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In Situ Wind Measurements and the Ocean Responsein the Equatorial Atlantic
During the Programme Francais Ocean et Climat Dans l'Atlantique Equatorial
and SeasonalResponseof the Atlantic Ocean Experiment
CHRISTIAN COLIN 1
Office de la RechercheScientifiqueet Techniqued'Outre-Mer, Paris
SlLVIA L. GARZOLI

Lamont-DohertyGeologicalObservatoryof Columbia University,Palisades,New York
In situ wind measurements collected as part of the Programme Fran•ais Ocean et Climat dans
l'Atlantique Equatorial (FOCAL)/Seasonal Responseof the Equatorial Atlantic (SEQUAL) experiment
(1983-1984) in the western and eastern parts of the equatorial Atlantic basin are described.They were
obtained from meteorological stations placed Saint Peter Peter and Saint Paul Rocks (SPP) (iøN, 29øW)
and at the top of a surfacebuoy moored in the Gulf of Guinea (0øN, 4øW). From the wind observations
the wind stresswas inferred, and results are compared with climatology. The wind stresstime seriesshow

the abruptincreaseof the windsduringthe springthat, at SPP, reachesa valueas high as 0.35 dyn/cm2
in 2 weeks for both observed years. The ll-day running mean time series shows that the onset of the
zonal component of the wind stressoccurs at SPP on April 10, 1983, and on May 17, 1984, and in the
Gulf of Guinea (GG) on April 5, 1983, and April 10, 1984. The monthly mean observations show an
interannual variability both in the time of the onset and in the strength of the trade winds. At SPP and
GG the total wind stressincreases 1 month earlier than climatology in 1983 but at the same time as
climatology in 1984. At SPP the zonal component of the wind stressalso intensifies 1 month earlier than
climatology in 1983 but 1 month later in 1984. The equatorial temperature records at 28øW and 4øW
show that the depth of the 20øC isotherm, on a seasonal time scale, decreasesduring the relaxation
period of the trade winds (boreal winter). In 1983-1984 this occurred in December 1983 at 28øW and in
March 1984 at 4øW. After the onset of the local trade winds, the thermoclinecontinuesto move upward
during 1 month at 28øW and during 3 months at 4øW; thereafter, the thermocline deepensat both
locations. At the surface,the temperature decreaseswhen the trade winds intensify and remains low as
long as the trade winds are blowing. The seasonalvariations of the temperature both at the surfaceand
below the surfaceat 28øW and 4øW are interpreted in the light of the results of a nonlinear multilevel
model in the cases of a sudden increase and a sudden relaxation

1.

INTRODUCTION

The equatorial areas of the oceans, owing to the high sea
surface temperatures (SST), are of fundamental importance in
the studies of atmosphere-oceaninteractions. Moreover, the
time of adjustment of the ocean to atmospheric disturbancesis
faster at low than at high latitudes. The knowledge of the wind
field and its variability in the equatorial area is therefore essential for understandingthe equatorial ocean response.
The first wind field observationsin the open sea were provided by ships of opportunity. They gave, through monthly
mean wind values, a description of the seasonal variability

of the trade winds.

with heavy rainfalls over the northwestern area of the African
continent. This corresponds to the west African Monsoon.
The importance of this historical data set is undeniable (e.g.,
modeling studieshave contributed to a better understanding
of equatorial dynamics); however, these observations are insufficientto resolve space and time scalesof dynamic significance. Therefore

direct

and continuous

wind

measurements

were neededboth to validate the wind products for the large
spacescalesand to determine the time variability at both low
and high frequenciesof the wind field in the vicinity of the
moored

instrument.

