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Modeled Surface Dynamic Height in 1964-1984: An Effort to Assess How Well
the Low Frequencies in the Equatorial Atlantic Were Sampled in 1982-1984
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A wind-forced linear model has been used to produce 21 years (1964-1984) of monthly time series of
surface dynamic height in the equatorial Atlantic. The climatological seasonal cycle is subtracted, and the
statistical characteristics of the residuals are analyzed. An empirical orthogonal function analysis reveals
that the most significant pattern has deviations of one sign in the western equatorial Atlantic associated
with near-simultaneous deviations of the opposite sign in the eastern equatorial Atlantic. The anomalies
in the last 2 years, 1983 and 1984, are particularly large. The time component of the first empirical
orthogonal function peaks in July 1983, changes sign at the end of 1983, and has an extremum of the
opposite sign in April 1984. At that time, the zonal slope of dynamic height had reversed with respect to
normal along the equator. In 1983-1984 a large data set was collected to study the seasonal variability in
the equatorial Atlantic. We do not analyze the real data here but evaluate the ability of this data set to
cover correctly the time and space scales of the modeled anomalies. The model time series are sampled at
the positions of the data. An optimal interpolation scheme is used with the adequate statistics extracted
from the model time series, and the analysis is compared with the simulation. Our results suggest that the
most noticeable features of the model anomalies for 1983~1984 are reproduced in the analysis, although
the results would have been better if more data had been collected in the western equatorial Atlantic at
the end of 1983. According to this study, subsets which have already been .analyzed for the same period

" (for example, the Programme Frangais Ocean Climat dans I’Atlantique Equatorial conductivity-
temperature-depth cruises) would also have retained the revetsal of sign of the anomaly between the end

<

of 1983 and early 1984, although the overall accuracy would have been reduced.

1. INTRODUCTION

The upper tropical Atlantic density structure has a large
low-frequency variability revealed by analyses of the historical
data files. Along the equator the zonal tilt of surface dynamic
height or of other related parameters is usually weakest in
April-May and strongest in July [Merle, 1978, 1980; Katz et
al., 1977; Katz, 1981; Merle and Arnault, 1985], and the slope
across the North Equatorial Countercurrent (NECC) between
3°N and 9°N is maximum in September [Garzoli and Katz,
19837]. The information originates from isolated cruises, and
there are few regional or global surveys to cover this varia-
bility (examples of such limited surveys are given by Katz et
al. [1977], Lass et al. [1983], Molinari et al., {1986], and
Reverdin et al. [1986]). Compositing such data to form a sea-
sonal cycle can be misleading [Houghton, 1983], and the need
to have an adequate coverage of the tropical Atlantic over
more than one seasonal cycle motivated the buildup of the
French-U.S. cooperative Programme Francais Océan Climate
dans I’Atlantique Tropical (FOCAL)/Seasonal Response of the
Equatorial Atlantic (SEQUAL) [Weisberg, 1984]. To achieve
these experimental goals, two sets of data have been collected,
mainly between March 1983 and October 1984: for the first
one, continuous records were available for a limited number of
places east of 38°30'W, primarily along the equator or north
of it; for the second one, sections have been performed in
various areas usually along prescribed lines (Figure 1), The
two data sets are expected to be complementary in the future:
the time series are required to suggest the variability in which
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the sections are embedded, and the sections should provide
spatial information, at least for the low frequencies.

The FOCAL-SEQUAL array was designed in order to pro-
vide ground truth for numerical models previously forced with
climatological winds (Busalacchi and Picaut [19837, du Pen-
hoat and Tréguier [1985] (hereinafter referred to as PT), or
Philander and Pacanowski [1984, 1986] with Hellerman and
Rosenstein [1983] wind stresses). The skill of the models will
be tested against the available data. One is particularly inter-
ested in knowing whether or not the low-frequency variability
of the Atlantic Ocean is correctly hindcasted by the numerical
models. High frequencies should also be carefully assessed in
the data in order to estimate their effect on the seasonal cycle.
Validation of the hindcasts could be done in a few locations
where long time series are available. In addition, it is neces-
sary to estimate whether or not these places are characteristic
of the large scale variability in the equatorial Atlantic. In
principle, this could be investigated with the whole FOCAL-
SEQUAL data set. However, these data are not yet available.
A preliminary question that is addressed here is whether or
not the FOCAL-SEQUAL array resolves adequately the
characteristic time and space scales of the seasonal cycle.

If enough data were available in the past, one could define
the characteristic scales of the seasonal cycle from the obser-
vations. Unfortunately, this is not the case, mainly because
previous experiments (GARP Atlantic Tropical Experiment
(GATE) [Diiing et al., 1980] or First GARP Global Experi-
ment (FGGE) [Molinari et al., 1986]) have not lasted long
enough to cover the seasonal cycle. In the absence of real data,
we will rely on a model for investigating the scales of the
seasonal cycle and to provide realizations of the variability
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Modeled basin geometry. The location of some of the measurements done for monitoring the equatorial
Atlantic density structure during FOCAL/SEQUAL in 1983-1984 are schematically presented. This includes XBTs (note
that XBT line 1 running NE to SW is the most heavily sampled, with 2 to 4 sections per month), AXBTs, and the FOCAL
cruise CTDs (repeated hydrographic sections).
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Fig. 1.

we call a model is a multiyear numerical simulation, and it
should be interpreted in a statistical sense. Qur conclusions
are dependent on the properties of the model, which may
differ from the ones of the real ocean: an investigation of the

Py validity of the model with a subset of the FOCAL data will be

- presented in another paper. Although we do not know how
" realistic such multiyear wind forced simulations are, we have

" some hints that some of the model properties are realistic: the
-, ‘nurherical scheme which represents a linear low-frequency

', ocean with a prescribed vertical density profile [PT] has re-
% produced most aspects of the climatological surface dynamic
"héeight topography presented by Arnault [1984] and Merle and
©Arnault [1985]. Models with similar assumptions have also
" produced correct hindcasts in multiyear simulations of tide
gauge records in the equatorial Pacific Ocean [[Busalacchi and
'O'Brien, 1981; Busalacchi and Cane, 1985]. No long time

“, series of sea level arc yet available in the tropical Atlantic, and
. the parameter on which we will restrict our investigation is the

surface dynamic height referred to 500 dbar. FOCAL-
SEQUAL data from which it could be estimated are numer-
ous (Figure 1):

1. It is readily available from hydrographic sections
[Hisard and Hénin, 1984].

2. Via T-S relations, it is likely to be extracted from tem-
perature profiles (expendable bathythermographs (XBTs) or
aircraft expendable bathythermographs (AXBTs) with enough
accuracy [Arnault, 1984).

