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 26 

Key Points:  27 

• Twenty-five years of Mercator Ocean reanalysis are examined at the Brazil Malvinas 28 

Confluence from synoptic to interannual time scales. 29 

• The Malvinas Current branches at the Confluence: the outer part veers offshore, the 30 

inner part subducts and flows north along the slope. 31 

• The migrations of the Subtropical and Subantarctic Fronts are large (small) at the 32 

synoptic and interannual (seasonal) time scales  33 
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Abstract  51 

Twenty-five years of high-resolution (1/12°) ocean reanalysis are used to examine the 52 

Confluence of the Malvinas Current (MC) with the Brazil Current (BC) from synoptic to 53 

interannual time scales. The model transports of the MC (38.0 Sv ± 7.4 Sv 57 at 41°S) and the 54 

BC (23.0 Sv ± 11 Sv at 36°S) agree with observations. The model shows the branching of the 55 

MC near the Confluence with an offshore branch returning south and an inner branch sinking 56 

below the BC and managing to continue northward along the continental slope. Northward 57 

velocities associated with the subsurface inner branch peak at 40 cm/s at 36°S at 700 m depth. 58 

The model documents the migrations of the Subantarctic (SAF) and Subtropical front (STF) at 59 

the Confluence. The SAF and STF positions vary over a large range at synoptic (800 km) and 60 

interannual scale (300 and 200 km respectively) compared to the rather small seasonal 61 

migrations of the STF (150 km) and SAF (50 km). While trends in the MC are small over the 62 

25-years of the reanalysis, the BC becomes more intense (12.5 cm/s), saltier (0.37 psu) and 63 

warmer (2.5°C) in the upper 1000 m. These trends are accompanied with a southward 64 

displacement of the STF and the SAF of 150 and 50 km.   65 

 66 
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Plain Language Summary: 76 

The Brazil-Malvinas Confluence is a highly dynamic region. Reproducing the circulation at the 77 

Confluence is a stringent test for operational models. Mercator Ocean high-resolution (1/12°) 78 

ocean systems show remarkable performance in this region. We took advantage of twenty-five 79 

years of ocean reanalysis to examine variations in the Malvinas Current at 41°S, in the Brazil 80 

Current at 36°S and in their confluence. The Malvinas Current branches at the Confluence: one 81 

branch veers offshore while the inner part subducts and flows north along the slope. At the 82 

Confluence, the Subantarctic and Subtropical Front show large synoptic (800 km) and 83 

interannual migrations (300 km) compared to rather small seasonal changes (<150 km). 84 

 85 

 86 

 87 

  88 
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1. Introduction 89 

The Malvinas Current (MC) is a cold and nutrient-rich current that originates in Drake Passage, 90 

where the steep topography forces the northernmost branch of the Antarctic Circumpolar 91 

Current (ACC), the Subantarctic Front (SAF), to turn northward and enter the western 92 

Argentine Basin. The MC, which follows the SAF (Figure 1a), is an intense current flowing 93 

northward along the Patagonian shelf break along the 1,000–2,000 m isobaths. The MC carries 94 

fresh Subantarctic waters that enrich the Patagonian shelf with nutrients and sustain the high 95 

productivity of this region (Acha et al., 2004; Carranza et al., 2017; Romero et al., 2006; Valla 96 

and Piola, 2015). At 38°S, the MC encounters the warm-salty poleward flowing Brazil Current 97 

(BC) which follows the Subtropical Front (STF, Figure 1a). This region is known as the Brazil-98 

Malvinas Confluence (BMC). After the collision, both currents separate from the continental 99 

slope and veer offshore. A fraction of the BC follows the Brazil Current Front (BCF) that 100 

originates near the Confluence and flows northward as the eastern limb of a recirculation cell 101 

feeding back into the BC, while the other part of the BC follows the Subtropical Front and 102 

overshoots southward to about 45°S (known as BC overshoot) before bending back to the north 103 

(Figure 1a). The MC retroflects cyclonically toward the south, flowing side by side with the 104 

Brazil Current (BC) overshoot. The BMC (the region between the SAF and STF) is 105 

characterized by intense near surface velocities associated with fronts, eddies, meanders and 106 

filaments. The surface eddy kinetic energy (EKE) is among the greatest in the world ocean, 107 

with values exceeding 2000 cm2s-2 (Figure 1b). In contrast, the EKE is rather modest upstream 108 

of the collision with values less than 600 cm2s-2 for the BC and even smaller for the MC (< 200 109 

cm2s-2, Artana et al., 2016). 110 

The BC leaves the continental slope at about 38°S, that is nearly 15° north of the zero isoline 111 

in the mean wind stress curl (Figure 1 e). The role of the dynamics of two colliding jets has 112 

been invoked to explain the BC mean separation latitude (or mean STF location) with 113 
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theoretical and numerical models (e.g. Agra and Nof, 1993; Matano, 1993). Those studies 114 

suggest that the MC imparts a momentum certainly responsible for determining the mean 115 

latitude of separation of the BC from the slope. The latitude of separation of the STF from the 116 

slope has been observed to vary at different time scales. At the seasonal scale the location of 117 

the separation of the STF from the slope shows excursion of about 200 km along the 2,000 m 118 

isobath with a poleward migration in austral summer and equatorward shift in winter (Saraceno 119 

et al., 2005). At longer time scales, Lumpkin and Garzoli (2011) observed a southern shift of 120 

the latitude of the STF from October 1992 to December 2007 of about 0.6 to 0.9° per decade 121 

and suggested that this trend was part of a longer-term oscillation.  122 

In situ time series near the BMC are rather scarce. Current meter mooring data in the MC have 123 

been obtained at approximately 41°S along Jason2 track #26 (Figure 1d) near the Confluence 124 

with the BC at three different times: in 1993–1995 (Vivier and Provost, 1999a), 2001–2003 125 

(Spadone and Provost, 2009), and 2014–2015 (Paniagua et al., 2018). At 41°S, the MC has 126 

mainly a barotropic equivalent structure due to the weak stratification and the steep topography 127 

(Vivier and Provost, 1999a), and is made of one single core in contrast to the several narrow 128 

jets observed south of 42°S (Piola et al., 2013). Artana et al. (2018a) used a look-up table (LUT) 129 

method to compute the MC transport time series at 41°S. Combining altimetric data and the in 130 

situ data sets from the three 10 years apart mooring deployments a coherent and accurate 131 

volume transport time series was obtained. The mean MC transport over 24 years (1993-2016) 132 

in the upper 1,500 m was 37.1 Sv and the standard deviation 6.6 Sv. Artana et al. (2018a) 133 

showed that transport extrema at 41°S are not driven by upstream conditions: maxima are 134 

associated with cyclonic eddies that propagated from the south following the 4,000 m isobath, 135 

while minima result from large anticyclonic anomalies shed by the Brazil Current overshoot. 136 

Numerical studies of the region have been hampered by the difficulty to simulate the location 137 

of the Confluence. Indeed, the location of the Confluence is highly sensitive to the bottom 138 
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friction representation and to the vertical and horizontal resolutions of the model (Combes and 139 

Matano, 2014). High-resolution ocean models that assimilate different types of observations 140 

and in particular satellite altimetry (e.g. Lellouche et al., 2018) are a priori likely to have the 141 

