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a b s t r a c t 

Understanding material distribution at the ocean’s surface is important for a number of applications, in 

particular for buoyant pollutants such as oil spills. The main tools to estimate surface flows are satel- 

lite altimeters, as well as data-assimilative ocean general circulation models (OGCMs). Current-generation 

altimeter products rely on the geostrophic approximation to derive surface currents. Recent modeling 

and experimental work revealed existence of ageostrophic submesoscale motions within the upper ocean 

boundary layer. 

The next frontier is how submesoscales influence transport pathways in the upper ocean, which 

is a multi-scale problem involving the interaction of submesoscale and mesoscale coherent structures. 

Here we focus on a mesoscale eddy that exhibits submesoscale fluctuations along its rim. The high- 

resolution OCGM fields are then treated with two filters. A Lanczos filter is applied to velocity fields to 

remove the kinetic energy over the submesoscales. Then a Gaussian filter is used for the modeled sea 

surface height to simulate a geostrophic velocity field that would be available from gridded satellite al- 

timeter data. Lagrangian Coherent Structures (LCS) are then generated from full-resolution and filtered 

fields to compare Lagrangian characteristics corresponding to different realizations of the surface velocity 

fields. 

It is found that while mesoscale currents exert a general control over the pathways of the tracer 

initially launched in the mesoscale eddy, there is a leak across the mesoscale transport barriers, induced 

by submesoscale motions. This leak is quantified as 20% of the tracer when using the submesoscale filter 

over one month of advection, while it increases to 50% using the geostrophic velocity field. We conclude 

that LCS computed from mesoscale surface velocity fields can be considered as a good first-order proxy, 

but the leakage of material across them in the presence of submesoscales can be significant. 

© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Some of the most important scientific problems regarding

ocean dynamics are driven by simple questions as such ”where do

substances come from and where do they go?”. These questions

are related to problems involving transport of pollutants and

biogeochemical tracers in the ocean, as well as search and rescue

missions in case of marine or airplane accidents. Tracking bio-

geochemical tracers moving with the ocean flow field finds use

in understanding the global thermohaline circulation ( Broecker

et al., 1960 ), which is a slow transport phenomenon occurring at

multi-decadal time scales. On the other hand, tracking pollutants

may require rapid estimates in order to minimize socio-economic

damage, such as in the response effort s to Deepwater Horizon
∗ Corresponding author. 
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DwH) oil spill in the Gulf of Mexico ( Crone and Tolstoy, 2010 ) or

he radioactive leak into the ocean from the Fukushima meltdown

 Rypina et al., 2014 ). Back-tracking debris from airplane accidents

ver the oceans, such as in the case of MH370 ( Normile, 2014 ), can

id in narrowing down the location of the accident. These types

f problems are best approached in the Lagrangian framework,

he general methods of which are reviewed in the summary by

aCasce (2008) . 

Nevertheless, understanding how material moves under the ac-

ion of ocean currents, or the Lagrangian transport prediction prob-

em, is extremely challenging. There are at least three reasons for

his difficulty. The first of these is the recognition that tempo-

al variability of the flow field is very important in how mate-

ial gets transported within the system. Aref (1984) showed that

ven spatially-simple flow fields can lead to chaotic mixing under

he action of time dependence. Subsequently, a large number of

ethods have been developed in order to determine skeletons of

http://dx.doi.org/10.1016/j.ocemod.2016.10.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ocemod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ocemod.2016.10.002&domain=pdf
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ransport, or so-called Lagrangian Coherent Structures (LCS) that

ay not be visible from velocity snapshots ( Mezi ́c and Wiggins,

994; Haller and Poje, 1998; Haller and Yuan, 20 0 0 ). These meth-

ds are deterministic in that they rely on the full knowledge of

he Eulerian flow field in order to derive the Lagrangian struc-

ures. However, observing the oceanic flow field in full (all spatio-

emporal degrees of freedom) is a daunting challenge ( Sanford

t al., 2011 ). Perhaps the most widely-available data sets with

lobal coverage are gridded satellite altimetry products ( Ducet

t al., 20 0 0 ), in which a geostrophic relation is used to convert

ea surface height anomaly to surface velocity fields ( Wunsch and

tammer, 1998 ). The impact of uncertainties arising from this sim-

lification, as well as of the missing spatial and temporal motions

etween satellite tracks ( Chavanne and Klein, 2010 ) on transport

stimates concern the main motivations of the present study. 

The second issue that makes transport prediction so challeng-

ng in the ocean is related to the wide range of spatial scales in

he ocean. Unlike classical turbulence, where a cascade of scales

s generated by various fluid instabilities during the break down

nd dissipation of a primary coherent structure, the ocean con-

ains a whole range of dynamically-distinct coherent structures

hat are forced by multiple processes, while coexisting and inter-

cting together. In particular, the upper ocean boundary layer is

tirred from below by mesoscale eddies, contains fronts that are

reated by surface and riverine buoyancy fluxes, convective plumes

ith a diurnal cycle, Ekman spiral by wind forcing as well as Lang-

uir circulations and Stokes drift by the action of surface waves.

 particular class of processes, so-called submesoscales, received

ignificant attention since they fall in between the relatively bet-

er studied 2D-like mesoscale motions and classical 3D turbulence

 Müller et al., 2005 ). Submesoscale motions are defined as those

aving scales below the deformation radius, ranging from about

ens of km down to the typical depth of the mixed layer, on the

rder of 100 m, for the dynamics of which, the effect of Earth’s ro-

ation is significant ( McWilliams, 2008 ). Submesoscales have been

nitially explored on the basis of theoretical and modeling stud-

es ( Boccaletti et al., 2007; Thomas et al., 2008; Capet et al., 2008;

lein and Lapeyre, 2009; Taylor and Ferrari, 2010; Mensa et al.,

013; Sasaki et al., 2014 ), and are generally thought of as motions

enerated by frontogenesis and mixed-layer instabilities ( Boccaletti

t al., 2007; Fox-Kemper et al., 2008 ). A recent field exploration re-

ealed the existence of submesoscale flows that are intensified in

he upper ocean ( Shcherbina et al., 2013 ). The question of whether

ubmesoscales contribute significantly to surface material trans-

ort is studied in numerical models using relative dispersion met-

ics ( Haza et al., 2008; Poje et al., 2010; Özgökmen et al., 2011;

zgökmen and Fischer, 2012 ). The primary findings from these

tudies is that it is still quite challenging to fit two distinct scales

f motion, mesoscales and submesoscales, in numerical models

ue to computational expense, and that ocean experiments with

 large number of drifters would be the only reliable approach to

nd the truth. An ocean experiment was conducted using 300 sur-

ace drifters, the Grand Lagrangian Deployment (GLAD), to verify

r falsify the trends from modeling studies. Poje et al. (2014) con-

luded that submesoscales indeed contribute to relative dispersion

ear the Deepwater Horizon oil spill site. Nevertheless, the study

y Poje et al. (2014) did not identify the exact mechanisms respon-

ible for submesoscale dispersion. 

The third complication for Lagrangian prediction in the ocean

oncerns the existence of strong vertical velocities acting on buoy-

nt tracers. As initially shown by Zhong et al. (2012) , and further

tudied by Huntley et al. (2015) and ( Jacobs et al., 2015 ), conver-

ence zones in the upper ocean create clustering of surface mate-

ial. These convergence zones are linked to ageostrophic processes,

ndicating that geostrophic velocity fields (lacking vertical velocity

omponent) cannot produce a realistic tracer distribution. Thereby
he question arises about the errors in transport produced by miss-

ng scales of motion. 