The first in situ measurements,covering a period of time
over the entire Atlhntic intertropicalzone [Bunker, 1976;
longer than one month, were obtained in 1979 during the First
Hastenrath and Lamb, 1977; Hellerman, 1979]. The horizontal
surface wind distributions clearly show a band of confluence GARP Global Experiment (FGGE) at Saint Peter and Saint
north of the equator, the Intertropical convergence zone Paul rocks (SPP) [Garzoli et al., 1982]. The data describedthe
annual cycle of the wind field in the western equatorial basin.
(ITCZ), oriented in a southwest to northeast direction and
which is located close to 10øN during August and near the As part of the same program, data were collected during the
equator in February. On the eastern side of the basin, the boreal winter and spring at 0øN, 4øW in the Gulf of Guinea
annual trade winds intensification in April-May is associated (C. Colin et al., Variabilit•s saisonni•re, annuelle, et interannuelle du vent, de la temperature, et des courants dans le
x Visiting at Lamont-DohertyGeologicalObservatory,Palisades,
New York.

Golfe de Guin•e, submittedto Oc•anographieTropicale, 1987).
The data showed the abrupt springtime increasein the trade
winds at 29øW, as well as the dominant southeast direction at
0øN, 4øW. Because of the lack of data in summer and autumn

Copyright 1987 by the American GeophysicalUnion.

1979 in the Gulf of Guinea, it was not possibleto study the
adjustment of the ocean simultaneouslyat both locations and
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and moored from February 1983 to February 1984.The data
were transmittedthrough the Argossystemand sampledevery
3 hours.The secondwas developedby AanderaaInstruments
and has an in situ data recorder which collected data from the

end of February 1984 until the end of September1984. The
samplingintervalis 1 hour, and the data are averagedevery3

UAND
A

hours. The intercalibration

I

of these two recorders was done

both in the laboratory and in the field. Gaps in the wind
recordsare due either to cuts of the mooring line by tuna
boats (April 14 through May 30, 1983; October 28 through
Fig. 1. Location of the two wind recordersdeployed during the
FOCAL/SEQUAL experiment: the asterisk labeled GG represents November 25, 1983; and February 5-23, 1984) or to equipthe Gulf of Guinea surface mooring (0øN, 4øW); the solid square ment failures(March 23 through April 14, 1983, for the vane
labeled SPP showsSaint Peter and Saint Paul rocks (IøN, 29øW).
of the wind recorder;June 26 through July 14, 1984, for the
entire instrument).
over a complete annual cycle.This was one of the main scien3.
WIND DATA
tific objectivesof the joint French-U.S. Programme Franqais
Oc6an et Climat dans l'Atlantique Equatorial (FOCAL) and 3.1. Wind Speedand Wind Direction Observed
the Seasonal Responseof the Equatorial Atlantic (SEQUAL)
The daily mean valuesof the wind velocityand of the zonal
experiment carried out in the equatorial Atlantic from 1982
and
meridional componentsof the wind speedat both lothrough 1984.
cations
show a large annual signal. At SPP (Figure 2), the
The objective of this paper is to describeand analyze the in
situ wind and temperature measurements simultaneously re- wind speedis minimum from February through April 1983
corded in the western (IøN, 29øW; 0 ø, 28øW) and eastern (0øN, and from January through May 1984. From April through
4øW) equatorial Atlantic from February 1983 through Oc- November 1983 and from May to the end of October 1984,
tober 1984. The paper is organized as follows: the instruments the windsare practicallyconstant,with a mean amplitudeof
are describedin section 2; section 3 gives a description of the about 6.9 m/s in 1983 and 6 m/s in 1984. At GG (Figure 3),
seasonal variability of the wind speed, wind direction, and the relaxation of the winds occursat the sameperiod of time
horizontal wind stresscomponents. In section 4 the seasonal
variability of the wind is analyzed in relation with the local
sea surface temperature and depth of the 20øC isotherm, representative of the depth of the thermocline obtained from instruments moored nearby the wind recorders; theoretical resultsfrom a generalcirculation model are usedto interpret the
oceanic responseat both locations to an abrupt intensification
and relaxation

of the wind. Conclusions

as at SPP. Maximum

velocities are reached in 1983 from June

through the end of December, with a mean value of about 4.8
m/s which corresponds,according to Wu [1980], to a wind
speedof 6.1 m/s at 24-m height, which is less than that obtained at SPP for the sameperiod of observations.In 1984 the

mean wind speedobservedfrom May through Augustis 4.3

follow in section 5.
I0.0

2.

INSTRUMENTS

8.0
•
6.0

2.1.

