre de 10 années de niveau moyen à Abidjan et de 13 années 

de température de surface à Téma (d'après Picaut de Verstraete, 

1979). 
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Variation de la phase de l'onde de 14,7 jours de période le long 

de la cOte nord du Golfe de Guinée (d'après Picaut et Verstraete, 

1979). 
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nous a été plus facile d'imaginer une interaction non-linéaire entre les 

ondes de marée barotropes M2 et S2 dans la région du Golfe de Guinée où le 

plateau continental est le moins profond et le plus large, à savoir son coin 

nord-est. Une onde serait alors générée se propageant en laissant les petits 

fonds à droite, donnant ainsi un très bel exemple de forcing éloigné. Il a 

été suggéré que cette onde pouvait être une onde de plateau topographique 

(Philander, 1979), une onde interne de Kelvin (Houghton et Beer, 1979) ou 

une onde équatoriale topographique (Mysak, 1978 a-b ; Picaut et verstraete, 

1979~). Par des analyses récentes de mesures de courant, Houghton (1979) 

trouve que l'énergie associée à cette onde est piégée sous la thermocline 

et pense que le modèle de Wang et Mooers (1976) d'une onde hybride de pla

teau topographique modifiée par la stratification serait plus approprié. Il 

existe des contradictions entre tous ces modèles. L'onde ne peut être haro

trope puisqu'elle se manifeste par des fluctuations importantes d'isother

mes. Par contre, nous avons montré (Picaut et Verstraete, 1979~) que quand 

la stratification change sur le plateau continental, avec l'arrivée de la 

saison d'upwelling, la célérité de cette onde ne change pas. Clarke et 

Battisti (1983), en utilisant un modèle à topographie réaliste et à strati

fication continue dans un plan 8, trouvent que l'onde observée colnciderait 

avec le deuxième mode calculé, mais surtout que la célérité correspondante 

dépendrait essentiellement de la stratification en dessous de 150 m. Comme 

cette dernière ne change pratiquement pas avec les saisons mârines, ce der

nier modèle expliquerait ainsi la constante observée de la célérité. 

Avant de passer dans cette bande de fréquence, notons que nous 

avons trouvé une onde assez peu énergétique à 31,8 jours de période corres

pondant à la marée mensuelle Msm (Verstraete et a!., 1980*). 

Nos premières études sur les séries chronologiques des stations 

côtières du Golfe de Guinée nous ont permis de mettre en évidence une onde 

* de 40-50 jours de période (Picaut et Verstraete, 1976 ). Des analyses spec-

trales faites sur le niveau moyen corrigé de l'effet barométrique et sur la 

température de surface en diverses stations du Golfe de Guinée montrent un 

maximum d'énergie, dans cette bande de période, significatif à 90 %. Des 
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calculs de déphasage par spectres croisés et par corrélations croisées après 

filtrage passe bande, semblent indiquer que, le long des côtes nord du Golfe 

de Guinée, cette onde serait stationnaire. L'existence de pics d'énergie au

tour de la même bande de fréquence dans la pression atmosphérique et le vent 

mesuré au sol, suggère que cette onde côtière puisse être forcée par l'at

mosphère. Ce mode de génération semble confirmé par les tracés des spectres 

de courant de Houghton (1979) où l'on peut noter, sur le plateau continental, 

une décroissance du maximum d'énergie correspondant à l'approche du fond. 

Les travaux de Madden et Julian (1971, 1972) prouvent qu'il exis

te une onde atmosphérique de même période sur au moins le Pacifique et 

l'Océan Indien. Cette oscillation serait le résultat d'une circulation cel

lulaire à grande échelle se propageant vers l'est dans le plan équatorial. 

Elle pourrait exciter une onde équatoriale de Kelvin dans l'océan (Philander, 

1977) mais nous verrons dans la section suivante qu'il ne semble pas exister 

d'onde équatoriale dans cette gamme de période. Des études complémentaires 

seraient nécessaires pour comprendre la liaison entre l'onde atmosphérique 

et l'onde côtière que nous avons mise en évidence. 

Pour clore cette discussion sur les ondes côtières, il nous faut· 

citer les travaux de Portolano (1981) sur toutes les stations côtières du 

Sénégal, bien que cela concerne une zone un peu en dehors de notre centre 

d'intérêt. Il trouve que les températures de surface de cette région sont 

sollicitées par les déplacements basse fréquence à grande échelle de la 

zone intertropicale de convergence·(ITCZ) et par les variations moyenne fré

quence de l'intensité et de ·la direction du vent local. 

3. Ondes océaniques 

Mes études moyenne fréquence portant essentiellement sur les me

sures effectuées aux stations côtières, je n'ai pas été amené à m'intéresser 

directement aux ondes océaniques de l'Atlantique Equatorial. Cependant, il 

m'est apparu nécessaire de résumer les principales découvertes dans ce do

maine. Dans la plupart des cas, elles n'ont été ·possibles que grâce à la 

mise en place de mouillages de longue durée et GATE a été le premier exemple 

d'une expérience où des mouillages dans l'Atlantique Equatorial ont pu être 
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maintenus pendant trois mois. Ces travaux et ceux qui ont suivi, ont montré 

la présence de mouvements énergétiques dans les bandes de périodes allant 

de 3 à 5 jours, 9-10 jours, 14-18 jours et de l'ordre du mois. 

Nous avons vu qu'il existait des oscillations de l'ITCZ de 3 à 6 

jours de période. Elles pourraient générer une réponse barotrope par le for

cing de pression ou une réponse barocline par le forcing du vent (Beer, 

1978 b). Les mesures de GATE ont permis de trouver une telle oscillation 

qui serait cohérente d'un point de vue dynamique avec une onde équatoriale 

d'inertie-gravité. Cette onde semblerait tirer son énergie du courant moyen 

(Weisberg ~at., 1980). Si des ondes similaires paraissent correspondre à 

un mode résonnant dans le Pacifique (Wunsch et Gill, 1976) il ne semble pas 

que cela soit le cas dans l'Atlantique (Philander et Duing, 1980). Des étu

des de déplacement de la thermocline, à partir de trois écho-sondeurs inver

sés, ancrés près de l'équateur dans la partie ouest du bassin, donnent un 

maximum d'énergie commun autour de 3,75 jours de période. Une comparaison 

avec le diagramme de dispersion autorise à rejeter le cas d'une onde libre. 

Par contre, une analyse de cohérence avec le vent, déduit de ces écho

sondeurs inversés, montre que cette oscillation pourrait être une onde 

d'inertie-gravité forcée par l'atmosphère dans cette partie ouest de l'océan 

(Garzoli et Katz, 1981). Des mesures similaires à 4~W suggèrent que cette 

onde piégée par l'équateur pourrait être libre dans la partie est (Miller, 

1981). 

Par des mesures courantométriques effectuées à 26 et 28°W à proxi

mité de l'équateur, Weisberg ~at. (1980) ont trouvé une oscillation à 9-10 

jours de période. Elle se propagerait vers l'ouest et vers le haut, ce qui 

implique une énergie descendante. Du point de vue dynamique, elle peut cor

respondre au deuxième mode méridien d'une onde d'inertie-gravité, mais 

Philander (1978 a) estime qu'il s'agit plutôt d'une onde mixte de Rossby

gravité. Cette onde pourrait être forcée par l'atmosphère et Bubnov ~ al. 
(1980) la retrouvent en sub-surface dans la plupart des niveaux de mesures 
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de deux mouillages à 10°W. Dans la couche de surface elle est masquée par 

les méandres du Sous Courant Equatorial. 

Neumann et William (1965), à l'aide de drogues-parachutes, ont 

été les premiers à noter la présence de méandres à l'équateur. Rinkel (1969) 

par des mesures répétées à l'équateur vers 8°W trouve des oscillations du 

sous Courant Equatorial avec une période d'environ 14 jours. Plus récemment 

avec Le Floch (1972), nous avons observé que dans le Golfe de Guinée, le 

maximum de salinité associé à ce sous courant se déplace de façon régulière 

de 40 milles de part et d'autre du pa»allèle 0°15'S, avec une période approxi

mative de 16 jours. 

Les mesures faites à partir de bateaux, mouillages et satellites 

ont apporté un maximum d'informations sur ces méandres entre 0° et 30°W 

(Duing et al., 1975). Ils oscillent à la période moyenne de 16 jours, à 

% 1 degré de l'équateur et intéressent surtout les deux cents premiers mè

tres en se propageant vers le haut avec une célérité approximative de 50 m 

par jour. Ils se propagent aussi horizontalement vers l'ouest avec une vi

tesse de phase moyenne de 1,35 m/s, ce qui donne une longueur d'onde d'envi

ron 1850 km et se traduit au niveau des courants par une assymétrie de la 

composante zonale (Dulng et Hallock, 1980). 

Monin (1972, cité par Bubnov et al., 1980) a proposé un modèle 

inertiel des méandres du Sous Courant Equatorial qui cotnciderait en pério

de avec celle observée. Des mesures directes de vents et par dérive des 

nuages observés par satellite mettent en évidence une fluctuation des alizés 

autour de 15 jours de période qui se propagerait vers l'ouest avec une lon

gueur d'onde d'environ 4000 km (Krishnamurti et Krishnamurti, 1980). L'at

mosphère pourrait ainsi forcer ces méandres océaniques sous forme d'une onde 

mixte de Rossby-gravité. Mais un problème demeure, dn à la différence de 

longueur d'onde entre ces ondes océaniques et atmosphériques. Hallock (1980) 

à partir d'un modèle barocline trouve que la répanse dominante à un vent 

fluctuant méridien est une onde de Rossby-gravité dont les caractéristiques 

ressemblent à celle de l'onde de 14-18 jours de période observée. Finalement, 
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Philander et Duing (1980 a) suggèrent que ces méandres, bien qu'assez peu 

instables, puissent croitre rapidement sous l'action d'un forcing important 

dont les échelles sont comparables. 

A l'aide des mouillages de surface du Passat à 10°W et du Trident 

à 26° et 28°W, Weisberg (1980) note que les méandres à 16 jours de période, 

dominants dans les couches de surface, se mélangent avec une fluctuation à 

32 jours de période. Cette dernière apparait nettement au-dessous du Sous 

Courant Equatorial. Durant la même opération GATE, Brown (1980) trouve une 

oscillation similaire dans les températures de surface mesurées par satel

lite vers 3°N, là où le gradient thermique horizontal, lié aux courants 

zonaux, est maximum. Des mesures de sub-surface de plus longue durée dans 

le Golfe de Guinée, retrouvent cette oscillation dans la composante méri

dienne des courants et permettent de bien définir ses caractéristiques 

(Weisberg et al., 1980). Sa période moyenne est de 31 jours et elle se pro

page vers l'ouest et vers le haut avec des longueurs d'onde de 1200 km et 

100 m. Le flux d'énergie associé se propage vers l'est et vers le bas avec 

une vitesse de groupe de 16 cm/s et de 0,014 cm/s respectivement. Cette onde 

mixte de Rossby-gravité, modulée par les variations saisonnières, est piégée 

à l'équateur selon une décroissance exponentielle de 210 km. 

Cette onde semble formée en surface par une instabilité entre le 

courant Sud Equatorial et le Contre Courant Equatorial Nord (Philander, 

1978 b) pour rayonner vers l'est et en profondeur, ce qui justifierait son 

importance dans les couches profondes du Golfe de Guinée où elle explique 

les deux tiers de la variance de la composante méridienne (Weisberg et ai., 

1979). 

Toutes ces études prouvent l'existence et l'importance d'ondes 

piégées à l'équateur et à la côte dans l'Atlantique Equatorial. Ces ondes 

sont très souvent énergétiques et semblent avoir de l'importance au niveau· 

des courants moyens. Un calcul d'énergie cinétique du mouvement moyen, par 

Crawford et Osbron (1980) montre que l'énergie apportée par le vent est en 

partie perdue par la turbulence et en partie sert à créer le gradient zonal 
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de pression. Le taux d'énergie apportée aux oscillations et méandres est si

gnificatif mais ne peut être estimé avec précision. Les changements impor

tants du gradient zonal de pression,. ainsi généré par le vent, sont les élé

ments dominants des variations saisonnières de l'Atlantique Equatorial 

(Katz et al., 1977 ; Merle, 1980), variations que nous allons maintenant 

étudier. 

Ill. VARIATIONS BASSE FREQUENCE 

DANS LE GOLFE DE GUINEE 

LA REPONSE DE L'ACTION ELOIGNEE DU VENT 

1. Présentation de l'upwelling du Golfe de Guinée 

De par la présence des Centres de Recherches Océanographiques 

(ORSTOM) de la République du Congo, de la Côte d'Ivoire et du Sénégal et du 

Fishery Research Unit du Ghana, nous avons maintenant une assez bonne con

naissance des variations saisonnières du Golfe de Guinée. Quatre saisons 

marines ont été ainsi mises en évidence dans les couches superficielles 

(Berrit, 1958 1 Morlière, 1970) : une grande saison chaude de février à mai, 

une grande saison froide de juin à début octobre, une petite saison chaude 

de novembre à mi-décembre et finalement une petite saison froide de mi

décembre à janvier. La décomposition en série de Fourier de ce cycle saison

nier (Merle et Le Floch, 1978) et l'analyse spectrale de plus longues séries 

chronologiques (Picaut et al., 1978) montrent que l'alternance de ces sai

sons marines peut s'interpréter, pour une bonne part, comme la superposition 

de deux ondes annuelle et semi-annuelle. Les travaux de White (1977), Meyers 

(1979 a-b) et Lukas (1981) dans l'océan Pacifique et de Luyten et Roemmich 

(1982) dans l'Océan Indien, penchent pour une réalité physique des ondes 

annuelles et semi-annuelles dans les océans tropicaux. Tout simplement ces 

deux ondes pourraient être dues à l'influence climatique des deux hémisphè

res. Mais il ne faut pas écarter le fait que ces deux ondes puissent être le 

résultat d'un artefact de la décomposition mathématique de Fourier d'un si

gnal saisonnier irrégulier. 

La grande saison froide, qui domine ce cycle saisonnier, est ca

ractérisée par l'arrivée d'un upwelling le long de l'équateur et des côtes 

nord et sud du Golfe de Guinée. Cet upwelling est relié aux déplacements de 
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la thermocline (Morlière et Rébert, 1972; Houghton, 1976; Merle, 1980 b), 

mais n'a pu être expliqué valablement par l'effet local du vent (Berrit, 

1976 ; Houghton, 1976 ; Bakun, 1978), le rayonnement solaire (Merle, 1980 a), 

l'advection par les courants (Citeau et al., 1980 ; Houghton, 1981) et l'ac

croissement du mélange vertical à l'équateur (Voituriez et Herbland, 1979 

Voituriez et al., 1982). Le long de la côte nord du Golfe de Guinée, une 

partie de cet upwelling pourrait être induite par l'accroissement du Courant 

de Guinée, directement par ajustement géostrophique relevant la thermocline 

(Ingham, 1970 ; Philander, 1979 b) ou indirectement par un effet dynamique 

sur le Cap des Trois Pointes et le Cap des Palmes au Ghana et Côte d'Ivoire 

(Marchal et Picaut, 1977). Pour une revue de ces divers mécanismes, voir 

Picaut (1983*). 

Le Golfe de Guinée est caractérisé par une thermocline toujours 

très proche de la surface, au contraire de la partie ouest de l'Atlantique 

Equatorial. Cette pente zonale de la thermocline dans toute la bande équa

toriale de l'Atlantique est soumise à des variations saisonnières qui se 

traduisent par le basculement de cette pente autour d'une zone de pivotement 

située vers les 25°-30°W (Merle, 1980 a). Katz et al. (1977) et Lass et al. 
(1983) ont relié les variations de la pente dynamique correspondante, à 

l'ouest du Golfe de Guinée, avec les variations saisonnières de la tension 

zonale des vents dans la même région. Il est donc possible que le cycle sai

sonnier du Golfe de Guinée puisse être en bonne partie le résultat d'un 

ajustement à l'échelle du bassin équatorial. 

2. La théorie de l'action éloignée du vent 

Durant le FINE Workshop (FGGE-INDEX-NORPAX-Equatorial Workshop), 

qui se tenait à la Scripps Institution of Oceanography en Californie du 27 

juin au 12 août 1977, le petit groupe de français dont je faisais partie a 

présenté aux théoriciens américains le problème de l'upwelling du Golfe de 

Guinée. Des discussions, basées sur les données que nous avions apportées, 

les toutes nouvelles théories équatoriales (Moore et Philander, 1978) et une 
~ 

récente explication théorique d'El Nino (Wyrtki,· 1975 ; Mc Creary, 1976 

Hulburt et al., 1976), ont permis de suggérer que cet upwelling pouvait être 

induit par un accroissement du vent zonal dans la partie ouest de l'Atlanti-
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* que Equatorial (Moore et al., 1978 ). 

Le contexte théorique de cette hypothèse a été illustré par deux 

modèles à gravité réduite dans lesquels les vents d'est limités à la partie 

ouest du bassin se mettent à souffler soudainement (O'Brien et al., 1978 

Adamec et O'Brien, 1978). Une accumulation d'eaux se produit le long des 

cOtes du Brésil, créant un gradient zonal de pression qui vient à équilibrer 

la tension du vent, en accord avec les travaux de Katz et al. (1977) et Lass 

et al. (1983). En amont de la zone d'action du vent, un upwelling équatorial 

se produit et se propage vers l'est, le long du guide d'ondes équatoriales, 

sous la forme d'une onde équatoriale de Kelvin. A l'arrivée sur les côtes 

africaines, cette onde se réfléchit sous la forme de paquets d'ondes équato

riales de Rossby, symétriques par rapport à l'équateur et se propageant vers 

l'ouest et de deux ondes de Kelvin côtières se propageant vers le nord et 

vers le sud. Tout cet ensemble d'ondes permet ainsi au signal d'upwelling, 

généré dans la partie centrale de l'Atlantique Equatorial, de rayonner dans 

tout le Golfe de Guinée. Ce schéma théorique, basé à l'époque sur peu de 

faits physiques, nous a servi de guide pour la collecte et le traitement de 

données en vue de confirmer ou d'infirmer cette nouvelle hypothèse. 

3. Propagation de l'upwelling saisonnier 

Au cours de mon deuxième séjour au Centre de Recherches Océano

graphiques de Côte d'Ivoire, d'octobre 1978 à aoat 1980, j'ai assuré la main

tenance des nouvelles stations de prélèvements journaliers de température de 

surface que J.M. Verstraete avait installées en mai 1977. En tout, six nou

velles stations côtières qui venaient s'ajouter aux neuf autres du Bénin, 

Togo et Ghana. Et fin 1979, nous disposions de près de trois années de mesu

res systématiques sur plus de 1200 km de la côte nord du Golfe de Guinée. Il 

a été vu que le cycle saisonnier décrit par ces séries chronologiques est 

fortement parasité par tout un ensemble d'oscillations à plus haute fréquen

ce dont certaines peuvent se propager. L'utilisation d'un filtre passe-bas 

a permis d'éliminer toutes les oscillations de périodes égales ou inférieures 

à 45 jours. Une analyse de corrélation avec décalage (Figure 7) centré sur 

la grande saison froide m'a permis de mettre en évidence la propagation de 

l'upwelling de l'été boréal le long des côtes du Ghana et de la COte d'Ivoire 
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(Picaut, 1983%). Une analyse similaire mais limitée au phénomène de lape

tite saison froide montre que l'upwelling de l'hiver boréal se propage de 

la même manière (Roy, 1981). 

Figure 7 
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Propagation de l'upwelling saisonnier, le long des cOtes nord du 

Golfe de Guinée, à partir des données·des stations côtières jour

nalières en 1977, 1978 et 1979 (d'après Picaut, 1983). 
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Propagation de l'upwelling saisonnier le long des côtes sud du 

Golfe de Guinée à partir des données de température de navires 

marchands moyennées par mois et par carrés de 1° (d'après Picaut, 

1983). 

Mis à part Pointe Noire, il n'existe plus de stations côtières le 

long de la cOte sud. Grâce aux fichiers prétraités, de données historiques 

collectées par les navires marchands, aimablement fournis par s. Hastenrath, 

w. Wooster et A. Bakun, j'ai pu montrer que des moyennes mensuelles climato

logiques de température de surface par carré de 1°, permettaient de retrou

ver cette propagation le long des cOtes du Ghana et de COte d'Ivoire. L'uti

lisation de ces données historiques sur une année type devant la cOte sud du 

Golfe de Guinée a permis de découvrir une propagation du signal du grand up

welling de l'équateur jusqu'à au moins 13°S (Figure 8). Par contre, il n'a 

pas été possible de retrouver une telle propagation côtière de l'équateur 

jusqu'à la frontière du Ghana. Le signal d'upwelling n'apparatt probablement 
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pas nettement dans les températures de surface du coin nord-est du GOlfe de 

Guinée qui est caractérisé par une thermocline relativement profonde et une 

accumulation d 1 eaux dessalées (Berrit, 1973). Une analyse de corrélation a 

permis cependant de noter un décalage de 28 jours entre les passages du si

gnal d 1 upwelling côtier à 1 1 équateur et à la frontière du Ghana. Ce dépha

sage est le temps nécessaire pour une onde de 0,6 m/s de célérité pour chemi

ner tout le long du coin nord-est du Golfe de Guinée. Cette vitesse de phase 

est du même ordre de grandeur que celles observées sur les figures 7 et 8. 

Il est donc possible d 1 imaginer que le signal de l 1upwelling équatorial se 

partage entre deux signaux côtiers se propageant le long des cOtes nord et 

sud du Golfe de Guinée. Finalement, il n•a pas été possible de trouver une 

* propagation nette le long de l 1 équateur (Picaut, 1983 ). Cela peut être dû 

aux difficultés pour les températures de surface de rendre compte du signal 

d 1 upwelling et en particulier sur une année type, mais aussi au fait que le 

long de 1 1 équateur il peut y avoir interférence entre les ondes équatoriales 

de Kelvin se propageant vers 1 1 est et de Rossby se propageant vers 1 1 ouest 

(Cane et Sarachick, 1981). 

Entre 1957 et 1964, 217 stations hydrologiques ont été régulière

ment effectuées par 1 1 0RSTOM sur un site à 38 km au sud d 1 Abidjan sur le ta~ 

lus continental. Une analyse similaire aux précédentes m•a permis de mettre 

en évidence la propagation verticale du signal d 1upwelling (Picaut, 1983*). 

Il se produirait à 300 mun mois et demi avant la surface (Figure 9). En 

aucun cas, la théorie classique d 1 Ekman ne pourrait expliquer une telle pro

fondeur et encore moins ce déphasage progressif jusqu•à la surface. Nous 

verrons que la superposition d 1 ondes forcées au large du Golfe de Guinée 

peut être à l 1 origine d•un tel phénomène (Mc Creary, Picaut et Moore, 1984*). 

4. Corrélations locale et éloignée entre la tension du vent et 

la température de surface 

Cette mise en évidence de propagation de 1 1 upwelling saisonnier 

nous ayant incité à croire en la théorie de Moore et al. (1978*), J. Servain, 

J. Merle et moi-même avons décidé d 1 analyser simultanément les tensions de 

vent et leur réponse possible au niveau de la température de surface (Servain 

* et al., 1982 a-b). Ce travail a été facilité par s. Hastenrath qui a mis à 
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(d'après Picaut, 1983). 
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la disposition de J. Merle un fichier des vents et des températures de sur

face collectés par les navires marchands, moyenné par mois et par carré de 

5° de cOté sur toute la période 1911-1972. 

Une partie des études précédentes a été effectuée sur une année 

moyenne, ce qui conduit à lisser considérablement les phénomènes propres à 

des années particulières. De plus, sur une année type, l'événement dominant, 

tant dans les vents que les températures de surface, est à période annuelle. 

Ce fait rend donc caduque toute tentative de corrélation entre des moyennes 

climatiques de températures de surface et de vents. En retirant le cycle 

saisonnier moyen des deux jeux de données pluri-annuelles vent-température 

de surface, une corrélation significative entre les données non-saisonnières 

résultantes doit être un indicateur beaucoup plus évident de processus dyna

miques réels. Nous avons d'abord montré que les anomalies thermiques men

suelles de surface dans le Golfe de Guinée sont spatialement cohérentes et 

qu'elles diffèrent sensiblement des régions extérieures. PUis nous avons mis 

en évidence la très bonne corrélation existant entre les anomalies mensuelles 

de la tension du vent zonal dans la partie ouest de l'Atlantique Equatorial 

et les anomalies mensuelles de la température de surface dans le Golfe de 

Guinée, et ce avec une avance d'environ un mois (Figure 10). Ce décalage 

pourrait correspondre à une propagation d'une onde équatoriale de Kelvin de 

la zone d'action du vent au Golfe de Guinée, à la vitesse approximative de 

1 m/s. Par opposition, les corrélations locales entre les anomalies mensuel

les de tension du vent zonal et méridien et les anomalies de température de 

surface dans le Golfe de Guinée, sont très faibles (Figure 10). 

Ces derniers résultats sont importants car ils font intervenir 

directement le moteur (vent) et sa réponse océanique éloignée (température 

de surface) et apportent ainsi un argument positif supplémentaire à la théo

rie de Moore et al. (1978~). Mais ces analyses de corrélation n'impliquent 

pas nécessairement une relation directe de cause à effet. Une telle rela

tion rationnelle ne pourra apparaître qu'à travers une étude détaillée de 

processus physiques par une confrontation judicieuse modèles - observations. 

Les modèles numériques simplifiés de O'Brien et ·at. (1978) et Adamec et 

O'Brien (1978) ont été surtout construits pour illustrer l'idée théorique 

de Moore et al. (1978~) et ne prétendaient pas détailler les mécanismes de 
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l'océan réel. D'autres modèles simplifiés ont été élaborés pour illustrer 

d'autres mécanismes possibles ; citons ceux de Philander et Pacanoswski 

(1981 b) soumis à un vent régulier de secteur sud et de Cane et Sarachick 

(1981) forcé sur tout le bassin équatorial par des vents zonaux périodiques. 

Mais dans notre cas, la nécessité d'arriver à un certain degré de simulation 

nous a conduit à mettre en oeuvre des modèles un peu plus réalistes. 

Figure 10 
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Corrélation avec décalage. courbe a : anomalies de tension du 

vent zonal dans l'ouest de l'Atlantique Equatorial avec les 

anomalies de température de surface dans la partie ouest du 

Golfe de Guinée. Courbe b : anomalies de tension du vent zonal 

dans l'ouest de l'Atlantique Equatorial avec les anomalies de . 

température de surface dans la partie nord du Golfe de Guinée. 

Courbe c : anomalies de tension du vent zonal dans la partie 

ouest du Golfe de Guinée avec les anomalies de température de 

surface dans la même zone. Courbe d : anomalies de tension du 

vent méridien dans la partie ouest du Golfe de Guinée avec les 

anomalies de température de surface dans la même zone. 

(d'après Servain, Picaut et Merle, 1982 a). 
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Dans l'introduction, il a été soulevé le danger des modèles numé

riques trop sophistiqués aussi, nous avons préféré procéder en deux étapes. 

Dans u~ premier modèle (Busalacchi et Picaut, 1983*), on sacrifie la réso

lution verticale mais on injecte le vent saisonnier observé sur une année 

moyenne dans un bassin aux côtes réalistes. Dans un deuxième modèle (Mc 

Creary, Picaut et Moore, 1984*), on simplifie fortement les vents et les 

cOtes mais on somme les solutions sur les modes verticaux, ce qui permet 

d'avoir une très grande résolution verticale. 

5. Modèle à gravité réduite forcé par les vents saisonniers 

moyens (Busalacchi et Picaut, 1983*) 

Ce modèle linéaire est aussi appelé modèle à mode unique ou modèle 

à une couche et demi. En effet, il ne comporte que deux couches, la deuxième 

est au repos et le vent agit en déplaçant horizontalement la première couche 

et verticalement la pycnocline séparant les deux couches. Ce modèle s'étend 

sur une bonne partie de l'Atlantique Tropical (Figure 11) et est forcé par 

les vents issus de l'atlas d'Hastenrath et Lamb (1977), moyenne par carré de 

1° et par mois de 60 années d'observations à partir de navires marchands. 

1o·w 

Figure 11 
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Comparaison de la géométrie du modèle à mode unique avec le bas

sin Atlantique Tropical. Les frontières au nord et au sud sont 

des frontières ouvertes. Ce modèle est forcé par les vents sai

sonniers moyens déduits de 60 années d'observations par les na

vires marchands (d'après Busalacchi et Picaut, 1983). 
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D'après Schopf et Harrison (1983) une perturbation du champ de hau

teurs ~ynamiques répond d'une manière linéaire aux premiers modes baroclines 

du système, au contraire de la thermocline qui est plus sensible aux modes de 

rang élevé, mais aussi aux termes non-linéaires. Les résultats d'autres modè-
:t les (Philander et Pacanoswski, 1981 b; Mc Creary, Picaut et Moore, 1983 ), 

nous ayant incités à utiliser la gravité réduite du deuxième mode barocline 

calculée à partir d'observations dans l'Atlantique Equatorial, il a été pré

férable de comparer les résultats de ce modèle avec les hauteurs dynamiques 

sur une année moyenne observées par Merle et Arnault (1983). Dans l'ensemble, 

cette comparaison est relativement bonne, principalement au niveau du champ 

moyen et de sa variation annuelle. En particulier, ce modèle reproduit correc

tement les variations saisonnières du Golfe de Guinée (Figure 12). 

Figure 12 
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Les valeurs négatives correspondent à une pycnocline plus profon

de que la moyenne annuelle (d'après Busalacchi et Picaut, 1983). 
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Il faut remarquer que ces résultats dépendent fort peu de la vi

tesse du deuxième mode choisi (dans la limite de ± 30 %) et pratiquement pas 

de la viscosité horizontale. De plus, ces calculs ont été faits antérieure

ment à ceux de Merle et Arnault (1983), il ne s'agit donc pas du tout d'un 

ajustement à des observations. 

Cette assez bonne simulation nous a permis de retourner au déve

loppement des équations gouvernant le modèle et de relancer celui-ci avec 

des masques sur des portions géographiques du vent. Ainsi nous est apparu le 

détail des mécanismes pouvant reproduire les variations saisonnières domi

nantes de l'Atlantique Tropical. Ces variations sont caractérisées dans la 

partie nord-ouest du bassin par un basculement méridien autour d'une ligne 

correspondant à la position moyenne de l'ITCZ (vers 5°-10°N). Le long de 

l'équateur, il existe un pivotement de la pycnocline autour d'un point situé 

vers 25°-30°W (Merle, 1980 a). Cette réponse périodique forcée par le vent 

sur une année type, est une combinaison, dépendant de l'espace géographique, 

de réponses forcées localement, d'ondes de Kelvin, d'ondes de Rossby et de 

multiples ondes réfléchies par les côtes. Cette étude de mécanismes montre 

que dans le modèle le basculement, au nord de la position moyenne de l'ITCZ, 

est entièrement dû aux effets locaux du vent via le pompage d'Ekman. Au sud· 

de cette ligne, le basculement en sens opposé est une combinaison d'effets 

locaux et d'effets éloignés apportés principalement par des ondes de Rossby. 

En accord avec les travaux de Katz et at. (1977) et Lass et at. (1983), nous 

trouvons que le gradient zonal de pression dans la partie ouest de la bande 

équatoriale est, durant toute l'année, en équilibre avec la tension zonale 

du vent local. Au contraire, dans la partie de bande équatoriale du Golfe 

de Guinée, il n'y a pas d'équilibre entre le gradient zonal de pression et 

la tension du vent local. Dans cette bande équatoriale, la réponse du modèle 

est en bonne partie la superposition d'ondes équatoriales de Kelvin excitées 

par le vent zonal équatorial à l'ouest du Golfe de Guinée et d'ondes de 

Rossby issues de leurs réflexions sur les côtes africaines. Cette réflexion 

induit aussi une réponse symétrique qui se propage le long des côtes nord et 

sud du Golfe de Guinée (Figure 13). Des études spécifiques, dans lesquelles 

le modèle était forcé par différentes portions géographiques du vent, ont 

permis de saisir le détail des variations saisonnières du Golfe de Guinée. 

Le vent zonal équatorial à l'ouest de 10°W est responsable de presque toute 
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la réponse annuelle du modèle dans le Golfe de Guinée. Le vent zonal annuel 

à l'est de l0°W a un effet secondaire le long de la côte nord, orientée est

ouest, qui en plus est annulé par l'action du vent méridien sur la côte orien

tée nord-sud. Ces résultats suggèrent que la grande saison froide peut être 

en bonne partie due à une action du vent en dehors du Golfe de Guinée. Dans 

cette même région, la moitié de l'oscillation semi-annuelle de la pycnocline 

du modèle est la réponse à des variations de la composante zonale du vent 

équatorial à l'ouest de 10°W. Le reste de cette oscillation provient des ef

fets combinés des vents zonaux et méridiens dans le Golfe. Ainsi, il semble

rait que la petite saison froide puisse être le résultat de la variabilité 

du vent autant à l'intérieur qu'à l'extérieur du Golfe de Guinée. 

Figure 13 
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6. Modèle à trois dimensions forcé par un vent annuel simplifié 

(Mc Creary, Picaut et Moore, 1984*) 

Ce modèle est une adaptation au problème de l'action éloignée du 

vent dans l'Atlantique Equatorial, des modèles linéaires de Mc Creary (1981 

a-b ; 1983 b) qui ont permis d'étudier la dynamique des sous-courants équa

toriaux et côtiers et des jets profonds. Ils sont une extension du modèle 

non v i squeux de Lightill (1969) par l'adjonction d'une diffusion de chaleur 

et de quantité de mouvement en profondeur, ce qui permet d ' avoir des résul

tats réalistes. Le modèle considéré est forcé par la portion de vent oscil

lant à la fréquence annuelle, limitée à la zone équatoriale et à l'ouest de 

20°W (Figure 14). Les solutions sont représentées comme le développement des 

modes baroclines du système, en fait la sommation sur les quinze premiers 

modes suffit. Le profil vertical moyen de densité utilisé a été déterminé à 

partir de données hydrologiques historiques de toute la bande équatoriale de 

l'océan Atlantique. On calcule la solution d'un mode particulier non pas par 

la méthode classique de résolution numérique par intégration dans le temps, 

mais en supposant, comme dans beaucoup de modèles de marée, une dépendance 
-iot du temps de la forme e , o étant la fréquence annuelle. 

20° 
N 

o· 
1 

Figure 14 : Comparaison de la géométrie du modèle à 3 dimensions avec le 

sin Atlantique Tropical. Les frontières au nord et au sud sont 

des frontières ouvertes. La région ombrée correspond à la zone 

d'action du vent et le trait fin autour schématise son profil en 

x, y. La tension du vent oscille à la fréquence a nnuelle et arri

ve à un maximum de 0,5 dyne/cm2 au centre de cette zone (d'après 

Mc Creary, Picaut et Moore, 1984). 
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Du fait de l'absence de vent dans le Golfe de Guinée, la réponse 

dans cette région est le résultat du rayonnement d'un ensemble d'ondes équa

toriales de Kelvin excitées par le vent à l'ouest. Ces ondes se superposent 

de façon cohérente de manière à former un faisceau étroit d'énergie qui se 

propage rapidement vers l'est et lentement vers le bas, selon la pente o/N, 

N étant la fréquence de Vâisâlâ au niveau considéré. Ce faisceau se réfléchit 

sur la côte africaine sous la forme d'un ensemble de faisceaux de Rossby qui, 

se propageant avec une pente plus importante que le faisceau de Kelvin, af

fecte la structure profonde du Golfe de Guinée. Les faisceaux d'énergie ré

fléchis les plus évidents correspondent au premier mode horizontal équatorial 

de Rossby et à un mode piégé le long de la côte nord, orientée est-ouest, 

très similaire à un faisceau d'ondes côtières de Kelvin. D'autres faisceaux 

de Rossby se superposent pour générer des jets côtiers le long des côtes mé

ridionales (Figure 15). Cette figure représente la section verticale du champ 

de courant le long de la côte africaine de 5°S à 10°N. La continuité des cou

rants et sous-courants côtiers sur toute cette section montre que ces courants 

sont bien causés par la réflexion d'un faisceau équatorial de Kelvin. Cette 

figure illustre aussi très bien la propagation verticale des courants selon 

une célérité comparable avec celle que j'ai observée au sud d'Abidjan. De 

même, il existe pratiquement dans toute cette section, une propagation hori~ 

zontale des champs de courant et de densité, dirigée vers les pôles et avec 

des vitesses de phase généralement du même ordre de grandeur que celles ob

servées. 

Ce modèle met en évidence une différence importante observée en

tre les cOtes du Golfe de Guinée. Le long de la côte orientée est-ouest, la 

présence d'un faisceau de Kelvin, côtier, fait que les structures de densité 

et de courants sont piégées à la cOte. De par la présence de faisceaux de 

Rossby à la cOte orientée nord-sud, ces mêmes structures sont étendues beau

coup plus au large. Finalement, on peut noter que ~e modèle suggère qu'il 

puisse exister en sub-surface au large de Dakar, un faisceau d'énergie issue 

de la réflexion des ondes équatoriales excitées par le vent à l'ouest du 

Golfe de Guinée (Figure 15). 



Figure 15 
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Section verticale des courants le long des côtes nord et sud du 

Golfe de Guinée des points a-f de la figure 14 à t = 6,8 et 

10 mois. Les échelles des courants situées dans la partie infé

rieure de la figure correspondent à 0,001 cm/s et 10 cm/s dans 

les directions verticale et horizontale (d'après Mc Creary, 

Picaut et Moore, 1984). 



- 49 -

7. Discussion et conclusion 

Nos observations suggèrent que l'upwelling saisonnier côtier du 

Golfe de Guinée se propage vers le nord et vers le sud à partir de l'équa

teur et verticalement tout au moins au sud d'Abidjan. Nous avons aussi trou-· 

vé une bonne corrélation entre les variations non saisonnières de la tension 

de vent zonal dans l'ouest de l'Atlantique Equatorial et les variations non 

saisonnières de la température de surface du Golfe de Guinée et ce, avec un 

décalage d'un mois, le temps pour une onde équatoriale de Kelvin de se dé

placer à environ 1 m/s de la zone d'action du vent au Golfe de Guinée. Ces 

deux résultats d'observations sont les éléments dominants de la théorie de 

l'action éloignée du vent de Moore et al. (1978~), illustrée par les modèles 

de O'Brien et al. (1978) et Adamec et O'Brien (1978). Mais ces modèles sont 

tellement simplifiés qu'il est presque étonnant que nos observations concor

dent si bien. Aussi, nous allons ~onclure ce chapitre en discutant des ré

sultats des récents modèles traitant de ce mécanisme. 

Dans les modèles de O'Brien et al. (1978) et Adamec et O'Brien 

(1978), le vent zonal, limité à la partie ouest de l'Atlantique Equatorial, 

est lancé de façon impulsionnelle. Ce vent excite un front d'ondes équato

riales de Kelvin dont la propagation apparaît de façon très nette, de même 

que celles des ondes réfléchies de Rossby et de Kelvin côtières résultantes. 

Ainsi, la phase de la réponse dans le Golfe de Guinée est directement liée 

à l'instant de l'accroissement brutal du vent et à la célérité de toutes ces 

ondes. A l'opposé, Cane et Sarachik (1981) ont étudié la réponse linéaire 

d'un simple mode barocline à un vent périodique, indépendant de la coordon

née zonale, dans un bassin limité par deux simples côtes orientées nord-sud. 

Dans ce modèle, la réponse périodique est une superposition complexe d'ondes 

de Rossby, d'ondes équatoriales de Kelvin et d'ondes de Rossby issues de la 

réflexion des ondes de Kelvin à la frontière est. Il n'est donc pas possible 

de pouvoir suivre une onde équatoriale de Kelvin. De plus, à la fréquence 

annuelle, les ondes côtières de Kelvin ne peuvent exister qu'au-dessus de la 

latitude critique qui, à titre indicatif, est d'environ 50° pour le premier 

mode barocline et de 5° pour le dixième mode. Il·n'y a donc plus de relation 

simple entre le forcing et sa réponse dans le Golfe de Guinée. Le modèle li-
~ ' néaire de Busalacchi et Picaut (1983 ), similaire au précédent, mais utili-
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sant des côtes et des vents réalistes, a une solution équatoriale beaucoup 

plus proche du forcing périodique que du forcing impulsionnel. Par contre, 

il permet de retrouver une propagation côtière vers les pôles dans le Golfe 

de Guinée (Fig. 13) et suggère que dans cette même région la réponse annuel

le est principalement issue de l'action éloignée du vent. Cette propagation 

le long de la côte orientée nord-sud est probablement due à l'utilisation 

de viscosité horizontale et aux harmoniques de la fréquence annuelle dans 

la tension du vent. 

Le modèle linéaire à trois dimensions de Mc Creary, Picaut et 

Moore (1984~), forcé par un vent annuel à l'ouest de 20°W, retrouve la pro

pagation verticale observée au sud d'Abidjan. L'utilisation de nombreux mo

des baroclines autorise l'énergie à pénétrer lentement en profondeur. Ainsi, 

le faisceau équatorial de Kelvin et les faisceaux réfléchis de Rossby ne 

vont plus complètement interférer.comme dans les modèles précédents, permet

tant ainsi de retrouver le piégeage équatorial et côtier et rendant possible 

la visualisation des ondes de Kelvin. Une autre explication, pour la présen

ce d'ondes côtières et équatoriales de Kelvin dans un modèle à trois dimen

sions, est la disparition des ondes de Rossby dans les couches de surface 

par les termes non linéaires (Philander et Pacanoswski, 1981 a). De plus, 

ces auteurs trouvent que dès que l'on limite un vent de période proche de 

l'annuelle à la partie centrale du bassin, à l'est de cette zone les ondes 

de Kelvin deviennent apparentes et la réponse dans cette région, tout comme 

dans le modèle de Mc Creary, Picaut et Moore (1984~), est directement asso

ciée à cette onde se propageant vers l'est. Au contraire des modèles à mode 

unique, il ne semble donc pas que dans des modèles à trois dimensions il y 

ait de différences fondamentales entre une action éloignée d'un vent pério

dique et une action éloignée d'un vent impulsionnel. 

Il faut noter de plus que l'utilisation de vents moyens sur une 

année type lisse considérablement les événements propres à chaque année. 

Les analyses de données de vent historiques par Servain et at. (1982 a~) et 

les mesures directes da vent sur le rocher Saint Paul près de l'équateur à 

29°W par Garzoli et at. (1982) semblent montrer que l'accroissement des 

alizés à l'ouest du Golfe de Guinée est souvent du type impulsionnel. Un 

calcul interannuel similaire à celui de Busalacchi et O'Brien (1981) est en 
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cours de préparation pour comprendre les différences entre le cycle saison

nier moyen et le signal saisonnier d'années individuelles (Picaut et al., 
1983). 

Cet ensemble de travaux a démontré qu'une partie importante des 

variations saisonnières dans le Golfe de Guinée était due à des effets du 

vent zonal à l'ouest du Golfe. Le premier modèle a surtout permis d'avoir 

des indications sur l'importance dans la réponse de la répartition spatiale 

et en fréquence des vents. Le deuxième modèle a détaillé le mécanisme de 

liaison entre le forcing éloigné et sa réponse dans le Golfe de Guinée. Ces 

deux modèles semblent donc complémentaires. On pourrait objecter que dans 

l'un des modèles l'énergie pénètre en profondeur, ce que ne permet pas l'au-
. ~ 

tre. D'après Mc Creary, Picaut et Moore (1984 ), le Golfe de Guinée, en sub-

surface, est principalement sollicité par le premier mode horizontal de 

faisceau d'énergie réfléchie de ~ssby. Comme ce faisceau ne dépasse guère 

300 m dans le Golfe de Guinée, la comparaison dans cette même région de la 

profondeur de la pycnocline du modèle de Busalacchi et Picaut (1983~) avec 

les hauteurs dynamiques 0/300 db, n'est pas du tout incompatible. Plus à 

l'ouest, la réponse semble principalement locale et les faisceaux de Rossby 

peuvent dispara!tre en profondeur ou être dissipés par les termes non liné

aires. 

Mais toute cette étude est bien évidemment trop simple pour pré

tendre expliquer tous les aspects des variations saisonnières dans le Golfe 

de Guinée. Par exemple, les changements importants du courant de Guinée en

tre 2° et 4°N sont mal expliqués dans nos deux modèles, d'après Philander 

(1979 b) et Anderson (1979), ils pourraient être dus à l'influence des vents 

méridiens du Golfe de Guinée. Rappelons que nos deux modèles ignorent l'ad

vection, la topographie du fond, les effets thermohalins et thermodynamiques 

et qu'ils ne permettent pas de reproduire des variations de température de 

surface. Malheureusement, de par sa grande fréquence de mesures, c'est en

core cette seule température de surface qui peut actuellement nous donner 

des informations précises sur les variations saisonnières et interannuelles 

des océans. 
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IV. CONCLUSION GENERALE 

Nous venons de présenter les principaux résultats d'un travail 

qui apporte quelques informations sur les variations thermiques dans le 

Golfe de Guinée. Faute d'une étude fine, les marées internes au large 

d'Abidjan n'ont pu être que décrites et les tentatives de modélisation de 

Park (1979) ne permettent pas de conclure sur leurs modes de génération et 

de propagation. Par contre, l'oscillation à 14,7 jours de période, sollici

tant au moins toute la zone côtière du nord du Golfe de Guinée, a été beau

coup plus étudiée. Si nous avons maintenant quelques idées précises sur sa 

structure interne et sa propagation, il n'en est pas de même de son mode de 

génération, on peut imaginer qu'elle puisse être forcée par une interaction 

non-linéaire entre les deux ondes de marée barotropes Mz et Sz. Une autre 

oscillation aussi importante (1 à 2° d'amplitude en surface) a été mise en 

évidence le long des côtes du Golfe. Elle serait peut-être stationnaire et 

très probablement forcée par une oscillation atmosphérique à 40-50 jours de 

période. Plus au large, les méandres du Sous Courant Equatorial et les on

des profondes étudiées par Weisberg et al. (1979) montrent l'importance des 

oscillations moyenne fréquence dans l'ensemble du Golfe de Guinée. 

