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Abstract. The observed seasonal and interannual fluctuations in the Brazil-Malvinas
confluence region are investigated using a wind-driven isopycnic coordinate model of the
South Atlantic Ocean south of 10°S. The model is configured on a rotated Mercator grid
with 2° horizontal resolution and five constant-density layers in the vertical. In order
to model the passage of the Antarctic Circumpolar Current (ACC) across the basin, the
grid is augmented by a channel extension to the west of Drake Passage and east of 50°E,
having the width of Drake Passage. A series of benchmark experiments with annual mean
climatological forcing shows that (1) when bottom topography is included, one observes
a reduction in Drake Passage transport in agreement with previous studies, as well as a
northward shift in the Brazil Current separation latitude, (2) an increase in Drake Passage
transport to realistic values does not cause any further northward shift in the separation
point, and (3) the model is relatively insensitive to the choice of lateral boundary conditions.
A second set of experiments, in which the forcing is by seasonal climatological wind data
and the Drake Passage transport is relaxed to a constant annual mean value, indicates the
presence of a semiannual signal in the annual transport cycles for the Malvinas Current
and for the ACC through Drake Passage. That signal is significantly damped in the Brazil
Current region, and the amplitude of each cycle is reduced in comparison to observations.
When the value to which the Drake Passage transport is relaxed is allowed to vary in
time, the semiannual wind-forced oscillation in the Malvinas region remains evident, with
additional superimposed variations related to the variations in the transport forcing. The
final experiments are forced by a 10-year data set of realistic wind stress values, providing
10-year time series of model output for analysis of the interrelationships of the principal
Southwestern Atlantic currents. A high correlation at the semiannual period is found
to exist among the cycles of Drake Passage transport, Malvinas Current transport, and
seasonal movements of the Brazil-Malvinas confluence latitude, while the Brazil Current
transport cycle exhibits a significant energy peak only at the annual period. We conclude
that the locally wind-forced semiannual signal south of the confluence is significantly
damped before reaching the Brazil Current region by several factors: friction, the opposing
flow of the current itself, and the inability of the Malvinas to penetrate the subtropical
circulation that is confined to the upper model layers.

1. Introduction

The historical bias toward study of the northern half
of the Atlantic Ocean has existed not only due to its
inherently interesting physical characteristics but also
as a consequence both of politics and of geography.
Only recently has the South Atlantic been separately
recognized for the features that distinguish it from the
remainder of the world’s oceans. The most scruti-
nized of these features to date has been the passage
of the Antarctic Circumpolar Current (ACC) across
the southern boundary of the ocean, from its entry
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through the bottleneck of Drake Passage to its broad
outflow south of Africa. Present-day interest in the
global-scale thermohaline circulation has focused atten-
tion on the seemingly anomalous equatorward trans-
port of heat at middle and low latitudes in the South
Atlantic, balanced by the deep southward flow of cold
water which continues from the northern hemisphere
[Stommel, 1980; Roemmich, 1983]. The interocean ex-
change that occurs when the Agulhas Current retroflec-
tion transports warm, saline Indian Ocean waters into
the South Atlantic is also believed to play a role in the
global balance of heat and salt [Gordon, 1986]. Recent
studies of the Brazil Current have sought to quantify
and explain its apparent differences in structure and
transport from the western boundary current systems
of other oceans, principally the Gulf Stream system in
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the North Atlantic, and to examine its separation from
the coast and its confluence with the northward flow-
ing Malvinas (Falkland) Current [Zemba, 1991; Matano,
1993; Matano et al., 1993].

The Brazil-Malvinas confluence region extends east-
ward across the South Atlantic from the western bound-
ary separation points of the two currents, one warm
and saline, the other cold and relatively fresh. The
confluence is typically characterized by a band of inter-
mediate temperature surface waters, up to 300 km wide
and filled with eddies, lying between the strong thermal
fronts associated with each current {Olson et al., 1988;
Gordon, 1989]. The observed seasonal variability of ex-
cursions of the two currents along the coast suggests a
signal that is predominantly annual for the Brazil Cur-
rent and semiannual for the Malvinas, but with consid-
erable interannual variation [Olson et al., 1988]. Con-
sidering the relevant analytical study of Anderson end
Gill [1975] and the North Atlantic basin scale model
of Anderson et al. [1979], we expect the response of
the western boundary currents in the South Atlantic to
seasonal forcing to consist of a fast barotropic compo-
nent over the relatively flat Argentine Basin, a longer-
term response over topography tied to the interior baro-
clinic modes, and edge mode components from the
ACC through the Subantarctic Front into the Malvinas
proper.

The Malvinas originates in the northernmost of the
system of fronts that characterize the ACC in Drake
Passage, where the signal of eastward ACC transport
has been shown to have both annual and semiannual

components [Peterson, 1988; Large and Van Loon, 1989].

Olson et al. [1988] surmise that this seasonality may
extend to the magnitude of northward Malvinas trans-
port, to the location of the separation latitudes of the
Brazil and Malvinas currents, and to the position of
the confluence region across the basin. The existence
of a seasonal cycle in Brazil Current transport may be
related to seasonal fluctuations in wind stress over the
gyre and/or to fluctuations in the northward Malvinas
transport, either of which can lead to adjustment along
the entire western boundary through edge wave prop-
agation. Given that the Brazil Current transport is
anomalously low compared to expectations based on in-
tegration of the wind stress over the subtropical gyre
[Veronis, 1973], seasonal transport variations of the
order of those found in the North Atlantic would, if
present, constitute a significant percentage of the an-
nual mean transport of the Brazil Current [Olson et al.,
1988].

Numerical modeling has, for the most part, repre-
sented the South Atlantic only as one element of the
world ocean, in comprehensive studies that present a
broad analysis of the major features of each basin (see,
for example, Bryan and Coz [1972], Coz [1975], and
Seminer and Chervin [1988, 1992]). Recent exceptions
include the Fine Resolution Antarctic Model (FRAM)
eddy-resolving calculation [Webb et al., 1991], which
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covers the ACC passage through three ocean basins in-
cluding the South Atlantic, and the work of Matano
[1993], who models the South Atlantic from 20°S to
70°S with horizontal resolution varying from 1/2° to
1°, focusing on the mechanisms responsible for separa-
tion of the Brazil Current from the coast. Seasonal
variations in climatological wind forcing are consid-
ered by Maiano et al. [1993] in a study relating merid-
ional movements of the confluence latitude to seasonal
changes in the transport of the Brazil and Malvinas
currents.

The numerical modeling effort reported herein seeks
to investigate the observed seasonal and interannual
fluctuations in the Braszil-Malvinas confluence region,
specifically the variations in transport and configura-
tion of the frontal zones associated with each current.
Results are to be compared with recent direct and re-
mote observations of the southwestern Atlantic [Garzoli
and Garraffo, 1989; Garzoli et al., 1992; Provost et al.,
1992; Garzoli and Giulivi, 1993] and with the numeri-
cal simulations mentioned above. A detailed numerical

study of the processes involved in such issues, resolving
the scales on which they occur, will call in the future

for a fine-resolution model incorporating both wind and
thermohaline forcing. However, much can be learned as
a first step from the results of several coarse-resolution
wind-driven experiments similar to those carried out
by Smith et al. [1990] for the North and Equatorial
Atlantic. Their model employs density as the vertical
coordinate, allows the outcropping of constant-density
layers, and is capable of handling relatively steep bot-
tom topography [Bleck and Smith, 1990; Smith, 1992].
Adaptation of this model to the South Atlantic was
straightforward, requiring only that satisfactory bound-
ary conditions related to the inflow and outflow of the
ACC be devised and tested.

