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Simulation of the South Atlantic Ocean circulation
and its seasonal variability
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Abstract. The high-resolution Princeton Ocean Model is used to simulate the
circulation and seasonal variability of the South Atlantic Ocean. A diagnostic
calculation, using the Levitus annual mean fields and forcing consisting of the
climatological annual mean wind stress, produces a realistic steady circulation
pattern. In particular, the meridional overturning cell shows equatorward flow in
the surface and intermediate waters and poleward flow at depth. Associated with
this circulation is a northward heat transport that reaches a maximum of 1 PW near
20°S. The model results are improved when the density field near the ocean bottom
is allowed to deviate from the Levitus values. Using forcing consisting of observed
monthly wind stress, heat flux and a prescribed seasonally varying Antarctic
Circumpolar Current (ACC), a prognostic calculation is next carried out to study
the seasonal variability in the South Atlantic Ocean. With a realistic heat flux, the
model output for the seasonal thermal field compares well with that in the Levitus
data. An analysis suggests that the seasonal cycle of the Brazil Current separation
latitude, as well as the strength of the Falkland-Malvinas Current depends more
strongly on the prescribed seasonal variability in the strength of the ACC than on

the seasonal variations in wind and buoyancy forcing in the South Atlantic.

1. Introduction

The South Atlantic Ocean is the major conduit for
water mass exchange between the North Atlantic Ocean,
the Weddell Sea, and the Antarctic Circumpolar Cur-
rent (ACC). Many previous studies of the South At-
lantic circulation were based on water mass analyses of
hydrographic data [e.g., Reid, 1977, 1989] and on the
satellite IR images [e.g., Matano et. al, 1993]. The
inferred upper level circulation in the South Atlantic is
reviewed by Peterson and Stramma [1991]. As the main
stream of the ACC moves eastward through Drake Pas-
sage, part of it branches northward near the Argentina
shelf break and forms the Falkland-Malvinas Current
(called FMC hereafter). The Brazil Current (BC), the
western boundary current of the South Atlantic sub-
tropical gyre, flows south along the eastern continental
margin of South America. This warm, saline BC then
meets the cold, fresh FMC near 40°S, the confluence
zone where both currents separate from the coast. Part
of the BC continuously flows southward and can reach
as far as 46°S [Legeckis and Gordon, 1982]. At mid-
latitudes in the eastern South Atlantic, the subtropical
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gyre is closed by an eastern northward flowing boundary
current, the Benguela Current.

The processes involved in determining the seasonal
variability of the BC, the FMC, the BC-FMC conflu-
ence zone and the BC separation are of central im-
portance to the regional marine climate. Olson et al.
[1988] found that a more northward BC separation oc-
curred during the austral winter and spring than during
the austral summer and fall. This seasonality may be
related to the subtropical high pressure system being
centered farther north, with a higher central pressure
during the winter and spring [Peterson and Stramma,
1991]. This idea, however, was not fully supported by
Olson et al. [1988]. The mechanisms responsible for this
seasonality are still not clear. The seasonal variation of
the FMC, the BC, and its separation latitude have been
addressed by Matano et al. [1993], who used Geosat al-
timeter data and a barotropic ocean model to argue
that both BC and FMC undergo a similar seasonal cy-
cle but with opposite phase. A seasonal signal has also
been found in the ACC , with a stronger transport oc-
curring in the austral winter and spring [ Whitworth and
Peterson, 1985]. Zyryanov and Severov [1979] presented
evidence for a seasonal northward flowing signal in the
FMC. '

