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I. SUMMARY
Our proposal aims to improve our knowledge of the meso and submesoscale dynamics by
merging altimetric data with various other satellite datasets (sea‐surface temperature (SST) and
salinity (SSS)) and/or in‐situ observations. Three original techniques have been identified and are
proposed in the present project:
‐
‐
‐

The three‐dimensional (3D) structure of mesoscale eddies and their role in structuring the
submesoscale dynamics and associated mixing.
The development and test of a method to identify subsurface‐intensified structures from
satellite observations only (altimetry and SST).
The improvement of the resolution of ocean fronts by combining large‐scale tracer fields
(SST, SSS) with lateral stirring computed from altimetric currents

These technique are based on specific methodologies, are independent and their development will
constitute the three Work Packages (WPs) of the project. However, the combination of the
different approaches will be studied too, with an aim to reconstruct the precise structure of
oceanic eddies and understand the observed evolution.

Concerning the mesoscale dynamics, we will investigate the 3D structure of mesoscale eddies
merging information from multi‐sensor satellite data (altimetry and SST), and in‐situ profiles
acquired by Argo profiling floats. To this task, two different approaches will be used and
combined: (i) in the WP1, we will apply an observational method that allows reconstructing the
mean vertical thermohaline properties of mesoscale eddies in the region under study, combining
multi‐mission satellite altimetry products and Argo hydrographic profiles [Chaigneau et al., 2011];
(ii) in the WP2, a new method will investigate the possibilities of using satellite altimetry and sea‐
surface temperature data only, to reconstruct the three‐dimensional variations of the mesoscale
dynamics. In particular, the comparison of surface circulations computed from geostrophy (from
altimetry data) and surface quasi‐geostrophy (from SST observations) theories will allow
determining the signature of subsurface intensified structures. This open question is fundamental
for anticipating future satellite altimetry missions such as SWOT that will acquire sea‐surface
height data having similar resolution as SST observations.
In terms of submesoscale dynamics, the WP1 will investigate the interaction between the
mesoscale eddies detected by altimetry and (i) the submesoscale dynamical filaments and
associated mixing determined from altimetry maps and Lagrangian advection diagnostics [e.g.
d´Ovidio et al., 2004]; (ii) the SST fronts automatically detected from MODIS images using a novel
identification scheme [Nieto et al., 2012]. The WP3 will be devoted to improve large‐scale tracer
SST and SSS fields, obtained from interpolated Argo in‐situ data, by stirring and advecting these
fields using altimetric‐derived velocities. This method will also be used to improve the resolution
of fronts in SSS fields observed from SMOS data. The WP3 will finally focus on the improvement of
the resolution of the gridded altimetric geostrophic velocities used for the Lagrangian advection
which in turn will help to improve the frontal structures in the upper ocean fields.
The proposed project will be performed preferentially in the North‐East Atlantic and the
Indian Ocean. These regions encompass a relatively high‐number of available Argo floats needed
for WP1‐3, and enhanced‐resolution altimetric products, that will be used in WP3, were recently
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developed in these regions. This project will also focus in the NW Mediterranean Sea where
airborne tests of the AirSWOT instrument will be carried out and new regional high resolution
altimetric data set should be developed for this experiment (see TOSCA AirSWOT proposal).
Although the techniques and methods developed in the frame of this project will be applied in
these 3 contrasted regions, if robust and relevant, they will be easily applicable for other domains
of interest.