In a series of benchmark simulations with annual
mean climatological forcing, we find that (1) when bot-
tom topography is included, we observe a reduction
in Drake Passage transport in agreement with previ-
ous studies, as well as a northward shift in the Brazil
Current separation latitude, (2) an increase in Drake
Passage transport to realistic values does not cause any
further shift in the separation, and (3) the model is
relatively insensitive to the choice of lateral boundary
conditions. When seasonal climatological wind forcing
is included and the Drake Passage transport is relaxed
to a constant annual mean value, we find the presence
of a semiannual signal in the annual cycles of transport
through Drake Passage and Malvinas Current trans-
port, a significantly damped semiannual oscillation in
the cycle of Brazil Current transport, and reduced am-
plitude in each cycle relative to observations. When the
value to which the Drake Passage transport is relaxed
is allowed to vary in time, the semiannual wind-forced
oscillation in the Malvinas region remains evident, with
additional superimposed variations related to the varia-
tions in the transport forcing. Turning from climatology



SMITH ET AL.: WIND-FORCED VARIATIONS IN THE BRAZIL-MALVINAS CONFLUENCE

to the 1980-1989 European Center for Medium-range
Weather Forecasting (ECMWF') wind data set, we con-
struct 10-year time series of model output that allow
analysis of the interrelationships of the major South-
western Atlantic currents. A high correlation at the
semiannual period is found to exist among the cycle of
transport through Drake Passage, the cycle of Malvinas
Current transport, and the cycle of seasonal movements
of the Braszil-Malvinas confluence latitude. In the case
of the Brazil Current transport cycle, a significant en-
ergy peak is found only at the annual period.

The paper is organized as follows. In section 2,
we briefly describe the numerical model, focusing on
its configuration for the South Atlantic and on the
boundary conditions that apply to the ACC. Section
3.1 presents the results of experiments forced by the
annual mean Hellerman and Rosenstein [1983] clima-
tological wind data, including comparison of model in-
tegrations with and without bottom topography, and
with and without forcing of the ACC transport through
Drake Passage to a constant value. We then discuss the
model results with forcing by the mean monthly Heller-
man and Rosenstein [1983] data, both without and with
temporal variation in the magnitude of the forced trans-
port through Drake Passage (sections 3.2 and 3.3, re-
spectively). In section 4 we turn to a 10-year model
integration forced by the 10-year ECMWF wind stress
data set. The experiments are discussed in section 5,
and we conclude in section 6 by looking toward a more
complex numerical representation of the South Atlantic
basin.

2. Numerical Model

2.1. Model Equations

The isopycnic coordinate model of Bleck and Boudra
[1986] has formed the basis for a number of ocean circu-
lation studies, including the North and Equatorial At-
lantic calculation of Smith et al. [1990], upon which the
present study is based. The model configuration used
by Smith et al. incorporated both variable coastline ge-
ometry and realistic bottom topography in a coarse res-
olution calculation (2° horizontal, five layers in the ver-
tical) which verified the model’s ability to reproduce
the major features of the wind-driven circulation for
the chosen domain.

The numerical details of the model are set out in
Smith et al. [1990] and in its companion paper, Bleck
and Smith [1990]. Here we present only the fundamental
model equations before describing the specific configu-
ration used for the South Atlantic calculation.

Under adiabatic flow conditions, the layer-integrated
z and y momentum equations for each layer of constant
density are

Bu
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where { = 8v/8z — du/dy is the relative vorticity,

M = gz + pa is the Bernoulli function or Montgomery
potential, « is the constant specific volume of the layer,
Ap is the pressure thickness of the layer, A7, and AT,
are the surface and bottom drag-related stress differ-
ences in z and y direction between the top and bottom
of the coordinate layer, and v is an eddy viscosity coef-
ficient.

The wind-induced stress is assumed to linearly de-
crease to zero in the upper 100 m of the water column.
(Note that at any given grid point, more than one layer
of constant density may lie within that 100 m depth.)
In the flat bottom experiment to be described in sec-
tion 3.1.1, bottom friction is incorporated by assuming
a linear stress profile in a boundary layer of 10 m thick-
ness using a standard bulk formula with drag coefficient
0.003. Bottom drag is not included in the remaining ex-
periments,

The eddy viscosity v is one that reverts from a value
ugAz to a value proportional to the total deformation,
[(us —vy)? + (v + uy)?]Y/2A2?, in regions of large hor-
izontal shear [Smagorinsky, 1963]. Here Az is the hor-
izontal grid size, u4 is a background diffusive velocity,
and subscripts denote partial derivatives. Note that ex-
pressing the lateral viscosity coeflicient as the product
u4Az (units of squared meters per second) and holding
uq4 constant corrects v for variations in grid resolution
within the model domain.

The third equation solved in each constant-density
layer is the nonlinear continuity equation. Under adia-
batic conditions, the equation is

] o
% (Ap) + 5 (uAp) + 3y (var)=0. (3)
The continuity equation is solved by the Flux-Corrected
Transport method [Zalesak, 1979], which permits the
existence of massless grid points (Ap = 0) at any loca-
tion in the model domain while maintaining the non-
negative character of the layer thickness field.

2.2, Model Configuration

In the north-south direction, the model domain in-
cludes the South Atlantic Ocean from 10°S to the Ant-
arctic continent, the southernmost coastal point of which
lies near 80°S in that sector. The equatorial Merca-
tor projection used by Smith et al. [1990], in which the
northernmost point considered is 62°N, would in the
present case require a horizontal grid size at high lati-
tudes that is roughly one sixth of that near the equa-
tor. Since this distortion would severely limit the max-
imum permissible time step for the numerical calcula-
tion, we choose instead a rotated Mercator projection
whose “equator” coincides with the true 10°W merid-
ian. (The “north pole” in this projection would then
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lie on the true equator at 100°W.) The model’s hori-
zontal resolution is a constant 2° of true latitude along
the meridian 10°W. Perpendicular to 10°W, the mesh
size decreases with the cosine of “latitude” in both di-
rections away from 10°W (the “equator”), so that grid
boxes remain square. In this projection, shown in Fig-
ure 1, there are 39 grid points in the direction parallel
to 10°W and 40 points in the direction perpendicular
to that meridian.

North of Drake Passage, the east coast of South
America forms the western boundary for the model
ocean. On the eastern side, the domain is bounded by
the African coast, and then by an artificial wall which
extends south from the southern tip of Africa to 45°S
and thence diagonally to the southeastern corner of the
grid (Figure 1). The placement of this wall precludes
any exchange of water between the Indian and South
Atlantic oceans in the model region south of Africa,
such as might exist in an eddy-resolving calculation that
would allow rings from the Agulhas retroflection to form
and propagate westward. For the purpose of modeling
the passage of the ACC across the South Atlantic, the
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grid is augmented by a channel extension lying to the
west of 70°W (Drake Passage) and to the east of 50°E,
having roughly the width of Drake Passage. The outer
walls of this channel extension are drawn parallel to
the central meridian (10°W), while the inner channel
boundaries coincide with the Antarctic coastline. The
extension is terminated approximately 20° of longitude
to the west of Drake Passage, and equivalently on the
eastern side of the basin, so that the length of the mod-
eled ACC channel is 160° of longitude along 60°S.

Also shown in Figure 1 is the bottom topography
used in the majority of our model experiments. The to-
pography was derived on the 2° rotated Mercator grid
from the 1/12° ETOPO5 data set obtained from the
National Geophysical Data Center, Boulder, Colorado.
In order to retain the relatively abrupt changes of the
bathymetry, the only smoothing applied to the data was
done by hand to remove “spikes” and single zero-depth
points. To forestall wave breaking along shallow conti-
nental shelves, the bottom depth is set to 200 m from
the coastline to the 200 m isobath.

In the vertical, the model is configured with five layers

‘‘‘‘‘
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Figure 1. Model basin and bathymetry. Contour interval is 500 m. Depths on the continental

shelf (inshore of heavy line) are set to 200 m.
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of constant density. The initial mass distribution (Fig-
ure 2) is patterned after the annual mean zonal average
density distribution for the South Atlantic presented by
Levitus [1982)]. Spin-up of the model is accomplished in
the first year of integration due to the rapid geostrophic
adjustment that results from imposition of the density
structure on a motionless ocean. The density values
assigned to the five isopycnal layers, also taken from
Levitus [1982], are (in o units) 25.4, 26.5, 27.0, 27.5,
and 27.9. Note that bottom topography may truncate
the layer structure shown in Figure 2.