Dans le domaine des variations saisonnières et interannuelles nous 

nous sommes surtout attaché à un mécanisme original faisant intervenir le 

vent zonal à l'ouest de notre zone d'intérêt. Au départ quelques vagues ob

servations et des idées très théoriques ont autorisé à imaginer le processus 

dit de l'action éloignée du vent de Moore et al. (1978~). Le retour à des 

observations sur le terrain ou historiques, a permis de retrouver les élé

ments importants de cette théorie simplifiée : corrélation température de 

surface - vent à l'ouest, propagation côtière vers les pôles. Le détail de 

ce mécanisme d'action du vent à longue distance a pu être suivi grâce à la 

mise en oeuvre de deux modèles numériques élaborés dont les produits ont été 

comparés avec les observations. Cette étude, résultat d'une collaboration 

très étroite entre théoriciens et observateurs, a donc permis de comprendre 

une partie de la physique de ce processus responsable probablement de la 

moitié ou plus des variations saisonnières et interannuelles dans le Golfe 

de Guinée. 
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L'énergie importante associée aux ondes moyenne fréquence pose 

le problème de la génération de courants moyens par ces oscillations. A la 

côte elles peuvent induire de grandes variations dans les upwellings saison

niers (Houghton, 1976). Elles sont probablement à l'origine des déplacements 

importants des fronts thermiques, zones de très forte concentration en thons 

(Stretta, 1977). Des études détaillées de ces ondes moyenne fréquence doi

vent donc permettre de mieux comprendre la dynamique cOtière et par la même 

de préciser les conditions limites de modèles océaniques sophistiqués. 

Dans le domaine basse fréquence, nous avons déjà souligné la dif

ficulté de mettre en évidence les ondes équatoriales correspondantes. Si la 

présence d'un plateau continental réaliste ne semble pas affecter la ré

flexion de ces ondes sur les frontières océaniques (Suginohara, 1981), le 

phénomène de réflexion sur le fond ne semble pas résolu. Il en est de même 

de la dissipation de ces ondes ce qui pose le problème crucial de la mémoire 

des océans équatoriaux. Un autre point important est de connaitre le méca

nisme de transfert d'énergie de l'atmosphère vers l'océan et de savoir com

bien de cette énergie va traverser la.thermocline (Philander, 1978 a) pou

vant ainsi générer des jets profonds (Mc Creary, 1983). Le reste de cette 

énergie va participer aux échanges entre les bords du bassin équatorial et· 

le rOle des trois contre-courants équatoriaux dans ce transfert est fort mal 

connu. Enfin, la réaction de l'océan sur l'atmosphère, élément dominant 

semble-t-il de la climatologie est relativement peu étudiée et elle nécessite 

une meilleure collaboration entre météorologues et océanographes. 

Des modèles numé~iques plus sophistiqués faisant intervenir les 

termes non-linéaires et de la thermodynamique devraient aider à résoudre 

certains de ces problèmes. Mais c'est par de nombreuses mesures bien spéci

fiques et surtout une coopération encore plus étroite entre théoriciens et 

observateurs que l'on pourra espérer avancer dans ces recherches. Dans l'At

lantique Tropical, les expériences SEQUAL (Seasonal Response of the Equato

rial Atlantic) et FOCAL (Français Océan et Climat dans l'Atlantique Equato

rial) devraient permettre de résoudre certains de ces aspects et si les buts 

sont centrés sur les variations saisonnières, des études moyenne fréquence 

pourront se développer grâce aux mouillages équatoriaux et aux écho-sondeurs 

inversés. Le Pacifique est particulièrement détaillé avec EPOCS (Equatorial 
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Pacifie Ocean Climate Studies), PEQUOD (Pacifie Equatorial Ocean Dynamics) 
~-

et les constants efforts sur El Nino et l'Oscillation du Sud associée. Tous 

ces grands programmes vont se prolonger par l'expérience sur 5-10 années 

TOGA (Tropical Ocean Global Atmosphere). 

Mais si des techniques hautement élaborées comme les satellites 

nous permettent d'avoir de bonnes indications sur les températures de sur

face et avant la fin de la décade sur les tensions de vent, il ne faudra pas 

avant longtemps négliger les mesures simples facilement dépouillables et in

terprétables. Et si l'image, le long des côtes africaines d'une bonne ving

taine de personnes munies de leur seau et de leur thermomètre, peut faire 

sourire, il n'est pas inutile de rappeler que ce modeste travail repose en 

grande partie sur ces mesures quotidiennes. 
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ABSTRACT 

Long time series of sea level and sea surface temperatures measured at different coastal stations along 
the northem coast of the Gulf of Guinea are analyzed statisticaUy. The results indicate thal pronounced 
fortnightly osciUations in sea level are composed oftwo waves: one is the lunar fortnightly tide Mf (13.661· 
day period) which bas a constant phase ail along the coast. The other wave has a period of 14.765 days 
which is the period of the luni-solar fortnightly tide Msf; this wave propagates westward along the east
west oriented coastline with a mean phase speed of 53 cm s-1 and a wavelength of 675 km. These waves 
have important eft'ects on the thermal structure.and give rise to strong vertical osciUations of the sul> 
surface isotherms throughout the year. The sea surface temperature, however, has pronounced oscilla
tions around the Msf frequency during the upweUing season (June-September) only. The 14.765-day 
wave is of tidal origin and is due to a nonlinear interaction of the M1 and 51 (barotropic or baroclinic) tides 
but the generation mechanism is obscure .. 

· 1. Introduction 

Extensive oceanographie studies over the past 10 
years, mainly by the Ffench Office O.R.S.T.O.M. in 
the Ivory Coast, and tiy the Fishery Research Unit 
of Ghana, have increased our knowledge of the gen
eral hydrography, circulation and seasonal varia
tions in the Gulf of Guinea considerably. (Varlet, 
1958; Longhurst, 1962; Morlière, 1970; Lemasson 
and Rébert, 1973; Hoùghton, 1976). There are sev
eral reasons why the interaction between the ocean 
and atmosphere in the Gulf of Guinea is of partic
ular interest. 

First, the atmospheric forcing in the area is very 
regular and is not subject to sudden and dramatic 
changes as is the case in higher latitudes. As a result 
tide gage data from this meteorologically quiet area 
do not merely mirror noisy meteorological forcing 
but could provide information about the dynamics 
of the ocean, about the fundamental modes of oscil
lations of the tropical Atlantic, and possibly about 
the effects of coas tai geometry on equatorial waves 
(Philander, 1977). 

Second, the coastal upwelling observed each . 
year along the northern coast of the Gulf during the 
Northern Hemisphere summer exhibits a number of 
perplexing features. These· upwellings were noted 
for the first time by Schott {1944) and considerable 
efforts have since been made to understand their 
mechanism (see Houghton, 1976). A simple model 
of Ekman upwelling driven by the local winds is 

irreconcilable with the observations. Although the 
winds over the Gulf are monsoonal, their intensity 
does not change drastically at the coast during the 
summer monsoon, and it is probable that the coastal 
phenomena could be part of large-scale equatorial 
processes. During the FINE (FGGE/Index/NOR
PAX Equatorial) workshop at the Scripps Insti
tution of Oceanography (27 June-12 August 1977) 
Moore et al. (1978) proposed that remote forcing 
by the increase of the wind stress in the western 
part of the equatorial Atlantic could explain these 
coastal upwellings. O'Brien et al. (1978) have de
veloped these ideas in a simple baroclinic numerical 
model of upwelling. Another approach to the prob
lem is given by Philander (1978) who shows that the 
strong cross-equatorial winds between June and 
September can cause coastal upwellings along the · 
northem coast of the Gulf. 

Third, the northern coast of the Gulf of Guinea is 
an interesting region to extend the studies oftrapped 
shelf waves which have been observed along north
south oriented coastlines off Oregon (Mooers and 
Smith, 1968; Cutchin and Smith, 1973), off the 
North Carolina Coast (Mysak and Hamon, 1969), off 
Florida (Brooks and Mooers, 1977), and off the 
Australian eastern and western coasts (Hamon, 
1966; Mysak, 1967). These traveling waves are 
energized by atmospheric forcing. Cartwright (1969) 
gives the only example of a diurnal tidally inducedl 
continental shelf wave.· -
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FIG. l. Daily sea surface temperature and sea leve! during 1974 at Tema. 

The analyses of long time series available at dif
ferent coastal stations along the northem coast of the 
Gulf of Guinea show the presence of many low
frequency oscillations. Most of them are induced by 
tidal and atmospherical forcing (Picaut and 
Verstraete, 1976; Verstraete et al., 1978). 

A wave with a period of about 15 days that exists 
throughout the year is easily revealed by a visual 
inspection ofthe mean sea level (Fig. 1). By looking 
at the coastal sea surface temperature, this oscilla
tion clearly appears during the upwelling season 
( July-September) when the thermocline is very 
close to the surface. Temperature measurements be
low the surface, with a thermistor chain off Abidjan, 
show that this wave is present throughout the year 
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(see Fig. 2). lts appearance at the surface in the 
non-upwelling season is masked by the mixed 
surface layer. 

The purposes of this paper are 1) to document 
the existence of a west ward propagating fortnightly 
wave along the west-east oriented coastline of the 
Gulf of Guinea and 2) to evaluate hypotheses con
ceming the generation of this wave. 

2. Data analysis 

a. The data 

AU the data used for this study are listed in 
Table 1 and the locations are given by Fig. 3. They 
cover a period between 1951 and 1977 and were 
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10 

June Oepth 
lm) 

20 

30 

40 

50 

60 

FIG. 2. Low-pass filtered isotherms (Dermerliac filter) at the Aanderaa thermistor chain mooring otT Abidjan at a depth of 65 rn, 
from 11 February to 25 July 1977. 
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TABLE 1. List of the coastal stations and the collected data. 

Param- Data 
State Location et er Iength Time origin Re marks 

Benin Cotonou SST 16 years 1 Apr 1958 Nansen bottle ; 0, 5, 8 rn depths; T, S; 0800 GMT; wharf 

Togo Kpémé SST 6 years 1 Jan 1970 Nansen bottle ; T, S : 0800. 1200. 1600 GMT; wharf 
Lomé SST 3 years 1 Jan 1951 Nansen boule ; T, S ; 0800. 1200. 1600 GMT; wharf 

SST 2 years 1 Jan 1967 Nansen bottle ; T. S; 0800 GMT; wharf 
SL 2 years 9 Jan 1966 Righ and low tides ; 4% of gaps 
SL 6 years 6 Feb 1970 High and low tides; 5% of gaps 

Ghana Keta SST 9 years 1 May 1968 Buckel sample; T. S: 0800 GMT; beach 
Tema SST 14 years 1 Jan 1963 Bucket sample; T. S; 0800 GMT; harbor breakwater 

SL 8 years 1 Jan 1%9 Mean of 24 h observations 
SL 1 year 1 Jan 1976 Hourly observations 

Winneba SST 7 years 1 Jan 1970 Bucket sample ; T, S: 0800 GMT; beach 
Takoradi SST 9 years 1 May 1968 Bucket sample; T, S ; 0800 GMT; beach 

SL 8 years 1 Jan 1969 Mean of 24 h observations 
SL 2 years 1 Jan 1976 Hourly observations 

Cape l'bree Points SST 3 years 1 Jan 1974 Bucket sample: T, S; 0800 GMT; beach 
Princestown SST 5 years 1 May 1968 Bucket sample; T, S : 0800 GMT; beach ; station closed 

down and replaced by Cape Three Points 
Axim SST 9 years 1 May 1%8 Bucket samplc: T . S; 0800 GMT: beach 
Half Assini SST 8 years 1 Jan 1969 Bucket samplc: T. S; 0800 GMT: beach 

Ivory Abidjan T 12 years 29 Mar 1966 Twice a week; Nansen bottle: 0, 5, 10, 15 , 20 rn depths: T, 
coast S; 0930 GMT; in 30 rn water depth 

T 165 days Il Feb 1977 Thermistor chain ; 14-59 rn depths: 6J = 20 mn; in 66 rn 
water depth 

SL 10 years 9 Jan 1%7 High and low tides 
SL 1 year 1 Jan 1971 Hourly measurements 
SL 27 months 1 Jan 1974 Hourly measurements 

Sas sandra SL 304 days 5 Jan 1%5 High and Iow tides 
San Pedro SL 50 months 1 Apr 1973 High and low tides ; 10% o( gaps 
Tabou SST 21 months 1 Apr 1958 Bucket sample: T; 0650. 1200, 1800 GMT: beach 

SST 10 months 18 Aug 1%8 Bucket sample ; T; 0700 GMT; beach; 20% of gaps 

Liberia Monrovia SL 338 days 22 Sep 1953 Hourly measurements 

collect.ed by the Centre de Recherches Océano
graphiques (ORSTOM) and Service Hydrographique 
in Ivory Coast, the Fishery Research Unit and the 
Survey Department in Ghana the Service Hydro
graphique and ORSTOM in Togo and the Service 
des Pêches in Bénin. 

The sea surface temperatures were measured from 
a bucket sample at the beach or with a Nansen 
bottle on the wharf, two or three times per day. ln 
the se analyses we u ed the measuremeots near 0800 
GMT. 

The hourly measurements of sea leve) at Mon-
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FtG. 3. Location of the coastal stations along the northem coast of the Guinea Gulf. 
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rovia were generously given by G. Philander. In 
order to simplify the digitizing of analog records 
we have extracted the high and low tides from the 
tidal records at San Pedro, Sassandra, Abidjan and 
Lomé, and have taken as the daily mean sea levet 
the mid-tide Ievel. For Tema and Takoradi, on the 
other band, we collected the mean of24 consecutive 
hourly observations of the water levels. 

These two types of daily mean sea levet could 
suffer from aliasing of the fundamental tidal con
stituents (Godin, 1972; Demerliac, 1973). Therefore, 
we also obtained houri y observations for three years 
at Abidjan, one year at Tema, and two years at 
Takoradi, in order to estimate the possible errors 
introduced by aliasing. 

At Lomé, Tema, Takoradi and San Pedro, the 
tide gages are positioned in or near the harbor 
entrance where there are no perturbations from any 
lagoons or rivers. At Abidjan the tide gage is at the 
entrance of the Vridi Canal and one must be on 
the lookout for spurious variations from the lagoon 
during the rainy season. At Sassandra the tide gage 
had been working on the wharf for less than one 
year. We have no information about the position of 
the tide gage in Monrovia Harbor. 

b. Determination of the period of the oscillations 

Usually the analysis of the sea levet first re
quires corrections for the isostatic variations due 
to the atmospheric pressure (Hamon, 1966). In a 
recent paper (Picaut and Yerstraete, 1976), we have 
shown that such a correction is unnecessary in the 
present area. 

The present analysis of the sea levet time series 
that exceed five years gives evidence of se veral sig
nificant peaks, particularly near the ·periods of 45, 
14.7 and 13.7 day s. With the longest time series, 
the one from Abidjan, we are able to separate the 
two last peaks and find maxima of energy at periods 
of 14.73 and 13.73 days. These values are very close 
to those of Msf and Mfl (Fig. 4). To obtain the 
period of the two peaks more accurately, we made 
numerous spectral analyses of the sea levet at 
Abidjan with a variable length of the autocorrelation 
interval. If the variations are small and the mean 
lengths much shorter than those of the time series, 
the spectral density found in ali these analyses are 
of the same order and may overlap each other. This 
fact allows us to put the results on the same graph 
(Fig. 5). The autocorrelation length varied from 298 
to 306 days. On this graph the usual bandwidth 
for a simple spectral analysis is given above the two 
peaks. With the refined treatment, our resolution is 
eight times higher. The two maxima are now 
found to be exactly at 13.66 and 14.77 days. This 

1 Mf is the lunar fortnightly tide (13.661 days) and Msf the 
Iuni-solar synodic fortnightly tide (14.765 days). 
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FIG. 4. Autospectra of mid-tide sea leve) at Abidjan (1 0 years) and 
sea surface temperature at Tema (13 years). 

establishes that these two peaks correspond exactly 
to the Mf (13.6608 days) and Msf (14.7653 days) 
periods. 

If these two oscillations are of purely tidal ori
gin, they must be represented by two tines above a 
continuous noise. The Mftide is not an integral sub
harmonic of the Msf tide, so we choose a record· 
length such that the Mf and Msf frequencies are as 
close as possible to harmonies of the record length. 
Fig. 6 gives the result of the Fourier analysis with 
2922 daily mean sea levet data points at Abidjan. 
The two tines at 14.757 and 13.654 da ys are far above 
the continuous noise, with an amplitude of 1.20 and 
1.14 cm, respective) y. Such a small noise levet may 
be explained by the stability of meteorological con
ditions in the Gulf of Guinea and probably by the 
good quality of the measurements at Abidjan. 

c. Elimination of possible aliasing 

With a sampling frequency of q and in the presence 
of an oscillation with frequency f, apparent oscilla
tions appear at the frequencies q - f, q + f, 
2q - f, 2q + f, . . .. 

Table 2 gives the mean result of a harmonie 
anal y sis of houri y measurements of the sea levet at 
Monrovia, Abidjan, Takoradi and Tema, for the 
most important tidal constituents of periods less 
than one month. 

The analyses of sea surface height are made with 
two types of "daily mean sea level'': the mid-tide 
levet and the 24 hourly average. Table 3 gives the 
residue coefficients for the main tidal constituents 
with these two types of "daily mean sea lever·. 
The average lets through 3.5% of the M2 tide 
and with a sampling frequency of 1 cycle per day (cpd) 
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FIG. S. Detailed spectra• analysis of Abidjan sea leve!. 

may give a fictitious Msf oscillation as large as the 
real phenomenon (Table 2). The mid-tide level has 
been estimated for each day by the mean of the four 
nearest low and high ti des of the day, so the effec
tive sampling is 0.966 cpd; with 5.9% of the K2 tide 
it may give an aliased oscillation at the Mf frequency 
about eight times smaller than the real one. 
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In order to control these factors, we have used, 
on ali the hourly measurements of sea levet at 
Abidjan, a special filter that spans 72 h (Demerliac, 
1973), and have calculated the corresponding daily 
mean sea levet. Table 4 presents the harmonie 
analysis of the daily mean sea level, the 24 hourly 
average, the mid-tide levet and the hourly meas-

13 12 11 PERIOD 

FIG. 6. Fourier analysis of Abidjan mid-tide sea level (8 years). 
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urements. It is clear that the average perturbs 
the Msf re suit considerably, whereas the mid-tide 
lev el does not disturb the Mf re suit significantly. 

We have spectrally analysed the 27 consecutive 
months of hourly sea levet at Abidjan, after using 
the Demerliac filter. The comparison with mid-tide 
levet spectra shows a very good agreement between 
these two types of data (Fig. 7). Hence the mid
tide levet is much better adapted for the study oflow
frequency phenomena than the 24 hourly average, 
which may give significant aliasing. 

Puzzling results with this "daily mean sea level'' 
(see Section 4) show clearly the importance ofthese 
precautions. We can now be sure that the Mf and 
Msf oscillations of the se a levet are real phenomena. 

During the en tire year, we find strong se mi
diurnal internai waves ali along the continental 
shelf (Fig. 13). During the upwelling season (July
September) it is possible for the thermocline to rise 
very close to the surface so that daily sea surface 
temperature measurements could give fictitious Msf 
results. 

In the present study we use two types of sea 
surface temperature data. One set of data has been 
taken from the beach, the other at the end of the 
wharfs or the piers in water 5-8 rn deep. 

In both cases, the internai waves would have 
broken sorne distance away thus eliminating pos
sible aliasing. During the 1974 Ghana upwelling 
season, Houghton (1976) found a very high correla
tion between Tema Harbor daily measurements of 
temperature at 0830 GMT and low-pass filtered data 
of hourly temperature measurements at a depth of 
12 rn on the shelf. The filter he used is a eosine 
one that spans 75 h. This reduces the M2 con
siderably. 

Special attention has been given to the sea surface 
temperature from the wharf of Lomé. Comparison 
of the spectrum for three years measurements at 
0800, 1200, 1600 GMT, and for the mean measure
ments reveals no significant difference in the period 
range 4-100 days. 

We conclude that fortnightly oscillations of the 
sea surface temperature are real. Visual inspection 
of the Demerliac filtered temperature as measun=d 
with a thermistor chain off Abidjan (Fig. 2) shows 
clearly such an oscillation, especially in March and 
April 1977. 

TABLE 2. Mean amplitude of the main tidal components at Tema, 
Takoradi, Abidjan and Monrovia. 

Constituent Mz s. K, Nz Kz P, 0, 

Period 
(h) 12.42 12.00 23.93 12.66 .11.97 24.07 25.82 

Amplitude 
(cm) 38.13 13.28 9.94 8.49 3.75 2.83 2.11 

Constituent Mf Msf Mm 

Period (days) 13.66 14.76 27.55 
Amplitude (cm) 1.80 0.88 1.00 

3. Origin of the Mf and Msf oscillations 

When tidal phenomena propagate on the shelf, 
they are modified by the bottom and coastal topog
raphy so that higher or compounded harmonie 
waves are created (Le Provost, 1976). These sec
ondary components are the result of the presence of 
nonlinear advection terms uu.x, uv .x, vuu, vvu and the 

· quadratic friction terms.lfthe tidal forcing is a pure 
harmonie of frequency w, u = u0eiwt, the quad
ratic term uu.x contains a frequency 2w; also, 
if the tidal forcing contains two frequencies w 1 and 
w2 , the quadratic term in uux will have higher har
monies at 2w1 and 2w2 and two compounded har
monies at w1 - w2 and w 1 + w2 • Such higher fre
quency waves created by nonlinearity or by friction 
are common in the present area. Detailed harmonie 
analysis of the hourly measurements at Monrovia, 
Abidjan and Tema shows the presence of 10 waves 
of this type, with an amplitude higher than 0.5 cm. 
In the lower range, the Mf oscillation could be 
due to such an interaction between the K2 and M2 

tides and the Msf due to an interaction between the 
M2 and S2 tides. 

A question remains: are the observed Mf and Msf 
tides in response to the driving tidal potential or are 
they due to a nonlinear interaction between the M2 , 

S2 and K2 tides? 
While the semidiurnal and diurnal tidal constitu

ents have been studied extensively, this is not so in 
the case of the semi-monthly tides. Recent studies 
of the lunar fortnightly tide in the Pacifie (Wunsch, 
1967) and in the world ocean (Maksimov, 1966; 

TABLE 3. Residues of different tida1 filters. 

Constituent 

Method M. s. K, N. K. P, o, 

24 h average -0.03516 0.00000 -0.00274 -0.05445 0.00276 0.00275 0.07537 
Mid-tide 0.00000 0.05461 -0.04079 -0.02945 0.05905 -0.03485 0.04329 
Doodson lifter -0.00058 0.00000 0.00015 0.00171 0.00033 -0.00013 0.00299 
Demerliac filter -0.00004 0.00000 0.00000 -0.00014 0.00000 0.00000 0.00041 
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TABLE 4. Mean results of the harmonie analysis at Abidjan 
with four different types of sea leve! data. 

Constituent 

Msf Mf 

A G A G 
Type of data (cm) (deg) (cm) (deg) 

24 hourly average 0.66 130 1.27 Il 
Mid-tide levet 0.91 189 0.98 8 
24 h average after using 

the Dermerliac filter . 0.79 195 1.25 Il 
Hourly measurements 0.81 195 1.31 12 

Lisitzin, 1974; Kagan et al., 1976) show that this 
tide is not exactly an equilibrium tide. Neverthe
Iess, the deviation from the equilibrium tide seems to 
be a minimum near the equator. 

The Iong-period equilibrium tides can be com
puted from the following equations: 

W = V(l - 3 sin2c/>) COSI/J, 

w . 
Ml=- (1 + k- h), 

g 

where W is the potential of the disturbing force, V the: 
relative coefficient, cf> the geographical latitude, 1/J the 
argument, Ml the disturbance in mean sea levet, 
g the acceleration of the earth's gravity and (1 + k 
- h) a factor representing the resilient and elastic 
properties of the earth's yielding crust, usually 
.estimated to be 0.67. 

This equilibrium equation gives for the Mf and 
Msf constituents: 

Ml Mr = 1.402(1 - 3 sin2c/>) cos2s, 

Mft.tsr = 0.123(1 - 3 sin2c/>) cos(2s - 2h). 

With cf> = 5° in the present area, we obtain 

MIMr = 1.37 cm, 

MIMsf = 0.12 cm. 

The mean results of the harmonie anal y sis of Mon
rovia, Abidjan, Takoradi and Tema give (Table 2) 
1.80 cm for Mf and 0.88 cm for Msf. 

The amplification factor of 1.3 for Mf is in good 
agreement with the observation ofMaksimov (1966). 
Kagan et al. (1976) explain the deviation by the 
dynamic tidal theory. On the other hand, we have 
seen that Mf could be due to the interaction of the 
tidal constituents K2 and M2 , but the amplitude of 
K2 is 10 times Jess than that of M2 (Table 2). The 
symmetric compound tide MK4 (M2 + K2) is very 
weak in the present area and it would probably exist 
if (M2 - K2) were present. 

Ail these facts tend to prove that observed Mf 
oscillation is of purely astronomical origin. 

An amplification factor of 7.4 for the Msf oscilla
tion is inconsistent with the equilibrium theory and 
even with the dynamic one. M2 and S2 are the 
most important tides in our area (Table 2) and we 
find a wave MS4 (M2 + S2) of the same order as the 
observed Msf wave. The observed 14.76-day wave 
is probably induced by a nonlinear interaction on 
the shelf between the semidiurnal tides M2 and S2 • 

Offshore, the analysis of tidal observations at 
Ascension Island in the equatorial Atlantic (Cart
wright, 1971, and private communication) gives a 
significant amplitude (0.9 cm) at the Mf frequency 
but not at the Msf frequency. In the equatorial 
Pacifie, Wunsch (1967) observes the Mftide at many 
islands but the Msf only at Canton Island. 

4. Wave propagation 

Houghton and Beer ( 1976) presented evidence of 
. a westward propagating wave with a mean phase 
speed of 64 cm s-1 and a period around 14.5-day 
(800 km wavelength) in the region east of Cape Three 
Points during the upwelling season of 1974. In our 
IUGG paper (Picaut and Verstraete, 1975) we have 
shown preliminary results of the spectral analysis 
of some sea surface time series between Tabou and 
Cotonou. The temperature data indicate that in the 
neighborhood of the fortnightly frequency, there is 
an energetic wave with a westward phase speed of 
roughly 75 cm s-1• On the other hand, the sea 
levet data analyzed by Houghton and Beer show no 
phase propagation between Tema and Takoradi. 
This perplexing result is confirmed by our calcula
tions, although we do find westward phase propa
gation from Ghana to the Ivory Coast in the sea levet 
at a period of 14.7 days. 
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F1o. 7. Autospectra of mid-tide sea leve) and daily mean sea 
level. Daily mean sea leve! obtained by Demerliac filtering of 
hourly measurements at Abidjan (27 months). 
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We have tried to make a more detailed cross
spectral analysis by using data from ali the coastal 
stations in Fig. 3. For the sea levet at Tema, 
Takoradi and Abidjan, we find a very strong co-

. her'ence for the Mf and Msf frequencies; unfor
tunately, the coherence drops at Lomé and San 
Pedro. This cao be explained by the poor quality 
of these two sets of data. Furthermore, the time 
series of Sassandra and Monrovia are too short to 
give precise information around the fortnightly 
frequency with spectral analysis. A harmonie 
analysis seems to be more convenient for this prob
lem. For this purpose, with B. Simon, we adapted 
a program developed by the French Hydrographie 
Service (Simon, 1974) for the analysis of daily mean 
sea level. Table 5 gives the mean results of yearly 

· sea levet harmonie analysis. 
. In Section 2 we have seen that the long-period 
tide results given by harmonie analysis, on the mid
tide leve!, are very close to those given by hourly 
measurement (Table 4). On the other band, the 24 
hourly average gives an entirely fictitious Msf 
oscillation. So for the Msf result of Tema and 
Takoradi, we use the hourly measurements for one 
year at Tema and two years at Takoradi. The mean 
results with the 24 h/average give an amplitude A 
of 2.00 cm and a Greenwich phase G of 67° for 
Tema and A = 1.66 cm, G = 55° for Takoradi; with 
such values, the phase difference between Tema 
and Takoradi is nearly null (no propagation) instead 
of 51° (Table 5) for the real values (westward 
propagation of 121 cm s-1). So for the Msf analysis 
we use the hourly measurement at Tema and 
Takoradi. 

In Table 5 the mean amplitude and phase for Mf 
and Msf are given, in addition to error estimates. 
These error estimates are based on the concept of 
estimation of a deterministic sinusoïdal signal em
bedded in a random noise background. For further 
explanations see Wunsch (1967) and Middleton 
( 1947). The high noise leve) at San Pedro is due to 
the presence of sorne gaps in the time series and 
probably is due to a poor offset of the tide recorder. 
This could perturb the Iong-period analysis (Des
noës, 1975). Error estimates are also large for short 

time series (Sassandra, Monrovia). Nevertheless, 
Table 5 shows clearly that the Mf oscillation does 
not propagate. On the other band, the phase dif
ference for the Msf oscillation increases regularly 
from Lome to Monrovia. ln Fig. 8, we observe a 
westward propagation of 53 cm s-•, which gives a 
wavelength of 675 km. 

In the case of the sea surface temperature we 
must distinguish between the whole year and the up
welling season (June to early October) when the 
thermocline rises to the surface so that the temper
ature fluctuations cao reach the surface (Fig. 1). We 
did the following analyses on ali our sea surface 
temperatures: 

• Autospectral and cross-spectral analyses. 
• Fourier analyses on the longest series. 
• Harmonie analyses on the whole year and on 

the upwelling season. 
• Cross-correlation centered on the upwelling 

season. 

Cross-spectral analysis reveals generally the pres
ence of a maximum of energy density around the 
fortnightly frequency but rarely at the exact fre
quencies of Mf and Msf. The coherence between 
the stations is generally strong on the eastern side 
of Cape Three Points but is much lower on the 
western side. This is probably due to a cape effect 
which gives a permanent upwelling downstream 
(east) of Cape Three Points and an accumulation of 
warm water upstream (Marchal and Picaut, 1977) so 
that the oscillations may not appear on the upstream 
side. 

A Fourier analysis of the sea surface temperature 
also fails to separate the Mf and Msf signais. (See 
Fig. 9). Fig. 10 shows the phase propagation of 
the fortnightly oscillations. It is approximately 42 cm 
s- 1• Data for the entire year, and for the upwelling 
season only, give essentially the same result. 

The background noise, associated with mixing in a 
shallow surface layer, presumably blurs the distinc
tion between the Mf and Msf signais in sea surface 
temperature. Harmonie analysis of the subsurface 
thermistor chain data (166 days) shows the Msf 
amplitude to be twice as large as the Mf amplitude. 

TABLE 5. Mean results of yearly sea leve! harmonie analysis. 

Station Lome Tema Takoradi Abidjan · Sassandra San Pedro Monrovia 

Time duration {years) · 5 2 10 0.83 4 0.93 

Msf 
A {cm) 0.83 + 0.32 0.46 + 0.21 0.73 + 0.22 1.24 + 0.13 1.46 + 0.57 0.40 + 0.32 0.90 + 0.49 
G (deg) 214 + 28; 336 + 32 27 + 23 206 + 10 61 + 29 59 + 48 20 + 37 

Time duration {years) 5 7 8 10 0.83 4 0.93 

Mf 
A (cm) 1.34 + 0.42 1.69 + 0.22 1.89 + 0.20 0.99 + 0.17 2.10 + 0.59 2.19 + 0.46 1.80 + 0.57 
G (deg) 0 + 24 0 +Il 357 + 10 359 + 14 Il + 22 346 + 17 8 + 24 
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FIG. 8. Sea levet phase variation at the Msf frequency along the coast. 

To study the phase propagation more closely, we 
made a cross-correlation analysis of sea surface 
temperature data laken over 122 days during the 
upwelling season. In order to discern more clearly 
the possible fortnightly oscillation from other vari
ations (45-day wave, seasonal · variation, ... ) 
we have submitted ali the lime series to a bandpass 
filter centered on 15 days. About half of the 456 
cross-correlation analyses reveal the presence of a 
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significant fortnightly oscillation. On each of these 
analyses, the day lag, corresponding to the max
imum of cross-correlation, gives an estimate of the 
phase speed of the fortnightly wave. Des pite a large 
dispersion of individual results (from 25 to 117 cm 
s-1), the mean value of 54 cm s-1 is highly significant. 

Note thal the acceleration seems to appear in this 
westward propagation between Winneba and 
Takoradi. This result is corroborated by the Msf 
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FIG. 9. Fourier analysis of sea surface temperature at Tema (14 years). 
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phase difference between Tema to Takoradi, for 
the sea levet (121 cm s-1). lt might be explained 
by the increase of the shelfwidth in this area (Fig. 3). 

Morliere and Rébert (1973) have shown that 
stratification on the shelf changes significantly in the 
upwelling season (Fig. 2). Table 6 gives the mean 
results of harmonie analyses for the whole year and 
for 147 days centered on the upwelling season [ac
cording Godin (1970), 147 days are enough to sepa
rate the Mf and Msf frequencies]. No variation 
appears between these two types of analyses, so that 
the wave propagation seems not to be affected at 
aU by the variation of stratification. 

S. Hypotheses concerning the generation of the wave 

The fortnightly wave can either be forced non
locally, in which case it must satisfy the dispersion 
relation for a freely propagating wave, or it can be 
forced locally ali along the coast, in which case its 
frequency and wavenumber(and bence phase speed) 
is determined by that of the forcing function. 

a. Nonlocally forced free waves 

Since the period of the wave is precisely that of 
the Msftide, its origin must be tidal. This eliminates 
atmospheric forcing as a generation mechanism and 
also eliminates the 14-18 meanders of the Under
current described by Duing et al. (1975) from the 
list of possible causes. A possibility that remains is 
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TABLE 6. Mean results of harmonie analyses for the whole year 
and around the upwelling season ( 147 da ys) with the sea 
leve( data 

Station Lome Abidjan San Pedro 

Number of analyses 5 10 4 

Yearly results A (cm) 0.83 1.24 0.40 
G (deg) 241 206 59 

Upwelling season A (cm) 0.59 1.43 0.95 
results G (deg) 239 204 61 

a nonlinear interaction of the barotropic M2 and 
S2 tides in a relatively small region. The "wave
maker" in this small region (which could be the 
shallow northeast corner of the Gulf of Guinea for 
example) could then generate waves that propagate 
freely westward along the coast. If this were in
deed the generation mechanism, theo the waves 
would attenuate with increasing distance from the 
region of forcing. Our data do not show a system-

. atic attenuation of the amplitude. Nonetheless, 
we consider the free waves that could possibly 
propagate westward along the coast. 

1) INTERNAL KELVIN WAVE 

Philander (1977) has shown that a wave with a 
period of 14.7 da ys and a wavelength of 650 km does 
not satisfy the dispersion relation for a free internai 
Kelvin wave. Houghton (private communication) 
bas evidence that the amplitude of the observed 
wave attenuates above the thermocline so that it 
cannot be an internai Kelvin wave. 

2) TOPOGRAPHie SHELF W AVE 

Of the various theories related to nondivergent 
waves associated with sharp changes in depth, we 
refer to the Robinson (1964) and Mysak (1968) 
models because their choice of the bottom topog
raphy fits conveniently the bathymetry of the Guinea 
Gulf continental shelf. We have calculated the dis
persion relation for numerous sections of the shelf 
between Monrovia and the Gulf of Biafra. There is 
only one large area where we find (w,k) in agree
ment with a 14.76-day period and a 675 km wave
length, the North shelf area of the Gulf of Biafra. 
A second possible are a is off Takoradi. AU the other 
sections give a theoretical speed at the Msf fre
quency about 50% slower than the observed speed 
which is unsatisfactory. 

This analysis is for nondivergent waves on an 
/-plane. In two recent papers, Mysak (1978a,b) in
vestigates the properties of zonally propagating 
long-period equatorial waves on an equatorial beta 

FIG. 10. Sea surface temperature mean phase variation along the plane with topography. He assumes that the motions 
coast at the Mf and Msf frequencies. are barotropic and nondivergent and that the iso-
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FIG. 11. Dispersion relation for an equatorial topographie wave. 

baths are parallel to the equator. He applies his 
model to the present 14.7-day wave for two types of 

. shelf: a step shelf and an exponential shelf with a 
mean shelf width of 100 and 92 km, respectively. 
He obtains a theoretical wavelength of 1300 km for 
the first profile and 580 km for the second one. 
However, these topographie values do not fit weil· 
the mean shelf of the Ghana and Ivory Coast. 

Following Mysak (1978a), we made the calcula
tions for the step shelf profile 

H(y) = {H., Ye <Y < Ye + 1 
H2, -oo <Y < Ye 

where Ye is the distance from the equator of the shelf 

o·+---1-------------

IKml 

675 

500 

edge, 1 the shelf width, H 1 the shelf depth and H2 

the ocean depth . 
In terms of the nondimensional frequency 0 

= wi~Ye and wavenumber K = kye, the dispersion 
relation found is 

where 

n = - K(l - S) sinhxr 
x(S sinhxr + coshxr) ' 

( 

K )1/2 
x= ~ + n , 

r = llye, 

0~--r-----------------~------------------~ 

Fto. 12. The theoretical wavelength in the Gulf of Guinea at the Msf period. 
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and nE and R, respectively, the rate of the earth' s 
rotation and the earth's radius. We have used the 
1000 rn depth contour to estimate the width of the 
shelf and H 2 = 4000 rn for the ocean bottom. 
Between Monrovia and Lomé we estimate the mean 
width 1 to 47 km and the mean Ye to 555 km 
(rp = 5°N). Fig. 11 gives the corresponding dis-

persion relation. We first note that the variations 
of the shelf depth are unimportant. 

At the Msf frequency , with 8 = H 1/H2 = 0.025, 
we obtain a theoretical wavelength of722 km, which 
is very close to the mean observed 675 km wave
length between Monrovia and Lomé. 

On Fig. 12 we have plotted the theoretical wave-

SEA SURFACE HEIGHT 

F10. 13. High-resolution temperature and current profiles (298 profiles) in a water depth of 52 rn during 4 days, off Abidjan . 
Sea surface height at the Abidjan tide gage. 
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FIO. 14. Autospectrum of temperature at 45 rn depth, at the 
thermistor chain mooring off Abidjan. 

length at the Msf frequency for 45 sections between 
12°W and the Gulf of Biafra. This graph shows 
clearly that we must take into account the along
shore variation in the shelf profile. 

Nevertheless, such a simple model leads us to 
speculate that the observed 14.7-day wave might be 
a freely propagating equatorial shelf wave. 

b. Local/y forced waves 

The period of the observed wave (14.765 days) 
is such that it could be due to a nonlinear interac
tion of the M2 and S2 tides. If this interaction is 
forcing the observed wave ali along the coast theo 
the wavenumber K 1 and K 2 of the M2 and S2 tides, 
respectively, must be related to the wavenumber 
K 3 of the observed wave by 

K1 ± K2 ± K3 =O. (1) 

But the wavelengths of M2 and S2 are approximately 
10 000 km, whereas the wavelength of Msf equals 
about 675 km; the last wavelength is so small com
pared with the two others that the condition for a 
local forcing cannot be satisfied. It is impossible that 
the nonlinear interaction takes place along the coast, 
and we must rule out an interaction between the 
two barotropic waves M2 and S2 • The remaining 
possibility is a nonlinear interaction between the 
internai M2 and S2 tides. 

Numerous and careful experiments in the area off 
Abidjan give evidence of very strong semidiurnal 
internai waves. These internai tides were observed 
both in the "warm season" and in the upwelling 
season. For example, one experiment with an an-

chored ship in a water depth of 52 m for four days 
during the warm season, obtained high-resolution 
temperature and current profiles simultaneously 
every 20 min. Sorne detailed results of this experi
ment (Picaut and Park, unpublished manuscript) are 
presented in Fig. 13, which depicts typical situ
ations observed numerous times (eight experiments 
in 1973). We observe a very significant coherence 
between the vertical oscillations of the isotherms, 
the east-west component of current and a sea level 
record from the Abidjan tide gage located nearby. 

In 1977, we succeeded in maintaining an Aanderaa 
thermistor chain of 50 m length on the shelf off 
Abidjan in water 65 m deep; the mooring design 
was similar to that of Pillsbury et al., (1969) with 
subsurface buoys at 12 m depth. The instruments 
sampled data every 20 min and were maintained 
from 11 February to 25 July 1977. Ali the auto
spectra of 10 thermistor time series show two im
portant peaks at the exact frequencies of M2 and 
S2 (Fig. 14). We observe also one significant peak 
around 6 h, which corresponds to the compound 
frequencies MS4 (6.103 h) and M4 (6.21 h) and one 
other at about 15 days. lt is possible that the strong 
baroclinic internai tides observed could interact non
linearly and transfer energy from the M2 and S2 tidal 
periods to the periods M4 , MS4 and Msf. Park 
(private communication) bas shown that these oscil
lations are mainly of the first baroclinic mode. The 
stratification on the shelf is such that a first baro
clinic mode semidiurnal internai tide bas a theo
retical wavelength between 14 and 21 km (depend
ing whether or not it is the upwelling season). 
Despite the fact that the relation (1) between the 
wavenumbers is nearly satisfiedf it seems difficult 
that such short waves will interact nonlinearly to 
give rise to 675 km wave. 

Further measurements to study the generation and 
propagation of the internai tides are necessary to 
clarify relation between the internai tides and the 
Msf signal. 

6. Concluding remarks 
In this study we show that the half-monthly 

oscillations observed at seven tide gage stations 
along the northern coast of the Guinea Gulf are 
composed of two waves. One is the direct effect of 
the lunar fortnightly tide Mf. lt bas constant 
phase ali along the coast and probably bas a weak 
influence on the thermal structure. The other oscil
lation in the sea levet bas a period that corresponds 
exactly to that of the Msf tide. lt probably results 
from a nonlinear interaction between the M2 , S2 

(barotropic or internai) tides. (Strong internai tides 
with the exact frequencies M2 and S2 are observed 
on the shelfthroughout the year.) The 14.7-day wave 
propagates aU along the coast, with a mean phase 
speed of 53 cm s-• and a wavelength of 675 km; 
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this phase speed does not vary with the stratification. 
This wave has an important effect on the thermal 
structure and gives rise to strong oscillations in a 
broad frequency band around the original frequency 
Msf. The associated vertical oscillations of the sub
surface isotherms are found to be present throughout 
the year (see Fig. 2). If this wave is coastally 
trapped theo its presence throughout the year is 
consistent with the observation by Bakun, et al. 
(1973) of an offshore temperature maximum ali the 
year round. 

The amplitude of the sea surface temperature 
oscillations associated with this wave might reach 
2.5°C in the upwelling season. This is to be com
pared with the 1 SC oscillations induced by the 
atmospherically forced 40-50 day wave {Picaut and 
Verstraete, 1976). 
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MISE ES ÉVIDENCE D'UNE ONDE DE. 40-50 JOURS DE PÉRIODE 
SUR LES CÔTES DU GOLFE DE GUINÉE 
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RÉSUMÉ 

Des mesures journalière.~ de température de_ surface el de niveau moyen onl été régulièrement effectuées sur les côtes 
du Dahomey, Togo, Ghana el Côte d'Ivoire sur des intervalles de lemps compris entre 2 el16 ans. L'analyse spectrale 
détaillée de ces séries temporelles mel en évidence de nombreu.~es o.~cillalions de périodes comprises entre 6 el 50 jours. 
L'une des plus importantes, toujours présente aux différents points de mesure, a une période comprise entre 40 et 
50 jours. Celle onde serail stationnaire el probablement induite par des oscillations atmosphériques de même période. 

ABSTRACT 

Long lime series (2-16 years) of sea surface temperature and mean sea levet from coast al stations located in 
Dahomey, Togo, Ghana and Ivory Coast have been subjecled lo spectral and cross-spectral analysis. The investigation 
detecls numerous low frequency oscillations wilh a period range of 6-50 days. One of the most important appears al 
each station in the 40-50 days period range. This oscillation would be slationnary and probably induced by almospheric 
oscillations in the same period range. 

1. Introduction. 

Depuis une vingtaine d'années l'O.R.S.T.O.M. 
effectue des mesures régulières de température de 
la mer en différents points de la côte du Golfe de 
Guinée. Ces données chronologiques ont été soumises 
pour la première fois à l'analyse spectrale; les 
résultats encourageants nous ont incité à étendre 
l'analyse aux données météorologiques et marégra
phiques. Dans le domaine des basses fréquenCes, 
nous mettons en évidence une oscillation de 40 à 
50 jours toujours présente aux différents points de 
mesure. L'utilisation d'un filtre passe-bande a 
permis de déterminer l'amplitude de cette onde. 
Les calculs de spectres croisés et des études de corré
lation semblent montrer que cette onde est station
naire. 