II. EXPERIMENTAL OBJECTIVES

II.1. Scientific Context and General Objectives
The ocean, like the atmosphere, is a fundamentally turbulent system. Nearly 20 years of
satellite altimetry measurements from numerous altimetric missions have shown that all of the
world’s oceans are full of mesoscale eddies and meanders [Le Traon and Morrow, 2001; Chelton et
al., 2007; 2011]. The ocean circulation is thus dominated by mesoscale variability mainly
associated with ocean eddies or isolated vortices whose energy generally exceeds that of the
mean flow by an order of magnitude or more. Most of the eddy energy is generated by instabilities
of the mean flow [Stammer and Wunsch, 1999]. Eddies can feed energy and momentum back into
the mean flow and help drive the deep ocean circulation [Holland et al., 1982; Morrow et al.,
1994; Lozier, 1997]. They also transport heat, salt, carbon, and nutrients as they propagate in the
ocean, and play a significant role in the global budgets of these tracers. Mesoscale processes also
have a strong impact on the ecosystem [e.g. Bakun et al., 2006], and on most operational
oceanography applications (e.g., marine safety, pollution monitoring, offshore industry, fisheries,
etc).
Mesoscale eddies are in particular associated with relatively strong dynamical
perturbations of density and pressure on scales of 50‐300 km, and can therefore be identified and
tracked on satellite maps of sea surface height [Chelton et al., 2007, 2011 ]. Although satellite
altimetry has led to major advances in understanding the ocean dynamics at mesoscale, its three‐
dimensional observation remains problematic because of technological limitations of observing
systems. Indeed, in‐situ observations are restricted in both space and time, while satellite
observations provide information only on surface ocean characteristics. Recent studies, based on
the surface quasi‐geostrophic theory, tested the feasibility to assess the vertical structure of
oceanic mesoscale currents from surface information only [e.g. Isern‐Fontanet et al., 2008].
Although some subsurface patterns can be satisfactorily reproduced from these methods, they fail
to correctly reproduce subsurface intensified mesoscale structures. Thus, one of the objectives of
this project is to investigate how such techniques can be improved to better infer the subsurface
circulation from satellite surface observations only (WP2). To this task, we also propose to
determine the mean three‐dimensional structure of mesoscale eddies in several sites of the
World Ocean, merging satellite information and in‐situ data from ARGO floats (WP1).
Superimposed to the mesoscale dynamics, high‐resolution maps of sea surface
temperature (SST) and sea‐color reveal the presence of finer structures such as submesoscale
filaments or fronts that separate water masses of distinct characteristics over short spatial scales
of few kilometers. Associated with intense lateral and vertical velocities, sub‐mesoscale processes
are critical to the ocean / atmosphere exchanges, mixing between the surface and deep ocean,
and exports between coastal and offshore areas [Klein and Lapeyre, 2009]. Furthermore, frontal
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structures are often the site of relatively high biological activity and play a crucial role in the
distribution of pelagic species at different trophic levels [Bakun, 2006].
These sub‐mesoscale dynamics have relatively small space and time scales (< 50‐100 km;
days) which are below the resolution of standard gridded altimetric products. Their space‐time
resolution has mainly been documented from high‐resolution regional models, or high‐resolution
in‐situ process studies [e.g. Paci et al., 2005; Legal et al., 2007]. However, a number of recent
studies have applied the Finite‐Size Lyupanov Exponents (FSLEs) technique to numerical model
velocity fields or gridded altimetric current data [Abraham and Bowen, 2002; d’Ovidio et al., 2004].
The FSLEs are able to predict regions of eddy mixing and transport barriers around strong jets.
They provide Lagrangian contours following filament patterns, which result from the time
variability of the geostrophic eddy field. Indeed in a turbulent field, the interaction between
mesoscale eddies gives rise to regions of intense stretching and folding, with small‐scale filaments
ejected from vortex cores. Although mesoscale eddies are instrumental in the lateral stirring and
advection of the open ocean, a thorough analysis of their role on structuring submesoscale
features needs to be achieved. We thus propose to quantify the distribution of submesoscale
features and the associated mixing within and around mesoscale eddies (WP1). Finally, this
project will also investigate the possibility to improve the resolution of ocean fronts by
combining large‐scale tracer fields (SST, SSS) with lateral stirring from altimetric currents (WP3).
These issues will be addressed using an integrated approach combining various satellite
datasets (satellite altimetry, SST and SSS) and in‐situ hydrographic profiles acquired from ARGO
floats and underway measurements. We will focus in 3 contrasted oceanic regions: the North‐east
Atlantic and Indian Ocean where new high‐resolution altimetric products have been recently
developed [Dusurget et al., 2011] and the density of ARGO profiles is high (Figure 1), and the
western Mediterranean Sea where the AirSWOT program is planned. The main purpose of this
project is to assess a better knowledge of the three‐dimensional dynamics at mesoscale and its
interaction with submesoscale structures in these 3 study regions. At the dawn of future wide‐
swath altimetric missions, this project will allow to estimate the feasibility of reconstructing the
three‐dimensional dynamics from high‐resolution satellite surface data only.
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Figure 1. Number of temperature profiles ever taken by Argo floats. Percentages in the second row refer to
the percentage of the total ocean area having that number of temperature profiles. Percentages in the third
row refer to the percentage of the ocean area from 60°N to 60°S having that number of temperature profiles.
(from http://wattsupwiththat.com/2012/02/06/where‐in‐the‐world‐is‐argo/). The 3proposed study regions
(1: North‐east Atlantic; 2: Mediterranean Sea; 3: Indian Ocean) are delimited by white boxes.

II.2.WP1: 3‐ D structure of mesoscale eddies from satellite altimetry and Argo
floats´ data, and their role on structuring submesoscale features.
A recent study conducted in the eastern South‐Pacific showed the ability to combine
satellite altimetry data and historical records of Argo float profiles (temperature and salinity) to
reconstruct the mean three‐dimensional (3‐D) structure of mesoscale eddies [Chaigneau et al.,
2011]. Composite averages of Argo float profiles that surfaced into cyclonic and anticyclonic
mesoscale eddies revealed key differences in their thermohaline vertical structure. For instance,
the core of cyclonic eddies (CEs) was found to be centered at 150 m depth within the
thermocline, whereas the core of the anticyclonic eddies (AEs) was found at 400 m depth
impacting subthermocline layers (Figure 2). These main differences were attributed to the
mechanisms involved in the eddy formation such as intrathermocline CEs (AEs, respectively) would
be formed by instabilities of the surface (subsurface) current along the south‐american coast. This
study provided new insight into the potential impact of mesoscale eddies for the cross‐shore
transport of volume, heat and salt in the eastern South Pacific. Interestingly, numerical simulations
revealed the presence of similar subsurface intensified eddies in both the Humboldt and California
Upwelling Systems [Colas et al., 2011; Kurian et al., 2011].
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Figure 2. Vertical temperature section across the composite cyclonic (left) and anticyclonic (right) eddies
reconstructed from altimetry data and ARGO profiles in the eastern South Pacific [from Chaigneau et al.,
2011]. The cores of cyclonic and anticyclonic eddies are centered at different depths.

