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Planetary equatorial waves are important mechanisms for the adjustment of the
tropical oceans. The identification and role of planetary equatorial waves in the
tropical Atlantic is investigated by taking advantage of unprecedented accuracy,
coverage and resolution of the TOPEX/POSEIDON altimeter data, from 1992 to
1999. This is accomplished by projecting the sea level height anomalies, obtained
from the altimetry for the tropical Atlantic basin onto the linear equatorial merid-
ional waves, first baroclinic mode. Results presented here show the existence of
equatorial Kelvin and Rossby modes, as well as their significant reflection off the
African coast.

1. INTRODUCTION

The mean ocean dynamics in the tropical Atlantic is characterized by a merid-
ional heat transport from south to north [Hastenrath, 1982], which is a part of the
Global Conveyor Belt [Gordon, 1986]. Estimates of this interhemispheric trans-
port are particularly difficult at equatorial latitudes due to a complex system of
zonal currents and counter-currents that present temporal scales of variability
that range from daily to interannual. The surface parameters, such as sea height
and sea surface temperature, are linked to the upper ocean ocean dynamics and
its variability, and to steric-related effects in the upper hundreds of meters. The
separation of these signals into each of its different components is key to the un-
derstanding of the surface circulation. In this work we investigate in some detail
the surface height and temperature signals associated with the equatorial wave
dynamics and to clarify the nature of this variability at interannual time scales in
the tropical Atlantic.

One of the most important characteristic of the tropical oceans is its ability to
support fast zonally propagating movements. The most typical example of these
movements are the equatorially trapped waves that were first theoretically de-
scribed by Matsuno [1966]. These waves, which are efficient carriers of informa-
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tion along the equator, can lead to remote effects. For example, a wind event (west-
erly or easterly) can excite Rossby waves that propagate westwards, reflecting off
the western boundary as Yanai and Kelvin waves or can also excite Kelvin waves
which propagate eastward, reflecting off the eastern boundary as Rossby waves
and coastal Kelvin waves [Moore and Philander, 1976]. The linear response of the
upper ocean can be interpreted as a complex superposition of these waves. A criti-
cal point is to establish methodologies to identify these processes of wave dynamics
through data obtained from suitable measurements.

The relation between planetary equatorial waves and the El Niño Southern
Oscillation (ENSO) phenomenon in the Pacific ocean was early suggested from
sea height data obtained on islands [Wyrtki, 1975]. The delayed oscillator theory
[Schopf and Suarez, 1988; Battisti, 1988] proposes a central role for long equatorial
waves and its reflection on the western Pacific for a El Niño cycle. Observations of
such mechanisms are difficult using in situ methods. First attempts to fit merid-
ional equatorial wave modes to altimetry measurements took place in the Pacific
ocean to investigate the ENSO phenomenon [Delcroix et al., 1991, 1994]. More
recently, and within the same context, TOPEX/POSEIDON (T/P) data were exam-
ined to test the delayed oscillator theory [Boulanger and Menkes, 1995; Boulanger
and Fu, 1996; Boulanger and Menkes, 1999]. One interesting aspect of these stud-
ies is that they did not reveal important equatorial wave reflection in the western
Pacific. However, they strongly suggested their reflection in the east, off the South
American coast, leading to a modification of the delayed oscillator theory [Picaut
et al., 1997]. Furthermore, using T/P data, Delcroix et al. [2000] found that western
reflection of equatorial waves contribute marginally to the onset of El Niño and La
Niña events from 1993 to 1998.

Unlike the tropical Pacific, where interannual variability is dominated by the
ENSO phenomenon, multiple competing influences of comparable importance af-
fect the tropical Atlantic. Anomalies in the tropical Atlantic sea surface tempera-
ture (SST) are primarily driven by changes in surface fluxes, which can be forced
either locally or remotely – an example of local forcing arises from changes in
the position and intensity of the (wind driven) Inter-Tropical Convergence Zone
(ITCZ), while remote forcing could come from variability over the extra-tropical
Atlantic or from ENSO [e.g., Servain et al., 1998]. The seasonal cycle in the trop-
ical Atlantic is the surface signal with the largest atmosphere-ocean amplitude
[Merle, 1980a; Merle et al., 1980]. However, interannual and longer-term varia-
tions are not negligible and, at least in part, can be interpreted as modulations to
the average annual cycle [Servain et al., 1998]. In the tropical Atlantic, two modes
of coupled atmosphere-ocean variability superimposed on the mean seasonal cy-
cle can be identified [Servain and Merle, 1993]. The first mode is characterized
by a north-south interhemispheric gradient in SST with associated changes in
trade winds that exerts considerable influence on the regional climate [Moura and
Shukla, 1981; Servain, 1991]. This mode has no Pacific counterpart and it features
anomalies on either side of the ITCZ, and has time scale ranging from interannual
to decadal [Servain, 1991]. The well known droughts in Northeast Brazil and in
sub-Sahara Africa are often found to be associated not only with the anomalously