3. Low frequencies in tide gauge pressure records may also
be included near the equator according to comparisons with
hydrographic sections [Katz et al., 1986].

4. Finally, “inverted echo sounders” transit time is prob-
ably also a good proxy for dynamic height [Katz, 1987].

To investigate the performances of the array, we will con-
struct analyzed fields using “optimal interpolation™ of data
extracted from the model simulations and will compare these
analyses with the simulations. The organization of the paper is
the following. In section 2, we present the numerical model of
the tropical Atlantic and the wind forcing from which a 21-
year-long hindcast of the surface dynamic topography is
derived. Time series are presented. In section 3, an outline of
the analysis method is given to define which statistics are
needed from the hindcast. In section 4, the statistics of the
model simulations are discussed. Two questions are asked:
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how does 1983-1984 compare with respect to the 21-year time
series, and what are the statistical characteristics of the devi-
ations from the mean seasonal cycle? In section 5, proxy data
are created from the model at the locations of the FOCAL-
SEQUAL data. They are analyzed to produce grid fields &,.
These fields are compared with the model values k. Section 6
contains a discussion of the results with regard to the
FOCAL-SEQUAL experiment.

2. MopEL HINDCAST (1964—-1984)

2.1. The Numerical Model

The model is a linear wind-forced model of a stratified
ocean of depth » and has been described by PT. Briefly, to
solve the equations, the vertical density profile is linearized
about a mean state p(z) (or a Brunt-Viisdld frequency N(z))
estimated from the climatology [Merle, 1978]. This results in
a decomposition into vertical modes [ Lighthill, 1969], such as

(1, 0, p) =3 (ttys O, P)(x, ¥, OH(2) 1

n
where x, y are zonal and meridional cordinates in the equa-

torial B plane and the orthonormal vertical modes H,(z) are
the solutions of the eigenfunction equation

djdz (1/N? dH,Jdz) + (1/c,>)H, = 0 ©)

with dH,/dz =0 at z =0 and z = —D, D being the depth of
the ocean and ¢, the phase speed associated with mode n. For
each baroclinic mode (n = 1), the horizontal equations are
written in the long-wave approximation [Cane and Sarachik,
1981]

Uy — BYV, + Py = 7,7 — Tl (3a)
ﬁyun + Puy = Tny — W, (3b)
l/cnzpn,r + un,x -+ Un,y = —rn/cnzpn (36)

where 1, are damping coefficients and t,* and t,” are projec-
tions of the wind forcing onto the vertical modes. With this set
of equations, western boundaries are not explicitely solved,
but the solution has a simple analytical formulation which
allows for an efficient numerical procedure [Cane and Patton,
1984]. 1t separates eastward (Kelvin mode) and westward
(long Rossby modes) energy propagations. The Kelvin wave
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contribution is solved along characteristics, and the long
Rossby waves are computed with an implicit finite difference
scheme which is unconditionally stable [Cane and Patton,
19847. Thus we can use a 10-day time step, and the model is
run cheaply for long simulations.

The physics included in r, is not well known (see discussions
by McCreary [1981] and Gent et al. [1983]). Here the depen-
dence of r, on mode number n has been chosen as by Mc-
Creary [1981] and corresponds to a 2-year decay time for the
first vertical mode as in the work of Gent et al. [1983]. PT
showed in their multimode simulation of surface dynamic
height that near the equator, with a similar choice for damp-
ing, the first three modes accounted for 95% of the seasonal
signal estimated with 9 modes. Hence only the first three baro-
clinic modes are numerically solved (speeds of ¢; = 2.16 m
s, ¢, =126ms™ !, and c; = 091 m s~ !). Then sea surface
dynamic height referred to 500 dbar is computed from the p,
as given by PT.

Wave propagation is nondispersive in the model, an ap-
proximation which is adequate only close to the equator. The
wavelike patterns (wavelengths of the order of 4°.) found in the
simulations at latitudes higher than 10° are probably not rele-
vant for the dispersive dynamics of the ocean. The model
geometry is shown in Figure 1. It is a rectangular basin except
for steps in Brazil and western Africa. The grid step is'1° in the
zonal and 0.5° in the meridional direction. In the real ocean,
there are no coastlines at 12°S and 18°N, nor is there a west-
ern boundary at S0°W north of the equator. However, with
the damping chosen (2 years for the first mode), this does not
influence significantly the equatorial band.

A requlrement for numerical experiments at low frequencies
is that mass (and therefore here, dynamrc height) should be
conserved. The scheme conserves mass and energy in' the in-
terior in the absence of forcing and damping [Cane and
Patton, 1984]. However, losses on the boundaries through
wave reflection are likely. They are, however, very small, and
mass is nearly conserved in the simulation. .

22. The Winds

Monthly wind stress maps [Servain et al., 1985] were first
constructed for the period 1964-1979 on a 2° x 2° grid mesh
with a “successive correction” objective analysis of ship re-
ports averaged in 5°. x 2° boxes. Prior to the analysis, bogus
data were added in data-void areas by a chief analyst as was
done by Legler and O’Brien [1985]. Details on the processing
of these winds are given by Picaut et al. [1985]. Recently, the
processing has been changed slightly and the analysis has been
rerun producing a time series from 1964 until 1984, including
the FOCAL-SEQUAL field experiment phase. The accuracy
of these wind stresses is not provided, but they generally in-
corporate a large number of data (over 5000 per month in the
study area). Our concern with these data is to know their
ability to reproduce the low-frequency variability. For exam-
ple, there is an increase in wind intensity lasting until 1980,
followed by a plateau. Some of these changes are instrument
related [Kaufeld, 1981]. Also, high frequencies will be aliased
into lower frequencies after sampling at midmonth of a
" monthly running mean—filtered series, a possible problem if
the 40- to 50-day oscﬂlatlons are energetic [Madden and
Julian, 1972]."

The wind field in the tropical Atlantic exhibits a strong
seasonal signal. The intertropical convergence zone (ITCZ)
separating the prevailing northeast and southeast trade winds
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straddles the equator in boreal winter and migrates north-
wards around May to reach its northernmost location around .,
August (by 10°N near Africa) [Hastenrath, 1984]. Year-to-year '
variations of these displacements are observable. For example,
in early 1983 the ITCZ stayed north of the equator at a'lati- ~
tude higher than that normally found and movéd to the north
beginning in mid-April, whereas in 1984 it stayed in the vicin-
ity' of the equator for a long period which was followed be-
ginning'in mid-May by a fast northward migration. For the
1964-1984 period, the strongest anomalies reported by Servain
et al. [1985] occurred in May 1968, when a reversal of the
equatorial winds took place [Servain, 1984].

