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Key Points:

+ New eddy-tracking method including the detection of merging and splitting events
improves estimates of eddies from satellite-mapped fields.

+ Agulhas Rings show a very complex behavior with much longer lifespan and geo-
graphical range than previously observed.

+ They play a major role in efficiently connecting western boundary currents of the

South Indian and Atlantic oceans.
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Abstract

(Added: The )Indo-Atlantic interocean exchanges achieved by Agulhas Rings (Deleted:
;) are tightly (Replaced: related replaced with: linked) to global ocean circulation and cli-
mate. Yet, they are still poorly understood(Replaced: ;-as replaced with: because) they
are difficult to identify and follow. (Replaced: Here-we-prepese-a—new replaced with: We
propose here an original) assessment on Agulhas Rings, achieved by (Replaced: anovel
replaced with: TOEddies, a new) eddy identification and tracking algorithm(Replaced:
TOEddies; replaced with: that we) applied (Replaced: en replaced with: over) 24 years

of satellite altimetry. (Replaced: The-major-novelty-of-the-method replaced with: Its main
novelty) lies in the detection of eddy splitting and merging events. (Replaced: The-robustaess

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

trajectory associated with a single eddy, which becomes less obvious than previously ad-
mitted. To overcome this complication, we have defined a network of segments that group
together in relatively complex trajectories. Such a network provides an original assessment
of the routes and history of Agulhas Rings. It links 730 481 eddies into 6 363 segments
that cluster into Agulhas Ring trajectories of different orders. Such an order depends on
the affiliation of the eddies and segments, in a similar way as a tree of life. Among them,
we have identified 122 “order 0” trajectories that can be considered as the major trajecto-
ries associated to a single eddy, albeit it has undergone itself splitting and merging events.

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

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

1 Introduction

Mesoscale eddies and meanders are ubiquitous structures in the ocean and are one
of the major sources of ocean variability [Stammer, 1997; Wunsch, 1999]. They are thought
to (Replaced: be-a-major—econtributor replaced with: contribute significantly) to the transfer
of heat, salt, mass and biogeochemical properties across the World Ocean [McWilliams,
1985]. South of Africa, large mesoscale eddies [Lutjeharms, 2006], the so(Replaced: -
replaced with: )called Agulhas Rings, are shed from the Agulhas Current into the Cape
Basin at the Agulhas Retroflection [Olson and Evans, 1986; Lutjeharms and Gordon, 1987,
Lutjeharms and Ballegooyen, 1988; Gordon and Haxby, 1990; Rae, 1991] transporting
Indian waters into the Southeast Atlantic [Ballegooyen et al., 1994; Garzoli et al., 1999;
Arhan et al., 1999, 2011] affecting the heat, salt and biogeochemistry of the Atlantic Ocean
[Gordon et al., 1992; Lehahn et al., 2011; Paul et al., 2015; Villar et al., 2015]. They par-
ticipate in the Agulhas Leakage [Ruijter et al., 1999; Lutjeharms, 2006], the Indo-Atlantic
interocean exchange of water that (Replaced: strengly-impaets replaced with: has a strong
impact on) the Atlantic Meridional Overturning Circulation (AMOC), (Deleted: by-)influ-
encing its strength [Weijer et al., 1999, 2002; van Sebille and van Leeuwen, 2007], stability
[Weijer et al., 2001] and variability [Biastoch et al., 2008a; Biastoch and Béning, 2013].
Therefore, the origins, number and fate of Agulhas Rings are key elements in assessing

global ocean circulation and its variations in a changing climate.

Since 1992 several altimetry satellites have revealed the richness, complexity, and
some surface properties of (Deleted: the-)mesoscale ocean dynamics [Hernandez et al.,
1995; Chelton et al., 2007, 2011]. (Replaced: Frem replaced with: Based on) these data,
a number of studies have estimated eddies and their trajectories(Added: ,) mainly from
(Replaced: medium replaced with: mid) to high(Replaced: - replaced with: )latitude us-
ing various automatic eddy detection algorithms [e.g., Isern-Fontanet et al., 2006; Doglioli
et al., 2007; Chelton et al., 2007; Chaigneau et al., 2008; Nencioli et al., 2010; Chelton
etal., 2011; Mason et al., 2014; Faghmous et al., 2015; Ashkezari et al., 2016; Matsuoka
etal., 2016; Qiu-Yang et al., 2016; Le Vu et al., 2018]. All these detection methods are
based (Replaced: en-either replaced with: either on) physical criteria (such as the estima-

tion of the Okubo-Weiss parameter [Okubo, 1970; Weiss, 1991]) or geometrical proper-
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ties of the flow (Deleted: field). Several of these methods and eddy atlases are proposed
to the scientific community and are made public (Deleted: ally-available). However, to
(Deleted: the-best-of-)our knowledge, none of them (Replaced: was replaced with: were)
quantitatively qualified against independent data. Efforts have been made to evaluate one
or more methods, but this evaluation has been undertaken at a very local scale or using
subjective assessments. Souza et al. [2011b], for example, have attempted to compare and
validate three different detection methods using current knowledge of (Deleted: eddies
in-the-)South Atlantic (Replaced: Oeean replaced with: eddies) as independent criteria.
Chaigneau et al. [2008] and Faghmous et al. [2015] compared their detection to struc-
tures identified by various experts. However, this procedure proved to be very sensitive,
as (Deleted: the-)experts often disagreed. Finally, Mkhinini et al. [2014] and Casanova-
Masjoan et al. [2017] undertook a more objective, albeit still qualitative, assessment of the
skill of their (Replaced: results replaced with: method) by using respectively, 10 and 2

surface drifters trapped in specific anticyclonic eddies.

Using different eddy detection methods, several authors have attempted to recon-
struct and analyze Agulhas Rings trajectories in and across the South Atlantic [e.g. Gor-
don and Haxby, 1990; Byrne et al., 1995; Souza et al., 2011a; Wang et al., 2015]. In the
published studies, most reconstructions of (Added: the trajectories of )Agulhas Rings
(Deleted: trajeeteries-)leaving the Cape Basin are identified initially well (Replaced: inside
replaced with: within) the Cape Basin and not at the Agulhas Current Retroflection where
they are (Replaced: suppesed replaced with: believed) to originate [e.g. Byrne et al., 1995;
Souza et al., 2011a; Wang et al., 2015, 2016; Guerra et al., Submitted]. Taking into ac-
count the separation of an eddy into smaller structures, to which, in what follows, we will
refer to as an eddy splitting event, Dencausse et al. [2010a] tracked (Added: the )Agul-
has Rings formed in the Agulhas Retroflection area (Added: and )entering (Deleted: in
)the Cape Basin. They (Replaced: shewed replaced with: have shown) that such events
are very frequent. Indeed, the ratio obtained between the number of trajectories formed
after a split and the number of trajectories tracked from the Agulhas Retroflection is close
to 1. This process has an impact on the concept of Agulhas Ring trajectories and on the
number of Agulhas Rings formed per year (traditionally estimated between 3 and 6) [e.g
Gordon and Haxby, 1990; Ballegooyen et al., 1994; Byrne et al., 1995; Goni et al., 1997].
In fact, Dencausse et al. [2010a] have shown that up to 14 Agulhas Rings per year enter

the Cape Basin. However, these authors have only followed Agulhas Rings in a very lim-
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ited region without addressing the question of (Replaced: hew replaced with: the impact
of) these eddy-eddy interactions (Deleted: have-an-impaet) on the recovery of the full ex-
tent of Agulhas Rings trajectories. For example, Schouten et al. [2002] showed that certain
eddies formed in the Mozambique Channel or at the southern (Replaced: edge replaced
with: limit) of Madagascar can, in addition to triggering Natal Pulses, be advected un-

til the Retroflection (Added: region )leading to (Replaced: a replaced with: shedding of
an) Agulhas Ring (Deleted: —shedding). Downstream (Replaced: ef replaced with: from)
the Cape Basin, most of the Agulhas Rings described in the literature do not cross the
South Atlantic entirely. To our knowledge, the only exceptions are a trajectory followed
by Byrne et al. [1995] that reached 40°W near the American Margin and (Replaced: one
replaced with: another) by Guerra et al. [Submitted] that clearly drifted south (Deleted:
ward) along the Brazilian coast (Deleted: s). All these individual regional pictures of Ag-
ulhas Ring trajectories must, in (Replaced: & replaced with: one) way or another, be incor-

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

In this article, we present a new eddy(Replaced: - replaced with: )detection and
tracking algorithm applied to the 24(Replaced: - replaced with: -)year satellite altimetry
time series in a space domain covering the South Atlantic and Southwest Indian oceans.
The eddy detection and tracking steps of this new algorithm (Replaced: is-a—further re-
placed with: are a) development of the geometric method of Chaigneau et al. [2008],
Chaigneau et al. [2009], and Pegliasco et al. [2015]. To obtain an objective measure of
the capabilities of our method and the robustness of our eddy database, we have developed
a systematic procedure that tests the presence and properties of eddies against a totally
independent data set, (Deleted: the-)so(Replaced: - replaced with: )called (Added: the
)“loopers”, which are (Deleted: the-)upper-ocean eddies identified from surface drifters

and provided by Lumpkin [2016].

While the method is developed (Deleted: for-)and tested on all (Deleted: the-)ed-
dies detected in the (Replaced: stady-demain replaced with: domain of study), particular
emphasis will be placed on the results concerning the Agulhas Rings. Indeed, the new
eddy detection and tracking method (Replaced: provides replaced with: gives) access to
an unprecedented assessment of the origin (Deleted: s) and fate of (Added: the )Agulhas
Rings and the Indo-Atlantic exchange of waters they carry out. Moreover, we will discuss
their characteristics and variations along the trajectories in terms of various kinematic and

dynamical properties that can be deduced from altimetry.



148 The paper is organized as follows. In Section (Replaced: 2 replaced with: 2), the

149 data we have used are described and the methods we have developed are presented. Vali-
150 dation and comparisons of our eddy(Replaced: - replaced with: )detection algorithm with
151 a published databases are presented in Section (Replaced: 3—Seetion4 replaced with: ??.
152 Section ??) focuses on the Agulhas Rings. We discuss their origins, their disappearance
153 from the altimetry field, their (Replaced: pathways replaced with: trajectories), and statis-
154 tics on the different properties of Agulhas Rings. In the last section, the results are dis-

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

156 2 Data and Methods
157 2.1 Satellite Altimetry Data

158 This study is based on more than 24 years (01/1993 to 05/2017) of daily (Added:
159 maps of )delayed time absolute dynamic topography (ADT) (Deleted: maps)and derived
160 geostrophic velocity fields in the South Atlantic and Southeast Indian oceans [70°W-65°E;
161 55°S-15°S] (see Figure 1). These maps are produced by Ssalto/Duacs and distributed by
162 the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/)

163 in the version released in April 2014 (DT14) [Duacs/AVISO+, 2014; Pujol et al., 2016].
164 They correspond to the gridded Sea Surface Height (SSH) above the geoid calculated by
165 combining all (Added: the )data recorded by the (Deleted: available-)satellites (Added:
166 available )among the 12 altimetric missions (Topex/Poseidon, ERS-1 and -2, Jason-1,

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

168 Sentinel-3A). Objectively mapped ADT is the sum of Sea-Level Anomalies (SLA) and
169 (Deleted: the-)Mean Dynamic Topography (MDT) maps, both referenced over a 20-year
170 period in the Ssalto/Duacs 2014 version [Duacs/AVISO+, 2015]. The improved data pro-
171 cessing used in DT14 provides a better description of mesoscale activity than previously

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

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

176 delopments replaced with: developments) of the current method [Chaigneau et al., 2011,
177 Pegliasco et al., 2015], (Added: have )applied an eddy-detection algorithm applied to SLA.
178 This was essentially to avoid errors due to the imprecision of the definition of the Earth

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

180 et al., 2014]), calculated from a 20-year average (1993-2012) of altimetry data and a geoid
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173 Figure 1. Study domain and a) bathymetry from the ETOPO?2 data set [Smith and Sandwell, 1997] and b)

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

181 obtained by correcting the Gravity and Ocean Circulation Experiment (GOCE) model with
182 dynamic height and velocity estimates derived from in(Replaced: - replaced with: )situ

