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Thermal Structure Along 4øW in the Gulf of Guinea During 1983-1984 
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SEQUAL/FOCAL data from 4øW derived from conductivity, temperature, and depth, expendable 
bathythermograph, and aircraft-deployed expendable bathythermograph sections and moored thermistor 
time series are combined to investigate the thermal structure in the Gulf of Guinea for 1983 and 1984. 
The equatorial and coastal upwellings, as defined by vertical isotherm displacements, have the same 
magnitude for both years. The seasonal upwelling extends to at least 300 m depth with the signal at 
depth leading the surface. The equatorial upwelling occurs approximately 6 weeks earlier in 1983 than in 
1984, while the coastal upwelling is only •'weeks earlier in 1983. The meridional structure of the 
upwelling is approximately symmetric about the equator at depth but becomes asymmetric, shifted to the 
south, near the surface. During early 1984 the thermocline is anomalously deep, nearly 30 m below the 
climatic mean. Because of distinct interannual differences in the wind field it is possible to identify the 
influence of local and far-field wind forcing on the thermal structure. The main annual "summer" 
equatorial upwelling is forced primarily by the zonal wind stress distributed westward across the ocean 
basin. The increasing asymmetry about the equator in the eastern Gulf of Guinea suggests the influence 
of the local meridional wind stress. The coastal upwelling is coupled to the Guinea Current. The 
anomalously deep thermocline that persisted in early 1984 is the result of both local and far-field changes 
in the zonal wind stress. 

1. INTRODUCTION 

The large sea surface temperature (SST) fluctuations ob- 
served in the Gulf of Guinea [Merle, 1980; Hastenrath and 
Lamb, 1977] result from the influence of ocean dynamics on a 
shoaling thermocline in the eastern basin of the equatorial 
Atlantic Ocean. In particular, there is the annual equatorial 
upwelling during June and July forced by the intensification of 
the trade winds, which in combination with the westward 
South Equatorial Current (SEC) produces a tongue of cold 
water extending westward from the eastern boundary to ap- 
proximately 20øW. At approximately the same time there is a 
coastal upwelling along the northern boundary of the Gulf of 
Guinea producing a band of cold water from IøE to 7øW. 
Considerably weaker upwelling events also occur in 
December-January. 

This study was motivated by previous investigations of 
these two upwelling regions by Bakun [1978], Bettit [1976], 
Hisard and Merle [1979], Houghton [1976, 1983], lngham 
[1970], Longhurst [1964], Verstraete [1970], and Voituriez 
[1981]. There had been difficulty in correlating the Gulf of 
Guinea upwelling events with local wind forcing. This led to 
the suggestion of remote forcing [Moore et al., 1978; Adamec 
and O'Brien, 1978; McCreary et al., 1983; Picaut, 1983; $er- 
vain et al., 1982] whereby winds in the west generate equa- 
torially trapped Kelvin waves that propagate eastward into 
the Gulf of Guinea and then poleward along the eastern 
boundary. However, much of the analysis to •upport this hy- 
pothesis is based on historical data with poor spatial and 
temporal resolution or with SST, which does not always cor- 
relate with the underlying thermal structure. 

For this reason the combined field program of the Seasonal 
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Response of the Equatorial Atlantic (SEQUAL) experiment 
and the Fram;ais Ocean et Climat dans l'Atlantique 
l•quatorial (FOCAL) program in the Gulf of Guinea was de- 
signed to observe the thermal structure over a 2-year period 
with a frequency sufficient to resolve the major upwelling 
events at the equator and the coast. The objective was to 
establish whether there is a connection between these regions 
and to distinguish between local and far-field wind forcing. As 
a component of the SEQUAL/FOCAL program, the objective 
was to place the Gulf of Guinea upwelling in the larger con- 
text of the ocean response throughout the equatorial Atlantic 
to the basin-wide wind forcing. 

This paper will present a description of the thermal data 
acquired along 4øW between the coast and the equator in the 
Gulf of Guinea. The field program and data sources are de- 
scribed in section 2. A description of the thermal field with 
analysis is given in section 3, and discussion follows in sections 
4 and 5. 

2. DATA 

The combined SEQUAL/FOCAL field program is shown in 
Figure 1. From July 1982 through October 1984 along 4øW 
there were nine FOCAL hydrographic sections [Henin et al., 
1986] and 18 SEQUAL aircraft-deployed expendable bathy- 
thermograph (AXBT) sections [Mele and Houghton, 1985]. 
Additional expendable bathythermograph (XBT) sections are 
obtained from SEQUAL cruises [Mele and Katz, 1985] and 
the ship of opportunity XBT line (J. Bruce, personal com- 
munication, 1985) that crosses 4øW at 9øS. On the equator 
during much of this period there was a mooring with thermis- 
tors at 1, 10, 35, 60, 85, 110, and 310 m depths [Colin et al., 
1986]. At the shelf break at 5øN there was a mooring with 
thermistors at 8, 18, 30, 45, and 60 m depths. Additional ther- 
mal data are obtained from weekly GOSSTCOMP SST maps 
(from National Oceanic and Atmospheric Adminis- 
tration/National Environmental Satellite Service, Satellite 
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Fig. 1. SEQUAL/FOCAL field program showing the relation of the Gulf of Guinea AXBT and hydrographic sections to 
other field work in the equatorial basin. 

Data Services Division, Washington, D.C.) covering the entire 
Gulf of Guinea. 

The wind field was measured by near-surface recorders on 
the St. Peter and St. Paul rocks at IøN, 29øW [Garzoli and 
Katz, 1984], at the coast near Abidjan (5øN, 4øW), and at the 
equatorial moorings at 24øW, 14øW, and 4øW. However, only 
data from 29øW and 4øW (Figure 3) are relatively complete 
and are analyzed in more detail by C. Colin and S. L. Garzoli 
(unpublished manuscript, 1986). 

