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Objectives NAOS WP3

Définir , implémenter, maintenir et améliorer le premier 
réseau de flotteurs profileurs biogéochimiques à l’échelle 

d’un bassin océanique

Enjeu « opérationnel »

Contribuer à la caractérisation des évolutions biogéochimiques 
et ecosystemiques de la Mer Méditerranée

Enjeu « scientifique »



Enjeu « opérationnel »



Il y a 10 ans:

• Une implication du LOV croissante dans la thématique Argo (souvent en 

partenariat fort avec IFREMER) : plusieurs GMMCs, une ANR, un ERC

• Technologie disponible (NKE-PROVBIO V2) mais pas encore testée sur de 

déploiements massifs et de longue durée

• Plusieurs déploiements des flotteurs BGC-Argo, mais approche en 
« réseau » pas encore tenté

• Des méthodes et des protocoles de QC BGC encore embryonnaires

• Une organisation internationale BGC peu développée



Le WP3 NAOS visait à avancer significativement sur ces points, en capitalisant:

§ sur le partenariat fort avec IFREMER (acteur historique d’Argo)

§ sur la technologie NKE PROVOR BGC (i.e. ERC remOcean)

§ Sur une logistique favorable (i.e. plusieurs campagnes prévues dans le 

cadre du chantier Méditerranée de l’INSU)



Enjeu « opérationnel »

L’équipement



NKE - PROVBIOs V2
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programmable
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profondeurs, résolution sur la 
vertical, etc.
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récupération 



26 Flotteurs 



Enjeu « opérationnel »

Les déploiements en réseau



1ere Vague 2013, 14 flotteurs: la série des maréchaux (Murat, Massena, Ney, etc)

2eme Vague 2015, 12 flotteurs: la série des AOC (Savenniers, Cote de Rhône,…)

3eme Vague 2018, 8 flotteurs: la série des animaux fantastiques (Licorne, Chimère, etc)

9 flotteurs: 
récupérés et 
réadaptés



26 
Acquired

26 
Deployed 9 Operational

8 Lost

9 Recovered

2012 2013 - 2019 2020



L’état du réseau

fmars-07-00120 March 21, 2020 Time: 9:6 # 10

D’Ortenzio et al. BGC Argo Network in Mediterranean Sea

FIGURE 5 | Number of profiles collected per bioregion. Left panel shows the number of profiles collected per month from 2012 to 2018. Right panel shows the
cumulative number of profiles per climatological month. The numbers of profiles per bioregion and per climatological month are also displayed inside each colored
box. The different colors indicate the bioregions, according to the color code in Figure 1.

characteristic of each area, namely, because they clearly convey
the key features of the surface phytoplankton phenology: bloom
commencement and termination dates as well as periods of
strong oligotrophy or enhancement. Comparison of these cycles
with the corresponding BGC-Argo-derived seasonal cycles is
used here as a metric to assess the performance of the NAOS
network and to verify the pertinence of the initial design.
The underlying assumption is that if the array proves able
to reproduce the satellite seasonal cycles, then the resulting
observing system based on BGC-Argo should be considered
suitable for informing on the BGC behaviors of the basin.
Consequently, the description of phenological characteristics
detailed by D’Ortenzio and Ribera d’Alcalà (2009) from satellite
observations is used below to point out and quantify similarities
with the BGC-Argo-derived cycles.

On the basis of the per monthly distributions recorded,
“climatological” cycles obtained from BGC-Argo floats were
calculated for each bioregion. Following D’Ortenzio and Ribera
d’Alcalà (2009), the cycles were further normalized although the
procedure used here was slightly modified to account for the
di�erent nature of the BGC-Argo series. Indeed, while satellite
series are calculated from the one database displaying high
homogeneity, the BGC-Argo-derived series are calculated by
merging profiles from various individual missions. Additionally,
BGC-Argo series are generated with profiles obtained on di�erent
timestamps, with di�erent coverage depending on the year.
Simple normalization by the maxima (as in D’Ortenzio and
Ribera d’Alcalà, 2009) is liable to introduce an important bias to
the final series (for example, in case of maximum values derived
from data sampled only by a single float or during a particular
event). To minimize these e�ects, normalization, here, was based
on the range of variability between the value of absolute maxima
and minima of each series (i.e., maximum value is fixed to 1 and
minimum value to 0, with other values transformed accordingly):

CHLnorm = (CHL � CHLmin)

(CHLmax � CHLmin)

For the sake of consistency, the same transformation
was applied to the satellite series (Figure 6). The
values used to normalize the time series are shown
in Table 4.

