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Abstract18

(Added: The )Indo-Atlantic interocean exchanges achieved by Agulhas Rings (Deleted:19

,) are tightly (Replaced: related replaced with: linked) to global ocean circulation and cli-20

mate. Yet, they are still poorly understood(Replaced: , as replaced with: because) they21

are difficult to identify and follow. (Replaced: Here we propose a new replaced with: We22

propose here an original) assessment on Agulhas Rings, achieved by (Replaced: a novel23

replaced with: TOEddies, a new) eddy identification and tracking algorithm(Replaced: ,24

TOEddies, replaced with: that we) applied (Replaced: on replaced with: over) 24 years25

of satellite altimetry. (Replaced: The major novelty of the method replaced with: Its main26

novelty) lies in the detection of eddy splitting and merging events. (Replaced: The robustness27

of TOEddies is assessed by a systematic procedure that test the presence and properties of28

eddies against an independent eddy dataset derived from surface drifting buoys. Due to29

the many eddy-eddy interactions and the resulting eddy subdivisions and coalescences,30

the concept of a trajectory associated with a single eddy becomes meaningless. To be31

able to track the origins, fate and changes of Agulhas Rings we have defined a network32

of segments and trajectories that has enabled to reconstruct their routes and history. They33

reveal to be particularly complex and long, highlighting a higher turbulent nature than34

previously evaluated. We uncovers different origins and pathways for these eddies, their35

first positions being in the Indian Ocean upstream of the Agulhas Retroflection, and the36

farthest one in the most southwestern area of the Atlantic. Many of these eddies disappear37

from the altimetry signal in the Cape Basin. Yet, a significant fraction can be followed38

for years as they cross the entire South Atlantic and flow south with the Brazil Current.39

replaced with: These are particularly abundant and significantly impact the concept of a40

trajectory associated with a single eddy, which becomes less obvious than previously ad-41

mitted. To overcome this complication, we have defined a network of segments that group42

together in relatively complex trajectories. Such a network provides an original assessment43

of the routes and history of Agulhas Rings. It links 730 481 eddies into 6 363 segments44

that cluster into Agulhas Ring trajectories of different orders. Such an order depends on45

the affiliation of the eddies and segments, in a similar way as a tree of life. Among them,46

we have identified 122 “order 0” trajectories that can be considered as the major trajecto-47

ries associated to a single eddy, albeit it has undergone itself splitting and merging events.48

Despite the disappearance of many eddies in the altimeter signal in the Cape Basin, a sig-49
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nificant fraction can be followed from the Indian Ocean to the South Brazil Current with,50

on average, 3.5 years to cross the entire South Atlantic.)51

1 Introduction52

Mesoscale eddies and meanders are ubiquitous structures in the ocean and are one53

of the major sources of ocean variability [Stammer, 1997; Wunsch, 1999]. They are thought54

to (Replaced: be a major contributor replaced with: contribute significantly) to the transfer55

of heat, salt, mass and biogeochemical properties across the World Ocean [McWilliams,56

1985]. South of Africa, large mesoscale eddies [Lutjeharms, 2006], the so(Replaced: -57

replaced with: )called Agulhas Rings, are shed from the Agulhas Current into the Cape58

Basin at the Agulhas Retroflection [Olson and Evans, 1986; Lutjeharms and Gordon, 1987;59

Lutjeharms and Ballegooyen, 1988; Gordon and Haxby, 1990; Rae, 1991] transporting60

Indian waters into the Southeast Atlantic [Ballegooyen et al., 1994; Garzoli et al., 1999;61

Arhan et al., 1999, 2011] affecting the heat, salt and biogeochemistry of the Atlantic Ocean62

[Gordon et al., 1992; Lehahn et al., 2011; Paul et al., 2015; Villar et al., 2015]. They par-63

ticipate in the Agulhas Leakage [Ruijter et al., 1999; Lutjeharms, 2006], the Indo-Atlantic64

interocean exchange of water that (Replaced: strongly impacts replaced with: has a strong65

impact on) the Atlantic Meridional Overturning Circulation (AMOC), (Deleted: by )influ-66

encing its strength [Weijer et al., 1999, 2002; van Sebille and van Leeuwen, 2007], stability67

[Weijer et al., 2001] and variability [Biastoch et al., 2008a; Biastoch and Böning, 2013].68

Therefore, the origins, number and fate of Agulhas Rings are key elements in assessing69

global ocean circulation and its variations in a changing climate.70

Since 1992 several altimetry satellites have revealed the richness, complexity, and71

some surface properties of (Deleted: the )mesoscale ocean dynamics [Hernandez et al.,72

1995; Chelton et al., 2007, 2011]. (Replaced: From replaced with: Based on) these data,73

a number of studies have estimated eddies and their trajectories(Added: ,) mainly from74

(Replaced: medium replaced with: mid) to high(Replaced: - replaced with: )latitude us-75

ing various automatic eddy detection algorithms [e.g., Isern-Fontanet et al., 2006; Doglioli76

et al., 2007; Chelton et al., 2007; Chaigneau et al., 2008; Nencioli et al., 2010; Chelton77

et al., 2011; Mason et al., 2014; Faghmous et al., 2015; Ashkezari et al., 2016; Matsuoka78

et al., 2016; Qiu-Yang et al., 2016; Le Vu et al., 2018]. All these detection methods are79

based (Replaced: on either replaced with: either on) physical criteria (such as the estima-80

tion of the Okubo-Weiss parameter [Okubo, 1970; Weiss, 1991]) or geometrical proper-81
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ties of the flow (Deleted: field). Several of these methods and eddy atlases are proposed82

to the scientific community and are made public (Deleted: ally available). However, to83

(Deleted: the best of )our knowledge, none of them (Replaced: was replaced with: were)84

quantitatively qualified against independent data. Efforts have been made to evaluate one85

or more methods, but this evaluation has been undertaken at a very local scale or using86

subjective assessments. Souza et al. [2011b], for example, have attempted to compare and87

validate three different detection methods using current knowledge of (Deleted: eddies88

in the )South Atlantic (Replaced: Ocean replaced with: eddies) as independent criteria.89

Chaigneau et al. [2008] and Faghmous et al. [2015] compared their detection to struc-90

tures identified by various experts. However, this procedure proved to be very sensitive,91

as (Deleted: the )experts often disagreed. Finally, Mkhinini et al. [2014] and Casanova-92

Masjoan et al. [2017] undertook a more objective, albeit still qualitative, assessment of the93

skill of their (Replaced: results replaced with: method) by using respectively, 10 and 294

surface drifters trapped in specific anticyclonic eddies.95

Using different eddy detection methods, several authors have attempted to recon-96

struct and analyze Agulhas Rings trajectories in and across the South Atlantic [e.g. Gor-97

don and Haxby, 1990; Byrne et al., 1995; Souza et al., 2011a; Wang et al., 2015]. In the98

published studies, most reconstructions of (Added: the trajectories of )Agulhas Rings99

(Deleted: trajectories )leaving the Cape Basin are identified initially well (Replaced: inside100

replaced with: within) the Cape Basin and not at the Agulhas Current Retroflection where101

they are (Replaced: supposed replaced with: believed) to originate [e.g. Byrne et al., 1995;102

Souza et al., 2011a; Wang et al., 2015, 2016; Guerra et al., Submitted]. Taking into ac-103

count the separation of an eddy into smaller structures, to which, in what follows, we will104

refer to as an eddy splitting event, Dencausse et al. [2010a] tracked (Added: the )Agul-105

has Rings formed in the Agulhas Retroflection area (Added: and )entering (Deleted: in106

)the Cape Basin. They (Replaced: showed replaced with: have shown) that such events107

are very frequent. Indeed, the ratio obtained between the number of trajectories formed108

after a split and the number of trajectories tracked from the Agulhas Retroflection is close109

to 1. This process has an impact on the concept of Agulhas Ring trajectories and on the110

number of Agulhas Rings formed per year (traditionally estimated between 3 and 6) [e.g111

Gordon and Haxby, 1990; Ballegooyen et al., 1994; Byrne et al., 1995; Goni et al., 1997].112

In fact, Dencausse et al. [2010a] have shown that up to 14 Agulhas Rings per year enter113

the Cape Basin. However, these authors have only followed Agulhas Rings in a very lim-114
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ited region without addressing the question of (Replaced: how replaced with: the impact115

of) these eddy-eddy interactions (Deleted: have an impact) on the recovery of the full ex-116

tent of Agulhas Rings trajectories. For example, Schouten et al. [2002] showed that certain117

eddies formed in the Mozambique Channel or at the southern (Replaced: edge replaced118

with: limit) of Madagascar can, in addition to triggering Natal Pulses, be advected un-119

til the Retroflection (Added: region )leading to (Replaced: a replaced with: shedding of120

an) Agulhas Ring (Deleted: shedding). Downstream (Replaced: of replaced with: from)121

the Cape Basin, most of the Agulhas Rings described in the literature do not cross the122

South Atlantic entirely. To our knowledge, the only exceptions are a trajectory followed123

by Byrne et al. [1995] that reached 40◦W near the American Margin and (Replaced: one124

replaced with: another) by Guerra et al. [Submitted] that clearly drifted south (Deleted:125

ward) along the Brazilian coast (Deleted: s). All these individual regional pictures of Ag-126

ulhas Ring trajectories must, in (Replaced: a replaced with: one) way or another, be incor-127

porated into a global vision taking into account (Deleted: the )eddy-eddy interactions.128

In this article, we present a new eddy(Replaced: - replaced with: )detection and129

tracking algorithm applied to the 24(Replaced: replaced with: -)year satellite altimetry130

time series in a space domain covering the South Atlantic and Southwest Indian oceans.131

The eddy detection and tracking steps of this new algorithm (Replaced: is a further re-132

placed with: are a) development of the geometric method of Chaigneau et al. [2008],133

Chaigneau et al. [2009], and Pegliasco et al. [2015]. To obtain an objective measure of134

the capabilities of our method and the robustness of our eddy database, we have developed135

a systematic procedure that tests the presence and properties of eddies against a totally136

independent data set, (Deleted: the )so(Replaced: - replaced with: )called (Added: the137

)“loopers”, which are (Deleted: the )upper-ocean eddies identified from surface drifters138

and provided by Lumpkin [2016].139

While the method is developed (Deleted: for )and tested on all (Deleted: the )ed-140

dies detected in the (Replaced: study domain replaced with: domain of study), particular141

emphasis will be placed on the results concerning the Agulhas Rings. Indeed, the new142

eddy detection and tracking method (Replaced: provides replaced with: gives) access to143

an unprecedented assessment of the origin (Deleted: s) and fate of (Added: the )Agulhas144

Rings and the Indo-Atlantic exchange of waters they carry out. Moreover, we will discuss145

their characteristics and variations along the trajectories in terms of various kinematic and146

dynamical properties that can be deduced from altimetry.147
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The paper is organized as follows. In Section (Replaced: 2 replaced with: 2), the148

data we have used are described and the methods we have developed are presented. Vali-149

dation and comparisons of our eddy(Replaced: - replaced with: )detection algorithm with150

a published databases are presented in Section (Replaced: 3. Section 4 replaced with: ??.151

Section ??) focuses on the Agulhas Rings. We discuss their origins, their disappearance152

from the altimetry field, their (Replaced: pathways replaced with: trajectories), and statis-153

tics on the different properties of Agulhas Rings. In the last section, the results are dis-154

cussed and we draw the (Replaced: major replaced with: main) conclusions of this study.155

2 Data and Methods156

2.1 Satellite Altimetry Data157

This study is based on more than 24 years (01/1993 to 05/2017) of daily (Added:158

maps of )delayed time absolute dynamic topography (ADT) (Deleted: maps)and derived159

geostrophic velocity fields in the South Atlantic and Southeast Indian oceans [70◦W-65◦E;160

55◦S-15◦S] (see Figure 1). These maps are produced by Ssalto/Duacs and distributed by161

the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/)162

in the version released in April 2014 (DT14) [Duacs/AVISO+, 2014; Pujol et al., 2016].163

They correspond to the gridded Sea Surface Height (SSH) above the geoid calculated by164

combining all (Added: the )data recorded by the (Deleted: available )satellites (Added:165

available )among the 12 altimetric missions (Topex/Poseidon, ERS-1 and -2, Jason-1,166

OSTM/Jason-2, SARAL/Altika, Cryosat-2, Envisat, Geosat, Haiyang-2A, Jason-3 and167

Sentinel-3A). Objectively mapped ADT is the sum of Sea-Level Anomalies (SLA) and168

(Deleted: the )Mean Dynamic Topography (MDT) maps, both referenced over a 20-year169

period in the Ssalto/Duacs 2014 version [Duacs/AVISO+, 2015]. The improved data pro-170

cessing used in DT14 provides a better description of mesoscale activity than previously171

distributed products [Capet et al., 2014; Pujol et al., 2016].172

Most (Deleted: of the )published studies, which also include previous (Replaced:175

delopments replaced with: developments) of the current method [Chaigneau et al., 2011;176

Pegliasco et al., 2015], (Added: have )applied an eddy-detection algorithm applied to SLA.177

This was essentially to avoid errors due to the imprecision of the definition of the Earth178

geoid. Recently, the availability of the latest version of MDT (MDT CNES-CLS13, [Rio179

et al., 2014]), calculated from a 20-year average (1993-2012) of altimetry data and a geoid180
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Figure 1. Study domain and a) bathymetry from the ETOPO2 data set [Smith and Sandwell, 1997] and b)

Mean Dynamic Topography (MDT, [Duacs/AVISO+, 2014]) with the main currents indicated.

