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The Influence of Surface Wind Stress
over the equatorial Atlantic on Oceanic

Upwelling Processes during F GGE 1979

Hans Jiirgen Pan1Tz (1) and Peter SpETH (2)

ApsTRACT

The oceanic response to atmospheric forcing over the equatorial Ailanlic Ocean is investigaled for the FGGE year
1979. For this purpose local wind and SST measuremenls and large scale numerical analyses of wind siress and SST
are used. The surface meteorology over the tropical Ailantic is described and compared with climalology. The mosi
prominent fluctuations of the wind stress components and the SST, wilh periods from 4 months to 1 year, are idenli fied
using separate EOF analyses. The large scale spalial relationship between the almosphere and the ocean is studied by
combining EOF analyses of the siress components and the SST. The temporal behaviour of the almospheric and
oceanic fluctuations is discussed using a lag correlation analysis of the time coefficients of the separate EOF study.
These calculations support the remote forcing theory of the summer upwelling in the Gulf of Guinea. The examination
of local wind and SST measuremenlts in the ceniral equalorial Atlanlic gives evidence of the passage of an equaiorial
Kelvin wave, resulting in an upwelling event which is superimposed to the general summer cooling of equalorial SST.

Key worps : Upwelling — Surface wind stress — Equatorial Atlantic — Remote forcing — Sea surface
temperature.

Risume

INFLUENCE DE LA TENSION DE VENT DE SURFACE SUR LES PROCESSUS D'UPWELLING DANS L’OCEAN ATLANTIQUE
KQUATORIAL, AU coURs pE FGGE 1979

La réponse de I'Océan & U'action de Ualmosphére dans la zone équatoriale de I' Allantique a élé étudiée en 1979,
au titre de « FGGE ». A cel effet, des mesures de vent local el de température de surface de la mer sont ulilisées. La
météorologie a la surface de l'océan est décrile et comparée avec la climatologie. Les composantes les plus imporianies
de la tension de venl el de la lempéralure de surface, de périodes allant de 4 mois @ I an, sont idenlifiées a partir
d’analyses séparées des fonctions empiriques orthogonales (EOF). La relation spaliale a grande échelle enire
almosphére et océan est éludiée en combinanl les analyses des EOF des composantes de la tension de vent el de la
température de surface. Les varialions dans le temps des conditions atmosphériques et marines sont disculées sur la
base de U'analyse des déphasages déduils de I'étude des EOF. Les calculs confirment la théorie du forgage & distance
de Pupwelling d’été dans le Golfe de Guinée. L'examen des mesures de vent local et de température de surface dans
I Atlantique central équalorial mel en évidence le passage d’une onde de Kelvin équatoriale, engendrant un upwelling
qui se superpose au refroidissement général de la température de surface sur 'Equaleur pendant I'été.

Mots-cris : Upwelling — Tension de vent en surface — Atlantique équatorial — Forgage 4 distance — Tempé-
rature de surface.
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1. INTRODUCGCTION

The spatial and temporal variability of the tropical
trade wind system determines the climatology of the
tropical region between the high pressure belts in
both hemispheres. The surface wind sfress drives
the oceanic circulation, and its variability strongly
influences the fluctuations of the equatorial current
system and of the sea surface temperature (SST).

Océanogr. trop. 21 (2}: 185-203 (1986).

On the other hand SST anomalies are partly res-
ponsible for fluctuations of the tropical atmospheric
circulation and they even may influence the weather
in extratropical regions by teleconnections.

This paper is only concerned with one direction
of the atmospheric-oceanic feedback system. The
response of the equatorial Atlantic Ocean on fluctu-
ations of the surface wind stress will be examined
for the year 1979 during the First GARP (Global



oL

-amooz-s

WIND STRESS OVER THE EQUATORIAL ATLANTIC

B \\‘R\\\?/ A N7 .

e R W/'/ \\

B SN AN T .

E NN WV;;A\\N\\MM

B, S S\

Do
5mjs
| \S ] T\&:Fk | 1 }N ] 1‘_1 0% \KMK\K\
O 281 10 20 30 IL|I'llllIHlJJ!HIlJJIIIH‘IIIHIIIIIILlJ_ll
31311 Pes 19729 [ MAR 6 MAY e 30. 11 N
Fie. 1 b.

FGGE 79 EQ./74W

R A

2 5m/s

A NN N B N N St N NARE O SN N L I i N TN e N N A N B RN T LAY N BN T O N N B
71. 101, 15.1. 20.1. 25.1, 1.2, 5.2, 10.2.

FGGE 79 EQ/4W

\/m\\\\x FA 0 7A At ///m\m\\\ IR

2 5m/s

]‘]]llf[Tlll[l‘l’ll]‘l_lillrl"l_rll]l‘l*llI]llllfl'l_l_ll'l*l‘—l_lililflllllllllllll|l|

26.2. 13. 5.3. 10.3. 15.3. 203, 253, 14, 54. 104, 15.4. 204. 254, 15.

FGGE 79 EQ/4W

o e

2 5m/s
T T T T T T T T T T T T T3 [ VT T I [ T T I T T [T 7]
5.6. 10.6. 15.6. 20.6. 25.6. 1.7 47

Fic. 1 c.

