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time 

Atlantic MOC 
strength seems to 
increase at each 

glacial termination, 
leading to the 

hypothesis that 
Agulhas leakage 
may stimulate the 

AMOC.  

From Beal et al 2011 review 
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•  What exactly is the indo-Atlantic exchange :  Mean 
current, Eddies, or submesoscale dynamics? 

•  Eddies from in situ observations  

•  Eddies from satellite altimetry 

•  Evaluating associated fluxes by combining satellite 
altimetry and Argo profiles 
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Argo floats map (May 2014) 

Ollitrault & Colin de Verdière,  JPO 2014 

Geopotential height field near 1000 dbar 

The Intermediate depth global ocean circulation 

What exactly is the indo-Atlantic exchange ? 



SAMOC CLIVAR Project–Sabrina.Speich@ens.fr. SYNBIOS, 6-8 July 2015 

What exactly is the indo-Atlantic exchange ? 

Agulhas & Cape Basin: a turbulent hotspot 
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What exactly is the indo-Atlantic exchange ? 

Agulhas “Big“ Rings 
from ocean models 

SOSE, Matzloff et al. 2010 

ECCO2, Stammer et al. 2001 
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map with the track of this ring and the positions of the
83 profiles that surveyed its vertical structure. The profiles are
observed to span different stages of the eddy life cycle. After
fitting the T and S anomaly profiles, obtained by subtracting
the ARIVO climatology from the ARGO data, the velocity
structure was calculated through the integration of the thermal
wind relation with a reference depth of 1500 m. This refer-
ence depth was chosen based on the depth limit of the ARGO
data and previous work [van Aken et al., 2003]. The dynamic
height was calculated using the same reference depth, and is
compared with the SLA in Figure 2a. The difference observed
in the amplitude is related to the fact that the obtained vertical
structure is a representation of the mean over the entire eddy
lifetimes, while the SLA represents a time span of 7 days.
Moreover, the fitting process smooths the T and S gradients
giving rise to smoother dynamical heights. The important point
to emphasize is that the eddy shapes are well represented,
assuring the fitted sections include the entire region under the
influence of the eddies. The resultant eddy vertical structure
(Figure 2b) shows a tilted velocity field with a phase differ-
ence in relation to the T anomalies. This difference between
the velocity and T sections results in a meridional eddy heat
flux across the rings trajectories.
[12] In summary, the SLA data was first used to track the

Agulhas rings, then to normalize the T and S anomalies

from the ARGO profiles used to interpolate the eddy mean
structures, and finally to control the quality of the resultant
vertical section through the comparison with the calculated
dynamical height. The ARGO float profiles provided the
necessary information about the vertical structure inside and
in the neighborhood of the rings.

3.1. Meridional Heat Flux Estimates
[13] The meridional heat flux profile obtained for the ring

first identified in 24 January 2007 (Figure 2c) shows neg-
ative (southward) values near the surface, largely compen-
sated by positive (northward) values between the depths of
100 and 1100 m. A resultant heat flux of 0.02 PW northward
is obtained by integrating this profile. Assuming that the
meridional heat flux is linearly related to the eddy amplitudes
and diameters, the equations (2) can be inverted to retrieve
the temporal variability of the fluxes obtained from the eddy
structures. The mean meridional heat flux obtained along
each eddy lifetime is of 0.027 ± 0.014 PW (using all the
rings). Consequently, in the study period the Agulhas rings
were responsible for an annual eddy meridional heat flux of
0.062 ± 0.012 PW. It is important to emphasize that this heat

Figure 1. (a) Tracks of the Agulhas rings identified
between January 2005 and December 2008 by the automatic
algorithm. (b) Map with the track of an eddy first observed
in 24 January 2007. The stars represent the position of the
83 ARGO profiles used in the reconstruction of the ring ver-
tical structures. The blue (red) points indicate the position of
the ARGO profiles at the beginning (end) of the eddy life-
time that were used to analyze the trapping depth variability.

Table 1. General Characteristics of the Agulhas Rings Identified
and Tracked Between January 2005 and December 2008, Through
the Automatic Algorithma

Number
of

Rings
Duration
(days)

Mean
Diameter
(km)

Mean
Amplitude

(cm)

Mean
Propagation
Velocity
(m s−1)

Number
of

Profiles

16 497 ± 233 165 ± 69 17 ± 8 0.06 ± 0.02 49 ± 28

aThe last column shows the number of ARGO float profiles that are
available for the reconstruction.