173

174

obtained by correcting the Gravity and Ocean Circulation Experiment (GOCE) model with181

dynamic height and velocity estimates derived from in(Replaced: - replaced with: )situ182

observations [Rio et al., 2011, 2014] (Replaced: allows for replaced with: provides) a bet-183

ter estimate of the geopotential surface height of the ocean(Added: ,) which significantly184

improves ADT and the associated ocean dynamics [Rio et al., 2014]. (Replaced: As re-185

placed with: Like) Halo et al. [2014], we choose to use ADT instead of SLA maps be-186

cause the latter are strongly affected by the position and displacement of large SSH gra-187

dients associated with intense currents (Replaced: as replaced with: and) well as quasi-188

stationary meanders and eddies, all included in MDT as shown in Figure 1b. This is par-189

ticularly true for the Agulhas Current system. In fact, small (Replaced: displacements re-190

placed with: shifts) relative to (Deleted: the )average current (Deleted: s) positions can191

generate artificial dipoles of positive and negative SLA. These dipoles are identified as192

two eddies in SLA whereas they are not detected in ADT. In addition, ADT is directly193

associated with important physical variables such as ocean currents and the geostrophic194

stream function.195
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2.2 The Ocean Eddy Detection and Tracking Algorithms (TOEddies)196

This eddy detection algorithm is an evolution of the method proposed and developed197

by Chaigneau et al. [2008, 2009]. It is based on the key assumption that for geostrophic198

eddies, (Added: the )streamlines correspond to the closed contours of Sea Surface Height199

(SSH). The eddy detection algorithm is a two-step process: it identifies the occurrence200

(Deleted: s) of eddies before deriving their trajectories.201

First and foremost, the method identifies the local extrema (maxima and minima)202

of ADT as possible eddy centers. Then, it looks for the outermost closed ADT contours203

around each extremum. The module of the ADT difference between the extremum and204

this contour defines the detected eddy amplitude which is considered as a proxy of the205

eddy (surface) signature. Cipollone et al. [2017] showed that two close (Deleted: -by) ex-206

trema can be dependent (Replaced: thus they replaced with: and thus) defined a minimum207

distance between extrema (Replaced: for them to be replaced with: so that they are) con-208

sidered as possible eddy centers. In this study(Added: ,) we introduced as a parameter of209

the eddy detection method, a minimum threshold for the amplitude of (Added: the )eddy210

extrema. This ensures that a detected extremum can be considered (Added: as )an eddy211

center. Extrema associated with an amplitude below the threshold will not be a constraint212

for the detection of the outermost closed ADT contours associated with others extrema.213

This parameter (the eddy amplitude threshold) can be interpreted as (Added: an214

)eddy “persistence”, a notion of topological simplification introduced by Edelsbrunner215

et al. [2002] and Edelsbrunner and Harer [2010] which has (Replaced: extensively re-216

placed with: been widely) used since [e.g. Tierny et al., 2018]. The persistence crite-217

rion by reducing the number of extrema (Replaced: is intended replaced with: aims) to218

avoid the over-representation of dynamically insignificant structures (Replaced: as replaced219

with: because) it should prevent the artificial separation of a large eddy into two or more220

smaller elements. Therefore, in the following, the amplitude threshold parameter will be221

(Replaced: referred to as the replaced with: called) “persistence” to distinguish it from222

the minimum amplitude criterion that has been widely used in the literature [e.g. Chelton223

et al., 2011]. Faghmous et al. [2015] showed that the minimum amplitude criterion, with224

its typical value of 1 cm, could lead to (Replaced: a replaced with: the) loss of significant225

structures. A sensitivity test on eddy persistence is presented in Table(Replaced: T1 in226

the supplementary material replaced with: A.1 of the Appendix) according to the method227
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presented in Section(Replaced: 3 replaced with: ??.). It shows that a non-zero value for228

the persistence parameter (Added: (set to 1 mm) )increases the number of structures as229

well as the ability of our detection method to define eddies. However, a further increase230

in the persistence parameter value does not show significant improvements in (Added: the231

)eddy detection capability. This is why we have set this parameter value to 1 mm. Note232

that this value, which acts somewhat (Replaced: as replaced with: like) a low(Replaced: -233

replaced with: p)ass filter, is considerably smaller than the (Added: resolution of )1 to 2234

cm defined in the literature as the nominal resolution of satellite altimetry.235

The detected ADT extrema that pass the persistence threshold are each identified236

as the center of an eddy if there is at least one (Deleted: single )closed ADT contour237

containing only one local extreme and including at least 4 connected grid points. The size238

of each eddy is then characterized by two distinct radii. The equivalent outermost radius,239

Rout, (Replaced: that replaced with: which) corresponds to the radius of a disk having the240

same area (Aout) as that (Replaced: enclosed replaced with: delimited) by the outermost241

closed contour. (Replaced: T replaced with: I)ts value is given by the equation:242

Rout =

√
Aout

π
(1)243

However, the outermost (Added: closed contour )is often (Replaced: highly replaced244

with: strongly) distorted by the surrounding flow and interactions with others mesoscale245

(Replaced: features replaced with: structures). For this reason, we also used, as a refer-246

ence variable for the method, the contour (Replaced: which corresponds replaced with:247

corresponding) to the ADT contour along which the mean azimuthal geostrophic veloc-248

ity is maximum (Vmax). This limit, called (Replaced: characteristic contour replaced with:249

the “characteristic contour”) in this study, tends to be more robust and coherent in time250

than the outermost contour. We (Deleted: have )then defined the maximum speed ra-251

dius, RVmax, associated (Replaced: to replaced with: with) the area (Replaced: enclosed252

replaced with: delimited) by the characteristic contour. RVmax is always smaller or equal253

to Rout. It characterizes the eddy core and allows (Deleted: for )easy comparisons with254

in(Replaced: - replaced with: )situ (Replaced: mearsurements replaced with: measure-255

ments) such as ADCP transects or drifter (Deleted: s) trajectories [Mkhinini et al., 2014;256

Ioannou et al., 2017; Garreau et al., submitted]. The accuracy of each eddy center (associ-257

ated with a local ADT extremum) is limited by that of the ADT field defined at (Deleted:258
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Figure 2. Example of eddies detected near the Agulhas Current on 23 March 2000. Two cyclones and one

anticyclone are shown in a) an ADT map and b) in terms of ADT amplitude along a section crossing the ex-

trema of the eddies detected in (a). For each eddy, the ADT contours where the azimuthal speed is maximum

(eddy core limit - dashed lines) and the outermost closed contour (eddy outer eddy limit - dotted line) are

shown. ADT isolines with 10 cm intervals and the geostrophic velocity vectors distributed by AVISO are

superimposed in (a).

270

271

272

273

274

275

1/4◦ )horizontal resolution(Added: of 1/4◦). Because of this precision limit, we ch (Deleted:259

o)ose to use the centroid of the area associated with the eddy core as the center of each260

structure. Indeed, this variable is less affected by the ADT resolution. An example of the261

two boundaries (Replaced: for replaced with: of) two cyclones and an anticyclone and262

their eddy centers is (Replaced: illustrated replaced with: shown) in Figure 2.263

The vortex surface Rossby Number (Ro) is used to compare (Replaced: the replaced264

with: eddy) characteristics (Deleted: of the eddies )in different regions [e.g. Chelton265

et al., 2011; Mkhinini et al., 2014; Le Vu et al., 2018], (Replaced: which replaced with:266

as it) is a proxy of the surface intensity of the dynamic core (equation 2, where f is the267

Coriolis parameter).268

Ro =
Vmax

f RVmax
(2)269
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In a second step of the eddy detection method, a complete and continuous set of276

eddy trajectories is recovered by following the paths of the eddies between successive277

ADT maps. Taking advantage of daily AVISO fields the method relies on the fact that278

mesoscale eddies move slowly (displacements of less than 10 km/day, see also Chelton279

et al. [2011]) relative to their radii (Replaced: which replaced with: that) typically (Re-280

placed: span replaced with: extend) from 20 to 200 km [Carton, 2001]. This ensures that281

the areas covered by the same eddy for two consecutive days overlap. (Replaced: Such282

replaced with: This) overlap can be used to track eddies [Pegliasco et al., 2015]. We use283

the characteristic contour (RVmax), less distorted than the outermost contour, to define the284

surface of the eddy core. However, in sporadic cases, the eddy surfaces defined by RVmax285

for two consecutive days do not overlap. Hence, we set the method to check in parallel the286

overlap (Deleted: ping) of the eddy surface defined by the outermost contour. To avoid287

(Replaced: spurious association of eddies, a minimum overlapping percentage replaced288

with: false eddy associations, a minimum percentage of overlap) is required when con-289

sidering this (Replaced: wider replaced with: larger) eddy surface. This overlap thresh-290

old, which is calculated as the ratio of the overlap area to the area of the smaller of the291

two eddies, provides robust eddy tracking (Figure 3a). Indeed, assuming a small circu-292

lar eddy with a radius of 20 km moving at a speed of 10 km/day, 73% of its surface will293

overlap for two days. Therefore, the threshold should be less than 70%. Unfortunately,294

due to the small number of long(Replaced: -lived replaced with: life) trajectories iden-295

tified from (Replaced: drifters (see Section 3), replaced with: drifting buoys (see Sec-296

tion ??),) this parameter could not be tested quantitatively. Instead, qualitative trajectory297

inspections using different percentages of the overlap threshold (0, 25 and 50%) were298

undertaken. Due to the need for confidence in the method and the fact that comparisons299

between drifting buoys and (Replaced: altimetry derived eddy trajectories replaced with:300

eddy trajectories derived from altimetry) showed (Deleted: some )suspicious trajecto-301

ries using small (Replaced: values of the overlap threshold, the 50% value is chosen. As302

already documented by some authors replaced with: overlap threshold values, the value303

of 50% was chosen. As some authors have already documented) [e.g., Chaigneau et al.,304

2008; Chelton et al., 2011; Faghmous et al., 2015; Le Vu et al., 2018], eddies can disappear305

from altimetry maps for several days as a consequence of the heterogeneous distribution306

of the altimetr(Replaced: ic replaced with: y) tracks. To take into account this possible307

lack of detection, an eddy, which has no parents in the previous time step or children in308
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t+dtt C. Merging eventt+dtt B. Splitting Eventt+dtt A. Simplest situation

Eddy at t
Eddy at t+dt
Intersection

Figure 3. Schematic diagram of the eddy tracking step of the algorithm. a) Simplest situation where a sin-

gle eddy is identified at the two different time intervals, t and t + dt. The area of the two eddy occurrences and

their overlapping surface are shown, the latter in the form of a hatched surface. b) Splitting event. c) Merging

event. Although the overlap threshold is applied in b) and c), these areas have not been represented to ensure

readability of the figures.

312

313

314

315

316

the following (Replaced: one replaced with: time step), is allowed to continue to exist if309

its disappearance does not last (Replaced: longer replaced with: more) than 5 consecutive310

days.311

Nonlinear interactions between distinct eddies or between eddies and topography317

are some of the processes that can induce the (Deleted: ir) splitting or merging(Added:318

of eddies). These processes have been both theoretically supported [e.g., Melander et al.,319

1988; Simmons and Nof , 2000; Drijfhout, 2003] and observed [e.g., Cresswell, 1982; Schultz Tokos320

et al., 1994; Isoda, 1994; Sangrà et al., 2005; Garreau et al., submitted]. The TOEddies321

algorithm belongs to the very few eddy detection and tracking algorithms [Yi et al., 2014;322

Matsuoka et al., 2016; Qiu-Yang et al., 2016; Le Vu et al., 2018] that (Replaced: takes re-323

placed with: consider) both processes (Deleted: into account). It (Replaced: associates324

replaced with: combines) the separation of a large eddy with two or more smaller eddies325

in the (Deleted: splitting )case (Added: of splitting )(see Figure 3b), and relates the coa-326

lescence of two or more small eddies into a larger eddy in the case of merging (see Fig-327

ure 3c).328

To take (Replaced: into account these processes replaced with: these processes into329

account), a relationship tree is created associating each eddy (Replaced: to replaced with:330

with) its potentials parent (Deleted: ()s (Deleted: )) and child (Deleted: ()ren (Deleted: )).331

Independent eddy trajectory segments are constructed by scanning this tree. (Replaced:332

They replaced with: These segments) are trajectories (Replaced: which replaced with:333

that) link (Added: the )eddy positions between (Added: the )merging and splitting events.334
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Therefore, each segment begins either after the detection of a new eddy, or after the merg-335

ing of two eddies or the splitting of (Replaced: one replaced with: an) eddy into two or336

more smaller eddies, and ends the time step before a new eddy-eddy interaction or when337

the eddy disappears from the altimetry maps.338

The next step is to combine these segments to reconstruct the main eddy trajecto-339

ries. (Replaced: For that replaced with: To do this), the method (Added: first) evaluates340

(Deleted: , beforehand,) the overlap of (Added: the )eddy surfaces associated (Deleted:341

to )characteristic contours (AVmax). In many case(Added: s), only two segments can be342

associated. From their (Replaced: assemblage replaced with: assembling) a main eddy343

trajectory is defined. In (Replaced: a following replaced with: the next) step, the method344

(Replaced: looks replaced with: searches) for (Replaced: the overlap of replaced with:345

overlapping) eddy surfaces associated with Rout. This step is used to define trajectories346

that split from or merge with the eddy main trajectory. During eddy merging and split-347

ting events, an eddy defined by the surfaces associated with RVmax can be (Replaced:348

linked replaced with: associated) with more than one segment. In these cases, we use a349

cost function to identify the main eddy trajectories. (Replaced: The use of replaced with:350

Using) a cost function to define eddy trajectories is a relatively standard approach [e.g.351

Penven et al., 2005; Chaigneau et al., 2008, 2009; Frenger et al., 2015; Le Vu et al., 2018].352

The cost function we (Deleted: have )defined (equation 3) takes into account the distance353

between (Added: the )successive eddies and the change in (Replaced: surface properties of354

the eddy core replaced with: eddy core surface properties) (i.e., within the RVmax limit).355

(Replaced: The i replaced with: I)ndependent segments that minimize the cost function356

are linked together. The resulting long series of segments is identified as the main eddy357

trajectory. The remaining trajectories are classified as the result of an eddy splitting from358

the main trajectory or an eddy merging with the main trajectory.359

CF =

√√√(
∆Center − ∆Center

σ∆Center

)2

+

(
∆Ro − ∆Ro
σ∆Ro

)2

+

(
∆RVmax − ∆RVmax

σ∆RVmax

)2

(3)360

The cost function we used ((Replaced: dubbed as replaced with: called) CF in the361

following) is presented in equation 3 where, for a difference ∆α of the generic variable362

α between two independent segments, ∆α and σ∆α denote, respectively, the mean and363

the standard deviation of the differences. They are calculated between all pairs of a par-364

ent eddy associated with a single child eddy. The variables we used in (Replaced: the365
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definition of replaced with: defining) the cost function are based on the work (Replaced:366

by replaced with: of) Le Vu et al. [2018]. In addition, we prescribed (Deleted: the estimate367

of both, )the mean and the standard deviation (Added: estimates )of the variables used in368

the cost function following Pegliasco et al. [2015] to ensure similar ranges of variation for369

every variable (Deleted: in order )to assign them the same weight.370

In (Replaced: an attempt replaced with: order) to reduce the effect of spurious vari-371

ations in the gridded ADT product, the values used in CF are averaged over (Deleted:372

either )the last (Replaced: seven or replaced with: or the )first seven days of each inde-373

pendent segment in the case of eddy merging and splitting(Added: ,) respectively. In this374

way, the CF can, for example, identify two trajectories that merge for only few time steps375

before splitting again. In this case, this event is identified as an interaction instead of a376

real merging followed by a splitting. This is close to the neutral interactions presented in377

Le Vu et al. [2018] with (Replaced: the replaced with: an) interaction period (Replaced:378

fixed to replaced with: set at) 5 days. To limit the number of short (Replaced: lived re-379

placed with: life) segments that connect (Added: the )trajectories or increase the number380

of eddy-eddy interactions, each independent segment must last (Deleted: for )more than 4381

weeks to be taken into account. This ensures that the segments of a trajectory are consis-382

tent over a relatively long period of time.383

Taking into account eddy merging and splitting, the meaning of an eddy trajectory384

(Deleted: changes )radically (Replaced: from replaced with: changes) the traditional view385

of mesoscale eddies (Replaced: that move replaced with: moving) as isolated and coherent386

structures from their formation (Replaced: area replaced with: zone) to their dissipation387

(Replaced: area replaced with: zone). This is why we propose here to characterize the388

evolution of these structures not in terms of eddies, but by a network of trajectories. Such389

a network is composed of several branches identified as independent segments that begin390

either with a merging or splitting event or with the formation of a new structure(Added: ,)391

and end with another merging or splitting event or with the disappearance of the structure392

in the altimetry maps.393

To match the in situ observation of isolated eddies with the associated trajectory394

network, we propose assigning an (Deleted: d) order to each segment of a main trajec-395

tory as shown in Figure 4. In this formalism, the “order 0” of the trajectory network is the396

main trajectory identified by applying the CF for each occurrence of merging and splitting.397
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Figure 4. Schematic of a simple network of trajectories up to order 2. This network is characterized by 4

formations, 4 disappearances, and 3 merging and splitting events. With each merging and splitting, the cost

function is applied to follow the main trajectory by associating a segment with a higher order.