A similar approach was performed to investigate the vertical structure of anticyclonic
eddies shed by the Agulhas retroflection [Souza et al., 2011]. This study highlighted the central
role of Agulhas rings in the heat transport and overturning circulation, being the main process
responsible for the leakage of Indian Ocean waters to the Atlantic. Based on the efficiency of such
techniques to study the 3D shape of mesoscale eddies, the first specific objective of this WP is to
perform similar analyses in other sites of the World Ocean (e.g. the North‐East Atlantic, The
Indian Ocean and the Mediterranean Sea). Using concomitant data from satellite altimetry
(DUACS/AVISO product) and Argo floats, it will allow to depict the typical 3D structure of
mesoscale eddies and to examine their potential impacts on the volume, heat and salt
transports. This study will also provide useful information and metrics needed for the
reconstruction of subsurface mesoscale circulation from surface satellite data only (WP2).
As mentioned in Section II.1., observation of the mesoscale activity has been greatly
enhanced by the advent of satellite altimetry, and the global multi‐mission maps of altimetric sea
level anomalies from DUACS/AVISO [Dibarboure et al., 2011]. Although these gridded maps
resolve only the larger mesoscales (150‐200 km wavelength, time scales > 15 days), the temporal
evolution of the velocity field inferred from these maps can be used to derive smaller‐scale fronts
and filaments, stirred around the larger eddies and created by the zones of convergence and
divergence. The second objective of this WP is to quantify the impact of mesoscale eddies on
structuring submesoscale features and associated mixing. To this task, we will perform, within
and around eddies, a composite analysis of the distribution of convergence lines, transport
barriers and mixing estimated from Finite Size Lyapunov Exponents computed from satellite
altimetry maps (see example in Fig 3 for the eastern South‐Pacific).
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Finally, submesoscale fronts are also widely observed in SST satellite data. Thus, the third
objective of this WP1 is to investigate how this submesoscale dynamics, directly observed from
satellite sensors, are organized by the mesoscale dynamics detected from satellite altimetry
maps. The procedure will be rather similar to the one of the previous task, and will consist to (i)
automatically detect mesoscale eddies on AVISO maps [Chaigneau et al., 2009]; (ii) automatically
detect submesoscale fronts from high‐resolution SST satellite images [Nieto et al., 2012]; (iii)
combine both information to perform statistical analyses and determine the structuring of SST
fronts within and around eddies. This objective will also allow a better understanding of the
relationship between dynamical fronts inferred from timeseries of SLA maps (FSLEs) and
submesoscale fronts observed from a “passive” tracer (SST). Note that the methods to be used
(see Section III.1) are currently developed and applied in the eastern South Pacific (Fig. 3) but a
deeper analysis needs to be performed and applied to other sites of the World Ocean.

Figure 3. Mean distribution of FSLE values inside and around cyclonic (left) and anticyclonic (right) eddies in
the eastern South Pacific. High values indicate areas of relatively intense mixing. The black thick line
corresponds to the composite eddy edge.

II.3. WP2‐Reconstruction of vertical mesoscale structures from satellite data only.
Except the GRACE satellites which measure ocean mass or ocean bottom pressure,
satellite sensors measure only surface ocean properties (SSH, SST, Seas surface salinity, winds,
chlorophyll, etc.). In‐situ observations can provide observations of the 3D dynamics but remain
sparse in space and time. Thus, a still open challenge in oceanography is to infer the subsurface
circulation and properties from satellite observations only. This is particularly important for the
assimilation of spatial observation into operational models. To this task, several approaches have
been proposed in the last decade but, maybe except from ensemble approaches in regions where
coherent structures are mainly subsurface, all assimilation techniques produce surface intensified
structures from SSH (or SST) observations. Recently, Isern‐Fontanet et al [2006] have proposed to
use the surface quasi–geostrophic (SQG) theory to construct an estimate of the complete (3D)
structure of oceanic currents and stratification from the observation of sea‐surface density (or
SST). This theory is based on two hypotheses: geostrophic equilibrium and no potential vorticity
variations in deep layers. Although the geostrophic approximation is well verified for mesoscale
eddies, the latter assumption (a constant potential vorticity along each isopycnic surfaces) is

8

generally not verified, in particular for subsurface intensified structures (such as the composite
anticyclonic eddy shown in Figure 2). The main drawback of the SQG theory is thus also to
systematically assimilate the surface anomaly to a surface‐intensified current and thus this
approach fails to reproduce the structures having a subsurface intensified core [Isern‐Fontanet et
al., 2008]. In summary, SST and SSH observations both contain information on the structure of
oceanic eddies, that can lead to misinterpretations when used independently but whose
combination could yield some insight on their structure.
The main objectives of this WP are first to evaluate the main limitations of the SQG
theory (and evaluation of currents from SST observations alone) for different oceanic structures.
We will then study the combination of SSH and SST observations to improve the reconstruction
of the vertical variation of mesoscale eddies, in particular to identify subsurface intensified
structures from surface ones (see section III.2 below). This study will particularly focus on
mesoscale structures with increasing complexity:
•

Academic configurations will first be used, with axisymmetric vortices with a given shape,
and the SQG model. Their SST and SSH signature will be studied and the reconstructed
SQG dynamics will be compared to the reference. The error will be studied as a function of
the vortex vertical structure (in particular the position and vertical extent of its core);

•

More complex (3D) eddy structures will then be studied, retaining the SQG model. The
evolution of coherent vortices and their interaction with surface geostrophic turbulence
will be studied in this part, in particular subsurface coherent vortices whose surface
signature (SST or SSH) is expected to be masked by the surface eddies;

•

Tests with SST and SSH outputs from state of the art realistic ocean circulation models will
then be made to evaluate and improve the methodology and build an indicator
determining the position of the eddy core (surface or subsurface and possibly an estimate
of its depth). The results will be compared to the full (3D) structure of the eddies identified
in the realistic numerical model. The effect of wide swath altimetric observations versus
present observations will be assessed;

•

A process study will then be undertaken to infer the effect of the development of the
winter mixed layer or the summer restratification of the surface layers ‐which could hide
the (SST) signature of a vortex‐ on the previous method and indicator. To do so we will use
a primitive equation model with a simple configuration : we will consider a single vortex
but with different structures (surface and subsurface, cyclonic and anticyclonic) subject to
different atmospheric fluxes and study its evolution (in particular its SST and SSH
signature);

•

The final step is to use realistic satellite observations (SSH and SST) obtained in a region
where a vortex has been observed (and thoroughly documented) during a campaign at
sea. Again both surface and subsurface eddies will be identified and tested. To do so, we
have access to results from many past campaigns at sea, in particular in the Bay of Biscay
(SEMANE, MOUTON, EPIGRAM programs).

