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Analysis of Geosat sea level data over the period November 1986-November 
1987 has evidenced long,low-frequency equatorial wave propagations over most 
of the equatorial Pacifie basin (Delcroix et a/.,1991). The succession of downwel
ling Kelvin, upwelling Kelvin, and upwelling Rossby waves has raised a series of 
questions. ls the observed upwelling Rossby wave due to a reflection process on 
the eastern boundary, or due to wind forcing neac the equator? Why is there no 
evidence of a reflection of the downwelling Kelvin wave? ls this wave sequence a 
feature of the 1986-1987 El Nifio phenomenon oris it to be found in the mean 
seasonal cycle? 

We used a linear model forced by the FSU wind stress to study these questions. 
The results, during the period November 1986-November 1987, show the succes
sive downwelling/ upwelling Kelvin waves and upwelling Rossby wave as in the 
Geosat observations. Another test was made, using on! y the part of the forcing 
responsible for creating Kelvin waves, in order to evaluate the portion of the 
signais that was due to the reflection process and the part due to local forcing. It 
appears that wind forcing favourable to upwelling in the eastern part of the equa
torial basin is the main mechanism which both generates the upwelling Rossby 
wave and inhibits the reflection of the downwelling Kelvin wave. However, the 
reflection of the upwelling Kelvin wave contributes to the upwelling Rossby 
wave signal, and makes it visible all the way from the eastern to the western sides 
of the equatorial Pacifie. Results of a climatological run show that the successive 
downwelling/upwelling Kelvin and Rossby wave propagations are present in the 
mean seasonal cycle. However, the corresponding mode! signais, as well as the 
wind forcing anomalies, show a larger amplitude in 1986-1987. 

Oceanologica Acta, 1992. 15, 5, 545-554. 

Interprétation, à l'aide d'un modèle, des ondes équatoriales de 
Kelvin et Rossby détectées par Geosat au cours de l'El Nifio 1986-
1987 

L'analyse du niveau de la mer déduit des mesures du satellite Geosat, pendant la 
période novembre 1986-novembre 1987, a montré la présence d'ondes longues 
équatoriales de basse fréquence se propageant dans la majeure partie de l'Océan 
Pacifique équatorial (Delcroix et al., 1991). La succession d'ondes de Kelvin de 
downwelling et d'upwelling et d'une onde de Rossby d'upwelling soulève une 
série de questions. L'onde de Rossby d'upwelling est-elle générée par une 
réflexion sur le bord est de l'océan ou directement par le forçage du vent au voisi-
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nage de l'équateur? Pourquoi n'observe-t-on pas la réflexion de l'onde de Kelvin 
de downwelling? La séquence d'ondes observée est-elle caractéristique de l'évé
nement El Nifio 1986-1987, ou bien peut-elle être détectée dans le cycle saisonnier 
moyen? 

Un modèle linéaire est utilisé pour répondre à ces questions. Les résultats du 
modèle, forcé par les vents FSU mesurés pendant la période novembre 1986-1987, 
montrent la succession des ondes de Kelvin de downwelling et d'upwelling et de 
l'onde de Rossby d'upwelling, semblable aux observations déduites de Geosat. Un 
autre test est effectué en utilisant uniquement la partie du forçage responsable de 
la genèse des ondes de Kelvin, afm d'évaluer la part des signaux due aux proces
sus de réflexion et due au forçage local. Il s'avère que le forçage du vent, favo
rable à l'upwelling dans la partie est du bassin, est le principal mécanisme qui, à la 
fois, génère l'onde de Rossby d'upwelling et inhibe la réflexion de l'onde de 
Kelvin de downwelling. Enfin, ·en forçant le modèle avec des vents climatolo
giques, on montre que la succession d'ondes de Kelvin et de Rossby de downwel
ling/upwelling existe également dans le cycle saisonnier moyen. Cependant, les 
signaux correspondants ont une amplitude plus importante en 1986-1987, de 
même que les anomalies du forçage. 

Oceanologica Acta, 1992. 15, 5, 545-554. 