The main concept that truncating the spectrum of Eulerian mo-

ions can lead to differences in Lagrangian transport is not new,

ut was recognized by Griffa et al. (2004) in the context of a sim-

le quasi-geostrophic model. Poje et al. (2010) analyzed a hierar-

hy of modeling approaches in order to gain more perspective on

he matter, and concluded that relative dispersion is significantly

mpacted when both spatial and temporal scales of motion are

runcated. Haza et al. (2012) developed and tested stochastic La-

rangian models to incorporate the effect of missing scales of mo-

ion on relative dispersion. 

While the effect of submesoscales is highlighted by several

etrics, in particular scale-dependent relative dispersion, it is not

et clear whether submesoscales have any effect on transport. Con-

eptually, smaller scale turbulent features are usually imbedded

ithin larger scale turbulent features, and smaller ones are trans-

orted by the large ones, as opposed to following a completely

ifferent path. This general concept is in fact fundamental to the

evelopment of subgrid-scale models in the large-eddy-simulation

ommunity ( Sagaut, 2006 ) in the context of homogeneous 3D tur-

ulence. It remains unclear to which extent it is applicable in

ceanic multi-scale flows. 

One of the ways to address this question is to compare in-situ

easurements of transport pathways and those derived from satel-

ite altimeters, or data-assimilating ocean models. Such compre-

ensive data sets are rare, but few have been available recently. For

nstance, during the DwH event, Olascoaga and Haller (2012) were

ble to predict the main pathways of the oil spill on the basis of

CS derived from an ocean circulation model that resolved mostly

he mesoscale currents. Olascoaga et al. (2013) concluded that LCS

rom geostrophic velocities derived from altimetry data imposed

n important constraint to the motion of drifters from the Grand

agrangian Deployment (GLAD) in the Gulf of Mexico. A similar

onclusion is also reached during a smaller drifter deployment in

esponse to another oil spill in the Gulf of Mexico ( Romero et al.,

015 ). A re-analysis of the GLAD data set by Beron-Vera and La-

asce (2015) using other metrics than scale-dependent relative dis-

ersion and with the help of a high-resolution ocean model further

mphasizes the importance of mesoscale control over transport.

evertheless, Berta et al. (2015) found significant differences be-

ween the reconstructed Eulerian flow fields from GLAD and those

erived from altimetric geostrophic fields. These differences are es-

ecially pronounced within the DeSoto Canyon region in the north-

rn Gulf of Mexico, the site of the DwH spill, while the agree-

ent between satellite-derived and drifter-derived surface velocity

eld is quite good in the interior, deep Gulf. Berta et al. (2015) at-

ributed deviations from geostrophic currents to possible presence

f river discharges, upwelling events along the continental shelf,

ind-forcing diurnal or faster times scales, as well as submesoscale

ispersion identified by Poje et al. (2014) . Conclusions by Berta

t al. (2015) are also consistent with d’Ovidio et al. (2015) , who

alidated transport pathways derived from altimetry against tra-

ectories of more than a hundred drifters and chlorophyll images

sing global, regional, and Ekman-corrected altimetry data. They

ound that while the Ekman-corrected product was the most reli-

ble, differences at the meso- and smaller scales were evident as

ell. Clearly, the issue of whether and how submesoscales influ-

nce transport is complex, perhaps because it is rather subtle, can-

ot be generalized easily, and therefore, deserves continued inves-

igation. 

In this study, we aim to make progress in addressing the fol-

owing question: 

• Are LCS derived from geostrophic currents robust barriers to

transport? That is to say, do they leak under submesoscale
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action? If there is a leakage, how much is the amount of mate-

rial that gets across? 

This problem is approached by focussing on a single coherent

structure, a mesoscale eddy, evolving in a realistic ocean circula-

tion modeled in the Gulf of Mexico. We prefer an elliptic structure

for two main reasons. First, it is thought to have a capacity to con-

tain and transport, or alternatively, to be totally shielded from the

entry of large amounts of tracer. Second, submesoscale instabili-

ties on the perimeter of a mesoscale eddy have been encountered

in nature recently ( Özgökmen et al., 2012 ). The superimposition of

two distinct scales of instability poses a well-defined setting re-

garding the goals of the paper. We study the output from a high-

resolution OGCM, in which a mesoscale eddy containing subme-

soscale perturbations along its rim is identified. The full fields are

then spatially smoothed using different filters and Lagrangian char-

acteristics of these different flows fields are compared in order to

probe the question whether submesoscales have any effect on the

overall tracer transport. 

The paper is organized as follows: in Section 2 , we detail the

OGCM used and spatial filtering methods. The results are pre-

sented in Section 3 . We conclude and point to future directions

in Section 4 . 

2. Methodology 

2.1. Hydrodynamic model 

HYbrid Coordinate Ocean Model (HYCOM) is configured for the

entire Gulf of Mexico. HYCOM uses isopycnal coordinates in the

deep stratified ocean, pressure coordinates in unstratified regions

including the mixed layer, and terrain-following coordinates in

shallow coastal regions. The simulation has 20 layers in the vertical

and 1/100 ° horizontal resolution. The flow is forced by six-hourly

Navy Operational Global Atmospheric Prediction System (NOGAPS)

surface winds and heat fluxes. Cyclic boundary conditions south of

the Yucatan Channel and in the Florida Straits are provided by a

synoptically-forced 1/12 ° Atlantic HYCOM configured for much of

the Atlantic Ocean, from 30 °S to 70 °N ( Chassignet et al., 2007 ).

The results from this larger domain simulation are obtained for

years 1999–2002 and binned into monthly values to create a per-

petual forcing and boundary conditions for the Gulf of Mexico in-

ner domain. The model topography is derived from the two-minute

NAVO/NRL DBDB2 global data set with true coastline and a mini-

mum depth of 2 m. Rivers are represented by point sources forced

towards monthly climatological freshwater inflows. Further details

of the model configuration can be found in Prasad and Hogan

(2007) . The k-Profile parameterization (KPP; Large et al. (1994) ) is

used to invoke vertical mixing. The model was run over 2010 and

demonstrates dynamically-realistic behavior. In particular, the sim-

ulation generates a number of cyclones that tend to orbit around

the anticyclonic Loop Current Eddies. The cyclones and anticy-

clones seldom cross the shelf break front in the northern Gulf of

Mexico, although filaments associated with baroclinically-unstable

eddies do generate cross-shelf exchange and interact with largely

barotropic flows that tend to follow the shelf break front. Loop

Current eddy shedding and wind-driven upwelling near the Yu-

catan Peninsula seem to be generally consistent with observations

( Morey et al., 2003; Walker et al., 2005; Sturges et al., 2005 ), al-

though they occur non-contemporaneously because of lack of data

assimilation. 

The primary features that we are interested in this HYCOM

simulation are that: (a) the model has enough numerical resolu-

tion to capture some of the submesoscale mixed layer instabilities,

and (b) the flow field contains one of the so-called “Star Eddies”

( Özgökmen et al., 2012 ) to allow us to estimate the influence of
ubmesoscales on surface material fluxes across mesoscale mate-

ial boundaries in elliptic coherent features. 

