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Altimetric data, climatological hydrological data,

and numerical model results are compared over

the tropical Atlantic Ocean between November 1986 and November 1988. All reproduce the seasonal

cycle of the dynamic topography rather wetl, and the
and the primitive equation model. The study of t

agreement is particularly good between altimetry
he 19861988 period reveals interannual events

evidenced by both the altimetry and the models, especially during spring 1988 in the Gulf of Guinea.

1. INTRODUCTION

The present (Tropical Ocean and Global Atmosphere) and
future (World Ocean Circulation Experiment) oceanographic
programs are now devoted to the long-term climate forecast-
ing. As a matter of fact, the success of these programs in
terms of climate predictability at scales of several months to
decades relies on the implementation of new techniques to
provide global observations of surface parameters and cur-
rents for monitoring the oceans. During the last decades,
historical merchant ship bathythermograph (BT) profiles and
extensive oceanographic experiments have evidenced the
large spectrum of the oceanic variability, especially in the
upper layers of the tropical Atlantic [Lass et al., 1987;
Hisard and Hénin, 1987; Katz, 1987]. However, oceano-
graphic cruises have, for technical and funding reasons, so
limited duration and spatial coverage that it is difficult to
resolve large spatial and temporal scales.

In recent years, two different methods of monitoring the
oceans have been explored by oceanographers. The first
method is modeling. This can range from process models,
generally used to isolate a specific oceanic phenomenon
[Cane and Sarachik, 1981; Busalacchi and Picaut, 1983; du
Penhoat and Gouriou, 1987], to three-dimensional complex
models used to obtain a more realistic simulation of the
oceans [Philander and Pacanowski, 1986; Leetmaa and Ji,
1989; Morliere et al., 1989].

The second method is using spatial techniques to obtain a
global quasi-synoptic view of the whole ocean. Three gen-
erations of altimeters (Skylab, GEOS 3, and Seasat) have
already demonstrated the ability of altimetric data to study
surface circulation [Cheney et al., 1983; Douglas et al., 1983;
Fu, 1983; Ménard, 1983; Daniault and Ménard, 1985), even
if looking at large-scale signal through altimetry is more
challenging than mesoscale studies because of the possible
overlap by altimetric long wavelength errors: orbit, atmo-
spheric, and oceanic [Musman, 1986; Malarde et al., 1987;
Miller et al., 1986; Périgaud et al., 1986].

More recently, in the tropical Atlantic Ocean, Arnault et
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al. [1990] found good agreement between the seasonal vari-
ability of the dynamic topography as observed from histor-
ical hydrographic data [Merle and Arnault, 1985] and from
altimetric data, but a qualitative and quantitative comparison
between altimetry and models over a basinwide scale and a
2-year cycle is still missing. This is the topic of this paper.
Section 2 gives the data processing and the two model
descriptions. Then, in section 3 we focus on the seasonal
cycle of the tropical Atlantic before approaching the inter-
annual variability (section 4). Discussions and conclusions
follow in section 5.

2. DATA PROCESSING AND MODELS

The Data

Altimetric data. We considered in this paper the Geosat
17.05-day Exact Repeat Mission data over the tropical
Atlantic Ocean between 60°W—20°E and 20°N-20°S, from
November 1986 to November 1988, about 118 repetitive
tracks of 43 passes. At the equator the orbit tracks are about
150 km apart and along a single track; the distance between
two measurements is 7 km.

As noted by Cheney et al. [1987], Fleet Numerical Ocean-
ographic Center (FNOC) wet and dry tropospheric correc-
tions [Saastamoinen, 1972; Tapley et al., 1982] and iono-
spheric corrections based on the Global Positioning System
climatic ionosphere model were applied. The tidal signals
were removed according to the tide models of Cartwright
and Taylor [1971] and Schwiderski [1980].

The absence of a well-known geoid for such a large-scale
study leads to a time variability interpretation. Three differ-
ent methods can be used to extract the variability signal from
the altimetric data: the crossover differences have given
encouraging results in the tropical Pacific [Miller et al.,
1986], as has the use of a mean sea surface in the Atlantic
[Ménard, 1988]. The collinear profile method we used here
was previously tested with success in a mesoscale study of
the northwest Atlantic region [Ménard, 1983] and in the
Pacific [Musman, 1986; Malarde et al., 1987]. An analysis of
this method has been described in detail by Arnault et al.
[1990]. The altimetric measurements of the sea surface are
first resampled and adjusted along the track (60-km spacing
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Fig. 1. Dynamic topography anomalies over the tropical Atlantic for a **climatological’* March as obtained from the
0/500 dbar in situ dynamic height (DHA in dynamic centimeters), altimetry (AA in centimeters), the linear model 0/500
dbar dynamic height (3MA in dynamic centimeters) and the three-dimensional model 5/500 dbar dynamic height (3DA
in dynamic centimeters).
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height anomalies (3DA in dynamic centimeters). Same gray scale as in Figure 1.

from 20°N to 20°S) using a cubic spline and a second-degree
polynomial (first-degree for short tracks). After adding the
mean polynomial over the different cycles to each adjusted
profile, the mean profile is then calculated and subtracted.
Mean profiles computed over less than seven cycles (or with
an inhomogeneous time repartition) are thought to be mean-
ingless and are discarded. The sea level anomalies are
adjusted again to absorb long-wavelength errors. A final
smoothing is performed using a filter over 180 km. No
serious gap in the data has been detected during this analy-
sis. This along-track analysis is then extrapolated into three-
dimensional time-space analysis using an objective analysis
{De Mey and Robinson, 1987}. The objective analysis algo-
rithm was derived from an analytical correlation function
described by

f=[1+ Rl + RB)exp (—R)|[exp (—1/rct™))

with R = c¢sre*r/rex, where r is the distance and ¢ is the
time separating the interpolated point and any point in the
influence radii areas. On the basis of earlier studies [Cane,
1979; Merle and Arnault, 1985; Reverdin and du Penhoat,
1987; Richardson and Reverdin, 1987], values of 500 km and

TABLE la. Mean rms Computed Over the Climatological Year
for Different Areas
rms, cm

AA 3DA 3MA DHA
NEC 1.9 0.8 1.3 3.0
NECC 2.5 3.2 29 5.2
SEC 2.2 3.1 3.5 4.2
SECC 1.8 2.6 2.7 3.7

Sece Figures 3-6.
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TABLE 1b6. Differences of rms Computed Over the Climatological Year for Different Areas
! rms Differences, cm
AA/BDA AAAMA IDAIMA AA/DHA IDA/DHA 3IMA/DHA

NEC 2.1 2.7 1.1 3.0 3.2 39
NECC 2.7 2.9 24 4.6 4.2 3.9
SEC 2.6 3.1 i.4 4.3 33 3.5
SECC 2.8 2.7 1.5 3.9 34 4.0

See Figures 3-6.