INTRODUCTION 

The importance of low-frequency equatorial waves in the 
adjustment of the ocean to wind forcing has been widely 
documented since the seminal work of Cane and Sarachick 
(1977; 1981). Equatorial waves have received particular 
attention in theoretical studies based on the idea that the El 
Nifio sea level (or heat content) signal is largely a linear 
dynamic response to wind forcing. Equatorial Kelvin and 
long Rossby waves are the only important wave types rele
vant to El Nifio time and space scales. They play a key role 
in numerical models forcéd by surface wind stress and they 
account for the evolution of El Nifio (e. g., Busalacchi and 
O'Brien, 1981; Busalacchi and Cane, 1985). However, 
their detection is not straightforward. If the forcing has a 
scale large enough compared to the ocean size and/or a 
slow temporal evolution, the ocean response would result 
in a combination of forced and free motions. Wave propa
gations would then be hardly detectable. In contrast, during 
periods when trade winds collapse or when energetic wes
tei-lies appear in the western equatorial Pacifie, wave pro
pagations might be traced across the ocean basin. 

The success of equatorial theory has encouraged the search 
for signature of equatorial Kelvin and Rossby waves in ocea
nic data. For instance, equatorial Kelvin waves have been 
detected in the tropical Pacifie Ocean through their signature 
in current records (Knox and Halpern, 1982) or sea level 
changes (Lukas et al., 1984). Annuallong baroclinic Rossby 
waves have also been discovered in the northern tropical 
Pacifie using pycnocline or isotherm depth variations dedu
ced from BT and XBT (eXpendable Bathy Thermograph) 
measurements (Meyers, 1979; Kessler, 1990). 

Due to the scarcity of oceanic observations regarding the 
basin size, it is difficult to trace equatorial waves ail 
across the Pacifie Ocean. Observations are made at single 
mooring locations, or during oceanographie croises and 
along XBT transects, and they usually are not synoptic. 
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This difficulty has been overcome recently with the ope
ning of the era of instrument-bearing satellites. Satellite 
altimeter measurements do, in fact, provide the only 
means of obtaining long sea level time series over a whole 
oceanic basin. For example, the US Navy Geosat altime
ter data, available over the period 1985-1989 (Douglas 
and Cheney, 1990), have provided the first opportunity for 
comprehensive sea level monitoring. 

Understanding of the 1986-1987 El Nifio, observed and des
cribed by means of classical oceanographie instruments (e. 
g., McPhaden and Hayes, 1990; Delcroix et al., 1992), bas 
greatly benefited from studies drawing on the Geosat 
time/space coverage. For example, Miller et al. (1988) and 
Delcroix et al. (1991) have detected propagation of a down
welling Kelvin wave along the equator. The Kelvin wave is 
forced by westerly wind anomalies in the western Pacifie in 
November 1986.1t results in positive (10-15 cm) sea level 
anomalies relative to the November 1986-November 1987 
time period. Delcroix et al. (1991) (hereafter referred to as 
DPE) have also detected propagation of an upwelling equa
torial Kelvin wave (leading to negative sea level anomalies) 
in February-March 1987. They further describe the west
ward propagation of a frrst meridional mode Rossby wave, 
clearly evident in sea level variations along the 4°N and 4°S 
parallels. They deduce, by four independent estimates, that 
the phase speed and meridional scale of these waves have 
the characteristics of a first baroclinic mode with mean 
phase speed c = 2.68 rn/s. Interestingly, zonal geostrophic 
surface current anomalies, estimated from Geosat sea level 
data, compare realistically with low-frequency current 
variations observed at the equator (Picaut et al., 1990). 
Current anomalies associated with propagations of the 
Kelvin and Rossby waves have been calculated, reaching as 
much as 80 cm/s. Therefore, wave propagations are likely to 
play a role in the 1986-1987 El Nifio evolution, through air
sea interaction changes induced by displacement of sea sur
face temperature patterns. 
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ln their conclusion, DPE suggest a tentative explanation for 
the generation of the waves. In particular, they raise three 
questions they cannot solve with the limited Geosat data 
set. Firstly, due to the correspondance in timing, does the 
equatorial upwelling Rossby wave issue from the reflection 
of the upwelling Kelvin wave? Secondly, wh y is there no 
sea level signature of the reflection of the downwelling 
Kelvin wave on the eastern boundary in January 1987? 
Thirdly, does this wave activity characterize the 1986-1987 
El Nifio oris it part of the "normal" mean seasonal cycle ? 