2. Les séries chronologique!. . 

Les données traitées couvrent une période comprise 
entre 1958 et 1974. Elles ont été collectées par 
l'O.R.S.T.O.M. en Côte d'Ivoire et au Togo, les Ser
vices Hydrographiques de Côte d'Ivoire et du Ghana, 
les Services des Pêches du Ghana et du Dahomey et 
les OJTices Météorologiques de tous ces pays. Les 
paramètres utilisés pour ces analyses sont : la tempé
rature de la mer, le niveau de la mer moyen journa
lier, la pression moyenne journalière au niveau de 
la mer et le vent moyen. Le tableau 1 ci-dessous 
donne la liste des stations et des paramètres mesurés, 
la durée de chaque série et le nombre de mesures par 
jour. Les positions de chaque station sont présentées 
sur la figure l. Le niveau moyen journalier à Téma 
et Takoradi est calculé à partir de 24 observations 
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TABLEAU 1 

Station Paramètre 

Cotonou Température 0-5-10 rn 

Lomé Température surface 

Té ma Température surface 
Niveau moyen 

Température surface 
Takoradi Niveau moyen 

Pression atmosphérique au niveau de 
la mer 

Température 0-5-10-15-20 rn 
Niveau moyen 

Abidjan Pression atmosphérique au niveau de 
la mer 
Vent 

Tabou Tempt'>rature de surface 

COTE D' IVOIRE 

T: temperature 

NM: niveau moyen 
P : prenion ou niveau de la 

8"\N 

DE 

Durée 

1er avril 19&8 - 31 juil. 1974 

1er janv. 1958- 15 fév. 1962 
18 juil. 1966- 31 déc. 1968 

ter janv. 1969-31 déc. 1973 
1er janv. 1969 - 31 déc. 1973 

J•r janv. 1970-31 déc. 1973 
1•• janv. 1969-29 sept. 1973 

1•• janv. 1962- 31 déc. 1968 

29 mars 1966 - 29 avril 1974 
}er janv. 1969-31 déc. 1973 
}•r janv. 1969-31 déc. 1973 

1•• janv. 1966- 31 déc. 1974 

1•r avril1958- 31 mars 1960 

TOGO 

GHANA 

GUINEE 

o• 

Fig. 1. - Position des stations. 

Nombre de mesures 
par jour 

1 

1 

1 
24 

1 
24 

'H 

Bi hebdomadaire 
4 
4 

8 

3 
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horaires extraites des enregistrements continus de 
marégraphe; le niveau moyen à Abidjan est calculé 
à partir des hauteurs des pleines mers et basses mers 
observées chaque jour au marégraphe. 

3. Rappels d'analyse spectrale. 

3.1. TRAITEMENT D'UNE SÉRIE. 

Pour mettre en évidence des oscillations privilé
giées dans le Golfe de Guinée à l'aide de séries de 
mesures de longue durée, on a calculé la fonction 
de densité spectrale; celle-ci est la transformée de 
Fourier de la fonction d'autocorrélation calculée 
à partir de séries rendues stationnaires. Les séries 
analysées sont donc transformées de sorte que leur 
valeur moyenne soit nulle puis filtrées pour éliminer 
les termes de période longue devant la série disponible 
(variations saisonnières). On a essayé divers types 
de filtres (moyenne mobile, filtrage en sinus intégral, 
filtrage Hanning); ce dernier a été retenu étant donné 
son efficacité et son faible temps de calcul. 

Soit x(n dt) la série discrète ainsi obtenue, 
n variant de o à N. On calcule: 

- la fonction d'autocorrélation : 

N-k 
1 ,...., 

Cxx (kdt) = N -k ~ 

i = k 

x (idt). x(idt- kdt) o < k < M 

M étant l'indice de décalage maximum. 

- la fonction densité spectrale : 

M 

Exx (f) = 2 dt 8k ~ 
i = 0 

k 1ti 1tÎ 
Cxx (i dt). cos M . cos2 

2M 

8 _ \1/2 pour k = o et M 
k - t 1 pour k =1= o et M 

Le terme en cos1 ;~ correspond à l'utilisation 

de la fenêtre de filtrage de Tukey. Les valeurs 
obtenues sont relatives à des fréquences centrées 

k 
autour de f = 

2
M dt , avec une largeur de bande 

2 
égale à M = 

3 
Mdt compte tenu de la fenêtre de 

Tukey. La fonction densité spectrale fournit pour 

chaque série les fréquences dominantes et les varia
tions d'énergie en fonction de la fréquence. 

3.2. TRAITEMENT DE DEUX SÉRIES SIMULTANÉES. 

Le calcul des spectres croisés permet d'étudier la 
cohérence et le déphasage entre deux séries simul
tanées. Soient x(n dt) et y(n dt) les deux séries 
rendues stationnaires. On calcule : 

- Les coefficients de corrélation croisée :. 

N-k 

Cxy (kdt) = 
N-k ~ x(idt).y (idt - kdt) 

i = k 

N-k 

Cyx (kdt) = 
1 

~ y(idt).x {idt - kdt) 
N-k 

i = k 

- Les cospectres Exy et spectres de quadrature 
Eyx: 

M 

Exy (f) = 2dt 8k ~ 
i=o 

k 1tÎ 
• cos -y-

M 

Eyx (f) = 2dt 8k ~ 
Î=O 

. sin 
k 1ti 
M 

[Cxy (idt) + Cyx (idt)] 

1tÎ 
• cos1 

2M 

[Cxy (iôt) - Cyx (idt)] 

1t i 
. cos1 

2M 

- La cohérence et le déphasage : 

Coh (f) = EZxy + EZyx 
Exy • Eyx 

E 
6 (f) = Arc tg E yx 

x y 

4. Résultats de l'analyse spectrale de chaque série. 

Les spectres sont présentés pour les différentes 
stations côtières et les différents paramètres. Sur 
chaque spectre on indique la fréquence de coupure 
fe du filtre passe-haut et l'intervalle de confiance 
à 90 %· La largeur de bande couramment utilisée 
est égale à 0.0025 cycle par jour. On observe de 
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Fig. 2. - Spectres des niveaux moyens corrigés. 

nombreux pics pour les périodes comprises entre 
6 et 50 jours. Sur toutes les séries étudiées on trouve 
des pics autour des mêmes périodes : l'un se trouve 
dans l'intervalle de période 40-tJO jours, deux autres 
pics apparaissent généralement entre 13,5 et 15 jours. 
L'un correspond à l'onde de marée semi-mensuelle 
lunaire Mf (13,7 jours), l'autre pourrait être la 
conjugaison des ondes de marées semi-diurnes M2 et 
82 (14,7 jours). 

Malgré le filtrage Hanning, on observe sur tous les 
spectres une forte densité spectrale dans les basses 
fréquences (variations saisonnières). Pour être certain 
que les pics observés ne soient pas des harmoniques 
de cette variation, on a moyenné les 16 années des 
données de température de Cotonou en une seule 
année type que l'on a soustrait des données brutes. 
Mis à part une meilleure décroissance dans les basses 
fréquences, le spectre ainsi obtenu demeure inchangé. 

Cet article étudie plus spécialement les oscillations 
de périodes comprises entre 40 et ~0 jours. 

4.1. NIVEAU MOYEN (fig. 2). 

La mer réagit comme un baromètre inversé 
aux variations de pressions atmosphériques. Afin 
de s'affranchir de cet effet direct, il convient d'utiliser 
le niveau moyen corrigé; celui-ci est défini comme 
étant le niveau moyen observé auquel on a retiré 
l'effet de pression barométrique (une augmentation 
de pression de 1 mb entraîne un abaissement de 
niveau moyen de 1 cm). 

Les spectres d'Abidjan, Takoradi et Téma présen
tent un pic à 45 jours. Dans le domaine des périodes 
semi-mensuelles on notern les maxima d'énergie 

CM
2
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10 
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10
2 

10 
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1.10111111) 
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180° 

0~----------------~~~--
DIFFERENCE DE PHASE 

-1eo• 

Fig. 3. - Spectres croisés des niveaux moyens 
corrigé et non corrigé. 
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TAKORADI 1970 .1973 

concentrées exactement à 13,7 et 14,7 jours, le 
pouvoir de résolution utilisé ici (M = 0.0022 cycle 
par jour) nous autorise à séparer ces deux pics. 
Afin d'évaluer l'importance de la pression baromé
trique sur le niveau moyen, nous avons effectué 
l'analyse spectrale croisée sur les niveaux moyens 
corrigé et non corrigé. La figure 3 montre la remar
quable cohérence et l'absence de déphasage entre 
ces deux séries. 

4.2. TEMPÉRATURE (fig. 4 et 5). 

Les spectres de température de surface montrent 
qu'il y a moins de variance à Cotonou qu'aux autres 
stations, particulièrement dans les basses fréquences .. 
Les oscillations ne concernent pas seulement la 
surface : avec les données d'Abidjan, on a trouvé 
environ 5 fois plus de variance à 20 mètres qu'en 
surface. Sur ces six stations on trouve en permanence 
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Fig. 6. - Spectres des données météorologiques. 

un pic de variance entre 42 et 49 jours, significatif 
à 90 % à Abidjan, Takoradi, Téma. On notera 
que cette oscillation autour de 45 jours est observée 
depuis 1958; elle apparaîtrait comme un phénomène 
permanent. 

Avec les températures, il n'a pas été possible en 
général de séparer les deux périodes bimensuelles; 
les flèches sur les figures indiquent le pic commun. 

4.3. DoNNÉES MÉTÉOROLOGIQUES (fig. 6). 

Les spectres de la pression barométrique au 
niveau de la mer à Abidjan et Takoradi présentent 
un pic vers 40 jours. Il est remarquable de retrouver 
ce même pic avec les données de vent au sol à 
Abidjan. MAnDEN et JuLIAN (1972) ont étudié 
les données météorologiques (pression à différents 
niveaux, vents en altitude) en de nombreuses 
stations de la zone tropicale; ils ont mis ainsi en 
évidence une onde atmosphérique de période 40-50 
jours intéressant principalement le Pacifique et 
l'Océan Indien. Selon leur conclusion, cette oscillation 
serait le résultat d'une circulation cellulaire à grande 
échelle se déplaçant vers l'Est dans le plan équatorial. 

5. Données filtrées. 

En vue de déterminer l'amplitude de cette 
oscillation de 40-50 jours on a soumis toutes les 
séries chronologiques à un filtre passe-bande centré 

li Ill 

"' 
Fig. 7. - Réponse du filtre passe-bande. 

à 45 jours, dont la réponse est présentée sur la 
figure 7. Les fréquences de coupure {réponse 1/2) 
correspondent aux périodes 34 et 68 jours. Les 
oscillations de 45 jours apparaissent nettement 
sur toutes les séries de données filtrées; leur amplitude 
pour les températures de surface est d'environ 
1,5 °C; on note que l'amplitude est moins importante 
à Cotonou que pour toutes les autres stations ce qui 
confirme ce résultat déjà obtenu par l'analyse 
spectrale. Il existe une très remarquable concordance 
entre les variations de température à Tema et 
Takoradi bien que ces deux stations soient distantes 
de plus de 200 km (fig. 8). 

Les amplitudes des oscillations du niveau moyen 
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TABLEAU Il 

Analyse spectrale 

TEMPÉRATURE : RÉFÉRENCE COTONOU 

LoMÉ TEMA TAKORADI ABIDJAN 

5• ± 12° o• ± 33• -llO± 35° -12o ± 46o 

NIVEAU MOYEN CORRIGÉ : RÉFÉRENCE TEMA 

TAKORADI 

-9° ±38• 

corrigé, de la pression barométrique et du vent 
zonal sont respectivement de 8 cm, 1,6 mb, et 

· 0,7 mfs (fig. 9). 

6. Analyse de l'oscillation de période 40-50 jours. 

Afin de déterminer les caractéristiques de cette 
oscillation, nous avons calculé la cohérence et le 
déphasage par paires de stations d'une part et 
par paires de paramètres en une même station 
d'autre part. 

6.1. ANALYSES ENTRE DIFFÉRENTES STATIONS. 

ABIDJAN 

-40° ±43° 

c .. 

Niveau moyen fittri 

TABOU 

-21o ±70o 

Comme les mesures de température de surface à 
Cotonou recouvrent toutes les autres séries, nous 
avons utilisé cette série chronologique comme 
référence. On a donc calculé la cohérence et le dépha
sage entre les différentes stations côtières et Cotonou; 
bien que la station de Cotonou soit moins sensible 
au phénomène étudié, la cohérence est toujours 
élevée pour cette période. S'il y a propagation, 
le déphasage doit croître en fonction de la distance 
à la station de référence. 

Fig. 10. - Corrélation après filtrage. Takoradi-Tema 
1970-1973. 

Pour contrôler les résultats obtenus avec . les 

températures de surface, on a fait les mêmes calculs 
avec les niveaux moyens corrigés disponibles aux 
trois stations de Téma, Takoradi et Abidjan. Le 
tableau II présente l'ensemble des résultats avec 
l'intervalle de confiance à 90 %· Compte tenu de 
l'incertitude sur chacun des déphasages, l'analyse 

LOMÉ 
1 

TEMA 

-1 
1 

0 

TABLEAU III 

Analyse de corrélation 

TEMPÉRATURE : RÉFÉRENCE COTONOU 

TAKORADI 
1 

+2 
1 

ABIDJAN 

+ 1 

NIVEAU MOYEN CORRIGÉ : RÉFÉRENCE TEMA 

TAKORADI ABIDJAN 

0 

1 
TABOU 

1 
-2 
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TABLEAU IV 

NIVEAU MOYEN CORRIGÉ- TEMPÉRATURE 

1~ TEMA 
1 

TAKORADI ABIDJAN 
e 

Spectres croisés .................. -12° ±25• -28• ±37• 8• ± 45° 

Corréla lion ..................... +2 -4 -1 

PRESSION BAROMÉTRIQUE- ABIDJAN 

1~ Temp. 20 rn 
e 

Spectres croisés ...........••..... -154• ±. 

Corrélation ..................... + 18 

• Intervalle de confiance indéterminé. 

spectrale seule, ne permet pas de se prononcer sur 
la nature stationnaire ou progressive de cette onde. 

Pour lever ce doute nous avons effectué la corré
lation entre les deux séries après les avoir soumises 
au filtre passe-bande centré sur 45 jours. Sur la 
figure 10 on a représenté le coefficient de corrélation 
ainsi obtenu pour différents décalages de temps 
entre la série considérée et la série de référence. 
Les figures 8 et 9 montrant clairement une oscillation 
de 45 jours, il est logique de retrouver des maxima 
de corrélation voisins distants d'une demi période. 

1 •f 1 ·•e.P..J 

DEG
1
/C.P.J 

le D!.G
1
/C.P..J le 

aejto% 
10 10 

Niveau moyen Vent zonal 

-170• ± 31° -16• ±* 

-20 +4 

Ces calculs ont été faits avec un décalage maximum 
de± 60 jours. Sur le tableau III, on donne le décalage 
en jours correspondant au maximum absolu du 
coefficient de corrélation. Les données ayant été 
filtrées au préalable et de ce fait non indépendantes, 
il n'a pas été possible de faire un calcul d'erreur sur 
les ·valeurs présentées. 

Sur les tableaux II et III, les signes pour les dé
phasages ont la même signification : un signe > o 
correspond à une propagation vers l'Est, un signe 
< 0 à une propagation vers l'Ouest. Il apparaît 

<61e_~J •cr' .,.tC.P:J . ' 
DEG/C.,J le 
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Fig. 11. - Spectres de température. 
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alors que les déphasages sont distribués de façon 
aléatoire autour de zéro, ce qui tendrait à montrer 
que cette onde est stationnaire. 

6.2. ANALYSES À LA MÊME STATION. 

Le tableau IV résume les résultats des analyses 
de spectres croisés et de corrélation après filtrage 
effectuées sur les différentes paires de paramètres ; 

- le niveau moyen corrigé et la· température 
sont en phase; 

- la pression barométrique est en opposition de 
phase avec le niveau moyen corrigé; 

- la pression barométrique est en phase avec 
le vent zonal au niveau du sol; ce résultat est en 
accord avec celui trouvé par MADDEN et JuLIAN 
(1972) dans l'île de Canton dans le Pacifique équato

. rial. 

7. Extension à d'autres stations de la zone équatoriale •. 

Devant les résultats obtenus, il était intéressant 
de contrôler si ces phénomènes aux basses fréquences 
apparaissent ou non en des points éloignés de la 
zone comprise entre Tabou et Cotonou. Comme il 
n'était pas possible de reprendre une étude détaillée, 
nous donnons seulement les spectres de densité 
spectrale obtenus à l'aide des températures journa
lières mesurées aux stations côtières de Dakar 
Thiaroye (1966-1969) et de Pointe Noire (1972-
1974) (fig. 11). On relève un pic d'énergie spectrale 
à 38,5 jours à Dakar et à Pointe Noire. Comme on 
l'a noté à Abidjan, la variance est beaucoup plus 
élevée au fond qu'en surface. Le spectre de Pointe 
Noire à 15 rn de profondeur met en évidence un pic 
très important à 13,2 jours, très voisin de la période 
lunaire bimensuelle Mf. Il faudrait bien entendu 
reprendre l'étude de ces stations avec les données 
météorologiques et marégraphiques. · 

Ces résultats sont à rapprocher des observations 
de courant faites par BYSHEV et CHEKOTILLO (1974) 
pendant 198 jours par 16°30' N et 33o30' W en 
1970. Ils mettent en évidence par l'analyse de 
Fourier des oscillations de courant dont les périodes 
sont comprises entre 36 et 68 jours sur 10 niveaux de 
25 mètres à 1500 mètres. 

8. Discussion. 

Cette étude montre l'existence de nombreuses 
oscillations basses fréquences sur les côtes du Golfe 
de Guinée, dont une très importante de période 
40-50 jours. L'extension géographique de ce phéno
mène doit être très importante, puisque les premiers 
résultats obtenus par l'analyse spectrale des données 
de stations aussi éloignées que Dakar et Pointe Noire 
présentent des oscillations de même période. Les 
mesures de courant faites par 33o30' W par BISHEV 
et SHEKOTILLO (1974) semblent indiquer que cette 
oscillation concerne l'ensemble de l'Atlantique inter
tropical. 

L'étude des déphasages tend à prouver que cette 
onde est stationnaire. 

L'origine de cette onde semble être atmosphé
rique, si l'on se base sur les pics d'énergie trouvés 
à l'aide des données météorologiques. Il faut cepen
dant noter que les pics d'énergie obtenus soit avec 
la pression barométrique, soit avec le 'vent sont 
nettement moins accusés que ceux obtenus à l'aide 
des paramètres océanographiques. Cette différence 
se retrouve clairement sur les données filtrées. 
De plus les calculs de spectres croisés entre niveaux 
moyen corrigé et non corrigé montrent leur très 
forte cohérence et leur faible déphasage. Ceci nous 
amène à émettre l'hypothèse que cette oscillation 
d'e~viro~ 45 jours. de période serait créée par un. 
phen~mene de resonance du bassin océanique 
constitué par le Golfe de Guinée sous l'excitation 
d'une onde atmosphérique. 

Les expériences GATE faites en 1974 ont mis en 
évidence des oscillations de très grande longueur 
d'onde à l'équateur (2500 km, 16-18 jours de période). 
Les mesures, éta!ent de trop courte durée pour 
permettre d attemdre de plus longues périodes. 
On ne peut exclure que des ondes de très basses 
fréquences soient piégées à J'équateur et affectent 
les conditions hydrologiques des zones côtières 
avoisinantes. 

~~s mesures de co~rant de très longue durée 
(mtmmum un an) en dtfférents points fixes le long 
de la côte permettraient de déterminer la nature 
exacte de ces ondes et leur rôle dans les variations 
hydrologiques importantes constatées. 

Manuscrit re,u au S.C.D. de l'O.R.S.T.O.M. le 28 novembre 
19'15. 
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Abstract-In orcier to investigate an extensive set of large-scale ocean

atmosphere events in the Guinea ~ulf, we present the following time series: sea 

level, daily sea surface temperature at the coast, sea temperature at a . 

thermistor chain mooring and atmospheric pressure and wind as measured at the 

different coastal stations for up to 20 years. We present the mean values of the 

different parameters of these time series and we identify the different 

components of the tidal forcing in the Gulf, between the sixth diurnal and the 

long-period components. 

INTRODUCTION 

The long time series collected at different coastal stations along the coast of the 

Gulf of Guinea provide sorne useful information about the tidal and atmospheric forcing and 

the amplitude of the seasonal cycle in this area •. 

From a meteorological point of view, the Gulf of Guinea is situated between the 

intertropical convergence zone (ITCZ) and the high pressure of the St. Helena anticyclone 

in the Southern Hemisphere. The core of this anticyclone oscillates around the Tropic of 

Capricom, moving northward during the southern winter and southward during the 

southern sunmer. The southeast trade winds generated by this anticyclone have a mean 

speed of ' to 8 m s-1, cross the equator in the Guinea Gul_f and move toward the low 

pressure field of the Sahara. Consequently, the Gulf will have winds predominantly from 

the south to the southwest; during the southern winter, the winds are stronger and the Gulf 

is subjected to the monsoon. 

Office de la Recherche Scientifique et Technique Outre-Mer 

- Laboratoire d'Océanographie Physique- Universit~ de Bretagne Occidentale 
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The ITCZ forms the frontier between the Saharan dimatic zone and the monsoon 

area. Each year within 8 months, the ITCZ moves from .5 to 6 degrees north latitude in 

January to 20 or 22 degrees north in September; the southward "migration" of the ITCZ is 

faster,occurringwithin the 4 months from mid-September to January. 

The most energetic disturbances along the northern coast of the GuJf are generated 

by easterly waves in the lower troposphere progressing westwards. These disturbances have 

wavelengths varying from 1500 to 4000 km and periods from 2.2 up to .5 • .5 days (Burpee, 

1 976); they are characterized by bursts of east wind of relative! y short duration •. These 

westward wave motions are observed on the northern coastJine of the GuJf between March 

and mid-JuJy and between October and mid-December; during the monsoon season, they 

increase and weaken the monsoon alternately, giving toit an intermittent character. 

By comparison with the high latitudes, the atmospheric forcing in the GuJf is very 

reguJar and not subject to sudden and dramatic changes. Therefore, the tide gauge data 

from this meteorologically quiet area have very low background noise; they· provide an 

adequate basis to develop further understanding of the fundamental modes of oscillation in 

the eastern tropical Atlantic and the possible effects of coastal geometry on equatorial 

waves (Philander, 1 977). 

The purpose of this paper is to document sorne characteristic features of the Guinea 
1 

Gulf area, specifically the large seasonaJ signais observed both in the ocean (temperature 

·and sea levet) and in the atmosphere (sea-Ievel wind and pressure). 

THE DATA 

We have analyzed the data collected at 27 coastal stations between 15°N and 15°5 

(Tables 1 and 2). The tline series generally cover the period 1970-1976 and encompass the 

GATE period of 1974. At certain stations it was possible to obtain much longer time series. 

The time series used for the various analyses are: the barometric pressure, the wind, the 

sea temperature and the sea levet. Referring to Tables 1 an~ 2: 

a) The beach ocean temperatures are daily simuJtaneous observations between 8 AM 

and 10 AM; they are collected by the Fishery Research Unit in Ghana, the Service des 

Peches in Benin and the different ORSTOM Centres on the Western African Coast. 

b) The sea temperature on the shelf off Abidjan (Port-Bouet) has been measured with 

an AANDERAA 50 rn thermistor chain in water 65 m deep. The mooring was equipped with 

subsurface buoys 12 rn deep. The mooring was maintained from February 11 to JuJy 2.5, 

1977. 

c) The mean sea levels are extracted from continuous records obtained at the 

different hydrographie services of Togo, Ghana and Ivory Coast. Figure 1 shows the 

position of the 27 stations and the parameters collected at each station. We have also used 

the NOAA data (1860-1972) for the wind at sea. 
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~1 Oce....,srapllical data. 

Date Tlme 
State Location Parameter Length Origin Rem•kl 

ANGOLA LOBITO s.s.T. . 'ye•s 1961 l!ucket sample; 10.00 AM 

LUCIRA S.S.T. 3 ye•s 1969, August Buc~ sample; 9.00 AM 

BI! NIN COTONOU S.S.T. 20 years Apr 1, "" Nansen bottle; 0, '• 1 m depths! T ,S; 1.90 AM; wlwf 

CONGO POINTI!-NOIRE S.S.T. Il ye•s 196• l!ucket sam pie; 9. 00 AM 

GABON MAYUMBA s.s.T. 3., years 
""· Feb 

l!ucket sample; 9. 00 AM 

CHAN A KETA S.S.T. 9 years May i, 1961 l!ucket Sam pie; T ,S; 1. 00 AM; beach 
TEMA S.S.T. 1• years lan 1, 1963 Bucket sample, T,S; &.00 AM; harbour breakwater 

S.L. 1 years Jan 1, 1969 Mean of n ho<.rly observations 
S.L. 1 ye• Jan 1, 1976 H<K.rly observations 

'I'INNEBA s.s.T. 7 years Jan 1, 1970 llucket sample; T ,S; 1.00 AM; beach 

T!<KORADI s.s.T. 9 years May 1, 196& Buc~ sample; T,SJ 1.00 AM; beach 

S.L. 1 yews Jan 1, 1969 Mean of n ho<.rly observations 
CAP! THREE POINTS S.S.T. 3 years Jan 1, 191. 
PRINCESTOWN S.S.T. ' years \lay 1, 1961 Buc~ sampl<!l T ,5; 1.00 AM1 beadlt station dosee! down 

and replaced by CAPE THREE POINTS 
AXIM S.S.T. 9 years May 1, 1961 llucket sample; T ,5; 8.00 AM; beach 
HALF ASSINI s.s.T. a years Jan 1, 1969 Buc~ sam pie; T ,S; 1.00 AM1 beach 

IVORY ABIDJAN T 12 years Mareil 29, 1966 Twice a weelq Nansen bottle; 0, '• 10, U, 20 m depths! T,SJ 
COAST 9.30 AM; in 30 m water depth 

T l" days Feb Il, 1977 Themustor chaill! 1•·" m depths! A t•20 mi111 in 66 m 
water depth 

S.L. 10 years Jan 9, 1967 High and low tides 

S.L. 1 year Jan 1, 1971 Ho...-ty measurements 

S.L. 27months Jan 1, 197. Hcx.rty measuremenu 
SASSANDRA S.L. ~ days Jan'· 196, High and low tides 
SAN PEDRO S.L. ~montils Apr 1, 1973 High and low ti des; 10 percenr of ga~ 
TABOU S.S.T. 21 months Apr 1, 19" llucket sample; T; 6.00 AM; 12.00, 6.00 PM; beach 

S.S.T. 10 months Aug Il, 1961 llucket sample; T; 7.00 AM; beach; 20 percent of ga~ 

LIBERIA MONROVIA S.L. 3JI days Sept 22, "" H<K.rly measurements 

SENEGAL THIAROYE S.S.T. Il years 1966 Bucket sample; a. 00 AM 
GOREE S.S.T. • years 1,.7 Buc~ sample; a. oo AM 

• yeors "'2 llucket sample; a.oo AM 

• yeors. 196, Bucket sample; 1. 00 AM 
M'BOUR S.S.T. 2' years "'2 Buc~ sample; a.oo AM 

TOGO KPI!Mf s.s.T. 6 yeors Jan 1, 1970 Nansen bottle; T,S; 8.00 AM, 12.00, •• 00 PM; wharf 
LOMI! s.s.T. 3 years Jan 1. 19" Nansen bottle; T,S; 8.00 AM, 10.00, •.oo PM; wharf 

S.S.T. 2 years Jan 9, 1967 Nansen bottle; T, 5; 1. 00 AM; wharf 
S.L. 2 years Jan 9, 1966 High and low tides; • percent of pps 
S.L. 6 years Feb 6, 1970 High and low tides; ' percent of gaps 
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d) The meteorological data were collected by the ASECNA Office and the British 

Meteorological Office. The sampling rate is J hrs at the coastal stations and 6 hrs at 

St. Helena. 
~ Meteorologlcal data. 

Date Ti me 
Location Parameter Length Ongm Rerurks 

BENIN COTONOU Wincl 6 years 1970 Sarnpling rate: 3 hrs 

CON CO POINTE· ft incl 6 years 1970 Sarnpling rate: 3 hrs 
NOIRE 

Pressure 4 years 1973 Datl y mean pressure 

CA BON LIBREVŒ.LE Wincl 6 years 1970 Sarnpling rate: 3 hrs 

PORT-CENTŒ. ftincl 6 years 1970 Sampling rate: 3 hrs 

'IIAYU!'>IBA ft incl 6 years 1970 Sarnpling rate: 3 hrs 

CH ANA TAKORADI Pressure 14 years 1962 Dady mean presslM'e 

TEMA Pressure 9 years 1967 Daily mean presJ.Lre 

CREAT St HELENA Wincl U years 1961 0 hr, 6 hr, 12 hr, Il hr 
BRITAIN ISLAND 

pressure U years 1961 O.llr, 6 hr, 12 hr, Il hr 

ASCENSION Wincl 10 years 1961 0 hr, 6 hr, 12 hr, Il l'Ir 
ISLAND 

Pressure . 10 years 1961 0 hr, 6 ,., 12 hr, Il l'Ir 

IVORY TABOU. Wincl 6 years 1970 Sarnpling rate: ) hrs 
COAST SASSANDRA ft incl 6 years 1970 Sarnpling rate: ) hrs 

ABIDJAN ft incl 9 years 1966 Sarnpling rate: 3 hrs 

Barometrical 
pressure ' years 1966 Sampling rate: 3 hrs 

ADIAKE Il' incl ' years 1970 Sampling rate: l hrs 

SENE CAL DAKAR Il' incl Il years 1966 Sarnpling rate: 3 hrs 

TOCO LOME Pressure li years 1966 BaromeotracaJ pr~sure at 
9.00 A~l 

Il' incl 6 years 1970 Sarnpling rate: l hrs 

u.s.A. N.O.A.A. ftincl data 11'0-1972 

Most of the time series display a large seasonal cycle. Figures 2, J and 10 show the 

mean annual curves for the longest time series: the sea-surface temperature (SST) at Tema 

and Cotonou (Fig. 2); the mean sea leve! at Tema, Takoradi and Abidjan (Fig. J); the 

barometric pressure at Abidjan and St. Helena (Fig. 10). After a Fourier analysis of the 

"mean year," it was possible to reconstitute the seasonal cycle with only the three first 

harmonies (superimposed smooth curves), because the fundamental is not purely sinusoïdal. 

The annual cycle at one station exists but is deformed by other annual events out of phase; 

for example, the SST variations at Tema can be explained by the superposition of annual 

events: the coastal upwelling (July-September) off Ghana and the Ivory Coast; the 

influence of advection from two hemispheres (Merle, Fieux and Hisard, 1979); and the 

vertical displacements of the thermocline by geostrophic adjustment as a consequence of 

the annual intensity changes of the Guinea Current (Bakun, 1978; Philander, 1978). 
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w 

Locatioo of the coastal stations along the Western African coast. 

SEASONAL V ARIA TION OF THE OCEAN ALONG THE COAST OF THE GULF OF GUJNEA 

Aloog the northern coast of the Gulf, the two stations where the SST time series are 

the longest cleserve special attention. We have plotted (Fig. 2) the mean of al1 the SST at 

Cotonou {20 yrs) and Tema (14 yrs). The mean annual amplitude is 8°C at Tema and '°C at 

Cotonou. At the two stations, the maximum SST occurs in April-May, the minimum in late 

August. 

The onset of the coastal upwelling is dearly evident at Tema between 1' June and 10 

luly.· For more than 3 months, from late lune to early October, the SST is cooler than the 

annual mean. At the same time, we do not observe any acceleration of t'-., coastal winds 

either for the meridional component or the zonal component (Fig. 8). The maximum of the 
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wind speed in the area between 2°E and 10°W an" between 4°N and the coast occurs in 

mid-July (Fig. 9) after the onset of the coastal upwelling. 

Fig. 2. 

Fig. 3. 

,Jf'MAM,J ..JASONO 

Mean yearly means of the SST; the superimposed curves are the swn of the 3 

first harmonies of the "mean years." 

Sarne as Figure 2, with the mean sea Jevels. 

We have also studied the mean of the mean sea levels observed at Tema (9 yrs), 

Takoradi (9 yrs) and Abidjan (19 yrs) (Fig. 3). There is evidence of an annual event with a 

mean amplitude of about 20 cm at the three stations. The minimum lies during the 

upwelling season between late July and early August, about one month before the minimum 



- 97 -

Guinea Gulf Observations 

of the SST and the maximum is in nearly mid-November. Si~e most of the very low 

frequency seasonal change in coastal sea level is probably the result of isostatic 

adjustment, it is evident that the cooling of the deep waters on the shelf occurs about one 

month before the time of the observed SST minimum. The onset of the upwelling in the 

deep water on the shelf appears clearly in Figure 11, first in mid-June and second in mid

July. The regular oscillations of the isotherms change suddenly after mid-May, and we 

observe a general upward trend of ali the isotherms for about one month. The same 

phenomenon occurs after 1 July. These observations show clearly the nonsteadiness of the 

upwelling and that the upwelling is not correlated with the local winds. 

TIDAL ANALYSIS 

To give an idea of the complexity of the tidal spectrum, we have classified (Fig. 4) 

the principal components observed along the northem coast of the Gulf. Each Une has been 

calculated for four observation points (Monrovia, ~idjan, Tema and Takoradi) and is the 

mean of the harmonie analysis at these harbors. We note the presence of approximately 20 

components of amplitude ireater than 'mm, above the backgrollld noise, and the 

dominance of the semi-diurnal components M2 and S2 • 

Fig. 4. 
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Mean amplitude of the main tidal components at four harbors of the northern 

coast of the Guinea Gulf. 
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The four principal semi-diurnal components are M2, S2, N2, K2; the three principal 

diurnal components are KI, Pl, 01. We also note the hlgh number of nonlinear components 

such as M4, MS4 and Msf in the low frequency range. 

The frequencies in the spectrum of the ocean tides are those of the lunar-solar 

potential. This spectrum is weil known and is composed of a distinct combination of lines 

distributed in groups: long-periods, diurnals, semi-diurnals and third-diurnals. Figures 5 and 

6, generously provided by B. Simon (Epshom - Brest), give a detailed graphie representation 

of the different groups observed at Abidjan in 1974-75. In Figure 5, we observe the diurnal, 

semi-diurnal, third-diurnal groups of the lunar-solar potential family. 

Amplitude (em) 

tO-j 
"1 
1 
' 

Fig. 5. 
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Fourier analysis of two years of hourly sea level observations at Abidjan (74-75). 

The fourth and sixth diurnal groups are nonlinear components which appear in shallow 

waters. 

Figure 6 gives a detailed graphie representation of the low-frequency components; 

this graph is a Fouriet analysis of 8 yrs of sea leve! observations at Abidjan. Above the 

background noise, we see the following peaks: 

a) at 13.661 days, Mf is the lunar fortnightly tide which has a constant phase ail 

along the coast. 
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b) at 14.765 days, this significant peak is at the period of the 1unar-solar fort nightly 

tide Msf. This wave propagates westward, ali along the east-west oriented coastline of the · 

Guinea Gulf, with a mean phase speed of 53 cm s-1 and a wavelength of 675 km. This wave 

is probably a topographie shelf wave induced by some nonlinearity between the M2 and S2 

tides along the coast (Picaut and Verstraete, 1979). Off-shore, Cartwright (1971 and 

persona! communication) has analyzed one year's hourly tidal data at Ascension Island and 

finds the component Mf, but no significant amplitude at the Msf frequency. 

c) at 31.8 days, this peak corresponds to the period of the monthly tide Msm. 

d) at 4.5 days, we observe a standing wave induced by an atmospheric fordng at· the 

same period (Picaut and Verstr~ete, 1976). 

e) at four and six months, these peaks correspond to the periods of the Sta and Ssa 

tides. At Ascension Island, Cartwright finds an amplitude of 1.1 cm and 2.4 cm; the 

numerous works of Maximov (1970) and Lisitzin (1974) support the existence of a half 

. yearly Ssa tidal component. 

f) at one year, the peak corresponds to the Sa component which is mainly of 

atmospheric origin. · Its amplitude is nearly the same in Abidjan (3.8 cm) as in Ascension 

Island (3.3 cm). 

10 
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0.5 

Fig. 6. 
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Fourier analysis of 8 yrs of mid-tide sea 1evel at Abidjan (67-74). 

It is possible to compute ·the amplitudes of the long period equilibrium tides 

(Maximov, 1970) for the components Sa, Ssa, Sta, Msm, Msf, Mf. For the latitude of 

Abidjan, we obtain respectively On cm): 0.10; 0.64; 0.04; 0.14; 0.12; 1.4. Except for Mf, the 

observed amplitudes are clearly 1arger thëln the theoretical ones, and the equilibrium theory 

can hardly explain the amplitudes of the long period tidal group observed either on the 
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coast or at Ascension Island. Sorne resonant phenomena or nonlinear interaction (probably 

the Msf case) must be involved. 

Fig. 7. 
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THE WIND AND THE BAROMETRIC PRESSURE 

Figures 7 and & show the mean of ail the data for the north and east components of 

the wind at St. Helena Island (1961-197') and at Abidjan (1966-1974). The dashed lines are 



- 101 -

GUinea Gulf ObsenatiOD8 

0 

-1 

...... 
-2 ',, .... ---- ,, 

' , 
, ____ ..... 

' ', , , _, 
' /' 
' , 
' , 
' ,..__,, _, 

'"10'L_i"40W. 
NOAA 

-s 
.J , ... A .... , .J .J A s 0 N 

0 J'liUO.JAN 1966-74 
EW-VIND ,.,. 

-1 

-2 

-· .J , ... A ... .J .J A s 0 N. 

Munwind. 

v 
111/1 

uo 

120. 

200. 

s 

, , , , 

N 
0 

"'· 

E 
0 



- 102 -

J. -M. Verstraete, J. Picaut and A. Morliere 

\ 
; 

the monthly means calcuJated with the NOAA data near the equator at 0°,0'N (Fig. 7) and 

near the coast at 4°10'N (Fig. 8) south of Abidjan. Figure~ gives evidence of the annual 

cycle of the wind in the area between 4°N and the coast, with ~maximum in July and a 

minimum in January. 

The 1ack of yearly seasonal variation of the wind at Abidjan confirms the lack of 

correlation between the coastal winds and the yearly upwelling observed between Ghana 

and the Ivory Coast. We also note that the maximum of the northward component of the 

wind between 4°N and the coast and at the equator occurs in July whereas at St. Helena 

Island it occurs in September-October. 

1014 
mb 

1012 
- ABID..IAN 1966·74 

5 11 HELENE 1961-75-

1 

9S3 
mb 

951 

10Cl<' ,_, --'--"---'----"-_. _ _.__....__....._ ___ .____.. _ _.__ ..... 90 

"' F M A M J ..1 A 5 0 N 0 

Fig. 10. Mean barometric pressure at Abidjan and St. Helena Island. The superimposed 

curve is the sum of the three first harmonies of the "mean year" at St. Helena. 

The annual cycle of the barometric pressure at St. Helena Island (U yrs) and at 

Abidjan (~ yrs) is clearly observed in Figure 10, where we have plotted the means of the 

pressure measured every 12 hrs for, respectively, 1' and ~ yrs. The yearly variation is 

about ' mb at the two stations, with a maximum in July-August and a minimum in 

February-March. The synchrony of this annual cycle between the two stations is quite 

noteworthy. 

CONCLUSION 
Numerous spectral analyses of the data show that considerable low frequency 

variability exists among records from the coastal stations, but we really ~derstand the 

physical causes only for the tide at present. The Fourier analysis of & yrs of sea Ievel 

observations at Abidjan detects numerous low frequency oceanic oscillations. Since . the 

perlods of some of them are precisely those of the tidal forcing, their origin must be tidal. 
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With this time series, we have an excellent resolution equal to (8 yrs)-1 in frequency. It ls 

clear that the Sta (4 months) and the Ssa (6 months) tidal components are weil separated 

from Sa and above the background noise, so that these peaks are significant. We note that 

the observed amplitudes of the long period tides are larger than the theoretical ones given 

by equllibrium theory. The mean annual amplitude of the SST in the coastal upwelling area 

along the northern coast of the Gulf is 8°C. There is evidence of an annual cycle in mean 

sea level with a mean amplitude of about 20 cm at Tema, Takoradi and Abidjan. We do not , 

observe a yearly seasonal variation of the coastal winds at Abidjan, whereas the synchrony 

of the annual cycle of the barometric pressure at St. Helena Island and at Abidjan is quite 

noteworthy. They yearly variation is of about' mb at these two stations. 

Fig. 11. Low pass flltered isotherms (Demerliac filter) at the Aanderaa thermistor chain 

mooring off Abidjan at a depth of6' rn, from February 11 to July 2,, 1977. 
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Abstract. Observations suggest that the 
annual upwelling event in the Gulf of Guinea 
is not associated with changes in the local 
winds. A possible explanation is that a strong 
upwelling signal, generated by increased west
ward wind stress in the western Atlantic, can 
travel to the eastern Atlantic as an equatori
ally trapped Kelvin wave. This explanation is 
analogous to current theories of El NiWo in the 
Pacifie Ocean. 

Introduction 

During the FINE Workshop (FGGE/INDEX/NORPAX 
Equatorial Workshop, June 27-August 12, 1977) 
at U.C.S.D., La Jolla, California, the French 
participants presented data from the equator
ial Atlantic and the Gulf of Guinea taken dur
ing 1974 (GATE) and 1975. The resulting 
discussion of these and related data in terms 
of simple theoretical ideas about equatorial 
adjustment to time-varying surface winds led 
to a possible explanation of many of the main 
features. The primary inputs to the discus
sion were made by the authors, with occasional 
commenta by other workshop participants. 

The data illustrated here are two N-S sec
tions across the equator which were made from 
the R/V CAPRICORNE at 5°W in January and 
August, 1975; the time series taken at 0°N, 
l0°W by Rybnikov from the USSR vessel PASSAT 
(including moored current meter data subse
quently analyzed by Duing); 1974 sea level and 
SST data at various coastal locations along the 
Gulf of Guinca (Picaut and Verstraete, pcrsonal 
communication); and the mean sea surface 
slopes along the equator based on historical 
data (Neumann, et al., 1975). Basic ideas 
about baroclinic equatorial adjustment in the 
ocean, in the presence of continental bounda
ries, are contained in Moore (1968); Lighthill 
(1969); O'Brien and Hurlburt (1974); Hurlburt 
~ (1976); McCreary (1976); Moore and· 
Philander (1977); and Cane and Sarachik (1976, 
1977). 

Observations 

Figure 1 (a,b) shows the temperature and 
zonal velocity data obtained by Hisard at 5°W 
in January, 1975. Note the strong eastward 
undercurrent with maximum velocity in excess 
of 120 cm/sec at 70 meters depth. There is a 
marked depression of the l5°-20°C isotherms in 
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the vicinity of the undercurrent core. The 
zonal velocity at the surface near the equator 
is westward and relatively weak (10-20 cm/sec). 
Figure 2 (a,b) shows the same data for August, 
1975. The undercurrent is weaker and shal
lower, with a maximum velocity of N80 cm/sec 
at 40 meters depth. The l6°-2l°C isotherme 
now show a marked upward bowing in the vicin
ity of the undercurrent. The westward surface 
flow at the equator is much stronger (6Q-100 
cm/sec). It is clear from comparing the Jan
uary and August data that a significant change 
bas occurred in the equatorial temperature and 
flow fields at 5°W during the intervening 
period. 

Figure 3 (a) shows the time series of SST 
observed at 0°N, l0°W by the PASSAT during 
27 June-16 July, 27 July-15 August, and 29 
August-19 September, 1974. Figure 3 (b) is 
the time series of zonal velocity as a func
tion of depth from moored current meters at 
the same location, for the entire period, 24 
June-13 September. There 1s a marked drop 
(-2°C) in SST between 6 July and 9 July. 
There is also an upward shift in the core of . 
the undercurrent, starting perhaps as early as 
28 June. We hypothesize that the upward motion 
of the undercurrent and the appearance of cold 
water at the sea surface are associated with 
an upwelling event. The vertical migration 
of the undercurrent core begins before the 

Fig. 1 (a). Temperature (°C) as a function of 
latitude and depth at 5°W in January, 197~ 

Fig. 1 (b). Zonal velocity (cm/sec- 1) as a 
function of latitude and depth at 5°W in 
January, 1975. The unmarked contour at the 
core of the Undercurrent is 120 cm/sec- 1 • 

Currents are measured relative to 300 meters. 
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Fig. 2 (a). Temperature (°C) as a function of 
latitude and depth at 5°W in August, 1975. 

Fig. 2 {b). Zonal velocity (cm/sec-1) as a 
function of latitude and depth at 5°W in 
August, 1975. The unmarked contours in the 
westward surface flow at the equator are 100 
cm/sec-1. Currents are measured relative to 
300 meters. 

marked change in SST, since the mixed layer 
must be advected away before the cold water 
cao appear at the surface. It is clear from 
the PASSAT data that the upwelling event as 
revealed by the cold SST was of at least two 
months' duration. 

Figure 4 (Picaut and Verstraete, persona! 
communication; Houghton and Beer, 1976) shows 
time series of daily sea surface temperature 
at a number of coastal stations in the Gulf 
of Guinea. The temperature at all locations 
begins a gradual decline which seems to start 
about 1 June; an extended Tema record, pro
vided by Hisard, shows that this decline 
actually began about 20 May. There is a 
marked drop (~T~6° at Tema) in SST beginning 
about 13 July. According to Houghton (1976) 
isopycnals remained relatively flat prior to 
12 July to at least a depth of 100 meters. 
Between 12 July and 18 July, the isopycnals 
rose about 50 meters, the most rapid increase 
taking place after 15 July. A shallow thermo
cline at 40 meters depth was completely brought 
to the surface by 20 July. (The surfacing of 
the thermocline is evident in Figure 4 by the 
appearance of a 15-day baroclinic tidal oscil
lation. This signal occurs in corresponding 
sea level records throughout.the year, but 
can exist in the SST records only when the 
thermocline is near the surface.) An upwell
ing event similar to the equatorial one bas 
occurred along the African coast. 