183 observations [Rio et al., 2011, 2014] (Replaced: aHews-for replaced with: provides) a bet-
184 ter estimate of the geopotential surface height of the ocean(Added: ,) which significantly
185 improves ADT and the associated ocean dynamics [Rio et al., 2014]. (Replaced: As re-

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

187 cause the latter are strongly affected by the position and displacement of large SSH gra-
188 dients associated with intense currents (Replaced: as replaced with: and) well as quasi-
189 stationary meanders and eddies, all included in MDT as shown in Figure 1b. This is par-

10 ticularly true for the Agulhas Current system. In fact, small (Replaced: displacements re-
191 placed with: shifts) relative to (Deleted: the-)average current (Deleted: s) positions can
192 generate artificial dipoles of positive and negative SLA. These dipoles are identified as
163 two eddies in SLA whereas they are not detected in ADT. In addition, ADT is directly
194 associated with important physical variables such as ocean currents and the geostrophic

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

This eddy detection algorithm is an evolution of the method proposed and developed
by Chaigneau et al. [2008, 2009]. It is based on the key assumption that for geostrophic
eddies, (Added: the )streamlines correspond to the closed contours of Sea Surface Height
(SSH). The eddy detection algorithm is a two-step process: it identifies the occurrence

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

First and foremost, the method identifies the local extrema (maxima and minima)
of ADT as possible eddy centers. Then, it looks for the outermost closed ADT contours
around each extremum. The module of the ADT difference between the extremum and
this contour defines the detected eddy amplitude which is considered as a proxy of the
eddy (surface) signature. Cipollone et al. [2017] showed that two close (Deleted: -by) ex-
trema can be dependent (Replaced: thus—they replaced with: and thus) defined a minimum
distance between extrema (Replaced: fer-them-te-be replaced with: so that they are) con-
sidered as possible eddy centers. In this study(Added: ,) we introduced as a parameter of
the eddy detection method, a minimum threshold for the amplitude of (Added: the )eddy
extrema. This ensures that a detected extremum can be considered (Added: as )an eddy
center. Extrema associated with an amplitude below the threshold will not be a constraint

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

This parameter (the eddy amplitude threshold) can be interpreted as (Added: an
)eddy “persistence”, a notion of topological simplification introduced by Edelsbrunner
et al. [2002] and Edelsbrunner and Harer [2010] which has (Replaced: extensively re-
placed with: been widely) used since [e.g. Tierny et al., 2018]. The persistence crite-
rion by reducing the number of extrema (Replaced: is-intended replaced with: aims) to
avoid the over-representation of dynamically insignificant structures (Replaced: as replaced
with: because) it should prevent the artificial separation of a large eddy into two or more
smaller elements. Therefore, in the following, the amplitude threshold parameter will be
(Replaced: referred-te—as-the replaced with: called) “persistence” to distinguish it from
the minimum amplitude criterion that has been widely used in the literature [e.g. Chelton
etal., 2011]. Faghmous et al. [2015] showed that the minimum amplitude criterion, with
its typical value of 1 cm, could lead to (Replaced: a replaced with: the) loss of significant

structures. A sensitivity test on eddy persistence is presented in Table(Replaced: —Fi-in

the-supplementary-material replaced with: A.1 of the Appendix) according to the method
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presented in Section(Replaced: -3 replaced with: ??.). It shows that a non-zero value for
the persistence parameter (Added: (set to 1 mm) )increases the number of structures as
well as the ability of our detection method to define eddies. However, a further increase
in the persistence parameter value does not show significant improvements in (Added: the
)eddy detection capability. This is why we have set this parameter value to 1 mm. Note
that this value, which acts somewhat (Replaced: as replaced with: like) a low(Replaced: -
replaced with: p)ass filter, is considerably smaller than the (Added: resolution of )1 to 2

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

The detected ADT extrema that pass the persistence threshold are each identified
as the center of an eddy if there is at least one (Deleted: single-)closed ADT contour
containing only one local extreme and including at least 4 connected grid points. The size
of each eddy is then characterized by two distinct radii. The equivalent outermost radius,
Rout, (Replaced: that replaced with: which) corresponds to the radius of a disk having the
same area (Aoy) as that (Replaced: enelosed replaced with: delimited) by the outermost

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

R _ Aout
out —

)

However, the outermost (Added: closed contour )is often (Replaced: highly replaced
with: strongly) distorted by the surrounding flow and interactions with others mesoscale
(Replaced: featares replaced with: structures). For this reason, we also used, as a refer-
ence variable for the method, the contour (Replaced: which—eerresponds replaced with:
corresponding) to the ADT contour along which the mean azimuthal geostrophic veloc-
ity is maximum (Vpax). This limit, called (Replaced: eharaeteristie-contour replaced with:
the “characteristic contour”) in this study, tends to be more robust and coherent in time
than the outermost contour. We (Deleted: have-)then defined the maximum speed ra-
dius, Rymax, associated (Replaced: te replaced with: with) the area (Replaced: enclosed
replaced with: delimited) by the characteristic contour. Ry is always smaller or equal
to Roye. It characterizes the eddy core and allows (Deleted: for-)easy comparisons with
in(Replaced: - replaced with: )situ (Replaced: mearsurements replaced with: measure-
ments) such as ADCP transects or drifter (Deleted: s) trajectories [Mkhinini et al., 2014;
loannou et al., 2017; Garreau et al., submitted]. The accuracy of each eddy center (associ-

ated with a local ADT extremum) is limited by that of the ADT field defined at (Deleted:
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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).

+/4°—)horizontal resolution(Added: of 1/4°). Because of this precision limit, we ch (Deleted:
o)ose to use the centroid of the area associated with the eddy core as the center of each
structure. Indeed, this variable is less affected by the ADT resolution. An example of the
two boundaries (Replaced: for replaced with: of) two cyclones and an anticyclone and

their eddy centers is (Replaced: iHustrated replaced with: shown) in Figure 2.

The vortex surface Rossby Number (Ro) is used to compare (Replaced: the replaced
with: eddy) characteristics (Deleted: of-the-eddies-)in different regions [e.g. Chelton
et al., 2011; Mkhinini et al., 2014; Le Vu et al., 2018], (Replaced: whieh replaced with:
as it) is a proxy of the surface intensity of the dynamic core (equation 2, where f is the

Coriolis parameter).

Vmax
Ro = —1ax 2)
fRVmax

—10-
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In a second step of the eddy detection method, a complete and continuous set of
eddy trajectories is recovered by following the paths of the eddies between successive
ADT maps. Taking advantage of daily AVISO fields the method relies on the fact that
mesoscale eddies move slowly (displacements of less than 10 km/day, see also Chelton
et al. [2011]) relative to their radii (Replaced: swhieh replaced with: that) typically (Re-
placed: span replaced with: extend) from 20 to 200 km [Carton, 2001]. This ensures that
the areas covered by the same eddy for two consecutive days overlap. (Replaced: Such
replaced with: This) overlap can be used to track eddies [Pegliasco et al., 2015]. We use
the characteristic contour (Rymax), less distorted than the outermost contour, to define the
surface of the eddy core. However, in sporadic cases, the eddy surfaces defined by Rymax
for two consecutive days do not overlap. Hence, we set the method to check in parallel the
overlap (Deleted: ping) of the eddy surface defined by the outermost contour. To avoid

(Replaced:

e replaced
with: false eddy associations, a minimum percentage of overlap) is required when con-
sidering this (Replaced: wider replaced with: larger) eddy surface. This overlap thresh-
old, which is calculated as the ratio of the overlap area to the area of the smaller of the
two eddies, provides robust eddy tracking (Figure 3a). Indeed, assuming a small circu-
lar eddy with a radius of 20 km moving at a speed of 10 km/day, 73% of its surface will
overlap for two days. Therefore, the threshold should be less than 70%. Unfortunately,
due to the small number of long(Replaced: -lived replaced with: life) trajectories iden-
tified from (Replaced: drifters{(see-Seetion—3); replaced with: drifting buoys (see Sec-
tion ??),) this parameter could not be tested quantitatively. Instead, qualitative trajectory
inspections using different percentages of the overlap threshold (0, 25 and 50%) were
undertaken. Due to the need for confidence in the method and the fact that comparisons
between drifting buoys and (Replaced: altimetry-derived-eddytrajectories replaced with:
eddy trajectories derived from altimetry) showed (Deleted: seme-)suspicious trajecto-
ries using small (Replaced: values-of-the-everlap-threshold;the 50%value-is—ehosen—As
already-documented-by-some-authers replaced with: overlap threshold values, the value

of 50% was chosen. As some authors have already documented) [e.g., Chaigneau et al.,
2008; Chelton et al., 2011; Faghmous et al., 2015; Le Vu et al., 2018], eddies can disappear
from altimetry maps for several days as a consequence of the heterogeneous distribution
of the altimetr(Replaced: ie replaced with: y) tracks. To take into account this possible

lack of detection, an eddy, which has no parents in the previous time step or children in

—11-
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t A. Simplest situation t+dt t B. Splitting Event t+dt t C. Merging event t+dt

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

P73 Eddyatt
£ Eddyat t+dt
B Intersection

gle eddy is identified at the two different time intervals, ¢ and ¢ + 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. ¢) Merging
event. Although the overlap threshold is applied in b) and c), these areas have not been represented to ensure

readability of the figures.

the following (Replaced: ene replaced with: time step), is allowed to continue to exist if
its disappearance does not last (Replaced: tenger replaced with: more) than 5 consecutive

days.

Nonlinear interactions between distinct eddies or between eddies and topography
are some of the processes that can induce the (Deleted: ir) splitting or merging(Added:
of eddies). These processes have been both theoretically supported [e.g., Melander et al.,
1988; Simmons and Nof, 2000; Drijfhout, 2003] and observed [e.g., Cresswell, 1982; Schultz Tokos
et al., 1994; Isoda, 1994; Sangra et al., 2005; Garreau et al., submitted]. The TOEddies
algorithm belongs to the very few eddy detection and tracking algorithms [Yi et al., 2014;
Matsuoka et al., 2016; Qiu-Yang et al., 2016; Le Vu et al., 2018] that (Replaced: takes re-
placed with: consider) both processes (Deleted: —inte—account). It (Replaced: asseeiates
replaced with: combines) the separation of a large eddy with two or more smaller eddies
in the (Deleted: splitting-)case (Added: of splitting )(see Figure 3b), and relates the coa-
lescence of two or more small eddies into a larger eddy in the case of merging (see Fig-

ure 3¢).

To take (Replaced: into-aceount-these-proeesses replaced with: these processes into

account), a relationship tree is created associating each eddy (Replaced: te replaced with:
with) its potentials parent (Deleted: ¢)s (Deleted: 3) and child (Deleted: )ren (Deleted: }).
Independent eddy trajectory segments are constructed by scanning this tree. (Replaced:
They replaced with: These segments) are trajectories (Replaced: whieh replaced with:

that) link (Added: the )eddy positions between (Added: the )merging and splitting events.
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Therefore, each segment begins either after the detection of a new eddy, or after the merg-
ing of two eddies or the splitting of (Replaced: ene replaced with: an) eddy into two or
more smaller eddies, and ends the time step before a new eddy-eddy interaction or when

the eddy disappears from the altimetry maps.