187

Fi1c. 1. — Daily mean variation of surface wind : a) at St. Peter and St. Paul Rocks, b) at 22° W, ¢) at the equator for 4° W,
a) and b) are from GarzoLi ef al. (1982). Variation journaliére moyenne du veni de surface: a) aux Rochers St Pierre-St Paul.

b) @ 220 W, ¢) & I Equateur, par 4° W. a) ¢i b) d’aprés Garzow et al. (1982)

Océanogr. trop. 81 (2): 185-203 (1986).
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TABLE

1

Summary of all data used for this study. Récapitulation de I'ensemble des données ufilisées

Parameter Data ~ Source Kind of measurement Measuring Period
Jocal wipd measuremepts s buoy-measurements Tnterrupted periods
along ZZEN between BBN and 1% Speth and Panitz (1983) from end of dJan 79 to

a) during the 51. crujse of RY Jun 79
'METEOR' {see also Table 2)
Total megsurements 0F SST — ~ a) end of Jan 79 to the
along 22° W between 3°N and Bauerfeind et al, (1984) buoy-measurements end of Mar 79;

b) 1% during the 51. cruise b) May 79 to Jun 79
of RY 'METEOR’ {only at the Equator)
local wind measurements Garzoli et al. (1982) tower measurement
at St. Petes and gt. Paul 2.2.79 - 23.1.80

C) Rocks { 29°W / 1°M)

Tocal wind measurements in the Ch. Colin, ORSTOM, buoy-measurements three different periods:

O %ulf ofnGl)liHEEi Brest, France ag 7.1.79 - 12.2.79

EQ / 4% (personal communicatio b) 26.2.79 - 3.5.79
r fon) c) 5.6.79 - 4.7.79
global SST observations ECMWF , Reading ship and buoy- Dec 78 - Nov 79

e) England measurements
SST observations in the German Weather Service, ship and buoy- dan 79 - Dec 79

£) tropical Atlantic see Wetteramt, Hamburg measurements

F. R. G.
globa] gridpoint analysis HOAA 7 NESS, Satellite TIROS - i sateliite 1.1.79 - 31.12.79
g) of SST on a 1 square grid Data Service, measurements 21 days missing
Washington, D. C., U.S.A.
global gridpoint analysis ECMWF, Reading, FGGE Level IIIb
of zonal and meridional wind England data set 1.1.79 - 30.11.79

n compogents at 1000 hPa on a uninitialized form twice daily

1.875" square grid

Atmospheric Research Program) Global Experiment
{(FGGE). An overview of the influence of winds on
the oceanic system at the Equator was given by
SperH and Panirz (1983). MoriNar: el al. (1986)
presented a synthesis of the near-surface oceano-
graphic and surface meteorological dala collected
during the FGGE in the Equatorial Atlantic Ocean
covering the region between 9°N and 908,

The data used are described in the second section.
Additionally, the mean distributions of surface wind
stress and SST together with variances are presented.
A comparison of equatorial surface wind speed will
be made with the wind analysis of MoLiNARI ef al.
(1986, and personal communication) and with the
climatology of HasreEnrate and Lams (1977). A
similar comparison will be carried out for the
equatorial SST. In section three the spatial and
temporal variability of the surface wind stress over
the tropical Atlantic from 45°W to 13°E and 7°S
to 15 N are described using Empirical Orthogonal
Functions (EOF). The same is done with SST in the
fourth section. The local oceanic response on wind
and wind stress variability is examined in section
four. The results will be compared with numerical
calculations and other diagnostic studies. Section
five concludes the paper with some critical remarks
and a summary of the results.

Océanogr, trop. 21 (2): 185-203 (1986).

2. DATA

All data used in this study are summarized in
Table I. More detailed descriptions of the local
measurements mentioned under ), ) and ¢) of
Table I and of the data handling are given in SpeTH
and Panirz (1983), BAUERFEIND ef al. (1984) and
Garzow1 el al. {1982). The remaining data sets will
be described in this section.

2.1. Surface Meteorology

Figure 1 presents daily mean wind vectors in the
three different regions over the equatorial Atlantic.
Mean values and standard deviations are contained
in Table I. Over the western Atlantic (Fig. 1a) the
wind increases on May 12, after a period of low wind
speed and low directional steadiness {GarzoLl el al.,
1982). Over the central Atlantic, from February to
March {Fig. Lb) the area north of the equator is
strongly influenced by the position of the Intertropical
Convergence Zone (ITCZ) and of the surface wind
confluence (see Fig. 2). Over the equatorial part of
the Gulf of Guinea (Fig. lc) the prevailing wind
direction is from the south. Only during June and
July a more south-easterly wind is observed (see
also Table II).
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Tasre II

Mean values and standard deviations of the local wind measurements during FGGE over the equatorial Atlantic; 0: mean zonal

wind component; positive to the east; ¥: mean meridional wind component; positive to the north; |v]: mean scalar wind speed, not

the magnitude of the mean wind vector; ¢: standard deviation. Valeurs moyennes el déviations standard des mesures de vent local,

au cours de FGGE, au-dessus de I'Allantique équatorial; ii: composanie zonale moyenne du vent, posilive vers U'Esi; U: composante

méridienne moyenne du vent, positive vers le Nord ; |v| : vilesse scalaire moyenne du venl, ef non pas la longueur du vecteur vent moyen;
o : dévialion standard

fosftion measuring record length i a v g, V]

Period {hours) u 1 v M i
(ms™h)

