JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. C9, PAGES 20,863-20,883, SEPTEMBER 15, 1999

On the water masses and mean circulation of the South
Atlantic Ocean

Lothar Stramma

Institut fiir Meereskunde, Universitat Kiel, Kiel, Germany

Matthew England

Center for Environmental Modelling and Prediction, School of Mathematics, University of New
South Wales, Sydney, Australia

Abstract. We examine recent observations of water mass distribution and circulation
schemes at different depths of the South Atlantic Ocean to propose a layered,
qualitative representation of the mean distribution of flow in this region. This
furthers the simple upper layer geostrophic flow estimates of Peterson and Stramma
[1991]. In addition, we assess how well ocean general circulation models (GCMs)
capture the overall structure of flow in the South Atlantic in this regard. The South
Atlantic Central Water (SACW) is of South Atlantic origin in the subtropical gyre,
while the SACW in the tropical region in part originates from the South Indian
Ocean. The Antarctic Intermediate Water in the South Atlantic originates from a
surface region of the circumpolar layer, especially in the northern Drake Passage
and the Falkland Current loop, but also receives some water from the Indian Ocean.
The subtropical South Atlantic above the North Atlantic Deep Water and north
of the Antarctic Circumpolar Current (ACC) is dominated by the anticyclonic
subtropical gyre. In the eastern tropical South Atlantic the cyclonic Angola Gyre
exists, embedded in a large tropical cyclonic gyre. The equatorial part of the South
Atlantic shows several depth-dependent zonal current bands besides the Angola Gyre.
Ocean GCMs have difficulty capturing this detailed zonal circulation structure, even
at eddy-permitting resolution. The northward extent of the subtropical gyre reduces
with increasing depth, located near Brazil at 16°S in the near-surface layer and
at 26°S in the Antarctic Intermediate Water layer, while the tropical cyclonic gyre
progresses southward. The southward shift of the northern part of the subtropical
gyre is well resolved in global ocean GCMs. However, high horizontal resolution is
required to capture the South Atlantic Current north of the ACC. The North Atlantic
Deep Water in the South Atlantic progresses mainly southward in the Deep Western

Boundary Current, but some water also moves southward at the eastern boundary.

1. Introduction

During the World Ocean Circulation Experiment
(WOCE) many data were collected to get more insight
into the South Atlantic Ocean water mass distribution,
circulation, and its physical processes. From the large
sections carried out during WOCE, information was
gained on the water mass distribution and mean circu-
lation, but, in addition, many results from the WOCE
data set showed the importance of annual and interan-
nual variability. For example, in TOPEX/POSEIDON
data, Fu [1996] found the strongest seasonal variability
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(both annual and semiannual) in the Brazil/Malvinas
Confluence and the Agulhas Retroflection. From TO-
PEX/POSEIDON data, Witter and Gordon [this issue]
described an enhanced, gyre-scale geostrophic circula-
tion in 1993 and 1994, compared with a more slug-
gish circulation in 1996. To understand the variability,
however, first the mean state must be known reasonably
well.

Knowledge of the mean South Atlantic subtropical
gyre before the intensive WOCE ship surveys began has
been summarized by Peterson and Stramma [1991], and
their upper ocean circulation schematic (their Figure 1)
has often been used as a reference for the mean circu-
lation. However, the circulation of the South Atlantic
shows some depth dependence and a complicated set
of tropical zonal current bands, both unresolved in the
flow schematic of Peterson and Stramma [1991]. Here
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we propose and discuss schematic flow fields for three
layers of the upper ocean as well as for the Deep Water
layer. This is therefore a more detailed and realistic de-
scription than the simple one-layer diagram of Peterson
and Stramma [1991]. We compare the proposed cir-
culation schemes with output from two different global
ocean general circulation models (GCMs). Of particu-
lar interest is the ability of the models to capture the
observed depth-dependent circulation structure in the
South Atlantic. The two models differ substantially in
horizontal resolution; one is coarse (about 2° resolu-
tion), the other is eddy permitting. First, a short de-
scription of the water masses will be given, as the schem-
atic diagrams shown represent a specific water mass for
large regions, except notably for the southern boundary
of the subtropical gyre near 40°S (where the water mass
layers are strongly tilted toward the surface).

2. Upper and Deep Ocean Water
Masses

In the tropical Atlantic the ocean surface of the South
Atlantic is covered by Tropical Surface Water as the
surface mixed layer. In the south the surface mixed
layer is bounded by the seasonal thermocline. Three
major subsurface water masses can be separated for the
upper ocean of the tropical and subtropical South At-
lantic, while south of the Subantarctic Front near 45°S
(Figure 1a) the ocean is governed by Circumpolar Water
(CPW) with quite different T-S characteristics (Figure
1b). In the upper ocean of the tropical and subtrop-
ical Atlantic the South Atlantic Central Water (SACW)
is observed, which shows a nearly linear T-S relation-
ship (Figure 1b) [Sverdrup et al., 1942]. The SACW
is warm and salty compared to the Antarctic Interme-
diate Water (AAIW) located underneath. In the trop-
ics at about 1000 m depth, Upper Circumpolar Deep
Water (UCDW) is the deepest water mass of the up-
per ocean, with a net northward transport. Below this,
North Atlantic Deep Water (NADW) shows a net trans-
port southward. NADW is located underneath Upper
Circumpolar Deep Water between about 1200 m in the
tropics (1700 m in the subtropics) and 3900 m depth in
the tropics (3500 m in the subtropics).

2.1. Surface Water

In the surface layer a pool of highly saline water is
formed in the tropics/subtropics transition region by
subduction [Tomczak and Godfrey, 1994] and progresses
equatorward and poleward as a subsurface salinity max-
imum (Figure 1). The strongest formation region in
the northwestern South Atlantic is marked in Figure 2.
Some very light Subtropical Mode Water at 16° to 18°C
is formed around 35°S over the Brazil Current [Prov-
ost et al., this issue], advected southward and recircu-
lates (Figure 2) slightly below the surface. Maamaatuai-
ahutapu et al. [this issue] observed the formation of this
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water during a cruise in September 1994 on a section at
36.3°S offshore from the Rio de la Plata.

2.2. South Atlantic Central Water

The SACW, the water mass south of about 15°N,
shows rather uniform properties throughout its range.
Its T-S curve is well described by a straight line between
the T-S points 5°C, 34.3 and 20°C, 36.0 and is virtu-
ally the same as the T-S curves of Indian and West-
ern South Pacific Central Water [Tomczak and Godfrey,
1994]. According to Tomczak and Godfrey [1994], part
of the SACW is not subducted at the Atlantic portion of
the subtropical convergence but is, in fact, Indian Cent-
ral Water (ICW) brought into the Atlantic Ocean by
Agulhas Current intrusions. Mixing in the eddy separ-
ation region and possibly in the Agulhas Current itself
does not change the T-S characteristics of the inflow-
ing ICW but redistributes the contribution of the water
types that make up the T-S curve, enhancing, in partic-
ular, the volume of water near 13°C. This water type,
also known as 13°Water [Tsuchiya, 1986], thus turns
into a variety of Subtropical Mode Water; the associated
thermostad can be traced from Namibia to the coast of
Brazil near 10°S, along the North Brazil Current, and
into the eastward flowing components of the equatorial
current system.