In this paper, a numerical model is utilized to answer the 
above questions. It is a simple linear model that has been 
extensively used and which has proved to be adequate in 
interpreting sea level variations, and dynamic height at sea
sonal and interannual time scales (e. g., du Penhoat and 
Tréguier, 1985; Busalacchi and Cane, 1985). Its efficient 
numerical scheme makes it possible to identify processes 
thought to be important in interpreting the ocean response 
to wind forcing. 

This paper is organized as follows: the model is described 
in the next section following a brief review of DPE's 
Geosat data analysis. Comparison and analysis of the 
modelled and Geosat-derived sea level anomalies are pre
sented in the third section. The model results are then inter
preted with special attention to wave reflection processes. 
Finally, the 1986-1987 El Nifio wave signal is compared to 
the mean seasonal cycle. 

OBSERVATIONS AND MODEL 

As in DPE, the Geosat data referred to in the present study 
correspond to the fust 22 repeated cycles of the Exact 
Repeat Mission (ERM; 8 November 1986 to 18 November 
1987). These data were originally provided by Dr. 
Koblinsky (NASA/Goddard Space Flight Center), and fur
ther processed in ORSTOM-Nouméa, to retain gridded low
frequency sea level anomalies relative to the ERM period. 
Detailed information about the Geosat data, and their pro
cessing and gridding, can be found in DPE. These authors 
have made comparisons between Geosat sea level anomalies 
and various estimates of surface dynamic height anomalies. 
In agreement with Cheney et al. (1989), they found rms dif
ferences varying from 3 to 3.8 cm. Analysed signais in DPE 
are then strong enough to demonstrate that the major large
scale, low-frequency sea level changes (as well as zonal sur
face geostrophic current) can be explained in light of the 
linear equatorial wave theory. 
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Figure 1 

Ground tracks of the Geosat 17-day repeat orbit over 
the tropical Pacifie Ocean. The heavy line denotes the 
mode[ boundary. 

Traces au sol de l'orbite répétitive de Geosat (17 
jours) sur l'Océan Pacifique tropical. Les frontières du 
modèle sont matérialisées en traits gras. 

The model is a linear wind-forced model and details of the 
solution procedure can be found in Cane and Patton (1984). 
Briefly, the linear shallow water equations are solved on an 
equatorial ~-plane, subject to the low-frequency, long-wave 
approximation. The Kelvin wave contribution to the solution 
is determined by integration along the characteristics. The 
contribution of long Rossby waves is calculated using an 
implicit fmite difference scheme. Variables are located on a 
staggered grid of 2° longitude by O.SO latitude, and a five
day time step is used to fit the Geosat time grid defined in 
DPE. The model basin is bounded at 130°E and 80°W, 20°N 
and 20°S.The coast of Central America is approximated by a 
5° latitude x 15° longitude rectangle on the northeast corner 
of the basin, and the coasts of Papua-New Guinea and 
Australia by a 1 r latitude x 20° longitude rectangle in the 
southwest corner of the basin (Fig. 1). Based on DPE's esti
mates, the model is run with a characteristic internai wave 
speed c = 2.68 m/s, i. e., an equivalent depth of 74 cm. 

The forcing is derived from the Florida State University· 
(FSU) pseudo-stress product (Goldenberg and O'Brien, 
1981). Monthly pseudo-stress components, available on a 
2°X 2° grid, are linearly interpolated to the model time and 
space grids. A drag coefficient of 1.3 x w-3 is used to 
convert pseudo-stress to wind stress values. The model is 
run from 1961 to 1987, which pro vides a sufficient spin up 
time for low latitude transients to die out. Model pycno
cline depth anomalies are then computed relative to the 
November 1986-November 1987 period for consistency 
with Geosat sea level anomalies. 

With one vertical mode, the model is formally similar to a 
reduced-gravity two-layer system with an active layer of 
density p over a deep layer at rest of density p + Ap (Cane, 
1984). Hence, to compare with the Geosat-derived sea 
level, modelled pycnocline depth variations Ah are conver
ted to sea level variations ArJ using the relation: 

ArJ =-Ah p-1 Ap 

with Ap/p = 5 w-3, a mean observed value (Rébert et al., 
1985). 

