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ABSTRACT

Automatic identification and tracking of mesoscale eddies are crucial in large oceanic observational and numerical model data. This work
proposes a fully automated method that identifies and tracks from a single Lagrangian advection, all mesoscale eddies, without prior
knowledge of their lifespans. The eddies’ detection and tracking use a hybrid method based on geometrical properties of the evolving velocity
along Lagrangian trajectories and a grid density-based clustering algorithm. The high eddies’ monitoring capacity of the proposed method is
demonstrated by automatically identifying and tracking these structures from two different datasets: satellite-derived surface geostrophic
velocity fields and a two-dimensional fluid simulation. The proposed approach gives complete dynamical features and evolution of the
detected mesoscale eddies by identifying their genesis event, monitoring their coherent core, and describing their splitting and vanishing
image.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038761

I. INTRODUCTION

The ocean is a fundamentally turbulent system that is character-
ized by the presence of several processes occurring at different scales,
particularly mesoscale (ranging from 5km up to several hundreds of
kilometers), which is the most energetic scale in the ocean. The latter
dominates the ocean’s circulation by a variety of physical structures
comprising eddies, meandering currents, filaments, and jets. The term
mesoscale is often followed by the word “eddies,” which reflects their
predominance in the ocean. These physical structures form the main
source of the ocean’s kinetic energy1 and can have a crucial impact on
it. In addition to their ability to stir and mix surrounding water, meso-
scale eddies are also known for trapping and transporting momentum,
heat, and different water properties. This can have an important
impact on the regional and global distribution of water properties and
on climate change, which arises from their effect on the circulation by
transporting heat and salinity and also by exchanging momentum and
extracting potential energy with/from the mean flow.2 For instance,
mesoscale eddies off the Algerian basin are found to influence the
regional mean circulation of the Levantine Intermediate Water.3 On a
global scale, the authors in Ref. 4 show that global transport in the
Southern Ocean is governed by the Agulhas eddies. The latter are
found to carry and transport different water masses from the Indian
ocean into the Southern Atlantic. In addition to their coherent

transport properties, mesoscale eddies can deeply impact the primary
production in the upper ocean,5–9 and their dynamics are found to
partially control the displacement and foraging behavior of several
marine inhabitants.10–12 Finally, their impact not only is limited to the
near surface wind but also reaches cloud and rainfall.13

As the impact of mesoscale eddies on the oceanic biogeochemis-
try and regional and global circulation is remarkable, the development
of fully automated methods with high eddy-monitoring capacity has
recently received considerable interest in the field of oceanography.
Several methods have been introduced in the literature to detect and
monitor mesoscale eddies from observational and numerical velocity
fields. One of the first works dedicated to eddies detection relies on the
relative vorticity to identify rotating cores of vortices.14 This method
was improved in Ref. 15 by introducing a wavelet technique to the rel-
ative vorticity. The authors in Ref. 16 attempt to explain some features
of the movement of long-lived mesoscale eddies. The authors in Ref.
17 used learning approaches to investigate the closure of subgrid-scale
stress for large-eddy simulations. A machine learning-based method is
developed in Ref. 18 to detect vortices in complex flow. An xR crite-
rion that computes the strength of the relative rotation has been devel-
oped in Refs. 19 and 20. The latter was modified in Ref. 21 to improve
vortices identification and to cure the bulging phenomenon on the
iso-surfaces caused by xR. The authors in Ref. 22 consider a vortex as
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a homogeneous region characterized by a magnitude of vortex vector
larger than zero. The authors in Ref. 23 introduced a universal gradient
tensor decomposition of the vortex vector, which was used to detect
rotational vortices. The work in Ref. 24 defines vortices as regions
where eigenvalues of the velocity gradient tensor are complex. The
authors in Ref. 25 proposed to use iso-surfaces of the eigenvalue’s
imaginary part to identify vortices. One of the widely used eddy detec-
tion methods in the oceanographic community is the Okubo–Weiss
(OW) criterion, which separates flows into hyperbolic regions where
strain dominates and elliptic ones where vorticity prevails.26,27 The
authors in Ref. 28 introduced a vorticity curvature criterion, which is
fundamentally based on the local properties of the vorticity field
to detect vortices. These vorticity-based methods are very sensitive to
an introductory threshold, which could lead to an under- or over-
quantification of eddies.29,30 Moreover, these formulations are of
Eulerian nature, which can strongly overestimate the degree of mate-
rial coherency, most likely resulting in significant leakage occurring
through their supposed detected eddies.

