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Abstract:  
 
This study combines float data from different projects collected between 1991 and 2003 in the South 
Atlantic to describe the flow of Antarctic Intermediate Water (AAIW). Velocity space–time averages are 
calculated for various grid resolutions and with cells deformed to match the bathymetry, f/H or f/h (with 
H being the water depth and h being the thickness of the AAIW layer). When judged by the degree of 
alignment between respective isolines and the resulting average velocity fields, the best grid is based 
on a nominal cell size of 3° (latitude) by 4° (longitude) with cell shapes deformed according to f/h. 
Using this grid, objectively estimated mean currents (and their associated errors), as well as 
meridional and zonal volume transports are estimated. Results show an anticyclonic Subtropical Gyre 
centred near 36°S and spanning from 23±1°S to 46±1°S. The South Atlantic Current meanders from 
33°S to 46°S and shows a mean speed of 9.6±7.8 cm s−1 (8.5±3.5 Sv; 1 Sv=1×106 m3 s−1). The 
northern branch of the Subtropical Gyre is located between 22°S and 32°S and flows westward with a 
mean speed of 4.7±3.3 cm s−1 (9.3±3.4 Sv). Evidence of a cyclonic Tropical Gyre divided in two sub-
cells is visible on the stream function.  
  
Keywords: Antarctic Intermediate Water (AAIW), floats, neutral density surfaces, South Atlantic, 
Lagrangian circulation, transports, objective analysis. 
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1. Introduction 

During the late 20's of the last century, Deacon (1933) and Wüst (1935) first 

recognized Antarctic Intermediate Water (AAIW) throughout the South Atlantic by virtue of 

its mid-depth vertical salinity minimum, building on early studies of Buchanan (1877) and 

Brennecke (1921). Since then, the presence of AAIW has been documented in all three world 5 

oceans, with its freshest variety (S ≈ 34.2) observable in the South Atlantic, directly north of 

the Subantarctic Front (SAF), where the salinity minimum outcrops. Throughout the 

subtropical South Atlantic, AAIW occupies the depth range from 650 to 1050 meters (Reid, 

1994), with typical temperature and salinity values of 3ºC and 34.3, respectively (Tomczak 

and Godfrey, 1994). AAIW spreads across the equator and traces thereof can be found as far 10 

north as 30°N in the North Atlantic (Talley, 1996; Figure 1 below). In the Indian Ocean, 

AAIW reaches the Bay of Bengal (You, 1998), whereas in the Pacific it does not extend past 

the equator (Tomczak and Godfrey, 1994). 

In the subtropical South Atlantic, based on hydrographic measurements, Deacon 

(1933) and Wüst (1935) suggested a basin wide, sluggish northward flow of AAIW, with 15 

Wüst (1935) additionally proposing a slightly intensified flow along the Brazilian shelf for 

latitudes lower than 20°S. Subsequent geostrophic calculations (Defant, 1941) suggested a 

continuous northward flow along the western boundary from 30°S to the equator and beyond, 

while retaining significant interior northward currents for the region south of 25°S. More 

recently, estimates based on the geostrophic method (Reid, 1989; Gordon and Bosley, 1991; 20 

Suga and Talley, 1995; Talley, 1996), replaced this concept of a basin wide northward flow 

by a succession of two basin scale, zonally stretched gyres: the anticyclonic Subtropical Gyre 

centred at 34°S and the cyclonic Tropical Gyre  (Gordon and Bosley, 1991) centred at about 

10-15°S (See Figure 2). Further refinements within these gyres have been suggested by Suga 

and Talley (1995). They argued that three smaller gyres reside within the Tropical Gyre (Suga 25 

and Talley call it Subequatorial Gyre): two cyclonic cells at the northern and southern limits 
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of the gyre, and an anticyclonic cell in between (centred at about 13°S).  However, the 

appropriateness of the concepts of a Tropical Gyre as such and of nested multi-gyres within 

remains obscure. Similarly, the strengths of the gyres’ interactions, either during the water’s 

cross-basin advection or when encountering ocean margins, are poorly known. These 

shortcomings are primarily based on the scarceness of data from the South Atlantic and the 5 

resulting questionable representativeness of single hydrographic sections, as well as on the 

familiar problem of choosing an appropriate reference layer for geostrophic velocity 

estimates. 

Recent technological advances have enabled us to obtain direct velocity measurements 

not only at selected sites, but over vast oceanic regions of the South Atlantic, using neutrally 10 

buoyant, freely drifting floats (Rossby et al., 1986; Davis et al., 1992). A combination of these 

Lagrangian with geostrophic and Eulerian current measurements resulted in the generally 

accepted, overall flow pattern: The South Atlantic Current (Stramma and Peterson, 1990), 

resulting from the merging of the Malvinas/Falkland and Brazil currents in the Confluence 

Zone, flows eastward across the Argentine Basin and Mid-Atlantic Ridge before it interacts 15 

with waters from the Indian Ocean in the Cape Basin. There, strong eddy activities result in a 

mixture of South Atlantic and Indian Ocean waters, which leaves the region to the northwest 

across the Walvis Ridge. Thereby, flow in the intermediate depth layer of what commonly is 

termed Benguela Current (Stramma and Peterson, 1989; Richardson and Garzoli, 2003) 

eventually turns west, forming the northern branch of the Subtropical Gyre or Benguela 20 

Current Extension (Richardson and Garzoli, 2003). 