Confluence of the SAF and STF at the correct location.  142 

Here we take advantage of the 25-year-long high-resolution (1/12°) global Mercator Ocean 143 

physical reanalysis to revisit the BMC region. At any location, these daily outputs provide 144 

continuous three-dimensional time series that integrate information from in situ and satellite 145 

data and from the atmospheric forcing. This analysis builds upon previous works that assessed 146 

the performance of the reanalysis in the MC system (e.g. Artana et al., 2018b and c). The main 147 

purpose of this paper is to examine variations in the MC at 41°S, in the BC at 36°S at different 148 

time scales from synoptic to interannual and explore concomitant variations in the Confluence 149 

region. The work includes further model assessment in the BMC. 150 

This paper is organized as follows: Section 2 presents model outputs and satellite data and 151 

recalls previous assessments of the Mercator-Ocean system performance in the MC. The 152 

vertical structures in hydrography and velocities of the MC at 41°S, of the BC at 36°S and of 153 

their Confluence on a section following the 2,000 m isobath are examined in section 3. Section 154 

4 concentrates on volume transports in the MC at 41°S and the BC at 36°S comparing the 155 

reanalysis with observations. Variations in the SAF and STF positions at the Confluence are 156 

examined in section 5. Section 6 summarizes and concludes.  157 

 158 

2. Model Outputs and data 159 

2.1 Mercator Ocean Global Reanalysis: GLORYS12  160 

We use daily means of 25 years (1993–2017) of high-resolution (1/12°) global Mercator Ocean 161 

reanalysis (hereafter, GLORYS12) from Copernicus Marine Environment Monitoring Service 162 

(CMEMS, http://marine.copernicus.eu/). GLORYS12 is based on the current real-time global 163 
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high-resolution forecasting CMEMS system PSY4V3 (Lellouche et al., 2018). Compared to 164 

PSY4V3, GLORYS12 reanalysis uses the reprocessed atmospheric forcing coming from the 165 

global atmospheric reanalysis ERA-Interim and benefits from a few changes in the system 166 

settings about observation errors. The model has 50 vertical levels with 22 levels in the upper 167 

100 m leading to a vertical resolution of 1 m in the upper levels and 450 m near the bottom. 168 

The physical component of the model is the Nucleus for European Modeling of the Ocean 169 

platform (NEMO).  The model assimilates observations using a reduced-order Kalman filter 170 

with a 3-D multivariate modal decomposition of the background error and a 7-day assimilation 171 

cycle (Lellouche et al., 2013). Along-track satellite altimetric data from CMEMS (Pujol et al., 172 

2016), satellite Sea Surface Temperature from NOAA, Sea-Ice Concentration, and in situ 173 

temperature and salinity vertical profiles from the latest CORA in situ databases (Cabanes et 174 

al., 2013; Szekely et al., 2016) are jointly assimilated. A 3D-VAR scheme provides a 3-D 175 

correction for the slowly evolving large-scale biases in temperature and salinity when enough 176 

observations are available (Lellouche et al., 2018). 177 

In a previous work, Artana et al. (2018b) evaluated the performance of the current real-time 178 

global forecasting system PSY4V3 in the Southwestern Atlantic Ocean. Ten years (2007–2016) 179 

of model outputs were compared to assimilated satellite and Argo float data and to independent 180 

in situ data that were not assimilated. The comparison showed that the PSY4V3 system 181 

correctly reproduces the general circulation and the complex hydrographic features of the 182 

Southwestern Atlantic Ocean. We found and excellent agreement between model sea surface 183 

height (SSH) and satellite SSH.  The positions of the Subantarctic and Subtropical Fronts were 184 

defined with model SSH contours of 5 cm and 40 cm which correspond to the maxima in SSH 185 

gradient. Front detection criteria in potential density at 541 m were also established: the SAF 186 

and STF were associated with the 27.16 kg/m3 and 26.95 kg/m3 isocontours. The location of 187 
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the fronts inferred from potential density at 541 m was in good agreement with the location 188 

inferred from SSH.  189 

 In a subsequent work we found a general agreement between GLORYS12 and PSY4V3, and 190 

comparisons with observations showed that GLORYS12 is closer to the data than PSY4V3 in 191 

the region of interest (Artana et al., 2018c).  192 

2.2 Satellite data: 193 

We used DUACS delayed time altimeter gridded product (Pujol et al., 2016) from CMEMS. 194 

The “Updated” product includes data from all available altimeters at any given time. This 195 

product has a spatial resolution of ¼° on a Mercator regular grid and a daily sampling. The 196 

multi-satellite gridded product is based on a space-time interpolation and its actual temporal 197 

resolution is 20 days (Pujol et al., 2018). Surface geostrophic velocities anomalies derived from 198 

the Sea Level Anomaly (SLA) product were used to compute the Look Up Table transport time 199 

series. The current SLA is computed relative to the global ¼° CNES-CLS13 Mean Dynamic 200 

Topography (MDT), which is the mean of the sea surface height above the geoid over the period 201 

1993-2012 (Rio et al., 2014). The CNES-CLS13 MDT was obtained from a combination of 202 

space gravity measurements (from the GOCE and GRACE missions), altimetry satellite data 203 

and in situ observations (temperature and salinity profiles from Argo floats, CTD, XBT casts 204 

and surface velocities derived from the trajectory of drifting buoys). For this study, we also had 205 

access to a beta version of the new CNES-CLS MDT (CNES-CLS18) calculated over the 1993-206 

2012 reference period on a 1/8° resolution grid (Rio et al., The new CNES-CLS18 Mean 207 

Dynamic Topography solution, in preparation). Compared to the previous CNES-CLS13 MDT, 208 

this new solution was calculated using the latest CNES-CLS15 altimetric Mean Sea Surface 209 

(Pujol et al, 2018), the latest GOCE geoid model, GOCO05s (Fecher et al., 2017), as well as an 210 

extended dataset of in-situ observations (SVP type drifting buoys and Argo floats covering the 211 

period 1993-2016).  212 
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2.3 Wind forcing: 213 

We used daily averages of the ERA-Interim winds interpolated onto the NEMO grid. The mean 214 

wind stress curl field is mostly positive between 15°S and 45°S with a zero isoline extending 215 

zonally across the Atlantic Basin between the 45°-50°S (Figure 1e). In the Southwest Atlantic, 216 

the STF, which marks the southern limit of the Brazil Current, is found 15° to the north of the 217 

wind stress curl zero isoline. The mean position of the wind stress curl maximum (between the 218 

40-30°S latitude band) roughly corresponds to the position of the zero isoline of the zonal wind 219 

stress (tx =0, thick black line in Figure 1f) that is the limit between easterlies to the north and 220 

westerlies to the south. The position of the zero isoline in tx exhibits a seasonal cycle with a 221 

mean northern position in winter (blue isoline, Figure 1f) and a southward position in summer 222 

(red isoline in Figure 1f). The seasonal migration of the zero isoline of tx is large along South 223 

America (~ 1500 km at 55°W). We found that the intersection of the zero-line of the tx with a 224 

section following the 2,000 m isobath (magenta line in Figure 1f) was a useful proxy to 225 

monitoring wind variations near the Brazil-Malvinas Confluence.  226 

 227 

3.  Vertical structure of the MC and BC at the Brazil-Malvinas Confluence  228 

We examined the vertical structure of the model velocities, temperature, salinity and density 229 

along three sections: one across the Malvinas Current at 41°S, one across the Brazil Current at 230 

36°S and one across the Confluence along a section approximately following the 2,000 m 231 

isobath (Figure 1c and d). The MC section corresponds to part of Jason2 altimetric satellite 232 

track #26 (section at 41°S in Figure 1c and d) where three 10-years apart moorings (1993-1995, 233 

