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Cyclonic gyre in the tropical South Atlantic
ARNOLD L. GorDON* and KATHRYN T. BOSLEY™
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Abstract—A cyclonic gyre within the eastern tropical South Atlantic is resolved by an extensive
oceanographic station array obtained in 1983 and 1984. The gyre is centered near 13°S and 5°E with
a sea surface relief relative to 1500 decibars (db) of 8 dyn cm. The 500 db surface relative to 1500 db
reveals a much diminished cyclonic circulation, shifted slightly to the south. The weak baroclinic
expression of the cyclonic gyre is confined for the most part to the upper 300 db, with a surface
characteristic speed of only 3cm s !, A transport of § x 10° m* s™' across a line from the gyre center
to the African continental margin, including the Angola Current, may best depict the gyre 0-300 db
transport (relative to 1500 db). Ship drift data for the region do not show the presence of the
cyclonic gyre because the wind-induced Ekman layer masks the gyre. The thermocline of the
cyclonic gyre is significantly saltier and lower in oxygen than the suspected source water: the main
thermocline of the South Atlantic subtropical gyre. A strong front near 18°S, the Angola-Benguela
Front, separates the cyclonic gyre regime from that of the subtropical gyre. Using the regional
freshwater balance, gyre thermocline residence time is determined to be between 4.4 and 8.5 years,
implying an oxygen utilization of 0.3-0.5ml17' y~', Below the thermocline there is some evidence
for southward flow of North Atlantic Deep Water along the eastern boundary. It is inferred that
this flow is fed by eastward spreading of North Atlantic Deep Water along the equatorial belt.

INTRODUCTION

BASIN-SCALE maps of the sea surface dynamic height relative to an assumed zero flow
reference level at depth (DEFANT, 1961, his Fig. 271; REID et al., 1977; TsucHIvA, 1985)
reveal eastward geostrophic flow between the equator and 10°S in the South Atlantic
Ocean. This current extends from 20°W to the African continent. The zonal currents
across the Greenwich Meridan simulated by a multi-level wind-driven numerical model
exhibit eastward flow below a shallow westward-flowing surface layer for the same region
(PHILANDER and PacaNnowskl, 1986, sce their Fig. 17).

The large-scale dynamic topography maps mentioned above do not resolve the sea level
slope along the eastern boundary, and hence do not determine whether the flow reaching
the African coast turns northward into the Gulf of Guinea or to the south. Current profiler
measurements taken over the continental shelf and upper slope from Port Gentil (1°S) to
Pointe Noire (5°S; WACONGNE, 1988) show evidence of a weak, poleward-flowing
undercurrent, somewhat stronger during the summer months. A connection between the
eastward-flowing South Equatorial Countercurrent and the southward-flowing coastal
undercurrent can be inferred from the hydrographic data of the May 1973 cruise of the
R.V. Capricorne (WAconGNE, 1988, her Fig. 31a). Detailed maps of dynamic height
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constructed for the Gulf of Guinea indicate southward flow along the coast of Angola from
10° to 20°S (MERLE, 1978). Surface temperature maps (MAZEIKA, 1968; HASTENRATH and
Lams, 1977) show southward displacement of warm water to at least 15°S along the
African coast, supporting the view that the eastward flow turns southward upon reaching
the African Coast.

A cyclonic gyre in the eastern tropical South Atlantic was first discussed in detail by
MOROSHKIN et al. (1970) using an April to June 1968 oceanographic station array. The
dynamic topography maps resulting from that survey show cyclonic motion to 300 m
depth, centered near 14°S and 4°E, relative to 1000 decibars (db). Geostrophic velocities
within the cyclonic gyre do not exceed 3 em s™'. They make reference to, but do not
elaborate upon, an opposing, shallow, wind-driven surface layer.