Servain et al. [1985] quantified the wind anomalies (by
anomalies, we refer to deviations from the mean ‘seasonal
cycle). Over large portions of the equatorial Atlantic, monthly
anomalies of the wind stress have a variance larger than that
in the climatological seasonal cycle. North of the equator,
where the seasonal cycle is large, the anomalies have a smaller
variance than the climatological seasonal cycle. Their analysis
also suggests that anomalies are phase locked with the season-
al cycle, although they may last in some instances over more
than a year.

2.3. ' The Simulation of Dynamic Height

Wind stresses are computed from the winds V as pc |V|V,
where ¢, is chosen as 1.5 x 1072 and p'=1.2 kg m™> The
wind stresses are interpolated linearly in time at each model
time step, every 10 days and spatially at the model grid points
as described by PT. The model is spun up during 10 years
with the mean seasonal cycle of the wind forcing. Then the-
simulation is continued with the 21-year-long wind stress time
series as input. Since the pre-1964 period has no influence on
the simulated dynamic height, the initial conditions influence
the first year of the simulation [Cane, 1979; thlander and
Pacanowski, 19807.

In a simulation a 21-year-long time series of dynamic height
(January 1964 to December 1984) is produced that we sample
at midmonth. The mean seasonal cycle of dynamic height in
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Fig. 3. The time series of the model dynamic height anomalies sampled at each midmonth. The mean seasonal cycle

has been remaved from the model outputs, and the low freq
are also shown (solid line). Plots are for (0°, 4°W), (b) (0°,
along 28"W.

this simulation bears a close resemblance to the one obtained
by PT with 9 vertical modes forced by Hellerman and Ro-
senstein’s [1983] climatology. The main difference is that the
seasonal cycle is slightly more in'ten_se here. Two characteristic
months of the seasonal cycle (April and August) are shown
(Figure 2). In these fields, as in the climatology of dynamic
height estimated from observations [Mei le and Arnault, 1985],
it is in April that the topography is the weakest and in July—
August that it is most well formed with a trough (low pres-
sure) near 10°N, a ridge (high pressure) near 3°N in the central
and western Atlantic Ocean, and an equatorial trough with a
strong downward slope toward the east.

Anomalies are computed by removing from the simulations
the average seasonal cycle. In most places, a large trend is
present (Figure 3), as is found in the wind stresses. Then we
remove the trend as well as the lowest frequencies, which are

uencies which are subsequently subtracted from the time series
35°W), and (c) the differences of dynamic height at 4°N-10°N

most sensible to changes in wind measurement techniques
[Kaufeld, 19817 and to the presence of the artificial meridional
walls of the model. A low-pass second-order Butterworth re-
cursive filter [Murakami, 1979] with a cutoff at 5 years is
applied to the time series. This leaves a significant year-to-year
variability accounting everywhere for more than two thirds of
the variances in the anomalies. The small scales at high lati-
tudes, where dynamics are poorly taken into account by the
model, are also smoothed with weights %, 4, % for neighboring
grid points separated by 2° in the zonal direction and 1° in the
meridional direction. This has little effect closer to the equa-
tor, but 10° off the equator it strongly reduces the variance.
After this smoothing, the outputs are subsampled on a 2° by
4° latitude-longitude mesh, and arid points over the continent
are eliminated, resulting in filtered fields with 166 grid points,
as is presented on in Figure 9.
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Very few large-scale surveys have been ﬁerformed previous
to FOCAL/SEQUAL with which the model can be compared,
so that we will consider here only the model simulations.

24. Anomaly Time Series

Time series of the unfiltered anomalies are shown (Figure 3)
in two places along the equator: 4°W, which has been usually
chosen to discuss the equatorial upwellfng [Houghton, 1983;
Picaut, 1983], and 35°W, which is in the western Atlantic
where the wind seasonal cycle is the most intense. The vari-
ations at these two places are characteristic of those observed
in the eastern and western equatorial Atlantic, although am-
plitudes  are large ih places closer to the boundaries. The
anomalies are weaker in the central equatorial Atlantic, at
28°W for example. The strongest anomalies are found in 1968,
as is also the case in.a simulation for 1964-1979 depicted by
Servain-et al. [1985]. The years 1983 and 1984 have anomalies
of comparable amplitudes, and the anomalies exceed 2 stan-
dard deviations in most locations for more than 3 months in a
row for both of these years. Aromalies in 1984 bear simi-
larities to those in .1968, but they occur earlier in 1984 by
about 2 months, peaking in April. A reversal of the equatorial
slope even occurred for these years: in May-June 1968 and in
March—Aprii 1984, the modeled dynamic height was lower at
35°W than at 4°W. Anomalies in 1983 have the opposite sigh
(the simulation in 1983-1984 is also discussed by du Penhoat
and Gouriov [1987]). Quite often, anomalies of opposite signs
are grouped in 2 successive years (for the winds, similar evi-
dence for quasi-biennial oscillations is presented by Servain et
al. [1985]). The variance of the anomalies, averaged spatially
over the domain and temporally over 2 years, also shows large
variations. It is larger between 1968 and 1972 and in 1983—
1984 and smaller at other timies (g, in Fig. 13). |

The deviations of the mieridional slope fyon—11;0.n 8t 28°W
are also presented (Figure 3c¢). The meridional slope has a
seasonal cycle described by Garzoli and Katz [1983]. Its devi-
ations suggest variations of the strength of the North Equa-
totial Countercurrent. They can be large, especially 'in 1965
when the slope is weaker than normal. Anomalies at the end
of 1983 show a weakening of the slope and in the earlier part
of 1984 a strengthening. These anomalies are always small
compared to thé huge seasonal cycle which takes place in that
area (it exceeds 20 dyn cm peak-to-peak).

3. AN OUTLINE OF THE ANALYSIS

The model time series are cut into segments of length T (for
example, 2 years, to simulate the duration of the FOCAL-
SEQUAL experiment). Each segment is considered as one rea-
lization of the variability, and (x, 1) is a space-time coordinate
within the segment. We can write the model dynamic height h,
as

P

‘hs(x, H= Y a

m=1

a,L (x, t)+ Res (%, 1) 4)
where {L,,} form a set of p orthonormal functions and a,, are
projections on these functions. Thése functions define a sub-
space which we will refer to as the signal, and Res, is a re-
sidual. ‘ .
At n positions (x;, t;) (the array), proxy data (d,) are extrac-
ted from the model, adding a term Err, for errors and unre-

» solved scales:

P

di= 3 a

m=1

L, 1) + Res(x,, 1) + Err, ®)
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Fig. 4. Standard deviations & of the anomalies (in dynamic centi-

meters): {¢) rms deviation in the time series of detrended anomalies
(see Figure 3) and (b) seasonal cycle along the equator.