As mentioned above, note that this work will be of particular importance in the framework of the
preparation of the future wide swath SSH observation (SWOT mission) which will yield SSH and
geostrophic surface current estimations with the same resolution as SST observations, allowing an
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easy combination of both dataset. This will be anticipated in the present WP2 by developing
reconstruction algorithms for deep dynamical structure based on academic configurations or using
results from numerical models.

II. 4. WP3: Improving the resolution of ocean fronts by combining large‐scale
tracer fields (SST, SSS) with lateral stirring from altimetric currents
As mentioned in Section II.2., the temporal evolution of the velocity field computed from
DUACS/AVISO products can be used to derive smaller‐scale fronts and filaments. The surface
Lagrangian advection from these time‐evolving altimetric geostrophic velocities has been shown
to simulate quite successfully submesoscale processes, using the Finite‐Size Lyapunov exponents ‐
FSLE [d’Ovidio et al., 2009], or by simply stirring a large‐scale tracer field [Despres et al., 2011].
We have applied this technique in the Southern Ocean region south of Tasmania, a domain
marked by strong meso‐ to submesoscale features such as the fronts of the Antarctic Circumpolar
Current (ACC). Starting with large scale surface tracer fields, obtained from interpolated Argo in‐
situ data, we then stirred these fields with altimetric velocities to obtain sharper frontal structures,
which are better positioned and more intense than in the original fields (Figure 4, after Dencausse
and Morrow, 2012). The fronts from the ‘advected’ fields were compared with high resolution in‐
situ or satellite data. We found a significant improvement after an optimal advection time of ~2‐3
weeks, with enhanced signatures of the ACC fronts and a better spectral signature. The 2‐3 week
advection time was also consistent with the separation time derived from the FSLE analysis.

Figure 4. Schematic of the Lagrangian advection technique. The central figure shows particles placed on a
dense regular grid (0.04°) which are advected horizontally using altimetric geostrophic velocities. The velocity
fields along the particle trajectories are calculated every 3 hours from a linear interpolation of the weekly
Aviso fields. Large scale tracer fields (e.g.SST and SSS on the left) are then interpolated at each initial particle
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position. Tracer values are then carried by each particle onto their final position (right panel), to create an
‘advected tracer field’. The advection time in this example is 19 days, from 1 January to 20 January 2007
(after Dencausse and Morrow, 2012)

The first objective of this WP3 is to extend this analysis to the global ocean. Previous
analyses have been performed in the North Atlantic [Despres et al., 2011] and the Southern Ocean
[Dencausse et al., 2012], where the frontal structure is intense and deeply penetrating. We intend
to test the technique at other sites, in comparison with in‐situ data in mid‐latitude and tropical
regions, where the surface frontal structure may be shallow, and even offset from deeper strong
gradients detected by altimetry. Underway surface SST and SSS data from the ORE‐SSS at LEGOS
will be used to validate these tests.
The second objective of this WP3 is to improve the resolution of fronts in SSS fields, using
SMOS and/or Aquarius satellite SSS data as the initial conditions and the Lagrangian advection
from altimetry. We expect some improvement in the tropical to mid latitudes, if the surface SSS
fronts are well correlated with the subsurface dynamical fronts. This will need to be investigated in
detail.
The third objective will consider improving the resolution of the gridded altimetric
geostrophic velocities, used for the Lagrangian advection. A number of improved resolution
gridded products exist from regionally mapped altimeter data from 2000 onwards, when a
minimum of 3 altimeter missions were in flight. These higher‐resolution regional altimetry
products are available for the Bay of Biscay [Dussurget et al., 2011; CTOH product], in the
Mediterranean Sea, around Madagascar, and around the Kerguelen Plateau (AVISO regional
products). These regional products can resolve horizontal scales down to 50‐100 km, but need to
be analysed considering the larger error levels [Dussurget et al., 2012]. We will compare the global
and regionally mapped velocity fields, and their impact on the Lagrangian advection of the tracer
fields, again in comparison to available high‐resolution in‐situ data.
In spring 2014, some airborne tests of the AirSWOT instrument will be carried out in the
Northwest Mediterranean Sea. A new regional high resolution altimetric data set should be
developed for this experiment (see TOSCA AirSWOT proposal). We intend to apply the Lagrangian
advection technique to this region to identify the fronts using near‐real time altimetry maps, in
preparation for the AirSWOT experiment. The AirSWOT observations will also provide an
unprecedented data set for intercomparisons with the predicted advected fronts.
Finally, the fourth specific objective concerns the improvement of frontal structures in
the upper ocean fields. At present, upper ocean temperature and salinity fields are constructed
from an optimal interpolation of available in‐situ observations (mainly Argo floats), [eg, Boyer et
al., 2006; Gaillard et al, 2009] or the vertical projection of altimetry anomalies onto statistical
modes [eg, Guinehut et al., 2004]. Both of these methods are based on a static statistical
approximation for the 3D projection of sparse or surface data. Early tests have shown that
Lagrangian advection by altimetry of a sparse initial 3D tracer field can also improve the
characteristics of subsurface fronts, in terms of their position and intensity over the upper 500 m
[Dencausse et al., 2012]. We intend to study this improvement by a more rigorous analysis with
more case studies in the global ocean, and by using the higher‐resolution regional altimetric data
sets. The Lagrangian advected subsurface tracer fields will be compared to i) high resolution XBT
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or CTD sections across fronts and ii) the projections of surface altimetry data on vertical
statistical modes (e.g. ARMOR3D ‐ Guinehut et al., 2004).