On the other hand, the Lagrangian perspective takes into account
the time evolution of particles’ trajectories, and therefore, it presents a
robust basis to identify and track mesoscale eddies in a coherent man-
ner. In the literature, several eddy definition and detection methods
have been proposed within this perspective. For instance, based on the
spinning movement of particles within vortices, the authors in Ref. 31
propose an approach that defines vortices from the frequency repre-
sentation of their trajectories. The authors in Ref. 32 detect vortices
based on a straightforward geometrical decomposition of their
Lagrangian trajectories. The authors in Ref. 33 detected vortices as
closed material barriers to the diffusive transport of vorticity. Another
vorticity-based method is developed in Ref. 34, where they used the
Lagrangian averaged vorticity deviation to detected coherent vortices.
The authors in Ref. 35 trained a recurrent neural network on the time
history of oceanic drifters for this purpose. The authors in Ref. 36
make use of the spectral clustering algorithm to identify vortices as
Lagrangian trajectories that maintain short distances among them-
selves. The authors in Ref. 37 used a collection of eigenvalues and
eigenvectors of spectral clustering and a Weyl-inspired eigengap to
detect vortices. Other studies use probabilistic approaches that rely on
the almost-invariant sets and probability density evolution.38,39 These
methods provide satisfying results by sharply defining the eddies’
boundaries and ensuring their coherency during their finite-time
advection. The authors in Ref. 40 consider the relevant transfer opera-
tors and their infinitesimal generators on an augmented space-time
manifold to detect coherent sets. However, they require the eddies’ life-
time to be known in advance, which is usually the finite-time interval
½t0; tf � of the flow map Ut

t0 . [The flow map Ut
t0ðx0Þ :¼ xðt; t0; x0Þ is

defined as the map that associates time t0 and t positions of a particle
x0 that evolves according to a given velocity field dx

dt ¼ vðx; tÞ]. That is,
they only detect coherent cores of eddies with lifetimes at least equal to
the finite-time duration of the flow map, by missing several other
eddies that might occur during the finite-time ½t0; tf � interval but with
shorter lifetimes. Moreover, these methods are based on the mapping
of several Lagrangian quantities of the flow map U

tf
t0 into a scalar field.

Thus, they only detect the eddies that exist as coherent cores at the ini-
tial time t0 of the flow map U

tf
t0 , therefore leaving undetected several

other eddies that have merged right after the initial time t0 somewhere
within �t0; tf ½.

In this work, we propose a new Lagrangian method that identifies
and detects from a single run (advection of fluid parcels) all the coher-
ent eddies regardless of their genesis time and lifetimes. The proposed
method is based on the analysis of Lagrangian geometrical properties
of the velocity fields and the use of a grid density-based clustering
algorithm to identify and track their coherent cores. The proposed
Lagrangian method is distinguished by the following features:

• it uses the notion of neighboring and therefore ensures the mate-
rial coherency of its detected eddies.

• it does not require the eddies’ lifetime to be equal to the time
interval of advection.

• it does evaluate the state of the fluid at different sub-intervals
from a single run. Therefore, it identifies and tracks Lagrangian
eddies characterized by different lifespans.

• it does identify in a Lagrangian frame the genesis and splitting
events of Lagrangian eddies, which usually impact the tracing of
their trajectories and their estimated lifetimes.

The rest of this paper is structured as follows: Sec. II presents and
details the proposed eddy identification and tracking method. Section
III illustrates our method by identifying and tracking mesoscale eddies
from two different velocity fields. Section IV validates the performance
of the proposed method by comparing it with other methods. The
conclusion is drawn in Sec. V.

II. EDDY DETECTION METHOD

The proposed method relies on the analysis of the Lagrangian
geometrical properties of velocity fields and the use of a grid density-
based clustering algorithm. The method can be summarized in the
three following steps: (i) it starts by segmenting Lagrangian trajectories
into rotational and non-rotational segments based on the geometrical
properties of their evolving velocities. (ii) It maps the initial and final
position of the extracted rotational segments. (iii) It uses a grid
density-based clustering algorithm to group them into different classes
characterized by different transport properties, which represent the
coherent cores of the eddies.

A. Trajectory segmentation

The proposed method is based on the analysis of the geometrical
properties of evolving velocity fields. Angular momentum of a particle
exhibiting rotation oscillates around a centerline with a given fre-
quency, which presents the eddy-turn-over time, and with an increas-
ing/decreasing Lagrangian angle, which represents the orientation of
the eddy. This oscillation between negative and positive velocity vec-
tors around its centerline allows an efficient characterization of particle
rotation and orientation. We define coherent eddy as a group of adja-
cent particles that complete similar rotation around the same center-
line and over the same interval of time. Every eddy is characterized by
a genesis and splitting event, and between these two events, evolving
velocities of its fluid parcels share similar geometrical properties.
Outside of these events, its particles undergo different properties as
they tend to follow different paths. Figure 1 shows an example of an
evolving velocity of a particle within an eddy. The segment in blue
color presents its trajectory before the genesis of the eddy, in red, its
evolution as a coherent core, and finally in green, its evolution after
the splitting event. The proposed method starts by segmenting par-
ticles’ trajectories based on the analysis of the geometrical properties of
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their evolving velocities; each trajectory is divided into rotational seg-
ments [red segment in Fig. 1(a) as an example] and non-rotational
ones [blue and green segments in Fig. 1(a) as an example].