Saint Peter

4.0

and Saint Paul Rocks

2.0

(IøN, 29øW)

Saint Peter and Saint Paul rocks are an outcrop of the
mid-Atlantic Ridge, an ideal site to measure unobstructed
winds in the equatorial Atlantic [Garzoli et al., 1982]. A description of the meteorologicalunit used to record and transmit the observationsduring the SEQUAL/FOCAL experiment is given in a previous paper [Garzoli and Katz, 1984].
The wind recorder was placed at the top (24 m above mean
sea level) of a rock positioned at 0ø55.1YN, 29ø20.60'W
(Figure 1). The vector mean wind velocity is computedevery
hour and telemeteredevery 3 hours through the NOAA Geostationary Operational Environmental Satellite (GOES) collection system. The two gaps in the wind records from November 20 through June 21, 1983, and from June 12 through
July 25, 1984, are due to a malfunction of the equipment.
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2.2. Gulf of Guinea(0øN, 4øW)

At 0ø,4øW (GG), in the Gulf of Guinea (Figure 1), the wind
observations are obtained from a wind recorder mounted on a

Fig. 2. Daily mean valuesof the total wind speedand of the
meridional
andzonalwindvelocitycomponents
(in meterspersecond
at SPP from February16, 1983to September30, 1984.
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the passing of the ITCZ. At GG, the minimum in 1984, reflects
the rotation of the wind, from the south-southwest(autumnwinter 1983) to the south-southeast(spring-summer 1984). The
steadinessis higher at SPP than at GG from May through
November. The reverse is observed during the relaxation
period in 1984. This implies a larger latitudinal displacement
of the ITCZ on the western side of the basin during 1984. The
establishment of the trades (high values of steadiness)at SPP
is more pronounced in 1983 than in 1984. This is a consequence of the position of the ITCZ, located north of the equator in 1983 and at the equator in 1984. At GG the direction of
the wind dependson two factors which are linked: the position of the ITCZ and the development of the Sahelian lowpressurezone (SLPZ). In spring, when the ITCZ is moving
northward, the wind is blowing from the southeast;in summer
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Fig. 3. Daily mean values of the total wind speed and of the
meridional and zonal wind velocity components (in meters per
second)at GG from February 16, 1983 to August 20, 1984 (the vane
of the wind recorder was broken from March 23 through April 14,
1983).

3.2.

of the wind veers to the southwest

because of the

of the SLPZ.

Wind Stress Inferred

The wind acts on the upper layers of the ocean through the
tension it exerts at surface,the wind stress.This is the quantity
used to force theoretical models of equatorial circulation and
its knowledgeallows a simulation of the observedtemperature
and current fields.The wind stressand the wind stresscompo-

m/s. The onset of the winds occurs at SPP around 5 weeks
later in 1984 than in 1983 (Figure 2); at GG (Figure 3), the
onset occurson April 5, 1983; in March-April 1984, the onset
nentsz,,andzyaredefinedby therelation
is partially masked by the high-frequency variability which
ß- paColVl"
appears in the wind speed.A more detailed description of the
relation between quantities obtained at different levels of
ß,, = PaColVIV,,
measurementWill be given in the next sectionin the discussion
of the inferred

wind stress.

z•-- p•ColVlV•

A parameter directly related to the migration of the ITCZ
and the establishment

(la)
(lb)

(lc)

