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Abstract: The present study introduces a comprehensive, open-access atlas of mesoscale eddies
in the global ocean, as identified and tracked by the TOEddies algorithm implemented on a global
scale. Unlike existing atlases, TOEddies detects eddies directly from absolute dynamic topography
(ADT) without spatial filtering, preserving the natural spatial variability and enabling precise, high-
resolution tracking of eddy dynamics. This dataset provides daily information on eddy characteristics,
such as size, intensity, and polarity, over a 30-year period (1993-2023), capturing complex eddy
interactions, including splitting and merging events that often produce networks of interconnected
eddies. This unique approach challenges the traditional single-trajectory perspective, offering a
nuanced view of eddy life cycles as dynamically linked trajectories. In addition to traditional metrics,
TOEddies identifies both the eddy core (characterized by maximum azimuthal velocity) and the outer
boundary, offering a detailed representation of eddy structure and enabling precise comparisons with
in situ data. To demonstrate its value, we present a statistical overview of eddy characteristics and
spatial distributions, including generation, disappearance, and merging/splitting events, alongside
a comparative analysis with existing global eddy datasets. Among the multi-year observations,
TOEddies captures coherent, long-lived eddies with lifetimes exceeding 1.5 years, while highlighting
significant differences in the dynamic properties and spatial patterns across datasets. Furthermore,
this study integrates TOEddies with 23 years of colocalized Argo profile data (2000-2023), allowing
for a novel examination of eddy-induced subsurface variability and the role of mesoscale eddies in
the transport of global ocean heat and biogeochemical properties. This atlas aims to be a valuable
resource for the oceanographic community, providing an open dataset that can support diverse
applications in ocean dynamics, climate research, and marine resource management.

Keywords: mesoscale eddies; remote sensing; satellite altimetry; eddy tracking methods; subsurface
oceanic signal; eddy-eddy interactions; merging-splitting events; coherent eddies; eddy networks

1. Introduction

Mesoscale eddies are fundamental to the transport and distribution of oceanic proper-
ties, significantly influencing global water mass movement, energy, heat, salt and biogeo-
chemical fluxes across large horizontal and vertical scales [1-8]. These dynamic structures,
often retaining their coherence over extended periods, play a crucial role in mediating
exchanges between the surface and subsurface ocean [9-11]. As they propagate through the
ocean, mesoscale eddies act as reservoirs, trapping water masses and preserving their inter-
nal characteristics, contributing to complex exchanges that influence biological productivity
and ocean—atmosphere interactions [12-16].
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The global monitoring of mesoscale eddy dynamics, however, remains constrained
by the limitations of satellite-based altimetric coverage. While multi-mission altimeters
provide essential data for tracking sea surface height (SSH), these measurements capture
the mesoscale only indirectly, leaving gaps in higher-resolution observations and intro-
ducing mapping uncertainties due to sparse temporal sampling. Gridded SSH fields are
reconstructed through spatiotemporal interpolation over intervals typically lasting sev-
eral days [17], which restricts the fidelity of smaller-scale features and rapidly evolving
dynamics [18]. Despite these limitations, satellite altimetry—particularly absolute dynamic
topography (ADT) and sea level anomaly (SLA) data—continues to be the primary method
for detecting and analyzing mesoscale eddies, given its resilience to cloud cover and nearly
continuous oceanic coverage [19-21]. Integrating altimetric data with in situ observations
from oceanographic campaigns has also been shown to enhance mesoscale eddy detection
and provide more detailed insights into their dynamics and vertical structures [22-24].

Historically, SLA maps have served as the basis for numerous global eddy studies,
offering comprehensive insights into eddy statistics and variability Chelton et al. [10,25].
However, approaches to eddy detection vary significantly, ranging from physical and
geometric methods to hybrid techniques that apply spatial filtering to isolate mesoscale
signals [10,26-34]. Recent algorithms have introduced methods to track complex eddy
behaviors, such as merging and splitting events, which reveal interconnected networks of
eddy pathways rather than isolated trajectories [4,30,35,36]. Nonetheless, only a handful
of atlases offer publicly accessible, global-scale, long-term datasets for mesoscale eddy
monitoring, and few consider eddy interactions like merging or splitting on a global
scale [4,36]. Such information is critical for accurately capturing eddy lifetimes, transport
properties, and spatial distributions, which are necessary for a deeper understanding of
their impacts on ocean circulation and water mass exchanges.

In this study, we present the enhanced, global version of the TOEddies atlas—a
mesoscale eddy detection and tracking dataset [37] designed to overcome some limitations
of existing global atlases. TOEddies distinguishes itself in four fundamental ways: (1) it
operates directly on ADT fields without spatial filtering, allowing it to detect mesoscale
eddies influenced by both barotropic and baroclinic dynamics; (2) it captures the complex
behavior of eddy networks by tracking splitting and merging events, thus offering a more
intricate perspective on eddy pathways beyond linear trajectories; (3) it differentiates the
outermost eddy boundary from the core, defined by the maximum azimuthal velocity,
facilitating a more detailed examination of eddy structure; and (4) it integrates Argo float
measurements to assess the vertical structure and thermohaline properties within eddies,
introducing novel possibilities for characterizing eddy internal variability across the global
ocean. While numerous regional and global studies have previously colocalized satellite-
derived eddy features with Argo profiles or ship-based hydrography, no existing atlas
has systematically incorporated this feature. This integration of satellite and in situ data
provides a unique resource for exploring interactions between surface and subsurface
oceanic processes.

Following a presentation of the TOEddies dataset, we conduct a comparative analysis
with three widely used global eddy atlases [34,38,39], evaluating key mesoscale character-
istics such as eddy spatial distributions, size, intensity, and pathways. Additionally, we
analyze the differences in eddy lifetimes and propagation characteristics observed across
datasets and explore the implications of these differences for oceanographic research.