The next step is to combine these segments to reconstruct the main eddy trajecto-
ries. (Replaced: Fer-that replaced with: To do this), the method (Added: first) evaluates
(Deleted: beforehand;) the overlap of (Added: the )eddy surfaces associated (Deleted:
to-)characteristic contours (Ay,qx). In many case(Added: s), only two segments can be
associated. From their (Replaced: assemblage replaced with: assembling) a main eddy
trajectory is defined. In (Replaced: a-fellowing replaced with: the next) step, the method
(Replaced: leoks replaced with: searches) for (Replaced: the-everlap-of replaced with:
overlapping) eddy surfaces associated with Roy. This step is used to define trajectories
that split from or merge with the eddy main trajectory. During eddy merging and split-
ting events, an eddy defined by the surfaces associated with Rynyax can be (Replaced:
Hinked replaced with: associated) with more than one segment. In these cases, we use a
cost function to identify the main eddy trajectories. (Replaced: Fhe-use-of replaced with:
Using) a cost function to define eddy trajectories is a relatively standard approach [e.g.
Penven et al., 2005; Chaigneau et al., 2008, 2009; Frenger et al., 2015; Le Vu et al., 2018].
The cost function we (Deleted: have-)defined (equation 3) takes into account the distance
between (Added: the )successive eddies and the change in (Replaced: surface-properties—of
the-eddy—eere replaced with: eddy core surface properties) (i.e., within the Rymax limit).
(Replaced: Fhe— replaced with: I)ndependent segments that minimize the cost function
are linked together. The resulting long series of segments is identified as the main eddy
trajectory. The remaining trajectories are classified as the result of an eddy splitting from

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

OACenter TARo

___ 2 _\2 2
CF = ACenter — ACenter N ARo — ARo N ARV max — ARy max
O-ARVmu.x

The cost function we used ((Replaced: dubbed-as replaced with: called) CF in the
following) is presented in equation 3 where, for a difference Aa of the generic variable
a between two independent segments, Aa and oaq denote, respectively, the mean and
the standard deviation of the differences. They are calculated between all pairs of a par-

ent eddy associated with a single child eddy. The variables we used in (Replaced: the
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definition-of replaced with: defining) the cost function are based on the work (Replaced:
by replaced with: of) Le Vu et al. [2018]. In addition, we prescribed (Deleted: the-estimate
of-boeth—)the mean and the standard deviation (Added: estimates )of the variables used in
the cost function following Pegliasco et al. [2015] to ensure similar ranges of variation for

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

In (Replaced: an-attempt replaced with: order) to reduce the effect of spurious vari-
ations in the gridded ADT product, the values used in CF are averaged over (Deleted:
either-)the last (Replaced: sevenor- replaced with: or the )first seven days of each inde-
pendent segment in the case of eddy merging and splitting(Added: ,) respectively. In this
way, the CF can, for example, identify two trajectories that merge for only few time steps
before splitting again. In this case, this event is identified as an interaction instead of a
real merging followed by a splitting. This is close to the neutral interactions presented in
Le Vu et al. [2018] with (Replaced: the replaced with: an) interaction period (Replaced:
fixed-te replaced with: set at) 5 days. To limit the number of short (Replaced: lived re-
placed with: life) segments that connect (Added: the )trajectories or increase the number
of eddy-eddy interactions, each independent segment must last (Deleted: for-)more than 4
weeks to be taken into account. This ensures that the segments of a trajectory are consis-

tent over a relatively long period of time.

Taking into account eddy merging and splitting, the meaning of an eddy trajectory
(Deleted: changes-)radically (Replaced: frem replaced with: changes) the traditional view
of mesoscale eddies (Replaced: that-meve replaced with: moving) as isolated and coherent
structures from their formation (Replaced: area replaced with: zone) to their dissipation
(Replaced: area replaced with: zone). This is why we propose here to characterize the
evolution of these structures not in terms of eddies, but by a network of trajectories. Such
a network is composed of several branches identified as independent segments that begin
either with a merging or splitting event or with the formation of a new structure(Added: ,)
and end with another merging or splitting event or with the disappearance of the structure

in the altimetry maps.

To match the in situ observation of isolated eddies with the associated trajectory
network, we propose assigning an (Deleted: €) order to each segment of a main trajec-
tory as shown in Figure 4. In this formalism, the “order 0” of the trajectory network is the

main trajectory identified by applying the CF for each occurrence of merging and splitting.
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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.

With “order 17, we assign (Deleted: the-)segments that are linked to the main trajectory
either (Replaced: ¥ia replaced with: by) an eddy splitting or an eddy merging. Similarly,
the “order 2” refers to (Deleted: the-)segments that are associated with eddy merging or
splitting with (Deleted: the-)“order 1” trajectories, etc. This recursive classification in or-
dered trajectories continues until no new orders are detected. (Replaced: Every replaced
with: Each) network is therefore associated with an order n of trajectories. The “order

0” of each network of trajectories is defined according to the target of the study as, for
example, the assessment of the origin and fate of a mesoscale eddy (Replaced: ebserved
replaced with: identified) by in situ observations or a global view of mesoscale eddies

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

2.3 The AVISO+ Mesoscale Eddy Trajectory Atlas

Chelton et al. [2011] is the most publicly available (Deleted: eited-)atlas (Added:
cited )for mesoscale eddies automatically defined from satellite altimetry data. A new
version of this algorithm has been implemented by Schlax and Chelton [2016] which is
used by SSALTO/DUACS to produce the Mesoscale Eddy Trajectory Atlas (hereafter
META2017) [Duacs/AVISO+, 2017] distributed by AVISO+ (http://www.aviso.altimetry.fr/)
with support from CNES, in collaboration with (Deleted: the-)Oregon State University

with support from NASA.

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

“two-sat-merged” SLA maps after (Deleted: the-)application of a spatial high-pass filter.
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The META2017 algorithm identifies anticyclonic (cyclonic) eddies by locating the pixel
at a local maximum (minimum) of SLA and successively finding all neighboring pixels
with SLA values above (below) a sequence of decreasing (increasing) thresholds following
the “growing method” of Williams et al. [2011]. This “growth” of the eddy structure con-
tinues until one of the five criteria defining a compact and coherent structure is violated.
The five criteria used are chosen to generate eddies statistically similar to those obtained
by Chelton et al. [2011]. Eddies (Replaced: whese- replaced with: with an )amplitude
(Replaced: is replaced with: of) less than 1 cm are not (Replaced: taken-inte—account re-
placed with: included) in META2017. This algorithm is described in detail in Schlax and
Chelton [2016] and the eddy atlas in Duacs/AVISO+ [2017].

One of the main difference(Added: s) between TOEddies and (Deleted: the-)META2017

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

step. META2017 applies a cost function to (Added: the )eddies in (Replaced: subseguent
replaced with: the successive) maps in an (Replaced: eHiptie replaced with: elliptical)

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

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

tified eddies with those of the next time step. It then selects only (Replaced: a-single re-
placed with: one) structure to define the trajectory of the eddy. It therefore (Replaced:
eonsiders—neither replaced with: does not take into account) eddy merging nor eddy split-

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

mented.

2.4 “Loopers” recovered from Surface Drifters

The robustness of the method and the related parameter (Deleted: s) choices were
evaluated by comparing our results with independent in(Replaced: - replaced with: )situ
data. To do this, we used the eddies identified by Lumpkin [2016] (hereafter LU16 ) from
the Global Drifter Program quality-controlled surface drifters data [Lumpkin and Pazos,
2007] over the world ocean from February 1979 to July 2017 (http://www.aoml.noaa.gov/phod/loopers/index.php).
In LUI16 (Deleted: -), eddies are automatically identified as “looping” trajectories of drifters
buoys reconstructed from the 4 positions they sen(Replaced: ¢ replaced with: d) each day.
To do this, the methodology initially introduced by Veneziani et al. [2004] and (Deleted:
farther-)developed by Griffa et al. [2008] and LU16 is used. In this method, the spin Q of

each trajectory that can be related to the vorticity of the Eulerian fluid field for a particle
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(Replaced: in—selid-bedy—retation replaced with: following the rotation of a solid body)
[Veneziani et al., 2004] is computed at each position. (Replaced: By replaced with:
U)sing the properties of circular motion, we can estimate both the period and (Deleted:
the-)radius of (Replaced: such-loeping replaced with: these loop) trajectories. We refer to

LU16 for a complete description of the method.

It should be noted here that LU16 underestimates the total number of eddies be-
cause it only accounts for (Deleted: these-)eddies captured by the (Replaced: sparse re-
placed with: small) number of drifting buoys deployed in the ocean. In addition, LU16
estimates only the radius of (Replaced: each-drifter’stoop; replaced with: the loops of
each drifter,) which may be different (essentially smaller) than the actual radius of the
(Deleted: sampled-)eddy(Added: sampled). Indeed, it (Replaced: was replaced with: has
been) shown by Chaigneau and Pizarro [2005](Added: , by) comparing (Replaced: eddy
replaced with: the eddies) detected from altimetry against drifting buoys(Added: ,) and
by Pegliasco et al. [2015](Replaced: -againstlagrangian replaced with: , with Lagrangian)
profiling floats that, (Replaced: i replaced with: o)n average, these instruments sample the
eddy at 2/3 of the R,,; which correspond(Added: s) to a random sampling of a disk (Re-
placed: ef replaced with: with a) radius equal to R,,;. Therefore, to avoid erroneous com-
parisons of eddy radii, only (Deleted: the-)LU16 eddy(Replaced: - replaced with: )center
positions are used. We followed LU16 to evaluate such a center(Added: : it is defined)
as the mean cent(Replaced: ral replaced with: er) position of the buoy’s (Added: looping
)trajectory during a (Replaced: peried-efrotation replaced with: rotation period). The in-
stantaneous radius of each eddy detected by LU16 is computed as the distance between
the estimated position of the eddy(Replaced: - replaced with: )center and the (Deleted:

asseeiated-)position of the drifter along its loop.

3 Validation and Comparison of Eddies Datasets
3.1 The Validation Approach

For validation purposes, a daily (Replaced: eelocalization replaced with: colloca-
tion) was performed between the five eddy datasets listed in Table 1 in the South Atlantic
- Southeast Indian geographical domain [70°W-65°E; 55°S-15°S] during the period 1 Jan-
uary 1993 to 31 December 2016. Only LU16 eddies whose (Deleted: eddy—)center is at
least (Deleted: at-a—distanee-of-)5° (Added: away )from the (Replaced: beundaries re-
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placed with: limits) of the geographical domain are taken into account. Indeed, eddies
close to the limits of the domain may not be detected by TOEddies. In what follows,
LU16 will be the reference dataset. Within this framework, only (Added: the) trajecto-
ries of drogued surface drifters for which (Added: a position of )an eddy center (Deleted:
pesition—)could be estimated and whose radius is (Replaced: smaller replaced with: less)
than 300 km are chosen, which constitutes a reasonable upper limit for mesoscale ocean

eddies [Carton, 2001].

This selection results in 38503 anticyclonic and 40251 cyclonic eddy centers identi-
fied by LU16 in the study area. Only surface drifters trapped in a structure for more than
a week are used here for the validation of eddy trajectories. Only 431 anticyclonic and
414 cyclonic LU16 trajectories last (Added: for )more than seven weeks in the region.
This number is relatively small because we (Added: only )took into account (Deleted:
only-)LU16 loopers associated (Replaced: to replaced with: with) radii (Replaced: smaler
replaced with: less) than 300 km. (Replaced: As-a—censequence replaced with: There-
fore), the LU16 trajectories used in this study are shorter than (Deleted: these-)originally

estimated.

In Figure 5 the number of LU16 eddies available for cross detection are plotted ac-
cording to their radii that we (Deleted: have-)recalculated. The resulting LU16 mean radii
are between 0 and 10 km for anticyclones and (Added: between )10 and 20 km for cy-
clones. The number of eddies in each size interval decreases as (Replaced: struetare re-
placed with: the) size (Added: of the structure )increases. The median is about 25 km
for both types of eddies. 90% of cyclones have a radius (Deleted: ef-)less than 56 km
and 90% of anticyclones have a radius (Deleted: of-)less than 74 km. (Replaced: Eess
replaced with: Fewer) than 1% of cyclones and 2% of anticyclones have a radius greater

than 100 km.

As (Deleted: previeusly-)mentioned(Added: earlier), the estimated radii (Replaced:
from replaced with: of) the LU16 loopers cannot be an estimate of the true size of mesoscale
eddies(Added: ,) as surface drifters loop along circles that are smaller than (Added: the
)eddy cores. However, they can be used to (Replaced: set replaced with: define) a mini-
mal size for mesoscale eddies. Half of the LU16 distributions have radii (Replaced: larger
replaced with: greater) than 25 km(Added: ,) which corresponds approximately to the

pixel size of 1/4° horizontal resolution in altimetry gridded products. It is therefore rea-
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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.

sonable to use LU16 loopers to validate the eddies detected in the altimetry fields. Since
only a small fraction of the LU16 eddies have a radius greater than 100 km, we (Added:
have )set the maximum radius to be (Replaced: eensidered- replaced with: taken into ac-

count )to this value.

For validation, we consider that two eddies are co-located (i.e, (Added: a )valid
cross-detection) if (Replaced: a replaced with: the) center of (Added: a )LU16 eddy falls
in the area occupied by an eddy of the same sign detected by one of the (Replaced: algerithms
based-en—altimetry replaced with: altimetry-based algorithms). An example of this type of
matching is shown in Figure 6. For datasets that do not explicitly provide the eddy con-
tour (e.g., META(Added: 20)17), a correspondence exists if the (Replaced: E1t6-—eddy
eenter-and replaced with: center of one LU16 eddy and the center of one eddy) that in

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

radius defined in (Replaced: the-atlas-derivedfrom-altimetry replaced with: such dataset).