There is considerable evidence that upwell
ing events, similar to those illustrated in 
Figure l-4,occur every year. Bakun (1978) bas 
analyzed historical SST records in the Gulf 
of Guinea. One of his figures shows that in 
August a narrow band of cool ocean temperature 
exists all along the equator, as well as be
tween 5°E and l0°W along the African coast. 
Merle (1977) bas investigated seasonal vari
~s of the deeper thermal structure in the 
tropical Atlantic using hydrographie data on 
file at NODC. According to Merle, in the 
eastern Atlantic cooling gradually begins in 

May and reaches an extreme in August or Sep
tember. The cooling is identifiable to depths 
of 150-200 meters in some cases, but is gen
erally confined to the upper 100 meters; it is 
clearly associated with an uplifting of the 
thermal structure of the order of 25-50 meters. 
Using the value of salinity at the core of the 
Undercurrent as a measure of the flow, he ar
gues that from 0°-20°W the speed of the Under
current reaches a minimum in September, a 
principal maximum in April-May, and a strong 
secondary maximum in December-January. 

The most interesting aspect of the upwell
ing in the Gulf of Guinea is that it is not 
related in an obvious way to the local winds 
(Houghton, 1976; Bakun, 1978). According to 
~astenrath and Lamb (1977), the winds in the 
equatorial belt east of l0°W are primarily 
meridional with little variation in the zonal 
wind from month to month. The standard 
explanation of upwelling requires changes in 
zonal (alongshore) wind at the equator (coast), 
and subsequent Ekman divergence, to induce 
upwelling. It is not likely, theo, that the 
marked differences in the thermal and velocity 
structure of the ocean discussed above are 
caused by changes in the local wind. 

Katz et al. (1977) suggest that the upwell
ing signal at l0°W in the summer of 1974 
(Figure 3) was dynamically related to events 
which took place far to the west. They report 
that the pressure gradient between l0°W and 
35°W increased markedly between mid-June and 
the end of August. In fact, this increase of 
the zonal pressure gradient is part of an 
annual cycle. Figure 5, from Neumann et al. 
(1975), shows mean slopes of dynamic height 
along the equator based on historical data. 
It is evident in the figure that there is a 
substantial increase in the zonal pressure 
gradient between the February-March and July
September-November sections. Merle (1977) 
corroborates this result and f~that the 
pressure gradient is weakest in April (S dy
namic cm) and largest in September (30 dy
namic cm). 

The fluctuation of equatorial pressure 
gradient occurs in conjunction with large 
changes in the zonal wind field west of 10°W. 
Katz et al. (1977) show the monthly averaged 

Fig. 3 {a). Time series of SST on the equa
tor at l0°W during July-September, 1974. 

Fig. 3 (b). Time-versus-depth contours of 
zonal velocity at the equator from moorings at 
l0°W during July-September, 1974. The un
marked contours at the core of the Undercurrent 
are 80 cm/sec- 1 • 
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wind stress on the equator .between l0°W and 
40°W, as computed by Bunker. The westward 
wind stress is at its minimum value in March 
and increases rapidly from .25 dyne/cm2 to 
.55 dyne/cm2 during April, May and June. It 
remains at this high level until November. As 
the westward wind increases, the pressure 
gradient quickly follows reaching a maximum 
severa! months after that of the wind. 

A Simple Explanatlon 

We hypothesize that the above oceanic ob
servations represent the response of the equa
torial Atlantic Ocean to the strengthening of 
the westward zonal wind stress in the western 
Atlantic. Teleconnections between the eastern 
and western Atlantic can be simulated with 
simple linear models. Suppose that a wind 
stress confined to the western ocean is 
switched on at some initial time; then the 
models predict that: 

1) In the region where the (westward) 
zonal wind intensifies·, surface water 
piles up against the western boundary, 
and as a result a zonal pressure gra
dient is established which balances the 
applied wind stress (see Figure 5). · 

2) To the east of the forcing, a Kelvin 
wave upwelling is generated, propaga
ting eastward at a speed c = ;grll, of 
the order of 250 cm/sec (Moore and 
Philander, 1976), where g' is reduced 
gravity and H is the depth of the 

1974 MAY1 JUNE 1 JULY 1 AUG 1 SEPT 1 OCT 1 NOV1 

-1 26 
24 
22 Ill a: 
20 

::a 
~ 

=] 
a: 
Ill 
IL 
:& 
Ill .... 
Ill 

22 ~ 
20 a: ::a 

=] 
Ill 
c 
Ill 
Ill 

22 
20 

28 
26 
24 
22 
20 

Flg. 4. Time series of SST (°C) from coastal 
stations in the Gulf of Guinea during 1974. 
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Fig. 5. Mean sea-surface slopes along the 
equator based on historical data. 

pycnocline. Associated with the 
passage of this upwelling signal is a 
general uplifting of the thermal struc-· 
ture in the equatorial band and in
creased surface flow toward the west. 
This westward flow provides the source 
of the upper layer water which accumu
lates in the forcing region (see Figures 
1, 2, and 3). 

3) When this upwelling disturbance reaches 
the ~astern boundary, it splits with a 
signal going poleward along the coast 
in both hemispheres (see Figure 4). 

An accompanying note by O'Brien, et al. (1978) 
illustrates these ideas using a model in an 
ocean basin which includes the African coast. 
This adjustment process is completely analo

·gous to a currently proposed explanation for 
the El Nino phenomenon in the Pacifie {Hurl-
burt, et al., 1976; McCreary, 1976). -----

Discussion 

The transient model response discussed in 
the previous section suggests that a definite 
time lag must exist between the onset of equa
torial and coastal upwelling. Suppose that an 
equatorially trapped event is originally ob
served at l0°W. It must travel 19° of longi
tude to reach the African coast. After it 
reflects from that boundary, in part as a 
coastally trapped Kelvin wave, it must travel 
back another 10° to reach Tema. Therefore, 
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the signal at. Tema should lag the equatorial 
one by roughly 12 days. Such a lag may have 
e~isted during the 1974 upwelling event; how
ever, it is difficult to determine a moment 
on the onset of upwelling in either region. 
Did the equatorial.upwelling begin on 6 July 
with the rapid dropping of SST, or on 28 June 
with the rise of the core of the Undercurrent? 
Did the coastal upwelling begin on 12-15 July 
with the rapid rise of isopycnals, or on 1 
June with the gradua! cooling of SST? More 
observations are needed. 

Hisard (persona! communication) has pointed 
out that in 1974 a graduai lowering of SST at 
Pointe-Noire (4°49 1 south of the equator) be
gan about 15 May, considerably before the rise 
of the Undercurrent at l0°W and slightly pre
ceding the gradualdrop of temperature at Tema. 
McCreary and Moore (persona! communication) 
have recently been studying the response of 
simple models to winds oscillating at fre
quency w • They find that the obvious phase 
relationships connecting events in the tran
sient response are altered considerably by 
the reflection of Rossby waves from a merid
ional boundary. It may be possible to account . 
for the early upwelling in this way, 

If fluctuations of local wind are not the 
cause of upwelling in the Gulf of Guinea, what 
then is? The point of this note, and its com
panion, is to suggest a possible answer to this 
puzzle. Although the available data as yet do 
not allow a thorough test of our hypothesis, 
they do suggest the possibility that tele
connections across·the Atlantic are occurring 
seasonally in much the same way that they are 
known to occur in the Pacifie on interannual 
(El Nino) time scales. 
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ABSTRACT 

Severa! mechanisms have been proposed to explain the coastal and equatorial upwelling in the eastern 
Atlantic (Guinea Gulf). The most controversial is the mechanism of remote wind forcing in the western 
equatorial Atlantic suggested by Moore et al. (1978). Most of the possible explanations for the upwelling 
and their relative importance are discussed in view of recent observations. 

Detailed analysis of daily sea surface temperature (SST) collected at 16 coastal stations along the nonhern 
coast of the Guinea Gulf reveals that the upwelling event propagates westward along this coast at a mean 
speed of O. 7 rn s-•. Similar analysis of historical monthly mean SST data shows that the coastal upwelling 
event propagates poleward from 1 °S to at least 13°S at the same phase speed. Funhermore, the Nonhern 
Hemisphere and Southem Hemisphere coastal upwelling signais seem to start at the same time from the 
equator. The same kind of analysis applied to hydrographie data from a station situated 41 km off Abidjan, 
reveals an upward phase propagation of the upwelling event at 7 rn day-• from 300 rn to the surface. These 
results and those of Servain et al. ( 1982) suggest that rem ote wind forcing west of the Gulf of Guinea is an 
important factor affecting the temperature in the Gulf. 

1. Introduction 

Since the early 1960's the eastern equatorial At
lantic Ocean (Guinea Gulf) has been studied inten
sively. A few large multinational experiments like 
EQUALANT, GATE and FGGE have increased our 
knowledge of this area, but the most important set 
of data is that collected regularly by the Centre de 
Recherches Océanographiques (ORSTOM) in Ivory 
Coast, Congo Republic and Senegal, and the Fishery 
Research Unit in Ghana. Largely due to the work of 
these centers the general features of the Guinea Gulf 
are now well documented. This area has a large sea
sonal signal characterized by four marine seasons 
(Berrit, 1958; Morlière, 1970): a warm period from 
February to May, a strong cold season from June 
through early October, a secondary warm season 
characterized in the surface layer by low salinity in 
November, and finally a secondary cold period of 
short duration occurring during December and Jan
uary. The main upwelling event associated with cool
ing appears mostly along the northem and southem 
coasts as well as along the equator (Figs. 1 and 2). 
This dramatic event, first noted by Janke ( 1920) and 
Schott (1944), seems to have considerable influence 
both on local fisheries (Bakun, 1978; Stretta, 1977) 
and the climatology of the Sub-Saharan West Africa 
(Lamb, 1978), so the understanding of its dynamics 
is of fundamental interest. 

One purpose of this paper is to review recent mech
anisms, mode1s and observations that have been ad
vanced to account for the upwelling in the Guinea 

Gulf. The most probable mechanisms are local wind 
forcing and remote wind forcing west of the Gulf of 
·Guinea. The major point of this study is to present 
evidence for horizontal and vertical propagation of 
the seasonal upwelling which supports the idea that 
the upwelling is remotely forced. 

This paper is organized in the following manner. 
Section 2 presents the oceanographie and meteoro
logical data used throughout this study, Section 3 is 
the review section, and Section 4 presents the new 
evidence of propagation. Finally, Section 5 discusses 
observations that support the existence of remote 
forcing, and reviews recent models that involve this 
idea. 

2. The data 

In this study we have used three types of data: daily . 
coastal sea surface temperature, historical merchant 
ship observations, and historical hydrological data. 

a. Dai/y sea surface temperature 

The daily sea surface temperatures were measured 
from bucket samples taken at the beach or with Nan
sen botties on ·a wharf at Cotonou. All the measure
ments used here were made around 0800 GMT. 
Houghton and Beer ( 1976) have shown that such type 
of records are highly representative of the tempera
ture variations over the whole shelf. The location of 
the stations along the northem coast of the Guinea 
Gulf are given in Fig. 3. These coastal stations are 
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FIG. 1. Spatial distribution of the amplitude of the seasonal signal. This amplitude is defined as the 
difference between the maximum and minimum of sea surface temperature extracted from the "recon
stituted" annual cycle within ali the 1° square areas (see Fig. 2). 

maintained by the Centre de Recherches Océano
graphiques (ORSTOM) in Ivory Coast, the Fishery 
Research Unit in Ghana, ORSTOM in Togo, and the 
Service des Pêches in Benin. Sorne of these stations 
started around 1960 but the most important data col
lection was initiated in J 977. Furthermore, due to 
sorne important gaps in a few ofthese series, we have 
not been able to analyze simultaneously the 16 coastal 
SST ti me series for the whole three years, 1977-79. 

b. Historical merchant ship observations 

Another type of data used in this study are the 
monthly 1 o square means of winds and SST taken 
from merchant ships. Along the northem and south
em coast of the Guinea Gulf (Fig. 4 ), the means for 
the period 1850-1970 were kindly provided by Ors. 
A. Bakun and W. S. Wooster. For the whole tropical 
Atlantic, Dr. S. Hastenrath generously sent us ail his 
monthly means SST and winds for the period 1911-
70. Ali these data were obtained from the National 
Climatic Center's file of maritime surface observa
tions (TDF-11). For details about the preparation of 
these data, see Bakun et al. (1974) and Hastenrath 
and Lamb ( 1977). In the Guinea Gulf, which is out 
of the Dakar-Cape Town shipping lane, abundance 
is greatest near the coast. Despite the difference in 
length of record and probably sorne differences in the 
analysis procedures, the common means along the 
coast are quite similar (less than a few hundreths of 

a degree Celsius for the SST difference). Surface stress 
Tsis calculated from the relation Ir si= pCviVsl2

, where 
Cv is the drag coefficient and Ys the surface wind. · 
Hastenrath and Lamb (1977) approximated 1Vsl2 by 
the square of the resultant wind speed and compen
sated for the underestimation of Ir si with a large value 
of Cv= 2.8 X 10-3• On the other band, Bunker ( 1976) 
calculated the wind stress from individual winds and 
a drag coefficient that is variable with both wind speed 
and stability of the atmosphere. The Hastenrath and 
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FIG. 2. Example of seasonal sea surface temperature within the 
1° square areas as shown in Fig. 3. Note the absence of the sec
ondary upwelling season with SST along the equator. 
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FIG. 3. Location of the coastal stations along the northem coast of the Guinea Gulf. 

The dotted li ne corresponds to the mean transect of Fig. 18. 

Lamb wind stress data are very close to those of 
Bunker if we change the drag coefficient to 2.0 
X 10·3, which is the value we use in this study. 

c. Historical hydrological stations 

3. Mechanisms, models and observations related to 
the upwelling 

Tentative general descriptions of the hydrography 
of the Guinea Gulfwere first made by Varlet (1958) 
and Longhurst ( 1962). For more recent reviews, see 

Between 1957 and 1964, 217 Nansen casts were Houghton (1976) for the northem part, Guillerm 
made regularly at the same station by the Centre de ( 1981) and Gallardo ( 1981) for the southem part, and 
Recherches Océanographique of Abidjan. This hy- Voituriez ( 1980) for the equatorial part. Charts of the 
drological station was situated 41 km off Abidjan at atmospheric and oceanic fields in the equatorial At-
4053'N, 4°00'W in 1480 m of water on the shelf lantic may be found in the atlases ofHastenrath and 
break. A maximum of 23 Nansen botties were used Lamb (1977) and Merle (1978). The meteorology of 
from 0 to 1400 m. The upper levet (0-400 rn) bas the Guinea Gulf is dominated by the northward 
been visited systematically while the lower one (600- winds associated with the anticyclone of Ste. Helena 
1400 rn) only 80 times. Donguy and Privê (1964) Island. These winds flowtoward the lowpressure field 
have presented sorne results for 1960-62: For the of the Sahara and so tum northeastward into the 
purpose of our work we have computed monthly northem part of the Gulf. The strongest zonal winds 
means after carefully checking each individua1 pro- are found in the western equatorial Atlantic. Both 
file. Notwithstanding the fact that for the month of wind systems intensify during the Northem Hemi- · 
June the station bas been visited less frequently (13 · sphere sommer. 
times), these monthly means are well determined. ln this section we present the possible mechanisms 

In order to construct the mean transect during the which might account for the upwelling, sorne of 
upwelling season south of Abidjan, to be discussed which ·are illustrated by models. Recent observations 
in Section 5, we have compiled ali the historical hy- have given a better idea of the relative importance 
drographical data close to the section which is shown of ali these mechanisms. 
in Fig. 3. Practically ali of these data have been pro-
vided by the Centre de Recherches Ocêanographiques a. H eat gain from the atmosphere through the surface 
from 1961 to 1971 (Donguy and Privê, 1964; Le-
masson and Rêbert, 1973a). Each profile is the mean 
of 6-12 hydrological stations and consequently is 
precise enough. 

Good estimates of the various components of the 
net oceanic heat gain have recently been made avait
able (Hastenrath and Lamb, 1977; Hastenrath, 1980). 
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FIG. 4. Location of sorne coastal stations and sorne of the 1° square areas used. 

As previously noted by Bunker (1976), the seasonal 
oceanic beat gain can qualitatively account for the 
seasonal upwelling along the northern coast of the 
Guinea Gulf. But recent estimates of the local sea
sonal variation of beat content in various parts of the 
equatorial Atlantic Ocean are found to be al:!<>ut ten 
times larger than the seasonal variations of the beat 
gain from the atmosphere through the surface, and 
are not confined to the upper mixed layer (Merle et 
al., 1980). According to this last study the annual 
cycle of beat content appears to be due mainly to 
vertical movements of the thermocline by sorne dy
namical processes. 

b. Ekman divergence at the coast 

1) NORTHERN COAST 

Along the northem coast the cold waters appear 
from 2°E to 8°W (Fig. 1), where the winds blow 
nearly parallel to the coast, at least near Cape Three 
Points and Cape Palmas (see Fig. 3 for locations). 
With a simple steady-state model, V erstraete ( 1970) 

found that the weak mean winds along the Ivory 
Coast should give a maximum vertical upward move
ment of 0.7 rn day-1 (8.1 X 10-6 rn s- 1), which is 
smaller than that indicated by indirect observations. 
Furthermore, the seasonal variation of the winds are 
also weak at the coast and offshore (Verstraete et al., 
1980). Finally, with the historical records of maritime 
observations summarized by mon th and by 1 ° squares 
along the northern coast, Bakun ( 1978) fou nd an 
offshore seasonal Ekman transport maximum off the 
Togo and Benin coasts (0°-4°E) and further east in 
the Bay of Biafra where obviously the upwelling is 
very tioor. Thus aU attempts to correlate the intensity 
and duration of the upwelling with local coastal winds 
have failed (Fishery Research Unit, 1970; Houghton, 
1976). 

2) SOUTHERN COAST 

South of the equator the winds blow mainly par
aBel to the coast. In a three-dimensional numerical 
model of the tropical ocean, Philander and Paca-
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a b c 
FIG. 5. (a) Sea surface temperature data by month for a long term composite year 1850-1970 by 1° square areas arranged as shown 

in Fig. 4. (b) Monthly deviation of the preceding data from central ocean values. (c) Offshore component of Ekman transport for the 
same kind of data. Units are cubic meters per second per meter of coastline. (Courtesy of Dr. W. S. Wooster) 

nowsk.i (1981 a) showed that southerly winds can 
cause low SST throughout the southeastem part of 
the basin. The local coastal upwelling obtained ex
pands offshore because of advection and propagation 
of Rossby waves. This theoretical study suggests that 
seasonal variations of the meridional winds may sig
nificantly affect sea surface temperature in the eastern 
equatorial Atlantic. However, the assumed wind field, 
limited to an idealized, gradually varying x-indepen
dent southerly wind, was inadequate for a stringent 
test of that idea. 

Berrit ( 1976) tried to investigate the correlation of 
this upwelling with the local wind field. South of 15 os 
he found good agreement between strong winds and 
low temperature, but no correlation at ali further 
north. His calculations, based on historical data av
eraged by 5° square areas, may not be able to resolve 
narrow coastal phenomena. Th us we are very grateful 
to Dr. W. S. Wooster for permission to present sorne 
unpublished results for the same area. The historical 
data used are similar to those ofWooster et al. ( 1976) 
and Bakun (1978) on the northem coast, and are 
summarized by mon th and by l 0 square areas ar-

ranged along the southem coast as shown in Fig. 4. 
Fig. 5a shows that most of the seasonal upwelling 
signal appears north of 22°S, whereas further south 
the upwelling seems to be almost permanent (see also 
fig. l ). In Fig. 5b the coastal nature of the seasonal 
upwelling is confirmed by the monthly variation of 
coastal temperature deficit defined as the difference 
between coastal and mid-ocean temperature in the 
same way as Wooster et al. (1976). Comparison of 
the field of offshore Ekman transport (Fig. 5c) with 
those of the coastal temperature confirm the conclu
sion of Berrit (1976): between rs and l3°S there is 
no correlation between local winds and nearshore 
temperature, but between l3°S and 20°S the corre
lation is good and further south the correlation de
creases. 

c. Ekman divergence at the equator 

. Along the equator, comparison of the seasonal 
depth variations of the 21 and 23 oc isotherms (Merle, 
1978; Merle et al., 1980) and the SST signal (Fig. 1) 
shows that the equatorial upwelling is present east of 
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FIG. 6. Annual cycle of the wind stress: (a) south-north corn
panent in the Guinea Gulf, (b) west-east component ali along the 
equator. · 

20°W. A model of local Ekman divergence based on 
the work of Cromwell (1953) was proposed to explain 
the equatorial upwelling in the Atlantic Ocean (Voi
turiez, 1980). It is evident from this simple model 
that the equatorial Ekman divergence would be more 
pronounced with an easterly wind than with a south
erly wind. In the Guinea Gulf most of the winds are 
southerly with a small easterly component in the 
western part of the Gulf (Figs. 6a, 6b). Philander 
(1979) and Philander and Pacanowski (l981a), in two 
different models, simulate the response of the equa
torial ocean to a southerly wind .. They obtained an 
upwelling over a region of large latitudinal extent 
south of the equator. The poor correlation between 
the local nonseasonal wind stress and the nonseasonal 
SST in the Guinea Gulf, obtained by Servain et al. 
( 1982), suggests that this local mechanism is not im
portant. This conclusion is apparently confirmed by 
a direct comparison of the observed seasonal varia
tion of the meridional wind stress at and south of the 
equator (Fig. 6a) with the observed SST along the 
equator (Fig. 2). However, as proposed by Rual and 
Wauthy (personal communication, 1982) the in
crease of the meridional wind stress in April-May 
could account for the beginning of the sea surface 
cooling during the same period. In the same way the 
permanent strong southerly winds can account for 
the permanent ridge observed by Voituriez ( 1981) at 

2-3°S of the equator on a repeated transect along 
4°W. 

d. Advection by currents 

Along the northem coast, the maximum offshore 
Ekman transport occurs east of the maximum up
welling (Bakun, 1978), which is downstream in the 
strong surface Guinea Current. In the subsurface 
layer flows a countercurrent (LeMasson and Rêbert, 
1973a,b) but it is too small to account for upwelling 
by advection of cold water from the eastern Guinea 
Gulf. 

Along the southem coast, explaining the seasonal 
upwelling north of l3°S as advection of cold water 
by the Benguela Current appears to be inadequate . 
Most of this strong current tums westward off the 
coast around 18 os (Longhurst, 1962), leaving an area 
of confused currents to the north (Piton et al., 1977). 
Hydrological and direct current observations on a 
long transect off Pointe Noire, visited 17 times in 
1973-74, reveal that during the upwelling season the 
mean coastal circulation is characterized by a thin 
and weak northward surface current above a large 
countercurrent(Guillerm, 1975). Furthermore, water 
mass analysis shows that the upwelled waters in this 
area might have issued from the equatorial under
current in July and probably from the Benguela Cur
rent in September (Guillerm, 1981 ). 

According to the model of Philander and Paca
nowski ( 1981 a), the equatorial upwelling may be rein
forced by advection of cold water from the sou them 
coastal upwelling. Fig. 1 suggests such advection 
through the Benguela Current. Detailed satellite data 
analysis (Citeau et al., 1980; Houghton, 1981) and 
recent oceanographie croises (French CIPREA ex
periment) reveal. that the equatorial event is com
pletely separate from the intense southwest African 
coastal upwelling located between 10 and 20°S. His
ard (persona! communication), referring to the July 
chart of air-sea temperature difference of Hastenrath 
and Lamb ( 1977), argues that there is no continuity 
between this coastal upwelling event and the equa
torial one. The distribution of nutrients (Voituriez, 
1981) confirm this result. But according to Voituriez 
( 1981 ), we might expect sorne advection of upwelled 
coastal water only from just south of the equator in 
the southern branch of the South Equatorial Current, 
a current that exists only during the upwelling season. 

e. Current-induced upwelling 

Ingham ( 1970) was the first to present the idea of 
"current-induced" upwelling along the northem coast. 
The Guinea Current, in geostrophic balance, is as
sociated with an upward thermocline slope toward 
the coast. Therefore, an acceleration of this eastward 
current increases this slope and thus could give fa-



- 115 -

JO~L PICAUT 

vorable conditions for a coastal upwelling. This idea 
bas been developed by Philander ( 1979) with a non
linear two-dimensional numerical model with cross 
equatorial winds. The linear Atlantic model of An
derson ( 1979) forced by realistic winds confirms one 
major conclusion of Philander: the Guinea Current 
is mainly driven by the meridional winds in the 
Guinea Gulf. But as pointed out by Clarke ( 1978), 
Philander's model results produce insignificant up
welling along the northem coast, because ali subsur
face isotherms are undisplaced at the coast. Coastal 
SST decreases only by vertical mixing in the Guinea 
Current. 

Another type of current-induced upwelling along 
the same coast bas been proposed by Marchal and 
Picaut ( 1977). They noticed the presence of shallow 
thermocline and cold water patches at the surface, ail 
the year round, downstream of Cape Palmas and 
Cape Three Points (see Fig. 3 for location), and deep 
thermocline and accumulation of warm water up
stream of these capes. Morlière and Rêbert ( 1972) 
show that the cold water patch near Cape Palmas 
extends further downstream. Such local phenomeria 
are most Iikely due to the dynamical effect of the 
capes themselves on the strong eastward Guinea Cur
rent. Though this "cape effect" seems to increase 
from J uly to September, it probably pla ys a secondary 
role in the mechanism of this dramatic coastal up
welling. 

1978). Provided that dissipation of the travelling 
wind-forced wave is taken into account, the theory 
agrees qualitatively with observations. In particular, 
the coastal wind causes upwelling several hundred 
kilometers west of the forcing regio«. His model, un
fortunately, produces a sea level response that is too 
small by a factor of3-5, the length of the forcing area 
being probably too small. 

As noted above, Philander and Pacanowski ( 1981 a) 
showed that coastal upwelling along the southern 
coast can extend far offshore by Rossby wave prop
agation on a time scale greater than a month. This 
idea seems to be confirmed by Guillerm ( 1981) who 
finds at 5°S that during the main upwelling season 
from June to October the coastal thermal structure 
in the upper 100 rn is extended far offshore, and that 
the upwelling signais arrives one or two months later 
offshore than at the coast. Offshore propagation is 
even more evident during the secondary upwelling 
signal in December-January. 

Moore et al. ( 1978) were the first to suggest that 
part of the equatorial and coastal upwelling in the 
Guinea Gulf is remotely forced by the winds in the 
vicinity of the northem coast of Brazil. They sug
gested that an increase of the easterly wind in the 
western equatorial Atlantic excites an internai up
welling equatorial Kelvin wave. This wave travels 
along the equatorial waveguide and reflects poleward 
and westward at the African coast in the form of 
coastal Kelvin waves and Rossby waves. This theo-

! Vertical mixing at the equator retical idea bas been illustrated in the numerical, one
and-a-half layer model studies of O'Brien et al. 

Aceording to Voituriez and Herbland ( 1979), part ( 1978), Adamec and O'Brien ( 1978) and Bah ( 1981 ), 
of the sea surface cooling along the eastern equator in which the winds were switched on impulsively, and 
could be due to the increase of vertical mixing pro- is analogous to the proposed explanation for the El 
cesses in the vertical shear between the westward Niiio event in the Pacifie by McCreary (1976) and 
equatorial surface current and the eastward equatorial Hurlburt et al. ( 1976). A number of observations sup
undercurrent. They suggested that this vertical shear port the idea. For example, it is parti y justified by the 
might be reinforced in July-August by the accelera- equatorial zonal pressure gradient study of Neumann 
tion of the surface current and the shallowing of the et al. (1975) and Katz et al. (1977) and the fact that 
undercurrent. But the recent measurements of the the most pronounced seasonal variation of the wind 
French CIPREA ex periment in 1978-80 in the stress is to be found in the western part of the equa
Guinea Gulf reveal that there is no significant sea- torial Atlantic (Fig. 6). Servain et al. ( 1982), on a 
sonal variation of the vertical shear or of the · nonseasonal ti me scale, show a good correlation, with 
Richardson number (Voituriez, 1981 ). a one-mon th lag, between the zonal component of· 

g. Remote forcing mechanisms 

Generally, in this paper the term "remote forcing" · 
refers to remote forcing west of the Guinea Gulf. 
However, other remote forcing mechanisms have 
been proposed to explain part of the Guinea Gulf 
upwelling. This subsection discusses two of them, as 
well as the idea of Moore et al. ( 1978)., 

Clarke ( 1978) tried to ex plain the seasonal coastal 
upwelling along the northern coast using coastal . 

· trapped wave dynamics. He noted that the maximum' 
values of the longshore wind stress occur to the east 
ofthe location of the most intense upwelling (Bakun, 

the wind stress off the northem coast of Brazil and 
the SST in the Guinea Gulf. The one-month lag is 
the time required for an equatorial Kelvin wave, with 
a phase speed of -1 rn s-•, to travet from the forcing 
area to the Guinea Gulf. Finally, in the present study 
we show evidence of poleward propagation of the 
seasonal coastal upwelling. We will discuss this mech
anism further in the last section of the paper. 

4. Propagation of the seasonal upwelling 

As shown by Hisard and Merle ( 1980), the up
welling event is substantially different from the con.:· 



- 116 -

JOURNAL OF PHYSICAL OCEANOGRAPHY 

di ti ons during the rest of the year and is the dominant 
aspect of the annual signal. Our purpose was to focus 
on this upwelling signal itself and its space-time dis
tribution along the northern and southern coasts and 
the equator. Detailed analysis of daily SST coastal 
measurements reveals a westward propagation of the 
upwelling signal along the northern coast. Further 
calculations allow us to extend this analysis to the 
bistorical merchant ship SST observations ali along 
the northern coast, the southern coast and the equator 
and to the historical hydrological station south of 
Abidjan. 

a .. Horizontal propagation along the northérn coast 
with dai/y SST data · 

On ali the 16 coastal stations, large periodic SST 
fluctuations occur mainly during the upwelling sea
son when the thermocline is close to the surface (Fig. 
7). The most important of these fluctuations are 
found around 45- and 14.7-day periods (Picaut and 
Verstraete, 1976, 1979) which can be attributed to 
wind and tidal forcing. Such oscillations should con
siderably blur the mean upwelling signal. Cross-spec
tral analysis was first suggested to separate the up
welling signal from these oscillations. But since we 
wish to isolate the upwelling signal from the rest of 
the annual signal, such analysis was not ideal; fur
thermore, we have only three years of nearly complete 
measurements. The duration of the upwelling is 
roughly 3-4 months (Berrit, 1958; Morlière, 1970), 
so in order to suppress completely ali these high-fre
quency oscillations, we used a eosine low-pass filter 
spanning 90 days with first zero lobe at a 45-day pe
riod. Small changes in the length of this filter do not 
alter our results at ali. In Fig. 7, we have superposed 
on the daily raw SST data the low-pass filtered data 
for the three years of maximum coastal measure
ments. Ail these coastal stations show a quite similar 
pattern of the mean annual signal. The important 
difference found around Cape Three Points is due to 
the "cape effect" discussed previously. 

From a visual inspection of these filtered data we 
observe that there is a shift in time of the upwelling 
signal from east to west. This displacement is con
firmed by a time-space plot (not shown here) of the 
date ofthe minimum offiltered SST data. However, 
for particular years and stations (Tabou, 1978, for 
example) the SST minimum is not exactly centered 
in the middle of the upwelling signal. So, to improve 
the estimate of the westward phase shift, a simple 
lagged correlation analysis is used. The length of the 
time series is constant and equal to three months in 
order to agree with the duration of the upwelling 
event. For each pair of stations we calculated the 
maximum correlation coefficient and the correspond
ing lag. The maximum correlation coefficient is, of 
course, larger for two nearby stations than for two 

distant stations, and in the first case we obtain a better 
estimate of the phase lag. There is no special reason 
to choose one particular station as the reference. So 
we make the same type of calculation with ali the 
stations as the reference and obtain a symmetric 
matrix of the maximum correlation coefficients and 
their corresponding lags. For each station as the ref
erence, we plot these day lags versus the distance be
tween the coastal stations. Ali these graphs are quite 
similar with sorne distortion for the farthest stations. 
In Fig. 8 we present the mean graph for each year. 
Such an average has no statistical justification but it 
probably reduces slightly the error obtained with the 
farthest stations. Unfortunately, this method of cor
relation on a short time scale does not permit a rig
orous estimate of error. Advantages of this approach 
are discussed further in Section 5C. 

The monthly axes of Fig. 8 have been buitt by the 
following method. We define the start of the upwell
ing season as the date when the temperature drops 
below the annual average and the end of this season 
as the date when the temperature becomes warmer 
than this average. The surface obtained by integration 
between these two limits is divided into two equal 
parts by a date line estimated as the "center of up
welling." This date is more precise than the date of 
minimum temperature and evident correlation with 
the previous mean lags allow us to add the monthly 
axes. 

Fig. 8 shows clearly that for each year, 1977-79, · 
the upwelling event propagates from east to west. 
Advective phenomena could not account for this shift 
of phase: in the surface layer the strong Guinea Cur
rent is eastward white in the sub-surface layer there 
is a countercurrent of about 20 cm ç 1 mean speed 
(Lemasson and Rébert, 1973a,b). With the two lowest 
Fourier components of the monthly mean SST 
coastal measurements from Cotonou to Abidjan, 
Merle et al. (1980) found a simitar propagation and 
related it to a semiannual oscillation of unclear origin. 

It is interesting that the speed of the westward prop
agation varies from year to year. This variation may 
be related to the difference of stratification since 1977 
was a normal upwelling year white 1978 was a strong 
one and 1979 a weak one (Fig. 9). FGGE data col
lected by ORSTOM in the eastern equatorial Atlantic 

. confirm such a difference between the 1978 and 1979 
upwellings (Hisard, personal communication, 1981) 
but this difference is probably not strong enough to 
eut the speed in half. 

Fig. 9 shows a decrease of the seasonal amplitude 
east ofTema and west of Grand Drewin. These fea
tures are due to the presence of two frontal zones 
(Berrit, 197 3), one just on the Cape Palmas, the other 
moving along the Togo and Benin coasts. These 
fronts separate the cold and saline· upwelled waters 
from warm and fresh waters (Fig. 1 0). These fresh 
waters are provided by Guinea rivers and the Niger 
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FIG. 7. Daily and low-pass filtered sea surface temperature along the northern cOast of the Guinea Gulf. 
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FIG. 8. Mean lag at maximum correlation between filtered sea 
surface temperature along the northem coast during the 1977-78 
and 1979 upwelling. Solid dots represent data not used in the 
regression estimates of horizontal phase propagation. 

River and particular heavy rainfall, and are accu
mulated in these two areas by favorable winds (Has
tenrath and Lamb, 1977). On the other band, along 
the Ivory Coast and Ghana coasts, the direction of 
the winds is favorable for upwelling (Verstraete, 
1970). So west of Tabou (Morlière, and Ré bert, 1972) 
and east ofKeta, the thermocline is quite deep. There
fore, outside of these limits the SST signal is not 
closely related to the upwelling signal and for this 
reason the Cotonou and Kpeme reuslts are not in
cluded in the regression-line calclations of Fig. 8. 

b. Horizontal propagation along the northern coast 
with monthly mean SST data 

We have found that the upwelling signal propagates 
westward along the Ivory Coast, Ghana, Togo and 
Benin coasts. The source region bas to be found fur
ther east. Unfortunately, there are no coastal stations 
in Nigeria and Cameroon. The only data available 
are the monthly 1 o square SST means taken from 
merchant ship observations. The mean duration of 
the upwelling signal is around 3-4 months, so monthly 
data are adequate to resolve it. 

In order to have a better resolution than one mon th 
in our cross correlation analysis we have built the 

following method: using monthly data for a Fourier 
analysis of the mean year, the seasonal cycle, with 
daily values, is reconstituted from the lowest Fourier 
components. This method applied to the average an
nuai cycle of Tema shows that the best fit between 
the daily filtered data and the daily reconstituted data 
is obtained with the first 5 or 6 harmonies (Fig. ll ). 
To test this method we have used iton the monthly 
mean SST of the coastal stations of the northem coast 
in 1978 and 1979. Despite the fact that for an indi
vidual year such Fourier analysis gives an error on 
the borders of the reconstituted time series, compar
ison of the preceding lagged cross correlation results 
and those obtained with this method (Fig. 12) vali
dates it completely. 

Therefore, this method was first applied on the 
historical records of monthly mean SST data by 1 o 

squares arranged all along the northem coast as 
shown in Fig. 4. Cross correlation analysis of these 
reconstituted time series, identical to that applied on 
the daily filtered data, shows that the propagation of 
the upwelling signal is only evident between the Cape 
Palmas front and the Togo-Benin front (Fig. 13), 
where the thermocline shoals to the surface. Outside 
of this coastal area, a deep thermocline, fresh water 
(Fig. 10) and local thermodynamic effects probably 
blur the sea surface upwelling signal. 

c. Horizontal propagation along the southern coast 
with monthly mean SST data · 

Similar cross correlation calculations on daily fil
tered data with sparse stations along the southem 
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FIG. 9. Amplitude of the seasonal signal along the northemCOMt.. 
This amplitude is defined as the difference bet-~um 
of temperature around May and the minimum of temperature 
around August, extracted from the low-pass filtered curves of Fig. 
7. 
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[composite picture from Merle (1978) and Berrit (1973)]. 

coast seem to indicate a poleward propagation of the 
coastal upwelling signal. Unfortunately, except at 
Pointe Noire in the Congo Republic, these few sta
tions have not been maintained. So we were fortunate 
that monthly mean SST data could verify such prop
agation. The 1 o squares chosen were arranged along 
the southem coast as shown in Fig. 4. The results of 
the cross correlation analysis, centered on the three 
months of upwelling, are plotted in Fig. 14. South-
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ward propagation of the upwelling signal is evident 
between 1 and l3°S. Further north, there is a frontal 
area which sharply separates the low-salinity Guinea 
water to the north from high-salinity cold water (Fig. 
10), probably derived from the equatorial undercur
rent (Hisard et al., 1975). In the same way as along 
the northem coast, the upwelling signal is probably 
masked north of 1 °S. South of l3°S, Wooster (per
sona! communication, 1980) bas shown that the sea-
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FlG. 11. Comparison of the low-pass filtered daily sea surface temperature data 
and the "reconstituted" sea surface temperature data at the coastal station of Tema 
(mean of 1 S years). 
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FIG. 12. Comparison of the mean lag results obtained with the daily 
low-pass ftltered upwelling data. and the "reconstituted" upwelling data 
from monthly mean for ali the coastal stations. 

sonal variation of the local offshore Ekman transport 
seems to fit the corresponding temperature distribu
tion rouch better than in the north (Fig. 4). South of 
l8°S advection from the Benguela Current probably 

interferes with other upwelling mechanisms. These 
additional processes could explain the dispersion of 

. ourmeanlagssouthofl3°S. Fortheintervall-l3°S 
. a regression line has been fitted through the mean 
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FIG. 13. Mean 1ag at maximum correlation between "reconstituted" sea surface upwelling temperature and 
amplitude of the seasonal signal within the 1° square areas arranged along the northem coast as shown in Fig. 4. 
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fiG. 14. Mean lag at maximum correlation between "reconstituted" sea surface upwelling 
temperature within the 1 ° square areas arranged along the southem coast as shown in Fig. 4. 
Only the data represented by a cross are used in the regression fit. 

day-lag points (Fig. 14). The resulting mean phase 
speed of 66 cm s-1 is much greater than the speed of 

·the southward coastal undercurrent found by the 
oceanographers of Pointe Noire (Guillerm, 1975). So 
advection could not account for this phenomenon. 

d. Horizontal propagation along the equator with 
monthly SST data 

' 
In an attempt to account for horizontal propaga-

tion along the equator we have applied our particular 
correlation analysis to the SST historical data ar
ranged along the equator by 1° squares as shown on 
Fig. 4. We have limited the geographical extent of 
our study to 20°W where the thermocline is not too 
far from the surface (Merle, 1978), and at 1 o from 
the equator which is a distance smaller than the equa
torial internai radius of deformation for the first ver
tical mode. Despite such precautions, our results are 
not very convincing, but at least they appear to be 
more favorable to an eastward propagation of the 
upwelling signal than to a westward one. Correlation 
between the equatorial and coastal upwelling signais 
is difficult to interpret due to the difference of shape 
in these signais: the coastal upwelling signal is sym
metric about its minimum value, opposite to that of 
the equatorial'upwelling signal which is asymmetric 

(Fig. 2). This poor evidence of horizontal propagation 
along the equator could be due to the difficulties of 
SST data to resolve the upwelling signal when the 
thermocline is no1 surfacing (Houghton, 1981 ). Fur
thermore, along the equator we expect interference 
between the eastward equatorial Kelvin wave and 
westward Rossby wav...es coming from the coast. 

e. Vertical propagation south of Abidjan with monthly 
mean hydro/ogical data 

Between 1957 and 1964, 217 Nansen casts were 
made at a site 41 km south of Abidjan on the con
tinental slope. The "reconstituted" seasonal cycle 
using monthly means from these data (Fig. 15a) bas 
been calculated using the same method as in the pre
vious sections. In Fig. 15b we have drawn the time
depth isotherm contours with simple linear interpo
lation of the time series of Fig. 15a, because such a 
representation gives a better idea of the vertical dis
tribution of the upwelling event. We have limited this 
graph to the upper 400 m that have been sampled 
systematically. The amplitude of the seasonal dis
placement of the isotherms is minimum close to the 
surface, maximum between 50 and 200 rn, and then 
decreases to 400 m. A remarkable feature of this by
drological station is the continuous linear displace- ·· 
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FIG. IS. (a) "Reconstituted" annual cycle of temperature at stan
dard dcpths 24 miles off Abidjan. (b) lsotherm depths from the 
data of the preceding figure. 

ment ofthe upwelling event from 300 rn to the surface 
(Fig. 1 Sb). Our cross-correlation analysis applied to 
this "reconstituted.. time series shows an upward 
propagation with phase speed 7.9 x 10-s rn s- 1 (6.8 
rn day- 1). In the surface layer the observed shift of 
phase might be explained by sorne reflection or re
fraction in the thermocline or by anything locally 
forced at the surface (Fig. 16). 

5. Discussi~n 

In the previous section we have found that in the 
Sou them Hemisphere the upwelling signal propagates 
poleward, starting from the equator (Fig. 14). Along 
the northern coast a similar signal propagates west
ward from the Togo-Benin front to the Cape Palmas 
front (Figs. 10 and 13). Between the equator and the 

Furthermore, the upwelling signal propagates up
ward, at least south of Abidjan. Such features could 
be related to the same process, i.e., remote forcing by 
the winds west of the Guinea Gulf. 

This section explores the possibility of this remo te 
forcing mechanism in greater detail. First, sorne re
cent results supporting the idea are discussed. Second, 
similarities with the equatorial Pacifie are summa-. 
rized. Third, we discuss the particular method of cross 
correlation used throughout this study. Finally, recent 
models involving this remote forcing mechanism are 
reviewed. 

a. Support for remote forcing in the equâtorial Atlan
tic 

1) POLEWARD PROPAGATION OF THE COAST AL UP
WELLING SIGNAL 

If the events propagating along the northem and 
sou them coasts have the same equatorial origin, they
must start from the equator at the same time. Re
ferring to the monthly axes of Figs. 13 and 14, there 
is a time delay of 33 days between the starting dates 
of the southem upwelling signal at the equator and 
the northem one at the Togo-Benin front. Direct 
cross correlation analyses between the southem and 
northem coastal "reconstituted .. time series reduce 
this delay to 28 days. This delay is the time required 
for a 0.6 rn ç' wave to travet ali along the corner of 
the Guinea Gulf from the equator to the Togo-Benin 
front, and this speed is close to those observed in both 
hemispheres. These properties suggest that the coastal 
waves have a common point of origin at the equator. 
There is no evidence of a propagating upwelling signal 
in SST between the Cape Lopez front and Togo
Benin front (see Fig. 10 for location). As previously 
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Togo-Benin front, there is no evidence of horizontal Fto. 16. Mean !ag at maximum correlation between "reconsti
propagation with the SST historical data (Fig. 13 ). tuted" upwelling temperature at different levels 41 km off Abidjan. 
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noted, this Jack of notable propagation is probably 
due to the presence of a deep thermocline, as well as 
to fresh water and local thermodynamic effects. The 
Cape Lopez area bas been studied intensively (see 
Stretta, 1977, for example). Nobody, as yet, bas ob
served a change in the atmospheric forcing in this 
region that is strong enough to generate the required 
coastal waves. So, at the present time, the only plau
sible explailation for this poleward propagation is re
mote forcing due to wind change west of the Guinea 
Gulf(Moore et al., 1978; McCreary et al., 1982; Bus
alacchi and Picaut, 1982). 
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2) VERTICAL PROPAGATION OF THE COAST AL UP- .çoo 
WELLING SIGNAL 

According to Hickie ( 1977), Philander ( 1977Y and 
Cane and Sarachik ( 1979), a zonal coast near the 
equator allows westward propagating, nearly non-dis
persive waves that are very similar to coastally 
trapped Kelvin waves. In an ocean of constant Vais
rua frequency, these waves, to a good approximation, 
satisfy the dispersion relation (Philander, 1977) 

k 
a=--N. 

m' 

where ais the wave frequency, m the vertical wave
number, k the horizontal wavenumber, and N the 
Vaisà1a frequency. The time series of the upwelling 
(Figs. 7 and 11) resembles a half-sinusoid extending 
over three months. Furthermore, there is a secondary 
upwelling season around January which is more pro
nounced in the subsurface layer (Fig. 15) and present 
in all the Guinea Gulf (Merle and Le Floch, 1978). 
Therefore, the apparant dominant upwelling fre
quency is 27r/6 months. With a mean westward phase 
speed of0.7 rn s-1 and an upward phase speed of7.9 
X w-s rn s-1, the dispersion relation is verified for a 
constant Vaisala frequency of 0.36 x w-z s- 1

• This 
value is close to what we observe below the sharp and 
shallow thermocline (Fig. 17). 