The structure of this paper is as follows: Section 2 presents the TOEddies algorithm
and details the data sources used in this study. Section 3.1 examines the statistical properties
and spatial distributions of mesoscale eddies across the global ocean as detected by the
various atlases. In Section 3.2, we compare the primary eddy pathways and assess the
evolution of long-lived eddies. Section 3.3 introduces the new eddy-network framework
offered by TOEddies, highlighting merging and splitting events and presenting specific
eddy examples captured in conjunction with Argo observations. Lastly, we summarize our
findings and discuss the significance of these results in Section 4.
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2. Materials and Methods

This study evaluates four global mesoscale eddy atlases to examine the global struc-
ture and dynamics of mesoscale eddies. At the core of our analysis is the TOEddies Atlas,
initially developed for the South Atlantic [4,5,40] and now expanded to cover the global
ocean [37]. TOEddies has undergone extensive validation and has been employed in over
20 peer-reviewed studies, highlighting its robustness and practical utility for eddy charac-
terization [7,15,22-24,41-49]. It has also been used in several large-scale scientific missions,
including EUREC4A-OA and the Tara Mission, further demonstrating its relevance within
the oceanographic community [24,48,50,51]. In addition to TOEddies, we examine the latest
version of the Mesoscale Eddy Trajectory Atlas META (version 3.2), as described in [34]
and available from AVISO+ with support from CNES (http://www.aviso.altimetry.fr/,
10.24400/527896/a01-2022.005, accessed on 5 November 2024). This version of META
spans 29 years (from January 1993 to February 2022) and applies daily eddy detection
based on absolute dynamic topography (ADT) fields (Table 1). To broaden our compar-
ative analysis, we also include eddy detection and tracking outputs from Tian et al. [38]
(http://coadc.ouc.edu.cn/tfl/, accessed on 5 November 2024), which are based on the
AVISO all-satellite dataset of sea level anomaly (SLA) for the period 1993-2016, hereafter
referred to as TIAN. Finally, we incorporate the recent GOMEAD dataset [39], which pro-
vides eddy detection and tracking using SLA fields, covering the period from January
1993 to December 2019.

Table 1. Overview of eddy detection datasets.

Dataset ~ SSH (All-Sat) Threshold Period
TOEddies ADT 0.1 cm Janurary 1993-May 2023
META3.2 ADT 0.4 cm Janurary 1993-September 2022
TIAN SLA 0.25 cm Janurary 1993-December 2016
GOMEAD SLA - Janurary 1993-December 2019

2.1. Eddy Atlases and Sea Surface Height Data

All atlases utilized in this study are derived from daily, multi-satellite sea surface
height fields produced by Copernicus Marine Service (https://marine.copernicus.eu/fr,
10.48670/mo0i-00148, accessed on 5 November 2024). This specific multi-satellite product
integrates data from up to eight satellites at a given time and is projected onto a Cartesian
grid with a resolution of %O covering the global ocean. Each dataset evaluates mesoscale ed-
dies using either absolute dynamic topography (ADT) or sea level anomaly (SLA) (Table 1),
derived from gridded maps generated within a time-delay framework. ADT is the pre-
ferred measure in TOEddies and META3.2 as it avoids misinterpretations of the mean
dynamic topography (MDT) and large meanders as eddies [4,34]. In contrast, SLA is often
filtered to remove large-scale features and is commonly applied in TIAN and GOMEAD.

Unlike most datasets that apply filtering, TOEddies uses the full unfiltered ADT fields,
preserving all observed altimetric signals and thus ensuring a broader capture of mesoscale
and submesoscale dynamics. For this reason, TOEddies is particularly adept at identifying
both barotropic and baroclinic components of the eddy fields.

2.2. Eddy-Amplitude Thresholds and Core Structure Definition

Each Atlas employs different physical and geometric criteria to detect and track eddies.
As a result, we have identified a number of key differences between the datasets. For a
comprehensive understanding of the TOEddies detection and tracking method, please refer
to Appendix A.1.

Eddies are identified as maximum or minimum points in the sea surface height (SSH)
fields. Cyclonic eddies correspond to local minima of SSH, while anticyclonic eddies
correspond to local maxima. Each dataset utilizes a unique threshold for eddy amplitude,
commonly known as the persistence parameter [4], influencing both the number of detected
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eddies and their derived properties. The TOEddies method uses a low threshold of 1 mm,
which was empirically validated through comparisons with independent surface drifter
datasets [52]. In the META3.2 and TIAN datasets, the eddy amplitude criterion is set to
0.4 cm and 0.25 cm, respectively (see Table 1).

Typically, the eddy detection process begins with the identification of maxima and
minima across the field, which is then followed by the application of the specified amplitude
thresholds. In a different approach, TOEddies incorporates the persistence parameter
directly into the detection process. This integrated approach is topologically distinct and
has been shown to enhance eddy detection, functioning as a low-pass filter [4]. The latter
has been validated against a totally independent dataset of upper-ocean eddies identified
by surface drifters and provided by Lumpkin [52]. For each local extreme, TOEddies
identifies the outermost and maximum-speed contour of ADT that satisfy the specified
constraints detailed in Appendix A.1.

An alternative approach is employed by the GOMEAD atlas, which utilizes a vector
geometry-based algorithm for the detection of eddies. This methodology identifies eddy
centers as local minima of the surface geostrophic velocity magnitude derived from the
SLA, and delineates eddy boundaries through the utilization of isolines of the geostrophic
stream function.

2.3. Eddy Tracking Approaches

To monitor eddies over time, both META3.2 and TOEddies employ an overlapping
criterion between successive time steps, as previously introduced in Pegliasco et al. [53].
This criterion guarantees that a defined area of the eddy remains consistent between
consecutive time steps. This approach allows us to identify distinct segments of eddies,
rather than isolated occurrences, which is essential for reconstructing eddy trajectories.
In TOEddies, a graph method has been implemented to identify eddy segments and
build eddy trajectories, enabling the detection of merging and splitting events. This is
achieved by integrating a cost function that assigns weights to the graph of segments,
taking into account three key similarity parameters: the distance between eddies, their
Rossby numbers, and their speed radius. Please refer to Appendix A.2 for further details
regarding the TOEddies tracking methodology. Please note that META3.2 does not include
the identification of merging and splitting events.