(Replaced: TFhe replaced with: We implemented the) collocation with LU16 loopers
(Deleted: is-applied-)to the datasets listed in Table 1. The first four datasets correspond to

the TOEddies detection algorithm applied to the two different altimetry maps (SLA and
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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.

ADT) and parameter thresholds. The first three letters of these datasets indicate the type
of map used as input. Moreover, (Replaced: whereas replaced with: while) in TOEddies
we apply a (Added: 4-week )threshold (Deleted: -ef4—weeks) on the life (Deleted: time)

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

113 3

_raw” is added when this filtering is not applied. The suffix “_rad” refers to the results
of (Deleted: the-)LU16-TOEddies collocation performed in the same (Replaced: way re-
placed with: manner) as (Deleted: for-)LU16-META(Added: 20)17, i.e. using the eddy

radius instead of the eddy area criterion.

3.2 Validation of the Eddy Detection and Tracking Algorithms

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

the cross-validation between LU16 and the different eddy satellite altimetry databases
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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.

Dataset Name | Persistence or Minimum | Minimum surface | Lifetime
Amplitude [mm] [%o] [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 1-U16-eddy- replaced with: Table 1, as well as the

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

tails of validation and comparisons are discussed in the Appendix.)
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(Added: All datasets tested (Table 1) show both, a decrease in error and an increase
in detection efficiency for LU16 eddies with large radii (see Table 2. This is most likely
due both to the limited spatial resolution of satellite altimetry and its limited ability to
capture small structures [e.g. Chelton et al., 2011] but also to the lower probability that
drifting buoys are captured in small eddies rather than in large eddies. However, it should
also be noted that LU16 eddy radii may provide an underestimate of the actual size of
structures. Indeed, drifting buoys are drawn by the movement of the upper ocean at dif-
ferent distances from the center of the eddy and they do not necessarily move along the
outer eddy edge of the eddy or along its maximum velocity. Indeed, it has been shown

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

(Added: Test results show that the TOEddies algorithm detects significantly fewer
structures when applied to ADT maps than SLA maps. Consequently, the total area occu-
pied by the eddies identified on ADT maps is 30 to 50% less than on SLA maps. Com-
pared to LU16, the TOEddies identification of anticyclones on the ADT maps shows better
skill, especially when eddies are identified by the maximum velocity contour. Conversely,
cyclones are better identified from SLA maps. However, the fact that the number of eddies
detected in ADT maps is significantly lower than that in SLA maps convinced us to use
the former. We also noted that detection efficiency increases significantly when eddies are
defined by their actual contours instead of assuming circular eddies with assigned equiva-

lent radii.)

(Deleted:
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Figure 7. Histograms (solid lines) and cumulative frequency (dashed lines) of the eddy Ry,4x 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 (Lg) 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).

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

better skill in both stages, eddy detection and eddy tracking. TOEddies detects more ed-
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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.

dies, and their size is smaller than those detected by META2017 (Figure 7). It also shows
particularly good performance in identifying large structures (with a radius greater than 40
km). Figure 8 shows that for a 25 km radius (which represents the average radius of the
LU16 loopers, Figure 5, and the average grid size of the altimetry maps) more than 65%
of the eddies are identified by TOEddies whereas they represent only 48% (52%) for the
anticyclones (cyclones) in META2017. Finally, 50% of the TOEddies trajectories corre-
spond to those of LU16. Therefore, the results of the validation and skill assessment of
TOEddies against another eddy detection method or independent data give us confidence
in our algorithm in the study area. To be noted that TOEddies eddies are close in size to

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

(Deleted: subsectionValidation-of-trackingfiltering)

(Deleted:
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4 Results of the TOEddies method applied to Agulhas Rings
4.1 Identification of Agulhas Rings and distribution of the associated trajectories

TOEddies (Replaced: identified replaced with: has identified, overall,) more than 3
million eddies in the daily ADT maps in the selected Indo-Atlantic domain and for the
given time period (>24 years). This corresponds to 120 (Replaced: theusand replaced
with: 000) anticyclonic (Added: trajectory )segments (Deleted: ef-trajectories-)identi-
fied from the full tree of segments(Replaced: -by replaced with: , )using the cost function.
These (Replaced: numbers replaced with: figures) are reduced to 2.5 million eddies and
30 (Replaced: theusand replaced with: 000) segments after application of the (Replaced:
threshold-of-a-minimum-of4-weekslifetime: replaced with: minimum 4-week lifetime
threshold.) Among these eddies and segments, the Agulhas Rings (hereafter (Replaced:
dubbed-as replaced with: referred to) AR) are defined as anticyclonic eddies initially de-
tected in the Indian Ocean sector of the domain, and entering the Atlantic Ocean by cross-
ing an imaginary line connecting specific topographic structures (the Protea, Simpson,
Wyandot, Schmit-Ott seamounts and the Agulhas Ridge) that define the southeastern limit
of the Cape Basin, southwest of Africa. This line (marked with the letter "C" in Fig-
ure 10a) extends from the southern tip of Africa (Cape Agulhas, 35°S and 20°E) to 45°S
and 5°E at the southern limit of the Agulhas Ridge in the Southern Ocean. This defini-
tion of AR assumes that it is possible to track these eddies (Replaced: aleng—with replaced
with: and) their origin and fate in order to identify them carefully. This identification is
carried out for the entire ADT time series. However, in this work, we focus only on AR
properties during the period January 1, 2000 to December 31, 2016 to ensure that all AR
detected during this period can be tracked back to their origins. Indeed, as we will see
later in this section, AR have a particular long life span and can take years to cross the

Indo-Atlantic domain.

In what follows, (Deleted: in-erder-)to describe eddy trajectories that include eddy
merging and splitting, the concept (Deleted: s) of (Added: “)segment network(Added:
”) (Deleted: is-used-)and (Replaced: * replaced with: “)main trajectories(Replaced: *
replaced with: ) introduced in Section 2.2(Added: are used). 32 080 anticyclonic eddies
that (Replaced: ehaster replaced with: group) into 122 "main trajectories" (i.e., "order 0"
trajectories) are identified as AR entering the South Atlantic from the Indian Ocean. It is

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

tories" by identifying the higher order trajectories that are linked to the main trajectories
by additional merging and splitting events. The total AR network consists of secondary
trajectories up to (Deleted: the-)order 29(Replaced: —Fhey-—ecombine replaced with: ,

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

The distribution of AR trajectories (Added: as a function of)according to their or-
der is shown in Figure 9. The distribution is characterized by an increase in the number of
segments as a function of (Deleted: the-)trajectory order, from order O to the peak (Re-
placed: thateerrespends replaced with: corresponding) to order 4. Then(Added: ,) the
number of new (Deleted: ;) higher order trajectories associated with AR reduces gradu-

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

trajectories) is 6.

The whole set of AR trajectories (from order O to order 29) is presented in Fig-
ure 10a while Figure 10b shows the percentage of time during which each 2°x2° grid cell
is inside an anticyclonic eddy connected to the AR trajectory network. The corresponding
Figures for order 0, 1 to 4, 5 to 10, 11 to 20 and 21 to 29 (Deleted: taken-separately-)are
provided in Figures S1 to S5 in the Supplementary Information as well as that of the 19
302 trajectories (1 397 533 eddies) (Replaced: whieh replaced with: that) do not interact
with the AR network. In the following, we will refer to (Added: the )eddies (Replaced: in
replaced with: of) the AR network as (Added: the )AR Eddy Network (AREN)(Added: ,)

which cluster(Added: s the main) AR (Deleted: main-)trajectories (i.e., order 0) and all
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in each figure represents water depths less than 3500 m in the ETOPO?2 data set [Smith and Sandwell, 1997].

the additional eddies associated (Replaced: te replaced with: with) them via eddy merging

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

Figure 10a shows how TOEddies provides a very different overview of the origins,
pathways and fate of AR. Indeed, although the (Replaced: “main™ replaced with: “main”
AR trajectories (in black in Figure 10a and in the Supplementary Information Figure S1)
are relatively similar to the results of (Added: the )published studies [e.g., Dencausse
et al., 2010a; Chelton et al., 2011; Souza et al., 2011b], most of them are lost in the Cape
Basin or associated with (Replaced: some-other-higher-ordertrajectory replaced with:
other higher order trajectories). However, those crossing the South Atlantic basin may be
directly related to AR and their region of formation, whereas in previous studies [e.g.,
Byrne et al., 1995; Arhan et al., 1999; Souza et al., 2011a], this connection could not be
made via an objective tracking algorithm because the first detections were (Deleted: mostly
)found (Added: mostly )in the Cape Basin, far downstream (Replaced: of replaced with:
from) the Agulhas Retroflection. This is due to the strength of the TOEddies algorithm,
which allows eddies to merge and split and to soundly connect a more complex eddy

structure into a "main" trajectory instead of (Replaced: enly-dealing replaced with: deal-
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ing only) with single and well(Replaced: - replaced with: -)separated eddies. In addition,
the complete set of AREN trajectories (Figure 10a) shows a much richer diversity in terms
of origins and fate of AR, and this for AREN (Added: trajectories of )order 4 or even

less (red trajectories in the Figure). The resulting AREN trajectories suggest that the ed-
dies contributing to the formation of AR may (Replaced: eeme replaced with: originate)
from the southwest(Replaced: —F replaced with: ern t)ropical Indian Ocean, further up-
stream than the Agulhas Retroflection. Figure 10a shows that (Replaced: an replaced with:
one) AR main trajectory connects directly to the area south of Madagascar. Moreover,
AREN trajectories reach (Replaced: far-dewnstream-regions replaced with: regions further
downstream) than the Cape Basin or the Mid-Atlantic Ridge in the South Atlantic. Indeed,
(Replaced: erder1-4-AREN-trajectories replaced with: AREN trajectories of orders 1-4)
reach the southern end of the South Brazil Current. In particular two (Added: AREN tra-
jectories of )order 0 AREN veer south along the South American slope. Furthermore, (Re-
placed: higher-order-AREN-penetrate-into replaced with: AREN trajectories of higher or-
der penetrate) the Zapiola gyre. The AR trajectories estimated by TOEddies show a clear

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

The main routes (Added: under)taken by AREN (Added: trajectories )are clearly
shown in Figure 10b. Three main routes associate Indian Ocean anticyclones to AR: one
follows the western boundary slope in the Mozambique Channel, another (Replaced: that
replaced with: the slope) at the southeastern tip of Madagascar, and the third follows
the Agulhas Return Current. The first two seem to merge north of the Agulhas Plateau,
around 32°S and 25°E, where the Agulhas Current and the Agulhas Return Current flow
in a very narrow corridor between the African slope and this plateau. West of the Ag-
ulhas Retroflection (i.e., west of line C in Figure 10a), the AREN (Added: trajectories
)Yfollow (Deleted: s), in the Cape Basin, a broad northwesterly route toward a more zonal
direction (along the 35°S parallel) once the eddies leave this basin and enter the South At-
lantic. At the Mid-Atlantic Ridge, the AREN main path widens until reaching the South
American slope between 25°S and 35°S. This wide route in the western part of the South
Atlantic seems to consist essentially of trajectories (Replaced: of replaced with: from) or-
der O to order 4 (Figures 10a, S2 and S3). Once they reach the South American boundary,
most eddies head south with the South Brazil Current. However, some trajectories turn
north along the western boundary and cross the Cruzeiro do Sul and Vitoria Trinidade

seamounts.
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4.2 Characteristics of the Agulhas Rings network of trajectories

(Replaced: While replaced with: Although) satellite altimetry gives access to (Re-
placed: the replaced with: ADT) 2D time series (Deleted: -of-ADT), it does not (Deleted:
enable-to-)directly infer the 3D properties of eddies. However, altimetry provides sufficient
information to characterize the kinematic and dynamical behavior of eddies, at least in
their surface expression and as long as (Added: the )eddies are detectable from the satel-
lite field. In particular, the TOEddies method gives access to information on (Deleted:
the-)horizontal (Replaced: extent-of-eddies replaced with: eddy extent) (Roy and Rymax),
amplitude, azimuthal velocity and propagation speed. The geographical distribution of
the median of these properties is presented in Figures 11 and 12. More precise esti-
mates of these variable(Added: s) are provided in Table 3 at fixed locations. Eddy merg-
ing and splitting lead to complex trajectories that can be independent for short periods of
time. This highly complicates the description of eddies and their fate in terms of classical
eddy trajectories. Indeed, an AR can be associated with many different trajectories be-
cause, during its lifetime, it splits in small (Deleted: er) eddies and eventually merges with
other eddies (which can be either AR or anticyclones of different origins). Therefore, we
(Deleted: have-)decided to describe the fate of AR by counting the AREN (Added: tra-
jectories )only when they cross particular sections (lines [A-G] in Figure 10a). In Table 3
the characteristics of the AREN (Added: trajectories )across the basin are summarized (in
terms of the median and standard deviation of various properties calculated for the geo-
graphical lines A to G in Figure 10a). The contributions of the five groups of different
AREN trajectory orders (0, 1-4, 5-11, 12-20, and 21-29) to the total number of AREN
(Added: trajectories )crossing the control sections are presented as a percentage in Ta-

ble 4.