All model experiments were carried out with no-slip
lateral boundary conditions along coastlines and ar-
tificial walls of the basin, with the exception of one
sensitivity study (described in section 3.1.3) in which
free-slip boundary conditions were used. Cyclic lateral
boundary conditions are imposed between the western-
most and easternmost edges of the ACC channel exten-
sion described above, effectively creating a continuous
pathway around Antarctica. Although the use of open
boundaries, together with “sponge layers” designed to
minimize wave reflection at those boundaries, may be
considered a more physically realistic method of model-
ing the ACC passage across the basin, solving the primi-
tive equations in the presence of such boundaries is not a
well-posed problem [Oliger and Sundstrom, 1978]. The
cyclic conditions employed herein have the advantages
of numerical stability and simplicity, while easily allow-
ing the incorporation of methods designed to force the
ACC transport through Drake Passage toward realis-
tic values. The numerical implementation of the cyclic
boundary conditions is described in the Appendix.

The experiments to be described below are summa-
rized in Table 1, which notes the case-by-case differ-
ences in forcing, bathymetry, boundary conditions, and
lateral and bottom friction.
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Figure 2. Meridional cross section showing initial mass
field. Solid lines are layer interfaces.
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3. Model Experiments Forced by
Climatological Wind Data

3.1. Model Experiments Forced by Annual Mean
Winds

In Figure 3a we show the stress vectors for the an-
nual mean winds of Hellerman and Rosenstein [1983]
(hereafter HR83), interpolated onto the rotated Merca-
tor grid of Figure 1. Four model experiments forced by
these winds were carried out in order to test the model’s
sensitivity to (1) bottom topography, (2) imposed forc-
ing of the ACC velocities at Drake Passage, and (3)
lateral boundary conditions. In each case the model
was initialized with the mass distribution described in
the preceding section.

3.1.1. Flat bottom versus rough bottom. We
refer to our first two experiments as FB (Flat Bottom)
and RB (Rough Bottom), differing only by the inclusion
of the topography of Figure 1 in the latter. Both case
FB and case RB reached a steady state using a value
of 20 cm s~! for the diffusive velocity ug (giving an
eddy viscosity coefficient of 3.5 x 10* m? s~! at mid-
basin). Bottom drag was included for case FB only, as
a standard bulk formula with drag coefficient 0.003. In
both experiments, no-slip lateral boundary conditions
were imposed along coastlines and artificial walls of the
basin.

Contours of the barotropic (depth-integrated) stream-
function are shown in Figure 4a for case FB and in Fig-
ure 4b for case RB. The most conspicuous difference
between the results of these two cases lies in the trans-
port of the ACC across the model basin. Measured at
Drake Passage, 309 Sv (1 Sv = 108 m3s~!) are obtained
in the flat bottomn case, as opposed to 67 Sv in the case
with topography. This difference in transport may be
compared qualitatively to that found in the results of
Bryan and Coz [1972] and Coz [1975] for a 2° model
of the world ocean. For a barotropic case with con-
stant bottom depth 5000 m and lateral friction roughly
equivalent to that of case FB, Bryan and Coz [1972]
obtained 600 Sv through Drake Passage at the end of
90 days of integration. Coz [1975] found that adding
bottom topography to the same model (but with lat-
eral friction twice as large) reduced the transport to
only 22 Sv. Numerical simulations by McWilliams et
al. [1978], Treguier and McWilliams [1990], and Wolff
et al. [1991] have demonstrated the importance of to-
pographic drag as the principal sink for momentum in
the ACC. Inclusion of bottom topography was found in
their experiments to reduce the model ACC transport
by an order of magnitude in comparison to its value in
flat bottom calculations, where bottom friction and lat-
eral eddy viscosity were the only means for removing
energy from the system.

When baroclinicity was included in the Coz [1975]
world model with bottom topography, in an experi-
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Table 1. Summary of Model Experiments

Case Bathymetry Wind Forcing Lateral ug, Bottom Drag ACC Transport
Boundary Condition c¢m s~?! Coefficient Forcing
FB flat mean HR no-slip 20 0.003 no
RB rough mean HR no-slip 20 0. no
RBL rough mean HR no-slip 5 0. no
RBF rough mean HR no-slip 5 0. yes
RBFS rough mean HR slip 5 0. yes
RBFM rough monthly HR no-slip 5 0. yes
RBFE rough mean ECMWF no-slip 5 0. yes
RBFME rough monthly ECMWF no-slip 5 0. yes

FB is flat bottom; RB is rough bottom; RBL is rough bottom, low viscosity; RBF is rough bottom, forced;
RBFS is rough bottom, forced, slip boundary condition; RBFM is rough bottom, forced, monthly winds; RBFE
is rough bottom, forced, ECMWF winds; RBFME is rough bottom, forced, monthly ECMWF winds.

ment with nine levels in the vertical and temperature
and salinity as prognostic variables, the model ACC
transport increased to 184 Sv, versus the 22 Sv of his
barotropic rough bottom case. Approximately the same
value, 180 Sv, is obtained in the global eddy-resolving
calculation of Semtner and Chervin [1988, 1992], while
the FRAM model of the Southern Ocean [Webb et al.,
1991] produces 195 Sv through Drake Passage after only
6 years of integration. The ACC transport magnitude
obtained in these previous studies is roughly 1.5 times
the observed figure of approximately 130 Sv reported
by Whitworth et al. [1982] and Peterson [1988]. Garzoli
et al. [1992)], in comparing the temperature fields of the
Semtner and Chervin [1992] model to sea surface tem-
perature (SST) data from satellite observations, note
that the model ACC transport may be higher than ob-
served due to insufficient resolution of the sharply slop-
ing topography in the Drake Passage—Malvinas Plateau
region. A similar remark concerning the resolution of
topography is made by Webb et al. [1991]. In comparing
our results to other modeling studies, it must be kept

in mind that our ACC channel is wind forced on only
160° and that thermodynamics are not included. These
factors, as well as differences in horizontal and/or ver-
tical resolution, are likely to contribute significantly to
the difference in calculated transport magnitudes.

The model subtropical gyre circulation is confined
primarily to the upper two layers in case RB but ex-
tends to the fourth layer in the FB results due to the
absence of topography and consequent greater depth of
the fluid. In both cases, the uppermost layer outcrops
poleward of the subtropical region. Separation of the
western boundary current from the coast can be de-
fined by the locus of that outcropping line, as in the
model of Parsons [1969]. In the layer 1 velocity vec-
tors for the FB and RB results (Figures 4a and 4b), it
can be seen that the inclusion of bottom topography
in case RB has the effect of shifting the separation lat-
itude of the Brazil Current to a realistic 38°S [Olson
et al., 1988)], approximately 5° north of its position in
case FB. The topography of case RB allows the Malv-
inas Current to ride northward along the continental
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Figure 3. (a) Annual mean Hellerman and Rosenstein [1983] wind stress vectors over the model
domain. (b) Mean wind stress vectors for the 1980-1989 ECMWF data set over the model domain.
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Figure 4. Layer 1 velocity vectors and barotropic mass flux streamfunction: (a) experiment FB
(flat bottom, nonforced) and (b) experiment RB (rough bottom, nonforced). (Diffusive velocity
ug = 20 cm s5~1.) C.I. = contour interval. Solid (dashed) lines denote cyclonic (anticyclonic)

flow. The zero contour is not drawn.

slope to ~ 40°S before turning to the interior, in con-
trast to the eastward turn along 48°S in the flat bottom
case. Matano [1993] notes the importance of topogra-
phy in determining the path both of the ACC and of
the Malvinas, which branches from it. Because of its
predominantly barotropic character, the ACC will tend
to flow along contours of planetary potential vorticity
f/H, which can be traced from Drake Passage to the
continental slope off Argentina.

3.1.2. Drake Passage velocities forced versus
nonforced. Our second set of model experiments fo-
cuses on the effect of forcing the ACC transport through
Drake Passage toward a realistic value. We compare the
above rough bottom experiment to experiment RBF
(Rough Bottom, Forced), in which a forcing term is
included in the along-channel barotropic momentum
equation for those grid points that lie along the end of
the ACC channel extension to the west of Drake Pas-
sage. The added forcing term is a Newtonian relaxation
of the form p.('u(o) — @), where the relaxation coefficient
4 has units of inverse time, # is the barotropic velocity
of the model, and v(%) is the barotropic velocity toward
which % is to be driven.

