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Coastal regions provide a wide range of resources and services, and thus represent an essential
environment for human activities. However, they are rapidly degrading under the pressure of
anthropogenic activities and climate change. A correct management of coastal ecological

resources is, therefore, vital for a sustainable development.

Horizontal transport and cross-shelf exchanges play an important role in regulating the
ecological and biogeochemical conditions of coastal regions. They are primarily controlled by

meso- submesoscale processes (i.e. eddies, fronts and �laments on the order of 10 km or less;
hereafter (sub)mesoscale), which originates from instabilities of the large-scale ocean currents. Thus,
understanding the mechanisms which regulate (sub)mesoscale dynamics and quantifying its impact
on ocean transport are key aspects for further improving the management of coastal ecological
resources.

The Lyapunov Analysis in the COaSTal Environment (LACOSTE) project focused on the
investigation of (sub)mesoscale processes in the Gulf of Lion (GoL, Northwestern Mediter-
ranean), and the associated horizontal mixing and cross-shelf exchanges. The project was developed
within the Equipe d'Océanographie Physique Littorale et Côtière (LOPC) at the Mediterranean In-
stitute of Oceanography (MIO), in Marseille, France. The analysis combined in-situ measurements,
numerical model results and satellite observations.

1 In-situ measurements

The analysis of in-situ measurements was based on the dataset from the Latex10 campaign (1-24
September, 2010), which focused on a strong frontal feature in the western GoL (Fig. 1). Ocean
fronts occur when waters of di�erent properties (e.g. temperature, salinity or density) collide. They
are di�cult to study due their small scales (1-10 km) and ephemeral lifetime (on the order of few
days). Nonetheless, they have a strong in�uence on how particles, heat, salt and nutrients are mixed
and transferred in the oceans.

Figure 1: Sea surface temperature maps
during the Latex10 oceanographic cruise.
(left) The area of study with a car-
toon showing the position of the Northern
Mediterranean. (right) Satellite-derived
position of the drifting buoys (red) and
vessel route (black). Temperature data are
kindly provided by MétéoFrance.
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Figure 2: Horizontal eddy di�usivity, KH , was estimated by combining (left) cross-front sections from
the surface thermosalinograph with (center) stirring rates from drifter trajectories. The resulting 73 in-situ
estimates of KH were log-normally distributed (right) with 70% of the values between 0.4 and 5 m2 s−1 and
associated with front widths of between 1 and 4 km. From Nencioli et al., 2013.

Previous results from Latex10, also based on �nite size Lyapunov exponents (FSLE) analysis, evi-
denced that the front was associated with a transport barrier (i.e. Lagrangian coherent structure,
LCS) along which exchanges between the GoL and the open NW Mediterranean occurred. Within
LACOSTE, the analysis of the Latex10 observations was further developed to quantify the hori-

zontal mixing and cross-shelf exchanges induced by the front.

1.1 Horizontal mixing

Horizontal mixing was quanti�ed by developing a new method to retrieve horizontal eddy

di�usivity from in-situ observations (Nencioli et al., 20131). Horizontal eddy di�usivity is a
quantity which estimates the rate at which material and energy are mixed across the front. It is a
key coe�cient for the large-scale models used to study ocean circulation and global climate. The
new method developed within LACOSTE is based on the hypothesis that the front pro�le resulted
from a balance between large-scale stirring and small-scale mixing. Thus, in-situ estimates of the
coe�cient (small-scale mixing) were obtained by combining observations of surface temperature and
salinity (front width) with Lagrangian drifter trajectories (large-scale stirring) (Fig. 2).

Such estimates provide a rare and important in-situ contribution for tuning and re�ning the repre-
sentation of small-scale mixing in numerical models, and thus for improving both regional and

global climate studies. Furthermore, the method can be applied to remote sensing data, opening
the opportunity for global studies of horizontal eddy di�usivity at the (sub)mesoscale.
For its relevance, this study was selected for:

• �Research Spotlight� on EOS-Transactions American Geophysical Union

• �Editors' Highlights� on Journal of Geophysical Research - Oceans

• INSU/CNRS website highlights

• Aix-Marseille University Letter, April 2014, pages 30-33

The Latex10 campaign also included a passive tracer experiment. Within LACOSTE, I have
contributed to the analysis of the observations from that experiment, which provided more tradi-
tional estimates of horizontal eddy di�usivity (Kersale et al., submitted to JGR-Oceans). The results
evidenced similar values for the coe�cient, further supporting the results obtained with the

novel method.

1For the bibliography references please refer to the Dissemination activities section
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Figure 3: (right) Example of cross-
front section: SST (color), drifter tra-
jectories (black) and ADCP velocities
(grey vectors) were combined to com-
pute the �uxes. (left) Quanti�ed cross-
shelf exchanges for coastal and open
NW Mediterranean waters (U+C and
O, respectively; 1Sv = 109m3/s). In-
situ transport structures (red and blue)
are superimposed to SST (color) and
drifter trajectories (grey). From Nen-

cioli et al., submitted to JGR-Oceans.