warm or cold SST anomalies in the tropical north-south Atlantic, but also with the
north-south migrations of the ITCZ [Moura and Shukla, 1981]. The second mode
is an equatorial mode of variability similar to ENSO [Hisard, 1980; Merle, 1980b;
Shannon et al., 1986; Zebiak, 1993; Carton and Huang, 1994]. This equatorial
mode has time scales that range from 2 to 4 years and it is similar to, albeit much
weaker than, the Pacific ENSO as it relates changes in the tropical ocean thermal
structure to trade wind anomalies in the western Atlantic [Servain, 1991; Zebiak,
1993]. Specifically, when trade winds intensify (weaken), the equatorial thermo-
cline slope increases (decrease), and negative (positive) SST anomalies develop in
the eastern equatorial ocean, particularly in the Gulf of Guinea. These equatorial
SST anomalies have been shown to have an effect on rainfall in the Gulf of Guinea
region [Wagner and da Silva, 1994].

Although the atmosphere-ocean coupling is evident for these two modes [Moura
and Shukla, 1981; Wagner and da Silva, 1994], the mechanisms responsible for
them are not clear. The planetary free waves are expected as part of the ocean
dynamics response of the Atlantic remote forcing. Although equatorial waves and
their seasonal time scales have been investigated using GEOSAT altimetry obser-
vations [Arnault et al., 1992; Arnault and Cheney, 1994; Gourdeau et al., 1997],
their interannual times scales still need to be established. Kelvin waves were ob-
served in studies using dynamical heights derived from inverted echo sounders
[Katz, 1987] and T/P-derived sea heights [Katz, 1997] for intra-seasonal scales in
the Atlantic Ocean. These waves are present and important in numerical mod-
els of the tropical Atlantic only when linear dynamics are considered [Busalacchi
and Picaut, 1983; McCreary et al., 1984; duPenhoat and Gouriou, 1987]. However,
its role in General Circulation Models (GCMs) [Philander and Pakanowski, 1986;
Schott and Boning, 1991] is not as evident.

The objective of this work is to use the sea height data and, taking advantage
of its unprecedented accuracy, coverage and resolution of the TOPEX/POSEIDON
(T/P) measurements, to investigate the presence of the planetary equatorial waves
in the tropical Atlantic and its relationship to the Equatorial mode from 1992 to
1999. The sea height and sea surface temperature data, their processing and pre-
liminary results on equatorial propagating signals at the equatorial Atlantic are
presented in section 2. The equatorially trapped modes are reviewed in section 3
in order to explain the framework of modes and the modal decomposition of the sea
level and sea surface temperature anomalies. Results of data projection onto equa-
torial waves in the tropical Atlantic, its variability and correlation characteristics
among the modes are presented in section 4 and discussed in section 5. Results are
summarized and concluded in section 6.

2. SEA HEIGHT AND SEA SURFACE TEMPERATURE DATA

The T/P-derived sea height data was obtained from the Merged Geophysical Data
Records version C (MGDR-C) distributed by the Centre National d’Etudes Spa-
tiales (CNES) Arquivage, Validation et Interprétation des données des Satellites
Océanographique (AVISO) system [AVISO, 1996]. This data is analyzed for the
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Figure 1. The region of study. The T/P groundtracks are superimposed. Tracks occurring
in the first third period (3.3 days) of the cycle are shown with a thicker line.

period going from October 1992 to May 1999, corresponding to cycles 001 through
244. The region of study is located in the tropical Atlantic ocean and bounded by
15ÆN - 15ÆS and 60ÆW - 20ÆE (Figure 1).

Corrections due to electromagnetic signal propagation and surface interaction
were applied. Modeled manifestation in the sea level of Solid Earth Tide [Cartwright
and Tayler, 1971], Pole Tide [Wahr, 1985], Dry tropospheric and Inverted Barome-
ter [ECMWF model, AVISO, 1996] were removed. Elastic Ocean Tide was also re-
moved using a filtering procedure that can be used over shallow shelf areas [França
et al., 2001].