We define a rotational segment sðtb; ta; x0Þ of a trajectory
xðtf ; t0; x0Þ with ½ta; tb� 2 ½t0; tf � as a segment characterized by an
evolving velocity~vðtb; ta; x0Þ that oscillates between negative and posi-
tive phases around a given centerline; the orientation of the angle
between every two successive vectors,

hðtiþ1; ti; x0Þ ¼ cos�1
~vðx0; tiÞ �~vðx0; tiþ1Þ
j~vðx0; tiÞjj~vðx0; tiþ1Þj

; i 2 ½a; b½; (1)

is the same along the segment. An example of a portion of such a seg-
ment is shown in Fig. 1(b). Every rotational segment sðtb; ta; x0Þ is
characterized by an initial time ta and position xðta; x0Þ; final time tb
and position xðtb; x0Þ; an orientation sgnðhðtb; ta; x0ÞÞ such that
8 hðtÞ 2 hðtb; ta; x0Þ; hðtÞ > 0 or 8 hðtÞ 2 hðtb; ta; x0Þ; hðtÞ < 0; and
a minimum time length jjtb � tajj > mt . To filter out large rotational
circulations, we only process rotational segments with a minimum

angular momentum

Ð tb

ta
hðt;x0Þ
ðtb�taÞ > xp.

B. Rotational segment clustering

Once rotational segments are extracted from all particles’ trajec-
tories, the next step consists of grouping them into different cores
characterized by different transport properties. Rotational segments
are clustered based on the following parameters:

• Rotational segments siðtib ; tia ; xiÞ
� �n

i¼0 belonging to the same
cluster share similar initial time ta and adjacent positions
xiðtia ; xiÞ
� �n

i¼0, which represent the initial position of the eddy
right after its genesis event at ta. n is the number of rotational
segments that create a given cluster.

• They also share similar final time tb and adjacent positions
xiðtib ; xiÞ
� �n

i¼0, which represent the final position of the eddy as
the coherent core before its splitting event after tb.

• Rotational segments within the same cluster share the same ori-
entation representing the nature of the eddy (cyclone or
anticyclone).

To achieve the aforementioned classification, we make use of a
grid density-based clustering algorithm.41 We start by mapping these
rotational segments into their initial and final time ta; tb, respectively,

xiðtiaÞ; xiðtibÞ
� �n

i¼0¼ Utia
t0 ðxiðt0ÞÞ;U

tib
t0 ðxiðt0ÞÞ

n on

i¼0
;

tiaf gni¼02 t0; tf ; tibf gni¼0 2
� �

t0; tf
� �

:
(2)

Then, we compute the density of each particle pj based on the
number of its �-neighboring particles at its bordering time ta and tb as

Nj�að xiðtiaÞ
� �n

i¼1; pjÞ ¼ fpj; pk 2 xiðtiaÞ
� �n

i¼1: dðpj; pkÞ � �g
Nj�bð xiðtibÞ

� �n
i¼1; pjÞ ¼ fpj; pk 2 xiðtibÞ

� �n
i¼1: dðpj; pkÞ � �g;

(3)

whereNj� is a function that associates with each particle pj a given den-
sity based on its neighboring. dðpj; pkÞ denotes the Euclidean distance
between particles pj and pk. � is the minimum Euclidean distance for
neighboring. We define a coherent eddy as a time-evolving domain,

E ¼
[

t2 ta;tb½ �
EðtÞ � R2 � ta; tb½ �; (4)

in a way that E is a set of adjacent particles xjf gmj¼0 characterized
by rotational segments that co-exist in the dense regions GðtaÞ
¼ Nj�af gmj¼0 andGðtbÞ ¼ Nj�b

� �m
j¼0, respectively, at ta and tb,

E ¼ GðtaÞ \ GðtbÞ: (5)

The condition in Eq. (5) ensures the eddy’s coherency, by including to
the evolving core EðtÞ only particles that co-exist at both the genesis
and splitting time of the eddy. By definition, a coherent eddy is a

FIG. 1. (a) Evolving velocity along a Lagrangian trajectory of a particle within an
eddy; the blue segment presents its evolution before the genesis of the eddy, red is
between the genesis and splitting events, and the green segment represents its
evolution after the splitting event. (b) A geometrical view of a rotational segment’s
identification.
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material domain, and its time evolution as a coherent core between
½ta; tb� is expressed as

Eðtb; ta;EaÞ ¼ sjðtb; ta; xjÞ
� �m

j¼0; xjf gmj¼02 EðtaÞ
n o

: (6)

We express the evolution of its particles before the genesis event
in terms of the flow map as

EðtÞ ¼ Ut
taðEðtaÞÞ; t 2 �ta; t0� (7)

and the destination of its particles after splitting as

EðtÞ ¼ Ut
tb
ðEðtbÞÞ; t 2 �tb; tf �: (8)

III. RESULTS AND DISCUSSION

To visually illustrate the proposed method, we chose to apply it
on a fluid simulation characterized by the presence of 3 vortices and,
therefore, provide a clear and full view of all its steps.