1.2 Cross-shelf exchanges

The Latex10 dataset provided the unique opportunity to quantify from in-situ observa-

tions the cross-shelf exchanges induced by (sub)mesoscale processes (Nencioli et al., submitted to

JGR-Oceans). The front-induced �uxes were computed through a novel approach wich com-

bines ship-based and Lagrangian observations (Fig. 3): surface measurements of temperature
and salinity were used to identify the continental-shelf waters leaving the GoL, and the open NM
Mediterranean ones intruding on it; Lagrangian drifter trajectories were used to estimate the veloc-
ity components associated with near-inertial oscillations; these were removed from the instantaneous
velocities measured by the ship ADCP, which in turn were used to compute the surface cross-shelf
�uxes.

The results evidenced that in 10 days, the observed front induced cross-shelf exchanges equiv-
alent to 10 to 20% of the whole GoL surface waters. Thus, few of these events are su�cient
to completely renew the surface water conditions in the GoL. This con�rms that, although short-
lived and localized, (sub)mesoscale processes are a key factor in regulating biological and

ecological conditions in coastal regions. While in-situ observations can provide a detailed
characterization of speci�c events, numerical model simulations and remote sensing observations
represent essential tools to investigate their impact over larger/longer spatial/temporal scales.

2 Numerical Models

The analysis of (sub)mesoscale dynamics from numerical models was based on a ten-year high-
resolution simulation of the GoL developed at the MIO within the LATEX project. During LA-
COSTE, I contributed to the analysis of the model results used to investigate the impact of

(sub)mesoscale dynamics in the western GoL for the period of August-September 2009i
(Kersale et al., 2013).

An extended analysis of transport structures at the (sub)mesoscale over the whole GoL was started
during the last part of LACOSTE. The �nal goal is to �rst identify the transport structures in the
GoL by applying the FSLE analysis to the model results; then, to highlight the dominant transport
patterns and quantify the associated �uxes using self organizing maps (SOM). Maps of transport
structures based on FSLEs have been already obtained. The SOM analysis will be most likely
developed in the next months by further extending my collaboration with the OPLC group at the
MIO.
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Figure 4: Comparison between in-situ
drifter trajectories (green, blue and cyan) and
synthetic particle trajectories (red) for the
standard (left) and the new (right) altimet-
ric surface velocity �elds in the western part
of the GoL. From Bou�ard et al., 2014.

3 Satellite Observations

As also evidenced by previous results from the Latex10 campaign, traditional altimetry mea-

surements are currently unreliable in coastal regions. Therefore, the analysis of (sub)mesoscale
dynamics from remote sensing observations followed two main approaches: develop new techniques
to improve existing products; contribute to the development of new platforms of observations.

3.1 Improve existing products

I contributed to a study aimed at improving the reconstruction of 2-dimensional surface

velocity �elds from multi-satellite along-track altimetry observations (Bou�ard et al., 2014). Dif-
ferent interpolation techniques and datasets were used. The accuracy of the various reconstructed
velocity �elds was tested via di�erent diagnostics which included Lagrangian trajectories and trans-
port structures from FSLE analysis. The results evidenced that despite some improvements in the
general transport properties, velocity �elds from traditional altimetry observations remain

of limited use for the analysis of coastal dynamics and transport (Fig. 4). Thus, the develop-

ment of new platform of observations will be essential to overcome such limitations.

3.2 New platforms of observations

Within LACOSTE, I had the possibility to get involved in the Surface Water and ocean To-

pography (SWOT) mission. The mission is a collaboration between NASA and CNES for the
development of a new-generation high-resolution satellite altimeter which will provide global obser-
vations of (sub)mesoscale dynamics. The launch of the SWOT satellite is currently scheduled for
Fall 2020.

Since 2013, I have been member of the SWOT - Science De�nition Team (SWOT-SDT). My main
contribution is to lead the design and organization of the french ocean �eld campaigns

associated with the AirSWOT missions. The main goal of AirSWOT is to test an airborne
version of the SWOT sensor over key open and coastal ocean regions.

A project for a �eld campaign in the GoL in fall 2014 (SeaGoLSWOT) was approved by
the French national �eet commission, and ship time was reserved. However, due to delays in the
development of the AirSWOT sensor by NASA, the campaign had to be put on hold. The campaign
would have provided observations to validate the AirSWOT measurements and, most importanlty,
it would have been used to test novel sampling strategies for the direct observation of

physical dynamics and physical-biogeochemical interactions at the (sub)mesoscale. De-
pending on the status of the AirSWOT mission, SeaGoLSWOT will be most likely rescheduled
within the next years.
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Dissemination Activities

Scientific Publications

LACOSTE Papers - Published

Nencioli, F., F. d'Ovidio, A.M. Dolgioli and A.A. Petrenko, 2013. "In-situ estimates of submesoscale
horizontal eddy di�usivity across an ocean front". Journal of Geophysical Research - Oceans, Vol
118, pp 7066-7080. doi:10.1002/2013JC009252

Seleceted for:

• EOS Research Spotlight2

• JGR - Oceans Editors' Highlights3

• INSU/CNRS website (French only)4

• Aix-Marseille University Letter (French only)5

Bou�ard, J., F. Nencioli, R. Escoudier, A.M. Dolgioli, A.A. Petrenko, A. Pasqual and P.M. Poulain,
2014. "Lagrangian analysis of satellite-derived currents: Application to the North Western Mediter-
ranean coastal dynamics". Advances in Space Research, Vol 53, No 5, pp 788-801. doi:10.1016/
j.asr.2013.12.020

LACOSTE Papers - Submitted

Nencioli F., A.A. Petrenko and A.M. Doglioli. "Front-induced cross-shelf exchanges in the Gulf of
Lion from combined ship-based and Lagrangian observations". Journal of Geophysical Research -

Oceans, Submitted.

Kersalé, M., A.A. Petrenko, A.M. Doglioli, F. Nencioli, J. Bou�ard, S. Blain, F. Diaz, T. Labasque,
B. Queguiner and I. Dekeyser. "Lateral di�usivity coe�cients from the dynamics of a SF6 patch in
a coastal environment". Journal of Geophysical Research - Oceans, Submittedi.

Papers from earlier projects published during LACOSTE

Kersalé M., A.A. Petrenko, A.M. Doglioli, I. Dekeyser and F. Nencioli, 2013. "Physical characteris-
tics and dynamics of the coastal Latex09 Eddy derived from in situ data and numerical modeling".
Journal of Geophysical Research - Oceans, Vol 118, pp 399-409. doi:10.1029/2012JC008229

Berta, M., L. Ursella, F. Nencioli, A.M. Doglioli, A.A. Petrenko and S. Cosoli, 2014. "Surface
transport in the Northern Adriatic Sea from FSLE analysis of HF radar measurements". Continental
Shelf Research, Vol 77, pp 14-23. doi:10.1016/j.csr.2014.01.016

Doglioli, A.M., F. Nencioli, J.-L. Fuda, N. Grima, A.A. Petrenko and G. Rougier, 2013. "A software
package and hardware tools for in-situ experiments in a Lagrangian reference frame". Journal of

Atmospheric and Oceanic Technology, Vol 30, pp 1940-1950. doi:10.1175/JTECH-D-12-00183.1

2Wendel, J. (2014), New method presented for calculating horizontal eddy di�usion, Eos Trans. AGU, 95(18), 156.
doi: 10.1002/2014EO180009

3http://onlinelibrary.wiley.com/journal/10.1002/%28ISSN%292169-9291/homepage/
new_method_presented_for_calculating_horizontal_eddy_di�usion.htm

4http://www.insu.cnrs.fr/node/4705
5http://dircom.univ-amu.fr/sites/dircom.univ-amu.fr/�les/lettre_amu_avril_2014.pdf ; pages 30-31
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Conference Presentations

Ocean Sciences Meeting, Honolulu (HI), USA, February 2014:
"Linking sea surface height to (sub)mesoscale ocean dynamics: the SeaGoLSWOT campaign in the
NW Mediterranean (Fall 2014)".
Nencioli, F., F. d'Ovidio, A. Doglioli, A. Petrenko, and J. Bou�ard
(Poster and abstract)6

Ocean Surface Topography Science Team Workshop, Boulder, October 2013:
"SeaGoLSWOT: an oceanographic campaign in support of the AirSWOT mission in the Northwest-
ern Mediterranean".
(Poster and abstract)7

EGU General Assembly, Vienna, Austria, April 2013:
"In-situ estimate of submesoscale horizontal eddy di�usion coe�cients across a front".
Nencioli, F., F. d'Ovidio, A. Doglioli and A. Petrenko
(Oral presentation and abstract)8

Workshops & Seminars

Seminar, LOCEAN, Paris, February 2014:
"Direct observations of (sub)mesoscale dynamics in the Gulf of Lion: results and perspectives for
next generation satellite missions and global models".

Seminar, LEGOS, Toulouse, February 2014:
"Direct observations of (sub)mesoscale dynamics in the Gulf of Lion: results and perspectives for
next generation satellite missions and global models".

Seminar, LPO, Brest, February 2014:
"Direct observations of (sub)mesoscale dynamics in the Gulf of Lion: results and perspectives for
next generation satellite missions and global models".

Workshop, 2D to 3D Ocean Dynamics from Space, Brest, December 2013:
"Submesoscale observations in support of satellite altimetry: results and perspectives in the Gulf
of Lion".

Seminar, UCSB, Santa Barbara, January 2013:
"In-situ estimate of submesoscale horizontal eddy di�usion coe�cients across a front".

6http://www.sgmeet.com/osm2014/viewabstract.asp?AbstractID=16928
7http://www.joss.ucar.edu/meetings/2013/ostst/abstracts/seagolswot-oceanographic-campaign-support-airswot-

mission-northwestern
8http://meetingorganizer.copernicus.org/EGU2013/EGU2013-8237-2.pdf
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