28% / 1% 2.2.79

(St. Peter a. ———- 8507 -4.6 2.3 2.2 2.0 5.5 2.1

St. Paul) 23,1.80

Rocks

22% ¢ 3% 1.2.79 1343 -1.0 1.9 0.9 2.7 3.3 1.5
29.3.79

22% 2%, 1.2.79 867 -2.6 2.0 1.9 2.1 4.0 1.6
9.3.79

22% ¢ 2%, 5.5.79 1037 -2.6 1.9 4.1 1.8 5.2 1.8
17.6.79

22% /1N 31.1.79 1383 -2.5 1.7 1.9 2.7 4.2 1.4
30.3.79

22% / £qy 18.2.79 397 -3.0 1.2 2.4 1.3 4.0 1.3
7.3.78

22% / kg, 7.5.79 970 -4.3 1.3 2.6 1.2 5.2 1.2
16.6.79

22% /7 1% 30.1.79 1377 -3.8 1.2 2.6 1.4 4.9 1.0
28.3.79

%/ Eq 7.1.79 854 -0.3 1.5 4.5 1.4 4.9 1.1
12.2.79

%/ K 26.2.79 1590 -1.0 2.0 1.3 1.8 4.2 1.4
3.5.79

&/ EQ 5.6.79 707 -3.0 1.5 4.0 1.4 5.3 1.4
4.7.79

‘The ITGZ is here defined as the belt of the maxi-
mum cloudiness and of maximum precipitation,
connected with expressed horizontal wind converg-
ence (SADLER, 1975). The mean monthly positions
of ITCZ are determined subjectively by Koung and
Seerr {1982) using cloud images from the satellite
METEOSAT. The ITCZ is not necessarily identical
with the confluence region of the south-east and
north-east trades which is characterized by a vanish-
ing meridional wind component. The surface wind
components are calculated from the data set k) of
Table I. The methods used will be described later.
The mean position of the ITCZ in Figure 2 shows
that over the central Atlantic the ITCZ and the
wind confluence zone are only 1 to 2 degree latitude
apart. Especially in summer this is in contrast to the
climatological study of HasTENrATH and Lawms
(1978). They find a larger meridional distance. Also

Océanogr. trop. 21 (2): 185-203 (1986).

the wind confluence zone in 1979 does not migrate
as far to the north as in the climatological mean.
One can conclude that the south-east trade is weak

1on 3 30w ~ asw 1on] 15W - 20w
- .
] 2 ]
. ’, :
5N N
et N
1 ]
EQ EQ
LA L L R A | L P LA N )
1234567891011 234567891M0
1979 1979

F1g. 2. — Mean monthly position of the ITCZ (solid) and of

the surface wind confluence zone (dashed) for the two longi-

tude bands 15° W-29° W and 30° W-45° W. Position moyenne

par mois de 'ITCZ (trait plein) et de la zone de convergence

des venis de surface (tireté) pour deux bandes longifudinales,
150 W-29°0 W et 300 W-45°W
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during the summer of 1979 compared with the
climatology. This fact suggests that the equatorial
upwelling due to f-divergence might be weaker than
normal.

The large scale surface meteorology in the region
from 45° W to about 13° E and from 150 N to about
708 will be studied in this paper examining the
surface wind stress. The basis for calculating the
surface wind stress is data set 7) of Table I. Assuming
a neutral atmosphere and zero wind at the surface
the wind at 10 m height is calculated using a loga-
rithmic windprofile:

(10 -+ Zo)
In { ———
Zo

¥o=% ————, (1)

(h -+ Zo)

In
Zo y

with the roughness length z. which is derived by
the formula:

I 2,

cp = (lO + Zo> )
In

Zo

¥ stands for the zonal (u) and meridional (v) wind
components. The indices 10 and h indicate a height
of 10 m and the geometric height of the 1000 hPa
level, respectively. k denotes the v. Karman constant
with a value of 0.4. The drag coefficient co can be
treated as constant for wind speeds less than 10 ms-?
(KrisanamurT: and Krisunamurrr, 1980); a value
of 1.4'10-% is used. From (2) this gives a value of
2.2:104 m for zo.

Daily zonal (= positive to the east) and meridional
{7y: positive to the north) wind stress components
are caleulated from wind components on the 1.875°
square grid using the bulk formula:

Tx == QCpU I Vhl (3]
Ty = pepV | vn|

p denotes the density of the air; a value of 1.29 kg m-3
is used. {vu| is the horizontal wind speed.

In Figure 3 mean values of the surface wind stress
over the tropical Atlantic for the period January
1979 to November 1979 are shown. Almost the entire
region is covered by the north-ecast and south-east
trade wind system. In the Gulf of Guinea the African
monsoon has a westerly zonal component; east of
100 W the meridional wind stress dominates and the
zonal component nearly vanishes. The zonal wind
stress in the equatorial region increases westward.
The zone of trade wind confluence slopes from south-
west to north-east. The variance of wind stress in
Figure 3 shows that the zonal wind stress wvaries
strongly in a region near 80 Nj/40°0 W, Other maxima
of variance exist off the north-eastern part of Brazil

Océanogr. trop. 21 (2): 185-203 (1986).

and off Northwest Africa. The weak zonal flow along
the West-African coast and over the Gulf of Guinea
does hardly vary throughout the year. The meridional
wind stress shows the strongest variability off North-
west Africa and off Northeast Brazil. The annual
variance in the Northern Hemisphere is stronger than
in the southern part of the globe. The reason is the
annual migration of the confluence zone which most-
ly can be found north of the equator.

In Figure 4 mean monthly wind speeds are compared
with those of MorLinaRI ef al. (1986, and personal
communication) who performed a separate wind
analysis on a 2° grid, for which they have used only
surface wind observations over the tropical Atlantic.
They compare their winds with the climatology of
HastenraTH and Lams (1977). East of 10° W both
analyses for 1979 are in favourable agreement and
they are slightly higher than the climatological
values. West of 100 W these two analyses show large
differences. In the boreal winter and spring the winds
used by us are comparable with the climatology.
But during the summer they are 1 to 2 ms? weaker
than the climatological average. This is consistent
with the relatively southern position of the surface
wind confluence zone described above (Fig. 2).

2.2. Sea Surface Temperature

The basis for the SST analyses are daily values of
NOAA’s {National Oceanic and Atmospheric Ad-
ministration of USA) National Earth Satellite
Surface (INESS), Global Operational Sea Service
Temperature Gomputation (GOSSTCOMP) fields in
19 squares (Table Ig), ship and buoy measurements
of SST provided by the European Gentre for Medium
Range Weather Forecasts (ECMWEF) and the German
Weather Service (Tables Ie, f) and time series of
SST in the central equatorial Atlantic (Table Ib).
The latter data set will be discussed in more detail
in section b.