COMPARISON 

Previous studies with similar linear models (e. g., 
Busalacchi and Cane, 1985) have shown good concordance 
between modelled and observed in situ sea level variations. 
This was confirmed in the present study through various 
types of comparisons. These comparisons are not shown 
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Sea Leve! Anomaly (cm) along 4N latitude 
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Figure2 

Geosat sea-level anomalies, relative to the period November 1986-
November 1987, along: a) 4•N latitude; b) the equator; and c) 4•s latitu
de. Contour intervals are 2 cm, and the 0 and 2-cm contours are dropped 
for clarity ( after De/croix et al., 1991 ). 

Anomalies du niveau de la mer déduites de Geosat, relatives à la période 
novembre 1986-novembre 1987: a) Je long de 4•N; b) le long de J'équa
teur; c) le long de 4°S. L'intervalle entre deux isolignes est de 2 cm, les 
isolignes 0 et 2 cm ayant été éliminées pour plus de clarté (d'après 
Delcroix et al., 1991) 

here since we focus our study on solving the specifie ques
tions raised in the introduction. In other words, the mode! 
is used to interpret features which are present both in the 
modelled and Geosat-derived sea levels. Therefore, as in 
OPE, three zonal sections are presented to clarify wave 
propagations: a section at the equator for evidencing 
Kelvin waves, and sections at 4 °N and 4 °S where sea level 
signature of the first-baroclinic, first-meridional mode 
Rossby wave is maximum. 

Modeled Sea Leval Anomaly (cm) along Y=4N 
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130E 150E 

Longitude 

Figure 3 

Modelled sea-level anomalies, relative to the period November 1986· 
November 1987, along: a) 4°N latitude; b) the equator; and c) 4•s latitu· 
de. Contour intervals are 2 cm, and the 0-cm contour is dropped for ela· 
rity. Note that, unlike Figure 2, the horizontal axis startsfrom 13o•e. 

Anomalies du niveau de la mer déduites de Geosat, relatives à la période 
novembre 1986-novembre 1987: a) le long de 4°N; b) Je long de l'équa
teur; c) le long de 4•s. L'intervalle entre deux isolignes est de 2 cm, les 
isolignes 0 et 2 cm ayant été éliminées pour plus de clarté. Noter que l'axe 
horizontal commence à la longitude 130•E oso•E sur la fig. 2). 

Wind forcing anomalies, relative to November 1986-
November 1987, are presented in Figure 4. Namely, 
zonal wind stress and Ekman pumping represent the 
dominant forcing of the local sea levet response at and 
away from the equator, respectively. In parallel, Figures 
2 and 3 present the Geosat and mode! sea-level anoma
lies along 4°N, the equator and 4°S, At the equator, 
Geosat data and model results both exhibit a well-mar
ked propagation of the downwelling Kelvin wave, bet· 
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Mode/led sea-level anomalies, relative to the per
iod November 1986-November 1987, at the equa
tor and for eight reported longitudes running from 
J40"E to 80"W. The broken tines give an indication 
of the propagating downwelling and upwellin~: 
Kelvin waves, as discussed in the text. Units arc• 
centime tres. 

Anomalies du niveau de la mer (en centimètres) 
calculées par le modèle, relatives à la période 
novembre 1986-novembrc 1987, à l'équateur, pour 
huit longitudes de 140"E à SO"O. Les lignes en 
pointillés donnent une indication de la propagation 
des ondes de Kelvin de downwelling et d'upwel
ling (voir texte). 
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Figure4 

(a) and (c): vertical velocity (rn month-1) generated by Ekman pumping 
anomalies, relative to the periodNovember 1986-November 1987, along 
the 4"N and 4"S latitudes. Positive values are upward pycnocline 
motions, i.e., correspond to negative sea-level variations; (b): zonal 
wind- stress anomaly, relative to the period November 1986-November 
1987, along the equator. Units are 1oJ N!m2. 

