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Abstract. Biogeochemical-Arge-(BGE-ArgoBiogeochemical Argo (BGC Argo) float profiles provide substantial information

for key vertical biogeochemical dynamics and are successfully integrated in biogeochemical models via data assimilation ap-
proaches. Although results on the BGC-Argo assimilation are encouraging, data scarcity remains a limitation for their effective
use in operational oceanography.

To address availability gaps in the BGC-Argo profiles, an Observing System Experiment (OSE), that combines Neural
Network (NN) and Data Assimilation (DA), has been performed here. NN was used to reconstruct nitrate profiles starting
from oxygen profiles and associated Argo variables (pressure, temperature, salinity), while a variational data assimilation
scheme (3DVarBio) has been upgraded to integrate BGE-Argo-BGC Argo and reconstructed observations in the Copernicus
Mediterranean operational forecast system (MedBFM). To ensure high quality of oxygen data, a post-deployment quality
control method has been developed with the aim of detecting and eventually correcting potential sensors drift.

The Mediterranean OSE features three different setups: a control run without assimilation; a multivariate run with assimila-
tion of BGC-Argo chlorophyll, nitrate, and oxygen; and a multivariate run that also assimilates reconstructed observations.

The general improvement of skill performance metrics demonstrated the feasibility in integrating new variables (oxygen and
reconstructed nitrate). Major benefits have been observed in reproducing specific BGC process-based dynamics such as the
nitracline dynamics, primary production and oxygen vertical dynamics.

The assimilation of BGC-Argo nitrate corrects a generally positive bias of the model in most of the Mediterranean areas, and
the addition of reconstructed profiles makes the corrections even stronger. The impact of enlarged nitrate assimilation propa-

gates to ecosystem processes (e.g., primary production) at basin wide scale, demonstrating the importance of the assimilation

of BGC-profiles in € forecasting the biogeochemical ocean state.
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1 Introduction

The Array-forReal-time-Geostrophie-Oceanography(Argo—-Argo programme appears to be one of the better examples of

countries and human resource capacities in working together to provide global data coverage (Miloslavich et al., 2019) that
supports the investigation of the present (analysis), future (forecast) and past years (reanalysis) ocean state conditions. In the last
10 years, the increase of in-situ-in situ observations from autonomous platforms (Johnson et al. 2013 and Johnson and Claustre
2016) has opened up new perspectives for biogeochemical oceanographers. Indeed, BGE-Argo-(biogeochemical-Argo-BGC
Argo (Argo 2023) has yielded new insights in describing the interior of the global ocean (Le Traon, 2013) and key processes
such as the deep chlorophyll maximum (Mignot et al. 2014, Barbieux et al. 2019, D’ortenzio et al. 2020, Ricour et al. 2021,
and Barbieux et al. 2022), exygen-and{Capetetal;20+6);nutrients vertical fluxes (Taillandier et al. 2020 and Wang et al.
2021b)and-, carbon exports (Dall’Olmo and Mork 2014 and Wang and Fennel 2023) and oxygen dynamic (Capet et al., 2016).

Ameﬁg%he—BGGseﬁsefsth approximately 270,000 profiles worldwide (as of Jul 2023) oxygen (02) is currently the

h-commonly measured
variable. The count of O2 profiles is double that of suspended particles and chlorophyll, and more than four times those-that of

nitrate, downwelling irradiance, and pH (https://biogeochemical-argo.org). Currently-the-Since 2019, the availability of nitrate
and chlorophyll profiles has progressively decreased due to the high cost of the sensor (Dall’Olmo personal communication).
future, Argo Italy envisages mounting oxygen sensors on all Argo floats in the Mediterranean Sea (Discussion in the workshop
on “Copernicus Marine requirements for the in situ Observing System”, 14-15 September 2023).