Most attempts to quantitatively describe the circula-
tion of the South Atlantic have been based on an anal-
ysis of historical hydrographic data. Examples include
the geostrophic calculations by Gordon and Greengrove
[1986] and Fu [1981]. A calculation involving integra-
tion along the characteristics of a vorticity equation
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(with forcing terms derived from the Levitus data set)
was performed by Mellor et al. [1982] for the entire
South Atlantic. The Fine-Resolution Antarctic Model
(FRAM) provides perhaps the most complete robust
diagnostic analysis of the South Atlantic [Webb et al.,
1991]. However, as with the other studies mentioned
above, FRAM does not address the seasonal dependence
of the circulation. Using a barotropic model forced
by climatological wind stress, Matano et al. [1993]
showed that the mass transport of the Brazil Current
decreases during winter months and increases during
summer months. However, they used a limited model
domain without the ACC. Further, the results obtained
from the barotropic model do not include the effects of
density stratification, and the topographic effects may
have been amplified. The study by Matano [1993], using
a three-dimensional model [Bryan, 1969] forced by an
analytical approximation for the zonally averaged an-
nual mean wind stress, showed the dependence of the
Brazil Current separation latitude on the ACC strength
at the Drake Passage. A series of experiments also led
to the conclusion that if the transport of the FMC is
low, the path of the BC is governed by the curl of the
wind stress. However, seasonal variation was not dis-
cussed in the study.

In this paper the high-resolution primitive equation
Princeton Ocean Model [Blumberg and Mellor, 1987] is
used to study the circulation and seasonal variability in
the South Atlantic Ocean. A calculation similar to the
”robust-diagnostic” method introduced by Sarmiento
and Bryan [1982] is first used to simulate the climatolog-
ical mean field. The model is able to produce a realistic
circulation, meridional overturning and heat transport
in the South Atlantic Ocean. Next, a prognostic study
is carried out. Here the model is forced by the monthly
mean wind stress and heat flux. Additionally, a spec-
ified seasonal variation in the strength of the ACC is
imposed. The results from variation of seasonal circu-
lation suggest that the seasonal variation of ACC plays
a dominant role in the season cycle of the BC separation
latitute and the strength of the FMC.

The outline of the paper is as follows. In section 2 the
ocean model is briefly described, and the implemention
of the model and the forcing functions are discussed.
The robust diagnostic results are presented in section
3. The results for the seasonal circulation are given in
section 4, and the summary and conclusions are pre-
sented in section 5.

2. Ocean Model

The Princeton Ocean Model is a primitive equation,
free surface model. It contains a second moment turbu-
lence closure submodel to provide the vertical mixing
coefficients. The model uses the sigma (o) coordinate
in the vertical direction. The Arakawa-C staggered grid
has been adopted in the horizontal directions. Complete
thermodynamics have been implemented. Further de-
tails of the model are described by Blumberg and Mel-
lor [1987]. The model has been extensively used for the
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Figure 1. Bathymetry of the South Atlantic Ocean.

study of the circulation in various coastal regions. Re-
cently, it has also been used in a basin-scale circulation
investigation [Ezer and Mellor, 1994].

The model horizontal grid is set with meridians spaced
by AA=0.5° in east-west direction and A\ cos (latitude)
in north-south direction. This results in a conformal
mapping (Mercator projection). It produces 179 x 179
square grid cells in the South Atlantic Ocean covering
the latitude range 10° to 70°S. The mesh size varies
from 19 km in the south of the domain to 54 km in
the north and is able to resolve the BC, FMC, and as-
sociated oceanic eddy field at the mid and high lati-
tudes. The vertical grid uses 11 sigma levels. Topogra-
phy (Figure 1) is interpolated from the ETOPO5 data
(National Geodetic Center, Boulder, Colorado) and has
been slightly smoothed in the areas of steep topography
to reduce truncation errors [Haney, 1991]. To reduce
the pressure gradient error in the sigma coordinate for-
mulation [(Mellor et al., 1994], the density gradient is
first evaluated on the z level grid 8b* /0z* and the sigma
grid 8b/0z-(o/H)(0b/80)(0H/01), respectively. Their
difference € is then determined from

ob*/0z* = 0b/dzx — (0/H)(0b/dc)(0H/Ox)
+e(z,y,0)

(1)

During all subsequent calculations on the o grid, € is
used as a correction term and held constant. A similar
procedure also applies in the y direction.