408

409

410

With “order 1”, we assign (Deleted: the )segments that are linked to the main trajectory398

either (Replaced: via replaced with: by) an eddy splitting or an eddy merging. Similarly,399

the “order 2” refers to (Deleted: the )segments that are associated with eddy merging or400

splitting with (Deleted: the )“order 1” trajectories, etc. This recursive classification in or-401

dered trajectories continues until no new orders are detected. (Replaced: Every replaced402

with: Each) network is therefore associated with an order n of trajectories. The “order403

0” of each network of trajectories is defined according to the target of the study as, for404

example, the assessment of the origin and fate of a mesoscale eddy (Replaced: observed405

replaced with: identified) by in situ observations or a global view of mesoscale eddies406

formed in a particular region of the ocean, such as (Added: the )Agulhas Rings.407

2.3 The AVISO+ Mesoscale Eddy Trajectory Atlas411

Chelton et al. [2011] is the most publicly available (Deleted: cited )atlas (Added:412

cited )for mesoscale eddies automatically defined from satellite altimetry data. A new413

version of this algorithm has been implemented by Schlax and Chelton [2016] which is414

used by SSALTO/DUACS to produce the Mesoscale Eddy Trajectory Atlas (hereafter415

META2017) [Duacs/AVISO+, 2017] distributed by AVISO+ (http://www.aviso.altimetry.fr/)416

with support from CNES, in collaboration with (Deleted: the )Oregon State University417

with support from NASA.418

The META2017 detection method is based on the geographical properties of the419

“two-sat-merged” SLA maps after (Deleted: the )application of a spatial high-pass filter.420
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The META2017 algorithm identifies anticyclonic (cyclonic) eddies by locating the pixel421

at a local maximum (minimum) of SLA and successively finding all neighboring pixels422

with SLA values above (below) a sequence of decreasing (increasing) thresholds following423

the “growing method” of Williams et al. [2011]. This “growth” of the eddy structure con-424

tinues until one of the five criteria defining a compact and coherent structure is violated.425

The five criteria used are chosen to generate eddies statistically similar to those obtained426

by Chelton et al. [2011]. Eddies (Replaced: whose replaced with: with an )amplitude427

(Replaced: is replaced with: of) less than 1 cm are not (Replaced: taken into account re-428

placed with: included) in META2017. This algorithm is described in detail in Schlax and429

Chelton [2016] and the eddy atlas in Duacs/AVISO+ [2017].430

One of the main difference(Added: s) between TOEddies and (Deleted: the )META2017431

algorithms (Replaced: lies in the eddy-tracking replaced with: lies in the eddy tracking)432

step. META2017 applies a cost function to (Added: the )eddies in (Replaced: subsequent433

replaced with: the successive) maps in an (Replaced: elliptic replaced with: elliptical)434

search area whose size depends on latitude. TOEddies, instead, requires eddy areas to435

overlap. The META2017 cost function compares the amplitude and position of the iden-436

tified eddies with those of the next time step. It then selects only (Replaced: a single re-437

placed with: one) structure to define the trajectory of the eddy. It therefore (Replaced:438

considers neither replaced with: does not take into account) eddy merging nor eddy split-439

ting processes. In META2017, only eddies of at least 4 weeks (Deleted: old )are docu-440

mented.441

2.4 “Loopers” recovered from Surface Drifters442

The robustness of the method and the related parameter (Deleted: s) choices were443

evaluated by comparing our results with independent in(Replaced: - replaced with: )situ444

data. To do this, we used the eddies identified by Lumpkin [2016] (hereafter LU16 ) from445

the Global Drifter Program quality-controlled surface drifters data [Lumpkin and Pazos,446

2007] over the world ocean from February 1979 to July 2017 (http://www.aoml.noaa.gov/phod/loopers/index.php).447

In LU16 (Deleted: ), eddies are automatically identified as “looping” trajectories of drifters448

buoys reconstructed from the 4 positions they sen(Replaced: t replaced with: d) each day.449

To do this, the methodology initially introduced by Veneziani et al. [2004] and (Deleted:450

further )developed by Griffa et al. [2008] and LU16 is used. In this method, the spin Ω of451

each trajectory that can be related to the vorticity of the Eulerian fluid field for a particle452
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(Replaced: in solid-body rotation replaced with: following the rotation of a solid body)453

[Veneziani et al., 2004] is computed at each position. (Replaced: By u replaced with:454

U)sing the properties of circular motion, we can estimate both the period and (Deleted:455

the )radius of (Replaced: such looping replaced with: these loop) trajectories. We refer to456

LU16 for a complete description of the method.457

It should be noted here that LU16 underestimates the total number of eddies be-458

cause it only accounts for (Deleted: those )eddies captured by the (Replaced: sparse re-459

placed with: small) number of drifting buoys deployed in the ocean. In addition, LU16460

estimates only the radius of (Replaced: each drifter’s loop, replaced with: the loops of461

each drifter,) which may be different (essentially smaller) than the actual radius of the462

(Deleted: sampled )eddy(Added: sampled). Indeed, it (Replaced: was replaced with: has463

been) shown by Chaigneau and Pizarro [2005](Added: , by) comparing (Replaced: eddy464

replaced with: the eddies) detected from altimetry against drifting buoys(Added: ,) and465

by Pegliasco et al. [2015](Replaced: against lagrangian replaced with: , with Lagrangian)466

profiling floats that, (Replaced: i replaced with: o)n average, these instruments sample the467

eddy at 2/3 of the Rout which correspond(Added: s) to a random sampling of a disk (Re-468

placed: of replaced with: with a) radius equal to Rout . Therefore, to avoid erroneous com-469

parisons of eddy radii, only (Deleted: the )LU16 eddy(Replaced: - replaced with: )center470

positions are used. We followed LU16 to evaluate such a center(Added: : it is defined)471

as the mean cent(Replaced: ral replaced with: er) position of the buoy’s (Added: looping472

)trajectory during a (Replaced: period of rotation replaced with: rotation period). The in-473

stantaneous radius of each eddy detected by LU16 is computed as the distance between474

the estimated position of the eddy(Replaced: - replaced with: )center and the (Deleted:475

associated )position of the drifter along its loop.476

3 Validation and Comparison of Eddies Datasets477

3.1 The Validation Approach478

For validation purposes, a daily (Replaced: colocalization replaced with: colloca-479

tion) was performed between the five eddy datasets listed in Table 1 in the South Atlantic480

- Southeast Indian geographical domain [70◦W-65◦E; 55◦S-15◦S] during the period 1 Jan-481

uary 1993 to 31 December 2016. Only LU16 eddies whose (Deleted: eddy )center is at482

least (Deleted: at a distance of )5◦ (Added: away )from the (Replaced: boundaries re-483
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placed with: limits) of the geographical domain are taken into account. Indeed, eddies484

close to the limits of the domain may not be detected by TOEddies. In what follows,485

LU16 will be the reference dataset. Within this framework, only (Added: the) trajecto-486

ries of drogued surface drifters for which (Added: a position of )an eddy center (Deleted:487

position )could be estimated and whose radius is (Replaced: smaller replaced with: less)488

than 300 km are chosen, which constitutes a reasonable upper limit for mesoscale ocean489

eddies [Carton, 2001].490

This selection results in 38503 anticyclonic and 40251 cyclonic eddy centers identi-491

fied by LU16 in the study area. Only surface drifters trapped in a structure for more than492

a week are used here for the validation of eddy trajectories. Only 431 anticyclonic and493

414 cyclonic LU16 trajectories last (Added: for )more than seven weeks in the region.494

This number is relatively small because we (Added: only )took into account (Deleted:495

only )LU16 loopers associated (Replaced: to replaced with: with) radii (Replaced: smaller496

replaced with: less) than 300 km. (Replaced: As a consequence replaced with: There-497

fore), the LU16 trajectories used in this study are shorter than (Deleted: those )originally498

estimated.499

In Figure 5 the number of LU16 eddies available for cross detection are plotted ac-500

cording to their radii that we (Deleted: have )recalculated. The resulting LU16 mean radii501

are between 0 and 10 km for anticyclones and (Added: between )10 and 20 km for cy-502

clones. The number of eddies in each size interval decreases as (Replaced: structure re-503

placed with: the) size (Added: of the structure )increases. The median is about 25 km504

for both types of eddies. 90% of cyclones have a radius (Deleted: of )less than 56 km505

and 90% of anticyclones have a radius (Deleted: of )less than 74 km. (Replaced: Less506

replaced with: Fewer) than 1% of cyclones and 2% of anticyclones have a radius greater507

than 100 km.508

As (Deleted: previously )mentioned(Added: earlier), the estimated radii (Replaced:509

from replaced with: of) the LU16 loopers cannot be an estimate of the true size of mesoscale510

eddies(Added: ,) as surface drifters loop along circles that are smaller than (Added: the511

)eddy cores. However, they can be used to (Replaced: set replaced with: define) a mini-512

mal size for mesoscale eddies. Half of the LU16 distributions have radii (Replaced: larger513

replaced with: greater) than 25 km(Added: ,) which corresponds approximately to the514

pixel size of 1/4◦ horizontal resolution in altimetry gridded products. It is therefore rea-515
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Figure 5. Number of eddies (on the ordinate) identified from surface drifting buoys by Lumpkin [2016]

and used to validate the robustness of the eddies identified by the TOEddies algorithm shown as function of

their radii (on the abscissa). The radii are sampled every 10 km. These numbers are computed separately for

anticyclonic and cyclonic eddies.

520

521

522

523

sonable to use LU16 loopers to validate the eddies detected in the altimetry fields. Since516

only a small fraction of the LU16 eddies have a radius greater than 100 km, we (Added:517

have )set the maximum radius to be (Replaced: considered replaced with: taken into ac-518

count )to this value.519

For validation, we consider that two eddies are co-located (i.e, (Added: a )valid524

cross-detection) if (Replaced: a replaced with: the) center of (Added: a )LU16 eddy falls525

in the area occupied by an eddy of the same sign detected by one of the (Replaced: algorithms526

based on altimetry replaced with: altimetry-based algorithms). An example of this type of527

matching is shown in Figure 6. For datasets that do not explicitly provide the eddy con-528

tour (e.g., META(Added: 20)17), a correspondence exists if the (Replaced: LU16 eddy529

center and replaced with: center of one LU16 eddy and the center of one eddy) that in530

the other dataset is (Replaced: at replaced with: within) a distance smaller than the eddy531

radius defined in (Replaced: the atlas derived from altimetry replaced with: such dataset).532

(Replaced: The replaced with: We implemented the) collocation with LU16 loopers533

(Deleted: is applied )to the datasets listed in Table 1. The first four datasets correspond to534

the TOEddies detection algorithm applied to the two different altimetry maps (SLA and535
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Figure 6. Example of cross-detection of eddies for 12 December 2012 where an eddy identified from a

surface drifter trajectory by LU16 (in black with a diamond symbol locating its center) and an anticyclone

detected in the TOEddies Atlas (red contours for its outer limit and its maximum speed core) overlap.

544

545

546

ADT) and parameter thresholds. The first three letters of these datasets indicate the type536

of map used as input. Moreover, (Replaced: whereas replaced with: while) in TOEddies537

we apply a (Added: 4-week )threshold (Deleted: of 4 weeks) on the life (Deleted: time)538

of eddy segments that filters out segments associated with short-lived eddies, the suffix539

“_raw” is added when this filtering is not applied. The suffix “_rad” refers to the results540

of (Deleted: the )LU16-TOEddies collocation performed in the same (Replaced: way re-541

placed with: manner) as (Deleted: for )LU16-META(Added: 20)17, i.e. using the eddy542

radius instead of the eddy area criterion.543

3.2 Validation of the Eddy Detection and Tracking Algorithms547

In the following (Replaced: the replaced with: we summarize the main) results of548

the cross-validation between LU16 and the different eddy satellite altimetry databases549

listed in (Replaced: Table 1 are discussed. Table 2 lists the number of eddies identified in550

each dataset and their detection efficiency expressed as percentage of the total number of551

collocation with LU16 eddies. To assess the skill of the method and provide quantitative552

comparisons between the various eddy datasets, a matching percentages is computed.553

It represents the proportion of each polarity of the LU16 eddies that were successfully554

cross-detected with eddies of the same polarity in each dataset (Table 2). The cross-detection555

errors are also defined as mismatches in eddy polarity or when several eddies detected by556
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Table 1. Parameters of the 6 datasets tested against the independent LU16 eddy atlas derived from surface

drifter buoys. Each row corresponds to a different dataset for which the version and the type of satellite al-

timetry maps used for the detection is specified. The suffix “_raw” is added when the 4-week threshold on

lifetime eddy segments is not applied. The suffix “_rad” refers to the results of the LU16-TOEddies colloca-

tion performed using the eddy radius instead of the eddy area criterion. N/A (not applicable) is added when a

parameter is not relevant for a dataset.

560

561

562

563

564

565

Dataset Name Persistence or Minimum Minimum surface Lifetime

Amplitude [mm] [%] [week]

SLA_raw 1 N/A N/A

ADT_raw 1 N/A N/A

TOEddies 1 50 4

TOEddies_rad 1 50 4

META2017 10 N/A 4

altimetry were assigned to the same LU16 eddy. replaced with: Table 1, as well as the557

different threshold parameters and a thorough comparison with the META2017 atlas. De-558

tails of validation and comparisons are discussed in the Appendix.)559

(Deleted: The TOEddies detection algorithm was tested on both, SLA and ADT566

maps (without applying any threshold on eddy life-span) in order to evaluate the most567

relevant altimetry dataset for automatic eddy-detection. Table 2 shows that the TOEddies568

algorithm (refered to SLA_raw and ADT_raw) detects 34% (36%) more anticyclonic569

(cyclonic) eddies when SLA instead of ADT maps are used. The total area occupied by570

eddies derived from SLA is larger than that resulting from the use of the ADT field. This571

area exceeds by 31% (50%) when referring to the eddy contour defined by RVmax for572

anticyclones (cyclones) and by 48% (65%) when the eddy limiting contour is defined by573

Rout. )574

(Deleted: When comparing the effectiveness of the results with LU16 and using the575

outer contour as eddy edge (Table 2), the ADT maps show a slightly better agreement576

for anticyclones (by about 2%) while the SLA maps give a somewhat better result for577

cyclones (by about 3%). On the other hand, when the contour of maximum velocity is578

taken as eddy boundary, the differences in detection efficiency between the SLA and ADT579
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maps decrease in the case of cyclones while, for anticyclones, the ADT shows better results580

(4% more effective).)581

(Deleted: To validate the robustness of the TOEddies threshold requiring a minimum582

longevity of 4 weeks for a trajectory segment, the results of ADT_raw and TOEddies are583

compared. Table 2 shows that such a threshold reduces both the number and total extent584

of eddies. The number of eddies decreases by 25% and the total area they occupy by585

10%. This is mainly due to the fact that the threshold on the segment life-span criterion586

reduces the number of small eddies. In terms of validation compared to LU16, the number587

of collocations decreases for both cyclones and anticyclones when the time threshold is588

used (Table 2). This is particularly true for cyclones. Note here that the higher matching589

of the algorithm, independently of the time threshold or the base altimetry field, is obtained590

for the eddy perimeters defined by the outer contour albeit there is a slight increase in591

errors.)592

(Deleted: As META17 is probably the most widely used eddy atlas derived from593

satellite altimetry, in order to have another independent measure of the performance of594

our algorithm, we quantitatively compare META17 and TOEddies global statistics and595

skills. Table 2 suggests that META17 identify 25% fewer eddies but their overall extent is596