The western boundary of the cyclonic gyre is marked by the broad sweep of surface flow
towards the northwest stretching across the South Atlantic, as seen on the large-scale
dynamic topography maps. The northern and eastern limbs of the cyclonic gyre have been
discussed separately by various authors. The eastward-flowing northern limb is referred to
as the South Equatorial Countercurrent (REID, 1964; MoLINARI ef al., 1981; MOLINARI,
1982). Molinari, using hydrographic data obtained during four cruises from July 1978 to
March 1980, made a distinction between two bands of eastward flow: (1) the South
Equatorial Undercurrent located between 3° and 5°S with a subsurface maximum speed of
40 cm s~ ' and a transport ranging from 5 to 23 x 10°m*s™" (Sv) (relative to 1000 db); and
(2) the South Equatorial Countercurrent located between 7° and 9°S with maximum speed
of 10 cm s™' and a transport range from 3 to 7 Sv.

The Angola Current (Currie, 1953) forms the eastern boundary of the gyre. This
current carries equatorial water southward to the vicinity of Cape Frio, 15°to 18°S, where
it encounters the cold, northward-flowing Benguela Current. The confluence of these two
currents causes a sharp thermal front, called the Angola-Benguela Front, in the upper 50
m, along with a highly variable circulation pattern (HarT and CUrrig, 1960; SHANNON,
1985; SHANNON et al., 1987). A narrow filament of the Benguela water may extend north to
12°S before returning south immediately west of the Angola Current (MOROSHKIN et al.,
1970). It is possible that the position of the front is set by the shelf width or change of the
orientation of the coastline, though change in wind stress also has been suggested
(SHANNON et al., 1987). Seasonal variations in the position of the Angola~Benguela Front
seem to be associated with the wind field, and there is evidence of El Nifio-like episodes in
the South Atlantic in which warm surface water extends further south along the Angola
coast, suppressing Benguela upwelling (SHANNON et al., 1987). These events are also
associated with more westward penetration of the Agulhas Retroflection (SHANNON et al. ,
1986). Warm events occurred in the years 1963 and 1984, the first such appearances since
the early 1950s (SHANNON et al., 1986). Anomalous warming of the eastern tropical South
Atlantic during the 1984 episode is clearly shown in the June 1984 vs the June 1983
satellite-derived sea surface temperature images appearing on the cover of Eos (LEGECKIs,
1989).

An XBT section obtained in May 1987 from the R.R.S. Discovery (Fig. 1) provides a
detailed thermal view of a meridional slice across this gyre. The 12°C isotherm reaches its
shatlowest depth of 150 m near 12-13°S, with a secondary shallowing near 4°-5°S, while the
10°C isotherm attains its shallowest depth of approximately 250 m near 18°S. The double-
peaked 12°C isotherm is consistent with the two axes of eastward current mentioned by
MoLiNari (1982). The poleward shift of the 10°C isotherm crest, relative to that of the 12°C
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isotherm, reflects a similar shift of the cyclonic gyre observed in the dynamic topography
pattern, discussed below. The surface salinity distribution along the XBT track (Fig. 1)
shows high values within the cyclonic gyre. The gyre’s high surface salinity characteristic is
matched by high salinity throughout the thermocline stratum.

HastenraTH and MERLE (1987) compiled historical hydrographic data between 8°W and
8°E and north of 20°S in order to construct seasonal meridional temperature sections. They
show a crest in the 12-14°C isotherms near 10°S throughout the year, though somewhat
weaker in July to September. The “Angola Dome”, a cold water feature at the 20 m
horizon, centered near 10°S, 8°E, has been defined by Mazeika (1967) using data collected
from 1902 to 1963. This feature is not evident in the July to September period.

In summary, there is evidence for a weak cyclonic gyre in the eastern tropical South
Atlantic Ocean, possibly weaker during the southern hemisphere winter. An extensive
South Atlantic oceanographic data set obtained during 1983 and 1984 allows further
inspection of this gyre. We use this data set to better resolve the gyre configuration and
discuss its characteristics. We first discuss the relative geostrophic circulation and the

wind-induced Ekman layer flow and Sverdrup transport patterns. We then discuss the
water mass characteristics of the cyclonic gyre.