The BGC-Argo data are distributed by the Global Data Assembly Centres (GDACsS, e.g., Coriolis, NOAA) distributes-oxygen
data-in Real Time (RT) Adjusted (AM) and Delayed Mode (DM). The quality of AM data is controlled within 24 hours using

internationally agreed and automatic quality-control p
along-the-trajectory(Thierry-and -Bittig; 2021)—(QC) procedures, while DM data are generally distributed a few months later
(nearly six months) in more rigorous form (Li et al., 2020). The QC tests, conducted across all the data mode levels, aim to
assign a quality flag to every observation. Data labeled as 1, 2, 5, and 8 are categorized as good, probably good, changed, and
vertical profiles and along the trajectory (Thierry and Bittig, 2021), excluding specific tests at depth. The implementation
of 02 QC tests is mainly devoted to improving the long-term reliability and accuracy of autonomous O2-measurements
(Sauzede etat;20+7)—measurements (Sauzede et al., 2017) in particular with respect to the sensor drift (the optode drift).

When the sensor drift exists, it is higher in the storage, out of the water, than during the deployment. As described in
Takeshita et al. (2013) and in Maurer et al. (2021), raw oxygen data from floats eaﬂ—haverggy/%yl@l\errors of up to 20% in

terms of oxygen saturation (at the surface) due to sensor drift duri

5-10%tst-erdercorrection-methods-ean-—correetstoragedrift-occurring during the storage. This drift is generally corrected by
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multiplying the oxygen concentratiomsth-for a gain factotermthatis derived from a reference dataset (Johnson et al., 2015).

performance in predlctlng biogeochemical states (e.g., oxygen) from phyS|caI pro ling oats measurements were achieved in
Stanev et al. (2022) for the Black Sea.
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In Sauzede et al. (2017#-a MLP-NN is used to approximate nutrient concentration and carbonate system from physical

with the so-called Canyon-b NN method. A con guration to adapt global Canyon-b NN in the Mediterranean Sea region
is developed by Fourrier et al. (2020). A further update of the application of the MLP method in the Mediterranean Sea is
provided in Pietropolli et al. (2023), by achieving a lower error inflnérientspredictions through a larger training dataset, a

In the context of operational oceanography, the biogeochemical modelling component of the Copernicus Marine Service
for the Mediterranean Sea (MedBFM) provides analysis, short term forecast (Salon et al., 2019) and long term reanalysis
(Cossarini et al., 2021), including the assimilation of satellifeganCeteur{©C}OC and BGC-Argo observations (Salon
etal., 2019).

quality control, and the integration of NN reconstructed pro les in the assimilation scheme.

The constant evolution of the observation networks and assimilation capacities requires an updated understanding of the
impact of observation on the numerical model result (Gasparin et al., 2019). This can be achieved by using the numerical
assimilative models in Observing System Experiments (OSEs) where the impact of existing observations on the model perfor-

mance is assessed (Le Traon et al., 2019).

moduleis the NN-MLP_describedn

Spatial and temporal impacts of the OSE have been evaluated using classic and new skill performance metrics in three two-
year (2017-2018) numerical experiments performed using the MedBFM coupled with the 3DVarBio: a control run (HIND)
without assimilation; a multivariate run (DA ) with assimilation of BGC-Argo chlorophyll, nitrate, and oxygen; and a multi-

variate run that also assimilatessiu-in situ observations and reconstructed ones (DAnNn).
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an ideal site for OSE experiments to evaluate the potentiality of the BGC-pro les assimilation.

The Mediterranean Sea is an anti-estuarine semi-enclosed sea characterized by speci ¢ physical and biogeochemical dynam
ics (Pinardi et al., 2015), with a complex horizontal circulation consisting of mesoscale and sub-basins scale gyre structures,
transitional cyclonic and anticyclonic gyres and eddies, in uenced by bathymetric features interconnected by currents and jets
(Oddo et al., 2009). Despite its relatively limited extent in the mid-latitude temperate zone, the Mediterranean Sea has a consid-
erable BGC variability that can be roughly approximated in an oligotrophic West-East gradient with low nutrient availability at
the surface, insuf cient to sustain signi cant phytoplankton biomass (Siokou-Frangou et al. 2010 and Marafién et al. 2021) and
a deeper nitracline in the east (>120m) with respect to the west (<100m). Additionally, chlorophyll has a particular seasonal
cycle with pronounced winter/early spring surface blooms only in the western part and a few locations in the eastern part.
During summer, a deep chlorophyll maximum follows the strati ed and oligotrophic conditions at increasing depth moving
eastward (>100m at East and <100m in the West) (Teruzzi et al., 2021). Dissolved oxygen has a subsurface maximum at abou
50m, with higher values in the west (partly due to the dependence of oxygen solubility on temperature). Noticeable differences
are observed in the intermediate layers where the oxygen minimum ranges between 300 (west) and 1000 m (east) (Di Biagio
etal., 2022).