2001-2003, 2014-2015 green, black and red diamonds in Figure 1d) were lined up. The BC 234 

section (section at 36°S in Figure 1c and d) was chosen perpendicular to the slope. The 2,000 235 

m isobath was chosen because it falls close to the midpoint of the continental slope, it is rather 236 

straight and the MC and BC cores roughly lie above that depth. The 2,000m isobath section is 237 
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900-km long (extending from 42°S to 35.5°S) and crosses the MC and BC sections at km 200 238 

and 870. Model velocities were decomposed into the along and across-slope components, i.e. 239 

parallel (V//) and perpendicular (V ┴) to the local bottom slope. The statistics were computed 240 

using the 25 years of GLORYS12 with a daily resolution after removing the trends which are 241 

discussed in section 5.4.  242 

3.1 Mean vertical structure in hydrography and velocity 243 

At 41°S the modelled mean MC shows a velocity core with values larger than 40 cm/s extending 244 

down to 600 m depth (Figure 2, Ia). As expected, model mean SAF location (thick black line 245 

at km 40 in Figure 2.I corresponding to SSH= 5 cm and sq = 27.16 kg/m3 at 541 m) coincides 246 

with the maximum of the surface velocity.  The mean cross-slope velocity component is small 247 

(< 5 cm/s) and changes sign near the center of the MC core (Figure 2, Ib). Mean vertical 248 

velocities show positive values (>20 m/day) on the slope indicating a mean upwelling between 249 

300 m and 1000 m depth (Figure 2 Ic). The modelled water mass structure is in remarkable 250 

agreement with the literature (e.g., Maamaatuaiahutapu et al., 1994). At 41°S, two distinct water 251 

masses can be identified between the surface and 1000 m (Figure 2 Id, Ie, If). The first 400 m 252 

of the water column are occupied with Subantarctic Surface Water (SASW, sq <27.00 kg/m3). 253 

The low salinities close to the surface to the west of the section correspond to a mixture of 254 

SASW with diluted shelf waters. Depths between ~ 600 m and 1000 m correspond to the 255 

Antarctic Intermediate Water (AAIW) with salinities less than 34.3 psu and temperature less 256 

than 4°C (27.00 <sq <27.35 kg/m3).  257 

The mean BC at 36°S is shallower and weaker than the MC at 41°S: mean along-slope velocities 258 

larger than 30 cm/s are only found above 400 m. The maximum mean velocity does not exceed 259 

40 cm/s and coincides with the mean STF position (red thick line in Figure 2 IIIa). Mean 260 

positive along-slope velocities are observed between 600 m and 1000 m depth (km 20-60) in 261 

opposite direction to the general southward mean BC flow. They are small (~ 5 cm/s) and 262 
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associated with relatively low temperatures (<5 °C) and salinities (<34.3 psu) (Figure 2 IIId 263 

and IIIe), suggesting a contribution from the MC. We call this circulation feature MC 264 

subsurface northward branch (it is further examined in section 3.4). Mean cross-slope velocities 265 

at 36°S are small (<10 cm/s) with an offshore direction in the upper 600 m (Figure 2 IIIb). The 266 

mean vertical velocities are positive (~ 10 m/day) on the slope between km 20 and 60 between 267 

200 m and 1000 m depth (Figure 2 IIIc). The model water mass distribution at 36°S is in good 268 

agreement with the description from Valla et al. (2018) and Maamaatuiahutapu et al. (1994). 269 

The upper 200 m of the water column consist in warm (~ 20°C) and salty (>36 psu) Tropical 270 

Waters (TW). The low salinities on the west part of the section correspond to TW diluted with 271 

water from the shelf. The South Atlantic Central Water (SACW) with 5< q <10 °C, 34.3< S 272 

<35.7 psu is found between 200 and 600 m. The layer between 600 and 1000 m corresponds to 273 

AAIW (34.3< S <34.4 psu and 3< q <5 °C) (Figure 2 IIId, IIIe). 274 

The section following the 2,000 m isobath illustrates the contrasts between the deep reaching 275 

MC velocity core (30 cm/s extending down to 700m) and the shallower BC velocity core (30 276 

cm/s above 200 m) (Figure 2 II a). The SAF (SSH = 5 cm and sq = 27.16 kg/m3 at 541m) mean 277 

location is at km 400 and the STF (SSH= 40 cm and sq = 26. 95 kg/m3 at 541m) at km 700.  278 

The mean positive across-slope velocities (larger than 15 cm/s) between the mean SAF and 279 

STF position (400 - 700 km) correspond to the BC and MC veering offshore at their Confluence 280 

(Figure IIb). The mean model properties illustrate how high-density waters carried by the MC 281 

(s > 26.9 kg/m3) are subducted below the lighter BC waters as they flow northward (Figure 2 282 

IId, IIe, IIf). Mean negative vertical velocities reaching 10 m/day at 800 m between km 300 and 283 

500 are associated with MC water subduction (Figure 2IIc). Mean isopycnals are sharply tilted 284 

in the Confluence region (Figure 2 II f).  285 

3.2 Vertical structure of standard deviations in hydrography and velocity  286 
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The standard deviations (stds) of the model properties in the MC section are small below 100 287 

m (V// std <10 cm/s, V^ std < 10 cm/s, w std <10 m/day, q std < 0.3 °C, S std < 0.06 psu and  288 

sq std < 0.06 kg/m3, Figure 3 Ia-If). The MC is a rather steady current (surface EKE over the 289 

MC at 41°S is less than 200 cm2/s2, Figure 1b). The MC velocity stds are homogenous in the 290 

vertical reflecting the MC barotropic equivalent structure (Vivier and Provost 1999a and 291 

1999b). The larger velocity stds in the outer part of the MC section (between km 100 and 140) 292 

are due to meanders and mesoscale eddies from the BC overshoot (Figure 3 Ia-f). 293 

In contrast to the MC, the BC has a baroclinic structure and shows surface EKE in excess of 294 

1,000 cm2/s2 at 36°S (Figure 1b). The standard deviations of the model properties in the BC 295 

section are large (V// std >25 cm/s, V^ std > 20 cm/s, w std > 10 m/day, q std > 1°C, S std > 296 

0.2 psu and  sq std > 0.1 kg/m3) (Figure 3, IIIa-f). The relatively small std of the water properties 297 

close to the bottom at the location of the MC northward branch observed in the mean (Figure 2 298 

III a), suggest that the MC subsurface northward branch is a quasi-permanent feature. The MC 299 

subsurface northward branch is further discussed in section 3.4.  300 

The section along the 2,000 m isobath shows that the frontal region (between the SAF and STF 301 

km 400 and 700) hosts the largest stds for all model properties (q std > 0.3 °C, S std > 0.09 psu 302 

, sq std >0.09 kg/m3, V// std and V^ std >15 cm/s and w std > 20 m/day down to 1000 m, Figure 303 

