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1.  Introduction
Mesoscale eddies are ubiquitous features in the oceans and dominate the kinetic energy reservoir. They mostly 
arise from instabilities of large-scale persistent currents and have been routinely observed through satellite altim-
etry for almost three decades (Chelton et al., 2011). They play an active role in the transport of tracers, yet several 
questions on the underlying mechanisms of dispersion and their regional and global implications remain debated 
(e.g., Abernathey & Haller, 2018; Zhang et al., 2014).

As put forward in McWilliams (2008), “almost all our understanding of eddy dynamics and phenomena has its 
roots in quasi-geostrophic theory”. Indeed, the dominant instabilities of large-scale currents and the lifecycle of 
mesoscale eddies are well described by the quasi-geostrophic theory. This theory relies on several assumptions, a 
fundamental one being that the Rossby number of the flow (Ro), which compares the inertial force to the Coriolis 
force, is small (Ro < 0.1, e.g., Section 5.3 in Vallis, 2006). In the limit of Ro → 0, there is a perfect symmetry in 
the phenomenology of cyclones and anticyclones. For Ro = O(0.1), an asymmetry is observed to develop with a 
dominance of anticyclones over cyclones. Correspondingly, the probability density function of the relative vortic-
ity of the flow is slightly skewed toward negative values (e.g., Polvani et al., 1994). Reasons for this dominance 
are manifold (see the discussion in Polvani et al., 1994), but the sole kinematic consequence of the emergence 
of inertial forces is the acceleration of anticyclones and the slowing down of cyclones (Penven et al., 2014). No 
further kinematic asymmetry emerges from the regime of Ro = O(0.1).

Two mechanisms commonly invoked to explain asymmetrical effects in convergence and divergence in cyclones 
and anticyclones are eddy pumping and Ekman pumping (McGillicuddy,  2016). The former is active toward 
the beginning and the end of the eddy life cycle (e.g., Figure 4.21 in Flierl & McGillicuddy, 2002). When a 

Abstract  An asymmetry in the clustering of oceanic surface material has been observed at the 
submesoscales. Energetic and ephemeral submesoscale cyclonic fronts are associated with convergence 
zones, hence cluster surface material. Their anticyclonic counterparts do not feature such an effect. Yet, at 
the mesoscale, literature has been contradictory about such an asymmetry. Here, we combine surface drifter 
trajectories with an altimetry-derived mesoscale eddy database in the North Atlantic to show that mesoscale 
cyclones contain 24% more drifters than anticyclones. A numerical Lagrangian experiment using a mesoscale-
resolving model quantitatively reproduces the observational results. It reveals that particles preferentially cluster 
in cyclonic regions, both in fronts and eddies. The model further suggests that ageostrophic cyclonic fronts 
concentrate particles a few days before the eddy formation and detection.

Plain Language Summary  Earth's oceans are filled with swirling coherent structures called 
eddies, whose dominant scales range from 10 to 100 km across. Clockwise-rotating and counter-clockwise-
rotating eddies, called anticyclones and cyclones in the northern hemisphere, coexist in the oceans with 
similar proportions and covered areas. Dominant theories for the life cycle of the largest eddies (mesoscale 
eddies) have concurred on their kinematic symmetry. However, this symmetry breaks down at the small scales 
(submesoscale eddies and fronts) and cyclonic structures have been shown to be associated with convergence 
zones. Here, we combined a surface drifter database with a satellite-derived mesoscale eddy database to 
show that mesoscale cyclones contain significantly more drifters than anticyclones. The use of a numerical 
Lagrangian experiment, that is, flow-following inert particles, unveiled that the clustering of particles occurs in 
the formation stage of the cyclones. This work has implications for our global understanding of the transport of 
surface material in the oceans, for example, debris and plastics.
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surface-intensified eddy forms, isopycnals in the thermocline are pumped up (down) in cyclones (anticyclones), 
hence resulting in a divergence (convergence) of surface horizontal velocity in cyclones (anticyclones). The oppo-
site happens when the eddy decays. The second mechanism − Ekman pumping (Gaube et al., 2015) − results 
from a differential wind stress on the upwind and downwind sides of the eddy, which creates a horizontal conver-
gence (divergence) of Ekman transport in cyclones (anticyclones).

