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1 Introduction

The South Atlantic Ocean exhibits a diversity of dynam-
ical processes and as such is of great interest to oceanogra-
phers. A review of the large-scale circulation has recently
been carried out by Peterson and Stramma (1991), there-
fore only a brief description of the main features will be
given here. The region under consideration lies between
the equator and the southern flank of the Antarctic Cir-
cumpolar Current (ACC). To the north, equatorial dy-
namics dominate, Further south, there is a wind-driven
sub-tropical gyre and western boundary current (the
Brazil Current). The ACC enters the South Atlantic
through Drake Passage. A branch flows northward as
a western boundary current (the Falkland or Malvinas
Carrent) while the remainder flows eastward across the
Atlantic. At approximately 38°S, the Brazil and Falkland
Currents meet and separate from the coast. Some of this
water forms a recirculation cell while the remainder forms
the South Atlantic Current which closes the southern end
of the subtropical gyre. At high latitudes in the Weddell
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Sea there is a cyclonic gyre and Antarctic bottom water is
formed. Coastal upwelling occurs along the south-west
African coast. Eddies from the Agulhas Current retroflec-
tion, one of the most eddy-active regions in the World
Ocean (Shum et al, 1990), invade’ the South Atlantic (Gor-
don and Haxby, 1990), transporting large amounts of heat.

The South Atlantic plays an important part in the
Earth’s climate system. It is unusual amongst the world's
oceans in providing an equatorward heat transport. Esti-
mates of the northward heat transport, summarised by
Rintoul (1991), vary from 0.04 to 1.15 PW (PW = 10!° W).
This transport is due to the thermohaline circulation in
which relatively warm surface and intermediate waters
flow northward and cold deep waters flow southward.
The North Atlantic conveyor belt {Broecker, 1991) passes
southward through the South Atlantic, at a depth of
about 2500 m, as North Atlantic Deep Water (NADW). It
is then swept eastward in the ACC, with water upwelling
in both the Indian and Pacific Oceans, before returning to
the North Atlantic. There has been some discussion as to
whether the returning upper ocean water takes the cold
water path through Drake Passage (Rintoul, 1991;
Broecker, 1991) or the warm water path around South
Africa (Gordoen, 1986).

2 The model

The FRAM project was a community research pro-
gramme set up to make a detailed study of the Southern
Ocean. Central to this study was a primitive equation
eddy-resolving ocean general circulation model (Cox,
1984). A more detailed description of the model and some
initial results can be found in the article by the FRAM
group (1991). In FRAM, the South Atlantic (as well as the
other oceans) is terminated at 24°S by an open boundary
condition (Stevens, 1991). The horizontal resolution of the
model is approximately 27 km at 60°S making FRAM one
of the highest resolution primitive equation models of the
Southern Ocean run to date; Semtner and Chervin (1992)
have run a 0.5°x0.5° global model and are currently
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working with even higher resolution models. The model
can partially resolve the small-scale synoptic/mesoscale
eddies found in the ocean. However, a cursory glance at
the contours of Rossby radii in the South Atlantic produ-
ced by Houry et al. (1987) indicate that it will be many
years before a fully eddy-resolving model will be possible.
The model was initialised as a cold { — 2°C), saline
(36.69 ppt), motionless fluid and its temperature and salin-
ity fields were relaxed toward the annual mean Levitus
(1982) climatology for a 6-year period. The annual mean
winds (Hellerman and Rosenstein, 1983} were increased
linearly from zero to their steady value during the third
year of integration. During this spin-up period the model
produced a dynamically consistent set of fields (namely
temperature, salinity and velocity) from the smooth clima-
tology. Results from the end of this period are presented in
the FRAM atlas (Webb et al, 1991). The integration was
continued for a further 10 years. During this time, the
seasonal climatological winds of Hellerman and Rosenstein
{1983) were used to drive the ocean at the surface and the
relaxation to the Levitus {1982) climatology was switched off
except in the surface level. For the first 9 years of integration
the model had harmonic lateral friction and linear bottom
friction. For the final 7 years a mixture of harmonic and
biharmonic lateral friction and quadratic bottom friction
was used allowing the eddy field to develop more fully.
It is the purpose of this paper to examine the behaviour
of FRAM within the South Atlantic Ocean. We will com-
pare the model with observations where these are avail-

able and go on to describe other features of interest. Most
of the analysis which follows is of the last 6 years of the
prognostic integration, where the model was allowed to
develop without the restore-to-Levitus constraint. Thus,
although the model remains far from a proper state of
equilibrium with respect to its forcing, it still resembles the
state of the ocean as described by the Levitus analysis fields.

