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Abstract. We investigated the connectivity properties of an
idealized western boundary current system separating two
ocean gyres, where the flow is characterized by a well-
defined mean circulation as well as energetic fine-scale fea-
tures (i.e., mesoscale and submesoscale currents). We used
a time-evolving 3D flow field from a high-resolution (HR-
3D) ocean model of this system. In order to evaluate the
role of the fine scales in connectivity estimates, we com-
puted Lagrangian trajectories in three different ways: using
the HR-3D flow, using the same flow but filtered on a coarse-
resolution grid (CR-3D), and using the surface layer flow
only (HR-SL). We examined connectivity between the two
gyres along the western boundary current and across it by us-
ing and comparing different metrics, such as minimum and
averaged values of transit time between 16 key sites, arrival
depths, and probability density functions of transit times. We
find that when the fine-scale flow is resolved, the numerical
particles connect pairs of sites faster (between 100 to 300 d)
than when it is absent. This is particularly true for sites that
are along and near the jets separating the two gyres. More-
over, the connectivity is facilitated when 3D instead of sur-
face currents are resolved. Finally, our results emphasize that
ocean connectivity is 3D and not 2D and that assessing con-
nectivity properties using climatologies or low-resolution ve-
locity fields yields strongly biased estimates.

1 Introduction

Solutions to a number of problems important to the marine
environment require knowledge of connectivity, i.e., how dis-
tant ocean sites are connected to one other through transport
by currents. Connectivity is important, for example, to un-
derstand the persistence of isolated populations and the flow
of genetic information (Treml et al., 2008; Roughgarden et
al., 1988; Gaylord and Gaines, 2000; James et al., 2002;
Palumbi, 2003; Trakhtenbrot et al., 2005). This is all the
more important given that spatial and temporal patterns in
the distribution of marine organisms are strongly influenced
by differences or changes in population connectivity (Treml
et al., 2008; Levin, 1992; Warner, 1997). Quantifying con-
nectivity is therefore essential for managing marine ecosys-
tem protection. But connectivity is also useful for assessing
pollutant dispersion from sources to other regions, for man-
aging water quality, for planning pollutant release to coastal
or offshore waters, and for assessing the evolution of oil spills
(Mitarai et al., 2009; Fischer et al., 1979; Grant et al., 2005).
In recent years, connectivity analysis has become a dynamic
and rapidly evolving field of research in marine science and
oceanography, partly because there is an increasing demand
to inform effective assessment and management of marine
resources (e.g., Hariri et al., 2022; Drouet et al., 2021; Bharti
et al., 2022; Ward et al., 2021; Richter et al., 2022). Thus
connectivity is usually understood as the exchange of indi-
viduals between remote marine populations, the transport of
plastic, or more generally the exchange of water masses and
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water properties (Froyland et al., 2014; Ser-Giacomi et al.,
2015). In this work, we will evaluate connectivity in terms
of its most general definition of the exchange of particles be-
tween different sites.

Estimating connectivity from Lagrangian analysis requires
knowledge of Eulerian velocity fields. In the ocean, such ve-
locities are either derived from satellite altimetry, from ocean
general circulation models, or from ocean reanalyses, which
combine the two (e.g., Poulain and Niiler, 1989; Swenson
and Niiler, 1996; Dever et al., 1998; Blanke and Raynaud,
1997; LaCasce, 2008; Alberto et al., 2011; Watson et al.,
2011; Mora et al., 2012; van Sebille et al., 2012; Hariri et al.,
2015; van Sebille et al., 2018; Hariri, 2020, 2022). The res-
olution of such products is often insufficient to fully capture
the highly dynamical fine-scale portion of the ocean circu-
lation. Also, many studies have limited the implementation
of the Lagrangian approach to the surface layer (e.g., Treml
et al., 2008; Mitarai et al., 2009; Jönsson and Watson, 2016;
Dever et al., 1998; LaCasce, 2008; van Sebille et al., 2012;
Poulain and Hariri, 2013; Drouet et al., 2021; Hariri, 2022).
This can potentially induce a strong bias in the estimates of
connectivity to the intense horizontal and vertical circulation
associated with ocean mesoscale eddies and jets as well as
with submesoscale features such as filaments and fronts.

Recent studies demonstrate the breadth of techniques and
applications employed in ocean connectivity analysis and un-
derscore the importance of this field in advancing our un-
derstanding of ocean dynamics; a variety of tools have been
used, such as ocean circulation models, in situ measure-
ments, and numerical models, to examine the connectivity
of diverse marine populations, identify subpopulations from
connectivity matrices, and analyze biogeographical patterns
along large-scale oceanic currents (e.g., Wang et al., 2019;
Drouet et al., 2021; Novi et al., 2021; Ward et al., 2021;
Cotroneo et al., 2022; Ser-Giacomi et al., 2021b; Hariri et
al., 2022; Richter et al., 2022; Kot et al., 2022).

In this study, we assess how connectivity properties of typ-
ical ocean flows are affected by the fine-scale circulation and
highlight the challenges we face in estimating ocean connec-
tivity due to lack of spatial resolution (both horizontal and
vertical) of the flow field. We focus on midlatitude open-
ocean gyres that are typical of the subtropical and subpolar
oceanic gyres of the North Atlantic, separated by the west-
ern boundary current Gulf Stream–North Atlantic drift sys-
tem, and of the North Pacific, separated by the Kuroshio–
Oyashio, which are regions where fine scales are particularly
intense. Our results highlight the need for high-resolution ve-
locity fields (i.e., mesoscale and submesoscale currents) to
derive reliable connectivity estimates. In order to study the
transport of numerical particles in a specific area, we con-
ducted offline Lagrangian transport simulations. The study
involved the release of these particles from regularly dis-
tributed sites in the region, and the simulations were run for
a period of 5 years. To perform these simulations, we used
the ARIANE quantitative Lagrangian approach (Blanke and

Raynaud, 1997; Blanke et al., 2012), which integrates all spa-
tial scales of the modeled velocity. In the published litera-
ture, marine connectivity has often been assessed by defining
metrics based on Lagrangian integrations and “connectivity
time” (e.g., Cowen et al., 2007; Froyland et al., 2009; Mitarai
et al., 2009; Rossi et al., 2014; Jönsson and Watson, 2016;
Ser-Giacomi et al., 2021).