140 days were chosen for space and time decorrelation
scales rcx and rer. The influence radii which fix the space-
time size of the interpolation domain are 300 km and 30 days.
The mesh size is 4° in longitude by 2° in latitude. Synoptic
maps of altimetric sea level anomaly, each at 3-day intervals
from November 1986 to November 1988. were produced.
The relative error calculated by the objective analysis varies
between 20 and 25%. Monthly averages of these sea level
anomalies from November 1986 to November 1988 were
then computed.
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In situ data.  We also used for our comparison 0/500 dbar
dynamic heights (DH). An historical (NANSEN) data set of
20,000 temperature-salinity profiles plus an historical
NANSEN-BT data set of 140,000 temperature profiles were
used. The DH was computed through a mean 7-S relation.
The detailed description of the DH computation using tem-
perature profiles and a 7-S relationship to supplement hy-
drographic data has been given by Merle and Arnault [1985].
The total error on the monthly 0/500 dbar DH with a 4° in
longitude by 2° in latitude gridding is about 2 dynamic
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Fig. 5. Same as Figure 3 except for the South Equatorial Current region (2°N-2°S5). Same gray scale as in Figure 1.

centimeters. DH anomalies are computed with reference to
the annual mean.

The Models

Linear model. The first model we used here is a simple
one. It computes the linear response of the tropical Atlantic
Ocean to the wind forcing through three baroclinic modes.
du Penhoat and Tréguier [1985] have shown that 95% of the
signal obtained with nine modes is provided by the first
three. More recently, diu Penhoat and Gouriou [1987] dem-
onstrated the ability for this kind of model to reproduce DH
topography interannual events and at a much lower cost than
three-dimensiona! primitive equation models. They captured
quite well the 1983-1984 contrast in the tropical Atlantic
Ocean which was the result of an abnormal warm eveat in
1984 characterized by a huge change of the zonal equatorial
DH slope. The decomposition in vertical modes is obtained
“om & mean density profile, characteristic of the midequa-

“1l Atlantic Ocean (24°W). The phase speeds associated

with the first three modes are 2.18, 1.32, and 0.89 m s/,
respectively. These linearized equations are discretized on a
staggered grid (Arakawa type C), defined by trigonometric
functions so that a variable grid spacing, depending on the
area of interest, is obtained. The basin extends from 20°N to
20°S in latitude and from 60°W to 13°E in longitude. In
tongitude the smallest mesh size (50 km) is near the African
and the American coasts. It increases to 115 km in the center
of the basin. In latitude the smallest mesh size is at the
equator (50 km) to correctly resolve the equatorial radius of
deformation. At the northern and southern boundaries the
mesh size is 85 km. No-slip boundary conditions have been
used on coastal, northern. western, and southern frontiers.
The horizontal diffusivity coefficient is 10° m? s7l A
variable time step (1. 2, and 4 hours for the first, second, and
third mode, respectively) is incorporated for the time inte-
gration ol the model. The model is spun up over 17 years by
the climatological Hellerman and Rosenstein [1983] wind
stress, then run with 1985-1988 monthly wind stress [Servain
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el al., 1987]. Servain ¢t al.”s original duta are converted into
wind stress using Large and Pond's [1981] formutation. The
madel is perfectly cquilibriated when the 02300 dbar DH 1s
first computed from the pressure field, and the DH anomaly
is then obtained using the DH averaged between November
1986 and November 1988.

Three-dimensional model. The second model we used is
a more complex and realistic one. A detailed description of
this oceanic general circulation model is presented by Chart-
ier [1983) and Reverdin ot «l. [1991]. This model is u
multilayer primitive equation model with the Boussinesq.
hydrostatic. and rigid Hid approximations. The primitive
cquations are also discretized on a C grid which extends
fram SO°N to 30°S. from the Alrican to the American coast.
The mesh size varies from 0.337 at the equator to 157 at the
northern and southern frontiers in fatitude and from 0.5 aear
the cousts to {7 at the center of the basin in longitude. There
are 17 vertical feveds from 0 to 4500 me fn the upper lavers
the vertical resalution - mereased withe 13 levels between 0

and 325 m. Novher bottone topoetaphy nor lands we

included. No-slip boundary conditions have been used on
coastal. northern. western. and southern boundaries. and a
buffer zone v imposed at the northern and southern fron-
tiers. The parameterization of vertical diffusivity and viscos-
ity i~ used by Philunder and Pacanowski [1981]. They are
functions of the Richardson number and vary from the
thermal maoleculur value (134 < 107 m* 571 up to a
maximum of 1072 m* 7' when the Richardson number is
equal to zero. The horizontal diffusivity is 10° m* s~ The
stiate equation s a simple one [Echarr, 1958]. and density
inversions are eliminated at cuch time step by vertical
adjustment to stability of the unstable piece of profile. The
external forcing consists of heat fluxes at the air-sea inter-
face and wind stresses. The radiative halunce of the short-
wives and the longwaves is obtained from the Eshensen and
Krvhnie [1TUS T monthly climatology. The sensible and latent
heat fluxes are caleulated using clussical bulk formulas
where the air temperatare s from the monthly chimatology
given by Fabensen and Keshoo V98T and the sea surfuce
temperature i~ issued fiom the model simulation. The hu-
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midity is constant and equal 10 0.8. The wind stress fields are
from Servain et al. [1987] as for the linear model. The time
step of the mode! is 1 hour, and during the integration a
relaxation toward the Levitns [1982] monthly climatology for
temperature has been added. These dampings minimize the
north and south effects of the closed boundaries by allowing
a mass and heat climatology flux at the boundary’s neigh-
borhood. Moreover, the surface salinity is damped to the
Levitus seasonal climatology in order to allow for the fack of
knowledge on the evaporation-precipitation balance. Ini-
tially, the ocean is taken at rest, its temperature and salinity
being those of the Levitus climatology (monthly for temper-
ature and seasonal for salinity). The model was first forced
during | year with an annual average wind (calculated on the
1982-1984 period), then during 2 years with a monthly
average wind. The simulation was continucd using the
monthly wind from January 1982 (o0 December 1988, The
Y M dbar DH s first computed from the simulated temper-

nd salinity fields using the Millero and Poisson [1981]

state equation, and the DH anomaly is then obtained using
the DH averaged between November 1986 and November
1988.

3. SEASONAL VARIABILITY

Both the modeled DH and the altimetric signal present the
November 1986 to November 1988 variability. As we want
to examine the seasonal variability, we recomposed a mean
year signal from the 1986-1988 data sets to produce 2-year
average monthly maps. We are going to show, on this
seasonal basis, which quantities compare the most favorably
and what the major discrepancies are,

Basimwide Description

We will not fully describe here the scasonal cycle of the
dynamic topography in the tropical Atlantic Ocean, as it has
already been done in the past [Katz, 1981; Merle and

Arnault, 1985]. Just a reminder, the dynamic topography in
the tropical Atlantic is the superposition of an east-to-west
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rise and a series of zonal ridges and troughs. During the
boreal winter-spring season this tapography is umorphous in
contrast to the summer-full season when the northern high
(2°-3°N) bordering the North Equatorial Countercurrent
(NECCQ) to the south and the equatorial low (0°=2"S) in the
center of the South Equatorial Current (SEC) are well
formed. For seu level or DH anomalies the scasonal evolu-
tion of highs and [ows deseribed above results in Large zonal
patterns of alternatively positive values (when the DH is
higher than the annual meuant and negative values (when it is
fower) located on the mean positions of the DH highs and
lows (Figures 1 and 2). They fluctuate between £10 cm from
March to October. which are oppostte months representa-
tive of the seasonal variability. The following abbreviations
will be used for the different ty pes of anomalies: AA for the
altimetric anomulies. DHA for the chimatological DH anom-
alies. 3DA for the three-dimensional model DH anomalies.
3MA for the three vertical mode lineut model DH anomalies.