The velocities v(°) for each grid point are determined
with the intention of increasing the model transport
through Drake Passage to observed values. On the ba-
sis of both relative geostrophic shear from hydrographic
surveys and direct current measurements, Whitworth et
al. [1982] estimate the average transport through the
passage to be 130 Sv. Our method for determining the
values of v(°) is as follows. First, the geostrophic ve-
locities across Drake Passage, at each grid point and in
each layer, are calculated from the Levitus [1982] data
set for the mass distribution used to initialize the model
integration. Second, the transport through the Drake
Passage section which results from these velocities is
determined. Third, we calculate the single barotropic
velocity which, when added at each grid point of the
section, increases the transport to a value of 130 Sv.
Finally, the transport through each grid column, that
is, the sum of the geostrophic and added barotropic ve-
locities for each layer times the thickness of the layer
times the grid column width, is calculated. Dividing
that transport by the depth of the grid column times
its width gives the velocities v(°) required to achieve a
transport of 130 Sv. Matano [1993] arrives at a similar
result by imposing the value of the streamfunction (120
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Sv in his benchmark experiment} on the open western
boundary that represents Drake Passage in his model.

The values of 4 = (1 hour)~! and ug = 5 cm s~ were
retained for the final 5 years of integration of experiment
RBF. This value of u4 gives a relatively low lateral eddy
viscosity coefficient, needed for a numerically stable so-
lution. The fast relaxation time of 1 hour strongly forces
the transport through Drake Passage to 128 Sv, allow-
ing for essentially no variation in time from that value
throughout the model run with constant wind forcing.
In section 3.3, we will discuss the results of experiments
in which the relaxation time is equally fast but the value
to which the transport is forced is allowed to vary from
day to day. Experiments carried out with longer relax-
ation times failed to bring the Drake Passage transport
value near to the desired value of 130 Sv.

For direct comparison to case RBF, the nonforced
rough bottom experiment RB described in the preced-
ing section was integrated for an additional 2 years with
ug = 5 cm s~1. We refer to this as experiment RBL
(Rough Bottom, Low viscosity). The previous value of
20 cm s~ ! used in RB was needed only for comparison
to the flat bottom case FB, which required the higher
value of lateral eddy viscosity due to the absence of any
topographic sink for energy.

The layer 1 velocity vectors and contours of the
barotropic streamfunction for case RBF (ug = 5 cm
s~1) are shown in Figure 5. The model results have
been averaged over the final year of integration for dis-
play. The impact of the forcing of velocities through
Drake Passage is evident in the RBF results, with the
transport through that section increased to 128 Sv from
the 69 Sv obtained in the nonforced case RBL (similar
to case RB, Figure 4b). The forced case also shows the
Malvinas Current transport reaching 68 Sv within a re-
circulation centered on ~ 45°S, versus only 22 Sv at
that latitude in the RBL results. Although few obser-
vations are available from the Malvinas region, a signif-
icant barotropic component is believed to exist in the
current. Peterson [1992), on the basis of a hydrographic
survey, estimates the depth-integrated transport to be
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as high as 75 Sv at 42°S. This may be a reasonable
consequence of the northward movement of water from
Drake Passage over the Falkland Plateau, overriding the
deep current which is also flowing to the north.

In the subtropical gyre region, the RBL and RBF
solutions are very similar. In both cases, the model
Brazil Current separates from the coast at ~ 38°S,
and the barotropic transport of the gyre reaches 35
Sv within the western boundary recirculation region at
30°-35°S. Of the total transport, nearly 30 Sv is car-
ried in the uppermost three model layers, which taken
together extend to ~ 1000 m at the deepest part of the
gyre. A comparison of these results to observations is
limited due to the wide variations that exist in pub-
lished values of observed Brazil Current transport, de-
pending both on latitude and on the chosen reference
depth. Additionally, our numerical solution does not
include the thermohaline-driven North Atlantic Deep
Water (NADW), and therefore the model results in this
regard represent only the wind-driven component of the
gyre transport. Gordon and Greengrove [1986] report
that the Brazil Current attains transport values of 19-
22 Sv at 38°S (relative to 1400 m), owing to a recircu-
lation cell south of 30°S. North of that latitude, trans-
port values are reported as low as 4 Sv between 10° and
20°S, where the current is shallow and closely confined
to the continental shelf [Stramma et al., 1990]. South
of ~ 38°S, as the current turns offshore and rides over
the southward flowing NADW, total transport relative
to 3000 m has been estimated at 76 Sv by Zemba [1991].

The model solution in the confluence region of the
Brazil and Malvinas currents is illustrated by means of
the layer 2 and 3 velocity vectors for cases RBL (Figure
6a) and RBF (Figure 6b). In the RBF (forced) case, an
intensified northward flow is noticeable along the coast
northwest of Drake Passage in both layers, but the east-
ward turning point of the two currents after separation
from the coast, ~ 40°S, differs little from the RBL (non-
forced) case. This is in contrast to the results of Matano
[1993], who found that the point of separation shifted 5°
to the north when the imposed model transport through
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Figure 5. As in Figure 4 for experiment RBF (rough bottom, forced). (u4 = 5 cm s™1.)
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Figure 6. Layer 2 and 3 velocity vectors: (a) experiment RBL and (b) experiment RBF.

the open boundary at Drake Passage, and consequently
the Malvinas transport, was increased to 180 Sv versus
the inflow value of 120 Sv used in his initial experi-
ment. In that initial case, separation of the currents
from the coast occurred at ~ 45°S, the latitude of zero
wind stress curl. In the present model, however, separa-
tion from the western boundary is related to the tilting
and packing of isopycnal surfaces associated with the
outcropping of constant-density layers, the configura-
tion of which depends primarily on integral properties
of the applied wind stress [Parsons, 1969; Veronis, 1973;
Huang, 1986; Chassignet and Bleck, 1993]. In an addi-
tional experiment forced by constant winds and with the
model ACC transport further increased to 180 Sv (not
illustrated), the subsequent intensification in Malvinas
Current transport, which brings about the northward
relocation of the separation point in Matano’s [1993]
model, was again found to play no significant role in
relocating that point in our simulations. The inclusion
of bottom topography, however, is of great importance,
as noted in the previous section.

The eastward turning point of the model Brazil and
Malvinas currents, ~ 40°S (Figure 6b), is in reasonable
agreement with satellite observations, which place the
annual mean position of the confluence between 36°S
and 39°S at the western edge of the basin [Olson et al.,

1988]. While the broad features of the confluence region
are visible in the results of experiment RBF (Figures 5
and 6b), the fine structure of eddies and meanders that
exists between the two currents is not resolved by our
coarse-resolution experiments. On the eastern side of
the model basin, Figures 5 and 6 show the subtropical
convergence located ~ 5° south of its observed mean
position of 40°S [Peterson and Stramma, 1991]. We
attribute this to the tendency of the model ACC to bend
southward as it flows along the artificial wall leading to
the eastern channel extension and thence into Drake
Passage.

3.1.3. No-slip lateral boundary conditions ver-
sus free-slip conditions. Model case RBFS (Rough
Bottom, Forced, Slip) was integrated for 5 years begin-
ning from the final year of case RBF, with slip boundary
conditions imposed on all coastlines and artificial walls
of the model basin, as opposed to the no-slip condi-
tions used for RBF. All other parameters for RBFS are
identical to those of RBF, and the model output (not
illustrated) was averaged over the final year of integra-
tion.

Apart from small-scale features, principally along the
eastern model boundary, the two solutions are very sim-
ilar. In particular, transport through the Drake Passage
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section is 130 Sv for case RBFS versus 128 Sv for RBF,
and the Brazil Current separation latitude remains at
~ 38°S. The latter result is not surprising, since the sep-
aration is associated with the outcropping of the upper
layer, a large-scale response which is dependent upon
integral properties of the applied wind stress but in
principle independent of the choice made for the lat-
eral boundary condition [Chassignet and Bleck, 1993].

3.2. Model Experiments Forced by Seasonal
Winds

Beginning from the solution for case RBF, the model
was integrated for 10 years with forcing by the mean
monthly wind stress data of HR83. All other parame-
ters for this case, which we refer to as RBFM (Rough
Bottom, Forced, Monthly winds), are identical to those
of RBF.