THE 1983-1984 DATA SET

During 1983 and 1984 there were a number of oceanographic expeditions to the South
Atlantic (Fig. 2; Table 1). The oceanographic stations are clustered in the eastern and
western troughs of the South Atlantic; however, two R.V. Oceanus sections provide some
zonal continuity. The data in the northeast part of the domain include stations obtained in
both 1983 and 1984, hence the developing thermal anomaly of 1984 may induce some
degree of non-synopticity. However, the existence of the cyclonic gyre in April to June
1968 (MorosHKIN ef al., 1970), which was not identified as an anomalous period by
SHANNON et al. (1986) and the presence of a cold dome in the historical data set compiled

by HASTENRATH and MERLE (1987) and in the 1987 XBT section (Fig. 1), indicate the gyre is
a quasi-stationary climatic feature.

BAROCLINIC MASS FIELD
Sea surface and 500 db relative dynamic topography

The dynamic height of the sea surface relative to 1500 db highlights several interesting
features about the circulation in the South Atlantic during 1983-1984 (Fig. 3a). A
reference level of 1500 db is used to inspect the baroclinic geostrophic flow in order to
incorporate shallow features on the continental slope. Previously described features, such
as the Angola and Benguela Currents, the Agulhas Retroflection south of Africa and
subtropical anticyclonic gyre (axis near 25°S in the west and 32°S in the east), are evident in
the 1983-1984 dynamic topography pattern. The cyclonic gyre is centered near 13°S, 5°F
and has an approximate relief of 8 dyn cm. While it is not obvious where to draw the
western boundary, using the 1.55 dyn m contour the gyre is nearly circular with a
characteristic diameter of 2000 km. The cyclonic feature appears on the 500 db surface
(500/1500 db; Fig 3b) but it is weaker and centered slightly further south, near 18°S.
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Fig. 2. Station map of the 1983-1984 oceanographic data set used in this study (see Table 1). The
position of the 1987 XBT section shown in Fig. 1 is indicated as a solid line.

Geostrophic velocity and transport

The characteristic values of surface geostrophic velocity relative to 1500 db vary
between 2 and 4 cms ™! within the gyre with a weak velocity maximum at SO m (Fig. 4). The
average velocity profiles of WACONGNE (1988, her Fig. 40) off the coast of Gabon display
striking similarities to those in Fig. 4. A mean southward flow of about 8 cm s ! extends to
a depth of 300 m, below a shallow northward surface flow. Both the geostrophic and
directly measured current profiles reveal a reversal of flow below 300 m. The near-surface
circulation pattern is relatively insensitive to choice of reference level. Surface velocities

change by only 20% and the direction of the flow is not altered as the reference level is
lowered to 3000 db (Fig. 4).

Table 1. Oceanographic expeditions to the South Atlantic

Ship Dates Area covered
U.S.N.S. Wilkes Mar. 1983-Nov. 1984 Western and eastern South Atlantic
R.V. Oceanus Feb.-Mar. 1983 Zonal sections along 11° and 24°S
R.V. Knorr* Oct.-Nov. 1983 Along the Greenwich Meridian from 5°N to 45°S
R.V. Knorr Nov,.-Dec. 1983

Agulhas Retroflection region (Came et al., 1986)

*Ajax expedition (SI10, 1985).
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Fig. 3. (a) Dynamic topography of the sea surface relative to the 1500 db surface. (b) Dynamic
topography of the 500 db surface relative to the 15(X) db surface.
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Baroclinic transport relative to 1500 db, for the ocean stratum from the sea surface to
300 db, was determined between station pairs radiating from the gyre center (Fig. 5).
Spatial variability of the transport is evident with an average of 3.8 Sv and a standard
deviation of 1.4 Sv. The 212-132 station pair best covers the full extent of the gyre, since it
is well bounded, extending from the gyre center to the African continental margin. That it
reveals a relatively large transport, 4.5 Sv, suggests that the other station pairs, ending in
mid-ocean, may not be recording the full gyre. This is particularly evident for the western
pairs, because of the diffuse western rim of the gyre, and for the northern pairs which do
not include possible equatorial current contributions. The 14 month separation of Stas 212
and 132 spans the warm event mentioned above and hence introduces an element of non-
synopticity. However, station pair 212-307, both obtained in 1984 (but in opposite
seasons), also yields a large transport of 5.6 Sv. It is suggested that the characteristic
transport may be taken as 5 Sv. The maximum transport of 6.5 Sv occurs across a station
pair which extends into the Benguela Current, south of the cyclonic gyre.