In contrast, the TIAN dataset links trajectories over time by identifying each eddy at
the current time step and searching for an eddy in the subsequent time step within a fixed
area of radius 0.5°. In the event that an eddy remains unassociated in the subsequent step,
a synthetic or “fake” eddy with similar attributes to the last observed eddy is created. The
synthetic eddy is then introduced into the fields and propagated in the same direction. This
technique, originally proposed by Faghmous et al. [27], helps to prevent the premature
termination of tracks or large jumps between eddy positions. The maximum number of
steps that fake eddies are permitted in TIAN is set at five days, while their propagation
distances cannot exceed 1.75 times the distance over which a long baroclinic Rossby wave
can propagate in a week. In the event that multiple eddies fall into the same area, a cost
function is employed that considers four similarity parameters: distance between eddies,
amplitudes, area, and EKE. META3.2 and TOEddies also prevent the disappearance of
eddies by extending this search to four (META3.2) or six (TOEddies) time steps if no eddy
has been found before. Lastly, GOMEAD implements a similar fixed search area approach
to track eddies over time. If multiple eddies of the same type are detected within the search
area, the eddy track is updated by selecting the center point that is closest to the eddy.

2.4. Eddy-Network and Interaction Mapping

The TOEddjies atlas uniquely reconstructs networks of eddy interactions. This network-
based approach not only captures traditional eddy trajectories but also records merging
and splitting events, offering insights into connectivity and cross-basin transport. The
capability of TOEddies to detect eddy merging and splitting events enables the reconstruc-
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tion of eddy networks linked to specific eddy origins. This methodology, introduced in
Laxenaire et al. [4,5,40], allows for continuous monitoring of eddy evolution, capturing
interactions that occur throughout an eddy’s lifetime. The TOEddies network tracks inter-
actions between oceanic eddies by detecting merging and splitting events, assigning an
“order” to each trajectory (see Figure 1 in Laxenaire et al. [40]). A reference eddy trajectory,
originating from a specific region, is assigned an order of zero, while eddies that merge
with or split from this reference are assigned orders based on the number of interactions
separating them from the original trajectory. This network-based approach provides a novel
way to trace eddy origins, pathways and cross-basin connectivity [4,7,24]. By accounting for
multiple merging or splitting events, the TOEddies network provides a more detailed and
dynamic reconstruction of eddy movements compared to conventional methods, which
consider eddies as isolated structures.

2.5. Integration with Argo Data

To capture the vertical structure of eddies, TOEddies [37] is integrated with Argo
float profiles from 2000 to 2023, totaling nearly 3 million profiles (2,786,034) from over
17,000 floats (17,733), 10% of which (2336) are biogeochemical (BGC-Argo). The Argo pro-
files are separated into two groups based on their detection within or outside of mesoscale
eddy last contours at a specific location and date. The latter represent the adjacent environ-
ment and are used to construct climatological profiles of temperature (T), salinity (S), and
density () in the given area. TOEddies colocalization provides a “no-eddy” climatology
consisting of all profiles located outside of eddies within a <1° radius and during a period
of up to 30 days from the given date (regardless of the year) over the 23 years. This provides
a comprehensive environmental baseline for comparison.

3. Results
3.1. Statistical Description of Mesoscale Eddies

Figure 1 presents a global characterization of mesoscale eddy activity. The figure shows
the detection from each atlas accumulated ona 1° x 1° gridded map, with areas of eddy
generation and disappearance clearly delineated. The latter were identified as the initial
and final detection points of each eddy trajectory that was monitored for a minimum of
4 weeks. The highest concentrations of eddy activity are defined by a high density of eddy
generations and disappearances, with a total exceeding N > 30 eddies per degree square. It
is notable that, in all datasets, areas where eddies frequently generate are also areas where
eddies disappear from the altimetry maps. It is evident that the eastern boundary areas,
including the major eastern upwelling boundary systems in the Canary and Benguela in
the South Atlantic, as well as the western boundary near the confluence zone between the
Malvinas and South Brazil currents, exhibit a higher number of eddy generations. Please
refer to Figure S1 of the Supplementary Material for a visual representation of the higher
number of eddy disappearances in the western boundary systems.

Figure 2 shows frequency maps of eddy—eddy interactions (merging and splitting
events) identified by TOEddies. It is important to note that the spatial distribution of
merging and splitting events, as identified by TOEddies, also occurs in similar locations.
This reinforces the necessity of considering eddy—eddy interactions for comprehensive un-
derstanding of the detected eddies” dynamic evolution. Over the course of the observation
period, approximately 3% of the detected eddies were found to be involved in merging and
splitting events, with 52% of these classified as cyclonic eddies.
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Figure 1. Frequency maps of first (a—d) and last (e-h) detection points of mesoscale eddies per
year derived from TOEddies, META3.2, TIAN, and GOMEAD datasets, respectively. The data are
aggregated into 1° x 1° bins and normalized by the number of observation years for each dataset.
The mean dynamic topography (MDT; in cm) is shown by black contours.

From the numerous mesoscale eddies identified across the global datasets over the
various years of observation, we have chosen to focus on individual detections that are
part of main eddy trajectories with lifetimes of at least 16 weeks. The TOEddies dynamical
dataset detects over 25 million (25,117,786) eddy occurrences (lasting a minimum of 16 weeks)
organized in 119,994 eddy trajectories globally. In terms of the same subset of tracked
mesoscale eddies, TOEddies outperforms META3.2 and TIAN in terms of the number of total
trajectories, with an increase of almost 2% and 18% (117,035 and 98,375). In comparison with
the other datasets, GOMEAD reports a lower number of detected eddies (17,822).
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Figure 2. Scatter plot representing the distribution of eddy occurrences for (a) merging and
(b) splitting events based on TOEddies atlas for eddies with lifetimes longer than 4 weeks in each
1° x 1° region. Bathymetric contours at —500 m, —1000 m, —2000 m, and —4000 m are indicated by
gray lines.