A. Visual illustration of the method: Direct fluid
simulation

We start by numerically solving the Navier–Stokes equation for a
two-dimensional velocity, � : C ! R2, of an incompressible fluid on
a periodic domain, C ¼ ½0; 1� � ½0; 1�,

@�t þ � � r� ¼ �rqþ 1
Re

D� þ f ; ðx; tÞ 2 C � a; b½ �;

r � � ¼ 0; ðx; tÞ 2 C � a;b½ �;ð
�idx ¼ 0; ðx; tÞ 2 C � a;b½ �; i ¼ 1; 2;

� ¼ ��; ðx; tÞ 2 C � f0g;

(9)

with � � r� being in control of kinetic energy transfer in the turbulent
cascade. Incompressible flow is ensured by the pressure gradients rq,
and 1

ReD� represents the viscous dissipation of fluid.
By presuming periodic boundary conditions, we numerically

solve the Navier-Stokes model between the time interval t
2 ½�30; 370� by using a standard pseudo-spectral method. We set the
Reynolds number to Re ¼ 104 and use 128 modes in each direction
with 2/3 dealiasing. The time t0 state of the system is characterized

by the vorticity of a vortex �xjt0 ¼ �2e
ðx�pÞ2þðy�pÞ2

0:4

� �
perturbed by a ran-

dom uniform distribution.
The model is parameterized by an external forcing

f ¼ cosð10�2x þ 10�1yÞ between ½�30; 0½ and then f¼ 0 between
½0; 370�. We inject to the simulation the vorticity of two vortices

�xjt30 ¼ �2e
ðx�23pÞ

2þðy�23pÞ
2

0:1

� 	
and �xjt66 ¼ �2e

ðx�13pÞ
2þðy�13pÞ

2

0:1

� 	
, respectively,

at t¼ 30 and t¼ 66. The vorticity stream formulation42 is used to
extract the time-evolving velocity. Figure 2 displays the vorticity asso-
ciated with the simulated velocity field of the Navier–Stokes model 9
captured at different time steps.

The method starts by producing particles’ trajectories
xjðtf ; t0; xjÞ
� �m

j¼0 that evolve according to the simulated velocity field

of the Navier-Stokes model 9 between t0 ¼ 0 and tf ¼ 370, which cor-
responds to the advection of 128� 128 fluid parcels. Then, from these
trajectories, it extracts rotational segments siðtib ; tia ; xiÞ

� �n
i¼0 as

segments where their evolving velocities share the same orientation
sgnðhðtib ; tia ; xiÞÞ
� �n

i¼0, following Eq. (1). We set the minimum time
lengthmt to 30Dt and xp ¼ p

400 rad/Dt to reduce the number of proc-
essed segments and filter out large-scale rotations.

Once the rotational segments are extracted, the method pro-
ceeds by mapping the initial xiðtiaÞ

� �n
i¼1 and final xiðtibÞ

� �n
i¼1

positions of particles within these rotational segments as shown in
Figs. 3(a) and 3(b). We set � equal to three times of the grid resolu-
tion and compute for each distribution xiðtiaÞ

� �n
i¼0 and xiðtibÞ

� �n
i¼0

its corresponding density Nj�af gni¼0 and Nj�b

� �n
i¼0 and identify

regions GðtiaÞ;GðtibÞ
� �i¼k

i¼0 with higher density distribution of par-
ticles as shown in Fig. 3(c). Each initial group GðtiaÞ representing the
vortex’s core right after its genesis is associated with a final group
GðtibÞ representing the vortex’s core right before its splitting event.
To ensure the coherency of the vortices, we define their evolving

FIG. 2. Time evolution of the vorticity governed by the Navier-Stokes model 9 eval-
uated at times t ¼ (–30, 0, 30, 66, 160, 370). Video M0 shows the time evolution of
this fluid simulation. Multimedia view: http://dx.doi.org/10.1063/5.0038761.1
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cores as Eif gi¼ki¼0¼ GðtiaÞ \ GðtibÞ
� �i¼k

i¼0. Figure 3(d) shows the initial

and final positions of the three detected vortices, presented in three
different colors (blue, red, and yellow). These Lagrangian vortices are
extracted from a single run, and they are characterized by different
genesis times and lifetimes, showing the high vortex-monitoring
capacity of the proposed method.

B. Application to satellite geostrophic currents

In this part, we make use of geostrophic currents derived from
the satellite acquired sea surface height under the geostrophic
approximation,

vð/; h; tÞ ¼ gf �1r?gð/; k; tÞ; (10)

where g is the acceleration of gravity, f presents the Coriolis coefficient,
and gð/; k; tÞ is the sea surface height (SSH), which serves as a non-

canonical Hamiltonian for surface velocity. ? stands for a 90	 anti-
clockwise rotation. These velocity data are provided daily with a spatial
resolution of 1=4	 by the Copernicus Marine Environment
Monitoring Service (CMEMS). We collect these daily data for the
period between January 1, 2006, and December 31, 2006, with a spatial
domain covering the Northern Atlantic Ocean.