Since the geostrophic velocities are small and the Coriolis parameter is weak at the low
latitudes of the gyre, it is appropriate to evaluate the accuracy of these geostrophic
determinations. One can access the accuracy of the geostrophic method by comparison to

500
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Fig. 4. Geostrophic velocity (cm s™') vs pressure for the station pairs pictured in Fig. 5. The

geostrophic velocity component perpendicular to the station pairs are shown. Values using a 1500
db reference level are solid lines, while those using a 3000 db reference are dotted.

PR SN



S330 A. L. Gorpon and K. T. BosLey

o O o ts
o : e B
s 205 i
288
= wr @-.
10° }- > L L
D " !‘.‘
154 w2
Q 28
12 Y
() ‘,';‘
150 S K1
266 309 e
& .
A S
20° 28 e, - 4 20°
FZ'” 219 237 e
&
m——) 10 Sv
+ KNORR (AJAX) )
o OCEANUS = 1500 db reference +
® WILKES (NAVOCEANO) =5 3000 db reference J
25° ! J. L 25°S
5°W o° 5°F 10° 159
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directly measured currents. Wost (1924), SwaLLow (1971) and Horton and STURGES
(1979) have followed this approach. The comparisons of HORTON and STurGES (1979) of
geostrophic shear deduced from MODE STD hydrographic casts with shear measure-
ments from current meters, show an r.m.s. difference of 0.4-1.9 cm s™! in speed and
0.32-0.42 radians in direction. Gorpon (1965) investigated errors in geostrophic calcu-
lations stemming from salinity, temperature and navigational errors. He finds that the
error accumulates with distance from the reference level. Using a 1500 db reference level,
the surface speed uncertainty at the 90% confidence level, for the latitudes of the cyclonic
gyre is approximately 2 cms ~'. Therefore, it is concluded that the directional sense of the

upper 300 db of the cyclonic gyre is significant but that the speeds approach the accuracy of
the method.

WIND FORCING

Ekman layer circulation

The PHILANI?ER and Pacanowski (1986) model shows that the eastward flow marking
the nort_hern rim of.the cylonic gyre does not have an expression at the sea surface
Supporting this is ship drift information which reveals westward flow (RicHARDSON and
WaLsH, 1986; ARNAULT, 1987; RICHARDSON and PHILANDER, 1987; RicHARDsON, 1988)
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across the entire region of the cyclonic gyre. The most likely explanation is that
wind-induced movement within the Ekman layer reverses the rather weak near-surface
geostrophic current.

The Levitus (1982) gridded data set shows the surface cyclonic circulation (Fig. 6a).
There are three longitudes of northward flow, 0°, 10°W and 20°-30°W, the latter may be
taken as the western rim of the cyclonic gyre. Averaged gridded data tend to diminish the
magnitude of the current and essentially remove boundary currents.

Using the mean annual gridded wind stress data set (HELLERMAN and ROSENSTEIN,
1983), the surface water movement, following the Ekman spiral formulation (45° to left of
the wind in the southern hemisphere), and using an effective viscosity cocfficient A, = 0.01
m?s~ ! (Price et al., 1987), yields a pattern of surface flow (Fig. 6b) more vigorous than the
geostrophic field, and directed towards the northwest across the full extent of the cyclonic
gyre. Vectorally combining the 0/1500 db geostrophic surface circulation from Fig. 6a with
the Ekman surface flow of Fig. 6b shows the dominance of the wind-induced surface flow
(Fig. 6¢). A surface Ekman velocity for A, = 0.01 m?*s ™' which is at the upper bound of the
range given by Ponp and Pickarp (1983), yields smaller wind-induced surface flow,
allowing some influence of the surface geostrophic cyclonic gyre circulation to emerge
(Fig. 6d). Using a 50 m thick Ekman slab model slightly alters the composite surface
circulation pattern, but does not allow the cyclonic gyre to surface.