Figure 3 compares the horizontal eddy characteristics of each atlas. Histograms,
of mesoscale eddy lifetimes, characteristic radii, and velocities are plotted separately
for cyclonic and anticyclonic eddies. When longer lifetimes are considered (more than
26 weeks), the predominance of anticyclonic over cyclonic eddies becomes apparent, as
noted in Chelton et al. [10]. Figure S3 of Supplementary Material illustrates this ratio,
highlighting the significant differences in distribution between the two types of eddies.

In TOEddies and META3.2, the characteristic radii of anticyclonic eddies were esti-
mated at (Ry;x) = 56.25 (+27.3) km and (Ryzx) = 62.08 (£27.8) km. These values of the
equivalent average radii of the anticyclonic eddies in these atlases are 5% and 3% larger,
respectively, in comparison to those of the cyclones. In the TIAN dataset, the anticyclonic
eddy sizes are slightly larger, with an average radius of (Ryx) = 68.86 (£27) km, while
cyclones are 7% smaller in size. However, the relative size of the eddies in the TIAN
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atlas remains larger than those identified in META3.2 and TOEddies. In general, the
GOMEAD dataset identifies significantly larger structures (with an estimated average
(Rmax) = 109.5 (£45) km). We note that in this atlas, eddy radii smaller than < 30 km are
not included to avoid small-scale features that are not accurately captured by altimetry.

Anticyclones Cyclones
(a) 10 (b) 10" g
10° 10° -
10* 10 |
= f
102 [ 102 [ .
10' | 10' | -
1 I;\ \ 1 A \I ')l ]
4 16 28 40 52 64 76 88 100 4 16 28 40 52 64 76 8 100
Lifetimes (weeks) Lifetimes (weeks)
(c)
10°
10
= 10°
< 102 = TOEddies
——META3.2
10! B —TIAN
—GOMEAD
1 " 1 : L 1 " 1 . 1 g 1 "
0 50 100 150 200 250 0 50 100 150 200 250
Rmax (km) Rmaz (km)
(e)

N, eddies

0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Vinaz(m/s) Vinaz(m/s)

Figure 3. Histograms of eddy lifetimes (weeks) (a,b) and histograms of eddy characteristic radius
Rinax (km) (¢,d) and velocity Viax (m/s) (e f) of anticyclonic (first column) and cyclonic eddies
(second column) for the TOEddies, META3.2, TIAN, and GOMEAD datasets. We consider only
mesoscale eddies having lifetimes > 16 weeks, as indicated by the dashed lines in panels (a—d), and

characteristic radii larger than R,y > 30 km.

To identify areas where these differences are noticeable, in Figure 4 we present the
geographical distribution of the radii of eddies. These maps were calculated by averaging
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the Ry for each daily detected mesoscale eddy that falls within bins of 1° x 1°. For a
suitable comparison, zonal averages of the eddy radius are also computed in Figure 4e. In
terms of the spatial radius distribution, smaller eddies are detected near the poles and larger
ones near the equator. This aligns with the first baroclinic Rossby radius, which varies
with latitude [10,54]. However, the absolute values of the eddy radius vary considerably
across the datasets. The mean zonal radii from the GOMEAD dataset are higher, estimated
at approximately ~150 km in the equatorial bandwidth of 10°S to 10°N. In contrast, the
TOEddies, META3.2, and TIAN datasets detect lower eddy radii of the order of 100-120 km.
At latitudes lower than 40°S and higher than 40°N, the TIAN dataset identifies larger
structures of approximately 60 km, while the TOEddies and META3.2 estimates indicate
smaller structures (~40 km).

In terms of intensity, the mean characteristic velocities in the TOEddies dataset reaches
almost (Vi) = 15(£12) cm/s, while eddies in META3.2 and TIAN indicate slightly
higher and lower velocities, (Viax) = 19 (£13)cm/s and (Viyax) = 13 (£9) cm/s, re-
spectively. It is worth noting that there are significant variations in the characteristics of
the eddies, indicating that their sizes and intensities could differ significantly between
observation periods. Furthermore, a comparison of all datasets reveals that cyclonic eddies
display higher standard deviations in intensity than anticyclonic eddies.

= TOEddie.
— META3.2
—TIAN T
—GOMEAD
L L
-30 0 30 60
Latitude ®

HEEE 1

0 20 40 60 80 100 120 140
Riyaz (km)

Figure 4. Maps of the speed-based radius scale R,y (km) for eddies with lifetimes > 16 weeks for
each 1° x 1° region from the (a) TOEddies, (b) META3.2, (c) TIAN, and (d) GOMEAD datasets. Zonal
averages of the eddy characteristic radius are illustrated in panel (e). The dashed line indicates the
estimated first baroclinic Rossby radius of deformation R; (km) [10].

3.2. Characterization of Main Eddy Pathways

Figure 5 depicts eddy trajectories from the TOEddies atlas, based on their estimated
lifetimes. The cyclonic and anticyclonic trajectories are presented separately, with blue
and red colors, respectively. To facilitate a comparative analysis, we have selected similar
thresholds as those chosen in Chelton et al. [10] for the eddy lifetimes. This results in
lifetimes that exceed 52, 78, and 104 weeks, respectively. For instance, the selection of eddy
trajectories that live longer than 78 weeks (more than 1.5 years) with the TOEddies dataset
(Figure 5b) results in 2007 anticyclonic and 1339 cyclonic trajectories. In the North Atlantic,
we find an equal eddy mixture of long-lived cyclones and anticyclones. However, in the
Indian Ocean, we predominantly observe long-lived cyclones. These cyclones account for
40% of the total long-lived cyclones (for lifetimes > 104 weeks) and are among the longest
propagating eddies found in the TOEddies atlas.