The initial potential temperature (7T) and salinity
(S) are obtained from Levitus [1982] annual climatol-
ogy data and interpolated onto the model grid. The
annual climatology and monthly mean wind stresses of
Hellerman and Rosenstein [1983] are applied in the di-
agnostic and prognostic (seasonal variation) studies, re-
spectively. The net surface heat flux into the ocean is
calculated in the manner similar to Gan et al. [1995,
1996], namely,

Ql = Qo'—La_Ha_LEa (2)

where Q, is the measured incoming short wave radiation
at the surface, L is the latent heat of vaporization ( 2.5
X 10° J kg=! ). L, is outgoing long wave radiation
[Budyko 1974], which is given by
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where € is the emissivity of the ocean (0.97), o is the
Stefan-Boltzmann constant, T; is the sea surface tem-
perature, e, (millibar) is the atmospheric vapor pres-
sure, which can be defined as e,= resqat(7Ty), in which
r is the relative humidity and T, is air temperature,
and C'is the cloud amount (0-1.0). The sensible and la-
tent heat are calculated by the standard bulk turbulent
formula, namely,
- T

H, = pacp,airoa | w | (Tl (4)

0.622
—resat(Ta))( Pa

E, = pCL I w I (esat(Tl) )(5)

where p, is air density (1.3 kgm™3), C, 4i»=1004 J kg~!
K~! is the specific heat of air, C, (=10=3) and C
(=1073) are the turbulent exchange coefficients, p, is
the sea level pressure, | W] is the wind magnitude, and
esqt 18 the saturation vapor pressure which is computed
by the empirical formula given by Bolton [1980]
esat(T) = 6.112e 743555 (6)
The monthly mean values for Q,, C, T,, and r are
interpolated from coarse resolution (5° x 5°) data of
Esbensen and Kushnir [1981]. The surface salinity flux
is neglected in the study. In Drake Passage and south
of Africa, the barotropic velocities are set to equal to
specified transports of the ACC and the (unseparated)
Agulhas Current. The flux at Drake Passage is based
on the current measurement by Whitworth and Peter-
son [1985], and the strength of Agulhas Current is based
on the value given by Gordon [1985]. An additional
barotropic eastward velocity is then added further south
of the African continent, so that the net flux into the
model domain vanishes. The resulting velocity profiles
are shown in Figure 2. The total transport perpendicu-
lar to the northern open boundary is set to zero. Baro-
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Figure 2. Barotropic velocity profiles imposed at (a)
the Drake Passage and (b) the eastern boundary.
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clinic components of the velocity on all open boundaries
are governed by an Orlanski-type radiation condition.

3. Diagnostic Study

In order to obtain the steady wind and density driven
circulation based on the observed hydrographic data, a
diagnostic run is first performed. That is, holding the
temperature and salinity fields fixed, the model equa-
tions are time-stepped until a statistical steady state
is reached. Comparison of the circulation patterns ob-
tained in this manner with those of previous studies
serves as a form of model verification. It also provides
a climatological mean state, about which the seasonal
variability will be studied in the following section. A
similar diagnostic calculation has recently been carried
out by Ezer and Mellor [1994] for the North Atlantic
Ocean. To minimize the errors induced from small-
scale density features unresolved by the model, the den-
sity should be allowed to deviate from the input field
to a certain extent. This can be accomplished by ei-
ther using a robust-diagnostic method Sarmiento and
Bryan, 1982] or by conducting a short prognostic cal-
culation following the diagnostic run [Ezer and Mellor,
1994]. The robust-diagnostic method is adopted here.
It involves the addition of relaxation correction terms
in the temperature and salinity equations, which take
the form

dTD  9TUD  JTVD 9Tw _ 8 KpdT
+ + +

ot oz Oy Oo ( D 8o @
+Fr + 'yD(T* -T)
0SD 6S’UD GSVD n BSw 0 (KH oS ()
ot Oz Oy 96  0o' D do

+Fg +’)’D(S* - )

where D=H+n (H=bottom topography and n=surface
elevation), U and V are the eastward and northward
velocity components, w is the vertical velocity in the
o coordinates, Fpr and Fgs are the horizontal diffusions
for the temperature and salinity, respectively, v is an
inverse time constant, and T* and S* are input fields
obtained from observed hydrography data. The param-
eter «y in this study takes the following values:

9

Top seven o surfaces v=1/5 days

Deeper o surfaces v=1/200 days (10)

Thus, the temperature and salinity fields are allowed
to deviate substantially from the observed values in the
deep ocean but are pegged closely to the climatological
values in the upper ocean (approximately top 1000 m).
It should be noted that Sarmiento and Bryan [1982]
used constant y at fixed depth levels. By using large
v at the upper o levels, the strong restoring force also
applies to the shallow water near the coast where the
density may drift quickly away from the climatologi-
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cal values. With very large ~, the model essentially re-
duces to the diagnostic model. Our results indicate that
the circulation is much noisier when a pure diagnostic
method is used. On the other hand, applying a small
~ in the upper part of the ocean results in an unreal-
istic meridional circulation, particularly in the tropical
region.