After passing the Mid-Atlantic Ridge, the intermediate water finally reaches the South 

American coast where it splits in two branches at the Santos Bifurcation (Boebel, et al., 

1999a). One branch is a narrow northward intermediate western boundary current (IWBC) 

(counter to the northern Brazil Current flowing southward near the surface), carrying AAIW 25 

to the tropics and eventually to the equatorial region. There, a series of alternating jets are 
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hypothesised to facilitate the cross-equatorial transfer between 5ºS and 5ºN (Boebel et al., 

1999a and c; Schmid et al., 2001; Molinari, 1981; Reid, 1996; Talley, 1996, Ollitrault, 1994 

and 1999; Richardson and Schmitz, 1993; Jochum and Manalotte-Rizzoli, 2003, Schmid et 

al., 2005). The other branch deriving from the Santos Bifurcation is a south-westward flowing 

current, forming a deep extension of the southern Brazil Current, which ultimately closes the 5 

Subtropical Gyre. This limb carries recirculated AAIW into the Confluence Zone, where it is 

mixed with freshly formed AAIW from the Subantarctic Front, resulting in waters to be again 

entrained into the Subtropical Gyre (Boebel et al., 1999b). 

The main goal of the study at hand is to provide a comprehensive analysis of the 

motion of AAIW throughout the entire subtropical South Atlantic as based on Lagrangian 10 

direct velocity measurements. To this end we collected float data from historic and 

contemporary Lagrangian programs, compiling South Atlantic float data from more than a 

decade. From this data set, we computed space-time averages and objectively mapped fields 

of velocity, as well as volume transports for the AAIW layer. 

Previous Lagrangian studies in the zone (e.g. Davis, 1996, Boebel et al., 1999b) chose 15 

subjectively the details of the underlying spatial grid on which such calculations are based. 

However, to obtain the optimum balance between spatial resolution and statistical robustness, 

the choice of an adequate spatial grid is of a vital importance: a coarse resolution yields 

currents structures that lack spatial resolution while a resolution too fine may yield average 

currents contaminated with mesoscale processes. An extreme illustration of the first situation 20 

would by the hypothetical merging of opposing currents through an unfortunate grid choice, 

leading to their mutual cancellation, while in the second situation a single transient eddy could 

be interpreted as a permanent recirculation cell.  Here we propose an objective method to 

choose a “best” spatial averaging grid, producing the abovementioned space-time averages of 

velocity. These calculations are followed by objective mapping (OM) of the resulting velocity 25 
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map, using selected “best” OM parameters, i.e. optimized choices for the error of the 

climatological field and the spatial correlation length. 

Finally, the selection of vertical boundaries of the AAIW layer by potential density or 

isobaric surfaces, as executed in previous studies, directly influences the soundness of these 

results. Potential density is a poor proxy of the vertical structure of the AAIW layer, 5 

especially when using a unique isopycnal surface, while isobaric surfaces fare even worse. 

Therefore we constrained the AAIW layer by neutral density (or isoneutral) surfaces 

(McDougall, 1987), which aptly approximate the vertical structure of the layer (You, 2002; 

You et al., 2003). However, for comparison, we also estimate and discuss the flow field as 

constrained by isobaric surfaces. 10 

 

2. Data description 

This study is based on float trajectory and hydrographic data. The first type of data 

provided us with direct Lagrangian current measurements within the intermediate depth layer. 

The latter were used to construct isoneutral surfaces to constrain the AAIW layer in order to 15 

select the float’s data in the vertical. This hydrographic data was also used to (tentatively) 

calculate geostrophic shear within the AAIW layer, to project the float velocities onto the 

central neutral surface. 

2.1 Float Data 

Floats are neutrally buoyant devices that drift freely at depth. Consequently, even 20 

weak oceanic subsurface currents are captured by the floats’ paths (see Gould, 2005). Float 

trajectories can be established by either recording satellite fixes when floats surface at pre-

programmed intervals (ALACE and APEX floats, Davis et al., 1992) or via triangulation of 

times of arrival of coded sound signals (SOFAR floats, Rossby and Webb, 1970; RAFOS 

floats, Rossby et al., 1986; MARVOR floats, Ollitrault et al., 1994). Floats located by means 25 

of satellite fixes must ascend periodically to the surface to transmit their data, which is why 
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they are frequently called pop-up floats. Pop-up float positions are determined at intervals 

ranging from one to two weeks. With these floats rising to the surface for positioning, 

individual float displacements can be considered statistically independent, as unknown 

geostrophic current-shear and Ekman currents generate a decorrelation between ascent and 

descent positions. Hence, the “trajectory” of a pop-up float is, by itself, of little relevance, and 5 

is named hereinafter “sequence of displacements”. Acoustically tracked floats, by contrast, do 

not ascend to the surface and follow by and large -at least in regions void of fronts- their 

surrounding water parcels. This renders their trajectories meaningful in a quasi-Lagrangian 

sense (Rossby et al., 1985). 

We selected float data inside the region bounded by the 4°S and 70°S parallels and by 10 

the 70°W and 30°E meridians. Floats with any part of their sequence of displacements inside 

this box are included in Table 1. However, the data set used in the analysis, as well as the 

calculation of the number of float-years (Table 1), includes float displacements within the box 

only. The entire float data set comprises 451 float years including 38 APEX floats from 

Alfred Wegener Institute (AWI), 19 of which co-join the Argo project, 60 APEX floats from 15 

the Argo project (in addition to the 19 AWI floats), 42 ALACE and PALACE floats from the 

WOCE (World Ocean Circulation Experiment) and CORC (Consortium on the Ocean’s Role 

in Climate) programmes, 101 RAFOS floats of the KAPEX (Cape of Good Hope 

Experiment), 74 MARVOR floats from the SAMBA (SubAntarctic Motions in the Brazil 

Basin) experiment, including all SAMBA1 and SAMBA2 data and 71 RAFOS floats from the 20 

WOCE/DBE (See Table 1 for references and explanation of acronyms of float types). 

Most of the pop-up floats cycled every 10 days, except for some AWI floats, which 

cycled every 7 days. Occasionally, subsurface displacements lasted longer than 10 days, 

probably due to either poor satellite fixes preventing the determination of the float’s position 

at the surface (e.g. due to high sea-state) or the float’s failure to ascend and transmit data (e.g. 25 

due to sea-ice at high latitudes). Both situations lead to an unknown contamination of the 



 8

displacement vector with surface drifts. All acoustically tracked floats recorded arrival times 

of coded sound signals at least once daily. 