Figure 6 shows the same selection of eddy trajectories (with lifetimes more than
78 weeks) with the META3.2, TIAN, and GOMEAD atlases. While both the META3.2 and
TIAN atlases have a comparable number of persistent trajectories, their totals are 53%
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and 41% lower, respectively, than that of TOEddies. For example, the META3.2 database
includes 995 (773) anticyclonic (cyclonic) eddies with a lifetime exceeding 78 weeks, rep-
resenting 56% (44%) of the total eddies. Similarly, the TIAN dataset contains 810 (564)
anticyclonic (cyclonic) eddies, representing 59% (41%) of the total eddies. This discrepancy
is primarily attributable to the lack of long-duration trajectories in the North and South
Pacific. It is worth noting that the GOMEAD dataset identifies fewer trajectories than the
other atlases. In fact, it contains 63 anticyclonic and 20 cyclonic eddies for this selection.
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Figure 5. Cyclonic (blue) and anticyclonic (red) eddy trajectories as detected from the TOEddies
algorithm having lifetimes of at least (a) >52 weeks, (b) >78 weeks, and (c) >104 weeks. The numbers
of detected eddies are labeled at the top of each panel for each polarity.
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Figure 6. Trajectories of long-lived (>78 weeks) cyclonic (blue) and anticyclonic (red) eddies from the
(a) TOEddies, (b) META3.2, (c) TIAN, and (d) GOMEAD datasets. The numbers of eddies are labeled
at the top of each panel for each polarity.

In alignment with Chelton et al. [10], all atlases indicate that the majority of long-
lived oceanic eddies propagate in a westerly direction, influenced by the B-effect. Only a
small fraction of eddies propagate eastward, particularly in regions dominated by strong
currents, such as within the intense Antarctic Circumpolar Current (ACC) in the Southern
Ocean. In regions where the background flow is weak, the differential Coriolis force leads
anticyclonic eddies to drift equatorward and westward, while cyclonic eddies tend to
drift poleward and westward [55,56]. This characteristic was consistently observed across
all datasets, as shown in Figure S2 in the Supplementary Material. The proportion of
eastward-propagating eddies is notably larger in the TIAN dataset. When lifetimes of
less than 4 weeks are considered, the distribution of both westward and eastward eddies
can reach as high as 50%, indicating an almost equal distribution. However, when eddies
persist for at least 16 weeks, this ratio falls significantly to around 35%. TOEddies and
META3.2 contain 20,061 and 30,440 eastward eddies, accounting for only 20% and 35% of
the total eddies in the datasets.

It is also worth noting that there are differences in the behavior of long-distance
propagating eddies between the eddy datasets. Figure 7 illustrates the trajectories of eddies
from each dataset that were tracked for over 26 weeks and propagated over 1100 km. The
distance was calculated for each eddy trajectory as the centroid distance between their
initial and final positions, measured in kilometers. Long-lived, far-propagating eddies
are of considerable interest to many studies due to their significant role in trapping and
transporting water masses, along with heat, carbon, and oxygen. This process, in turn,
influences global climate, marine connectivity, and ecosystem functioning [4,7,40,57]. The
reliability of such estimates hinges on the precision with which mesoscale eddy temporal
evolution and their en route interactions can be characterized. For example, the long-
propagating Agulhas Rings leave a visible surface signature in the South Atlantic, which is
reflected in all datasets. However, there are slight differences in the overview of the main
eddy pathways depicted in each atlas, with some cases showing significant discrepancies.
Such examples are visible mostly in the Pacific Ocean, where TOEddies detects more
long-propagating eddies in the North Pacific, while only a portion of them is found in the
TIAN dataset and META3.2 dataset (~11% and 46% fewer long-propagating trajectories,
respectively). Large variations can also be observed in the South Pacific and North Atlantic.
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To investigate in greater detail the consistency of long-lived eddies, we have focused
our investigation on eddies with lifetimes of at least 26 weeks. We have then specifically
targeted only those eddies that exhibited a consistent spatiotemporal evolution across
all datasets. Given that the TOEddies dataset tracks a greater number of long-lived and
long-propagating eddies, it was selected as the reference atlas. We then assessed the degree
of similarity between the trajectories from the various datasets and the reference one.
Eddies were classified as “similar” if, during the same temporal range, the average distance
between their barycenters did not exceed a specified threshold, that we defined as > 0.5°.
Our analysis revealed that the proportion of common eddy trajectories between TOEddies
and the various datasets was approximately 72% for META3.2, 60% for TIAN, and only
25% for GOMEAD.
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Figure 7. Trajectories of long-propagating (>1100 km) eddies of both types from the (a) TOEddies,
(b) META3.2, (c) TTAN, and (d) GOMEAD datasets tracked for >26 weeks.

3.3. Characterization of Main Eddy Interactions

It is crucial for any dataset aiming to represent mesoscale variability to have the
capability to accurately track the temporal evolution of mesoscale eddies. It should be noted,
however, that these large-scale mesoscale eddies are not isolated in the turbulent oceanic
fields. Both anticyclonic and cyclonic eddies may undergo complex interactions along
their dynamical evolution and can experience multiple merging or splitting events during
their propagation. Such events modify the primary eddy pathways and are purported to
be associated with substantial water transfers. It is, therefore, essential that merging
and splitting events of both eddy types be identified so that the evolution of eddies
can be understood.

The ability of TOEddies to determine the occurrence of eddy merging and splitting
events enables the construction of unique eddy networks associated with specific eddy
origins. In accordance with the methodology detailed in Laxenaire et al. [4,5,40], Figure 8
illustrates three eddy-network reconstructions as a case study. These are associated with the
Agulhas Rings corridor, eddies originating from the North Pacific upwelling system, and
eddies from the Australian western boundary. The trajectories in black, which originated
from the area delineated by the dashed line, serve as the reference trajectories and are
defined as order zero in the network (see Laxenaire et al. [4]). The order number is increased
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with each additional interaction required to trace a reference trajectory in either direction.
Consequently, these networks comprise all eddy trajectories that have encountered at least
one merging or splitting event during their lifetime and, depending on their order, have
connections to eddies of specific origins. The reconstruction of eddy networks indicates that
long-lived and long-propagating eddies frequently interact with each other and have the
potential to transport water from various regions of generation further away. To investigate
the discrepancies among the different eddy atlases in tracking throughout the lifespan
of eddies, an exhaustive analysis of two distinct long-lived eddies was conducted. The
TOEddies algorithm incorporates the colocation of the eddies identified from the altimetry
gridded field with available in situ measurements, thereby providing a valuable resource
for in-depth studies of tracked eddies. To gain deeper insight into the vertical characteristics
of these eddies and how they evolve over time, we identified individual eddy trajectories
that were sufficiently sampled by Argo floats across the years of observation. In particular,
we selected one anticyclonic eddy (A0) originating from the Agulhas leakage and one
cyclonic eddy (CO0) originating from the Australian western boundary, which were present
in all datasets (Figure 9).