3 Hydrography and mean circulation

The model hydrography is forced toward the highly
smoothed Levitus (1982) climatology during the diagnos-
tic phase and remains close to this throughout the (albeit
short) integration. However, during the assimilation pro-
cess a wealth of detail and small scale structure evolves.
A number of fronts are formed in their observed positions.
Eddies are spontanecusly generated in western boundary
currents and along the path of the ACC. Figure 1 shows
the model surface temperature at the end of the diagnostic
phase. Further sections can be found in the FRAM atlas
{(Webb et al., 1991).

The model appears to reproduce the circulation of the
South Atlantic extremely well. Figure 2 illustrates con-
tours of the mean volume transport stream function
during the final 6 years of the integration. A coarse repres-
entation of the topography is also included in the figure to
ilkustrate its effect on the circulation. To the north of the
region is the sub-tropical gyre. The dynamics within this

Fig. 1. The model surface temperature (in °C) at the end of 6-year diagnostic phase
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Fig. 2. The time mean volume transport stream function. The contour interval is 10 Sv. Major topographic features (with a depth of less than

3000 m) are represented by shading

region are largely Sverdrup and even major topographic
features have little effect on the flow. The western bound-
ary current (the surface Brazil Currenl and the south-
ward-flowing NADW) of the gyre has a mean volume
transport of 51 Sv{Sv = 105 m?*s~ ') at 37°S. This value is
much higher than the transports of 19-22 Sv estimated
using a shallow reference level of 1400-1500 m (Gordon
and Greengrove, 1986), and seems to support estimates of
70 Sv or more (Zemba and McCartney, 1988; Peterson,
1990) made using deeper reference levels. The maximum
southward transport of the Brazil Current in FRAM has
a mean of 82 Sv. However, this inciudes a number of
extreme events due to eddies in the confluence with the
Falkland Current.

The Agulhas Current (the western boundary current of
the wind driven sub-tropical gyre in the Indian Ocean) has
a mean transport of §7 Sv at 32°S; this can be compared
with a mean Sverdrup transport of 47 8v, Gordon et al.
{(1987) estimated a transport of 95 Sv. They also noted the
large discrepancy with the Sverdrup transport and at-
tributed the enhancement to a recirculation cell. This
argument is also supported by FRAM which includes
such a recirculation cell.

The ACC enters the South Atlantic through the Drake
Passage as two jets. The northern jet is the strongest with
a transport of about 130 Sv, whilst the southern jet has
a transport of 50 Sv. In reality, three jets have been ob-

served at Drake Passage (Nowlin and Clifford, 1982). In
FRAM, the jet that occupies the middle of the passage
merges with the northern jet. Many of the small narrow
jets associated with the ACC can be seen, Toward the
south of the region topographic effects are dominant and
in general the flow follows contours of f/H (see Fig. 2).

Onc point of note is the transport through Drake
Passage, which at 180 Sv is higher than the generally
recognised 130 Sv (Nowlin and Klinck, 1986). This over-
estimation of the transport in the ACC is endemic in
primitive equation models. For instance, the global eddy-
resolving model of Semtner and Chervin (1992) has
a transport of 200 Sv through Drake Passage. The addi-
tional transport in FRAM is mostly due to a stronger
barotropic component of the flow than that observed in
nature (Grose, 1992), Interestingly Matano (1993) has
found that the Brazil Current (in his model) would only
separate from the coast at its correct position if the ACC
had a strength of 180 Sv.