3 IIa-IIf) with values well above those found in the BC and MC sections. 304 

3.3 Seasonal cycle 305 

As the amplitude and phase of the seasonal cycle vary from year to year, the seasonal cycle was 306 

estimated using a band-pass filter. A band-pass filter with a window of 140-400 days led to the 307 

stds shown in Figure 4 (with same scale as Figure 3 for sake of comparison). The amplitude of 308 

the seasonal cycle can be roughly estimated by multiplying the stds by a factor of Ö2. The 309 

amplitude of the resulting signal was not sensitive to the filter window. 310 
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The seasonal cycle contributes to a significant fraction of the stds shown in Figure 3. As 311 

expected, in the upper 100 m, the seasonal cycle in potential temperature (std larger than 3°C 312 

in the BC and 0.9°C in the MC) and density (std larger than 0.3 kg/m3 in the BC and 0.2 kg/m3 313 

in the MC) amounts to more than 60 % of the total stds (Figure 4 I and III d-f and Figure 3). 314 

Salinity variations due to the seasonal cycle account for about 40% of the total std (shown in 315 

Figure 3 I and III e) in the upper 100 m and 30% below in the MC and in the BC.  For the other 316 

model variables, the seasonal cycle is responsible for about 40% of the std at all depths (Figure 317 

4 a-c). Std values associated with the seasonal cycle are particularly large at the BMC (between 318 

km 400 and 700) and extend down to 600 m (V// >10 cm/s, V^ >5 cm/s, q> 0.6 °C S>0.03 psu 319 

and s> 0.03 kg/m3) (Figure 4 II a-f).  320 

To describe the seasonal cycle further, we performed an EOF analysis of the joint velocity and 321 

density (V//, V^ and s) fields along the 2,000 m isobath. The first EOF explains 30% of the 322 

total variance (shown in Figure 3 II). The time series (Figure 5a) features dominant energy 323 

peaks at the semi-annual and annual periods and much less significant energy at the 50-70 days 324 

band period. The positive phase (related to the austral summer) corresponds to a strengthening 325 

of the BC and a 150 km-southward migration of the STF position (deduced from the potential 326 

density criteria at 541 m cf section 2.1). In contrast, the MC strength and SAF position do not 327 

change much compared to the mean (Figure 5c and 5d). In summer, the distance between the 328 

SAF and STF reduces to less than 100 km and the isopycnal slopes between the fronts steepen 329 

(Figure 5d). The negative phase (related to the austral winter) expresses a weakening of the BC 330 

with the STF located 100 km to the north of its mean position (Figure 5e to be compared with 331 

Figure 5 c) and little change in the MC velocities and SAF location. The distance between the 332 

SAF and the STF increases to 400 km.  333 

In summary, the MC appears as a strong steady current compared to the weaker and highly 334 

variable BC. The seasonal cycle in the Confluence region comprises migrations of the STF 335 



 15 

position (150 km) and changes in the BC strength (more than 20 cm/s in the core) while the 336 

MC strength and the SAF position remain mostly unchanged. The seasonal cycle at the 337 

confluence is further examined in section 5.  338 

3.4 Synoptic scale 339 

The snapshot from Figure 6 further illustrates the model performances at the BMC. Salinity 340 

maps at different depths (Figure 6 a, b, c) show the BC leaving the coast at 39°S (150 km to the 341 

south of its mean position), the MC branching at 40°S (an inner branch keeping flowing north 342 

and an outer branch retroflecting to the south) and a rich mesoscale field with a large (100 km 343 

diameter) salty anticyclonic eddy centered at 54°W and 42°S and smaller structures such as the 344 

25 km diameter eddy at 57°W 45°S tied to the large anticyclonic eddy with a 100 km-long 345 

filament (Figure 6 b). Similar mesoscale structures have been documented in the Confluence 346 

region from high resolution (1 km) satellite imagery (Barré et al., 2006).  Fresh water (S <32 347 

psu) from the Rio de la Plata is exported offshore through the Confluence between the SAF and 348 

the STF (Figure 6 a) as noted in hydrographic observations (Provost et al., 1995) and satellite 349 

data (Guerrero et al., 2014).  350 

The MC core velocities at 41°S are slightly below their mean values while the strong core at is 351 

20 cm/s larger than the mean above 300 m (Figure 6 Id and IIId). The BC waters lighter than 352 

26.9 kg/m3 extend down to 500 m (Figure 6 IIIf). Sharply tilted isopycnals at the confluence 353 

correspond to the MC branch subducting below the BC (between km 400 and 500) (Figure 6 354 

IIf). Associated synoptic vertical velocities are negative and on the order of 100 m/day (Figure 355 

6 IIg). After subducting, the MC branch keeps flowing north pushing the BC to upper levels 356 

and positive vertical velocities are observed (>50 m/day) between km 500 and 600 (Figure 6 357 

IIg). Positive along-slope velocities (>10 cm/s) associated with the northward MC branch, are 358 

observed in the confluence section at km 600 (Figure 6 IId) and at 36°S along the slope below 359 

300 m depth (Figure 6 IIId). This branch of the MC is seen in the salinity map at 500 m up to 360 
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36°S along the slope (Figure 6 c). The branching of the MC in the model is consistent with 361 

hydrographic observations (e.g. Provost et al., 1995) which showed that the eastern branch of 362 

the MC returned south, while the western one squeezed along the continental slope and sank 363 

below the BC, managing to propagate as far as 36.3°S. To further document the MC subsurface 364 

northward branch along the slope we show time series of the V//, T and S (Figure 7) at 763 m 365 

depth at km 40 of the 36°S BC section (positive black dot in Figure 6 III a). Positive along slope 366 

velocities associated with the MC subsurface branch can reach values as large as 50 cm/s 367 

(Figure 7a). The year 2006 stands out with large (>40 cm/s) northward velocities over 4 months. 368 

The positive along slope velocities are accompanied with a decrease of temperature (<3 °C) 369 

and salinity (34.1 psu) associated with MC (Figure 7). The time series feature significant energy 370 

peaks at the 50-110 days period band (possibly associated with coastal trapped waves; e.g., 371 

Lebedev and Nof 1996; Vivier et al., 2001) and much less energy at the annual and semiannual 372 

periods. The salinity and temperature time series present a low-frequency modulation with low 373 

salinity and temperature values during the period 1997-2003 and larger ones during the prior 374 

and later years (Figure 7b). This low frequency-modulation is reminiscent of the salinity 375 

minimum observed in the MC recirculation during the period 1997-2003 (Artana et al., 2018c).  376 

We now examine the model skills in reproducing the MC and BC volume transports near the 377 

Confluence.  378 

 379 

4. Volume transports of the MC and BC near the Confluence  380 

4.1 Volume transport time series of the MC at 41°S 381 

The MC volume transport over the upper 1,500 m of the water column across the 41°S section 382 

(Figure 1 c) was reconstructed over 25 years (1993-2017) from in situ and satellite altimetry 383 

data using the Look Up Table (LUT) method (Artana et al., 2018a).  The LUT was built with 384 

the 10 years apart current meter data (1993-1995 green, 2001-2003 black and 2014-2015 red 385 
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diamonds in Figure 1d). A mean cross-track surface velocity was adjusted at each mooring 386 

location using an iterative error/correction scheme with the CNES-CLS13 mean surface 387 

geostrophic velocities as a first guess (Artana et al., 2018a). The new CNES-CLS-18 MDT 388 

provides mean surface geostrophic velocities larger than those derived from CNES-CLS13 and 389 

consistent to those from the (independent) LUT method, with a maximum of 57 cm/s at km 50 390 

(Figure 8a). The 25 year-long LUT transport time series has a mean of 37 Sv and a standard 391 

deviation of 6.7 Sv (Figure 8b) and does not present any significant trend. The yearly averages 392 

of the volume transport suggest a low-frequency modulation with a time scale of several years 393 