As a first quantitative assessment, a Pearson’s chi-squared
test was applied to each bioregion to evaluate for similarity
between the climatological cycles of the NAOS array and
of the satellite ocean color (Table 4). The Pearson’s chi-
squared test (defined by Pearson (1900) and implemented
here with the R function “cor”) provides an estimation of
correlation between two time series. It provides a% value,
which indicates the degree of similarity between two time
series (100% means that a perfect linear relationship exists
between the two data sets). Overall, we obtained high values
when applying the test, the largest di�erences appearing
for bioregions 4 and 5. The CHL values normalizing the
time series were di�erent for satellite and BGC-Argo data.
Generally, satellite values were higher than the BGC estimates.
An exhaustive explanation of these di�erences would require
a specific matchup analysis, performed by spatiotemporally
co-locating BGC-Argo estimations with satellite observations,
as generally performed in ocean color cal/val analysis (i.e.,
Werdell and Bailey, 2005). Direct comparison of BGC-Argo
data with concurrent in situ HPLC estimations (shown in
section “Metrological Verification of the Sensors”) indicates
that BGC-Argo CHL estimations are relatively accurate in
the Mediterranean Sea. We thus suppose that the di�erences
between satellite and BGC-Argo estimates could be partially
ascribed to the well-known overestimation of the standard
ocean-color Nasa algorithm of the Mediterranean waters
(Volpe et al., 2007), or to the di�erent characteristics of
databases used to generate the time series (i.e., di�erent years,
di�erent resolution, di�erent data density). We introduced
normalization of the time series specifically to minimize such
incoherence and to focalize evaluation of the BGC-Argo network
more on the temporal shape of the time series than on
absolute values.

Frontiers in Marine Science | www.frontiersin.org 10 March 2020 | Volume 7 | Article 120

5675 profiles depuis novembre 2012, dont 3730 de NO3/O2



Enjeu « opérationnel »

Le QC



Contribution to QC



Estimation de l’erreur

Mignot et al. 2019. GRL
« Precision and accuracy of BGC-
Argo oxygen, nitrate and 
chlorophyll a concentrations » 

- Triple Collocalisation Method (float, data, model)
- In situ data au deployment et à la recuperation 

(Taillandier et al. 2017)



Enjeu « Scientifique »



Il y a 10 ans:

• La dynamique biogéochimique de la Méditerranée restait mal comprise e,t

donc, relativement mal modélisée 

• La source primaire d’observations reposait sur l’ocean color, donc limitée à la 

surface et à la chlorophylle-a

• Peu de feedback sur l’utilisation d’un réseau BGC-Argo à l’échelle d’un bassin

• Un « écosystème » de recherche favorable avec la mise en place du Chantier 

Méditerranée MISTRAL de l’INSU



Le WP3 NAOS visait à avancer significativement sur ces points, en utilisant comme 

« angle d’attaque » la comparaison avec les observations satellite.

! Confirmer la bioregionalisation du bassin

! Caractériser les forçages qui la génèrent (physiques et chimiques)

! Evaluer son évolution temporelle sur 10 ans



Biorégions définies par satellite 
ocean color (10 ans d’observations) 

Régions générées sur la base d’une 
similitude statistique des cycles 
saisonnières moyens.

A chaque région (couleur) 
correspond un cycle annuel moyen 
de chlorophylle de surface

1912 N. Mayot et al.: Interannual variability of the Mediterranean trophic regimes
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Intermittently no. 4
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No Bloom no. 1
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No Bloom no. 2

Jul Aug Sep Oct Nov Dec Jan FebMar Apr May Jun Jul
0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 [C
hl

] su
rf

No Bloom no.� 3

 

 
Coastal no. 6
Coastal no. 7
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Legends

Figure 7. Mean time series of the DR09 trophic regimes (in color) and their standard deviations (vertical bars) obtained from our analysis.
The standard deviations from the DR09 methodology (in shade area) are obtained by applying the DR09 methodology (i.e., a K-means) on
a weekly climatology done with the 16-year database.