wherePa,CD,IVI, Vx,and V•represent
theair density,thedrag

of the trades is the wind steadiness. This

coefficient,the absolute value, and horizontal componentsof
quantity is definedby the relation
the wind velocity measuredat the height "z" respectively.
The drag coefficientis a function of the wind velocity FWu,
ST = (•2 _{_•2)1/2/(U2_{_V2)1/2
1980]. It can be approximated by simultaneously solving the
and measuredin percentages
(the barsindicatetime averaged). following equations, assuming the logarithmic nature of the
Winds blowingin the samedirection(trades)will have a value wind profile near but not overly closeto the surface:
for the steadinessof 100% while winds blowing randomly will
IVl/Vo = In (Z/Zo)/k
(2a)
have near zero values. Values of the l 1-day running mean
steadinesshave been obtained from the wind records (Figure
Z o -- Vo2a/g
(2b)
4) at both locations. Minima in the steadinessappear in
Co = V02/IVI2
(2c)
March-April-May (Figure 4); they are associatedat SPP with
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Fig. 4. Eleven-dayrunning mean valuesof the steadiness
for the wind speedand direction recordedat SPP (solid lines)
and GG (dashedlines)during the SEQUAL/FOCAL experiment.
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Fig. 5. Daily mean values(light lines)and 11-day running mean (bold lines)of the total wind stressand of the meridional
and zonal wind stresscomponents(in dynesper squarecentimeter)at SPP from February 16, 1983, to September30, 1984.

where IVI is the wind speed (in meters per second) at the
height z (in meters;z is 24 m at SPP and 2.5 rn at GG), Vo is

Charnock constantsrespectively,and g is the gravity acceler-

the friction velocity, Z o is the roughnesslength of the sea

The drag coefficient can be approximately expressedas a
linear fit of the wind speedfor valuesof IVI < 20 m/s. Solu-

surface, k =0.4,

and a =0.0185

are the Von Kfirmfin and

ation.
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Fig. 6. Daily meanvalues(lightlines)and 11-dayrunningmean(boldlines)of the total wind stressand of the meridional
and zonal wind stresscomponents(in dynesper squarecentimeter)at GG from February 16, 1983,to August20, 1984.

tion of equations(2) yields the following value of the drag
coefficient(CD)at eachlocation:
At SPP [Garzoli et al., 1982]

CD = (0.743 + 0.0479lVl)0.001

At GG

C. = (0.822 + 0.1870lVI)0.001
The daily mean valuesof the total wind stressand the wind
stresscomponentsare shown, superimposedon the l 1-day
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October 1983 to the end of February 1984, the zonal component of the wind stress is positive at 4øW while it remains
negativeat 29øW.
In order to compare the in situ observationswith the climatology obtained in the same area, the monthly mean values of
the wind stressand of the wind stresscomponentsare plotted
together (Figures 7 and 8); the climatological data are those
calculatedby Hellerman [1979] over 1ø x 1ø averagedboxes.
(Please note that according to Figures 5 and 6, monthly
means do not always correspondto the mean of a full month
of observations.)
The monthly mean values of the inferred wind stressat SPP
and GG confirm the general behavior of the mean climatic
annual cycle. There are, however, three major differences:(1)
The climatic total wind stress, as calculated by Hellerman
[1979], is higher, on average,than the observedvaluesduring
the 20 months of recorded data (except,however, in MarchApril 1983) at the two locations. From June to November
1983, for example, the difference between the in situ observa-

tions and climatologyis of -0.15 dyn/cm2 at SPP and of
-0.08 dyn/cm: at GG, (2) The total wind stressduring the
wind relaxation period is weaker for the in situ observations
(except at SPP in 1983) than for climatology. (3) The observations present an interannual variability both in the onset and
in the strength of the trade winds. At SPP and GG the in situ
total wind stressincreases1 month earlier than climatology in
1983 but at the same time as climatology in 1984; the intensification of the zonal wind stress component at SPP also

occursa month earlier than climatologyin 1983 but a month
later than climatology in 1984 (Figure 7). At GG (Figure 8),
the onset of the zonal component of the wind stressin 1984 is
in phasewith climatology; in 1983 this comparisonis impossi-

-0.3
-0.4

ble because of the lack of wind
-0.7

direction

data. The reversal

,

dan
1@83

Fig. 7.

J ly

Jan

ul

1984

Monthly mean values of the wind stress and of the wind

stresscomponentsobservedat SPP (open squares)and from climatology (solid diamonds).The ticks on the time axis correspond to the
fifteenth day of the month.

(westwardto eastward) of the zonal wind stresscomponent at
GG during the boreal summer occurs a month later than
climatology in 1983 but a month earlier in 1984 (Figure 8).
4.