Vitesse verticale de la pycnocline (rn mois-I) générée par les anomalies 
du pompage d'Ekman, relatives à la période novembre 1986-novembre 
1987: a) le long de 4"N; etc) le long de 4"S. Les valeurs positives (vers 
le haut) correspondent à des variations négatives du niveau de la mer; b) 
anomalies de la tension zonale du vent (103 N m·2), relatives à la période 
novembre 1986-novembre 1987,le long de l'équateur. 

ween November 1986 and January 1987, with similar 
sea level signatures and maximum amplitudes (14-16 
cm) near 160°-l70°W. The Kelvin wave is generated in 
the western Pacifie by westerly wind anomalies (Fig. 4 
b), and reaches the American coast in January 1987. In 
Geosat data, an upwelling Kelvin wave, depressing the 
sea level, follows in January-March 1987 (Fig. 2). This 
event is not clearly discernible in model results, or, at 
least, it bas a negligible amplitude (0-4 cm) compared to 
the preceding downwelling Kelvin wave. However, time 
series of modelled sea level at different equatorial longi
tudes (Fig. 5) reveal that the upwelling Kelvin wave 
signal is indeed present in model results between 160°W 
and the coast of America. 

Sections at 4°N and 4°S (Fig. 2 a and 2 c; 3 a and 3 c) . 
clearly indicate the occurrence of an upwelling Rossby 
wave propagating westward from March to September 
1987, both in the mode lied and Geosat sea lev el anomalies 
(12-16 cm maximum anomalies). In the modelled sea level 
anomalies, a downwelling Rossby wave propagates from 
the eastern coast in January 1987, up to 130° W (Fig. 3 a 
and 3 c). However, west of 130°W, propagation of the 
downwelling Rossby wave appears only at 4 °N with a 
reduced amplitude. Reflection and propagation of the 
downwelling wave, consecutive to the downwelling Kelvin 
wave, does not appear in the Geosat data. 

The major long wave activities observed by Geosat during 
the 1986-1987 El Nifio are thus fairly weil reproduced by 
the model. However, differences exist, such as the presence 
of 30-40 day oscillations, observed in Geosat sea lev el at 
5°N-12°N (Périgaud, 1990). They cannot be simulated in 
such a linear model. 

Modeled Sea Level Anomaly (cm) at the Equator 
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Figure6 

1986-1987 Kelvin wave forcing anomalies along the equa
tor, in non-dimensionnai units (see text). 

Anomalies du forçage de l'onde de Kelvin, relatives à la 
période novembre 1986-novembre 1987,le long de l'équa
teur, en unités non-dimensionnelles (voir texte). 

MODEL ANALYSIS 

130E 

In this section, model results are analysed in order to unders
tand mechanisms which generate the propagating waves, 
and to answer the questions raised in the introduction. 

Eastern boundary reflections 

Patches of Ekman pumping anomalies presented at 4 oN 
and 4°S (Fig. 4) are favorable to upwelling between March 
and May 1987, within 100°-160°W. Such anomalies lower 
local sea level and may generate upwelling propagation. In 
other words, the Ekman pumping anomalies may be res
ponsible both for obstructing the downwelling Rossby 
wave signal and for generating the upwelling Rossby wave 
observed in Figures 3 a and 3 c. To test such an assomp
tion, we use the property of the model numerical scheme, 
namely, the separation between eastward and westward 
motions (see Appendix). The model is run (from 1961 to 
1987) in such a way asto obtain only Rossby wave solu
tions generated by reflections. 

For Kelvin wave generation, it is only the zonal wind stress 
in the vicinity of the equator that matters and the corres
ponding forcing is simply (see Appendix): 

where 'tjlo(y) = {2:rtt112 Exp(- y2), ,;x (x, y, t) is the zonal 
wind stress and Y N and Ys are the northern and southern 
boundaries of the modelled basin. The forcing in the 
Kelvin wave equation is unchanged in comparison with the 
previous experiment. On the other band, the forcing is set 
to zero in the system of equations used to solve Rossby 
wave motions (Appendix, equations A3). Therefore, 
Rossby wave propagations will only result from Kelvin 
wave reflections on the eastern boundary. 

The Kelvin wave forcing anomalies relative to November 
1986-November 1987, presented in Figure 6, depict essen
tially three events. The frrst occurs in November-December 
1986 when a strong eastward wind stress anomaly takes 
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Kelvin Wave Forcing Nov 86- Nov 87 along Y=O 
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place between the western coast and about 170°W. It is fol
lowed in January 1987 by a strong westward anomaly 
patch between l10°W and 170°W. Then, in February
March 1987, another patch of westerly wind anomalies is 
present over most of the basin. 