Here, we identify and track mesoscale eddies over a large domain
U to stretch the performance of the proposed method and its
high eddy-monitoring capacity. We chose U ¼ ½32	N; 17	W�
�½22	N; 27	W� (blue box in Fig. 4), which lies off the Canary
Current, a region characterized by high eddy kinetic energy43 and
mesoscale eddies that frequently span off the islands. Within the
North Atlantic ocean, we define a domain of advection D (green box
in Fig. 4) and set a regular grid GD of introductory conditions with a
spatial resolution of 0:04	 � 0:04	 over the year 2006. We set the
advection time tf � t0 to 360 days with a time step of 8 h and use a
bilinear interpolation method with a step size-adapting fourth-order

FIG. 3. (a) and (b) Initial/final positions of fluid particles within rotational segments at time ta/tb, each cluster of neighboring points refers to a group of particles that share simi-
lar evolving rotations. (c) Density distribution of the initial and final positions of fluid particles within rotational segments. (d) Initial (at ta right after the merging event) and final
(tb right before the splitting event) positions of the three extracted vortices presented in blue, red, and yellow colors.
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Runge–Kutta to carry out all 250� 250 particles’ integration. We set
the minimum time length mt to 15 days, xp ¼ p

4 rad/month, and the
neighboring minimum distance � ¼ 0:12	.

The single run over 2006 results in detecting different eddies
characterized by different initial times and lifetimes. To map all the
detected eddies into one image, we chose to present them in different
colors depending on their genesis time. Therefore, overlapping eddies
with different colors are detected at different time t 2 ½t0; tf ½. A total
of 64 mesoscale eddies were detected from a single run over 2006.
They are characterized by lifetimes and diameters varying from 30 to
173 days and 21 to 110 km, respectively. They reach a maximum speed
of 7.7 km/day and can travel up to 728 km westward by self-advection
due to the b-effect.44

We show in Fig. 5 the initial positions of all the 64 detected

eddies EiðtiaÞ
� �i¼64

i¼1 in closed curves, their trajectories, and their final

positions EiðtibÞ
� �i¼64

i¼1 (filled closed curves) before they lose their
coherency. We show in video M1 (Multimedia view) the full evolution
of these mesoscale eddies Eiðtib ; tia ;EiaÞ

� �i¼64
i¼1 as coherent cores over

their different lifetimes ½tia ; tib �
� �i¼64

i¼1 . These eddies maintain their
coherency and do not stretch or fold, showing by that the high capac-
ity of the method in sharply defines the eddies. We show in video M2
(Multimedia view) the evolution of the water forming these eddies and

their genesis events Eiðt0; tia ;EiaÞ
� �i¼64

i¼1 , and in a similar way, we
show in video M3 (Multimedia view) the splitting events of the
detected eddies Eiðtf ; tib ;EibÞ

� �i¼64
i¼1 and the destination of their

trapped water, thereby displaying the ability of the method to precisely
follow their dynamical evolution and long-term coherent water trans-
port. Finally, we show in video M4 (Multimedia view) the full advec-
tion and interaction of all the detected eddies from genesis to

FIG. 4. Surface geostrophic velocity (vec-
tors) and relative vorticity field over the
Northern Atlantic Ocean. The blue box
presents the domain used to identify and
extract mesoscale eddies from the geo-
strophic current over the year 2006. The
green box represents the domain of par-
ticles’ advection.

FIG. 5. Initial and final positions of all the
64 detected mesoscale eddies over the
year of 2006. Mesoscale eddies are pre-
sented in different colors following their
genesis time. Movie M1 shows the entire
advection of the coherent cores of these
mesoscale eddies, M2 shows their gene-
sis events, and M3 shows their splitting
events. Finally, video M4 shows the full
interaction of their fluid parcels over 2006.
Multimedia views: http://dx.doi.org/
10.1063/5.0038761.2; http://dx.doi.org/
10.1063/5.0038761.3; http://dx.doi.org/
10.1063/5.0038761.4; http://dx.doi.org/
10.1063/5.0038761.5
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vanishing along the year of 2006, demonstrating the high eddy-
monitoring capacity of the approach.

In this part, we applied the proposed on two different oceanic
datasets interpolated to different spatial resolutions. In both simula-
tions, the method shows high capacity of eddies’ detection. In fact, the
method works by identifying rotational segments as a first step and
then uses a neighboring parameter � to detect eddies. The first part
relies on Lagrangian trajectories of particles. Thus, the finer the time
step of advection is, the better the rotational segment extraction is. In
this work, we used an 8h time step, which is enough to reduce trajec-
tories overshooting in oceanic data. On the other hand, the eddies’
detection does not depend on the grid resolution but rather depends
on the parameter �. In this work, we found an optimal choice of this
parameter to be between three times and five times the size of the grid
element.