(Figure 8c).  394 

Model velocities were used to compute volume transport time series considering several depths 395 

of integration (1,500 m, 1,000 m and 900 m). The mean model transport from the surface to 396 

1,500 m is 10 Sv larger than the LUT mean transport as model velocities are larger than 397 

observations at depths on the outer slope (see Figure 5 in Artana et al., 2018b). The best 398 

agreement with the LUT transport was found for an integration depth of 900 m with a difference 399 

less than 1 Sv for the mean, 0.7 Sv for the std and a correlation coefficient of 0.75 (Figure 8b). 400 

The model transport time series does not present any significant trend and reproduces the 401 

observed interannual variations (the largest difference is only 3 Sv in 1996, Figure 8c).  402 

Variance preserving spectra of the two transport time series show significant salient peaks at 403 

similar periods (intraseasonal, semi-annual and annual period, Figure 8d). The spectrum of the 404 

model transport time series presents larger energy between periods 50 and 100 days than the 405 

LUT transport spectrum. This period band has been associated with baroclinic coastal trapped 406 

waves propagating along the continental slope (Vivier et al., 2001). The differences around 407 

these frequencies suggest that coastal trapped waves may be better resolved in the model than 408 

in the gridded altimetry product used in the LUT method. The spectral content of the model 409 

transport time series shows a similar modulation to that of the LUT transport time series (Figure 410 
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8e and Artana et al., 2018a) with a more energetic annual component during the years 2001-411 

2007. 412 

4.2 Volume transport of the BC  413 

Model outputs were used to compute the BC transport across two sections located at 37°S and 414 

36°S. Sensitivity to the depth of integration was carefully examined. The BC transport time 415 

series were computed integrating the along-slope negative velocities from the surface to 1,500 416 

m, 1,000 m, 900 m and 800 m.  The different vertical integration limits yielded highly correlated 417 

transport times series (r = 0.99) and small changes in the mean (5 Sv) and std (3 Sv). The BC 418 

transport time series integrated down to 900 m (like model MC transport) presents a lower mean 419 

(23.0 Sv at 36°S and 26.7 Sv at 37°S) and a larger standard deviation (11.0 and 15.0 Sv 420 

respectively) than the MC transport time series (mean: 38.0 Sv and std: 7.4 Sv). Considering 421 

that the mean BC transport increases with latitude (Garzoli et al., 2013), the order of magnitude 422 

provided by the reanalysis at 36 and 37°S is consistent with previous estimates of the mean BC 423 

transport derived from satellite altimetry and Argo data (22.2 Sv at 36°S in the upper 2,000 m 424 

in Schmid, 2014), from inverted echo sounders (23.5 Sv at 35.2°S in the upper 1000 m in 425 

Garzoli 1993) and from XBT data and satellite altimetry (19.4 Sv at 35°S in the upper 800 m 426 

from Garzoli et al., 2013). The standard deviation of the BC transport of 11 Sv for daily 427 

resolution reduces to 6 Sv for monthly means in agreement with the time series at a monthly 428 

resolution from Schmid (2014) and Garzoli et al. (2013).   429 

The transport time series at 37°S and 36°S are correlated (r = 0.4, 99% confidence level) at lag 430 

20 days. The 25-year-long linear trend for the two transport time series is 0.36 Sv/y significant 431 

above the 90% confidence level. The transport time series at 36°S is shown in Figure 9a.   432 

The BC transport time series at 36°S shows large interannual variations with a maximum of 30 433 

Sv in 2014 and a minimum of 14 Sv in 1998 (Figure 9b). Salient energy peaks are found 434 

between the 50- and 150-day periods and at the annual period (Figure 9c). Similar energy peaks 435 



 19 

have been observed in inverted echo sounders deployed in the BC at 37°S (Garzoli and Bianchi, 436 

1987). The spectral content is modulated over time (Figure 9d), in particular, energy at the 437 

annual period is large from 2001 to 2012. A wavelet coherence analysis of the MC transport 438 

time series at 41°S and the BC transport time series at 36°S indicates that the MC and the BC 439 

are not correlated at any periodicity (not shown).  440 

 441 

5. SAF and STF location near the Confluence   442 

Mercator Ocean reanalysis provides correct mean locations for the SAF and STF at the 443 

Confluence and a value of 38.0 Sv for the mean MC volume transport at 41°S in agreement 444 

with the LUT and a value of 23.0 Sv (26.7 Sv) for the mean BC transport at 36°S (37°S) in 445 

agreement with the existing literature. These results are consistent with a strong steady 446 

Malvinas Current forcing the mean separation latitude of a weaker BC at 15° north of the zero 447 

of the mean wind stress curl as suggested in Agra and Nof (1993) or in Matano (1993).  448 

We examined variations of the SAF and STF locations at different time scales and their relation 449 

with current transport and wind forcing. Monitoring the temporal evolution of the fronts 450 

position at the synoptic scale is quite challenging due to the energetic mesoscale field (section 451 

5.1). We investigated the seasonal (section 5.2) and interannual (section 5.3) variations of the 452 

SAF and STF positions at the confluence in relation with the latitude of the zero isoline of the 453 

tx across a section following the 2,000 m isobath between 26°S and 38°S (magenta section in 454 

Figure 1 f, hereafter we called this position tx=0). Finally, we examined long term variations in 455 

SAF and STF positions and in the model properties at the confluence location (section 5.4).    456 

5.1 Synoptic scale 457 

The SAF (white isoline in Figure 10a) and STF (purple isoline in Figure 10a) positions above 458 

the 2,000 m isobath vary over a wide range of spatial (about 800 km) and temporal (synoptic 459 

to interannual) scales. The distance between the SAF and STF above the 2,000 m isobath ranges 460 
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from almost zero when the fronts are merged into a narrow front (e.g. beginning of 2017) to 461 

over 800 km when the BMC region is filled with meanders and eddies (e.g. end of 2001) (Figure 462 

10a). The SAF and STF isolines are frequently tortuous as the fronts meander and shed eddies, 463 

impeding the construction of time series of the fronts position with a daily resolution as 464 

evidenced in the close up on the last period of mooring observations (January 2015- December 465 

2015, Figure 10b). This year has been carefully examined (Ferrari et al., 2017; Artana et al., 466 

2018a; Paniagua et al., 2018; Orue-Echevarria et al., 2019). From January 2015 to October 467 

2015, the SAF and STF were located to the south of their mean position while the MC transport 468 

at 41°S was below its mean and the BC transports at 37°S and 36°S were highly variable (Figure 469 

10c). The fronts moved northward from September to October while the MC transport increased 470 

and the BC transport was close to its mean. From October to December, the fronts were located 471 

to the north of their mean position and the MC and BC transports at 41°S and 36°S (north of 472 

the front position) were above their mean.  473 

Interestingly, the wind stress curl interpolated over the 2,000 m isobath shows a sharp local 474 

minimum (negative values) coinciding with the front position (Figure 10d). The mean wind 475 

stress curl also presents a local minimum at 55°W and 38°S at the mean location of the 476 

Confluence (Figure 1f). This feature at the Confluence suggests a local atmospheric response 477 

due to a thermal or current feedback as sea surface temperature anomalies or ocean current 478 

anomalies can alter wind patterns (e.g., Chelton et al., 2007).  479 

5.2 Seasonal cycle 480 

The seasonal position of the STF and SAF defined with isolines (respectively 40 and 5 cm) of 481 

monthly mean model SSH over the 25 years of the reanalysis are shown in Figure 11a. The 482 

fronts move northward during austral winter and southward during summer (Figure 11 a). The 483 