Results of the experiment exhibit a succession of three 
downwelling and upwelling Kelvin waves propagating 
along the equator (Fig. 7 b). Firstly, a downwelling Kelvin 
wave, which propagates between November 1986 and 
January 1987, shows up with a reduced amplitude as com
pared to model results with full forcing (Fig. 3 b). In 
January 1987, this wave reflects on the eastern coast into 
Rossby modes, and resu1ts in the propagation of a first 
meridional mode downwelling Rossby wave with sea level 
maxima at 4°N-4°S (Fig. 7 a and 7 c). Secondly, in 
February-March 1987, an upwelling Kelvin wave reflects, 
and it induces a first meridional mode upwelling Rossby 
wave with a small sea level signature (0-4 cm range). 
Thirdly, a downwelling Kelvin wave, generated in March 
1987 in the middle of the basin, leads, after reflection, to a 
well-marked downwelling Rossby wave (6-8 cm range). 

In this experiment, a weak upwelling Rossby wave signal 
appears in the middle ofthe basin at 4°N and 4°S (Fig. 7 a 
and 7 c), in contrast both with results ofthe mode! forced 
with full forcing and with Geosat data analysis. Hence, this 
experiment indicates that the observed propagating upwel
ling Rossby wave (March-September 1987; Fig. 2 and 3) 
mainly owes its existence to Ekman pumping anomalies 
(Fig. 4 a and 4 c). The reflection process appears then to be 
of minor importance although it reinforces the Ekman 
pumping effect. Moreover, the Ekman pumping helps to 
cancel the sea leve! rise due to the downwelling Rossby 
wave issued from a reflection at the eastern coast in 
January 1987 (Fig. 3 b). 

The mean seasonal cycle 

Wave activities have been observed with Geosat through 
their signature in sea leve! anomalies computed from 
November 1986 to November 1987. During this period, an 
El Niiio event is underway in the tropical Pacifie ocean. In 
the introduction, the question is posed: do the detected 
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Same as Figure 3, but when the mode/ isforced only with Kelvin wave 
forcing presented in Figure 6 (see text). 

Comme figure 3, mais lorsque le modèle est forcé uniquement avec le 
forçage de Kelvin présenté sur la figure 6 (voir texte). 

equatorial Kelvin and Rossby waves belong to the 1986-
1987 El Nifio orto the mean seasonal cycle? As mention
ned in OPE, this distinction is essential since these equato
rial waves strongly affect surface currents, consequently 
changing the redistribution of mass and heat over the entire 
tropical basin. 

Seasonal wind stress anomalies (relative to the annual 
mean) have been computed from the 1961-1988 FSU file. 
The corresponding zonal wind stress (Fig. 8 b) exhibits, in 
the western equatorial Pacifie, a period of westerly anoma
lies in November-January. Such anomalies are thus poten-
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Ekman pumping: monthly - annual mean, 4N (mimomh). 
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(a) and (c): vertical velocity (rn month-1) generated by monthly Ekman 
pumping anomalies, relative to the climatological annual mean, along 
the 4•N and 4•s latitudes. Positive values are upward pycnocline 
motions; (b): monthly zonal wind-stress anamaly, relative to the climato
logical annual mean, along the equator. Units are JoJ NI~. 

(a) et (c) :vitesse verticale de la pycnocline (rn mois-1) générée par les 
anomalies mensuelles du pompage d'Ekman, relatives à la moyenne 
annuelle climatologique, le long des parallèles 4°N et 4•s. Les valeurs 
positives (vers le haut) correspondent à des variations négatives du 
niveau de la mer. (b): anomalies mensuelles de la tension zonale du 
vent (103 Nm-2) le long de l'équateur, relatives à la moyenne annuelle 
climatologique. · 

tially able to generate downwelling Kelvin waves which 
propagate along the equator. Around 4 oN and 4 °S, Ekman 
pumping anomalies are favourable to upwelling between 
roughly 100°-l60°W and February-April (Fig. 8 a and 8 
c). Such a forcing is susceptible to generate upwelling 
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Rossby waves. To assess wether these wind features may 
generate wave activities comparable to those observed in 
1986-1987, the model is then forced with the mean seaso
nal wind stress. 