In March, DHA. AA. 3MA. and 3DA present o similar
contrast between the southern and the notthern bemispheres
(Figure 1. The situation i~ not well debned i the south

2428 W'

Sume as Frgure 7 except for 24°-28"W. Same gray scule as in Figure |,
B p £ray g
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contrary to the north where a large and contrasted succes-
sion of negative and positive patches appears. Between 15°
and 20°N, there are near-zera or negative values reaching —9
cm for both AA and DHA. Positive values (about 6 cm)
follow between 7" and [3°N, but the DHA signal is less
extended. Between (7 and 7°N. negative values extend from
the American to the African coast. It is more pronounced for
3DA. AA. and DHA (—6/9 ¢cmy) than for 3MA. Finally. in the
eastern part of the Gulf of Guinea a positive structure
develops from the African coast toward the west along the
equator, hardly standing out for AA Guaround (=3 cm) but
reaching 6-9 cm in the model results and hydrography.

In October the same north-south difference persists (Fig-
ure 2. The northern positive/negative patches described
above are identically located, but they have changed sign.
Ax a strong positive anomaly on a dynamic high location and
a strong negative anomaly on a dynamic trough location
indicate a maximal meridional DH gradient. the geostrophic
zonal currents. which are proportional to the meridional DH
gradieats, arc therelore stronger during this pertod than
during the boreal spring.
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Seasonal Longitudinal and Latitudinal Evolution

To show more efficiently the wave propagation phenome-
non or the time shifting in the seasonal variability of the data,
we also looked at the seasonal evolution of the dynamic
structures along the latitudes of the main current cores,
14°-16°N for the North Equatorial Current (NEC), 4°-6°N
for the NECC, 2°N-2°S for the SEC, 4°-6°S for the South
Equatorial Countercurrent (SECC), and along two meridians
located in the cénter of the basin (28°W) and in the Gulf of
Guinea (4°W).

Seasonal longitudinal evolution in the NEC region. For
the northernmost region (14°-16°N) both AA and DHA
(Figure 3) present more variability with smaller-scale struc-
tures than the models. The AA, 3DA, and 3MA signal is
negative (about —3/6 cm) from August to December, but
DHA is time-shifted with negative values from October—
November to May. At 20°W, 3MA and AA present a second
negative extremum along the African coast in the spring after
the one in the fall. This can be related to the local upwelling
off Dakar. A westward propagation is also evidenced by a
time lag correlation matrix analysis for AA, 3DA, and 3MA.
However, it seems a little bit faster for AA (about 0.70 m
s~1) than for the models (0.35 for 3DA and 0.45 m s~! for
3MA). The mean annual rms differences computed for this
region are given in Table 1. Except for the AA/3MA com-
parison (2.7 cm) which is larger than the rms for AA (1.9 cm)
or 3MA (1.3 cm), these rms differences are generally of the
same order as the rms of the products alone.

Seasonal longitudinal evolution in the NECC region.
Farther south, in the NECC region, DHA still present
smaller spatial structures of larger amplitude (about 20 cm)
(Figure 4). West of 15°W, every product evidences a nega-
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tive patch of —3/6 cm from February to July. This signal
reaches more than —9 c¢m for DHA. A particularly good
agreement exists between 3DA and the AA west of 25°W. In
the east (15°W—-3°E) the negative AA signal is hardly outlined
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{—3 c¢m); otherwise it reaches less than —9 cm for DHA and
3DA and —6 cm for 3MA. However, the semiannual signal
characteristic of the tropical Atlantic eastern basin, is repro-

duced by AA in July-September, then January—-March. The * i

four pictures also clearly show a westward propagation during : J
spring-summer. The phase velocity varies from about 0.40 m
s~! for 3MA to 0.50-0.60 m s~! for AA, 3DA, and DHA.
According to the linear waves theory the velocity for the first
meridional mode Rossby wave is equal to C/3, where C is the
Kelvin wave phase speed. This phase speed for a second
vertical mode Kelvin wave ranges from 1.10 to 1.50 m s”lin
the tropical Atlantic. The velocities obtained above could be
therefore the signal of a second vertical/first meridional mode
Rossby wave. The NECC region, a region of large variability,
is also one of the areas where the comparison between the four
quantities gives the best results as shown in Table 1.
Seasonal longitudinal evolution in the SEC region.
Along the equator (Figure 5) the main disagreement between
AA and DHA, 3DA, or 3MA is due to the relative weakness
of the AA signal in the eastern part of the Gulf of Guinea. A
clear separation of the basin in an eastern (east of 15°-20°W)
and a western part (west of 15°-20°W) is shown by AA, 3DA,
and 3MA. In the west the annual signal is dominant with
negative values between March and May and positive values
between July and February. In the east the signal presents
two negative extrema (April-August and December-
January) and two positive ones (January-May and Septem-
ber—November), but the amplitude of the AA signal is about
6/9 cm instead of 12/20 cm for the other quantities. Following
the wave theory, one would expect to see an eastward
propagation with a 1.10/1.50 m s ™! phase speed as anticipa-

tion of the Rossby wave at 5°N, but such a propagation is not
clear in Figure 5.

10 +———— e i (]
2W-1N

8 -8

6..

-6 : -6
.8 A L.
8 —_—— 3DA 8
...... 3MA
..... DHA C
~10 T T T 1 -10
NDJFMAMJJASONDJFMAMJJASON
Month since November
Fig. 10c.  Same as Figure 9, except for 2"W-1"N.
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TANNUAL AMPLITUDE
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Plate 1. Annual amplitude (in dynamic centimeters or in centimeters) and phase (in months) as computed from a
cosine function fit of the seasonal signal for the 0/500 dbar in situ dynamic height anomalies (DHA), the altimetric
anomalies (AA), the linear model 0/500 dbar dynamic height anomalies (3MA), and for the three-dimensional model
5/500 dbar dynamic height anomalies (3DA). Amplitude is shown from below 3 cm (red) to above 9 cm (light yellow).
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Fig. 11. Mean rms differences in centimeters between altimetry

and in situ dynamic height anomalies (solid line), three-dimensional
model and dynamic height anomalies (spaced dotted line). linear
model and dynamic height anomalies (long dashed line), altimetry
and three-dimensional model anomalies (dashed-dotted line), altim-
etry and linear model anomalies (dotted line), and three-dimensional
model and linear model anomalies (dashed line).

