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Biological and physical signatures in the tropical and 
subtropical Atlantic 

S. R. Signorini, ' i 2  R. G. Mur tugudde ,  392 C. R. McClain,  
J. R. Christian, 512 J. Picaut, 6,2 and A. J. Busalacchi 

Abstract. The  variability of sea surface chlorophyll concentration in the tropical 
and subtropical Atlantic during the  first year of Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) imagery is examined. An Ocean General Circulation Model 
(OGCM) is used, along with TOPEX/Poseidon dynamic height observations and 
global gridded wind stress da t a  sets, to  explain the  physical forcing of surface 
ocean color signals. Regions of high surface chlorophyll are strongly correlated with 
mesoscale and  large-scale physical processes such as the strong upwelling off the 
west coast of Africa, the relatively high oceanic production within the Guinea Dome 
region, and the  generation and propagation of large anticyclonic eddies along the 
coast of South America, north of the equator. The  major river outflows (Amazon, 
Orinoco, and Congo) have strong signatures with plumes of apparently high 
Chl a in excess of 10 mg m-3 near their deltas. The  fall bloom in the  eastern 
tropical Atlantic observed by the Coastal Zone Color Scanner (CZCS) was absent 
in 1997, whereas a bloom was observed in this region in July-September 1995, 
which was not observed by the CZCS. We attribute these apparent anomalies t o  
the projection of the 1997-1998 El Niño event into the  tropical Atlantic basin; these 
signals are correlated with sea surface temperature anomalies known to  be associated 
with ENSO. The  SeaWiFS images show tha t  there are seasonal blooms within the 
hydrographic provinces of the Guinea and Angola domes. These hydrographic 
provinces are characterized by the dynamic uplift of the thermocline at the North 
Equatorial Current southern boundary (Guinea Dome) and the Benguela Current 
eastern boundary (Angola Dome). Within these domes, the Ekman pumping and 
transport are significant due t o  the strong trade winds at the surface. T h e  Ekman 
drift plays a major role in the spreading of surface blooms. The  spreading of the  
oceanic bloom at 12"N, 30"W, the Congo River plume, and the areal extent of the  
upwelling blooms off the coast of Africa, parallels the strength and extent of the  
Ekman surface drift. Upwelling, when broadly defined to  include large scale vertical 
excursions of the  thermocline, explains virtually all of the surface chlorophyll 
observations in excess of 0.5 mg m-3, except in the  river plumes. 
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1. Introduction 
The goal of this paper is twofold. First, we describe 

the observed spatial and temporal variability of surface 
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Chl a observed by Sea-viewing Wide Field-of-view Sen- 
sor (SeaWiFS) during the 1997-1998 El Niño-La Niña 
event. Second, we correlate the observed spatial and 
temporal variability of ChI a in the tropical Atlantic 
with the upper ocean physical processes responsible for 
the surface manifestation of the biological processes in 
the euphotic zone. Therefore the following review of 
previous physical and biological studies in the tropical 
Atlantic is essential to set the stage for our analysis. 

The first global distribution of the phytoplankton 
biomass near the ocean surface was provided by the 
Nimbus 7 Coastal Zone Color Scanner (CZCS). Al- 
though the CZCS mission was not designed to routinely 
collect global data [MeClain et al., 19931, the sampling 
in some areas and for some periods of time was ade- 
quate for resolving a variety of processes on spacescales 
and timescales ranging from mesoscale to global scale 
and from specific events to interannual variability. The 

0148-0227/99/1999JC900134$09.00 . I - - 1 
-L--- - most completely sampled basin was the North Atlantic 
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Plate 1. Schematic representation of tropical and subtzopical Atlaiitic currents. A SeaWiFS 
Chl a image for the month of November 1997 is used to highlight the areas of high production. 
The system of currents represented here are th'e Canary Current (CC), North Equatorial Current 
(NEC), North Equatorial Counter Current (NECC) , Guinea Current (GC), South Equat,orial 
Current, (SEC), Benguela Oceanic Current (BOC), Benguela Coastal Current (BCC) , Angola 
Current (AC), North Brazil Current, (NBC), and Brazil Current (BC). The black stars show the 
approximate location [Siedler et al., 19921 of the Guinea and Angola Domes. 