The three terms in the right-hand side of (5 will be assumed
to be statistically independent (this is obvious for the first and
second terms and is assumed for the first and third terms).
Also, if ddta are subsamipled adequately, the last two terms
will be uncorrelated between different data and will be referred
to as a noise with variance o2 Now, we want to estimate
optimally the signal %, from the data, that is, find the most
likely set {4,,} for the projections on {L,}

P

b ) =Y, G Lyfx, 0

m=1

(6)

The most efficient (and the cheapest) way to perform the
analysis is when a, are joint normally distributed variables

m

with zero mean and known expected variances 4, i.e.,
<am> =0 <aman> = Ahm = Amém n (7)

where the angle brackets indicate an average over the different
réalizations. Then for one given realization and a prescribed
data distribution (the array), the most likely {4,} are obtained
[ Bretherton et al., 1984; McPhaden et al., 19844] as a solution
of:

+R, )4, =S,

mn’m

Z (A nn

m=1

®

where

Z L,(x; £)1/0;? Ly(x;, 1)

S, = Z Lxs f,-)1/tf; d;

and the estimated error covariance matrix of the 4, is [(4)
+ (R

To have a zero mean {q,,, the time average of the simula-
tion over the 21 years is temoved. To insure that different
realisations are independent, we also have to subtract a mean
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where the overbar denotes an average over time ¢, and h are anoma-
lies normalized to unity. The reference point is at 4°W (cross). The
hatched zone$ indicate correlations not significantly different from
zero at the 90% confidence level.

seasonal cycle, and in this paper, we will work only with the
deviations from the seasonal cycle. The requirement {a,a,> =
0 for m different than n is equivalent to choosing {F,} as the
empirical orthogonal functions (EOFs) of the system [Lorenz,
1956]. This can be seen by considering the covariance matrix

[C], which has elements:
Clx, t; x', £') = {hfx, Oh(x, U)) 9)

with (x, 1), (X, t') being two grid points. It simplifies with the
substitution of (4) to:

P
Clx, t; %, )= Y A, F,(x. OF,(x, )

m=1

(10)

Then one can show that

[C]F,=A,F

n wmeom

(1

The reciprocal is easy to prove. Extracting the useful statis-
tical information from the model consists therefore of esti-
mating the eigenvalues of the covariance matrix and their
associated eigenfunctions.

4, STATISTICS OF THE MODEL
4.1. Variance and Correlations

The standard deviation of the anomalies (Figure 4a) is
strongest in the eastern and in the western equatorial Atlantic,
with weaker anomalies in the central Atlantic Ocean. They are
also weaker at 10°N, where they are smaller than the standard
deviation in the climatological seasonal cycle. The spatial dis-
tribution is slightly different from that presented by Servain et
al. [1985]. In the Gulf of Guinea (0° to 20°W) their model
exhibits smaller anomalies near the equator than further
south. This differs from our model and is typical of the dis-
agreements which were also found when discussing the clima-
tology [Busalacchi and Picaut, 1983; PT].

Servain et al. [1985] suggested that the wind anomalies
were seasonally dependent, and this also appears in the wind-
forced simulation of dynamic height (Figure 4b). The rms stan-
dard deviation of the anomalies is weaker near the equator

REVERDIN AND DU PENHOAT: MODEL ASSESSMENT OF DYNAMIC HEIGHT

from January until April and from August through November.
In April there is also very little meridional structure. In May
to July, deviations are much larger near the equator (as is also
found in the winds [Picaut et al., 1985]. Note also that along
the equator, maximum standard deviations in the east lead by
2 weeks a maximum in the west. In the central Atlantic, devi-
ations are much smaller. The equatorial maximum in the east
is most pronounced in June. However, differences between
months are only marginally significant, considering that there
are 21 years and assuming that two successive seasons are
independent realizations.

The seasonal cycle in the Gulf of Guinea has been the
source of many investigations. One major question was
whether or not changes east of 15°W could be traced to causes
in the western Atlantic. Moore et al. [1978], McCreary et al.
[19831, and Busalacchi and Picaut [1983] have suggested that
the equatorial Gulf of Guinea is responding to changes in the
wind fields of the western Atlantic Ocean. The details of the
effects of the wind stfucture and the response in the Gulf of
Guinea have also been reviewed by Weisberg and Tang
[19857. For the model, the question to be asked is whether or
not eastward propagating anomalies can be found. The nu-
merical model is linear, and it is possible to interpret separate-
ly- the deviations from the mean seasonal cycle. We consider
lagged cross correlations along zonal equatorial sections, as
Clx, Ar) = rx, to + Afrx,, t,), Where x, is a specified lon-
gitude reference-along the equator, the overbar denotes the
average over t,, and r, are the model anomalies normalized by
their standard deviation. This was also done by Busalacchi
and O'Brien [1981] to interpret the interannual variability of
the Pacific Ocean. Correlations after 3 months are positive but
small and are not significant (95% confidence levels for non-
zero correlation are indicated in Figure 5 with the assumption
that the correlation time scale is 3 months (80 degrees of
freedom)). With a reference in the eastern Atlantic at 4°W
(Figure 5), the most significant pattern suggests almost simul-
taneous anomalies of the opposite sign in the western Atlantic.
The pattern of positive correlation extends also to the west
with a lead of 2 months at 35°W. To moderate these results,
notice that the positive correlations are weak west of 25°W
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Fig. 6. Time-longitude section for the first two EOF’s for realiza-
tions of 4 months of the model anomalies.
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and are not significantly different from zero at a 95% confi-
dence level. There is also a line of weaker maximum delayed
in the west with respect to the reference. The slopes of these
lines cannot be fitted with characteristics of Kelvin waves and
first Rossby waves of the second vertical mode, which contrib-
utes to a large share of the anomalies (~ 50%).

4.2, Empirical Orthogonal Functions

The need for evaluating empirical orthogonal functions was
shown in section 3. The typical duration of an “experiment” is
2 years, and this should be the length of one realization. With
a 2-year duration, there are only 10 different realizations,
which is not enough to have confidence into the EOFs. Be-
cause the largest lagged correlations were found (Figure 5) to
be confined within 3-month lag, it is suggested that pieces of
length T = 4 months will still contain most of the useful infor-
mation and will provide 63 nearly independent realizations of
the space-time variability (note that what is usually called the
“spatial structure” of the EOF is here a spatial and temporal
function). The first EOF includes 26% of the variance, and the
second includes 11% of the variance. The first EOF shows no
propagation, and the second one shows an eastward propaga-
tion superposed on a standing pattern with a sign reversal
between months 2 and 3 (Figure 6). But, to a large extent, the
first two EOF’s can be approximated as a product f{(x)g(t),
where f(x) is close to the first EOF pattern of Figure 7a and
g(t) is its time dependence. This suggests that dependence in x
and ¢ can be separated without much statistical Joss. This also
results from Figure 5, which shows that the primary signal
associates anomalies of one sign in the east with anomalies of
the opposite sign in the west (there is, however, a slight lag,
which is also found in the first EOF).