Seasonal longitudinal evolution in the SECC region.  The
southern hemisphere signal (Figure 6) also clearly shows a
westward propagation for the models as in the NECC region.
A time lag correlation matrix gives a propagation velocity
around 0.35 m s~!'. However, this propagation is not so
evident for both the data, AA or DHA. It seems therefore
that both models emphasize the wave propagation phenom-
enon in the southern hemisphere. The signal is negative from
August to April for AA. and from July to December for
DHA. For the models the negative values begin in June near
the African coast and reach the American coast in March. In
the east a very slight secondary negative extremum can be
seen in January for AA and the models but not for DHA.

Scasonal latitudinal evolution in the Gulf of Guinea along
W and in the center of the basin at 28°W. The qualitative
agreement especially between AA and 3DA is also evi-
denced looking at the signal south of Abidjan, along 4°W
(Figure 7). Both phase and amplitude look similar and
compare much more favorably together than with DHA. AA
and 3DA present an inverse V-shaped structure centered
along 8°S. The latitudinal 1imit between the seasonal signal
{to the south), and the semiannual signal (stronger toward
the African coast) is uround 2°N. The evolution along 28°W
(Figure 8) also presents u good agreement between AA,
3DA. and 3MA. except that the models emphasize the wave

ALTIMETRY AND MODELS IN THE TROPICAL ATLANTIC OCEAN

phenomenon by showing a rather symmetric structure alon,
the equator. especially for 3MA.

Local Comparisons

For such short time series (12 points) the computation of a
correlation coefficient is meaningless. However, a more
precise view for the time evolution of the different products
can be obtained and compared at selected points.

Figures 9a, 9h, and 9¢ present the seasonal evolution of
the four signals (AA, DHA, 3DA, and 3MA) in the NECC
core (5°N) at 46°W near the American coast, at 26°W in the
center of the basin, and at 2°W near the African coast. In the
west (Figure 9a). every signal seems to be time-shifted in
comparison with another one. Better agreement is offered by
3MA and AA. The AA, 3DA, and 3MA signal amplitudes are
mostly the sume, about 8 cm, but the DHA signal amplitudes
have larger variations (12 cm). Eastward (Figure 9b), the
agreement is very good for both amplitude and phase, even
if DHA reach larger negative values (—8 instead of —5 cm) in
spring. In the east (Figure 9c¢), if the timing is relatively the
same for all quantities. AA have a much smaller amplitude (4
cm instead of 7-9 for the models and 14 cm for DHA).

Southward. in the western SEC (Figure 10a) at 1°N; the
amplitude of the 3MA signal seems unrealistic. This is
certainly due to the proximity of the Brazilian coast and the
boundary condition effect. DHA also present a semiannual
signal which is not reproduced by others. Eastward (Figure
104 and 10c¢). the weak AA signal is shown once more, and
during the upwelling season, a significant time shifting of AA
compared with DHA, 3MA. and 3DA (about 2 months) is
also shown. Tt is interesting to note that this absence of
altimetric signals in the Gulf of Guinea has already been
observed by Ménard [1988] using other satellite altimeters,
methods, and corrections. We will discuss this point later.

¥

Statistics

We fit these seasonal signals by a cosine function A cos
(wt + f). Plate 1 gives the annual amplitudes and phases. In
the west, all the quantities show more than 6-cm variations
along 2°-3°N and 10°N, separated by a zone of relative
minimum (less than 3 cm) which is more evident for the
models and AA than for DHA. These extrema are located a
few hundred kilometers off the coast except for 3MA. In the
east the amplitude is larger than 3 cm except for AA.
Another maximum appears for AA north of 17°N, consistent
with the intensification of the annual cycle of winds.

All the annual phases evidence a *‘*pivot’ line across the
NECC around 3°N, as already mentioned by Merle and
Arnault [1985]. The annual cycle of DHA or AA reaches its
maximum in summer-fall north of the NECC and in winter-
spring south of it. This is in agreement with the NECC
intensification in the fall when a dynamic high at 2°-3°N and
a dynamic low at 8°-10°N appear. However, AA present a
uniform phase lag up to 8°N along the northern American }
coast as observed by Carron [1989]. Therefore the region of £
high phase is well separated from the coast, contrary to 1
DHA or 3MA. especially. Another pivot point is present
along the equator, at 20°W for the models, 25°W for AA. and
30°W for DHA. In the Gulf of Guinea the extremum occurs
in summer-fall, and in the west it occurs in spring. Finally,
north of 15°N, AA also show o phase lag, according to the
NEC variation. This fag is only hardly shown by 3DA.
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Fig. 12. Scatterplots for the seasonal cycle between (a) altimetric anomalies and three-dimensional model results
(AA/3DA), (b) altimetric anomalies and linear model results (AA/3MA), (c) altimetric anomalies and in situ dynamic
height anomalies (AA/DHA), (d) three-dimensional model results and in situ dynamic height anomalies (3DA/DHA), (¢)
linear model results and in situ dynamic height anomalies (3MA/DHA), and (f) three-dimensional model and linear

model results (3DA/3AMA).

The second harmonic amplitudes (not presented here) are
usually less than 6 cm. The same regions of maximal
amplitude appear: the northwest region (especially for AA)
and the eastern Gulf of Guinea (but weaker for AA).

The seasonal evolution of monthly mean rms differences
?:?[Ween all pairs of data over the whole basin is given in
‘hlfgure 11. Looking first at the comparisons with AA, we see

At the largest values are reached by the rms AA/DHA. The

mean rms value is around 4.2 cm. However, the rms of
3DA/DHA and 3MA/DHA, the other 1986-1988 products
compared to the DH climatology, are not significantly dif-
ferent with mean values about 3.7 and 4 cm, respectively.
The rms differences between AA/DHA peak during boreal
summer (4-5 cm). This is during the upwelling in the Gulf of
Guinea. On the other hand, both the models, when com-
pared to DHA, present an extremum (around 5 cm) in




14.272 ARNAULT FT AL.: ALTIMETRY AND MUDLLS IN THE TROPIC AT ATLANTIC OCE AN

3MA/DHA CLIM 3DA/I3MA CLIM
ARG R A oo AT AAGALD NG @ o OIS AAIIENADN 54 B9 ADTANOANTLY b B w0 AN
15‘ iad J S | L Lol [‘I |} 1 I‘I‘l | 1 Lot L H 1. 1 L L L 1 Lt | ‘5 \54 1 I Lol [} fal ] N 1 |3 | 13 1 L 1 Lot d el bl
14 1 14
13 134
124 12
114 114
10 10
9 g
8 8-
74 73
6= 6
54 5
44 44
3 34
2 — ]
e o
& 04 :E 0
5 21 3 23
.3—- ,3-.
44 4]
-5 . -5 *
5 63
1 7
.9— _(J—
=10 -104
114 114
-2 -124
13- -13+]
-4 14
B s M e I I B s e ey sy i R i L B R s e e e S e e A I B B UL O I T S R L M L L I I I
R R N S N N N R KN N BEINS 224858 BLA0N LY E B 6T D 00NN
3MA (cm) 3MA (cm)
Fig. 12. (continued)
60 -50 -40 -30 -20 -10 0 10 20 -60 -40 -30 -20 -10 0 10 20
20 - . 20 20
10 i0 10
3 3
2 0 02 0
© ©
10 10 -10