Ocean, where roughly 30% of the CZCS data were col- 
lected. 

Studies using CZCS surface pigment data [n/lcClain 
et al., 1990; Platt et al., 19911 showed that the spring 
bloom in the tropical Atlantic is sustained for 2 to 3 
months in most locations. In addition, at a given lat- 
itude, the onset of the spring bloom varies by several 
months, and, in some cases, can be referred to as a 
fall bloom. Separate analyses of the mean pigment for 
the shelf and open ocean regions show that the phy- 
toplankton of both regimes has spring and fall blooms 
of equal magnitude; the spring bloom bei'ng located at 
northern latitudes and the fall bloom in the equatorial 
region. These CZCS studies also reveal that annual pri- 
mary production in the tropical Atlantic exceeds that of 
the entire North Atlantic bloom region. The estimated 
average annual production for the eastern tropical At- 
lantic (ETA) is 2.3 Gt C yr-l, with a seasonal variabil- 
ity ranging from 0.8 to 2.9 Gt C yr-' [Monger et al., 
19971. 

Longhurst [1993] noted that the thermocline shoals 
dramatically in the ETA in response to seasonal in- 
tensification of the trade winds in the western tropical 

' 

Atlantic. He proposed that the dynamic uplift of the 
thermocline combined with mixing by local winds may 
be the principal mechanism controlling vertical nutri- 
ent fluxes and therefore phytoplankton blooms in the 
ETA. Monger et  al. [1997] propose that in addition 
to seasonal change in the thermocline depth, one must 
also consider changes in the depth of the equatorial un- 
dercurrent to explain the prolonged bloom in the ETA 
(July through January). 

Plate 1 shows a schematic representation of the trop- 
ical and subtropical Atlantic surface currents super- 
imposed on a November 1997 monthly composite of 
SeaWiFS Chl a. The southern limb of the subtropi- 
cal North Atlantic wind-driven gyre forms the clock- 
wise system of currents consisting of the Canary Cur- 
rent (CC) off the northwest coast of Africa and the 
North Equatorial Current (NEC) extending across the 
basin between 10°N and 15"N. The northern limb of the 
subtropical South Atlantic wind-driven gyre forms the 
counterclockwise system of currents consisting of the 
Benguela Oceanic Current (BOC) , the South Equato- 
rial Current (SEC), and the Brazil Current (BC). The 
SEC branches to the northwest along the coast of Brazil 

,-. 
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north of 5"s) forming the swift North Brazil Current 
(NBC). The NBC entrains fresh Amazon River water 
which is transported downstream to a latitude of about 
5"N-lO"N and carried several hundred kilometers off- 
shore by the NBC retroflection. The discharge of the 
Amazon is carried by the NECC toward Africa between 
June and January of each year. From about February to 
May the countercurrent and the retroflection weaken or 
vanish, and Amazon water flows northwestward toward 
the Caribbean Sea [Muller-Karger et  al., 19881. Note 
that the NBC retroflection has a distinctive signature 
in the Chl a image presented in Plate 1 marked by a 
transition zone between deep blue and light green colors 
where the thermocline is dynamically uplifted bringing 
nutrients to the euphotic zone. 

Large-scale processes include the upwelling zone with- 
in the three principal hydrographic provinces, i.e., the 
Guinea and Angola domes, and the equatorial upwelling 
region in the Gulf of Guinea. The Guinea Dome is 
centered approximately at 12"N, 22"W. This shallow 
domelike thermocline feature is associated with counter- 
clockwise flow fields composed of the eastward NECC 
and the westward NEC [Siedler et al., 1992, Yamagata 
and l izuka, 19951. The primary source of the interan- 
nua1 upwelling signal for the North Atlantic is the re- 
gion of NW Africa in the vicinity of the Guinea dome 
[McClain and Firestone, 19931. The Angola Dome is 
located near loos, 9"E and does not exist during the 
boreal summer [Mazeika, 19671. In these upwelling- 
favorable zones, there is an uplift of the thermocline 
and nitracline, which maintains an upward flux of nu- 
trients within the euphotic zone. The intensity of the 
upwelling zones is governed by the variations in time 
and space of the trade winds, which have a strong an- 
nual component. As will be shown later in this paper, 
the surface Chl a fields from SeaWiFS exhibit spatial 
and temporal patterns that are coherent with sea sur- 
face height (SSH) and the thermocline depth, which are 
strongly coupled in the tropics [Rébert e t  al., 19851. 