The paper is organized as follows: the model and meth-
ods used to measure connectivity are described in Sect. 2,
the results are presented in Sect. 3, and the discussion and
conclusion are presented in Sect. 4.

2 Data and methods

The impact of the fine-scale circulation is evaluated by com-
paring connectivity estimates derived from a full 3D high-
resolution velocity field, with estimates based on velocity
fields where the resolution is degraded, either horizontally
or vertically. The high-resolution (HR) velocity fields are de-
rived from a HR ocean circulation model. Using this velocity
field, we carry out offline Lagrangian transport of numerical
particles released in a set of regularly distributed sites in the
study region.

2.1 Data: the ocean circulation model fields

The ocean circulation was generated with the state-of-the-art
ocean general circulation model Nucleus for European Mod-
elling of the Ocean (NEMO) (Madec et al., 1998). The model
domain is a 2000× 3000 km rectangle that is 4 km deep and
rotated 45◦, with closed boundaries. The model was forced
at its surface by prescribed seasonal buoyancy fluxes and
winds (Lévy et al., 2012a). The model equations were solved
on a grid with a resolution of 1/54◦ in the horizontal. This
allows the simulation of mesoscale and submesoscale dy-
namical structures with an effective resolution close to 1/9◦

(the smallest size of the structures which are captured by the
model outside the dissipative range is less than the grid reso-
lution on which model equations are discretized and solved)
(Lévy et al., 2012b). The model grid consists of 30 vertical
levels, with thicknesses ranging from 10 to 20 m in the upper
100 m, increasing to 300 m at the bottom. The model equa-
tions were integrated for 50 years. In this study we used the
last 5 years of model outputs, which were saved every 2 d at
the effective model resolution, i.e., on a 1/9◦ grid.

The time-averaged solution of the model shows two large
oceanic gyres, a subtropical gyre in the south with an anticy-
clonic circulation, and a subpolar gyre in the north with a cy-
clonic circulation separated by a strong zonal jet and a series
of secondary zonal jets. This horizontal circulation in the sur-
face layers is characteristic of the North Atlantic and North
Pacific, the strong jet being the equivalent of the Gulf Stream
or Kuroshio. It should be noted, however, that our domain
is smaller than that of these two ocean basins. The model
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velocities are highly turbulent and show strong variability at
the daily scale and on horizontal scales<1◦. This mesoscale
turbulence is characterized by strong jet oscillations and the
formation of secondary jets, eddies, and filaments between
eddies, and it is associated with intense vertical movements.

In order to assess the impact of this fine-scale circulation
on connectivity, we filtered this velocity field on a 1◦ grid to
remove all variations with scales smaller than 1◦ and com-
pared the connectivity analyses performed with unfiltered
(hereafter high-resolution HR) and filtered (hereafter coarse-
resolution CR) velocities. Filtering was done according to
Lévy et al. (2012b) to preserve averaged velocities and was
applied only in space and not in time to conserve seasonal
and higher-frequency variations.

Figure 1 shows a snapshot of the surface vorticity and ver-
tical velocity on 31 March of the first year of the simulation.
With full resolution of the velocity field (HR), the flow is or-
ganized with a large number of eddies covering a wide range
of scales, displaying filamentary structures resulting from
their nonlinear interaction. More intense small-scale activity
develops in the vicinity of the two jets, the first one located
at around 30◦ N and the second at 35◦ N. Figure 1a illustrates
the importance of mesoscale and submesoscale structures in
shaping currents, as well as in setting scales of spatiotempo-
ral variability and dynamical regimes. Importantly, these fea-
tures are associated with intense vertical currents (Fig. 1c).
When these highly turbulent currents are filtered on a coarse-
resolution grid, the vorticity is smoother and mainly related
to the position of the main jets (Fig. 1b).

2.2 Methods

2.2.1 Simulation of trajectories

In this paper, the focus is on the analysis of ocean connec-
tivity from Lagrangian numerical particles (Figs. 2 and 3a)
deployed at different defined sites across the double-gyre
current configuration, located in key areas of the circulation
(Fig. 3b). For this purpose, the positions of the numerical
particles at each time step (1 h) were calculated using the
Lagrangian tool ARIANE (https://ariane-code.cnrs.fr/, last
access: 22 May 2021). ARIANE is an open-source, offline,
three-dimensional Lagrangian particle tracking model writ-
ten in Fortran, and it is compatible with many ocean general
circulation model (OGCM) outputs. It works by interpolat-
ing velocity values (bilinear interpolation in space and linear
interpolation in time) to a given particle position using an
analytical scheme (a fourth-order Runge–Kutta scheme) and
advects the particle over a user-defined time step. A descrip-
tion of the algorithm is given by Blanke and Raynaud (1997)
and Blanke et al. (2001).

Sites were defined as circular regions of 1◦ radius. This
size corresponds to the grid size of the coarse-resolution ve-
locity field. A total of 100 000 particles were deployed at
each site. Such a large number of particles and the wide

size of each site reduces the sensitivity of the results to
the exact location of the initial position and provides sta-
tistically more robust estimates. We used 1 600 000 particles
for each Lagrangian experiment. Based on the Lagrangian
tool, ARIANE, particles reaching domain boundaries con-
tinue their movement along the model closed boundaries.
The frequency of particle release was specified with random
initial times, while the minimum duration of trajectory track-
ing was 1 year (the maximum integration time was 5 years).
Particles were released every 1 m from the surface to the base
of the mixed layer, yielding a total of 150 release locations
over this depth (667 particles per meter) (Fig. 2).