41% larger. Figure 7 shows the statistical distribution of META17 and TOEddies radii.597

The distribution maximum is positioned at about 40 km for TOEddies and 60 km for598

META17. A clear difference between cyclones and anticyclones appears in TOEddies599

where cyclones are, on average, smaller than anticyclones. This difference is also noticeable600

in META17, but less marked. In TOEddies, less than 1% of the eddies have a radius601

greater than 140 km while it corresponds to 5% of the structures for META17.)602

(Deleted: In order to compare the size of the eddies detected by satellite altimetry603

with an independent variable linked to the mesoscale ocean dynamics, we estimated the604

first Rossby baroclinic radius (LR). LR characterizes regionally the size of the long-living605

eddies in the open ocean. LR mean value was calculated using the definition of citetChelton:1998606

and the seven-year averaged (i.e. 2005 to 2012) World Ocean Database citepBoyer:2013.607

The resulting value is represented by the vertical dotted line in Figure 7. The shaded608

area represents LR percentiles 10 and 90. This figure shows that TOEddies identifies609

structures that have a size comparable to LR (around 60% of TOEddies radii fall within610
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the percentile range LR 10 - 90) while this is not the case for META17, for which less611

than 20% of the radii fall within this interval.)612

(Added: All datasets tested (Table 1) show both, a decrease in error and an increase613

in detection efficiency for LU16 eddies with large radii (see Table 2. This is most likely614

due both to the limited spatial resolution of satellite altimetry and its limited ability to615

capture small structures [e.g. Chelton et al., 2011] but also to the lower probability that616

drifting buoys are captured in small eddies rather than in large eddies. However, it should617

also be noted that LU16 eddy radii may provide an underestimate of the actual size of618

structures. Indeed, drifting buoys are drawn by the movement of the upper ocean at dif-619

ferent distances from the center of the eddy and they do not necessarily move along the620

outer eddy edge of the eddy or along its maximum velocity. Indeed, it has been shown621

that drifters sample randomly eddy structures Chaigneau and Pizarro [2005].)622

(Added: Test results show that the TOEddies algorithm detects significantly fewer623

structures when applied to ADT maps than SLA maps. Consequently, the total area occu-624

pied by the eddies identified on ADT maps is 30 to 50% less than on SLA maps. Com-625

pared to LU16, the TOEddies identification of anticyclones on the ADT maps shows better626

skill, especially when eddies are identified by the maximum velocity contour. Conversely,627

cyclones are better identified from SLA maps. However, the fact that the number of eddies628

detected in ADT maps is significantly lower than that in SLA maps convinced us to use629

the former. We also noted that detection efficiency increases significantly when eddies are630

defined by their actual contours instead of assuming circular eddies with assigned equiva-631

lent radii.)632

(Deleted: To ensure that the comparison of TOEddies and META17 in skill against639

LU16 loopers is as robust as possible in terms of measurement as possible, TOEddies_rad640

statistics was used instead of TOEddies. Indeed, the TOEddies_rad and META17 skills641

are obtained by considering equivalent eddy radii instead of eddy contours. Note here that642

the statistics for TOEddies and TOEddies_rad are very similar, only the skill decreases643

slightly. TOEddies_rad is 10% more efficient and its error in eddy detection is 3 times644

lower than META17 in terms of eddy collocation with LU16. The ability of TOEddies_rad645

and META17 to encompass LU16 eddy centers as a function of eddy size is shown in646

Figure 8. The percentage of matches with LU16 increases while the percentage for matching647

errors decreases for both atlases as the LU16 vortex size increases. Both datasets are more648
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Figure 7. Histograms (solid lines) and cumulative frequency (dashed lines) of the eddy Rmax for TOEddies

(red and blue lines) and META2017 (pink and light blue lines) computed over 2-km intervals. The vertical

dotted line is the mean first baroclonic Rossby radius (LR) of deformation in the area and the grey dashed area

limits the 10 and 90 percentiles. The baroclonic Rossby radius of deformation is computed by applying the

Chelton et al. [1998] method on the World Ocean Database [Boyer et al., 2013] averaged over seven years (i.e.

2005 to 2012).

633

634

635

636

637

638

effective in detecting small cyclones than small anticyclones and large anticyclones than649

large cyclones.)650

(Deleted: It can be expected that there will be a minimum size of the eddies detected651

from satellite altimetry maps. The ability of the two atlases, TOEddies and META17, to652

match the LU16 eddies as function of LU16 size is presented in Figure 8. It shows that653

for a radius of 25 km (which represents the average radius of the LU16 loopers, Figure 5654

and the average size of the altimetry maps grid) more than 65% of the eddies are identified655

by TOEddies while they represent only 48% (52%) for anticyclones (cyclones) in META17.656

The 90% matching limit is reached, for TOEddies, for eddies with radii between 45 and657

55 km, while it is 85-95 km (75-85 km) for anticyclones (cyclones) in META17. In terms658

of detection errors (mismatching), they are less than 1% for anticyclones (cyclones) over659

15 km (10 km) in the case of TOEddies, whereas, for META17, they become as small660

only for anticyclones (cyclones) larger than 30 km (70 km).)661

(Added: The comparison of TOEddies with META2017 shows that the former has662

better skill in both stages, eddy detection and eddy tracking. TOEddies detects more ed-663
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Figure 8. Percentage of matching of LU16 eddies with TOEddies (solid lines) and META2017 (dashed

lines) eddies as a function of LU16 eddy size. Values are expressed as a percentage of LU16 eddies collo-

cated at 10 km intervals. We consider that eddies match if their polarity in LU16 and in the atlases based on

altimetry is the same. When the polarities of the collocalised eddies differ, this is counted as a mismatch.

Anticyclones are in red, cyclones are in blue.

674

675

676

677

678

dies, and their size is smaller than those detected by META2017 (Figure 7). It also shows664

particularly good performance in identifying large structures (with a radius greater than 40665

km). Figure 8 shows that for a 25 km radius (which represents the average radius of the666

LU16 loopers, Figure 5, and the average grid size of the altimetry maps) more than 65%667

of the eddies are identified by TOEddies whereas they represent only 48% (52%) for the668

anticyclones (cyclones) in META2017. Finally, 50% of the TOEddies trajectories corre-669

spond to those of LU16. Therefore, the results of the validation and skill assessment of670

TOEddies against another eddy detection method or independent data give us confidence671

in our algorithm in the study area. To be noted that TOEddies eddies are close in size to672

the regional first baroclinic Rossby Radius of deformation (Figure 7).)673

(Deleted: subsectionValidation of tracking filtering)679

(Deleted: In this section the ability of the two atlases, TOEddies and META17, to680

track eddies is examined. This ability is measured by looking at the proportion of the681

collocation of the eddies of the two atlases with the LU16 loopers that participate in a682

trajectory that lasts more than one week. The total number of LU16 trajectories used in683

the comparison is 431 for anticyclones and 414 for cyclones. The comparison is presented684

here for the three version of our atlas where we vary either the type of contours defining685

the eddy area (the outer contour and the velocity maximum contour) or by applying the686

same method in the collocation with LU16 as that used for META17.)687
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(Deleted: Eddy trajectory comparison statistics are presented in Table A.2. Here688

the skill is measured by the overall percentage of matching between the TOEddies or689

META17 and LU16 trajectories. The percentage of the trajectories tracked is computed690

as the percentage of LU16 eddy trajectories of each polarity associated with, for at least691

one day, the TOEddies or META17 eddy trajectories of the same polarity. The “trajectory692

network” column shows the percentage of the trajectories erroneously tracked by more693

than one trajectory in META17 or by a first order network for TOEddies. The columns “>694

50%” and “> 90%” indicate the number of LU16 trajectories collocated with the eddies695

defined by the other atlas during, respectively, more than 50 and 90 % of lifetime of the696

LU16 eddies. The “mean tracking time” column gives the average percentage of collocation697

time between LU16 eddies and other atlas eddies expressed in terms of the lifetime of698

LU16. The error estimates correspond to the collocation of eddies of different polarities699

for at least one day. )700

(Deleted: The results show that TOEddies skill improves when the outer eddy contour701

(Rout) instead of the maximum velocity contour (RVmax) is used to define the eddy perimeter.702

However, the associated mismatches are somewhat greater. Taking into account both definitions703

of eddy limits, between 60% and 70% of LU16 trajectories are tracked by TOEddies and704

between 50 and 60% of them are tracked for more than 50% of their lifetime. The reconstruction705

of a higher order network is necessary for less than 10% of the trajectories successfully706

tracked. This could be a consequence of the LU16 filtering we carried out previous to the707

validation processes. In fact, the merging and splitting of eddies can cause sudden changes708

in the spin of the drifter and an increase in the radius of the LU16 loopers, a radius that709

can become larger than 300 km, the maximum limit we have set for them.)710

(Deleted: Using the radius for cross detection of the structures gives results similar711

to those obtained using defined eddy perimeters. Table A.2 shows that the largest difference712

in skill is obtained for META17. Indeed, META17 identifies between 5 and 10 % fewer713

trajectories than TOEddiesAtlas. Moreover, the percentages obtained for TOEddies indicate714

that trajectories that account for eddy merging and splitting are real and well reconstructed.715

On the other hand, the association of more than one META17 trajectory with a LU16716

suggests that META17 sometimes loses the true track of eddies. This is clear when considering717

the duration of collocation with LU16 loopers. Indeed, whereas between 1/2 and 1/3 of718

the TOEddies network recovers almost all LU16 trajectories (i.e. > 90 %), this statistics719

is only 1/4 for META17. Moreover, META17 trajectories follow LU16 Loopers 10% less720
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than TOEddies. The META17 mismatch cases are also more numerous (by a factor of721

two) than the TOEddies cases.)722

(Deleted: TABLE TRACKING SKILLS)723

(Deleted: subsectionSummary on the algorithm validation and skill)724

(Deleted: All datasets show both, a decrease in the error and an increase in detection725

efficiency for LU16 eddies with large radii. This is probably due to the limited spatial726

resolution of satellite altimetry and its limited ability to capture small structures citep[e.g.727

][]Chelton:2011. However, it should be noted here that LU16 eddy radii may provide728

an underestimate of the true size of structures. Indeed, drifting buoys are drawn by the729

movement of the upper ocean at different distances from the center of the eddy and they730

do not necessarily move along the outer eddy edge or along the maximum velocity contour731

of the eddy. At contrary, these buoys sample randomly these structures as shown by citetChaigneau:2005.)732

(Deleted: The TOEddies algorithm detects significantly fewer structures when applied733

to ADT than SLA maps. Consequently, the total area occupied by eddies identified on734

ADT maps is 30 to 50% less than for SLA. Compared to LU16, TOEddies anticyclones735

identified from ADT maps show better skill, especially when eddies are identified by the736

maximum velocity contour. Conversely, cyclones are better identified from SLA maps.737

However, the fact that the number of eddies detected in ADT maps is significantly lower738

than that of SLA maps persuaded us to use the former. We also noted that the detection739

efficiency increases significantly when eddies are defined by their actual contours instead740

of assuming circular eddies with assigned equivalent radii.)741

(Deleted: The comparison of our algorithm with META17, shows that TOEddies742

has better skill in both stages, eddy detection and eddy tracking. TOEddies detects more743

eddies, and their size is smaller than META17. The TOEddies eddies are comparable in744

size to the regional first baroclinic Rossby Radius of deformation (Figure 7). It also shows745

particularly good performances in the identification of large structures (with radius larger746

than 40 km). Finally, 50% of the TOEddies trajectories correspond to those of LU16.747

Therefore, the results of the validation and skill assessment of TOEddies against another748

eddy-detection method or independent data give us confidence in our algorithm in the749

study area.)750
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4 Results of the TOEddies method applied to Agulhas Rings751

4.1 Identification of Agulhas Rings and distribution of the associated trajectories752

TOEddies (Replaced: identified replaced with: has identified, overall,) more than 3753

million eddies in the daily ADT maps in the selected Indo-Atlantic domain and for the754

given time period (>24 years). This corresponds to 120 (Replaced: thousand replaced755

with: 000) anticyclonic (Added: trajectory )segments (Deleted: of trajectories )identi-756

fied from the full tree of segments(Replaced: by replaced with: , )using the cost function.757

These (Replaced: numbers replaced with: figures) are reduced to 2.5 million eddies and758

30 (Replaced: thousand replaced with: 000) segments after application of the (Replaced:759

threshold of a minimum of 4 weeks lifetime. replaced with: minimum 4-week lifetime760

threshold.) Among these eddies and segments, the Agulhas Rings (hereafter (Replaced:761

dubbed as replaced with: referred to) AR) are defined as anticyclonic eddies initially de-762

tected in the Indian Ocean sector of the domain, and entering the Atlantic Ocean by cross-763

ing an imaginary line connecting specific topographic structures (the Protea, Simpson,764

Wyandot, Schmit-Ott seamounts and the Agulhas Ridge) that define the southeastern limit765

of the Cape Basin, southwest of Africa. This line (marked with the letter "C" in Fig-766

ure 10a) extends from the southern tip of Africa (Cape Agulhas, 35◦S and 20◦E) to 45◦S767

and 5◦E at the southern limit of the Agulhas Ridge in the Southern Ocean. This defini-768

tion of AR assumes that it is possible to track these eddies (Replaced: along with replaced769

with: and) their origin and fate in order to identify them carefully. This identification is770

carried out for the entire ADT time series. However, in this work, we focus only on AR771

properties during the period January 1, 2000 to December 31, 2016 to ensure that all AR772

detected during this period can be tracked back to their origins. Indeed, as we will see773

later in this section, AR have a particular long life span and can take years to cross the774

Indo-Atlantic domain.775

In what follows, (Deleted: in order )to describe eddy trajectories that include eddy776

merging and splitting, the concept (Deleted: s) of (Added: “)segment network(Added:777

”) (Deleted: is used )and (Replaced: " replaced with: “)main trajectories(Replaced: "778

replaced with: ”) introduced in Section 2.2(Added: are used). 32 080 anticyclonic eddies779

that (Replaced: cluster replaced with: group) into 122 "main trajectories" (i.e., "order 0"780

trajectories) are identified as AR entering the South Atlantic from the Indian Ocean. It is781

then possible to recover the entire network of segments associated with these "main trajec-782
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Figure 9. Number of trajectories according to their order associated with Agulhas Rings.787

tories" by identifying the higher order trajectories that are linked to the main trajectories783

by additional merging and splitting events. The total AR network consists of secondary784

trajectories up to (Deleted: the )order 29(Replaced: . They combine replaced with: ,785

combining) a total of 730 481 (Added: anticyclonic )eddies and 6 363 segments.786

The distribution of AR trajectories (Added: as a function of)according to their or-788

der is shown in Figure 9. The distribution is characterized by an increase in the number of789

segments as a function of (Deleted: the )trajectory order, from order 0 to the peak (Re-790

placed: that corresponds replaced with: corresponding) to order 4. Then(Added: ,) the791

number of new (Deleted: ,) higher order trajectories associated with AR reduces gradu-792

ally. The (Replaced: AR trajectories median order replaced with: median order of the AR793

trajectories) is 6.794

The whole set of AR trajectories (from order 0 to order 29) is presented in Fig-795

ure 10a while Figure 10b shows the percentage of time during which each 2◦x2◦ grid cell796

is inside an anticyclonic eddy connected to the AR trajectory network. The corresponding797

Figures for order 0, 1 to 4, 5 to 10, 11 to 20 and 21 to 29 (Deleted: taken separately )are798

provided in Figures S1 to S5 in the Supplementary Information as well as that of the 19799

302 trajectories (1 397 533 eddies) (Replaced: which replaced with: that) do not interact800

with the AR network. In the following, we will refer to (Added: the )eddies (Replaced: in801

replaced with: of) the AR network as (Added: the )AR Eddy Network (AREN)(Added: ,)802

which cluster(Added: s the main) AR (Deleted: main )trajectories (i.e., order 0) and all803
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Figure 10. a) Whole set of Agulhas Ring Eddy Network (AREN) trajectories (from order 0 to maximum

order 27). The color of the trajectories is related to their order. The black color is for order 0, which we de-

fined as the main trajectories for the Agulhas Rings. 7 sections [A-G] were used to derive the AR properties

across the basins. b) percentage of time each 2◦x2◦ grid cell is within an AREN trajectory. The gray shading

in each figure represents water depths less than 3500 m in the ETOPO2 data set [Smith and Sandwell, 1997].