Because the accuracy of satellite-derived 8SST is
affected by many factors (BARNETT ef al., 1979) the
TIROS-N SST data (Table Ig), which form the basis
for GOSSTCOMP analyses, are combined with the
ground-truth observations from ships and buoys
(Tables Ie, f).

The in-situ observations are from two different
sources, and values which appear twice are elimin-
ated: 67460 observations in the region between
45° W and approximately 13°E and between 7089
and 15° N are retained. Table 1Ila shows the number
of observations per month. The consistency of the
observation is tested in the following manmner. The
region 450 W-150 E, 70 3-16° N is divided into 220
subregions, each 3° longitude by 2° latitude. For
each subregion monthly averages and standard
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deviations (6) are calculated. Each observation
entering the averaging procedure is weighted by the
distance between the observation point and the
south-western edge of the subregion. Then the
editing procedure described in Rasmusson and
CArPENTER (1982) removes erroneous data. Because

Océanogr. irop. 21 (2): 185-203 (1986).

the 4+ 3.56c limit of Rasmusson and Carpenter is
not sufficient to remove all unreasonable data, it is
assumed additionally that the difference between
the monthly mean and the observation must be less
than 4 4 9C. All data which do not fullfil this second
criterium are also removed. In total, 1620 observ-
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Barres wverlicales: climalologie selon HASTENRATH ef LAMB
(1977), correspondant a leur intervalle de 1 m st

ations were rejected by this quality test. The number
of observations per month after the test is given in
Table IIIb.

Most of the observations are concentrated along
shipping routes (Fig. 5). From January to June 1979

H. J. PANITZ, P. SPETH
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F16. 5. — Available sea surface temperature observations for

March and August 1979. The number of observations is 6792

for March and 5138 for August 1979. Observalions de tempé-

rature de surface disponibles pour mars et aotit 1979; 6792 obser-
valions en mars, 5138 en aoiit

the number of observations per month generally
exceeds 6000, with the largest values (> 7000) in
February, May and June, which were the Special
Observation Periods of the FGGE. Beginning in
July the number of observations decreases with a
minimum of 514 observations in December 1979.

To combine the SST observations and the satellite
data a five scan correction method analysis, accord-
ing to Cressman {1959), has been carried out using
the daily TIROS-N SST field as the first guess for
the first scan. For the following scans the previous
scan analysis is used as a first guess. Table IV shows

TaBrLE III

a: number of SST in-situ observations per month before the data are quality tested. b: number of SST in-situ observations per month
after the test. a: Nombre d'observations de température de surface in situ, par mois, avant application du test de qualité. b: Nombre
d’observations de lempérature de surface in situ, par mois, aprés application du lest de qualité

Jan Feb Mar Apr May

Jun

Jul Aug Sep Oct Nov Dec

a}) 7556 7856 6960 6044 7745 7443 5819 5230 4768 4421 3079 533

b) 7391 7685 6792 5927 7534

Océanogr. trop. 21 (2): 185-203 (1986).

7198

5689 5138 4649 4328 2995 514
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the values of scan radii and tolerances corresponding
to successive scans. After the correction, a first, order
Smapiro (1970) filter is applied in the zonal and
meridional directions {i.e. a two-dimensional filter) to
each of the corrected daily SST fields. The filter
eliminates waves with lenghts of 2Ax (with Ax equal
to 10 grid resolution) while leaving long waves
nearly unchanged. Gaps in GOSTCOMP fields are
interpolated with observations using the method of
BarnerT (1977) with the aid of Empirical Ortho-
gonal Functions (EOF). This procedure is described
by Pawnitz (1984). Finally, the analyses are temporal-
ly smoothed by a one-dimensional fourth-order
Shapiro filter. By this procedure 365 daily SST
analyses (1 January-31 December 1979) in the region
from 450 W-13¢ E and from 7°8-156¢ N with a grid
resolution of 1° square are obtained.

TasLE IV

Values of scan radii and tolerances. Valeurs des rayons de
balayage et tolérances

Scan Radius (km} Tolerance (°C)

Number

900
600
350
150
100

[ I R
NN W e ;

The mean annual SST distribution (Fig. 6} shows
a belt of high temperatures in the central Atlantic.
It extends from the African coast towards the western
boundary of the basin. A belt of low equatorial SST
due to equatorial upwelling cannot be identified.
The annual variability of 8ST is largest in the coastal
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upwelling areas off Northwest and Southwest Africa.
In the central tropical Atlantic the annual variance
nearly vanishes. Mean monthly SST distributions
(not presented here) show that March 1979 is the
month with the highest temperatures and the smallest
gradients south of about 79N, as already pointed
out by MoriNaRrr et al. (1986). The highest SST
oceur in the Gulf of Guinea. The lowest tempera-
tures are observed during March 1979 off the west
African coast, where SpeETH and KounE (1983) have
shown that strong coastal upwelling normally oceurs
during boreal winter and spring. During August 1979
the cold water in the eastern part of the basin, which
first appears in May and then migrates north-
eastward, covers its maximum area. In August the
entire Gulf of Guinea is occupied by anomalously
cold water. The low SST extends westward and
reaches its most westerly position on the equator at
about 250 W.

Moninart et al. {1986) used research vessel data
and merchant ship observations recorded from
December 1978 to November 1979 to produce
monthly SST fields in the tropical Atlantic on a
20 x 20 grid. They find that the large scale SST
patterns for 1979 are very similar to climatology,
with the mean monthly difference typically less than
10C (Fig. 7). While equatorial cooling events in 1979
commence at approximately the same time as
climatological cooling, the summer. cooling in the
central equatorial Atlantic is less intense during
1979, resulting in anomalously higher temperature.
A subjective comparison between our mean monthly
SST distributions and the results of MovrivNaRI ef al.
{1986) shows no significant differences, even though
the analysis procedures were somewhat different;
our flelds seem to be smoother than theirs. Along the
equator the mean monthly SST values are not signi-
ficantly different.