.2. Spatial filtering 

The modeled submesoscale-permitting fields are spatially fil-

ered in order to identify mesoscale transport barriers. The spatial

ltering corresponds to the convolution operation 

 F ( x , t) = G ∗ u = 

∫ ∫ 
G (x − ζ ) u (ζ , t) dζ 2 , (1)

here u is the full field, u F is the filtered field, G is a filter function

pplied in the horizontal directions represented by the dummy

ariable ζ . 

Two filter functions are used for different purposes. The first is

he Lanczos filter G 1 , which can be expressed as: 

 1 (δ) = sinC ( k C δ) sinC 

(
k C δ

a 

)
, (2)

here a ≥ 1 is an integer (here, a = 2 ), k C is the wavenumber cut-

ff, and δ is the distance from the location where the filter is ap-

lied. The filtered velocity at location x 0 becomes: 

 F (x 0 ) = G 1 ∗ u (x 0 ) = 

∑ x = x 0 + aλC / 2 

x = x 0 −aλC / 2 
G 1 (x − x 0 ) · u (x ) ∑ x = x 0 + aλC / 2 

x = x 0 −aλC / 2 
G 1 (x − x 0 ) 

. (3)

he advantage of the Lanczos filter is that it establishes a clear cut

ff along the kinetic energy spectrum for wavenumbers k > δ−1 ,

ithout affecting the kinetic energy for wavenumbers k < δ−1 .

herefore, the Lanczos filter is ideally suited to separate subme-

oscales from mesoscales, as already pointed out in Mensa et al.

2013) . 

In order to simulate the geostrophic velocities as a proxy for

urrent-generation altimeter measurements, a Gauss filter G 2 is

lso used: 

 2 (δ) = exp 

(
− δ2 

2 σ 2 

)
, (4)

here σ is the width of the Gauss function. The value of σ sets the

lter strength to obtain similar average levels of strain and shear

s the those of the AVISO altimetry product (cf Section 3.4 ). 

Using σ = 20 km, this filter is applied to HYCOM sea surface

eight (SSH) field η as follows 

F (x 0 ) = G 2 ∗ η(x 0 ) = 

∑ x = x 0 +3 σ
x = x 0 −3 σ G 2 (x − x 0 ) · η(x ) ∑ x = x 0 +3 σ

x = x 0 −3 σ G 2 (x − x 0 ) 
. (5)

nd the geostrophic velocities V G are then calculated from: 

 G = − g 

f 
k × ∇ηF = 

( 

− g 
f 

∂ηF 

∂y 

g 
f 

∂ηF 

∂x 

) 

, (6)

here g is the gravity constant, f is the Coriolis parameter, and k

s the unity vector in the vertical axis. 

.3. Gridded altimetric data 

Data from AVISO (Archiving, Validation and Interpretation of

atellite Oceanographic data) is also employed as a reference sur-

ace velocity field. The geostrophic velocity field is assumed to be

f the form v (x, t) = g f (x 2 ) 
−1 ∇ 

⊥ η(x, t) + ∇ϕ(x, t) , where g is the

cceleration of gravity; f ( x 2 ) is the latitude-dependent Coriolis pa-

ameter; η( x, t ) is sea surface height anomaly from AVISO; and

( x, t ) is such that the normal projection of v ( x, t ) at the coast-

ine vanishes ( Marshall et al., 2006 ). The steady η( x, t ) component
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Fig. 1. (a) Surface salinity distribution in the Gulf of Mexico from the HYCOM simulation corresponding to January 15, 2010 (time = 15 days). The Star Eddy is visible southeast 

of the Mississippi River delta. (b) Plan view of the Star Eddy and the surrounding flow on a different color scale. (c) Vertical salinity cross section. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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s given by a mean dynamic topography constructed from altime-

ry data, in-situ measurements, and a geoid model ( Rio and Her-

andez, 2004 ) while the transient component is given by gridded

ltimetric SSH anomaly measurements provided weekly at 0.25 °-
esolution ( Le Traon et al., 1998 ). Jason-1 and 2, and Cryosat-2 tra-

erse the Gulf of Mexico about 10 times on average per week. 

. Results 

.1. Description of the flow field 

We define as “Star Eddy” a mesoscale eddy subject to sinusoidal

erturbations along its rim. These patterns give it the appearance

f a star (cf Fig. 1 ), hence the name. The perturbations are likely

o be associated with the baroclinic instability of the Eddy’s den-

ity front within the mixed layer. In other words, since the radius

f deformation within the surface mixed layer is smaller than at

epth, two scales of motion are superimposed and submesoscale

eatures are embedded within and transported by the mesoscale

ow. A Star Eddy constitutes an excellent test-bed to study the ef-

ect of disparate scales of flow on tracer transport. 
Similar multi-scale flows were studied in Özgökmen et al.

2012) by computation. Following Özgökmen et al. (2012) , the ra-

ius of deformation in the mixed layer is R ML 
d 

= 

√ 

g 
ρ0 


ρ′ 
ML 

h 0 / f,

here h 0 is the mixed layer depth, 
ρ′ 
ML 

is the density change

cross the surface front, g = 9 . 81 m/s 2 is the gravitational acceler-

tion, ρ0 = 1026 kg/m 

3 is seawater density, and f = 6 . 5 × 10 −5 s −1 

s the Coriolis frequency at 26.5 °N. The radius of deformation be-

ow the mixed layer is R d = 

√ 

g 
ρ0 

(
ρ′ − 
ρ′ 
ML 

) (H 0 − h 0 ) / f, where

ρ′ is the change across the depth of the mesoscale eddy. Es-

imating 
ρ′ 
ML = 0 . 038 kg/m 

3 , h 0 = 150 m, H 0 = 400 m, 
ρ′ 
ML =

 . 085 kg/m 

3 from the model fields, one gets R ML 
d 

= 3 . 6 km and

 d = 34 . 1 km. Thus, R d /R ML 
d 

≈ 10 , and as per Olson (1991) , oceanic

ddies have a radius that is 2–4 times larger than R d . These esti-

ates are consistent with what is seen in Fig. 1 b. 

In order to visualize transport patterns associated with the Star

ddy, a tracer patch consisting of 1.2 million passive surface par-

icles is launched uniformly on a square encompassing the Eddy

t time = 15 days (corresponding to January 15, 2010). Fig. 2 a il-

ustrates the patchiness of the tracer distribution a month after

he launch. It shows that the tracer concentration is no longer
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Fig. 2. (a) Distribution of 1.2 million particles at time = 44 days after they were launched uniformly over the Eddy at time = 15 days. (b) Satellite (Meris) ocean color image 

of sargassum at 35 °N, 61 °W. Note the striking similarity in the patterns between surface particle and sargassum distributions. (c) Spiral patterns in ocean eddy visualized by 

a massive green tide seen off the coast of Oman in February 13, 2013. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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homogeneous in this setting. As indicated by satellite images of

sargassum and green algae ( Fig. 2 b,c), similar distributions are ob-

served in the presence of buoyant tracers in the real ocean as well.