806

807

808

809

810

the additional eddies associated (Replaced: to replaced with: with) them via eddy merging804

and splitting (Replaced: up to replaced with: until) the maximum order found (29).805

Figure 10a shows how TOEddies provides a very different overview of the origins,811

pathways and fate of AR. Indeed, although the (Replaced: "main" replaced with: “main”)812

AR trajectories (in black in Figure 10a and in the Supplementary Information Figure S1)813

are relatively similar to the results of (Added: the )published studies [e.g., Dencausse814

et al., 2010a; Chelton et al., 2011; Souza et al., 2011b], most of them are lost in the Cape815

Basin or associated with (Replaced: some other higher-order trajectory replaced with:816

other higher order trajectories). However, those crossing the South Atlantic basin may be817

directly related to AR and their region of formation, whereas in previous studies [e.g.,818

Byrne et al., 1995; Arhan et al., 1999; Souza et al., 2011a], this connection could not be819

made via an objective tracking algorithm because the first detections were (Deleted: mostly820

)found (Added: mostly )in the Cape Basin, far downstream (Replaced: of replaced with:821

from) the Agulhas Retroflection. This is due to the strength of the TOEddies algorithm,822

which allows eddies to merge and split and to soundly connect a more complex eddy823

structure into a "main" trajectory instead of (Replaced: only dealing replaced with: deal-824
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ing only) with single and well(Replaced: replaced with: -)separated eddies. In addition,825

the complete set of AREN trajectories (Figure 10a) shows a much richer diversity in terms826

of origins and fate of AR, and this for AREN (Added: trajectories of )order 4 or even827

less (red trajectories in the Figure). The resulting AREN trajectories suggest that the ed-828

dies contributing to the formation of AR may (Replaced: come replaced with: originate)829

from the southwest(Replaced: T replaced with: ern t)ropical Indian Ocean, further up-830

stream than the Agulhas Retroflection. Figure 10a shows that (Replaced: an replaced with:831

one) AR main trajectory connects directly to the area south of Madagascar. Moreover,832

AREN trajectories reach (Replaced: far downstream regions replaced with: regions further833

downstream) than the Cape Basin or the Mid-Atlantic Ridge in the South Atlantic. Indeed,834

(Replaced: order 1-4 AREN trajectories replaced with: AREN trajectories of orders 1-4)835

reach the southern end of the South Brazil Current. In particular two (Added: AREN tra-836

jectories of )order 0 AREN veer south along the South American slope. Furthermore, (Re-837

placed: higher order AREN penetrate into replaced with: AREN trajectories of higher or-838

der penetrate) the Zapiola gyre. The AR trajectories estimated by TOEddies show a clear839

eddy pathway linking the western boundaries currents of the Indian and Atlantic oceans.840

The main routes (Added: under)taken by AREN (Added: trajectories )are clearly841

shown in Figure 10b. Three main routes associate Indian Ocean anticyclones to AR: one842

follows the western boundary slope in the Mozambique Channel, another (Replaced: that843

replaced with: the slope) at the southeastern tip of Madagascar, and the third follows844

the Agulhas Return Current. The first two seem to merge north of the Agulhas Plateau,845

around 32◦S and 25◦E, where the Agulhas Current and the Agulhas Return Current flow846

in a very narrow corridor between the African slope and this plateau. West of the Ag-847

ulhas Retroflection (i.e., west of line C in Figure 10a), the AREN (Added: trajectories848

)follow (Deleted: s), in the Cape Basin, a broad northwesterly route toward a more zonal849

direction (along the 35◦S parallel) once the eddies leave this basin and enter the South At-850

lantic. At the Mid-Atlantic Ridge, the AREN main path widens until reaching the South851

American slope between 25◦S and 35◦S. This wide route in the western part of the South852

Atlantic seems to consist essentially of trajectories (Replaced: of replaced with: from) or-853

der 0 to order 4 (Figures 10a, S2 and S3). Once they reach the South American boundary,854

most eddies head south with the South Brazil Current. However, some trajectories turn855

north along the western boundary and cross the Cruzeiro do Sul and Vitoria Trinidade856

seamounts.857
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4.2 Characteristics of the Agulhas Rings network of trajectories858

(Replaced: While replaced with: Although) satellite altimetry gives access to (Re-859

placed: the replaced with: ADT) 2D time series (Deleted: of ADT), it does not (Deleted:860

enable to )directly infer the 3D properties of eddies. However, altimetry provides sufficient861

information to characterize the kinematic and dynamical behavior of eddies, at least in862

their surface expression and as long as (Added: the )eddies are detectable from the satel-863

lite field. In particular, the TOEddies method gives access to information on (Deleted:864

the )horizontal (Replaced: extent of eddies replaced with: eddy extent) (Rout and RVmax),865

amplitude, azimuthal velocity and propagation speed. The geographical distribution of866

the median of these properties is presented in Figures 11 and 12. More precise esti-867

mates of these variable(Added: s) are provided in Table 3 at fixed locations. Eddy merg-868

ing and splitting lead to complex trajectories that can be independent for short periods of869

time. This highly complicates the description of eddies and their fate in terms of classical870

eddy trajectories. Indeed, an AR can be associated with many different trajectories be-871

cause, during its lifetime, it splits in small (Deleted: er) eddies and eventually merges with872

other eddies (which can be either AR or anticyclones of different origins). Therefore, we873

(Deleted: have )decided to describe the fate of AR by counting the AREN (Added: tra-874

jectories )only when they cross particular sections (lines [A-G] in Figure 10a). In Table 3875

the characteristics of the AREN (Added: trajectories )across the basin are summarized (in876

terms of the median and standard deviation of various properties calculated for the geo-877

graphical lines A to G in Figure 10a). The contributions of the five groups of different878

AREN trajectory orders (0, 1-4, 5-11, 12-20, and 21-29) to the total number of AREN879

(Added: trajectories )crossing the control sections are presented as a percentage in Ta-880

ble 4.881

The number of segments entering the Cape Basin since 2000 is 119. This number886

of segments varies across the domain due to the (Replaced: many replaced with: numer-887

ous) eddy-eddy interactions and (Replaced: eddy vanishing from the replaced with: the888

disappearance of eddies from) altimetry maps. The AREN median radii, Rout and RVmax,889

are relatively constant (Replaced: across replaced with: throughout) the domain (see Ta-890

ble 3 and Figure 11a). The median (± one standard deviation) Rout and RVmax are 79 km891

(± 38 km) and 59 km (± 29 km), respectively. The estimate of RVmax in the Cape Basin,892

where most AR are documented in the literature, (Replaced: varies between replaced with:893

ranges from) 58 (Replaced: and replaced with: to) 65 km which are values close to the894
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Figure 11. a) Median of Rossby number (Ro) and of the b) Equivalent radius of the characteristic contour

(RVmax) of the Agulhas Ring Eddies Network. These properties are computed on a 2◦x2◦ grid. The gray

shading in each figure represents water depth shallower than 3500 m in the ETOPO2 data set [Smith and

Sandwell, 1997].

882

883

884

885

lower limit of the 65-100 km range derived from in(Replaced: - replaced with: )situ ob-895

servations in the Cape Basin by Garzoli et al. [1999] and Arhan et al. [1999]. The median896

amplitude and the azimuthal speed of the AREN are maximum (21 cm and 47 cm/s re-897

spectively) when (Replaced: they enter replaced with: entering) the Cape Basin. Since898

RVmax does not var(Replaced: ies replaced with: y) significantly across the entire do-899

main (Figure 11a), the median of the eddy vortex Rossby Radius, Ro, (Figure 11b) pro-900

vides an indirect measure of the changes in the eddy azimuthal velocity. This velocity901

is (Replaced: maximum replaced with: highest) in the Agulhas Current System and in902

the southern(Replaced: - replaced with: )half of the Cape Basin and from there it de-903

creases rapidly and remains constant across the South Atlantic (Replaced: o replaced904

with: O)cean. It is only when the AREN (Added: trajectories )reach the South Ameri-905

can boundary that Ro increases again, (Replaced: very replaced with: most) likely due to906

the interactions of eddies with the South Brazil Current and local anticyclones.907

In addition to the inherent properties of (Replaced: AREN replaced with: the AREN913

eddies) it is (Deleted: also )interesting to evaluate their median propagation speed (Fig-914

ure 12), as it can be used to estimate the(Added: ir) transit time (Deleted: of AREN)915
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Table 3. Properties of the Agulhas Ring Eddy Network throughout the geographical domain. The values are

computed at the lines [A-G] plotted in Figure 10a. For each variable, estimates of the median and standard

deviation (STD) are provided.

908

909

910

Segment of Number Rout [km] Amplitude [m] RVmax [km] Vmax [m/s]

control of Segments Median ± STD Median ± STD Median ± STD Median ± STD

A: 78 0.08 60 0.22

SW Indian Ocean 191 ± 43 ± 0.11 ± 35 ± 0.16

B: 94 0.13 66 0.40

Mozambique Channel 30 ± 38 ± 0.14 ± 29 ± 0.17

C: 81 0.21 65 0.47

SE Cape Basin 119 ± 38 ± 0.21 ± 30 ± 0.23

D: 91 0.08 58 0.18

Walvis Ridge 160 ± 39 ± 0.09 ± 22 ± 0.11

E: 87 0.05 64 0.12

Mid-Atlantic Ridge 167 ± 42 ± 0.06 ± 27 ± 0.07

F: 74 0.04 57 0.12

S. American Slope 217 ± 33 ± 0.03 ± 27 ± 0.04

G: 88 0.13 74 0.29

S. Brazil Current 71 ± 41 ± 0.11 ± 37 ± 0.12
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Table 4. Distribution of the orders of the Agulhas Ring Eddy Network expressed as percentage when they

cross the lines [A-G] plotted in Figure 10a.

911

912

Segments of Order 0 Orders 1 to 4 Orders 5 to 10 Orders 11 to 20 Orders 21 to 29

control [%] [%] [%] [%] [%]

A: South-west Indian Ocean 1 9 66 22 2

B: Mozambique Channel 0 27 60 13 0

C: Southeastern Cape Basin 100 0 0 0 0

D: Walvis Ridge 12 80 8 0 0

E: Mid-Atlantic Ridge 7 75 16 2 0

F: South American Slope 2 44 52 7 0

G: Southern Brazil Current 0 13 80 7 0

through the different zones. The regions where AREN (Added: eddies )move faster cor-916

respond to the western boundary currents (WBCs) of the Indian Ocean but also of the917

South Atlantic (reaching speeds higher than 0.1 m/s). The AREN propagation speed re-918

mains high in the Cape Basin (although it is higher in the Southern than in the Northern919

Cape Basin) and in the South Atlantic, especially for the northern sector of the route, west920

of the Mid-Atlantic Ridge. The (Added: AREN )direction of propagation (Deleted: of921

the AREN )(Figure 12b) clearly shows different regimes of fast southwestward flow in the922

WBCs, northwestward flow in the Cape Basin and westward flow in the South Atlantic. It923

also shows that the AREN path along the Agulhas Return Current involves eddies mov-924

ing eastward. These eddies are most likely related to AR as a product of AR splitting in925

the Agulhas Retroflection area (Replaced: that replaced with: which) are successively ad-926

vected eastward in (Deleted: to) the intense Agulhas Return Current.927

To better characterize the kinematics and dynamics of the AREN(Added: eddies),928

their median propagation velocity can be compared with the mean surface geostrophic ve-929

locity estimated from AVISO satellite altimetry (Figure 13). The AREN and AVISO es-930

timates of velocity intensities compare relatively well in terms of (Replaced: direction of931

propagation replaced with: propagation direction) with the mean surface velocity in the932
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WBCs and the Agulhas Return Current with, in general and, as expected, (Added: the933

)AREN propagation speed being an order of magnitude less than the surface geostrophic934

velocity. Here, the eddies are advected with the mean current. However, differences be-935

tween (Deleted: the mean )AVISO and AREN (Added: mean )velocities occur in the936

northern subtropical South Atlantic where eddies appear to move westward at a higher ve-937

locity (about 6 cm/s) than the mean surface geostrophic velocity (about 2 to 4 cm/s), and938

in the southern subtropical Atlantic (south of 30◦S) where they move westward against the939

mean surface current (which flows eastward as expected for the (Replaced: polarward re-940

placed with: poleward) branch of the South Atlantic gyre: see Figure 12, Figure 13, and941

Figure 1b). The ratio of the AREN translation speed and the mean geostrophic current are942

computed in each 2◦x2◦ grid cell (Figure S7 in the Supplementary Information). It shows943

that AREN move faster than the mean surface gesotrophic current in 60% of these cells.944

McDonagh et al. [1999] studied the (Deleted: contribution )mechanisms responsi-945

ble for the translation of Agulhas Rings in the Cape Basin. They showed from two spe-946

cific AR that the self(Replaced: replaced with: -)advection mechanism [Rhines, 1975;947

Cushman-Roisin et al., 1990] is not sufficient and conclude that the main factor appears948

to be the advection by the main flow. These results are (Replaced: in good agreement re-949

placed with: consistent) with our findings that high AREN translation values are found950

where (Deleted: the )geostrophic surface velocities are also important. This is verified951

in the WBCs and in the Cape Basin. However, in the South Atlantic, AREN (Added: ed-952

dies )move faster(Added: ,) if not against the surface geostrophic flow. Here, most likely,953

the main mechanism of translation is the self(Replaced: replaced with: -)advection of954

eddie(Added: s) (Deleted: and the eddy-eddy interactions).955

4.3 Agulhas Rings origins, disappearance, splitting and merging965

To better describe the AREN, we discuss here the statistics in the regions where966

they are initially identified, where they disappear as well as the distribution of eddy merg-967

ing and splitting events. The description of AR as anticyclonic eddies participating in the968

AREN may not be appropriate (Replaced: as replaced with: because) they are associated969

with a large number of eddy merging and splitting (Replaced: occurrences replaced with:970

events) (i.e. high order (Deleted: s) trajectories). For this reason, we (Replaced: have971

placed replaced with: put) a particular emphasis on estimates of AREN trajectories up to972

order 4(Added: ,) which correspond to the peak of the number of trajectories as (Added:973
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Figure 12. a) Median of the propagation velocity of the Agulhas Ring Eddy Network (in m/s) and b) as-

sociated main propagation direction. These properties are calculated on a 2◦x2◦ grid and the propagation

direction is computed from the eddy positions one week apart. Schematic white arrows have been added in

the bottom panel to highlight the main propagation direction. The gray shading in each figure represents water

depth shallower than 3500 m in the ETOPO2 data set [Smith and Sandwell, 1997].