The number of segments entering the Cape Basin since 2000 is 119. This number
of segments varies across the domain due to the (Replaced: many replaced with: numer-
ous) eddy-eddy interactions and (Replaced: eddy—vanishingfrom-the replaced with: the
disappearance of eddies from) altimetry maps. The AREN median radii, Roy and Rymax,
are relatively constant (Replaced: aeress replaced with: throughout) the domain (see Ta-
ble 3 and Figure 11a). The median (+ one standard deviation) Roy and Rymax are 79 km
(= 38 km) and 59 km (+ 29 km), respectively. The estimate of Ry in the Cape Basin,
where most AR are documented in the literature, (Replaced: varies-between replaced with:

ranges from) 58 (Replaced: and replaced with: to) 65 km which are values close to the
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Sandwell, 1997].

lower limit of the 65-100 km range derived from in(Replaced: - replaced with: )situ ob-
servations in the Cape Basin by Garzoli et al. [1999] and Arhan et al. [1999]. The median
amplitude and the azimuthal speed of the AREN are maximum (21 cm and 47 cm/s re-
spectively) when (Replaced: they-enter replaced with: entering) the Cape Basin. Since
Rvmax does not var(Replaced: ies replaced with: y) significantly across the entire do-
main (Figure 11a), the median of the eddy vortex Rossby Radius, Ro, (Figure 11b) pro-
vides an indirect measure of the changes in the eddy azimuthal velocity. This velocity

is (Replaced: maximum replaced with: highest) in the Agulhas Current System and in
the southern(Replaced: - replaced with: )half of the Cape Basin and from there it de-
creases rapidly and remains constant across the South Atlantic (Replaced: e replaced
with: O)cean. It is only when the AREN (Added: trajectories )reach the South Ameri-
can boundary that Ro increases again, (Replaced: very replaced with: most) likely due to

the interactions of eddies with the South Brazil Current and local anticyclones.

In addition to the inherent properties of (Replaced: AREN replaced with: the AREN
eddies) it is (Deleted: alse-)interesting to evaluate their median propagation speed (Fig-

ure 12), as it can be used to estimate the(Added: ir) transit time (Deleted: -ofAREN)
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908 Table 3. Properties of the Agulhas Ring Eddy Network throughout the geographical domain. The values are

909 computed at the lines [A-G] plotted in Figure 10a. For each variable, estimates of the median and standard
910 deviation (STD) are provided.
Segment of Number Rou [km] Amplitude [m] Rvymax [km] Vimax [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.

Segments of Order 0 Orders 1to4 OrdersSto 10  Orders 11to 20  Orders 21 to 29
control [%o] [o] [%o] [%o] [%o]

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-
respond to the western boundary currents (WBCs) of the Indian Ocean but also of the
South Atlantic (reaching speeds higher than 0.1 m/s). The AREN propagation speed re-
mains high in the Cape Basin (although it is higher in the Southern than in the Northern
Cape Basin) and in the South Atlantic, especially for the northern sector of the route, west
of the Mid-Atlantic Ridge. The (Added: AREN )direction of propagation (Deleted: of
the-AREN-)(Figure 12b) clearly shows different regimes of fast southwestward flow in the
WBCs, northwestward flow in the Cape Basin and westward flow in the South Atlantic. It
also shows that the AREN path along the Agulhas Return Current involves eddies mov-
ing eastward. These eddies are most likely related to AR as a product of AR splitting in
the Agulhas Retroflection area (Replaced: that replaced with: which) are successively ad-

vected eastward in (Deleted: to) the intense Agulhas Return Current.

To better characterize the kinematics and dynamics of the AREN(Added: eddies),
their median propagation velocity can be compared with the mean surface geostrophic ve-
locity estimated from AVISO satellite altimetry (Figure 13). The AREN and AVISO es-
timates of velocity intensities compare relatively well in terms of (Replaced: direction—of

propagation replaced with: propagation direction) with the mean surface velocity in the
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WBCs and the Agulhas Return Current with, in general and, as expected, (Added: the
)JAREN propagation speed being an order of magnitude less than the surface geostrophic
velocity. Here, the eddies are advected with the mean current. However, differences be-
tween (Deleted: the-mean—)AVISO and AREN (Added: mean )velocities occur in the
northern subtropical South Atlantic where eddies appear to move westward at a higher ve-
locity (about 6 cm/s) than the mean surface geostrophic velocity (about 2 to 4 cm/s), and
in the southern subtropical Atlantic (south of 30°S) where they move westward against the
mean surface current (which flows eastward as expected for the (Replaced: pelarward re-
placed with: poleward) branch of the South Atlantic gyre: see Figure 12, Figure 13, and
Figure 1b). The ratio of the AREN translation speed and the mean geostrophic current are
computed in each 2°x2° grid cell (Figure S7 in the Supplementary Information). It shows

that AREN move faster than the mean surface gesotrophic current in 60% of these cells.

McDonagh et al. [1999] studied the (Deleted: eontribution—)mechanisms responsi-
ble for the translation of Agulhas Rings in the Cape Basin. They showed from two spe-
cific AR that the self(Replaced: - replaced with: -)advection mechanism [Rhines, 1975;
Cushman-Roisin et al., 1990] is not sufficient and conclude that the main factor appears
to be the advection by the main flow. These results are (Replaced: in-geod-agreement re-
placed with: consistent) with our findings that high AREN translation values are found
where (Deleted: the-)geostrophic surface velocities are also important. This is verified
in the WBCs and in the Cape Basin. However, in the South Atlantic, AREN (Added: ed-
dies )move faster(Added: ,) if not against the surface geostrophic flow. Here, most likely,

the main mechanism of translation is the self(Replaced: - replaced with: -)advection of

eddie(Added: s) (Deleted: -and-the-eddy-eddy-interactions).

4.3 Agulhas Rings origins, disappearance, splitting and merging

To better describe the AREN, we discuss here the statistics in the regions where
they are initially identified, where they disappear as well as the distribution of eddy merg-
ing and splitting events. The description of AR as anticyclonic eddies participating in the
AREN may not be appropriate (Replaced: as replaced with: because) they are associated
with a large number of eddy merging and splitting (Replaced: eecurrences replaced with:
events) (i.e. high order (Deleted: s) trajectories). For this reason, we (Replaced: have
placed replaced with: put) a particular emphasis on estimates of AREN trajectories up to

order 4(Added: ,) which correspond to the peak of the number of trajectories as (Added:
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a )function of the trajectory order (Figure 9). In the following, we will (Replaced: referte
replaced with: call) this subgroup of AREN(Replaced: -as replaced with: ,) AREN4.

The distribution of eddy formation, disappearance, and merging and splitting within
(Deleted: the-)AREN4 (Replaced: are replaced with: is) presented in Figure 14 and (Re-
placed: these replaced with: that) of the total AREN in Figure 15. To better assess the
regionalization of these processes, only the 2°x2° cells showing more than 5 (10) or 10
(10) first/last detections (merging/splitting) events for (Deleted: respeetively;) AREN4
and AREN(Added: , respectively,) are presented. The difference in threshold used for
the two different type(Added: s) of events is explained by the fact that TOEddies records
~(Replaced: 2-times—more replaced with: twice as many) trajectory interactions (Replaced:
than replaced with: as) eddy formation or disappearance events. 119 AREN cross, flow-
ing west, line C in Figure 10 (Table 3). This line defines the AR trajectories(Added: ,)
which explains why only O-order eddies enter the Cape Basin (Table 4). Most AR are ini-
tially identified at the Agulhas Retroflection as shown by the large red patches near the
Cape Basin in Figure 14a and (Deleted: by-)the starting points of the black and red tra-
jectories in Figure 10a. This region extends over a large area, between the Agulhas Bank,
the Agulhas Plateau and the Agulhas Ridge, and agrees with the entire Agulhas Retroflec-
tion position (Deleted: —range), from 8°E to 25°E-28°E [e.g., Lutjeharms and Ballegooyen,
1988; Dencausse et al., 2010Db].

In addition to this traditional view of AR shedding from the Agulhas Current at the
Agulhas Retroflection, our method identifies anticyclonic eddies formed at the southern
(Replaced: limit replaced with: edge) of the Agulhas Return Current as previously ob-
served by Lutjeharms and Ballegooyen [1988] and Boebel et al. [2003a]. (Deleted: H3-of
the-888—east-of 30°E—)Indeed, some eddies can merge with or split from a newly shed AR
which (Replaced: explains replaced with: is) why we classify them as AREN. (Replaced:
Numerous replaced with: Many) new AREN4 are located (Replaced: elese replaced with:
near) to the African continent in the northeastern part of the Cape Basin. Other locations
of AREN4 origins appear near the Walvis Ridge (Replaced: as—well-as replaced with: and)
further west the South Atlantic. These areas of eddy formation may be related (Replaced:
with replaced with: to) splitting (Replaced: eeeurreneesfrom replaced with: of) AREN4
(Replaced: trajecteries replaced with: eddies) or (Added: to )the merging of eddies of dis-

tinct origins with AREN4 trajectories.
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1008 (Replaced: Mereever;—t replaced with: Moreover,113 of the 888 anticyclonic ed-
1007 dies that start an AREN4 trajectory are east of 30°E. T)aking into account the AREN as

1008 a whole (Figure 15), the results suggest that a relatively small number of AREN4 orig-

1009 inate as far north as the Mozambique Channel or east of the Madagascar Ridge while
1010 (Replaced: numereus-trajectories—of-higher-order AREN-are-as—shown-in replaced with:
1011 many higher-order AREN trajectories are as it appears from) Table 4. Only one third of

1012 the AREN (Added: trajectories )formed in the Mozambique Channel are reconstructed

1018 (Deleted: by-)taking into account trajectories of order 4 or less, whereas 90% of the tra-
1014 jectories originating in the Southwest Indian Ocean are obtained (Added: by )taking into
1015 account trajectories at orders (Replaced: higher replaced with: greater) than 4. Figure 10b,

1016 which highlights the area where many AREN (Added: eddies )are present over the period

1017 of interest, shows a clear (Replaced: eenneetion replaced with: link) between these north-
1018 east (Deleted: ern) formation regions and the Agulhas Retroflection. This pattern is very
1019 similar to the many large eddies detected from surface drifters documented by Zheng et al.
1020 [2015] .