IV. VALIDATION OF THE PROPOSED METHOD

Here, we stretch the performance of the proposed method by
comparing it with four recent methods from the Eulerian and
Lagrangian frame. Through this comparison, we conduct a qualitative
evaluation consisting of assessing the capacity of each method in iden-
tifying the genesis and splitting events of the eddies, the material
coherency of its detected eddies, and a quantitative evaluation, based
on the use of the same computational configuration, which consists in
assessing the complexity and computational cost of each method in
detecting all the eddies of 2006. We must note that some eddies may
merge together or spin-down due to diffusive effects. However, such
events are not identified by the proposed method, neither by the fol-
lowing ones. In this part, we use the same introductory conditions that
are used to detect Lagrangian eddies from geostrophic data in the pre-
vious section.We also show the application of the Lagrangian methods
to the simulated velocity field of the Navier–Stokes model 9 in the
Appendix.

A. Lagrangian methods

1. Lagrangian trajectory frequency

The LT F -based method31 defines the Lagrangian vortex as a
material line along which particles share similar frequency contents,

LT F nðxð�; t0; x0ÞÞ :¼
ðtn
t0

xðt; x0Þe�itndt;

n ¼ ðn1; n2;…nnÞ;
(11)

where n ¼ ðn1; n2;…nnÞ is a discrete set of n frequencies of a given
trajectory xð�; t0; x0Þ. This method works by dumping the frequency
content of Lagrangian trajectories xðtf ; t0; x0;1;2::Þ into a scalar field �n,
and then it detects vortices based on a convexity deficiency parameter
d. The latter is defined as the ratio of the area difference between the
vortex boundary and its convex hull to the area enclosed by the vortex

boundary d ¼ AðconvðEBðt0Þ�AðEBðt0ÞÞÞÞ
AðEBðt0ÞÞ .

2. Finite-time Lyapunov exponent

The Lyapunov exponent is a classical measure to quantify the
sensibility of a dynamical system to initial conditions,

k ¼ lim
t!1

lim
dð0Þ!0

1
t
log

dðtÞ
d0

; (12)

with dð0Þ being the initial perturbation of a given trajectory and dðtÞ
the t grown perturbation. To quantify the stretching of fluid parcels
during a finite-time interval, the Lyapunov exponent is modified to a
finite-time version, the finite-time Lyapunov exponent (FTLE),

kðt0; sÞ ¼
1
s
log

dðt0 þ sÞ
dt0

; (13)

which measures the average exponential separation rate of trajectories
with an initial distance dðt0Þ over a time period s as dðtÞ ¼ dðt0ÞeðktÞ.
Positive FTLE indicates chaotic behavior, while in regular flows, the
Lyapunov exponent is zero.

3. Lagrangian-averaged vorticity deviation

The LAVD-based vortex detection method developed in Ref. 45
is defined as the trajectory-averaged, normed deviation of the vorticity
from its spatial mean,

LAVD
tf
t0ðx0Þ ¼

ðtf
t0

jxðxðs; x0ÞsÞ � �xjds; (14)

where �x is the spatial mean of the vorticityx, which evolves according
to Eq. (10). Similar to the LT F , the LAVD-based method makes use
of a convexity deficiency to identify the eddies boundaries as convex
closed contours of high vorticity deviation.

For a single run, all the above methods are capable of identifying
mesoscale eddies that are characterized by lifespans equal to the time
interval of advection ½t0; tf �, each based on the mapping of a certain
Lagrangian quantity into a scalar field, and ensure their coherency
during their time evolution without folding or stretching.

We start by applying these methods to the geostrophic velocity
field; we set d ¼ 10%; t0 ¼ January 1, 2006, and vary tf each time
to tf ¼ t0 þ ð30; 60; 90; 120Þ. This allows us to compute, for each
method, different scalar fields associated with different time intervals,
as we show in Fig. 6. These methods’ scalar fields present different
Lagrangian quantities but highlight the same coherent structures in
general. The LT F and LAVD share the same procedure for eddies
identification, whereas FTLE does not offer any procedure to their
automatic identification, but only allows their visual identification. We
show in Figs. 6(a) and 6(c) the different LT F and LAVD scalar fields,
along with the boundaries of their detected eddies (encircled in black
and red colors). Boundaries labeled with the same number represent
different cores (characterized by different lifetimes) of the same eddy.
These methods do indeed identify the same eddies but extract different
boundaries characterized by different diameters. Moreover, by varying
the time interval of the flow maps, these methods seem to have differ-
ent performances and LT F seems to identify more eddies while
increasing the time interval of the flow map, contrary to LAVD, which
show high eddies identification for shorter time intervals. The same
remarks for the FTLE, and mesoscale eddies are well highlighted while
increasing the time interval of the flow map. From a computational
side, these methods seem to show good performance, for a single run
over the year 2006, between t0 ¼ January 1 and tf ¼ December 31,
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FIG. 6. LT F tf
t0
; FTLEtf

t0
, and LAVDtf

t0
fields computed for different time intervals: ½t0; t0 þ 30 days�; ½t0; t0 þ 60 days�; ½t0; t0 þ 90 days�, and ½t0; t0 þ 120 days�. (a) LT F tf