Anticyclones Cyclones

0 | L - P 7. v L L . i i
l%OOE 180°W 160°W 140°W 120°W 100°W 80°M60°FE 180°W 160°W 140°W 120°W 100°W 80°W

20°5}

40°5F

20

00°E  120°F 00°E  120°F

0° 0°E 0°FE  60°W  40°W  20°W ) 0°F

EE
0123456738910
O(n)

Figure 8. Eddy-network example of anticyclonic (first column) and cyclonic (second column) trajecto-
ries for the (a,b) California Upwelling System, (c,d) western Australian boundary, and (e f) extended
South Benguela System. Each eddy trajectory is colored according to its assigned order.

In Figure 9a,c, we present the specific trajectory network reconstruction of A0, which
includes all eddies that have merged with and split from A0 during the three years of its
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lifespan. Based on the TOEddies dataset, it can be concluded that A0 is the result of a
splitting event that occurred in the Cape Basin on 11 September 2010 at (6.92°E, 32.88°S).
Figure 10a shows that A0 originated from another anticyclone (A1) that was tracked back
in the Agulhas retroflection as early as on 19 November 2009 (15.17°E, 37.40°S). During
the period between October 2011 and January 2012, a number of complex interactions
were observed in the Cape Basin, as illustrated in Figure 10b—d. After March 2011, A0 was
observed crossing the Walvis Ridge and entering the South Atlantic, continuing westward
at a consistent pace over 169 weeks (more than three years), up to 7 December 2013.

From October 2010 to September 2013, 20 Argo floats collected data from AQ at different
radial distances from the core of the eddy. Figure 9a illustrates the temporal evolution of
the A0 characteristic radii as computed by TOEddies applied to the ADT maps. In addition,
the estimated distances of the Argo floats from the eddy core (magenta points, Figure 9a,b)
are provided. The eddy defined by the R;;;x contour remains relatively constant, with a
median value of 80 km and a standard deviation (STD), of 18.1 km. However, the outermost
contour defining the eddy, R, shows important variations, ranging from 26 to 202 km
and an STD of 34.3 km. Both META3.2 and TIAN identified the presence of eddy A0, as
illustrated in Figure 9i. There is a noticeable overlap in the description of the main eddy
pathway across all datasets. However, the TIAN algorithm identified a section of the eddy
before its interaction with anticyclone A1, whereas the META3.2 dataset incorporated a
portion of eddy A2 into the main trajectory.

(a) Anticyclone A0 (b) Cyclone CO
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Figure 9. Temporal evolution of dynamical characteristics of anticyclone A0 and cyclone CO, as
tracked by all considered datasets. The evolution of the eddy characteristic radius Ryqx (km)
and outermost radius R,y (km) as tracked by TOEddies is shown in panel (a,b) for A0 and CO,
respectively in black. The TOEddies network reconstruction composed of all detected trajectories,
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The TOEddies network reconstruction composed of all detected trajectories, anticyclonic (red) and
cyclonic (blue, that have merged and splitted with the main trajectories is shown in panels (¢,d). The
evolutions of the eddy radii and characteristic velocity Vi;.x (m/s) from the different datasets are
shown in panels (e-h). Panels (i,j) depict the equivalent A0 and CO trajectories as tracked from the
META3.2, TIAN, and GOMEAD datasets. Bathymetric contours at —500 m, —1000 m, —2000 m, and
—4000 m are indicated by gray lines.

Figure 9e,g shows the temporal evolution of the anticyclone’s characteristic radii
and velocity across the various datasets. The temporal evolution of the eddy radius
demonstrates a high level of similarity across the datasets, with mean differences with
TOEddies of less than 6 km in META3.2 and 8 km in TIAN. Furthermore, the eddy Vi«
shows a consistent decline over time, a trend evident in all datasets. We observe a systematic
decrease (in average 0.05 m/s), in the mean eddy intensity, as measured by TIAN, which is
likely attributable to the use of SLA fields. However, while the decay of surface properties
in the eddy indicates a distinct dissipation process, only the TOEddies atlas provides
direct access to this information by integrating available hydrographic properties from
Argo floats.

Anticyclone AO

13 Sep 2010

Figure 10. Snapshots along the temporal evolution of anticyclone A0 (panels a—f) propagating
westward in the Southern Ocean. The background colors correspond to the ADT (m) fields while the
gray arrows correspond to surface geostrophic velocities. The characteristic and outer contours as
detected by TOEddies are shown in the black solid and dashed lines. The Argo floats trapped in the
eddies are shown with the magenta diamond points.
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Figure 12e presents the temporal evolution of the temperature anomaly of the eddy
A0 from Argo floats trapped within its core from 24 October 2010 to 08 June 2013. Only
profiles situated within the outermost radius of the eddy from its center were selected
(Figure 9a). The integration of Argo vertical profiles with the eddy detection based on
satellite altimetry suggests that AQ is not undergoing dissipation. Instead, the data suggest
that the eddy is experiencing a progressive deepening of its vertical structure and a clear
separation from the ocean surface. Dynamical topography results from the vertical inte-
gration of the thermohaline properties of the water column. A reduction in eddy intensity
may be linked to alterations in the thermohaline properties of the upper water column
through eddy cooling, as observed by Arhan et al. [58], or eddy subsidence at depth (as
in this case). The latter case was initially documented for another Agulhas Ring in [5,40],
showing that the eddy subducted to become an intensified subsurface eddy. Therefore,
when the eddy signal disappears from altimetry maps, it is possible that it has not simply
dissipated. Instead, it may indicate that the eddy has penetrated more deeply and become
disconnected from the surface.