III. APPROACHES

III.1. Approach for WP1
Specific Objectives:
-

Determine the 3D structure of mesoscale eddies in a given oceanic region
Estimate their contribution to the volume, heat and salt transports.
Determine the structuring of FSLEs and associated mixing by mesoscale eddies
Determine the structuring of submesoscale SST fronts by eddies

Data to be used:
-

Weekly SALTO/DUACS AVISO maps at 1/4° resolution (2000 →)
Argo float profiles (2000→)
FSLE maps distributed by CTOH (2000→)
Daily (or weekly) SST maps from MODIS sensor at 4km×4km resolution (2002 →)

Methods:
‐ Identification and tracking of cyclonic and anticyclonic eddies (CEs and AEs, respectively) in SLA
maps. First, to match the temporal resolution of the distinct datasets, SLA maps will be
interpolated on a daily basis. Then, the proposed method to automatically detect mesoscale
eddies in these SLA maps, is the one applied by Chaigneau et al. [2009] in the 4 major upwelling
systems. The CE (AE) detection algorithm involves, first, searching for eddy centers associated with
local SLA minima (maxima) in SLA maps. Then, for each possible CE (AE) center, the method
searches for closed SLA contours using a dichotomy algorithm. The outer closed SLA contour,
embedding only the considered center, corresponds to the eddy edge.
In a second stage, each vortex is tracked from the time of its appearance to its dissipation. Eddy
tracking is performed by comparing each eddy at the current time t with those at time t + dt (dt =
1 week) within a radius of 150 km. A cost function CF of each eddy pair having the same polarity is
evaluate and depends on the mismatch between their distances, vorticities, kinetic energies and
radii [Chaigneau et al., 2009]. In the cost function matrix so obtained, the minimum cost is found
and the eddy at time t + dt is classified as a continuation of the one at time t. As eddies may
disappear between consecutive maps, in particular if they pass into the gaps between satellite
groundtracks, the same eddy is searched for 3 weeks after its disappearance.
‐ 3D structure of mesoscale eddies. The method to be used is the one developed by Chaigneau et
al. [2011] in the eastern South Pacific. It first consists to classify Argo float profiles into 3
categories depending whether the floats surfaced outside an eddy or inside a CE or AE identified
from daily SLA maps. In‐situ profiles surfacing into CEs or AEs can be localized relative to their
corresponding eddy centers identified as local maxima/minima in SLA. Then, assuming that all the
CEs or AEs in the considered region exhibit similar 3‐D structures, the spatial distribution of a given
property (or anomaly) inside CEs and AEs can be investigated by a composite analysis using a
coordinate system (Δx, Δy) in which each in‐situ profile is located respectively to the
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corresponding eddy center (Δx = Δy = 0). The properties (temperature, salinity, density,
geostrophic velocities) can then be objectively mapped on each vertical level, and the typical 3D
structure of mesoscale eddies are reconstructed [see Chaigneau et al., 2011; see also Fig.2].
‐ Volume, heat and salt transports associated to mesoscale eddies. With the knowledge of the 3D
eddy structure and their temporal tracking, we can estimate the volume, heat and salt transport
anomalies associated with mesoscale eddies. First, it consists to estimate the fraction of the water
column that is effectively trapped by the eddies. It typically extends from the surface to the depth
where the swirl velocity is weaker than the propagation speed [Flierl, 1981; Chaigneau et al.,
2011]. Then, annual mean “eddy” transports can be estimated by dividing the volume, heat or salt
anomaly of one eddy by 1 year and taking into account the number of eddies per year [e.g.,
Gordon and Haxby, 1990; van Ballegooyen et al., 1994; Doglioli et al., 2007; Chaigneau et al.,
2011]. Using the eddy tracking algorithm and the mean 3D structure, such estimates will be
performed in the distinct study regions.
‐ Structuring of FSLEs and associated mixing by mesoscale eddies. To this task the distribution of
FSLEs will be extracted within and around each eddy detected in FSLE maps. The extraction will be
done into different grid configurations considering either fixed spatial grid (e.g. 400km×400km
around each identified eddy center) or normalized grid considering the eddy radii [e.g. Rudeva and
Gulev, 2011; see also Figure 3]. Then, composite averages will be performed considering various
eddy “categories” based on radius, amplitude or intensity classes. Using the temporal tracking of
mesoscale eddies, similar analyses will be performed considering different stages of the CE and AE
life‐cycle (formation, development, maturation and decaying phases).
‐ Structuring of SST fronts by mesoscale eddies. First, SST fronts will be identified on daily (or
weekly) maps using the methodology developed by Nieto et al. [2012]. SST maps are first
segmented into moving windows and the distribution of SST values are analyzed in each of these
windows. The algorithm makes the hypothesis that two populations of SST values are present
corresponding of both water masses separated by the front. Criteria on the population differences
and cohesion are used to determine the validity of the hypothesis. When the populations are
statistically different, a front is identified [Nieto et al., 2012]. An example of frontal detection in
the eastern South Pacific is shown in Figure 5.
The compilation of the detected fronts will first allow determining the frontal occurrence (at
annual and seasonal scales) in the regions under study. Then combining the submesoscale fronts
detected from SST maps and mesoscale eddies detected from SLA maps, we aim to depict the
typical distribution of frontal structures within and around CEs/AEs. To this task, a composite
analysis, such as the one described previously, will be performed.
Figure 5. Example of frontal detection from a SST map in January 2010, in
the eastern South Pacific.
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III.2. Approach for WP2
Specific Objectives:
-

Determine the nature of a mesoscale eddy (surface or subsurface intensified) from spatial
SSH and SST observations;
Evaluate the 3D structure of the vortex from SSH and SST observations;
Study the evolution of a coherent (surface and subsurface) vortex when interacting with
the surface geostrophic turbulence;
Study the effect of atmospheric fluxes on the evolution of a vortex dynamics and its SST
and SSH signature.

Data to be used:
-

Weekly SALTO/DUACS AVISO maps at 1/4° resolution (2000 →);
Daily SST maps from MODIS sensor at 4km×4km resolution (2002 →);
Observations at sea, available from previous campaigns at sea;
Results from numerical models.