The alongtrack T/P measurements were re-sampled every 1/3Æ in latitude by fit-
ting a second-degree polynomial locally to the data within a 1/6Æ radius to cre-
ate equally spaced data and to smooth out small wavelength noise. Sea height
anomalies (SHA) were computed by subtracting the 4 year (1993-1996) mean to
remove the Geoid uncertainties. The SHA were mapped onto a regular 1Æ � �Æ

(latitude�longitude) grid at 10.14 days time intervals, and its uncertainty esti-
mated using an Optimal Linear Interpolation (OLI) method [Liebelt, 1967]. Decor-
relation scales of 150 km for every position (��) within the region and 15 days for ev-
ery time (��) within the period were estimated by analyzing the correlation function
obtained by inverting mean spectra estimation, using the Wold theorem [Priestley,
1981], for the region of study and during the period 1992 to 1999. Only obser-
vations encompassed by a window centered at the point ����� ��� with 4Æ diameter
and 30 days time interval were considered for interpolation. Within 100 km of
the coasts, the uncertainty of SHA estimated by the OLI is usually less than 5



cm although it can reach up to 10 cm particularly at some areas, such as in the
Amazon river mouth. This uncertainty is of order of 2 cm far from continental
boundaries, slightly smaller along T/P tracks, but increasing towards the center
of the diamond shaped areas formed by adjacent crossing altimeter groundtracks.
This uncertainty, with variance of the order of 4 cm�, remains almost unchanged
when larger decorrelation scales, ranging from 500 to 1000 km and eventually
anisotropic, are used in the OLI, when the small scale diamond shaped variability
disappears causing the sea height maps to be smoothed.

The tropical Atlantic ocean has variability dominated by the forced seasonal cy-
cle [Merle, 1980a; Merle et al., 1980], which is not the main interest of this work.
Equatorial waves are best identified using the sea height residues, which are the
sea height anomalies with the annual-cycle removed (SHAA). The SHA data was
deseasoned by removing the mean seasonal cycle estimated from 4 years of alti-
metric observations, during the period 1993 to 1996. These SHAA fields are partly
related to the ocean thermal energy anomalies [Gill and Niiler, 1973; Chambers
et al., 1997]. Weekly sea surface temperature anomalies (SSTA) were obtained by
referring the SST values to the seasonal climatology from the IGOSS-NMC (Inte-
grated Global Ocean Services System Products Bulletin-National Meteorological
Center) data set [Reynolds and Smith, 1994] for the period October 1992 to May
1999, corresponding to T/P cycles 001 through 244.

Space-time (longitude vs. time) diagrams of SHAA and SSTA at the equator
are shown in Figure 2, showing the expected consistency in the equatorial At-
lantic. The correspondence between SHAA and SSTA is more evident in the cen-
tral, around 20ÆW, and western, around 40ÆW, basins in the equatorial Atlantic,
than in the eastern basin, around 0Æ (Greenwich Meridian). For example, during
1997, cold SST anomalies associated with negative SHAA in the central basin be-
come warmer east of 20ÆW associated with the increase of negative SHAA. The
same pattern but with opposite phase (warm SSTA and positive SHAA) occurs in
1998 during an Atlantic Warm Event [e.g., Servain et al., 1999]. Eastward propa-
gation of anomalies is observed in the SHAA data (Figure 2, left panel) but not in
the SSTA (Figure 2, right panel).

The zonal propagation velocity at the equator can be estimated directly from
the space-time diagrams or in a slightly more rigorous manner by inspecting the
lagged correlation as a function of longitudinal separation. At 20ÆW, these correla-
tions are presented at the equator in the SHAA (Figure 3, left) and SSTA (Figure 3,
right) fields. The confidence level of 95% is approximately reached for correlations
above 0.3 and the 99% above 0.4 (gray shades in Figure 3), as obtained from 50 in-
dependent estimates of the variable. Significant correlation for positive (negative)
lags east (west) of a given longitude shows that the variable appears first (later)
east and later (first) in the western (eastern) section of the basin, evidence of a
westward (eastward) propagation.