We analyzed and compared the properties of three sets
of Lagrangian experiments (with the same integration time),
one performed using the full resolution of the velocity field in
3D (HR-3D), one performed using the filtered velocity field
(CR-3D), and one using the full-resolution surface-only ve-
locity field (HR-SL).

2.2.2 Site specification

Sites were distributed in key regions of the flow in order
to examine and contrast connectivity properties between the
two gyres, along the main jets, and across the jets. The exact
location of the sites is arbitrary, but in order to have reliable
results, we choose more than one site to represent each key
region of the domain. More precisely, three sites were located
along the main jet (−85 to −68◦W and 27 to 32◦ N) on the
western side of the basin (sites 10, 11, and 12, Fig. 3b), and
two sites were located upstream of the secondary jet (−81
to −60◦W and 33 to 35◦ N) at locations with lower kinetic
energy (sites 5 and 6) in order to study connectivity between
different parts of each jet, for example from the tails (ends) of
the jets to their heads and back (see Fig. 3). In addition, other
sites between the jets were selected to calculate connectivity
properties between gyres (sites 1 to 4 in the subpolar gyre,
sites 7 to 9 in the inter-jet region, sites 13 to 15 in the sub-
polar gyre). Also, five sites (1, 3, 8, 15, and 16) were aligned
along the model diagonal to determine the transfer time from
north to south and vice versa (Fig. 3b), but three other sites
(2, 7, 13) can be used for the same purpose.

2.2.3 Lagrangian indices

Different approaches, all based on the tracking of passive La-
grangian particles, have been used to quantitatively measure
connectivity between different marine sites, e.g., Lagrangian
probability density functions (PDFs) (Mitarai et al., 2009;
Froyland et al., 2009; Ser-Giacomi et al., 2021), transport
networks (Rossi et al., 2014), and characteristic timescales
(Jönsson and Watson, 2016). Some of these methods rely on
the general definition of “connectivity time”, which depends
on oceanographic distances and is often estimated as the
mean time required for particles to move from one location to
another (Cowen et al., 2007; Mitarai et al., 2009). However,
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Figure 1. Snapshots on 31 March of (a) surface vorticity at high resolution (HR), (b) surface vorticity at coarse resolution (CR), (c) vertical
velocity at 40 m at HR, (d) and vertical velocity at 40 m at CR.

in the global ocean, mean and median transit times are not
well defined because each particle deployed at a given loca-
tion will eventually reach all other areas of a defined domain
over a sufficiently long time (Jönsson and Watson, 2016). To
address this, Jönsson and Watson (2016) proposed using the
“minimum connectivity time” (Min-T), defined as the fastest
travel time from source to destination for numerical particles,
inferred from a Dijkstra algorithm (1959). This minimum
connection time shows good correspondence with genetic
dispersal in marine connectivity (Alberto et al., 2011). The
benefit of using the minimum connection time rather than
the average transit time has been shown in previous empiri-
cal work (e.g., Mora et al., 2012; Mitarai et al., 2009; Döös,
1995; Cowen et al., 2007). Following up on these previous
advances, in this study, we focus on mean and median values
of minimum connectivity time for all particles traveling from
one given site to another in order to obtain a clear picture
of transit times. Furthermore, dispersion patterns of the nu-
merical trajectories show the main effects of the particle re-

lease position and ocean circulation on the strength and per-
sistence of connections between site pairs. Specifically, we
will provide a comprehensive matrix containing analyses of
the mean, median, and most frequent values of the minimum
connection time between each selected area seeded with nu-
merical particles.

2.2.4 Lagrangian PDF

The Lagrangian PDF approach is useful to examine the dis-
persion of particles by turbulent phenomena. It has been
widely used in fluid mechanics (e.g., Pope, 1994; Mitarai et
al., 2009; Froyland et al., 2009; Ser-Giacomi et al., 2021b).
This method relies on the probability that particles have
moved from one location to another during a given time in-
terval. Since the PDF values provide an estimate of the mean
dispersion properties of the numerical particles, a correct es-
timation of the PDF values requires a large number of tra-
jectories (Mitarai et al., 2009); for the purpose of our study,
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Figure 2. Sample trajectories deployed from site 1 in HR-3D.

Figure 3. (a) Dispersal of sample trajectories on the surface layer in HR-3D from site 13. (b) Annual mean speed and location of the sites.

100 000 particles were assigned to each site. This number
was set to have a significant number of particles for the con-
nectivity estimates but was, however, limited to remain com-
putationally manageable. The Lagrangian PDF for each site
is obtained by Mitarai et al. (2009):

Lagrangian PDF(ξ, t)=
nξ (t)

N × Sξ
, (1)

where ξ is the sample space related to the discretion of the
Lagrangian PDF (here, a sample space of ∼ 1 km2 is applied
for the calculation of the PDF fields), Sξ is the area of the
sample space ξ , N is the total number of Lagrangian par-

ticles, and nξ (t) is the number of particles residing in the
sample space ξ at the simulation time t .

3 Results

3.1 Transit times

A quantitative assessment requires some degree of simpli-
fication due to the multiple spatial and temporal scales in-
volved. In this framework, it is useful to determine the prob-
ability distribution of the numerical particles deployed from
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the different sites for different integration times (see Fig. 4
for the results obtained for site 1). After the first week of de-
ployment, the concentration of numerical particles is larger
around the starting positions, as expected. After 6 months,
the particles move a short distance from their initial posi-
tions and spread over 5–10◦ of longitude, depending on the
flow velocity. When particles are close to strong jets, they
disperse very rapidly (2–6 months), whereas in other parts
of the basin, due to slower and less energetic velocities, the
dispersion occurs over a longer period (1.5–2 years).