3.1. Surface Elevation and Circulation

The mean fields from the diagnostic calculation pro-
vide a useful knowledge for the circulation in the South
Atlantic Ocean. Figure 3 shows the model output
for the surface elevation and vertically integrated mass
transport stream function. Part of the ACC flowing
through Drake Passage turns sharply northward east
of Drake Passage, flows along the shelf and forms the
FMC. This meets with the southward flowing BC at
around 43°S, where both currents separate from the
coast. The volume transport of the FMC decreases as
it flows northward, from 40 Sv at 50°S to 20 Sv at
44°S. Both Gordon and Greengrove [1986] and Piola
and Bianchi [1990] found values of 10 Sv for the FMC
at 42°S, whereas, Peterson [1990] reports a value of 70
Sv at the same latitude.

The model transport in the BC increases from 10 Sv
at 20°S to 30 Sv at 30°S, and then to about 50 Sv near
the separation latitude 43°S. Gordon and Greengrove
[1986] estimated the BC transport to be 19-22 Sv at
38°S. McCartney and Zemba [1988], on the other hand,
took account of the deep current and arrived at a value
of 76 Sv for the total southward geostrophic transport
across 37°S. Mellor et al. [1982], using a diagnostic
model, and Matano [1993], using a three-dimentional
model [Bryan, 1969] obtained values close to 60 Sv. An
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Figure 3. (top) Surface elevation and (bottom ) verti-
cally integrated total stream function after 360 days.
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Figure 4. Velocity at the depth of (a) 60 m and (b)
1000 m after 360 days. The current speed is truncated
at 0.2 ms™!

even larger value, near 75 Sv, was obtained by Semtner
and Chervin [1992].

The BC separation latitude of about 43°S seen in our
results (Figure 3) is south of the observed separation
latitude [Olson el al., 1988]. Further, simple Sverdrup
circulation theory implies that the BC should separate
along a line where wind curl stress is zero. It seems
that the separation latitude of the BC is not domi-
nated by the zero wind stress curl latitude, which is
located near 40°S, according to Hellerman and Rosen-
stein [1983] wind data. Many additional factors may
influence the location at which separation occurs [Pe-
terson and Stramma, 1991], and the relative importance
of these remains unclear. In fact, our experiment shows
that increasing the strength of the ACC at the Drake
Passage will result in the northward movement of the
separation latitude. The topic of the BC separation will
be discussed in the following sections. After separation,
the BC joins with the southward retroflected FMC and
continues to flow southward for some distance, while
small portions of the FMC continue north along the in-
ner portions of the shelf as shown by the stream function
in Figure 3. The seaward extension of the BC that does
not recirculate forms the South Atlantic Current (SAC),
north of the ACC. The SAC provides the main source
for the eastern boundary current of the South Atlantic
subtropical gyre, the Benguela Current which bends to-
ward the northwest to separate from the African coast
around 30°S (Figure 3).

The sea surface elevation, which indicates the circu-
lation near the surface, varies in response to the ACC
and the westerlies from -1.3 m near 60°S to about 0.7
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m at the center of the subtropical gyre (Figure 3). The
horizontal velocity field at 60, 1000, 2000 and 3000 m
are presented in Figures 4 and 5. Similar to results
from Webb et al. [1991], the ACC is generally east-
ward throughout the water column, indicating a strong
barotropic component. The confluence zone extends
from the surface to about 2000 m. Below 2000 m, a
very weak FMC moves northward along the shelf break.
Its main stream appears to turn eastward from the con-
fluence zone into the center Argentine Basin. Figure 4
also shows an anticyclonic circulation located east of
Rio Grand Rise (near 30°S, 30°W). A similar feature
was also found by Fujio et al. [1992] who ascribed this
feature to potential vorticity conservation of the north-
ward shifting ACC. Near the center of the South At-
lantic, a southward flow of deep water occurs near the
Mid-Atlantic Ridge, with strong currents near the bot-
tom (Figure 5b). This is similar to the findings of Saun-
ders and Thompson [1993] who presented FRAM out-
put. To the east, a strong upper-ocean north-westward
Benguela Current occurs just west of the Africa coast
near 30°S (Figure 4a). This flow is rather weak at
depth, however, and reverses direction below 1000 m.
Reid [1989] showed a southward geostrophic flow along
the southern coast of the eastern boundary above 1500
dbar.