OCEAN RESPONSE

In the Atlantic Ocean the equatorial thermal structure rapidly adjusts to the seasonalwind forcing [Katz et al., 1977;
Katz, 1987•. Based on the climatic mean wind field data set,
the oceanic temperature field was found to respond to the
running mean, in Figures 5 (SPP) and 6 (GG). The lowwind field both locally [Philander, 1979; Philander and Pacafrequency variability is obviously similar to that of the wind nowski, 1981a• and remotely [Adamec and O'Brien, 1978;
velocity. However, accordingto relation (1), the intensification Moore et al., 1978; Philander and Pacanowski, 1980; Cane and
and relaxation periods are enhanced. The better resolution Sarachik, 1981; Busalacchiand Picaut, 1983; McCreary et al.,
obtained with the continuous
time series allows us to observe
1984•. In particular, the strong upwelling which occursin the
the rapid intensification of the wind stress.At SPP this occurs Gulf of Guinea during the boreal summer depends, for a
(Figure 5, top panel) on April 10, 1983, and on May 17, 1984 major part, on the intensificationof the wind over the western
(0.35 dyn/cm2 in a week).At GG (Figure 6, top panel),the half of the equatorial basin. The secondarycooling which
wind stressincreaseson April 5, 1983, and on April 10, 1984 occurs below the surface in winter at 0ø-4øW, is, on the other
(i.e., almost at the same time in both locationsduring the first hand, ascribedto the semiannualsignalof the wind stressover
year and about 1 month apart during the second one). After the easternhalf of the equatorial basin [Busalacchiand Picaut,
the onset of the trade winds the mean wind stress at both
1983].
locations is higher in 1983.
A comparisonbetweenthe sea surfacetemperature and the
At $PP (Figure 5, bottom panel) the relaxation period is depth of the thermocline,observedon the equator at 28øW
more pronounced during the second year of observations and at 4øW during the FOCAL/SEQUAL experiment, was
owing to a period of weak westerly winds at the beginning of done by Weisbergand Colin [1986], in relation with the largeMay. At GG (Figure 6, bottom panel) during February the scale features of the wind field observedat SPP during the
zonal wind stress is negative in 1983 and positive in 1984; same period of time. The authors showed that instead of a
moreover, the duration of the southeasttrade winds in boreal slowly varying responsenearly in phase with the observed
summer is larger in 1983 than in 1984. From the beginning of easterly wind stress component, the thermocline undergoes
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sequences
of
deepening
and
shoaling
varying
in
both
duration
0.8
t

andmagnitude
alongtheequator.Thesesequeces
arerelated

0.7

to the rapidly varying nature of the wind stress[Weisberg and
Tang, 1985] observed in both years (1983 and 1984) at SPP
rather than to the slowly varying nature of the climatology at

0.6

0.5

0.4

the location.However,as waspointedout by the authors,the
depth of the thermoclineand the SSP are not related in a

0.3

0.2

simple manner at both sites. The seasonalvariability of the
local trade winds has to be considered when studying the
1983-1984 oceanic response,at each site. Figure 9, adapted

I::

from Weisbergand Colin [1986], showsat 0ø, 28øWand 0ø,

>,

0.1
0.0

ß

Jan

July

Jan

1983

July

1984

4øW the time seriesof the 10-day running mean of both the

temperature
at
10
m
(SST)
and
the
depth
of
the
20øC
isotherm
• 0.8

(D20),
which
isrepresentative
ofthedepth
ofthethermocline0.7
at both locations.
0.s
0.4

4.1.

General Description

0.3

The SST and D20 at 28øW and 4øW reveal, as do the total

wind stress at SPP and GG, an annual cycle. The two SST
curves are in phase, on a seasonaltime scale, with a larger
amplitude at 4øW than at 28øW (3øC versus1.5øC).
Contrary to the SST, the two D20 curves are phase shifted,
with 28øW leading 4øW by 2 months. The mean amplitude of
the D20 vertical oscillation is also higher at 4øW than at 28øW
(30 m versus 20 m). The larger amplitude of the seasonal
temperature field variability at 4øW agrees more with the
larger amplitude of the zonal wind stresscomponent at SPP
than at GG.