t0
fields with detected mesoscale eddies being encircled with black color, and different cores of the same mesoscale eddy are labeled with the same number. (b) FTLE fields where
eddies can be identified as homogeneous regions with separation rates close to zero. (d) LAVD fields with detected mesoscale eddies being encircled with red color.
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and the LTF takes 51:14 s; 39:72 s for the LAVD and 199:23 s for the
FTLE. However, the main limitation of these methods is their reliance
of the mapping of several Lagrangian quantities on a single scalar field,
which makes it possible to detect only eddies that are coherent at t0
and remain coherent until tf, therefore missing several others that
merged after t0 and/or split before tf. Therefore, by using these meth-
ods and in order to detect all the eddies that exist between t0
¼ January 1, 2006 and tf ¼ December 31, 2006, including their gene-
sis and splitting events, one has to follow the following procedure:

• Compute different LT F fields associated with different time
intervals ½ti; tj�, each time by varying i from 0::n� 1 and j from
1::n, with n being the number of discrete time steps, which
results in a complexity of Oðn2Þ.

• Once all eddies are identified, use an additional tool to track dif-
ferent cores of the same eddies to avoid their redundant.

Following just the first part of this procedure, without processing
redundant of eddies, the LT F takes the overall value of 153min and

FIG. 7. (a) Initial and final (dashed line) positions of all the 74 Eulerian mesoscale eddies over the year 2006. Mesoscale eddies are presented in different colors following their
genesis time. (b) Percentage of the leakage occurring through footprints of the detected eddies’ boundaries and the Lagrangian advection of fluid parcels initialized at their
time t0 position. Multimedia view: http://dx.doi.org/10.1063/5.0038761.3
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119min for LAVD and 599min in the case of FTLE, which is very
costly compared to 160:67s achieved by the proposed method. Once
the multiple scalar fields are computed for the LT F and LAVDmeth-
ods, we use an additional tool to avoid redundant of their detected
eddies. A total of 49 eddies are detected by LT F and 52 eddies by the
LAVD-based method. Although the numbers of their detected eddies
are lower, however, they present the same one detected by the pro-
posed method, but not necessarily the same core and lifetimes, mainly
due to their reliance on the mapping of different Lagrangian quanti-
ties, whereas the proposed method analyzes the spatiotemporal
dynamics of particle trajectories and defines eddies as group particles
that share similar rotation, therefore presenting a robust basis to high-
eddy detection both in space and time.

B. Okubo–Weiss criterion

Here, we use the widely known Okubo-Weiss (OW) criterion26,27

to identify mesoscale eddies from the geostrophic data covering the
year 2006 and use the method developed in Refs. 3 and 46 to track
their motions. For a single run over the year 2006, this method
detected 74 mesoscale eddies as we show in Fig. 7, which is an addition
of 10 eddies compared to the proposed method. From a computational
side, this method is very comparable to the proposed method and
takes only 144:23 s to detect all the eddies of 2006. However, it uses
instantaneous velocity fields to identify and track mesoscale eddies.
Therefore, we must assess the material coherency of its detected
eddies. We do this by passively advecting fluid parcels initialized at
each eddy’s time t0 position, in forward time until the eddy’s final time
tf ¼ t0þ lifetime. Then, we compute the portion of fluid parcels that
ends up in the interior of each eddy’s final Eulerian position. We eval-
uate a given eddy’s leakage as the quantity difference between the fluid
parcels initialized at the eddy’s t0 position and their advected images
(at tf) found in the eddy’s tf position. We show in Fig. 7(b) the percent-
age of the leakage occurring through the boundaries of the Eulerian
eddies. In this way, they are found to lose roughly between 30% and
97% of their content while traveling westward. We display this leakage
in movie M5 by showing the time evolution of these Eulerian footprint
boundaries and the Lagrangian advection of their initial particles.
Moreover, these Eulerian eddies form different cores, both in space
and time, showing completely different eddies compared to those
detected by the proposed method in the Lagrangian frame.

In this part, we evaluated the performance of the proposed
method by comparing it with four methods from both Eulerian and
Lagrangian frames. Through this comparison, we evaluated the com-
putational cost of every method, its ability to identify the genesis and
splitting event of the eddies, and the material coherency of their
detected eddies. Table I summarizes this comparison. The proposed
method has the advantage presented in the Eulerian method
(Okubo–Weiss), which is the ability to identify the genesis and split-
ting events of the eddies. To our knowledge, existing Lagrangian eddy
detection methods lack this property. The proposed method is
Lagrangian, and therefore, it ensures material coherency of its detected
eddies, which is not the case in the Eulerian method. Finally, it requires
a low computational cost comparable to the Eulerian one.