The zonal velocity of 1.7 m/s eastward and -0.57 m/s westward can be obtained
from the lag vs. longitude correlations (slanted lines in Figure 3). The most signifi-
cant correlations are aligned with the 1.7 m/s eastward propagation line with some
indication of westward propagation along the -0.57 m/s line. The zonal propaga-



50°W 40° 30° 20° 10° 0°E 10°E

SSTA(°C)SHAA(cm)
-8 -4 0 84 -3 -2 -1 3210

50°W 40° 30° 20° 10° 0°E 10°E

1999

1998

1997

1996

1995

1994

1993

1999

1998

1997

1996

1995

1994

1993

Figure 2. Time � Longitude diagram for (left) T/P SHAA and (right) SSTA at the equator
in the Atlantic ocean for the period October 1992 to May 1999.
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tion is not evident in the SSTA field. Moreover, examination of several other lag
vs. longitude correlation plots at different longitudes (not shown) reveal the same
lack of propagation of SSTA, while the dominant signal in the SHAA field is esti-
mated to be 1.7 � 0.2 m/s. These results indicate a partial lack of correspondence
between these two parameters, which can be explained because the sea height is
an integral of the thermal and dynamical effects of the ocean upper layers and may
not always be correlated with the sea surface temperature anomalies, particularly
at equatorial latitudes [Knudsen and Andersen, 1997; Mayer et al., 2001, Mayer et
al., this volume].

3. EQUATORIALLY TRAPPED MODES

The sampling of the ocean by altimetry, and specifically by T/P in our study,
limits the observation of equatorial waves. Due to the satellite 10-days repeat
cycle, the fast inertia-gravity waves with periods shorter than 20 days cannot be
observed. Although the alongtrack resolution of SHA used here is of about only 7
km, the separation of adjacent groundtracks is of 315 km in equatorial latitudes
(the effective separation is somewhat smaller due to the diamond areas formed by
T/P groundtracks) not allowing observation of waves smaller than 200 km, zonally
at the equator. The meridional dependence of the waves at the equator is sampled
at the alongtrack resolution. For small wavenumber motions, with wavelengths
larger than 1000 km, the time resolution of the T/P data is of order of 3 days, if a
sub-cycle period of the satellite is considered (Figure 1).

In order to characterize equatorial trapped waves their zonal dispersion rela-
tionship is shown in Figure 4 (left panel) for the first baroclinic mode, c=1.7 m/s,
[Matsuno, 1966] for periods longer than 1 day and zonal wavelength larger than
200 km. The upper branches, which are symmetric to their wavenumber, show
eastward (positive wavenumber) and westward (negative wavenumber) phase ve-
locities, are the inertia-gravity modes. The lower branches, negative wavenumber
(westward phase velocity) are the equatorially trapped Rossby modes; the positive
wavenumber linear branch is the non-dispersive equatorial Kelvin wave; and the
branch with negative wavenumber and lower frequencies and positive wavenum-
ber for higher frequencies is the mixed Rossby-gravity or Yanai wave [Matsuno,
1966]. The horizontal line in this same figure shows the Nyquist frequency (20
days period) for the T/P sampling. Figure 4 (right panel) shows the same disper-
sion relation but for the wavenumber-frequency domain that can be observed by
this altimeter where only planetary Rossby and Kelvin equatorial modes are in the
domain observed by T/P altimetry.

The meridional dependence of the planetary equatorially trapped waves is given
by Hermite functions, which are orthogonal over an infinite domain. However, they
can also be considered approximately orthogonal over a sufficient large finite inter-
val. Figure 5 shows the meridional dependence of the amplitude of the Kelvin and
first five Rossby equatorial waves, first baroclinic mode (c=1.7 m/s), between 15ÆN
and 15ÆS. It can be seen that the amplitudes of all of these meridional modes are
nearly zero for latitudes higher than ��ÆN and lower than 10ÆS. The sea height
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anomaly, � can be written as a sum of meridional modes, given by Hermite func-
tions, ��, multiplied by weights or wave coefficients, ��, which are functions of time
and longitude:

���� 	� �� �
��

���

����� �����	�
 (1)

A finite N-dimensional subspace can be considered as an approximation of (1) by
choosing the dominant modes:

���� 	� �� �
��

���

����� �����	�
 (2)

Assuming that the sea surface temperature has the same meridional dependence
as the sea height, the Kelvin wave and the first 14 Rossby meridional modes are
used as a vectorial basis onto which the mapped T/P altimeter and SST data are
projected in the least square sense. Effectively, it is a finite Fourier-Hermite trans-
form by which the coefficients, or wave amplitudes ��, are estimated for each time
and longitude. Only longitudes where an equatorial belt of 4Æ latitude have obser-
vational data over the ocean are considered, which in the region of study is an area
bounded by longitudes between 44ÆW and 10ÆE.
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Figure 5. Normalized amplitude of the lowest 5 meridional modes of the planetary equa-
torially trapped waves, for the first baroclinic mode (c=1.7m/s).