This result was already put forward by Zhong et al. (2012) , who

demonstrated that the patchiness is due to ageostrophic subme-

soscale instabilities that cause horizontal convergence and diver-

gence in the surface flow field. At the same time, one can observe

tracer filaments spiraling from the core of the Eddy, in a pattern

that seem to be dominated by mesoscale motions. The question is

therefore whether mesoscales control the entire tracer distribution,

or submesoscale motions have a tangible effect on tracer transport

in and out of the Eddy as well. 
.2. Tracer distribution with Lanczos filter 

Three different parameter gains for filter G 1 are applied to the

urface velocity field in order to monitor the effects of a gradual

limination of submesoscale motions. These correspond to the cut-

ff wavelengths λC = 2 π/k C = 20 , 40 , and 80 km. The impact of

lter parameter changes on the kinetic energy wavenumber spec-

rum is illustrated in Fig. 3 ; the filter removes most of the kinetic

nergy at the wavelengths below λC . At the range λ > λC , the

inetic energy is preserved. In order to provide a more physical

erspective, the resulting surface speed fields are shown in Fig. 4 ;

ancsoz filter gradually removes submesoscales in the flow field
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Fig. 3. Kinetic energy wavenumber spectrum of the HYCOM surface velocity field 

at day 35 (in black), low-passed by the Lanczos filter G 1 using λC = 20 , 40 , and 

80 km (in blue). Superimposed is the kinetic energy spectrum of the geostrophic 

velocities obtained from the G 2 -filtered SSH field, (in red). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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of submesoscales? 
ithout changing the speed of the larger scale features. Another

mportant consequence of the effects of submesoscales is empha-

ized in Fig. 5 . As submesoscales are filtered out by G 1 , horizontal

ivergence, initially on the order of the local Coriolis frequency f ,

s removed as well. Horizontal divergence on the order of f is par-

icularly pronounced around the periphery of the Star Eddy, indi-

ating that these sinusoidal modes involve significant vertical mo-

ion, as one would expect from submesoscale motions associated

ith fronts ( McWilliams, 2008 ). Overall, we find that using G 1 ,

he mesoscale features and their magnitudes are preserved. Thus a

omparison of tracer evolution can isolate the submesoscale con-

ribution to transport. 

The effect of filtering on dispersion is quantified using the

cale-dependent Finite Scale Lyapunov Exponent (FSLE), λ( δ). The

SLE is a diagnostic closely related to relative dispersion ( Artale

t al., 1997; Aurell et al., 1997 ) 

(δ) = 

log(α) 

〈 τ (δ) 〉 , with 1 < α < 2 , (7) 

here 〈 τ ( δ) 〉 is the averaged time taken by all particle pairs to

eparate from the distance δ to αδ. The FSLE has been widely used

n order to investigate the influence of different types of spatial

nd temporal filtering on material dispersion ( Haza et al., 2008;

oje et al., 2010; Haza et al., 2012 ). Here, results are shown sep-

rately for δ < 20 km, for which original pairs are more suitable

or the statistics ( Fig. 6 a), and for δ > 20 km, for which chance

airs provide higher density data ( Fig. 6 b), as per sensitivity stud-

es conducted in Haza et al. (2010) . One can see that the G 1 filter

reserves the FSLE at scales δ > 20 km, independently of the cut-

ff wavelength. For this scale range, dispersion, including the result

rom gridded altimeter data, is consistent with Richardson’s scal-

ng, λ ∼ δ−2 / 3 . For δ < 20 km, or in the submesoscale regime, we

nd a gradual reduction of the maximum FSLE with the increasing

mplitude of λC , in that the FSLE plateau becomes wider, apply-

ng to a larger range of scales. This means that as submesoscales

re filtered from the flow field, maximum dispersion rate is also
educed. This is consistent with modeling results shown in Poje

t al. (2010) , as well as the observational findings in the Gulf of

exico ( Poje et al., 2014 ). Overall, this is reassuring that the G 1 fil-

er is working quite well by gradually removing scales of motion

s dictated by λC , and their dispersive effect on particle motion.

hereby, filtering with G 1 provides a good tool for the problem

f interest here, which is submesoscale-induced transport across

esoscale material boundaries. 

Tracer evolutions with velocity fields filtered with different λC 

f G 1 are plotted 11, 31 and 51 days later in Figs. 7–9 , respectively.

wo main characteristics emerge from these plots. The first is that

he patchiness is substantially reduced by filtering. This is consis-

ent with the dramatic reduction in flow divergence, even with the

eakest ( λC = 20 km) filter. For the strongest filter ( λC = 80 km),

he patchiness disappears completely. It confirms that the horizon-

al divergence is the main cause of particle concentration patchi-

ess. The second observation is that the overall large-scale pattern

f the tracer remains mostly unchanged. 

Why the larger-scale transport pattern doesn’t change with G 1 

ltering can be explained by the LCS shape. The LCSs are consid-

red to represent transport barriers and approximated by maps of

ocal FSLE as follows: 

(i, j, d i , d f ) = 

log(d f /d i ) 

τ
, (8) 

here τ is the time it takes a pair of particles d i apart at location

 i, j ) to separate to the distance d f . The repelling LCS correspond to

he FSLE extrema or ridges computed forward in time, while the

ttracting LCS are obtained from computing the FSLE backward in

ime. Note that the local FSLE and scale-dependent FSLE are two

ifferent metrics even if they have the same name (the latter com-

utes statistical values of dispersion by varying the initial distance

, while the former computes a local rate of dispersion for a fixed

nitial distance δi ). 

LCS maps are illustrated in Fig. 10 . The LCS associated with the

ull field is quite complicated. In particular, the Star Eddy has very

omplex LCS around its periphery while the elliptic interior G 1 fil-

er removes the small scale dispersive features. However, filtering

oes not alter the large-scale LCSs. As a result, the tracer is steered,

tretched and deformed according to the attracting and repelling

CSs of the mesoscale flow features. The impact of spatial filters on

he LCS field was already explored in Haza et al. (2008) , where it

as found that up to a certain filter strength, the time-dependent

omponent of the entangled Lagrangian structures is maintained,

ven if the intensity of the local velocity gradients is reduced. Sim-

larly, the impact on the scale-dependent relative dispersion is pre-

erved at the meso and larger scales as long as the low-pass filter

oes not remove the mesoscale features ( Poje et al., 2010 ). 

For the rest of this manuscript LCS is referred to transport bar-

iers computed using the FSLE ridges from the filtered (mesoscale)

eld. As it will be shown below, the accuracy of the FSLE calcu-

ation is confirmed by superimposing particle advection using the

ltered fields. Thus methodological errors for identifying the ex-

ct LCS line is negligible with respect to dynamical differences be-

ween the mesoscale-only and full fields. 