The oceanic surface boundary layer is host to a submesoscale regime of turbulence, where Ro reaches O(1) 
values and the quasi-geostrophic regime does not hold. In this regime, vorticity is skewed toward positive values, 
and a clear dominance of cyclonic eddies and fronts has been observed and modeled (Buckingham et al., 2016; 
Roullet & Klein,  2010; Rudnick,  2001; Shcherbina et  al.,  2013). There is growing evidence in the literature 
that submesoscale cyclonic vorticity is associated with convergence zones, both from Eulerian (Shcherbina 
et al., 2013) and Lagrangian observations (D’Asaro et al., 2018; Esposito et al., 2021). Theory and numerical 
modeling corroborate these observations (Barkan et al., 2019; Balwada et al., 2021).

We now elaborate on the Lagrangian implications of the mesoscale and submesoscale regimes of turbulence. 
If the mesoscale eddy field is ruled by a quasi-geostrophic regime, there should be an equipartition of Lagran-
gian material into mesoscale cyclones and anticyclones, stemming from their kinematic symmetry. However, 
it is tempting to extrapolate on the efficiency of submesoscale cyclonic flows to cluster material to test the 
hypothesis that an upscaling effect − compatible with an inverse cascade of turbulence in surface quasi-geo-
strophic flows (Capet et al., 2008) − could lead to a preferred accumulation of Lagrangian material into mesos-
cale cyclones.  Submesoscales are ephemeral and difficult to observe but mesoscale eddies are easily tracked by 
satellite altimetry, so a potential asymmetry between the trapping capacity of cyclones and anticyclones could 
help to refine our understanding of the transport of surface passive tracers.

In this study, we focus on the North Atlantic Ocean between the equator and 45°N to encompass the equatorial 
and the subtropical gyre dynamics. We combine drifter data and a mesoscale eddy database to show that drifters 
are preferentially trapped into mesoscale cyclones compared to anticyclones. Those data sets limited any further 
investigation so we set up a Lagrangian numerical simulation to investigate the underlying mechanisms leading to 
this asymmetry. The article is organized as follows. Section 2 introduces the data sets and numerical framework 
used in this study. In Section 3, we present the observational and modeling results and in Section 4 we discuss 
and summarize them.

2.  Data and Methods
2.1.  Observations

We used the global daily mesoscale ocean eddy data set of Faghmous et al. (2015). An automatic eddy identifica-
tion algorithm was used on AVISO's “Delayed Time,” “all sat merged” global daily mean sea level anomalies on 
a 0.25° grid from January 1993 to May 2014. The data set consists in daily anticyclone and cyclone coordinates 
along with some properties, among which we only used the area.

We also used a subset of the Global Drifter Program (Lumpkin & Pazos, 2007; Niiler, 2001) data in the North 
Atlantic Ocean in the same time window as the eddy database. We selected a subset of drifters in 0°–45°N and 
110°W–20°E, and then masked the data in the Pacific Ocean and the Mediterranean Sea. We retained only 
drogued drifters to discard trajectories that are too much influenced by wind effects (Grodsky et al., 2011; Poulain 
et al., 2009) and inertia (Beron-Vera et al., 2016). The data set gives 6 hr drifters' position. Initial positions of 
drifters are shown in Figure S1a in Supporting Information S1. Commercial ship tracks and regions of remarka-
ble dynamics (e.g., Gulf Stream) stand out clearly but we checked that the initial distribution of drifters between 
cyclones and anticyclones was unbiased: the total number of drifters is 5,811, from which 459 were initially in 
cyclones and 458 in anticyclones (see the following paragraph for the attribution of drifters to eddies).

We first collocated the drifters and eddies in time, considering they were concomitant if their positions are given 
at times closer than 1 hr. Drifter trajectories are overall coherent with the eddy polarities: drifters spin clockwise 
(anticlockwise) in the vicinity of anticyclones (cyclones). An animation of drifter trajectories and collocated eddy 
positions for year 2000 in the North Atlantic Ocean is available in the Supporting Information (Movie S1). We 
considered that a drifter was inside an eddy if the drifter's distance to the eddy center was smaller than the eddy 
radius. Since the data set provides eddy areas but not eddy contours, we assumed that eddies were circular and 
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derived eddy radius from the area. If a drifter appeared to be concomitantly inside two eddies, we considered it 
belonged to the closest eddy.