Meanwhile, the cyclone C0 was initially identified by TOEddies on 24 June 2011, off the
western coast of Australia (112.9°E, 27.57°S), and was subsequently tracked as it propagated
southwestward into the Indian Ocean for a period exceeding four years. The reconstruction
of the TOEddies network also revealed multiple instances of merging and splitting along
this cyclonic eddy trajectory. A few months after its formation, on 25 February 2012, a
merging event (Figure 11b) was detected with a short-lived cyclone (less than a month). On
9 January 2013 (Figure 11d), CO merged with another cyclonic eddy that originated from
the western border of Australia and propagated westward. By 14 June 2014, CO had already
drifted 2226 km, while being sampled by 22 different Argo floats, providing 138 vertical
profiles at varying radial distances from the center of the eddy (magenta dots in Figure 9b).
On 7 February 2016, the eddy reached 61.28°E, 37.58°S and merged with another cyclone,
which continued its westward propagation till 26 February 2018, reaching 33.82°E, 33.93°S.

To facilitate comparison between datasets, we located cyclone C0 in the META3.2,
TIAN, and GOMEAD atlases. The META3.2 dataset identified three separate cyclones
(instead of one) that appear to be following a similar westward trajectory, as illustrated
in Figure 9j. The second cyclone in the META3.2 dataset was identified just a few days
after the last detection of the first cyclone in the same dataset. The TOEddies identified
this interaction as a merging of two cyclones. Similarly, cyclone CO in the TIAN dataset
was identified as two distinct cyclonic eddies with no prior connection between them. The
TIAN atlas was unable to link the two trajectories due to a significant variation in eddy
size during the period in question (25 August 2012). Furthermore, the eddy velocity was
found to be slightly lower (0.12 m/s) in intensity compared to that of TOEddies. GOMEAD
also classified these cyclones as two distinct eddies, though with shorter trajectories.

Figure 12b,d,f provides an illustration of the value of integrating satellite altimetry
data with the eddy subsurface properties derived from the extensive Argo vertical profiles.
This approach offers a more comprehensive understanding of the dynamics and evolu-
tion of eddies. The figure illustrates the presence of a pronounced inverted temperature
anomaly signal in the upper layers for C0. Furthermore, the analyzed data indicate that the
core of A0 is situated between 200 and 1000 m, exhibiting consistent and markedly distinct
properties that are largely independent of seasonal variations in the mixing layer. The
presented evidence suggests that these eddies are subsurface-intensified. These findings
are consistent with those of previous studies that employed the TOEddies atlas to examine
a range of Atlantic eddies [5,7,40]. These examples demonstrate the necessity of this inte-
grated approach to fully grasp the complex vertical and horizontal structure of mesoscale
eddies, particularly when considering their role in large-scale oceanic exchanges. Future
work will aim to explore these vertical structures in more detail, including their interactions
with subsurface topography, to gain a deeper understanding of their dynamical behavior
throughout their life cycle.
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Figure 11. Snapshots along the temporal evolution of cyclone CO (panels a—f) propagating westward
in the Indian Ocean. The background colors correspond to the ADT (m) fields while the gray arrows
correspond to surface geostrophic velocities. The characteristic and outer contours as detected by
TOEddies are shown in the black solid and dashed lines. The Argo floats trapped in the eddies are
shown with magenta diamond points.
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Figure 12. Temporal evolution of anticyclone A0 and cyclone CO vertical structures as obtained

by Argo floats trapped inside the eddy core (darco < Rmax) (shown as magenta points in

panels (a,b). Vertical profiles of temperature T (°C) and temperature anomalies T4 (°C) are shown in

panels (c,e) for anticyclone A0, and in panels (d,f) for cyclone CO.

4. Conclusions

In this study, we introduced a new global atlas [37] of mesoscale eddies, built using
an advanced version of the TOEddies algorithm. TOEddies distinguishes itself from
other global eddy atlases by operating directly on absolute dynamic topography (ADT)
fields without spatial filtering, detecting eddy networks that reflect complex merging
and splitting behaviors, and incorporating in situ Argo float measurements for a more
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comprehensive view of the eddy structure and subsurface characteristics. By comparing
TOEddies with other leading global datasets [4,34,38,39], we highlight the strengths and
limitations of different detection methodologies and illustrate how TOEddies enables a
deeper understanding of mesoscale ocean dynamics.

Across all datasets, our analysis confirms several well-documented mesoscale eddy
behaviors. Over 80% of eddies display westward propagation, driven by the beta effect,
while their trajectories reveal a distinct northward deflection of anticyclonic eddies and
a southward deflection of cyclonic eddies, consistent with prior studies [10,55,56,59]. De-
spite these consistencies, the specific characteristics of eddies—such as count, size, and
intensity—vary among datasets, as each utilizes unique detection and tracking criteria. For
instance, analyses reveal that employing unfiltered ADT rather than SLA or filtered ADT
fields consistently provides more robust estimates of eddy intensities. While these methods
tend to underestimate these values, the TOEddies algorithm produces an eddy radius that
better matches the expected natural spatial variability (a metric of which is provided by the
first internal baroclinic Rossby radius).

Notably, TOEddies uniquely captures complex eddy interactions, constructing eddy
trajectories as interconnected networks rather than isolated paths. These interactions re-
define traditional perspectives of eddy life cycles, showing that eddies frequently merge,
split, and interact dynamically with neighboring structures. Furthermore, this atlas allows
us to capture longer-lived eddies with lifetimes exceeding 1.5 years, particularly in anti-
cyclonic structures. Our analysis underscores that anticyclones generally maintain more
stable, coherent structures compared to cyclones, aligning with earlier observations of
global asymmetry [60-62]. This longevity may reflect the visibility of anticyclonic eddies
in satellite altimetry, even as they subduct into the subsurface, a phenomenon frequently
documented in regions like the Agulhas Current System [4,5,7,40].