The 10-year series of transport through Drake Pas-
sage from the RBFM results is shown in Figure 7a, and
the corresponding series of Malvinas Current transport
across 45°S in Figure 7b. Although the wind forcing is
identical from year to year, the annual cycle of transport
values produced by the model exhibits some variation
in time due to the presence of nonlinear effects. We
show the entire series, rather than an average over the
10 years, in order to facilitate comparison with the re-
sults of the next section, in which we discuss a model
integration with forcing by the 10-year ECMWF wind
data set.

A semiannual signal can be discerned in both the
Drake Passage and Malvinas transport cycles (Figures
7a and 7b), with significantly smaller amplitude in the
case of the former due to the strong relaxation of the
transport to a constant value. Analyses of the coherence
and phase relationship between each of these 10-year
series and the zonally averaged wind stress curl of the
HR83 monthly winds along 45°S (repeated 10 times)
indicate a high correlation between transport and wind
stress cur] at the semiannual period. We therefore sur-
mise that the seasonal variations in each cycle are a
local response to the semiannual signal present in the
gonally averaged wind stress curl over the region south
of ~ 35°S [Olson et al., 1988, Figure 8¢c]. This is
in agreement with the results of Garzoli and Giulivi
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[1993] relating seasonal variability in the confluence re-
gion to local changes in the curl of the wind stress.
Analysis of the phase relationship between the two an-
nual transport cycles from the RBFM results (Figures
7a and 7b) additionally shows that the June maxi-
mum in Malvinas transport, occurring at the time of
strongest winter winds, and the secondary maximum in
December (summer), lag approximately three months
behind the March and September maxima in transport
through Drake Passage. In section 4.2, we will present
a more complete discussion of similar coherence and
phase analyses between pairs of 10-year time series from
a model run forced by the ECMWF wind data set.
Contours of the barotropic streamfunction for the
months of March and June, taken from an average an-
nual cycle created from the 10-year RBFM run, are dis-
played in Figure 8. The slight difference between the
two months in Drake Passage transport (less than 3 Sv)
cannot be seen in the figures. However, the dividing
line between the subtropical and subpolar gyres (i.e.,
the line of zero streamfunction value) clearly shifts to
the north by ~ 4° along 45°W in the month of June, the
month of strongest winter winds and maximum Malv-
inas transport. We define this dividing line to be the
“confluence” of the Brazil and Malvinas currents in the
model results. As with our previous definition of the line
of western boundary current separation as the locus of
the upper layer outcrop, this provides an unambiguous
determination of the confluence location for the purpose
of discussion. Analysis of the coherence and phase rela-
tionship between the 10-year series of the confluence lat-
itude along 45°W from experiment RBFM and the zon-
ally averaged wind stress curl of the HR83 winds along
45°S indicates, as in the case of Malvinas and Drake
Passage transport, a high correlation between conflu-
ence location and wind stress cur]l at the semiannual
period. The northward movement of the confluence
latitude in early winter (June) is associated with the
absolute maximum in negative wind stress curl along
45°S which occurs at that time of year, while the oppo-
site holds true in March, i.e., a southward movement of
the confluence in relation to a maximum in positive curl
over the region. A similar result is found by Matano et
al. [1993], who relate meridional movements of the con-

a 128 LR N R A R RN A AR N R RN R R R R N AR LR R AN SRR AN E SRS RS RS AAREREER] LR R A AR AR
WA\ NP MA AT
124 gt rge el tqrdrersargagelparrrrqageslggirereqeasdarnpipnttslratataetaty INEENEREENNENEENEEANEEY]

0 yrs 10

b 47

Sv

LARBARAREA"

LR U R R R AR AR AL R AR RN R AR N R LR R R R AR AN R AN AR RN LR AR AR ERR Y EEALLRRN)

P4 R TERTRARSRTA FRRRTRRTRRTA ARSRSURTRR FRTARTARTRLN D) AXRRURARRA M AXRANREARY DaARARARRNRA IRAARRRRLAN ARRARRTRRATE [INRRARANRL s,

Figure 7. 10-year series of transport, experiment RBFM (rough bottom, forced, monthly winds):
(a) Drake Passage and (b) Malvinas Current across 45°S.
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Figure 8. Barotropic mass flux streamfunction for the months of March and June from average
annual cycle of experiment RBFM. Short-dashed line denotes zero contour.

fluence latitude to seasonal changes in the transport of
the Brazil and Malvinas currents. Using a barotropic
numerical model forced by the HR83 monthly winds
for the subtropical gyre together with Geosat altimeter
data for the Malvinas Current region, they find that the
confluence latitude is displaced to the south in austral
summer, when the subtropical gyre flow accelerates and
the Brazil Current transport reaches a maximum. Con-
versely, an increase in the Malvinas transport in winter
is accompanied by a northward movement of the con-
fluence latitude.

The strong semiannual signal associated with the
Malvinas transport can also be seen in the barotropic
streamfunction anomaly (relative to the annual mean)
from the average annual cycle of experiment RBFM.
The anomaly for the months of March, June, Septem-
ber, and December is shown in Figure 9, partitioned
into the transport for layers 1 and 2, and for layers 3, 4
and 5. In the lower three layers, the semiannual Malv-
inas signal is evident from ~ 30°-50°S, as the anomaly
alternates between positive and negative values. In the
upper two layers, the anomaly of Brazil Current trans-
port exhibits only a weak semiannual signal in the re-
gion between 30° and 40°S. Two factors may contribute
to this significant damping of the semiannual oscilla-
tion. First, the predominant signal in the zonally aver-
aged wind stress curl is annual to the north of ~ 35°S
[Olson et al., 1988]. Second, the response to semian-
nual fluctuations in the wind stress curl south of that
latitude, which can affect the magnitude of northward
Malvinas transport, may in the case of the Brazil Cur-
rent be blocked by the southward flow of the current
itself.

Observations indicate that the seasonal cycle of east-
ward ACC transport through Drake Passage has both
annual and semiannual components, with the amplitude
of the highly variable annual cycle ranging up to 40 Sv
and with relative maxima occurring each spring and fall
[Whitworth, 1983; Peterson, 1988]. The seasonal cycle
of Malvinas Current separation from the coast also is

believed to possess a semiannual signal related to the
Drake Passage seasonal variations. Observations place
the point of separation further to the north in austral
winter (July to September) than in summer (January
to March), with an annual range of up to 850 km along
the coast. Similar characteristics apply to the separa-
tion point of the Brazil Current, although evidence of a
well-defined annual signal is lacking [Olson et al., 1988].

Results of the model run RBFM agree with these ob-
servations in terms of phase, although the amplitude of
the seasonal variations is greatly reduced. In the case of
the Drake Passage annual transport cycle, this reduc-
tion can be attributed to the strong relaxation of the
transport to a constant value. Additional factors af-
fecting the amplitude of the model seasonal response
are the coarse horizontal grid resolution and the re-
lated large lateral friction. On the basis of inverted echo
sounder measurements in the region, Garzoli and Gar-
raffo [1989] conclude that the principal motion of the
confluence front is an east-west displacement of approx-
imately 100 km, half the present model grid size, with
an annual period related to variability in the latitude of
maximum northward penetration of the Malvinas Cur-
rent. Similarly, Garzoli et al. [1992] state that the am-
plitude of the meridional Brazil Current displacement
during the year is roughly 2°, which the coarse model
grid would barely resolve.

3.3. Influence of Variations in the Drake Passage
Transport Forcing

The previous sections focused on experiments RBF
(annual mean wind forcing) and RBFM (seasonal wind
forcing), both of which used a fast Newtonian relaxation
time resulting in a near-constant transport through
Drake Passage, effectively 130 Sv. Longer relaxation
times failed to bring the transport near to the de-
sired value, the observed annual mean [Whitworth et
al., 1982]. In order to address the importance of Drake
Passage transport fluctuations on the circulation in the
Southwestern Atlantic, we present in this section the
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Figure 9. Mass flux streamfunction anomaly (relative to annual mean) for layers 1 and 2, and
for layers 3, 4 and 5, for months of March, June, September, and December from average annual

cycle of experiment RBFM.

results of experiments in which the transport is relaxed
to values interpolated at each model time step from
a l-year series of daily transport values presented by
Whitworth [1983], to which a 30-day low-pass filter has
been applied (Figure 10a). The fluctuations in trans-
port at Drake Passage are representative of wind forcing
not only from the South Atlantic but also from the In-
dian and Pacific oceans. These experiments are forced
by the HR83 climatological winds that were applied to
experiments RBF and RBFM.