The distribution of the sections along 4øW is shown in a 
time-latitude plot in Figure 2. The FOCAL sections extend to 
5øS and consist of conductivity, temperature, and depth (CTD) 
and current profiles to 500 m depth taken every 1/2 ø latitude. 

These sections, repeated approximately every 3 months, pro- 
vide the basic information on the seasonal hydrographic struc- 
ture in the Gulf of Guinea but are not frequent enough to 
resolve the more rapid upwelling events. This resolution is 
achieved when the CTD and AXBT sections are combined. 

Each AXBT section consists of approximately 24 profiles to 
350 m depth (300 m at the coast and equator), spaced every 
1/2 ø latitude on the southbound flight from Abidjan, with the 
remainder distributed on the northbound flight. Although the 
intention was to schedule these flights (every 10 days) during 
the onset of the upwelling, the availability of the aircraft re- 
sulted in an uneven distribution, especially in 1983. 

The CTD and AXBT sections were designed to pass near 
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Fig. 2. The distribution of sections on 4øW. F0-F8 are the FOCAL CTD sections and K1-K4 are the SEQUAL XBT 
sections. Other vertical lines represent the SEQUAL AXBT sections. Data recovered from the FOCAL equatorial and 
coastal mooring are indicated by the heavy horizontal line. 
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Fig. 3. Low-passed (with 10-day cutoff) wind stress on the equa- 
tor at IøN, 29øW (courtesy S. L. Garzoli and E. J. Katz, 1984) and 0 ø, 
4øW. Positive values are for eastward and northward stress. 

the equatorial and coastal moorings, which provide even 
greater temporal resolution. The deployment of these moor- 
ings is shown by the heavy horizontal lines in Figure 2. The 
data derived from individual thermistors on the moorings 
have some additional gaps. 

3. DESCRIPTION 

Before examining the thermal data it is instructive to look 
at the wind data shown in Figure 3. The most striking feature 
is the sudden intensification of the zonal wind stress zx record- 

ed at 29øW (positive is eastward) that coincides with a change 
in the sign of the meridional component (positive is north- 
ward). The date of this event (when zx becomes greater than 
0.2 dyn/½m) is given by Katz et al. F1986-] as April 11, 1983, 
and May 21, 1984. Thus the wind intensification in 1983 is 40 
days or approximately 6 weeks earlier than in 1984 and about 
2 months earlier than the climatological mean rGarzoli and 
Katz, 1984]. 

An apparent consequence of this time shift is shown in the 
sequence of GOSSTCOMP SST maps shown in Figure 4. 
Cooling at the equator in the western Gulf of Guinea occurs 
4-5 weeks earlier in 1983. Otherwise, the patterns are very 
similar except for the absence of coastal upwelling along the 
eastern boundary in 1984. On the equator, cool water is first 
observed near 15øW. Subsequent upwelling along the eastern 
boundary and westward advection by the SEC produces the 
characteristic tongue of cold water seen in monthly mean SST 
map [e.g., Hastenrath and Lamb, 1977]. The cold SST derived 
from the coastal upwelling on the northern boundary is not 
resolved in the GOSSTCOMP maps. 

The upwelling events associated with the cold SST are well 
resolved by the temperature sections along 4øW. The depth of 
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Weekly GOSSTCOMP SST maps during the initial upwelling in 1983 and 1984. Dashed line indicates uncer- 
tainty due to cloud cover. 
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Fig. 5. Isotherm depth hand contoured from data along 4øW for 
the equator (top) and the coast (bottom). Vertical lines are shown for 
a time preference. Temporal distribution of data is given by tick 
marks at the top. 

selected isotherms at the equator and the coast derived from 
these sections is shown in Figure 5. At all depths, except in the 
thermostad (125-200 m) where the weak vertical temperature 
gradients increase the variance, the vertical displacement of 
the isotherm associated with the seasonal upwelling is distinct. 
The signal is sharp, especially in 1984, and not well fitted by 
an annual harmonic. In all instances the phase at depth leads 
the surface and the equator leads the coast. A continuous 
vertical phase shift is not evident. Instead, especially at the 
equator in 1984, within the layers both above and below the 
thermostad the amplitude and phase of the upwelling signal 
appear to be independent of depth. 

From these curves of isotherm depths it is difficult to pick 
an unambiguous definition of the timing of the upwelling 
event. Choices might include the time of the initial rise, the 
maximum vertical displacement velocity, the midpoint of the 
vertical displacement, or the peak. The coastal record in 1984 
illustrates how each definition could lead to a different inter- 

pretation. For instance, the initial rise is earliest for the 20øC 
isotherm, the midpoint and maximum vertical velocity are 
nearly simultaneous throughout the water column, but the 
peak is earlier at depth. At the coast there is such a qualitative 
difference between the shape of these curves above and below 
the thermostad that it is doubtful that we are seeing a single 
event acting throughout the water column. 

To illustrate the data from which the curves in Figure 5 are 
drawn and to investigate further these phase relationships, the 
depths of the 20øC, 11øC, and 12øC isotherms are shown in 

Figure 6. The 20øC isotherm is chosen because it lies within 
the main thermocline and remains below the surface mixed 

layer. The 11øC and 12øC isotherms are within the deeper 
thermocline below the thermostad and are representative of 
the displacements observed there. In Figure 6, data for 1983 
and 1984 are superimposed. Shown are the data points from 
which least squares cubic spline curves are calculated. For the 
11øC and 12øC isotherms these data are the SEQUAL/ 
FOCAL sections used in Figure 5, and each point in Figure 6 
represents an average of three to six profiles. For the 20øC 
isotherm there are additional data. At the coast the depth of 
the 20øC isotherm at the shelf break (at the 100-m isobath) is 
derived from semiweekly coastal transects. At the equator and 
coast, additional data are provided by the moored thermis- 
tors. 