In this paper, we use a year-long time series of 
SeaWiFS data (October 1997 to September 1998), com- 
bined with climatological CZCS data, to describe sea- 
sonal and interannual changes in the biological and 
physical characteristics of the tropical Atlantic euphotic 
zone. In addition, we identify the mechanisms respon- 
sible for the observed variability, and we analyze cor- 
relations among remote sensing and related data sets, 
including geophysical fields originating from an ocean 
general circulation model (OGCM). 

Pacific. However, the PIRATA program is still on its 
initial phase, and therefore the available data sets are 
limited in spatial and temporal coverage. Only water 
temperature down to 500 m and winds are currently 
available from six operational moorings which are pro- 
viding data mostly from the beginning of 1998. In situ 
measurements of Chl a, nutrients, and primary produc- 
tion are extremely rare and usually taken for short peri- 
ods of time at a few locations. Therefore we rely mostly 
on the Chl a data from SeaWiFS [McClain et al., 19981. 

The SeaWiFS data consist of Chl a from 8-day and 
monthly global standard mapped images (SMI) ob- 
tained from the NASA Goddard Distributed Active 
Archive Center (DAAC). These images have a resolu- 
tion of about 9 km at the equator. We compare the 
SeaWiFS monthly composites with the CZCS 7.5-year 
monthly averages to highlight interannual differences. 
Although there are discrepancies between the CZCS 
and SeaWiFS algorithms for conversion to chlorophyll 
values, these discrepancies are primarily within the olig- 
otrophic waters of the subtropical gyres and do not sig- 
nificantly affect comparisons of chlorophyll concentra- 
tions within the relatively high (> 0.2 mg mW3) pro- 
duction regions of our study. 

Monthly sea-surface height anomalies (SSHA) were 
obtained from TOPEX/Poseidon grids available at the 
NASA, GSFC Ocean PATHFINDER database. Sea- 
surface height (SSH) , sea surface temperature (SST), 
depth of the thermocline, and current components were 
obtained from a decadal run for the tropical Atlantic, 
extending from 30"s to 30°N, using a reduced-gravity, 
primitive equation, sigma coordinate ocean GCM [Mur- 
tugudde and Busalacchi, 19981. Yearly climatological ni- 
trate and water temperature data were obtained from 
the Levitus world ocean atlas [Conkright et  al., 19941. 
In addition, a simple analytical Ekman model was used 
to calculate the locally forced wind-driven component 
of the surface qirculation and the Ekman pumping. The 
Ekman model uses daily winds obtained from the Na- 
tional Center for Environmental Prediction (NCEP) at 
NOAA. 

3. Discussion 
3.1. Equatorial Regimes 

The equatorial regimes consist of the contributions 
from upwelling and two rivers discharging near the 
equator, the Congo and Amazon rivers. The Orinoco 
river discharge does not significantly influence the equa- 
torial region since its plume is advected northwestward 
toward the Caribbean. Plate 2a and Plate 2b show a 
sequence of 12 monthly SeaWiFS composites for the pe- 
riod of October 1997 through September 1998. These 

2. Data Sources and Methods 
Our analyses are based on data sets from diverse 

sources, including remote sensing data and results from 
ocean model simulations. Near-real time in situ data 
in the tropical Atlantic became available recently from 
the PIRATA array of moorings [Servain et al., 19981, 
which is the Atlantic equivalent of TAO array in the 

pictures clearly show the major sources of Chl a (yel- 
low to red plumes with concentrations 2 1.0 mg m-3) in 
the north and south tropical and subtropical Atlantic. 
The major rivers (Amazon, Orinoco,,and Congo) have 
strong signatures with plumes of high Chl a in excess 
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Plate 2a. Monthly mean Chl a for the tropical Atlantic observed by SeaWiFS (October 1997 to 
March 1998). Color palette increments are 0.02 from O to 0.4, then 0.5, 1.0, and 2 1.0. White 
denotes missing values and values greater than 1.0 are red. 