At 1.5 years after their release, the particles deployed from
the subpolar gyre (site 1) are dispersed in the entire subpolar
gyre and have also penetrated the subtropical gyre along its
eastern edge. Regardless of the initial deployment position,
3.5 years after deployment, almost all particles are concen-
trated along the two intense jets that separate the two gyres
(Supplement Figs. S1–S5). For particles leaving site 1, the
probability that they will reach sites 2, 3, and 4 after 2 years
along the basin diagonal is between 0.2 % and 0.8 %, and for
sites 5, 6, and 14, it is about 0.5 %. This means that connec-
tivity between these sites and site 1 is achieved in less than
2 years. A uniform PDF distribution after 2.5 years for the
particles from site 1 shows that in less than 900 d they have
spread across more than 75 % of the basin. We also note that
with longer particle lifetimes, the PDFs show similar behav-
ior compared with the other sites (Fig. 4). After 1.5 years,
particles are mostly on the eastern side of the basin, moving
slowly southward due to less energetic flow in these areas
(Fig. 4c, d).

In contrast, particles deployed in the main jet (Supplement
Fig. S4) remain mostly close to or move slowly to the south-
ern basin during all simulation times. This pattern reveals the
strong influence of the jets on particle movement. For this
case, the PDF has the highest values in the jet area and in
the subtropical gyre. After 5 years, the lowest PDF values
for particles reaching the jet and the subtropical gyre are as-
sociated with particles initially deployed along the western
boundary of the subpolar gyre (e.g., site 2). In conclusion,
the PDFs show that particles spend long periods of time in
the subtropical gyre, indicating that this regional retention
by highly energetic nonlinear ocean dynamics prevents rapid
dispersion in all other regions. This significantly increases
the mean particle transit times.

3.2 Comparison of connectivity properties between
HR-3D and CR-3D

3.2.1 PDF histogram for HR-3D and CR-3D

Figure 5 shows the PDFs of the transit times of particles
traveling between selected sites for HR-3D and CR-3D. The
PDFs are not Gaussian and are skewed with a long tail. Fig-
ure 5a shows the PDFs of the particles deployed at site 1 in
the center of the subpolar gyre and arriving at site 15 in the
center of the subtropical gyre, whereas Fig. 5b shows the re-

verse connection, i.e., for the particles deployed at site 15
traveling to site 1. For HR-3D the first particles reach site
15 after about 200 d, and most particles reach this site after
about 600 d. The latest particles continue to arrive at site 15
after 1600 d. The CR-3D PDF is shifted in time with respect
to HR-3D, with particles only reaching site 15 after about
300 d. The width of the CR-3D PDF is broader than that of
the HR-3D, suggesting a larger but slower spread of particles
across the domain before reaching site 15. The median tran-
sit time from site 1 to site 15 is 751 d, while the minimum
transit time in this direction is 201 d. The Lagrangian con-
nections for particles deployed at site 15 and reaching site 1
(i.e., connectivity in the opposite direction as for the previous
case) show a longer transit time and a greater spread for both
simulations (Fig. 5b). The CR-3D PDF shows an even larger
delay in arrival time compared to HR-3D.

For HR-3D, the mean time required for particles to travel
along the basin diagonal from the subpolar gyre to the sub-
tropical gyre (i.e., from site 1 to site 15) is about 796 d, and
the modal time is 559 d compared to 989 and 1262 d, respec-
tively, for the reverse connection (i.e., from south to north,
site 15 to site 1). This means that the northward movement
along the diagonal is faster than the southward movement.
The PDF distributions cover almost the same time range, al-
though the general shape is different. The same transit times
(mean and most frequent values) for CR-3D are 891 and 644
from north to south and 1162 d and 1315 from south to north.
The minimum time required for particles from south to north
(site 15 to site 1) in the HR model is 153 d shorter than in the
CR model (201 vs. 355 d).

To compare the Lagrangian connectivity between the most
distant sites with the sites closer to each other and within
the main jet ([30◦ N, −85◦W], [30◦ N, −70◦W], where the
mean energy and eddy kinetic energy show the highest val-
ues) we computed the transit time statistics between sites 10
and 12. The results are shown in Fig. 5c for the direct con-
nection (site 10 to site 12) and in Fig. 5d for the opposite
direction (site 12 to site 10). They suggest that the connec-
tion along the eastward jet is faster (as expected): the first
particles and largest number of particles arrive within 10 d
in HR-3D, whereas for CR-3D the arrival time of the first
particles is longer (40 d) and the PDF distribution is larger.

As foreseen, the intense and highly energetic eastward
jet moves the particles very rapidly eastward, although fine-
scale circulation (mesoscale eddies and filaments) generated
at the edges of the jet disperses the particles that reach site
12 almost continuously (albeit in decreasing numbers) until
about 1400 d. The minimum and median transit times for the
HR-3D simulation are 11 and 348 d, while these values are
larger for CR-3D (64 and 213 d, respectively). The CR-3D
velocity field induces slower connections because the peak
velocity of the jet is lower and its width larger. The connec-
tion time in the coarser velocity field is relatively continu-
ous until about 1300 d. This can be explained by the particles
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Figure 4. PDF fields of the position of particles after increasing time intervals in HR-3D. After 7 d (a), after 180 d (b), after 540 d (c), and
after 910 d (d).

traveling through the larger-scale recirculation cells of the
subpolar and subtropical gyres before reaching site 12.

In contrast, the HR-3D and CR-3D PDFs have a more sim-
ilar shape and distribution for the opposite (westward) con-
nection, with the first particles reaching site 10 from site 12
in less than 50 and 452 d on average and 546 d in median
time (Fig. 5d). The minimum and mean transit times for par-
ticles from site 12 to site 10 are longer. The modal value is
260 d, and the median transit time is 398 d. The similarity
in connectivity behavior for the opposite (westward) connec-
tion for both velocity fields suggests that the particles move
through the mean larger-scale recirculation cells and follow
the common pathways.