STF pivots at a fixed point located at 53°S and 40°S in agreement with Saraceno et al. (2005). 484 

The seasonal displacements are small: 150 km (1.5° in latitude) for the STF and 50 km for the 485 
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SAF along the 2,000 m isobath (Figure 11 a and c). As a consequence, the distance between the 486 

SAF and STF along the 2,000 m isobath is larger during winter (~ 400 km) than during summer 487 

(~200 km, Figure 11 b). This is consistent with the EOF analysis of section 3.3 (Figure 5). 488 

In contrast, the seasonal migration of the zero isoline of the zonal wind stress is large (1,500 489 

km – section 2.3). At the seasonal scale, the STF position, the BC transports (at 36 or 37°S) 490 

covary with  tx=0 with a lag of about 2 months (Figure 11 c and d). The tx=0 reaches its 491 

southernmost position of 27.50°S in June while the BC transport is minimum in July-August 492 

and the STF latitude minimum (36.30°S) occurs 2 months later in August. However, 493 

covariances do not imply causality, cause and effect cannot be disentangled.  494 

5.3 Interannual and long-term variations: 495 

The annual mean STF and SAF positions on the 2,000 m isobath vary over a latitudinal range 496 

larger than 3° for the STF and 1.5° for the SAF (Figure 12a b and d). The STF and SAF are in 497 

their northward most position in the early 1990s (around 36.5°S and 39°S respectively). During 498 

the 2000-2010 decade the annual mean STF and SAF are in a southern location around 37°S 499 

and 39.5°S respectively. The last decade shows large interannual variations: indeed, while the 500 

mean positions of the SAF and STF are relatively south in 2015 (40.5°S and 38°S), they are 501 

back north like in the 1990s in 2016. In 2017, the SAF and STF mean position are back south 502 

(40.3°S and 39.5°S). The annual mean distance between the STF and SAF above the 2,000 m 503 

isobath (Figure 10 c) ranges from 150 km (in 2017) to 450 km (in 1994). Large interannual 504 

variations in the STF and in the tx=0 location occur from 2000 to 2017 (Figure 12 e). In 505 

particular, years 1998, 2004, 2011, 2015 and 2017 correspond to southernmost positions of the 506 

STF and tx=0 isoline. The southernmost position of the STF in 2017 is congruent with a 507 

southward position of tx=0, a strong BC transport at 36°S and a weak MC transport at 41°S. 508 

The SAF remains at a rather stable position during the years of large interannual variations in 509 

the position of the tx=0 (from 2000-2010) and seems to covary with the MC transport at 41°S. 510 
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Again, causality relations between front positions, current transports and wind forcing are not 511 

established. 512 

The time series of the STF position suggests a southward migration of the front from 1993 to 513 

2006 in agreement with Goni et al. (2011) and Lumpkin and Garzoli (2011). During the 514 

following years the front position is highly variable.  Long-term variations in the SAF and STF 515 

position and in the vertical structure model properties at the confluence region are further 516 

examined below. 517 

5.4 Twenty-five-year trends 518 

We tentatively examined linear trends in water properties in the 25-year reanalysis: they are 519 

significant above the 99% confidence level (Figure 13 a, b, c, d, e). The changes in the SAF 520 

and STF positions associated with the density trend were computed after adding the trend 521 

(Figure 13e) to the mean field (Figure 2f) using the criteria in potential density at 541 m (Figure 522 

13f) (cf section 2.1).  523 

Trends are large in the BC which becomes more intense (~12.5 cm/s over the 25 years), warmer 524 

(~2.5°C) and saltier (0.375 psu) in the first 1000 m at 36°S (Figure 13 III a d e). The BC 525 

becomes denser in the first 200 m due an increase in salinity and lighter below due to the 526 

warming trend (Figure 13 III e). Trends in the MC are small (Figure 13 I) with weaker along-527 

slope velocities (< 0.1 cm/year) in the inner MC (Figure 13 I a) and a lightening of 0.002 528 

kg/m3/year in the upper 100 m (Figure 13 I d and e).  529 

The trends in the northern part (km 400 -1000) of the along 2,000m isobath section reflect a 530 

southward displacement of the confluence region with an intensified southward flow (Figure 531 

13 IIa) with warmer, saltier and lighter waters (Figure 13 II c, d, e). The increase in the across-532 

slope velocities between km 200 and 600 (at a rate of 0.2 cm/y) (Figure 13 II b) is congruent 533 

with the southward displacement of the confluence and a larger offshore water export. Indeed, 534 

trends in the density field lead to an estimation of a southern displacement of 50 km for the 535 
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SAF and 150 km for the STF (Figure 13 f). As a consequence, the mean distance between the 536 

SAF and STF over the 2,000 m isobath reduced from 300 to 200 km.  537 

  538 

6 Summary and discussion 539 

This analysis of the upper 1000 m in the BMC region builds upon previous works that assessed 540 

the performance of Mercator-Ocean high-resolution (1/12°) ocean reanalysis GLORYS12 in 541 

the MC. The BMC is a complex region in terms of water mass structure (e.g. 542 

Maamaatuaiahutapu et al., 1992, 1994; Valla et al., 2018) and circulation (Provost et al., 1995; 543 

Orue-Echevarria et al., 2019). The model is consistent with present knowledge of the BMC and 544 

provides further insights on variations from synoptic to interannual time scales in the region. 545 

The model reproduces the contrast between the highly variable and baroclinic BC and the rather 546 

stable and more barotropic MC variations. Daily transport time series of the MC and BC across 547 

the 41°S, 36°S and 37°S sections were computed considering a depth of integration of 900 m. 548 

The MC transport derived from model outputs (mean of 37Sv and std of 6 Sv) has a similar 549 

mean than the LUT transport derived from observations and satellite altimetry (Artana et la., 550 

2018 a) and are highly correlated (0.75). The daily BC transport time series at 37°S (36°S) with 551 

a mean of 26.7 Sv (23.0 Sv) and a std of 15.0 Sv (11.0 Sv) is consistent with estimates derived 552 

from satellite altimetry and Argo data (22.2 Sv at 36°S in the upper 2,000 m in Schmid, 2014) 553 

and from XBT data and satellite altimetry (19.4 Sv at 35°S in the upper 800 m from Garzoli et 554 

al., 2013). The model mean MC transport exceeds the mean BC transport by at least 12 Sv and 555 

possibly forces the BC to separate from the coast 15°S north of the wind stress zero as suggested 556 

in numerical and theoretical models (Agra and Nof, 1993; Matano, 1993).  557 

A synoptic situation during the last MC mooring period, a year we carefully studied (Ferrari et 558 

al., 2017; Artana et al., 2018a; Paniagua et al., 2018) illustrates the model performance in this 559 

region. The model reproduces the rich mesoscale activity from the Confluence region showing 560 
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filaments and small eddies as those observed in high resolution satellite imagery (Barré et al., 561 

2006). The export of the Rio de La Plata water far away from the coast between the SAF and 562 

STF documented in hydrographic observations (Provost et al., 1995) and satellite data 563 

(Guerrero et al., 2014) is well represented in the model. The model shows the branching of the 564 

MC near the Confluence (e.g., Provost et al., 1995), with an outer branch returning south and 565 

an inner one sinking below the BC and flowing northward along the continental slope reaching 566 