1021 The existence of these anticyclones and their possible role in the destabilization of

1022 the Agulhas Current, leading to meanders, have (Deleted: been-)already (Added: been
1023 )documented [e.g., Schouten et al., 2002; Penven et al., 2006; Biastoch et al., 2008a,b;
1024 Halo et al., 2014; Elipot and Beal, 2015]. Schouten et al. [2002] (Replaced: similarly re-

1025 placed with: also) found that some of these eddies do not create meanders and are ad-
1028 vected downstream to the Retroflection. Detections of these eddies could be associated
1027 with an artificial interruption of the Agulhas Current due to the interpolation used to es-
1028 timate the gridded altimetry field from the altimeters along-track data. However, the am-
1029 plitude of these eddies is greater than 10 cm near the Agulhas Current. Therefore, they
1030 appear to be well-defined structures and not an artifact of data interpolation. A compos-

1081 ite view of the (Deleted: trajectory-at-)0-order (Added: trajectory )that originates from
1002 the southern tip of Madagascar is shown in Figure 16a. This eddy (Replaced: isformed
1038 elose replaced with: forms) near Madagascar and remains very coherent until it reaches
1034 the Cape Basin. Furthermore, (Replaced: these replaced with: this tupe of) eddies (Re-
1035 placed: are replaced with: is) also well captured by looping drifters [Zheng et al., 2015;
1036 Lumpkin, 2016] and the in-situ data recorded by current meter moorings [Donohue et al.,
1037 2000]. Many new detections of AREN (Added: eddies are )also occur(Added: ring) in

1038 the open Indian ocean(Added: , which )correspond(Replaced: ing replaced with: s) to the
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1046 Figure 16. Composite figure of the order-0 AREN starting the most to the east (a) and ending the most
1047 to the west (b). Snapshots on selected dates are given, with in blue the eddy centroid (cross symbol), the
1048 ADT contour associated with the maximum speed (dotted) and the outermost ADT (solid line) contours. The
1049 trajectory of panel b interacts with two order-1 trajectories whose paths are drawn in dashed lines.

1039 eastern part of our (Replaced: stady—-domain replaced with: domain of study). In partic-
1040 ular, Reunion Island, southeast of Madagascar, seems to be an active region for (Added:
1041 the identification of )new AREN (Replaced: identifieation replaced with: eddies). In sum-
1042 mary, our results suggest that AR can form upstream of the Agulhas Retroflection, move

1043 relatively rapidly southward with the Agulhas Current (Figure 10d) until they are blocked

1044 between the Agulhas Current and its Return Current in the Retroflection area where they
1045 may merge with another eddy or be shed.

1050 While AR origins have (Deleted: been-)often (Added: been )discussed in the lit-
1051 erature, (Replaced: albeit replaced with: although) not in the more complex context of

1052 (Added: the )AREN, their disappearance has not (Added: yet )been examined (Replaced:
1083 extensively-yet replaced with: thoroughly). The TOEddies method and the AREN ap-

1054 proach make it possible to quantitatively infer the vanishing of AR from satellite altime-
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try maps. Figure 14b documents a very well(Replaced: - replaced with: -)structured pat-
tern for the main regions where TOEddies lo (Deleted: e)se the AREN4 ADT signature.
This occurs mainly in the Cape Basin, not far from the (Replaced: major replaced with:
main) source regions (Replaced: fer replaced with: of) AREN4. (Replaced: ¢ replaced
with: This) suggests that most (Deleted: of-the-)AREN4 (Replaced: track replaced with:
trajectories) are lost within the Cape Basin, relatively soon after entering (Replaced: this
replaced with: the) region. The general pattern of disappearance of AREN4 is not evenly
distributed: Most eddies disappear in the southern half of the basin as well as (Replaced:
eloseto replaced with: near) the Walvis Ridge. Other regions where AREN4 vanish from
ADT maps are found (Replaced: N replaced with: n)orth of the Agulhas Plateau, (Re-
placed: S replaced with: s)outh of Africa, and near the South American slope. There is
no appearance or disappearance of AR, within AREN4, in the open ocean in the South

Atlantic except occasionally.

According to the TOEddies method, (Added: there are )more merging and split-
ting events (Deleted: eeeur-)than appearance and disappearance. The recurrence of such
eddy-eddy interactions in the Retroflection area and in the Cape Basin has been demon-
strated by various authors from in(Replaced: - replaced with: )situ (Deleted: data-)and
remote sensing (Added: data)[Byrne et al., 1995; Arhan et al., 1999; Boebel et al., 2003b;
Dencausse et al., 2010a; Baker-Yeboah et al., 2010]. Our study shows that these regions
correspond (Deleted: indeed-)to area(Added: s) where these process(Added: es) are par-
ticularly active (Figures 14b and c). (Replaced: Fhe—t replaced with: T)opographic fea-
tures are also regions where (Replaced: numereus replaced with: many) merging and

spli(Added: t)ting events (Replaced: take-place replaced with: occur).

To complete the description of AR behavior in the South Atlantic, (Replaced: in-the
followingseetions;—we-diseuss-meore-in-depth replaced with: we discuss in the following

sections) the AREN regional behavior and statistics(Added: in more detail).

4.4 Agulhas Rings in the Cape Basin

Taking into account our definition of AR (anticyclones leaving the Indian Ocean and
entering the Cape Basin, Figure 10a) we have identified 119 AREN4 (see Table 3). This

is equivalent to a rate of 7 AR entering the Cape Basin per year. This represents a higher

ratio than previous estimates (Replaced: which-were-suggesting-typically-one-event re-
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117

placed with: that typically suggested) every two to three months [e.g., Gordon and Haxby,
1990; Goni et al., 1997; Schouten et al., 2002]. However, some authors [Schouten et al.,
2000; Baker-Yeboah et al., 2010; Dencausse et al., 2010a] suggested that AR often split
shortly after their shedding from the Agulhas Retroflection(Replaced: -and-this replaced
with: ,) before entering the Cape Basin. This may explain why our estimate is higher than
those provided in previous studies that did (Replaced: net-consider replaced with: account
for) splitting events. Indeed, eddy splitting and merging are particularly abundant near the

Retroflection area (Figure 14c).

Looking separately at newly formed AR and those resulting from a splitting, we find
a mean value of 4.3/year for newly formed AR entering the Cape Basin (i.e. a total of 73)
while 2.8/year (Deleted: of-them-)result from a splitting. Thus, about two third(Added:
s) of the AR entering the Cape Basin are newly formed and the (Replaced: rest-of-them
replaced with: remainder) result from a splitting. These results are very similar to those of
Dencausse et al. [2010a] (Replaced: albeit replaced with: although) their estimate is twice
as high. To conclude, on average, every 2.8 months(Added: ,) a newly formed AR enters
the Cape Basin. This rate is very similar to those found in the literature in terms of AR

shedding [e.g., Gordon and Haxby, 1990; Goni et al., 1997; Schouten et al., 2002].

At the Agulhas Retroflection and in the southern Cape Basin, the AREN trajectories
are (Added: essentially )made (Deleted: essentially-)by AREN4 (i.e., rows C and D in
Table 4 and Figures S1 to S5 in the Suplementary(Added: information)). Here, AREN
are characterized by large Ro (Figure 11a) in the area where they are (Added: mainly
)spawned (Deleted: primatrly-)(Figure 14a and line C in Table 3). A sudden transition
in Ro appears (Replaced: as replaced with: when) AR enter the Cape Basin (Figure 10b
and 11a). This transition is due to a decrease in AR surface Vy,x and amplitude (and thus
surface vorticity), whereas the radii remain relatively constant (Table 3). A decrease in
vorticity in the Cape Basin has already been observed although not quantitatively docu-

mented [e.g., van Sebille et al., 2010].

Eddies in the Cape Basin have a particularly complex behavior that has (Deleted:
already—)been suggested by previous studies [e.g., Arhan et al., 1999; Schouten et al., 2000;
Boebel et al., 2003b; Dencausse et al., 2010a]. Here(Added: ,) we can try to characterize
(Replaced: such replaced with: this type of) behavior more extensively. As already men-

tioned, TOEddies takes into account numerous AR separations and coalescences through-
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out the Cape Basin (Figure 14c and d). Although Figure 14b shows a main (Replaced:
AR-northwesterly—path replaced with: path of AR to the northwest) suggesting straight
trajectories, their individual behavior is truly complex due to eddy-eddy interactions, and
induces relatively long residence times. The real impossibility of associating a trajectory
with a single eddy but (Replaced: instead replaced with: rather) the need to consider the
full set of AREN trajectories complicates the definition of a mean residence time asso-
ciated with AR for each specific region of the domain considered. We propose here to
overcome this difficulty by considering (Replaced: the-wheleset-of replaced with: all

the) AREN trajectories reconstructed from (Replaced: every replaced with: each) segment
crossing each line in Figure 10a. In this way(Added: ,) we can estimate the residence time
of the AREN (Added: eddies )in the Cape Basin by considering the segments that cross
the Walvis Ridge (i.e. Line D in Figure 10a) and that are associated (backward in time)
with segments that cross the southeast limit of the Cape Basin (i.e. Line C in the Fig-

ure 10a). We limit the reconstruction of the network to(Added: trajectories of) order 15

(Deleted: —trajectories).

100 of the 119 AREN4 trajectories crossing line C are associated with a median or-
der (Replaced: egual-te replaced with: of) 2 (i.e. 2 eddy-eddy interactions that include
eddy splitting and merging). (Replaced: Censidering replaced with: Based on) these tra-
jectories, we find that the mean residence time of AR i(Replaced: n replaced with: s) the
Cape Basin in about one year (median of 1.0 = 0.5 years)(Added: ,) which corresponds
to the estimate of Schouten et al. [2000]. During their journey in the Cape Basin, AR
undergo (Deleted: te-)important changes affecting their surface signature, as shown in
Figures 11, 12 and Table 3 in terms of several dynamical and kinematic properties. In
particular, although their sizes remain relatively stable, their initial surface signatures in
amplitude, Ro and V.« (Replaced: drep replaced with: decrease) by ~50% (Replaced: #

replaced with: o)n average.

While 119 AREN4 enter the Cape Basin, 160 cross the Walvis Ridge and enter the
South Atlantic (Table 4). Again, because TOEddies does not associate a trajectory with a
single eddy, these two values cannot be linked directly. Indeed, the number of eddy split-
ting and merging (Added: events )in the Cape Basin is very high (Figure 14c) as is (Re-
placed: that replaced with: the number) of eddy disappearance(Added: s). In particular,
Figure 14b shows that many of the initial 119 AR are lost on satellite altimetry maps in

the southern Cape Basin.
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4.5 Agulhas Rings across the South Atlantic

The fate of the 119 AREN4 that cross the Walvis Ridge and enter the South At-
lantic Basin appears more linear and less turbulent than in the Cape Basin. They flow in
a very zonal direction (centered around 35 ° S and about 5° wide). Here, their disappear-
ance from the altimetry maps is almost nil (Figure 14b for AREN4 and Figure 15b for the
whole AREN). The number of merging and splitting events is also (Replaced: drastieally
deereased replaced with: significantly reduced). The main area where eddy-eddy inter-
actions become important again corresponds to the Rio Grand Rise in the western part
of the South Atlantic while the Mid-Atlantic ridge is not associated with such events but
has an impact on the (Added: AREN )zonal route (Deleted: of- AREN-)by increasing its

width (which becomes 10° wide).

A large portion of the AREN4 crossing the Walvis Ridge reaches the Mid-Atlantic
Ridge (line E in Figure 10a) which represent 82% of the AREN passing this ridge. The
very coherent behavior of the AREN crossing the South Atlantic is well captured by re-
constructing the network and crossing times between lines E and D. On average, AREN
(Added: eddies )cross the eastern South Atlantic in about 1 year (a median time of 1.0 +
0.3 years) with a median of only 1 eddy-eddy interaction (Deleted: s). However, (Added:
the )JAREN behavior changes on the other side of the Mid-Atlantic Ridge. Here, the con-
tribution of AREN4 to AREN reaching the South American slope is only 46%. This may
be the result (Deleted: s) of the numerous eddy-eddy interactions at the Rio Grand Rise
(Replaced: whieh replaced with: that) has an impact on the overall behavior of the trajec-
tories. The western part of the South Atlantic is crossed in 1.5 year(Added: s) (a median
value of 1.5 + 0.6 years computed between lines E and F) with a median of 3 eddy-eddy

interactions.

Finally, Figure 10c shows a clear decrease in the surface intensity (Ro) of AREN
(Added: eddies )across the South Atlantic, associated with a 43% (Deleted: surface-)de-
crease in their (Added: surface )azimuthal velocity Vi.x and 60% in their amplitude,

while their size remains relatively stable (from lines D to F in Table 3).

Many authors [e.g., Gordon and Haxby, 1990; Byrne et al., 1995; Schouten et al.,
2000] have demonstrated the ability of AR to penetrate the South Atlantic Ocean, (Re-
placed: alleging replaced with: claiming) that they gradually dissipate and vanish in this

basin. Our study suggests a different fate for these eddies (Replaced: as replaced with:
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1183 since) nearly half of the AREN4 reaches the South American continent. Among these 4 of

1184 such trajectories are 0-order AREN.