Methods:
The general approach consists first to reconstruct the 3D structure of the circulation and
stratification using the SQG theory and SST satellite data. The result corresponds to surface
intensified structures (second hypothesis of the SQG theory: no internal potential vorticity
structure). Second, the sea‐surface height observed from satellite altimetry allows computing the
“true” surface circulation by geostrophic approximation. This surface geostrophic circulation is
related to both the surface density variations (SQG theory) and the vertical structure of potential
vorticity. Thus, the difference between the observed surface geostrophic circulation and the one
estimated from SST using the SQG theory represents the signature of the subsurface structure of
the eddy. This residual in surface current can be used to estimate the vertical structure of
potential vorticity and the 3D circulation (and stratification). In particular, it must be possible to
identify subsurface eddies as we expect they are associated with opposite sign in SST‐SQG and
SSH‐geostrophic circulation (see Figure 6).
Additional information is however needed to extrapolate vertically the distribution of the
“interior” vortex signature. We aim at finding some methods to do so using combination of the
previous information with results from WP1, where the typical vertical structure and the typology
of surface and subsurface‐intensified mesoscale eddies will be calculated in 3 contrasted oceanic
regions. Given the nature of an eddy by WP2 (surface or subsurface and some information on the
surface signature of the interior part of the eddy), we hope to be able to associate it to one class
of vortex existing in an area, and use the mean profile associated with this class to describe it.
To evaluate the surface circulation from SST using the SQG theory a specific numerical
model has to be developed. This consists in inverting the operator relating potential vorticity to
density or the pressure field (which also represents the streamfunction in SQG theory). This will be
done using the matlab toolboxes.
Realistic numerical results will also be used. They are based on existing and validated
simulations performed at LEGOS in the areas of interest.
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Finally, the process studies (interaction of coherent vortices with surface turbulence and
influence of atmospheric fluxes on a vortex structure) will be performed using a primitive equation
model in academic configurations.

anticyclone
Positive SSH

Low density at
surface
=> SQG anticyclone

anticyclone
Positive SSH

High density at
surface
=> SQG cyclone

Vortex core

Isopycnic levels

Vortex core

Figure 6: Schematic representation of surface and subsurface anticyclonic structures. In each case the vortex has an
anticyclonic circulation at the surface and is associated with a positive SSH anomaly. However surface anticyclones are
expected to be associated with an anticyclonic SQG signature, coherent with the altimetric signal, whereas the SQG
signature is of opposite sign when the vortex is subsurface intensified.
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III.2. Approach for WP3
Specific Objectives:
-

-

Simulate submesoscale processes from large‐scale tracer field using Lagrangian
advection methods.
Improve the resolution of fronts in SSS fields
Improve the resolution of the gridded altimetric geostrophic velocities used for the
Lagrangian advection.
Improvement the frontal structures in the upper ocean fields

Data to be used:
-

Weekly SALTO/DUACS AVISO maps at 1/4° resolution (2000 →)
Argo float profiles (2000→)
FSLE maps distributed by CTOH (2000→)
Underway SSS data
Regional higher‐resolution altimetry products
Argo floats
SMOS and/or Aquarius SSS data

Methods:
Lagrangian advection technique
The velocity fields used for the Lagrangian advection will be derived from altimetric data,
over the period from 2002 onwards, when at least 3 altimeter missions are available. The weekly
global 1/4º gridded fields of surface geostrophic velocities calculated from sea surface height (SSH)
fields will be used, as distributed by Aviso. The regional surface geostrophic velocity products are
available from AVISO (for the Mediterranean Sea, around Madagascar and Kerguelen) and from
the S.O. CTOH for the Bay of Biscay.
For the lagrangian advection, these weekly surface altimetric currents will be interpolated
onto a finer space‐time grid. We will then perform a Lagrangian advection, and each particle will
be advected with its velocity and position computed every 3 hours (see illustration in Figure 4).
Tracer fields at the start time of an advection are interpolated onto the 0.04° particle grid.
The Lagrangian trajectories of the particles are then computed and each particle trajectory then
carries the initial tracer values along its pathway to its final position (see Figure 3). The advected
tracer field is hence meant to simulate the tracer field on the final day of advection, as
demonstrated by d’Ovidio et al [2009] and Despres et al [2011]. This advection is “passive”, in that
no tracer modifications are introduced during the advection period – such as those resulting from
air‐sea exchanges, or horizontal and vertical mixing. The method simply applies realistic lateral
stirring of the initial tracer field. Tests may be carried out to include the effects of lateral diffusion
or air‐sea fluxes during the 2‐3 week advection.
Tracer data for the Initial Fields
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Different types of tracer fields will be used as the initial conditions for the advection. The
large scale SSS and SST tracer fields are from an objective analysis of Argo float data (and GOSUD
data from 2009 on) and temperature and salinity data from various in‐situ measurements around
the world [Gaillard et al., 2009]. Products are mapped onto 3‐D grids with ¼ degree horizontal
spacing and between 59 and 152 vertical levels depending on the period. These initial tracer fields
are available from the Coriolis website (http://www.coriolis.eu.org), where they are referred to as
Global Ocean ‐ Real Time In‐situ Observations Objective Analysis.
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IV. EXPERIMENTAL AND WORK PLAN
As mentioned in the previous section, the work to be undertaken involves an observational
component (WP1 and WP3) and a conceptual/acdemic modelling component (WP2) that will be
developed over the 4 year period 2013‐2016.
The altimetric analysis (WP1‐2‐3) will be based on (i) gridded multi‐satellite altimetric products
from AVISO and (ii) newly developed regional products with higher‐resolution currently available
at LEGOS [Dussurget et al., 2012].
Argo float profiles (WP1) are available from Coriolis data centre (www.coriolis.eu.org).
The Finite‐Size Lypanov Exponents (FSLEs), calculated from the altimetric surface geostrophic
currents, are made available by the CTOH at LEGOS (http://ctoh.legos.obs‐
mip.fr/products/submesoscale‐filaments).
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Fine‐resolution (daily/weekly and 4×4km2) SST data from MODIS sensor will be used in particular
to extract frontal structures (WP1) and for surface conditions using SQG theory (WP2). Frontal
extraction will be made with the collaboration of H. Demarcq (EME, Sète, France).
Satellite SSS from SMOS and/or Aquarius will also be used.
It is important to note that we expect to obtain funding for 2 PhD students: one to work on the
eddy vertical structure (under the direction of Alexis Chaigneau), and the other on the
reconstruction of subsurface circulation from altimetry and SST maps (under the direction of Yves
Morel).