A comparison of the equatorial mooring and section data 
(shown in Figure 7) is instructive, since time series data from 
the mooring were intended to provide temporal resolution 
unavailable from the CTD and AXBT sections. In Figure 7 
the individual CTD and AXBT data points are shown, along 
with smooth curves hand drawn to fit a portion of these data. 
The fluctuating curves are derived from linear interpolation of 
filtered thermistor data with two exceptions. From mid-April 
to mid-May 1983 and mid-March to mid-May 1984 there are 
gaps in the record at 60 m depth so the interpolation is over a 
larger interval. Because of the position of the thermocline in 
February-March and July 1984, linear interpolation produced 
errors in the isotherm depth greater than 10 m. For these 
intervals, CTD and AXBT profiles are used to adjust the inter- 
polated values. 

It is somewhat surprising to see more fluctuation in the time 
series data. One would expect the CTD and AXBT measure- 
ments to be aliased by high-frequency fluctuations, while the 
mooring data are time averaged. However, the data points 
shown are an average of three to six profiles spanning 1 ø 
latitude and 2-10 hours time and have an average standard 
error of 3 m. The mooring data are measurements from a 
single point that are low-passed with a 10-day cutoff. Much of 
the fluctuation observed in the mooring data during May and 
June is due to meridional excursions of a thermal front. 

Nevertheless, the mooring data are useful in defining the mini- 
mum isotherm depth and filling in gaps, especially during 
early 1984. Otherwise, the CTD-AXBT data are adequate to 
resolve the upwelling event. 

In Figures 6a and 6c we compare the thermocline (20øC) 
displacement associated with the equatorial and coastal up- 
welling in 1983 and 1984. For reference the climatic mean 
thermocline depth calculated from all data prior to 1980 is 
shown, as is the date of the trade wind intensification recorded 
at 29øW. In both years the minimum thermocline depth is the 
same and comparable to the climatic mean. In contrast, 
during the upwelling, the SST at the equator is close to the 
climatic mean in 1983 but approximately I«øC warmer in 
1984. The timing of the upwelling in 1984 is the same as the 
climatic mean at the coast and 1« weeks early at the equator. 
In 1983 the upwelling is early by approximately 8 weeks at the 
equator and 2« weeks at the coast. 

During February 1984 the thermocline at the equator is 
approximately 30 m deeper than the climatic mean. This is 
about 3 standard deviations below the 'climatic mean depth, 
and thus it represents an anomalous condition. The meridio- 
nal structure of this anomalous condition (see Figure 8) is 
roughly symmetric about the equator and extends to 110 m 
depth with a maximum at 90 m. At the coast (Figure 6) the 
thermocline is also depressed but by barely 1 standard devi- 
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Fig. 6. Isotherm depth at the equator and coast associated with the main thermocline (20øC) and below the thermo- 
stad (11 øC and 12øC). Straight-line segments are the climatic monthly mean. Solid lines are cubic spline least squares fits to 
the data points, which are averaged from three to six profiles. Dashed lines are hand-drawn fits to the remaining data. 

ation below the climatic mean. FOCAL hydrographic sections 
along the equator (C. Colin et al., unpublished manuscript, 
1986) show that this thermocline depth anomaly is greatest in 
the Gulf of Guinea and extends west to 20øW and that during 
this time the thermocline depth is nearly constant across the 
ocean basin west of 4øW. Mooring time series data (Figure 7) 
show that the anomalous deepening began December 1983, 
reached its maximum during February, and concluded late in 
April. The depression of the thermocline at the coast had a 
similar time dependence but did not represent such a statis- 
tically significant departure from the climatic mean. 

With this in mind we now reexamine Figure 6. In 1984 the 
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Fig. 7. Depth of 20øC, a comparison of hand-drawn (heavy solid) 
fit to CTD and AXBT data with the continuous interpolated depth 
from the FOCAL mooring data. 

thermocline at both the equator and the coast begins to shoal 
early in March. However, what appears to be a continuous 
process from March to July can be thought of as first a relax- 
ation from an anomalous state followed by the seasonal up- 
welling beginning in May. It is the latter event which will 
result in cool SSTs. The amplitude of the isotherm displace- 
ment associated with each of these events is comparable as is 
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Fig. 8. Deviation of isotherm depths observed during the 
FOCAL 6 cruise in February 1984 below the climatic mean for 
months February-April in units of standard deviation from the clima- 
tic mean. 
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Fig. 9. Temperature profiles at 4øW, OøN from FOCAL CTD data representing the normal "warm season" (F5, 
November 1984), the seasonal upwelling (F8, July 1984), and the anomaly (F6, February 1984). Also shown are profiles of 
the temperature change and integrated heat change between these states. 

the change in the water column heat content. This is illus- 
trated in Figure 9, where temperature profiles representative 
of the three states are shown. The heat gained during the 
anomaly is primarily due to the thermocline displacement 
with only a small contribution due to warming of the surface 
mixed layer. 

Excluding the anomaly, the vertical displacements of the 
thermocline associated with the equatorial upwelling have the 
same amplitude in 1983 and 1984, with 1983 leading by ap- 
proximately 6 weeks, which is the same as the lead in the time 
of the trade wind intensification to the west at 29øW. At the 

coast the upwelling amplitudes are also similar, but now 1983 
leads 1984 by only 2« weeks. Beneath the thermostad there are 
less data, and the average standard error of the mean is 5 m, 
so the curve fit is less precise. But here also, isotherm displace- 
ments have approximately the same amplitude in 1983 and 
1984, with 1983 earlier by more than 6 weeks at both the 
equator and the coast. Thus with the exception of the near- 
surface coastal upwelling, the timing of the upwelling events in 
the Gulf of Guinea appear to correspond approximately to the 
sudden intensification of the trade winds to the west. These 

phase relationships will be considered in more detail in section 
4. 