Water masses subducted into the thermocline are com-
monly known as Central Water. In the formation region
during winter a deep surface layer with water of uniform
temperature and salinity forms, which is often called
Mode Water [e.g., McCartney, 1982]. The winter wa-
ter in the Subantarctic Zone between the Subantarctic
Front and the Subtropical Front (Figure 1a) is referred
to as Subantarctic Mode Water (SAMW), first discussed
by McCartney [1977, 1982]. This water is not a water
mass but contributes to the Central Water of the South-
ern Hemisphere [Tomczak and Godfrey, 1994]. In the
northern part of the Subantarctic Zone a light type of
SAMW is located, which actually forms the SACW of
the subtropical gyre, while the denser part of the south-
ern Subantarctic Zone is regarded as a precusor of the
AAIW. Although the lighter SAMW is only a contri-
bution to the Central Water, it is described in recent
literature as a water mass in the subtropical gyre. As
the lightest type of Mode Water is formed within the
subtropical gyre this is also referred to as Subtropical
Mode Water [Provost et al., this issue].

Central Water formation in the South Atlantic does
occur in the confluence zone of the Brazil and Falkland
Currents (FC) (also often referred to as the Malvinas
Current) [Gordon, 1981; Provost et al., this issue]. It is
responsible for a high-salinity variety of SACW, which
recirculates within the southern subtropical gyre (Fig-
ure 3). To the south the SACW is bordered by the
Subtropical Front at about 40°S (Figure la) connected
to the South Atlantic Current [Stramma and Peterson,
1990] as the southern boundary of the subtropical gyre.
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Figure 1. (a) Salinity distribution on a meridional section along approximately 25°W from R/V
Melville in February to April 1989 [Tsuchiya et al. 1994], the stations north of the equator are
from a R/V Oceanus cruise during July to August 1988. The contour interval is 0.2 psu. Within
the salinity minimum of the Antarctic Intermediate Water (AAIW) additional 0.1 psu contours
are included as dashed lines. The water mass boundaries are indicated by the density surfaces
0o = 27.1 and o1 = 32.15 (thick solid lines). The location of the following fronts [from Talley,
1996] are marked: Polar Front (PF), Subantarctic Front (SAF), Brazil Current Front (BCF), and
Subtropical-Subequatorial Front (STSEF). Contour interval for depths greater than 1500 dbar is
0.025. (b) Accompanying T-S diagram showing the changing characteristics of the water masses
in 5° latitude steps.

20,865



20,866

STRAMMA AND ENGLAND: CIRCULATION OF THE SOUTH ATLANTIC OCEAN

NS Yl

Eaq.

NECC» !
NSEC ( C €
EUC

ESEC

SEUC

South Atlantic Current

CSEC

.

45°S
Antarctic Circumpolar Current
50°S | T | g | ! 1 : lﬁ»l | |
70°W 60°W 50°W 40°W 30°W 20°W 10°W 0 10°E 20°E

Figure 2. Schematic representation of the large-scale, upper 100-m geostrophic currents for
southern fall. Shown are the Falkland Current (FC); the Brazil Current; the South Atlantic Cur-
rent; the Agulhas Current (AC) and its retroflection; the Benguela Current; the South Equatorial
Current (SEC), with the northern (NSEC), equatorial (ESEC), central (CSEC), and southern
(SSEC) branches; the South Equatorial Countercurrent (SECC); the South Equatorial Undercur-
rent (SEUC); the Angola Gyre; the Equatorial Undercurrent (EUC); the North Brazil Current
(NBC); the North Equatorial Countercurrent (NECC); and the Guinea Current (GC). The to-
pography for 200-m depth is shown as a dotted line and that for 1000-m depth is shown as a
short-dashed line. Formation regions of some subsurface water as subsurface salinity maximum

water in the tropics and Mode Water in the subtropics are shaded.

Recent observations [e.g., Smythe-Wright et al., 1998]
show that the South Atlantic Current is bounded on
each side by a distinct front, named thie Northern Sub-
tropical Front and the South Subtropical Front. The
SACW is transported within the South Atlantic Cur-
rent toward Africa, where a part contributes directly to
the Benguela Current, but part of the SACW passes in
the Indian Ocean in a route to the south of the Agul-
has Current. The South Atlantic water loops back to
the Atlantic within the Indian Ocean, perhaps mostly
within the Agulhas recirculation cell of the southwest
Indian Ocean [Gordon et al., 1992]. The SACW flows in

the Benguela Current and the South Equatorial Current
toward the Brazilian shelf, where it is carried toward
the equator with the North Brazil Undercurrent and the
North Brazil Current. An oxygen minimum at 300 to
400 m depth is located at the lower limit of the SACW
in the tropical regions [e.g., Stramma and Schott, 1996].
The Central Water is of slightly higher salinity north of
the equator in the North Atlantic.

2.3. Antarctic Intermediate Water

The isopycnals o@ = 27.1 (Figure 1) in the tropics
and 27.05 in the subtropics mark the transition between
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Figure 3. Schematic representation of the large-scale, South Atlantic Central Water (SACW)
layer (about 100 to 500 m depth) geostrophic currents. Topography and current names are
as in Figure 2; in addition, the North Brazil Undercurrent (NBUC) and the North Equatorial
Undercurrent (NEUC) are shown. The formation region of this water mass is shaded.

the SACW and the AAIW. Tsuchiya et al. [1994] ques-
tioned whether the densest SAMW is the direct precusor
of AAIW or whether there is substantial input across
the Subantartic Front, while Maamaatuaiahutapu et al.
[this issue] regard SAMW as the primary precusor of
AAIW. The AAIW in the South Atlantic originates from
a surface region of the circumpolar layer, especially in
the northern Drake Passage and the Falkland Current
loop (Figure 4) (and a southern boundary which is es-
sentially the Subantarctic Front [Talley, 1996]). In the
east, AAIW from the Indian Ocean is contributed to
the South Atlantic AAIW via the Agulhas Current leak-
age. The AAIW can be recognized by a subsurface oxy-
gen maximum and a salinity minimum (Figure 1) north
of about 50°S, although the oxygen maximum becomes
weak or absent north of 15°S. Wiist [1935] showed an

AATIW oxygen maximum reaching the equator along the
western boundary but only to about 20°S in the cent-
ral and eastern Atlantic. The Subtropical-Subequatorial
Front (Figure 1b) marks the northern terminus of the
AAIW high-oxygen tongue [ Tsuchiya et al., 1994]. The
high-oxygen tongue of the AAIW is at a slightly lower
density than the salinity minimum. The low-salinity
tongue is found at a depth of about 300 m near the Sub-
antarctic Front (45°S), descending northward to 900 m
at 30°S in the vicinity of the subtropical gyre center
and rising again to 700 m at the equator [Tsuchiya et
al., 1994]. A spreading of the AATW from the South At-
lantic to the North Atlantic, identified by a salinity min-
imum (Figure 1b) near the equator at og of about 27.3
[Tsuchiya, 1989] has been described by Wiist [1935],
who called this water Intermediate Water. The salin-
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Figure 4. Schematic representation of the large-scale, Antarctic Intermediate Water (AAIW)
layer (about 500 to 1200 m) geostrophic currents. Topography and current names are as in
Figure 2; in addition, the Equatorial Intermediate Current (EIC) and the Northern and Southern
Intermediate Countercurrents (NICC and SICC) are shown. The formation region of this water

mass is shaded.

ity minimum is present to 24°N [Reid, 1994], although
traces of the AAIW can be followed as far north as
nearly 60°N [Tsuchiya, 1989].