2.2.  Numerical Framework

In order to carry out a numerical Lagrangian experiment that mimics the drifters spreading, we used the hourly 
surface velocity and sea surface height (SSH) fields of a numerical simulation of ocean currents in the Atlantic 
(GIGATL6) that is based on the Coastal and Regional Ocean Community Model (CROCO, developed upon the 
Regional Oceanic Modeling System, ROMS, Shchepetkin & McWilliams, 2005). GIGATL6 was designed to 
solve the hydrostatic and primitive equations on a spherical grid encompassing the whole Atlantic Ocean (Green-
land to Cape Horn) with a nominal horizontal resolution of 6 km and 50 terrain-following vertical coordinates. 
The simulation thus resolves mesoscale eddies, with at least 5 grid points to represent the first baroclinic Rossby 
radius of deformation (Rd) in the region of interest (see Figure 6 in Chelton et al., 1998) and typical mesoscale 
eddy diameter of 2–3 Rd (Figure 11 in Smith, 2007). The grid bathymetry is from the global SRTM30plus data 
set (Becker et al., 2009). Initial state and lateral boundary conditions for velocity, SSH, temperature, and salinity 
are supplied by the Simple Ocean Data Assimilation data set (Carton & Giese, 2008). Atmospheric forcing was 
supplied at hourly resolution by the Climate Forecast System Reanalysis (Saha et  al.,  2010). The simulation 
started in 2004 and our analyses were based on 1 year of outputs in 2009 to ensure that the dynamics were spun 
up.

Daily SSH outputs from GIGATL6 were fed into the py-eddy-tracker software to detect mesoscale eddies (Mason 
et al., 2014). In short, py-eddy-tracker sought the outermost closed contours of SSH to identify mesoscale eddies. 
A series of tests was then applied (shape, size, single maximum of SSH within a closed contour, etc.) to discard 
features that were likely not eddies. Once the eddies were detected, their closed contours were tracked forward in 
time. We only retained eddies that lived longer than 7 days to ensure their robustness.

Hourly surface velocity outputs were used to carry out the Lagrangian dispersion experiment using the Pyti-
cles software (Gula et al., 2014). We only used the horizontal velocity field, that is, no vertical advection was 
performed. Synthetic particles were evenly released on the model grid with a spacing of ≈1.3 km between adja-
cent particles. This spacing was chosen to maximize the number of particles while limiting the computational 
cost of the experiment. Particles were passively advected by the surface horizontal currents that were bilinearly 
interpolated in space and linearly interpolated in time at the positions of particles with a 6-min time step.

3.  Results
3.1.  Drifters Preferentially Cluster in Mesoscale Cyclones

Figures 1a and 1b show the total number of cyclones and anticyclones detected in the Faghmous et al. (2015) 
daily data set, on a regular 1° × 1° grid (hence, unit is formally “eddy×day”). As expected, a larger number of 
eddies is found in boundary currents as compared to the interior of the subtropical gyre and the equatorial band. 
There is an equipartition of mesoscale cyclones (C) and anticyclones (AC) throughout the domain, with rather 
patchy binwise relative differences that rarely exceed 50% (𝐴𝐴 (#𝐶𝐶 − #𝐴𝐴𝐴𝐴)∕

1

2
(#𝐶𝐶 + #𝐴𝐴𝐴𝐴) , Figure  1c). No clear 

regional pattern emerges and the relative difference over the domain is 1.3% in favor of cyclones.

We also compare the total surface occupied by cyclones and anticyclones (Figures 1d and 1e). Regional differ-
ences stand out in the relative difference map (Figure 1f). The most prominent one is the Gulf Stream's exten-
sion, whose southern (northern) edge is more covered by cyclones (anticyclones). The overall relative difference 
remains small, with a total surface occupied by cyclones that is larger by 4.5%.