To generate a statistically consistent data set, we matched the periods of underwater 

drift between various float types: For pop-up floats, we maintained their inherent drift period 

of 7 to 10 days; longer displacement periods were rejected due to the possible contaminations 5 

mentioned above. For acoustic floats we simulated the pop-up-float behaviour (Richardson, 

1992) by subsampling the trajectories at a ten-day cycle, resulting in a sequence of float 

positions every 10 days.  

From the ensuing data set of float positions, the floats’ underwater displacement-

vectors were calculated with the first and last satellite’s fixes (pop-up floats) or underwater 10 

position (acoustic floats) for each 7-10 day cycle. Velocities were calculated by dividing each 

underwater displacement-vector by its corresponding exact duration (about 10 days). Each 

velocity vector was assigned to the midway position between the start and end positions of the 

displacement-vector. Finally, velocities were quality checked by searching for velocities 

higher than 2 m s-1; no such value occurred. 15 

As discussed above, pop-up float displacement-vectors can be considered inherently 

independent from each other due to drifts during their ascent, descent and surface phases. 

However, 10-day displacements from acoustically tracked floats can only be considered 

statistically independent, because the integral Lagrangian time scale has been shown to be 

equal or shorter than 10 days throughout the region and depth horizon considered here 20 

(Boebel et al, 1999c). 

To extract the AAIW layer flow, float data was selected in the vertical according to 

three alternative schemes: two based on isoneutral surfaces and one based on isobaric 

surfaces (650 to 1050 dbar, following Boebel et al., 1999a). The hydrographic data base for 

these selections is described in the following section.  25 
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2.2 Vertical data selection 

For the proper description and quantification of the AAIW’s circulation, an 

appropriate definition of its vertical extent is of central importance. Salt and heat fluxes from 

the water layers above and below, as well as mixing with waters from the Indian Ocean render 

isohalines and isotherms inappropriate as layer boundaries. Potential density surfaces, on the 5 

other hand, inadequately describe the vertical position of water masses without being referred 

to different pressure values. For example north of 5ºS the surface of minimum salinity resides 

at a deeper depth than the isopycnal surface that best describes the AAIW layer at southern 

latitudes (Figure 1). Therefore, the AAIW core, when defined by its salinity minimum, can 

not be tracked by a single potential density surface. 10 

Neutral density surfaces have been shown to suitably describe the AAIW salinity 

minimum in the South Atlantic (You, 1999). For this reason, this paper uses gridded 

isoneutral surfaces of 1°×1° resolution at the core (γn = 27.40), upper (γn = 27.25) and lower 

boundaries (γn = 27.55) of the AAIW layer, using data from You (2002) (3311 stations 

covering 70W-30E, 80S-0) and You et al. (2003) (5684 stations covering 10W-50E, 50S-15 

20S). Two additional isoneutral surfaces (γn = 27.32 and γn = 27.45) were calculated between 

the upper boundary and the core, as well as between the core and the lower boundary to 

provide further information on the vertical structure of the AAIW layer. The layer between 

these upper and lower isoneutral surface is called “isoneutral layer” hereinafter. 

Based on the depths of these surfaces in comparison with the average float pressure 20 

during the displacement period, float displacement vectors were selected in the vertical 

(Figure 3, step 1). The primary data set was obtained by accepting only those float 

displacement vectors residing at depths within the AAIW layer as defined by the isoneutral 

layer, which maintained 68% of the original data. For comparison, additional data sets were 

obtained by either selecting according to isobaric surfaces or shifted isoneutral surfaces. For 25 

the latter, the upper and lower neutral surfaces were displaced by moving those surfaces 50 m 
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up and down, respectively. This resulted in a 100 m thicker AAIW layer (called expanded 

isoneutral layer hereinafter) and an increased rate of accepted displacement vectors of 73%. 

The isobaric layer contained float displacements located between 650 and 1050 dbar (93% of 

the original data) as used in Boebel et al. (1999a).  In the following we will mainly focus on 

the data set within the isoneutral layer, and leave the comparison with the other data sets to 5 

the final discussion. 

2.3 Geostrophic projection – a test 

To test the influence of geostrophic shear within the AAIW layer on our results, the 

original 10-day displacement vectors were corrected using geostrophic velocity shear profiles, 

following the concepts employed by Gille (2003) and Richardson and Garzoli (2003) (see 10 

Figure 3, step 2). The velocities projected onto the AAIW’s core differed only marginally 

from the original measures (on the order of 0.01 cm s-1). These deviations yielded no 

detectable difference between space-time average maps, objective maps or transports and, 

hence, modifications due to the projection are ignored hereinafter. 

 15 

3. Analysis 

3.1 Space-time average 

Space-time averages were obtained by binning float velocity vectors according to their 

effective distance to the nodes of a regular grid (Figure 3, step 3). The effective distance 

between velocity vector and nodes was measured according to the norm developed by Davis 20 

(1998, his equation 9)1, and each velocity vector was assigned to the node closest under this 

norm: 

0;3
2

22 ≥








+
−+−= µµ

ba

ba
ba HH

HHxxr �� ,                                    (1) 

                                                 
1 What we show here is the equation as actually used by Davis (1998). The equation as displayed in Davis (1998) 
features a variable ‘L’ from an alternative version (Davis, 2003, personal communication). 
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where ax� is the position vector of the centre of a given cell, Ha the local smoothed water 

depth, and bx� is the position vector of the centre of a given float displacement (where the 

water depth reads Hb). The first term in equation (1) is the horizontal distance among vectors 

ax� and bx� , whereas the second term is the normalized depth-difference among these two 

points (multiplied by an arbitrary weight 3µ). The minimization of r corresponds to a joint 5 

minimization of the horizontal distance and the depth-difference among ax� and bx� . 

Application of equation (1) to a regular grid leads to a stretching of the rectangular cells 

around each node along isobaths. Underlying to this approach is the idea that currents tend to 

more likely follow isobaths than to cross them, as exemplified in the extreme case of 

boundary currents. The net effect of the procedure is illustrated in Figure 4, where every 10 

possible position of a 3º by 4º grid is assigned to the respective closest node. Here, rather than 

bathymetry, potential vorticity is used as governing variable (substituting H in equation 1). 