Because of this near stationarity of the EOF structure func-
tions, there is not much loss in separating variables and seek-
ing for more simplicity a decomposition of the signal as
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Fig. 7. Normalized spatial pattern of the first two EOFs (F, and
F,) of the model dynamic height anomalies. The seasonal dependence
of the variance associated with the EOF is shown in the upper right
corner: the x axis is the month in the calendar year, and the y axis is
a normalized variance (1 corresponds to 1.7 and 0.6 (dyn cm)? for
EOFs 1 and 2, respectively).
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TABLE la. Percentage of Variance 1, Associated with EOFs for

Case | (January 1964 to December 1984)

EOF No. i Lo Y
1 34.0
2 12.0
3 7.2
4 5.5
5 4.2
P
hix, ) = >, 8. F{x) G(t) + Res (12)
k=1
where both F, and G, form a set of orthogonal functions
Fk(x)Fl(x) = 5k,1
(13)

G{t)G ({(t) = Oy 1y

where the overbar denotes averages over the grid points (in x
or in t) and 4, is the variance associated with EOF k. Accord-
ing to what was discussed in the introduction, this is equiva-
lent to the decomposition in EOF (equations (7) and (11))
where each month is considered as another realization (al-
though here they are not independent). This is the classical
approach described by Lorenz [1956] and for which uncer-
tainty estimates are discussed by Preisendoifer et al. [1981].
This has also been adopted by White et al. [1985] for the
analysis of simulations of the Pacific Ocean interannual varia-
bility presented by Busalacchi and O’Brien [19817]. The EOFs
are ordered by decreasing importance (Table 1a). The first two
EOQOFs include 46% of the variance (slightly more than was
included above when the EOF was a spatial and temporal
function); for higher mode number k there is a slow decrease
of A, with mode number, and the first 11 EOFs share 80% of
the total variance. The variance in the first EOF has a strong
seasonal cycle similar to the seasonal cycle of the total vari-
ance, with maximum values in June and lowest values in Sep-
tember and between December and April (Figure 7a). The
second EOF has maximum variance in April (Figure 7b) and
August-September, when the first EOF has little variance.

We retain only 11 EOFs in the decomposition because
higher EOF's will not be resolved with the data array of FO-
CAL/SEQUAL (section 4). On the other hand, only two
EQFs are statistically significant, as is found using tests de-
scribed by Preisendorfer et al. [1981]. This is also suggested by
the following: when 1 single year in the time series is omitted,
the first two EOF’s are not modified significantly, but the
higher ones change substantially, and the 2l1-year period
(1964~1984) is not long enough for getting significant compo-
nents for these modes. The years sampled by FOCAL/SE-
QUAL (1983-1984) include a large part of the total variance
(20%, compared with 10% for an average pair of years). They
account for even more of the first EOF (over 25% of its total
variance). In 1984, the component of the first EOF peaks in
April-May (Figure 11), but the maximum varjance of the first
EOF is in May or June (Figure 7a). However, when 1983 and
1984 are removed from the time series, patterns for the first
three EOF’s remain close to those in Figure 7.

The normalized spatial patterns F,(x) are also shown in
Figure 7 for the first two EOF’s. The large amplitudes of the
first EOF are found near the equator with opposite signs in
the east and the west. In the west, amplitudes are very small
near 10°N with a weak reversal of sign. This suggests that
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TABLE 1b. Correlation Coefficient C, ;, = F {x)F ,(x)

Case EOF 1 EOF 2
J: 228 months from January 1984 to 0.99 0.98
December 1982
J: January, 1964-1984 0.95 0.78
J: April, 19641984 091 0.88
J: July, 1964-1984 0.97 0.53
J: October, 1964-1984 0.91 0.87

The overbar stands for spatial averaging, and i refers to the EOF
number. 1 corresponds to the 252-month long time series (January
. 1964 to December 1984), and J corresponds to various subsets of the
time series.

there is not much coherence between the anomalies on the
northern side of the NECC and the swing of mass along the
equator associated with the first EOF. This contrasts with the
climatological seasonal cycle, where the two sides of the
NECC are negatively correlated (Garzoli and Katz [1983],
Garzoli and Philander [1985], these simulations). The higher-
order empirical orthogonal functions have more reversals of
signs and thus smaller spatial scales. These EQF patterns have
been obtained by mixing all months with the assumption that
the variability is not strongly seasonally dependent.

When considering time series composed of the different
years for 1 given month, the patterns for the first EOF are
very similar to the one in Figure 7, with correlation coef-
ficients always larger than 0.91 (Table 15). The main change is
in the symmetry of the western pole with respect to the equa-
tor. It is most symmetric in July and less so in April-May,
when a tongue extends south of the equator in the central
Atlantic. Higher orders show stronger differences; for example,
the second EOF has a different spatial structure in July than
in other seasons, where it is close to the pattern for the whole
year (Table 1b). Note that July is a month for which the
variance in the second EOF is small.

Lagged correlation for the first EOF, Cn Af)=
G\(t,)G,\(t, + n At) also has a seasonal cycle (not shown). For
n =2 (lag of 2 months), the correlations are larger than 0.5
when ¢, is from April through June but weaker when ¢, is
from August through September or from November through
March. The periodogram for the first EOF (Figure 8a) has a

peak near a period of 2 years and a decrease at low fre-
quencies which is due to the filtering of these frequencies. It
also decreases sharply for periods shorter than 6 months, with
92% of the variance contained at periods longer than 4
months. The decrease is not as steep for higher-order EOFs.
For example, the second EOF does not have a well-defined
peak at a period of 2 years, and only 85% of its variance is at
periods longer than 4 months. This differs significantly from
what is found for the first EOF at the 95% confidence level.
To have useful functions for the analysis, a decomposition of
G, as a combination in Fourier components (here T will be 2
years) will be done as

G () = i (g, €08 2nlt/T) + by sin Qult/T)  (14)

=0

(we will also include a slope and a constant in the basis func-
tions). The variance {a, ,>? = (b, ,>* can be estimated from
periodograms, as is presented in Figure 8. For the analysis,
only periods longer than 3 months are retained, and we
assume that the g, , b,, are independent joint normally dis-
tributed variables. This is not true if anomalies propagate, in
which case there are couples (k, k) for which {a,, a,.,> will be
different from zero.