956

957

958

959

960

Figure 13. a) Mean surface geostrophic velocity estimated from AVISO satellite altimetry (in m/s) and b)

associated main direction. These properties are computed on a 2◦x2◦ grid. Schematic white arrows have been

added in the bottom panel to highlight the main velocity direction. The gray shading in each figure represents

water depth less than 3500 m in the ETOPO2 data set [Smith and Sandwell, 1997].

961

962

963

964
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a )function of the trajectory order (Figure 9). In the following, we will (Replaced: refer to974

replaced with: call) this subgroup of AREN(Replaced: as replaced with: ,) AREN4.975

The distribution of eddy formation, disappearance, and merging and splitting within976

(Deleted: the )AREN4 (Replaced: are replaced with: is) presented in Figure 14 and (Re-977

placed: those replaced with: that) of the total AREN in Figure 15. To better assess the978

regionalization of these processes, only the 2◦x2◦ cells showing more than 5 (10) or 10979

(10) first/last detections (merging/splitting) events for (Deleted: , respectively,) AREN4980

and AREN(Added: , respectively,) are presented. The difference in threshold used for981

the two different type(Added: s) of events is explained by the fact that TOEddies records982

~(Replaced: 2 times more replaced with: twice as many) trajectory interactions (Replaced:983

than replaced with: as) eddy formation or disappearance events. 119 AREN cross, flow-984

ing west, line C in Figure 10 (Table 3). This line defines the AR trajectories(Added: ,)985

which explains why only 0-order eddies enter the Cape Basin (Table 4). Most AR are ini-986

tially identified at the Agulhas Retroflection as shown by the large red patches near the987

Cape Basin in Figure 14a and (Deleted: by )the starting points of the black and red tra-988

jectories in Figure 10a. This region extends over a large area, between the Agulhas Bank,989

the Agulhas Plateau and the Agulhas Ridge, and agrees with the entire Agulhas Retroflec-990

tion position (Deleted: range), from 8◦E to 25◦E-28◦E [e.g., Lutjeharms and Ballegooyen,991

1988; Dencausse et al., 2010b].992

In addition to this traditional view of AR shedding from the Agulhas Current at the993

Agulhas Retroflection, our method identifies anticyclonic eddies formed at the southern994

(Replaced: limit replaced with: edge) of the Agulhas Return Current as previously ob-995

served by Lutjeharms and Ballegooyen [1988] and Boebel et al. [2003a]. (Deleted: 113 of996

the 888 east of 30◦E. )Indeed, some eddies can merge with or split from a newly shed AR997

which (Replaced: explains replaced with: is) why we classify them as AREN. (Replaced:998

Numerous replaced with: Many) new AREN4 are located (Replaced: close replaced with:999

near) to the African continent in the northeastern part of the Cape Basin. Other locations1000

of AREN4 origins appear near the Walvis Ridge (Replaced: as well as replaced with: and)1001

further west the South Atlantic. These areas of eddy formation may be related (Replaced:1002

with replaced with: to) splitting (Replaced: occurrences from replaced with: of) AREN41003

(Replaced: trajectories replaced with: eddies) or (Added: to )the merging of eddies of dis-1004

tinct origins with AREN4 trajectories.1005
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(Replaced: Moreover, t replaced with: Moreover,113 of the 888 anticyclonic ed-1006

dies that start an AREN4 trajectory are east of 30◦E. T)aking into account the AREN as1007

a whole (Figure 15), the results suggest that a relatively small number of AREN4 orig-1008

inate as far north as the Mozambique Channel or east of the Madagascar Ridge while1009

(Replaced: numerous trajectories of higher order AREN are as shown in replaced with:1010

many higher-order AREN trajectories are as it appears from) Table 4. Only one third of1011

the AREN (Added: trajectories )formed in the Mozambique Channel are reconstructed1012

(Deleted: by )taking into account trajectories of order 4 or less, whereas 90% of the tra-1013

jectories originating in the Southwest Indian Ocean are obtained (Added: by )taking into1014

account trajectories at orders (Replaced: higher replaced with: greater) than 4. Figure 10b,1015

which highlights the area where many AREN (Added: eddies )are present over the period1016

of interest, shows a clear (Replaced: connection replaced with: link) between these north-1017

east (Deleted: ern) formation regions and the Agulhas Retroflection. This pattern is very1018

similar to the many large eddies detected from surface drifters documented by Zheng et al.1019

[2015] .1020

The existence of these anticyclones and their possible role in the destabilization of1021

the Agulhas Current, leading to meanders, have (Deleted: been )already (Added: been1022

)documented [e.g., Schouten et al., 2002; Penven et al., 2006; Biastoch et al., 2008a,b;1023

Halo et al., 2014; Elipot and Beal, 2015]. Schouten et al. [2002] (Replaced: similarly re-1024

placed with: also) found that some of these eddies do not create meanders and are ad-1025

vected downstream to the Retroflection. Detections of these eddies could be associated1026

with an artificial interruption of the Agulhas Current due to the interpolation used to es-1027

timate the gridded altimetry field from the altimeters along-track data. However, the am-1028

plitude of these eddies is greater than 10 cm near the Agulhas Current. Therefore, they1029

appear to be well-defined structures and not an artifact of data interpolation. A compos-1030

ite view of the (Deleted: trajectory at )0-order (Added: trajectory )that originates from1031

the southern tip of Madagascar is shown in Figure 16a. This eddy (Replaced: is formed1032

close replaced with: forms) near Madagascar and remains very coherent until it reaches1033

the Cape Basin. Furthermore, (Replaced: these replaced with: this tupe of) eddies (Re-1034

placed: are replaced with: is) also well captured by looping drifters [Zheng et al., 2015;1035

Lumpkin, 2016] and the in-situ data recorded by current meter moorings [Donohue et al.,1036

2000]. Many new detections of AREN (Added: eddies are )also occur(Added: ring) in1037

the open Indian ocean(Added: , which )correspond(Replaced: ing replaced with: s) to the1038
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Figure 16. Composite figure of the order-0 AREN starting the most to the east (a) and ending the most

to the west (b). Snapshots on selected dates are given, with in blue the eddy centroid (cross symbol), the

ADT contour associated with the maximum speed (dotted) and the outermost ADT (solid line) contours. The

trajectory of panel b interacts with two order-1 trajectories whose paths are drawn in dashed lines.

1046

1047

1048

1049

eastern part of our (Replaced: study domain replaced with: domain of study). In partic-1039

ular, Reunion Island, southeast of Madagascar, seems to be an active region for (Added:1040

the identification of )new AREN (Replaced: identification replaced with: eddies). In sum-1041

mary, our results suggest that AR can form upstream of the Agulhas Retroflection, move1042

relatively rapidly southward with the Agulhas Current (Figure 10d) until they are blocked1043

between the Agulhas Current and its Return Current in the Retroflection area where they1044

may merge with another eddy or be shed.1045

While AR origins have (Deleted: been )often (Added: been )discussed in the lit-1050

erature, (Replaced: albeit replaced with: although) not in the more complex context of1051

(Added: the )AREN, their disappearance has not (Added: yet )been examined (Replaced:1052

extensively yet replaced with: thoroughly). The TOEddies method and the AREN ap-1053

proach make it possible to quantitatively infer the vanishing of AR from satellite altime-1054
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try maps. Figure 14b documents a very well(Replaced: replaced with: -)structured pat-1055

tern for the main regions where TOEddies lo (Deleted: o)se the AREN4 ADT signature.1056

This occurs mainly in the Cape Basin, not far from the (Replaced: major replaced with:1057

main) source regions (Replaced: for replaced with: of) AREN4. (Replaced: It replaced1058

with: This) suggests that most (Deleted: of the )AREN4 (Replaced: track replaced with:1059

trajectories) are lost within the Cape Basin, relatively soon after entering (Replaced: this1060

replaced with: the) region. The general pattern of disappearance of AREN4 is not evenly1061

distributed: Most eddies disappear in the southern half of the basin as well as (Replaced:1062

close to replaced with: near) the Walvis Ridge. Other regions where AREN4 vanish from1063

ADT maps are found (Replaced: N replaced with: n)orth of the Agulhas Plateau, (Re-1064

placed: S replaced with: s)outh of Africa, and near the South American slope. There is1065

no appearance or disappearance of AR, within AREN4, in the open ocean in the South1066

Atlantic except occasionally.1067

According to the TOEddies method, (Added: there are )more merging and split-1068

ting events (Deleted: occur )than appearance and disappearance. The recurrence of such1069

eddy-eddy interactions in the Retroflection area and in the Cape Basin has been demon-1070

strated by various authors from in(Replaced: - replaced with: )situ (Deleted: data )and1071

remote sensing (Added: data)[Byrne et al., 1995; Arhan et al., 1999; Boebel et al., 2003b;1072

Dencausse et al., 2010a; Baker-Yeboah et al., 2010]. Our study shows that these regions1073

correspond (Deleted: indeed )to area(Added: s) where these process(Added: es) are par-1074

ticularly active (Figures 14b and c). (Replaced: The t replaced with: T)opographic fea-1075

tures are also regions where (Replaced: numerous replaced with: many) merging and1076

spli(Added: t)ting events (Replaced: take place replaced with: occur).1077

To complete the description of AR behavior in the South Atlantic, (Replaced: in the1078

following sections, we discuss more in depth replaced with: we discuss in the following1079

sections) the AREN regional behavior and statistics(Added: in more detail).1080

4.4 Agulhas Rings in the Cape Basin1081

Taking into account our definition of AR (anticyclones leaving the Indian Ocean and1082

entering the Cape Basin, Figure 10a) we have identified 119 AREN4 (see Table 3). This1083

is equivalent to a rate of 7 AR entering the Cape Basin per year. This represents a higher1084

ratio than previous estimates (Replaced: which were suggesting typically one event re-1085
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placed with: that typically suggested) every two to three months [e.g., Gordon and Haxby,1086

1990; Goni et al., 1997; Schouten et al., 2002]. However, some authors [Schouten et al.,1087

2000; Baker-Yeboah et al., 2010; Dencausse et al., 2010a] suggested that AR often split1088

shortly after their shedding from the Agulhas Retroflection(Replaced: and this replaced1089

with: ,) before entering the Cape Basin. This may explain why our estimate is higher than1090

those provided in previous studies that did (Replaced: not consider replaced with: account1091

for) splitting events. Indeed, eddy splitting and merging are particularly abundant near the1092

Retroflection area (Figure 14c).1093

Looking separately at newly formed AR and those resulting from a splitting, we find1094

a mean value of 4.3/year for newly formed AR entering the Cape Basin (i.e. a total of 73)1095

while 2.8/year (Deleted: of them )result from a splitting. Thus, about two third(Added:1096

s) of the AR entering the Cape Basin are newly formed and the (Replaced: rest of them1097

replaced with: remainder) result from a splitting. These results are very similar to those of1098

Dencausse et al. [2010a] (Replaced: albeit replaced with: although) their estimate is twice1099

as high. To conclude, on average, every 2.8 months(Added: ,) a newly formed AR enters1100

the Cape Basin. This rate is very similar to those found in the literature in terms of AR1101

shedding [e.g., Gordon and Haxby, 1990; Goni et al., 1997; Schouten et al., 2002].1102

At the Agulhas Retroflection and in the southern Cape Basin, the AREN trajectories1103

are (Added: essentially )made (Deleted: essentially )by AREN4 (i.e., rows C and D in1104

Table 4 and Figures S1 to S5 in the Suplementary(Added: information)). Here, AREN1105

are characterized by large Ro (Figure 11a) in the area where they are (Added: mainly1106

)spawned (Deleted: primarly )(Figure 14a and line C in Table 3). A sudden transition1107

in Ro appears (Replaced: as replaced with: when) AR enter the Cape Basin (Figure 10b1108

and 11a). This transition is due to a decrease in AR surface Vmax and amplitude (and thus1109

surface vorticity), whereas the radii remain relatively constant (Table 3). A decrease in1110

vorticity in the Cape Basin has already been observed although not quantitatively docu-1111

mented [e.g., van Sebille et al., 2010].1112

Eddies in the Cape Basin have a particularly complex behavior that has (Deleted:1113

already )been suggested by previous studies [e.g., Arhan et al., 1999; Schouten et al., 2000;1114

Boebel et al., 2003b; Dencausse et al., 2010a]. Here(Added: ,) we can try to characterize1115

(Replaced: such replaced with: this type of) behavior more extensively. As already men-1116

tioned, TOEddies takes into account numerous AR separations and coalescences through-1117
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out the Cape Basin (Figure 14c and d). Although Figure 14b shows a main (Replaced:1118

AR northwesterly path replaced with: path of AR to the northwest) suggesting straight1119

trajectories, their individual behavior is truly complex due to eddy-eddy interactions, and1120

induces relatively long residence times. The real impossibility of associating a trajectory1121

with a single eddy but (Replaced: instead replaced with: rather) the need to consider the1122

full set of AREN trajectories complicates the definition of a mean residence time asso-1123

ciated with AR for each specific region of the domain considered. We propose here to1124

overcome this difficulty by considering (Replaced: the whole set of replaced with: all1125

the) AREN trajectories reconstructed from (Replaced: every replaced with: each) segment1126

crossing each line in Figure 10a. In this way(Added: ,) we can estimate the residence time1127

of the AREN (Added: eddies )in the Cape Basin by considering the segments that cross1128

the Walvis Ridge (i.e. Line D in Figure 10a) and that are associated (backward in time)1129

with segments that cross the southeast limit of the Cape Basin (i.e. Line C in the Fig-1130

ure 10a). We limit the reconstruction of the network to(Added: trajectories of) order 151131

(Deleted: trajectories).1132

100 of the 119 AREN4 trajectories crossing line C are associated with a median or-1133

der (Replaced: equal to replaced with: of) 2 (i.e. 2 eddy-eddy interactions that include1134

eddy splitting and merging). (Replaced: Considering replaced with: Based on) these tra-1135

jectories, we find that the mean residence time of AR i(Replaced: n replaced with: s) the1136

Cape Basin in about one year (median of 1.0 ± 0.5 years)(Added: ,) which corresponds1137

to the estimate of Schouten et al. [2000]. During their journey in the Cape Basin, AR1138

undergo (Deleted: to )important changes affecting their surface signature, as shown in1139

Figures 11, 12 and Table 3 in terms of several dynamical and kinematic properties. In1140

particular, although their sizes remain relatively stable, their initial surface signatures in1141

amplitude, Ro and Vmax (Replaced: drop replaced with: decrease) by ~50% (Replaced: i1142

replaced with: o)n average.1143

While 119 AREN4 enter the Cape Basin, 160 cross the Walvis Ridge and enter the1144

South Atlantic (Table 4). Again, because TOEddies does not associate a trajectory with a1145

single eddy, these two values cannot be linked directly. Indeed, the number of eddy split-1146

ting and merging (Added: events )in the Cape Basin is very high (Figure 14c) as is (Re-1147

placed: that replaced with: the number) of eddy disappearance(Added: s). In particular,1148

Figure 14b shows that many of the initial 119 AR are lost on satellite altimetry maps in1149

the southern Cape Basin.1150
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4.5 Agulhas Rings across the South Atlantic1151