The parameter µ governs the sensitivity of the grid to the bathymetry: growing µ 

causes an increased sensitivity of the grid to the bathymetry, while µ approaching zero causes 

a grid of increased regularity. The 12 minutes resolution Smith and Sandwell (1997) 15 

bathymetry was used herein, and has been smoothed to avoid an undesirable dependence on 

small scale bathymetric details. Following the study by Gille (2003), a 30 point Hanning filter 

was applied twice in latitudinal and longitudinal directions, effectively smoothing length 

scales of less than 1 degree in both directions. 

Once binned accordingly, velocity vectors within each cell were averaged (Figure 3, 20 

step 4). The resulting space-time averaged velocity vector was positioned at the centre of 

gravity of the spatial mean of all displacement-vectors within each cell. To ensure robust 

estimates, mean velocities based on less than 5 data points (i.e. 5 degrees of freedom) were 

discarded. This is commensurate with Schmid et al., (2001), who argue that -for the equatorial 
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region- 30 float-days per box suffice to provide “statistically sound result” (Schmid et al., 

2001; page 292). 

Space-time averages were calculated for a variety of different cell sizes of the initial 

regular grid, as well for various values of the parameter µ (Table 2).  Furthermore, the 

governing variable “bathymetry” was subsequently substituted by potential vorticity of either 5 

the entire water column (f/H) or of the AAIW layer (f/h), following LaCasce’s (2000) 

suggestion that the intermediate depth currents of the general circulation predominantly 

follow isolines of large-scale potential vorticity of the entire water column (f/H). 

The various choices of parametric values and governing variables resulted in similar 

qualitative structures of the averaged current fields, though quantitative differences occurred. 10 

Hence a method to objectively determine the grid providing the “best” results is needed. To 

this end, LaCasce (2000) analysed mean displacements along and across isolines of potential 

vorticity and dispersions of stochastically modelled floats against time, and performed a 

statistical study of the tendency of those modelled floats to follow lines of equal potential 

vorticity. This concept is being followed here in a somewhat simplified approach by 15 

calculating an alignment ratio A: 

∑

∑

=

=
⊥

⊥ == n

i

i

n

i

i

V

V

V
VA

1
||

1

||
,          (2) 

where iV⊥  is the velocity component of the ith cell perpendicular to the isolines, iV|| is velocity 

component of the ith cell parallel to the isolines, and n is the number of averaged velocities 

involved. This quantity is called alignment number hereinafter. It indicates how well aligned 20 

the averaged velocity field is with respect to the isolines: the higher the alignment number, the 

less aligned the velocity field is, and the smaller the alignment number is, the better aligned 

the velocity field is. The selection of an objectively “best” grid can then be reduced to finding 

the grid with the smallest alignment number (Figure 3, step 5).  
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We calculated f/h from the thickness h of the AAIW isoneutral layer. To calculate f/H, 

we used the smoothed bathymetry (H) described above. The Coriolis parameter f = 2Ω sin(λ), 

was calculated with λ being the latitude of the average velocity vector (one per cell). 

Performing these calculations at an early stage of this study, the selection of best grid 

is based only on a subset of the data set described above. However, we assume that sufficient 5 

data were available at this time (65% of the actual data set) to ensure an optimum selection of 

the grid. Results of this selection are shown in Table 2. The first two columns give the 

dimensions of the original rectangular cells before deformation while column three indicates 

the value of µ. The next three columns specify the alignment number A (equation 2) as 

calculated for grids constructed with equation 1 for the three possible governing variables 10 

bathymetry, f/H and f/h. The minimum value for each governing variable and original grid 

size is marked in grey. The overall minimum value for each original grid size is denoted in 

bold letters. From 7 original grid sizes, the minimum alignment number was achieved 5 times 

for grids deformed according to f/h, one time for grids deformed according to f/H and once for 

a rectangular grid (µ = 0). These results suggest that most appropriate governing variable in 15 

equation 1 is f/h, and that this physical variable has a bigger influence on the dynamics of the 

AAIW than f/H or bathymetry. Hence, as basis for our final space-time averages (Figure 3, 

step 6), we selected an initial regular grid of 3º in latitude and 4º in longitude, and we 

deformed the cells according to f/h with µ = 6000. 

Finally, 0.63 probability error ellipses were calculated. Due to the statistical 20 

independence of all displacement vectors, the number of displacement vectors per cell (Figure 

5) enters the calculation directly as number of degrees of freedom. Figure 5 clearly indicates 

sufficient data coverage throughout the subtropical South Atlantic. For readability, float days 

are given for original (un-deformed) boxes. The grid after deformation is depicted in Figure 4. 

 25 
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3.2 Objective mapping and transport calculations 

Objective mapping is based on the inversion of the covariance matrix of observational 

values. Due to the available large number of float displacements (approximately 11000 

displacements), a direct application of the method to this data set is computationally 

unfeasable. Rather, the space-time averages described above served as data base for the 5 

computation of objectively-mapped velocity and stream-function fields (Hiller and Käse, 

1983). The graticule (we will use the word “graticule” for the objective mapping, and “grid” 

for the space-time averages) was chosen by selecting 1 out of every 8 points of the smoothed 

bathymetry, yielding a graticule point every 1.6º in longitude by 1.7º in latitude (on the 

average, as the Smith and Sandwell (1997) bathymetry is irregularly spaced in latitude). 10 

Error covariances as assumed in the vectorial OM equal the error estimates of the 

space-time averages depicted in Figure 6. The “longitudinal covariance function” (Hiller and 

Käse, 1983) was assumed Gaussian, following the discussion by Hiller and Käse and in lack 

of alternative estimates. Herein, the climatological error and correlation length of the 

climatological field define the Gaussian bell’s amplitude and width, respectively. To optimise 15 

these parameters, we calculated nearly 300 objective velocity maps, using subjectively chosen 

climatological value pairs (from 3 to 11 cm s-1 for the climatologic error and 1º to 30º for the 

correlation length) (Figure 3, step 7). For each resulting velocity map, zonal and meridional 

volume transports were calculated.  