4. RESULTS

The projection of mapped data over the space spanned by the first 15 baroclinic
meridional equatorial wave modes (N=15 in (2)) results in the wave coefficients,
�, related to wave amplitudes in units of length or temperature, as functions of
longitude and time. Most of the SHAA and SSTA variance of these coefficients
(Figure 6, left and right panels respectively) is contained in the first 3 meridional
modes, mainly the first two: Kelvin and Rossby-1 waves. The variance increases
and more meridional modes show enhanced relative contribution near the South
American and African coasts. The percentage of the SHAA variance captured by
each zonally averaged mode is shown for the total north-south extent considered
(15ÆN-15ÆS) and for an equatorial band (5ÆN-5ÆN) in Figure 6, for SHAA and SSTA,
to address the relative importance of these waves at closer equatorial latitudes.
The first meridional Rossby wave mode appears to be the most important, captur-
ing between 20% of the total SHAA variance explained (Figure 6, left), and 30% of
the total SSTA variance explained (Figure 6, right). The variance explained varies
between 40% and 60% when only the equatorial band is considered.

Considering 10% of the sea height variance explained as the threshold for wave
detection, only the Kelvin and the first Rossby modes are present when the entire
region (15ÆN - 15ÆS) is considered, both in SHAA and SSTA data. When only the
equatorial band (5ÆN - 5ÆS) is considered, Rossby-1 and Kelvin modes explains 80%
and 85% of the total variance of the SHAA and SSTA data. However, the variance
contained in the 15 modes is slightly higher than the variance contained in the orig-
inal data, as the integral of these spectral estimates is larger than 100%, when the
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analysis is limited to the equatorial belt, and probably due to the non-orthogonality
of the modes over the finite meridional domain. This non-orthogonality can also be
responsible for the small side lobes observed at modes 5, 9 and 13 but non-optimal
choice of the modal structure could also show this effect.

Space-time diagrams of the SHAA and SSTA wave coefficients, �, of the Kelvin,
Rossby-1 and Rossby-2 are shown in Figure 7a and 7b, respectively. The numerical
values of these coefficients are approximately twice the wave amplitude in cen-
timeters or degrees. Uncertainty in the coefficients of SHAA are of order of 0.5
cm (1 wave coefficient units in Figure 7a), assuming white noise variance of 4 cm�

equally distributed among the 15 modes considered. The uncertainty in the wave
coefficient of SSTA (Figure 7b) is 0.4 ÆC (or 0.2 wave coefficient units), assuming
standard error of 0.4 ÆC in the tropical Atlantic [Reynolds and Smith, 1994].

Positive (negative) coefficients of SHAA represent values of sea height above (be-
low) the mean sea height, which are characteristic of the downwelling (upwelling)
produced by meridionally symmetric waves – Kelvin and Rossby-1. On the other
hand, for Rossby-2 (which is antisymmetric with respect to the equator), a positive
coefficient corresponds to downwelling to the north and upwelling to the south of



(a)

 40°W  20°W 0°E
Longitude

R
M

S
 h

 (
cm

) 

2

1.6

1.2

0.8

0.4

0
 40°W  20°W 0°E

Longitude
 40°W  20°W 0°E

Longitude

-40°W -20°W 0°E
Longitude

-40°W -20°W 0°E
Longitude

-40°W -20°W 0°E
Longitude

1999

1998

1997

1996

1995

1994

1993

h (cm)
-6 0 6 12-12



(b)

 40°W  20°W 0°E
Longitude

R
M

S
 h

 (
cm

) 

2

1.6

1.2

0.8

0.4

0
 40°W  20°W 0°E

Longitude
 40°W  20°W 0°E

Longitude

-40°W -20°W 0°E
Longitude

-40°W -20°W 0°E
Longitude

-40°W -20°W 0°E
Longitude

-2 -1 0 1 2
h (cm)

1999

1998

1997

1996

1995

1994

1993

Figure 7. Time-Longitude diagram for the wave coefficient � of the (left) Kelvin wave,
(center) Rossby-1 and (right) Rossby-2 waves, first baroclinic mode (c=1.7m/s) from (a) T/P
SHAA and (b) observed SSTA. Lower panels show the Root Mean Square (RMS) of the
wave coefficient, h, for the period.



60°W 40°W 20°W 0°E 20°E
Longitude

La
g 

nu
m

be
r 

(1
0.