40W 30W 20W 10W O 10
15N_|‘1_|_LL| ...... \\I\ ........... FERTE 15N
1 553\ sst 1979 -
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]
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55+

LONGITUDE

F16. 6. — Mean annual sea surface temperature for 1979 (left) and variance computed from mean monthly sea surface temperatures
(vight). Température de surface moyenne annuelle en 1979 (a gauche) el variance calculée & parlir des tempéralures mogennes mensuelles
(a droite)
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Fi6. 7. — Mean monthly sea surface temperatures at the equa-
tor (averaged between 1¢ S and i¢ N) for different longitude
bands, during 1979. Solid: corrected satellite SST, used in this
study. Dashed: SST from Mouinart ef al. {1986). Vertical bars:
climatology from HasTexraTH and Lams (1977), correspon-
ding to their contour interval of 1¢ C. Tempéralures de surface
moyennes mensuelles & I’ Equaleur (moyenne enire 1° Set 1° N ),
sur différentes bandes longitudinales, en 1979. En iraii plein:
températures fournies par salellile, corrigées, uiilisées dans la
présenie éiude. En lireté: températures d’aprés MoLiNARL et al.
(1984). Barres verlicales: climalologie selon HASTENRATH el
Lame (1977), correspondant a leur infervalle de 1 oC

3. EMPIRICAL ORTHOGONAL FUNCTION
ANALYSIS

To analyse the observational data sets Empirical
Orthogonal Functions (KOF) are used. For this
purpose the observed space and time dependent data
are decomposed in the following manner:

PE0)=P@+I0" U@

where P(x, t) denotes any time and space dependent
parameter (in this paper the parameters are the wind
stress components and the SST) and P(x) its time
average. U; (%) denotes the EOF which represents
the spatial fluctuations explained by mode i; the
principal component Ci(t) describes the temporal
behaviour of the spatial EOF. The product Ci(t)*
Ui(x) describes the deviation of P(x,t) from the
time mean P (%) explained by mode i. In general a
few modes will be sufficient to account for the
dominating parts of the total spatial and temporal
variability of the parameter P. To study the inter-
relations between several variables it is convenient
to consider the normalized departures from the mean

Océanogr. trop. 21 (2): 185-203 (1986).

for each variable instead of using the actual values.
The departures are normalized by the temporal
standard deviations. This normalization is a special
kind of weighting procedure which is necessary in
combined EOF analyses to prevent the first several
eigenvectors from being dominated by the variables
with largest variances (KutzBachm, 1967). For a
detailed mathematical derivation and description of
the physical interpretation of the EOF see for
example Kurzacu (1967).

3.1. Wind Stress

Eigenvectors and principal components are cal-
culated for the normalized daily deviations from
the appropriate 334 day mean of zonal and meri-
dional surface wind stress (January 1 through
November 30, 1979). Figure 8 shows the percentage
part of total variance for the first 17 eigenmodes.
According to the test of OvErLaND and PreIsEn-
DORFER (1982) these 17 modes are statistically
significant, but the quality of such a test strongly
depends on the length of the analysed data sets.
Norrta el al. (1982) calculate statistical errorbars s
for each eigenvalue 2; according to the formula

N 2
M= M N’ (3)
where N denotes the length of the time series. If two

neighbouring bars come close together or overlap a
physical process is represented by two EOF. Norra

Yo

PERCENTAGE PART OF VARIANCE
OF SURFACE WIND STRESS

10r

LI L DL R B AL A | j T
2 4 6 8 10 12 14 16
16 14 12 10 8 5] 4 2

~—— EIGENMODE ———

F1G. 8. — Percentage part of variance of zonal (vx) and meri-

dional (ty) wind stress for the first eigenmodes. Errorbars

according to NorTH ef al. (1982) are added. Pourceniage de la

variance des composanies zonale (v,) et méridienne (v,) de la

tension de vent pour les premiers modes propres. Les barres figu-

rées représenient les infervalles de confiance selon NorTH et al.
(1982)
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et al. (1982) call this a “degeneracy” of the functions.
Only if one errorbar does not overlap another one the
appropriate EOF is the single representation of a
physical process. According to this criterion only
three eigenmodes of each wind stress component can
be interpreted physically (Fig. 8). Altogether the
first three functions explain 49.7 % and 49.5 %, of
the variance of the zonal and meridional wind stress
component, respectively.

For an investigation of the oceanic response to
atmospheric forcing we will use in section 5 the first
two EOF of both wind components, which are shown
in Figures 9 and 10. The first EOF of the zonal wind
stress Ui (Figure 9 top) explains 25 9, of the variance
and has a north-south asymmetry, ie. positive
departures in the north are accompanied by negative
departures in the south and vice versa. Maximum
fluctuations are found in the central regions of both
trade wind systems. The time dependent principal
component Cu:(t) shows that maximum departures
occur during February to March and June 1979.
From January to mid-May the zonal wind stress
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north of about 20N is stronger than the average
because Gy U; gives a negative departure from a
negative mean value; south of 20N %x is wealer.
From Mid-May until the end of November 1979 the
conditions are reversed. It is noteworthy that the
large increase of Gui from mid-May to June 1979
corresponds to a rapid increase of the zonal wind
stress along and south of the equator in the central
and western Atlantic. We conclude that the first
EOF of the zonal wind stress describes the annual
fluctuation of the trade winds: predominance of 7=
of the north-east (south-east) trades during Northern
(Southern) Hemisphere winter and spring. The
annual cycle contains a rapid and strong increase of
7x in the central and western equatorial Atlantic.
Such a sudden onset of zonal wind stress possibly is
responsible for the generation of equatorial currents
(PrianDER and Pacanowski, 1980) and probably
causes summer upwelling in the Gulf of Guinea
{(Moore et al., 1978; SERVAIN el al., 1982).