3.2. Meridional Mass and Heat Transports

The meridional mass and heat transports are im-
portant for maintaining the thermohaline circulation in
the Atlantic Ocean. Figure 6 shows the zonally aver-
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Figure 6. Zonally averaged meridional volume trans-
port (Sv) as function of latitude after 360 days.

aged meridional stream function north of Cape of Good
Hope. Its structure, with northward/southward vol-
ume transport above/below 1200 m is consistent with
the results from eddy-resolving global circulation mod-
els [Semtner and Chervin, 1992; Fujio et al., 1992]. Our
model results, however, have less structure near the sur-
face, which may be due to the coarser vertical resolution
adopted in the model. The flow from the South Atlantic
into the North Atlantic near the surface is about 5 Sv.
The equatorward mass transport is mainly carried by
the flow at the surface and intermediated waters and
is balanced by the southward flow of deep water. Rin-
toul [1991] who used hydrographic data and an inverse
method, found that the net transport across a section
at at 32°S are 8, 5, and -17 (southward) and 4 Sv for
surface, intermediate, deep and bottom waters, respec-
tively. The magnitude of the transport at each layer
from our model (Figure 6) is close to the above values.

The characteristics of the meridional heat transport
in the South Atlantic are quite different from those in
the other oceans of the southern hemisphere. Total heat
transport is equatorward north of 33°S, as required by
the conveyor belt paradigm [Hastenrath, 1980]. The
model results are consistent with this feature (Figure
7). The zonal mean meridional overturning is strong be-
tween 20°S and 30°S. The upper layers move warm wa-
ter northward, while the deeper layers advect cold deep
water southward. The strongest northward heat trans-
port is about 0.9 PW (1 PW=10!5 W) near 20°S, even
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Figure 7. Zonally averaged meridional heat transport
as function of latitude after 360 days.
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though stronger meridional circulation occurs at higher
latitudes as shown in Figure 6. This is because of the
greater temperature contrast between the surface and
deep water there. The transport decreases to smaller
values near 30°S (Figure 7). The amplitude and phase
of meridional heat flux in Figure 7 are very similar to
findings of Sarmiento [1986] that showed the strongest
heat transport to occur at about 25°S, followed by a
sharp decrease at higher latitudes. Also, the meridional
flux of heat at 32° is very close to the value of about
0.23 PW from Rintoul [1991]. Fu [1981], however, found
the heat transport to increase from 0.35 PW at 10°S to
a maximum of 0.7 PW at 15°S. Southward of this, the
heat transport decrease to 0.5 PW near 30°S. Although
the meridional heat transport magnitudes and phase
vary among the different computational results, their
values are all less than 1.0 PW.

As found by Sarmiento and Bryan [1982], the verti-
cally integrated meridional mass transport is sensitive
to the value of . Our results show that with a uni-
form and small v all over the domain, a negative cell
with poleward current in the upper ocean tends to de-
velop over the entire water column near the tropical
region. The reason for this appears to be related to a
strong compensation flow at deep levels. The south-
ward/northward currents at the western boundary in
this case are stronger in the upper/deeper part of the
ocean. However, if a large 7 is used at the intermedi-
ate and upper part of the ocean, the meridional vol-
ume transport (Figure 6) is quite similar to the one
obtained in the pure diagnostic calculation (Figure 8),
although the latter case has a much noisier pattern. It is
found that as long as the density near the upper ocean
is strongly restored, the model results are not so sensi-
tive to the value of v. The difference in the meridional
heat flux between the robust and pure diagnostic run is
relatively small (Figures 7 and 9).