RICHARDSON’s (1988) ship drift map reveals northwest flow throughout the region of the
cyclonic gyre. However, it shows significantly lower speeds near 10°S east of 10°W.
Perhaps the gyre’s geostrophic flow exerts some influence on the surface flow.

Sverdrup gyre circulation

Negative wind stress curl predominates over the region of the cyclonic gyre (Fig. 7a),
which drives cyclonic circulation according to the Sverdrup model (Sverbrup, 1947). The
zero wind stress curl isopleth follows the northern edge of the strong geostrophic flow
towards the northwest (Fig. 6a). The Sverdrup mass transport function is integrated along
a line of latitude from the eastern side of the ocean in order to map the mass transport
streamfunction (Fig. 7b). The Sverdrup transport pattern reveals cyclonic circulation in
the tropical South Atlantic, with an integrated transport at the western boundary between
near the equator and 10°S of 5-10 Sv. Approximately 10% higher transport is calculated at
the position of the zero wind stress curl isopleth, about 400 km off the western margin.
These transport values are similar to those calculated from the 1983-1984 data set, though

the strong eastern shift of the cyclonic gyre center evident in the dynamic topography map
is not present in the Sverdrup mass transport streamfunction pattern.

STRATIFICATION AND WATER MASS CHARACTERISTICS
Surface and thermocline

The Ajax section along approximately the Greenwich Meridian and the R.V. Oceanus
section along 11°S (Fig. 2) form useful meridional and zonal views of the cyclonic gyre. The
Ajax section from 2°S (Sta. 10) to 22°S (Sta. 30) includes the cyclonic gyre and the
Benguela Current limb of the subtropical gyre to the south. The R.V. Oceanus section
extends from the Angola Current marking the eastern branch of the cyclonic gyre, across
the cyclonic gyre into the western South Atlantic. The potential temperature vs salinity
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(a) Mean annual geostrophic surface velocity (referenced to 1500 db) using Levitus

(1982) gridding of the historical hydrographic data. (b) Ekman surface flow using mean annual

wind stress vectors from HELLERMAN and RoseNSTEIN (1983) in the Ekman spiral formulation with

A, =0.00m’s . (c) Vectorally combined geostrophic (a) and Ekman flow with A, =00tmé !
(b). (d) Vectorally combined geostrophic and Ekman flow with A, = 0.1 m?s !
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(/5) relutions for these sections (Fig. 8) define the regional water mass structure. The
Ajax /8 relution (Fig. Ra) clearly shows the two basic thermaocline regimes on either side
ot the Angolu Bengucla Front, falling at 18°S (between Ajux Stas 25 and 26, a distance of
L0 km apart). The salinity change across the front averages 0.1 psu within the thermox:
hince, with higher salinity in the cyclonic gyre. Differences in salinity diminish with depth.
The cyclonic gyre water column remains more saline well into the deep water, at least 10
2.8°C, though the frontal structure disappears.

At temperatures warmer than approximately 17°C the waters within the cyclonic gyre
displiny i varied /8 structure. The stitions north of 8°S (Stas 10-16) have a nearly 358
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isohaline structure above 17°C. South of 10°S, Stas 20-25 (which include the center of the
gyre and its southern limb) show increasing salinity with increasing temperature, a
situation found across the western limb of the gyre into the western South Atlantic (Fig.
8b). The isohaline layer is equatorial water, induced as upwelled water is heated. The
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Fig. 8. (a) 6/S along the Greenwich Meridian: 1.5°-7.5°S (Ajax Stas 10-16, marking the
equatorial limb of the cyclonic gyre); 8.6°-12°S ( Ajax Stas 17-20, marking the region immediately
north of the gyre center); 13°-17°S (Ajax Stas 21-25, marking the center and southern limb of the
cyclonic gyre); and 18°-22°S (Ajax Stas 26-30, within the Benguela Current south of the cyclonic
gyre). The Angola-Benguela Front falls between groupings 21-25 and 26-30. (b) 6/S along 11°S
using select stations from R.V. Oceanus 11°S cruise (Fig. 2). Stations 131-144 are within the
eastern limb of the cyclonic gyre, the Angola Current. Stations 148-156 mark the gyre's western
limb. Station 195 is within the western boundary of the South Atlantic.
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Fig. 9. Salinity on g4 surface 26.3 (upper part of the thermocline).