2.4. Upper Circumpolar Deep Water

Below the AAIW, the northern reaches of the UCDW
are found near the equator with phosphate and silica
maxima and a temperature minimum at about 1000 m
[Reid, 1989]. This water has a source region differ-
ent from the overlying AAIW, but both water masses
flow from the South Atlantic toward the North Atlantic.
The CDW is a large body of fresh, oxygen-poor, and
nutrient-rich water (compared to the NADW) that flows
generally eastward in the Antarctic Circumpolar Cur-
rent (ACC) and is found over a large density range. In

the Argentine Basin the high-oxygen NADW from the
north penetrates into the CPW entering from the Drake
Passage and divides it into Upper and Lower Circum-
polar Water [Tsuchiya et al., 1994]. An oxygen min-
imum associated with the UCDW is found in the South
Atlantic as a tongue lying below the oxygen maximum
of the AAIW and extending northward to about 22°S at
25°W [T'suchiya et al., 1994]. North of 22°S, the intense, -
shallow equatorial oxygen minimum obliterates the sig-
nature of the UCDW. In the tropics the isopycnal o7 =
32.15 (Figure 1) separates the UCDW from the North
Atlantic Deep Water below; however, in the subtropics
the vertical extent of the UCDW increases and the iso-
pycnal o = 36.9 better represents the lower boundary
of this water mass [Stramma and Peterson, 1990].
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2.5. North Atlantic Deep Water

The Deep Western Boundary Current (DWBC) trans-
ports North Atlantic Deep Water from the Northern
Hemisphere into the South Atlantic. Often, the NADW
is separated into three layers as upper, middle, and
lower NADW [e.g., Friedrichs et al., 1994], identified
by a salinity maximum for the upper NADW and two
oxygen maxima for the middle and lower NADW. Using
recent WOCE observations near the equator and based
on the information of tracer data, Rhein et al. [1995]
were able to distinguish four different water types within
the DWBC. The shallowest part of the upper NADW
shows a salinity maximum that is correlated to elev-
ated concentrations of tritium and chlorofluorocarbons
(CFCs). This shallow part of the upper NADW was
named Shallow Upper NADW (SUNADW) by Rhein
et al. [1995] or upper Labrador Sea Water (ULSW) by
Pickart [1992], which is different than the classical LSW.
The salinity maximum lies near 1600 m depth near the
equator and deepens to 2500 m at 25°S (Figure la).
However, Tsuchiya et al. [1994] suggest from a water
mass analysis that the deep salinity maximum south of
25°S is derived from lower NADW and not from upper
NADW (or SUNADW), the latter being truncated by
the UCDW from the south.

The Labrador Sea Water underneath the SUNADW
is formed in the central Labrador Sea, but in the tropics
the LSW shows a lower CFC signal than the SUNADW
above and is identified by an oxygen maximum. Within
the lower NADW (LNADW) a CFC minimum s located
above a CFC maximum, and Rhein et al. [1995] separ-
ated this into (1) old LNADW with a CFC minimum
originating from the Charlie Gibbs Fracture Zone Wa-
ter and (2) overflow NADW (OLNADW) with a CFC
maximum and an oxygen maximum originating from the
Denmark Strait Overflow Water. The depth range in-
fluenced by the NADW varies from about 1200 to 3900
m near the equator and 1700 to 3000 m in the Brazil-
Falkland Confluence Zone. While the thickness of the
NADW decreases toward the south, the NADW types
merge. In the Subantarctic Zone between the Subtrop-
ical Front and the Subantarctic Front, the NADW prop-
erties at the 25°W section are still apparent but with
broken and reduced extrema [Tsuchiya et al., 1994].

2.6. Antarctic Bottom Water

At the equator the isopycnal o4 =45.90 separates
the OLNADW from the northward spreading Antarctic
Bottom Water (AABW), while near the South Atlantic
Current the potential density surface o4 =45.87 marks
the NADW/AABW boundary [Stramma and Peterson,
1990]. The AABW can be separated into two com-
ponents. The upper part of the AABW originates in
the ACC and consists of old deep water masses (Lower
Circumpolar Deep Water (LCDW)), while AABW with
densities larger than o4 = 46.06 outflows from the Wed-
dell Sea (Weddell Sea Deep Water) and spreads north-
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ward into the Argentine Basin, propagating northward
into the Brazil Basin after passing through the Vema
Channel, where the water mass has essentially disap-
peared at 4.5°S [Siedler et al., 1996].

3. Lateral Circulation Schemes

Here we propose and discuss the schematic distribu-
tion of the mean flow field in the near-surface layer
in the upper 100 m (Figure 2), the SACW layer from
about 100 to 500 m in the tropics and 600 m in the sub-
tropics (Figure 3), the AAIW layer from about 500 to
1200 m in the tropics and 600 to 1400 m in the sub-
tropics (Figure 4), and the NADW layer at the core at
about 2000 m depth (Figure 5). However, the water
of the ACC at and south of the Subantarctic Front is
Circumpolar Water for all layers presented here. Exact
transport rates for the various layer flows are not in-
cluded, as each study has its own particular definition
of layer boundaries. In addition, upwelling and down-
welling across the layer interfaces complicate the trans-
port calculations. However, the major regions of water
mass formation are indicated. The description of the
flow distribution for the tropics north of 20°S is taken
from Stramma and Schott [1999], so details are not given
here. The subtropical distribution is based on the flow
patterns at different depths presented by Reid [1989,
1994] but modified where more detailed information de-
rived from other more local investigations exist. In the
northeastern South Atlantic off Africa there exists the
cyclonic Angola Gyre described by Gordon and Bosley
[1991]. The Angola-Benguela Front oriented northwest-
ward from the African shelf at about 20°S separates the
Angola Gyre from the Benguela Current and is well de-
veloped in the upper 50 m and detectable in the salinity
field to depths of 200 m. In this region, no further south-
ward flow of tropical water is found, different than the
layers underneath [Shannon and Nelson, 1996].

The subtropical gyre of the South Atlantic is made up
of the southward western boundary current, the Brazil
Current, which separates from the coast in the conflu-
ence zone with the Falkland Current. From there the
Brazil Current with admixtures of Falkland Current wa-
ters leaves the shelf and flows eastward as the South At-
lantic Current. At about 40°W, part of the water recir-
culates where the Brazil Current Front turns northward
[Smythe- Wright et al., 1998] while the major flow con-
tinues its eastward path. Some water recirculates west
of the Mid-Atlantic Ridge, and a frontal structure in this
recirculation region separating two types of Mode Wa-
ter is also referred to as the Brazil Current Front (Fig-
ure la) [T'suchiya et al., 1994). Tsuchiya et al. [1994]
also suggest that part of the recirculation extends well
into the central South Atlantic. Near South Africa, part
of the South Atlantic Current continues to the Indian
Ocean while the other part turns north into the Benguela
Current and finally into the South Equatorial Current
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Figure 5. Schematic representation of the large scale North Atlantic Deep Water (NADW) water
flow near 2000 m depth. The major spreading paths of Antarctic Bottom Water (AABW) are
indicated as black lines. Topography is as in Figure 2; in addition, the 3000-m depth contour is

shown as a thin solid line.

(SEC). The SEC in the near-surface layer reaches the
shelf of Brazil near 16°S and separates into the south-
ward flow of the Brazil Current and at subsurface depth
into the northward flow of the North Brazil Undercur-
rent (NBUC) [Stramma et al., 1995]. The Benguela
Current also receives water from the Indian Ocean from
a leakage of the Agulhas Current (AC) at its retroflec-
tion south of South Africa [e.g., Lutjeharms, 1996]. The
shape of the subtropical gyre depends on the depth layer
looked at; the northward extent of the subtropical gyre
reduces with increasing depth, while the tropical cyc-
lonic gyre progresses southward. This can be clearly
seen in the adjusted steric height figures of Reid [1994],
was described by Tsuchiya et al. [1994] as wedging of
the thermocline in the equatorward side of the subtrop-
ical gyre, and reflects a poleward shift with depth of
the subtropical gyre. The South Atlantic Current as the
southern limb of the subtropical gyre, however, shows
no depth-dependent shift.

