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Project objectives

to exploit the European Earth Observation (EO) capacity (primarily Sentinel and Earth Explorer missions)

to develop advanced tools to combine and analyse satellite and in situ data, based on Artificial
Intelligence/Machine Learning (Al/ML)

to generate and validate consistent high-resolution 4D reconstruction(s) of the Mediterranean Sea
physical and biogeochemical state

to advance our understanding of the complex interactions between physical/biological/biogeochemical,
multi-scale processes occurring in the Mediterranean Sea

to demonstrate the potential of the project outcomes as advanced monitoring solutions for the
management, restoration and preservation of the Mediterranean Sea Health

4DMED-sea
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Proposed approach (1/3)

e the development and generation of novel gap-free level 4 (L4) surface products covering the
Mediterranean Sea (2DMED): increased resolution surface dynamic topography, using Al 4Dvarnet
algorithm (Fablet, 2021), and sea surface salinity (SSS) estimates, starting from the multivariate
algorithm by Sammartino et al. (2022)

e the development and generation of novel 4D reconstructions of both physical and physical-biological
ocean state covering the Mediterranean (4DMED): different algorithms will be developed and tested,
including Al/ML, deep learning approaches (e.g., Sammartino et al., 2020; Buongiorno Nardelli, 2020,
Tréboutte, 2021). Bio-phys. reconstruction will also include estimations of the marine primary
production with an upgraded version of the Morel (1991) model.

leMED-sea
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4DMED products: Sea Surface Salinity L4

. Development of an high resolution 2D Sea Surface Salinity (SSS) product over the Mediterranean Sea, to be used as input to the
4ADMED experimental processing chains;

. Validation of the new model for the production of the 2DMED SSS maps.
ar? _can? _(A5STitcered)’®
lf“SlT“U SSS _ L4 UHR SST C(Ar,At,ASST) = e &) (&) e (=)

- Daily SSS L4 fields at 1/24° resolution based on
the multivariate optimal algorithm developed by
Buongiorno Nardelli (2012, 2016) and tested by
Sammartino et al. (2022), which combines in situ,
SMOS, SMAP, SST data.

Optimally Interpolated Med L4 SSS

!
Sea Surface Salinity (psu;
4-:Lm—>

350 360 70 80 39,0 400

- Optimization of the interpolation model for the production of the 2DMED SSS maps:
* higher resolution (1/24° vs 1/16°)

* specific new mask for major rivers’ mouth areas and North Adriatic Sea to combine monthly climatology
and weekly global SSS used for the interpolation background field November?2d, 2023 - EC-ESA ESSI 2023



4DMED products: Sea Surface Level L4

Sea surface level/absolute dynamic topography fields are needed to estimate geostrophic surface currents and to reconstruct the 3D
temperature and salinity fields > the spatial resolution of the sea level grids determines the horizontal scales of the 3D product

4DMED-sea
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The operational mapping algorithm used in the operational Copernicus
Marine Service SL production system (called DUACS), is an objective
analysis method, ingesting 1Hz (7km) along track altimetric data to
estimate daily regular grids with a 1/8° for the Med

Transition to MIOST (Multi-scale Inversion for Ocean Surface
Topography) solution developed since 2020 as part as several CNES R&D
projects

Al method today best candidate to propagate the small scale
information far from the altimetry (swath) tracks

Effective spatial resolution DT2018 (regional)
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Ballarotta et al..: On the resolutions of ocean altimetry maps, Ocean
Sci., 15, 1091-1109, https://doi.org/10,.5194/0s-15-1091-2019, 2019.

Objective of ADMED: to develop a demonstration 2D Sea Level product over a 6-year period [2016-
2021] with a refined posting (1/24°) an improved effective resolution, and assess its performance

Impact on the 4DMED project: Better consistency between 2D and discrete in situ vertical profiles to
better resolve small mesocale ocean structures in the 3D products



https://doi.org/10.5194/os-15-1091-2019

@ cSa Development of end-to-end learning frameworks for the 4dVarNet SL mapping

We propose here to apply and asses the 4DVarNet framework developed by IMT Atlantique, a deep learning scheme backed on a variational a trainable
variational data assimilation formulation.