4. Seasonal Variability

Unlike in the diagnostic study above, the density field
is now allowed to vary in response to the change of
seasonal surface heat flux and horizontal advection of
the water. At the open boundaries, when the flow is
into the model domain, the prescribed climatological
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Figure 8. Zonally averaged meridional volume trans-
port after 240 days of a pure diagnostic run.
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seasonal temperature and salinity are advected into the
model domain. In the calculations in sections 4.1 the
ACC at the Drake Passage is kept constant (150 Sv)
with a velocity profile as shown in Figure 2a. Then
in section 4.2 a seasonal variation of the ACC will be
imposed to study its effects on the circulation in the
South Atlantic Ocean.

To allow the thermal field to reach a steady sea-
sonal cycle, the model is first run for 6 years with
monthly mean forcing. The results discussed below
are obtained from the output during the seventh year.
Matano [1993)], using a model with similar grid reso-
lution and steady forcing, showed that the model can
reach statistical steady state after 3 years of integration.
From the FRAM calculations, Saunders and Thomp-
son [1993] found that the model reaches quasi-steady
state in about 5-6 years. With the seasonal forcing, the
steady state in our model is determined by comparing
the time series of monthly domain-averaged tempera-
ture difference between successive years. This difference
between the fifth and sixth year was undetectable.

The objective of this section is to simulate the sea-
sonal variations of both the dynamic and thermody-
namic aspects of the South Atlantic circulation. In par-
ticular, the variation of the FMC, BC, and its separa-
tion characteristics will be discussed.

4.1. Variation of Seasonal Circulation and
Thermal Field

Figures 10-13 show the modeled seasonal variation of
the surface elevation and barotropic circulation in the
South Atlantic Ocean due to seasonally varying surface
forcing only. In austral summer (defined here as the av-
erage over January, February, and March) the surface
elevation near the coast of South America (see Figure
1) is slightly higher than in the other seasons. The main
surface gyre then weakens after the summer, with the
surface elevation being lowest in winter and spring. The
seasonal pattern of surface elevation is very similar to
the the Geosat altimeter data from Matano et al. [1993].
Conditions similar to the sea surface elevation also oc-
cur in the depth integrated circulation. The transport
for the BC at 40°S is about 50 Sv. The seasonal sig-
nal is weak at this latitude. However, to the north, the
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cally integrated total stream function.

BC has a larger seasonal variation. The stronger sea-
sonal BC variation at 40°S obtained by Matano et al.
[1993] with a wind-driven barotropic model may be due
to the lack of the density stratification in their model.
The FMC transport slightly increases from summer to
fall and winter, and then drops to its smallest value in
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Figure 11. (top) Fall mean (April-May-June average)
surface elevation and (bottom ) vertically integrated to-
tal stream function.
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Figure 12. (top) Winter mean (July-August-
September average) surface elevation and (bottom) ver-
tically integrated total stream function.

spring. In response to this variation, the FMC is able to
penetrate further north in winter and spring. The phase
of the change is consistent with the findings by Matano
et al. [1993] and Olson et al. [1988] who used satel-
lite data to show that the FMC is stronger in winter.
Consequently, the separation latitude of the BC moves
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Figure 13. (top) Spring mean (October-November-
December average) surface elevation and (bottom) ver-
tically integrated total stream function.
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Figure 14. Seasonal variation of the BC separation lat-
itude for the case of a stea dy ACC mass transport with
the latitudinal profile shown in Figure 2. The contours
in the figure are the contours of zero surface elevation
from about 200 m depth contour to about 50°W.

further north during the winter and spring (Figure 14).
The amplitude of this seasonal variation is only about 1°
of latitude, which is less than the values estimated from
observed data. On the other hand, the climatological
data set of Hellerman and Rosenstein [1983] indicates
that the zero wind stress curl line reaches the north-
ernmost position in winter. However, the very weak
seasonal signal from the model results suggest that the
wind stress curl may not play a dominant role in con-
trolling the position of the BC separation. In section
4.2 it will be shown that the latitudinal range of the
position of the BC separation is significantly enhanced
when we allow for temporal dependence in the strength
of the ACC flowing through Drake Passage.