The second EOF of the zonal wind stress (Figure 9
bottom), explaining 16.2 %, of the variance, shows
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Fig. 9. — First and second EOF of the zonal wind stress (left), denoted by U, and U,, respectively, and corresponding principal

components (right) denoted by Cyj and Cyg. 31 day overlapping mean values of principal components are dashed. Premiére (U,)
et seconde (U, ) fonction empirique orthogonale de la composante zonale de la tension de vent (& gauche), et leurs composanies principales
correspondantes (Cyjy el Cyg, respectivement) (a droite). La courbe en tireté représente le signal filiré @ 31 jours
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in-phase fluctuations over most of the tropical
Atlantic. This EOF pattern which is interpreted as
a modulation of the annual cycle described by the
first EOF extends the area of maximum departures
of north-east trades. The maximum in the south-
east trade area is shifted westward. Together with its
time dependent principal component, the second EQOF
represents an amplification or damping of the
fluctuations described by the first EOF. For example,
during May to June the strenghtening of 7= in the
south-east trades is amplified, while the positive
departures in the north are reduced. Thus, the rapid
increase of easierly zonal wind siress along the
equator in the western Atlantic during May to June
is caused not only by the annual cyele of =« but also
by fluctuations with time scales shorter than the
annual cycle.

The first EOF of the meridional wind stress Vy
(Figure 10 top), which contains 30.3 % of the
variance, represents an in-phase fluctuation through-
out the entire area. The amplitude function Gv;
shows that the principal pattern describes the
annual cycle. From January to mid-May 1979 the
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meridional wind stress is weaker than the average
south of the trace wind confluence zone; afterwards,
until the end of November, it is stronger. The
opposite pattern occurred north of the confluence
zone. Extreme values of departures occur in March
and from June to August. Principally, amplitude
functions for the meridional wind stress of the first
EOF are similar to the corresponding functions of
the zonal wind stress. After a common increase
beginning in May they reach their maximum values
in June. Afterwards the coefficient of 7= decreases
slowly. In contrast to this the coefficient of vy nearly
remains constant until August. This has the conse-
quence that the meridional wind stress of the south-
east trade is anomalously strong for nearly two months
during summer. It will be shown later that this
behaviour forces a SST decrease until September.

In the equatorial region the increase of meridional
wind stress occurring in May results in a decrease of
SST due to increased f-divergence, which is a large-
scale phenomenon depending on the strength of the
south-east trade wind. On the other hand, Puirax-
DER and Pacawowsxki (1981a) attribute S8T varia-
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Fic. 10. — First and second EOF of the meridional wind stress (left), denoted by V; and V,, respectively, and corresponding principal

components (right} denoted by Cv, and Cs,. 31 day overlapping mean values of principal components are dashed. Premiére (V)

el seconde (V3) fonclion empirique orthogonale de la composante méridienne de la fension de venl (a gauche) ei leurs composanies
principales correspondantes. (Cy, et Cv., respectivement) (a droile). La courbe en tireté représente le signal filiré a 31 jours
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bility in the eastern equatorial Atlantic to fluctuating
meridional winds with a period between 50 and 200
days. The time history of the second EOF of 7y
(Figure 10 bottom) which explains 11 % of the
variance describes these fluctuations with a period of
about 4 to 5 months. The spatial pattern of the
second EOF of 7y shows that the maximum fluctu-
ation occurs in the central and eastern equatorial
Atlantic.

3.2. Sea Surface Temperature

Similar to section 3 Empirical Orthogonal Func-
tions are determined for SST. Figure 11s hows the
percentage part of total variance for the first seven
eigenmodes which are calculated from the daily
deviations from the annual mean. These seven modes
are significant according to the Overland and Preisen-
dorfer test. Altogether they explain more than 90 %,
of the variance. It can also be seen from the error-
bars, that only the first and second EOF are not
degenerated (NomTH ef al., 1982).

The first function (Fig. 12 top) contains 64.2 9,
of the variance. It represents the annual variability
of SST. The spatial pattern shows a north-south
asymmetry, which means that the 85T fluctuations
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on both sides of the zero contour line are out of
phase. This line is nearly identical with the oceanic
thermal equator (Mormvarr el al., 1984). From
January to June the SST south of the thermal

70-1
% 60
[
['%
(]
w 50
(5]
Z
<
5 40 -
=
5
e 307
]
o
W 204
2
Z 10
i
g
w
& 1 &« T 1 1 1m1 1
1234567 8910
EIGENMODE
Fig. 11. — Percentage part of the variance of sea surface

temperature for the first 9 eigenmodes. Errorbars according

to NorTH ef al. (1982) are added. Pourcentage de la variance de

la température de surface pour les 9 premiers modes propres. Les

barres figurées représenient les intervalles de confiance selon
NortH et al. (7982)
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equator is relatively high while it is lower than
normal from June to November. The opposite holds
true for the northern part. Maximum departures
appear in the upwelling region off Northwest Africa
with coldest water during March/April and in the
Gulf of Guinea with coldest water during August/
September

The second EOF (143 % of variance, Figure 12
bottom) describes a quasi semi-annual variability of
SST which is in phase nearly over the entire equator-
ial Atlantic. Fluctuations in the region of the thermal
equator dominate. From January to March and from
July to September negative departures can be
observed. They are interrupted by a positive ano-
maly at the beginning of September. From April to
July and from October to November the water is
warmer than normal.