The above PDF results for both simulations (HR-3D and
CR-3D) clearly show the impact of the ocean fine-scale dy-
namics, which increase the efficiency of the current advec-
tion and accelerate the particle motion; in this case, for the
CR-3D simulation, the PDFs of transit times are wider with
longer mean and minimum transit times due to insufficiently
resolved turbulent motions.

3.2.2 Minimum and median transit time as a function
of geographical distance

Figure 6 shows the minimum and median values of transit
time as a function of distance computed in HR-3D for sites
along the basin diagonal. The results indicate that with in-
creasing distances, the transit times (minimum and median)
increase linearly. For the particles initially deployed from site
1, the results show almost the same behavior for median and
minimum time, except for connections between site 1 and
sites 12 and 15. The shortest minimum transit time in a diag-
onal direction is from site 8 to site 12 with a value of 2 d. The
fastest connection based on median transit times is from site
8 to site 5, with a value of about 95 d. The minimum transit
times from south to north and north to south are almost iden-
tical (about 200 d). The longest minimum transit time is for
the particles moving from site 12 to site 1 at 240 d, with a me-
dian value of 1109 d. This suggests that the intense fine-scale
circulation facilitates connections between site 8 (which is
located in the middle of the diagonal transect) and site 12
(at the eastern end of the main jet) and slows those between
sites 8 and 5 (a median transit time of 225 d versus 95 d). In
general, the Lagrangian transit times (median and minimum)
for a site pair located at the same distance along the basin
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Figure 5. Comparison of HR-3D (black) and CR-3D (gray) transit time distributions (a) for particles initially deployed from site 1 to site 15,
(b) from site 15 to site 1, (c) from site 10 to site 12, and (d) from site 12 to site 10.

diagonals differ. Such a difference arises from the complex
trajectories, followed by the numerical particles, and is in-
duced by the small-scale simulated dynamics. On the other
hand, for site pairs located at a shorter distance (less than
6◦), the minimum transit time is less than 55 d regardless of
the site location.

To more quantitatively assess the differences in connectiv-
ity between HR-3D and CR-3D, Fig. 7 shows the comparison
of minimum and median transit times computed for a sub-
set of sites for the two Lagrangian simulations. The results
clearly indicate that the minimum and median transit times in
HR-3D are significantly lower than for the coarse-resolution
configuration. In HR-3D, the resolved nonlinear dynamics
induce intense currents, and the particles move much faster
than in CR-3D, in particular for the sites located along the
two main jets. Figure 7 suggests that for distant sites, CR-
3D will not provide realistic information about the connec-
tion time between sites. The lack of fine-scale motions in the
coarse-resolution simulation leads to significant delays in the
advection of numerical particles, especially in areas where
mesoscale variability plays an important role in particle dis-
placement. The results obtained for particles deployed from
site 15, for short-range connections (distances less than 10◦),
show a better match for the median transit time for both con-

figurations: HR-3D and CR-3D. Based on a minimum con-
nection time of less than 50 d, there is some convergence be-
tween HR-3D and CR-3D for particles deployed from site
1, whereas large differences arise for distances greater than
6◦ and for areas that include hotspots of high eddy kinetic
energy. In addition, in HR-3D, the particles disperse not only
faster but also more uniformly than in CR-3D, which reduces
transit times between sites. From south to north along the
diagonal, the results of both simulations (median values of
transit times) are similar, showing that in this direction par-
ticles follow pathways less affected by small-scale ocean in-
stabilities.

3.2.3 Examples of depth arrival PDF for HR-3D and
CR-3D

Connectivity studies of marine ecosystems commonly inte-
grate Lagrangian trajectories using 2D surface velocity fields
because the focus is on passively drifting biological species
(e.g., plankton, fish larvae, algae). We test the robustness of
such a strong assumption by integrating Lagrangian particles
in a 3D framework: for each site at the initial integration time
step, particles are distributed over the water column extend-
ing from the surface to the base of the mixed layer (which
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Figure 6. HR-3D minimum (a) and median (b) transit time against
geographical distance. Blue: particles initially deployed from site
1; red: particles initially deployed from site 3; yellow: particles ini-
tially deployed from site 5; purple: particles initially deployed from
site 8; green: particles initially deployed from site 12; gray: particles
initially deployed from site 15.

can be as deep as 150 m). Then, the particles are advected
by the 3D flow, without any depth constraint. In this way, we
can test whether particles in the upper ocean remain at the
same depth throughout their journey and thus confirm or in-
validate the soundness of using 2D and not 3D velocity fields
for marine ecosystem connectivity estimates.

Figure 8a and b show the PDFs of the mean arrival depth of
particles initially deployed from site 1 and arriving at site 15
(left panel), as well as in the opposite direction from site 15
to site 1 (right panel). Our analysis indicates that the majority
of particles in both simulations remain in the depth range be-
low 165 m without moving much deeper, although the peak
is deeper in the south-to-north motion for HR-3D and CR-3D
and is quite noisy.

The HR-3D and CR-3D PDFs (Fig. 8a, b) indicate that the
particles are almost twice as deep in the south–north connec-
tion as in the north–south connection. From south to north,
a small percentage of the particles reach the bottom layer
(more than 450 m deep) where frictional processes alter the
dynamics and thus play an important role in the transit of the

numerical particles. These processes do not appear to play a
role in the north–south movement.

The PDF of the mean arrival depth of particles deployed
from site 10 to site 12 (Fig. 8c) shows that for the trajecto-
ries simulated by the high-resolution fields there is a tail that
extends down to 175 m, with a slightly higher percentage of
particles in the subsurface layer compared to the CR results,
and the particles in the upper layer tend to travel faster than
those are at greater depths, as velocities decrease with depth.