14
 d

ay
s)

0

-8

-16

8

16

c=1.7 m/s

-0.3

0.30.4 0.3

0.3
0.3
0.4 0.4

La
g 

nu
m

be
r 

(7
 d

ay
s)

0

-12

-24

12

24

60°W 40°W 20°W 0°E 20°E
Longitude

c=1.7 m/s

0.3

0.3

0.50.9
0.6

Figure 8. Lag vs. Longitude Correlation at ��
�
� , for the Kelvin wave coefficient for (left)

SHAA and (right) SSTA. Correlation significant at the 95% (99%) confidence limit is con-
toured (shaded).

the equator. For the SSTA, positive (negative) values are associated with warmer
(colder) surface waters. The fast eastward propagation is evident in the Kelvin
wave coefficients for SHAA (Figure 7a) but not as clear for SSTA, due to the higher
frequency variability (which does not show propagation) and lack of east-west co-
herence of the anomalies (Figure 7b). Figure 8 presents the lag vs. longitude
correlation of the Kelvin wave coefficients at 20ÆW for SHAA (left panel) and SSTA
(right panel). The phase velocity of the SHAA is estimated from the diagrams and
ranges between 1.2 to 1.6 m/s. Propagation characteristics for the Kelvin wave
coefficient of SSTA are not evident.

Examination of SHAA shows that the Kelvin mode is dominated by intra-annual
events with 2 to 4 years time scale and 2 to 3 cm amplitude. Interannual vari-
ability can also be observed. The interannual variability at the 2 to 4 year time
scale is observed mainly at the central part of the basin in the SSTA, with val-
ues ranging from 1 to 2ÆC amplitude. The westward propagation of SHAA (Figure
7a) is evident for the Rossby-1 mode with 2 to 4 years scale variability. The small
variability (amplitudes of the order of 1 cm) of the Rossby-2 mode is dominated by
intra-annual events of about 1 to 2 months time scale with interannual variability
superimposed. The SSTA space-time diagram (Figure 7b) shows that there is some
indication of westward propagation at interannual time scales for the Rossby-1
mode, although higher frequency (time scale shorter than one month) variability
masks the signal. For Rossby-2 mode, intra-annual and interannual are present
but with amplitudes always smaller than 0.5ÆC. Using lag vs. longitude correla-
tion diagrams of SHAA Rossby-1 coefficients (Figure 9, left), the westward phase
velocity is estimated to range from 0.4 to 0.6 m/s. There is propagation of SSTA
(Figure 9, right), but not as pronounced. The apparent continuity of SHAA Kelvin
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Figure 9. Lag vs. Longitude Correlation at ��
�W, for the Rossby-1 wave coefficient for

(left) SHAA and (right) SSTA. Correlation significant at the 95% (99%) confidence limit is
contoured (shaded).

and Rossby-1 coefficients close to the African coast is given by positive downwelling
(negative upwelling) eastward propagating Kelvin coefficients which change to pos-
itive downwelling (negative upwelling) westward propagating Rossby-1 coefficients
mainly at interannual periods (Figure 7a). This continuity is not as evident in the
SSTA (Figure 7b).

Three longitudes are considered in the eastern, central and western Atlantic
to test significant correlations among wave coefficients, The cross-correlation (�)
at 40ÆW, 20ÆW and 0Æ (Greenwich meridian) between Kelvin and Rossby-1, and
between Kelvin and Rossby-2 waves, of both SHAA and the SSTA, are shown in
Figures 10a, 10b and 10c, and Figures 10d, 10e and 10f, respectively. The correla-
tion function is shown for the time lag interval [-350,350] days. These correlation
estimates have approximately 50 degrees of freedom, where values higher than
0.27 are significant at 95% confidence level and higher than 0.35 at 99%. Signif-
icant cross-correlation of SHAA, at the Greenwich meridian at 99% level is veri-
fied between Kelvin and Rossby-1 modes at time lags -30 to -50 days, with values
greater than 0.45 reaching 0.50 at -40 days (Figure 10c). There is also significant
negative cross-correlation, � � ��
��, between Kelvin and Rossby-2 modes at this
longitude for 0 to 10 days time lag (Figure 10f). Along 20ÆW there is significant
cross-correlation at lags 0 (� � ��
��) and -70 days (� � �
�	) between Kelvin and
Rossby-1 (Figure 10b); and there is no significant cross-correlation at 20ÆW be-
tween Kelvin and Rossby-2 (Figure 10e). In the western portion of the tropical
Atlantic there is no significant cross-correlations between the Kelvin and the two
first meridionally trapped Rossby waves (Figures 10a and 10d) from SHAA data.
Significant cross-correlation of the SSTA is verified only between the Kelvin and
Rossby-2 waves at central and eastern longitudes around 0 time lag, values smaller