3.3. Combined Analysis

The large scale relationships between the wind
stress variability and the SST fluctuations are
studied for the equatorial belt between 5¢ N and
505 using the EOF method. The spatial correlation
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is examined by two combined EOF analyses between
7= and S8T and 7y and SST. The eigenvectors are
calculated for normalized daily deviations from the
appropriate 334 day means (January 1 through
November 30, 1979). ‘

Figure 13 left shows the first two eigenvectors of
the combined analysis between == and SST. Together
they explain about 59 %, of the variance. The first
function mainly reveals two centers of zonal wind
stress variability near the equator over the western
Atlantic and over the Gulf of Guinea. They are
positively correlated with SST fluctuations south of
the oceanic thermal equator. Maximum correlation
exists between the zonal stress component over the
western region and the 88T in the Gulf of Guinea.
It can be seen from the second function of the T
SST analysis that atmospheric fluctuations in a large
region over the central equatorial Atlantic are out of
phase with the SST variability along the thermal
equator. The same is valid for the second function
of the 7y-S8T relationship (Figure 13 right) except
that the fluctuations are positively correlated. Both
spatial patterns for the second EOF only show very
weak or zero correlation over the Gulf of Guinea.
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Fic. 13. — Left: First two empirical orthogonal functions of the combined analysis between the zonal wind stress (tx) and sea surface

temperature {SST). Right: As left, but for meridional wind stress (ty) and SST. A gauche: deux premiéres fonclions empiriques

orthogonales de I'analyse combinée enire la composante zonale de la lension de vent (v,) el la tempéralure de surface (SST). A droite:
id. pour la composanie méridienne de la iension de vent (7,) el la température de surface (SST)
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TABLE V

Lag-correlations between the time dependent coefficients dis-

cussed in sections 3 and 4. Only those correlations are given

which are significant at the 95 % level. See text for further

explanation. Corrélations & termes déphasés enire les coefficienls

dépendant du temps traités dans les pariies 3 et 4. Soni seules

mentionnées les corrélations significatives au seuil de 95 %. Voir
texie pour plus ample information

1 G2 Sy Sy
o 7 .94 .60
SSTy 27~ SsT, 25 70
Cur - Sy SST,
.61 .62 .60 .63
SST, 40 45 S5T, 45 55
1557y G2 85T, G2

This is also the case between the meridional wind
stress and the SST described by the first eigenvector.

The combined analysis has shown that the centers
of both wind stress and SST variability, as well as
those from the separate analyses are spatially
correlated in the equatorial region, because the
patterns of Figures 9, 10 and 11 are similar to those
of Figure 13. By that reason it seems justified to get
insight into the temporal relationship between
atmospheric and oceanic fluctuations by considering
the lag-correlations between the l-month-running
means of the time coefficients of the EOF’s discussed
in sections 3.1 and 3.2 The l-month-running means
(Fig. 14) are chosen to eliminate high frequency
fluctuations. The first lines of Table V give the
correlation between corresponding time coefficients.
The second lines define the temporal lag while the
third indicate the leading parameters. Only those
correlations are considered which are significant at

—

Fic. 14. — Time dependent coefficients for the empirical
orthogonal functions discussed in sections 3 and 4. Represented
are 31 day overlapping mean values. The following coefficients
are represented; a: the first EOF of SST; b: the second EOF
of SST; c: the first EOF for zonal wind stress; d: the second
EOF for zonal wind stress; e: the first EOF for meridional
wind stress; f: the second EOF for meridional wind stress.
Coefficienls de temps pour les fonclions empiriques orthogonales
discutées dans les pariies 8 et 4. Est représenié le signal filiré a
31 jours. Les coefficients sonl représeniés; a: la premiére
fonction empirique orthogonale de la température de surface; b:
la seconde fonction empirique orthogonale de la fempérature de
surface; c¢: la premieére fonction empirique orthogonale de la
composante zonale de la tension de vent; d: la seconde fonction
empirique orthogonale de la composante zonale de la fension de
vent; e: la premiére fonction empirique orthogonale de la compo-
sanle méridienne de la tension de veni; f: la seconde fonction
empirique orthogonale de la compssante méridienne de la tension
de vent
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the 95 9, level according to the t-test of Student. It
can be seen from Table V that the time coefficients
of the first EOF’s of all parameters are highly corre-
lated. The atmospheric fluctuations lead the SST by
about 25 to 27 days. This means that the positive
spatial correlation between the wind stress compo-
nents and the SST discussed above in Figure 13 have
a temporal lag of about 1 month. For example, the
strengthening of the wind stress especially over the
western part of the Atlantic near 400 W in May is
followed by a decrease of SST in the Gulf of Guinea
one month later. This result confirms the remote
forcing theory of the coastal upwelling in the Gulf of
Guinea by Moore el al. (1978) which already got
observational evidence by SErvaIN ef al. {1982). But
it is not only the increase of the zonal wind stress
component which is responsible for the upwelling
process. Quantitatively the fluctuations of the
meridional component over the western Atlantic are
of the same order as those of the zonal component
(Fig. 13 top right). It is also evident, that the SST
anomaly increases until August/September (Fig. 14a)
although the zonal wind stress already decreases
since July (Fig. 14c). In contrast to this behaviour
of the zonal component Lhe strong positive anomaly
of the meridional wind stress persists (Fig. 14e) and
forces the increase of mnegative SST anomaly. This
SST deviation reaches its maximum in August.
Nearly at the same time the meridional wind stress
also weakens again.

Further correlations which indicate an atmospheric
forcing of oceanic fluctuations exist between the
principal components of the second EOF (Table V).
The orthogonal functions describe spatial relation-
ships between both wind stress components over the
central Atlantic and the SST wvariability along the
oceanic thermal equator. The 4 to 5 months varia-
tions of the atmospheric parameters lead the semi-
annual SST fluctuation by about 1.5 to 2 months
(Table V, Fig. 14).