Tentative calendar for activities
2013-2014
During the first 2 years, we will mainly focus on the NW Mediterranean Sea to better describe the
general meso and submesoscale characteristics in the region targeted by the AirSWOT program.
WP1.
•
•
•
•
•
•
•
•
•

Apply the eddy detection and tracking algorithms in the Mediterranean Sea.
Provide the general eddy characteristics (typical sizes, amplitudes, places of birth, modes
of propagation, etc.)
Extract and classify the Argo floats surfacing whether in CEs, AEs, or outside eddies.
Reconstruct the mean 3D structure of mesoscale eddies in the NW Mediterranean
Identify the fronts on SST maps and study their frequency of occurrence in the NW
Mediterranean.
Determine the mean occurrence frequency of SST fronts within and around eddies.
Extract and perform the mean composite analysis of the FSLEs inside mesoscale eddies in
the Mediterranean Sea.
Analyze the FSLE and SST front distributions inside eddies depending on their size,
amplitude, intensity.
Investigate the evolution of the submesoscale structuring during the eddy life‐cycle.

WP2.
•
•
•

•
•

Develop a SQG inversion tool (first for 2D vortices, then for general 3D fields);
Study the limits of the SQG approach and its dependence on the vertical structure of an
eddy;
Evaluate the information given by the combination of SSH and SST fields, in particular
build an operator able to discriminate surface and subsurface eddies or even to give the
position of the eddy core;
Test the indicator on realistic numerical model outputs;
Test the indicator on real satellite observations for chosen eddies observed at sea.

WP3.
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•

•
•
•

Apply the Lagrangian advection technique to improve the frontal structure of SSS fields
using global data. Comparisons will be made with in‐situ data. Underway surface SST and
SSS data from the ORE‐SSS at LEGOS will be used to validate these tests.
End of 2013 : Apply the lagrangian technique in the NW Mediterranean, using a regional
altimetric data product, to help prepare for the AirSWOT airborne campaign.
Apply the Lagrangian advection technique to improve the frontal structure of SMOS or
Aquarius surface salinity fields. Again, underway surface SST and SSS data from the ORE‐
SSS at LEGOS will be used to validate these tests.
In late 2014, the AirSWOT observations should be processed, and will provide an
unprecedented data set for intercomparisons with the predicted advected fronts from
standard altimetry maps.

2015-2016
During the last two years, we aim to extend the previously developed methodology to the other
targeted regions, mainly the NorthEast Atlantic and Indian Ocean.
WP1.
•
•
•
•

Provide the mean eddy characteristics from satellite altimetry.
Reconstruct the mean 3D structure of mesoscale eddies in the North‐east Atlantic and
Indian ocean
Analyze the FSLE and SST front distributions inside eddies depending on their size,
amplitude, intensity.
Investigate the evolution of the submesoscale structuring during the eddy life‐cycles.

WP2.
•
•
•

Pursue the test of the indicator on realistic numerical or satellite results. Study the
combination with results from WP1;
Study the interaction of a coherent vortex with geostrophic surface turbulence and
evaluate its SSH and SST signature;
Study the effect of atmospheric fluxes on the evolution of a vortex dynamics and its
surface signature. Evaluate the limits of the indicator.

WP3.
•

•

Investigate the Lagrangian advection technique using higher‐resolution regional altimetry
products available for the Bay of Biscay (CTOH product), and around the Kerguelen Plateau
(AVISO regional products). Compare the global and regionally mapped velocity fields, and
their impact on the Lagrangian advection of the tracer fields, again in comparison to
available high‐resolution in‐situ data sections.
Investigate the Lagrangian advection technique on subsurface tracer fields in the upper
500 m of the ocean. Subsurface Lagrangian advection will also be compared to the static
statistical projections based on surface altimetry data and vertical statistical modes (eg
ARMOR3D).

20

V. ANTICIPATED RESULTS
This proposal should improve our understanding of the mesoscale and submesoscale
dynamics in various key regions of the World Ocean. Their interactions will be studied as well as
the feasibility of reconstruction of subsurface dynamics from satellite information only. From
Lagrangian advection techniques this project should also improve the meso and submesoscale
resolutions of currently available large‐scale SST and SSS products.
Thus in this proposal we expect to better understand the meso and submeso scale
dynamics using a variety of satellite data and in‐situ vertical profiles. In the frame of this proposal,
we expect to obtain the following results:
‐ Determine the typology of the eddy vertical structures by combining altimeter products and
Argo float profiles. Since the feasibility of eddy reconstruction has been demonstrated and
algorithms already developed in the frame of previous studies, a detailed atlas of the eddy
characteristics will be produced for the targeted regions.
‐ Assess the structuring of submesoscale structures and associated mixing by the mesoscale
eddies. The methodology has been partially developed and applied for the eastern South Pacific
and we expect to provide maps of frontal occurrence and its repartition inside
cyclonic/anticyclonic eddies.
‐ Be able to reconstruct the observed subsurface structures using satellite information only. We
expect to be able to discriminate surface or subsurface intensified structures from SSH and SST
data.
‐ Improve the resolution of the gridded altimetric geostrophic velocities used for the Lagrangian
advection and improve the resolution of sea‐surface salinity fronts from large‐scale tracer field
using Lagrangian advection methods.