Figure 2. Reconstruction of the ring (first observed in
24 January 2007) vertical structure from the ARGO float pro-
files: (a) comparison between the AVISO SLA (blue) and the
dynamical height (red) relative to 1500 m obtained from the
reconstructed density field; (b) eddy vertical structure, where
the color contours represent the eddy velocity in m s−1, the
black dashed lines the T anomaly, the continuous white lines
present the zero velocity horizontal Laplacian used to delimit
the eddy influence region for the heat flux calculation, and
the dashed white lines indicate the mean water trapping area
according to the criteria of Flierl [1981]; (c) meridional heat
flux vertical profile obtained from the reconstructed mean
vertical structure. A total of 0.02PW northward heat flux
across the ring path is obtained by integrating the profile.

SOUZA ET AL.: AGULHAS RINGS FROM ARGO AND ALTIMETRY L21602L21602

3 of 5

What exactly is the indo-Atlantic exchange ? 

Souza et al. 2011 

Kapex ; Boebel et al. 2003 

Agulhas rings 
detection from floats 
and remote sensing 
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the mesoscale cyclonic and anticyclonic features in
the southeastern corner of the Cape Basin as well
as, to the verifiable degree, instantaneous geos-
trophic surface velocities. The direct visual com-
parison of SSH and float trajectories, as presented
in the accompanying movie,3 further shows a close
resemblance of the surface (MODAS-derived) and

intermediate (RAFOS-derived) mesoscale kine-
matic patterns.

Fig. 4 shows the mean (top) and standard
deviation (s; bottom) of SSH, averaged over the
1997–1999 3-year KAPEX period. SSH in the top
figure clearly outlines the Agulhas Retroflection,
with an average eastward extension to 211E, i.e.
due south of Cape Agulhas. The 1.5m contour,
shown in white on both plots, has proved to be a
good proxy for the location of the Agulhas Return
Current as it emerges out of the Retroflection
(Boebel et al., 2003). The bottom panel of SSH
variability shows the anticipated high variability
(>0.3m) in the Agulhas Retroflection. This
variability, to a large extent, is due to the zonal
displacement of the Agulhas Retroflection proper
and has been reported on numerous occasions. A
tongue of increased variability (s > 0:2m) extends
into the Cape Basin from the gap between the

Fig. 2. Anticyclonic (red, 13,335 float days), cyclonic (blue, 11,873 float days) and below threshold (kto0:05! 10"5 s"1; black, 7882
float days) RAFOS float trajectory segments. The 0, 1000 and 3000m isobaths are shown by thin black lines.

3Four movies associated with this publication can be
obtained by request from the corresponding author or down-
loaded from Elsevier’s DSR-II web portal at http://www.else-
vier.com/locate/dsr2. Please follow the links to this issue’s table
of content where electronic annexes are linked. The movies are
provided as zip archive (cape cauldron.avi.zip) of 48Mbyte
size. The movies contained are:

the cape cauldron ssh.avi;
the cape cauldron agulhas cyclone.avi;
the cape cauldron subantarctic cyclone.avi;
the cape cauldron upwelling cyclone.avi.

O. Boebel et al. / Deep-Sea Research II 50 (2003) 57–8662

What exactly is the indo-Atlantic exchange ? 

The Cape Cauldron (from subsurface floats) 

Boebel et al. 2003 
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What exactly is the indo-Atlantic exchange ? 

Agulhas Retroflection & the Cape Basin: a 
Cauldron merger of waters of different origins 

The Agulhas Current retroflection166
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Figure 6.13.  The potential temperature–dissolved oxygen characteristics of the water masses in the Agulhas
retroflection region230. SAMW: Subantarctic Mode Water; SICW: South Indian Central Water; AAIW: Antarctic
Intermediate Water; UCDW: Upper Circumpolar Deep Water; NADW: North Atlantic Deep Water; LCDW: Lower
Circumpolar Deep Water; AABW: Antarctic Bottom Water. Oxygen content is particularly valuable in distinguish-
ing between different water masses at intermediate depths.