4DVarNet, Glorys & DUACS SSH (and gradient) reconstructions over
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4DMED products: Experimental 4D physical variables

Novel 4D reconstructions of physical ocean state covering the Mediterranean (4ADMED) through the synergic combination of HR L4
surface data and vertical profiles from in situ data.

key physical variables: T, S, MLD, Ug, Vg, through a three steps approach:
1. Machine learning approach to build T/S profiles
2. Correction of the large-scale residual biases by merging the T/S profiles reconstructed with in-situ T/S observations

3. MLD computation and geostrophic velocities computation by using the thermal wind equation

Optimal
interpolation

o

ML T/S reconstruction )
T/S proflles Guinehut, Dhomps, Larnicol & Le Traon (2012)
Mulet, Rio, Mignot, Guinehut & Morrow (2012)

1. Machine learning process with a Multi-Layer Perceptron (MLP) model or more complex model (e.g. Tréboutte, 2021)

* Target: 4D fields from the Mercator-Ocean 1/12° global oceanic model with assimilation (used as a super-interpolator of

observations)
* Input: ADT, SST, SSS + additional variables that will be tested to add context to local learning (Typically winds and/or 500dbar

atmospheric pressure, Chl-a).
* Inferences will be done by using HR SSS & ADT 4DMED 2D products + other satellite observations and atmospheric data



@esa ADMED products: Experimental 4D combined physical-biological variables

Novel 4D reconstructions of physical-biological ocean state covering the Mediterranean (4DMED) through the synergic combination
of HR L4 surface data and vertical profiles from in situ data

Develop/optimize an experimental 4ADMED algorithm (based on Al) providing a joint 4D
reconstruction of key physical and biological variables (T, S, U, V,, Chl-a, PP)

Method development

A large in situ dataset of Chla and Temp
profiles with concurrent remotely-
sensed variables was used for the
training and test of the network

Training/Test of
the Neural
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Proposed approach (2/3)

e the development and application of advanced Lagrangian analysis and validation tools including:

-Lagrangian models incorporating inertial effects to compute trajectories of particles and tracers with different
size, density, and behaviour (neural network approach, Hernandez-Carrasco and Orfila, 2018; kinematic
approach, Lacorata et al., 2008; Falcini et al., 2015);

-a suite of Lagrangian metrics

e an intensive validation of experimental 2D/4DMED products on the western Mediterranean Sea using
physical and biological in situ observations collected from different experiments

leMED-sea
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4DMED tools: Lagrangian analysis

Lagrangian analysis tools:

. Lagrangian coherent structures: Finite-size (Finite-time) Lyapunov Exponents.
. Lagrangian kinematic variables: Finite-time Lagrangian vorticity, Finite-Time Lagrangian EKE
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Finite-time to+T
Lagrangian vorticity 521’(1”0-[0):?[0 w(Ry(r.t0), 1) dt

leMED-sea

e Finite-time . ottt
.'\\EE’{’?' Lagrangian EKE Kr(xo.to) = = /f r(Ry(r. to). t)dH
'/... [ .‘ 0
N

//4\ ~> (Boffeta et al., 2001, d'Ovideo et al., 2004, Hernandez-Carrasco et al., 2011) November?2nd, 2023 - EC-ESA ESSI 2023



4DMED tools: validation

. . 10° 1 kind Drifters ——
Lagrangian analysis tools: . . g NS O
Finite-Scale Lyapunov Exponent (FSLE) is an optimal indicator of relative dispersion properties . Ikind MES+LKM &
providing a scale-dependent measure of the separation rate between two trajectories . 3 e Il kind MFS vs Drifters

":é o @ * Il kind MFS+KLM vs Drifters €@
I-kind FSLE: trajectories with the same dynamics (I-kind Predictability) f ol < B e
lI-kind FSLE: trajectories with different dynamics (llI-kind Predictability) 2 o 0 © 0 é 5o
14

How fast 4DMED trajectories separate from «real» trajectories and how the error growth rate changes
with the scale of motion. If 4ADMED and «real» trajectories start from the same initial conditions then, e
in the early stage, perturbations grow only for the effect of the errors. . %

10! 102
separation scale & (km}

Lacorata et al., 2008; Falcini et al., 2015

Intensive validation of experimental 2D/4DMED products:
based on in situ multiplatform observations

*Ship-based CTD (Conductivity Temperature Depth) and ADCP (Acoustic Doppler Current Profiler)

*Gliders CANALES
+Drifters i

-500
Collected in 3 experiments:

-1000

-1500

*PRE-SWOT (Barcelo-Llull et al., 2021)

4DMEB sea ‘CANALES  (Barcels-Llull et al., 2019)
\\==.f’ *CALYPSO  (Mahadevan et al., 2020) ‘ , - | W-2s00
: /:.-' L = Cith : - 3000

W 0°  PE 6 N\PE M

\
//;//\\Q/ CALYPSO PRE-SWOT November22nd, 2023 - EC-ESA ESSI 2023
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Proposed approach (3/3)

e three scientific case studies aimed to:
1) improve our understanding of the impact of mesoscale-to-submesoscale fronts on phytoplankton organisms

2) describe Mediterranean seascape and related variability in terms of hydrodynamic provinces and
biogeochemical/ecological regions

3) investigate role of Lagrangian transport on the recruitment of selected Mediterranean fish species

e one test case dedicated to:

assess how 4ADMED products and scientific results would fit into a Digital Twin of the Ocean, specifically
targeting marine spatial planning/MPAs and fisheries management.