VI. SIGNIFICANCE OF THE RESULTS
This proposal continues our on‐going investigations of meso and submesoscale processes,
and their interactions [Chaigneau et al., 2008; 2009; 2011; Morrow et al., 2008; 2010; 2011; Morel
et al., 2009; Dussurget et al., 2011], but will be extended in distinct and dynamically important
areas. In particular, we aim to quantify for the first time:
- The typical eddy vertical structures observed in the North‐East Atlantic, the Mediterranean
Sea and Indian Ocean.
- The role of the mesoscale eddies in structuring the near‐surface submesoscale features
(transport barriers and SST fronts).
- The possible reconstruction of observed subsurface structures from satellite information
only.
- Improve the resolution of surface products (in particular SSS) using satellite altimetry
products and Lagrangian advection schemes.
Investigation to better understand the meso and submesoscale dynamics (observed
characteristics and interactions, potential reconstruction of subsurface intensified structures from
altimetry data and improvement of rather large‐scale SST and SSS products) is certainly of direct
benefit to increase the value of NASA, CNES, NOAA and Eumetsat contributions to long and short‐
term climate variability studies. We propose the use of multi‐missions satellite products (AVISO
and refined regional products), SST and SSS products from MODIS and SMOS or Aquarius sensors,
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as well as in situ data from Argo float network and underway data from ORE‐SSS in LEGOS. The
combination of this variety of products and data for improved understanding of meso and
submesoscale dynamics is the base of our proposal. Our planned activities, based in particular on
the traditional ‘nadir’ altimetry data, shall be relevant and will provide the groundwork for testing
and validating future altimetric missions, such as wide swath altimetry of the SWOT program. The
choice of the Mediterranean Sea as one of the sites where our investigation will be applied should
also benefit to the Air‐SWOT experiment.

VII. MANAGEMENT AND COST PLANS

VII.1.

Management plan

The present program is in direct continuation of the on‐going researches of the proposing team.
The PI Alexis Chaigneau will be responsible for the overall management and the coordination of
this investigation. He will also oversee the WP1. Yves Morel will be in charge of the WP2, whereas
Rosemary Morrow will be in charge of the WP3.
Note that in the frame of this proposal, 2 PhD fellowships have been proposed (at the “Direction
Generale des Armées” and at the “École Doctorale SDU2E”) for WP1 and WP2. Several Master
students will also be involved in the 3 WPs of this proposal.
The proposed activities imply a few identified collaborations with:
−
Hervé Demarcq (EME Research Unit , IRD, IFREMER& Univ. Montpellier II) for the frontal
identification from SST data.
−
Francesco d´Ovidio (LOCEAN/IPSL, Paris) for the validation of the Lagrangian advection and
FSLEs computation.
−
Dudley Chelton (COAS, Oregon State University) as an expert in mesoscale dynamics
−
Thierry Delcroix (LEGOS, Toulouse) for the validation of surface salinity data from SMOS
and the ORE‐SSS.
−
Florence Birol (LEGOS, Toulouse) for the altimetric analysis in the NW Mediterranean Sea
−
Patrice Klein and Xavier Carton (LPO, Brest) for SQG dynamics analysis and the study of
interaction of coherent vortices with surface geostrophic turbulence;
−
Ronan Fablet (LABSTICC, Brest) as an expert in signal processing and
mesoscale/submesoscale interaction.

VII.2.

Cost plan

The salary costs for the identified permanent personnel are covered by the French institutions
(CNRD, IRD, etc.). The LEGOS will provide most of the required data but only part of the computer
facilities and support. However, a new computer/work station for each of the WPs will be required
(data storage, processing and student training) as well as for H. Demarcq (EME Research Unit) for
the frontal identification required in the WP1. Most of the data and products needed are already
managed at LEGOS.
If the 2 PhD submitted fellowships are not funded this year, a PhD award will be required to CNES
next year.
The travel expenses should cover participation to SWT meetings, a few identified conferences and
visits to colleagues working in the identified fields of investigation (cf the management plan).
Funding is also necessary for publications.
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Materials
2 PCs in 2013 at LEGOS
2 PCs in 2014 at LEGOS and EME
Small computing and material expenses
Publications (2‐3 / year)

6 kE in 2013
6 kE in 2014
2 kE/year
5 kE/year

Training
2*5 months per year for a master student.

2*2.5=5.0 kE/year

Travel
1 project reunion in Toulouse per year
2 reunions in Sète per year for collaboration with Hervé Demarcq
Participation in OSTST meetings :
Europe : 2kE x 2 people (2014, 2016)
USA : 4 kE x 2 people (2013, 2015)
Participation at EGS or Ocean Sciences meetings (2 people)

3 kE/year
2 kE/year
4 kE in 2014, 2016
8 kE in 2013, 2015
5 kE per year

Management fees: 2.5% of the Total
Detailed Cost Schedule :
Year
Materials
Training
Travel
Management Fees
Total
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2013
13 kE
5 kE
18 kE
0.9 kE
36.9 kE

2014
13 kE
5 kE
14 kE
0.8 kE
32.8 kE

2015
7 kE
5 kE
18 kE
0.75 kE
30.75 kE

2016
7 kE
5 kE
14 kE
0.65 kE
26.65 kE

Total
40 kE
20 kE
64 kE
3.1 kE
127.1 kE
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Dr Alexis Chaigneau graduated from the University Toulouse III received his PhD in Physical
Oceanography in 2003. He spent 2 years in Chile (University of Concepción ) as a postdoctoral
research associate. Since 2005, he is research scientist for the “Institut de Recherche pour le
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and in‐situ data. He was Principal Investigator of the FLOPS program (deployment of 20 Argo floats
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