.3. Material leakage across mesoscale LCS 

These results have far-reaching implications for a variety of

ractical applications in terms of Lagrangian transport. In partic-

lar, the following question arises: 

• If one relies on mainly a mesoscale field constrained by synop-

tic observations such as gridded altimetric SSH anomaly, how

robust are the Lagrangian transport pathways in the presence
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Fig. 4. Surface speed (m s −1 ) in the modeled Gulf of Mexico, including the Loop Current and the Star Eddy for (a) original (unfiltered) HYCOM field, (b), (c), (d) G 1 -filtered 

velocities with λC = 20, 40 and 80 km, respectively. (e) Geostrophic velocities derived from G 2 filter. The geostrophic velocities on the shelf are not computed due to filtering 

errors and unreliability of SSH-anomalies in shallow waters. 
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Fig. 5. Horizontal divergence, scaled by the local Coriolis parameter, in the vicinity of the Star Eddy, organized in the same way as in Fig. 4 . 
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In an attempt to explore this issue further, we launch a smaller

racer patch on the inner edge of the Star Eddy’s main attract-

ng LCS, which is delineating the edge of the eddy (as defined by

he filtered field). We pick the strongest gain λC = 80 km for the

 1 filter so that all submesoscales are filtered out and only the

esoscales remain. The tracer is then advected by both the full
ow and the filtered flow, and its time evolution is displayed in

ig. 11 . One can see that in spite of similar large-scale patterns,

he tracers end up having different distributions. The tracer in red

s advected by the filtered velocities and its evolution is consis-

ent with the plotted LCS field, that is, some time after the launch,

t stretches and molds itself along the nearby attracting LCS. As
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Fig. 6. Scale-dependent FSLE ( λ( δ)) of the experiments described in Fig. 3 . (a) λ( δ) 

computed from (a) original pairs, and (b) chance pairs. λ( δ) of AVISO is also in- 

cluded as a reference for satellite altimetry based results. The slopes mark the 

Richardson ( −2/3) and ballistic ( −1) regimes. 
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stated above, this figure clearly shows the consistency of the com-

puted LCS lines and particle motion, thereby removing the pos-

sibility of methodological errors in causing leakage across these

mesoscale barriers. On the other hand, the blue tracer is advected

by the full field. It appears to be steered in the general direction

of the filtered flow, while simultaneously tracer filaments are seen

to move across the LCS, effectively diverging from the red tracer.

Note that for day > 45, portions of the blue tracer are steered by

other LCS than those dictating the motion of the red tracer. 

We note that while crossing the mesoscale LCS barrier by sub-

mesoscale leakage is quite fast (days), the leaked tracer remains
aptive to the vicinity of the LCS for much longer. It seems that

hese long times scales can be partly explained by the idealized

ubmesoscale-mesoscale coupling results by Ramachandran et al.

2014) , who have shown how fronts confined to the mixed layer

nd those extending below it can evolve differently over timescales

onsiderably longer than that describing mixed-layer submesoscale

nstabilities alone. One primary difference here is that unlike in

amachandran et al. (2014) , where a single mesoscale front is sim-

lated, the Star Eddy in HYCOM is imbedded in and surrounded by

umerous mesoscale features. The difference between tracers from

he full and filtered flows starts growing when the leaked tracer

eaves the influence of the initial transport barriers and gets at-

racted to another one. 

From these simulations, one can deduce that in the presence

f submesoscales, a tracer can leak through the mesoscale LCS,

ven though it is steered in the general direction of the mesoscale

ows. Let’s remind that the displacement of a fluid parcel is sup-

osed to be fully constrained by the transport barriers. Any leakage

cross the LCS transport barriers puts the robustness and meaning

f these LCS in question. The LCS field associated with mesoscale

ows is no longer robust in the presence of baroclinic instabilities

rising from submesoscale flows, even if mesoscale LCS still have a

ignificant control over the pathways. 

This conclusion brings us to the next logical question: 

• How much do the submesoscale flows alter Lagrangian trans-

port compared to mesoscale flows? The deviation of the ac-

tual transport with respect to mesoscale pathways needs to be

quantified. 

How to quantify the tracer leakage is not a trivial problem for

wo main reasons. First, particles crossing a barrier and moving

way from the Eddy can later move back towards the Eddy by

rossing another barrier. Second, if a portion of tracer moves to-

ard the center while its filtered counterpart remains on the inner

dge of the eddy, does it count as leaking? 

One needs to understand first how the submesoscales resolved

n HYCOM end up altering the original tracer distribution to this

xtent. What appears to increase dramatically the tracer disper-

ion is the combination of transport barrier crossing and barrier

teering. Particles crossing a barrier are seen in Fig. 11 to be later

ttracted to a nearby barrier. Indeed, the mesoscale LCS still exert

 dominant constraint on the Lagrangian transport. However, the

imple process of moving from one LCS ridge to another, results in

 fast divergence from the original path taken by the same parti-

le, advected solely by the mesoscale field. For instance, consider a

article-pair, where one particle crosses a barrier while the other

oesn’t. After some time, the dispersion of the pair is substantially

igher than one where both particles are fully constrained by the

esoscale LCS. 

In this context, the potential of leaking at the edges of the

CS is what defines the departure from pure mesoscale Lagrangian

ransport, and provides a viable alternative for the quantification

f the submesoscale contribution. And while deviations from the

esoscale flow at the location of the attractive LCS are indica-

ion of barrier crossing, the amount of leaked tracer resulting in

 higher dispersion can be identified by the additional spatial cov-

rage of the transport barriers by the tracer. 

There are then two main metrics we consider: First, we esti-

ate average flow discrepancies in the immediate vicinity of the

esoscale LCS. Second, we quantify the portion of the full-flow

racer hitting the mesoscale LCS that are unoccupied by the filtered

ounterpart, and corresponds therefore to a lower bound estimate

f the leaking portion. 

Note that the direct comparison of the instantaneous velocity

elds at the transport barriers introduces several biases, because

he temporal and spatial resolutions of the low-passed and full ve-
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Fig. 7. Particle concentrations on a log-scale 10 days after a square-launch centered on the Star Eddy, advected by the full flow (a), and the low-passed flows from the 

Lanczos filter with λC = 20 km (b), λC = 40 km (c) and λC = 80 km (d). Units are the number of particles per 0.001 ° × 0.001 ° bin. 

Fig. 8. Particle concentrations on a log-scale 31 days after a square-launch centered on the Star Eddy, advected by the full flow (a), and the low-passed flows from the 

Lanczos filter with λC = 20 km (b), λC = 40 km (c) and λC = 80 km (d). Units are the number of particles per 0.001 ° × 0.001 ° bin. 
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Fig. 9. Particle concentrations on a log-scale 51 days after a square-launch centered on the Star Eddy, advected by the full flow (a), and the low-passed flows from the 

Lanczos filter with λC = 20 km (b), λC = 40 km (c) and λC = 80 km (d). Units are the number of particles per 0.001 ° × 0.001 ° bin. 

Fig. 10. Attracting (backward FSLE in red) and repelling (forward FSLE in blue) LCSs in the vicinity of the Star Eddy at day = 18 for the full field (a), and G 1 -filtered fields 

with (b) λC = 20 km, (c) λC = 40 km, and (d) λC = 80 km. Units are in hr −1 . Initial particle pair distance δi ≈ 450 m. Final pair distance δ f = 10 × δi for λc = 20 and 40 km, 

and a 10 day advection, and δ f = 20 × δi for λc = 80 km, for a 30 day advection. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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Fig. 11. Evolution of a particle-based tracer launched on the inner edge of the SE (top left panel), as defined by the attracting LCS of the G 1 filtered field with λC = 80 km. 

The advection of the tracer is done by the full field (in blue) and and by the filtered field (in red). The mesoscale attracting LCS ridges are displayed in the background in 

gray shades (darker shade for more attracting ridges). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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Fig. 12. (a) Tracer distribution (in gray) at day = 55 after being advected by the G 1 - 

filtered (using λC = 80 km) velocities along the edge of the Star Eddy eddy. Particles 

advected by the full flow and intersecting with the tracer have an averaged (over a 

5 km radius) velocity represented by the blue vectors. The velocities of the filtered 

field at the same location are shown in red, and correspond to the flow evolv- 

ing with the attracting LCS of the filtered field. The vector-rejections are shown 

in green. (b) Angle differences in flow directions between the full and filtered field 

along the attracting LCS occupied by the tracer. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Flow direction discrepancies of a tracer launched on the edge of a Star Eddy barrier 

at day 15. The sampling is carried on along the attracting LCS of the filtered fields. 