more saline surface water to the south is subtropical surface water. Between 8° and 10°S
(Stas 17-20) the surface water appears to be a mix of equatorial and subtropical water.
The R.V. Oceanus 11°S 0/S relation (Fig. 8b) at temperatures below 17°C displays a
tight envelope of points within the cyclonic gyre. Station 195 in the western Atlantic is
lower in salinity within the lower thermocline and Antarctic Intermediate Water, as
expected, since it derives water from the subtropical gyre and is fed directly by the source
of Antarctic Intermediate Water in the southwest Atlantic (PioLA and GorpoN, 1689),
Above 17°C the R.V. Oceanus data reflect the same structure observed within the Ajax
data. The isohaline layer above 17°C occurs in the eastern limits marking the Angola
Current, as it draws water from the equatorial regime to the north, while within the center
part and western branch of the gyre the surface water is of the salty subtropical variety. The
surface salinity in the eastern boundary is lower in salinity than the equatorial water, a
condition that probably reflects the addition of fresh water by the Congo River discharge.
A map view of the Angola-Benguela Front within the thermocline is provided by a plot
of salinity on the 05 = 26.3 density surface, which ranges in depth from less than 75 m to
greater than 200 m (Fig. 9). A strong meridional salinity gradient near 18°S marks the
Angola-Benguela Front, and a high salinity core is observed within the gyre center.
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The Angola-Benguela Front is particularly striking in 6/0, space (Fig. 10). The water
north of the front, within the cyclonic gyre, is lower in O, concentration by as much as 3 ml
17! at temperatures between 8 and 17°C. Stations 26 and 27 represent a reversal in the
meridional oxygen gradient, as also seen by the salinity contrast on the 6/S plot (Fig. 8a).
This reflects an eddy or meander in the front. Inspection of the R.V. Oceanus oxygen data
along 11°S indicates a strongly depleted oxygen concentration (<1 ml 17') within the
eastern limb of the cyclonic gyre. The oxygen data shown by CHAPMAN and SHANNON
(1987) show oxygen-depleted waters within the cyclonic gyre region throughout the year.

These waters are thought to be a product of the high productivity region off Angola
(MAZEIXA, 1967; VoIrTuriEz and HERBLAND, 1982).

Intermediate and deep water masses

Below the thermocline are Antarctic Intermediate Water (AAIW) marked by the
salinity minimum (Fig. 11a) and the North Atlantic Deep Water (NADW) marked by a
deep salinity maximum (Fig. 11b).

At the AAIW stratum the salinity within the cyclonic gyre region is significantly above
that of the western Séuth Atlantic (R.V. Oceanus Sta. 195) where concentrated AAIW
spreads northward. Within the eastern extent there is minor salinity variation: slightly
higher salinity values are observed within AAIW in the easternmost stations. These values
are higher than those found in the Ajax stations south of the Angola-Benguela Front, as
well as those within the northern limb of the cyclonic gyre. This is also shown by Kirwan
(1963), who on inspecting isopycnal surfaces at and near the AAIW stratum, concludes:
“The presence of the northern clockwise gyral indicates a considerable amount of return
flow along the eastern boundary of the South Atlantic.” It is suggested that the slightly
more saline AAIW in the region of the cyclonic gyre is a product of vertical mixing, which
would transfer salty thermocline water characteristic into the AAIW stratum.