The seasonal mean surface temperatures from the
model (Figures 15-18) agree well with observed clima-
tological surface temperatures (Figure 19). In summer
(Figure. 19a) the tropical warm water (>26°C) extends
eastward from Brazil and reaches 20°W. This warm
tongue retreats westward in the cold season (Figure
19b). The northward advection of the cold water near
the southern coast of Argentina varies with the season-
ality of the FMC. As can be seen from the 8°C contour
in Figures 15 and 18, the cold water moves northward
from about 55°S in summer, to approximately 40°S in
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Figure 15. Summer mean temperature at the surface.
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Figure 16. Fall mean temperature at the surface.

winter and then moves southward again in spring. This
variation is in phase with the seasonal location of the
FMC-BC confluence zone, as indicated in Figure 14.
The seasonal sea surface temperature (SST) variation
also occurs at higher latitudes. In contrast, temper-
ature variation at depth of 1000 m is very weak (not
shown). In comparison with the observations (Figure
19), the model, which has a relatively high resolution,
produces many more detailed thermal structures. For
example, near the western boundary, the southward in-
vasion of the warm water due to the BC is missed in the
Levitus data. The subantarctic front, which forms from
the confluence of cold subantarctic water from the FMC
and the warm subtropical water from the BC is also not
present in the Levitus data. At the eastern boundary,
the local wind stress creates an upwelling zone along
the Africa coast in the model. The model therefore is
able to show smaller scale processes that are believed
to be occurring in the real ocean.

4.2. Effects of a Time-Dependent ACC Inflow
at Drake Passage

As mentioned above, the notable seasonal variation in
the western part of the South Atlantic may be related to
temporal variations in the strength of the ACC. Matano
[1993] showed that the latitude of the confluence region
is dependent on the nature of inflow in the Drake Pas-
sage. When the major part of the ACC is concentrated
at the north, he found that the latitude of the confluence
region moves northward. Since a large portion of this
flux feeds the FMC, it seems reasonable to expect that
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Figure 17. Winter mean temperature at the surface.
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Figure 18. Spring mean temperature at the surface.

seasonal variation in the ACC at Drake Passage [ Whit-
worth and Peterson, 1995] will drive a similar variation
in the FMC, and by extension the position at which the
BC separates from the coast. To test this hypotheses,
the prescribed seasonal variation in the northern part
of the ACC as shown in Figure 20, with phase similar
to that estimated for the FMC from Geosat data by
Matano et al. [1993], is applied to the model. From
February through May, the transport increases linearly
from 60 to 140 Sv. It is then held constant through to
October, after which time it decreases linearly through
to the end of January (Figure 20). The annual mean
of total transport through the northern part of Drake
Passage is kept as 120 Sv.

The results indicate that there is now a much larger
variation in the seasonal separation latitude of the BC
than in the case with a steady ACC (Figure 21 versus
Figure 14). After January the separation latitude of
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Figure 20. Prescribed seasonal ACC mass transport
on the northern side of Drake Passage. The annual
mean of the total transport at Drake Passage is 150 Sv
(see Figure 2).
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the BC moves southward and reaches the southernmost
latitude in April. It then shifts northward and arrives
at its northernmost position at the end of the year. It
retreats southward in January. On comparing this evo-
lution with the time series of the prescribed ACC am-
plitude in Figure 20, we note that the southernmost BC
separation latitude occurred in April, about 2 months
after the minimum ACC volume transport. This time
lag is smaller when the transport is larger. The delay
is most likely an advective effect since the propagation
speed for disturbance traveling northward as an internal
Kelvin wave would be of the order 200-300 km d=1. It
should be noted that the southernmost separation lati-
tude in Geosat data occurs in February [Matano et al.,
1993] while our results show that it is in April. This
discrepancy is because that, although the ACC trans-
port specified in our model has a phase similar to the
FMC strength found by Matano et al. [1993], in our
model the seasonality is introduced farther away from
the confluence zone (i.e. at Drake Passage). This extra
distance results in a phase lag in the seasonal migration
of the separation latitude. It needs to be pointed out
that the southernmost separation latitude based on the
Geosat sea level data is at 39°S while our result shows
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Figure 19. Smoothed Levitus’s data of SST for (a)

summer and (b) winter, mean temperature at the sur- -

face.