5. ANALYSIS OF PROXY DATA

5.1. The Data

In the simulations, the strongest anomalies are between

May 1983 and August 1984. We will first investigate whether
or not the data collected for these 2 years 1983 and 1984 cover
adequately the very anomalous dynamic heights (notice that
the period that we will analyze (January 1983 to December
1984) lasts longer than the extensive experiment phase of FO-
CAL/SEQUAL (February 1983 to September 1984). Data
which should be available to the scientific community (sketch
in Figure 1) include CTD data in (1) the FOCAL cruises
[Hisard and Hénin, 1984; Hénin et al., 1986; McPhaden et al.,
198457, (2) the Transient Tracers in the Ocean (TTO) program
in the western equatorial Atlantic [Brewer et al., 1985], (3)
“long lines” south of Abidjan [Smethie et al., 1985], (4) a cross-
Atlantic section at 11°30'S [Collins, 19847, and (5) a section in
the central Atlantic Ocean [Perkins and Saunders, 1984].
These sections form a small core of accurate data from which
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{dyn cm)” x month . 2
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Fig. 8. Spectra of the time series associated with the first two EOFs. The spectra P(f) are presented in a variance-
conserving diagram (heavy solid line), one typical 90% confidence interval is shown (dashed line), and the integrated
spectrum jP(_f ) df is also drawn (scale from O to 100%) (solid line).
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dynamic height can be readily computed. Temperature pro-
files are much more numerous, and it is hoped that estimates
of dynamic height will be derived from them [Arnault, 19847.
They include XBTs from French and American ship of op-
portunity programs [Bruce and Kerling, 1984; Rual and Jar-
rige, 1984], German data from various contributors, air-
dropped XBTs at 4°W south of Ivory Coast (6 sections be-

w tween May and September 1983 and 12 sections between May

and October 1984) [Houghton, 1984] and in two surveys off
Brazil [Bruce and Kerling, 19847, Additional available data
are the temperature messages collected in real time by
meteorological centers through the Integrated Global Ocean
Station System (IGOSS) international network (660 profiles
were retained from this source away from the XBT routes
monitored by FOCAL/SEQUAL). These messages are less ac-
‘curate and are given a lesser weight in the analysis. However,

AFRICA

20° 10°W  0°
‘ 15/04/84-

it is hoped that the associated temperature profiles will be
available in the future.

The cruise profiles are subsampled approximately every 2°
in latitude and 4° in longitude to fit with the grid of the model,
and they are attributed to day 15 of the month in which they
are collected. Altogether, approximately 2000 of these subsam-
pled profiles are available. We also include one value per
month from tide gauges of the tropical Atlantic network away
from western boundaries (the solution for the western bound-
ary currents is not included in the model dynamic height).
These are located at Sdo Tome (6°40'E, 0°15'N), Penedos Sdo
Pedro e Sdo Paulo (28°E, 0°45'N), and Ascension Island
(18°W, 8°S) and on one island in Capo Verde (20°W, 14°N). It
is assumed here that these additional data can be calibrated
with respect to surface dynamic height. In one test, we will
add the transit times measured by eight inverted echo soun-
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Fig. 10. Analyses of data extracted from the model at the same dates as in Figure 9. The symbols represent the
positions of the data.and are as follows: triangles, FOCAL/SEQUAL data; open circles, messages; and solid mrcles,

measurements by tide gauges.
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Fig. 11.

Time series of the first two EOFs in 1983-1984 in the simulation (dashed line) and the analysis for the standard

case (case 1 in Table 2) (continuous line).

ders (IES) located along the equator and at 3°N and 9°N
along 38°30'E and 28°E [Katz, 1984]. These data should also
be indicative of surface dynamic height [Katz, 1987]). The
resulting data coverage is irregular (Figure 10) with highest
density in the central tropical Atlantic, fewer data in the east,
and large gaps in the western Atlantic Ocean (west of 35°W),
the most important of those occuring in October—~December
1983.

The data are extracted from the simulations at the positions
of the real data (equation (5)), as

d; = hfx, t) + Err; (15)

where h_ is the model dynamic height and Err; is a random
noise. In the standard case, this noise represents subgrid-scale
processes not part of the simulated dynamic height (rms o)
and experimental errors (rms o) and
Err; = o8 + o,/(m)*%8?

where &! and ¢? are random processes wih unit variance. The
number n of degrees of freedom for the experimental error is
taken arbitrarily as 4 for FOCAL or SEQUAL data and 1 for
messages. Visual inspection of the FOCAL sections suggests
that o, is of the order of 2.0 dyn cm as was also found by the
analysis of historical data [Arnault, 1984]. Scaling it as a dis-
placement in thermocline depth (if data are temperature pro-
files only) yields a 7-m rms standard deviation, a likely value
according to large-scale observations in 1979 [Reverdin et al.,
1986]. The variance not included in the first 11 EOFs (which
define the signal) has a rms standard deviation of 1 dyn cm.
There is also some variance at the excluded high frequencies,
and o, is chosen as 1.5 dyn cm.

5.2.

Data are estimated for the model simulations of the 2 years
1983 and 1984 and are analyzed with the optimal interpola-
tion scheme of Bretherton et al. [1984] (see section 3) and with
the statistics estimated in section 4. We present the compari-

The Analysis

son between the simulations and the analysis of the data at
four times in 1983 and 1984 (Figures 9 and 10). July 1983 is
chosen as one pole of the anomaly, and April 1984 is chosen
as the other one. Obviously, many features of the model
anomalies are well retained in the analysis. In July 1983 the
positive anomalies in the western equatorial Atlantic extend
westward north of the equator, and in April 1984 the negative
anomalies in the western equatorial Atlantic extend westward
south of the equator with very strong anomalies found as far
as 20°W near 6°-8°S. The anomalies are smaller in the east
than in the west, and the decrease between April 1984 and
July 1984 is also well reproduced. However, there are some
discrepancies, especially in areas with no data. The amplitudes
are slightly underestimated which is also found when ana-
lyzing other realizations of the model variability, as is ex-
pected from our analysis scheme [Davis, 1985]. Also, in
October—December 1983, the model dynamic height has pro-
duced large anomalies in the western Atlantic Ocean which do
not have a counterpart in the analysis. The misfit of the analy-
sis for these months (its difference with the model fields) is also
present in the component of the first EOF which represents
the largest spatial scales (Figure 11). It is interpreted as an
earlier spin up of the 1984 anomaly than was really modelled.
The second EOF also shows at this time a large difference
from the observations. In general, the first EOF is better simu-
lated than the second one, which has smaller amplitudes and
variability at periods of 90 to 120 days (we will not argue
whether these frequencies in the numerical model simulation
have a counterpart in the observations, as the presence of
aliasing of real higher frequencies in the winds by monthly
sampling is likely).