Such a vertically propagating phenomenon bas 
been related to the remote forcing mechanism of 
Moore et al. (1978) by an extension of the linear 
model of McCreary ( 1982) to the Guinea Gulf prob
lem (McCreary et al., 1982). In this recent study the 
idealized winds are limited to the western equatorial 
Atlantic and to the annual frequency. The solutions 
are found as sums over the first 15 vertical modes. 
The energy that·appears east of the wind forcing area 
is the result of the radiation 'of many equatorial Kel
vin waves. They superpose to form a bearn that prop
agates eastward and downward at the slope -a/N. At 
the north-south coast of Africa this bearn reflects as 
a packet of Rossby and Kelvin-like coastally trapped 
waves along the northem coast. Energy associated 
with the Rossby waves propagates westward and 
downward at a slope greater than 3a/N. This result 

500 
z 

FIG. 17. Mean Viiisâ1a frequency profiles during the upwelling 
season at the station south of Abidjan. 

suggests that the westward and upward propagating 
upwelling signal south of Abidjan appears to have the 
characteristics of coastally trapped Kelvin waves, 
rather than those of reflected Rossby waves. Rüssby 
wave energy is too deep to participate significantly 
in the event. Similar upward phase propagation of . 
the seasonal upwelling signal offshore Pointe Noire 
at 5°S (Servain, personal communication, 1982) sug- . 
gests that such a phenomenon is not exceptional in 
the Guinea Gulf. 

3) 0rHER RESULTS 

As we have seen in the preceding subsection, the 
coastal upwelling signal along the northem coast bas 
several properties of a coastally trapped Kelvin wave. 
A mean section south of Abidjan bas been built with 
historical data from the upwelling season (Fig. 18) 
and shows an offshore exponential isotherm decay. 
Such a structure can be interpreted as an indication 
of a coastany trapped phenomenon. 

The variation of surface and subsurface currents 
may also support the existence of such equatorial and 
coastal Kelvin waves. Moore et al. ( 1978) explained 
the decrease of the equatorial undercurrent and the 
increase of the South Equatorial Current from Jan
uary to J uly by the passage of the upwelling equatorial 
Kelvin wave signal. This result based only on two 
transects made in 197 5 bas been confirmed by eight 
recent transects made, along the same meridian 
( 4 °W}, during the French OPREA experiment and 
FGGE. Along the northem coast, Janke ( 1920) noted 
an acceleration of the eastward Guinea current during 
the upwelling season, but direct measurements made 
by Lemasson and Rébert (1973a) on a transect close 
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FIG. 18. Mean transect south of Abidjan 
during the upwelling season. 

to the coast reveal that this increase arrives one or 
two months earlier on the shelf. This discrepancy 
could be due to the influence of the local meridional 
wind on the Guinea current (Philander, 1979; An
derson, 1979). With a transect off Pointe Noire (5°S), 
extended further offshore to 370 km, Guillerm ( 1981) 
observed a southward surface current which reverses 
during the upwelling season. The subsurface layer is 
characterized by a southward flow ali the year round, 
but the mean southward transport, calculated along 
this transect, vanishes during the upwelling season 
and might reverse as the coast is approached. 

Indirect evidence of an equatorial Kelvin wave bas 
been recently found by Voituriez ( 1981 ). With T-S 
diagrams he first shows that the isopycnal surface u, 
= 26.44 is not influenced by vertical mixing with the 
surface layer. Comparison of the mean depth of this 
surface, based on ali the transects made along 4 °W, 
in the warm season (January-April) and the upwell
ing season (July-September), reveals that the ampli
tude of the difference is maximum at the equator 
(from 120 to 70 m) and minimum around 2°N and 
2°S. This first evidence of an equatorial trapped phe
nomenon on a seasonal time scale at 4 °W bas been 
confirmed by recent beat content analyses and iso
therm displacements by Houghton, Voituriez and 
Gouriou (personal communications, 1982). The re
sults of Houghton indicate a trapping scale of 180 
km, which suggests a possible O. 73 rn s-• horizontal 
propagating Kelvin wave. 

The best direct evidence of the importance of re
mote forcing in the equatorial Atlantic bas been ob
tained by Servain et al. (1982). In this study, they 

examined the relationship between the SST and wind 
stress anomalies, extracted from historical merchant 
ship observations. Local forcing in the Guinea Gulf 
appears to be very weak, white remote forcing from 
the western side of the basin is much more evident. 

_ The phase difference obtained is significant around 
the 3-month period and up to the 5-month period, 
and corresponds to a nearly constant Jag of one 
month. This lag is almost the time required for the 
dominant (Philander and Pacanowski, 1981; Mc
Creary et al., 1982) second-mode baroclinic equato
rial Kelvin wave (1.2 rn s-• phase speed in the eastern 
equatorial Atlantic) to travel from 30°W to the 
Guinea Gulf or probably a combination of many 
modes as shown by McCreary et al. (1982). 

b. Similarities with the equatorial Pacifie 

In the Pacifie Ocean, Wyrtki ( 197 5) suggested that 
the El Niiio event was caused by the relaxation of the 
southeast trades in the central and western Pacifie 
which in turn results in an eastward propagation of 
energy along the equator. This process was later used 
to account for the appearance of a large semiannual 
variation in isotherm depth in the eastern Pacifie, 
since wind stress forcing at the same frequency occurs 
predominantly in the central Pacifie (Meyers, 1979). 
Moored upper ocean current and temperature mea
surements (Knox and Halpern, 1982) support the 
propagation of a fust baroclinic Kelvin wave event 
from 152 to l10°W. Around the Galapagos islands, 
sea level variance is also compatible with the structure 
of such a wave (Ripa and Hayes, 1981 ). Close to the 
same area, detailed analyses ofhistorical hydrological 
data on a seasonal time scale by Lukas (1981) reveal 
an upward phase propagation of the downwelling 
event from 500 to 125 rn, with a mean phase speed 
of 6. 7 X 1 o-s rn s- 1, close to our present result. Along 
the eastern boundary Enfield and Allen (1980) found 
that interannual fluctuations of sea levet are coherent 
from northern Chile to the Canadian border and have 
a phase structure consistent with po1eward long-wave 
propagation. The recent observations of upward 
phase propagation at the annual frequency in the sub
surface layer, north and south of the equator by Lukas 
and Firing ( 1982), suggests the existence of reflected 
Rossby waves in the central Pacifie. 

Numerical and analytical models by McCreary 
(1976) and Hurlburt et al. (1976) simulated the ex
citation of an equatorially trapped internat Kelvin 
wave and its reflection on the eastern boundary. Bus
alacchi and O'Brien ( 1981) and Busalacchi et al. 
( 1982), with a linear model forced by monthly esti
mates of the observed surface wind over the tropical 
Pacifie for 1961-78, were able to explain a significant 
amount of the variability of sea levet at the eastern 
boundary as being caused by remotely forced equa
torial waves. 
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c. Discussion of our specifie cross-co"elation anal y sis events, but the effect of the decreasing signal-to-noise 
ratio is compensated by the length of the time series 

Our cross-correlation analysis was made only on ( 16 years) and the use of classical statistical methods. 
the three months centered on the cold season. Similar Our cross-correlation method bas the advantage of 
analyses utilizing all the annual signal gave poor ev- clearly separating each season, and is able to show 
idence of poleward propagation along the northern evidence of horizontal and vertical propagation of the 
and southem coasts and ofupward propagation south upwelling signal when the signal-to-noise ratio is 
of Abidjan. There are several possible explanations large. The usefulness of a 3-months record length 
for such contlicting results. · centered on the cold season bas been confirmed in 

First, as pointed out in the previous sections, the a series of additional cross-correlation calculations . 
SST measurements are inadequate to show horizontal involving different record lengths. For longer lengths 
propagation when the thermocline is not surfacing. the signal-to-noise ratio decreases as previously noted. 
The two warm seasons surrounding the main up- . For shorter lengths, the shape of the curve about the 
welling season are characterized by a deep thermo- minimum of temperature is quite different for sorne 
cline (Morlière, 1970). Furthermore, Hisard and of the coastal stations [see Tabou (1978) on Fig. 7 for 
Merle (1980) claim that the warming during these example], and this difference gives poorer evidence 
seasons is more due to local thermohaline effects. of horizontal and vertical propagation. Three months, 
Therefore, these seasons are probably disconnected which is the mean duration of the upwelling signal, 
from the main upwelling season, at least in the surface gives the best evidence of propagation. 
layer. 

Second, model studies suggest that well-defined d., Models of remote forcing mechanisms 
Kelvin wave signais exist only if the equatorial wind 
field changes sufficiently rapidly. Philander ( 1981) 
studied the model response to a uniform relaxation 
of the equatorial zonal winds. He varied the length 
of time T over which the relaxation occurs, and was 
able to detect an equatorial Kelvin wave only for T 
< 4 months. Using a simple one-arid-one-half layer 
model of the Guinea Gulf like that of O'Brien et al. 
( 1978), we found similar results related to an increase 
of the westward wind stress in the western part of the 
basin. For T = 1-3 months, the Kelvin wave up
welling signal is well-defined, but for T ;;;,. 6 months, 
this signal could not be easily identified. Fig. 6b sug
gests that a value of T for the increase of the trades 
is 3-4 months. However, this figure represents the 
mean of 60 years of measurements and overestimates 
the time T. For example, a 1979 wind record from 
St. Paul Rocks (0°55'N, 29°2l'W) reveals a sharp 
increase of the wind within two weeks, starting 
around 1 May (Katz et al., 1981 ). In addition, de
tailed analyses of historical merchant ship observa
tions for specifie years (Servain et al., 1982) show that 
in the western equatorial Atlantic such a sharp in
crease is not unusual. Therefore, the model results 
suggest that a well-defined upwelling Kelvin wave will 
exist. On the other band, after a second pulse in No
vember (which might generate part of the intringuing 
secondary upwelling season) the wind relaxes over a 
longer time (Fig. 6b), and in that case the model sug
gests that the downwelling Kelvin wave will not be 
so clearly evident. The signal-to-noise ratio of this 
downwelling wave is correspondingly small and nei
ther horizontal nor vertical propagation (Fig. 1 Sb) 
can be detected during the warm season. It is worth 
noting that the analyses of Servain et al. (1982) are 
not able to separate the upwelling and downwelling 

Our calculation suggests that the seasonal coastal 
upwelling propagates poleward in both hemispheres, 
starting from the equator. On a nonseasonal time 
scale Servain et al. ( 1982) found a good correlation 
between the zonal wind stress in the western PQua
torial Atlantic and the SST in the Guinea Gulf, with 
a lag of one month, the time for a Kelvin wave to 
travet at 1 m s-• from the forcing area to the Guinea 
Gulf. These two results are the main features of the 
remote forcing mechanism proposed by Moore et al. 
( 1978) and illustrated by the linear model of O'Brien 
et al. (1978). But this model involves so many sim
plifications that it is surprising that our observations 
fit its results as well as they do. So, we conclude this 
paper with a brief review of this model and others 
that involve remote forcing in the Atlantic. 

O'Brien et al. ( 1978) and Adamec and O'Brien 
(1978) used a linear, one-and-one-halflayer model, 
in whiçh the wind, limited to the western part of the 
basin, was switched on impulsively. Equatorial and 
coastal Kelvin waves are evident, and phase lags in 
the eastern ocean are simply related to the speed of . 
these waves. In contrast, Cane and Sarachik (1981) 
studied the response of a single baroclinic mode to 
an x-independent periodic forcing. ln this model the 
response is a complex superposition of a locally forced 
response and of Kelvin and Rossby waves that make 
impossible the detection of a pure equatorial Kelvin 
wave. Moreover, at the annual frequency, coastal 
Kelvin waves no longer exist along north-south 
boundaries, equatorward of the criticallatitude. Con
sequently, phase lags in the eastern part of the basin 
could not be directly related to the speed of the equa
torial Kelvin wave. Busalacchi and Picaut ( 1982) used 
a similar linear model with real coastline geometry 
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and realistic seasonal winds. The winds used are the the importance of the nonlinear terms? How much 
mean of 60 years of measurements (Hastenrath and energy propagates downward? Does the upward phase 
Lamb, 1977) and are more similar to purely periodic propagation exist everywhere in the Guinea Gulf? 
forcing than to an impulsive one. The model simula te What are the adjustment time scales and frictional 
rather well the mean seasonal pycnocline variations decay time in the real ocean? Detailed analyses, in 
in all the basin, and the seasonal variations along the the surface and subsurface layers, on historical data' 
equator are driven, for a significant part, by. the east- and comparison with more models are needed. But 
erly winds west of the Guinea Gulf. As in the Cane real progress will depend on extensive data being 
and Sarachik (1981) study, there is no obvious equa- available on specifie years. Therefore, we expect the 
torial Kelvin wave. However, the model is able to SEQUAL-FOCAL experiments, in the equatorial 
simulate in both hemispheres the poleward propa- Atlantic, to provide much more information to in
gation of the seasonal coastal upwelling signal, which . crease greatly our knowledge of the remote forcing 
appears directly related to the equatorial seasonal sig- mechanism first suggested by Moore et al. ( 1978). 

· nal. The poleward propagation along the north-south 
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tor and along the northem coast of the Guinea Gulf, 
Kelvin beams no longer completely interfere with the Ocêanographiques in Ivory Coast for generously pro-
Rossby bearn. This property accounts for the narrow viding data which bas been efficiently managed by 
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Another possibility for the presence of equatorial for the many helpful discussions with Jay McCreary, 
and coastal Kelvin waves in periodic forced models Dennis Moore, Roger Lukas, Bruno Voituriez and 
is the disappearance of Rossby waves in the upper Tony Busalacchi. 
ocean due to nonlinear effects (Philander and Paca-
nowski, 1981b). For an x-independent wind, these 
au thors found that the equatorial Kelvin wave is only 
evident when the period is Jess than six months. In 
the same nonlinear stratified model, such limit is 
moved back when the forcing is confined to an area 
west ofthe eastern boundary. In the unforced region, 
in the same way as the McCreary et al. ( 1982) model, 
ali the changes of the various fields are directly as
sociated with the eastward propagating Kelvin wave. 

These models suggest the following conclusions. 
Due to the presence of a good part of the forcing west 
of the Guinea Gulf, x-independent models are not 
very relevant to the Guinea Gulf problem. When the 
forcing is confined west of the Gulf, the distinction 
between the impulsive and the periodic forcing is no 
longer fundamental, because equatorial Kelvin waves 
can be detected in both cases. Higher order vertical 
modes, harmonies higher than the annual frequency, 
and friction are necessary for the generation of nar
row coastal phenomena and their poleward propa
gation. But the models also indicate that a lot of ques
tions remain to be answered. For example, what is 

REFERENCES 

Adamec, D., and J. J. O'Brien, 1978: The seasonal upwelling in 
the Gulf of Guinea due to remote forcing. J. Ph ys. Oceangr., 
8, 1050-1060. 

Anderson, D., 1979: Law-latitude seasonal adjustment in the At
lantic. (Unpublished manuscript). 

Bah, A., 1981: Upwelling in the Gulf of Guinea. Echohydrody
namics, J. C. J. Nihoul, Ed., Elsevier, Amsterdam, 99-140. 

Bakun, A., 1978: Guinea current upwelling. Nature, 271, 147-150. 
-, D. R. McLain and F. V. Mayo, 1974: The mean annual 

cycle of coastal upwelling off western Nonh America as ob
served from surface measurements. Fish. Bull., 72, 843-844. 

Berrit, G. R., 1958: Les saisons marines à Pointe Noire. Bull. /nf. 
C.O.E.C., 6, 335-360. 

-, 1973: Recherches hydroclimatiques dans les régions côtieres 
de l'Atlantique tropical oriental. Etat des connaissances et 
perspectives. Bull. Mus. Nat. Rist. Na/. Paris, 148, Ecologie 
Générale, 4, 85-99. 

-, 1976: Les eaux froides côtières du Gabon à l'Angola sont
elles dues a un upwelling d'Ekman? Cah. ORSTOM, Sér. 
Odanogr., 14, 273-278. 

Bunker, A. F., 1976: Computations of surface energy flux and 
annual air-sea interaction cycles in the Nonh Altantic Ocean. 
Mon. Wea. Rev., 104, 1122-1139. 

Busalacchi, A. J., and J. J. O'Brien, 1981: lnterannual variability 
of the equatorial Pacifie in the 1960's. J. Geophys. Res., 86, 
10901-10907. 



- 127 -

JO~L PICAUT 

--,and J. Picaut, 1983: Seasonal variation from a mode! of the 
· tropical Atlantic. Submitted to J. Phys. Oceanogr. 
--, K. Takeuchi and J. J. O'Brien, 1982: lnterannual variability 

of the equatorial Pacific-Revisited (Manuscript in prepara
tion). 

Cane, M. A., andE. S. Sarachik, 1979: Forced baroclinic ocean 
motions, III: The linear equatorial basin case. J. Mar. Res. 
37, 355-398. 

--, and --, 1981: The response of linear equatorial ocean to 
periodic forcing. J. Mar. Res., 39, 651-693. 

Citeau, J., G. R. Berrit and L. Verseci, 1980: The upwelling in the 
Guinea Gulf as observed by Meteosat. Proc. Workshop Ap
plications of Existing Satellite Data to the Study of the Ocean 
Surface Energies. University of Wisconsin Press, 233-237. 

Clarke, A. J., 1978: On the generation of the seasonal coastal up
welling in the Gulf of Guinea. J. Geophys. Res., 84, 3743-
3751. 

Cromwell, T ., 1958: Circulation in a meridional plane in the central 
equatorial Pacifie. J. Mar. Res., 12, 196-213. 

Donguy, J. R., and M. Privé, 1964: Les conditions de l'Atlantique 
entre Abidjan et t'équateur. Bull.lnf. C.O.E.C., 16, 193-204. 

Enfield, D. B., and J. S. Allen, 1980: On the structure and dynamics 
of monthly sea level anomalies along the Pacifie coast of North 
and South America. J. Phys. Oceanogr., 10, 557-578. 

rJShery Research Unit, Tema, Ghana, 1970: The N.C.O.R. report 
of the mechanism of the upwelling of Ghana's coastal waters. 
Mar. Fish. Rep., No. 3. • 

Gallardo, Y., 1981: Milieu marin et ressources halieutiques de la 
République Populaire de Congo: Océanographie Physique. 
Trav. Doc. ORSTOM, 138,47-73. 

Guillerm, J. M., 1975: Variation saisonnières des transports côtiers 
dans le sud-est de Golfe de Guinée. Bull. Union Oc~anogr. 
France, 1, 55-67. 

--, 1981: Contribution a l'océanographie physique du Golfe de 
Guinée: hydrologie et circulation saisonnières sur une radiale 
au large de Pointe-Noire (Congo). Thèse d' Université, Univ
ersité de Bretagne Occidentale, 203 pp. 

Hastenrath, S., 1980: Heat budget of tropical ocean and atmo
sphere. J. Phys. Oceanogr., 10, 159-170. 

--,and P. Lamb, 1977: Climatic Atlas of the Tropical Atlantic 
and Eastern Pacifie Oceans. University of Wisconsin Press, 
112 pp. 

Hickie, P. B., 1977: The elfects of coastal geometry on equatorial1y . 
trapped planetary waves: Free oscillations in the Gulf of 
Guinea. (Unpublished manuscript). · 

Hisard, P., J. Citeau and A. Morliere, 1975: Le courant de Lo
monossov et la formation de la zone frontale du Cap Lopez 
(Baie de biafra, Golfe de Guinée). Cah. ORSTOM, Sér. 
Océanogr., 13, 107-116. 

--, and J. Merle, 1980: Onset of summers surface cooling in the 
Gulf of Guinea during GATE. Deep Sea Res., 26 (Suppl. Il), 
325-341. 

Houghton, R. W., 1976: Circulation and hydrographie structure 
over the Ghana Continental Shelf during the 1974 upwelling. 
J. Phys. Oceangr., 6, 909-924. 

--, 1981: Temperature variations in the Gulf ofGuinea. Trop. 
Ocean. Atmos. News., 8, 1-3. (Unpublished manuscript). 

Hurlburt, H. E., J. C. Kind1e and J. J. O'Brien, 1976: A numerical 
simulation of the onset of El Nii'io. J. Phys. Oceanogr., 6, 
621-631. 

lngham, M. C., 1970: Coastal upwelling in the northwesterD of 
Gulf of Guinea. Bull. Mar. Sei., 20, 2-34. 

Janke, J., 1920: Strômungen und Oberfliichentemperaturen im 
Golfe von Guinea. Arch. Dtsch. Seewarte, 6, 1-68. 

Katz, E, J., and Collaborators, 1977: Zonal pressure gradient along 
the equatorial Atlantic. J. Mar. Res., 35, 293-307. 

--, D. Cartwright, P. Hisard, H. Lass, A. Mesquita and R. Mol
inari, 1981: The seasonal transport of the equatorial under-

current in the western Atlantic (during FGGE). Océan. Acta, 
4, 445-450. 

Knox, R. A., and D. Halpern, 1982: Observation of an équatorial 
Kelvin wave in the central Pacifie. J. Mar. Res. (in press). 

Lamb, P. J., 1978: Case studies of tropical Atlantic surface cir
culation pattern during recent sub-Saharan weather anoma
lies, 1967-1968. Mon. Wea. Rev., 106, 482-491. 

Lemasson, L., and J. P. Rébert, 1973a: Les courants marins dans 
le Golfe ivoirien. Cah. ORSTOM, Sér. Océanogr.,ll, 67-95. 

--,and--, 1973b: Circulation dans le Golfe de Guinée. Etude 
de la région d'origine du sous-courant ivoirien. Cah. OR
STOM. Sér. Océanogr., JI, 303-316. 

Longhurst, A. R., 1962: A review of the oceanography of the Gulf 
ofGuinea. Bull. IFAN, Sêr. A24, 633-663. 

Lukas, R. B., 1981: The termination of the Equatorial Undercur
rent in the eastern Pacifie. Ph.D. dissertation, University of 
Hawaii, 127 pp. · 

--, and E. Fuing, 1982: An annual equatorial Rossby wave in 
· the central Pacifie. Trop. Ocean. Atmos. News,l2, 3-4 (Un

published manuscript). 
McCreary, J. P., 1976: Eastern tropical response to changing wind 

systems with application to El Niiio. J. Phys. Oceanogr., 6, 
632-645. 

--, 1982: Equatorial beams. (Manuscript in preparation). 
--, J. Picaut and D. W. Moore, 1982: Elfect ofannual remote 

forcing in the eastern tropical Atlantic. (Manuscript in prep
aratio1l). 

. Marchal, E., and J. Picaut, 1977: Répartition et abondance évaluées . 
par êchointegration des poissons du plateau ivoiro-ghanéen 
en relation avec les upwellings locaux. J. Res. Océanogr., 2, 
39-57. 

Merle, J., 1978: Atlas hydrologique saisonnier de l'ocêa:- Atlan
tique intertropical. Trav. Doc. ORSTOM, 82, 184 pp. 

--,and J.F. Le Floch, 1978: Cycle annual moyen de latem
pérature dans les couches supérieures de l' Ocêan Atlantique 
intçrtropical. Océan. Acta, 1, 271-276. 

--, M. Fieux and P. Hisard, 1980: Annual signal and interannual 
anomalies of sea surface temperature in the eastern equatorial 
Atlantic ocean. Deep Sea Res., 26(Suppl. Il), 77-101. 

Moore, D. W., P. Hisard, J. P. McCreary, J. Merle, J. J. O'Brien, 
J. Picaut, J. M. Verstraete and C. Wunsch, 1978: Equatorial 
adjustment in the eastern Atlantic. Geophys. Res. Lett., 5, 
637-640. 

Morlière, A., 1970: Les saisons marines devant Abidjan. Doc. Sei. 
Centre Rech. Océanogr. Abidjan, 1, 1-15. 

--, and J. P. Rébert, 1972: Etude hydrologique du plateau con
tinental ivoirien. Doc. Sei. Centre Rech. Océanogr. Abidjan, 
3, 1-30. 

Neumann, G., W. H. Beatty andE. C. Ecowitz, 1975: Seasonal 
changes of oceanographie and marine-climatological condi
tions in the equatorial Atlantic. Dept. Earth Planet Sei., City 
College ofCUNY. 211 pp. ' 

O'Brien, J. J., D. Adamec and D. W. Moore, 1978: A simple mode) . 
of equatorial upwelling in the Gulf of Guinea. Geophys. Res. 
Lett., 5, 641-644. 

Philander, S. G. H., 1977: The elfect of coasta1 geometry on equa
torial waves (forced waves on the Gulf of Guinea) J. Mar. 
Res., 35, 509-523. . 

--, 1979: Upwelling in the Gulf of Guinea. J. Mar. Res., 37, 
23-33. 

--, 1981: The response of equatorial oceans to a relaxation of 
the trade winds. J. Phys. Oceanogr., 11, 176-189. 

+--, and R. C. Pacanowski, 1980: The generation of equatorial 
currents. J. Geophys. Res., 85, 1123-1136. 

--,and--, 1981a: The oceanic response to cross-equatorial 
winds (with application to coastal upwelling in 1ow latitudes). 
Tel/us, 33, 204-210. 

--, and--, 1981 b: Response of equatorial oceans to periodic 
forcing. J. Geophys. Res., 86, 1903-1916. 



- 128 -

JOURNAL OF PHYSICAL OCEANOGRAPHY 

Picaut, J., and J. M. Verstraete, 1976: Mise en évidence d'une onde 
de 40-50 jours de période sur les côtes du Golfe de Guinée. 
Cah. ORSTOM Sér. Océanogr.,14, 3-14. 

--,and--, 1979: Propagation of a 14.7 day wave along the 
northern coast of the Guinea Gulf. J. Ph ys. Oceanogr., 9, 136-
149. 

Piton, B., R. Perrin and J. P. Gausi, 1977: Nouvelles considérations 
sur les saisons marines et la circulation superficielle dans le 
Golfe de Guinée. Doc. ORSTOM Pointe-Noire NS, 49. 

Ripa, P., and S. P. Hayes, 1981: Evidence for equatorial trapped 
waves at the Galapagos Islands. J. Geophys. Res., 86, 6509-
6516. 

Schott, G., 1944: Geographie des Atlantischen Ozeans. Hamburg, 
39 pp. 

Servain, J., J. Pica ut and J. Merle, 1982: Evidence of rem ote forcing 
in the equatorial Atlantic ocean. J. Phys. Oceanogr., 12, 457-
463. 

Stretta, J. M., 1977: Température de surface et pêche thonière dans 
la zone frontale du Cap Lopez (Atlantique tropical oriental) 
en juin et juillet 1972, 1974 et 1975. Cah. ORSTOM. Sér. 
Océanogr., 15, 163-180. 

Varlet, F., 1958: Le régime de l'Atlantique pres d'Abidjan (Côte 
d' Ivoire). Etud. Ebumé., 1, 97-222. 

Verstraete, J. M., 1970: Etude quantitative de l'upwelling sur le 
plateau continental ivoirien. Doc. Sei. Centre Rech. Océanogr. 
Abidjan, 1, 1-17. 

--, J. Picaut and A. Morlière, 1980: Atmospheric and tidal ob
servations along the shelf of the Guinea Gulf. Deep Sea Res., 
26(Suppl. II), 343-356. 

Voituriez, B., 1980: The equatorial upwelling in the eastern At· 
lantic: problem and paradoxes. Coasta/ Upwelling, F. A. 
Richards, Ed., Amer. Geophys. Union, 95-106. 

--, 1981: The equatorial upwelling in the eastern Atlantic ocean. 
Report of the Final Meeting ofSCOR WG 47. Nova University 
Press, 229-247. 

--,and A. Herbland, 1979: The use of the salinity maximum 
of the Equatorial Undercurrent for estimating nutrient en
richment and primary production in the Gulf ofGuinea. Deep 
Sea Res., 26A. 77-83. 

Wooster, W. S., A. Bakun and D. R. McLain, 1976: The seasonal 
upwelling cycle along the eastern boundary of the North At
lantic. J. Mar. Res., 34, 131-141. 

Wyrtki, K., 1975: El Nino. The dynamic response of the equatorial 
Pacifie ocean to atmospheric forcing. J. Phys. Oceanogr., 5, 
572-584. 



- 129 -

MAY 1982 JACQUES SERVAIN, JOi:.L PICAUT AND JACQUES MERLE VoLUME 12 

Evidence of Remote Forcing in the Equatorial Atlantic Ocean 

JACQUES SERVAIN AND JoËL PICAUT 

Laboratoire d'Océanographie Physique-Université de Bretagne Occidentale, 29200 Brest, France 

JACQUES MERLE 

ORSTOM-Laboratoire d'Océanographie Physique-Muséum. 75005 Paris, France 

(Manuscript received 22 September 1981, in final form S February 1982) 

ABSTRACT 

An analysis of sea-surface temperature (SST) and surface winds in selected areas of the tropical Atlantic 
indicates thal the nonseasonal variability of SST in the eastern equatorial Atlantic (Gulf of Guinea) is 
highly correlated with the nonseasonal variability of the zonal wind stress in the western equatorial Atlantic. 
A negative (positive) anomaly of the zonal wind stress near the north Brazilian coast is followed by a 
positive (negative) SST anomaly in the Gulf of Guinea about one mon th la ter. Furthermore, the correlation 
between the local wind stress anomaly and SST anomaly in the Gulf of Guinea is considerably smaller. 
These preliminary results indicate that remote forcing in the western equatorial Atlantic Ocean is an · 
important factor atrecting the eastern equatorial Atlantic sea-surface temperature. Recent equatorial theories 
are consistent with these observations. 

1. Introduction 

The variations of temperature in the eastern equa
torial Atlantic (Gulf of Guinea) have a significant 
effect on the abundance of fish (Bakun, 1978; A. 
Fonteneau, pers. comm., 1981) and on the rainfall 
distribution along the western African coast and the 
sub-Saharan countries (Lamb, 1978). For this rea
son, understanding the dynamics of this region is of 
great interest to both meteorologists and oceanog
raphers. Several ideas have recently been proposed 
to explain these fluctuations of temperature. Philan-· 
der ( 1978, 1981) argues that the local wind forcing 
may account for this variability. Moore et al. (1978) 
suggested that remote forcing by winds in the west
ern Atlantic may provide an alternate explanation. 
ln this study we present evidence, based on historical 
SST and wind data, that supports the latter idea. 

2. Data and processing 

Merchant ship data are routinely collected at the 
U.S .. National Climate Center at Ashville, NC. 
There they are put in the form of individual monthly 
averages of various meteorological parameters for 1° 
latitude X .1 o longitude squares in the tropical At
lantic. Full details of this data set are given in Has
tenrath and Lamb ( 1977). These au thors have fur-

. ther processed this data to produce 60-year time 
series (1911-1972) of the field of wind and SST av
eraged over 5° squares, and have kindly offered us 
this derived data set. 

0022-3670/82/050457-07$05.75 
© 1982 American Meteorological Society 

Fig. 1 a shows selected areas of relevance to our 
study: a Brazilian region (BR) S0 N-S 0 S, 3S-2S0 W, 
a north Guinea region (GN) S0 N-0°, 10°W-10°E, 
a west Guinea region (GW) S0 N-S 0 S, 10-S0 W, a 
Ôortheastern region (NE) 30-2S 0 N, 20-IS 0 W, and 
a southeastern region (SE) 30-2S0 S, ·tO-IS0 E. 
These regions have been chosen to test, in the most 
simple way, the effect of remote or local wind forcing 
on sea-surface temperature in areas where the dis
tribution of the data along shipping lanes are the 
most favorable. Fig. lb indicates the temporal dis
tribution of wind data in a part of the . BR area. 
According to this graph there are two periods of ex
tensive data coverage: from 1923 to 1938 (between 
the two world wars), and from 1964 to 1969. For 
this reason, our analysis is limited to these two time 
periods. . 

Because the annual cycle is strong in ali the data 
sets, we expect to have a high correlation between 
ali the variables. If we remove the monthly mean, 
any significant correlations we find between the re
sulting nonseasonal data sets will be a more sensitive 
indicator of the dynamical processes involved in the 
response. However, removing the monthly mean does 
not imply that we have completely suppressed the 
annual cycle. The anomalous years are due, in part 
to an increase or decrease in amplitude, or to a shift 
of phase, of the normal seasonal cycle. This property 
is clearly illustrated in Fig. 2. An alternate method 
of suppressing the annual cycle is to low-pass filter 
the time series. However, this method will also elim-
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FIG. 1. (a) Position of the studied areas (composite picture from Hastcnrath and Lamb, 
1977). (b) Number of observations by month in a part of the BR arca (0-S"S, 30-3S"W). 

inate the short time-scale anomalous events evident 
in Fig. 2. Therefore, the commonly used method of 
nonseasonal decomposition is preferable in the pres
ent case, and so is used here. 

The nonseasonal variations of the zonal ( Tx) and 
meridional (TY) components of the wind stress and 
SST were computed for the 5° square areas by sub
tracting out the monthly mean values. The monthly 
means were fou nd by averaging over the whole 1911-
1972 period, excepting those months where less than 
10 observations are available. A drag coefficient of 

2.0 X 10-3 was used for the calculation of the wir.d 
stress. To find the mean in each of the selected re
gions (BR, GN, GW, NE, SE), individual5° square 
mean values were weighted according to the mean 
number of observations in these areas. 

3. Results 

Fig. 3 shows the interannual anomalies of SST in 
the NE, SE, GN and GW regions. The Gulf of 
Guinea areas (GN, GW) appear to share a common 
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interannual variability of SST (Merle et al., 1980). 
On the contrary, the anomalies of SST in the north . 
and southeast tropical regions (NE, SE) are very 
different (Fig. 3), and are both different from those 
of the Gulf of Guinea. Thus, we can consider the 
SST anomalies to have a spatial extent affecting the 
whole eastern equatorial basin and to be character
istic of this region. 

According to the qualitative model of Cromwell 
(1953), variations in the northward and westward 
wind stress near the equator should induce local tem
perature fluctuations there. Furthermore, according 
to Philander ( 1978) the north ward equatorial wind 
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can affect SST along the northern coast of the 
Guinea Gulf. So, following these authors, we might 
expect to have a good correlation between the r" and 
rY anomalies in the western Guinea region (GW) and 
the corresponding SST anomalies. In Fig. 4a a pos
itive (negative) peak in the r" anomaly corresponds 
to a decrease (increase) in the westward wind stress, 
and for local forcing we should expect an incréase 
(decrease) in SST anomaly. In Fig. 4b a positive 
(negative) peak in the rY anomaly corresponds to an 
increase (decrease) in the northward wind stress and 
for local forcing we should expect a decrease (in
crease) in the SST anomalies. Therefore the two 
curves in Fig. 4a would be in-phase and the two 
curves in Fig. 4b would be out-of-phase. The poor 
visual agreement between these curves is confirmed 
by a lagged regression correlation analysis (Fig. 5}. 
For zero lag the correlation coefficient is on the order 
of the noise leve!. However, notice a surprising max
imum of correlation coefficient at roughly three 
months lag. We will comment on this feature in the 
last section. 

According to the remote forcing idea of Moore et 
al. (1978), variations in the westward wind stress in 
the western equatorial Atlantic should induce tem
perature fluctuations in the eastern equatorial At
lantic. So, we expect to have a good correlation be
tween the r" anomaly in the Brazilian region (BR) 
and the SST anomaly in the Guinea Gulf (GW or 
GN). ln Fig. 6 a positive (negative) peak in the rx 
anomaly of BR corresponds to a decrease (increase) 
in the westward wind stress anomaly, and for remote 
forcing we should expect an increase (decrease) in 
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t 
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FtG. S. Correlation with timc !ag. Curvc a: r'-BR with SST-GW. Curvc b: r•
BR with SST-GN. Curvc c: r'-GW with SST-GW. Curve d: r'-GW with SST
GW. 
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SST anomaly of GW. Therefore these two curves 
would be in-phase. The lagged correlation analysis 
confirms the good visual agreement between these 
two curves (Fig. 5). A highly significant maximum 
of correlation coefficient is obtained with a one mon th 
lag, the wind stress anomaly preceding the SST 
anomaly. 

These last results are supported by a cross-spectral 
analysis of the same data set ( T:tt - BR and SST
GW, 1923-38 ). Despite the absence of marked peaks 
in the power spectral densities, the coherence is char
acterized by maxima around a 3-month period and 
from 7 to 24-month periods {f:ig. 7). For this high 
coherence we have plotted the phase difference in 
months versus the frequency and added the corre
sponding error bar for the 80% confidence level (Fig. 
8). lt is clear from this figure that a phase lag of one 
to two months occurs over a broad frequency range, 
and so justifies a posteriori our lagged correlation 
analysis. 

4. Discussion and conclusion 

This analysis shows that the SST anomaly in the 
eastern equatorial Atlantic is dominated by remote 
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wind forcing in the western equatorial Atlantic. The 
nonseasonal variability of SST in the Guinea Gulf 
is poorly correlated with the nonseasonal local wind 
forcing and highly correlated with the nonseasonal' 
variability of the wind forcing off Brazil. Further
more, a time lag of roughly one mon th exists between 
this remote forcing and its response in the Guinea 
Gulf. . . 

. · Moore et al. (1978) proposed a simple remote
forcing mechanism to account for the Guinea Gulf 
upwelling. According to this hypothesis an increase 
of the easterly wind in the western equatorial At
lantic excites an internai upwelling equatorial Kelvin 
wave that propagates into the eastern equatorial 
Atlantic. When this disturbance reaches the eastern 
boundary it splits into Kelvin waves propagating 
poleward along the coasts in both hemispheres and 
a large number of westward propagating equatorial 
Rossby waves. Thus, the lag between the response 
in the Gulf of Guinea and the winds off Brazil is 
simply related to the speed of Kelvin waves. This 
theoretical idea bas been illustrated in the numerical, 
one-and-a-half layer mode! studies of O'Brien et al. 
( 1978) and of Adamec and O'Brien ( 1978), in which 
the wind in the western Atlantic was switched on 
impulsively. In contrast, Cane and Sarachik ( 1981) 
studied th.e response of a single baroclinic mode to 
periodic forcing, and found thal the equatorial Kelvin 
wave, and associated lime lag, was completely 
masked by reftected Rossby waves. However, in 
three-dimensional models remotely forced by pe
riodic winds the equatorial Kelvin wave is again 
clearly evident (Philander and Pacanowski, 1981; 
McCreary et al., 1982). In any case, the rapid in
crease of the easterly wind in spring 1979 at St. Paul 
Rocks (0°55'N, 29°2I'W) (Katz et al., 1981), which 
is not unusual (Fig. 2), seems to indicate that im
pulsive forcing is most relevant to the present study. 

The mean lag observed here implies a wave prop
agation speed of -1 rn s-1, which is slower than the 
phase speed of the first baroclinic mode Kelvin wave. 

lt compares better to the speed of the second mode 
or to a combination of severa! low-order modes. An 
interesting aspect of Fig. 8 is that there is an apparent 
increase of this lag with the period of the forcing. 
In a recent mode!, which includes many baroclinic 
modes, J. P. McCreary (pers. comm., 1981} bas 
shown that lower-frequency forcing excites higher
order modes in the Kelvin wave and so decreases the 
apparent horizontal phase speed, in agreement with 
our observations. 

Similar results hold for the mean seasonal signal 
as weil. Pica ut (1982) shows poleward propagation 
of the mean seasonal coastal upwelling at speeds 
slower than the first baroclinic mode. In addition, 
south of Abidjan there is a vertical propagation of 
the upwelling signal. This upward phase shift is clear 
evidence thal the coastal signal is a combination of 
modes, and is also a feature of the mode! of Mc
Creary et al. (1982). 

A correlation analysis, not shown here, reveals th at 
the anomalies of the wind stress in the western equa
torial Atlantic are highly correlated with the wind 
stress anomalies in the Guinea Gulf with a lag of 
two months. This property could explain the in
triguing 3-month lag obtained for the maximum of 
correlation between the SST anomalies in the Gulf 
of Guinea and the local wind stress anomalies (Fig. 
5). Consider the following scenario. A wind anomaly 
appears first in the Gulf of Guinea, but apparently 
does not always significantly affect the ocean there. 
Two months later a similar wind anomaly appears 
in the western equatorial Atlantic. Only after a delay 
of one more month is the ocean in the Guinea Gulf 
affected by the remote forcing. 

Finally, it should be pointed out that there is a 
similarity between the temperature variability of the 
eastern equatorial Atlantic and Pacifie Oceans. The 
.. El Nino" phenomenon in the eastern equatorial. 
Pacifie is probably another dramatic example of the 
response of the equatorial ocean to rem ote wind fQrc-

. ing (Wyrtki, 1975; McCreary, 1976; Hurlburt et al., 
1976; Busalacchi and O'Brien, 1981 ). A striking ex
ample of such warming in the Gulf of Guinea was 
particularly evident during the summer of 1968 
(Hisard, 1980; Merle, 1980) and can be explained 
by abnormal wind stress forcing off the northern 
Brazil coast (Fig. 9). · 
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ABSTRACT 

A numerical mode! incorporaûng a single baroclinic mode an~ realistic coastline ~eometry i~ used to 
analyze the linear, dynamic response to estima tes of the seasonal wmd ~eld .over the tropical AtlantiC Ocean. 
The forced periodic response consists of a spaûally dc;pendent combmatt~n of a locally forced response, 
Kelvin waves. Rossby waves and multiple wave reflecttons. The season~ displacements .or the m<;><~el pyc
nocline are compared with observed dynamic height. ~n'!ual. and sem1an.nual fluctuauons do~m:ate the 
seasonal signal throughout the basin. ln gene"'!, the d1stnbut.1on of amplitude and phase are s1mllar for 
annual changes in dynamic height and pycn~hne depth. MaJor features ~f the seasonal response are re
produced, e.g., east-west changes in pycnochne depth about a nodal pomt at the equa~or~ the seasonal 
pycnocline movement along the northern and southern coast ofthe Gu1'?ea ~ulf, and a Sigmficant change 
of phase in the ocean variability north and south of the ITCZ. ":he relauv~ 1m~rtanœ betwec;n 1~ and 
remote forcing is determined for several parts of the mode! basm. The wmd-dnven annual s1gnal 1n th.e 
idealized Gulf of Guinea is due to equatorial zonal wind stress flu':l'!aûons ~est of the Gulf .. The .seml
annual response in the Gulf of Guinea is a result of zon~ and mend1onal wm~ stress fluctuauons m the 
eastern half of the tropical Atlantic. The seasonal response m the western equatorial and northernmost parts 
of the mode! basin are primarily local. 

1. Introduction 

In the upper tropical Atlantic Ocean, the seasonal 
variations of beat content are approximately ten 
times larger than that which can be explained by the 
seasonal variations of the beat gain from the atmo
sphere through the surface (Merle, 1980a). This an
nuai cycle of the beat content is mainly caused by the 
horizontal redistribution of beat associated with 
wind-induced changes in the topography of the ther
mocline. Therefore, knowledge of the dynamic re
sponse of the upper tropical Atlantic to the seaso!'al 
surface winds is fundamental to our understandmg 

· of this tropical ocean-atmosphere interaction. Stud
ies of the wind-driven response allow a basis to be 
formed from which to analyze this complex system 
with the future implementation of sophisticated, ther
modynamic and coupled, tropical, ocean-atmo-
sphere models. · 

The Atlantic Ocean is a prime region to study the 
seasonal response of a tropical ocean because of the 

·' Contribution No. 192, Geophysical Fluid Oynamics lnstitute, 
The Florida State University, and Contribution No. 17 of the 
PEQUOD Program. . . 

2 Present affiliation: Goddard Laboratory for Atmosphenc Sci
ences, NASA/Goddard Space Flight Center, Greenbelt, MD 20771. · 
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strong seasonal cycle present. Merle et al. ( 1980) de
termined that the annual sea surface temperature 
(SST) signal in the Gulf of Guinea was several times 
greater than the interannual variability. Katz et al. 
( 1977) and Lass et al. (1982) have shown that the 
zonal pressure gradient in the western and central 
equatorial Atlantic varies almost in phase with the 
seasonally varying winds. These findings are in con
trast to the tropical Pacifie where interannual fluc
tuations often associated with El Niiio dominate 
(Wyrtki, 1975; Hickey, 1975). Studying the seasonal 
variability may also help in understanding nonsea
sonal events since interannual changes are frequently 
perturbations to the seasonal cycle. 

The Gulf of Guinea is characterized by a shallow 
thermocline associated with the eastward shoaling of 
the thermal structure at low latitudes. This is also the 
region of the tropical Atlantic where the seasonal vari
ability of SST bas the largest amplitude (5-7°C com
pared to 1-2°C further west). Anomalous SST vari
ability in this area bas been linked with extreme di
matie events such as droughts and excessive rainfall 
along the coast of the Gulf of Guinea, in sub-Sahara 
Africa, and possibly in northeastern Brazil (Hasten
rath, 1976; Markham and McLain, 1977; Lamb, 
1978; Bakun, 1978). The presence of abnonnal SST 
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in the tropical Atlantic may also have an important 
effect on cyclogenesis (Namias, 1969). Moreover, this 
surface and associated subsurface variability appear 
to have a significant effect on the coastal and pelagie 
fisheries (Hisard and Piton, 1981 ). 

Seasonal equatorial and coastal upwelling episodes 
and coïncident cold water outbreaks in this region 
have never been convincingly explained by forcing 
due to the local winds or local currents (Houghton, 
1976; Berrit, 1976; Bakun, 1978; Voituriez, 1981a,b). 
Moore et al. ( 1978) suggested that a strong upwelling · 
signal, generated by a significant increase of the east
erlies in the western Atlantic, can be transmitted to 
the eastern Atlantic as an equatorially trapped Kelvin 
wave. When this disturbance reaches the African 
coast, part of the energy splits poleward as coastal 
Kelvin waves and the remainder is reflected westward 

. as equatorial Rossby waves. Following this remote
forcing concept, Servain et al. ( 1982) found that the 
nonseasonal variability of SST in the Gulf of Guinea 
is highly correlated with the nonseasonal variability 
of the zonal wind stress in the western equatorial· 
Atlantic. The correlation between the local wind 
stress anomaly and SST anomaly in the Gulf of 
Guinea was considerably smaller. In a study of the 
seasonal SST signal, Pica ut ( 1983) found poleward 
propagation of the mean seasonal coastal upwelling. 
Thus, there is a need to understand the relation be
tween the equatorial wind forcing and this upwelling 
in the Gulf of Guinea. For a more detailed review of 
this Gulf-of-Guinea problem see Pica ut ( 1983). 