The fate of the 119 AREN4 that cross the Walvis Ridge and enter the South At-1152

lantic Basin appears more linear and less turbulent than in the Cape Basin. They flow in1153

a very zonal direction (centered around 35 ◦ S and about 5◦ wide). Here, their disappear-1154

ance from the altimetry maps is almost nil (Figure 14b for AREN4 and Figure 15b for the1155

whole AREN). The number of merging and splitting events is also (Replaced: drastically1156

decreased replaced with: significantly reduced). The main area where eddy-eddy inter-1157

actions become important again corresponds to the Rio Grand Rise in the western part1158

of the South Atlantic while the Mid-Atlantic ridge is not associated with such events but1159

has an impact on the (Added: AREN )zonal route (Deleted: of AREN )by increasing its1160

width (which becomes 10◦ wide).1161

A large portion of the AREN4 crossing the Walvis Ridge reaches the Mid-Atlantic1162

Ridge (line E in Figure 10a) which represent 82% of the AREN passing this ridge. The1163

very coherent behavior of the AREN crossing the South Atlantic is well captured by re-1164

constructing the network and crossing times between lines E and D. On average, AREN1165

(Added: eddies )cross the eastern South Atlantic in about 1 year (a median time of 1.0 ±1166

0.3 years) with a median of only 1 eddy-eddy interaction (Deleted: s). However, (Added:1167

the )AREN behavior changes on the other side of the Mid-Atlantic Ridge. Here, the con-1168

tribution of AREN4 to AREN reaching the South American slope is only 46%. This may1169

be the result (Deleted: s) of the numerous eddy-eddy interactions at the Rio Grand Rise1170

(Replaced: which replaced with: that) has an impact on the overall behavior of the trajec-1171

tories. The western part of the South Atlantic is crossed in 1.5 year(Added: s) (a median1172

value of 1.5 ± 0.6 years computed between lines E and F) with a median of 3 eddy-eddy1173

interactions.1174

Finally, Figure 10c shows a clear decrease in the surface intensity (Ro) of AREN1175

(Added: eddies )across the South Atlantic, associated with a 43% (Deleted: surface )de-1176

crease in their (Added: surface )azimuthal velocity Vmax and 60% in their amplitude,1177

while their size remains relatively stable (from lines D to F in Table 3).1178

Many authors [e.g., Gordon and Haxby, 1990; Byrne et al., 1995; Schouten et al.,1179

2000] have demonstrated the ability of AR to penetrate the South Atlantic Ocean, (Re-1180

placed: alleging replaced with: claiming) that they gradually dissipate and vanish in this1181

basin. Our study suggests a different fate for these eddies (Replaced: as replaced with:1182
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since) nearly half of the AREN4 reaches the South American continent. Among these 4 of1183

such trajectories are 0-order AREN.1184

4.6 Agulhas Rings along the South American margin1185

Despite their relatively low surface signature, the few AREN (Added: eddies )that1186

are still detectable by satellite altimetry and that reach the American slope maintain their1187

coherence. Near the South-American coast, they propagate southward in the South Brazil1188

Current (Figure 10) for about half of a year (0.9 ± 0.5), as (Deleted: already )suggested1189

by Byrne et al. [1995]. Along this path, AREN (Added: eddies )undergo numerous eddy-1190

eddy interactions as indicated by the large number of merging and splitting events (Fig-1191

ure 15b). These interactions are characterized by a sudden increase in (Deleted: the AREN1192

)surface signature and propagation speed (Figures 11 and 12). Moreover, some newly1193

formed anticyclonic eddies are identified as AREN (Replaced: as replaced with: when)1194

they merge with older structures. A composite view of the trajectory at 0-order that ends1195

(Replaced: most westerly replaced with: further west) is shown in Figure 16a. This AR1196

veers south when (Replaced: reaching replaced with: it reaches) the South-American1197

coast. There, another anticyclonic eddy merges with it in October 2006. Two months (Re-1198

placed: after replaced with: later), the (Deleted: 0-order )trajectory (Added: of order 01199

)merges with a newly formed anticyclone (Replaced: that replaced with: which) results1200

in(Replaced: to replaced with: t)he formation of an intense (Added: and )large anticy-1201

clone.1202

At the southern (Replaced: edge replaced with: limit) of the Brazil Current and in1203

the Zapiola Gyre, AREN (Added: eddies )show an intense surface signature, as high as in1204

the Cape Basin, before their trace is gradually lost. However, assessing the effective con-1205

tribution of the original AR to these long trajectories remains a challenge due to the nu-1206

merous eddy(Replaced: - replaced with: )merging and splitting events that (Deleted: have1207

)occurred during their lifetime, and, in particular, along the Brazilian continental slope.1208

5 Summary and Conclusions1209

In this study, we (Replaced: developed replaced with: present TOEddies,) a new1210

eddy identification and tracking algorithm(Replaced: , TOEddies, which replaced with:1211

that) takes into account the detection of eddy splitting and merging events (Replaced: that1212
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was replaced with: which has been) applied to (Deleted: the )gridded multi-satellite ADT1213

maps. (Replaced: Due to replaced with: Because of) the many eddy-eddy interactions1214

and the resulting eddy subdivisions and coalescences, the concept of a trajectory associ-1215

ated with a single eddy becomes (Replaced: meaningless replaced with: less obvious than1216

previously admited). However, to be able to track the origins, fate and changes of these1217

eddies we(Added: have) reconstructed a network of segments and trajectories (Replaced:1218

which enable replaced with: that allow us) to reconstruct the (Replaced: eddies’ history1219

replaced with: history of the eddies).1220

We (Deleted: have )also developed a method to objectively assess the robustness1221

and skill of TOEddies against (Replaced: " replaced with: “)loopers(Replaced: " replaced1222

with: ”), an eddy atlas derived from the completely independent (Deleted: data )set of1223

drifting buoy(Replaced: s replaced with: data) [Lumpkin, 2016]. This allowed us to quan-1224

titatively compare and test TOEddies against the eddy atlas distributed by SSALTO/DUACS1225

[Duacs/AVISO+, 2017]. TOEddies proved to be more robust (Deleted: than the eddy1226

atlas distributed by AVISO) because the eddies it detects (Replaced: match replaced with:1227

correspond) better (by 10 % and with a smaller error) (Added: to )those identified from1228

the surface drifter (Deleted: s) data. (Deleted: Moreover, the sizes obtained from TOEddies1229

are in the range of the local first baroclinic Rossby Radius of deformation.)1230

After validation, this algorithm was applied to daily AVISO ADT maps from 19931231

to mid-2017 to uncover and characterize quantitatively the dynamics of Agulhas Rings1232

entering the South Atlantic Ocean. After the complete recovery of the trajectories, the1233

eddy statistics from January 2000 to December 2016 were explored. To differentiate with1234

the stricto-sensu definition of Agulhas Rings formed in the Indian Ocean and disappearing1235

in the South Atlantic, we used the concept of trajectory network(Added: s) to define the1236

Agulhas Rings Eddy Network (AREN).1237

The characteristics of the AREN, such as their surface signature and propagation1238

speed near the Agulhas Retroflection, compare particularly well with previous estimates1239

produced for a limited number of structures [e.g., Gordon and Haxby, 1990; Garzoli et al.,1240

1999; Arhan et al., 1999; Schouten et al., 2002; Dencausse et al., 2010a]. However, our1241

study contradicts the traditional view of large coherent Agulhas Rings shed at the Agulhas1242

Retroflection that (Replaced: propagate and rapidly dissipate replaced with: are propagat-1243

ing and dissipating rapidly) in the South Atlantic Ocean. For example, our results suggest1244
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that Agulhas Rings, and other anticyclonic eddies connected (Deleted: to them )via merg-1245

ing and splitting (Deleted: occurrences), may originate as far upstream from the Agulhas1246

Retroflection as in the Mozambique Channel or South of Madagascar. From there(Added:1247

,) they are advected southward by the Agulhas Current as distinct coherent structures with-1248

out being absorbed or dissipated by the current.1249

Throughout their existence, Agulhas Rings interact intensely with neighboring ed-1250

dies, giving rise to very complex trajectories. These interactions are particularly vigorous1251

in the Cape Basin and influence the time these eddies spend in the region which is, on1252

average, relatively long (about 1 year). Here, they undergo major changes in their surface1253

properties (dynamic height, azimuthal velocity) while their lateral size remains relatively1254

constant. These changes are likely due to local air-sea, eddy-eddy and eddy-topography1255

interactions [Arhan et al., 1999; Dencausse et al., 2010a; Arhan et al., 2011].1256

Numerous Agulhas Rings disappear from altimetry maps in the Cape Basin prevent-1257

ing their subsequent tracking. This may be due to (Replaced: AR replaced with: their)1258

subduction in the ocean interior and not necessarily to eddy dissipation (Replaced: as,1259

replaced with: because) in this region, (Replaced: AR replaced with: Agulhas Rings) re-1260

lease large amounts of heat in the atmosphere and become denser [Arhan et al., 2011].1261

Indeed, evidence of (Replaced: AR replaced with: their) subduction (Replaced: was re-1262

placed with: has been) observed by Arhan et al. [1999] and Garzoli et al. [1999]. Based1263

on these observations, Herbette et al. [2004] used an idealized numerical simulation to1264

show that the surface signature of such eddies can decrease considerably while they (Added:1265

are )still propagat(Replaced: e replaced with: ing) in the ocean interior.1266

The AREN that we can still track in the Southwest Atlantic, follow a quasi-zonal1267

path, about 5◦ wide along the 35◦S parallel which (Replaced: broadens replaced with:1268

widens) further when passing (Deleted: over )the Mid-Atlantic(Added: Ridge). They1269

eventually reach the South American continental slope where (Replaced: they replaced1270

with: the majority of them) propagate(Added: s) southward with the South Brazil Cur-1271

rent. Here, they often merge with other anticyclones flowing south (Deleted: ward) with1272

the current and originating north of 20◦S. Some AREN (Added: eddies )can be detected1273

along the western slope of the South Atlantic as far south as the Zapiola gyre.1274

Our results suggest that Agulhas Rings can live longer than expected. The longest1275

main (i.e., 0-order AREN) trajectory is more than 4 years old whereas, if we compute the1276
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travel time of the network (Replaced: across replaced with: through) lines C to G, we find1277

a median time of 5 years for the trajectories connecting the eddies of the Southeast Indian1278

Ocean to their (Replaced: most distant replaced with: furthest) destination in the South-1279

west Atlantic.1280

Our study reveals a different view of (Added: the )Agulhas Rings (Replaced: than1281

replaced with: from) that provided in previous studies. However, it does not necessarily1282

disagree with their (Replaced: findings replaced with: conclusions). Indeed, TOEddies is1283

able to reconstruct a longer and more complete history of these eddies that encompasses1284

the various Agulhas Rings segments of trajectories discussed in the literature.1285

The most important outcome of our study is probably the assessment of numer-1286

ous eddy splitting and merging events (Replaced: that involve replaced with: involving)1287

Agulhas Rings but also anticyclonic eddies of different origins(Added: ,) which leads1288

to the formulation of the AREN. This (Deleted: point )is essential (Replaced: to better1289

understand the dynamics of the ocean. replaced with: for a better understanding of ocean1290

dynamics.) Indeed, eddy separations and coalescences must induce a vigorous mixing of1291

water masses advected in the core of the eddies, which has an important impact on the1292

overall redistribution of the physical and biogeochemical water properties. As suggested1293

by Wang et al. [2015], Agulhas Rings cannot be considered as coherent and isolated struc-1294

tures advecting the same water masses along their path. Therefore, our results provide a1295

different (Replaced: view replaced with: perspective) on eddies (Replaced: than replaced1296

with: from) most of the published studies that do not (Replaced: take into account re-1297

placed with: account for) eddy separations and merging events [e.g. Chelton et al., 2011;1298

Haller and Beron-Vera, 2013; Faghmous et al., 2015; Duacs/AVISO+, 2017]. However,1299

(Replaced: while replaced with: if) TOEddies can (Replaced: infer replaced with: deduce)1300

the surface signature of eddies, (Deleted: but )it is still limited (Replaced: as replaced1301

with: because) it cannot access the exact processes involved in the evolution of eddies nor1302

their subsurface structure.1303

Agulhas leakage plays an important role in the climate system, as a mechanism for1304

transporting heat and salt between basins and closing the large scale overturning circula-1305

tion [Gordon, 1985; Beal et al., 2011]. In the context of global warming and (Replaced:1306

the first replaced with: early) evidences of a changing Agulhas Current system and leak-1307

age [Biastoch et al., 2008a; Rouault et al., 2009; Beal and Elipot, 2016] our results high-1308
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light the role of Agulhas Rings as an important(Added: ,) albeit complex(Added: ,) vec-1309

tor for Indo-Atlantic exchange. They reveal a new long route for these eddies, (Replaced:1310

connecting unequivocally replaced with: unequivocally connecting) the western boundary1311

currents of the Indian and South Atlantic oceans.1312

However, although modeling studies using Lagrangian techniques suggest a direct1313

connection between the Agulhas Leakage and the AMOC [van Sebille et al., 2011; Rühs1314

et al., 2013] with more than 50% of the Agulhas Leakage reaching the North Atlantic, our1315

study does not show a (Added: such )direct (Replaced: connection of replaced with: link1316

for) the Agulhas Rings (Replaced: with a northward flowing western boundary current in1317

the South Atlantic north of 20◦S replaced with: a)s most of them recirculate southward1318

with the South Brazil Current. (Replaced: However replaced with: Yet), a small number1319

of these eddies (Replaced: seem replaced with: appear) to veer northward, crossing the1320

Cruze(Added: i)ro do Sul and the Vitoria-Trinidade seamounts chains. These results leave1321

open the question of how the connection between the Agulhas leakage and (Added: the1322

)AMOC, as seen by the models, is achieved. Is the volume transport of these few eddies1323

(Deleted: flowing )north of 20◦ intense enough to close the AMOC transport budget? Are1324

all these eddies the ones that make the connection or are most of them invisible from al-1325

timetry because they flow northward at depth, as subsurface eddies? Finally, do the Ag-1326

ulhas Rings really make the connection with the AMOC or is this achieved by circulating1327

water around the mesoscale field?1328

(Replaced: While replaced with: Although) this study describes a(Replaced: n re-1329

placed with: much more complex) Agulhas leakage made by Agulhas Rings (Deleted:1330

much more complex )than previously observed, our results are still incomplete (Replaced:1331

as replaced with: because) they cannot go beyond the limits of satellite altimetry. Indeed,1332

altimetry maps are reconstructed from scattered observations that most probably affect1333

the number of (Replaced: eddies and trajectories that can be objectively recovered. re-1334

placed with: objectively recoverable eddies and trajectories.) Moreover, these results are1335

limited to the surface description of certain kinematic and dynamic properties. For a more1336

in-depth description of these eddies and a quantitative estimate of the Agulhas leakage,1337

future work should focus (Replaced: on both, the three-dimensional varying replaced1338

with: both on the variable three-dimensional) structure of (Added: the )Agulhas Rings and1339

(Deleted: the )understanding (Deleted: of )all the processes that govern the connection of1340

the Agulhas Current system with the AMOC.1341
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(Added: THE ENTIRE APPENDIX SECTION WAS ADDED FOR THIS REVIEW)1342