4. LOCGAL OCEANIG RESPONSE TO ATMOS-
PHERIC FORCING AT 22°0W

Hourly averages of SST at the equator and at
1o N which are calculated from the data set 5) of
Table I show two cooling processes {Fig. 15). The
first one, from February 17 to February 26, interrupts
a period of general SST warming (Fig. 16). PHiLANDER
(1981) shows that the large scale SST increase is
caused by a general relaxation of the trade-wind
system (Fig. la, b). Using spectral analysis no local
relationship between the wind variability and the
SST fluctuations can be found (SpeTH and PAniTZ,
1983). According to a study of Faursacu (1983) the
reason for the cooling in February is one single event
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of increasing wind. The strengthening wind causes
a meridional divergence of water. Maximum corre-
lation between the divergence and equatorial temper-
ature fluctuations occur with a lag of 2-4 days.
FamrpacH (1983) calculates an upwelling velocity of
(3.3 4 2.1) m/d, which is the representative value of
the equatorial summer upwelling. The time of
minimum SST in February coincides with the time
of maximum upwelling velocity. The cooling event
is not detectable in the daily averages of large-scale
satellite derived SST time series (Fig. 16). This fact
confirms the local character of the upwelling event
in February.

In May a slow SST decrease can be observed
starting on May 12. At the same time the wind re-
inforces as well over the central equatorial Atlantic
at 220 W as over the western Atlantic (Fig. la, b).
Inspecting the first EOF (Fig. 9 top and Fig. 10 top)
at the same time both wind stress components
become stronger than the annual mean. The spatial
EOF pattern of the zonal wind stress shows maxi-
mum departures over the central equatorial Atlantic
extending westward to approximately 400 W. Ac-
cording to model calculations of PHiLANDER and
Pacavowskr (1980) it is such a sudden increase of
the wind stress which drives the eastward propaga-
tion of equatorial Kelvin waves. At the same time a
westward oceanic surface current linearly intensifies
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Fic. 16. — Daily sea surface temperatures at 22° W between
108 and 3° N for January through December 1979. Dashed
are buoy data (dataset b from Table 1), and solid are correc-
ted satellite data (section 2.2). Tempéraiure journaliére de
surface par 22° W, enire 1° S et 3° N, de janvier ¢ décembre
1979. En tireté, les données de bouée (jeu de valeurs du cadre b
du tableau 1), en irail plein, les données salellilaires corrigées
(partie 2.2)

along the equator. With the arrival of the Kelvin
wave at a special place the acceleration of the
current stops. According to the model it is the second
baroclinic Kelvin mode which causes the oceanic
fluctuations. The velocity of the wave is 1.4 m/s
{Moore and PHILANDER, 1977). Assuming the source
region of the wave at 40° W the wave needs about
17 days to reach 220 W. On May 29, 17 days after
the onset of wind intensifications and SST decrease, a
strong cooling event is observed at 220 W (Fig. 13),
which indicates the arrival of the wave. The SST
reaches a minimum on June 6/7, and then quickly
increases again. FamrBace (1983) observes the
arrival of the Kelvin wave on June 2. He uses
measured surface current data to verify the nearly
linear development of a westward current. But he
assumes that the source region of the Kelvin waves
is situated near the western coast of the Atlantic at
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450 W. In this paper a source region near 400 W is
assumed. The wave needs 4-5 days to travel from
450 W to 400 W. This explains the different arrival
times of the wave at 220 W. The daily averages of
satellite derived SST (Fig. 16) also show the up-
welling event with a decreasing amplitude north of
the equator. This meridionally decreasing upwelling
intensity is also a hint to the passage of the Kelvin
wave.

5. CONCLUSION

In this paper the oceanic response in the equatorial
Atlantic on the atmospheric forcing has been studied
for the FGGE year 1979. For this purpose surface
registrations and large scale grid point analyses of
wind and SST have been analysed. EOF analyses of
the wind stress components and the SST identify the
most prominent fluctuations with periods from 4
months to 1 year. The annual variability of SST lags
the atmospheric annual fluctuations by about 1
month. The SST reacts with an increase to the
relaxation of wind stress and vice versa. The ocean’s
response dominates in the eastern part of the
equatorial Atlantic. A sudden increase of both wind
stress components over the western Atlantic in May
gives the impulse for the oceanic summer cooling.
A positive anomaly of the meridional wind stress
with a 2-months duration from June to August
forces a continuous decrease of SST until the end of
August.

A semi-annual variability of 33T in the region of
the oceanic thermal equator is correlated with the 4
to b months variations of the wind stress components
over the central part of the Atlantic. Positive SST
anomalies in spring and late autumn appear 1.5 to
2 months later than anomalously weak winds.

Using local buoy measurements of SST and wind
a possible local forcing of two upwelling events in
the central equatorial Atlantic has been discussed.
The first cooling event appears in February and it is
superimposed to a general warming of the SST.
Using spectral analysis no evidence for a local
forcing can be found while FanrBacu (1983) shows
that a single local event of increasing wind is
responsible for the SST decrease. At the end of May
the second upwelling event is observed. It is due to
the passage of an equatorial Kelvin wave, induced
in the western Atlantic near 40°W by the sudden
increase of the wind. The wave propagates eastward
with a velocity of about 1.4 m/s.

Compared to climatology the trade wind system of
the FGGE year 1979 is anomalously weak. This is
shown by studying the ITCZ positions during the
year. The convergence zone does not migrate as far
to the north in summer as in the climatological mean.
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By that reason the equatorial cooling of SST is also
weaker than the climatological average although it
starts nearly at the same time as in the long terms
average.

From Table V it can be seen that there also exist
correlations between the time coefficients of the first
S8T function and the second function of the meri-
dional wind stress and between the time amplitude
of the second 38T function and the first eigenvector
of the zonal wind stress. In both cases the oceanic

variability leads the atmospheric one. We have not
discussed these results because it was not the aim of
this study to investigate the oceanic influence on
the atmosphere. It was our goal to verify existing
theories of the atmospheric influence on SST varia-
bility, especially the remote forcing theory of the
summer upwelling in the Gulf of Guinea.
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