By comparing the temperature–salinities character-
istics found in the Agulhas retroflection (Figure 6.12)
to those found in the northern Agulhas (Figure 4.15)
and southern Agulhas Current (Figure 5.3), it can be
seen that the two components of the surface waters of
the Agulhas Current, Tropical Thermocline Water and
Subtropical Surface Water, arrive in the retroflection
region fairly intact. The central and intermediate waters
in the retroflection region by contrast show many more
outliers towards lower temperatures than they do far-
ther upstream, indicating the influence of the sub-
antarctic waters, understandably not so evident to the
north. Of interest in Figure 6.13 is also the presence of
Subantarctic Mode Water, made manifest by its deep
oxygen maximum258. This water is introduced along
the southern edge of the subtropical region and, befit-
ting the proximity of the retroflection to the Subtropi-
cal Convergence, is much more prominent here than in

the South Indian Ocean as a whole (viz. Figure 5.3).
Gordon et al.230 have shown that the water of Indian

Ocean origin introduced into the retroflection region by
the Agulhas Current is restricted to the upper 2000 m.
They have also shown that a substantial, or at least a
very conspicuous, remnant of Red Sea Water is carried
downstream as part of the Agulhas Current flow. It is
not clear whether this Red Sea Water passes through the
Mozambique Channel234, or whether it comes from east
of Madagascar235. Its low-oxygen characteristics are
clearly seen in potential temperature–dissolved oxygen
plots for the region (Figure 6.13).

Shallow oxygen minimum

Of particular relevance to an understanding of the cir-
culation and mixing of water masses in the Agulhas
retroflection is the presence of an oxygen minimum230

Lutjeharms et al. 2003 

Roms simulation 1/12° 

MIXING 
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Deployment of French Argo Floats up to end 2012  

Eddies from in situ observations 
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Dencausse, et al., 2010a, b & 2011 

Central Route 

Southern Route 

Trajectories of Agulhas Rings from 
AVISO MADT 

3 principal routes 

Mesoscale dynamics and front structure 

The S-STF south of Africa is not 
continuous but made of 

interacting eddies 

Northern Route 

Eddies from in situ observations 
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Eddies from in situ observations 

BONUS-GoodHope IPY Cruise on the RV Marion Dufresne II 

Arhan et al., 2011 

Old Agulhas 
Ring 

Agulhas Bank 
Cyclone 
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Eddies from in situ observations 

VERTICAL MIXING  

1.7 Etude surface - fond

On complète l’étude présentée dans la section précédente (couche de mélange - fond) avec
les mêmes résultats cette fois-ci définis de la surface vers le fond. Les données L-ADCP ne sont
disponibles qu’à partir de 16m de profondeur et il s’agit ici de la côte que l’on considère comme
la "surface". On réalise donc ici une étude de 16m jusqu’au fond.

1.7.1 Etude de la dissipation

On trace différentes figures de εshearOI sur lesquels sont superposés successivement les contours
de température potentielle, salinité, densité potentielle et oxygène. On présente ces résultats sur
les Fig. 1.24, 1.25, 1.26 et 1.27. En rouge on n’indique la position de différents fronts identifiés
lors de la mission, en fonction de la latitude. La courbe verte indique la profondeur de la couche
de mélange.
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Figure 1.24 – Section de dissipation εshearOI (W/kg) sur laquelle sont superposés les contours de
température potentielle (oC).

24

Energy dissipation 
computed for the IPY 

BONUS-GoodHope cruise 
(Feb-March 2008) 
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Coupled 
simulation  

WRF-ROMS 

Latent Heat Flux 

Le Bars, 2007; Rimaud PhD 

ROMS 1/12° - WRF ¼° 

Eddies from in situ observations 

Air-Sea Interactions over Agulhas Rings 

Arhan et al., 2011 

Observations during 
BONUS-GoodHope 
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N S N S 

Mar.’97 Sep.’97 

N S N S 

Mar.’97 Sep.’97 

DATA 
Anticyclones variations in Salinity from KAPEX 

(Schmid et al. 2003) 

Eddies from in situ observations 
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AAIW Salinity (27.1 ≤ γ ≤ 27.6) 

AAIW Absolute Geostrophic Transport 

400 db Dynamic height ref. to 1500 db 

1000 db Dynamic height ref. to 1500 db 
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SCHEME OF AAIW EXCHANGES 

ARGO ABSOLUTE 
GEOSTROPHIC VELOCITY 

E. Rusciano, et al. 2012  

REGIONAL AAIW DYNAMICS from Argo 
Using ANDRO velocity Atlas 

Eddies from in situ observations 
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Rusciano et al. 2012; Rusciano & Speich in prep. 

More to come with Lagrangian analyses applied on Argo floats data: Blanke et al. ,  Lagrangian 
water mass tracing from pseudo-Argo, model-derived salinity, tracer and velocity  (2014) 

AAIW Potential Vorticity  
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SCHEME OF AAIW EXCHANGES 

Regions of 
Salinity Changes 

Rimaud J., S. Speich, B. Blanke & N. Grima, 2012, JGR. 