On the other hand, although the mean PDF of arrival depth
for particles moving from site 10 to site 12 shows the same
behavior in the HR and CR 3D velocity fields, in the opposite
direction (site 12 to site 10) the PDF distributions for the
two simulations are completely different, considering that the
distribution is overall flatter in CR-3D than in HR-3D with a
long tail extending to 380 m in depth.

A comparison of the mean arrival depth of the numerical
particles deployed from site 12 to site 10 (Fig. 8d) in the HR
case shows that the majority of the particles remain within
50 m of the surface layer, while in the opposite direction,
some particles move to greater depths up to 150 m. Further-
more and as already mentioned, the numerical trajectories
simulated in CR are relatively uniform across the upper layer
where they were initially seeded. Indeed, in CR, more than
70 % of the particles deployed from site 12 and arriving at
site 10 remain close to the surface mixed layer and the sub-
surface, where the effects of turbulence at different scales on
the numerical particle distribution are more detectable.

Mainly, for all cases examined, in HR-3D, the particles
tend to remain in the subsurface layer due to the larger ef-
fects of coherent vortices as well as other structures such as
filaments and eddies. The PDFs of arrival depth indicate that
the differences between HR-3D and CR-3D are not limited to
the arrival time, but are also detectable on different 3D path-
ways for each case, resulting in significant changes in the
arrival depth. Thus, we can add that the depth results differ
depending on the direction of motion. Also, the peak for all
HR-3D cases is at the depth of less than 10 m except for the
south–north motion, which shows that in this direction, the
particles move more in the vertical direction due to weaker
stratification at depth and less turbulence in the surface layer.

3.2.4 Mean connection time fields for sample sites

The mean connection times from three sites (north, west, and
south of the basin) are shown in Fig. 9. Figure 9a shows
that the particles from site 1 follow pathways that require
the longest time to connect to sites in the subtropical gyre
and western boundary current regions, such as sites 10, 11,
12, 13, 15, and 16. The particles reached a depth of 150 m
from the surface layer near the eastern side of the basin be-
tween (−60 to −55◦W) and (37.5 to 42.5◦ N) near site 4,
although the transit time from site 1 to site 4 was less than
300 d (not shown). Particles deployed from site 1, moving
from south to north, take almost 500 d, while they take about
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Figure 7. Comparison of HR-3D and CR-3D minimum and median transit times. (a, b) Along the diagonal direction for particles initially
deployed from site 1. (c, d) Along the front for particles initially deployed from site 10. (e, f) Along the diagonal direction for particles
initially deployed from site 15.

400 d to travel the same distance from north to south. The
shortest mean transit times are between sites 1 and 4 and be-
tween sites 1 and 3 (both less than 350 d), while the longest
connections (from site 1) are associated with sites 10 and 11
(944 and 915 d, respectively). This was expected since these
sites are located along the strong jet. Note that the mean ar-
rival depth for the shortest transit time is about 35 m (not
shown), while for the longest transit time, the mean arrival

depth is over 100 m below the surface layer. For site 1, the
mean transit time is 1.25 times greater in CR-3D than in HR-
3D. Figure 9a and d show similar distributions, although the
connection times between site 1 and sites at 30–40◦ latitude
and −72.5 to −62.5◦ longitude differ significantly.

Figure 9b shows the mean arrival time from site 10. As
shown in the mean transit time map, a large area connect-
ing the southwestern region to the northeastern region has
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Figure 8. Comparison of HR-3D (black) and CR-3D (gray) arrival depth distributions (a) for particles initially deployed from site 1 to site
15, (b) from site 15 to site 1, (c) from site 10 to site 12, and (d) from site 12 to site 10.

the lowest values. This clearly shows the direct connection
of the particles seeded in the main jet, which travel fast and
reach these areas rapidly. For these regions, the mean arrival
depth values were less than 70 m (not presented here). The
longest connection times are associated with sites 1 and 16
for particles that initially started from site 10. These particles
took over 1200 d to arrive north of site 1 and appear to be in a
shadow dynamical region that is not directly connected to the
jet. The results are similar in CR-3D for site 10, although the
transit time is significantly higher in the coarser simulation
than in the finer-resolution simulation (Fig. 9b, e).

Figure 9c and f show the mean transit time of particles ini-
tially deployed from site 15 to other sites for HR-3D and CR-
3D. The distribution is remarkably different. In the CR-3D
simulation, the connection is fast in the southernmost region
and does not allow some transit times to be modeled accept-
ably, such as the motion from site 15 to the areas around site
16 and from site 15 to the northern part of the basin (north
of site 1). This figure clearly indicates that the particles in
CR-3D move in a less dynamical velocity field, especially
for trajectories moving from south to north and from south to
west. The shortest connection time from site 15 and site 14
in HR-3D is less than 13 d, while it is 50 d for CR-3D.

In all simulated cases, we were able to differentiate the
impacts of highly energetic small scales on particle transit

times between different sites. As shown in the surface vor-
ticity snapshots in Fig. 1, filamentary structures and small
eddies in the jets separating the two gyres and the subpo-
lar region act as transport barriers, for example for particles
traveling from site 15 to site 1.

3.3 Transit time matrices between site pairs

3.3.1 Comparison of transit time between site pairs for
HR-3D and CR-3D

To complete the study, we compared the minimum and me-
dian transit times for all defined sites in the basin. We eval-
uate the sensitivity of the transit time matrix to the currents
provided by two different cases: HR-3D and CR-3D. Specif-
ically, in this section, we provide a complete matrix contain-
ing the analyses of the median and minimum connection time
between each selected area seeded with numerical particles.