3.1. Near-Surface Layer

The near-surface layer (Figure 2), representing the
flow field of the upper 100 m, is the layer with the
largest ocean current velocities in most of the regions.
At these depths the subtropical gyre shape resembles,
for the most part, the shape of the schematic figure
of Peterson and Stramma [1991]. The tropical circu-
lation pattern north of 20°S is derived from Stramma
and Schott [1999] for all three upper layers; for a de-
tailed description of this region the reader is referred
to that article. The different near-equatorial zonal cur-
rents shown here were not resolved in the schematic
figure of Peterson and Stramma [1991]. Owing to the
eastward flow of the South Equatorial Countercurrent
(SECC), the South Equatorial Undercurrent (SEUC)
and the Equatorial Undercurrent (EUC), the westward
flowing SEC is divided into four branches, and they are
denoted here as the southern SEC (SSEC), the cent-
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ral SEC (CSEC), the equatorial SEC (ESEC), and the
northern SEC (NSEC). '

Near the equator, off Brazil the SEC overrides the sub-
surface core of the North Brazil Undercurrent and forms
the surface intensified North Brazil Current (NBC),
which crosses the equator and is the major source of
warm water transfer from the Southern to the North-
ern Hemisphere. However, this water recirculates in the
North Brazil Current Retroflection at about 5°N, part
to the EUC, part in northern fall to the North Equatorial
Countercurrent (NECC), and part in northern spring to-
ward the Caribbean [Schott et al., 1998], and at deeper
levels it contributes also to the North Equatorial Un-
dercurrent (NEUC). In northern spring the NECC is
restricted to the central and eastern part of the trop-
ics north of the equator. We show this northern spring
situation in Figure 2.

The wind-driven Ekman layer in the upper tens of
meters of the ocean might mask the flow structure of
the surface water layer at some locations. Most notably,
the surface Ekman velocity can mask the surface geo-
strophic signal of the Angola Gyre [Gordon and Bosley,
1991].

3.2. Central Water Layer

For most of the flow field of the South Atlantic Cent-
ral Water layer (Figure 3) the shape resembles that of
the surface layer of Figure 2. However, the northern
reaches of the subtropical gyre are shifted more to the
south, and the southern band of the South Equatorial
Current reaches the Brazilian continent at about 20°S
and splits into a weaker part feeding the Brazil Current
and a stronger part moving northward as the subsurface
core of the North Brazil Undercurrent. In a review of the
waters off southwest Africa, Shannon and Nelson [1996]
state that thermocline waters and AAIW from the trop-
ical Atlantic are advected poleward off Africa, certainly
as far south as 27°S (Figures 3 and 4), which shows that
the Angola Gyre is embedded in a large-scale tropical
cyclonic gyre (referred to as a “cyclonic subequatorial
gyre”, [ Tsuchiya et al., 1994], with its poleward current
band at the northern side of the subtropical gyre. Poole
and Tomczak [1999] showed a percantage distribution
of the SACW from an optimum multiparameter analysis
at 300 and 500 m depth with the western SACW found
only within the subtropical gyre, with the northernmost
extent at the Brazilian coast at 20°S. They show that
eastern SACW enters from the Agulhas region, where
the throughflow of eastern SACW occurs between 350
and 600 m and is carried northward mainly with the
northern part of the subtropical gyre and spreads within
the entire tropical South Atlantic and across the equator,
similar to the schematic flow field (Figure 3). Accord-
ing to observations in the southern Benguela Current,
Garzoli and Gordon [1996] derived a schematic with a
somewhat restricted corridor for Agulhas Current eddy
translation, while west of the eddy corridor flows the
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South Atlantic source for the Benguela Current and to
the east, near the shelf is the Agulhas (Indian Ocean)
source. Hence the corridor is breached by South At-
lantic and Indian Water as the transient eddy field stirs
these water masses.

3.3. Intermediate Water Layer

The mean flow field of the AAIW layer is shown in
Figure 4. There are two major differences from the
flow field above. First, the northern limb of the sub-
tropical gyre shifts farther to the south, reaching the
Brazilian continent south of 20°S. According to direct
observations of the currents in the AAIW layer by Ra-
fos floats, Pegasus profiles, and current meter data, the
northern part of the SSEC reaches the shelf at about
23°S and turns northward while the stronger westward
component within the Brazil Current recirculation cell
reaches the shelf near 28°S and turns southward [Boebel
et al., 1997]. From geostrophic transport estimates of
the AATW, Boebel et al. [1997] calculate the separation
point between northward and southward flow of AATW
off the Brazilian shelf to be at about 26°S. At the same
time the tropical cyclonic gyre extends southward.

Second, the equatorial flow field for the AATW shows
some new features. The flow at the equator changes
from eastward above to a westward Equatorial Inter-
mediate Current (EIC) [e.g., Schott et al., 1998], which
shows large variability in strength and vertical extent,
but nevertheless is a permanent feature. However, ow-
ing to the large variability, at times the EIC influ-
ences a large part of the SACW layer, leading to east-
ward currents at the AAIW core level [Stramma and
Schott, 1999]. Although permanent, the EIC can lead
to reversing currents at the cores of the SACW and
AAIW. The EIC is fed by a contribution of two east-
ward current bands, the Northern Intermediate Coun-
tercurrent (NICC) and Southern Intermediate Counter-
current (SICC) at 400 to 1000 m and 1°- 3° north
and south of the equator [Schott et al., 1995]. The low-
est part of the Angola Gyre, the SEUC, and its return
within the ESEC are still visible in water mass distribu-
tions but show only weak velocities; hence the currents
are included in Figure 4 but presented only by dashed
lines.

In the 30°S WOCE section the lowest salinity in the
AAIW layer is found in the western basin [Siedler et
al., 1996], not in the eastern basin as would be expec-
ted if the major transport of AAIW were in the sub-
tropical gyre. Siedler et al. [1996] interpret this finding
as a northward component of the anticyclonic flow west
of the Mid-Atlantic Ridge which supplies less diluted
AAIW to the western basin, i.e., a western recircula-
tion as shown in Figure 4. On the basis of CFC distribu-
tions, Warner and Weiss [1992] state that more recently
ventilated AAIW is apparently transported around the
subtropical gyre instead of northward along the western
boundary. In addition, as described by Gordon et al.
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[1992], water from the Indian Ocean enters the AATW
layer south of South Africa, while in the deep water
layer, no Indian Ocean to South Atlantic leakage exists.

In the AAIW layer of the tropical cyclonic gyre, high
salinity is confirmed in the eastern tropical South At-
lantic off Africa along with low oxygen and high ni-
trate, supporting the notion that vertical mixing as well
as biological processes alter the isopycnal properties in
that region.

3.4. Upper Interocean Exchange

For all three layers of the upper ocean shown in Fig-
ures 2-4, there is a flux from the Agulhas into the south-
east Atlantic. In the north the South Atlantic loses water
to the North Atlantic by cross-equatorial flow, mainly at
the western boundary off Brazil. As a result, the South
Atlantic receives water from the Indian Ocean and con-
tributes water to the North Atlantic in the near-surface
layer, the SACW layer, and the AAIW layer. It is dif-
ficult to estimate, from measurements, how strong the
water contribution from the South Pacific Ocean to the
South Atlantic is through the Falkland Current in the
confluence zone with the Brazil Current; nevertheless,
exchange, mixing, as well as water mass formation take
place in the southwestern South Atlantic. One intriguing
feature of all three upper ocean layers is that the separ-
ation of the Falkland and the Brazil Currents remains,
despite extremely intense eddy activity in the confluence
zone.