4DMED -sea
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Impact of fronts on phytoplankton distribution and diverstity

Heterogeneity Index
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Objectives
1) Improve detection of fronts in the Mediterranean Sea From SSH/FSLE >

2) Seasonal variations of frontal activity in bioregions of the Mediterranean Sea (Lograngian) ”
3) Quantify impact of these fronts on phytoplankton distribution and diversity . -
"
Impact of fine-scales on phytoplankton ’ 26 0
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Satellite data reveal earlier and stronger phytoplankton blooms over
fronts in the Gulf Stream region
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Mediterranean seascape, hydrodynamic provinces & ecoregions identification

Partitioning the Mediterranean Sea in ecoregions
based on phytoplankton phenology and production

extending classical approaches
based on the analysis of the sole
chlorophyll-a by including
information on the composition of
phytoplankton and organic carbon
dynamics

Partitioning the Mediterranean Sea in ecoregions based on
Lagrangian connectivity

D’Ortenzio and Ribera d’Alcala (2009)
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Fig. 4. Spatial distribution of the clusters obtained from the k-means

analysis.

—>focus on the 4DMed products, Sentinel 3 and 5P data
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Community detection with Infomap:
finds the sets of nodes strongly
connected among them and weakly

connected with the rest

- Hydrodynamical provinces in which

larvae are more likely to disperse
within each other than among
them for a given time-scale
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Rossi et al. 2014; Ser-
Giacomi et al. 2015;
Monroy et al. 2017

Lagrangian Flow Network
(Lagrangian model + network theory tools)
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role of Lagrangian transport on selected fish species recruitment

Anchovies in the Sicily Channel
Ecosystemic connectivity from Lagrangian
backtracking: starting from observed position

of eggs or larvae y

Chl (r) encountered by the larvae in their backward travel:

0
pi = lT/dtﬂ(Xi(f))
T

Low survival below a fixed threshold:
pdf of zero-age position conditioned to g > %K
(K = saturation value for anchovy larvae feeding)

2009: unfiltered spawning pdf 2009: Chlorophyll-weighted spawning pdf

Hake larvae in Northwestern MED GSA

Investigate spatio-temporal variability of larval dispersal:

compute various “connectivity metrics”, exploit environmental
information to capture “hydro-climate”
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towards a DTO targeting MSP/MPAs and fisheries management

CMEMS products

EDITO-Infra

EDITO-Infra
Data Lake

EU PUBLIC Viewers
INFRASTRUCTURE FOR
THE EUROPEAN DIGITAL Open tools
TWIN OCEAN

Data flow
management

Virtual
Research
Environments

: :@

EDITOModelLab T

In order to transform 4DMED results into actionable information and to test
the feasibility of a future integration in enhanced operational and decision
support systems, the following requirements have been preliminarily
identified:

Identitification of the new assets produced by 4DMED
Data format

. Associated metadata

. Description of the dissemination interface

Data standard shall allow for the creation of ARCO data and the associated
metadata shall fullfill the minimum requirement for the inclusion in an
advanced functionalities online catalogue

Steps:

1. Indentification of the general characteristics of the 4ADMED generated
assets

2. Agreement on the standard format associated to each assets

Agreement on the minimum set of metadata associated

4, Integration test

w
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Recommendations to ESA

1. Recent Achievements
=  4DMED-Sea still in initial phase

2. Identified gaps
n need for properly designed and openly shared data for Al model developments and intercomparison
n ever-growing number of possible models to be tested for different objectives require more time than
currently available within 2-year ESA projects
. 4DMED dynamics could not tackle vertical component (too much effort required)

3. Gap-filling Opportunities

a. Short-term

=  open data challenges (co-designed)
=  cross-fertilization between projects

b. Long-term
=  extend/expand diagnostic models to full 3D dynamics
4. Additional remarks/notes/hints/recommendations

n Reduce number of objectives per project in future tenders (extremely challenging)
=  Scientific studies would require longer time also to be able to attract dedicated personnel (PostDoc)
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Thank youl!
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