Along the equator (Fig. 9 b ), as expected from the wind 
forcing, an annual downwelling Kelvin wave propagates 
between November and January, and results in a 2-6 cm sea 
level rise. There is sorne evidence of an upwelling Kelvin 
wave in March-April, starting from the central Pacifie. The 
1986-1987 succession of downwelling and upwelling 
Kelvin waves thus appears to be part of the mean seasonal 
cycle. However, the amplitude of the annual downwelling 
Kelvin wave is enhanced in austral summer 1986-1987 
(Fig 3 b). At that time, westerly wind anomalies extend fur
ther east and are stronger than the corresponding mean sea
sonal anomalies (Fig. 5 band 8 b). 

The reflection of the annual downwelling Kelvin wave at 
the eastern coast, as a westward propagating Rossby wave, 
is slightly visible during December- January at 4°N and 4°S 
(Fig. 9 a and c). This downwelling Rossby wave does not 
propagate very far off the coast. lt is followed, in March
October, by a westward propagating upwelling Rossby 
wave (10 cm maximum) between l20°W-150°E. This wave 
corresponds to the annual upwelling Rossby wave detected, 
with BT and XBT measurements, only in the northem 
hemisphere as a result of poor data coverage in the sou them 
hemisphere (Meyers, 1979; Kessler, 1990). As mentioned 
above, the upwelling-favourable Ekman pumping generates 
the annual propagating Rossby wave, and also inhibits the 
propagation of the downwelling reflected Rossby wave. 
The 1986-1987 Rossby wave propagations, described in the 
previous section, are th us part of the mean seasonal cycle. 
However, the amplitude of the downwelling Rossby wave, 
issued from the reflection, is enhanced in 1986-1987, and 
the wave propagates farther west than during the mean year 
(Fig. 3 a and 3 b, as compared to Fig. 9 a and 9 b). The 
1986-1987 upwelling Rossby wave is characterized by a 
maximum sea level amplitude slightly greater than during 
the mean seasonal cycle (2 to 4 cm differences). In March
May 1987, the Ekman pumping anomalies at 4°N and 4°S 
are twice as strong as normal (Fig. 5 and 7), and one would 
expect an upwelling Rossby wave response in the same 
ratio. However, the Ekman pumping in 1987 also acts to 
cancel the downwelling Rossby sea level rise issued from 
the reflection of the stronger-than~normal November
December 1986 Kelvin wave. 

CONCLUSION 

In the present study, interpretation of propagating equato
rial waves, as detected with Geosat sea level data, is based 
on results of a numerical model forced by the FSU wind 
stress. Both model and wind stress have their own limita
tions. The model is a simple linear model which does not 
take into account thermodynamic effects, and it simplifies 
the ocean to a two-layer system. Wind measurements from 
ship reports are obviously limited in time and space, and 
the derived wind stress field is subject to errors inherent in 
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Figure 9 

Monthly mode/led sea-level anomalies, relative to the climatologlcal 
annual mean, along: a) 4°N latitude; b) the equator; and c) 4•s latitude. 
Contour intervals are 2 cm, and the 0-cm contour ls droppedfor clariry. 

Anomalies mensuelles du niveau de la mer (en centimètres) calculées par 
le modèle, relatives à la moyenne annuelle climatologique : a) le long de 
4•N; b) le long de l'équateur; etc) le long de 4•s. L'intervalle entre deux 
iso lignes est de 2 cm, les iso !ignes 0 et 2 cm ayant été éliminées pour plus 
de clarté. 

the analysis procedures (see Busalacchi et al., 1990, for 
sensitivity experiments with a similar model forced by dif
ferent wind fields). In addition, it should be borne in mind 
that Geosat measurements are also subject to environmen
tal and instrumental errors (e. g., Cheney et al., 1989). 

Despite ali these limitations, the major wave activities evi
denced by Geosat, during the 1986-1987 El Nii'io, present 
interesting similarities with our model results. Namely, 



from December 1986 to January 1987, a well-marked 
downwelling Kelvin wave propagates across the equatorial 
basin.lt is followed in February-March 1987 by an upwel
ling Kelvin wave with a more pronounced sea level ampli
tude in Geosat data than in model results. Also, during 
March-September 1987, a frrst meridional mode upwelling 
Rossby wave propagates a1l across the basin. 