0.1
0.0

Jan

July

Jan

1983

July

1984

0.4

0.3 '•X
0.2

0.1
-0.0

The seasonal variability of both the SST and the depth of
the 20øC isotherm

0.2

are now described

in relation

sonal variability of the wind stressinferred at nearby locations
from the wind field. The results are summarized

-0.1

with the seabelow'

4.1.1. Relaxation of the wind. When the wind relaxes in
February-March 1983 and from January through May 1984,
the SST is IøC colder at 28øW than at 4øW. This could corre-

spond to the higher negative values observed in the zonal
wind stress component at SPP than at GG in both years
(Figures 5 and 6). On a seasonaltime scale,the D20 beginsto

-0.2
t i i i i i i i ii i i i i i i i i [
-0.3

-0.4

Jan

J•ly

Jan
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July

1984

Fig. 8. Monthly mean values of the wind stress and of the wind
stress components observed at GG (open squares) and from climatology (solid diamonds).The ticks on the time axis correspondto the
fifteenthday of the month.

shallow in December 1983 at 28øW and in March 1984 at

4ow (Figure 9). From mid-February 1984 to the beginningof
April 1984, the D2(? •_-• '•' .....
and might indicate a complete relaxation of the equatorial thermal structure at that
time. In winter 1982-1983, no conclusive statements can be
made because data are available only from mid-February
1983. However, in February-March 1983 (1) The D20 at 4øW,
on a seasonal time scale, increasesas in 1984, and (2) the
difference in depth of the D20 at 28øW and 4øW suggeststhe
presenceof a zonal temperature gradient which could be explained in 1983 by the persistenceof weak southeasterlywinds
during that period of time, comparedwith 1984.
4.1.2. Onset of the wind. After the onset of the trade
winds, the SST decreasesat both locations and for both years.
The decrease of the sea surf•.ce temperature at 4øW occurs
before the increase of the winds at SPP. This is particularly
obvious in 1984. At 28øW the D20 continues to decrease(the
thermocline is moving upward) after the onset of the winds at
SPP' this lasts for a period of about 1 month in both years,
and then the D20 increases(the thermocline is moving down-

ward), more abruptly in 1984 than in 1983 (Figure 9). At 4øW
the shoaling of the thermocline lasts for more than 2 months
after the onset of the local trade winds both in 1983 and 1984.

After that, the thermocline staysclose to the surfaceuntil the
end of July in both years.
4.1.3. Trade wind period. During the period of high trade
winds, the mean SST at 28øW is higher than that at 4øW
(26.5øC versus 23.5øC in 1983 and 26øC versus 25øC in 1984).
Theoretical results show that the stronger the winds, the
deeper the thermocline is and the higher the SST is in the

west. This is in agreementwith the magnitudeof the wind

stress
observed
at SPPin 198:3and 1984.At 4øW,the SSTis
lower (higher)when the trade winds are stronger(weaker).The
SST remains low at both locations as long as the zonal component of the wind stressis negative. However at 4øW, the
SST does not increase

while

the zonal

wind

stress is zero in

September 1983 and August 1984. This might be due to meridional advection of cold waters upwelled south of the equator, in the divergence band [Voituriez, 1983]. At the end of

September1983,th•eSST linearlyincreases
at 4øW owing to
the change in sign (westward to eastward) of the zonal wind
stresscomponent, while at 28øW, the SST remains relatively
constant (Figure 9). From mid-October 1983 through mid-
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Fig. 9. Daily mean valuesof (a) the temperatureat 10-m depth and of (b) the depth of the 20øC isothermsat 0øN,
28øW (dashedline) and 0øN, 4øW (solid line) from February 16, 1983 to September25, 1984. The light and bold arrows
indicatethe increaseof the trade windsat GG and SPP, respectively.
(Adaptedfrom WeisbergandColin [1986]).

February 1984, the two mean SST are of the same magnitude
and increase at both locations.