The volume transport of the Falkland Current in
FRAM has a magnitude of 138 Sv at 52°S and 93 Sv at
45°S. As with the transport through the Drake Passage,
this is larger than observations suggest. Gordon and
Greengrove (1986} and Piola and Bianchi (1990) both
estimate approximately 10Sv in the region 42-46°S.
These estimates are based on rather shallow reference
levels and are suggested as lower limits. Using a full depth
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Fig. 3. The meridional overturning in FRAM. The contour is
1 Sverdrup. Every fifth contour is bold. The zero and negative
contours are dashed

survey, Peterson (1990) suggests a transport of approxim-
ately 70 Sv at 42°8, which is much closer to the FRAM
prediction.

The main features of the volume transport across
a transatlantic section at 32.5°S at the end of the diagnos-
tic integration are described in Saunders and Thompson
(1993). As might be expected, the mean volume transport
for the prognostic phase, a few model years later, is sim-
ilar. Figure 3 shows the vertically integrated meridional
overturning stream function for latitudes north of the
southern tip of Africa. The main features are an upper
layer which includes warm surface waters and Antarctic
intermediate waters moving equatorward, with a return
flow of NADW. There is small equatorward transport of
abyssal water, The overturning circulation of around
20 Sv is in broad agreement with preliminary estimates
from WOCE cruise A1l (Saunders, 1993) and somewhat
larger than the 15Sv estimated by Rintoul (1991),
although the northward transport of abyssal water
in FRAM appears to be too small. A striking feature of
Fig. 3 is its uniformity with changing latitude, implying
a lack of vertical motion (in the zonal average). This is in
contrast to the mean circulation in the other two basins,
as described by Dods (1994), in which the streamlines
show variations in depth with changing latitude.

The lack of bottom water in the diagnostic phase of the
FRAM integration has been described by Saunders and
Thompson (1993) and was ascribed to a lack of baroclinic
structure in the Levitus data at depth. However, after
running a limited area model with different representa-
tions of the Vema channel, Wadley and Bigg (1994) have
suggested that the main cause is the removal (by smooth-

ing the topography) of narrow deep channels. During the
prognostic phase of the integration the situation was not
improved. Furthermore, the relaxation of the surface-level
temperature and salinity fields towards the annual mean
Levitus values means that the very cold winter surface
conditions necessary for bottom water formation are not
found in the model.

Figure 4 illustrates the path of simulated drifters at the
surface, 32.5, 1087.5, 1945.5 and 3071 m in the mean
current, Comparing the illustrations, it can be seen that
the ACC is predominantly barotropic whilst the waters
notth of 40°S have much more vertical structure. The
illustrations of the upper 1000 m exhibit a large-scale
structure similar to the schematic of Peterson and
Stramma (1991, Fig. 2). Comparing the surface and 32.5-m
tracks shows the deflection of the current by Ekman drift.
Between 30°S and 60°S, the surface layers are pushed
northward. The strong offshore drift from Africa that
causes upwelling is apparent. The Benguela Current is
clearly seen, in the 32.5-m plot, as a near-surface current.
The Brazil Current is fed from the north at the surface and
between 2000 and 3000 m, whereas at intermediate depths
(1000 m) it is fed by the sub-tropical gyre.

The meridional stream function (Fig. 3) gives no indica-
tion as to the location of the southward flowing NADW,
It is clear from drifter tracks at 1945.5 and 3071 m that
most of this water moves south as a deep western bound-
ary current beside South America. The 3071-m plot also
indicates a much weaker western boundary current fol-
lowing the mid-Atlantic ridge. Between 40°S and 50°S the
NADW separates from South America and heads towards
the east. Some of this water passes over the mid-Atlantic
ridge, whilst the remainder flows around its southern end.