of 10 mg m-3 at their deltas. The global SeaWiFS 
Chl a algorithm is based on validation data collected 
largely in case I waters [O'ReiZZy et al., 19981. In a! 
river plume the' effects of absorption by dissolved or- 
ganic substances (Gelbstoffe) and backscattering by flu- 

vial sediments make these estimates of Chl a concen- 
tration highly uncertain. The color signal is a useful 
indicator of the spread of the river plume, but it must 
be kept in mind that much of this signal may represent 
optically active substances other than Chl a. Estimates 
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Plate 2b. Monthly mean Chl a for the tropical Atlantic observed by SeaWiFS (April - September 
1998). 

of Chl a concentrations in the Congo river plume are 
given by Cudée [1978] from a short observational period 
in November 1976. This estimates range from 1 to 2 mg 
m-', which agree with the SeaWiFS values for Novem- 
ber 1997. However, the actual maximum values of 5-10 
mg m-' attained in later months (February-September 
1998) are uncertain until in situ measurements become 

available. The peak runoff from the Amazon (O"N, 
50"W) and Orinoco rivers [Muller-Kurger et al., 19891 
occurs during April through August 1998 judging from 
the extensive penetration of their plumes into the open 
ocean, which further evidences the retroflection of the 
NBC. The Congo River plume (59, 10'E) is very pro- 
nounced from January 1998 onward, and reaches a peak 
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Plate 3. Longitude versus time plot of Chl a along 5"W-9"E centered at the Congo River plume (5"s). 
, 

during July-August 1998, in parallel with the coastal 
and equatorial upwelling. A zonal (5"W-g0E) phase 
plot of Chl a in the Congo River plume is presented in 
Plate 3. The fringe of the plume, defined here as the 
1 mg m-3 contour line, extends approximately 10" of 
latitude. (1000 km) westward of its source at the river 
mouth. 

In addition to the river plumes, there are other im- 
portant sources of Chl a that are strictly related to 
wind-driven coastal upwelling. Note in Plate 2 the pres- 

ence of large red patches off the northwest and south- 
west coasts of Africa throughout all months, and in the 
Gulf of Guinea starting in June and peaking in Au- 
gust. The surface manifestation of equatorial upwelling 
in the ETA began in May and grew in strength toward 
August 1998. This is an anomalous beginning of the 
upwelling season, which normally starts in the boreal 
summer [Monger et aZ., 19971. The intensification of 
equatorial upwelling is the result of the dynamic uplift- 
ing of the thermocline in the ETA in response to the in- 
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creasing easterly winds in the western tropical Atlantic 
[Moore et al., 1978; Busalucchi und Picaut, 19831. Plate 
4 shows zonal phase plots of the SeaWiFS Chl a and the 
depth of the 20°C isotherm along 30°W-5"E provided 
by the OGCM. During November 1997 to January 1998, 
the thermocline depth in the ETA was greater than 120 
m deeper and Chl a values were 50.2 mg m-' west of 
4"E. Conversely, from the middle of February to the be- 
ginning of Septeniber, the thermocline depth decreased 
from 120 to 90 m in the ETA. This shallowing of the 
thermocline is accompanied by a correspondent bloom 
in the ETA with Chl a values 20.3 mg m-3. This vari- 
ability of the thermocline depth seems to be an unusu- 
ally extreme seasonal pattern for 1997-1998. The sea- 
sonal deepening and shallowing of the thermocline has 
been reported in previous studies and attributed to  the 
annual cycle of the surface wind field. Specifically, the 
seasonal intensification of the easterly winds in the west- 
ern tropical Atlantic promotes the dynamic uplifting of 
the thermocline in the ETA, which in turn brings nutri- 
ents to the euphotic zone. Hastenrath and Merle [1987] 
show that, from around April to August-September the 
thermocline thins, intensifies, and its base rises, espe- 
cially in the ETA; to the west there is some tendency for 
a deepening of the thermocline base and top. From af- 
ter September to around April the thermocline thickens 
and weakens, its base deepens, again with particularly 
large effects in the ETA [Busalacchi and Picaut, 19831. 