To calculate transport (Figure 9 and step 8 in Figure 3), velocity was considered 20 

uniform across the AAIW layer. The local thickness of the AAIW isoneutral layer was 

calculated by subtracting the depths of the deep boundary (γn = 27.55) from that of the 

shallow boundary (γn
 = 27.25). To obtain meridional and zonal transport estimates, velocities 

were multiplied by the layer’s local thickness and the zonal and meridional widths of each 

graticule cell, respectively. Zonal and meridional transports along or across the basin were 25 
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calculated by summarizing all transports (per cell) along a meridional or zonal section. Zonal 

sections were calculated coast to coast or to 20°E when at latitudes south of Africa. 

The errors of the transports associated with each graticule cell ( iT ' ) were calculated 

using Gauss’ law of propagation of errors (Barlow, 1989) from the velocity error estimates 

provided by the OM and the thickness error of the AAIW isoneutral layer. The latter was 5 

assumed as 10 dbar, which equals the maximal depth error of the isoneutral surfaces (Jacket 

and McDougall, 1997). Error estimates of the mean zonal transport (shaded area in Figure 9) 

were calculated from each cell’s transport error, according to:  

∑
=

=
N

i
i

df

T
N

T
1

2'1' ,          (3) 

 10 
where N is the number of cells at a given latitude and Ndf is the number of degrees of freedom:  

L
lNNdf

∆= ,           (4) 

with L assumed equal to the Lagrangian correlation length (4°, see below) and ∆l equal to the 

zonal length of the graticule cells. 

Estimates of meridional trans-oceanic transports were compatible with values from the 15 

literature (Fu, 1981; Roemmich, 1983; Rintoul, 1991; Macdonald, 1993; Matano and 

Philander, 1993; Holfort, 1994; Saunders and King, 1995; Barnier et al., 1996; Schlitzer, 

1996; Speer et al., 1996; Macdonald, 1998; Holfort and Siedler, 2001; Sloyan and Rintoul, 

2001a and b; Zhang et al., 2002; Vanicek and Siedler, 2002). Among the order of 300 OM 

calculations performed, the analysis based on a the assumptions of a correlation length of 20 

4ºand a climatological error of 3 cm s-1 provide the best match between our results and those 

reported in the literature. This set of parameters is used hereinafter (Figure 3, step 9). 

However, large errors associated with our meridional transport estimates, render our results 

insignificantly different from estimates given in the literature, which is why we refrain from a 

detailed presentation. 25 
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4. Results 

4.1 The large scale circulation 

Figure 6 shows average velocity, together with 0.63 probability error ellipses. Blue 

arrows represent flow with a westward zonal component, whereas red arrows indicate flow 5 

with an eastward zonal component. Isobaths of 1000 and 3000 meters are displayed. The 

Subtropical Gyre stands out clearly, with the eastward South Atlantic Current centred around 

40°S and the westward Subtropical Gyre’s northern branch just north of 30°S. The South 

Atlantic Current flows at a mean speed of 9.6 ± 7.8 cm s-1. The northern branch of the 

Subtropical Gyre is located between 22ºS and 32ºS and flows westward with a mean speed of 10 

4.7 ± 3.3 cm s-1. The Brazil Current has a mean speed of 11.6 ± 7.4 cm s-1 and flows, south of 

30ºS, parallel to the South American coast. The Agulhas Current shows a speed of 25.3 ± 14.2 

cm s-1 and the Agulhas Return Current of 22.9 ± 13.2 cm s-1. Currents in the tropical region 

are quasi zonal and of approximately 3.5 ± 2.2 cm s-1 speed. The mean speeds given and their 

root mean square errors (as well as those discussed below) were calculated from original float 15 

velocities (as calculated from individual displacement-vectors) in the corresponding 

geographical region. The respective region was chosen visually, based on the objectively 

estimated velocity map.  

Figure 7 displays the results of the objective mapping. We mapped all graticule points 

within a (averaging) grid cell containing data, or being surrounded by at least four cells with 20 

data. The objectively mapped velocity field depicts the Subtropical Gyre comprising the 

region from 23º±1°S to 46° ± 1ºS (the South Atlantic Current meanders between 33ºS to 

46ºS). The central part of the gyre (approximately along 36ºS, see section “Transports” 

below) corresponds to the AAIW layer’s region of greatest depth, where the core’s isoneutral 

layer (γn = 27.40) reaches deeper than 900 dbar. Several local recirculation cells (centred at 25 
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35ºS 41ºW, 35ºS 29ºW and 33ºS 10°W), might provide short circuits for the “eastern” closure 

of the Subtropical Gyre. Such a central (35ºS 29ºW) recirculation pattern is also present in the 

geostrophic velocity field calculated by Defant (1941). Just north of the Subtropical Gyre, an 

eastward current located near 20ºS (between 10ºW and 0ºW) is present, with a speed of 4.0 ± 

2.4 cm s-1 (c.f. Richardson and Garzoli (2003)). Most noticeable is the intensification of the 5 

Subtropical Gyre along the western boundary, while the eastern closure appears sluggish and 

to spread out over several branches. 

These differences stand out even more clearly in the stream function (Figure 8). 

Negative streamlines embracing the Subtropical Gyre are depicted in blue while positive 

contour lines are red. Streamlines are closed and compressed in the Brazil Current region, 10 

while the stream function features a broad col in the Cape Basin, with no contour line 

connecting the Agulhas Current to the nascent Benguela Current. This observation supports 

the notion of the Cape Basin as a region of turbulent inter-ocean exchange (i.e. the Cape 

Cauldron, Boebel et al., 2003). There, eddy fluxes dominate both the closure of the 

Subtropical Gyre as well as the spicing up of fresh Atlantic AAIW with salty Indian Ocean 15 

AAIW (Lutjeharms, 1996). Contrastingly, the innermost streamlines of the Subtropical Gyre 

are closed in the western part of the Cape Basin, near the Walvis Ridge, and hence provide a 

direct advective route for AAIW to recirculate. 