36°S. The along-slope velocity at 36°S below 600 m close to the slope (mean of + 4 cm/s) 567 

shows recurrent positive peaks above 40 cm/s at periods between 50 and 110 days that can be 568 

associated with Kelvin waves propagating along the slope (Lebedev and Nof, 1996; Vivier et 569 

al., 2001). The water properties of the MC northward subsurface branch show a long-term 570 

modulation with a salinity minimum in the period 1997-2003 reminiscent of the freshening 571 

observed by Artana et al., (2018 c) in the MC recirculation region.  572 

The SAF and STF positions above the 2,000 m isobath vary over a wide range of spatial (about 573 

800 km) and temporal scales (synoptic to interannual). The region between the SAF and STF 574 

is recurrently filled with mesoscale and eddies preventing the construction of a time series of 575 

the front position with a daily resolution. The seasonal migrations of the SAF and STF positions 576 

at the Confluence are small. The STF seasonal migrations of 150 km over the 2,000 m isobath 577 

lag with seasonal variations of the BC transport (of 15 Sv with a 1-month lag) and with the 578 

position of the zero isoline of tx (of 1500 km with a 2-month lag). At the seasonal time scale 579 

the SAF and the MC transport remain mostly unchanged. The SAF and STF vary over a larger 580 

range at the interannual scale (300 and 200 km respectively). The fronts were in their northern 581 

position in the 90s (around 36.5°S for the STF and 39°S for the SAF) and moved southward 582 

during the period 2000-2010 (SAF around 39.5°S and STF around 38.3°S). These southward 583 

migrations of the fronts are in agreement with previous observational or modeling studies (e.g., 584 

Lumpkin and Garzoli, 2011; Goni, 2011; Combes and Matano, 2014). The next decade (2010-585 
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2016) presents large year-to-year variations. The positions of the STF and the zero isoline of tx 586 

seem to covary. Overall, the cause of the observed changes in the SAF and STF position have 587 

yet to be established.  588 

Linear trends in the 25-year-long reanalysis suggest an increase in the BC salinity of 0.37 psu 589 

and a warming of 2.5°C at 36°S. The BC salinity increase could be related with an 590 

intensification of the global water cycle (meaning and enhancement in the evaporation-591 

precipitation water fluxes) (e.g., Durack et al., 2012). In particular, several studies have shown 592 

a long-term salinity increase in the tropical waters (in the evaporation-dominating latitudes) 593 

which are carried southward by the BC (e.g., Boyer et al., 2005; Durack et al., 2012).  The 594 

positive temperature trend observed at 36°S is consistent with the fast warming observed in the 595 

subtropical western boundary currents at rate 2 to 3 times faster than the global rates (e.g., Wu 596 

et al., 2012, Yang et al., 2016). The positive salinity and temperature trends result in an increase 597 

of the BC stratification. The MC registered a surface freshening of 0.1 psu in agreement with 598 

the negative salinity trend observed in the waters north of the ACC (e.g., Böning et al., 2008, 599 

Naveira Garabato et al., 2009, Purich et al., 2018). The BC becomes more intense by 12.5 600 

cm/years at 36°S while the MC velocity trends are small at 41°S. The model trends at the 601 

confluence suggest a southward migration of the SAF and STF of 50 and 150 km over 25 years.  602 
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Figure captions: 770 

Figure 1: Mean surface velocity and eddy kinetic energy from 25 years of ocean reanalysis 771 

(1993-2017): (a-c) Mean surface velocity magnitude (in cm/s) and mean surface velocity 772 

vectors (when larger than 10 cm/s) and (b-d) mean surface eddy kinetic energy per unit mass 773 

(in cm2/s-2). The black, cyan and red contours represent the mean position of the Subantarctic 774 

Front (SAF), Subtropical Front (STF) and the Polar Front (PF) and are respectively defined as 775 

contours of model SSH values of 5, 40 and -40 cm as in Artana et al. (2018b). In the upper 776 

panels (c and d) 3 sections are indicated in purple: one across the MC at 41°S, one across the 777 

BC at 36°S and one following approximately the 2,000 m isobath. Bottom topography isobaths 778 

(from Smith and Sandwell, 1994) in a, b, c and d correspond to 6000, 5000, 3000, 2000, 1000 779 

and 300 m. The spatial distribution of current meters from the successive arrays is indicated 780 

with red 2014-2015, black 2001-2003 and green 1993-1995 diamonds in d.  Mean wind stress 781 

curl (e) and zonal wind stress (f) from 25 years of Era-Interim reanalysis. The black thick 782 

contours in each field represent the mean position of the zero isoline. The mean position of the 783 

zero isoline of the zonal wind stress for the summer (winter) is indicated with the red (blue) 784 

contour in panel f.  785 

 786 

Figure 2: Model mean vertical structure of the (a) along slope velocities (V// in cm/s), (b) 787 

across slope velocities (V^ in cm/s), (c) vertical velocities (w in m/day), (d) potential 788 

temperature (q in °C), (e) salinity (S in psu) and (f) potential density (s in kg/m3) over the 789 

period 1993-2017 and along 3 sections: (I) The MC section at 41°S, (II) a section following the 790 

2,000 m isobath and (III) the BC section at 36°S. The thick black and red vertical line indicate 791 

the mean position of the SAF and STF over the period 1993-2017. The X axis is distance in km 792 

and the Y axis is depth in m. The thin black vertical lines indicate the intersection of the MC 793 
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and BC sections with the 2,000 m isobath. In f the 27.16 kg/m3 and 26.95 kg/m3 isopycnals are 794 

indicated with dashed black contours.  795 

 796 

Figure 3: Model std vertical structure of the (a) along slope velocities (V// in cm/s), (b) across 797 

slope velocities (V^ in cm/s), (c) vertical velocities (w in m/day),  (d) potential temperature (q 798 

in °C), (e) salinity (S in psu) and (f) potential density (s in kg/m3) over the period 1993-2017 799 

and along 3 sections: (I) The MC section at 41°S, (II) a section following the 2,000 m isobath 800 

and (III) the BC section at 36°S. The X axis is distance in km and the Y axis is depth in m. The 801 

thick black and red vertical line indicate the mean position of the SAF and STF over the period 802 

1993-2017. The thin black vertical lines indicate the intersection of the MC and BC sections 803 

with the 2,000 m isobath. 804 

 805 

Figure 4: std associated with the seasonal cycle for the (a) along slope velocities (V// in cm/s), 806 

(b) across slope velocities (V^ in cm/s), (c) vertical velocities (w in m/day), (d) potential 807 

temperature (q in °C), (e) salinity (S in psu) and (f) potential density (s in kg/m3) over the 808 

period 1993-2017 and along 3 sections: (I) The MC section at 41°S, (II) a section following the 809 

2,000 m isobath and (III) the BC section at 36°S. The X axis is distance in km and the Y axis 810 

is depth in m. The thick black and red vertical line indicate the mean position of the SAF and 811 

STF over the period 1993-2017. The thin black vertical lines indicate the intersection of the 812 

MC and BC sections with the 2,000 m isobath. For sake of comparison we kept the same scale 813 

as in Figure 3.  814 

 815 

Figure 5: 2,000 m isobath section: Dominant joint EOF of model velocity (along and across 816 

slope components) and potential density field (30 % of the total variance). (a) Time series 817 

associated with EOF-1. Red horizontal lines indicate the mean and 1.5 standard deviation on 818 
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each side of the mean. (b) EOF-1 of joint model along and across slope velocities and potential 819 

density. (c) Mean model along and across slope velocities (in cm/s) and potential density 820 

structure (in kg/m3) of the 2,000 m isobaths section. (d) Positive phase of EOF-1 computed 821 

adding the mean field from (c) to the EOF-1 structure from (b) multiplied by 1.5 the standard 822 

deviation from (a): Mean (c)+ EOF-1 (b) *1.5std (EOF-1) (a). (e) Negative phase of EOF-1: 823 