3.5. Upper Circumpolar Deep Water Layer

The UCDW almost disappears near the equator; the
vertical extent of this water mass is small in the trop-
ics, and the observed velocities and transports within
the UCDW are weak [Fu, 1981]. The exact path of the
UCDW is still a controversial issue. The adjusted steric
height field of Reid [1989] and the parameter distribu-
tion on the WOCE sections [Siedler et al., 1996] point
to a circulation within the subtropical gyre. However, a
multiparameter analysis suggests that the UCDW pro-
gresses northward to about 24°S as a large body of
fresh, oxygen-poor, and nutrient-rich water in the west-
ern basin and most of it returns southward in the eastern
basin [Larqué et al., 1997]. As the cross-equatorial flow
of UCDW is weak and the water mass flow path is still
not fully known, no circulation scheme is given here for

the UCDW.

3.6. Deep Water Layer

With increasing depth, NADW spreading paths be-
come more restricted by the topography, and the dif-
ferent water mass components of the NADW will show
different spreading paths. Large recirculation cells are
proposed for different regions, and flow schematics for
different layers indicate exchange of water between the
layers [e.g., Friedrichs et al., 1994]. In addition, the
NADW layer thickness decreases to the south and the
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NADW components merge and mix with the CDW. It is
impossible, at present, to construct solid schematics for
all four NADW layers, as too few data and some con-
tradictory information exist on the spreading pathways
of the different deep layer components. Contradictory
results may arise from the different methods used in
geostrophic calculations for the deep ocean. In such re-
gions, low velocities can be loaded with large errors and
further complicated by large transport variability as ob-
served in the input region for the South Atlantic at the
western equatorial boundary [Fischer and Schott, 1997].
While, for example, Durrieu de Madron and Weatherly
[1994] showed almost no net transport from the Brazil
to the Argentine Basin, the adjusted steric height fields
prepared by Reid [1996] show a clear continuation of the
DWBC to the Brazil/Falkland Confluence Zone.

According to mooring measurements at-the equator
at 44°W, the largest inflow of NADW is located in the
LSW layer at about 2000 m depth [Fischer and Schott,
1997], and in Figure 5 a schematic flow diagram of the
NADW near 2000 m depth (but integrating all NADW
components) is presented to show the different behavior
of the deep water layer compared to the upper ocean.

When the DWBC reaches the equator, a part of the
NADW recirculates in the Guiana Basin [e.g., Friedrichs
et al., 1994]; however, the larger part crosses the equator
into the South Atlantic. After the DWBC crosses the
equator, the NADW _separates near a seamount chain
at the northeastern tip of Brazil. According to Rhein et
al. [1995], a large part of the SUNADW continues east-
ward just south of the equator, while the major part of
the LSW follows the DWBC southward. The eastward
spreading in the upper part of the NADW was also ob-
served with tracer data in the eastern equatorial Atlantic
Jjust south of the equator at 3°50'W [Andrié, 1996]. For
the deepest part of the NADW, Friedrichs et al. [1994]
describe an eastward flow near the equator, and this
water enters the eastern basins through the Romanche
Fracture Zone.

From the parameter distribution of the large zonal
hydrographic WOCE sections presented by Siedler et
al. [1996], it becomes evident that the major southward
transport in the South Atlantic occurs in the DWBC,
and a second southward transport band is located near
the eastern boundary of the South Atlantic. According
to the cumulative transport at 11°S [Speer et al., 1996],
the southward transport in the Angola Basin takes place
mainly in the upper part of the NADW next to the
eastern boundary with recirculation at the eastern flank
of the Mid-Atlantic Ridge. Part of the DWBC recir-
culates in the Brazil Basin [e.g., Durrieu de Madron
and Weatherly, 1994; Friedrichs et al., 1994]. A line
of seamounts extending offshore near 20°S, known as
the Vitoria-Trindade Seamounts, interrupts the DWBC
and is the location for eddy formation and apparent
flow away from the boundary into the interior [Hogg
and Owens, 1999]. From hydrographic measurements
1t has been speculated that this could feed a narrow
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zonal current of the NADW, the “Namib Col Current”
[Speer et al., 1995]. At depths of 1300-3000 m near
22°S, this current forms a continuous circulation struc-
ture from the western trough to the Namib Col on the
Walvis Ridge, indicated by the zonal flow near 22°S in

Figure 5. At the Walvis Ridge this water adds to the

southward flow from the northern Angola Basin. Evid-
ence suggests that this deep water continues south in
the eastern Cape Basin, leaving the South Atlantic near
the African continent [Speer et al., 1995]. The float tra-
Jjectories of Hogg and Owens [1999] suggest that a large
portion of the DWBC returns to the western boundary
south of the Vitoria-Trindade Seamounts. The results
from a multiparameter analysis suggest that there is also
a recirculation cell in the Argentine Basin [Larqué et al.,
1997].

In the Brazil-Falkland Confluence Zone the DWBC
meets the deep-reaching Falkland Current, and near
40°S the NADW leaves the western boundary and mix-
ing of NADW with the CDW creates fine structure in
temperature and salinity profiles [Provost et al., 1995].
The measurements along the WOCE section All at
45°S in the Argentine Basin and tilted northeastward
east of the Mid-Atlantic Ridge to 30°S, near the African
continent shed light on the eastward flow of NADW.
Just east of the Falkland Current, 15 Sv of deep wa-
ter cross the 45°S section, but all returns northward
west of 38°W. In the tilted northeast part of the A1l
section in the Cape Basin the major NADW compon-
ent flows eastward south of 40°S with an additional
southward flow near the African continent [Saunders
and King, 1995]. The water mass distribution shows
that the NADW southward extent is terminated near
45°S [Peterson and Whitworth, 1989], where the north-
ern band of the Antarctic Circumpolar Current connec-
ted to the Subantarctic Front (SAF) (see also Figure 1a)
penetrates to great depth. Hence the NADW is flowing
eastward at the location of the South Atlantic Current
near 40°S and in the Subantarctic Zone north of the
SAF, in good agreement with the NADW distribution
near 25°W observed by Tsuchiya et al. [1994]. South
of the SAF, Circumpolar Deep Water is located at deep
water depths. At the location of the Falkland Current
and its extension as the northern band of the ACC and
to the south, Circumpolar Deep Water is flowing east-
ward. However, detached masses of NADW were ob-
served within the CDW at the western boundary as well
as within the ACC south of the SAF in the south central
Argentine Basin [Peterson and Whitworth, 1989]. This
shows that in the Brazil-Falkland Confluence Zone some
admixture of NADW into the CDW layer takes place.

3.7. Antarctic Bottom Water Layer

The spreading of the AABW is strongly influenced by
the bottom topography. As for the UCDW component,
the cross-equatorial flow of AABW is weak [e.g., Rhein
et al., 1998]. The major spreading paths of AABW are
included as dashed lines in Figure 5, but basin-scale de-
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tails as derived, for example, from a few sections in
the Brazil Basin by Durrieu de Madron and Weath-
erly [1994] are not included. Owing to the topography,
the AABW enters the Argentine Basin at the southeast-
ern side and flows to the western boundary in the deep
Argentine Basin. It is the LCDW component of the
AABW that spreads northward mainly in the western
basins of the South Atlantic and crosses the equator to
the Northern Hemisphere. It also spreads eastward at
the equator through the Romanche Fracture Zone to fill
the Angola Basin from the north. AABW eventually
flows into the eastern basin of the North Atlantic. Ow-
ing to the barrier of the Walvis Ridge, the Cape Basin
receives AABW from the south, and near the African
continent this water returns south toward the Agulhas
region [e.g., Saunders and King, 1995].