Other prominent features of the subsurface thermal 
structure in the eastern tropical Atlantic are the shal
low thermocline regions of the Guinea and Angola 
Domes(Mazeika, 1967; Voituriez, 1981c). Although 
observations and modelling studies have been used 
to provide an understanding of the Costa Rica Do me 
in the eastern tropical Pacifie Ocean (Wyrtki, 1964; 
Hofmann et al., 1981), little is known about the coun
terparts in the tropical Atlantic. 

The northwestern part of the equatorial Atlantic 
is characterized by a north-south tilting' of the ther
mocline near the mean position of the Inter-Tropical 
Convergence Zone (ITCZ) (Merle, 1983). This pivot 
tine is situated at latitudes where equatorial waves 
and Ekman pumping may play an important rote in 
determining the variability. Due to the location, the 
presence of this feature may influence the variability 
of the North Equatorial Current and Countercurrent. 
Renee, an explanation is desired for such an impor
tant oscillation. . 

Within the last five years several modelling efforts 
have been directed toward studying certain aspects 
of the wind-driven response in the tropical Atlantic. 
O'Brien et al. ( 1978) and Adamec and O'Brien ( 1978) 
demonstrated the remote forcing mechanism of 
Moore et al. ( 1978) with a linear, 1112-layer model, in 
which the wind in the western part of the basin was 

switched on impulsively. Cane and Sarachik (1981) 
examined the linear, inviscid response of a meridio
nally infinite but zonally bounded equatorial basin 
to periodic zonal forcings, with sorne implications for 
the Atlantic Ocean. Philander and Pacanowski 
( 1981a,b), with a three-dimensional, nonlinear model, 
studied the response to various x-independent and y
independent periodic wind forcings in a rectangular 
basin comparable to the width of the equatorial At
lantic. In ali ofthese studies the wind forcing and the 
coastline geometry bad limîted resemblance to those 
of the tropical Atlantic. 

McCreary et al. (1983) investigated the effect of 
remote forcing in the eastern tropical Atlantic with 
a three-dimensional, finear model forced by an an
nuai periodic wind. Despite the fact that the coastal 
geometry was an approximation of the Brazilian and 
African coasts and the wind stress forcing was a sim
ple representation of the annual zonal wind stress 
west of 20°W, this model succeeded in simulating 
several important features of the vertical structure in 
the Gulf of Guinea, e.g., the annual variation of the 
equatorial and coastal undercurrents and the upward 
phase propagation of the upwelling signal. Another 
three-dimensional numerical calculation bas been 
performed by Anderson ( 1979) with realistic mean 
seasonal winds and coastlines. The variability of the 
resultant current fields were compared with the few 
observations available. The discussion of upwelling 
features was limited by constraints imposed by the 
surface boundary condition. Patton ( 1981) used a 
single baroclinic mode to study the seasonal cycle in 
the Gulf of Guinea. The model was forced by an 
analytical approximation of the real wind field. The 
influence of the winds in the eastern and western 
baives of the basin was examined. A subsequent ex
tension ofthis calculation with the Atlantic wind data 
of Hellerman ( 1980) simulated rather weil the mean 
seasonal sea levet variation in the Gulf of Guinea (M. 
Cane, personal communication, 1982). Both these 
studies represented the Brazil coast by a north-south 
boundary at 50°W. 

In the present work a more detailed calculation is 
used to study the wind-driven seasonal cycle of the 
upper tropical Atlantic. We seek to understand the 
linear response of the gravest baroclinic mode to pe
riodic wind forcing based on the climatology through
out the basin. This approach will entait using a single
mode model of the tropical Atlantic, with realistic 
coastline geometry forced by the mean seasonal wind 
stress. Regions of important variability in the model 
domain and the dynamics responsib1e for these fea
tures will be discussed. Dynamic heights derived from 
observations will be used to identify areas of impor
tant variability in the tropical Atlantic, and thereby 
determine if the features of the model have any rel
evance to the real ocean. The results of a similar cal
culation for the tropical Pacifie Ocean (Busalacchi 
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and O'Brien, 1980) indicate such a study may provide 
useful information pertaining to the low-latitude, sea
sonal Atlantic Ocean response. Furthermore, it is 
hoped that the results of such a simple model will 
provide the groundwork enabling the influence of 
additional physics to be determined when future 
models including nonlinearities, stratification, or 
thermodynamics are forced by estimates of the real 
wind field. 

A description of the tropical Atlantic model is pre
sented next. This is followed by a discussion of the 
climatological wind stress data which is used to form 
a periodic forcing function for the model. The basin
wide response to the seasonal forcing is theo com
pared with the available dynamic height data to de
termine key features of interest. The important sea
sonal respon8es in the western tropical, equatorial and 
eastern tropical Atlantic are subsequently analyzed 
in more detail. 

2. The numerical model 

A linear, single baroclinic mode, numerical model 
on an equatorial ~-plane will be used to study the 
oceanic response to an applied wind stress forcing. 
A similar approach was used by Busalacchi and 
O'Brien ( 1980) to study the wind-driven seasonal 
variability in the tropical Pacifie Ocean. The linear 
governing equations for the horizontal dependency 
of a single baroclinic mode on an equatorial ~-plane 
are as follows: 

~~ = -~yk X V- c2Vh +; + AV2V, (la) 

ôh = -v. v ( 1 b) 
ôt ' 

V= U1+ Vit (le) 

U= uH, V= vH, (Id) 

where U, V are the respective x, y components of the 
horizontal transport, c is the baroclinic phase speed, 
and the wind stress .,. is included as a body force. The 
pycnocline depth anomal y is denoted by h. The initial 
depth of the pycnocline is H. The diffusive terms, 
A= 1()6 cm2 s-•, are included to bring the horizontal 
flow to zero along closed boundaries and reduce high
wavenumber numerical noise. Bottom topography, 
thermohaline and thermodynamic effects have been 
neglected. 

Philander and Pacanowski ( 1980) pointed out that 
the presence of a shallow tropical thermocline in a 
continuously stratified fluid, will result in the largest 
projection of the surface wind stress onto the second 
baroclinic mode. McCreary et al. (1983) found that 
the second baroclinic mode provided the dominant 
sea level response in a linear, three-dimensional 
model of remote forcing in the Gulf of Guinea. The 

vertical structure for their model was based on many 
observed density profiles at the equator. The ampli
tude of large-scale sea level changes corresponding to 
the second baroclinic mode was three times larger 
than that for the first or third modes. The sum of the 
sea level responses for the first three modes accounted 
for nearly ali of the total ( 15 modes) sea level signal. 
Hence, the approach taken in the present study in
volves a single baroclinic mode with an equivalent 
depth corresponding to a second baroclinic mode. 

The mean equatorial density profile used by 
McCreary et al. implied a 1.34 m s-• (18.3 cm equiv
alent depth) phase speed for the second baroclinic 
mode. An equivalent depth of 20 cm was suggested 
by Moore and Philander ( 1977) as being typical of · 
the second baroclinic mode in the equatorial Atlantic. 
A phase speed of c = 1.37 m s-• was chosen for the 
single mode of the model presented here which cor
responds to a 19 cm equivalent depth. Parameter tests 
performed with an invariant projection of seasonally 
varying wind data indicate the qualitative character 
of the· modelled oceanic response is relatively insen
sitive to changes in the phase speed of ±0.35 m s-•. 
For discussions of current magnitudes and the mean 
pycnocline displacement, values of H = 75 rn and a 
density contrast across the pycnocline of approxi
mately ~Pl p = 2.5 X 10-3 were chosen. ln this type 
of calculation the amplitude of the pycnocline vari
ability is influenced by the magnitude of c2 or the 
equivalent depth, whereas the upper-layer thickness · 
and perturbations to sea levet elevation also depend 
on the chosen values of H and ~Pl p, respectively. 
Since c2 can be kept constant while changing H and 
~Pl p, we will only consider fluctuations about the 
mean depth of the pycnocline, not the uppèr layer 
thickness or sea level elevation. Nonetheless, if one 
wishes to convert from pycnocline variability to that 
of sea level, the amplitude of the pycnocline signal 
should be multiplied by the desired value of ~Pl p. 

The model basin extends from 20°N to 20°S and 
61 °W to 12°E. It is important that the model basin 
approximate the coastline geometry of the Atlantic . 
Ocean since the wind stress forcing is derived from 
wind observations over the Atlantic. No regions of 
the wind field will be ignored nor will the ocean wind 
field be extended over the continents as in studies 
with rectangular-type geometries. Boundary effects 
present in the wind field will also influence the ocean 
in a corresponding location. The coastline idealiza
tion chosen is shown in Fig. 1. Meridional boundaries 
are taken to be solid walls. An open boundary con
dition (Camerlengo and O'Brien, 1980) is applied at 
the northern and southern boundaries permitting the 
passage of coastal Kelvin waves, thus preventing con
tamination of the interior solution. 

A staggered grid with a 40 km mesh size in both 
x and y is employed to reduce computer storage. A 
2 h time step is incorporated for the integration of 
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FIG. 1. Comparison of the mode! geometry with the tropical Atlantic Ocean basin. 
The dashed tine represents an open boundary; ali remaining boundaries are solid walls. 

the model equations over five years. This provides 
sufficient time for the initial transients to die out and 
for a seasonal signal to develop. Ali the results to be 
presented are from the fifth year of integration. Here
after, ali references to pycnocline variability pertain 
to the model results. 

3. The wind field 

The seasonal forcing for this study is based on 
monthly mean shipboard estimates of the surface 
wind field compiled by Hastenrath and Lamb ( 1977) 
for a climatological atlas of the tropical Atlantic. The 
observations for each calendar month were averaged 
in time from 1911 to 1970 and averaged in space 
within a 1 o square. Conspicuously incorrect obser
vations were deleted. The area of interest, 20°N-
200S, is covered by a substantial number of ship 
traclcs. Despite the high density of observations ( -2 
million) there are still a few 1 o squares with little or 
no data for a particular mon th. Regions with the low
est number of observations are along the southern 
limit of the model basin. 

Each monthly mean wind estimate was converted 
to wind stress using the relation T = PaC 0 IWIW, where 
T is the wind stress, Pa the air density, C0 the drag 
coefficient and W the wind velocity. When converting 
the monthly mean wind data to stress, Hastenrath 
and Lamb (1977) used a rather large value of 
C0 = 2.8 x 10-3 to compensate for underestimating 
the square of the resultant wind speed. Bunker ( 197 6) 
created an alternate wind stress product in which each 
individual wind observation was converted to stress 
using a drag coefficient that was dependent on wind 
speed and atmospheric stability. Hellerman (1980) 

interpolated this irregularly spaced, coarse resolution 
data onto a 1 o mesh. Comparison between the Has
tenrath and Lamb monthly stress fields and those of 
Hellerman indicates that both analyses are similar if 
the drag coefficient used by Hastenrath and Lamb is 
reduced to 2.0 X 10-3 (Picaut, 1983). . 

For this study, as in Bu salace hi and O'Brien ( 1980), 
the air density was assumed to be constant at 1.2 kg 
m-3 and a constant drag coefficient of 1.5 X 10-3 was 
chosen. The precise value of C0 is not critically im
portant in this linear calculation since we will not 
focus on the absolu te magnitudes of the oceanic re
sponse. The phase and relative amplitude of the re
sponse between one part of the basin and another is 
more important. If a different constant drag coeffi
cient is chosen the model results would change in 
proportion with C0 • 

The 12 monthly means at each point were decom- · 
posed into the first five Fourier harmonies in time, 
12 month, 6 month, 4 month, 3 month, 2.4 month, 
to provide a continuous ti me· series for the model 
integration. This resulted in a smoother profile of the 
seasonal cycle than would linear interpolating from 
month to month. The possibility of high-frequency 
noise being generated in the model by rapid wind 
stress changes at mid-month bas thus been reduced. 
The implementation of this harmonie forcing also 
allows the total ocean response at any point to be 
analyzed and described in terms of five harmonies. 

Fourier decomposition of the wind stress data also 
helped in editing the monthly means. The wind stress 
amplitude fields for the five harmonies were used to 
locate 1 o squares with anomalous data. The higher 
harmonies were very good indicators ofthose isolated 
1 ° squares where the wind signal was considerably 
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different than the surrounding data points. The 
monthly mean time series for each 1 o square in ques
tion was adjusted to provide continuity in time and 
space by eliminating the spurious datum point and 
replacing it with a spatially and temporally averaged 
value. All the points needing correction were in re
gions where the monthly means were determined by 
a small number of observations. Less than 0.5% of 
the monthly means were corrected following this pro
cedure. Next, the zonal and meridional wind stress 
monthly means were interpolated from the 1 o grid 
to the finer model grid. A two-dimensional Hanning 
filter was used to suppress small spatial scale vari
ability in each monthly stress field. These adjusted 
monthly means were once again Fourier decomposed 
into their final form to be used as input for the model 
calculation. 

Representation of the climatological seasonal cycle 
by five harmonies provides a reasonable fit with cli
matological daily mean data (Picaut, 1983). This is 
primarily due to the large influence of the lower har
monies. Spectral analysis and Fourier decomposition 
of wind time series of up to 15 years at 10 coastal 
stations in the Gulf ofGuinea and at St. Helena Island 
(16°S, 6°W) indicate that the annual and semiannual 
harmonies dominate the seasonal cycle with sorne 
contribution from the third harmonie (Picaut et al., 
1978). This is confirmed for the entire tropical At
lantic by the Fourier decomposition of the wind stress 
data in this study. Basin-wide, the largest harmonie 
amplitudes are for the annual and semiannual signais. 

The spatial distribution of the annual mean, an
nuai harmonie amplitudes, and the semiannual har
monie amplitudes for the zonal and meridional wind 
stress are depicted in Fig. 2. The mean stress field is 
characterized by the . north east and south east trade 
wind systems associated with the Azores and St. He
lena anticyclones. The trade systems flow toward 
South America and converge north of the equator to 
form the ITCZ. West of the Gulf of Guinea the mean 
zonal wind stress (Fig. 2a) is easterly and maximum 
near the Brazil coast. Since the ITCZ is located north 
of the equator the low-latitude meridional wind field 
(Fig. 2b) is predominantly southerly. ln the Gulf of 
Guinea there is an eastward veering of the southerly 
wind toward the low pressure of the Sahara. This 
forms the basis for the West African monsoon. 

Annual variations in both stress fields (Fig. 2) are 
most pronounced in the western tropical Atlantic. 
The core regions of the north east trades are strongest 
from January to March and the southeast trades are 
strongest from July to September. This is also re
flected in the seasonal excursion of the ITCZ which 
is near the equator in March and reaches its north
ernmost extent in August. The semiannual variability 
of the trades, particularly in the west, is much smaller 
than the annual. Strong semiannual wind variability 
bas been detected in the Caribbean Sea by Hellerman 

( 1980) and Cochrane (personal communication, 1981) 
but this is north west of our area of interest. The effect 
of semiannual forcing must not be dismissed. Studies 
of sea levet (Verstraete et al., 1980) and subsurface 
thermal structure (Merle and LeAoch, 1978) in the 
Gulf of Guinea indicate the semiannual variability 
is almost as large as the annual signal. A four-month 
sea levet oscillation was also detected by V erstraete 
et al. ( 1980). At the four-month period the amplitude 
of the tropical Atlantic wind stress is still notable 
(roughly halfthat of the semiannual) but the physical 
meaning of such an atmospheric oscillation is un
clear. The higher harmonies of the wind stress de
composition account for small differences between 
the monthly means and the low-order harmonies at 
time scales of two to three months. 

4. Tropical Atlantic response to the seasonal wind 
field 

The seasonal variability of the model height field 
will be our primary concern in this study. The model 
results will be examined in terms of deviations about 
the local mean depth of the pycnocline. Analysis of 
the height field variability will provide sorne insight 
into the processes responsible for observed fluctua
tions in sea levet and dynamic height since these 
quantities are determined by the gravest baroclinic 
modes. The effect of wind stress curl, alongshore. 
wind, zonal equatorial wind, and remotely forced 
Kelvin waves and Rossby waves at various points in 
the basin will be addressed. Analysis of the current 
variability is of lesser importance in this calculation 
since the current fields are only described by a single 
baroclinic mode and nonlinear influences have been 
neglected. 

An overview of the pycnocline response to the trop
ical Atlantic wind field will be presented first. This 
will consist of a discussion of the mean and seasonal 
fluctuations of the pycnocline topography for the en-· 
tire model basin. Comparison with observed varia
tions of dynamic height will be provided. A doser 
scrutiny of the response in the western Atl~ntic, along 
the equator, and in the eastern Atlantic will follow. 

a. Basin-wide response 

The model pycnocline response to the mean wind 
field over the tropical Atlantic is presented in Fig. 3 
as the mean displacement of the pycnocline from a 
levet surface. The mean height field is characterized 
by a shallow pycnocline in the east and a deep pyc
nocline in the west. Superimposed upon this east
west gradient are a zonal equatorial trough and a low
latitude ridge in each hemisphere terminating at an 
upwelled dome-like feature. The zonal slope at the 
equator is induced by the mean zonal wind stress, 
r/p = c2hx. The meridional pycnocline topography 
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T• SEMIANNUAL AMPLITUDE T' SEMIANNUAL AMPLITUDE 

FIG. 2. Mean, amplitude distribution for the ftrst harmonie, and amplitude distribution of the second harmonie 
for (a) the zonal wind stress and (b) the meridional wind stress (dyn em-2). 

is determined by the wind-stress curl distribution, 
primarily ôr/iJy [see Fig. 7 ofHellerman ( 1980)], and 
the influence of cross-equatorial winds. The shallow 
region in the northeastern part of the basin is in the 
vicinity of the Guinea Dome. This formation is weil 
defined by observations and bas been described by 
Rossignol and Meyrueis ( 1964) and Mazeika ( 1967). 
The Angola Dome in the Southern Hemisphere is not 
as clearly defined by observations. Mazeika ( 1967) 
noted the existence of a subsurface dome structure 
located near l0°S, 9°E during the austral summer 
but Bogorov et al. (1973) described a larger cyclonic 
vortex centered at 13°S, 3°E. 

All historical Nansen, CID, MBT and XBT data 
available have recently been used by Merle and Ar-

nault ( 1983) to update a computation of the mean 
dynamic height field relative to 300 db for the tropical · 
Atlantic from 20°N to 16°S. The MBT and XBT 
data were used to obtain salinity information via the 
T-S relation following Stommel (1947) and Emery 
(1975). The updated dynamic height data are more 
precise than the previous calculation by Merle ( 1978) 
which only included Nansen data up through 1972. 
The monthly mean dynamic height data (surface/300 
db), generously provided by S. Arnault and J. Merle, 
were subjected to a weighted least squares method 
(Bloomfield, 1976; Draper and Smith, 1981) to ex
tract the mean, annual harmonie, and semiannual 
harmonie on a r latitude by 4 ° longitude grid. 

The mean dynamic height field (Fig. 4) and the 
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FIG. 3. Annual mean perturbation (m) to the upper layer thickness. Shaded regions 
indicate where the pycnocline is shallower than the initial state of no motion. 

model pycnocline topography (Fig. 3) compare fa
vorably. provided one notes that these two fiel<;ls are 
inversely related. A system of troughs and ridges de
lineates several equatorial currents (Katz, 1981) as in 
the tropical Pacifie (Wyrtki, 1974a,b). Based on the 
distribution of dynamic height, the North Equatorial 
Current is located between 20°N and the trough near 
1 0°N. The North Equatorial Countercurrent (NECC) 
is bounded by the trough at l0°N and the ridge at 
3°N. In the model the expression of this ridge as a 
pycnocline trough is closer to the equator as was the 
location of the Equatorial Ridge in the Pacifie Ocean 
model by Busalacchi and O'Brien ( 1980). The sparse 
data in the Southem Hemisphere indicate a poorly 
defined ridge in dynamic height at 8°S which may 
form the northem boundary of the South Equatorial 
Countercurrent (Merle, 1977). A corresponding fea
ture is not present in the annual mean of the model 
pycnocline topography. A seasonal pycnocline trough 
is present south of the equator in the central and 
eastern sections of the model basin from June to 

60W sow 40W 30W 

August. Note also the large dynamic height in the 
corner of the Gulf of Guinea caused by Niger River 
outflow. 

The major thrust of this study will deal with the 
seasonal variations about the mean state. Merle and 
LeFloch ( 1978) have shown that the seasonal cycle · 
of the surface and subsurface thermal structure in the 
tropical Atlantic is mainly described by the annual 
and semiannual harmonies. This is also true of the 
wind field. Fourier decomposition in ti me of the lin
ear, periodic model solution provides a straightfor
ward method of assessing the basin-wide spatial and 
temporal variability. The seasonal signais ofboth the 
model pycnocline and dynamic height deduced from 
observations are governed by annual and semiannual 
fluctuations (Figs. 5-7). The phase of the response 
should be overlooked in regions where the amplitude 
is very small. Due to errors inherent in dynamic 
height calculations only amplitudes greater than 2 
dynamic cm are significant. 

The largest annual model pycnocline and dynamic · 

20W K)W 0 IOE 

FIG. 4. Annual mean of dynamic height (dynamic cm) at 0/300 db. 
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height changes (Figs. 5, 6) are in the western half of 
the basin north of the equator and south of a band 
of rapid phase change. This area of large amplitudes 
is associated with a north-south pivoting ofthe north
ern tropical Atlantic about a line roughly parallel to 
the ITCZ. North of the pivot line, near 10°N, a sec
ondary amplitude maximum is present in the model. 
The pivot line also indicates the location of the small
est seasonal SST variations for the tropical Atlantic 
(Merle and LeFloch, 1978). Along the equator the 
largest amplitudes in the model and observations are 
near the eastern and western boundaries. An ampli
tude minimum and a large phase gradient in the cen
tral equatorial Atlantic represent a nodal or pivot 
point for the east-west tilting of the pycnocline at the 
equator (Merle, l980a). ln the eastern Atlantic, an 
area of notable amplitude is along the southern coast 

of the Gulf of Guinea extending northwestward to
ward the equator. The modelled and observed phase 
differ by Jess than 40°. Near the equator between the 
eastern boundary and 4°W, there is a very small west
ward increase in phase. Between 4 °W and the pivot 
point the phase increases eastward. An area of major 
discrepancy between the model and observations is 
along the coasts of Mauritania and Senegal. In this 
region the amplitudes of dynamic height increase 
northward, but the model height field amplitudes 
decrease north ward. For the remainder of the basin, 
near the northern and southern extremes, the mod
elled and observed amplitudes are small and phase 
tines indicate the pycnocline is deeper in the sum
mer-fall of each hemisphere. 

The distribution of the semiannual amplitudes for 
the model and observations are presented in Fig. 7. 

FIG. 5. (a) Amplitude (m) and (b) phase (deg) of the annual variability of the 
mode! pycnocline depth. The phase map indicates when the pycnocline is deepest. 
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FIG. 6. (a) Amplitude (dynamic cm) and (b) phase (deg) of the an nuai variability 
of the dynamic height at the surface relative to 300 db. 

The major areas of variability are similar to those of 
the annual period. Regions of maximum amplitude 
are along the eastern boundary, and north of the 
equator in the central and western Atlantic. In con
trast with the annual signal, there is no significant 
semiannual variability near the western boundary at 
10°N. At the equator in the central model basin there 
is little semiannual change. The phase lines (not 
shown) indicate this area corresponds to a pivot point 
for a 6-month period east-west tilting of the equa
torial pycnocline. The smallest dynamic height 
changes along the equator occur near the western 
boundary as opposed to a more central location in 
the model. An important feature of the semiannual 
response is that the largest amplitudes are in the east, 
opposite to that for the annual response. The 
semiannual response in the Gulf ofGuinea is roughly 
one-half of the annual signal. Variations in subsurface 
thermal structure (Merle and LeF1och, 1978) and sea 

level (Verstraete et al., 1980) also indicate a strong 
semiannual component in the eastern Atlantic in 
agreement with Fig. 7. Inspection of the wind stress 
fields (Fig. 2) does not offer any explanation of these 
relations. 

Severa! case studies were performed in order to 
understand the interesting features reproduced by the 
model. These entailed integrating the model equa
tions with parametric wind distributions representing 
portions of the total wind stress field. The separate 
influences of the zonal and meridional wind stress 
were isolated by repeating the model calculations with 
only zonal wind stress forcing, i.e., the meridional 
wind stress was set identically equal to zero (Fig. 8). 
By comparing the annual and semiannual response 
to zonal winds with the total forcing solution (Figs. 
Sa, 7b, 8) it is evident that the variations in the central 
and western parts of the model basin are due to the 
variability of the zonal wind stress component. The 
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FIG. 7. Semiannual amplitudes of(a) dynamic height (dynamic cm) 
at 0/300 db and (b) mode! pycnocline depth (m). 

only notable influence of the meridional wind vari
ability is along the eastern boundary. The coastal sig
nal along Mauritania and Senegal is much larger 
when alongshore winds are neglected. The annual 
response to rx forcing along the zonal coast of the 
Gulf of Guinea is also weakened by the ad9ition of 
meridional wind forcing. Though the large pycno
cline changes are still present in the Gulf of Guinea, 
the tongue-like pattern of the pycnocline amplitudes 
is not weil defined when annual zonal forcing is em
ployed. The influence of the southerly wind at the 
coast is to increase the amplitude of the pycnocline 
signal south of the equator and decrease the total 
response north of the equator. The importance of 
meridional winds near the equator and along the 

southern coast have been discussed by Voituriez 
(l98la) and Philander and Pacanowski (1981a). In 
the present linear model nearly ali of the annual and 
75% of the semiannual pycnocline fluctuations in the 
Gulf of Guinea are driven by changes in the zonal 
component of the wind field. 

Additional calculations were performed whereby 
the zonal wind stress was limited to being either inside 
or outside the Gulf of Guinea, or was limited to the 
eastern or western sides of the basin. Since the me
ridional stress was neglected, no erroneous wind stress 
curl was produced by this fractional suppression of 
the wind stress. These calculations will aid in deter
mining the processes responsible for seasonal changes 
in the western, equatorial and eastern Atlantic. The 
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forcing. 

results will provide a simple determination of whether 
the seasonal response in a particular region of the 
model basin is dominated by local or remote forcing. 

b. Western tropical response 

The model results and observations (Figs. 5-7) 
demonstrate that the seasonal variability in the west
ern tropical North Atlantic is characterized by a 
north-south tilting of the sea surface/pycnocline to
pography. A pivot line extending northeastward from 
the western boundary at 5°N, parallel to the mean 
position of the ITCZ, separates two regions of large, 
out-of-phase variability. The seasonal displacements 
of the pycnocline are dominated by annual processes 
(Figs. 9 and 10). Semiannual fluctuations are consid
erably smaller as they are in the local wind field. 

North ofthe pivot line the annual signal is driven by 
zonal wind stress changes in the western part of the 
basin (Figs. 8a and IOa). In the region to the south 
there is a contribution from the wind stress east of 
25°W (Fig. lOb) implying the influence of Rossby 
waves. 

Analysis of the vertical displacement of the pyc
nocline can be pursued further by forming the vor
ticity equation from the inviscid version of (la), and 
then substituting for the divergence and {JV terms. 
The pycnocline fluctuations are then described by 

h =_.!_(v - u +.!. u)- k· v x ..2:..._ + ~ h 
1 {Jy Xl yt Y 1 p{Jy {Jy2 x• 

(2) 

The magnitudes of the terms in (2) are calculated in 
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FJG. 9. Seasonal pycnocline displacements for 2• squares cen
tered at 10°N, 48°W (dashed tine) and J•N, 43°W (solid tine). 
These variations are indicative of a north-south tilting about a 
pivot tine which separates the two areas. Negative values indicate 
the mode! pycnocline is deeper than the annual mean. 

order to isolate the mechanisms responsible for the 
large-amplitude variability in the western tropical 
Atlantic. Theory and observations indicate that at 
extra-equatorial latitudes Ekman pumping and Rossby 
waves (last two terms respectively) may be important 
on seasonal time scales (Yoshida, 1955; Meyers, 
1979). The acceleration terms have been included 
because the region south of the pivot line is close 
enough to the equator to be influenced by equatorial 
waves. 

The major contribution in (2) representing the 
model pycnocline displacements centered at 10°N, 
48°W is Ekman pumping (Fig. 11), primarily éJ(r/ 
p{jy)jéJy. This holds true for the entire region oflarge
amplitude pycnocline changes north of the pivot line. 
The seasonal deepening of the pycnocline during the 
first half of the year is a local response to an increase 
in the easterly wind stress and an anticyclonic per
turbation to the wind stress curl. These wind stress 
changes are related to the southward displacement of 
the ITCZ. Ail other terms in the vorticity equation 
are insignificant. This is consistent with the case stud
ies incorporating partial forcing (Fig. 1 0) which dem
onstrate that the variability north of the pivot line is 
locally forced. During parameter range tests this re
gion north of the pivot line was the only part of the 
model basin in which the magnitude of the pycno
cline variations was independent of the phase speed 
c. This also implied the relative importance ofEkman 
pumping with respect to the Rossby wave influence 
at this location. 

The case studies indicate remote and local effects 
are present south of the pivot line (Fig. 10). Ekman 
pumping and Rossby waves are the dominant mech
anisms (Fig. 12a). The seasonal displacement of the 
pycnocline is determined by the phase relation be
tween the two processes. The effects of the accelera-

tion terms are small but only the Vxz term can be 
ignored. The contributions from U, and U y1 (Fig. 12b) 
are not negligible because of the proximity to the 
equator. Rossby waves emanating from the east are 
downwelling favorable from March to August. The 
sign of the Ekman pumping in this area is governed 
by the changes in the wind stress curl. From June to 
November the ITCZ is shifted north of its mean po
sition. The associated influx of the southeast trades 
results in an anticyclonic perturbation to the wind 
stress curl. The combination of the two effects causes 
a seasonal deepening of the pycnocline from May 
through September. The pycnocline deepens at the 
equator during the same period in response to 
strengthening equatorial easterlies. 

These large model pycnocline displacements are 
in locations where seasonal variations to the current 
field are produced. The mean position of a simulated 
NECC in the western model basin is between a pyc
nocline ridge near 8°N and an equatorial pycnocline 
trough (Fig. 3). The pycnocline displacements at 
10°N determine the seasonal depth and location of 
the pycnocline ridge forming the north flank of the 
NECC. Similarly, the large annual changes near 3°N 
influence the location and strength of the low-latitude 
trough south of the NECC. Since the two regions are 
out of phase there are large seasonal changes in the 
meridional pressure gradient. The pycnocline ridge 
is most shallow and the equatorial trough is deepest 
from July through December (Fig. 9). Both features 
are north of their mean position at this ti me. During 
the first part of the year the ridge and trough are weak 
and not weil defined. 

The simulated NECC undergoes significant spatial 
and temporal variations in response to the pressure 
field changes in the model. Early in the year the cur
rent is weak and close to the equator. From May to 
September the NECC progresses northward and be
cornes weil formed between 5-8°N. This displace
ment of the NECC is similar to the observations at 
35-50°W compiled by Boisvert ( 1967). The zonal 
current within the rectangle from 3-9°N and 30-
4rW bas been averaged to provide an indication of 
the seasonal variability of the NECC (Fig. 13). Within 
this region the averaged NECC is strongest in August 
and is nonexistent in April. From February to August 
the southern boundary of a simulated North Equa
torial Current (NEC) is situated south of 10°N and 
results in a reversai of the zonal flow in the northern 
portion of this rectangle. West of 35°W the NEC 
reaches 5°N in March-April and contributes to the 
current minimum depicted in Fig. 13. Dynamic 
height differences across the NECC at 5/500 db av
eraged between 20-40°W imply that the current is 
weakest from February to June and strongest from 
July to November (Merle, 1977). Ship drift data av
eraged between 5-8°N and 25-30°W indicate a max
imum eastward current (29 cm s-1

) in August re-
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FIG. 10 (Continued) 

versing to a maximum westward flow (-12 cm s-!) 
in April (P. Richardson, personal communication, 
1983). 

In the Southern Hemisphere there is no well
formed convergence zone in the atmosphere. The 
western South Atlantic is always under the influence 
of a single trade wind system. Therefore, there is only 
one area of large pycnocline displacements south of 
the equator. Off the coast ofBrazil at 6°S the seasonal 
pycnocline displacements are produced by Ekman 
pumping and Rossby waves. The Ekman pumping 
contribution is downwelling favorable from July 
through January due to a seasonal increase in the 
southeast trades. The Rossby wave influence bas the 
same phase as north of the equator. The combined 

effect of the two processes is a downward displace
ment of the pycnocline from June through No
vember. 

c. Equatorial response 

The seasonal changes in the model height field 
along the equator are presented in Fig. l4a. The mean 
zonal tilt of the pycnocline bas been included to aid 
in discussing the pressure gradient variations. The 
western side of the model ocean is characterized by 
a deep pycnocline which bas a minimum depth in 
April-May and maximum depth in September-Oc
tober. The seasonal variation is dominantly annual. 
The eastern side is characterized by a shallow pyc-
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FIG. Il. Comparison of the time rate of change of the model pycnocline 
depth: ah; at (solid), and the contribution due to Ekman pumping: k ·V · 
X -r/(p{3y) (dashed) for the 2" square centered at IO"N, 48°W. Positive 
values indicate the model pycnocline is deepening. 
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FIG. 12. Comparison among the mode! results at J•N, 43°W 
for (a) ah/at (solid) and the contributions to this from Ekman 
pumping (dashed-dotted), and Rossby waves: (c2f{Jy2)hx (dashed); 
and (b) ahjat (solid) and the contributions to this from -(1/ 
{3y)(a2UJayiJt) (dashed-dotted) and (11{3y 2)(autar) (dashed). 

nocline which attains a maximum depth in February
March and minimum depth in July. A secondary 
maximum is present in October-November followed 
by a secondary minimum. The timing of the shallow 
model pycnocline in July is very close to that of the 
observed minima of thermocline depth and SST in 
July and August. The small upwelling episode later 
in the year has also been observed. These seasonal 
pycnocline displacements on each side of the basin 
are separated by a nodal point between 20-30°W. 
The oscillation along the equator is not a simple east
west tilting or .. seesaw'' because the phase difference 
between opposite ends is closer to 90° than 180°. 

Katz et al. ( 1977) studied the seasonal change in 
slope of the dynamic topography along the equator 
from 10 to 40°W. It was noted that the zonal pressure 
gradient was weak in spring and maximum in sùm
mer. A reasonable agieement was found between the 
vertically integrated pressure gradient and the zonal 
wind stress. Additional calculations by Lass et al. 
( 1982) also indicated the zonal pressure gradient was 
weak in March-April and maximum in September-

\ 
1 

\ 
1 
;\ 

i 
\ 
\ 

October. The east-west slope of the model pycnocline 
undergoes a similar seasonal cycle. A comparison of 
the zonal wind stress along the equator (Fig. 1 Sa) and 
the equatorial height field (Fig. 14a) suggests this sim
ple equilibrium response, with the ocean lagging 
slightly, holds true in the western half of the basin. 
In the east, changes in pycnocline depth do not appear 
to be consistent with local wind stress changes. 

Analysis of the pycnocline and zonal wind stress 
variability is simplified if the annual mean at each 
point in space is removed. 1t is now more evident 
(Fig. 14b) that the height field change is not a rigid 
oscillation about a fulcrum in the mid-Atlantic. The 
amplitude of the variability is largest in the west as 
are the winds. The annual and semiannual pycno
cline displacements in the eastern Atlantic are sig
nificant, but the overlying wind changes are small. 
The response at each boundary is in phase for roughly 
one-third of the basin width. There is also a lag be
tween the minimum pycnocline depth in the east 
(July) and the maximum depth in the west (Septem
ber-October). A similar lag appeared in the beat con
tent calculations by Merle ( 1980a) and has recently 
been detected in thermocline depth variations 
(Houghton and Garzoli, personal communication, 
1982). 

The seasonal cycle of the equatorial model pyc
nocline indicates that the upwelling season at the east
ern boundary is not associated with any explicit east- · 
ward phase propagation. Based on climatology, the 
largest intensification ofthe equatorial easterlies (Fig. 
15b) is in the western Atlantic from April to Septem
ber. In terms of a single train of impulsive Kelvin 
waves, this would result in remotely forced upwelling 
at the eastern boundary on into October. Hence, there 
is no indication in this periodic solution that the shal
low pycnocline in July is induced by an eastward
propagating Kelvin wave front. 
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FIG. 13. Zonal velocity corresponding to a simulated North 
Equatorial Countercurrent averaged between 3-9°N and 30-
42"W. 
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FIG. 14. Temporal variability of the mode! pycnocline (meters) along the equator. 
(a) Shaded regions indicate the pycnocline is shallower than the initial state of no 
motion. The annual mean east-west pycnocline tilt is included in this plot. (b) The 
annual mean east-west pycnocline tilt has been removed. Shaded regions indicate 
the pycnocline is shallower than the annual mean. 

Kindle ( 1979) and Cane and Sarachik ( 1981) have 
studied the linear response of a zonally bounded 
equatorial ocean to periodic zonal forcing. The re
sulting solution is a complex superposition of a locally 
forced response, equatorial Kelvin waves, Rossby 
waves, and multiple wave reflections. The phase and 
amplitude of the total periodic response depend on 
the Kelvin wave speed, the frequency of the forcing, 

and the width of the basin. These in turn determine 
the interference pattern set up by the various waves. 
Zonal phase gradients are therefore not necessarily 
indicative of any single propagating wave. 

The importance of the local response and re
motely-forced equatorial waves will vary across the 
basin because there is a definite zonal structure to the 
equatorial wind field. Observations suggest that an 
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FIG. 1 S. Temporal variability of the zonal wind stress (dyn cm-2) 

along the equator. (a) The annual mean has been included. Shaded 
regions indicate easterly wind stress. (b) The annual mean has been 
removed. Shaded regions indicate an easterly wind stress pertur
bation. 

equilibrium response exists between the zonal wind 
stress and the pressure gradient between 10 and 
40°W. In the western part of the model basin the 
height field changes appear to be in qualitative agree
ment with zonal wind stress fluctuations (Figs. 14 and 
15). The time history of each term in the x-momen
tum equation bas been analyzed for several intervals 
along the equator. The seasonal cycles of c2hx and 
r/p in the western equatorial region of the model are 
large in amplitude and nearly in phase. Most of the 
annual model pycnocline variability in the western 
equatorial Atlantic is therefore associated with the 
overlying zonal wind stress changes. The influence 
of remote effects is small when compared with the 
magnitude of the locally forced signal. The pressure 
gradient lags the wind by about 10 days. This slight 
time delay produces a seasonal acceleration of the 
equatorial current. Lass et al. ( 1982) reported that the 
observed pressure gradient lags the wind stress by 
approximately one month. The seasonal amplitudes 
of the model pressure gradient and wind stress terms 
in the eastern Atlantic are smaller than in the western 

Atlantic. The amplitude of the pressure gradient vari
ation in the Gulf of Guinea is larger than the local 
wind stress amplitude. The seasonal cycles of the two 
are not in phase. It appears the modelled response in 
the western equatorial Atlantic is predominantly lo
cal, but not in the Gulf of Guinea. 

The case studies incorporating partial forcing show 
that the annual equatorial variability in the idealized 
western Atlantic is dominated by the local wind (Fig. 
lOa). Annual fluctuations of the zonal wind stress east 
of 25°W (Fig. lOb) have a measurable effect on the 
pycnocline depth in the west, but the amplitude is 
rouch smaller than the locally forced response. The 
remote effects from the semiannual wind changes in 
the east are more important than the local 6-month 
period wind oscillations in the west (Figs. 1 Oc,d). 
However, the total amplitude of the semiannual pyc
nocline displacements is rouch smaller than the an
nuai cycle. 

The annual pycnocline motion in the eastern equa
torial Atlantic is comprised of equal contributions 
from zonal wind stress changes east and west of25°W 
(Figs. lOa,b). The amplitude of the semiannual pyc
nocline displacement is half of the an nuai signal. This 
relatively large semiannual variation may be respon
sible for the intriguing secondary upwelling season 
that is observed. The entire semiannual response in
duced by the zonal wind stress (Fig. 8) is a result of 
the forcing east of 25°W (Fig. lOd); there is no con
tribution from the semiannual wind field of the west- , 
ern Atlantic. 

d. Eastern tropical response 

Several mechanisms have been proposed in theo
retical and observational studies to explain the coastal 
and equatorial variability in the eastern tropical At
lantic. A detailed review is provided by Picaut ( 1983). 
Philander and Pacanowski (198la) modelled the re
lation between southerly winds, Rossby waves, ad
vection, and coastal upwelling south of the equator. 
Berrit ( 1976) correlated SST with the local wind field 
along the southern coast of the Guinea Gulf. South 
of 15 os there was good agreement between strong 
southerly winds and low SST, but there was no cor
relation at ali further north. Comparisons of offshore 
Ekman transports and coastal SST, provided by W. 
Wooster, yield the same conclusion (Picaut, 1983). 

Along the northern coast of the Gulf of Guinea, 
Houghton ( 1976) determined there was no significant 
correlation between the coastal wind and observed 
upwelling. Qarke (1978) tried to explain the seasonal 
coastal upwelling off Ghana and the Ivory Coast using 
coastally trapped wave dynamics since the maximum 
alongshore wind stress (Fig. 2a) occurs to the east. 
Philander ( 1979) proposed that the seasonal varia
tions of the cross-equatorial wind contribute to the 
intensification of the Guinea Current. An associated 
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shoaling ofthe pycnocline, needed to satisfy the geo
strophic balance, would result in low SST. 

Since there was a Jack of evidence throughout the 
Gulf of Guinea in support of locally forced coastal 
upwelling, a remote forcing mechanism was otfered 
by Moore et al. ( 1978). As illustrated by O'Brien et 
al. ( 1978) and Adamec and O'Brien ( 1978), a rapid 
increase of the zonal wind observed in the western 
Atlantic would excite an equatorially trapped Kelvin 
wave. The eastward-propagating wave front would 
reflect at the eastern boundary and induce a coastally 
trapped, poleward-propagating upwelling response 
symmetric about the equator. For nonseasonal events, 
Servain et al. ( 1982) found a good correlation be
tween the zonal wind stress in the west and SST in 
the Gulf of Guinea. The correlation between local 
wind stress and SST was small. Pica ut ( 1983) noted 
a south ward propagation of the primary low SST ep
isodes along the coast south of 1 °S, westward prop
agation along the coasts ofBenin-Togo-Ghana-Ivory 
Coast (3°E to 8°W), and a one-month delay between 
the upwelling events at the equator and the Benin 
coast (5°N). An upward propagation of phase was 
detected for the summer upwelling event south of 
Abidjan and bas recently been studied using a three
dimensional, remote-forcing model (McCreary et al., 
1983). The secondary upwelling event observed later 

in the year bas never bee1_1 explained satisfactorily. 
This event has also been observed to propagate west 
along the northem coast (Roy, 1981). 

The seasonal displacement of the model pycno
cline along the eastern boundary is presented in Fig. 
16. Annual and semiannual coastal upwellingjdown
welling events are symmetric about the equator. Pole
ward propagation of the seasonal signal is evident in 
both hemispheres. The amplitude of the coastal re
sponse decreases offshore white the phase increases. 
The variability along the northern and southem 
coasts is a symmetric response to equatorial Kelvin 
waves impinging on the boundary. Upon reflection, 
the zonal velocity associated with the incoming Kel
vin waves must be eliminated to satisfy the no-flux 
condition at the coast. Thus, a finite number of 
Rossby waves and an infinite series of Hermite modes 
which asymptote to coastal Kelvin waves are gener
ated to satisfy the boundary condition (Moore, 1968). · 

The most extensive monitoring of the thermal 
structure in the Gulf of Guinea has been performed 
by the Oceanographie Research Centers (ORSTOM) 
off of Abidjan, Ivory Coast and Pointe Noire, Congo. 
The seasonal movements of the mode) pycnocline are 
compared with the mean seasonal cycles of dynamic 
height (surface/300 db) at Abidjan and Pointe Noire 
in Fig. 17. Four marine seasons are simulated by the 
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model with similar phase. The seasonal cycle of SST 
in these areas consists of a secondary cold season in 
December-January, a primary warm season from 
February to May, a mlijor cold season from June to 
mid-October, and a secondary warm season around 
November (Berrit, 1961, 1962). Annual and semian
nual contributions dominate the model pycnocline, 
observed thermocline depth, SST, and dynamic height 
records. Temperature measurements at a depth of 15 
rn indicate the seasonal variability at Pointe Noire 
leads the comparable signal at Abidjan by one and 
a half months (Morlière, 1970). A similar lag is evi
dent in the dynamic height signal (Fig. 17). The 
model pycnocline deviations at Pointe Noire have the 
same amplitude as at Abidjan but lead by 2-3 weeks. 

The main region of low summer SST (22-24 °C) 
ex tends along the northem coast of the Guinea Gulf 
west to 8°W, -2500 km from the equator in Fig. 16 
(Morlière and Rébert, 1972). The outbreak of low 
SST follows a dramatic upwelling of the thermal 
structure from April to August. In the model there 
is a notable diminution of this main upwelling signal 
1000 km north of the observed limit (Fig. 16). North
ward along the coasts of Senegal and Mauritania the 
surface waters are warm from July to October (Ros
signol, 1972; Wooster et al., 1976); at this time at
mospheric heating is maximum and the deviation 

from the mean coastal winds is downwelling favor
able. Off Dakar a subsurface upwelling is present in · 
late summer-early fall (Rossignol, 1972; Servain, per
sona! communication, 1982). This upwelling signal 
is strong enough to result in a sea levet minimum at 
Dakar in September (Portolano, 1981 ); one mon th 
later than the sea level minimum at Abidjan. This 
apparent sinking of the upwelling event bas been 
studied by McCreary et al. (1983) with a three-di
mensional madel that allows the downward propa
gation of energy to occur. In the present model we 
sacrifice vertical resolution in arder to treat the wind 
field and horizontal structure more realistically than 
in McCreary et al. Thus, for this solution the main 
upwelling event along the coast of the Guinea Gulf, 
though weaker, is still present along the Senegal
Mauritania coasts. 