The NADW salinity maximum (Fig. 11b) at the African margin is significantly saltier
than that of the interior (though less than the salinity maximum at R.V. Oceanus Sta. 195
of the western South Atlantic, marking the main path of the southward spreading of
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Fig. 11.  (a) A/S at the salinity minimum of the Antarctic Intcrmediate Water, using the same

R.V. Oceanus stations as used in Fig. 8b and characteristic stations from the two northern Ajax

station groups used in Fig. 8a. (b) 6/S at the salinity maximum of the North Atlantic Deep Water.
using the same stations as used in (a).

NADW). The salinity maximum in the eastern end of the R.V. Oceanus section (Sta. 134)
is only slightly below that observed within the equatorial region of the Ajax data. A salinity
maximum core layer map for the eastern South Atlantic based on the 1983-1984 data set
(Fig. 12) portrays a slight preference for poleward deflection of the isohalines near the
eastern boundary, south of 10°S. This extends to at least 30°S. Possibly NADW spreading
along the eastern boundary in the South Atlantic is derived from the equatorial region,
where branching of NADW from the western boundary is reported (Weiss ef al. ,
1985).

The eastern spreading path of the NADW salinity maximum is puzzling; is it consistent
with the abyssal circulation model of SToMMEL and Arons (1960)? WARREN and SPEER
(1991) address this issue. Using a Stommel and Arons model tailored to the geometry of
the Angola Basin at a depth of the NADW, they predict a deep, broad poleward flow of
saline NADW along the eastern boundary. The salinity maximum core layer map (Fig. 12)
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1983-1984 station array shown in Fig. 2.

suggests that the null point (the point where two opposing western boundary currents
meet; Warren and Speer arbitrarily match the strength of the opposing boundary currents)
is at 10°S rather than 20°S as shown by Warren and Speer. Additionally, consideration of
linear wave (e.g. Kelvin waves) propagation may be needed. Kelvin waves are generated
in the equatorial region and propagate eastward along the equatorial wave guide. Upon

reaching the eastern boundary they are expected to move poleward along the coastline
(GiLL, 1982; Kawask, 1987).

Thermocline residence time

The origin of the thermocline water within the cyclonic gyre is most likely from the
south. The southern extent of the salty North Atlantic thermocline is well north of the
equator (BROECKER and TAkAHAsHI, 1981) and does not feed the eastward-flowing
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components of the equatorial circulation. The North Equatorial Countercurrent is derived
from the South Equatorial Current, a South Atlantic thermocline structure (RICHARDSON
and ReverpIN, 1987) and the Equatorial Undercurrent is also derived from the South
Atlantic thermocline (METCALF and StaLcup, 1967). The geostrophic circulation of the sea
surface and 500 db surface relative to 1500 db (Fig. 3) indicates that the water within the
cyclonic gyre is derived from inflow from the west, which in turn is drawn from the water
flowing from the southeast South Atlantic as part of the subtropical anticyclonic gyre. Itis
suspected that the salty thermocline of the cyclonic gyre results from the regional excess
evaporation. A residence time can be determined: how long does it require to convert the
water column of the southeast South Atlantic to that of the cyclonic gyre? In the following
calculations, the water columns as observed during the Ajax expedition on either side of
the Angola-Benguela Front are used for initial and final conditions.

A map of precipitation minus evaporation indicates that the entire South Atlantic
from the equator to 40°S is a region where evaporation exceeds precipitation (BAuM-
GARTNER and REICHEL, 1975). Using an evaporation-precipitation rate of 1.2my™!
(BAuMGARTNER and REICHEL, 1975) and assuming that the excess salt is distributed over
the upper 300 m (the depth to which there is a significant salinity difference across the
Angola-Benguela Front), a gyre residence time of 1.0 years is required to account for the
salinity difference of 0.14 psu (determined from comparison of Ajax Stas 21 and 28
marking the center of the gyre and the water south of the Angola-Benguela Front,
respectively).