The metrics used to quantify the differences between particles advected by the full 

flow and by the filtered flow are the averaged and std angle differences ( 
θ ) of 

the Lagrangian velocities, and the vector-rejection of the full flow velocities on the 

filtered velocities (corresponding to the velocity component perpendicular to the 

filtered velocities on the LCS of the filtered field). 

Filter Day 〈 
θ〉 std ( 
θ ) Vector rejection 

(2010) Radius = 5 km % of Lag. || V ||) 

G 1 
λC = 20 km 25 −2 ° 14 ° 4% 

35 15 ° 15 ° 9% 

45 −2 ° 23 ° 3% 

55 −5 ° 37 ° 9% 

λC = 40 km 25 −3 ° 15 ° 4% 

35 14 ° 18 ° 5% 

45 1 ° 24 ° 2% 

55 −6 ° 27 ° 6% 

λC = 80 km 25 1 ° 12 ° 4% 

35 7 ° 22 ° 4% 

45 −6 ° 29 ° 3% 

55 4 ° 51 ° 7% 

G 2 
25 −10 ° 18 ° 11% 

35 12 ° 16 ° 10% 

45 4 ° 20 ° 8% 

55 −6 ° 16 ° 5% 
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locity fields in a realistic context are not the same. In this case, HY-

COM outputs have a 3 h interval for a 1 km resolution, whereas

a daily output interval is used for the low-passed fields, and the

effective spatial resolution is much coarser. The mesoscale FSLE

ridges are also computed only once a day, to be more represen-

tative of a realistic scenario. Therefore, calculating the daily in-

stantaneous flow discrepancy in the Eulerian framework would not

make much sense, since it doesn’t take into account the spatio-

temporal variability of the submesoscale motions. Preliminary tests

have yielded much larger discrepancies in the flow fields with the

Eulerian approach. The velocity fields generally differ less with

time-averaging. In this method, the mean Lagrangian velocities are

used based on the initial and final positions of the particles in a
-day interval. This way, the averaged velocities reflect the cumu-

ative time-integration of the particles advection subject to several

ubmesoscale events of shorter time-scales. 

Once the particle-based tracer advected by the low-passed ve-

ocity field is molded along its corresponding attractive LCS, La-

rangian velocities are estimated for a subset of particles based on

wo consecutive days, and denoted as V LP ( p i ), where p i is the i th 

article. 

V LP ( p i ) corresponds to the Lagrangian velocity of a one day par-

icle motion starting at the transport barrier. 

Regarding the tracer advected by the full field, the spatial vari-

bility and higher resolution introduce an additional bias to the ve-

ocity comparison. For this reason, the velocities of particles within

 radius of few km are averaged as well, before being compared

o the Lagrangian velocities of the low-passed field. It is one way

o bring back the full field advection to one of coarser spatio-

emporal resolution for consistency. The Lagrangian velocity coun-

erpart for the full flow at the same location is estimated by com-

uting the averaged velocity of particles within a 5 km radius of

 i , denoted as V 1 km 

( p i ). This distance was picked sufficiently small

o avoid overlapping different LCS ridges. The difference in flow di-

ection 
� = �( f ul l ) − �(LP ) is the angle between V 1 km 

( p i ) and

 LP ( p i ). 

The velocity component of V 1 km 

( p i ) projected on V LP ( p i ) at the

ocation of p i is: 

 proj (p i ) = 

V 1 km 

(p i ) · V LP (p i ) 

V LP ( p i ) · V LP (p i ) 
V LP ( p i ) , (9)

nd the velocity component normal to V LP ( p i ) or vector rejection

ecomes 

 re j (p i ) = V 1 km 

(p i ) − V proj (p i ) . (10)

ote that V rej ( p i ) is the velocity component leading to LCS barrier

rossing. This projection is equivalent to a rotation of V 1 km 

( p i ) from

he cartesian coordinates to the LCS coordinates. 

Fig. 12 illustrates the method described above by plotting the

racer at day 55, or some 40 days after it was launched on the in-

er edge of the Star Eddy’s main LCS and advected by the Lanczos

C = 80 km filtered velocities. The red vectors mark the direction

f the tracer, corresponding also to the displacement of the LCS.
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Fig. 13. Evolution of the tracer 15, 25, 35 and 45 days after launch when advected by the G 1 -filtered ( λC = 80 km) flow (in red) and the full flow (in blue and green), and 

superimposed on the attracting LCSs (in gray). The particles colored in green correspond to the portion of tracer within 5 km of an attracting LCS not presently occupied by 

the low-pass tracer counterpart. Any particle/tracer in this configuration has leaked through the mesoscale transport barriers, and is more likely to diverge from the original 

distribution at the fastest pace. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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he blue vectors are the velocities of the full flow tracer, while

he green vectors are the velocity components normal to the fil-

ered velocities (vector rejection), i.e. moving perpendicular to the

ow along the attracting LCS. The difference in flow direction along

he LCS is displayed in the bottom panel, and shows a small aver-

ge discrepancy (4 °), but with a high variability (51 °) in this case.

alues for other days and filters are listed in Table 1 . This result

eans that particles do have the potential to leak, even if they are

teered by the mesoscales. The vector rejection indicates that on

verage 7% of the total velocities are perpendicular to the steering

elocities, confirming that most of the motion is still along the LCS.

Next, we take a closer look at the particle leakage across the

CS. The mesoscale LCS are digitized on a 1 × 1 km grid after set-

ing a threshold for the local FSLE maxima. For a given day after

he tracer release, the amount of tracer having crossed the LCS bar-

iers is computed by counting the total number of particles within

 5 km radius of a digitized LCS that is not presently occupied

y the tracer advected by the low-passed velocities. The same ex-

eriment is plotted differently in Fig. 13 every 10 days. The tracer

dvected by using G 1 filter with λC = 80 km velocities is colored

n red, while the full tracer is represented in blue and green. The

reen color corresponds to particles in the vicinity (within a dis-

ance of 5 km) of a mesoscale LCS not occupied by the tracer
f the filtered flow, hence to particles that have crossed at one

ime the mesoscale transport barriers. We can see that most of the

reen tracer is located on the outer edge of the Star Eddy, where

ubmesoscales tend to develop. In time, the escaped particles move

n to other attracting LCS in the periphery, where they are cor-

alled. Some eventually cross the LCS. 

The same experiment is repeated for the other filter strengths

nd different times, and the results of both metrics are summa-

ized in Figs. 14 and 15 . Fig. 14 displays the time series of the mean

ngle discrepancy and standard deviation on the LCS of the filtered

elds. The differences are not significant, except perhaps a month

fter the launch in the std of 
θ between λC = 80 km and the

eaker filter cases: the standard deviations using λC = 20 km and

C = 40 km are a bit lower, as one would expect from a velocity

eld closer to the full field. Note also from Table 1 that the vector

ejection remains at similar low percentages, which confirms that

he differences in flow direction is not much dependent on the fil-

er strength. 