-20 i 20 -20 : s
-60 -50 -40 -30 -20 -10 0 10 20 -60 -50 -40 -30 -20 -10 0 10 20
longitude longitude
AA 3DA
-60 -50 -40 -30 -20 -10 0 10 20 -60 -50 -40 -30 -20 -10 0 10 20
20 y - i 20 - i 20
LY 10 10
g 8
g0 02 °
-10 -10 -10
-20

-60 -50 -40 -30 -20 -10 0 10 20
longitude -60 -50 -40 -30 -20 -10 0 10 20

DHA longitude

3MA

Fig. 13. Dynamic topography anomalies over the tropical Atlantic for November as obtained from the 07500 dbur
in situ dynamic height (DHA in dynamic centimeters), and for November 1986 as obtained from altimetry (AA in
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Fig. 14. Same as Figure 13 except for March 1987. Same gray scale as in Figure 1.
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Fig. 15. Same as Figure 13 except for July 1987. Same gray scale as in Figure 1.
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Fig. 16. Same as Figure 13 except for October 1987. Same gray scale as in Figure 1.
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Fig. 18. Same as Figure 13 except for July 1988. Same gray scale as in Figure 1.
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Fig. 20. Seasonal evolution in the North Equatorial Current region (14°-16°N) for the /500 dbar in situ dynamic
height anomalies (DHA in dynamic centimeters). from November 1986 to November 1988 for the altimetric anomalies
(AA in centimeters), the linear model (/500 dbar dynamic height anomulies (3MA in dynamic centimeters). and for the
three-dimensional model 5/500 dbar dynamic height unomalies (3DA in dynamic centimeters). Sume gray scale as in

Figure 1.

October. This is due to u large negative anomaly extending
northward from 10°N in the model results but not in the
DHA (see also Table 11 The good agreement between the
two models with 4 mean rms about 1.7 ¢m is also notewor-
thy. It emphasizes the ability of such lincar models to

TABLE 2a. Mean rmy Computed Between November 1986 and
November 1988 for Different Arcus

reproduce the scasonal cvele of an integrated quantity such
as DH in the tropics. But the most interesting result is

presented by the rms AAZZDAT 2.6 cm as a mean.

Thus the

best agreement between @ model and a data set is obtained

with AA and 3DA.

FABLE 26, Difterences of rms Computed Between November

1986 and November 1988 for Different Areas

rms. <m rms Differences. ¢cm
AA DA AMA AABDA AAIMA IDAIMA
NEC R 15 2.4 NEC 2.0 24 1.7
NECC 2 A6 kKN NECC R 3 2.7
SEC 24 3t 3.2 Sho 2l 34 1.4
SECC 24 2.5 2.5 SEot L) RN 1.6

See Flgures 20 23

See Flenres 20-23%
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In conclusion, the seasonal cycle of the tropical Atlantic
surface topography is rather identically presented by all the
data sets and the models. They all show an opposition
between the summer/fall season and the winter/spring sea-
son, and the Gulf of Guinea is affected by a semiannual
signal in all the products, even if the AA signal is too weak.
Figure 12a clearly shows the good agreement which exists
between AA and 3DA. No significant bias from the y = x
line is observed in this scatterplot. This is also true for the
AA/3MA and 3MA/3DA comparison (Figures 126 and 12f).
However, all of the AA/DHA, 3DA/DHA, and 3MA/DHA
(Figures 12¢, 12d, and 12e) scatterplots present a system-
atic bias which reveals among other things, the time shifting
(1 month as a mean) often occurring between DHA and the
other products. It is not surprising that the AA accordance is
better with 3DA than with 3MA, as the three-dimensional
Model integrates more physics than the linear model. How-
ever, the better agreement that is found between 3DA and
‘ther than between 3DA and DHA reveals that besides

“Jata uncertainties, the 19861988 mean used for AA

i

L

and 3DA still contains an important interannual part with
reference to the climatological mean taken for DHA over
one century. This will be investigated further.

4, INTERANNUAL VARIABILITY

Basinwide Description

We can now consider, from November 1986 to November
1988, the monthly time evolution of the sea level and DH
anomalies as given by the data and the models. Figures
13—19 present the basinwide situation for different months
over all the years.

November 1986 (Figure 13) presents the same patterns as
the climatological DH. It is interesting to note in the NECC
high (positive anomaly at 3°-7°N) the presence of two
distinct cells: one between 35° and 50°W and the other one
east of 32°W, which are only shown by 3DA and are shown
even more clearly by AA. This division in two different cells
during the NECC decrease had also been observed in the
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past [Boisvert, 1967: Richardson and McKee. 1984 Arnaudr.
1987] using ship drift data. However. several authors re-
mained skeptical and argued that this division was perhaps
only due to irregular data sampling. As this reason cannot be
involved here, either for satellite duta or for model results.
the NECC disappears during the full in two different cells.
In March 1987 (Figure 14), when the winds over the
equatorial region are low. the AA extrenu are stronger than
the model ones by at least 3-6 ¢m. The location of the
negative extremum around 3N differs for 3D A toffshore the
African coast) compared to the other quuntities where it is
offshore Brazil. It has been shown [Richardson and McKee.
1984 Arnaadr. 1987] that the NECC evolution. and thus the
northern high associated with its geostrophic component.
depends on the longitude. Tts decrease starts from the west
during the winter-full season. and its strengthening first
affects the castern part of the basin. Thus the difference of
the maximum location between 3DA and the other quantities
could be only due to o time ~hifting. Moreover. 1 month fater
tnot shown herel, 3DA show o western negative anomaly.

In July 1987 the equatorial upwelling has begun (Figure
15). The negative signal of the equatorial upwelling reaches
its maximal extension for all except for AA which present a
more intense upwelling signal [ month earlier. Compared to
DHA where they are below =9 cm. the 1987 upwelling
negative values are only about =6 ¢cm for the models and =3
¢m for AA. The other negative values (—6/9 cm). which
appear along 10°N in AA are hardly outlined by the models.
and shifted southwuard for 3AMA.

The October 1987 <ituation (Figure 16) looks like those of
Naovember [986 with o rather good agreement between AA
and 3DA.