A possible Tropical Gyre is suggested by quasi-closed streamlines farther north 

(reaching diagonally across the Atlantic). The gyre seems to be divided into a western and 20 

eastern sub-cell. While sparse data at these latitudes on the eastern side of the basin do not 

permit reliable conclusions, the observation does not contradict the concept of three 

meridionally staggered sub-cells as proposed by Suga and Talley (1995). 

Objectively mapped speeds, when compared to those from space-time averages, are 

underestimated due to the assumption of zero velocity for data gaps inherent to the OM 25 

(Emery and Thomson, 1997). 
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4.2 Transports 

Transports were estimated directly from the mapped velocity field, using the variable 

thickness of the isoneutral layer (see Analysis Section). Figure 9 depicts the mean zonal 

transport per degree latitude. For the southern branch of the Subtropical Gyre (i.e. the South 

Atlantic Current) the cumulative transport amounts to approximately 8.5 Sv (eastward) ± 3.5 5 

Sv whereas for the northern branch is 9.3 Sv (westward) ± 3.4 Sv. These values suggest 

surprisingly well balanced northern and southern branches of the Subtropical Gyre. Errors 

equal one half the difference between the maximum and minimum transports as given by the 

shaded region (when calculating errors by the Gaussian law of error propagation, estimates of 

±1.1 Sv ± 0.9 Sv result, respectively). 10 

The core of the South Atlantic Current, as identified by the maximum mean zonal 

transport, is located at 44ºS. At around 29ºS, the mean zonal transport is a minimum, 

unveiling the core of the northern branch of the Subtropical Gyre. These values are in good 

agreement with the observations from Boebel et al. (1999a). As already discussed with our 

results from the OM, the Subtropical Gyre seems to be centred at about 36ºS, the latitude 15 

where the mean zonal transport changes sign. This is in contrast with the 30ºS from Reid, 

1996 and Boebel, 1997 and in good agreement with results from Reid, 1989 (34ºS), Schmid, 

1998 and Schmid et al, 2000 (35ºS) as well as Boebel et al., 1999c (35ºS). Nevertheless, it is 

worth noting the inappropriateness of defining a unique latitude to the centre of the 

Subtropical Gyre. As visible in Figure 7 and Figure 10 the orientation of the axis is not strictly 20 

zonal (as also noticed by Boebel, et al, 1999c), but tilted slightly contra sole. 

 

5. Discussion 

The general structure of a basin wide Subtropical Gyre, as emerging in Figure 6 , with 

a probably quiescent flow regime to the north (the tropical region), has been developed in 25 

previous hydrographic and tracer studies (Rose, 1999; Schlosser et al., 2000). Here, however, 
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Lagrangian velocity measurements reveal directly and for the first time the flow structure of 

the mid-depth Subtropical Gyre across the entire South Atlantic.  

A direct comparison of our transport estimates with literature values is complicated by 

the diversity of measurement and analysis methods used: Lagrangian and Eulerian 

measurements, inverse models and geostrophy. Additionally, the definition of the AAIW 5 

layer (i.e. its vertical boundaries) varies as well. For these reasons, a general agreement of the 

transports calculated here with those found in the literature would be surprising.  

Comparing the meridional transport results (not shown) of the isoneutral layer with 

those from the isobaric layer, shows virtually identical results between 17ºS and 40ºS. On the 

other hand, the transport calculations for the expanded isoneutral layer differ significantly 10 

throughout the entire domain. Judging that this later data set comprises significant amounts of 

water masses adjacent to AAIW, we discarded this data set altogether. 

Figure 10 shows the results of the objective mapping for the isobaric layer. The main 

differences between these results and those obtained for the isoneutral layer (Figure 7) are a) 

the weaker eastward current just north of the Subtropical Gyre (near 20ºS and east of the Mid-15 

Atlantic Ridge), b) currents north of 10ºS featuring more structure and are mainly zonal, c) 

the presence of the anticyclonic Zapiola Eddy near 45ºS 45ºW, and d) the emergence of parts 

of the Malvinas/Falkland current between 40 and 45ºS. Estimates of the mean zonal transports 

(Figure 9) echo these findings: at around 44ºS the eastward mean zonal transport is a 

maximum for the isoneutral layer, while within the isobaric layer the maximum transport 20 

occurs farther south (47ºS). 

Differences between results for the isoneutral layer and results obtained for the 

isobaric and expanded isoneutral layers (to a lesser degree) are probably due to the inclusion 

of flows adjacent to the AAIW layer proper. With the AAIW layer outcropping at southern 

latitudes, for example, the selection of float data within the isobaric layer yields currents from 25 

layers beneath the AAIW. As defined by isoneutral surfaces, AAIW is located shallower than 
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400 m south of 45ºS and since the floats are drifting deeper than 500 m throughout, no float 

data is available within the AAIW isoneutral layer in this region. By contrast many float data 

are available for the isobaric layer in the same zone. Hence the Malvinas/Falkland Current is 

partially visible on the objective map depicting flow in the isobaric layer (Figure 10) while it 

is absent from maps of the isoneutral layer surfaces (Figure 7). 5 

 

6. Summary 

This study assembled a float data set of 451 float years, collected over a period of two 

decades and covering the entire subtropical South Atlantic. The data set comprises data from 

historical projects as well as data from recent pop-up and acoustically tracked floats. From 10 

this data set, three layer-subsets were selected according to the float’s depth data lying within 

the respective vertical regime: isobaric surfaces (650 to 1050 dbar), isoneutral surfaces (γn = 

27.40 to γn = 27.55) and isoneutral surfaces with an expanded layer thickness (50 m up and 50 

down from the aforementioned isoneutral surfaces, respectively). 