Two 5-year model integrations similar to case RBF
(forcing by the HR83 annual mean winds) and case
RBFM (forcing by the HR83 monthly winds), but al-
lowing the forced Drake Passage transport value to vary
at each time step according to the values of Whitworth
[1983], produced annual cycles of transport at that loca-
tion which essentially duplicated the input set of forcing
values (Figure 10a). In the case of seasonal wind forc-

ing, additional weak transport fluctuations were seen in
the annual cycle as a direct response to the variations
in the wind (not illustrated). However, at Drake Pas-
sage the relaxation mechanism remains the controlling
factor in setting the model transport, as opposed to the
wind forcing.

In the Malvinas transport, however, we expect to ob-
serve the influence both of variations in the local wind
and of variations in the magnitude of the Drake Pas-
sage transport. In the case of constant forcing of the
transport through the passage and seasonal forcing by
the winds, the Malvinas transport cycle (Figure 10b, re-
peated from Figure 7b) possesses a clear semiannual sig-
nal related to the signal present in the zonally averaged
wind stress curl over the region (section 3.2). If we now
force the model by constant (annual mean) winds and
impose the above variable forcing on the Drake Passage
transport, the annual cycle of Malvinas transport (Fig-
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Figure 10. (a) 30-day low-pass filtered series of daily Drake Passage transport values from Whit-
worth [1983]. One-year record is repeated 5 times; (b) 5-year series of Malvinas Current transport
across 45°S, experiment with constant Drake Passage transport forcing, monthly winds (repeated
from Figure 7b); (c) 5-year series of Malvinas Current transport across 45°S, experiment with
variable Drake Passage transport forcing, annual mean winds; (d) 5-year series of Malvinas Cur-
rent transport across 45°S, experiment with variable Drake Passage transport forcing, monthly

winds.

ure 10c) is nearly in phase with the Drake Passage forc-
ing cycle (Figure 10a). The seasonal variations in ACC
transport around the entire Southern Ocean, which are
implicitly contained in the Whitworth [1983] Drake Pas-
sage transport values, are advected northward into the
Malvinas Current.

If finally we allow both of the relevant model forc-
ings to vary in time (the relaxation of Drake Passage
transport and the forcing by the wind), the result in
the Malvinas transport is the annual cycle displayed in
Figure 10d. This cycle retains the semiannual charac-
ter of the cycle shown in Figure 10b (a case in which
only the wind forcing varied), with additional superim-
posed variations due to fluctuations in the Drake Pas-
sage transport forcing (Figure 10a).

4. Model Experiments Forced by
Realistic Wind Data

The nature of the model forcing is relevant to the
question of reduced amplitude of the model seasonal
response, as discussed in section 3.2. Smith et al. [1990]
found reduced amplitude in the model seasonal varia-
tions as compared to observations in their calculation
for the North and Equatorial Atlantic, which was also
forced by the HR83 monthly winds. In their analysis
of the confluence region results from the Semtner and
Chervin [1992] global model, Garzoli et al. [1992] also
find that the spatial and temporal variability in the
location of the modeled front is less than seen in the
observations. They state that this can be attributed
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in part to the lack of variability in the forcing by the
HR83 climatological mean winds, which neglect the role
of interannual wind stress variability in the determi-
nation of the seasonal response of the ocean [Olson et
al., 1988]. In this section, we address this issue by re-
porting on several experiments forced by realistic wind
data for the years 1980-1989 from the European Center
for Medium-range Weather Forecasting (ECMWF). In
each of the model runs described in this section, the
Drake Passage transport is relaxed to a constant value,
as in experiments RBF and RBFM. There is no series
of daily Drake Passage transport values available, such
ag the 1-year Whitworth [1983] time series, that corre-
sponds to the 10-year time period of the ECMWF wind
data. By holding constant the value to which we relax
the Drake Passage transport, we forego a realistic am-
plitude for the annual cycle of transport at that location
in the model (while achieving a realistic mean transport
value). However, we are then able to concentrate on
the influence of South Atlantic wind-forced variations
in the Malvinas transport, the confluence location, and
the Brazil Current transport.

4.1. Model Experiments Forced by Mean
ECMWF Winds

In Figure 3b we show the mean stress vectors for the
1980-1989 wind data provided by the European Cen-
ter for Medium-range Weather Forecasting (ECMWF),
interpolated onto the rotated Mercator grid of Figure
1. In comparison to the climatology of HR83 (Figure
3a), the mean ECMWF winds are notably stronger in
the region of westerlies extending from mid-basin to the
Indian Ocean and particularly in the band of polar east-
erlies north of the Antarctic continent.

The model was integrated for 5 years with forcing by
the mean ECMWF winds, beginning from the final year
of case RBFM (section 3.2). We refer to this case as
RBFE (Rough Bottom, Forced, mean ECMWF winds).
All other parameters are identical to those of RBFM,
and the model output was averaged over the final year
of integration for display.

Figure 11 shows the layer 1 velocity vectors and
barotropic streamfunction for case RBFE, for compar-
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ison to Figure 5 for case RBF. The ACC transport
through Drake Passage remains at 128 Sv as in RBF.
However, the maximum northward transport of the
Malvinas Current, in the recirculation centered on ~
45°S, reaches 85 Sv in RBFE, versus 68 Sv in RBF. In
the subtropical gyre, the maximum southward Brazil
Current transport increases only slightly, to 38 Sv in
RBFE versus 35 Sv in RBF, and there is no discernible
difference in the layer 1 velocity vectors or in the Brazil
Current separation latitude (i.e., the locus of the layer
outcrop) for the two cases.

4.2. Model Experiments Forced by 10-Year
ECMWF Winds

Beginning from the final year of experiment RBFE,
the model was integrated for 10 years with forcing by
the full 10-year ECMWF wind data set. We refer to
this experiment as RBFME (Rough Bottom, Forced,
Monthly ECMWF winds). As an example of the vari-
ability that exists within the ECMWF data set, and
consequently within the RBFME results, we show in
Figure 12 the model-produced barotropic streamfunc-
tion for the months of April 1980 and September 1985.
These two months represent extrema, over the 10-year
meodel run, in transport both of the Brazil Current and
of the ACC through Drake Passage. In the case of the
Drake Passage transport, variations within the 10-year
cycle represent a damped response to local variations in
wind forcing, due to the strong relaxation of the mean
transport to a constant value. The stress vectors for
these two months (not illustrated) reveal that the late
winter winds of September are notably stronger than
the April winds in three regions: the southeast trades
blowing toward the equator, the northerlies along the
coast of Brazil, and the westerly winds through Drake
Passage. In the April (autumn) winds, a more well-
defined cyclonic stress pattern appears at the southern
end of the basin, due to strengthening of the polar east-
erlies along the Antarctic coast.

The barotropic streamfunctions from the RBFME re-
sults at mid-April 1980 and mid-September 1985 (Fig-
ure 12) reflect the wind stress differences between those
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Figure 11. Layer 1 velocity vectors and barotropic mass flux streamfunction from experiment
RBFE (rough bottom, forced, mean ECMWF winds).
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Figure 12. Barotropic mass flux streamfunction from
experiment RBFME (rough bottom, forced, monthly
ECMWF winds) for the months of April 1980 and
September 1985.

two specific months. The transport in September 1985
is a maximum, over the entire 10-year RBFME run,
both in the subtropical gyre (54 Sv Brazil Current
transport across 30°S) and through Drake Passage (130
Sv). The opposite holds for the April 1980 results,
which display the minimum transport both for the
Brazil Current (28 Sv) and for Drake Passage (116 Sv).
This correspondence, however, does not imply a direct
(instantaneous) relation between stronger (or weaker)
winds and greater (or lesser) transport in each of the
principal currents which we are considering. In the
case of the Malvinas Current, for example, the trans-
port across 45°S is considerably higher in the April 1980
RBFME results (51 Sv) than in the results for Septem-
ber 1985 (32 Sv). This tendency for high (low) ACC
transport to correlate with weaker (stronger) Malvinas
flow appears to be reflected as well in the subpolar
Weddell Gyre region. The cyclonic circulation of the
Weddell sea is well developed in the April 1980 results,
when the ACC is relatively weak and the Malvinas rela-
tively strong, but is disrupted when the ACC transport
is high, as in September 1985.