4. Model Simulations in the South
Atlantic

Modeling strategies for the South Atlantic Ocean have
been discussed by Barnier et al. [1996]. The South
Atlantic Ocean is widely open to the Indian Ocean
and the North Atlantic Ocean and has a large inflow
from the Pacific through the more narrow Drake Pas-
sage. Important property fluxes take place across these
three open boundaries. Hence strategies of modeling the
ocean circulation in this area require a consideration of
interocean exchange at these three sections. Approaches
to study the South Atlantic are either to model the world
ocean and study the South Atlantic as a subdomain [e.g.,
England and Gargon, 1994] or to limit the model do-
main to the South Atlantic basin and then deal with the
complicated problem of open boundaries [e.g., Matano
and Philander, 1993; Barnier et al., 1996; Marchesi-
ello et al., 1998]. While the first approach can exhibit
large differences between the various hydrographic and
model estimates of fluxes at the limits of the South At-
lantic (even at eddy-resolving resolutions), the second
approach largely depends upon the fluxes prescribed at
the open boundaries [Barnier et al., 1996]. Regional
South Atlantic Ocean models can therefore be tuned
somewhat by adjusting the prescribed open boundary
conditions.

In this section we directly compare two global ocean
GCMs with the observations of the mean circulation in
the South Atlantic described above. While the two mod-
els are both run over a global domain and each uses a
Z-level vertical coordinate system and similar numerics,
they differ substantially in horizontal resolution; one is
coarse (just under 2° resolution) and does not resolve
mesoscale eddies or detailed bathymetry, the other is
high resolution and eddy permitting. Intercomparing
two global ocean models in this manner helps determine
what circulation patterns in the South Atlantic are re-
solved at different model resolutions. Vector plots from
a regional South Atlantic model were not included ex-
plicitly in our analyses as (1) most are limited to the
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north at 15°S and we are also interested in the equat-
orial current structure, (2) the regional model solution
is determined in part by the prescribed open boundary
conditions, and (3) the resolution of regional South At-
lantic models is generally no higher than that adopted
in high-resolution global studies. Some reference will be
made, nevertheless, to the simulated circulation in the
o coordinate regional South Atlantic model of Marchesi-
ello et al. [1998].

4.1. Model Descriptions

The resolution and geometry of the coarse model
are typical of state-of-the-art coupled ocean-atmosphere
models used to study climate variability and anthropo-
genic climate change. Its configuration and mixing coef-
ficients are described by England and Gargon [1994).
The ocean model is the Geophysical Fluid Dynamics
Laboratory (GFDL) Modular Ocean Model (MOM) and
is based upon the primitive equations for the ocean cir-
culation [Bryan, 1969; Coz, 1984; Pacanowski et al.,
1991]. The resolution is coarse (1.8° in longitude and
1.6° in latitude), so the eddy field is not resolved ex-
plicitly. There are 33 unequally spaced vertical levels
with bottom topography and global continental outlines
as realistic as possible for the given grid box resolution.

The coarse model is driven by Hellerman and Rosen-
stein [1983] winds. The model temperature and salinity
are relaxed to the climatological annual mean fields of
Levitus [1982] at the surface and below 700 m. The
coarse model run is therefore in diagnostic mode be-
low 700 m, whereas it freely equilibrates above this
depth. The restoring terms are weak below 700 m and
act mainly to suppress vertical motions and convec-
tion rather than influence the lateral circulation schemes
shown here. The subsurface T-S restoring ensures rather
rapid baroclinic adjustment and shorter model equilib-
ration times and limits deep water mass drift. From this
model the velocity distribution at 90 m depth (Figure 6)
was chosen to represent the upper ocean currents, that
at 430 m (Figure 7) represents the SACW layer and that
at 900 m (Figure 8) represents the AAIW layer. The
deep layer circulation field is represented by the ocean
currents at about 2250 m depth (Figure 9).

The fine resolution model included in our analyses is
the Parallel Ocean Climate Model (POCM) with nom-
inal lateral resolution of 1/4° [Stammer et al., 1996;
Tokmakian, 1996] based on the model formulation of
Semtner and Chervin [1992]. The model domain is
nearly global, running from 75°S to 65°N. The actual
grid is a Mercator grid of size 0.4° in longitude, yield-
ing square grids everywhere between the equator and
75° latitude [Stammer et al., 1996]. The resulting aver-
age grid size is 1/4° in latitude. Model bathymetry was
derived by a grid cell average of actual ocean depths
over a resolution of 1/12°. Unlike our coarse model, the
fine resolution model includes a free surface [after Kill-
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worth et al., 1991] that treats the sea level pressure as
a prognostic variable.

The POCM experiment was integrated for the period
1987 through to June 1998 using European Centre Me-
dium-Range Weather forecasts (ECMWF) derived daily
wind stress fields, climatological monthly mean ECMWF
sea surface heat fluxes (produced by Barnier et al.
[1995]), and some additional 7', S surface restoring
terms. The surface restoring of T' and S adopts the
Levitus et al. [1994] monthly climatology with a 30-day
relaxation timescale (similar to England and Gargon
[1994] (hereafter referred to as EG94)). Subsurface
to 2000-m depth T-S are also restored toward Levitus
[1982] along artificial model boundaries north of 58°N
and south of 68°S to approximate the exchange of water
properties with those regions not included in the model
domain. The timescale for relaxation used in these
boundary domains is 120 days. Elsewhere, the model
T-S freely equilibrates. The POCM is therefore pro-
gnostic, although it should be noted that with limited in-
tegration times the deep water masses are changed little
from their initial conditions (i.e., the Levitus [1982] cli-
matology). Thus both models have a realistic deep wa-
ter mass structure owing to interior T-S restoring terms
(EG94) and short model integration times (POCM).
Further model details are given by Semtner and Chervin
[1992], Stammer et al. [1996], and Tokmakian [1996).

To intercompare the high-resolution POCM with the
model of England and Gargon [1994] and the obser-
vations described above, we include plots of simulated
POCM ocean currents at 87.5, 435, 847.5, and 2475 m
in Figures 6-9, respectively. It may be noted that the
plotted POCM currents are drawn over a coarser grid
than that actually simulated; in particular, vectors are
drawn at every third grid box in latitude and longitude
(with no spatial averaging).

4.2. Model-Model Comparison

In many respects the coarse resolution and fine res-
olution models exhibit similar circulation patterns in
the South Atlantic. For example, they both simulate a
strong and shallow EUC, a gradual reduction in north-
ward extent of the subtropical gyre with depth, and a
direct Indian to Atlantic transport of upper water via
the Agulhas Current. The differences between the mod-
els often relate to narrower and faster ocean currents
in the fine resolution simulation, such as an explicitly
resolved South Atlantic Current north of the ACC. In
addition, the eddy-permitting model exhibits rich meso-
scale structure in the ACC and a more complex equat-
orial current system in the upper 100 m. However, many
aspects of the observed circulation are not captured by
either model, and in some instances the coarse model
happens to be more realistic (e.g., in simulating the An-
gola Gyre). Details of the model-observation compar-
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Figure 6. Horizontal ocean currents simulated in the South Atlantic Ocean near 90 m in (a) our
coarse resolution model and (b) the eddy-permitting Parallet Ocean Circulation Model (POCM)
simulation (courtesy of R. Tokmakian, Naval Postgraduate School).
model topography of less than 3000 m are stippled. In the Figure 6b, only every third ocean
model vector is plotted. Note that vector scaling differs between the coarse and fine resolution

diagrams.

In Figure 6a, areas with
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Figure 7. Same as Figure 6, but for 430-m depth.

ison for each depth layer considered in section 3 will
now be discussed.