In March 1988 (Figure 171, differences compared to [987
appear. First. the negative extremal valnes along 3°-5°N
presented by 3DA are now along the Brazihan coust, in good
agreement with AA, DHA L and 3M AL Second. north of 5°S,
the Gulf of Guinea is affected by a positive anomaly which is
stronger at {east by a factor of 2 than in 1987, It can be
imteresting to compare this 98X signal to those  which

ocerrred in 984, 1 ovear aiter the 1982-1983 2] Nifo™
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Fig. 23. Same as Figure 20 except for the South Equatorial Countercurrent region (4°-6°S). Same gray scale as in

Figure 1.

phenomenon in the Pacific Ocean. During spring 1984 the
Atlantic shows an unusual flat topography with the presence
of warm water along the equator [Hisard and Hénin, 1987).
In terms of anomaly, equatorial warm water during the
spring season mean a strong positive anomaly of the sea
level with reference to its mean value. In 19861987 there
was another El Nifio in the Pacific. Therefore positive values
in the Gulf of Guinea stronger in March 1988 than in 1987 are
not surprising and could be linked to an El Nifio event in the
Pacific as in 1984. Even if the AA signal is less intense, this
interannual warm event is also present.

In July 1988 (Figure 18) the negative values relative to the
vquatorial upwelling seem to be stronger than in 1987 for AA
and the models, even if the satellite data results are still
weak. The situation is therefore different from those in 1984
where the warm event remained during the boreal summer.
It is also interesting to see for AA, DHA, and 3DA, the
Separation of the negative patch between 5° and 10°N in two
diffel‘ent cells east and west of 40°W. Also clearly shown, but
th' fime by AA, 3DA, and 3MA, are the two positive cells

located along 5°N and 5°S, which could be related to Rossby
wave propagation. They were not so evident in 1987, except
for AA.

Finally, in October 1988 (Figure 19) the positive anomaly
at 3°N seems to be weaker than in 1987 for AA, 3DA, and
3MA., so that the NECC could have weakened earlier in 1987
than in 1988. This has been confirmed during a cruise in late
September—October 1988 across the Atlantic. The hydrolog-
ical data sampled during this campaign do not reveal any
NECC high at 3°-5°N, as should be for this period [Arnault
et al., 1992]. It is also interesting to note the good agreement
between AA and 3DA, showing the same eddy structures
along 5°N, alternatively cyclonic and anticyclonic. How-
ever, in the Gulf of Guinea the AA signal is weaker again
than the models” signal.

This first approach of the interannual variability in the
tropics confirms our belief that the tropical Atlantic has been
affected by relatively strong interannual events in 1986~1988
as was the case in 1983-1984. Time plots will confirm this
hypothesis.
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model 0/500 dbar dynamic height anomalies GAMA {n dyvoamic centimeters) and tor the three-dimensional model 5/500
dbar dynamic height snomadies 13D A 1 dynamic centuneters). Same gray ~cale as in Figure 1.

Longitudinal and Latitudinal Evolution for J986—1988

Longitudinal evolution in the NEC reeion for 1986—
1988. Between [47and 16°N, in the NEC region (Figure 200
the signals are weak (3-6 cmj. but the time shifting between
AA,3DA,3MA. and DHA already evidenced by climatology
(Figure 3) is even more pronounced. For example. models
and AA present negative values between August and Sep-
tember, but otherwise DHA are mostly positive. 1t is also
noteworthy that this signul is stronger in 1988 than m {987,
as revealed by AACIDA, or 3MA. Because of the interan-
nual variability the rms for AAL3DAL and 3MA computed
between November 1986 and November 1988 tTuble 260 are
slightly larger than the ones computed over the scasonal
cycle. However, the rms differcnces AARDA, AASBMA,L
and 3DAAMA (Tuble 257 are simifar to those of Tuble 14,

Longitudinal evolution in the NECC jeggon for 1980—=
1988, The NECC region dligure 21 comprises three dif-
ferent parts. West of 35 W the stiatian is very eomplicated

with u Jot of small-scale eddy structures. However, looking
al AA und 3DAL it seems thut the spring-summer negative
values are stronger in 1988 than in (987, Between 157 and
3TW. the signal is predominantly scasonal. The positive
values here are higher in July—October 1988 than in 1987, but
the masimum in 1988 occurs | month carlier. in September.
AA und 3DA ulso depict a different intensification of the
structures in 1987 and [988: in 1987 the structures begin to
change sign in March-April at 15"W. The positive extremum
I~ reached around 30°W from July 1987 to October 1987, In
1988 the changing begins Later, in April-May in the cust, and
lasts antl September between 207 and 30°W. Finally, in the
cast the signal is semiannual. but it seems that the secondary
negative extremum. which usually occurs in January-
February. was hardly outlined in 1988 compared to 1987, as
can he seen through AA L 3DAL o AMAL The rms differences
tTable 20y for this period are very simidar to the rms
differences i Fable 16,
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Longitudinal evolution in SEC region for 1986-1988.
West of 20°W, the AA and 3DA amplitudes are similar, but AA
contrast with the models by presenting stronger negative
anomalies in 19861987 than in 1988 (Figure 22). East of 20°W,
3DA and AA show a stronger negative upwelling signal in
June—July 1988 than in 1987, but the AA signal is too weak and
is time-shifted by about 1 month. Both present a secondary
cold season in November—December 1987 and 1988, followed
in January-March by a warm season as revealed by the
positive anomaly which is stronger (3DA and 3MA) and longer
(AA) in 1988 than in 1987.

Longitudinal evolution in SECC region for 1986—1988. In
the southern hemisphere (Figure 23), even if the signal is
more amorphous (—6, +6 cm), it still seems that the positive
anomaly in spring-summer 1988 is stronger than in 1987.
However, compared to the data, the models still emphasize
the propagation phenomenon.
 Latirudinal evolution in the Gulf of Guinea along 4°W and
M the center of the basin along 28°W for 1986-1988. Along
4. W (Figure 24) the agreement between AA and 3DA is best
S ed with the other panels in Figure 24. North of 10°S,

20 -20 -10

20 -20 -10

24-28W'

Same as Figure 24 except for 24°-28°W. Same gray scale as in Figure 1.
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AA and 3DA both show weaker anomalies in 1987 than in
1988 by more than 3 cm. This still persists at 28°W (Figure
25), especially in the northern hemisphere: even if the phase
opposition presented by the signals between 0°~10°N on one
hand and 10°-20°N on the other hand is clearly evidenced for
both years, in 1987 the signals are weaker than in 1988.

The changes that affect the tropical Atlantic in 1988
compared to 1987 can also be depicted through local com-
parison. Once this is done, we will then be able to quantify
the correlation between AA and 3DA.

Local Comparisons

Figures 26 and 27 present the comparison of the signals
between November 1986 and November 1988. We just add
the climatological year for DHA to compare with Figures 9
and 10.

In the western NECC (5°N—-46°W) (Figure 264), the better
agreement is found between 3MA and AA as it was already
true for the climatology (Figure 9a). The 3DA is clearly
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time-shifted by 3 months at least. The amplitude of the
19861988 signals are mostly the same about §-10 cm. AA,
3DA, and 3MA present a decrease of the mean between 1986
and 1988, as the positive extrema weaken (around 4 ¢m for
AA in 1986, then 2 cm in 1987; more than 8 cm for 3DA in
1986, then 2 cm in 1988: 5 cm for 3MA in 1986, then 0 cm and
the negative extrema strengthen (more than —3 cm for AAin
1987, then —4 cm in 1988; more than —1 cm for 3DA in 1986,
then —6 cm: —3 cm for 3MA in 1987, then —5 cm). The
correlation between AA and 3DA is only 0.5 due to the time
shifting.