The offset in time between the annual cycle of trans-
port through Drake Passage and the cycle of Malvinas
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transport across 45°S can easily be seen in the simpler
RBFM results (Figure 7). In the case of RBFME, the
10-year model output allows us to construct time se-
ries of transport that are sufficiently long to assure sta-
tistical reliability [Chelton, 1982] in an analysis of the
periodicity and interrelationships of the three principal
South Atlantic currents, the Brazil, the Malvinas, and
the ACC through Drake Passage. We have discussed
earlier, in connection with RBFM, the existence of both
annual and semiannual signals in the ACC transport
and the relation of that cycle to the seasonal cycle of
Malvinas transport. Here we examine the 240-point
time series of transport through Drake Passage and of
the Malvinas transport across 45°S from the RBFME
results, stored every 15 days (Figures 13a and 13b re-
spectively), and the variance-conserving energy spec-
trum of each series and squared coherence and phase
relationship between the pair (Figure 13c). Each time
series possesses a principal energy peak at the annual
period and a secondary peak at the semiannual period,
but the coherence between the series at the annual pe-
riod falls below the 95% confidence limit. At the semi-
annual period, the series exhibit a high correlation, with
a 180° phase shift existing between the pair as the Malv-
inas transport lags behind the Drake Passage transport.
A 90-day shift in the start time of the Malvinas series
produces a zero-degree phase lag between the two se-
ries at the semiannual period, although with coherence
below the 95% confidence limit.

A similar analysis of the 10-year time series of Malv-
inas transport across 45°S together with the series of
Brazil-Malvinas confluence latitude along 45°W shows
that a peak in the energy spectrum of the confluence
series, and a significant correlation between the two se-
ries, exists at the semiannual period only (Figure 14).
(Recall that in section 3.2 we defined the “confluence”
as the dividing line between the subtropical and sub-
polar gyres in the model results.) In contrast to the
apparent 90-day offset between the Drake Passage and
Malvinas series compared in Figure 13, here the phase
lag between the Malvinas and confluence series at the
semiannual period is near zero degrees.

Finally, we ask whether the phase relationships that
exist in the model results among the 10-year cycles
of Drake Passage transport, Malvinas transport across
45°S, and latitude of the confluence can be shown to ex-
tend to the Brazil Current region. Analysis of the time
series of Drake Passage transport versus the series of
Brazil Current transport across 30°S (not illustrated)
reveals a distinct peak in the energy spectrum of the
Brazil Current series at the annual period only, with a
fragmented signal at higher frequencies. No significant
coherence is seen between the two series at either the an-
nual or semiannual periods. A similar result is obtained
in comparing the Malvinas transport across 45°S to the
Brazil Current series (Figure 15), although in this case
the correlation between the two series lies marginally
above the 95% confidence limit at the semiannual pe-
riod. The high levels of coherence at the semiannual
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Figure 15.
Current transport across 30°S.

period that were seen in Figures 13 and 14, relating
to comparisons of the Drake Passage transport, Malv-
inas transport, and confluence latitude, are absent from
these last two analyses.

5. Discussion

The results of our model runs forced by seasonally
varying winds, both those obtained from climatology
and those including interannual variations, are in agree-
ment with recent studies indicating the presence of a
significant semiannual signal in the variability of the
South Atlantic circulation south of the Brazil-Malvinas
confluence. In an analysis of the Olson et al. [1988] 3-
year data set of SST in the confluence region, Provost
et al. [1992] conclude that the ratio of the amplitude of
the semiannual signal in SST to the annual amplitude
increases from gero at 30°S to 45% at 50°S, with the
semiannual frequency being associated with the semi-
annual wave present in the atmospheric forcing of the
southern hemisphere [Large and van Loon, 1989]. Gar-
zoli and Giulivi [1993], in an analysis based on a 15-
month velocity record from inverted echo sounders in
the confluence region [Garzoli, 1993], relate the annual
cycles of north-south movement of the southern limit of
the Brazil Current and the northern limit of the Malv-
inas Current to local changes in the curl of the wind
stress, as calculated from the ECMWF wind data set
for the time period of the observations. Since the curl
of the HR83 climatological winds fails to account for

As in Fig. 13 but for (a) Malvinas Current transport across 45°S and (b) Brazil

the interannual variability found in the data, Garzoli
and Giulivi [1993] conclude that the variability observed
at the confluence has two principal components: local
changes in the wind field south of the confluence, and
seasonal variability of the wind stress curl integrated
across the entire basin. The response due to the latter
should consist of a barotropic component on the short
term and an interannual baroclinic response. Provost et
al. [1992] note also that the positions of the Braszil and
Malvinas SST fronts exhibit significant interannual vari-
ations which, at certain locations, dominate the semi-
annual variations.

In addition to local changes in the curl of the wind
stress, the correlation at the semiannual period between
the ACC transport through Drake Passage and the
Malvinas transport across 45°S could be attributable
to remote effects such as the cyclonic (clockwise) pas-
sage of an edge wave around the basin, initiated by
seasonal fluctuations in wind curl forcing in the Drake
Passage-Malvinas region. The possible presence of such
a mode in our coarse-resolution experiments was tested
in a simplified two-layer model run, with an initial in-
terface depth perturbation near the southwest corner
of the basin and no external forcing at the surface. It
was found that the propagation speed of the wave form
around the edge of the basin was reduced by approxi-
mately 10% relative to the true wave speed, in agree-
ment with the theoretical phase retardation due to the
spatial differencing of the numerical grid [Haltiner and
Williams, 1980].



SMITH ET AL.: WIND-FORCED VARIATIONS IN THE BRAZIL-MALVINAS CONFLUENCE

Overlapping time series of 3600 days 1980 - 1989
MALVINAS TRANSPORT ACROSS 45§
BRAZIL TRANSPORT ACROSS 30S

VARIANCE CONSERVING SPECTRA

5113

c VARIANCE 1 VARIANCE 2
70. T T | LR B . | LIS 20.000 [T T TT LS | LS
60. — =
s0. |- ~ i
40. -1
- -1 10.050 -
30. - -
20. |- - i )
10. I~ = J
o lrri 1t [TTTTR M| 0.100 LLLLLL L (TR | [T
10000. 1000. 100. 10. 10000. 1000. 100. 10.
COHERENCE ** 2 PHASE
L L e 112 I 110 0 o.M T T [T T T T T T 1
09— _95% 1 1. —
08 - - - _(é)
- -1 90. L
0.7 - B _ E
0.6 A 45._— h —-g
os| - 0. !
041" 1 4| —&
0.3 -_— -_ %0 cg
0z} - I ~ i
o1 b Jd -5 ~—
0.0 TR TITE A 11 -180, Lt 1 TSN I (11001 I
10000. 1000. 100. 10. 10000 1000. 100. 10.
PERIOD (days)

Figure 15. (continued)

This simplified experiment indicates that the large-
scale semiannual signal forced by seasonal wind varia-
tions within the Drake Passage region can be carried
northward by a Kelvin-type wave form into the region
of the Brazil-Malvinas confluence, despite the coarse
resolution of the model. As the wave form propagates
along the coast, a number of factors may contribute
to the decay of this signal, leaving the locally wind-
forced annual oscillation as the predominant response in
the model Brazil Current region. First, lateral friction
must be mentioned as a straightforward cause of dete-
rioration of the signal’s strength. Second, the north-
ward progression of the semiannual signal beyond the
latitude of the Braszil-Malvinas confluence may be im-
peded by the southward flow of the Brazil Current it-
self. An experiment relevant to this issue was carried
out by Chassignet [1988], in an eddy-resolving model

of the South Atlantic and Indian oceans surrounding
the southern part of Africa. Chassignet [1988] demon-
strated the propagation of a Kelvin wave around the en-
tire model basin, generated by a cyclonic ring off the tip
of Africa. He found that the response to the edge mode
was blocked in the region off the east coast of Africa,
where the wave’s northward passage was retarded by
the southward movement of the Agulhas boundary cur-
rent.