Figure 10 provides an overview of the structure and time
characteristics of the connectivity between sites. It shows that
the connectivity between the northern and southern sites is
the weakest (the connection is the longest in terms of both
the minimum and median times) and it is not symmetric.
The longest connection is between the northern and south-
ern sites. The fastest connection is along the main jet (site 10
to site 13). This matrix also highlights the difference in the
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Figure 9. Comparison of HR-3D and CR-3D mean arrival (transit) time (a, d) for particles initially deployed from site 1, (b, e) from site 10,
and (c, f) from site 15.

definition of connectivity when applying the minimum or the
median time. The latter is 3 to 4 times larger than the first.
Moreover, the minimum time for CR is slightly larger than
for HR and varies between 10 d and 4 months. The differ-
ence increases notably for the median time, including along
the principal jet (with a delay in arrival time ranging from 1
to 6 months).

The longest connection is for particles moving from the
northern edge of the subpolar gyre (site 1) to the eastern-
most region between the two zonal jets separating the gyres
(site 9), with minimum and median transit times of 516 and
1131 d, respectively, for HR. For CR and for the same sites,
these times increase by an additional 30 and 164.5 d, respec-
tively. On the other hand, the shortest connection is between
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Figure 10. Comparison of HR-3D and CR-3D minimum and median transit times between site pairs, (a) minimum transit time for HR-
3D, (b) difference between minimum transit time for CR-3D and HR-3D (CR3D − HR3D), (c) median transit time for HR-3D, and (d)
median transit time for CR-3D.

sites 6 and 5, along the northern zonal jet, where we obtained
1 and 13 d as minimum and median transit times, respec-
tively, for HR. Note that this result is related to an increased
efficiency of the particle advection due to the resolved small-
scale nonlinearities, which seem to be particularly active in
this part of the basin. The resolved small scales act as stirring
structures that accelerate the movement of particles around,
for example, the peripheries of mesoscale eddies and along
filaments. In addition, areas with longer transit times show
larger differences between HR and CR (for example, depar-
tures from sites 14, 15, and 16 and arrivals at sites 1, 2, and
3).

3.3.2 Comparison of transit time matrices for HR-3D
and HR-SL

To determine whether the Lagrangian properties of oceanic
flows can be evaluated in 2D (limited to the surface layer of
the ocean), rather than by including the full 3D framework,
we compare connectivity properties between defined sites for
2D and 3D high-resolution simulations (Fig. 11 and Supple-
ment Fig. S6). The results show that the transit times for nu-
merical particles deployed in the surface layer are generally
shorter than those for particles that started in deeper layers
(3D), although there are some exceptions such as the motion
from site 2 to sites 6 and 7: in this direction, a high percentage
of particles in the surface layer need a longer transit time to
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reach the final destination than similar particles in deeper lay-
ers. This is due to vertical fluxes associated with the displace-
ment of isopycnals by internal dynamics (e.g., eddy pumping
or eddy–eddy interaction). Therefore, areas with similar val-
ues of connectivity properties in the 2D and 3D simulations
suggest that vertical motions for these regions are not strong
enough to add complexity to trajectories.

Although there are many similarities between the me-
dian transit time matrices for the HR-3D and HR-SL cases
(Fig. 11), the distribution of the minimum transit time val-
ues shows differences; the main reason is related to vertical
movements. In other words, the vertical dimension of the tra-
jectories that exists in HR-3D gives the possibility to estab-
lish more pathways between the different areas. This result
provides important insight into connectivity properties in the
ocean: while 2D simulations provide useful information on
transit times, it is necessary to understand the rate of connec-
tions using 3D simulations.

In conclusion, both 2D ocean connectivity and 3D ocean
connectivity are important tools for understanding the move-
ment of water and other properties within the ocean, but 3D
connectivity provides a more complete picture by taking into
account the full three-dimensional movement of water and
thus life.

4 Discussion and conclusion

Lagrangian connectivity analysis utilizes sets of numerical
particle trajectories to identify connecting pathways, as well
as timescales and transport between oceanic regions. This is
a powerful tool to coherently study the connection between
different areas in the ocean. The current study is one of the
first large-scale studies to use high-resolution ocean flow data
and particle tracking to describe connectivity patterns in a
large-scale (although idealized) basin.

In this paper, the focus was on analyzing the connectiv-
ity of different sites in a double-gyre ocean model using a
Lagrangian approach with numerical particles. A total of 16
sites were specified and at each site 100 000 particles were
used for the numerical analysis. Lagrangian properties such
as mean, median, and modal transit times were calculated
to examine connectivity properties in the North Atlantic. In
addition, the probability density functions (PDFs) of tran-
sit times and mean arrival depths for different simulations
were compared. The analysis used high-resolution 3D veloc-
ity fields (HR-3D), HR surface velocity (HR-SL), or velocity
fields averaged over a coarser-resolution grid (CR-3D).

The Lagrangian PDF modeling approach was imple-
mented for the sample sites in all the simulations. The par-
ticles have different trajectories to reach their final destina-
tions due to the small-scale motions induced by the resolu-
tion of the fine-scale dynamics. The results indicate that par-
ticles that remain in the surface layer or near the subsurface
layer move faster due to intensified velocities resulting from

simulating the fine-scale circulation. In the deeper parts of
the basin, particles need more time to reach their final site, as
at depth, the velocity intensity decreases due to the effect of
the nonlinear dynamics. This finding is confirmed by com-
paring the PDF of the 2D surface layer simulation with other
simulations.

Fine-scale movements, especially in the upper 50 m of
the surface layer, play an important role in particle motion.
The numerical particles in the two simulations (HR-3D and
CR-3D) show significantly different PDF distributions, espe-
cially for movement from the western part of the basin to the
eastern part (e.g., from site 10 to sites 4 and 2, see Supple-
ment Fig. S7). It was also found that the particles transported
by the high-resolution velocity fields tend to move to deeper
parts of the basin compared to the CR-3D simulation.