Eastward (Figure 265h), the agreement is better and

reaches a 0.77 correlation coefficient between AA and 3DA.
The extrema in summer 1988 (5-7 cm) seem to be stronger
than in 1987 (less than 4 cm), but the minima in March~April
are of the same order in 1988 as in 1987 (—4/5 cm). If AA,
3DA, and 3MA vary in phase in spring 1987, there is a
I-month lag during spring 1988 between AA and 3DA and
3DA and 3MA. This is due to the decrease toward the
negative values which occurs faster (3 months) for AA than
for models (5-6 months). .
. In the east (Figure 26¢) the AA signal is flat compared
with the others in July—-August 1987. This explains why the
correlation between AA and 3DA is only 0.53. However, for
3DA and AA, the extrema in June-August 1988 (=7 and —3
cm, respectively) are stronger than in 1987 (—6 and —1 cm).
The values for the warm spring season are also stronger in
1988 (5 and 3 c¢m) than in 1987 (3 and 1 cm).

Farther south. in the SEC (Figure 27) at 1°N the correla-
tion between AA and 3DA is better in the west (0.57, Figure
27a) than in the center (0.44 Figure 27b) or in the east (0.32,

Sea Level Anomaly in cm

...... DHA c
<10 4+—~-r—r—r———r—r —r—r——r———r—~-10
NDJFMAMJJASONDJFMAMJJASON
Month since November 1986
Fig. 260. Samec as Figure 26a. except for 2"W-3"N,
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Figure 27¢). These bad correlations are once again ex-
plained by the lack of upwelling signal in AA in the summer
of 1987.

Statistics

The good agreement which exists between AA and 3DA in
the northwestern Atlantic Ocean is shown by the correlation
coefficients given in Figure 28. A large part of this region
present coefficients larger than 0.7. In the Gulf of Guinea, as
already discussed, the correlation is low (less than 0.5).
Regions where the signals are anticorrelated are few and
located northward, southward, or near the American coast.
The same conclusions can be derived from the comparison
3MA/AA. Finally, the extremely good temporal agreement
between the two models is also depicted in Figure 28: a large
part of the basin is covered by correlation up to 0.7.

The rms differences between the data are given in Figure
29. It is clear that the best agreement is always found
between AA and 3DA with a mean value about 3.2 cm.

5. DiscussioN AND CONCLUSIONS

We examined in this paper the comparison of four prod-
ucts (climatological DH, altimetry, linear, and three-
dimensional model results) to obtain the most complete
overview of the surface dynamic topography variability in
the tropical Atlantic Ocean.

The seasonal cycle as shown by altimetry and models is in
rather good agreement with the one presented by DH
climatology. The seasonal variability is clearly stronger in
the northern hemisphere. The Gulf of Guinea is affected by
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Fig. 27a. Same as Figure 26, except for 46°W~1°N.
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Fig. 27b. Same as Figure 26, except for 26°W-1°N.

a semimodal signal with two cold seasons, in December—
January and in June—August. However, the altimetric vari-
ability is too small in this region compared with the other
quantities. Westward propagation at 5°N, in the NECC, is
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Correlation coefficients computed in the tropical Atluntic Oceun for the November 1986 to Navember 1988

period between the altimetric unomalics and the three-dimensional model 5/500 dbar dynamic height anomalies

(AA/3DA). the altimetric anomalies and the linear model

0/500 dbar dynamic height anomalies (3IMA/AA). and the

three-dimensional model 5/500 dbar dynamic height anomalies and the linear model 0°500 dbar dynamic height

anomalies (3DA/3MA).

clearly shown by all the data and models. but at 5°S, such a
propagation is only present in the models. The annual
variability is maximal in the western basin. along 2°~3°N and
10°N. These maxima are separated by a minimum much
more evident for altimetry and models than for the climato-
logical DH. We do assume that most of the differences
encountered between altimetry/models on one hand and DH
climatology on the other hand are duc to the mean being
computed over 2 yeurs for altimetry and models and over a
century for the climatology. Therefore the altimetric/model
averages involve interannual information that has been con-

siderably filtered out in the climatological mean. This ex-
plains that the best rms differences between models and data
are found between three-dimensional model and altimetry
with a mean value of 2.6 cm.

The study of the 1986-1988 cycles has confirmed the good
agreement between altimetry and models (Figure 30). It also
points out several features. First, the NECC region can be
divided in two parts during the fall decrease: two different
cells appear east and west of 30°=35°W. It seems to be a
constant feature as it is observed in October 1986, Novem-
ber [987. und November 1988 from altimetry and models.
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Fig. 29. Mean rms differences (in centimeters) from November
1986 to November 1988 between altimetry and three-dimensional
model anomalies (solid line), altimetry and linear model anomalies
(spaced dotted line), and three-dimensional model and linear model
anomalies (long dashed line).

Although it had been observed in the past, many authors
were suspicious about this division and argued that it could
" be due to an artifact of in situ data sampling, which is
obviously not the case for altimetry and models. Second,
also pointed out by this study, is the presence of interannual
events in the tropical Atlantic Ocean. It has been widely
assumed in the past that contrary to the Indian or the Pacific
oceans, the annual cycle is dominant in the tropical Atlantic.
However, in particular, since the 1982-1984 Programme
Frangais Océan Climat en Atlantique Equatorial (FOCAL)/
Seasonal Response of the Equatorial Atlantic (SEQUAL)
programs, the presence of strong interannual events has
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Fig. 30a. Scatterplot for the November 1986 to November 1988

period between altimetric anomalies and three-dimensional results
(AA3DA).
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linear model results (AA/3MA).

been shown especially in the Gulf of Guinea, 1 year after the
El Nifo Pacific phenomenon. The following explanation has
been enounced: when an El Niflo occurs in the Pacific
Ocean, warm waters piled up on the eastern side of the
Pacific basin result in a Walker cell displacement. As a
consequence, the trade winds over the west Atlantic inten-
sify as does the oceanic pressure gradient. Several months
later, when the Walker cell returns to its usual location, the
Atlantic winds relax. The Atlantic pressure gradient is no

3DA/3MA 86-88
MNRBIANAC2 21 658NN 0661 S 0 DN

15 I PR S P PSS EPUS S P N P P PV AP TP P P IS TP PSS U SN PSR TS0 DV P U BV PR | 15
147 F14
134 . F13
12 .- F12
114 . Fi1
10+ . . e . |10

94 - . e . Fg

84 k8

75 E7

67 6

54 5

43 Ea

33 Fa

= 2] F2

E *

=~ 04 Fo
5 3
@ -2 -2
-3 b3
-4 F-4
-5 -5
-6 -6
7 b7
-8 -8
-9+ I~-9
-104 --10
11 F-11
-124 F-12
-13 ¢ F13
-14+ - -14
'15 T T 1T LUSSCRA R S0 SR B N TR N UL LI LAY BLAN NS SLEN N LA LN N B B BL S '15

ABNO 22ABHEBLA0ATLD NS 61 B QDN
3MA (cm)
Fig. 30c. Same as Figure 30a, except for three-dimensional

model and linear model results (3DA/3MA).