The meridional structure of the thermal field along 4øW for 
the two consecutive years is shown in the latitude versus time 
plots of the SST and depth of 20øC and 11øC isotherms in 
Figure 10. The seasonal cycle is evident in each of the fields, 
but there are notable differences. It is especially interesting to 
compare the SST and thermocline (20øC) depth. For instance, 
the anomaly during February 1984 which is so evident in the 
thermocline depth is not present at the surface or below the 
thermostad. Since the thermocline deepened during the warm 
season, the SST cannot become significantly warmer. During 
the annual upwelling the SST at the equator has a sharp 
meridional gradient, while the underlying thermocline topog- 
raphy, especially in 1984, is more symmetric about the equa- 
tor. The thermocline shoaled to the same depth both years at 
the equator, but the SST was 1ø-2øC warmer in 1984. At the 
onset of the upwelling, SST cooling is concurrent with ther- 
mocline shoaling, but then the SST remains cold long after the 
thermocline has returned to its original depth. 

At the coast a different pattern is observed. During the 
upwelling the thermocline shoals for a longer period, and 
there is a better correlation between SST and thermocline 

depth. In both years the minimum SST and thermocline depth 
were the _same magnitude. Cooler surface water associated 
with the coastal upwelling extend• equatorward to approxi- 
mately •o 33 N, whereas shoaling of the thermocline underneath 
extends farther south. There is some indication of the semi- 

annual upwelling (i.e., the weak upwelling in December- 
January) in the thermocline data but only for 1983. Since few 
sections were taken during this time, it is not possible to re- 
solve its timing or structure. 

The thermal topography beneath the thermostad repre- 
sented by the depth of the 11øC isotherm is similar to that of 
the thermocline, with important differences. The anomalous 
deepening in January-February 1984 is absent. The shoaling 
associated with the main upwelling at the equator and the 
coast has approximately the same duration. The upwelling is 
symmetric about the equator and more tightly bound to the 
coast, extending equatorward only to 4øN in 1983 and 3øN in 
1984. 

At the equator, isotherm displacements associated with the 
seasonal upwelling are observed throughout the water 
column. The vertical profile of this displacement field h is 
shown in Figure 1 la. The displacement is calculated by taking 
the difference between the isotherm depth averaged over the 
preceding months, January-March (neglecting the 1984 ther- 
mocline anomaly), and the subsequent peak in June or July 
and assigning this value to the depth of the midpoint. For 
both 1983 and 1984, h is 3040 m in the thermocline, increases 
to a maximum in the thermostad, decreases to a minimum of 
20 m at 230 m, then increases again to 35 m at 280 m depth. 
The profile of h derived from the climatic data shows the same 
structure. 

To obtain an estimate of the potential energy change associ- 
ated with these displacements, we calculate h2N 2, where N is 
the average Brunt-V•iis•il•i frequency derived from the nine 
FOCAL sections. The profile of h2N 2 (Figure 11b) has a maxi- 
mum in the thermocline, a minimum at 225 m, and a relative 
maximum at 280 m depth. Values of N 2 range from 5.5 x 
10 -4 s -2 in the thermocline to a minimum of 0.2x 10 -4 s -2 
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in the thermostad between 125 and 200 m and then in- 

crease to a broad relative maximum of 0.4 x 10 -'• s -2 cen- 

tered at 290 m depth. Thus both h 2 and N 2 contribute to the 
relative minimum and maximum of h2N 2 observed below the 

thermostad. The energy associated with the isotherm displace- 
ment at this depth is approximately an order of magnitude 
less than that of the thermocline displacements. 

The meridional structure of h'-N 2 for 1983 and 1984 

averaged together is shown in Figure 12. The contouring is 
derived from calculations averaged over 1 ø latitude centered at 
the dots. Largest values occur in the thermocline near the 
equator and the coast. The relative minimum with a subse- 
quent maximum below extends from the equator to the coast. 
Separating the equatorial and coastal regimes is a relative 
minimum near 2ø-3øN throughout the water column. 

The question of the symmetry of this displacement field will 
be raised in section 4 when we identify the winds responsible 
for these isotherm displacements. The inherent noise in the 
data and the fact that few sections extend south of 2øS (see 
Figure 2) make a precise interpretation difficult. Although the 
structure of h2N 2 for 1983 and 1984 is qualitatively similar, 
there are differences. In 1983 the displacement field both in the 
thermocline and at depth is symmetric about the equator, 
whereas in 1984 it is maximum at IøS. South of 2øS the dis- 

placement diminishes at both levels, although the data there 
become sparse and noisy. The structure shown in Figure 12 
suggests that the seasonal upwelling displacement field is more 
symmetric about the equator at 280 m than in the thermocline 
at 50 m depth. 

4. ANALYSIS 

The combined SEQUAL/FOCAL field program was suc- 
cessful in resolving the main seasonal upwelling for two con- 

secutive years. This signal was particularly robust within the 
thermocline and was still distinct, though noisier, at depth. 
The data show details of the temporal and spatial structure of 
the upwelling that are lost in the averaged climatic mean. The 
upwelling is a periodic but not sinusoidal event observed 
throughout the water column to 300 m depth. Interannual 
variability consists of differences in the timing but not the 
structure of the upwelling. Interpretation of the 1984 upwell- 
ing event is complicated by the fact that the thermocline was 
anomalously deep during the preceding January to March. 
The continuous shoaling of the thermocline from March to 
July appears to be a relaxation of this anomalous condition, 
followed by a normal seasonal upwelling. 

Wind Forcing 

The primary objective of this study is to distinguish the 
influence of local and far-field wind forcing on the thermal 
structure in the Gulf of Guinea. Wind data recorded at 4øW 

and 29øW (Figure 3) will be used to represent the local and 
far-field forcing since they are the only data that are reason- 
ably continuous and complete. The wind intensification ap- 
pears to be more abrupt at 29øW. This is associated with the 
local passage of the intertropical convergence zone (ITCZ). In 
the Gulf of Guinea, since the ITCZ remains north of the equa- 
tor throughout the year, more gradual changes in wind speed 
are expected. 