Mean (c) EOF-1 (b)*1.5 std (EOF-1) (a). The X axis is distance in km and the Y axis is depth 824 

in m. The dashed white line in the potential density field of EOF+ and EOF- indicates the mean 825 

position of the 27.1 kg/m3 isopycnal. The location of the 27.16 kg/m3 and 26.95 kg/m3 826 

isopycnals (black dashed lines in the potential density fields) at 500 m depth (black horizontal 827 

line) define the position of the SAF (black vertical line) and STF (red vertical line).  The thin 828 

black vertical lines indicate the intersection of the MC and BC sections with the 2,000 m 829 

isobath. 830 

 831 

Figure 6: Model snapshot on March 19, 2015. Model salinity maps and velocity at the surface 832 

(a), 100 m (b) and 500 m (c). Only velocities larger than 15 cm/s are represented. The SAF and 833 

STF from model SSH are indicated in gray and red in (a) and (b).  Model synoptic vertical 834 

structure of the (d) along slope velocities (V// in cm/s), (e) salinity (S in psu), (f) potential 835 

density (s in kg/m3) and (g) vertical velocities (w in m/day) along 3 sections: the MC section 836 

at 41°S (I), the section following the 2,000 m isobath (II) and the BC section at 36°S (III). The 837 

X axis is distance in km and the Y axis is depth in m. The thick gray and red vertical lines 838 

indicate the instantaneous position of the SAF and STF. The thin gray and red vertical lines 839 

indicate the mean position of the SAF and STF over the period 1993-2017. The thin vertical 840 

black lines indicate the intersection of the MC and BC sections with the 2,000 m isobath. The 841 

black dot indicates the location of the time series shown in Figure 7.  842 

 843 
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Figure 7: Time series of along-slope velocities in panel a, and temperature (red) and salinity 844 

(blue) in panel b at 763 m depth at km 40 of the 36°S BC section (black dot in Figure 6 III d).  845 

A horizontal blue line marks the mean for each variable. 846 

 847 

Figure 8: (a) Mean surface geostrophic velocities (MSGV) from CNES-CLS13 and CNES-848 

CLS18 mean dynamic topography. The dots represent the mean surface velocity at the mooring 849 

position from the LUT-iterative method. The dashed line is the mean surface velocity profile 850 

used in the LUT. (b) MC volume transport in Sv computed with the LUT method in the upper 851 

1,500 m (blue) and model outputs in the upper 900 m (magenta). The in-situ measurements 852 

periods are indicated in colors. (c) Yearly averages of the MC LUT (in bleu) and model (in 853 

magenta) transport in the upper 1,500 m from January 1993 to December 2017. Red, green and 854 

black colored bars indicated in situ observations periods (1993-1995, 2001-2003 and 2014-855 

2015). The magenta horizontal line marks the mean model transport for the 1993-2017.  (d) 856 

Variance preserving spectra of the LUT (blue) and model (magenta) MC volume transport. The 857 

dotted line shows the 90% confidence level against the red noise background from a first-order 858 

autoregressive process (e) wavelet transform of the model MC transport time series. The 859 

wavelet amplitude is shown in base 2 logarithm. The black lines indicate the 90% confidence 860 

level.  861 

 862 

Figure 9: (a) MC (blue) and BC (red) volume transport in Sv at 41°S and 36°S computed from 863 

model outputs in the upper 900 m. (b) Yearly averages of the model BC transport in the upper 864 

900 m from January 1993 to December 2017. The standard deviation is shown by the blue line 865 

centered on each bar. The black horizontal line marks the mean transport for the 1993-2017.  866 

(c) Variance preserving spectrum of the BC volume transport. The dotted line shows the 90% 867 

confidence level against the red noise background from a first-order autoregressive process (d) 868 
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wavelet transform of the model BC transport time series. The wavelet amplitude is shown in 869 

base 2 logarithm. The black lines indicate the 90% confidence level. 870 

 871 

Figure 10: (a) Model SSH along the 2,000 m isobath. The Y-axis is distance from 42°S 872 

56.75°W.  X axis is time (in years). The 5 and 40 cm SSH values corresponding to the SAF and 873 

STF are marked with white and purple, respectively. Year 2015 is outlined in between vertical 874 

white dashed lines. The white and purple horizontal lines represent the mean position of the 875 

SAF and STF front over the period 1993-2017. (b) Close up of (a) over year 2015. The thin 876 

black horizontal lines represent the intersection of the MC and BC sections with the 2,000 m 877 

isobath. The thick purple and white lines indicate the mean position of the SAF and STF 878 

position. (c) Model MC at 41°S and BC at 36°S and 37°S volume transport time series for year 879 

2015. The horizontal lines indicate the mean and 1.5 std on each side of the mean.  (d) Wind 880 

stress curl above the 2,000 m isobath for the year 2015 with the SAF and STF isolines (white 881 

and purple) surperimposed.  882 

 883 

Figure 11: (a) Monthly mean position of the STF and SAF defined with model SSH isolines 5 884 

and 40 cm isolines respectively. (b) Monthy mean distance between the SAF and STF. The red 885 

line indicates the mean distance over the period 1993-2017. (c) Monthly mean STF and SAF 886 

positions on the 2,000 m isobath with MC and BC monthly mean transport superimposed. (d) 887 

Monthly mean position of the zero isoline of the zonal component of the wind stress over a 888 

section following the 2,000 m isobath (magenta line in Figure 1 f).  889 

 890 

Figure 12: Mean annual position of the STF (a) and SAF (b) defined with model SSH isolines 891 

5 and 40 cm isolines respectively. (c) Mean annual distance between the SAF and STF. The red 892 

line indicates the mean annual distance averaged over the period 1993-2017. (d) annual mean 893 
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STF and SAF positions on the 2,000 m isobath with MC and BC annual transport superimposed. 894 

(e) Annual mean position of the zero isoline of the zonal component of the wind stress over a 895 

section following the 2,000 m isobath (magenta line in Figure 1 f). 896 

 897 

Figure 13: Linear trends over the 25 years for the (a) along slope velocities (V// in cm/s/years), 898 

(b) across slope velocities (V^ in cm/s/year) (c) potential temperature (q in °C/year), (d) salinity 899 

(S in psu/year) and (e) potential density (s in kg/m3/year) over the period 1993-2017 and along 900 

3 sections: (I) The MC section at 41°S, (II) a section following the 2,000 m isobath and (III) 901 

the BC section at 36°S. (f) Potential density field (in kg/m3) obtained after adding the trend (e) 902 

to the mean field (Figure 2 e). The X axis is distance in km and the Y axis is depth in m. In each 903 

panel the thin black and red vertical line indicate the mean position of the SAF and STF over 904 

the period 1993-2017. The thick black and red vertical lines indicate the position of the position 905 

of the SAF and STF deduced from 27.16 kg/m3 and 26.95 kg/m3 at 541 m (dashed black 906 

isolines) in f: the two fronts moved southward, the SAF by 50 km and the STF by 150 km. 907 
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