A more appropriate evaluation of residence time within the gyre would include
continental run-off. Reduced surface salinity over much of the eastern extent of the
cyclonic gyre attests to the importance of the river discharge to the local water balance,
The Congo River is the second largest river in the world in terms of annual discharge. It
discharges approximately 1.4 x 10'> m* y™' into the South Atlantic just south of 5°S
(DoNGEy etal., 1965). If the total annual Congo output is averaged over the estimated area
of the gyre and to the depth of 300 m, the residence time within the gyre increases from 1.0
to 4.4 years. If all of the rivers that drain into the Angola Basin were included (1.6 x 10'2
m’ y~', JEAN-MARC VERSTRAETE, personal communication, 1989), the residence time
increases to 8.5 years. In view of uncertainties in the fresh-water distribution within the
gyre, a residence time of 4-10 years is suggested. '

In consideration of the oxygen deficit within the cyclonic gyre of 2.2 ml 17" (using the
same two Ajax stations used from the salinity difference determinations for the depth
range from 100 m, below the surface layer, to 300 m), the 4.4 year residence time
calculated with Congo River input yields 0.5 ml 1™' y~* for oxygen utilization. Consider-
ation of all river input reduced oxygen utilization to 0.3 ml1™'y ™', An investigation of in
situ oceanic oxygen utilization of Subtropical Mode Water within the Sargasso Sea gave a
value of 0.20 + 0.02 m} I”' y~! (Jenkins, 1977). The Sargasso Sea region is not a highly
productive area. Given the signs of enhanced productivity within the eastern margins of

the tropical South Atlantic (Vorruriez and HersLAND, 1982), an oxygen consumption rate
between 0.3 and 0.5 ml 17! y~! appears reasonable.

DISCUSSION

The barqclinic circulation pattern presented by the 1983-1984 data compares reason-
ably well with that of MOROSHKIN et al. (1970) and the climatic mean pattern as revealed by
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the Levitus gridded data set. The circulation within the eastern tropical South Atlantic
Ocean is one of a weak, but climatically stationary, cyclonic gyre. The baroclinic
representation of the gyre is most pronounced within the upper 300 db, camouflaged in the
surface layer by the Ekman flow. Current observations of poleward flow along the coast of
Gabon provide compelling direct evidence of the eastern limb of this cyclonic gyre
(WACONGNE, 1988). At the depth of the NADW stratum there appears to be a slight
preference for southward spreading along the eastern boundary.

Cyclonic circulation features and thermal domes have been observed in the eastern
margins of other tropical oceans, although the South Atlantic example seems to be best
defined. During the northern hemisphere summer a thermal dome (Guinea Dome) forms
southwest of Dakar in the North Atlantic (ROSIGNAL and MEYRUEIS, 1964; MAZEIKA,
1967). The Costa Rica Dome is a feature of the North Pacific (WyrTk1, 1964), centered at
7°-8°N. Though smaller, it exhibits many similarities to the cyclonic gyre in the South
Atlantic. The North Equatorial Countercurrent approaches the coast of Central America
and then turns north as the Costa Rica Current. This is analogous to the South Equatorial
Countercurrent and the Angola Current of the South Atlantic. The Costa Rica Dome also
exhibits high salinity surface water in the gyre center and very low thermocline oxygen
values, as does the South Atlantic cyclonic gyre. Both of the cyclonic circulation patterns
attenuate rapidly with depth.

The North Equatorial Countercurrents are more established in the North Atlantic and
North Pacific tropical oceans than is the South Equatorial Countercurrent, and cyclonic
gyres are visible in the dynamic topography of these oceans (North Pacific, REID and
MANTYLA, 1978; North Atlantic, REID, 1978). Although there is no mean cyclonic gyre in
the South Pacific, a warm southward-flowing current similar to the Angola Current is
evident along the coast of Peru during El Nino years (CANE, 1986). The eastern tropical
South Indian Ocean is unique in view of its strong monsoonal forcing and interaction with
the Indonesian throughflow. The dynamic topography maps of Wyrtki (1971) indicate a
cyclonic gyre centered in the western tropical South Indian Ocean, with a much smaller

cyclonic gyre immediately south of Java during the summer monsoon (June-November;
see WYRIKI, 1971).
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