In both years, at 29øW, intensification of ,x, the zonal 
stress, occurred over a 1-month interval. This intensification 
will be used as the primary time marker associated with the 
seasonal upwelling since there is no other event of comparable 
magnitude or duration in the wind data. Although subsequent 
wind fluctuations at 29øW have a magnitude comparable to 
the initial intensification event, the monthly mean during this 
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period is roughly constant. The predominant pattern in •:x is a 
periodic step function rather than an annual harmonic. In 
contrast, the variation in •y and zx at 4øW and •y at 29øW is 
predominantly an annual harmonic. At 4øW there is a gap in 
the record during the intensification period in 1983. In 1984, 
however, •:x increased (became more negative) over a 3-month 
interval beginning in February and was decreasing during 
May when •:x and 29øW were increasing. Clearly, the intensi- 
fication of •:x recorded at 29øW and 4øW is not always simul- 
taneous. 

In addition to the annual upwelling the anomalously deep 
thermocline observed during December 1983 to April 1984 
requires explanation. We look for an anomalous wind con- 
dition during that period. At 29øW, during January-March 
1984, •:x is nearly zero, significantly less than during the pre- 
vious year. At 4øW, •x is positive from October 1983 to 
March 1984, and this is a departure from the climatic mean 
[Hellerman and Rosenstein, 1983]. Both of these factors would 
contribute to a deepening of the thermocline in the Gulf of 
Guinea. Associated with these anomalous winds is an extreme 

southern shift of the ITCZ (Y. Tourre, personal communi- 
cation, 1986). At 4øW, ry is a minimum during January- 
March 1984 but does not appear to be any smaller than the 
previous year. 

Equatorial Upwelling 

During the equatorial upwelling in the Gulf of Guinea the 
thermocline shoals by approximately 30 m over a 2-month 
interval. The most precise temporal definition of this event is 
the time that the thermocline rises to the midpoint of this 
displacement. In 1984, because of the anomalous conditions 
preceding the upwelling, the vertical displacement is nearly 60 
m over a 4« month interval. Above 60 m depth the curves of 
thermocline depth versus time (Figure 6a) for the 2 years are 
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Fig. 12. A mean 1983-1984 meridional section of h2N 2 hand con- 
toured from calculations averaged over 1 ø latitude centered at each 
dot. 
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Fig. 13. The date of the annual upwelling event and associated 
time lags (in days) at the surface and depth for 1983 and 1984. Also 
shown is the day lag between the event in 1983 and 1984. 

nearly parallel and are separated by approximately 40 days. 
Since this is identical to the lag of the wind intensification 
between 1983 and 1984 recorded at 29øW (44 days), we sug- 
gest that this upwelling is forced by the intensification of the 
zonal wind to the west of the Gulf of Guinea. The shoaling of 
the thermocline from 85 to 60 m depth during March-May is 
the relaxation from the anomalous state, an event separate 
from the seasonal upwelling. 

The other curves in Figure 6 are analyzed in the same way 
to define the timing of upwelling events in the main thermo- 
cline and at depth at the equator and the coast. The results 
and the associated vertical, lateral, and 1984-1983 phase lags 
are given in Figure 13. In all cases, 1983 leads 1984, depth 
leads the surface, and the equator leads the coast. 

It is difficult to estimate the accuracy of these times used to 
define the upwelling event. The upwelling process could be 
intermittent, so that the time of the event is not uniquely 
defined. Then there are high-frequency fluctuations that intro- 
duce noise into the data. We estimate the accuracy of the 
derived upwelling time from the variations in the fitted curve 
when the cubic spline calculations are adjusted. Since there are 
more data in the upper 100 m, timing of the upwelling in the 
main thermocline is determined more precisely, probably to 
within 1 week. Below 100 m, data are sparser and noisier, so 
the event time there is probably determined only to within 2 
weeks at best. The curve fit to 12øC in 1983 at the coast is by 
far the most uncertain. 

Even with these restrictions we can make some useful as- 

sessment of the phase lags given in Figure 13. At the equator 
the phase lag between 1983 and 1984 of the upwelling both at 
the surface and at depth is consistent with the lag observed in 
the intensification of the zonal wind at 29øW. There is a verti- 

cal phase shift of approximately 2 weeks. This appears to be 
across the thermostad and not continuous throughout the 
water column. 

The timing of the coastal upwelling is different. In the ther- 
mocline the 1983-1984 lag is only 16 days, which is signifi- 
cantly different from the lag at the equator or in the wind 
intensification. Therefore the phase lag between the equator 
and the coast is not constant (52 days in 1983 and 28 days in 
1984) as would be expected if the coastal upwelling is simply 
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Fig. 14. Meridional sections of thermocline (20øC) depth, hand 
contoured from data averaged over 1/2 ø longitude for selected AXBT 
sections in 1984. 

forced by a coastal trapped wave originating at the equator 
and propagating poleward around the eastern boundary. 

At depth the timing of the coastal upwelling is more similar 
to the equator. The phase lag with the equator is 4 days in 
1983 and 16 days in 1984. The 1983-1984 phase lag is 63 days. 
Considering the uncertainty in the data, especially in 1983 
when the data were particularly noisy and sparse, these results 
suggest a possible correlation of the deep coastal upwelling 
with the equatorial upwelling and the intensification of rx in 
the west. 