14,286

Power Spectra

ARNAULT ET AL.: ALTIMETRY AND MODELS IN THE TROPICAL ATLANTIC OCEAN

km
1E+04  SE+03 16403 5E+02 1E+02  5E+01 1E+01

1E+04 vaiaa b . | VS T AT s r {E+04

5E+03 E 5E+03

1E+403 - - 1E+03

S5E+02 o - E SE+02
g 7 -
& 1E+02 1E+02 @
(=% (=N
o 5E+01 E 5E+01 @
S 32
) 3
R ] [ <
?‘ 1E+01 1 !—1E+01 g\’
£ 5E+00 3 E 5E+00 E
(5] E (&

1E+00 —o — 1E+00

5E-01 £ 5E-01

1E-01 o [ —— e — 16-01

1E-04 5E-04  1E-03 5E-03  1E-02 SE-02  1E-01
cycle per km

Fig. 31.

Power spectra along a characteristic descending track in the Gulf of Guinea. Using a fong track (40°S),

GDR or GEM-T?2 orbits, and a second-degree polynomial adjustment (solid line); using a long track (40°S), GDR or
GEM-T2 orbits, and a one-degree polynomial adjustment (dashed line); and using a short track (20°S), GDR or GEM-T2

orbits, and a 1° polynomial adjustment tdotted line).

longer in equilibrium with the wind stress forcing. and the
warm waters accumulated in the west flow back into the Gulf
of Guinea. In 1982-1983, a strong El Nifio occurred in the
Pacific, and in spring 1984 the FOCAL/SEQUAL data
showed abnormal warm waters in the east Atlantic with a flat
thermocline and no pressure gradient all along the equator
[Philander, 1986; Lamb et al.. 1986; Weisberg and Colin,
1986: Hisard et al., 1986; Katz er al., 1986]. In 1986-1987,
another El Nifio was detected in the Pacific, also not as
intense as the 1982-1983 one, and the sea surface tempera-
ture maps obtained by Servain and Lukas [1990] reveal
abnormally warm waters in the Gulf of Guinea during spring
1988. During spring 1988, altimetry and models also show
waters in the Gulf of Guinea that are warmer than in 1987.
However, the altimetric signal was weaker than the model
ones.

We tried to discover why the altimetric signal was so weak
in the Gulf of Guinea. As described in section 2, altimetric
data have to be corrected and filtered out first before
producing the ‘‘real’ oceanic sea level signal. AMénard [1988]
has already approached the same problem. but he used
different techniques and corrections. One of the corrections
which could be particularly important in the tropics is the
water vapor correction. As Mdénard [1988], we used the
FNOC water vapor correction. Recent investigations have
revealed that differences between several water vapor prod-
ucts could be important. In the equatorial Pacific, Zimbel-
marn and Busalacchi [1990] found for the FNOC and SMMR
corrections a mean rms difference ranging from 2 cm to more
than 8 c¢cm in December 1983. Emery et al. [1990] have
computed altimetric corrections from FNOC, Tiros-N oper-
ational vertical sounder Seasat scanning multichannel micro-
wave radiometer (SMMR). and special sensor microwave
imager water vapor. They found that the FNOC-derived

corrections are generally much too low in the tropics. Along
a Geosat track in the Atlantic, they found a difference
between FNOC and SMMR corrections of about 10 cm
around 7°N. Therefore we recomputed for three tracks in the
Gulf of Guinea the sea level anomalies. using either FNOC
or SMMR water vapor corrections. These along-track sea
level anomalies differ only slightly, and the resulting mean
rms differences vary around 1 ¢m. This low value is due to
the altimetric data processing which only implies *‘anoma-
lies.”” Zimbelman and Busalacchi [1990] found that the mean
rms differences between different water vapor products are
divided by a factor of 2 if the respective mean field is first
subtracted. Moreover, along-track power spectra reveal that
most of the difference found in our analysis referred to
wavelengths over 2000 km (Figure 31).

Another investigation leads us to consider the effect of the
orbit error. We used the Geosat operational orbits which are
available from Cheney et al. [1987]. Born ¢t al. [1988] have
estimated that the radial component of these orbits is accu-
rate to about 3 m rms. Fortunately, the largest component of
the error occurs at a wavelength equal to the orbital circum-
ference. Thus a large percentage of the error can be removed
on a regional basis using simple adjustment techniques in
which the error is modeled as a low-order polynomial
[Cheney et al.. 1989]. But this filter can also eliminate signals
of the large-scale ocean circulation. Therefore significant
benefit could be derived from using precise orbits. We
recomputed the altimetric signal along the same three tracks
we already used in the Gulf of Guinea for the water vapor
study. However, we now use longer tracks (up to 40°S
instead of 20°S) and the new orbit computation based upon
GEM-T2 gravity field. Haines ¢t al. {1990] have shown that
the use of GEM-TI gravity solution reduced the estimated
radial orbit error from the level of 3 m rms to about a 85-cm
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level. They suggested that with GEM-T2 the radial orbit
accuracies would be about 35 cm rms. The results of our
investigation are that using the same track length (up to 40°S)
and the same polynomial adjustment but with two different
orbits, the rms difference is about 0.50 ¢m for a 1° polyno-
mial adjustment, and it is 2 cm for a second-order polynomial
adjustment. Using the same track length (up to 40°S) and the
same orbit but different polynomial adjustment (first- or
second-order polynomial adjustment), the mean rms differ-
ence is between 2 and 3 cm, but power spectra reveal that
only the wavelengths over 2000 km are affected by these
changes. However, the use of a shorter track (up to 20°S)
indicates a lack of energy even for short wavelengths (200
km) (Figure 31). Considering the particular shape of the
African coast, due to the presence of the meridional Gabon-
Angola coasts to the east and the zonal Guinea-Togo coasts
to the north. almost all Geosat ascending tracks are consid-
erably short with no possibility of extension. Thus as men-
tioned earlier, the altimetric signal is then reduced, and this
certainly explains the differences encountered between al-
timetry and three-dimensional model in the Gulf of Guinea.

Therefore the global patterns of the seasonal cycle of the
tropical Atlantic surface topography are identically repre-
sented by the altimetric observations and the model simula-
tions and are in agreement with former dynamic height
climatology. The better correlation is found between altim-
etry and a three-dimensional model for both the seasonal
signal and the interannual variability. For the future altime-
tric mission, such as the next TOPEX/Poseidon mission.
microwave radiometer will be on board, and high accuracy
ground tracking will be performed. The radial orbit error
should then be about 10 cm. Therefore using longer descend-
ing track, better orbit correction, and lighter adjustment,
probably the quality of the altimetric signal in the Gulf of
Guinea will be as it is already elsewhere in the tropical
Atlantic Ocean. The association of these future altimetric
data with a three-dimensional model will provide the best
approach to the large-scale variability in the tropical ocean.
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