In the 5-year simulation based on HR-3D velocity fields,
the longest route was obtained for particles deployed from
site 9 (in the eastern part of the western boundary current
extension) to site 1 (in the subpolar gyre), with an average
transit time of 1145 d. This is due to less energetic flow in the
areas close to these sites. In contrast, transit times along the
principal zonal jet (site 10 to site 11) represent the shortest
and fastest routes, with an average transit time of 179 d.

As expected, the numerical particles remain concentrated
around their starting position during the first week after their
deployment. But 3 years after their departure and indepen-
dently of their initial deployment positions, almost all parti-
cles were concentrated along the two zonal jets. These jets
act as attraction hubs that eventually capture most of the par-
ticles. Based on the mean arrival depth at the sample sites,
we can see that the particles move toward deeper depths in
the interior of the ocean due to the strong nonlinear velocity
fields that develop around these jets on the western side of
the basin, with a direct impact on the vertical motion of the
numerical particles.

Our results emphasize the fact that because ocean circula-
tion is turbulent at horizontal scales of 10–100 km, it is not
relevant to assess connectivity properties using climatologies
or low-resolution (> 100 km) velocity fields; moreover we
show that connectivity in the ocean is not 2D but 3D and that
assessments based on 2D fields may significatively alter the
results.

Lagrangian trajectories simulated with the coarse-
resolution velocity fields do not sufficiently show the effect
of mesoscale eddies on particle dispersion, which results in
unreliable Lagrangian indices (e.g., transit time) compared
to estimates based on HR model simulations. The CR ocean
flow simulation used in this study, with a spatial resolution
of ∼ 100 km, is inadequate to describe the mesoscale circu-
lation. Yet, this fine-scale variability has been shown to sig-
nificantly shape and change the connectivity of the North At-
lantic.

In this context, our results show that the use of high-
resolution velocity fields, as opposed to coarse-resolution
fields, resulted in a reduction of 39 % in mean transit
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Figure 11. Comparison of HR-3D and HR-SL minimum and median transit times between site pairs, (a) minimum transit time for HR-
3D, (b) difference between minimum transit time for HR-SL and HR-3D (HRSL − HR3D), (c) median transit time for HR-3D, and (d)
median transit time for HR-SL.

time (we divided the difference between the transit time,
i.e., “transit timeHR3D − transit timeCR3D” or “transit
timeHR3D − transit timeHR2D” by the transit timeHR3D).
This suggests that the use of high-resolution velocity fields
allows for a more accurate representation of the complex
flow dynamics in the region and results in faster particle
transport. The CR is less smooth than the HR due to the dis-
persion process. In the HR case, the simulated ocean dynam-
ics disperse the particles more than in the CR case, and the
numerical particle concentration in the HR case is smoother.
In the HR case, the flow field is more turbulent and contains
more small-scale dynamical structures than in the CR case.
These small-scale features can trap and release particles in
batches or form blocking patterns, resulting in high particle
concentrations in some regions. However, due to the chaotic
nature of the flow field, these concentrations are not main-

tained and the particles are eventually dispersed throughout
the domain, resulting in a smoother concentration distribu-
tion. In contrast, the CR simulation has a smoother and more
predictable flow field, resulting in a more uniform dispersion
of particles and a less fluctuating concentration distribution.
This may result in a less smooth concentration distribution
than in the HR simulation.

Moreover, the study also found that taking into account
the full three-dimensional (3D) velocity instead of just sur-
face fields resulted in an increase of 8.4 % in the mean transit
time. This suggests that the vertical component of the veloc-
ity field significantly affects the transport behavior of the par-
ticles and that accounting for this vertical component leads
to a more accurate representation of their transport patterns.
Overall, these findings highlight the importance of consid-
ering the resolution and dimensionality of the velocity fields
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when studying the transport behavior of particles in the study
region.

In particular, in coarse-resolution simulations, the disper-
sion of particles is degraded. This results in longer tran-
sit times. It also limits the connection between water par-
ticles at different depths. A possible solution to overcome
this problem when integrating Lagrangian trajectories us-
ing the velocity calculated in coarse-resolution simulations
is to parameterize the missing dispersion. Some methods
have been proposed in the literature. The simplest parame-
terization consists of adding a random walk to the succes-
sive position of each particle, which is compatible with an
advection–diffusion equation and is equivalent to a stochas-
tic “Markovian” parameterization (Berloff and McWilliams,
2002). However, this stochastic parameterization does not
adequately reproduce the small-scale ocean dynamics that
involve consistency in advection (Klocker et al., 2012a, b;
Veneziani et al., 2004). Different Markov parameterizations
of higher order have been proposed in an attempt to bet-
ter reproduce the effect of the small-scale ocean dynamics
(Berloff and McWilliams, 2002; Griffa, 1996; Rodean, 1996;
Sawford, 1991). Other improved parameterizations include
particle looping due to eddy coherence (Reynolds, 2002;
Veneziani et al., 2004), as well as relative dispersion be-
tween different particles (Piterbarg, 2002). While these meth-
ods have been developed and applied to horizontal flows,
recent developments include an isopycnal Markov-0 (Spi-
vakovskaya et al., 2007) or shear-dependent formulation (Le
Sommer, 2011) and, more recently, an isoneutral Markov-
1 formulation (Reijnders et al., 2022). The latter appears to
better mimic the coherent behavior of the 3D ocean disper-
sion at small scales. It would be interesting in future work to
evaluate how such methods, applied in a Lagrangian frame-
work, might improve the results we obtained with a coarse-
resolution field.

In conclusion, the present study highlights the importance
of small-scale variability in determining patterns of connec-
tivity and provides detailed information on Lagrangian con-
nectivity in the North Atlantic. Our results can guide the spa-
tial scales at which future OGCMs should be run for reliable
connectivity analysis; moreover, for Lagrangian studies, we
advocate refining OGCMs to the appropriate resolution with
sufficient spatiotemporal accuracy.
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