Thedeepening
of thethermocline
at 4øWoccurs
at theend
of July for both years,although the onset of the trade winds is
observed

at SPP

5 weeks later

in 1984 than

in 1983. This

deepening coincides with the decreasein the westward zonal
wind stress component at GG at that time. From midOctober through mid-December 1983 (Figure 9), the depth of
the thermocline at 28øW remains constant; at 4øW, the D20

slightly decreasesfrom the beginning through the end of October and increases again from mid-December to midFebruary 1984. The decreaseof the temperature appars more
clearly when looking at the temperature records at 60- and
85-m depth (Figure 3 of Colin et al. [1987]). At that time, the
local zonal wind stresscomponent is positive (to the east) and
is therefore unable to maintain a locally (Ekman) forced
upwlling; it induces,on the contrary, a deepeningof the thermocline

there. The wind distribution

west of 4øW must there-

fore be taken into account to explain this secondarytemperature minimum. Weisberg and Tang [1987] showed,from a
reducedgravity model, that the abrupt increaseof the wind
along the equator in spring is sufficientthrough equatorial
wave guide dynamics to produce such a temperature minimum in the Gulf of Guinea.
4.2.

Discussions

As a first approach, the results obtained from a nonlinear
multilevel model are used in the casesof a sudden onset [Philander and Pacanowski,1980] and a suddenrelaxation [Philander and Pacanowski, 1981b] of a uniform easterly wind, to
interpret the temperaturefluctuationsobservedboth at 28øW
and 4øW. This approximationagreeswith a schematicdescrip-

tion of the observed zonal component of the wind stressat
SPP (Figure 7).
When the uniform easterly wind is turned on, the SST on
the equator at a point in the center of the basin decreases
rapidly for the first 30-35 days. The SST at first drops at the
surfacefrom 24øC to 17ø-18øC (see Figure 9 of Philander and
Pacanowski [1980]), then it remains constant for 30 more
days, and thereafter slowly increases.In the west (east), the
duration and the intensity of the SST cooling are shorter and
weaker (longer and stronger) than in the central part of the
basin. This is due to the time required for the Kelvin wave
front, initially excited at the western boundary, to propagate
along the equator. This is in good agreementwith the observations obtained both at 28øW and 4øW. Fifty days after the
onset of the wind, the zonal SST gradient has already reached
its maximum

value and remains constant

thereafter.

Below the

surface,at 112.5-m depth, the temperature in the central part
of the equatorial basin also decreasesafter the onset of the
winds; this decreaselasts only 20 days and moreover has a
smaller rate than the one found at the surface. This result is in

agreementwith the in situ temperature observationsat 28øW;
at 4øW, however, the increasein temperature lasts 2 months;
this differencecan be attributed to the upwelling producedby
the meridional component of the wind [Philander and Pacanowski, 1981a]. Six months after the onset of the uniform
wind, a secondarytemperature minimum appears in the subsurfacethermal field, with an amplitude larger in the east than
in the west. The amplitude of this semiannual signal is enhanced in the linear case.

When the uniform easterly wind is turned off, the strong
zonal temperature gradient at the surfaceis reduced 3 months
later by a factor of 5. The heat has been redistributed zonally
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by means of advection in order for the thermocline to reach a

horizontal position again. The warming of the upper ocean,
which lasts 2 and 3 months at the longitudes of 28øW and
4øW, respectively,is stoppedby the Kelvin wave front initially
excited at the western boundary. If the relaxation period is of
the order of 150 days, which correspondsto the adjustment
time of the equatorial Atlantic basin [Cane, 1979], the thermocline is in a horizontal position again. This could correspond to the situation observed in February-March 1984
(Figure 9). If the relaxation period of the winds is considerably
less than 150 days, the ocean does not have enough time to
relax, and a significantdifferencein the depth of the thermocline at both locations must prevail. This could correspond
now to the situation observed in February-March 1983
(Figure 9). In that casehowever,the model doesnot reproduce
the SST distribution as it appears in the in situ observations:
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values at both locations and for both observed years; the
mean SST is higher in 1984 (28.5øC at 28øW and 29.5øC at
4øW) than in 1983 (28øCat 28øW and 28.5øCat 4øW), and it is
lower at 28øW than at 4øW both in 1983 and 1984. The 10-m