4 Transient motion

Drifter tracks at 32.5 m, using instantaneous data from
model day 4230, are shown in Fig. 5 for comparison with
the mean fields presented above. The most striking feature
of the figure is the Agulhas eddies moving westward into
the South Atlantic. The fourth eddy from the east edge of
the figure is just about to split into two, whilst the next
two eddies to the west are the result of an earlier split. The
other main region where eddies can be found is in the
Brazil-Falkland Current confluence. Transient signals
elsewhere are mainly due to meanders of currents rather
than isolated eddies.

The eddy kinetic energy field at model level 2(32.5 m) is
illustrated in Fig. 6. Level 2 is chosen as it does not contain
Ekman effects and is thus directly comparable with obser-
vations from satellite altimetry. Other model levels have
a similar distribution of eddy energy due to the equivalent
barotropic nature of FRAM (Killworth, 1992), although in
general the magnitudes decay with depth. With reference to
one of the altimeter-derived maps of eddy kinetic energy
produced by Daniault and Ménard (1985) or Shum et al.
{1990}, it can be seen that FRAM has captured the distribu-
tion of eddy energy extremely well. Stevens and Killworth
(1992) compared energy levels in FRAM with FGGE (First
GARP Global Experiment) drifters and long-term current
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meter moorings. They found reasonable agreement, al-
though the magnitudes in FRAM were smaller, particularly
in quiet regions. This is a common feature of general circula-
tion models that only partially resclve eddies. For in-
stance, Seminer and Chervin (1992) talk of ‘eddy deserts’.
The situation is improved with increased resolution
(Boning and Budich, 1992). Areas of high eddy energy are
found in western boundary currents, in the ACC, and in
the vicinity of major topographic features. One of the
most eddy-active regions is the Agulhas Current retroflec-
tion zone. The path of Agulhas eddies is rather regular in
FRAM, giving rise to a region of high eddy energy which
can be tracked right across the Atlantic. In reality, the
eddies follow more varied paths (Gordon and Haxby,
1990). The lack of variability in the paths in FRAM may
be due to the smooth (spatially and temporally) wind
forcing of the model. It is possible that daily winds (with
interannual variability) from an atmospheric general cir-
culation model would produce more varied tracks.

Figure 7 shows the eddy kinetic energy along a zonal
section at 40°S. To the west, the confluence of the Brazil
and Falkland Currents produces an area of high eddy
energy. The mid-Atlantic ridge is also an active region,
with an indication of bottom trapping. There is also high
energy in the region to the south of the Agulhas Current
retroflection.

The sequence of stream-function ‘snapshots’ in Fig. 8
shows the formation and movement of Agulhas eddies. In
FRAM, the eddies form further to the east than is ob-

served {Lutjeharms and Van Ballegooyen, 1988). This is
thought to be due to the smoothing (and shallowing) of
a deep channel between the Aguthas Plateau and South
Africa (Webb and Lutjeharms, personal communication).
Approximately three Agulhas eddies are formed every
year. This compares with the work of Gordon and Haxby
(1990) who used a single year of GEOSAT data to esti-
mate that five eddies are produced per year. [t shouid also
be noted that the FRAM eddies are larger in diameter at
440 km than the observed 290-350 km.

Simple estimation of the volume of water contained in
a typical Agulhas eddy, combined with estimates of typi-
cal translation speeds, or the number of eddies crossing
into the South Atlantic per year, reveals that the eddies
are responsible for a transport of approximately 30 Sv
between the oceans. Using a method that calculates water
mass exchanges from particle trajectories, Dods (personal
communication) estimates that 23 Sv of Indian Ocean
water leaves the model region through the open boundary
in the South Atlantic. This indicates that, although some
of the 30 Sv carried by the Agulhas eddies simply recircu-
lates in the South Atlantic sub-tropical gyre, a significant
amount goes into the North Atlantic conveyor belt.

Once the Agulhas eddies have been shed from the
Agulhas Current retroflection, their behaviour is similar
to that noted by Gordon and Haxby (1990). The eddies
drift northwest until they meet the Walvis ridge (which
runs from 6°E 25°8 to 2°E 33°S), where they lose much of
the northward component of the drift. The eddies in
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Fig. 6. The eddy kinetic energy (cm?s™~?) at model level 2 (32.5 m)
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Longitude

Fig. 7. The eddy kinctic cnergy (cm*s ™) along a zonal section at 40°S

FRAM drift at a rate of about 6 cms™! compared to an
observed speed of 5-8 cms™ 1.