The differences between the model and the analysis can be
summarized by their overall rms standard deviation g, (Figure
12). Its rms value ranges between 1.1 and 2.0 dyn cm, which is
small in comparison with o,,, the observed rms deviation of
the model dynamic height anomalies for 1983~1984 (2.76 dyn
cm). Values of g, are largest for the months of November 1983
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Fig. 12. Companson in 1983-1984 of the rms standard deviation g, =
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spatial averaging, h, is the simulation, and h, is an analysis. The dashed line is for case 7 in Table 2; the continuous line is

for case 1 in Table 2.

and July 1984 wheti the datd are most scdrce in the western
Atlantic, and are smallest in mid-1983, when data are more
evenly distributed spatiaily. Part of o, comes from the residual
of the first 11 EOFs in the model anomalies (20% of the
model variance; or 1 dyn cm), so that errors for the projection
on the first 11 EOFs have ari rms only of the order of.1 dyn
cm, as is correctly forecasted by the analysis scheme: The eiror
rms is maximum near the western end (west of 40°W), but-also
near Africa. It is small in the central portion of the ocean
(Table 2, case 1). It peaks in.late 1983 and early 1984, as was
already discussed from the observed misfits between the siru-
lation and the analysrs These larger estimated errors are the
combmed effect -of the small dafa density and of the large
srgnal expected in those areas. .

We adopted prevrously a deterministic approach sampling
the modeled 1983-1984 period with data for those years, as-

suming that the simulation represents what happened in the

real ocean. Alternatively, we can test the skill of the array over
the 21-year-long simulation .considering thdt it includes
various poss1ble realizations of the variability, T hlS allows us
also to compare 1983-1984 with other years and to see wheth-
er the array retains the statlstlcal properties of the model: for
instance, what are the EOFs of the analyses? Is there any
propagation of signal? Is its variance seasonally dependent?
First, we cut the time series into pieces of 2 years (the réaliza-
tions). For &ach piece, the proxy data are created and then
analyzed. For each realization, we compare o, the rms devi-
ation between the analysis and the model simulatioh, and o,
the rmis anomaly in the model dynamic height (Figure 13). The
rms anomaly o, has strong variations: it is large betweer 1968
and 1972, then small, and then very large for 1983-1984, sug-
gesting a modulation of the magnitiude of the anomaly at very

low frequencies. The rms difference o, varles less and does not
follow closely o, . The years sampled durrng FOCAL/SE-
QUAL, 1983- 1984 yield the largest o, but have the smallest
ratio o,/0,. Otherwise stated, eirors are 1arge but the patterris
of the anomalies aré well sensed.

As a coinparison, 1979- 1980 Jhas a low a,, and a large ratio
04/¢, This implies that anomalies present in. those yeats are
very weak and that they. would be poorly reproduced by the
analysis. Data that were collected in 1979 [Molznarz et al,
1986] form an éven looser array than the one tested in this
study. An analysrs of 1979 thermocling depth [Reverdin et al.,
1986] showed an ariomalous deepenmg in May-July in the
central Atlantlc near 5°N which is not well reproduced in the
srmulatlons (when mterpretmg dynamlc height anomahes as
thermocline depth anomalies). Thé prévious comment suggests
thadt this misfit should not be consrdered as a major blow for
the model. .

W1th these analyses, we reconstruct a 20-yeai- long timé
series (1965-1984). These time series have much in common
with the orlgmal fields. Thelr EOFs have very close spatial
structures, and the variance is seasonally dependent. Also, the
lagged cross correlations (Figure 14) have patterns similar to
those shown in Figure 5. In, particular; negative. correlations
are found at 35°W with a 3- to 4-month ledd with respect.to
the reference at 4°W. Note that this information was not in-
cluded in the statistics for the.analysis, so that this reveals that
the data distribution during FOCAL/SEQUAL was sufficiént
to sense these charact’eristics.

6. DISCUSSION

The model of dynaiic height between 1964 and 1984 sug-
gests that the pattern of the anomalies in 1983-1984 is not

TABLE 2. Errois for Various Analyses Done on the 2 Years 1983 and 1984
A ]éstimafed Errors; dyn cm
o.*

Case Description dyn cm (0°, 4°W) (0°, 28°W) (0°, 35°W)
1 reference 1.59 1.13 048 0.84
2 noise halved 1.52 0.70 0.31 0.50
3 noise doubled 1.81 1.76 0.75 1.27
4 noise doubled in NW 1.61 1.21 0.50 0.87
5 without the miessages 1.67 1.32 0.57 0.95
6 FOCAL cruises only 2.12 2.49 1.15 2.15
7 adding 4 ddta in west 1.55 1.13 0.47 0.82
8 with IES [Katz, 1986] 1.52 1.13 041 0.78

*Residual rms deviations for the difference between the simulation and the analysis, as well as

estimated errors.
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Fig. 13. Results by 2-year pieces of the simulation standard devi-
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different from what it is for other years, although in 1983—
1984; there is more weight on the first EOF, which represents
the largest spatial scales. We have also noticed that the
strongest anomalies in 1984 occur earliet (March-May) than
those for other years both in the model and its analysis with
the FOCAL-SEQUAL .array (for exarhple, in 1968, where the
largest anoipalies are found in May-June). The model anoma-
lies for 1983 and 1984 are very strong and of opposite sign.
According to the analysis presented in the preceding section,
they can be correctly sensed by the experimental array. The
statistical properties of the model seem to have been ad-
equately retained by the analysis of the data; so that possible
eastward propagation of pulses along the equator will be
sensed. Note that the model is relevant only for the low fre-
duencies and that the Kelvin wave pulses described by Kaiz
[1987] were not discussed here.