Observations and the model results indicate an 
upwelling event along the coasts of Senegal and 
Mauritania early in the year. A large part of this event 
in the model is locally forced. The largest response 
to alongshore winds occurs in this region of the madel 
basin. The local meridional wind stress is predomi
nantly annual. The prevailing northerly wind is max
imum in February and March. As suggested by Woos
ter et al. (1976) and Speth and Detlefsen (1983), the 
February upwelling along Senegal and Mauritania is 
mainly driven by the local winds. 

A large proportion of the current measurements . 
in the Gulf of Guinea have been taken on the con
tinental shelf of the Ivory Coast within the Guinea 
Current. Observations by Lemasson and Rêbert 
(1973) indicate the current is strongest in early sum
mer, and weakest in fall and again in late winter. The 
zonal coastal current from the madel has been av
eraged between 4 °E and 11 ow (Fig. 18). The seasonal 
variations for this single-mode solution compare fa
vorably with the observations: the maximum east-
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ward current is in June-July and is near zero or re
verses in February-March and October-November. 
The majority of this Guinea Current signal is asso
ciated with the basin-wide response to the zonal wind 
field. The meridional wind stress induces seasonal 
Guinea Current fluctuations one-fourth the size of 
the total response. As indicated by McCreary et al. 
( 19S3) a more complete description of this current 
would involve the contributions from several vertical 
modes. 

Away from the coastal regions much less is known 
about the seasonal variability in the eastern Atlantic. 
The model results indicate that the pycnocline dis
placements near the Guinea Dome are small com
pared with the pycnocline excursions in the western 
and southeastern parts of the basin (Fig. 5). The pyc
nocline is deepest from March through May and shal
low from August through October. The terms in (2) 
indicate the pycnocline movement north of the pivot 
line is governed by Ekman pumping. A cyclonic per
turbation to the wind stress curl causes upwelling 
from May to September. The upwelling favorable 
wind stress curl is due to an increase in the meridional 
gradient of the zonal wind stress as the ITCZ migra tes 
northward. Rossby wave effects are not important 
north of the pivot line. The Guinea Dome in this 
model is therefore more stationary than the Costa 
Rica Dome in a numerical calculation for the eastern 
Pacifie discussed by Hofmann et al. ( 19S1 ). 

Near the eastern terminus of the pivot line (24°W, 
13°N) the pycnocline deviations are small (Fig. S). 
The pycnocline is slightly deeper during the first six 
months of the year. There is little seasonal change in 
this area because the Ekman pumping and Rossby 
wave contributions are out of phase and have similar 
amplitudes. The pycnocline displacements are much 
larger to the south in a region of westward increasing 
phase. At 20°W, 7°N the pycnocline is deepest in 
June and shallow in October-November. The sea
sonal signal is determined by Rossby waves which 
radiate away from the boundary throughout the year. 
Ekman pumping is second order. Observations in this 
area during GA TE suggest that the local summer 
upwelling is not related to Ekman pumping (Perkins, 
19S1). The Rossby waves are upwelling favorable 
from June to November. The zonal phase gradient 
represents the phase speed of the nondispersive, west
ward-propagating Rossby waves at this latitude. As 
evidenced by the phase distribution, the pivot line in 
the northeastern model basin separates regions influ
enced by the wind stress curl from regions influenced 
by Rossby wavés. 

In the Southern Hemisphere the pycnocline move
ment at the center of the Angola Dome is smaller 
than and out of phase with the pycnocline motion 
within the Guinea Dome. Small contributions from 
the wind stress curl and Rossby waves produce the 
pycnocline deviations. The wind stress curl variability 

is several times smaller than in the Northern Hemi
sphere. Northeast of the Angola Dome the influence 
of Ekman pumping is still small, but the seasonal 
response is much larger. The phase lines (Fig. Sb) and 
the vorticity equation imply that Rossby waves de
termine the seasonal cycle there. 

In the previous subsection it was demonstrated that 
the annual equatorial variability within the idealized 
Gulf of Guinea was formed by equal contributions 
from the zonal wind stress on either side of 25°W. 
The en tire semiannual pycnocline response was caused 
by wind forcing east of 25°W. The choice of 2S 0 W 
as a dividing line bad no a priori geographical sig
nificance because it is difficult to choose a mid-line 
for such a non-rectangular basin. lt did, however, 
prove a posteriori to be a good choice for isolating 
the wind stress effects of different regions. Y et, the 
case studies did little to answer the question of 
whether the annual and semiannual variability in the 
Gulf of Guinea are locally or remotely forced. 

A convenient definition of the Gulf of Guinea for 
the model geometry chosen is the region between the 
eastern boundary and approximately 10°W. Addi
tional case studies were performed in which the 
model ocean was driven by the zonal wind stress west 
of the Gulf of Guinea and another with the zonal 
forcing limited within the Guinea Gulf (Fig. 19). 
Comparison with Figs. Sa and Sa indicates that al
most ali of the annual variability in the Gulf of 
Guinea is remotely forced. This remotely forced pe
riodic response is formed by the superposition of 
equatorial Kelvin waves and their reflections as 
Rossby waves. The influences of annual zonal and 
meridional winds within the interior of the Gulf of 
Guinea are much smaller than the influence of the 
zonal wind stress west of 10°W. There is, however, 
a notable annual pycnocline response along the zonal 
coast driven by the zonal component of the south
westerly wind within the gulf (Figs. Sa, 19b), but this 
coastal signal is cancelled in the total forcing solution 
(Fig. Sa) by the effects of the meridional wind stress 
fluctuations at the eastern boundary (0-4 °N). 

The response to semiannual forcing is somewhat 
different (Figs. 7b, Sb, 19c, d). Only half of the 
semiannual pycnocline signal is remotely forced by 
the zonal wind stress. The remaining half of the re
sponse is formed by equal contributions from zonal 
and meridional wind stress fluctuations within the 
Gulf of Guinea. 

5. Summary and conclusions 

The objective of this work was to study the linear, 
dynamic, oceanic response to the seasonally varying 
wind field of the tropical Atlantic. A linear, single 
baroclinic mode model driven by the climatological 
seasonal wind stress was incorporated. Based on pre
vious studies implying the dominance of the second 
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baroclinic mode in the tropical Atlantic, an equiva
lent depth of 19 cm (c = 1.37 rn s- 1

) was chosen for 
the gravest mode of this calculation. The coastline 
geometry of the model was an idealization of the trop
ical Atlantic basin from 20°N to 20°S. Monthly es
timates of the Atlantic surface wind field on a 
1 ° X 1 ° mesh averaged over 60 years (Hastenrath 
and Lamb, 1977) provided the basis for the seasonal 
periodic forcing function. Important regions of vari
ability were identified for the atmosphere and ocean. 
Of interest were the physical mechanisms responsible 
for the seasonal signal of key features such as the 
meridional topography in the western Atlantic, the 
equatorial pressure gradient, and the response· within 
the Gulf of Gu inca. Observations of the seasonal cycle 
throughout the tropical Atlantic were compared with 
the results of the simple mode! to ascertain whether 
the simulated response had any relevance. 

The modelled seasonal response to the Atlantic 
wind field, depending on the location, consists of a 
combination of a locally forced response, Kelvin 
waves, Rossby waves, and multiple wave reflectic,as. 
Throughout the tropical Atlantic basin the seasonal 
cycles of the atmospheric forcing, the observed dy
namic height, and the model pycnocline depth are 
largely annual and semiannual. In general, there is 
a reasonable comparison between the phase and am
plitude distributions of the observed dynamic height 
and the model pycnocline depth. The northwest part 
of the model basin is characterized by a north-south 
tilting of the pycnocline about a pivot tine which 
roughly parallels the mean position of the ITCZ. 
North of the pivot tine ( -10°N) wind stress curt and 
divergence of the Ekman transport govern the annual 
response. The model pycnocline response south of 
the pivot tine is a combination of local and remotc 

effects, i.e., wind stress curt and westward propagating 
Rossby waves. At the equator, there is a non-rigid 
east-west tilting of the model pycnocline in which 
the minimum pycnocline depth in the east (July) 
leads the maximum depth in the west (September
October). Large model pycnocline displacements in 
the western equatorial region are a locally forced near
equilibrium response between the annual zonal wind 
stress and the zonal pressure gradient. The equatorial 
zonal pressure gradient in the eastern part of the basin 
is not balanced by the local wind stress. Case studies 
in which the model was forced by various partitions 
of the wind field indicate the annual wind-driven vari
ability in the Gulf ofGuinea may be remotely forced. 
Fluctuations of the zonal wind stress west of 1 oow 
are responsible for a majority of the simulated annual 
pycnocline displacements in the Gulf of Guinea. The 
annual zonal wind east of 1 0°W bas a secondary in
fluence along the zonally oriented coast, but is can
celled by meridional wind stress variations at the east-

. ern boundary. Thus, the major summer upwelling is 
implied to be a response to changes in the equatorial 
easterlies remote from the Gulf of Guinea. Half of 
the semiannual pycnocline signal in the Gulf of 
Guinea is forced by 6-month period zonal wind stress 
oscillations west of 10°W. The remaining portion of 
the model pycnocline signal cornes from the zonal 
and meridional winds within the gulf. This suggests 
the secondary winter upwelling season is an expres
sion of the wind variability remote from and within 
the Gulf of Guinea. 

Even though there was sorne agreement between 
observations and the results of the mode!, there were 
severallimitations to this work. The model was con
strained to be linear and consistèd of a single baro
clinic mode. The vertical resolution was therefore 
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poor and wind-induced changes to features such as 
the undercurrent could not be studied. In addition, 
the effects of downward energy propagation could not 
be determined. It is not known whether nonlinearities 
or the vertical propagation of Kelvin waves and 
Rossby waves will significantly alter the superposition 
constituting this forced periodic response. McCreary 
( 1981) and McCreary et al. ( 1983) demonstrated the 
importance of contributions to the equatorial and 
coastal velocity fields by high-order vertical modes. 
According to the results from McCreary et al. the 
subsurface signal in the in teri or of the Gulf of Guinea 
is mainly due to the first horizontal mode of reflected 
Rossby beams. As the downward-directed beams are 
no deeper than 300 m in the gulf, the single-mode 
results presented here should still be relevant to the 
0/300 db dynamic height field of the Gulf of Guinea. 
Philander and Pacanowski (l981b) suggest that the 
solution from a nonlinear stratified model will differ 
from a single-mode solution if Rossby waves are se
verely impeded by the current field. Recently, the 
nonlinear, hydrodynamic and thermodynamic mode! 
of Schopf and Harrison (1983) was adapted to the 
tropical Atlantic basin and driven by the Hellerman 
( 1980) wind data. The total sea levet response formed 
by the gravest baroclinic mode and a shear mode 
based on stratification bas sorne similarity to the sin
gle-mode solution presented here (P. Schopf, persona! 
communication, 1983). A logical extension of the 
present study would use the climatological wind data 
in calculations involving severa! vertical modes with 
and without nonlinear effects. Subsequent compari
sons with the results of this single-mode linear modet" 
would provide a better understanding of the rote of 
additional physics. 

The lack of any thermodynamics precluded any 
firm understanding of the SST variability in regions 
where pycnocline depth and SST are uncorrelated. 
A prime example is the Senegal and Mauritania 
coasts where there are important differences between 
the surface and subsurface thermal structure. The 
application ofthermodynamic models to the seasonal 
Atlantic problem should provide sorne insight into 
the questions involving SST. 

Another limitation of this study was the use of cli
matological wind data to represent the seasonal cycle. 
Averaging the wind field over many decades results 
in smaller temporal variations than may occur in a 
particular year. This approach was chosen rather than 
having to make a subjectivejudgementofwhich year 
bad "typical" seasonal variations. This was not a se
vere limitation to this work since most descriptions 
of the seasonal cycle in the tropical Atlantic Ocean 
are based on time-averaged observations. The results 
from the numerical calculation were dependent on 
this wind field having the same periodicity from one 
year to the next. A periodic solution was thereby al
lowed to develop. 

In contrast to this periodic solution, the response 
of an equatorial ocean to impulsive forcing is a single 
eastward-traveling Kelvin wave front which reflects 
at an eastern boundary as a train of westward-prop. 
agating Rossby waves. This was the premise used by 
Moore et al. ( 1978), O'Brien et al. ( 1978) and Adamec 
and O'Brien ( 1978) as a possible explanation of the 
seasonal upwelling in the Gulf of Guinea. For ex
ample, a rapid seasonal increase of the easterlies in 
the western equatorial Atlantic would excite an up. 
welling Kelvin wave front. The impulsive remote 
forcing hypothesis assumes that the upwelling at the 
eastern boundary lags the wind change in the west 
by the time required for a Kelvin wave to travet from 
the forcing region to the eastern boundary. Clima
tology indicates the initial strengthening of the east
erlies takes place in the mid-Atlantic and theo pro
gresses westward (Fig. 6 ). The most dramatic wind 
changes are in the western Atlantic where the east
erlies continue to increase after the peak upwelling 
in the Gulf of Guinea. This suggests the timing may 
not be correct for the impulsively excited Kelvin wave 
concept. However, a rapid increase of the easterly 
wind in spring 1979 at St. Peter and St. Paul rocks 
(0°55'N, 29°2l'W) (Garzoli et al., 1982), which is not 
unusual (Servain et al., 1982), indicates that the im
pulsive forcing idea might still be relevant for specifie 
years. Servain et al. also found a good correlation 
between nonseasonal perturbations of the zonal wind 
stress in the western Atlantic and nonseasonal SST. 
in the Gulf of Guinea. The SST lagged the remote 
winds by one month; the time it would take a 1 rn 
s-• phase speed Kelvin wave to travet from the forcing 
arca to the Gulf of Guinea. Interannual short time 
scale events observed in the Gulf of Guinea thermal 
structure have also been compared with the El Niiio 
phenomena of the eastern Pacifie (Hisard, 1980; 
Merle, 1980b). It bas been suggested that these epi
sodes may have important implications for fisheries, 
coastal rainfall and cyclogenesis. An interannual cal
culation similar to the Pacifie Ocean study by Bus
alacchi and O'Brien ( 1981) could help determine the 
difference between the forced periodic response to the 
climatological seasonal cycle and the response to the 
seasonal signal of severa! consecutive years of Atlantic 
wind data. 

This study bas demonstrated that a significant part 
of the seasonal dynamic height signal can be analyzed 
in the context of Iinear, periodic, wind-driven pro
cesses. As previous modelling studies of the seasonal 
and interannual variability of the tropical Pacifie have 
shown, the oceanic responSe can be studied with sorne 
degree of skill if a realistic estima te of the wind field 
variability is provided. The wind-driven response in 
this study was a combination of local and remote 

. forcing effects which were strongly dependent on lo
cation. Only the northemmost and western equato
rial parts of the basin were totally dominated by local 



- 160 -

ANTONIO J. BUSALACCHI AND JO~ L PICA UT 

forcing. Therefore, continuous monitoring of the en
tire tropical Atlantic surface wind field at small time 
and space scales in conjunction with intensive mea
surements of the ocean variability such as the SE
QUAL (Seasonal Equatorial Atlantic) and FOCAL 
(Francais-Ocean-Climat-Atlantique-Equatorial) ex
periments, are vital to our understanding of this sea
sonal oceanic response. 
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Effects of remote annual forcing in the eastern tropical 
Atlantic Ocean 

by Julian P. McCreary, Jr., 1 Joël Picaut2 and Dennis W. Moore3 

ABSTRACT 
An ocean mode! is used to study the elfects of remote annual forcing in the eastern tropical 

Atlantic. The mode! is linear, viscid and continuously stratified. The ocean basin is an idealized 
version of that of the tropical Atlantic, and the wind stress forcing the mode! is an idealized 
representation of the annual variation of the equatorial trades in the western Atlantic. Solutions 
are represented as expansions of the baroclinic modes of the system. The response of each mode 
is found numerically, not by integrating the equations of motion forward in time, but at a fixed 
frequency (211" year-•) using techniques that are typically used in models of the tides. 

Prominent features of the solution are the following. When the remote trades strengthen, sea 
leve! drops and the pycnocline rises markedly throughout the Gulf of Guinea. At 4W the an nuai 
response is tightly trapped to the equator and to the coast of Africa near SN. ln contrast, the 
response propagates offshore along the southern coast of Africa near IOE. Events propagate 
upward everywhere in the Gulf of Guinea and poleward (nearly) everywhere along the coast of 
Africa. These features compare favorably with observations. 

A single baroclinic mode does not dominate the response. lnstead, waves associated with 
severa! modes superpose to form beams that propagate energy vertically as weil as horizontally 
(McCreary, 1984). Along the equator the response is predominantly a combination of a bearn of 
equatorial Kelvin waves and a lowest order (~ - 1) Rossby bea m. Along the coast of Africa at 
5N it is primarily a bearn of coastal Kelvin waves. 

1. Introduction 

The annual variability of the ocean circulation in the eastern equatorial Atlantic 
(Gulf of Guinea) is striking. Most notably, during the northern hemisphere, summer 
sea-surface temperature (SST) cools by about 5°C along and to the south of the 
equator, as weil as along the western coast of Africa both north and south of the 
equator. At the sa me time the pycnocline rises markedly over a broad area throughout 
the region, and there are significant changes in the strength of the surface and 
subsurface currents. 

Presumably this variability is driven by the seasonal cycle of the trade wind field 
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2. laboratoire d'Océanographie Physique, Université de Bretagne Occidentale, 29200 Brest, France. 
3. JI MAR (Joint lnstitute for Marine and Atmosphcric Research), University of Hawaii, 1000 Pope 

Road, Honolulu, Hawaii, 96822, U.S.A. 
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over the tropical Atlantic. Bunker ( 1976), Hastenrath and Lamb (1977), Hellerman 
(1980) and Busalacchi and Picaut (1983) describe this cycle in detail. In the eastern 
Atlantic and south of the equator the mean winds are southeasterly with a magnitude 
of about .5 dynfcm2

• At SN they have a slight westerly component. The winds are 
weakest in Marchand strongest in August, typically varying only by about .2 dynfcm2 

or less. The seasonal variability of alongshore winds along the coast of Africa is very 
weak everywhere except south of lOS. In the western Atlantic the mean winds at the 
equator have a strong easterly component with a magnitude of about. 75 dynjcm2

• The 
winds are weakest in April and strongest in September, and vary by about .5 dynjcm2 

near 40W. 

a. Theoretica/ background. A number of models have already studied the effect of the 
tropical wind field on the Atlantic Ocean. They involve essentially three different 
processes for the wind to force the ocean. The processes are equatorial Ekman 
divergence driven by meridional winds in the eastern Atlantic, coastal Ekman 
divergence forced by alongshore winds at the coast of Africa, and equatorially trapped 

Kelvin waves generated by equatorial zonal winds. 
Cromwell (1953) first suggested how a southerly wind will effect the equatorial 

ocean. Sufficiently south of the equator there is a west ward Ekman drift, but near the 
equator the flow bends to the north. As a result, there is a divergence of water 
somewhat south of the equator, and upwelling occurs there. Similarly, sufficiently 
north of the equator there is an eastward flow, a convergence of water, and 
downwelling. Philander ( 1979) studied this process in detail using a zonally
independent, stratified, nonlinear mode!. His solutions exhibit ali the features 
described by Cromwell. ln addition, nonlinear effects strengthen upwelling south of the 
equator and the eastward flow north of the equator. Analogous phenomena are also 
present in the similar, but three-dimensional, models of Cane ( 1979) and of Philander 
and Pacanowski ( 1981 ). Anderson ( 1979) a Iso con eludes that the zonal current 
generated just north of the equator in his linear mode! is driven by the local meridional 
winds. These results suggest that the summertime increase in the southerly wind field 
in the Gulf ofGuinea can account for the appearance of cool water south of the equator 
and the strengthening of the east ward Guinea Current just north of the equator. This 
increase, however, cannot explain either the observed upwelling along the northern 
coast of the Gulf of Guinea (where the process causes downwelling), or the general 
uplifting of the pycnocline throughout the region. 

Clarke (1978) suggested that coastal upwelling driven by alongshore winds is the 
primary cause of the seasonal upwelling event along the northern coast of the Gulf of 
Guinea. He noted that beginning in June of 1974 the alongshore winds there became 
more upwelling favorable (eastward). He forced a reduced-gravity mode! (that is, a 
system consisting of a single, low-order baroclinic mode) with the observed winds, and 
compared its sea leve! response with observations from Tema, Ghana. There was 
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qualitative agreement between the observed and predicted sea leve! curves in that both 
drop in the month of June, but the predicted drop was somewhat weaker than that 
observed. Reduced-gravity models involve the choice of a pycnocline depth, H, and 
H- 1 measures how efficiently wind stress couples to the ocean. lt is worth noting that 
Clarke's choice of H to be 20 rn is considerably smaller than commonly used values. 
[For example, in the present mode! the smallest coupling coefficient for any baroclinic 
mode has a value of 100 m. See Eq. (10) and Table l.] If Clarke had selected a more 
realistic value for H his response would have been far too weak to provide an adequate 
expia nation for the observed sea leve! change. ln a similar way the model of Philander 
and Pacanowski ( 1981) suggests that the summertime increase of alongshore winds 
south of the equator could be the primary cause of the upwelling the re. Pica ut ( 1983 ), 
however, points out that the annual variability of the alongshore wind north of 15S is 
small, and bears little resemblance to the variability of coastal SST. For these reasons, 
it is not likely that changes in alongshore winds, and in the resulting coastal Ekman 
divergence, can explain a significant ft:action of the annual variability of upwelling 
anywhere in the Gulf of Guinea. 

Moore et al. ( 1978) first suggested that upwelling in the Gulf of Guinea could be 
caused by zonal wind changes along the equator, particularly the large changes in the 
western Atlantic. They noted that this remote forcing will generate an equatorially 
trapped Kelvin wave that propagates into the eastern ocean, and reflects initially 
poleward along the coast of Africa as coastal Kelvin waves and subsequently westward 
as Rossby waves. ln this way, remote equatorial winds affect the state of the ocean 
throughout the Gulf of Guinea. A da mec and O'Brien ( 1978) and O'Brien et al. ( 1978) 
illustrated the probable importance of this process with reduced-gravity models. ln 
both studies a strengthening of the wind stress field in the western Atlantic by .25 
dynfcm2 lowers sea leve! in the eastern ocean by nearly 9 cm, a value consistent with 
observations (Verstraete et al., 1980). 

The importance of this remote-forcing mechanism has been demonstrated even 
more clearly in two recent studies. Servain et al. ( 1982) correlated the nonseasonal 
variability of SST in the Gulf of Guinea with wind stress variability from various 
regions of the tropical Atlantic. They fou nd that the highest correlations occurred with 
zonal winds from the western equatorial Atlantic, with SST lagging the wind by about 
one month. Correlations with the winds from the Gulf of Guinea were considerably 
smaller. Busalacchi and Picaut (1983) forced a reduced-gravity model with realistic 
winds from the tropical Atlantic. They found that the annual sea leve! response along 
the coast of Africa is most strongly influenced by zonal winds west of lOW. The 
alongshore component of the wind does affect coastal sea leve!, but not nearly as much 
as the remote zonal winds do. 

b. The present approach. Picaut (1983) pointed out a remarkable feature of the 
upwelling signal at Abidjan (located near point C in Fig. 1 ): the event propagates 



- 166 -

Journal of Marine Research 

vertically, as weil as horizontally. The peak of the upwelling event arrives first at 300 
rn, but does not appear at the surface until 1 v2 months la ter (see the discussion in 
Section 4). Reduced-gravity models are not capable of generating this vertical phase 
propagation, but continuously stratified models are. For exarnple, McCreary (1984) 
forced a continuously stratified mode! with periodic zonal winds at the equator. The 
wind excites a bearn of equatorially trapped Kelvin waves that slopes downward into 
the eastern ocean and reflects from the eastern boundary as a set of beams of Rossby 
waves. Phase propagates vertically across each of the bea ms. 

This paper continues to study the effects of remote equatorial wind forcing on ocean 
circulation in the Gulf of Guinea. The ocean mode! is linear, continuously stratified, 
and includes both vertical and horizontal mixing. Solutions are represented as 
expansions in vertical normal modes. The ocean basin is an idealized version of that of 
the tropical Atlantic, with open boundary conditions imposed at the north and the 
south. The wind stress forcing the mode! is specified to be entirely remote from the 
Gulf of Guinea and is an idealized representation of the annual variation of the zonal 
component of the trades in the western Atlantic. Because the boundary conditions are 
complicated, it is necessary to find the solutions for each mode nurnerically. Solutions 
are not found by integra ting the equations of motion forward in tirne as is usually done; 
instead, the frequency of the wind is fixed throughout to be 211" year- 1

• Solutions 
compare favorably with many aspects of the observations; in particular, there is 
vertical phase propagation throughout the Gulf of Guinea. As in the McCreary ( 1984) 
study, it is possible to interpret the response as a superposition ofbeams. At the equator 
the response is predominantly a bearn of equatorially trapped Kelvin waves and the 
lowest-order Rossby bearn. Along the northern coast it is prirnarily a bearn of coas tai 
Kelvin waves. 

2. The model ocean 

a. Equations. In a state of no motion the mode! ocean has a stahly stratifiéd 
background density structure Pb(z) and an associated Viiisiila frequency Nb(z). 
Equations of motion linearized about this background state are 

u, - fv + Px = (vu.), + Ph 'V 
2u, 

v,+ fu+ pY = (vv,), + vhv 2v, 

U., + Vy + W, = Û, 

p, + g-1Nb2w = (Kp)zzo 

Pz= -pg, 

(1) 

where u, v and w are the zonal, meridional and vertical velocity fields, p and pare the 
pressure and density perturbations, g is the acceleration due to gravity, and fis the 
Coriolis parameter. Coefficients of vertical eddy viscosity and eddy diffusivity are 
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given by 

(2) 

The coefficient of horizontal eddy viscosity is vh. Constant factors of p, the average 
density of the water column, are everywhere ignored. The x-axis is oriented eastward, 
the y-axis is oriented northward with y - 0 at the equator, and the z-axis is positive 
upward with i - 0 at the ocean surface. Finally, the equatorial t3-plane is adopted, so 
thatf = py. 

Surface boundary conditions are 

vu,= r', w = KP = 0, (3) 

where r and T 1 are the zonal and meridional components of the wind stress at the 
ocean surface. The ocean bottom, at z - - D, is assumed to be flat. Boundary 
conditions there are 

VU, = VVz '== W = Kp = Û. (4) 

Eqs. (1 )-{ 4) in volve severa) unconventional or physically unrealistic assumptions. 
For example, in ( 1) the vertical mixing of heat and momentum have slightly different 
forms. According to (2), vertical mixing coefficients are inversely proportional to the. 
square of the Vaisala frequency. The Iast condition in (3) pro hi bits the ocean from ever 
generating any sea-surface temperature variations. Finally, in {4) the no-stress 
condition means that the ocean bottom is slippery. These assumptions are ali crucial to 
the method of solution adopted here. Only in this way is it possible to find solutions 
simply (and economically) as expansions of vertical normal modes. McCreary {1980, 
1981) discusses these assumptions in grea ter detail. 

The eigenfunctions 

{5) 

subject to the boundary conditions 

1 Jo - 2 1/;,dz- 0, 
Cn -D . · 

{6) 

are the vertical normal modes of the model ocean. They are commonly normalized so 
that 

{7) 

and it is convenient to order them so that the eigenvalues, Cn, decrease monotonically. 
The n - 0 eigenfunction is unique in that C0 - oo; this eigenfunction is the barotropic 
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mode of the ocean. The remaining eigenfunctions form an infinite set of baroclinic 
modes. 

Solutions to (1), subject to boundary conditions (3) and (4), are then given by 

N , 

w = Lw. j' 1/tn dz, 
n•l -D 

(8) 

where the expansion coefficients are functions only of x, y and t. The barotropic mode 
is not included in the sums of (8). At the annual frequency the barotropic mode is 
essentially in astate of Sverdrup balance with the wind field. For this reason, it is easy 
to verify th at the barotropic response is dominated by the baroclinic response described 
in the next section. ln addition, the sums over the infinite number of baroclinic modes 
are necessarily truncated at a finite val.ue, N. As we shall see, for the choices of Pb(z) 
and v made here, solutions converge rapidly enough with n that N need not be large. 

The equations governing the expansion coefficients are 

(a,+ Ajc/)u.- fv. + Pnx- F. + vh'\1
2u., 

(a,+ Afc/)v. +fu.+ Pny = G. + vh'\1
2v., 

(9a) 

and also 

p. 
Pn =- -. 

g 
(9b) 

The forcing of each mode is given by 

F. = Tx /J: 1/t/ dz, G.- r 1 /J: 1/t/ dz, (10) 

and the integral in the denominator defines a coupling coefficient (C- Êo 1/1.2 dz) that 

measures how elfectively each mode is forced by the wind. Note that a small value of C 
means relatively strong excitation of the mode in question, whereas a large value means 
weak excitation. Eqs. (9a) can be solved for the three unknowns u., v. and p., and then 
Eqs. (9b) give w. and Pn in terms of Pn· . 

lt is possible to include a constant thickness, surface mixed layer in the mode! sim ply 
by assuming that Nb(z) = 0 for z 2::. - H. The eigenfunction problem, defined in 
(5)-(7), is stiJl weil posed, and so the eigenfunctions as weil as the solutions (8) remain 
weil behaved. An important etfect of the mixed layer is that 1/t.,(z) = 0 within it. As a 
result, in the mixed layer u, v and pare independent of z, w varies linearly with z, and p 

is identically zero. Other properties and limitations of this mixed-layer formulation are 
discussed in grea ter detail in McCreary ( 1980, 1981 ). 
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Two other useful quantities are sea levet, d(x, y), and isopycnal displacement, 
. t(x, y, z). It is possible to replace the rigid-lid restriction in (3) with a free-surface · 

condition, and Eqs. (8)-(l 0) still hold to the levet of the Boussinesq approximation. It 
follows that 

d _ p(x,y, o), 
g 

(11) 

where p(x, y, o) is the surface pressure field. A convenient measure of isopycnal 
displacement is 

(12) 

This. definition is valid only where the vertical mixing of beat is small, and sois most 
accurate in the deeper ocean. 

b. Basin boundary conditions. Eqs. (9a) are solved in an ocean basin that is an 
idealization of the tropical Atlantic. The thick Iines of Figure 1 show the eastern and 
western boundaries of the model basin. For most solutions the basin bas artificial open 
boundaries adjacent to lOS and ION; one solution is obtained in a wider basin that 
ex tends from 20S to 20N. 

Horizontal rnixing is necessary in the rnodel to ensure that the numerical solution of 
Eqs. (9a) remains cornputationally stable (see the discussion at the end of Section 2c). 
As a result, two boundary conditions are required at each boundary. No-slip conditions 
are adopted at the western boundary, where 

u =v= o. (13) 

Slip conditions are irnposed at the eastern boundary. For the sections of the boundary 
at IOE and at 16W, 

u = 0, (14a) 

and along the section at SN, 

·v- 0, Uy = 0. (14b) 

The use of slip conditions at the eastern boundary is desirable because they reduce the 
importance of horizontal rnixing in the dynarnics of the coastal currents. Open 
boundary conditions at the northern and southern boundaries are 

Uy - V y = Py = o. ( 15) 

(The etfects of the slip and open boundary conditions on the solution are discussed 
further in Section 4c.) 

c. The numerical solution. This paper is concerned with finding the model response to 
a wind field that oscillates at the annual frequency. Because the basin boundaries are 
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not sufficiently simple, it is necessary to evaluate this response numerically. A common 
method of solution is to switch the wind stress on at sorne initial time, and then to 
integrate Eqs. (9a) forward in time until initial transients have passed through the 
system, necessarily for a period of severa! years. An alterna te approach, and the one 
used here, avoids the generation of any transients. It assumes from the outset that the 
wind has the time dependence· e-iat. As a result, ali fields also have this time 

dependence, the operator a, in (9) is just the imaginary number -ùr, and Eqs. (9a) 
reduce to a set of elliptic equations in the spatial coordinates x and y. This approach 
has been successfully used in models of bàrotropic tides (Hendershott, 1978), and our 
numerical scheme is related to severa) of these earlier studies. Details of the method 
are discussed in the Appendix. 

A numerical instability occurs in the mode) if Ph is not sufficiently large. At the 
annual frequency solutions to (9a) involve narrow boundary currents adjacent to 
meridionally oriented, western ocean b<:mndaries (the boundaries at 60W and 40W in 
Fig. 1 ). For low-order baroclinic modes, the correct offshore structure of these currents 
is e-"xsin kx where a= (f3/Ph) 113 /2 and k = ..J3/2 (f3/Ph) 113 

= 2trjÀ, a boundary layer 
first described by Munk (1950). The numerical mode!, however, does not always 
reproduce this boundary layer. ln a s.eries of tests involving only the n = 2 mode, 

numèrical solutions were fou nd and compared for a range of values of Ph· When Ph is 
large enough so that À > 2Âx (Ph = 108 cm2 Jsec), the structure of the numerical 
boundary layer does closely approximate that of the Munk layer. When Ph is small 
enough so that À < 2Âx (Ph = 106 cm2 Jsec), there is no western boundary layer at ail; 
instead, large-amplitude 2Âx-noise spreads from the western boundary nearly across 
the ocean basin. 

d. Phase relations. Let q represent any of the fields u.v. p. w. p. d or h in Eqs. (8). (Il) 
and {1 2). Each q is a complell. number that can be e11.pre~~cà a~ 

(16) 

wherc 1 q 1 is the amplitude of q, and rf> is a phase !ag. Note that the real part of q reaches 
a maximum value at a time cf>/u, and a minimum value at the time c/J/CT + 1rju. 
Generally cf> varies in space, and in that case q describes a propagating disturbance. 
Local values of the zonal, meridional, and vertical components of wavenumber are cf>xo 
cf>, and c/Jz, respective! y, and corresponding values of phase speeds are ex - CT J c/Jn c, -
CT /c/Jr, and Cz - CT /c/J:· Fini te-difference forms of these speeds at point Pin the grid are 

2CTÂY 
Cy = ' 

cPN- ePs 
(17) 

where the subscripts indicate the directions of nearest-neighbor grid points from point 
P (E, W, N, S, A and B are east, west, north, south, above and below, respectively). ln 
the next section Âz is al ways equal to 25 m. By definition, tines of constant phase in the 
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x-z plane have the slope -c,f ex. A convenient measure of this slope at point Pis 

c,fcx 
'}'= ---
. u/Nb 

{18) 

As we shall see in the next section, the quantities defined in (17) and (18) help to 
identify the types of waves that are present at any point P. 

3. Dynamics 

The radiation field in the Gulf of Guinea is a complex superposition of many 
different types of waves. What types of waves exist there, and what are their 
identifying characteristics'? Do certain types of waves domina te the model response in 
specifie regions ofthe ocean'? What waves create the current structures apparent in 
Figures 4-6'? Hickie (1977), Philander (1977) and Cane and Sarachik (1979) discuss 
in detail the types of waves that are -associated with individual baroclinic modes. 
Schopf et al. ( 1981 ), Cane and Sarachik ( 1981) and Cane and Moore ( 1982) describe 
the response of a single baroclinic mode to periodic forcing. McCreary ( 1984) points 
out that superpositions of severa! periodically forced modes produce beams that 
propagate vertically as well as horizontally. This section briefly reviews pertinent 
aspects of these studies and others. 

a. Modes. An equatorial Kelvin wave is associated with each baroclinic mode. This 
. wave bas the meridional structure e-lfl<yfr.J' where rn - <cn/P) 1/ 2, and is therefore 
equatorially trapped in the region IY 1 < ..fi rn. lt has the simple dispersion relation 

(19) 

and an eastward phase speed Cn. The quantity, rn, is the equatorial Rossby radius of 
deformation, and Tabl.e 1 Iists values for severa) of the modes used here. 

There are an infinite number of possible Rossby waves, designated below by the 
index 2. The v-field associated with each Rossby wave has a meridional structure given 
by one of the parabolic cylinder functions rJJ~,_ (yfrn>· The eigenvalues J.Lnt are fixed so 
that each fu net ion vanishes at y - -'oo and at y - Yn• and they are ordered so that they 
increase monotonically. The Rossby waves for 2 2:: 1 are equatorially trapped in the 
region lrl < (2J.Lnt + 1) 112rn. The 2 = 0 Rossby wave exists only because there is 
northern boundary at YN• and is trapped to that coast.lts trapping scale is measured by 
the smaller of (2J.L,., + l) 112rn and cnff 

The coast at y - YN affects the eigenvalues in a complicated way. However, if the 
2 2:: 1 Rossby waves are sufficiently trapped to the equator that they do not "feel" the 
coast, (that is, they have a small v-field there), then the eigenvalues have very nearly 
the values they do in an unbounded ocean. Similarly, if an 2 - 0 Rossby wave does not 
"feel" the equator its eigenvalue approaches zero. ln other words, if (2J.Lnt + 1)1

'
2 rn 
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<YN then 

(20). 

Cane and Sarachik (1979) develop various approximations for estimating the eigen
values. With the aid of one of them [their Eq. (S)], it is possible to verify that (20) holds 
quite weil for nearly ali the Q - 0 and Q = 1 Rossby waves in the model. The sole 
exception is the n = 1, Q = 1 wave for which the estimated eigenvalue is 1.3. 

The dispersion relation for Rossby waves is 

u 2 k {j 
- 2 + k 2 + - {j + - (2~.~ + 1) = o. 

c. u c. 
(21) 

Because the frequency of the forcing here is so low, the first term of (21) is al ways 

negligible. For Jow values of Q (such that 2~.~ + 1 < {jc./4u2
) the second term is also 

small, and (21) reduces to 

kc. 
U=---

2Q + 1 
(22) 

where, according to (20), ~.~ has been replaced by fl. These Rossby waves have a 
westward phase speed -c./(2fl + 1). Values of {jc.j4u 2 are Iisted in Table 1, and it is 
easy to verify that (22) is val id for ali of the Q = 0 and Q = 1 Rossby waves in the Gulf of 

Guinea. 
For sufficiently large values of Q (such that 2~.~ + i > {3c./4u2

) values of kin (21) 
are complex, and so corresponding Rossby waves remain trapped to the eastern 
boundary. Moore ( 1968) showed th at these waves sum to forma {j-plane coas tai Kelvin 
wave that exists only poleward of the latitude y.= c./(2u). According to Table 1, y> 
SSO km on! y for n > 10, and so coastal Kelvin waves along 10E exist in the Gulf of 
Guinea only for the high-order baroclinic modes. Coastal Kelvin waves are therefore 
not an important part of the mode! response along 1 OE. 

On the other band, the Q = 0 Rossby waves along the boundary at YN - SN close) y 
resemble coastal Kelvin waves. First, the offshore structures of their zona·! velocity and 
pressure fields have a form e-IY-YNl/k./!l for nearly ali the vertical modes; the sole 

exception is the structure of the n = 1 wave that extends across the equator (as in 
Figure 4b of Cane and Sarachik, 1979). The quantity, c./f, is the Rossby radius of 
deformation appropria te at midlatitudes, and severa) values at SN are listed in Table 1. 
Second, their westward phase speed is about c •. Finally, at the annual frequency their 
north-south velocity field is insignificant. Because of these similarities, we refer to 
these waves as coas ta) Kelvin waves in the rest of this paper. 

b. Beams. Solutions to ( 1) exhibit vertical, as weil as horizontal, propagation of phase 
and energy (Figs. 4-6), even though the contributions from individual baroclinic 
modes necessarily do not. WKB theory (Bender and Orszag, 1978) provides an elegant 
way to understand why superpositions of baroclinic modes must have this property. 
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Using this technique, we look for approximate solutions to (5) that have the 
exponential form 

(23) 

and so entirely avoid the expansion into modes. Because the boundary conditions (6) 
are not imposed, c does not have discrete values, and so subscripts n are not necessary. 
Let m = cp, be the local vertical wavenumber of Y.,, and b - Nb/ Nb, measure the vertical 
scale of Nb(z). Then, the WKB solution that is valid to order (mb)- 2 has 

) JzNbd 1 cp(z = - z, 
. c 

(24) 

and m = Nbfc. It follows that the amplitudes of free waves proportional to Y.,(c, z) 
satisfy the homogeneous form of (9a) with replacement en- Nb/1 m 1. So, equatorial 
Kelvin waves satisfy the dispersion relation 

and, according to (22), the 1l = 0 and 1l = l Rossby waves satisfy 

kNb/lml 
(1 =- . 

2Q + l 

(25) 

(26). 

By definition, tines of constant phase in the x-z plane have the si ope tan OP - c,f ex = 

-kfrn. Values of tan Op obtained from (25) and (26) are -lmlcrl(rnNb) and 
(21l + 1) 1 m 1 a/ (mNb), respectively. Th us, wh en rn > 0 so that phase propagates 
upward (c, > 0), tines of constant phase slope downward toward the east for equatorial 
Kelvin waves, and downward to the west for Rossby waves. The slopes are quite 
graduai. At the an nuai frequency and with Nb - .005 sec-• (a typical value below 100 
rn in Fig. 2) cr 1 Nb - 40 mf 1000 km; with Nb - .02 sec-• (roughly the maximum value 
of Nb in Fig. 2) a/Nb= 10 m/1000 km. Note that when rn> 0 values of 'Y [defined in 
(18)] for the equatorial Kelvin wave and for the Q = 0 and 1 Rossby waves are -1, 1 

. and 3, respectively. 
Energy associated with packets of waves travels along ray paths. Let the zonal and 

vertical components of group velocity be c1x and c1,. The slope of ray paths is tan 
0,- cg,jc11x = uk/um, and it is eas~ to verify that 0,- OP. Thus, the direction of energy 
propagation is everywhere parallel to tines of constant phase. · 

A zonal wind patch in the ocean interior oscillating at the annual frequency is an 
efficient source of Kelvin waves. With no vertical mixing wave energy is confined 
primarily between ray paths that originate at the western and eastern edges of the 
patch. Thus, the Kelvin radiation forms a thin bearn that slopes downward into the 
eastern ocean at the graduai slope -a 1 Nb. The presence of vertical mixing acts to 
broaden the bearn considera bi y away from the forcing region. At the eastern boundary 
it reflects as a set of Rossby beams that slope downward toward the west at the slope 
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(22 + 1 )a/ Nb. Along the equator the 2 - 1 Rossby bearn domina tes the other reflected . 
bea ms. The 2 - 0 Rossby bearn is a Iso involved in the reflection, and the results of this 

paper indicate that it is an important part of the model response along the coast at YN· 
The meridional structures of the equatorial Kelvin bearn and the reflected 2 - 1 

Rossby bearn differ significantly. 8oth u and p for the Kelvin bearn are concentrated. 
on the equator: The u-field for the 2 = 1 Rossby bearn is even more narrowly confined 
to the equator. However, its p-field is concentrated severa) degrees north and south of 
the equator, and is relatively weak at the equator. This difference provides another 
use fui way of distinguishing the two types of bea ms. 

c. The radiation field. ln the Gulf ofGuinea, where there is no (model) wind field, any 

dynamical field q is en ti rely a superposition of the free waves allowed by Eqs. ( l ). For 
example, if ex > 0 near the equator, then q must be strongly influenced by equatorial 
Kelvin waves, since at the annual frequency they are the only waves with eastward 
phase speed that are significantly excited by the wind; however, if ex < 0 near the 
equator, q is dominated by Rossby waves. If c, > 0, so that phase propagates upward, 
then q is affected by a bearn of Kelvin or Rossby waves that propagates downward from 
the ocean surface; conversely, if c, < 0 q is affected by a bearn that has certainly 

reftected somewhere from the ocean bottom. Finally, the value of 'Y defined in Eq. ( 18) 
is a particularly sensitive indicator of bearn type. If 'Y = - 1 near the equator, q is 
caused by a bearn of equatorial Kelvin waves; if 'Y = 3 there then q is caused by a bearn 
of Q = 1 Rossby waves. If 'Y = 1 along the coast of Africa at SN then q is caused by a 
bearn of coastal Kelvin waves. 

Phase propagation is not always a conclusive indicator of wave type. A corn bi nation 
of severa) different waves can Jead to values of phase speed or 'Y that bear little 

relationship to those of the component waves. There are severa) instances of this 
phenomenon in the present study. For example, phase speeds greater than c1 - 225 
cmfs, the fastest possible individual wave in the system, often occur. In addition, a hove 
the pycnocline and al most everywhere along the coast of Africa, phase associated with 
p propagates in a direction opposite to any of the component waves. 

4. Results 

The wind field that drives the model is an idealization of the annual component of 
the equatorial trade winds in the western Atlantic. lt has the separable form 

where 

[

COS [7r(X - 35°)/30°], 
X(x) = 

0, otherwise, 

(27) 

20W:::; x:::; 50W, 
(28a) 
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{ 
y2 (1 +cos (11-y/10°)], 

Y(y)- . . . 
. 0, otherwtse, 

lOS sy sION, 
(28b) 

T0 - .25 dyne/cm, a = 21rjyear, and x and y are expressed in degrees. The shaded 
region of Figure 1 indicates the extent of the wind patch, and the thin lines the profiles 
of X(x) and Y(y). Both the forcing and the· solution, (27) and (16), are complex 
numbers, and we adopt the convention that only their real parts are relevant. In that 
case, the model trade winds are maximum west ward at t = 1r fa sec - 6 months, and 
they are a minimum (that is, maximum eastward) at t - O. 