Space-time averages were formed within grid cells of different size and shapes, 15 

following isolines of bathymetry, f/H and f/h to different degrees. The quality of each grid was 

determined calculating the alignment of the cell shaping field with the resulting mean 

velocities. We concluded that the grids shaped according to f/h yielded the best results. Within 

this group, a grid of initial dimensions 3º latitude × 4º longitude yielded the overall best 

alignment. It was therefore used to compute space-time averages, error ellipses, as well as 20 

meridional and zonal transports.  

Subsequently, we objectively mapped these space-time averages using multiple sets of 

the ‘subjective’ parameters of the objective analysis, i.e. correlation length and climatological 

variability. For the ensuing O(300) objective maps we calculated zonal and meridional 

transports, using the thickness of the AAIW as defined by the isoneutral surfaces. Differences 25 

(rms) between meridional transport estimates and literature estimates were calculated. 
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Minimum rms differences were yielded when choosing a correlation length of 4º and a 

climatological variability of 3 cm s-1. 

These resulting flow fields reveal a Subtropical Gyre of 9.3 Sv ± 3.4 Sv (mean speed 

of 4.7 ± 3.3 cm s-1) in the northern branch and 8.5 Sv ± 3.5 Sv (9.6 ± 7.8 cm s-1) in the South 

Atlantic Current, within the AAIW layer (confined by the γn = 27.25 and γn = 27.55 isoneutral 5 

surfaces). The gyre’s mean latitude is centred near 36ºS, with the gyre reaching from 23º±1°S 

to 46° ± 1ºS. Evidence of the existence of a Tropical Gyre divided in two sub-cells is visible 

on the stream function, where the western intensification stands out clearly.  

The main difference between results obtained for the two (isobaric and isoneutral) 

layers is the absence of the Malvinas/Falkland Current and the Zapiola Eddy from the maps 10 

derived for the isoneutral layer. This obviously is due to the outcropping of the AAIW layer 

at high latitudes. The comparison of results for the isobaric and isoneutral layers suggests 

further that the isobaric layer provides adequate representation of the AAIW flow only 

between 17ºS and 40ºS. Here the two fields are comparable, whereas south and north hereof 

the results differ markedly. 15 
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Appendix 

Antarctic Intermediate Water was first identified in the South Atlantic, with its 

discovery commonly attributed to either Georg Wüst (who examined data collected during the 

1925-1927 RV Meteor expedition) or George Deacon (summarizing information from several 5 

expeditions of the R.R.S. Discovery II (Mills, 2004)). Such abridgement however, provides 

only an incomplete view of the events that led to the recognition of AAIW. While both, 

Deacon and Wüst (probably independently) developed the first lasting theory on the AAIW’s 

origins, they did not identify the water mass for the first time. The vertical salinity minimum 

was in fact first measured during the 1872-1876 Challenger expedition (Buchanan, 1877; 10 

according to Talley, 1996). Later measurements during the second German expedition to 

Antarctica (1911-1912), directed by Wilhelm Filchner onboard the “Deutschland”, detected 

the salinity minimum as well. Analysing these data, Brennecke (1921) describes the motion at 

the salinity minimum layer as a “sub-Antarctic deep current” and “gives its origin as the 

surface drift out of the Weddell Sea” (cited from Deacon, 1933, page 222). Only thereafter, 15 

Merz and Wüst (1922) published a complete meridional section of salinity, from which it was 

possible to identify the extent of the salinity minimum (Talley, 1996). Later, Erich von 

Drygalski, based on data from the first German expedition to Antarctica (1901-1903) aboard 

“Gauss”, describes the water mass related to the salinity minimum as being of Antarctic 

origins (von Drygalski, 1927, according to Deacon, 1933). To appropriately honour these 20 

early discoveries, we chose to include the rarely quoted works of Buchanan (1877) and 

Brennecke (1921) (as he probably was the first researcher to provide a theory about AAIW’s 

origins), when referring to the discovery of AAIW in the introduction of this manuscript. 
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Figure Captions 

 
Figure 1. Meridional section of AAIW salinity along approximately 25ºW, from South 

Georgia Island to Iceland. Data collected between 1988 and1989. The two curves overlying 

the AAIW low salinity core are the 31.7 and 31.9 σ1 isopycnal contours. Modified from 

Talley (1996, her Figure 1 (a)). 

 

Figure 2. Schematic of AAIW circulation in the South Atlantic (adapted from You (1999)).  

 

Figure 3. Flow chart of float data processing. Data sets are enclosed by ellipses, data 

processes by rectangles. Consecutive numbers identify each process and are cross-referenced 

throughout the manuscript. 

 
Figure 4. Final grid as used for computation of space-time averages. Cell shapes are 

developed starting from a regular grid of 3º (latitude) x 4º (longitude) which are deformed 

according to f/h using equation 1 with µ = 6000. 

 

Figure 5. Number of float-days within isoneutral layer. 

 
Figure 6. Average velocities for grid shown in Figure 4. The corresponding 63% probability 

error ellipses are centred on the tip of each velocity arrow. 

 

Figure 7. Objectively mapped velocities from float data within isoneutral layer. Gray arrows 

indicate eastward and black arrows westward currents. A reference arrow of 5 cm s-1 is added. 

 

Figure 8. Stream function calculated from float data within isoneutral layer. Contour values 

are in units of transport per depth (Sv km-1). 

 
Figure 9. Lagrangian mean zonal transport across the South Atlantic ocean. The continuous 

thick line (dark shaded area) represents the transport (error estimate) within the isoneutral 

layer, whereas the dotted line (light shaded area) describes the layer transport within the 

isobaric layer. Values are in Sv per degree latitude (positive east). The cumulative transports 

of the South Atlantic Current and of the northern branch of the Subtropical Gyre are 

indicated. 

 



 

Figure 10. Objectively mapped velocities from float data within the isobaric layer ( between 

650 and 1050 dbar). Gray arrows indicate eastward and black arrows westward currents. A 

reference arrow of 5 cm s-1 is added. 