V. SUMMARY AND CONCLUSION

Unlike the Eulerian methods, Lagrangian eddy detection meth-
ods are based on the analysis of a single scalar field that characterizes
the fluid state that evolves along a “finite-time” interval. This is the
mapping of several Lagrangian quantities (vorticity, trajectories’ arc
length, trajectories frequencies…) that evolve during an introductory
interval of time ½t0; tf � into a scalar field, from which they identify
eddies as distinguished regions characterized by different properties
(higher vorticity, higher trajectories lengths, homogeneous
frequencies…). These methods do indeed identify and track coherent
eddies in a sharp manner. However, they only identify and detect
eddies that (i) appear as coherent cores at the initial t0 of the introduc-
tory interval ½t0; tf � and (ii) remain coherent all over the interval
½t0; tf �. Therefore, they leave undetected several other eddies that form
coherent cores after the initial time t0 and other eddies with lifetimes
shorter than the introductory interval ½t0; tf �. Moreover, such a con-
cept is not capable of identifying the genesis and splitting event of the
detected eddies, therefore underestimating their lifetimes.

In this work, we proposed a robust Lagrangian eddy detection
and tracking method, which is fully automatic and works by analyzing
geometrical properties of the evolving velocity along Lagrangian trajec-
tories and uses a grid density-based clustering algorithm to identify
the genesis and splitting events of the eddies.

The proposed Lagrangian concept is the first among the existing
Lagrangian methods to evaluate the state of the fluid at different sub-
intervals from a single run, and it is capable of (i) identifying and
extracting all mesoscale eddies from a single run (particles advection

TABLE I. Comparison of the performance of each method in identifying mesoscale eddies.

Methods

Proposed
method

LT F -based
method

Okubo–Weiss
criterion FTLE LAVD

Genesis and splitting events identification Yes No Yes No No
Ensures material coherency Yes Yes No Yes Yes
Runtime between 1 January and
31 December 2006

160.67 s 51.14 s 144.23 s 199.23 s 39.72 s

Eddies detection from a single run Yes No Yes No No
Runtime to detect all eddies Oð1Þ 160.67 s Oðn2Þ 153min Oð1Þ 144.23 s Oðn2Þ 599min Oðn2Þ 119min
Number of detected eddies 64 49 74 … 52
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between ½t0; tf �) regardless of their lifespans. Moreover, the method
can be more selective by fixing the rotational segments’ time length to
a certain valuemt, thus detecting only mesoscale eddies with a specific
lifetime, (ii) accurately following the dynamical evolution of the eddies
and long-term water transport by (1) identifying the origin of the
water forming the detected eddies, (2) extracting the eddies cores at
their genesis time, (3) tracking their coherent cores until their splitting
event, and (4) tracking and quantifying the impact of their trapped
water after they lose their coherency. This is crucial for quantifying
coherent transport of water properties such as heat, salt, and
biogeochemical species.

This study focuses on providing a novel eddy detection method
with high-monitoring capacity. The method was demonstrated visu-
ally by applying it on an oceanic model velocity field, and its perfor-
mance was tested by detecting and tracking accurately different
mesoscale eddies off the Canary system from the geostrophic velocity

field derived from satellite altimetry. The method was also compared
with four recent methods from the Eulerian and Lagrangian frame to
validate its high eddy monitoring capacity. In the future, the method
presented here will be applied on a global scale, with an aim toward
characterizing different properties of mesoscale eddies and quantifying
their coherent transport.

APPENDIX: THE PERFORMANCE OF THE
LAGRANGIAN METHODS OVER THE DIRECT
FLUID SIMULATION

Here, we apply the FTLE, LAVD, and LT F methods on the
simulated velocity field of the Navier–Stokes model 9. We compute
for each method three scalar fields associated with the lifespan of
each simulated vortex: ½t0 ¼ 0; tf ¼ 370�; ½t0 ¼ 30; tf ¼ 160�, and
½t0 ¼ 66; tf ¼ 128�. We show in Figs. 8(a)–8(c) the different scalar

FIG. 8. (a) LT F tf
t0
, (b) FTLEtf

t0
, and (c) LAVDtf

t0
fields computed for the direct simulation 9 at different time intervals. In red lines, the boundaries of the three detected vortices

identified by the proposed method at t¼ 0, t¼ 30, and t¼ 66.
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fields of each method in the background and the boundaries of each
vortex as detected by the proposed method. We see that all methods
are capable of identifying the larger vortex. However, none of them
is capable of identifying the other two.

These methods identify vortices by the mapping of several
Lagrangian quantities of the flow map U

tf
t0 into a scalar field. The

LT F uses the frequency contents of the Lagrangian trajectories,
the FTLE uses the separation rate of initial nearby trajectories, and
the LAVD method uses the Lagrangian vorticity deviation to iden-
tify eddies. By this example, we showed that the mapping of such
quantities might not be enough to identify and detect coherent vor-
tices. On the other hand, the proposed method does identify all
these vortices from a single run, showing high vortex monitoring
capacity.

DATA AVAILABILITY

The surface geostrophic velocity data that support the findings of
this study are provided daily on 1=4	 resolution in the Copernicus
Marine EnvironmentMonitoring Service at https://marine.copernicus.eu,
https://resources.marine.copernicus.eu/documents/PUM/CMEMS-
SL-PUM-008-032-062.pdf.
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