Atlantic AAIW 

Indian AAIW 

Using ROMS & ARIANE Lagrangian diagnostic 
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23 January 2008 
Absolute Dynamic Height 

from AVISO  

HIGH TO MID-LATITUDES: A TURBULENT OCEAN 

Eddies from satellite altimetry 

A southern hemisphere snapshot from satellite 
altimetry (February 2008) 
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Eddies from satellite altimetry 

8oE  12oE  16oE  20oE  

44oS  

40oS  

36oS  

32oS  

M S

(a) Algorithm of this study

8oE  12oE  16oE  20oE  

44oS  

40oS  

36oS  

32oS  

M S

(b) Comparison with Algorithm developed by Chelton et al.

(2011)

Figure 3.1: Eddy detection on the 27/02/2008. Aanticyclones are in red contoured and cyclones are in blue. Eddies in
cyan and magenta are anticyclones and cyclones respectively, that are detected but removed after applying a filter using
trajectory parameters. Panel b compares 2 algorithms of detection on the basis of the previous version of the Aviso product.
Anticyclones are drawn in red (magenta) and cyclones in blue (cyan) when they are detected by the technique developed by
Chaigneau et al. (2011) (by Chelton et al. (2011)). The background contours in both panels show the ADT field associated
to the SLA used for eddy detection.

In a second step of the analysis, extremum is studied separately centered in 6°x6° centered squares in which closed contours of
SLA are identified. The contours are defined using the Matlab function ’contour’ that uses an algorithm to find the position
of specified contours interloping their position between and inside pixels. A more complete description is available on the
Mathwork website (url: <http://www.mathworks.com/>). The outermost contours around minima (maxima) are identified
by incrementing (decrementing) theSLA value at the extremum with a dichotomy algorithm. The absolute differences between
the values of SLA at the center and at on the outermost contour define the amplitudes. A contour is defined as an eddy if
it contains only one extremum with an amplitude ranging from 1 mm to 2m.

One particularity of this technique is that detected contours of all the eddies are stored and can be used later to define their
trajectories. Some basics properties for each eddy are computed such as ets amplitude, area and equivalent radius for a
circle. Moreover, restriction is applied on the amplitude in this step unlike other studies (Chelton et al., 2011; Halo et al.,
2014). This kind of filter will only be applied later after completion of the eddy tracking. This is possible to see the effect
of the filter on the contour colors in the panel a of figure 3.1.

This algorithm detects 2788540 (>51%) cyclones and 2655566 anticyclones (<49%) over 20 years of Aviso SLA.

Limitations

First, eddies are fluid structures that may not have clear boundaries. An important fraction of mesoscale variability consists
of filaments that presumably emerge from the spectral continuum of the up-scale energy cascade of geostrophic turbulence
Chelton et al. (2011). The result is the bad estimation of important eddy parameters such as the amplitudes and the radii
from which all the other parameters are derived by geostrophy.

Secondly, the use of SLA can lead to the incorrect detection of SSH anomalies because of the spatial variability of large scale
currents. The mean SSH does not take into account seasonal variations and thus pseudo eddies may be detected for example
near the AC simply as the result of displacements of this current with respect to its mean position.

8

Anticyclones 

Cyclones 

Master2 Thesis of  Rémi Laxenaire, 2015 
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Eddies from satellite altimetry 

Agulhas Rings (Anticyclones) 

Master2 Thesis of  Rémi Laxenaire, 2015 

Benguela Upwelling Cyclones 

Most eddies 
disappear in the 

Cape Basin : very 
likely subduction and 

not dissipation 
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In a second step of the analysis, extremum is studied separately centered in 6°x6° centered squares in which closed contours of
SLA are identified. The contours are defined using the Matlab function ’contour’ that uses an algorithm to find the position
of specified contours interloping their position between and inside pixels. A more complete description is available on the
Mathwork website (url: <http://www.mathworks.com/>). The outermost contours around minima (maxima) are identified
by incrementing (decrementing) theSLA value at the extremum with a dichotomy algorithm. The absolute differences between
the values of SLA at the center and at on the outermost contour define the amplitudes. A contour is defined as an eddy if
it contains only one extremum with an amplitude ranging from 1 mm to 2m.