than -0.33 at time lags from -28 to -14 days at 20ÆW and � � ��
�� at zero lag at
Greenwich meridian (Figures 10e and 10f). Significant cross-correlation between
wave coefficients corresponding to different meridional modes around the zero lag
may indicate locally generated anomalies projected over the modes. The significant
cross-correlation between Kelvin and Rossby-1 modes at Greenwich (Figure 10c),
lags -30 to -50 days, implies that a Kelvin wave leads the Rossby-1 wave by 30 to
50 days at this longitude, which is located approximately 10Æ off the meridional
African coast. The phase velocity of the Rossby-1 mode, 1/3 of the Kelvin wave
velocity, ��� � ��
�, is estimated to be between 1.0 m/s to 1.7 m/s. Considering
the significant correlation at -70 days between Kelvin and Rossby-1 in the central
basin, at 20ÆW, the phase velocity is estimated to be 2.0 m/s (Figure 10b).

The lagged cross-correlation between the Kelvin and Rossby-1 coefficients can
also be seen as function of longitude in Figure 11 at 20ÆW for SHAA (left panel)
and SSTA (right panel). Cross-correlation significant at the 99% confidence limit is
shaded. The cross-correlation between Kelvin and Rossby-1 coefficients are signif-
icant at progressively higher negative lags as the longitudinal separation dimin-
ishes, indicating the westward progression of the Rossby-1 wave generated by the
reflection of the Kelvin wave for SHAA (Figure 11, left). This feature is not as clear
for SSTA (Figure 11, right).

5. DISCUSSION

Oceanic equatorial dynamic processes are important for understanding the in-
fluence of the ocean on the atmosphere and the interannual fluctuations in global
weather patterns. Before altimetric data were used, the spatial and long period
view of the variability in the tropical Atlantic was achieved using mostly SST data.
However, the wave signal is masked in the SST measurement for two reasons: a)
in the eastern basin, the shallow thermocline is associated with large SST variabil-
ity and the consequent local radiative balance variability, which mask the thermal
energy variation in the water column that may have a deeper origin; and b) in the
western basin, the deeper thermocline leads to small SST changes which makes
it difficult to identify the thermal energy variations or vertical movements of the
thermocline. On the other hand, altimetry measures the sea height, a dynamically
significant variable, and covers the total tropical Atlantic with a spatial resolution
currently unrivaled by any other ocean measurement device for investigations of
basin scale, long period, low signal to noise ratio ocean processes.

The accuracy and long period of T/P sampling allows to investigate the sea height
signature of the equatorial waves, which have a very small magnitude in the tropi-
cal Atlantic, a region with lack of suitable sea height measurements and where the
of the seasonal cycle is dominant. Two scales of interannual variability are present
mainly associated with the sea surface temperature [Servain et al., 1998]: one as-
sociated to the meridional dipole and with a predominant decadal scale [Moura
and Shukla, 1981], and other to an El Niño-like, or Atlantic Warm Event, with a
2 to 4 years scale [Merle, 1980b; Hisard, 1980; Carton and Huang, 1994]. During
the study period considered here (October, 1992 to May, 1999), coherent variability
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Figure 10. Cross-correlation between the coefficients �, estimated for T/P SHAA and
SSTA, of the Kelvin wave and the first Rossby mode for (a) ���W (western basin), (b) ���W
(central basin) and (c) �� Longitude (Greenwich Meridian, eastern basin) and the Kelvin
wave and the second Rossby mode for (d) ��

�W (western basin), (e) ��
�W (central basin)

and (f) �� Longitude (Greenwich Meridian, eastern basin).
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is observed with 2 to 4 years period associated with the Warm Events and super-
imposed to the annual cycle.

As already indicated, the identification of planetary equatorial waves in the At-
lantic is an important step to understand the equatorial dynamics. The number
and the specific meridional modes, chosen as a subspace of the infinity set, were
selected here to allow the solution of the system and the lowest modes; with 1Æ (or
approximately 100 km) meridional resolution of the SHAA maps near the African
and South American continents only 15 values are available to fit in the least
square sense the wave coefficients. The lowest modes were chosen because dis-
sipation is more efficient over higher modes, even though the linear equatorial
long wave theory is inviscid [Matsuno, 1966]. The energy distribution between the
modes (Figure 6) seems to show that the choice was adequate. The lowest modes
dominate the variability of the SHAA and near the boundaries more modes present
significant energy. However, virtually all energy is contained in the first 3 modes,
with most energy in the first two modes, Kelvin and Rossby-1.