Olson et al. (1988) have made observations of the
separation from the coast of the Brazil and Falkland
Currents using 5.5 years of satellite data and drifters. They
found that the mean latitudes of separation were
35.8 + 1.1°S for the Brazil Current and 38.6 4 0.9°S for
the Falkland Current and that the distance between the
separations varies by several degrees. In the model, how-
ever, the two currents appear to separate at the same
point, with no clear evidence of two separate fronts and
very little variation in latitude of this point.

Figure 9 shows the separation point and the position of
the confluence front (as defined by the 0-Sv contour) for 72
monthly model realisations. The mean position is also
shown. The figure suggests thal the coarse representation
of the coastline in the model exerts too strong an influence
on the latitude of separation. The figure also shows how,
after separation, the current extends to the south and then
begins a series of meanders as it enters the South Atlantic
interior. The variation in the southern limit of the Brazil
Current excursions between 39 and 44°S agrees with the
observations of Legeckis and Gordon (1982) of 38-46°S,

with the slightly lower range of values in the model prob-
ably due to the lack of variation in separation latitude.

Figure 10 shows a 6-year time series of the vertically
integrated transport in the Brazil Current at 37°S. The
transport time series varies between 38 and 70 Sv. The
upper limit corresponds to the observed values discussed
in Sect. 3. There is some indication of an annual signal.
Comparisons with the Sverdrup transport at this latitude
have shown that the wind forcing accounts for 43% of the
variability. There is also variability in the model with
a period of about 30 days.

Other time series from the model have been analysed
and the results can be summarised as follows. There is
little correlation between the strength of the Brazil and
Falkland Currents. There is a correlation of 0.78 between
the transport through the Drake Passage and the trans-
port in the Falkland Current at 52°S. The Falkland Cur-
rent remains at 75% of the strength of the ACC to within
a standard deviation of 1.4%. The Sverdrup transport at
5278 {with mean 110 Sv) correlates well with the transport
through Drake Passage (correlation 0.75, mean 185 Sv)
and transport in the Falkland Current (correlation 0.67,
mean 138 Sv).

Fig. 8. The volume transport stream function in the region of South
Africa at model day a 4520, b 4540, ¢ 4560,d 4580, e 4600, f 4620,

g 4640, h 4660. The contour interval is 10 Sv. Major topographic
features (with a depth of iess than 3300 m} are represented by shading
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Latitude

Fig. 9. Seventy-two monthly model
visualisations of the Brazil-
Falkland Current conflucnce front
(as defined by the 0 Sv contour).
The mean position is also shown
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Fig. 10. A 6-year time series of volume transport (Sv) in the Brazil Current at 37°S
5 Heat transport discussion of the transports in the rest of the FRAM
region is in preparation.

A description of the modelled heat transport in the South The total equatorward transport of heat in the South

Atlantic is given for completeness, although it should be  Atlantic in the prognostic phase of FRAM is around
noted that a fuller treatment of this topic, along with 0.6 PW for latitudes north of 34°S (the southern tip of

LY
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effective surface flux south of 34°S due to the relaxation to ths
Levitus {(1982) climatology, while the circled S represents the heat
storage for the same region

Africa). This transport is dominated by the overturning
circulation described in Sect. 3; warm, shallow water
moves northwards over a cold return flow of NADW,
resulting in an equatorward overturning transport of
around 0.8 PW. This is encountered by a small southward
gyre heat transport of around 0.2 PW due to water in the
western boundary being warmer than the return flow in
the gyre. The figure of 0.6 PW lies well within the range of
previous ecstimates given in Fig. 9 of Rintoul (1991), al-
though it is likely that the underestimate of Antarctic
bottom water transport described earlier will make this
figure an overestimate,