A third factor in decay of the northward propagation
of a semiannual signal is related to the issue of mo-
mentum balance between currents flowing in opposite
directions along a western boundary. Specifically, the
largely barotropic edge wave, embedded in the north-
ward flowing Malvinas, can lose energy as it attempts to
cross the subtropical gyre outcrop line, along which the
southward flowing Brazil travels. A 2 1/2 -layer f-plane
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model experiment carried out by Agre and Nof [1993]
considers the case of opposing currents of different den-
sities, with the equatorward current (i.e., the Malvinas)
being forced to dive underneath the less dense poleward
flow (i.e., the Brazil) as both currents separate from the
coast. The separation itself may be attributable in part
to the momentum imparted on the poleward current by
the opposing flow, even though the latter may be the
weaker current of the two. In this scenario, which dis-
regards the effects of wind forcing, the Malvinas can
effectively push the Brazil Current to the north and
offshore as it rides against the lower interface of the
outcropping upper layer that represents the subtropical
gyre. Agra and Nof [1993] propose this mechanism as
one reason for the premature separation of the Brazil
Current from the coast, which has been observed to oc-
cur at a latitude ~ 10° north of the climatological zero
wind curl line [Olson et al., 1988]. In an extension of
this model study to a case including the effects of 3,
Nof [1993] further suggests that the observed seasonal
oscillatory movement of the Brazil and Malvinas sep-
aration points [Olson et al., 1988] may result from a
B-induced southwestward migration, of rate on the or-
der of the long Rossby wave speed, as well as from an
imbalance in the alongshore drift induced by momen-
tum as the two currents collide. The specific influence
of the northward traveling edge wave on the change in
momentum balance and on the separation point of the
two currents should be explored further in the context
of the Agra and Nof [1993] model.

6. Summary and Outlook

We have presented the results of a coarse-resolution,
wind-driven isopycnic numerical model of the South At-
lantic circulation, with emphasis on seasonal variations
in the Brazil-Malvinas confluence region. Our initial
experiments, using climatological wind forcing, demon-
strated the effects of the inclusion of bottom topogra-
phy (versus flat bottomn integrations) in reducing the
transport of the ACC through Drake Passage and in
shifting the separation latitude of the Brazil Current to
the north. The addition of seasonal climatological wind
forcing allowed us to detect the presence of a semian-
nual signal in the annual transport cycles for both Drake
Passage and the Malvinas Current, although the signal
amplitude is limited in the former due to the relaxation
of the transport to a constant value. When the value to
which the Drake Passage transport is relaxed is allowed
to vary in time, the semiannual wind-forced oscillation
in the Malvinas region remains evident, with additional
superimposed variations related to the variations in the
transport forcing. In the Brazil Current transport cy-
cle, the semiannual oscillation seen in the Malvinas was
found to be significantly damped, and the calculated
amplitude in each cycle was reduced relative to obser-
vations. A 10-year integration forced by the 1980-1989
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ECMWF wind data set enabled the exploration of in-
terannual variability in the South Atlantic circulation
and provided more realistic forcing than the climato-
logical winds, particularly in the region of the polar
easterlies. The model output from this integration pro-
vided time series of sufficient length to permit analysis
of the interrelationships of the major Southwestern At-
lantic currents. While a high correlation at the semi-
annual period was found to exist among the cycles of
Drake Passage transport, Malvinas Current transport,
and seasonal movements of the Brazil-Malvinas conflu-
ence latitude, the Brazil Current transport cycle exhib-
ited a significant energy peak only at the annual period.
We conclude that the semiannual signal locally wind-
forced south of the confluence is significantly damped
before reaching the Brazil Current region by several fac-
tors: friction, the opposing flow of the current itself,
and the inability of the denser Malvinas to penetrate
the subtropical circulation that is confined to the upper
model layers.

The model simulations have approached realism to
an extent that allows a reasonable interpretation of the
results regarding the wind-driven seasonal oscillations
in the confluence region. We recognize that a realis-
tic mean transport value through Drake Passage has
been achieved by numerical means, a defect that might
be overcome only by modeling the global circulation
or at least the entire Southern Ocean. Here we look
to attainable further refinements of the present model
basin, specifically a reduction of the grid size and the
inclusion of thermohaline forcing. A progression from
the coarse horizontal grid of the present experiments
to a finer mesh permitting the resolution of mesoscale
eddies would allow a more detailed study of the role
of edge modes in carrying a seasonal signal from the
Drake Passage region into the Malvinas Current. An
eddy-resolving model would also capture more realis-
tic representations of the sharply sloping topography
in the Drake Passage-Malvinas Plateau region and of
the highly banded structure of the ACC velocity profile
through Drake Passage [Nowlin and Clifford, 1982], as
well as permit study of the eddy-filled region lying be-
tween the eastward extensions of the Brazil and Malv-
inas currents [Olson et al., 1988]. Fine-resolution cal-
culations are of principal importance to more detailed
studies of seasonal variations in the confluence region,
which as noted earlier may have a spatial range below
the current model grid size [Garzoli and Garreffo, 1989;
Garzoli et al., 1992]. Decadal trends in the model out-
put presented here, e.g., the increase in Brazil Current
transport seen in Figure 15b, are as yet unconfirmed
by observations and should be explored in longer-term
fine-resolution integrations forced by observed interan-
nual winds.

Looking beyond eddy-resolving wind-driven simula-
tions, the addition of thermohaline forcing to the model
will allow the study of processes linking North Atlantic
deep water sources to the remainder of the world ocean
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via the South Atlantic, thereby completing the global
thermohaline circuit. Rings of the Agulhas Current,
which may be modeled on an eddy-resolving grid, also
play a role in the thermohaline circulation as they carry
warm, salty Indian Ocean waters into the South At-
lantic [Olson and Evans, 1986]. A recent South At-
lantic model analysis by Matano and Philander [1993]
estimates an equatorward heat flux of 0.19 x 10! W
across 30°S but does not consider seasonal variations in
heat transport, which may be expected to occur in rela-
tion to the north-south movement of the Brazil Current
extension [Gordon, 1981)]. Peterson and Stramma [1991]
point out that estimates of heat transport in the South
Atlantic vary widely due to uncertainties both in com-
putational methods and in the magnitude of seasonal
and interannual variability south of 20°S. The incorpo-
ration of seasonal thermohaline forcing into the present
South Atlantic model can be accomplished through the
addition of a mixed layer above the isopycnic model in-
terior, as Bleck et al. [1992] have recently demonstrated
for the North Atlantic.

Appendix: Implementation of Cyclic
Boundary Conditions

In order to model the flow of the ACC across the
basin, cyclic lateral boundary conditions are imposed
along the western and eastern ends of the channel ex-
tension at the southern end of the model ocean. The
channel extension is discussed in section 2.2 and illus-
trated in Figure 1. For the purpose of describing the
numerical implementation of the cyclic boundary con-
ditions, we consider here a half-torus (Figure A1) as
a simplified representation of the relevant part of the
model domain. The cyclicity implies that the ends of
the half-torus overlap, effectively creating the circular
pathway that models the ACC.

The necessary extent of the overlap is determined by
the horizontal staggering of the model variables, which
in this case is the arrangement commonly referred to
as the Arakawa C grid. Considering the grid stencils
required to solve the finite difference equations in the
model, it can be shown that no less than three rows
of vorticity (Q in Figure A1) and zonal velocity (V)
points, and two rows of mass (P) and meridional ve-
locity (U) points, must overlap. The arrows drawn in
Figure Al indicate (for a sample cluster of grid points)
the sense in which one cluster of variables is “copied”
into another to create the overlap. The sense of the
copy is such that variables nearest to the bottom of the
half-torus (i.e., the boundary rows) receive their values
from variables of the interior rows. Note that velocity
points are copied with a change of sign. One central
row of @ and V points is not copied; solutions of the
momentum equations at the central V points, which
should be identical on the two opposite sides except for
a sign change, can be used to check for logical flaws in
the copy process.
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Figure Al. Schematic representation of implementa-
tion of cyclic boundary conditions.
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