By integrating TOEddies with Argo float profiles, we highlight critical discrepancies
between surface and subsurface eddy dynamics. Instances of attenuation in surface anoma-
lies with persistence in deeper layers reveal limitations in inferring eddy evolution solely
from surface altimetry. These results emphasize the importance of combining satellite data
with in situ observations for a more complete understanding of eddy dynamics. In particu-
lar, subsurface processes like subduction may introduce observational biases, leading to an
under-representation of cyclonic eddies in satellite-derived datasets.

TOEddjies provides a unique resource that enhances our ability to characterize eddies
not only as isolated structures but as interconnected, dynamic entities within turbulent
ocean fields. Its detailed accounting of eddy merging and splitting events challenges
the conventional one-eddy, one-trajectory model, showing instead that mesoscale eddies
interact dynamically with their surroundings. These interactions have implications for
the pathways and lifetimes of eddy networks and for the understanding of eddy-driven
water mass transport. This new atlas thus stands as a valuable tool for the oceanographic
community, providing an accessible, rich dataset for studies on ocean dynamics, climate
variability, and marine ecosystem processes.
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Appendix A.
Appendix A.1. TOEddies Eddy Detection

To identify and characterize the outermost contours of absolute dynamic topography
(ADT) around local extrema, TOEddies approximates contours as polygons, with vertices
aligned with the grid lines of the ADT field. Given an extremum E, an outermost contour
C surrounding E is defined by the following criteria:

e (Cisaclosed isoline of ADT;

. C contains extremum E;

¢ Cdoes not contain any extremum of opposite sign;

e Chasaminimum area of 77(25km)?;

e The absolute value of the difference between the ADT level of C and the ADT of E is
greater than 1 mm; this threshold difference is called the persistence parameter;

¢ Cdoes not contain any extremum other than E with the same sign as E and with an
associated outermost contour;

* Noisoline exterior to C has the above properties.

This definition is recursive in its sixth point so it is not complete. We complete the definition
by adding that the minima of ADT are examined in descending order of ADT and the
maxima in ascending order. After identifying the outermost contour C around an extremum
E, TOEddies also detects the “maximum-speed contour”, a closed ADT isoline containing
E and situated within C that maximizes the mean azimuthal speed. This speed at each
point on the contour is computed as

XU — yu

Vy =

where

x = cos¢g (A —Ap)
y=¢—¢

(u,v) is the geostrophic speed at the point (A, ¢) on the contour, and (Ag, ¢r) is the position
of the extremum. This process results in two distinct contours for each extremum, the
outermost contour, delineating the eddy’s boundary, and the maximum-speed contour,
which encloses the eddy’s dynamical core. The eddy’s size is then determined by calculating
the radius of a circle covering the area bounded by these contours, yielding two distinct
average radii: (Rypgy) for the maximum radius and (R,y:) for the outer characteristic
eddy radius.
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Appendix A.2. TOEddies Eddy Tracking

In TOEddies, the overlapping criterion is applied firstly to the maximum-speed con-
tours and then to the outermost contours. Two instantaneous eddies overlap if they are
between 1 and 5 days apart and if the area of the intersection of their maximum-speed or
outermost contours is greater than 50% of the minimum of the areas of the contours. An
eddy can overlap with more than one other eddy.

A given eddy can even have several successors (overlapping eddies at subsequent
dates) at different dates or several predecessors (overlapping eddies at previous dates) at
different dates. However, if an eddy has a successor at time distance J, then we restrict the
search for successors at time distances greater than 4: an eddy at distance 6’ > 6 can only
be a successor if it has no predecessor at distance < ¢'.

Thus, TOEddies creates, for each polarity (anticyclones and cyclones) an abstract
graph in which each node is an instantaneous eddy and there is an edge between two
nodes if the instantaneous eddies overlap. The edges have the time direction so the graph
is directed acyclic. Splitting of eddies appears in the graph as nodes with an out-degree
> 2 and merging of eddies appears as nodes with an in-degree > 2. For each polarity, the
graph has about 3 x 10" nodes and 3 x 107 edges.

TOEddies proceeds by collapsing the graph of instantaneous eddies into a “graph of
segments”. A segment is a sequence of nodes in the graph of instantaneous eddies without
splitting, except maybe at the last node of the segment, and without merging, except maybe
at the first node of the segment. In the graph of segments, each node is a segment and
edges correspond to splitting or merging events.

For each edge in the graph of segments, TOEddies computes a cost:

-2 —_\2 —\2
d—d AN — AN Ar — Ar
vd UAN Oar
where d is the distance between the extremum of the last eddy in the head segment of the
edge and the extremum of the first eddy in the tail segment of the edge,

AN = Npo first (tail segment) — Ny, 105t (head segment)

Ar = rgpq(tail segment) — 71,5 (head segment)

NRo first (segment) is the mean on the first seven days of the segment of the Rossby number
associated to the maximum-speed contour. rg,¢(segment) is the mean on the first seven
days of the segment of the radius of the maximum-speed contour (that is, the radius of the
equal-area disk). Similarly, Ng, 1.st(segment) and rj,5;(segment) are mean values on the
last seven days of the segment.

From the graph of segments weighted by cost values, TOEddies computes eddy
trajectories. A trajectory is a path in the graph of segments. Each non-root node in the
graph has a closest predecessor: the head of the in-edge with the lowest cost. Each non-leaf
mode in the graph has a closest successor: the tail of the out-edge with the lowest cost. In
order to construct trajectories, TOEddies processes the nodes in topological order. For each
node, TOEddies looks whether the node is the closest successor of its closest predecessor. If
s0, then this node is placed in the same trajectory as its closest predecessor; else this node
begins a new trajectory. Because of “phantom instantaneous eddies”, detected from the
Aviso dataset, but not real, there are patterns in the graph of segments where a splitting
is immediately followed by a merging. We do not want to let those phantom patterns
interrupt trajectories so we detect those patterns in the graph: if the merging is 6 days or
less after the splitting, then the trajectory continues through the pattern, going through the
shortest (that is, with the smallest cost) branch of the splitting—merging.
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