Figure 2 shows the structure of the background density field, Pb(z ), used throughout 
this study. There is a surface mixed layer with a thickness of 25 rn, a sharp near-surface 
pycnocline, and an ocean depth of 4000 m. This choice is representative of the mean 
density field in the equatorial Atlantic, although in the real ocean the pycnocline is 
somewhat deeper in the western ocean and shallower in the eastern ocean (Merle, 
1980a). The figure also shows the structure of the square of the Vaisala frequency 
Nb2(z), that is associated with Pb(z). Table 1 lists values of en and of the coupling 
coefficients C defined in ( 1 0). that are associated with this density field. Note that the 
coupling coefficient of the n - 2 mode is smaller by a factor of 2.5 than that of any 
other mode, indicating that this mode is the most strongly excited. 

20"r-----------~--------------------~--------------~---, 

N 

s 
200

60" w 10" E\ 

Figure 1. A schematic diagram showing the location of the ocean basin and the wind field, 
points a-f, and Sections 1 and 2. The thick lines indicate model continental boundaries, and 
the wiggly li nes the actual coastlines of South America and Africa. Most solutions are fou nd 
in a basin with open boundaries at ± 10°; one solution bas open boundaries at ±20°. The 
shadcd region indicates the extent of the wind field, and the thin li nes its zonal and meridional 
profiles. The wind stress oscilla tes at a frequency of 211" fyear and reaches a maximum of 0.5 
dynfcm2 in the center of the wind patch. 
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Figure 2. Profiles of background density structure, Pb(z), and of the square of the Vaisala 
frequency, N/(z) (thicker curve). 

Table 1. Values of various quantities associated with individual baroclinic modes. Associated 
units are in parentheses. rn- (en/ {3) 112 is the equatorial Rossby radius of deformation, and Yn -
e./(2u) is the turning latitude. Values of e./ fare evaluated at SN. 

n 2 3 4 5 6 8 JO 15 

e. (cm/sec) 225 134 89.5 62.6 48.6 40.9 30.7 24.3 16.1 

J~ ,P/dz (m) 251 105 399 899 710 473 1125 1100 2363 
r. (km) 314 242 198 165 146 134 116 103 84 
en/ /(km) 179 107 71 50 39 33 25 19 13 
lkn/4u 2 321 191 128 89 69 58 44 35 23 
y. (km) 5625 3350 2238 1565 1215 1023 768 608 403 
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Values for the other model parameters are g- 981 cmjsec2
, {3 = 2.28 x 10~ 13 

cm-•sec-•, "h = 107 cm2jsec, and N- 15. The horizontal viscosity, "his taken to be as 
small as possible, and yet still to be sufficiently large to prevent the development and 
spreading of 2.:lx-noise from the western boundary. A final parameter, A, measures 
the size of v throughout the water column. According to (2) and Figure 2," is infinitely 
large in the surface mixed layer, it reaches a minimum value, v.min• just beneath the 
mixed layer where N/ reaches a maximum value, and it increases monotonically at 
greater depths. In order that "min= .25 cmjsec, Ais set equal to .00013 cm2fsecl; in 
that case,,= 5 cm2jsec at z- -200 rn and"- 12 cm2jsec at z = -500 m. 

The choices for "min and N were not made arbitrarily. In two series of tests, solutions 
to the analytic (and economical) mode! of McCreary (1981, 1984) were found for a 
wide range of values of "min and N. In both of these tests the ocean basin was confined 
between meridional barriers separated by 6000 km, the background density field was 
that of Figure 2, and a wind field very similar to (22) forced the ocean. In the first, N 
was fixed at 50 and "min was varied. With Vmin = .25 cm2jsec the amplitudes of the 
equatorial currents in the central and eastern ocean bad physically realistic values, 
with "min= 1 cm2fsec their amplitudes were a bit weak, and with "min= 0 they were far 
too large. In the second, "min was fixed at .25 cm2jsec and N was varied. With N = 15 
the solution was weil converged nearly everywhere in the ocean basin; only in the 
forced region in the western ocean were there any significant differences from another 
case with N = 50. 

a. The annual response. Table 2 lists values of the amplitude and phase of various 
fields that are useful in the_ discussions of Figures 3, 4 and 5. Also listed are ex, c,, Cz, 

and 'Y whenever it is appropriate. The table is divided into three parts. The upper, 
middle and lower portions correspond . to values taken from Figures 3, 4 and 5, 
respectively. 

Figure 3 shows the fields of sea levet and surface velocity at 2, 4 and 6 months. 
Significant changes in ocean circulation occur throughout the ocean basin. Perhaps 
most striking is the shift of surface water from the_ eastern to the western ocean. At 2 
months, sea levet is high in the eastern ocean and low· in the western ocean. At 4 
months, after the wind shifts from eastward to. west ward, a strong westward jet. 
develops at the equator and drains water from the eastern ocean. As a result, sea levet 
drops throughout the Gulf of Guinea. At 6 months, when the wind stress reaches its 
maximum value, sea leve! is low in the eastern ocean and high in the western ocean. 

The response in the wind-forced region bas expected features. Sea leve! tilts along 
the equator to balance approxima tel y the wind. A measure of this tilt is the difference 
in sea levet between 20W and 40W. This difference reaches a minimum value of -8.5 
cm at 6.6 months. Sea levet has a minimum amplitude at 34W, and equatorial sea leve! 
tends to pivot about this point; however, because the minimum value is not identically 
zero the pivot pointis not fixed in space (compare the three panels of Fig. 3), as in the 
model of Cane and Sarachik ( 1981 ). Ekman pumping due to the wind stress curt in the 
mode! generates the extr~ma at 50W, 3N and 40W, 3S. 
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Table 2. Values of sea leve! (cm), isopycnal displacement (rn), and currents (cm/sec) at various 
points in the Gulf of Guinea. Also listed are phase speeds (cmfsec) and 'Y whenever it is 
appropria te. Locations are indicated in parentheses, and the third coordinate measures depth 
(rn). The table is divided into three sections corresponding to values ta ken from Figures 3, 4 
and 5. 

q lql rf> Cx Cy c, 'Y 

d(5W, 5N) 3.7 .4 -293 
d (IOE, 5S) 4.1 .3 -1058 
d(5W, 0°) 4.4 .2 758 
d (20W,0°) 4.6 0 147 
d (34W,0°) 1.9 9.7 7 
d (40W, 0°) 4.2 7.4 16 

u (5W,0°, 0) 17.5 .2 54 
u (5W, 0°,-75) 47 8.2 195 .0008 -.2 
t (5W, 0°,-50) 23.8 .7.7 79 
nsw, 0°,-75) 18.3 5.9 52 .0006 -1.2 
nsw, 0°,-450) 13.9 2.4 -52 .0096 3.3 
nsw. z.ss,-450) 21.9 3.8 -26 .0065 4.5 
nsw, z.sN,-450) 19.8 3.9 -33 .0062 3.3 

u (5W, SN, 0) Il 5.7 -lOO 
u (5W, 5N,-75) 14 4.5 -61 .0009 1.6 
nsw. sN.-so) 8.1 8.1 210 
t (5W, 5N,-75) 14.9 7.1 -151 .0012 .9 
nsw, sN,-250) 24.9 4.3 -68 .0065 1.4 

v (IOE, 5S, 0) 2.1 6.6 +29 
v ( IOE, 5S,- 75) 7.9 2.6 -22 .0008 
t (1 OE, 5S,- 50) 13.4 8.4 +85 
t(IOE,SS,-75) 19.4 6.7 -74 .0007 
t ( IOE, SS,-175) 30.4 4.3 -28 .0025 

Phase associated with sea leve! propagates eastward near the equator in the Gulf of 
Guinea, indicating the presence of equatorial Kelvin waves there. However, east of 
14W the eastward phase speed is everywhere considerably greater than c1 (225 
cmfsec), the speed of the fastest possible equatorial Kelvin wave. A phase speed of this 
magnitude is possible only if reflected Rossby waves a Iso contribute significantly to the 
equatorial signal. Phase propagates westward elsewhere in the Gulf, indicating the 
presence of Rossby waves. At 5S the westward phase speed is roughly -30 cmjsec, 
consistent with expected phase speeds for Rossby waves at that latitude. In contrast, 
along the coast at SN the west ward phase speed approaches -300 cmfsec. Such a 
large value is possible only if coastal Kelvin waves contribute strongly to the solution 
there. Again, because its magnitude is greater than c1 other waves must also affect the 

. coastal signal. Phase propagates poleward south of the equator along IOE. Equator-
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Figure 3. Sea leve! (left panels) and the surface velocity field (right panels) fort - 2, 4 and 6 months in the upper, middle and lower panels, 
respectively. The contour interval is 1 cm, shaded regions indicate negative values, and there is no zero contour. Calibration arrows in the 
lower right panel are 100 cmfsec. The sequence shows the onset of upwelling in the Gulf of Guinea. 
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Figure 4. Vertical sections of zonal velocity and of the density field along Section 1 of Figure 1 
fort- 6, 8, and JO months in the upper, middle and lower panels, respectively. The velocity 
contour interval is 2 cmjsec for the coastal current, but is 5 cmjsec for ali other flows. Shaded 
regions indicate westward flow, and there is no zero velocity contour. The density contour 
interval is .0002 gmjcm3

, and the uppermost contour is 1.0002 gmjcm3• The depth range in 
the left panels is 600 m, whereas in the right panels it is 300 m. As ti me progresses the currents 
move upward, and eventually surface. Coastal currents are tightly trapped to the coast. 
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Figure 5. Vertical sections of meridional velocity and the density field along Section 2 of 
Figure 1 for 1 - 6, 8 and 10 months in the upper, middle and lower panels, respectively. The 
velocity contour interval is 1 cmfsec, and the dashed contour is ± .5 cm/sec. Shaded regions 
indicate southward flow, and there is no zero velocity contour. The density contour interval is 
.0002 gmfcml, and the uppcrmost contour is 1.0002 gmfcm3

• The depth range in the left 
panels is 600 rn, whereas in the right panels it is 300 m. As ti me progresses the currents move 
upward, eventually surface, and spread weil offshore. 
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ward of SS the southward phase speed is faster than -1000 cmjsec; poleward of SS the 
phase speed slows to about -200 cmjsec at 9S. This signal is not a coas tai Kelvin wave 
since the turning latitudes at this frequency are poleward of this region for most of the 
modes making up the solution. 

Figure 4 shows the fields of zonal velocity and total density, p + Ph(z), along 
Section 1 of Figure 1 at t = 6, 8, and 10 months. For purposes of display, the contour 
intervals of the equatorial and coastal currents are not the same, and the vertical scale 
in the right panel is expanded by a factor of 2. There are distinctive surface and 
subsurface currents that are strongly trapped to the equator and to the coast. These 
features are also evident in the structure of the density field, as required by geostrophy; 
note that isopycnals spread apart in regions of eastward flow at the equator and in 
regions of westward flow at the coast. It is also apparent that both the current and 
density signais propagate upward in time. The eastward current maximum and 
isotherm-spreading region at 100 meters depth at t = 6 months moves up to 75 meters 
depth at t = 8 months and to 50 meters. depth at t = 10 months. Vertical phase speeds 
are quite similar at the equator and at the coast. Speeds associated with the density 
field gradually decrease from about .008 cm/sec at 600 rn to .001 cmjsec at 75 m. 
Speeds associated with the zonal velocity field decrease from roughly .005 cmjsec at 
600 rn to .001 cm/sec at 75 m. 

At the surface the equatorial current is maximum westward ( -17 cmjsec) at 6.3 
months, and the coastal current at SN is maximum eastward ( + 11 cmjsec) at 5.7 
months. Because phase changes so rapidly in the upper 100 meters of the ocean (see 
Tables 2 and 4 ), it is difficult to establish a precise phase for the subsurface currents. 
At a depth of 75 m the equatorial flow is maximum eastward ( +45 cmjsec) at 8.2 
months and the coastal flow is maximum westward ( -15 cmjsec) at 10.5 months, 
whereas at a depth of 50 rn ( 100 rn) maxima occur roughly one mon th la ter (earlier). 

Since p = 0 in the surface mixed layer the model cannot provide direct information 
about the annual cycle of sea-surface temperature. However, the displacement of 
subsurface isopycnals in Figure 4 suggests when upwelling is most likely to appear at 
the ocean surface. Again, because phase changes rapidly it is difficult to establish a 
precise date for maximum upwelling. At a depth of 50 rn isopycnal displacement <n at 
the equator is maximum upward ( +24 rn) at 7.7 months, and at the coast is maximum 
upward ( +8 rn) at 8.1 months, whereas at 75 rn maxima occur more than a month 
earlier. Although the largest isopycnal displacements at the equator occur near the 
surface, in other regions they occur at depth. There are relative maxima near a depth of 
450 m and at 2.5S and 2.5N (20 m and 22 m amplitude, respectively). The largest 
isopycnal displacement anywhere in Figure 4 occurs at a depth of 250 rn at the coast 
(25 rn amplitude). 

Near the equator phase associated with the density field propagates east ward above 
250 rn and west ward below that level. Above 200 rn the eastward phase speed is about 
40 cmjsec, and below 300 rn it is about -50 cmjsec. Values of "Y vary gradually from 
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-1.2 at 75 m to 3.3 at 450 m. Ali of these properties indicate that the near-surface and 
deeper responses are due predominantly to an equatorial Kelvin bearn and an 2 - 1 
Rossby bearn, respective! y. This interpretation is also consistent with the patterns ofl tl 
described in the previous paragraph; the equatorial Kelvin bearn displaces isopycnals 
most strongly on the equator near the surface, whereas the 2 - 1 Rossby bearn 
displaces isopycnals weakly on the equator and strongly off the equator at greater 
depths. 

At the coast phase associated with the density field propagates westward everywhere 
below the pycnocline (z < -65 m) at a speed of the order of- 70 cmfsec, and values of 
'Y are 1.4 or less. These properties suggest that the response there is due predominantly 
to a coastal Kelvin bearn. A gain, this interpretation is supported by the occurrence of a 
relative maximum of 1 tl at the coast at depth, and by the fact that the· coastal 
disturbance is narrowly trapped to the coast. Curiously, phase propagates eastward 
above the pycnocline, a property that holds ali along the coast at SN. 

Figure 5 shows the fields of meridional velocity and total density along Section 2 of 
Figure 1. As in Figure 4, the vertical scale in the right panel is expanded by a factor of 
2. Although surface and subsurface currents are still trapped to the coast, they extend 
much farther offshore than the coastal currents do in Figure 4. ln a similar way the 
isopycnal variability also extends much farther offshore. This difference between the 
two coastal flows is due to the fact that reflected Rossby waves propagate offshore 
from the southern coast. Again, upward propagation of both the current and density 
fields is apparent; moreover, the upward phase speed has roughly the same magnitude 
and characteristics as in Figure 4 (see Table 2). 

Because the coastal currents spread offshore, they have a smaller amplitude than 
they do at SN. The surface current is maximum northward (+2.1 cmfsec) at 6.6 
months, and the subsurface flow at a depth of 75 rn is maximum southward ( -7.9 
cmjs) at 8.6 months. At the coast at a depth of 50 rn isopycnal displacement is 
maximum upward ( + 13 rn) at 3.3 months. Again, because phase changes so rapidly in 
the upper 100 rn, it is difficult to identify a precise phase for any of the subsurface 
fields. The largest isopycnal displacement at the coast (30 rn amplitude) occurs near a 
depth of 175 m .. 

Below the pycnocline both the alongshore current and density fields propagate 
poleward at the coast. Propagation speeds associated with p are -74 cmfs at 75 rn, 
-34 cmfs at 100 rn, and about -25 cmfs at grea ter depths. These low speeds indicate 
that the response along the southern coast cannot be due to a bearn of coastal Kelvin 
waves. Above the. pycnocline phase propagates equatorward, a property that holds 
everywhere south of 4S. 

Figure 6 shows a vertical section of the coas tai flow field ali along the African coast. 
The figure illustrates the continuity of surface and subsurface currents everywhere in 
the Gulf of Guinea, and indicates that the currents are ali caused by the reflection of 
the equatorial Kelvin bearn from the African coast. Note that during the time of 
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Figure 6. Vertical section of alongshore flow at the African coast from points a-fin Figure 1 for 
t = 6, 8 and 10 months in the upper, middle and lower panels, respectively. The calibration 
arrows in the lower panel are .001 cmfsec and 10 cmfsec in the vertical and horizontal 
directions, respectively. Currents spread poleward from the equator. As time progresses they 
move upward and eventually surface. There is a distinct change in the structure of the flow 
field between Sections a-b and b-d. 
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Table 3. Values of the amplitudes of sea levet (cm) and currents (cmfsec), and of phase speeds 
(cmfsec) associated with p., at three points in the Gulf of Guinea. Locations are indicated in 
parentheses. 

n 2 3 4 5 6 8 10 

ld.I(5W,0°) 9.2 28 9.2 2.0 1.5 1.2 .5 .2 
lu.I(5W,OO) 1.4 12.5 10.8 6.2 7.1 8.3 1.6 .5 
c, (5W, 00) -35,700 2310 246 37 28 30 31 24 

ld.I(5W, 5N) 9.3 29 9.3 2.3 2.2 2.8 .06 .05 
lu.I(5W, 5N) 1.4 11.2 7.8 2.9 2.2 1.9 1.2 .01 
c, (5W, 5N) -397 -158 -93 -78 -44 -34 -26 -22 

ld.I(IOE, 5S) 9.4 30 Il 3.3 2.6 2.4 .2 .02 
1 v.l (IOE, 5S) .2 1.8 1.5 .9 1.3 1.7 2.4 .3 
c, (IOE, 5S) -385 -136 -60 -30 -22 -21 -24 -24 

maximum upwelling favorable winds ·(6 months), the surface currents move water 
equatorward while the subsurface currents flow poleward. Ali the currents propagate 
vertically. This propagation is most noticeable in the subsurface poleward flow which 
surfaces from 6 to 10 months. Upward phase speeds are similar ali along the coast, 
decreasing gradually from .005 cmfs at 600 rn to .001 cmfs at 100 rn with a more rapid 
decrease just below the pycnocline. Horizontal phase propagation is also evident, and 
virtually everywhere in the figure there is poleward propagation. Finally, note that 
there is a marked decrease in the flow from Section bd to Section ab. This reduction 
occurs because Section ab is along a north-south oriented coast, and just as at SS 
(Fig. 5) the current there extends much farther offshore. 

b. Contributions from individual modes. The existence of vertical propagation in 
Figures 4, 5 and 6 clearly demonstrates that the solution is not dominated by a single 
baroclinic mode. Which modes contribute significantly to the mode! response? To help 
to answer this question, Table 3 Iists the values of the amplitudes of various fields at 
three different points in the Gulf of Guinea, and Figure 7 compares the response of 
severa) different modes. The figure shows the horizontal structure of the surface 
pressure field at 6 months for the n = 2, 4 and 6 modes in the upper, middle and lower 
panels, respectively; note that the contour interval is an order of magnitude Jess in the 
middle and lower panels. It is evident in both Table 3 and Figure 7 that the pressure 
field is most strongly influenced by the n = 2 mode, and that nearly ali of its variability 
is accounted for by the first three modes. On the other ha nd, the equatorial and coas tai 
currents are strongly affected by higher order modes, and only very weakly affected by 
the n - 1 mode. 

Wh y do the higher-order modes contribute so strongly to the currents? The reason is 
that the horizontal structure of the pressure field varies considerably with n. As n 
increases the equatorial and coastal Rossby radii of deformation decrease (see Table 
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Figure 7. Sea level at t- 6 months for modes 2, 4 and 6 in the upper, middle and lower panels, 
respectively. The contour interval is .5 cm in the upper panel, and is .05 cm in the lower panels. 
Shaded regions indicate negative values and there is no zero contour. Mode 2 domina tes the 
sea level field, but does not domina te the velocity field. lt is apparent that coastal Kelvin-like 
waves play an important role in the responses of modes 4 and 6. 

1), as does tfte wavelength of annual-frequency Rossby waves, and so currents are 
increasingly confined to the equator and the coast. These changes in structure are 
evident in Figure 7; note that !ines of constant sea leve! are tightly trapped to the coast 
of Africa for the n = 6 mode, are trapped less for the n = 4 mode, and are hardly 
confined at ali for the n = 2 mode. lt follows from geostrophy that the equatorial and 
coastal currents do not decrease as rapidly with n as the pressure field does. This 
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property bas a precise expression iri the analytic solutions of similar remotely forced 
problems; for low-order modes the pressure field is proportional to Fn, but the current 
and density fields are proportional to Fnfcn (McCreary, 1980, 1981, 1984). 

Phase speeds corresponding to individual modes provide additional evidence of the 
types of waves that affect the flow field in the Gulf of Guinea, and Table 3 also lists 
several values associated with the Pn-fields. At (5W, 0°) phase speeds shift from 
westward to eastward and approach en as n increases. Thus, along the equator 
low-order modes are strongly affected by reflected Rossby waves, but higher-order 
modes are not. At (5W, 5N) phase speeds are ali westward, and have values that are 
close to -en. This property indicates that ali the Pn-fields in this region are dominated 
by coastal Kelvin waves. It is for this reason that values of -y associated with p are so 
close to 1 along the coast at 5N. At (IOE, 5S) meridional phase speeds are generally 
not related to Kelvin wave speeds; on the other band, zonal phase speeds are very close 
to values expected for Rossby waves at that latitude. 

Recall that above the pycnocline phase speeds associated with pare east ward at 5N 
along the northern coast and equatorward south of 4S along the southern coast. Note in 
Table 3, however, that phase speeds associated with the individual modes (that sum to 
produce p) are ali westward at 5N and poleward at 4S. So, here is a situation in which 
component waves ali propagating in one direction produce a signal propagating in the 
opposite direction. 

c. The ejfect of boundary conditions. How does the use of free slip conditions affect 
the solution? To answer this question, we repeated the calculation with no-slip 
conditions along the coast of Africa. The two solutions are virtually identical 
everywhere in the basin except along the coast at 5N. Along this boundary the use of 
no-slip conditions decreases the amplitude of the coastal currents by a factor of 2, with 
little effect on its phase. Horizontal mixing is required in the model in order to be able 
to resolve the western boundary currents. The use of slip conditions minimizes 
frictional effects on the eastern boundary flow. 

According to the discussion in the Appendix, the numerical scheme is most efficient 
when N, < Nx, so that ab2 is as small as possible. For this reason the ocean basin was 
made as narrow as possible, and open boundary conditions were imposed ·on the 
northern and southern boundaries. To investigate the effect of these conditions, we 
found the response of severa) baroclinic modes in a somewhat wider ocean basin. For 
example; Figure 8 shows the horizontal structure of the surface pressure field of the 
n = 2 mode at 6 months when the open boundaries are extended to 20N and 20S. A 
comparison with the upper panel of Figure 7 shows the fields to be very nearly the 
same. Similar comparisons for the n > 2 modes are even closer. The comparison is not 
quite as good for the n = 1 mode, but that mode contributes very little to the highly 
baroclinic flows of interest here. So, the open conditions have very little effect on the 
response in the Gulf of Guinea. 
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Figure 8. Sea level at t = 6 months for mode 2 in a basin that extends to ±20". The contour 
interval is .5 cm, shadcd regions indicate negative values, and there is no zero contour. 
Compare this response to that in the upper panel of Figure 7. The similarity between the two 
figures demonstrates that solutions are insensitive to the position of open boundaries. 

S. Comparison with observations 

The mode! suggests how annual remote forcing affects the circulation in the Guinea 
Gulf both in the surface and subsurface layers. Prominent figures of the response are 
the existence of horizontal and vertical phase propagation throughout the region, and 
the continuity of the equatorial and of the north and south coastal currents. The 
purpose of this section is to discuss sorne observations from the eastern Atlantic that 
are relevant to the model. Most of the data have been collected by the ORSTOM 
Centers at Pointe-Noire, Abidjan and Dakar and by the Fishery Research Unit at 
Tema, and the general hydrography in the vicinity of these Centers is qui te weil known. 
In addition, the quasi-permanence of the French research vesse! Capricorne in the 
Guinea Gulf since 1970, as weil as the additional cruises during the EQUALANT, 
GATE and FGGE experiments, have given us sorne idea of the seasonal variability 
elsewhere in the Gulf, especially along the 4W meridian. 

The mean seasonal cycle in the region is characterized by a primary upwelling 
season from July to September and a secondary one during December-January 
(Berrit, 1961, 1962). The relative! y short duration of the primary upwelling season (3 
months), combined with the secondary upwelling season, results in a strong semi-
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annual cycle with an amplitude that is only a bit Jess than that of the annual cycle 
(Merle and Le Floch, 1978). Assuming that equatorial dynamics are linear, a 
harmonie decomposition of the mean seasonal cycle can separa te the an nuai cycle from 
this strong semi-annual cycle. Unfortunately, although there àre many subsurface 
observations from the Guinea Gulf, they are not usually sufficient to provide an 

. accurate estimate of the annual component. The only exception cornes from a deep 
hydrographie station south of Abidjan repeated 217 times (see the discussion below). 
Primarily because of this difficulty our comparison is necessarily qualitative. 

For convenience, the discussion in this section follows as closely as possible that of 
the various figures. The general variation of sea leve! in the entire basin is first 
discussed. Then the coastal and equatorial transects south of Abidjan (4W) and the 
zonal section west of Pointe-Noire (5S) are discussed. Finally, evidence for poleward 
propagation is presented. According to Busalacchi and Pica ut ( 1983) the annual 
component of the zonal wind stress in the western part of the basin reaches a minimum 
at the beginning of March. Therefore, ih the following discussion March 1 is assumed 
to be the time origin for our mode!. In other words, t = 3, 6 and 9 months in the mode! 
correspond to June 1, September 1 and December 1, respectively, and so on. 

a. Variations of sea leve/: Figure 3. In severa! studies of ali the historical hydrographie 
data collected in the tropical Atlantic, Merle (1 978, 1980a, b) finds that most of the 
variations of heat content are directly related to vertical displacements .of the 
thermocline. In addition, the subsurface layers to a depth of 300 rn have a seasonal 
cycle with a phase close to that in the surface layers. Therefore, the sea leve! field of 
Figure 3 can be usefully compared to the annual cycle of surface dynamic height 
relative to the 300 db calculated by Merle and Arnault ( 1983). 

The mode! simulates correctly the seasonal displacement of dynamic height along 
the equator. This displacement is characterized by a tilt about a pivot point that seems 
not to be fixed (Merle, 1980a), and has been directly related to the zonal wind stress 
variations in the western part of the equatorial basin (Katz et al .• 1977). Dynamic 
height is lowest during August-September (t"" 6 months) in the eastern part of the 
equatorial basin and highest in September-October (t"" 8 months) in the western part, 
very close to the phase values noted in the previous section. In the Guinea Gulf the 
observed amplitude of surface dynamic height along the northern coast is 4 cm, along 
the southern coast is 7 cm, and south of the equator is 4.5 cm. The mode! gives 3.7, 4.2 
and 4.5 cm, respective! y, for the sa me regions. The larger amplitude along the southern 
coast is probably related to the annual meridional wind in the eastern basin. In the 
western basin the amplitude of the observed dynamic height field reaches a maximum 
of 8 cm at 4N, also in good agreement with the mode! values. 

b. Equatorial transect: Figure 4. The South Equatorial Current increases as the 
upwelling season approaches, and reaches its maximum around August (t ""' 5 months) 
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in agreement with the mode!. The current also splits into two branches: a northern one 
that remains as an equatorial jet, and a southern one that has been related to the 
intensification of oceanic divergence south of the equator by Voituriez (1981). 
Voituriez suggested that this divergence is induced by southerly winds which increase 
at the beginning of the upwelling season. Separation of this current also occurs in the 
mode! (see the lower panel of Fig. 3 and the middle panel of Fig. 4), but is caused by 
Rossby waves radiating from the southern coast of Africa. 

Hisard (1973) first noticed that the Equatorial Undercurrent weakens during the 
upwelling season in the Guinea Gulf. This weakening also appears in recent data from 
4W (Voituriez, 1981). Its speed reaches a maximum of about 100 cmfsec in 
January-March (t"" 10-12 months) and reaches a minimum somewhat greater than 
50 cmjsec in June-July (t"" 4 months). Corresponding phase values from the mode! at 
a depth of 75 rn are 8.2 months and 2.2 months, but as noted in the last section it is 
difficult to compare the mode! with observations because phase changes so rapidly with 
depth in the pycnocline. Recent measurements do not show any upward movement of 
the Equatorial Undercurrent du ring the upwelling season. Rather, it appears to stay at 
the sa me leve! ali year round (Voituriez, 1981 ), contrary ~o mode! predictions. 

At 4W and on the equator, SST is minimum near the end of August (t"" 6 months). 
The seasonal variation of isopycnal displacement in the pycnocline and below is also 
obvious (Voituriez, 1981 ). For example, the mean isopycnal surface u, - 26.44, which 
is not influenced by vertical mixing with the surface layer, is at a depth of 145 rn in 
April and 95 rn in August (t"" 5 months), in good agreement with the response in 
Figure 4. ln addition, the amplitude of this displacement is maximum at the equator 
and nearly zero at 2N and 2S. This property suggests the existence of an equatorially 
trapped phenomenon, and it has been confirmed in recent analyses of isotherm 
displacements by Gouriou (1982) and by Houghton (1983). Houghton's results 
indicate a radius of deformation of 180 km, in agreement with Figure 4. 

c. Abidjan transect: Figure 4. At the coast the surface flow is dominated by the 
eastward Guinea Current which transports low salinity water from the coasts of 
Guinea and Liberia. This current flows above two distinct westward undercurrents. · 
One appears trapped on the shelf (trapping scale ,.40 km) at a mean depth of 50 rn, 
whereas the other is deeper and farther offshore (Lemasson and Rébert, 1973a, b). 

The seasonal variation of the Guinea Current differs between the coastal and 
offshore region. The coastal current reaches a maximum speed of about 50 cmjsec in 
June-July (t"" 3-4 months), and reverses weakly in October and again sometime in 
January-February (Lemasson and Rébert, 1973b; Bakun, 1978). Farther offshore 
between 3N and 4N the Guinea Current never reverses; its mean velocity approaches 
100 cmfsec in August and weakens to 30 cmjs in December (Janke, 1920). Coastal 
flow at a depth of 75 rn in the mode) hasan amplitude of 14 cmjsec and reaches its 
east ward maximum at 4.5 months, in fair agreement with the observations. There is no 
analog of the offshore variability in the mode!. As mentioned in the Introduction, the 
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Table 4. Observed and predicted values of phase (months) at various depths (rn) just offshore 
from Abidjan (roughly point c in Fig. 1 ). 

Depth 50 75 lOO 125 150 200 250 300 400 500 

1/J (observed) 5.6 6.0 6.4 6.3 6.2 5.5 4.2 3.5 2.9 2.7 

1/J (mode!) 8.0 7.2 6.5 6.1 5. 7 5.0 4.4 3.9 3.1 2.5 

offshore part of the Guinea Current is probably driven by meridional winds in the Gulf 
of Guinea (Philander, 1979; Anderson, 1979). 

Due to the small number of subsurface current measurements off the shelf, there is 
almost no information on the seasonal variation of the undercurrent there. However, 
there is sorne information about the coastal undercurrent, especially near Abidjan 
(Lemasson and Ré bert, 1968, 1 973b, c). Its seasonal variation appears to be smaller 
than thal of the surface current, with a dominant semi-annual component. An 
interesting characteristic is its apparent upward movement from May to October; 
according to Lemasson and Rébert (l973b) the zero velocity contour is displaced by 
roughly 50 rn during this time. A similar feature is evident in Figure 4. 

There is considerable information about the temperature field on the shelf (Mor
lière, 1970; Morlière and Ré bert, 1 972). A precise analysis of its variability bas been 
recently made by Picaut (1983), based on a hydrographie station at a site 24 miles 
south of Abidjan in 1480 rn of water just off the shelf break. This station consists of 217 
Nansen casts regularly made by the Centre de Recherches Océanographiques of 
Abidjan between 1957 and 1964. With this large a mount of data it was possible to 
calculate precisely the mean seasonal cycle by a Fourier decomposition of monthly 
means. Table 4 compares observed values with those predicted by the model. Recall 
that in the model there is no phase information of the density field in the mixed layer, 
so the comparison is only possible below this level. 

The observed and predicted values of phase in Table 4 agree remarkably weil below 
75 m. However, note that the observed annual phase actually decreases upward above 
100 m. This decrease probably indicates the effects of near-surface thermodynamic 
processes that are not present in the model. Assuming thal the deviations from the 
mean observed temperature profile reflect vertical displacements (which is a sensible 
approximation below the thermocline), the amplitude of the observed dis placements is 
17 rn from 50 rn to 500 rn, and th us is very similar to the displacements produced by the 
mode) over the same depth range. This observed isotherm displacement and the 
corresponding regular shi ft of phase from 500 rn to 100 rn are clear evidence of vertical 
phase propagation at a mean speed of 4 x 10- 3 cmfs. As we have seen such 
propagation is a dominant feature of the mode) throughout the Guinea Gulf, and the 
good agreement between the observations and the mode) south of Abidjan suggests 
that vertical propagation may be present throughout the Guinea Gulf. The remote 
forcing mechanism is at present the only explanation of this phenomenon. 

Another interesting similarity between the model and observations along this 
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. transect is the evidence of a seasonal temperature signal trapped at the coast (Gouriou, 
1982; Houghton, 1983). This fact and the evidence for vertical propagation discussed 
in the preceding paragraph strongly support the idea that the coastal upwelling signal 
is predominant! y due to a remotely forced bearn of coastal Kelvin waves. 

d. Pointe-Noire transect: Figure 5. For more than 20 years oceanographie observa
tions have been collected near Pointe-Noire. The most complete and regular set of data 
cornes from a section extending 370 km off Pointe-Noire that was repeated 23 times 
from 1973 to 1976 (Guillerm, 1981). Unfortunately, the data are not sufficient to 
provide an accurate estimate of the mean seasonal cycle of temperature, salinity and 
circulation in the area. 

Guillerm ( 197 5) corn pi led most of the current measurements to provide an estima te 
of the mean circulation along t_his transect during the two important marine seasons: 
the warm season from January to May (t_"" 10 months-2 months) and the cold season 
from June to September (t"" 3-6 months). During the warm season there is a 
well-defined southward current in the surface layer (0-100 rn) with northward flow in 
the 100-250 rn layer and weak southward flow at depth. In contrast during the cool 
season there is evidence of northward flow in the upper 40 m. In the model the flow is 
maximum southward at 9.7 months at a depth of 50 rn and at 0.6 months at the surface, 
in rough agreement with the observations. It should be noted, however, that the 
dynamics of the surface flow in the region are complicated by a large amount of fresh 
water coming from the Congo estuary at 6S (Piton et al., 1977; Wauthy, 1977). The 
resulting low-density surface layer in the top few meters appears to respond directly to 
the local southerly winds (Gallardo, 1981), and thereby distorts the remote signal. 

At the coast there is precise information of the seasonal variation of hydrographie 
parameters. Data have been collected from the wharf station since 1969 at a depth of 
17 rn, and temperature there reaches a minimum during the first week of August. On 
the self break there are only scattered hydrographie data. These data have been 
averaged in a 30-mile square box (Pica ut et al .• 1983) and give an indication of upward 
phase propagation of the primary upwelling event from 250 rn to 50 rn, similar to that 
found at Abidjan. Unfortunately, the large dispersion in space and the relatively small 
number of stations so far compiled (124) does not allow as precise an analysis as that 
for the station offshore from Abidjan. 

In contrast to the Abidjan transect the currents and thermal structure on the 
Pointe-Noire transect are not highly trapped to the coast (Guillerm, 1981); instead, 
they spread a considerable distance offshore. In the model this spreading is due to the 
propagation of Rossby waves from the coast, and there is sorne evidence that this 
process is the cause in the real ocean as weil. In the 370 km-section off Pointe-Noire the 
primary upwelling signal arrives in the subsurface layers one or two months later 
offshore than at the coast (Guillerm, 1981 ). This delay corresponds to an offshore 
propagation speed of 7-14 cmfs, a range of values consistent with that produced in our 
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model. A similar delay is even more evident with the secondary upwelling signal in 
December-January. 

e. Poleward propagation. A detailed analysis of daily SST, collected from 1977 to 
1979 at 15 coas tai stations along the nort hern coast of the Guinea Gulf, reveals that the 
primary upwelling signal propagates westward along this coast; propagation speeds 
associated with the three events are -74, -37, and -78 cmjs. A complementary 
analysis of historical SST data collected by merchant ships also shows westward 
propagation in this region at a speed of -90 cmjs. Mode! phase speeds below the 
pycnocline are about -70 cmjs along this coast, in good agreement with these 
observations. Along the southern coast, again based upon data collection by merchant 
ships, there is a poleward propagation of the upwelling signal between IS and 13S at a 
mean speed of 66 cmjs (Picaut, 1983). Below the pycnocline and south of IS mode) 
phase speeds are typically -80 cmjsec at 75 rn, decreasing to -25 cmjsec at greater 
depths. 

At Dakar ( 15N) SST is most! y driven by local wind and thermodynamic effects. It is 
minimum in February and maximum in July-August, and sois out-of-phase with the 
SST variability in the Guinea Gulf. However, the thermal structure between 50 rn and 
250 rn rises to a minimum depth in September-October (Rossignol, 1972; Pica ut et al., 
1983). The roughly one-month delay between the minimum depth of the 14-18° 
isotherms (just below the thermocline) during the late summer-early fall at Abidjan 
and Dakar suggests a 90 cmjsec poleward propagation speed between these two points, 
of the same order as the corresponding one in the model. This, it may be that the 
subsurface annual signal at Dakar is remotely driven by the wind in the western 
Atlantic. 

6. Summary and discussion 

This paper investigates the wind-driven response of the tropical Atlantic Ocean. A 
mode) is forced by an idealization of the annual component of the zonal wind in the 
Atlantic that is confined entirely to the west of 20W. Solutions are represented as 
expansions of baroclinic modes, and they are not dominated by a single. baroclinic 
mode. Vertical phase propagation in the model occurs only because severa) modes 
contribute significantly. The response of a particular mode is found, not by time
stepping the. equations of motion, but rather by assuming a time dependence of the 
form e-iat, as in many tidal models. Open boundary conditions are specified at lON and 
lOS, but the flow field is hardly affected at ali by their position. Slip conditions are 
imposed along the coast of Africa, and this choice ensures that narrow eastern 
boundary currents are not significantly reduced in strength by horizontal mixing. 

Because there is no forcing in the eastern ocean, the response there is en tiret y due to 
the radiation of equatorially trapped Kelvin waves generated by the wind in the 
western ocean. These waves superpose to form a narrow bearn of energy that slopes 
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downward toward the east. This bearn reflects from the eastern boundary as a set of 
Rossby beams that influence the flow field throughout the Gulf of Guinea. The most 
evident reflected beams are the Q = l and Q = 0 Rossby beams. The Q = 1 bearn is 
equatorially trapped, although it affects the density field most strongly somewhat off 
the equator. The Q = 0 bearn is trapped to the coast at SN and is very similar to a bearn 
of coastal Kelvin waves. Other Rossby bea ms superpose to genera te coastal jets along 
meridional boundaries. 

Sorne prominent features of the solution are the following. As the wind shifts from 
east ward to westward (so that the trades increase) there is a shift of near-surface water 
from the eastern to the western basin. Shortly after the wind reaches its maximum 
westward value, sea leve) reaches its lowest leve) throughout the eastern ocean. Sea 
leve! tilts to balance approximately the wind at the equator, and Ekman pumping 
deepens the pycnocline in regions of wind curl off the equator (Fig. 3). Along the SW 
meridian currents are trapped to the equator and also to the coast at SN, and they 
propagage upward in ti me. At the equator the surface flow is caused predominant! y by 
the equatorial Kelvin bearn, ~hereas the deeper flow is due to the Q = l Rossby bearn; 
at the coast the flow is caused predominantly by the Q = 0 Rossby bearn (Fig. 4). At SS 
the coastal flow field extends much farther offshore than it does at SN. This 
broadening occurs because the flow at SS is a superposition of Rossby waves that 
propagate westward, rather than coastal Kelvin waves (Fig. S). Finally, coastal 
currents are continuous everywhere along the coast of Africa and vertical phase 
propagation is evident everywhere (Fig. 6). 

Many of these features compare favorably with observations. The surface dynamic 
height at the equator does seem to tilt to balance the wind, and large changes in 
dynamic height occur in regions of wind curl off the equator. Low-frequency 
variability in the currents and thermal structure are tightly trapped to the equator and 
to the coast near SN. ln addition, the upwelling signal at the coast propagates both 
vertically and horizontally at phase speeds consistent with those in the mode!. At SS 
the currents and associated thermal structure extend weil offshore, and there is sorne 
evidence of both offshore and poleward propagation of the annual and semi-annual 
components of the upwelling signal. Finally, the deep upwelling signal at Dakar is 
out-of-phase with the locally forced surface upwelling, and may be due to the r~motely 
forced wave discussed in this paper. 

The mode) is obviously too simple to be able to explain ali aspects of the annual 
response of the tropical Atlantic Ocean. For example, strong changes in the Guinea 
Current from 2-4N are not present in the mode!, most likely due to the Jack of 
meridional winds there. In addition, in order to find solutions as expansions of 
baroclinic modes it is necessary to fix p at the ocean surface, and so the mode! cannot 
develop any sea-surface temperature variability. Finally, the mode! ignores horizontal 
advection terms, which, at the very )east, must act to modify phase information in the 
strong surface flows. The real usefulness of the mode! is that it points out in greater 
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detail how remote annual winds can affect the eastern ocean, both in the surface and 
deep ocean. The good agreement between prominent features in the model and in the 
observations supports the notion that remote forcing is an important cause of the 
annual response in the eastern Atlantic. 
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APPENDIX: THE NUMERICAL SOLUTION 

Most of the quantities in (9a) involve the subscript n. In the following discussion it is 
necessary to include additional subscripts on sorne of them. So for notational 
simplicity, the subscript n is deleted throughout this Appendix unless confusion might 
result from its absence. 

Solutions to (9a) are evaluated on a staggered grid in the rectangular region of 
Figure 1 from lOS to lON (or 20S to 20N) and from 60W to lOE. (Fields that are 
evaluated at land points are, of course, ignored.) The region is subdivided into an array 
of boxes of dimension Ax - 110 km by A y - 55 km, so that there are Nx - 70 columns 
and N, - 40 rows of boxes. Three points of the staggered grid are associated with each 
box: ap-point at the center of a box, au-point at the middle ofits western edge, and a 
v-point at the middle of its southern edge. 

Second-order space differences approximate the operators ax, a, and v 2 in (9). For 
example, the v-equation located at point P becomes 

1 . . 

( -ia + A/c2) Vp + 4 [JN(uNE + UNw) + fs (usE+ Usw>1 

1 ,h 
+ 

2
Ay (PN- Ps) - Ax2 (vE- 2vp + Vw) (29) 

where subscripts indicate the directions of nearest-neighbor grid points from point P 
(N is to the north, Sis to the south, NEto the northeast, and so on). The u-equation is 
similar to (29) except that the Coriolis term has the form 

(30) 

This formulation ensures that the set of finite difference equations conserves energy 
(Holland and Lin, 1975). · 
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Boundary conditions, ( 13)-(15), are imposed by appropria tel y modifying the 
equations associated with grid boxes adjacent to boundaries. In the column of boxes 
adjacent to 60W, the u-equation becomes Up = 0, and Vw = -vp in the v-equation. In 
the column of boxes adjacent to 1 OE, ut: = 0 in the u- and p-equations, and Ve = Vp and 
uNe = Use = 0 in the v-equation. These modifications insure that conditions (13) and 
( 14a) hold at 60W and 1 OE, respective) y. Equations adjacent to the interior boundaries 
of South America and Africa are modified similarly. In the row of grid boxes adjacent 
to lOS, the equations are replaced by Up = uN, PP= PN and Vp = ·vNN (the subscript NN 
indicates the second nearest neighbor to the north). In the row of grid boxes adjacent to 
ION, the u- and p-equations are replaced by Up = Us and PP= p5 , and vN = v5 in the 
v-equation. Note that these modifications insure that conditions (15) hold at 9.5S and 
9.5N, not at lOS and ION. 

In finite-difference form, then, equations (9a) subject to boundary conditions 
( 13)-( 15) are a set of simultaneous linear equations. There are three equations in each 
grid box, and so the total number of equations is a = 3NxNy = 8400. The set can be 
summarized in the matrix form 

AQ=B, (31) 

where A is a matrix of dimension a that consists of the coefficients of the finite 
difference equations, the solution Q is a column vector of the desired variables u., v. 
and p. at appropriate grid points, and Bis a column vector of the forcing F. and G. at 
appropriate points. It is useful to order grid boxes, and also the equations associated 
with them, consecutively so that box 1 is in the southwest corner of the rectangular 
region, box N, is in the northwest corner, box N, + 1 is immediately to the east of 
box 1, box 2N, is immediate) y to the east of box N, and so on. In that case, matrix A has 
a bandwidth of the order of b = 3N, - 120, that is much smaller than a. 

In many cases matrix equations like (31) can be solved approxima tel y by iterative 
methods. However, Henderschott ( 1978) points out that, if the system of equations 
supports free waves, iterative methods are not likely to converge. At the annual 
frequency Rossby and Kelvin waves are possible in the model ocean, and they are a 
very important part of its response. For this reason, (31) is solved here exactly using the 
standard technique of Gaussian elimination by "LU decomposition" (Forsythe and 
Moler, 1967). Because A is sufficiently nonsingular, pivoting is not necessary. For a 
general mat rix A, the solution of (31) on a computer using this method requires 
roughly a2 words of storage and a3 /3 multiplications, both excessively large numbers. 
Fortunately, when A is properly ordered it is possible to take advantage of its 
bandedness, and our code for the solution of (18) requires only 2ab words of storage 
and ab2 multiplications. 
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