Figure 8. Spatial distribution of the climatological trophic regimes obtained from the DR09 methodology (i.e., a K-means) applied on a
weekly climatology calculated from the 16-year database.

the Atlantic Water inflow from Gibraltar. The interannual
variability of the Gibraltar water inflow was recently assessed
(Boutov et al., 2014; Fenoglio-Marc et al., 2013), by com-
bining in situ observations, modeling experiments and atmo-
spheric estimations. Inflow at Gibraltar over the 1999–2008
period was maximum in 2001 and minimum in 2002, 2005
and 2007, whereas it was constant around its mean value dur-
ing the other years (Boutov et al., 2014). The occurrence of
the “No Bloom #3” bioregion, calculated exclusively over
the Western Mediterranean (as in Fig. 4, not shown), follows
a similar behavior, with an absolute maximum in 2001 and
two relative minima in 2002 and 2007 (the lack of data pre-
vents an evaluation of the “No Bloom #3” bioregion occur-
rence in 2005). The interannual occurrence of the “No Bloom
#3” bioregion appears related to the Gibraltar water inflow.

Although speculative, this correlation seems to confirm the
predominant role of the Atlantic Water in shaping interan-
nual variability of phytoplankton phenology in this region.
Interestingly, the “Anomalous #4” trophic regime, already
identified as a slightly modified version of the “No Bloom
#3” trophic regime, is observed mainly in the Algerian Basin
(see Fig. 6). It could indicate the presence and/or absence
of episodic anticyclonic eddies (see Olita et al., 2011), gen-
erated by instabilities of the Algerian current (Millot et al.,
1990), which could induce slight variations of the annual
phenology by locally modifying the surface layers.

The geographical distribution of the other two “No
Bloom” trophic regimes (#1 and #2) is rather stable, with
a predominance of the #2 in the Adriatic, Aegean and North
Ionian and of the #1 in the Tyrrhenian, Levantine and South-

Biogeosciences, 13, 1901–1917, 2016 www.biogeosciences.net/13/1901/2016/

La référence: les biorégions par satellite



Groupe de travail composé de bio-géochimistes/physiciens:
F. D’Ortenzio, L. Prieur, V. Taillandier, M. Ribera, D, Iudicone, P. Civitarese, M. Gacic, P.M. Poulain, C. Duarte, S. Augusti

Définition d’une « roadmap »
http://en.naos-equipex.fr/News/Roadmap-for-the-deployment-decision-of-the-NAOS-Bio-Argo-Mediterranean-floats

Le plan de déploiement



Enjeu « Scientifique »
Confirmer la bioregionalisation du bassin



D’Ortenzio et al.,2020,Frontiers in Marines Sciences

Les profils par BioRegion



D’Ortenzio et al.,2020,Frontiers in Marines Sciences

Satellite

BGC-Argo

Les cycles moyens de Chl de surface



Enjeu « Scientifique »
Caractériser les forçages qui génèrent la 

bioregionalisation du bassin



Chl

MLD

Ze

Ze/MLD

Mayot et al., 2017, JGR
Testor et al. 2018, JGR

Exemple dans le NW MED

Action MISTRAL DEWEX

Reconstruction du cycle annuel de 
la chl et des ses forçages 
abiotiques principaux



Enjeu « Scientifique »
Evaluer l’évolution temporelle sur 10 ans



LeTraon et al., 2020, Frontiers in Marine Sciences

This is a provisional file, not the final typeset article 
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Figure 3: Upper panel: temporal evolution of chlorophyll concentration. Lower panel: temporal 

1467 

evolution of NO3 concentrations in the first 500 m. The isoline of 7 micromole/kg is indicated in 

1468 

black.  On the map, the positions of the profiles of NAOS (red points), GMMC (blue) and Argo-
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Italy (green) are indicated. 
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1472 Figure 4: Upper panel: time series of surface (light blue) and integrated (0-300 m, violet) 

1473 
chlorophyll concentrations. Lines show a moving average for the profile estimations. Lower panel: 

1474 
times series of MLD (grey points), DCM depths (green points) and NO3 isoline depths for 7 

1475 

(brown) and 1.5 (light brown) micromole/kg. Lines show temporal moving averages. 
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Exemple dans le NW MED