4.3. Model-Observation Comparisons

4.3.1. Near-surface layer. Near 90 m depth
(Figure 6), the coarse model shows a South Equatorial

Current that widens near the South American comtin-
ent and reaches the coastal region at 10° to 18°S. In
contrast, the POCM model simulates a much narrower
SEC fed by the northern limb of the Benguela Current
arriving at the South American coast near 15°S (as ob-
served). In addition, a stronger westward flowing cur-
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Figure 8. Same as Figure 6, but at 850- to 900-m depth.

rent is simulated near 25°-30°S in the eddy-permitting
model, with water south of Africa advected toward the
center of the subtropical gyre. This feature is absent in
the coarse model. In observations, Agulhas rings have
been noted to cross the Walvis Ridge farther south than

the mean surface field of Figure 2, seeking out deeper
topography and moving across the South Atlantic near
the center of the subtropical gyre [see Lutjeharms, 1996;
Figure 15]. The POCM experiment, with marginally re-
solved eddies at this latitude, reproduces this preferred
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Figure 9. Same as Figure 6, but for depth levels near 2200-2500 m.

Agulhas ring path to the west, although it is too reg-
ular and slightly too far to the north (R. Tokmakian,
personal communication, 1999).

While the fine resolution model captures some of the
meridional structure in the zonal currents north of 15°S,
the coarse model simulates only a broad EUC. Both

models produce a cross-equatorial flow off Brazil and a
southward recirculation loop feeding the Equatorial Un-
dercurrent. However in both models, particularly the
coarse version, the EUC is somewhat too wide. The
coarse model captures the Angola Gyre in the eastern
tropical South Atlantic, although it is essentially bound
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to the north by the EUC and to the south by the SEC.
The fine resolution model does not simulate an Angola
Gyre with the same spatial extent as observed. In par-
ticular, the POCM sees the gyre centered farther to the
south, separated from the equatorial currents, with only
a limited poleward flowing eastern boundary current
near 15°-20°S.

The Brazil-Falkland Confluence is close to the loca-

tion described from hydrographic and satellite observa-
tions in both models (and in the model of Marchesiello et

al. [1998]). However, the coarse model does not separ-
ate the South Atlantic Current from the ACC, whereas
the POCM does. In addition, the coarse model flow
structure is dominated by topographic steering of the
ACC in the Southern Ocean. This is also true of the
fine resolution model, although significant internal eddy
variability also characterizes the region. In both model
cases the Benguela Current originates off South Africa,
fed by a mixture of saline water of the Indian Ocean and
water from the subtropical South Atlantic. However, in
the POCM run some of this Agulhas leakage occurs via
mesoscale eddies, as observed.

4.3.2. Agulhas leakage.
fer from the Indian to the South Atlantic is difficult to
measure, as it is caused by highly time variable pro-
cesses. Estimates from earlier observations reviewed
by Peterson and Stramma [1991] were in the range of
3 to 15 Sv, and recent results listed by Lutjeharms
[1996] seem to converge to values in the middle of the
range of the earlier observations, i.e., around 8 Sv or
so. Total Agulhas leakage transport is 8.7 Sv in the
coarse model; all of this water is advected northward
into the Benguela Current [England and Gargon, 1994].
The Agulhas leakage transport is substantially higher
in the POCM run, with over 90 Sv advected westward
across 20°E and north of 39°S (R. Tokmakian, personal
communication, 1999). However, a substantial compon-
ent of this transport recirculates into the ACC, with
only 24.2 Sv flowing northward across 30°S within the
Benguela Current. Even an Agulhas leakage of 24.2 Sv
is somewhat larger than Indian to South Atlantic water
transfer rates estimated from observations. Analyses of
interocean exchange of heat and freshwater are being
carried out in this region to determine the relative suc-
cess of models at capturing thermohaline transports in
the Agulhas leakage.

4.3.3. Central Water layer. The 430-m distri-
bution (Figure 7) shows the southward shift of the sub-
tropical gyre in both models, reaching the South Amer-
ican continent in a wide region between 15° and 32°S.
In the fine resolution model the NBUC is narrower and
faster than its coarse model counterpart, traveling at
speeds of up to 50 cms™! . At this depth, neither model
reproduces the weak Angola Gyre or the zonal equat-
orial current structure. In the POCM run the west-
ward flowing Equatorial Intermediate Current (which
is not strongly confined to the water mass boundaries
[Stramma and Schott, 1999]) is seen on the eastern side

The water mass trans-
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along the equator at 435 m depth. In fact, the EIC does
not appear near 900 m depth in either model (Figure 8),
and no signature of the eastward flowing EUC is seen
in the model Central Water near 430 m. This is not a
problem in the POCM, as it sees a shallow EIC which
is not in disagreement with observations, recalling the
EIC spatial variability noted in section 3. However, in
the coarse model, virtually no equatorial ocean flow is
seen along the equator in the Central Water layers.

Both models show the cross-equatorial flow from the
Southern to the Northern Hemisphere in the western
equatorial Atlantic off Brazil. The fine resolution model
further captures the southward flowing recirculation fed
by the North Brazil Current, although it flows south to
10°S, feeding a weak SEUC instead of separating from
the coast at the equator. Both models capture the con-
tribution of Central Water from the Indian Ocean via
the Agulhas Current into the South Atlantic. However,
the equatorial currents are weak or erroneous near 430
m depth in both coarse and fine models, apart from the
shallow EIC in the POCM simulation. Capturing the
complex meridional structure of the equatorial current
system in the SACW layer certainly requires higher ho-
rizontal resolution than we use in the coarse model and
perhaps higher vertical resolution or a more realistic
parameterization of vertical momentum transfer in the
eddy-permitting model.

4.3.4. Intermediate Water layer. The 850-to
900-m distribution (Figure 8) representing the AAIW
layer shows the subtropical gyre farther to the south in
both fine and coarse models. The splitting of the flow
of AAIW south of 25°S is in agreement with WOCE
float observations [e.g., Boebel et al., 1997]. The west-
ward flow of intermediate water bifurcates at the coast
into the northward flowing NBUC and the southward
flowing Brazil Current, as observed. In the tropics the
cross-equatorial flow is present; however, the zonal trop-
ical currents are not resolved at all in the coarse model
(most likely a problem of low model resolution). The
higher-resolution POCM only simulates weak equatorial
flow at this depth and, in fact, has an equatorial current
flowing in the opposite direction to the EIC. The EIC
is known for large variability in vertical extent, and the
fine resolution model appears to be simulating it at 300-
500 m depth, leaving very weak eastward flows at the
deeper 847-m surface shown here. Apart from this weak
equatorial current just off Brazil, there is virtually no
zonal flow in either model at the tropical latitudes. Fur-
ther model studies of the equatorial Atlantic circulation
are required to determine why models behave so poorly
in the context of capturing the tropical circulation sys-
tem in the upper South Atlantic.

Farther to the south, both models capture the ACC,
rich in mesoscale structure in the POCM. Both mod-
els also capture the water contribution from the Indian
Ocean to the South Atlantic via the Agulhas Current
at intermediate layers. A weak contribution of north-
ward flowing intermediate water on the western flank
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of the Mid-Atlantic Ridge can be seen in the POCM
(near 20°W). In contrast, this flow is missing in the
coarse resolution model. Like the POCM, the o co-
ordinate model of Marchesiello et al. [1998] captures
a northward flow of AAIW near 20°W and proposes a
circulation very consistent with the above scheme for
AAIW (Figure 4). Details of model topography at the
Mid-Atlantic Ridge probably determine the nature of in-
termediate water flow in this region.

4.3.5. Deep Water layer. The flow simulations
near 2000-2500 m depth are used to analyze the deep wa-
ter circulation schemes in the coarse and fine resolution
models. Both models put most of their NADW outflow
in the Deep Western Boundary Current off South Amer-
ica. The DWBC separates from the coast in a broad re-
gion near 35°-42°S in the coarse model, whereas in the
fine model a more distinct confluence with the north-
ward flowing Falkland Current is simulated near 40°S.
Only the fine resolution POCM captures the equatorial
excursion of NADW eastward, resulting in a weak pole-
ward flow of NADW at the eastern boundary of the
Angola Basin.