3.2. Guinea and Angola Dome Regimes 

The SeaWiFS images in Plates 2a and 2b show sea- 
sonal blooms within the hydrographic provinces of the 
Guinea and Angola domes. These hydrographic prov- 
inces are characterized by the dynamic uplift of the 
thermocline at the NEC-NECC boundary (Guinea 
Dome) and the Benguela Current eastern boundary 
(Angola Dome). This dynamic uplift of the thermocline 
follows the nearly geostrophic adjustment in response to 
strong wind curl forcing. Within these domes, the Ek- 
man pumping and transport are significant due to the 
strong trade winds at the surface and their spatial vari- 
ability (curl of the wind). In addition, the uplifting of 
the deeper thermal structure is Eaused by the north and 
south equatorial undercurrents [Voituriez, 19811. To in- 
vestigate the physical-biological interactions within the 
dome regimes, we calculate the Ekman vertical velocity 
(we)  and transport (e) fields using NCEP diagnostic 
daily winds and the following equations: 

where r' is the wind stress (calculated from the wind 
velocity components), p is the water density, f(q5) is 
the Coriolis parameter, q!I is the latitude, and is the 
unit vector pointing upward. Note that since f vanishes 

at the equator, a minimumlatitude at which (1) and (2) 
are finite must be adopted. We limit our domain to  the 
latitude boundaries of 5"N-30°N and 5"S-30°S. 

In addition to the Ekman transport and vertical ve- 
locity, another useful quantity to analyze the effects of 
advection on the Chl a distribution is the Ekman sur- 
face flow. SeaWiFS sees the surface manifestation of 
the blooms so that an assessment of the surface cur- 
rents is important in correlating the observed patterns 
of Chl a with advective processes. The wind-driven Ek- 
man drift [Neumann and Pierson, 19661 velocity at the 
surface (Vo) is given by 

(3) 

where A is the eddy viscosity coefficient, w is the Earth's 
rotation frequency, and q!I is the latitude. The direction 
of V, is 45" to the right of r' in the northern hemisphere 
and 45" to the left of Fin the southern hemisphere. The 
value of A used is 28 m-l kg s-l and the Ekman depth, 
D = ~ ( 2 A / f p ) ' . ~ ,  ranges from 200 m at 5"N15"S to 87 
m at 3O0N,30"S. 

Plate 5 shows the Ekman pumping velocity field (in 
m d-l) with superimposed vectors of Ekman transport 
(in m3 s-l m-I) for the months of November 1997 and 
June 1998. These two months highlight the Guinea 
dome bloom (November 1997) and the onset of up- 
welling in the ETA (June 1998). Plate 6 shows the 
SeaWiFS monthly Chl a with OGCM SSH (cm) and 
vectors of surface Ekman drift Cm s-') superimposed. 
We chose to display the OGCM SSH field, instead of 
SSHA from TOPEX/Poseidon, because it streamlines 
the path of the geostrophic currents allowing a com- 
parison with the surface Ekman drift. In areas of high 
SSH gradient the geostrophic component is dominant, 
whereas in areas of weak SSH gradient the dominant 
component is the Ekman drift (as in the Guinea Dome 
region). Note in Plate 5 that the Ekman transport is di- 
rected from the equatorial region and upwelling regions 
off the coast of Africa toward the center of the subtropi- 
cal gyres. Intense Ekman pumping (0.3-0.5 m d-l), de- 
noted by the yellow-red regions, is present every month 
in the equatorial and upwelling regions. The combina- 
tion of the horizontal and vertical Ekman transports are 
key mechanisms for the supply of nutrients into the eu- 
photic zone. Williams and Follows [1998] showed that 
there is a large Ekman supply of nitrate .at the tropi- 
cal/subtropical boundary in the North Atlantic, where 
the easterly winds drive a poleward flux of tropical wa- 
ters with high nutrients. However, we postulate that 
in order to maintain a steady supply of nutrients in 
the euphotic zone, a deeper mechanism, which taps the 
deep pool of nutrients in the ocean, must exist in com- 
bination with the Ekman processes. This mechanism is 
the doming of the thermocline due to strong horizontal 
shear along the boundaries of the major ocean currents. 
Specifically, Plate 6 shows a significant bloom centered 
at 12"N, 32"W inside the Guinea dome during Novem- 
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Plate 5. Monthly Ekman pumping (m d-l) and Ekman transport (m3 s-l m-l) for November 
1997 and June 1998 in the tropical Atlantic. 1 