 

Tables 

 
Table 1. Overview of float data by program. APEX: Autonomous Profiling Explorer; 
PALACE : Profiling ALACE (Autonomous Lagrangian Circulation Explorer), RAFOS: 
Ranging and Fixing of Sound; Marvor: Breton word for seahorse.   
 

Program 
identification 

Number 
of floats 

 
Float 
type 

First 
transmission 

(m/y) 

Last 
transmission 

(m/y) 

Number 
of float 
years 

Area in which the 
floats drifted      

(lat1-lat2, lon1-lon2) 
References 

AWI             38 APEX 3 2000 3 2003 27 -69 -48 -6 40 http://www.awi-bremerhaven.de 
Argo            60 Various 8 1997 6 2003 62 -43 -4 -49 30 http://argo.jcommops.org/ 
WOCE/DBE 42 PALACE 11 1994 1 1999 72 -61 -25 -68 40 Davis et al., 1996; Davis 1998
KAPEX           101 RAFOS 3 1997 9 1999 94 -50 -18 -31 40 Boebel et al., 2003 
WOCE           71 RAFOS 12 1992 10 1996 60 -45 -4 -56 -13 Zenk et al., 1998 
SAMBA          74 Marvor 2 1994 12 2001 136 -46 -4 -55 -4 Ollitrault, et al. 1995 
 
cumulative 386 

 
12 1992 6 2003 451 -69 -4 -68 40  

 



 

 
Table 2. Alignment numbers as calculated for various grid configurations. The first two 
columns describe the dimensions of the original rectangular cells before deformation (in 
degrees of latitude and longitude, respectively). The third column indicates the µµµµ value 
applied in the deformation process. The next three columns specify alignment numbers 
corresponding to grids deformed using µµµµ with one of three governing variables f/H, f/h 
and bathymetry. Minimum values for each variable and grid size are marked shaded 
with overall minimum value (within each group of grid sizes) are printed bold. 
 
 

   Alignment Number ……………    Alignment Number 
Lat Lon mu f/H f/h Bath  Lat Lon mu f/H f/h Bath 
2 3 0 0.9417 0.9291 0.7922   4 5 0 0.9434 0.7989 0.6271
2 3 100 0,937 0,777 0,915  4 5 100 0,784 0,612 0,937
2 3 300 0,935 0,772 0,903  4 5 300 0,696 0,61 0,849
2 3 500 0,913 0,776 0,907  4 5 500 0,761 0,623 0,83 
2 3 700 0,902 0,779 0,877  4 5 700 0,797 0,622 0,79 
2 3 900 0,927 0,77 0,87  4 5 900 0,814 0,632 0,871
2 3 1100 0,931 - 0,858  4 5 1100 0,822 - 0,968
2 3 1500 - 0,755 -  4 5 1500 - 0,643 - 
2 3 3000 - 0,785 -  4 5 3000 - 0,586 - 
2 3 6000 - 0,751 -  4 5 6000 - 0,635 - 
2 4 0 0.9385 0.8535 0.7167   4 8 0 0.7560 0.6216 0.5644
2 4 100 0,849 0,731 0,948  4 8 100 0,649 0,53 0,828
2 4 300 0,863 0,735 0,907  4 8 300 0,637 0,558 0,839
2 4 500 0,848 0,737 0,866  4 8 500 0,69 0,58 0,833
2 4 700 0,832 0,736 0,852  4 8 700 0,627 0,585 0,756
2 4 900 0,856 0,729 0,873  4 8 900 0,648 0,556 0,777
2 4 1100 0,826 0,732 0,87  4 8 1100 0,706 - 0,88 
2 4 1500 - 0,742 -  4 8 1500 - 0,612 - 
2 4 3000 - 0,742 -  4 8 3000 - 0,622 - 
2 4 6000 - - -  4 8 6000 - 0,666 - 
3 4 0 0.9307 0.8145 0.7072   5 5 0 0.8567 0.7462 0.7396
3 4 100 0,766 0,683 0,922  5 5 100 0,739 0,754 0,871
3 4 300 0,745 0,703 0,922  5 5 300 0,697 0,738 0,868
3 4 500 0,764 0,702 0,944  5 5 500 0,712 0,733 0,828
3 4 700 0,734 0,703 0,912  5 5 700 0,723 0,72 0,816
3 4 900 0,71 0,718 0,929  5 5 900 0,706 0,705 0,809
3 4 1100 0,714 - 0,908  5 5 1100 0,716 - 0,789
3 4 1500 - 0,686 -  5 5 1500 - 0,801 - 
3 4 3000 - 0,671 -  5 5 3000 - 0,785 - 
3 4 6000 - 0,646 -  5 5 6000 - 0,765 - 
3 6 0 1.1094 0.9191 0.7921        
3 6 100 0,853 0,737 1,108        
3 6 300 0,906 0,754 1,116        
3 6 500 0,885 0,757 1,06        
3 6 700 0,866 0,745 1,038        



 

3 6 900 0,848 0,722 1,02        
3 6 1100 0,833 - 1,013        
3 6 1500 - 0,711 -        
3 6 3000 - 0,58 -        
3 6 6000 - 0,551 -        

 
(Table 2: continued) 
 
 
 

Table Captions 

Table 1. Overview of float data by program. APEX: Autonomous Profiling Explorer; 
PALACE : Profiling ALACE (Autonomous Lagrangian Circulation Explorer), RAFOS: 
Ranging and Fixing of Sound; Marvor: Breton word for seahorse.  

 

Table 2. Alignment numbers as calculated for various grid configurations. The first two 
columns describe the dimensions of the original rectangular cells before deformation (in 
degrees of latitude and longitude, respectively). The third column indicates the µ value 
applied in the deformation process. The next three columns specify alignment numbers 
corresponding to grids deformed using µ with one of three governing variables f/H, f/h and 
bathymetry. Minimum values for each variable and grid size are marked shaded with overall 
minimum value (within each group of grid sizes) are printed bold.  
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