Both models capture the eastward circulation of NA-
DW from the DWBC at 20°S, i.e., the Namib Col Cur-
rent of Speer et al. [1995]. The coarse model sees
much of this flow turn southward at the Mid-Atlantic
Ridge with only a weak outflow in the eastern Cape
Basin. The fine model, on the other hand, simulates
substantial NADW outflow along the eastern boundary
complicated by small-scale recirculations in the region.
The model of Marchesiello et al. [1998] also captures a
Namib Col Current, although it is very broad and some
of it recirculates northward along the eastern bound-
ary. Both model runs considered herein also capture a
recirculation cell in the Argentine Basin (as advocated
by Larqué et al. [1997]). This is quite a broad flow
in the coarse model; in contrast, the POCM simulates
a distinct boundary current separation near 35°S flow-
ing eastward and recirculating anticlockwise within the
Argentine Basin. Overall, both global coarse and fine
models do a reasonable job at capturing the deep water
circulation patterns in the South Atlantic Ocean.

4.3.6. Antarctic Bottom Water layer. Bot-
tom water flow patterns in ocean circulation models de-
pend primarily on the production rate of AABW and
the choice of model bathymetry. So long as reasonable
amounts of AABW are formed, the model circulation
pathways will be quite realistic if a reasonable distri-
bution of bottom topography is incorporated into the
model. In both models considered here, AABW form-
ation rates are quite weak. This is probably because
of the interior restoring terms in the coarse model and
the short integration times in the POCM run. Short
integration times mean that the fine resolution model
has interior T-S still quite close to its initial conditions
(i.e., the Levitus [1982] climatology), rendering weak in-
terior overturning rates as described by Togqweiler et
al. [1989]. In addition, neither model incorporates sea
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ice formation processes explicitly, relying on climatolo-
gical salinity forcing to approximate wintertime brine
rejection as sea ice is formed. This is known to limit
AABW formation rates in ocean models because of a
lack of wintertime observations of Antarctic salinities
under sea ice [England, 1992].

In spite of weak AABW formation rates in both mod-
els, there is general agreement between the model runs
and observed AABW flow patterns in the deep basins.
For example, bottom waters enter the Argentine Basin
flowing northward along the western boundary. Only a
very weak cross-equatorial flow is simulated, however,
as AABW formation rates are low (2-3 Sv total). Bot-
tom water inflow and recirculation in the Cape Basin are
also captured by both models, although they are very
weak. In comparison, Marchesiello et al. [1998] sim-
ulate AABW northward flow in the central Argentine
Basin (see their Figure 11), although they capture more
northward flow east of the Vitoria-Trindade Seamounts.
These simulated circulation patterns are highly depend-
ent on model bathymetry details and AABW overturn-
ing strength.

Coarse models that capture stronger AABW form-
ation rates appear to reproduce the flow schematic of
Figure 5 rather well. For example, northward flowing
signatures of young CFC-laden bottom waters are simu-
lated by England et al. [1994] and England [1995], with
a western boundary flow continuing from the Argen-
tine and Brazil Basins into the North Atlantic and some
equatorial recirculation of AABW eastward into the An-
gola Basin: The bottom water in the Angola Basin then
flows southward. A Cape Basin circulation of AABW
is also captured by the coarse model of England et al.
[1994] and England [1995]. It would appear, then, that
within the limits of model bathymetry matching the ob-
served South Atlantic, bottom water flow patterns are
quite well resolved if a sufficiently high rate of AABW
is produced in the Weddell Sea.

5. Conclusions

Schematic circulation diagrams based on observational
evidence have been presented for the near-surface layer,
the South Atlantic Central Water, the Antarctic Inter-
mediate Water, and the North Atlantic Deep Water of
the South Atlantic. These reveal differences in the mean
circulation of the different water masses and present a
more complete view of the vertical structure of the mean
circulation than available in previous studies. However,
there are large regions where the flow field was not re-
solved by detailed observations. While in the upper
ocean the subtropical South Atlantic is governed by the
subtropical gyre with a southward shift of the northern
part of the gyre, the tropical circulation shows several
depth-dependent zonal current bands. In the NADW
layer the southward transport takes place mainly in the
Deep Western Boundary Current to the Brazil/Falkland
Confluenze Zone, from where the NADW is transported
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eastward. Although much contradictory information on
the NADW water spreading in the South Atlantic ex-
ists, the recent WOCE measurements seem to prove
that southward transport also takes place at the east-
ern boundary, in good agreement with a multiparameter
analysis of water masses in the South Atlantic [Larqué
et al., 1997].

A coarse resolution global ocean GCM and a global
eddy-permitting model were analyzed to assess the abil-
ity of ocean models to capture the observed circula-
tion in the South Atlantic. The models both resolved
the southward shift of the subtropical gyre. However,
neither model could reproduce the zonal current system
of the tropical South Atlantic, certainly owing to insuffi-
cient meridional resolution in the coarse model and pos-
sibly to insufficient vertical resolution in the fine model.
In addition, surface forcing fields might lack the ob-
served meridional structure in wind stress gradients in
the tropical oceans in the POCM experiment. This is a
subject of ongoing research in the POCM simulation.

All observations show that the subtropical gyre and
the southward shift with depth of its northern branch

are robust features of the South Atlantic circulation.

These are reproduced in our coarse resolution GCM
and the POCM. Other robust features of the coarse and
fine models are the interhemispheric exchange from the
South to the North Atlantic in the western equatorial
region, the water leakage from the Indian Ocean to the
South Atlantic via the Agulhas Current, and the con-
fluence of the Brazil and Falkland Currents. The fine
resolution model captures narrower and faster ocean
currents than the coarse model, such as an explicitly
resolved South Atlantic Current north of the ACC. In
addition, the eddy-permitting model exhibits rich meso-
scale structure in the ACC and a more complex equat-
orial current system. Still unclear from observations is
how the Falkland and Brazil Currents interact and ex-
change water, hence how strong the input from the South
Pacific to the South Atlantic is. From model results, es-
timates of this exchange can be derived; for example, in
the same model as we have used, England and Gargon
[1994] find a 6.5 Sv contribution from the Drake Pas-
sage to the South Atlantic northward transport toward
the North Atlantic.

The schematic flow fields derived from observations
(Figures 2-5) are supposed to present the mean cir-
culation within a water mass layer; however, the cur-
rent bands are not closely connected to the water mass
boundaries (especially in the tropics). In addition, up-
welling and downwelling take place between the layers.
This leads to an exchange of water between the lay-
ers. One such calculation was performed by Speer et al.
[1996], who derived a net geostrophic volume northward
transport at 11°S of 34.8 Sv for the upper ocean. In a
comparison with the results from other sections at 14°N
and 45°-30°S, they compute a southward Ekman trans-
port at 11°S of 12 Sv and to the north at 14°N of 14 Sv.
Together with the derived ocean layer transports, they
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estimate a flow of 26 Sv into the Ekman layer between
11°S and 14°N and of 17 Sv from the Ekman layer into
the geostrophic circulation between 11°S and 45°-30°S.
Although proven to be important, exactly where and to
what extent upwelling and downwelling take place is far
from being resolved; hence such processes are not in-
dicated in the flow field schematics. Despite this lack of
information on water mass exchange across layer inter-
faces, the schematic flow fields presented can be used
as a comparison of the horizontal flow field of detailed
surveys of special areas, in qualitative ocean model as-
sessments, and for the investigation of deviations from
the mean horizontal circulation.
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