One particularity of this technique is that detected contours of all the eddies are stored and can be used later to define their
trajectories. Some basics properties for each eddy are computed such as ets amplitude, area and equivalent radius for a
circle. Moreover, restriction is applied on the amplitude in this step unlike other studies (Chelton et al., 2011; Halo et al.,
2014). This kind of filter will only be applied later after completion of the eddy tracking. This is possible to see the effect
of the filter on the contour colors in the panel a of figure 3.1.

This algorithm detects 2788540 (>51%) cyclones and 2655566 anticyclones (<49%) over 20 years of Aviso SLA.

Limitations

First, eddies are fluid structures that may not have clear boundaries. An important fraction of mesoscale variability consists
of filaments that presumably emerge from the spectral continuum of the up-scale energy cascade of geostrophic turbulence
Chelton et al. (2011). The result is the bad estimation of important eddy parameters such as the amplitudes and the radii
from which all the other parameters are derived by geostrophy.

Secondly, the use of SLA can lead to the incorrect detection of SSH anomalies because of the spatial variability of large scale
currents. The mean SSH does not take into account seasonal variations and thus pseudo eddies may be detected for example
near the AC simply as the result of displacements of this current with respect to its mean position.
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Master2 Thesis of  Rémi Laxenaire, 2015 

Agulhas Rings trajectories from altimetry 2004-2014 
Agulhas Rings routes (as for Dencausse et al. 2011) 

Agulhas Rings presence (percentage) 

Eddies from satellite altimetry 
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Estimating eddies role in interocean exchange 

Example of an Agulhas Ring 
temperature vertical profile 

evolution 
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Agulhas Rings trajectories 
from altimetry 2000-2014 

Master2 Thesis of  Rémi Laxenaire, 2015 

By collocating eddy tracking from altimetry and 
Argo floats 

Evaluating associated fluxes by combining satellite & Argo 
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Estimating eddies role in interocean exchange 
By collocating eddy tracking from altimetry and Argo floats 

Master2 Thesis of  Rémi Laxenaire, 2015 

Agulhas Ring Heat Content Anomaly(J/m2) 

Agulhas Ring Salt content Anomaly (kg/
m2) 

Agulhas Rings inflow of heat and salt from Argo floats 
(2004-2014 ) 

Heat content « out » of eddies (J/m2) 

Salt content « out » of eddies (kg/m2) 

Evaluating associated fluxes by combining satellite & Argo 
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Agulhas Rings inflow of heat and salt from Argo floats 

Agulhas Ring Salt Anomaly(kg/m2) 

Agulhas Ring Heat Anomaly(J/m2) 

Cape Basin 

Cape Basin 

Mid-Atlantic 
Ridge 

Mid-Atlantic 
Ridge 

Western 
Boundary 

Western 
Boundary 

Evaluating associated fluxes by combining satellite & Argo 
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Eddies, ocean circulation, interocean exchanges 

AAIW Potential Vorticity  

Evaluating associated fluxes by combining satellite & Argo 

Master2 Thesis of  Rémi Laxenaire, 2015 
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Perspectives on the modelling side 

Relative Vorticity at 10 m 
ROMS 1/24° 
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• 7	
  PIES	
  were	
  deployed	
  in	
  Dec	
  2014	
  along	
  oblique	
  Goodhope	
  
transect	
  (JASON-­‐2	
  ground	
  track)	
  out	
  to	
  Agulhas	
  Ridge	
  

• Gray	
  line:	
  CLIVAR	
  Goodhope	
  line	
  sampled	
  twice/year	
  

•  Since 2007 : establishment of A MOC observing system in the south atlantic, endorsed 
by CLIVAR  

•  Cooperation between Argentina, Brazil, France, South Africa and the USA with 
collaborators from Germany, Russia, Spain, and the UK. 

Perspectives on the observational side 
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Conclusions 

•  Indo-Atlantic Exchange is very important in terms of transport 
and it participates actively into heat and salt transfer into the 
South Atlantic; 

•  Eddies are a major actor in such a transfer as well as in mixing 
water masses 

•  Agulhas Rings transfer huge amounts of heat to the atmosphere 

•  Indo-Atlantic exchange through Agulhas Rings is not so quick, 
but slow and very turbulent: The Cape Basin is really a giant 
Cauldron 

•  Cyclones are very important too in transfering water mass 
properties into the ocean interior 

•  More data to better understand and quantify; regional modelling 
studies to investigate mixing processes (with submesoscale 
permitting/resolving models) & air-sea exchanges 



Thanks! 