Coastal Upwelling 

Of the four regimes illustrated in Figures 6 and 13 the 
upwelling of the thermocline at the coast is clearly the outlier. 
Not only does the upwelling there occur at approximately the 
same time each year, but also the isotherm shoaling persists 1 
or 2 months longer than in the other regions. The coastal 
upwelling is associated with a sloping thermocline that often 
extends nearly to the equator. This is illustrated by the time 
sequence of the meridional structure of the thermocline depth 
shown in Figure 14. The shoaling of the 20øC isotherm, which 
is representative of the thermocline depth, is at first trapped 
close to the coast with a length scale less than 100 km but 
later extends equatorward with scales of 200-300 km. This is 
in contrast to the upwelling at depth (Figure 10) which re- 
mains trapped to within 100 km of the coast. Associated with 
the sloping coastal thermocline is the surface Guinea Current, 
a continuation of the North Equatorial Counter Current 
(NECC) as it enters the Gulf of Guinea. The seasonal vari- 
ation of this current derived from direct measurement during 
the FOCAL cruises, geostrophic calculations from the AXBT 
sections, and the historical ship drift data (P. Richardson, per- 
sonal communication, 1985) has the following characteristics. 
The speed increases during May and June from a value of 
20-30 cm/s to a peak in July of approximately 70 cm/s. Subse- 
quently, in August and September the high-velocity core of the 
Guinea Current veers offshore to lower latitudes. 

We suggest, as originally proposed by Ingham [1970] and 
modeled by Philander [1979], that the coastal upwelling and 
the thermocline structure shown in Figure 14 are primarily the 
result of geostrophic adjustment to the Guinea Current. Be- 
cause of the changing length scale and qualitative shape of the 
sloping thermocline (Figure 14), it is not likely that the Guinea 
Current is the result of geostrophic adjustment to a coastally 
trapped wave. Also, Ekman forcing by the local wind is not 
the dominant process since these length scales greatly exceed a 
local Rossby radius of deformation. 

What drives the Guinea Current and determines its season- 

al variation? It is interesting to note that the reversal of the 
NECC at 28øW, 6øN occurred in May for both 1983 and 1984 
(P. L. Richardson and G. Reverdin, unpublished manuscript, 
1986). Although the intensification of the NECC appears to be 
slightly later in 1984, there is definitely not the 6-week lag that 
is observed in the equator upwelling or in the intensification of 
rx in the west. The absence of a lag in the intensification of the 
Guinea Current between 1983 and 1984 could be the result of 

an inertial connection between the two currents or more likely 
the time dependence of the wind curl that drives both of these 
currents. 

5. DISCUSSION 

While the Gulf of Guinea thermal structure shown in 

Figure 10 resembles the climatic mean seasonal variation 
[Houghton, 1983], the 2-year SEQUAL/FOCAL data resolve 
rapid variation and interannual variability, which is averaged 
out in the climatic mean. The interannual variability between 
1983 and 1984 has been useful in identifying links between the 
wind forcing and the ocean response. In particular, the nearly 
identical time lag between 1983 and 1984 in the intensification 
of rx at 29øW and the upwelling at 4øW suggests that this is 
the dominant forcing for the equatorial upwelling in the Gulf 
of Guinea. No other event in either the wind forcing or the 
ocean response is so distinctive and abrupt. 

The role of local wind forcing in the Gulf of Guinea is more 
difficult to document since the wind stress is weaker and 

changes are less abrupt. In particular, zx at 4øW is approxi- 
mately 1/4 of that at 29øW. During May and June 1984, rx at 
4øW is decreasing so it can hardly be responsible for the up- 
welling at that time. However, zy at 4øW is increasing during 
this period and could contribute to forcing the local upwelling. 
The response to meridional wind forcing has two distinct 
characteristics. First, it is confined to the near surface, and 
second, it is asymmetric about the equator. The asymmetry 
will distinguish the response to local forcing from the sym- 
metric forced Kelvin waves generated by zx to the west. Philan- 
der [1979] shows how a meridional wind stress will produce a 
broad upwelling south of the equator and downwelling to the 
north, creating a strong thermal front near the equator. Figure 
10 does show a thermal front north of the equator, but the 
thermocline shoals at all latitudes. However, the thermocline 
upwelling appears to be greatest just south of the equator. 
FOCAL sections along IøE and 6øE show that this asymmetry 
increases to the east (C. Colin et al., unpublished manuscript, 
1986) where the meridional wind becomes more predominant. 
This is also seen in the SST (Figure 4). We conclude that the 
local meridional wind does influence the seasonal thermocline 

upwelling, but at 4øW this influence is only a perturbation to 
the dominant response forced by the zonal wind stress distrib- 
uted to the west across the ocean basin. 

The relatively precise timing of the wind intensification at 
29øW and the upwelling at 4øW allows us to test simple ideas 
of free Kelvin wave radiation. Analysis of the phase lag of 
dynamic height perturbations from 35øW to 10øW (E. Katz, 
personal communication, 1986) yeilds a constant phase speed 
of 2.4 m/s, the speed of a first baroclinic Kelvin wave. As- 
suming this phase speed and simultaneous intensification of rx 
throughout the western equatorial Atlantic, we would project 
the forcing region to be 45øW, which is the region where rx is 
the largest. Ship of opportunity wind observations (J. Servain, 
personal communication, 1986) suggest that the intensification 
of zx is nearly simultaneous across the central and western 
equatorial Atlantic Ocean. However, time resolution of this 
wind field is limited to monthly averages. 
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Model calculation [Philander and Pacanowski, 1980] and 
the meridional scale length of the isotherm displacement field 
[Hou•/hton, 1983] suggest that the seasonal upwelling in the 
equatorial Atlantic is associated with higher-mode Kelvin 
waves. The phase lag between the wind intensification at 
29øW and the upwelling at 4øW is approximately 22 days for 
both 1983 and 1984, and this implies a phase speed of 1.3 m/s, 
close to a second baroclinic Kelvin wave. However, there is no 
evidence that the forcing region is localized near 29øW nor do 
the thermal displacements measured at 28øW [Weisber•/ and 
Colin, 1986] suggest free wave propagation. 