1185 4.6 Agulhas Rings along the South American margin

1186 Despite their relatively low surface signature, the few AREN (Added: eddies )that
1187 are still detectable by satellite altimetry and that reach the American slope maintain their
1188 coherence. Near the South-American coast, they propagate southward in the South Brazil

1189 Current (Figure 10) for about half of a year (0.9 + 0.5), as (Deleted: already-)suggested
1190 by Byrne et al. [1995]. Along this path, AREN (Added: eddies )undergo numerous eddy-

1ot eddy interactions as indicated by the large number of merging and splitting events (Fig-

1192 ure 15b). These interactions are characterized by a sudden increase in (Deleted: the-AREN
1193 )surface signature and propagation speed (Figures 11 and 12). Moreover, some newly

1194 formed anticyclonic eddies are identified as AREN (Replaced: as replaced with: when)

1195 they merge with older structures. A composite view of the trajectory at 0-order that ends

1196 (Replaced: mest-westerly replaced with: further west) is shown in Figure 16a. This AR
1197 veers south when (Replaced: reaching replaced with: it reaches) the South-American
1198 coast. There, another anticyclonic eddy merges with it in October 2006. Two months (Re-

1199 placed: after replaced with: later), the (Deleted: O-erder-)trajectory (Added: of order 0

1200 )merges with a newly formed anticyclone (Replaced: that replaced with: which) results
1201 in(Replaced: te replaced with: t)he formation of an intense (Added: and )large anticy-
1202 clone.

1203 At the southern (Replaced: edge replaced with: limit) of the Brazil Current and in

1204 the Zapiola Gyre, AREN (Added: eddies )show an intense surface signature, as high as in
1205 the Cape Basin, before their trace is gradually lost. However, assessing the effective con-
1208 tribution of the original AR to these long trajectories remains a challenge due to the nu-

1207 merous eddy(Replaced: - replaced with: )merging and splitting events that (Deleted: have

1208 )occurred during their lifetime, and, in particular, along the Brazilian continental slope.
1209 S Summary and Conclusions

1210 In this study, we (Replaced: developed replaced with: present TOEddies,) a new
1211 eddy identification and tracking algorithm(Replaced: ~FOEddies;—whieh replaced with:

1212 that) takes into account the detection of eddy splitting and merging events (Replaced: that
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was replaced with: which has been) applied to (Deleted: the-)gridded multi-satellite ADT
maps. (Replaced: Due-to replaced with: Because of) the many eddy-eddy interactions

and the resulting eddy subdivisions and coalescences, the concept of a trajectory associ-
ated with a single eddy becomes (Replaced: meaningless replaced with: less obvious than
previously admited). However, to be able to track the origins, fate and changes of these
eddies we(Added: have) reconstructed a network of segments and trajectories (Replaced:
which-enable replaced with: that allow us) to reconstruct the (Replaced: eddies™history

replaced with: history of the eddies).

We (Deleted: have-)also developed a method to objectively assess the robustness
and skill of TOEddies against (Replaced: * replaced with: ““)loopers(Replaced: * replaced
with: ), an eddy atlas derived from the completely independent (Deleted: data-)set of
drifting buoy(Replaced: s replaced with: data) [Lumpkin, 2016]. This allowed us to quan-
titatively compare and test TOEddies against the eddy atlas distributed by SSALTO/DUACS
[Duacs/AVISO+, 2017]. TOEddies proved to be more robust (Deleted: -than-the-eddy
atlas-distributed-by-AVISO) because the eddies it detects (Replaced: mateh replaced with:
correspond) better (by 10 % and with a smaller error) (Added: to )those identified from
the surface drifter (Deleted: s) data. (Deleted: Mereoverthesizes-obtainedfromTOEddies
After validation, this algorithm was applied to daily AVISO ADT maps from 1993
to mid-2017 to uncover and characterize quantitatively the dynamics of Agulhas Rings
entering the South Atlantic Ocean. After the complete recovery of the trajectories, the
eddy statistics from January 2000 to December 2016 were explored. To differentiate with
the stricto-sensu definition of Agulhas Rings formed in the Indian Ocean and disappearing

in the South Atlantic, we used the concept of trajectory network(Added: s) to define the

Agulhas Rings Eddy Network (AREN).

The characteristics of the AREN, such as their surface signature and propagation
speed near the Agulhas Retroflection, compare particularly well with previous estimates
produced for a limited number of structures [e.g., Gordon and Haxby, 1990; Garzoli et al.,
1999; Arhan et al., 1999; Schouten et al., 2002; Dencausse et al., 2010a]. However, our
study contradicts the traditional view of large coherent Agulhas Rings shed at the Agulhas

Retroflection that (Replaced: propagate-and-rapidly-dissipate replaced with: are propagat-

ing and dissipating rapidly) in the South Atlantic Ocean. For example, our results suggest
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that Agulhas Rings, and other anticyclonic eddies connected (Deleted: to-them-)via merg-
ing and splitting (Deleted: eeccurrences), may originate as far upstream from the Agulhas
Retroflection as in the Mozambique Channel or South of Madagascar. From there(Added:
,) they are advected southward by the Agulhas Current as distinct coherent structures with-

out being absorbed or dissipated by the current.

Throughout their existence, Agulhas Rings interact intensely with neighboring ed-
dies, giving rise to very complex trajectories. These interactions are particularly vigorous
in the Cape Basin and influence the time these eddies spend in the region which is, on
average, relatively long (about 1 year). Here, they undergo major changes in their surface
properties (dynamic height, azimuthal velocity) while their lateral size remains relatively
constant. These changes are likely due to local air-sea, eddy-eddy and eddy-topography

interactions [Arhan et al., 1999; Dencausse et al., 2010a; Arhan et al., 2011].

Numerous Agulhas Rings disappear from altimetry maps in the Cape Basin prevent-
ing their subsequent tracking. This may be due to (Replaced: AR replaced with: their)
subduction in the ocean interior and not necessarily to eddy dissipation (Replaced: as;
replaced with: because) in this region, (Replaced: AR replaced with: Agulhas Rings) re-
lease large amounts of heat in the atmosphere and become denser [Arhan et al., 2011].
Indeed, evidence of (Replaced: AR replaced with: their) subduction (Replaced: was re-
placed with: has been) observed by Arhan et al. [1999] and Garzoli et al. [1999]. Based
on these observations, Herbette et al. [2004] used an idealized numerical simulation to
show that the surface signature of such eddies can decrease considerably while they (Added:

are )still propagat(Replaced: e replaced with: ing) in the ocean interior.

The AREN that we can still track in the Southwest Atlantic, follow a quasi-zonal
path, about 5° wide along the 35°S parallel which (Replaced: breadens replaced with:
widens) further when passing (Deleted: ever-)the Mid-Atlantic(Added: Ridge). They
eventually reach the South American continental slope where (Replaced: they replaced
with: the majority of them) propagate(Added: s) southward with the South Brazil Cur-
rent. Here, they often merge with other anticyclones flowing south (Deleted: ward) with
the current and originating north of 20°S. Some AREN (Added: eddies )can be detected

along the western slope of the South Atlantic as far south as the Zapiola gyre.

Our results suggest that Agulhas Rings can live longer than expected. The longest

main (i.e., 0-order AREN) trajectory is more than 4 years old whereas, if we compute the
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travel time of the network (Replaced: aeress replaced with: through) lines C to G, we find
a median time of 5 years for the trajectories connecting the eddies of the Southeast Indian
Ocean to their (Replaced: mest-distant replaced with: furthest) destination in the South-

west Atlantic.

Our study reveals a different view of (Added: the )Agulhas Rings (Replaced: than
replaced with: from) that provided in previous studies. However, it does not necessarily
disagree with their (Replaced: findings replaced with: conclusions). Indeed, TOEddies is
able to reconstruct a longer and more complete history of these eddies that encompasses

the various Agulhas Rings segments of trajectories discussed in the literature.

The most important outcome of our study is probably the assessment of numer-
ous eddy splitting and merging events (Replaced: thatinvelve replaced with: involving)
Agulhas Rings but also anticyclonic eddies of different origins(Added: ,) which leads
to the formulation of the AREN. This (Deleted: peint-)is essential (Replaced: te-better
understand-the-dynamies—of-the-ocean: replaced with: for a better understanding of ocean
dynamics.) Indeed, eddy separations and coalescences must induce a vigorous mixing of
water masses advected in the core of the eddies, which has an important impact on the
overall redistribution of the physical and biogeochemical water properties. As suggested
by Wang et al. [2015], Agulhas Rings cannot be considered as coherent and isolated struc-
tures advecting the same water masses along their path. Therefore, our results provide a
different (Replaced: wiew replaced with: perspective) on eddies (Replaced: than replaced
with: from) most of the published studies that do not (Replaced: take-inte-aceeunt re-
placed with: account for) eddy separations and merging events [e.g. Chelton et al., 2011;
Haller and Beron-Vera, 2013; Faghmous et al., 2015; Duacs/AVISO+, 2017]. However,
(Replaced: shile replaced with: if) TOEddies can (Replaced: infer replaced with: deduce)
the surface signature of eddies, (Deleted: but-)it is still limited (Replaced: as replaced
with: because) it cannot access the exact processes involved in the evolution of eddies nor

their subsurface structure.

Agulhas leakage plays an important role in the climate system, as a mechanism for
transporting heat and salt between basins and closing the large scale overturning circula-
tion [Gordon, 1985; Beal et al., 2011]. In the context of global warming and (Replaced:
the-first replaced with: early) evidences of a changing Agulhas Current system and leak-
age [Biastoch et al., 2008a; Rouault et al., 2009; Beal and Elipot, 2016] our results high-
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light the role of Agulhas Rings as an important(Added: ,) albeit complex(Added: ,) vec-
tor for Indo-Atlantic exchange. They reveal a new long route for these eddies, (Replaced:

conneetingunequiveeally replaced with: unequivocally connecting) the western boundary

currents of the Indian and South Atlantic oceans.

However, although modeling studies using Lagrangian techniques suggest a direct
connection between the Agulhas Leakage and the AMOC [van Sebille et al., 2011; Riihs
et al., 2013] with more than 50% of the Agulhas Leakage reaching the North Atlantic, our
study does not show a (Added: such )direct (Replaced: eonneetion-of replaced with: link
for) the Agulhas Rings (Replaced: with-a-northward-flowing-western-boundary-currentin
the-South-Atlantie-north-of 20°S- replaced with: a)s most of them recirculate southward
with the South Brazil Current. (Replaced: However replaced with: Yet), a small number
of these eddies (Replaced: seem replaced with: appear) to veer northward, crossing the
Cruze(Added: i)ro do Sul and the Vitoria-Trinidade seamounts chains. These results leave
open the question of how the connection between the Agulhas leakage and (Added: the
)JAMOC, as seen by the models, is achieved. Is the volume transport of these few eddies
(Deleted: flewing-)north of 20° intense enough to close the AMOC transport budget? Are
all these eddies the ones that make the connection or are most of them invisible from al-
timetry because they flow northward at depth, as subsurface eddies? Finally, do the Ag-
ulhas Rings really make the connection with the AMOC or is this achieved by circulating

water around the mesoscale field?

(Replaced: While replaced with: Although) this study describes a(Replaced: # re-
placed with: much more complex) Agulhas leakage made by Agulhas Rings (Deleted:
mueh-more-complex—)than previously observed, our results are still incomplete (Replaced:
as replaced with: because) they cannot go beyond the limits of satellite altimetry. Indeed,
altimetry maps are reconstructed from scattered observations that most probably affect
the number of (Replaced: eddies-and-trajectories-that-can-be-objectivelyrecovered: re-
placed with: objectively recoverable eddies and trajectories.) Moreover, these results are
limited to the surface description of certain kinematic and dynamic properties. For a more
in-depth description of these eddies and a quantitative estimate of the Agulhas leakage,
future work should focus (Replaced: en-beth;—the-three-dimensional-varying replaced
with: both on the variable three-dimensional) structure of (Added: the )Agulhas Rings and
(Deleted: the-)understanding (Deleted: ef-)all the processes that govern the connection of

the Agulhas Current system with the AMOC.
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(Added: THE ENTIRE APPENDIX SECTION WAS ADDED FOR THIS REVIEW)

A: Validation of the TOEddies method and parameters

In this appendix, we describe in detail some aspects of the analyses and cross-validation

presented in the core of the article.