On the other hand, marked differences appear clearly in the

ercentage of leaked particles ( Fig. 15 ) The estimated portion of

eaking tracer is higher close to the launch date. It must have to

o with the fact that the tracer has not dispersed yet, so that big

hunks of tracer escape (cf top left panel of Fig. 13 ) whenever a
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Fig. 14. Time series of flow direction discrepancies averaged over the areas of the 

attracting LCS of G 1 -filtered cases (occupied by the tracer) for (a) λC = 20 km, (b) 

λC = 40 km, and (c) λC = 80 km, respectively. The shading areas are delimited by the 

standard deviations. 

Fig. 15. Time series of percentages of the total number of particles having leaked 

to other attracting LCS unoccupied by the tracer for all filtered cases. 
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frontal instability disrupts the main transport barriers. Later on,

some of the particles that have escaped the eddy reenter it. This

behavior is confirmed by other tests (not shown here). It also ex-

plains why all three experiments lead to a decrease after 15–20

days. About a month later, the portion of leaked tracer is about 20%

for λC = 80 km versus 5–10% for the weaker filters. Here again, the

closer similarity of the weak filters to the true fields means that

more leaked particles are later recovered by the LCS, and/or the

particles recross those barriers. 

We have also released tracers in the full and filtered fields in

an eddy identified from HYCOM in the summer time. Seasonal-

ity of the submesoscales in HYCOM was documented by Mensa

et al. (2013) in that submesoscale instabilities are stronger in win-

ter than in summer. Summer eddies are virtually free from the si-
usoidal perturbations around the rim. The turn over time scale of

he summer eddy is approximately 3 days in comparison to 11–15

ays for the Star Eddy. The tracers are advected for 57 days and

he computed leakage is found to be only 2%. 

While the LCS associated with the mesoscale features (using

C = 80 km) set the main flow pathways, the material leakage,

ome 20% of the tracer through the mesoscale transport barriers

eems quite significant. 

.4. Tracer results from altimetry proxy 

As illustrated by the wavenumber kinetic energy spectrum

 Fig. 3 ), a wider range of wave numbers is affected by the G 2 fil-

er. A portion of the kinetic energy from the large wavelengths

s removed with the totality of the small wavelengths, and re-

ulting in an alteration of the mesoscale momentum. The differ-

nces between both filters are seen in the resulting velocity mag-

itudes of Fig. 4 : The Lanczos filter preserves the momentum of

he main features, such as the Loop Current and the Star Eddy. But

he geostrophic velocities from the low-passed SSH fields display

moother fields with lower kinetic energy levels for all mesoscale

eatures. 

Altimetry products require several spatial and temporal inter-

olations to convert satellite track observations into a time-series

f SSH values on a regular grid. This process is done at the ex-

ense of the kinetic energy and strain fields which leads to exces-

ively smooth geostrophic velocities. The effect of the spatiotempo-

al interpolations on the altimetry data is mimicked in this study

y a Gauss filter applied to the model SSH field. Its impact on

he geostrophic velocity product is illustrated by the kinetic energy

pectrum plotted in red in Fig. 3 , and by the velocity magnitudes

n Fig. 4 . One can see that the mesoscale features are smeared

hen compared to the 80 km λc case, and their magnitudes are

educed. This means that unlike the Lanczos experiments where

nly the submesoscale fields were affected, the mesoscale features

ave lost some of their momentum. Regarding the degree of real-

sm of this filtering process, we refer to the AVISO product in terms

f scale-dependent FSLE (or their impact on the rates of relative

ispersion at all scales). As illustrated in Fig. 6 , the smoothing ef-

ect is represented by the maximum Lyapunov exponent computed

rom original pairs (upper panel), and shows that the G 2 filtered

ea surface height and resulting geostrophic velocities of HYCOM

uccessfully matched the averaged hyperbolicity of AVISO. The im-

act on the mesoscales is visible in the chance-pair computation

lower panel) from the slight reduction in λ, although the slope is

he same. This is due to the reduction in the momentum of the

esoscale flow. We do not observe such a difference with AVISO

n that the real altimetry product does a better job at preserving

he relative dispersion of the large scales. It may be due to the less

omogeneous characteristics of the spatio-temporal interpolations

f the altimeter measurements. The mesoscale velocity magnitudes

nd shear must be higher along the track than they are in between

racks where interpolations are required. The scale-dependent FSLE

s more biased toward regions of high strain. But overall, the simi-

arities with AVISO are good enough for our purpose here. 

Fig. 16 shows the evolution of the particle-based tracer con-

entration when advected by the geostrophic velocities. Compar-

son with the G 1 -filtered cases in Figs. 7 through 9 illustrates the

hanges in the large scale patterns of the tracer distribution. Most

f the tracer is retained inside the eddy, even after 50 days. Here

gain, we look at the LCS field for confirmation. The attracting LCS

f the altimetry proxy is plotted in the bottom panel of Fig. 17 , as

ell as the LCS of the full field, and the Lanczos experiments using

C = 80 km. As expected, the FSLE ridges are modified by the fil-

er in such a way as to increase the ellipticity of the Star Eddy by

urving the LCS ridges. The comparison between the filtered fields
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Fig. 16. Particle concentrations on a log-scale 11 (top), 31 (middle) and 51 (bottom) 

days after a square-launch centered on the Star Eddy, advected by the geostrophic 

velocities from the altimetry-proxy. 

u  

o

 

a  

t  

a  

i  

t  

Fig. 17. Attracting LCS (backward in time FSLE) at day = 35 computed from the full 

velocity field (top), the Lanczos filtered fields with λC = 80 km (middle), and the 

geostrophic velocities of the altimetry proxy (bottom). 
sing λC = 80 km and this case clearly illustrates the elliptical bias

f the geostrophic velocities from today’s altimetric fields. 

The same launch described in Fig. 11 is now repeated with the

ltimetry proxy and plotted in Fig. 18 . One can see that the red

racer advected by the G 2 -filtered flow field does not evolve as fast

s the counterpart using the G 1 filter with λC = 80 on the attract-

ng LCSs. As a result, the dispersion gap between the red and blue

racers is more pronounced. Fig. 15 shows a percentage of leaked
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Fig. 18. Same as Fig. 11 but the FSLE ridges and red particles are derived from the velocity field filtered by G 2 , while the blue tracer shows the tracer advection by the full 

field. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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particles at least twice as high as the Lanczos estimates, and going

up to 50%. 

3.5. Null-case: summer eddy 

A null-case to appreciate better the role of submesoscale fea-

tures is provided by summer conditions. Seasonality of the subme-

soscales in HYCOM was documented by ( Mensa et al., 2013 ) in that
ubmesoscale instabilities are stronger in winter than in summer,

ainly because of deeper mixed layers. We have released tracers

n a summer time eddy in the same region from HYCOM ( Fig. 19 ).

he turn over time scale of this eddy is approximately 3 days in

omparison to 11–15 days for the Star Eddy. The tracers are ad-

ected for 57 days and the computed leakage is 2%, namely much

ess than for the case studied for the winter Star Eddy. Thus, this fi-

al numerical test further strengthens the conclusion of this study
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Fig. 19. (Left Panel) Tracer release location on year day = 173 (June 22) in an eddy in the HYCOM GoM simulation. (Right Panel) Tracer distributions from the full (blue) 

and filtered (with λC = 80 km) velocity fields (red) after 57 days (August 18). (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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hat it is the submesoscale motions that create the material leak-

ge across mesoscale transport barriers. 