ber 1997. In November the NECC was very strong and 
close to the NEC flowing in the opposite direction. This 
can be seen in the SSH fields from the OGCM, which 
show a long and narrow SSH minimum that extends 
from 20.'" near the coast of Africa to the coast of South 
America at 10"N. This minimum in SSH corresponds 
to the boundary between these two opposing currents 
and is manifested as a result of the combined effect of 
the two currents uplifting the thermocline. Also note 

that the bloom at 12"N, 32"W is enclosed by a contour 
of minimum SSH during November. This minimum in 
SSH corresponds to an anomalous thermocline depth of 
less than 80 m. The nitracline closely follows the rising 
thermocline and higher nitrate concentrations become 
available within the euphotic zone causing the observed 
bloom. The shape of the bloom is elongated along a 
SE-NW direction, in close agreement with the direc- 
tion of the surface Ekman drift. Also note that the 

' 
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surfa,ce bloom weakens and disappears as the SSH min- 
imum broadens towards the later months (June 1998) 
when the NBC retroflection and NECC vanish due to 
the southward migration of the ITCZ. The scenario in 
the southern tropical Atlantic (Plate 6) is somewhat 
different. The Angola dome is primarily maintained 
by the dynamic uplift of the thermocline driven by the 
Benguela-SEC system. The width and extension of the 

dome, which is also manifested in the OGCM SSH fields, 
is defined by the intensity and horizontal shear of the 
southeasterly trades. This can be seen in the coherent 
pattern between the width of the dome, defined by the 
tongue of SSH distribution, and the meridional shear 
in the surface Ekman drift. The spreading of surface 
blooms in the domes is probably a combination of sur- 
face Ekman drift and Rossby wave propagation [Hof- 
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Plate 7. Comparison between SeaWiFS Chl a for November, December 1997, and June 1998, 
with equivalent CZCS monthly composites. The SeaWiFS plates have the TOPEX/Pcseidon 
SSHA (cm) fields superimposed. 

mann et al., 1981; Busalacchi and Picaut, 19831. The 
spreading of the Congo River plume and the areal ex- 
tent of the upwelling blooms off the coast of Africa are 
coherent with the strength and extent of the Ekman 
surface drift. 

3.3. Interannual Variability . 

The anomalous period under which the SeaWiFS 
data were collected, i.e., the strong 1997-1998 El-Niño 
event, and the effects that the Pacific El Niño-Southern 
Oscillation (ENSO) variability may have on the physical 
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and biological processes in the tropical Atlantic, inspire 
a closer look at the interannual variability captured by 
the available data sets. Enfield and Mayer [1997] show 
that the tropical Atlantic SST variability is correlated 
with Pacific ENSO variability in several regions. The 
major region affected is the North Tropical Atlantic area 
of NE trades west of 40"W along 10°N-20"S and ex- 
tending into the Caribbean. There, about SO-SO% of the 
anomalous SST variability is associated with the Pa- 
cific ENSO, with tropical Atlantic warmings occurring 
usually 4-5 months after the mature phases of the Pa- 
cific warm events. Enfield and Mayer [1997] show, from 
an analysis of local surface fields derived from COADS 
data, that the ENSO-related tropical Atlantic warmings 
occur as a result of reductions in the surface NE trade 
wind speeds, which in turn reduce latent and sensible 
heat losses over the region in question, as well as cooling 
due to entrainment. 

We address the interannual variability of equato- 
rial blooms by resorting to the longest temporal cov- 
erage of surface Chl a available, e.g., the CZCS data 
set. The 7.5 years of CZCS data provide monthly 
composites that are extremely helpful in determining''? 
departures from the mean seasonal. cycle of surface 
Chl a in the tropical Atlantic. However, it should be 
noted that most of the CZCS data coverage occurred 
during 1978-1979, thus representing non-El Niño av- 
erage condition rakher than a 7.5-year climatological 
average. Plate 7 combines CZCS monthly climatolo- 
gies for November, December, and June, and monthly 
SeaWiFS composites for November-December 1997 and 
June 1998. The monthly SeaWiFS composites also have 
the TOPEX/Poseidon SSHA contours (in cm) superim- 
posed on the color images of Chl a.  We converted the 
pigment concentrations from CZCS to Chl a concentra- 
tions using the conversion coefficient of 0.76 suggested 
by B a k h  et al. [1992]. 