The relative importance of local forcing and reflection pro
cesses in generating the upwelling Rossby wave is investi
gated using specifie modelling experiments. It appears that 
upwelling-favourable wind forcing in the eastern part of 
the equatorial basin is the main mechanism generating the 
upwelling Rossby wave. The reflection of the upwelling 
Kelvin wave is of secondary importance in this generation. 
However, it contributes to the upwelling Rossby wave 
signal, and makes it visible a1l the way from the eastern to 
the western sides of the equatorial Pacifie. 

Ali the 1986-1987 propagating features are present in the 
mean seasonal cycle, with the exception that an upwelling 
Kelvin does not immediately follow the downwelling 
Kelvin wave in January. We conclude that the 1986-1987 El 
Nifto wave activity is phase-locked to the mean seasonal 
cycle. However, the downwelling Kelvin wave and, to a les
ser extent, the upwelling Rossby wave have a greater ampli
tude during the 1986-1987 El Nifto than during the mean 
year. This stems from the fact that, in November 1986, the 
westerly wind stress anomaly observed in the western equa
torial Pacifie is stronger and extends further west than nor
mal, and that, in March-April 1987, the Ekman pumping 
around ll0°-l50°W is twice the normal extent. 

The enhancement of the downwelling Kelvin and upwel
ling Rossby waves has noticeable effects on the tropical 
Pacifie circulation during the 1986-1987 El Nifto, since 
both waves are characterized by eastward surface flow 
anomalies (OPE). ln particular, as suggested in McPhaden 
and Picaut (1990) and demonstrated in Delcroix et al. 
(1992), both waves do contribute to the eastward displace
ment and draining of the western Pacifie warm pool, 1 

thought to be of principal importance in El Nifto-Southern 
Oscillation phenomena. 

Despite the short period of the analysed Geosat data ( thirteen 
months ), satellite altimeter measurements, combined with a 
numerical model, proved to be very valuable in the present 
study, which addresses and solves questions directly related 
to the intrinsic mechanisms responsible for low-freqm;ncy 
ocean variations. The future Topex/Poseidon mission, with 
unprecedented high-quality sea level coverage over severa! 
years, will undoubtedly refme and extend our analysis. 
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APPENDIX 

The model is described in detail in Cane and Patton (1984). 
It solves the scaled shallow-water equations using the long
wave low frequency approximation: 

élh_ yu +---'tY 
éJy 

(Al) 

where all notations are standard, with 'tx and "tY being the 
zonal and meridional components of the wind stress. 

High-frequency inertia-gravity waves and short wave
length Rossby waves are fùtered out. The wave solutions 
to these equations form a complete and orthogonal set 
(Cane and Sarachick, 1977; 1981). An inner product is 
defmed as: · 

The Kelvin mode is orthogonal to ali other modes. 
Therefore, the total solution can be written as: .. 

(u, v, h) = ak (x, t) ('l!'o (y), 0, '\jlo (y) 
+ [u' {x, y, t), v' {x, y, t), h' {x, y, t)] 

where ak (x, t) is the àmplitude of Kelvin waves and the 
prime quantities denote the long Rossby and anti-Kelvin 
modes propagating westward. Projecting equations (Al) on 
to the Kelvin solution leads to: 

éJak éJak _ h. ( ) at + ax - "K x, t 

"th .b [('tx, 'tY, 0) • ('\jlo, 0, '\jlo)] 
Wl k= 

[('\jlo, 0, '\jlo) • ('\jlo, 0, '\jlo)] 

YN 

= z-1!2 f 'tx (x, y, t) 'ljlo (y) dy 
Ys 

(A2) 

The rest of the solution is governed by the set of equations 
obtained in substracting the Kelvin wave equation from 
equations (Al): 

élu' éJh' 
at- yv' + éJx = 'tx - ~ 'ljlo 

ah' 
yu'+- ="tY 

éJy 

éJh' élu' éJv' 
-+-+-=-~'\jlo éJt éJx · éJy 

(A3) 
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