temperature and 20øC isotherm depth time seriesalso show
the decreaseof the sea surfacetemperature following the onset
of the local trade winds, in both years and at both locations.
After that, the SST remains low as long as the zonal wind
stress has a negative component (easterly winds), while the
depth of the 20øC isotherm continues to decreaseat both sites
after the onset of the trade winds. The shoaling in both years
lasts 1 month at 28øW and until the beginning of July at 4øW.
At 28øW the thermocline deepens in 1983 from mid-May
through the end of November; in 1984 the deepeningstarts at
the beginning of June, with a faster rate than in 1983. At 4øW,
the deepeningstarts at the end of July, both in 1983 and 1984,
lower SST values at 28øW than at 4øW. When the winds are
with the same rate and stops at the beginning of October in
still easterlyin the west but westerlyin the east, the response 1983; the SST remains low while the thermoclinedeepensat
given by the model shows that the SST remains constant in both locations. The depth of the 20øC isotherm slightly dethe west but rapidly increasesin the east becauseof the deep- creasesfrom the beginning to the end of October 1983, while
ening of the thermocline there. This is the situation found in the zonal component of the in situ wind stressis eastward and
November 1983 at the equator, where the winds were south- increasesthereafter from the beginning of December 1983 to
westerlyat GG and southeasterlyat SPP (Figures 5 and 6).
February-March 1984.
5.

CONCLUSIONS

Synoptic and continuous in situ wind measurements obtained at IøN, 29øW and at 4øW at the equator in the equatorial Atlantic basinduring the FOCAL/SEQUAL experiment
allowed, for the first time, a precisedescriptionand comparison of their seasonalvariability.
The time seriesof the wind velocity show two different situations: (1) a relaxation period which is observedfrom at least
February through April at both sites in 1983 and from January through April in the Gulf of Guinea and from January
through May at Saint Peter and Saint Paul rocks in 1984 and
(2) an abrupt intensification, particularly in the west, after
which the wind speed remains constant until at least midNovember

in the west and until

the end of December

both at SPP and GG, an increase of the in situ total wind

stress 1 month earlier than climatology in 1983 but at the
same time as climatology in 1984. This is not true for the in
situ zonal wind componentat SPP in 1984, which increases1
wind

later than the climatic
from

the southeast

one. At GG

to the southwest

the rotation
in boreal

S. Brower for typing this manuscript.The successof the SEQUAL/
FOCAL program is due to many people, among them the officersand
crews of the U.S. R/V Conrad, Knorr, Gyre, and Endeavor and of the
French N/O Capricome and A. Nizery. Temperature data at 28øW
were provided by R. Weisberg. The wind data at SPP were jointly
collectedwith E. Katz. Funding for this joint experimentwas provided by NSF grants OCE 82-09892 and OCE 85-15639 in the United
Statesand by ORSTOM and IFREMER in France. Lamont-Doherty
Geological Observatory contribution 4126.

in the

east. The inferred total wind stressshows an abrupt increase
which occursat SPP on April 10, 1983, and on May 17, 1984.
At GG this happens on April 5, 1983, and April 10, 1984. In
both years the increaseof the total wind stressappearsat the
eastern location first. The negative values of the zonal wind
stress component observed during the boreal summer are
larger in 1983 than in 1984 at both locations. After September
1983, the zonal wind stress component is positive at GG,
showing the absenceof a semiannual signal in the westward
component. The comparison between the climatic and the
FOCAL/SEQUAL
monthly mean wind stress values show,

month
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all the chief scientistsof the SEQUAL/FOCAL cruises; G. Hesloin
and R. Chuchla for preparing the wind recorders at 0øN, 4øW; E.
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the station at the rocks; P. Mele for collectingand reducingthe SPP
station data; S. Rennie and J. Hickman for processingthe data; and

of the
summer

occurs 1 month later than climatology in 1983 but 1 month
earlier in 1984. Time seriesof the temperature at 10-m depth
and of the depth of the 20øC isotherm obtained at the equator
at 28øW and at 4øW show the shoaling of the thermocline at
0øN, 28øW in mid-December 1983, when the winds relax. At

0øN, 4øW, this occurs 3 months later. At the surface,during
the same period of time, the temperature reaches maximum
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