A comparison between the CZCS pigment concen- 
tration and SeaWiFS Chl u reveals a significant differ- 
ence in the timing and intensity of the tropical Atlantic 
blooms. The composite CZCS image for December 
shows a significant seasonal bloom (21.0 mg m-3) along 
the equator east of 30°W, associated with the secondary 
upwelling season in the ETA [Busalacchi and Picaut, 
19831, while in December 1997, the Chl a concentrations 
from SeaWiFS at the same location are 50.26 mg md3. 
Conversely, the seasonal climatological pigment concen- 
tration for June at the same equatorial region ranges 
from 0.15 to 0.3 mg mF3, while the SeaWiFS Chl a 
ranges from 0.3 to 0.5 mg mF3. This significant contrast 
in concentrations highlights the anomalous behavior of 
the upper ocean ecosystem processes in the Tropical 
Atlantic coincident with the 1997-1998 El Niño. Also 
note that the areal extension of high pigment concentra- 
tions off NW Africa for the fall (November-December) 
is much larger than the Chl a concentrations from 
SeaWiFS during November-December 1997. This 
anomalous decrease in Chl a concentrations results from 

a reduction in the wind intensity which weakens the up- 
welling process off NW Africa and deepens the thermo- 
cline in the ETA [Hastenruth and Merle, 19871. Thus 
the Chl a concentrations observed by SeaWiFS are 
consistent with the anomalous physical forcing during 
the 1997-1998 El Niño. The superimposed TOPEX'/ 
Poseidon SSH anomalies on the SeaWiFS images con- 
firm the above scenario. These SSH anomalies are rela- 
tive to a 1993 mean sea surface height network of ERS- 
1 and TOPEX/Poseidon georeferenced groundtracks. 
During November-December 1997, the SSH was 2 to 
8 cm above normal in the ETA, indicating a deepen- 
ing of the thermocline. Conversely, during June 1998, 
the SSH was 2 to 4 cm below nbrmal in the ETA, an 
indication that the thermocline was shallower than nor- 
mal for that time of the year. The SST anomaly fields 
for November 1997 and June 1998 (Plate 8), obtained 
from subtracting the COADS SST climatology from the 
Reynolds and Smith [1994] monthly SST fields, also in- 
dicate an anomalous interannual scenario. The SST 
within the NE trades zone (west, of 15"W and north 

,-l 

i 

of 5"N) was 0.5"C to 1°C warmer than normal from 
November 1997 through June 1998. These SST anoma- 
lies are consistent with the anomalous nature of the 
1997-1998 Chl a surface distributions. Notme that the 
SST in the upwelling zone off of Angola is more than 
2°C warmer than normal from November 1997, through 
June 1998. This warming trend extends northward to 
the ETA during June 1998. 

3.4. Mean Fields 

To better illustrate the correlations between the eu- 
photic zone biological processes and the physical fields, 
we provide an analysis of the 12-month Chl a mean 
distribution obtained from the average of all SeaWiFS 
monthly composites (October 1997 to September 1998). 
Plate 9 shows the 12-month Chl a images with super- 
imposed contours of Levitus yearly-averaged water tem- 
perature at 100 m (TlOO), the Levitus yearly- averaged 
nitrate concentration at 100 m,  and the OGCM 12- 
month mean T100, D20 (depth of the 20-m isotherm), 
SST, and SSH. 

All superimposed fields are coherent with the Chl a 
12-month mean distribution. The "blue water" (Chl 
a 50.1) lies in the center of the subtropical gyres and 
correlates with warmer SST and T100, a deeper ther- 
mocline (D20 2 300 m) and high SSH (2 120 cm), and 
100-m nitrate concentrations 5 2  pM. The high Chl a 
concentration within the Congo River plume overlays 
the tongue of NO3120 pM. The river water contains 5- 
8 p M  nitrate, and Redfield equivalent or greater phos- 
phate and silicate concentrations [van Bennekom et al., 
19781. If the river plume is defined as the 20 PSU con- 
tour, the potential new production from fluvial nutri- 
ents is equivalent to 2-3 mg m-3 of chlorophyll, assum- 
ing 1 mg of Chl u per mole of nitrogen. 