These conclusions rely on our confidence in the model,
which we do not test here. They also depend on various as-
sumptions on model and noise statistics. A few alternate as-
serriblies are summarized in Table 2, giving each time the
misfit between the analysis and the model simulation as well
as the model estimated error in various places along the equa-
tor. .
With the particular data distribution, the assumptions on
the model statistics do not have too much effect on the result,
although if the cutoff in the spectrum is at 4 montlis instead of
at 3 months, the anomalies are not so well reproduced, es-
pecially for the second EOF, which varies at periods of 34
months. On the other hand, adequaté knowledge of the noise
level is a much more stringent requirement. To test that, we
increase or diminish the noise level by a factor of 2 (cases 3
and 2) over the whole domain or progressively with lowest
values in the southéast corner and larger values in the north-
west, where it reaches 2 times the standard deviation (case 4).
These alternate contingencies can be thought of as extreme
possible situations: doubling the rms would still be consistent
with the rms deviation at high frequencies observed on ther-
mocline depth for 1979 [Reverdin et al., 19861, and doubling it
in the north-west can be interpreted as being caused by the
numerous eddy structures found near the western boundary
[Bruce and Kerling, 19847]. In both cases, with an increase of
noise, the largest anomalies are still present in the analysis
with a correct pattern. As niay be expected, both cases show a
degradation of the quality of the analysis (Table 2). Thus when
dealing with real data, it is important to acquire information
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on the higher frequenciés rot retained in the analysis. Fortu-
nately, during the FOCAL-SEQUAL field experiment, enough
time series have been collected to provide the required infor-
mation on the high frequencies (for example, analyses from
1ES travel times are presented by Garzoli [1984, 19877).

Sensitivity of the quality of the analysis with respect to the
data distribution is also worth investigating. We incorporated
different types of data, some of which will not be so easy to
use. For example, the IGOSS messages are probably not as
accurate, and large errors could be present in this file. How-
ever, excluding those data results in a much larger misfit from
the model dynamic height (Table 2, case 5) and gives results as
poor as when the noise is double. However, note that the
estimated érrors did not increase as much along the equator,
where data are still plentiful. Excluding other pieces of infor-
mation is also detrimental to the overall quality of the analy-
sis. On the other hand, we have noted that errors were large in
the west, especially in November—December 1983, when there
were no data in the west. Adding four data points (yet un-
known!) to fill that gedp yields a better fit to the simulation
and produces smaller error estimates (Table 2, case 7; Figures
12 and 15). Adding the IES travel time records also improves
the fit in the west (case 8), although to a lesser extent. This is
because no IES was placed west of 40°W in the area where the
largest uncertainties take place. .

These comparisons suggest that we have not reached the
ideal data density in the west with the FOCAL-SEQUAL
data file. This conclusion holds even in the perfect case when
we know perfectiy the statistics of the field and with the rela-
tively low noise level. With real data, the disagreement would
be even worse in the west (we would not know the optimum
statistics). It is therefore worth continuing the search for other
data collected in 1983-1984 and yet unknown to us.

Up to now, analysis with réal data has not been carried out
on the large data sets for which this study is aimed. Analysis
on real data has been done on subsets, one of which includes
the seven FOCAL cruises in 1983-1984 (there were two ad-
ditional cruises in 1982). Hisard and Hénin [1984] and Hénin
et al. [1986] have suggested from dynamic height profiles
along the equator that in early 1984 strong anomalies were
present and that the surface dynamic height tilted toward

ANALYSIS LAGGED CROSS CORRELATIONS
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Fig. 14. Ldgged cross correlations along the equator as in Figure
5 with a reference at 4°W (cross), but for the 20 years analyzed with
the FOCAL-SEQUAL array (1965-1984).
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Fig. 15. Tlme series of the first two EOFs in 1983-1984 in the. simulation (dashed line) and the analy51s (solid line) for
case 7 of Table 3, where 4 fake data have beén addéd in November 1983 in the western equatorial Atlantic.

lower heights in the west, the reverse of what is commonly
sensed [Katz et al., 1977; Lass et al,, 1983]. This reversal of
slope is also sustained from time series in a few locations
[Katz et al., 1986; Katz, 1987;‘ Weisberg and Tang, 1987],
although there are large spatial gaps betwéen the locations of
the time series and it is hot obvious how they represent the
larger scales. Obviously, whén we perform the analysis while
retaining only the FOCAL sections, the qiality is downgraded
with respect to the analysis from the full data set (Table 2, case
6). However, we were surprised to find that the anomalies with
the largest scales, as in the component of the first EOF, are
quite well retained\(Figur'e 16). A small portion of the second

dyn cm

EOF 1

3

EOF is even described, but the &isagreeméhﬁ is much ldrger
there. It is therefore not arguable that the FOCAL sections
sensed thé large-scale anomalies of dynamic height (at least in
the mddel), even with this coarse temporal resolution.
"The implications of these tests with data extracted from a
model for the analysis of real data are that
1. To a large extent, it will be possible to exiract from the
data set the useful information on the varlabihty durmg the
field program. However, large errors remain in the west, and
an increased data set in that portion of the ocean would add
to the quality of the analysis. This conclusion holds for dy-
namic height. It is likely that results would be different for
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Fig. 16. Time series of the first two EOFs witH analyses of reduced data sets for case 5 (continuous line) and case 6
(dashed line) of Table 2. .
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estimates of currents. We have not made these estimates, as we
felt that the model was not as relevant for this variable [du
Penhoat and Tréguier,1985].

2. An increased knowledge of the hlgh -frequency and/or
small-scale variability is needed for a correct estimate of the
anomalies. In that respect, inverted echo sounder travel times
will be very helpful (see studies by Garzoli [1984, 1987] or
Karz [1987]. These data were not included in the standard
case as some calibration‘probiems remain in interpreting them
as dynamic heights [Katz et al., 1986]. Also, most of them are
in well-sampled areas, and in our analysis scheme they do not
bring more information {(note that because of this adequate
coverage, intercomparison is possible at low frequencies be-
tween dynamic height computed by other means and inverted
echo sounder travel times). :

3. Tt is not controversial to describe the large-scale low-
frequency variability from a few cruises as was done by Hisard
and Hénin [1984] or with a few records (Weisberg and Tang
(1987) or Katz (1987), for example). However, the conclusiors
that we have reached rely on the scales of the model varia-
bility. If the model dynamics were inadequate or the wind
fields did not have the correct scales, the conclusions could be
different.. We are not at a stage where we can argue about
these points. More studies remain to be done on the wind field
or the model dynamics for FOCAL/SEQUAL before this can
be asnwered. Fortunately, the FOCAL-SEQUAL array will be
sufficient to improve our knowledge of the oceanic variability.

In conclusion, FOCAL/SEQUAL has sensed the 2 most
anomalous years (1983 dand 1984) among the 21 years (1964 to
1984) in the model time series. These anomalies have large
spatial scales and have opposite sign in the east and the west.
Anomalies of the slope across the North Equatorial Counter-
current are not as large. The two contrasting seasonal cycles
1983 and 1984 will probably be 'well_sensed by the experi-
mental array, and the data are likely to bring a better knowl-
edge of the seasonal variability in the equatorial Atlantic.
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