. Conclusions 

The main purpose of this study is to investigate the role of

ubmesoscale motions on Lagrangian transport. Many Lagrangian

rediction studies depend on observational constraints of the

esoscale circulation from satellite altimetry products, either di-

ectly from the derived geostrophic velocities, or indirectly from

heir assimilation into ocean forecast models. In both cases, the

cales of motion below the radius of deformation are not well cap-

ured at the present time. As recent studies reveal the existence

f submesoscale flows in the upper ocean boundary layer, it is

ecoming important to quantify their contribution on Lagrangian

ransport. There have been studies showing the significance of sub-

esoscales using scale-dependent dispersion metrics, but in many

pplied problems, the central topic is Lagrangian transport, namely,

here and how surface tracer travels? To provide an answer, one

eeds to superpose all the processes at different scales contribut-

ng to transport. 

There is no doubt that the mesoscale circulation is a domi-

ant steering mechanism. Yet, submesoscales and mesoscales op-

rate in somewhat different ways, especially on buoyant tracers at

he surface of the ocean. Here, we expand on the concept that the

ddition of an ageostrophic flow with non-zero convergence can

odify to some degree the transport predictions relying solely on

D quasi-geostrophic flows. We specifically focus on a case, where

ubmesoscale motions emerging from surface mixed-layer frontal

nstabilities coincide spatially with mesoscale frontal dynamics, be-

ause their relative contributions to transport can be assessed. 

The problem is studied using a HYCOM simulation of the

ulf of Mexico circulation with a horizontal resolution of 1/100 o ,

apturing part of the submesoscale spectrum as well as the

esoscales, thereby allowing for multi-scales interactions. The

nalysis is entirely focused on an anticyclonic mesoscale eddy

mbedded with submesoscale motions due to the deep winter

ixed layer. Submesoscales are separated from the mesoscales by

pplying a Lanczos low-pass filter to the HYCOM surface velocity

eld. The distributions of particle-based tracers advected by both

ull and filtered flow fields were then compared in relation to

he mesoscale transport barriers. Also an altimeter proxy was

mulated given that altimeter-derived geostrophic velocity fields

re commonly used due to their global availability. 

The following results are obtained on the basis of the Lanc-

os filter. We confirm the findings from previous studies that
ubmesoscale-induced surface divergence field generates regions of

igh and low tracer concentrations, leading to a patchy tracer dis-

ribution. While this result is not new, it is important to show

hat it happens in yet one more model that is different from

hose used in previous works, and therefore, it is something ro-

ust with respect to model numerics and parameterizations. A

atchy tracer distribution is an important consideration in prac-

ical applications, such as response effort s to oil spills, in which

esources may be limited with respect to the size of the spill

rea. Encountering as much oil as possible during daylight hours

s important. It is clearly shown that the submesoscales add a

ignificant range of structure to the mesoscale LCS field. These

ubmesoscale LCS are intertwined with the mesoscales, and in

any cases, intersect them, thereby leading particles to cross the

esoscale transport barriers. Quantification of Lagrangian veloci-

ies along the mesoscale LCS indicates deviations in flow direction

long the transport barriers with an average of 2 ° to 15 °, with stan-

ard deviations of up to 51 °. The velocity norms contributing to

arrier-crossing is found to be in the range of 5%. These results

onfirm that the submesoscales can lead to deviations in the trans-

ort by mesoscales, while the steering remains mostly (95%) set by

he mesoscales. 

The resulting interplay between the mesoscales and the sub-

esoscales can be summarized as follows: the attracting LCSs of

he mesoscales are still dominating particle advection. However,

he submesoscales render the mesoscale-based transport barriers

ess effective, allowing particles to cross them. The process does

ot require a massive disruption of the mesoscale flow, as the sub-

esoscale velocities are still an order of magnitude smaller. Subse-

uently, particles having crossed a mesoscale barrier are attracted

o a nearby barrier, and drift following mostly the mesoscale flow.

hey may or may not cross that barrier, and so on. Therefore, we

nd that the submesoscale-induced transport leakage is a subtle

rocess, yet it exists and is not negligible. 

Based on these observations, a method is developed to calcu-

ate a lower-bound estimate for the amount of tracer crossing the

esoscale transport barriers. The leakage of tracer on a localized

aunch near the edge of the Star Eddy is found to be about 20%

fter a month of advection. Regarding the altimetry proxy, a Gaus-

ian filter was applied to HYCOM’s SSH field with a strength set to

atch the maximum hyperbolicity from the AVISO SSH geostrophic

stimate. LCSs computed from these geostrophic velocities display

ignatures of a modified mesoscale flow, in which velocities are re-

uced, and there is a clear bias towards increased ellipticity of the

tar Eddy. This is to say that, a tracer launch encompassing the

tar Eddy using this flow field remains mostly contained within
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its main boundaries after a month, while the comparison with the

full-field advection reveals that the proportion of the tracer leaking

through the altimeter-like LCSs is 50%. 

Considering that a significant portion of the tracer has not

been constrained by the various mesoscale LCSs derived from two

types of spatial filtering, one can conclude that in the presence

of submesoscale motions, the mesoscale LCSs are leaky transport

barriers, which still exert a great degree of control over the up-

per ocean tracer transport. The apparent contradiction between

the relatively small flow discrepancies at the transport barriers

and the more substantial tracer leakage makes sense when one

takes into account the interplay of mesoscale barrier crossing

and barrier steering which contributes to a significant departure

from Lagrangian transport predictions based solely on mesoscale

flows. 

A number of questions remain to be pursued in future stud-

ies. First there is the issue of spatio-temporal variability about the

submesoscales. Mensa et al. (2013) and Sasaki et al. (2014) have

shown that submesoscales are most pronounced in the upper

ocean boundary layer during winter time due to deeper mixed

layer. This finding implies that summer time transport can still

be dominated by mesoscale processes. Second, the issue of win-

ter time forcing is nontrivial for surface transport since strong

winds may wipe out all coherent structures and the transport

could be entirely driven by wind and Stokes drift ( Curcic et al.,

2016 ). Third, the influence of waves on transport has not gath-

ered much attention thus far, but in addition to surface waves,

internal gravity wave signatures may leak into the upper ocean,

especially during summer months when the mixed layer is shal-

lower and the mixed layer base can sustain significant wave activ-

ity. Fourth, latitude dependence of coherent structures is another

important factor to consider. Here we focus on the Gulf of Mexico,

where mesoscales and submesoscales are quite distinct from one

another since the former is set by the large radius of deformation

of the deep circulation and the latter by the relatively thin upper

ocean mixed layer. At higher-latitudes, such scale separation could

be much smaller (due to smaller radius of deformation and deeper

mixed layers) so that the distinction in transport may be negligi-

ble. Fifth is the issue of how to represent these transport processes

when they are unresolved by OGCMs. Most parameterizations used

in modeling community are Fickian. If the transport process does

not exhibit a diffusive pattern of dispersion, such as clearly the

case of patchiness within an elliptic structure, then there should

be a recognition that diffusive subgrid-scale parameterizations will

not work in models that do not have the resolution to capture

submesoscale-induced transport. Perhaps resolving these smaller

anisotropic non-diffusive coherent structures is the only accurate

path forward. 
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