Kelvin wave coefficients propagate eastward and Rossby wave coefficients prop-
agate westward as expected from linear theory. The velocities of propagation esti-
mated for Kelvin and Rossby-1 modes, approximately 1.7 m/s and 0.6 m/s, are close
to theoretical values for the first baroclinic mode [Philander, 1990]. From these
waves coefficients it is noted that Kelvin and Rossby-1 waves are present in the
T/P measurements of SHAA in the tropical Atlantic at interannual time scales.

The continuity of the Kelvin wave coefficients and Rossby-1 wave coefficients
noticed in the deseasoned SHAA near the African coast is also predicted by lin-
ear equatorial wave reflection theory [Moore and Philander, 1976], where a Kelvin
wave propagating eastward impinging in a meridional east tropical ocean coast
would be reflected into symmetrical westward propagating Rossby waves and coastal
Kelvin waves. It is expected from theoretical considerations that half of the incom-
ing energy of the Kelvin wave be reflected as the first meridional Rossby mode for



long, non-dispersive wavelengths [Clarke, 1983]. Since the energy flux is conserved
in the reflection and the Rossby-1 mode is three times slower than the Kelvin wave,
the amplitude of the former should be higher than the later, as indicated in our es-
timates (Figure 6). On the other hand, the present analysis cannot reveal coastal
waves. The reflection of Kelvin into Rossby waves implies a correlation between
the waves at a lag that varies with the distance from the reflecting coast. Since the
wave coefficients are orthogonal they should be statistically uncorrelated. There-
fore, the presence of a statistically significant correlation at an appropriate lag
between the wave coefficients obtained from SHAA shows wave reflection. The
reflection of a equatorial Kelvin wave into a first meridional Rossby mode in the
eastern Atlantic occurs in the African coast. Reflection in the western Atlantic is
more difficult to detect because of the limitations imposed by the shape of North
Brazilian coast and by the dispersive nature of the short wavelength Rossby modes.

The presence of Kelvin and Rossby waves in the SHAA data in the Atlantic at
interannual time scales have dynamical implications. Two important mechanisms
can be speculated: 1) a relaxation of the warm pool in the Western Atlantic similar
to the mechanism proposed for the Pacific [Wyrtki, 1975], a pure oceanic mode; and
2) a coupled ocean-atmosphere mode, by which the waves are initially forced by in-
stability in the atmosphere similar to the delayed oscillator theory. Although there
is evidence of the first mechanism from observations of the sea surface tempera-
ture in the Gulf of Guinea and of the wind field in the Western Atlantic [Servain
et al., 1982], the second cannot be ruled out. The evidence of Kelvin and Rossby-1
waves mainly at eastern Atlantic corroborates the warm pool relaxation mecha-
nism. Measurements of wind, sea temperature and sea height in key locations of
the tropical Atlantic, such as the sites of the PIRATA moorings program [Servain
et al., 1998], combined with altimetry data will be very critical to fully understand
the dynamical problem.

6. SUMMARY AND CONCLUSIONS

In the present work, deseasoned sea height anomalies from TOPEX/POSEIDON
were used in the tropical Atlantic to investigate the presence of equatorial waves
during 1992 to 1999. These anomalies were mapped into a regular 1Æ��Æ grid using
an Optimal Linear Interpolation scheme and then projected over the vectorial sub-
space spanned by the lowest meridional modes of the first baroclinic mode of the
equatorial waves. It is shown that the first 3 waves (Kelvin and first two Rossby
modes) explain virtually all the variance of the SHAA field in the tropical Atlantic,
with the two first (Kelvin and Rossby-1) being predominant. Although the SHA
variability is dominated by the seasonal cycle, the interannual and intra-annual
scales are also present. The analysis presented here was centered in the desea-
soned SHA, which is dominated by interannual variability with 2 to 4 year time
scale, avoiding spurious serial correlations. The existence of the waves is strongly
suggested by the velocities and directions of phase propagation, 1.7 m/s to the east
for Kelvin waves and 0.6 m/s to the west for Rossby-1 waves, which agrees with
the linear theory [Matsuno, 1966]. Moreover, a significant correlation is shown be-



tween Kelvin and Rossby-1 waves near the African coast at lags (50 days at the
Greenwich meridian) that supports the idea of Kelvin wave reflection at the coast,
agreeing with theoretical modeling [Moore and Philander, 1976].
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