Figures 1g and 1h show the number of drifters into cyclones and anticyclones on the same grid. In contrast to 
the relative equipartition of cyclones and anticyclones, there is a clear preference for drifters to be trapped into 
cyclones, with pronounced regional trends in the southern edge of the Gulf Stream's extension and within the 
eastern part of the subtropical gyre (Figure 1i). Overall, mesoscale cyclones contain 24% more drifters than their 
anticyclonic counterparts. Importantly, this asymmetry cannot be explained by a potential asymmetry in the 
number of, or area covered by, cyclonic vs. anticyclonic eddies. Hence, the trapping asymmetry must be rooted 
in polarity-dependent kinematics of ocean currents.
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Complementary to the static maps described above, we examined the number of drifters into cyclones and anti-
cyclones vis-à-vis of the drifters' age (Figure 2). Time series recall that drifters were equally seeded into cyclones 
and anticyclones (Section 2.1 and Figure 2b). They reveal that the preferred trapping tendency of cyclones builds 
up within the first ∼20 days of the drifters' lifecycle and persists over more than 300 days (Figure 2c). Between 
20 and 300 days, an average of 20.3% of drifters are found in cyclones vs. 15.4% in anticyclones. After about a 
year, the total number of drifters has significantly decreased (Figure 2a), and the drifters' coverage of the gyre 
is scarce (Figures S1c and S1d in Supporting Information S1), hence percentages fluctuate more (Figure 2c). 
The relative difference between the number of drifters in cyclones and anticyclones reflects the rapidly growing 
asymmetry,  increasing from zero to 15% in 20 days (Figure 2d). Between 20 and 300 days, it fluctuates roughly 
between 10% and 50%, but overall, within this time period, cyclones contain 27.3% more drifters than anticy-
clones, consistently with the results that ignored the age of drifters (Figure 1i).

3.2.  Synthetic Particles Preferentially Cluster in Mesoscale Cyclonic Fronts and Eddies

To further investigate the reasons behind the trapping asymmetry, we set up a basin-scale Lagrangian dispersion 
experiment using the model outputs of a 6-km resolution numerical model (Section 2.2). Figure S2 in Supporting 
Information S1 shows a snapshot of particles' position, surface relative vorticity, and eddy contours. We compute 
the concentration of particles in eddies for each individual as the number of particles divided by the eddy surface 

Figure 1.  Total number of (a) cyclones, (b) anticyclones, and (c) the relative difference of cyclones vs. anticyclones in 1° × 1° bins. Blue (red) areas are dominated 
by cyclones (anticyclones). Total surface covered by (d) cyclones, (e) anticyclones, and (f) their relative difference. Total number of (g) drifters in cyclones, (h) in 
anticyclones, and (i) their relative difference. Blue (red) areas indicate that drifters are preferentially trapped into cyclones (anticyclones). Integrated numbers over the 
area are given above colorbars.
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(output by py-eddy-tracker). Then, we derive statistics for each eddy polarity every 5 days. Figure 3a shows 
time series of the median and quartiles of particle concentration in cyclones and anticyclones. It thus gives an 
overview of the distribution of particle concentration. The particle concentration in cyclones and anticyclones is 
strictly equal at the release. The relative difference builds up within the first ≈30 days and fluctuates around 20% 
between 30 and 200 days before increasing and plateauing around 40% (Figure 3b). Reasons for this stepwise 
evolution remain unclear. However, the modeling results are overall consistent with the observations and confirm 
that mesoscale cyclones trap more surface buoyant material than anticyclones.

Visual inspection of particles and surface vorticity fields suggests two important points (Movie S2). First, parti-
cles cluster preferentially in cyclonic areas, regardless of the type of structures, that is, fronts or eddies. Second, it 
suggests that the clustering of particles occurs prior to the detection of eddies. Specifically, we routinely observe 
clusterings of particles in cyclonic fronts before the latter roll up into mesoscale cyclones subsequently detected 
by the algorithm.