Uniquement données 
flotteurs

Reconstruction du cycle 
annuel de la chl et des ses 
forçages abiotiques 
principaux sur  8 ans
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Conclusions



Conclusions 1

Tous les flotteurs prévus ont été mis à l’eau. La technologie PROVOR 
s’est révélée très fiable

Grace aux récupérations et à la contribution d’autres programmes, 
une troisième vague de déploiements (pas prévue au départ) a été 
effectuée

Réseau encore opérationnel

31 papiers publiés, contribution importante à des études 
« hors Méditerranée »



Conclusions 2

Le réseau NAOS BGC-Argo a été pionnier dans la définition des 
caractéristiques d’un réseau globale

Les données du réseau BGC-Argo se sont démontrées synergiques et 
complémentaires du seul réseau d’observation équivalent (i.e. le 
satellite) 

The scientific rationale, design & implementation plan for a Biogeochemical-Argo float array 30 

lead to an array near 1800 floats (3×108 km2/(400 km × 400 km) = 1875). These 
results suggest that a fully-implemented Biogeochemical-Argo array might 
require roughly the same number of floats as Argo itself.   

3.4.4 Bioregion analysis 

Uniform global coverage by biogeochemical floats might not be the optimal 
strategy for Biogeochemical-Argo, especially since the regular Argo array is in 
place and already successfully samples the ocean globally. Deploying floats in 
specific biogeochemical provinces (e.g., western boundary currents, eastern 
boundary upwelling regions, and equatorial zonal jet systems), with sparser 
coverage in places of relatively low biogeochemical activity (e.g., the centers 
of subtropical gyres) might prove to be a more efficient and cost-effective 
sampling strategy than opting for uniform global coverage using 
biogeochemical floats. Again it is recalled here that Biogeochemical-Argo 
equivalent floats with only oxygen sensors (i.e., the most mature and overall 
least expensive biogeochemical sensor) in addition to the array of floats 
equipped with the full biogeochemical suite could represent a cost-effective 
alternative to constrain some biogeochemical measurements (e.g. NO3, O2) 
with a better resolution spatio-temporal resolution.  

Bioregions represent a way to identify ocean areas having similar properties 
and variability in biological and/or ecological characteristics. Bioregions were 
introduced by [Longhurst, 2010], who partitioned the global ocean surface into 
provinces, which share common biogeochemical characteristics. Following 
that work, other bioregionalisations schemes were proposed at global (i.e. 
[Reygondeau et al., 2013]; [Hardman-Mountford et al., 2008]) and at regional 
scales [Henson et al., 2006], [D'Ortenzio and d'Alcala, 2009]. A common feature 
of the present approaches for bioregionalisations is the utilization of ocean 
color observations, which provide the required spatio-temporal resolutions and 
coverage to identify robust patterns.  

For the Biogeochemical-Argo network design, bioregions could provide a 
powerful tool to objectively determine how to distribute the floats. For example, 
considering 1000 floats as the fixed global target (see section 3.4.2), an equal 
number of floats could be assigned to each bioregion, whatever the total 
surface of the bioregion.  

Recently, a bioregion approach was used to define the implementation of a 
Biogeochemical-Argo array in the Mediterranean (in the framework of the 
French NAOS project and Argo-Italy). The roadmap for float deployments 
(goo.gl/XA5d8s) was prepared using a bioregionalisation of the Mediterranean 
Sea based on ocean color [D'Ortenzio and d'Alcala, 2009]. The array was 
subsequently set up by considering bioregions as the main framework to define 
the network characteristic (i.e. number of floats, parking depths, profiling 
frequency).  
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Quelques considérations 
personnelles



Fabrizio 

Le partenariat était robuste et complémentaire

Les interactions avec les industriels très fructueuses

Même si projet d’infrastructure, il a bénéficié de l’effervescence 
scientifique du chantier MISTRAL et de l’excellence française sur 
Argo

Il a duré 10 ans

Il y a eu un soutien constant des tutelles

NAOS WP3 a été un succès parce que :



Fabrizio 

Le volet R&H avait été plus soutenu

La tranche « investissement » avait pu être prolongée

Une filière « capteur » franco française avait existé et était 
opérationnelle

NAOS WP3 aurait pu être encore mieux si:
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« est-ce qu’il y aura une vie après NAOS?? »
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