A.1 Sensitivity of the algorithm on the persistence parameter

To assess the skill of the method, we developed a systematic procedure that tests
the presence and properties of eddies against the “loopers”, the independent eddy data set
derived from surface drifting buoys by Lumpkin [2016] (LU16 in the following). This was
used in the manuscript to infer the efficiency of the algorithm and to compare it to the
database distributed by Duacs/AVISO+ [2017] and based on Chelton et al. [2011] method
and modified by Schlax and Chelton [2016].

This procedure was also used to test the sensitivity of TOEddies to its parameters
and their value. These sensitivity studies have shown that the “persistence” is the most im-
portant parameter of the algorithm. This parameter, which prescribes a minimum value as
an eddy amplitude threshold, is based on topological simplification studies [Edelsbrunner
et al., 2002; Edelsbrunner and Harer, 2010]. It is applied to isolate the local extremes of
altimetric fields whose value is high enough to be considered robust in terms of signal-to-
noise ratio. It can be compared to the minimum amplitude threshold often used in eddy
detection algorithms found in the literature [e.g. Chelfon et al., 2011]. However, while the
latter is applied to eddies after they have been identified, the persistence parameter is in-
tegral part of the eddy identification step of the TOEddies algorithm because it is used to
select the altimetry extremes to be considered as eddies. This is to ensure, for example,
the detection of the merging of two or more eddies, or the growth of a large eddy. Indeed,
if the algorithm finds in a relatively large area more than one extreme, the TOEddies al-
gorithm automatically identifies more than one eddy because it requires that the eddies
should contain one and only one extreme. This is true unless all but one of the extremes
have values below the threshold limit. In this case, TOEddies identifies a single large eddy

and not two or more.

Four eddy data sets are presented in Table A.1 that lists the number of eddies identi-

fied by each of them and their detection efficiency expressed as a percentage of the total
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number of collocations with LU16 eddies. These datasets were created by varying the
minimum amplitude threshold (i.e., the persistence) for the identified ADT extremes and
are labelled accordingly: ADT_MinPersistenceThreshold. No tracking considerations were
applied on them. Hence, ADT_O1 corresponds to the ADT_raw data set presented in the

core of the Article.

This parameter directly influences the number of eddies: when it is not zero, the
higher is its value, the lower the number of detected eddies (Table A.1). We observed that
this parameter has the greatest impact when it goes from a value of 0 mm to 1 mm, and
less for values greater than 1 mm (see rows for ADT_00 and ADT_01 in Table A.1). In
fact, a non-zero value, as small as 1 mm, for persistence increases the number of eddies
detected. This is explained by the fact that it takes at least four grid points for an eddy to
be defined as such by the method. When examining the effectiveness of matching TOEd-
dies with LU16 loopers, a value of 1 mm compared to zero for the persistence parameter
increases the matching by up to 8%. For threshold values greater than 1 mm there is no

significant increase in the matching.

While a non-zero threshold value for persistence increases the number of detec-
tions, as well as the total area occupied by eddies and the efficiency of detecting eddies
associated with LU16 loopers, it also increases the number of erroneous detections (com-
puted as the mismatch in polarity between TOEddies and loopers) by a large fraction (up
to 50%, see Table A.1). These errors increase with the threshold value. However, for a
threshold value of 1 mm, they are negligible for eddies larger than 25 km (see Figure 8 in
the main text). For these reasons, we chose the threshold value of 1 mm when applying

TOEddies to altimetry maps.

A.2 Validation of the Eddy Detection Algorithms

The results of the cross-validation between LU16 and the different eddy satellite
altimetry databases listed in Table 1 are discussed in detail below. Table 2 shows the
number of eddies identified in each dataset and their detection efficiency expressed as
percentages of the total number of collocations with LU16 eddies. To assess the skill of
the method and provide quantitative comparisons between the different eddy datasets,

a matching percentage is computed. It represents the proportion of each polarity of the

LU16 eddies that were successfully cross-detected with eddies of the same polarity in
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each dataset (Table 2). Cross-detection errors are also defined as mismatches in eddy po-
larity or when several eddies detected by altimetry have been assigned to the same LU16

eddy.

The TOEddies detection algorithm was tested on the SLA and ADT maps (without
applying an eddy lifetime threshold) to evaluate the most relevant altimetry dataset for au-
tomatic eddy detection. Table 2 shows that the TOEddies algorithm (referred to SLA_raw
and ADT_raw) detects 34% (36%) more anticyclonic (cyclonic) eddies when SLA instead
of ADT maps are used. The total area occupied by eddies derived from SLA is larger
than that resulting from the use of the ADT field. This area is 31% (50%) higher than
the surface encompassed by the eddy contour defined by Rynyax for anticyclones (cyclones)

and by 48% (65%) when the eddy boundary contour is defined by Rqy.

When comparing the effectiveness of the results with LU16 and using the outer con-
tour as eddy edge (Table 2), the ADT maps show a slightly better agreement for anticy-
clones (by about 2%) while the SLA maps give a slightly better result for cyclones (by
about 3%). On the other hand, when the contour of maximum velocity is taken as the
eddy boundary, the differences in detection efficiency between the SLA and ADT maps
decrease in the case of cyclones while, for anticyclones, the ADT shows better results (4%

more effective).

To validate the robustness of the TOEddies threshold requiring a minimum longevity
of 4 weeks for a trajectory segment, the results of ADT_raw and TOEddies are compared.
Table 2 shows that such a threshold reduces both the number and total extent of eddies.
The number of eddies decreases by 25% and the total area they occupy by 10%. This is
mainly due to the fact that the threshold over the eddy lifespan reduces the number of
small eddies. In terms of validation compared to LU16, the number of collocations de-
creases for both cyclones and anticyclones when the time threshold is used (Table 2). This
is particularly true for cyclones. Note here that the highest matching of the algorithm, in-
dependent of the time threshold or the altimetry field, is obtained for the eddy perimeters

defined by the outer contour although there is a slight increase in errors.

As META2017 is probably the most widely used eddy atlas derived from satellite
altimetry, in order to have another independent measure of the performance of our algo-
rithm, we quantitatively compare META2017 and TOEddies overall statistics and skills.

Table 2 suggests that META2017 identify 25% fewer eddies but their overall extent is
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1435 41% larger. Figure 7 shows the statistical distribution of META2017 and TOEddies radii.
1436 The distribution maximum is positioned at about 40 km for TOEddies and 60 km for

1437 META2017. A clear difference between cyclones and anticyclones appears in TOEddies
1438 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 a

1440 radius greater than 140 km while it corresponds to 5% of the structures for META2017.

1441 To compare the size of eddies detected by satellite altimetry with an independent
1442 variable related to mesoscale ocean dynamics, we estimated the first Rossby baroclinic
1443 radius (Lr). Lg characterizes regionally the size of long-lived eddies in the open ocean.
1444 The average value of Lg was calculated using the definition of Chelton et al. [1998] and

1445 the seven-year average (i.e. 2005 to 2012) of the World Ocean Database [Boyer et al.,

1428 2013]. The resulting value is represented by the vertical dotted line in Figure 7. The shaded
1447 area represents Lr percentiles 10 and 90. This figure shows that TOEddies identifies

1448 structures whose size is comparable to Lg (around 60% of TOEddies radii are in the per-

1449 centile range Lg 10 - 90) whereas this is not the case for META2017, for which less than

1450 20% of radii are in this interval.
1451 To ensure that the comparison of TOEddies and META2017 skill against LU16
1452 loopers is as robust as possible in terms of measurement, TOEddies_rad statistics were

1453 used instead of TOEddies. Indeed, the TOEddies_rad and META2017 skills are obtained
1454 by considering equivalent eddy radii instead of eddy contours. Note here that the statis-
1455 tics for TOEddies and TOEddies_rad are very similar, only the skill decreases slightly.
1456 TOEddies_rad is 10% more efficient and its error in eddy detection is 3 times lower than
1457 META2017 in terms of eddy collocation with LU16. The ability of TOEddies_rad and

1458 META2017 to encompass LU16 eddy centers as a function of eddy size is shown in Fig-

1459 ure 8. The percentage of matches with LU16 increases while the percentage of matching
1460 errors decreases for both atlases as the size of the LU16 vortex increases. Both datasets
1461 are more effective at detecting small cyclones than small anticyclones, and large anticy-
1462 clones than large cyclones.

1463 It can be expected that there will be a minimum size of eddies detected on satellite

1464 altimetry maps. The ability of the two atlases, TOEddies and META2017, to match LU16
1465 eddies as function of LU16 size is presented in Figure 8. It shows that for a 25 km ra-

1466 dius (which represents the average radius of the LU16 loopers, Figure 5 and the average
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grid size of the altimetry maps) more than 65% of the eddies are identified by TOEddies
whereas they represent only 48% (52%) for the anticyclones (cyclones) in META2017.
The 90% limit is reached for TOEddies for eddies with radii between 45 and 55 km, while
it is 85-95 km (75-85 km) for anticyclones (cyclones) in META2017. In terms of detec-
tion errors (mismatching), they are less than 1% for anticyclones (cyclones) over 15 km
(10 km) in the case of TOEddies, whereas for META2017, they become as small only for

anticyclones (cyclones) larger than 30 km (70 km).

A.3 Validation of tracking filtering

In this section, we examine the ability of the two atlases, TOEddies and META2017,
to track eddies. This ability is measured by looking at the proportion of the eddy collo-
cation of the two atlases with LU16 loopers that participate in a trajectory that lasts more
than a week. The total number of LU16 trajectories used in the comparison is 431 for an-
ticyclones and 414 for cyclones. The comparison is presented here for the three versions
of our atlas where we vary either the type of contours defining the eddy area (the outer
contour and the maximum velocity contour) or by applying the same method in the collo-

cation with LU16 as used for META2017.

Eddy trajectory comparison statistics are presented in Table A.2. Here, skill is mea-
sured by the overall percentage of matching between the TOEddies or META2017 and
LU16 trajectories. The percentage of trajectories tracked is computed as the percentage
of LU16 eddy trajectories of each polarity associated, for at least one day, with TOEddies
or META2017 eddy trajectories of the same polarity. The “trajectory network™ column
shows the percentage of LU16 trajectories erroneously matched by more than one eddy in
META2017 or by a first order network in TOEddies. The columns “> 50%” and “> 90%”
indicate the number of LU16 trajectories collocated with the eddies defined by the other
atlases during, respectively, more than 50 and 90 % of lifetime of the LU16 eddies. The
“mean tracking time” column gives the average percentage of collocation time between
LU16 eddies and those of the other atlases, expressed in terms of LU16 lifetime. The er-
ror estimates correspond to the collocation of eddies of different polarities for at least one

day.

The results show that the TOEddies skill improves when the outer eddy contour

(Rout) instead of the maximum velocity contour (Rymax) is used to define the eddy perime-
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ter. However, the associated mismatches are somewhat larger. Taking into account both
definitions of eddy limits, between 60% and 70% of LU16 trajectories are tracked by
TOEddies and between 50 and 60% of them are tracked for more than 50% of their life-
time. The reconstruction of a higher order network is necessary for fewer than 10% of the
trajectories successfully tracked. This could be a consequence of the LU16 filtering we
performed before the validation processes. In fact, the merging and splitting of the eddies
can cause sudden changes in the spin of the drifter and an increase in the radius of the
LU16 loopers, a radius that can become greater than 300 km, the maximum limit we have

set for them.

Using the radius for cross detection of structures gives results similar to those ob-
tained using defined eddy perimeters. Table A.2 shows that the greatest difference in skill
is obtained for META2017. Indeed, META2017 identifies between 5 and 10 % fewer
trajectories than TOEddiesAtlas. Moreover, the percentages obtained for TOEddies indi-
cate that trajectories that account for eddy merging and splitting are real and well recon-
structed. On the other hand, the association of more than one META2017 trajectory with
a LU16 trajectory suggests that META2017 sometimes loses the true eddy track. This is
clear when considering the collocation time with LU16 loopers. Indeed, while between
1/2 and 1/3 of the TOEddies network recovers almost all LU16 trajectories (i.e. > 90 %),
this statistic is only 1/4 for META2017. Moreover, META2017 trajectories follow LU16
loopers 10% less than TOEddies. META2017 mismatch cases are also more numerous (by

a factor of two) than TOEddies cases.
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