We carried out several diagnostics to confirm those visual impressions. Inspired by Balwada et al. (2021), we 
examine the mean particle concentration as a function of vertical vorticity (ζ = ∂xv − ∂yu, with (u, v) the hori-
zontal velocity in the (x, y), that is, zonal and meridional, coordinate system) and strain (𝐴𝐴 𝐴𝐴 =

√

𝜎𝜎
2
𝑛𝑛 + 𝜎𝜎

2
𝑠𝑠  , with 

σn = ∂xu − ∂yv and σs = ∂xv + ∂yu). Figure 4b strongly supports the first observation. Indeed, particle concentration 
is rather homogeneous (≈1–2 × 10 −8 m −2) in most of the vorticity-strain domain but a clear two-to-three times 
increase in concentration (up to 6 × 10 −8 m −2) is found approaching and past the σ = ζ line on the cyclonic side 
(ζ > 0). This line materializes cyclonic fronts, whereas the area below (ζ > σ) is dominated by more materially 
coherent spinning structures (Balwada et al., 2021).

The second point was tested by identifying particles belonging to an eddy at its first detection and tracking 
them backward in time to get insights on the trapping scenario. We specifically monitored the flow vorticity 

Figure 2.  Time series relative to the drifters' age. (a) Total number of drifters in the area; (b) number and (c) percentage 
of drifters in (blue line) cyclones and (red line) anticyclones; (d) (thin gray line) relative difference of drifters in cyclones 
vs. in anticyclones and (bold gray line) its 15-day running mean. Positive means that drifters are preferentially trapped into 
cyclones.
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and divergence (δ = ∂xu + ∂yv) interpolated at the particles' position (Figures 4c and 4d). Time series reveal that 
most particles acquire the polarity of the eddy they are going to get trapped in between 5 and 15 days before the 
eddy is actually detected. Remarkably, 5 days prior to the eddy detection, more than half of the particles already 
have the polarity of the eddy they are going to be trapped in (the envelop of quartiles does not cross the zero line, 
Figure 4c). Note that this tendency is more pronounced for cyclonic flows that feature larger vorticity. Further-
more, δ/f is negative for most particles − they are by definition attracted in convergence zones (δ/f < 0) − and 
does not show any difference for the cyclonic and anticyclonic cases until ≈ 10 days before the eddy detection 
(Figure 4d). Around this time, particles that are going to be trapped into cyclones see a negative divergence that 
is roughly twice as large as the ones that are going to be trapped into anticyclones. This emphasizes the enhanced 
clustering of particles in cyclonic regions before the actual detection of the mesoscale cyclones they are going to 
be trapped in.

4.  Summary and Discussion
Our study sheds light on the hitherto undocumented asymmetric role of mesoscale eddies to cluster surface 
buoyant material. Combining surface drifters with a mesoscale eddy database, we demonstrated that cyclones 
cluster roughly 24% more drifters than anticyclones. A numerical Lagrangian experiment using a mesoscale-re-
solving model reproduces this asymmetry and helped us to gain insight into the trapping scenario, which is 
as follows. Statistically, particles are more concentrated in cyclonic regions, including fronts and eddies. For 
particles that end up being trapped in eddies, a backward tracking indicates that they tend to acquire the eddies' 
polarity while the eddy is formed, which corresponds to a few days before it is actually detected. This precondi-
tioning is more prominent in cyclonic flows and, added up to the background higher concentration of particles in 
cyclonic regions, qualitatively explains the asymmetry in particle concentration between mesoscale cyclonic and 
anticyclonic eddies. Note that we extended the observational analysis to the whole Atlantic Ocean and obtained 
quantitatively similar results.

At first sight, the clustering asymmetry is unanticipated. Indeed, while in submesoscale-dominated regimes, 
clustering of material in cyclonic regions is documented and rationalized (Balwada et al., 2021; Berta et al., 2020; 
D’Asaro et al., 2018; Esposito et al., 2021), such an asymmetry is unexpected at the mesoscale − see the intro-
ductory review of literature in Section 1. Our model resolution formally allows an accurate representation of 
mesoscales but hardly permits submesoscales. This is a posteriori diagnosed through the joint probability density 

Figure 3.  Results from the modeling study. (a) Median and quartiles of the concentration of particles in cyclones and 
anticyclones and (b) the relative difference computed from the median. Positive means an excess of particles into cyclones.
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function of vorticity and strain, which is roughly symmetric relative to vorticity, while hinting that ageostrophic 
currents (|ζ/f| > 1) can develop (Figure 4a). We thus hypothesize that the rare (PDF < 10 −2%) ageostrophic fron-
togenesis that occurs in the model is instrumental at clustering particles in cyclonic fronts and preconditioning 
the higher concentration in cyclonic eddies. Indeed, the secondary circulation associated with those fronts is key 
to drive a convergence of material in cyclonic regions (Barkan et al., 2019). Note that this preconditioning is also 
consistent with the findings of Zhang and Qiu (2018) that showed that ageostrophic motions within mesoscale 
eddies are intensified at the beginning of their lifecycle.