A: Validation of the TOEddies method and parameters1343

In this appendix, we describe in detail some aspects of the analyses and cross-validation1344

presented in the core of the article.1345

A.1 Sensitivity of the algorithm on the persistence parameter1346

To assess the skill of the method, we developed a systematic procedure that tests1347

the presence and properties of eddies against the “loopers”, the independent eddy data set1348

derived from surface drifting buoys by Lumpkin [2016] (LU16 in the following). This was1349

used in the manuscript to infer the efficiency of the algorithm and to compare it to the1350

database distributed by Duacs/AVISO+ [2017] and based on Chelton et al. [2011] method1351

and modified by Schlax and Chelton [2016].1352

This procedure was also used to test the sensitivity of TOEddies to its parameters1353

and their value. These sensitivity studies have shown that the “persistence” is the most im-1354

portant parameter of the algorithm. This parameter, which prescribes a minimum value as1355

an eddy amplitude threshold, is based on topological simplification studies [Edelsbrunner1356

et al., 2002; Edelsbrunner and Harer, 2010]. It is applied to isolate the local extremes of1357

altimetric fields whose value is high enough to be considered robust in terms of signal-to-1358

noise ratio. It can be compared to the minimum amplitude threshold often used in eddy1359

detection algorithms found in the literature [e.g. Chelton et al., 2011]. However, while the1360

latter is applied to eddies after they have been identified, the persistence parameter is in-1361

tegral part of the eddy identification step of the TOEddies algorithm because it is used to1362

select the altimetry extremes to be considered as eddies. This is to ensure, for example,1363

the detection of the merging of two or more eddies, or the growth of a large eddy. Indeed,1364

if the algorithm finds in a relatively large area more than one extreme, the TOEddies al-1365

gorithm automatically identifies more than one eddy because it requires that the eddies1366

should contain one and only one extreme. This is true unless all but one of the extremes1367

have values below the threshold limit. In this case, TOEddies identifies a single large eddy1368

and not two or more.1369

Four eddy data sets are presented in Table A.1 that lists the number of eddies identi-1370

fied by each of them and their detection efficiency expressed as a percentage of the total1371
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number of collocations with LU16 eddies. These datasets were created by varying the1372

minimum amplitude threshold (i.e., the persistence) for the identified ADT extremes and1373

are labelled accordingly: ADT_MinPersistenceThreshold. No tracking considerations were1374

applied on them. Hence, ADT_01 corresponds to the ADT_raw data set presented in the1375

core of the Article.1376

This parameter directly influences the number of eddies: when it is not zero, the1377

higher is its value, the lower the number of detected eddies (Table A.1). We observed that1378

this parameter has the greatest impact when it goes from a value of 0 mm to 1 mm, and1379

less for values greater than 1 mm (see rows for ADT_00 and ADT_01 in Table A.1). In1380

fact, a non-zero value, as small as 1 mm, for persistence increases the number of eddies1381

detected. This is explained by the fact that it takes at least four grid points for an eddy to1382

be defined as such by the method. When examining the effectiveness of matching TOEd-1383

dies with LU16 loopers, a value of 1 mm compared to zero for the persistence parameter1384

increases the matching by up to 8%. For threshold values greater than 1 mm there is no1385

significant increase in the matching.1386

While a non-zero threshold value for persistence increases the number of detec-1387

tions, as well as the total area occupied by eddies and the efficiency of detecting eddies1388

associated with LU16 loopers, it also increases the number of erroneous detections (com-1389

puted as the mismatch in polarity between TOEddies and loopers) by a large fraction (up1390

to 50%, see Table A.1). These errors increase with the threshold value. However, for a1391

threshold value of 1 mm, they are negligible for eddies larger than 25 km (see Figure 8 in1392

the main text). For these reasons, we chose the threshold value of 1 mm when applying1393

TOEddies to altimetry maps.1394

A.2 Validation of the Eddy Detection Algorithms1395

The results of the cross-validation between LU16 and the different eddy satellite1396

altimetry databases listed in Table 1 are discussed in detail below. Table 2 shows the1397

number of eddies identified in each dataset and their detection efficiency expressed as1398

percentages of the total number of collocations with LU16 eddies. To assess the skill of1399

the method and provide quantitative comparisons between the different eddy datasets,1400

a matching percentage is computed. It represents the proportion of each polarity of the1401

LU16 eddies that were successfully cross-detected with eddies of the same polarity in1402

–54–



Confidential manuscript submitted to JGR-Oceans

Ta
bl
e
A
.1
.

Ed
dy

de
te
ct
io
n
an
d
co
llo

ca
tio

n
st
at
is
tic

sw
ith

LU
16

lo
op

er
sf
or

4
da
ta
se
ts
fo
rt
he

pe
rs
is
te
nt

th
re
sh
ol
d
fr
om

0
to

10
m
m
.T

he
“m

ax
”
an
no

ta
tio

n
re
fe
rs
to

th
e
ed
dy

co
nt
ou

rs

as
so
ci
at
ed

w
ith

th
e
m
ax
im

um
ed
dy

az
im

ut
ha
ls
pe
ed

w
hi
le
th
e
“o
ut
”
an
no

ta
tio

n
re
fe
rs
to

th
e
ou

te
re

dd
y
co
nt
ou

rs
.T

he
pe
rc
en
ta
ge
si
nd

ic
at
e
th
e
fr
ac
tio

ns
of

ed
di
es

by
po

la
rit
y
as

de
fin

ed

in
LU

16
.A

nt
ia
nd

C
yc
lo

st
an
d
fo
rr
es
pe
ct
iv
el
y
an
tic

yc
lo
ni
c
an
d
cy
cl
on

ic
ed
di
es
.

D
at
as
et

N
um

be
rE

dd
ie
s

Su
m

A
re
a
m
ax

Su
m

A
re
a
ou
t

M
at
ch

A
nt
i

M
is
m
at
ch

A
nt
i

M
at
ch

C
yc
lo

M
is
m
at
ch

C
yc
lo

an
ti/
cy
cl
o
[1

06 ]
an
ti/
cy
cl
o
[1

010
km

2 ]
an
ti/
cy
cl
o
[1

010
km

2 ]
m
ax

/o
ut

[%
]

m
ax

/o
ut

[%
]

m
ax

/o
ut

[%
]

m
ax

/o
ut

[%
]

A
D
T_

00
3.
1
/3

.2
2.
7
/2

.4
4.
1
/3

.8
63

/6
6

1
/2

69
/7

1
1
/1

A
D
T_

01
3.
2
/3

.3
3.
2
/2

.8
5.
2
/4

.6
66

/7
1

2
/3

71
/7

5
1
/2

A
D
T_

05
3.
1
/3

.2
3.
1
/2

.8
5.
2
/4

.6
66

/7
1

2
/3

71
/7

5
1
/2

A
D
T_

10
2.
8
/2

.9
3.
1
/2

.7
5.
2
/4

.6
66

/7
1

2
/3

70
/7

5
1
/2

–55–



Confidential manuscript submitted to JGR-Oceans

each dataset (Table 2). Cross-detection errors are also defined as mismatches in eddy po-1403

larity or when several eddies detected by altimetry have been assigned to the same LU161404

eddy.1405

The TOEddies detection algorithm was tested on the SLA and ADT maps (without1406

applying an eddy lifetime threshold) to evaluate the most relevant altimetry dataset for au-1407

tomatic eddy detection. Table 2 shows that the TOEddies algorithm (referred to SLA_raw1408

and ADT_raw) detects 34% (36%) more anticyclonic (cyclonic) eddies when SLA instead1409

of ADT maps are used. The total area occupied by eddies derived from SLA is larger1410

than that resulting from the use of the ADT field. This area is 31% (50%) higher than1411

the surface encompassed by the eddy contour defined by RVmax for anticyclones (cyclones)1412

and by 48% (65%) when the eddy boundary contour is defined by Rout.1413

When comparing the effectiveness of the results with LU16 and using the outer con-1414

tour as eddy edge (Table 2), the ADT maps show a slightly better agreement for anticy-1415

clones (by about 2%) while the SLA maps give a slightly better result for cyclones (by1416

about 3%). On the other hand, when the contour of maximum velocity is taken as the1417

eddy boundary, the differences in detection efficiency between the SLA and ADT maps1418

decrease in the case of cyclones while, for anticyclones, the ADT shows better results (4%1419

more effective).1420

To validate the robustness of the TOEddies threshold requiring a minimum longevity1421

of 4 weeks for a trajectory segment, the results of ADT_raw and TOEddies are compared.1422

Table 2 shows that such a threshold reduces both the number and total extent of eddies.1423

The number of eddies decreases by 25% and the total area they occupy by 10%. This is1424

mainly due to the fact that the threshold over the eddy lifespan reduces the number of1425

small eddies. In terms of validation compared to LU16, the number of collocations de-1426

creases for both cyclones and anticyclones when the time threshold is used (Table 2). This1427

is particularly true for cyclones. Note here that the highest matching of the algorithm, in-1428

dependent of the time threshold or the altimetry field, is obtained for the eddy perimeters1429

defined by the outer contour although there is a slight increase in errors.1430

As META2017 is probably the most widely used eddy atlas derived from satellite1431

altimetry, in order to have another independent measure of the performance of our algo-1432

rithm, we quantitatively compare META2017 and TOEddies overall statistics and skills.1433

Table 2 suggests that META2017 identify 25% fewer eddies but their overall extent is1434
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41% larger. Figure 7 shows the statistical distribution of META2017 and TOEddies radii.1435

The distribution maximum is positioned at about 40 km for TOEddies and 60 km for1436

META2017. A clear difference between cyclones and anticyclones appears in TOEddies1437

where cyclones are, on average, smaller than anticyclones. This difference is also notice-1438

able in META2017, but less marked. In TOEddies, fewer than 1% of the eddies have a1439

radius greater than 140 km while it corresponds to 5% of the structures for META2017.1440

To compare the size of eddies detected by satellite altimetry with an independent1441

variable related to mesoscale ocean dynamics, we estimated the first Rossby baroclinic1442

radius (LR). LR characterizes regionally the size of long-lived eddies in the open ocean.1443

The average value of LR was calculated using the definition of Chelton et al. [1998] and1444

the seven-year average (i.e. 2005 to 2012) of the World Ocean Database [Boyer et al.,1445

2013]. The resulting value is represented by the vertical dotted line in Figure 7. The shaded1446

area represents LR percentiles 10 and 90. This figure shows that TOEddies identifies1447

structures whose size is comparable to LR (around 60% of TOEddies radii are in the per-1448

centile range LR 10 - 90) whereas this is not the case for META2017, for which less than1449

20% of radii are in this interval.1450

To ensure that the comparison of TOEddies and META2017 skill against LU161451

loopers is as robust as possible in terms of measurement, TOEddies_rad statistics were1452

used instead of TOEddies. Indeed, the TOEddies_rad and META2017 skills are obtained1453

by considering equivalent eddy radii instead of eddy contours. Note here that the statis-1454

tics for TOEddies and TOEddies_rad are very similar, only the skill decreases slightly.1455

TOEddies_rad is 10% more efficient and its error in eddy detection is 3 times lower than1456

META2017 in terms of eddy collocation with LU16. The ability of TOEddies_rad and1457

META2017 to encompass LU16 eddy centers as a function of eddy size is shown in Fig-1458

ure 8. The percentage of matches with LU16 increases while the percentage of matching1459

errors decreases for both atlases as the size of the LU16 vortex increases. Both datasets1460

are more effective at detecting small cyclones than small anticyclones, and large anticy-1461

clones than large cyclones.1462

It can be expected that there will be a minimum size of eddies detected on satellite1463

altimetry maps. The ability of the two atlases, TOEddies and META2017, to match LU161464

eddies as function of LU16 size is presented in Figure 8. It shows that for a 25 km ra-1465

dius (which represents the average radius of the LU16 loopers, Figure 5 and the average1466
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grid size of the altimetry maps) more than 65% of the eddies are identified by TOEddies1467

whereas they represent only 48% (52%) for the anticyclones (cyclones) in META2017.1468

The 90% limit is reached for TOEddies for eddies with radii between 45 and 55 km, while1469

it is 85-95 km (75-85 km) for anticyclones (cyclones) in META2017. In terms of detec-1470

tion errors (mismatching), they are less than 1% for anticyclones (cyclones) over 15 km1471

(10 km) in the case of TOEddies, whereas for META2017, they become as small only for1472

anticyclones (cyclones) larger than 30 km (70 km).1473

A.3 Validation of tracking filtering1474

In this section, we examine the ability of the two atlases, TOEddies and META2017,1475

to track eddies. This ability is measured by looking at the proportion of the eddy collo-1476

cation of the two atlases with LU16 loopers that participate in a trajectory that lasts more1477

than a week. The total number of LU16 trajectories used in the comparison is 431 for an-1478

ticyclones and 414 for cyclones. The comparison is presented here for the three versions1479

of our atlas where we vary either the type of contours defining the eddy area (the outer1480

contour and the maximum velocity contour) or by applying the same method in the collo-1481

cation with LU16 as used for META2017.1482

Eddy trajectory comparison statistics are presented in Table A.2. Here, skill is mea-1483

sured by the overall percentage of matching between the TOEddies or META2017 and1484

LU16 trajectories. The percentage of trajectories tracked is computed as the percentage1485

of LU16 eddy trajectories of each polarity associated, for at least one day, with TOEddies1486

or META2017 eddy trajectories of the same polarity. The “trajectory network” column1487

shows the percentage of LU16 trajectories erroneously matched by more than one eddy in1488

META2017 or by a first order network in TOEddies. The columns “> 50%” and “> 90%”1489

indicate the number of LU16 trajectories collocated with the eddies defined by the other1490

atlases during, respectively, more than 50 and 90 % of lifetime of the LU16 eddies. The1491

“mean tracking time” column gives the average percentage of collocation time between1492

LU16 eddies and those of the other atlases, expressed in terms of LU16 lifetime. The er-1493

ror estimates correspond to the collocation of eddies of different polarities for at least one1494

day.1495

The results show that the TOEddies skill improves when the outer eddy contour1496

(Rout) instead of the maximum velocity contour (RVmax) is used to define the eddy perime-1497

–58–



Confidential manuscript submitted to JGR-Oceans

ter. However, the associated mismatches are somewhat larger. Taking into account both1498

definitions of eddy limits, between 60% and 70% of LU16 trajectories are tracked by1499

TOEddies and between 50 and 60% of them are tracked for more than 50% of their life-1500

time. The reconstruction of a higher order network is necessary for fewer than 10% of the1501

trajectories successfully tracked. This could be a consequence of the LU16 filtering we1502

performed before the validation processes. In fact, the merging and splitting of the eddies1503

can cause sudden changes in the spin of the drifter and an increase in the radius of the1504

LU16 loopers, a radius that can become greater than 300 km, the maximum limit we have1505

set for them.1506

Using the radius for cross detection of structures gives results similar to those ob-1507

tained using defined eddy perimeters. Table A.2 shows that the greatest difference in skill1508

is obtained for META2017. Indeed, META2017 identifies between 5 and 10 % fewer1509

trajectories than TOEddiesAtlas. Moreover, the percentages obtained for TOEddies indi-1510

cate that trajectories that account for eddy merging and splitting are real and well recon-1511

structed. On the other hand, the association of more than one META2017 trajectory with1512

a LU16 trajectory suggests that META2017 sometimes loses the true eddy track. This is1513

clear when considering the collocation time with LU16 loopers. Indeed, while between1514

1/2 and 1/3 of the TOEddies network recovers almost all LU16 trajectories (i.e. > 90 %),1515

this statistic is only 1/4 for META2017. Moreover, META2017 trajectories follow LU161516

loopers 10% less than TOEddies. META2017 mismatch cases are also more numerous (by1517

a factor of two) than TOEddies cases.1518
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