Figure 21. Same as Figure 14, but for the case with
an unsteady ACC mass transport through the northern
part of Drake Passage (see Figure 20).
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that it is around 42°S. The difference suggests that the
ACC transport imposed may be too small when the sep-
aration latitude reaches the southernmost location. The
transport of the ACC at Drake Passage varied from the
values of 180-120 Sv in previous studies. On the other
hand, the latitude of separation obtained from sea level
data is sensitive to the method used to define the sep-
aration point. The inclusion of the sea level contours
instead of one point in results was used to avoid this
problem.

For the seasonally varying ACC inflow used, the FMC
is stronger in winter (Vmqe;=0.2 m s~!) than in sum-
mer (Vimae=0.12 m s71). As compared with the case
of steady ACC, the seasonal variation of FMC intensi-
fied. It should be realized, however, that there are still
not enough observations to claim that the FMC has a
seasonal cycle. The connections between the Drake Pas-
sage and the northern portion of the Argentinean shelf
need to be further investigated.. The opposite varia-
tion occurs in the simulated BC, which weakens from
summer to winter. Additionally, the width of the BC
narrows and the strengh of the BC intensifies as it flows
south. With a weaker FMC and stronger BC in sum-
mer, the FMC-BC confluence zone should be located at
a more southerly latitude.

To further establish the dominating effect of a sea-
sonal ACC, we examine the effects of different com-
ponents of varying atmospheric forcing with a steady
ACC. First, we take only a seasonally varying heat
flux (Figure 22) and then seasonally varying wind stress
(Figure 23). It is found that each of the wind and buoy-
ancy fluxes produces a seasonal signal of the BC sep-
aration latitude. With forcing by the seasonally vary-
ing heat flux, the separation location moves northward
gradually from February and reaches its northernmost
latitude at the end of spring. A similar trend occurs
in the case with a seasonally varying wind. However,
the seasonal signals of the separation latitudinal extent
from the seasonally varying wind and buoyancy forcing
are weaker than the estimated observed ones. Therefore
it is reasonable to suggest that although the seasonal
wind and buoyancy variation influence the separation

60W 57.5W 55% 52.5W 50W
South Seasonal BC
Separation Latitudes
America 37.5s
Dec_Jan.
Jun.,Jul,Aug.,Sept. Oct Nov. 1408
Feb. Mar.,Apr.,May
4 42.58
45s
4

Figure 22. Same as Figure 14, but for the case with
steady wind stress and steady ACC.
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Figure 23. Same as Figure 14, but for the case with
steady heat flux and steady ACC.

latitude of the‘BC, the seasonal ACC plays a dominant
role on the separation latitude of the BC.

5. Summary and Conclusions

The Princeton Ocean Model has been used to sim-
ulate the steady and seasonal circulation in the South
Atlantic Ocean, in a domain with open boundaries. In
the diagnostic calculation, it is found that the model
results are much improved by allowing the density field
near the bottom to deviate from the input data. The
results for the zonally averaged overturning circulation
suggest that equatorward transport occurs at the sur-
face and intermediate waters, and poleward flow occurs
at the depth. At lower and midlatitudes the zonally
averaged meridional heat transport is northward, with
a maximum value of nearly 1 PW located near 20°S.

A prognostic simulation for the seasonal variation of
the circulation is able to capture the characteristics of
the observed variability in the South Atlantic. It is
found that the BC has a stronger seasonal variation at
the lower latitudes. The inclusion of a seasonal variation
in the ACC inflow improves the simulation of the sea-
sonal variations in the confluence region of the BC and
the FMC. The results suggest that a seasonally varying
ACC plays a dominant role in the BC separation lati-
tude. The effects from a seasonally varying wind stress
and heat flux are relatively small. The intensification
of the FMC from summer to winter mainly results from
the time dependence of the imposed ACC.

While this study has focused on the seasonal cycle of
the circulation, it should be noted that there is substan-
tial interannual variability in the South Atlantic and
overlying atmosphere [e.g., Venegas et al., 1996; Olson
et al., 1988; Whitworth and Peterson, 1985]. The inclu-
sion of interannual forcing in the model would further
improve our understanding of climate variability in the
South Atlantic.
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