An examination of the literature on physical-biological-biogeochemical interactions at the mesoscale could not 
shed us some light over any clear mechanism that could lead to surface clustering. Higher chlorophyll concentra-
tions are consistently found in anticyclones as compared to cyclones, which has to be explained by an enhanced 
net upward transport of nutrients (observations are reviewed in McGillicuddy, 2016). Several mechanisms are 
invoked to explain the enhancement of vertical velocities in mesoscale eddies (e.g., Martin & Richards, 2001) but 
only two have asymmetrical effects in cyclones and anticyclones (eddy pumping and Ekman pumping, reviewed 
in the introduction, based on McGillicuddy, 2016). Systematically quantifying the importance of those mecha-
nisms is arduous, since eddy pumping intrinsically depends on the generation mechanism, and Ekman pumping 
depends on wind stress and eddy velocity, both spanning wide ranges of values. Nonetheless, we claim that these 
two mechanisms do not play a significant role in the asymmetry we observe here. Eddy pumping should lead to 
a divergence of material in cyclones during their formation, which is opposite to our observations. Ekman pump-
ing could contribute to the increased convergence in cyclones. However, clustering happens prior to the eddy 
detection and the asymmetry does not change significantly after the eddies are formed, which lead us to consider 
Ekman pumping as a second-order mechanism to explain the flow convergence in mesoscale cyclones.

Figure 4.  Results from the modeling study. (a) Joint probability density function of relative vorticity ζ/f and strain σ/f, both 
non-dimensionalized by the local Coriolis frequency. (b) Mean particle concentration per bin in vorticity-strain space (bin 
width is 0.1). (a and b) are averaged over 16 frames covering the whole domain and evenly spaced in time between 10 and 
100 days of simulation. Gray lines represent σ = |ζ|. Model (c) vorticity ζ/f and (d) divergence δ/f (median and quartiles), 
both non-dimensionalized by the local Coriolis frequency, seen by particles before they are trapped into cyclones (blue) and 
anticyclones (red).
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Also, note that the literature review of van Sebille et  al.  (2020) on the physics involved in the dispersion of 
floating debris only reports one case where plastic concentration was higher in an anticyclone as compared to a 
neighboring cyclone (Brach et al., 2018). Clearly, this result needs to be statistically tested.

Our study has several limitations. Probably the most important is about the eddy detection and tracking method, 
regarding both the observational and modeling methods and results. Some recent articles highlighted the inher-
ent limitations of tracking mesoscale eddies through altimetry and/or with SSH-based techniques (e.g., Amores 
et al., 2018; Stegner et al., 2021). In addition, the classic vision of materially coherent mesoscale eddies has been 
questioned over the last decade, emphasizing the leakiness of such structures (e.g., Cetina-Heredia et al., 2019; 
Liu et  al.,  2019). Furthermore, as the resolution of numerical models and observations increases, emerging 
submesoscale three-dimensional circulations seem to play a preponderant role in shaping material patterns in 
the surface layers (e.g., Lévy et al., 2018; Uchida et al., 2019). These questions will be addressed in future work.

Data Availability Statement
The authors downloaded the eddy database from https://doi.org/10.5061/dryad.gp40h and the Global Drifter 
Program data from https://www.aoml.noaa.gov/phod/gdp/interpolated/data/subset.php. CROCO ocean model is 
available at https://www.croco-ocean.org. Information about the GIGATL6 simulation can be found at https://doi.
org/10.5281/zenodo.4948523. The py-eddy-tracker software is available at https://py-eddy-tracker.readthedocs.
io/en/stable/. The Lagrangian software Pyticles is available at https://github.com/Mesharou/Pyticles and has been 
archived on Zenodo at https://doi.org/10.5281/zenodo.4973786.
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