There are two paths proposed in the literature by
which water is exchanged between the ocean basins before
being transported northwards in the Atlantic. In the
‘warm water path’ (Gordon, 1986), NADW leaving the
Atlantic upwells in both the Pacific and Indian Oceans,
whereupon it flows westward (with water from the Pacific
entering the Indian Ocean through the Indonesian Pas-
sages) and completes its circuit by branching north in the
Agulhas retroflection zone. The ‘cold water path’ de-
scribed by Rintoul (1991) consists of the water in the
Agulhas Current following the retroflection, entering the
ACC and reentering the South Atlantic via the Drake
Passage. In FRAM, the Indian Ocean supplies about
0.5 PW to the South Atlantic in the Agulhas retroflection
zone compared with Gordon’s (1985) estimate of
0.023-0.47 PW, with a much smaller contribution to the
northward heat flux in the Atlantic coming from the
south.

Figure 11 shows the heat budget for the South Atlantic,
The figures of 1.97 PW through Drake Passage and

1.75 PW eastward south of South Africa are only mean-
ingful if considered together (because of the non-zero but
equal volume transport across both sections). The differ-
ence between these two heat transports (0.22 PW) indi-
cates the amount of heat lost by the ACC as it travels
through the South Atlantic. Simulated surface fluxes (aris-
ing from the surface-level relaxation to the Levitus tem-
petature field) supply a further 0.12 PW. However, not all
of this heat is used to supply the northward transport in
the Atlaritic; some is used to heat up the Southern Ocean
as the model has not completely reached thermodyn-
amical equilibrium. This was unavoidable due to the com-
putational expense of the integration,

The transient meridional heat transport in the region
north of the tip of South Africa is small but interesting in
that the flow is to the north (that is counter-gradient),
reflecting the effect of Agulhas eddies. It is possible to
calculate the heat transport due to transient processes at
any point unambiguously, as the net volume flux of these
processes is zero. Figure 12 shows the depth-integrated
eddy heat flux over the South Atlantic. As one would
expect, areas of high eddy heat flux correspond to areas of
large eddy energy. With a few exceptions (notably, the
region where the Aguthas eddies are propagating into the
South Atlantic), the eddy heat flux is poleward. The eddy
heat transport in the Atlantic has been compared with
that found in the rest of the model, revealing that the
Agulhas retroflection and the Brazil-Falkland Current
confiuence regions account for almost all the eddy trans-
port, of 0.3 PW, at these latitudes. It is clear from the
figure that calculations of eddy heat flux made by taking
spot measurements and extrapolating over large areas of
ocean (Bryden, 1979) are likely to be highly inaccurate.

Poleward eddy heat transports in the ACC in FRAM
have been compared with those inferred by De Szoeke
and Levine (1981), who used a novel technique to estim-
ate heat transport due to mean geostrophic motions
from climatalogical hydrographic and wind stress data.
Thompson {1993} found that the eddies in FRAM advect
only 0.12 PW poleward across the ACC, compared to the
previous authors’ estimate of 0.45 + 0.30 PW. However,
sub-gridscale processes, parameterized using a horizontal
diffusion coefficient of 10> m?s™ !, contribute a further
0.1 PW, bringing the model results into closer agreement
with the hydrography. The fact that FRAM still has
insufficient resolution to represent eddies adequately was
suggested as a reason for any underestimate of eddy heat
fluxes by the model.

6 Summary

The South Atlantic as simulated by a fine-resolution nu-
merical model (FRAM) has been described. It is found
that the model faithfully represents the main features of
the large-scale circulation and as such can be thought of
as having added value to the Levitus (1982) analysis fields.
That is, the model has taken the smooth fields and produ-
ced a detailed and dynamically consistent view of the
circulation. Eddies are starting to be resolved. The
distribution of eddy kinetic energy is good, although the
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Fig. 12. Vectors of eddy heat flux. Only alternate vectors are plotted. The distance between grid points denotes a heat flux ol 1 Sverdrup °C

magnitude is underestimated. The meridional heat trans-
port is equatorward and comparable to other estimates.
The eddy heat transport is concentrated in a few small
regions.
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