The influence of the ocean boundaries and of various ideal- 

ized distributions of zonal wind stress on the equatorial up- 
welling is illustrated by the linear two-layer reduced gravity 
model, with a phase speed of 1.6 m/s, of Weisber•/ and Tan•/ 
[1985]. They have calculated the thermocline displacement 
forced by rx that intensifies linearly over a 1-month interval to 
a constant value with two different idealized zonal structures: 

(1) constant stress of 0.5 dyn/cm 2 from 5øW to 46øW, and (2) 
stress increasing linearly westward from zero at 5øW to 1 
dyn/cm 2 at 46øW. Calculated thermocline displacements at 
5øW are compared with the least squares fits to the observa- 
tions at 4øW in Figure 15. The model winds intensify starting 
on April 6. The upwelling of the thermocline is due to a forced 
upwelling Kelvin wave generated by the integrated zonal 
stress to the west. The subsequent downwelling is the action of 
reflected Kelvin waves from the western boundary modified by 
reflected Rossby waves from the eastern boundary. The curves 
show that the two different wind distributions with the same 

integrated total stress change the thermocline displacement by 
20%. The duration of the entire upwelling event, that is, the 
shoaling and subsequent deepening of the thermocline for 
winds that remain constant after intensification, is determined 
by the propagation time of reflection from the eastern and 
western boundaries. Model results derived from case 2 winds, 
which probably have the more realistic zonal structure and an 
amplitude chosen to fit the wind measurements at 29øW, best 
simulate the thermocline depth observed in 1983. These results 
are not changed significantly by more recent model calcula- 
tions that include dissipation (R. H. Weisberg and T. Y. Tang, 
unpublished manuscript, 1986). In spite of high-frequency 
variations the mean rx at 29øW (Figure 3) remains approxi- 
mately constant from May to October. Therefore the duration 
of the upwelling event observed in July and August 1983 is the 
result of ocean boundary reflections rather than a decrease in 
the wind stress. 

Comparison of this model with 1984 observations raises 
additional questions. The upwelling amplitude is the same as 
in 1983, although rx appears to be approximately 25% 
weaker. The most striking difference is the duration of the 
upwelling event. The model calculation (not shown) by R. H. 
Weisberg and T. Y. Tang (unpublished manuscript, 1986) ob- 
tains a 1984 upwelling event that is shorter by approximately 
1 week because of a slightly more rapid intensification of rx in 
1984. However, we observe an upwelling event that is nearly 6 
weeks shorter than the one in 1983 since it started 6 weeks 

later but concluded at the same time. Thus the earlier down- 

welling in 1984 that shortened the event is likely to be the 
result of a wind-forced downwelling rather than boundary re- 
flections. The gap in the wind record (Figure 3) between June 
15 and August 1 makes its interpretation ambiguous. There is 
a suggestion of a decline in rx during August, which, if suf- 
ficiently spatially coherent, could account for the earlier 
downwelling. Any further speculation as to the efficacy of this 
or other models requires the full SEQUAL wind field, still 
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Fig. 15. Thermocline depth at 0øN, 4øW comparing model calcu- 
lations of Weisberg and Tang [1985] with least squares fits to obser- 
vations in 1983 and 1984. Vertical position of calculated curve adjust- 
ed to the mean thermocline depth prior to upwelling. Data of trade 
wind intensification at 29øW in 1983 and 1984 are also shown. 

being processed, to resolve questions dependent on the details 
of the structure of the wind stress field. 

The observation of isotherm displacements at the equator 
associated with the seasonal upwelling to 300 m depth be- 
neath the thermostad is intriguing. These displacements lead 
the thermocline motion by approximately 2 weeks. Their sym- 
metric structure about the equator and the coincidence of 
1983 and 1984 time lag of this event and the trade wind 
intensification at 29øW suggest that they are forced by the 
zonal wind stress to the west of the Gulf of Guinea. Although 
the amplitudes of these displacements are comparable to those 
of the thermocline, the potential energy changes associated 
with them is approximately an order of magnitude smaller. 

How does the energy associated with the seasonal upwelling 
penetrate to these depths at the equator? We note that the 
energy at depth is less than 10% of that at the surface, so most 
of the energy is trapped by and confined to the thermocline. 
However, it is curious that the energy associated with the 
isotherm displacements does not decrease monotonically with 
depth. Instead, there is a relative minimum near 230 m fol- 
lowed by a distinct relative maximum at 275 m, which coin- 
cides with the depth of a weak thermocline below the thermo- 
stad. A subthermocline maximum in the thermal displacement 
field in the central Pacific Ocean has been interpretated by 
Lukas and Firing/ [1985] as evidence of a beam of energy 
penetrating to depth. In this case the feature is centered off the 
equator, and it is identified as a westward propagating Rossby 
wave forced by the annual harmonic wind stress in the eastern 
Pacific Ocean. The feature we observe is centered at the equa- 
tor so eastward propagating Kelvin waves forced to the west 
would be required. However, even if the linear theory by Mc- 
Creary [1984] were applicable here, there are difficulties with 
a beam model. First, given the basin size and a realistic strati- 
fication, an annual harmonic ray path starting at the base of 
the mixed layer (•50 m) in the western equatorial Atlantic 
would barely penetrate to 100 m depth in the Gulf of Guinea. 
Second, to achieve the observed vertical scale of the deep 
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feature observed in the Gulf of Guinea requires wind forcing 
in the west with an unrealistically small horizontal scale. We 
note, however, that Gent [1985] has simulated the Pacific 
Ocean observations using a linear model and the distributed 
zonal wind stress over the entire Pacific Ocean. 

Since at least several vertical modes are required to model a 
vertical phase shift, a simple two-layer model is not sufficient 
to describe all of our observations. The multilayer nonlinear 
model of Philander and Pacanowski [1984, 1986] does show 
seasonal isotherm displacements at depth; however, the ampli- 
tude is small, and the time dependence is unrealistic. Results of 
their linear calculations are even less realistic. This may be 
due to the fact that the model is forced by monthly mean 
winds of Hellerman and Rosenstein [1983], whose time depen- 
dence is dominated by the annual harmonic. We speculate 
that the impulsive nature of wind intensification observed in 
1983 and 1984 may be an essential feature if the ocean re- 
sponse observed in 1983 and 1984, especially at depth, is to be 
modeled correctly. 