The upwelling regions off NW and SW Africa, and the 
eastern equatorial Atlantic, are characterized by 100-m 
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NO3212 ,UM, minimum SST, D20, T100, and SSH val- 
ues. The open ocean bloom near 12"N, 32"W in the 
Guinea dome, which was manifested primarily during 
October-December 1997 (see Plate 2a), is coherent with 

of SeaWiFS data will be required to extend and con- 
firm the seasonal and interannual variability of all these 
blooms. 

rnaximum nitrate concentrations at 100 m (NO3220 
,UM), minimum TlOO (TL18"C), and minimum SSH. 

4. summary and ~ ~ ~ ~ l ~ ~ i ~ ~ ~  

The correlation of this open ocean bloom with the cli- 
matologicalnitrate distribution indicate that the Guinea 
dome feature is a persistent one. Longer time series 

We describe the observed spatial and temporal vari- 
ability of surface Chl a observed by SeaWiFS during a 
period which corresponds to the 1997-1998 El Niño-La 
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Plate 9. Twelve-month mean Chl a for the tropical Atlantic observed by SeaWiFS with Levitus 
TlOOm and NO3 yearly climatology, and 12-month mean OGCM SSH, TlOOm, SST, and D20'C 
superimposed. 

. Niña event of the tropical Pacific. We also correlate 
the observed spatial and temporal variability of Chl a 
in the tropical Atlantic with the upper ocean physical 
processes responsible for the surface manifestation of 
the coupled biological processes in the euphotic zone. 

The major rivers (Amazon, Orinoco, and Congo) 
have strong signatures with plumes of apparently high 
Chl a in excess of 10 mg m-' near their deltas. The 
peak runoff for the Amazon (O'N, 50"W) and Orinoco 
rivers occurs during April through August 1998. The 
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Congo River plume (59, 10°E) is very pronounced from 
January 1998 onward but reaches a peak during July- 
August 1998. 

In addition to the river plumes, there are other im- 
portant sources of Chl a that are related to wind-driven 
coastal upwelling. Large patches of high Chl a are ob- 
served off the northwest and southwest coasts of Africa 
throughout all months and along the north coast of the 
Gulf of Guinea starting in June and peaking in August. 
The equatorial upwelling in the ETA did not manifest 
itself in the surface Chl a until May and grew in strength 
toward August 1998. ‘This intensification of equatorial 
upwelling is a response to the dynamic uplifting of the 
thermocline in the ETA associated with the increasing 
trades in the western tropical Atlantic. This dynamic 

. uplifting mechanism, combined with the supply of ni- 
trate from Ekman pumping transport from the equato- 
rial upwelling regions to the subtropical gyres, consti- 
tute an important mechanism for the maintenance of 
relatively high levels of chlorophyll in the ETA. 

The composite CZCS images for November and De- 
cember show a significant seasonal bloom (21.0 mg 
m-3) along the equator east of 30”W, while in Novem- 
ber arid December, 1997, the Chl a concentrations from 
SeaWiFS at the same location are 50.26 mg m-’. Con- 
versely, the seasonal CZCS Chl a concentration for June 
at the same equatorial region ranges from 0.15 to 0.3 mg 
m-’, while the SeaWiFS Chl a concentrations for June 
1998 range from 0.3 to  0.5 mg m-’. This significant 
contrast in concentration highlights the anomalous be- 
havior of the upper ocean ecosystem processes resulting 
from wind changes associated with the influence of the 
1997-1998 El Niño in the tropical Atlantic Ocean. 

The year-long SeaWiFS data, combined with CZCS 
composite images, provided further insight to the upper 
ocean coupled biophysical processes. The continuous 
enlargement of the SeaWiFS data archive will provide 
longer time series that will allow us to extend and con- 
firm the seasonal and interannual variability of tropi- 
cal Atlantic blooms. In addition, we look forward to 
continue this research using a fully coupled ecosystem 
model that will allow a more in-depth analysis of the 
biophysical interactions. 
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