We have shown that the character of the near-surface 

coastal upwelling is qualitatively different from that observed 
at the equator and have suggested that geostrophic adjust- 
ment to seasonal variations of the Guinea Current is a domi- 

nant factor. At depth, however, the coastal upwelling has an 
amplitude and duration that resemble more the upwelling at 
the equator than the thermocline above, especially in 1984. 
Unfortunately, the sparse and noisy data in 1983 preclude a 
reliable estimate of the 1983-1984 time lag in this upwelling 
event to compare with the equatorial wind intensification. In 
1984 the coastal upwelling at depth lags the equator by 16 
days, which implies an average phase speed of 2.6 m/s for 
propagation via the eastern boundary. Were it possible to 
discount the data from the FOCAL 4 cruise in April 1983, a 
similar phase shift could be deduced in the 1983 data (Figure 
6d). The data, therefore, suggest but do not unambiguously 
define a fixed phase lag between the equatorial and deep 
coastal upwelling that would be required if the coastal event 
were forced by a wave propagating from the equator. 

For a 5-month period early in 1984 the thermocline 
throughout the Gulf of Guinea was anomalously deep. Similar 
conditions have been observed in 1963 and 1968. Although 
the anomaly appears to be greatest in the Gulf of Guinea, it 
does extend over a larger region of the equatorial Atlantic. 
For instance, the zonal pressure gradient virtually vanished 
across much of the equatorial basin I-Hisard and Henin, 1984; 
Katz et al., 1986]. Both drifter [Reverdin and McPhaden, 
1986] and profiler [Hisard et al., 1986] current measurements 
detect a weakening and even a reversal of the south Equa- 
torial Current early in 1984. This could be responsible for the 
large flux of heat into the Gulf of Guinea as the thermocline 
deepens and the warmer SST during the subsequent upwelling 
event. 

Unusual conditions in the wind field (Figure 3) that could 
be associated with this anomaly are the very weak easterlies at 
29øW during January to May and the westerlies at 4øW from 
October 1983 to March 1984. At 29øW, rx is definitely weaker 
in February 1984 compared to 1983. At 4øW, since there are 
only data during the months of August to February for one 
season, it is difficult to assess its interannual variability. How- 
ever, the climatic mean zx [Hellerman and Rosenstein, 1983] 
for this period is zero so the observed zx of approximately 
0.15 dyn/cm 2 is definitely more westerly than the mean. 

The two noteworthy structural features of this thermal 
anomaly are its approximate symmetry at the equator (Figure 
8) and its absence at depth below the thermostad (Figures 6 

and 10). The first suggests that forcing by rx predominates. 
The second suggests that the forcing mechanism is different 
from that of the seasonal upwelling. The difference must be 
the structure of the wind stress field. From an inspection of the 
wind data in Figure 3 we suggest two factors. First, these wind 
field changes occur more slowly, 2-3 months, in contrast to 
the rapid intensification of the easterlies, and hence the re- 
sponse is confined to the near surface. Second, the wind in the 
Gulf of Guinea plays a more important role; that is, it is more 
of a local forcing problem. We note that model calculations by 
R. H. Weisberg and T. Y. Tang (unpublished manuscript, 
1986) do generate deepening of the thermocline at 4øW from 
February to April 1984 in response to the decrease in •x to the 
west during the previous December but that the amplitude 
and duration are approximately 1/2 as large as our observa- 
tions. Further speculation is not productive until models are 
forced with a basin-wide wind field that is realistic for 1983 

and 1984. This wind field is presently being developed (V. 
Cardone, personal communication, 1986) using the European 
Center Medium Range Weather Forecast wind product, ad- 
justed using ship wind observations. 

6. CONCLUSIONS 

The objective of this paper has been to describe the thermal 
structure observed in the Gulf of Guinea along 4øW during 
1983 and 1984 with particular emphasis on those features that 
might resolve the long-standing question of local and far-field 
wind forcing of the seasonal upwelling. We have found a 
robust upwelling signal and distinct interannual variability in 
the wind forcing and ocean response. The upwelling amplitude 
for both years is the same, although the SST is warmer in 
1984. The 1983-1984 time lag of the equatorial upwelling and 
the trade wind intensification is the same, while the time lag 
between the equatorial and coastal upwelling is different each 
year. The seasonal fluctuation in the thermal field is observed 
to depths as great as 300 m. In early 1984 the thermocline is 
anomalously deep. Although the anomaly is most pronounced 
in the Gulf of Guinea, it is associated with basin-wide features 
such as the absence of a zonal pressure gradient and a wea- 
kening and reversal of the south Equatorial Current. Some 
specific conclusions may be made at this stage of data analy- 
sis. These include the following: (1) the equatorial upwelling is 
forced primarily by rx distributed to the west of 4øW, (2) the 
asymmetry of this upwelling is due to the influence of the local 
meridional wind, (3) approximately 10% of this energy pen- 
etrates to depths below the thermostad, (4) the coastal thermo- 
cline upwelling is influenced primarily by the Guinea Current, 
(5) the deeper coastal upwelling may be forced from the equa- 
tor via wave propagation on the eastern boundary, and (6) the 
1984 anomaly is an event distinct from the seasonal upwelling 
and is probably more locally forced than is the seasonal up- 
welling. 

All of these features appear to be sensitive to the spatial 
distribution and frequency content of the wind field. Previous 
model calculations by Busalacchi and Picaut [1983] and M. 
Cane (personal communication, 1986) indicate that the wind 
field throughout the entire equatorial Atlantic Ocean contrib- 
utes to the forcing in the Gulf of Guinea. Further clarification 
of our observations will require calculations using a multilayer 
model forced by a realistic basin-wide wind field for 1983 and 
1984. 
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