The paper is organized as follows. After a brief presentation of the OSE approach, each component and the experimental
setup are described in detail (Section 2). In the following section (Section 3), we describe the results of the novel NN-MLP-
MED and the assimilation simulations by using different skill metrics to assess model capability in reproducing the main
biogeochemical seasonal dynamics. A discussion of some key issues involved in the NN and DA is provided in Section 4, then

the paper closes with some nal remarks (Section 5).

2 Methods

A novel combined Neural Network (NN-MLP-MED) and Data Assimilation (3DVarBio) approach is included in the Mediter-
ranean MedBFM model system to integrate BGC-Argo and reconstructed pro les into biogeochemical simulations of the
Mediterranean Sea.

Our OSE experiment is based on a sequential modular approach (Buizza et al., 2022) consisting of a post-deployment quality
control method of O2, hereafter QC O2 procedure, a trained multi-layer perceptron NN (Pietropolli et al., 2023) and a data
assimilation scheme (the 3DVarBio variational scheme of MedBFM, Figure 1).

The input of the rst two modules, QC O2 and NN-MLP-MED are the BGC-Argo and Argo datasets, while the nal
3DVarBio module also takes the enhanced datasets as input: quality checked O2 (qcO2) and reconstructed nitrate (recNO3
Figure 1).

In the following sections, the novel modules of the MedBFM system (i.e., the QC O2 procedure and the NN-MLP-MED
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Figure 1. Flowchart of the NN-MLP-MED and DA approach. In green boxes: the modules. In plain boxes: the datasets. Arrows refers to Argo

(temperature and salinity) and BGC Argo pro les of chlorophyll (Chla), oxygen ¢Qefrate (NQ) and reconstructed nitrate (rechlO

2.1 The regional model for the Mediterranean Sea, MedBFM

The MedBFM consists of the OGS transport model (OGSTM) based on the OPA 8.1 system (Foujols et al., 2000) and updated
according to the Lazzari et al. (2012) and Lazzari et al. (2016) versions, the BFM, Biogeochemical Flux Model described in
Vichi et al. (2007a) and Vichi et al. (2007b), and the 3DVarBio variational assimilation scheme as in Teruzzi et al. (2014) and
Teruzzi et al. (2018).

OGSTM solves advection, diffusion, sinking terms and the free surface and variable volume-layer effects on the transport
of tracers (Salon et al., 2019), and it is forced by the output (current, T, S and sea surface height) of the NEMO3.2 model.
OGSTM and NEMO3.2 share the same bathymetry and z* grid con guration, open boundary and river conditions (Coppini
etal., 2023).

The Biogeochemical Flux Model, BFM, is a biomass and functional group based marine ecosystem model. BFM solves
governing equations for nine living-organic state variables (diatoms, autotrophic nano agellates, picophytoplankton, dino ag-
ellates, carnivorous and omnivorous mesozooplankton, bacteria, heterotrophic nano agellates, and microzooplankton, macro-
nutrients (nitrate, phosphate, silicate and ammonium ) and labile, semi-labile, and refractory organic matter and oxygen. In

addition, the BFM includes a carbonate system model (Cossarini et al. 2015a and Canu et al. 2015).
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2.2 3DVarBio data assimilation scheme

Based on 3DVarBio (Teruzzi et al. 2014, Teruzzi et al. 2018, Cossarini et al. 2019 and Teruzzi et al. 2021), the assimilation

as well as all the phytoplankton biomasses and phosphate.
The 3DVarBio is a variational data assimilation scheme (Teruzzi et al., 2014) based on the minimization of a cost function
(J) which relies on the mis t between the model backgrourg) @nd the observationg)(weighted with the respective error

covariance matricef(andR) as follows:

J(Xa)=(Xa Xb)"B (Xa xp)*(y Hp)"R *(y H(xp)) (N

Here, the observation operattt)maps the values of model background state in the observation space. Following Dobricic
et al. (2006), the background error covariance maBjss factorised as B¥ VT with V=V Vy Vg . TheV operators describe
different aspects of the error covariances: the vertical error covariggetbe horizontal error covarianc®y( ), and the state
variable error covariancd/t ). Vi, is de ned by a set of reconstructed pro les evaluated by means of an Empirical Orthogonal
Function (EOF) decomposition applied to a validated multi-annual 1998-2015 run (Teruzzi et al., 2018). EOFs are computed
for 12 months and 30 coastal and open sea sub-regions in order to account for the variability of biogeochemical anomaly elds.
Vy is built using a Gaussian lter whose correlation radius modulates the smoothing inténgityin Cossarini et al. (2019)

, In this work the correlationradiusis non-unifornenet, direction-dependenbrretationraditshasbeenimplementedasin

sub-region varying covariances among the biogeochemical variables (e.g., nitrate to phosphate). Speci cally, for the assimila-
tion of chlorophyll, the \4 operator includes a balance scheme that maintains the ratio among the phytoplankton groups and

Assimilated observations are composed by the QC BGC-Argo listed in Table 1. Oxygen and nitrate pro les in the 0-600 m
layer are used in the assimilation, while chlorophyll is assimilated in the 0-200 m layer.
The observation error covariance matrix R is diagonal with a monthly varying error in chlorophyll (Cossarini et al., 2019).

In both nitrate and reconstructed nitrate pro les, the observation esrpemainsconstant in time and increases along the

verticalvith-a-constantvaluesef-. Within the 0-450m layer the error is setat 0.25mmol m 3 in-the 0-450meterslayer
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0.87mmolm 3 (P|etropoII| et aI., 2023), we decided to not use different values of error for the two nitrate subsets in order to
show the highest potential impact of the OSE.
Observation error for oxygen is set taimol m 2 in the upper 200 meters of depth and gradually goes tm@®I m 3

The NN-MLP-MED (Pietropolli et al., 2023) is the evolution of previous MLP architectures developed to predict low-sampled
variables (e.g., nutrients) starting from high-sampled ones (e.g., temperature) (Sauzede et al. 2017 , Bittig et al. 2018c and
Fourrier et al. 2020)

The NN—MLP—MED presents some novel elements W|th respect to the mentloned methods (and in particular with respect to
Canyon-Med in Fourrier et al. 2020) which lead to improved results. Firstly, the input dataset includes a larger sample size and
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After_incorporatingthe reconstructecpro les (recNO3), the nitrate datasetusedfor_the assimilationexpandsto. 2146

03) pro les (Table 1) Fhereconstructedhitratepro-les-arelocated

aVataliWa a aVda\VilalTa! aerandmorehomooeneon N a\V7a a
bCa Cre SIRCAALS gaarg oo OHHog OusSpataicoV g

the 16 regionsof the Mediterranearsea(Figure2) aswell asa balancedlistributionof nitratedatathroughoubothwinter and

BM-datawerecensidereder-nitrate-2, 5 and8).

Table 1 reports the total number of BGC-Argo pro les, characterized by a signi cant number of oxygen and chlorophyli
data against the relative paucity of nitrate. Figure 2 shows the spatial distributieeR&C pro les of chlorophyll and nitrate
~while-acrosghe Mediterranearbea.The oxygen coverage can be approximated by merging nitrate and reconstructed nitrate

pro les locations Bespitethelackof-datain-speei-e-

Sea:\Westernand EasternVediterranearbea,exceptfor few sub-basingot covered(alb, ion1 andadrlseeFigure?2) , anda

Since oxygen sensors may drift and lose accuracy over time, the accurate determination of dissolved oxygen is typically
more challenging and requires some form of correction (Johnson et al., 2015). Expressed in % per year, the loss of accuracy is



basins used for the validation. According to data availability and to ensure consistency and robustness of the metrics, different subsets of
the sub-basins or some combinations among them can be used for the different metrics: lev=levl+lev2+lev3+lev4; ion=ionl+ion2+ion3;

tyr=tyrl+tyr2; adr=adrl+adr2; swm=swml+swmz2.

observed over the time, particularly 12 months after the deployment (https://www.euro-argo.eu). Deep ocean drift is considered

as a proxy for oxygen sensor drift because of the lack of seasonal and annual signals for oxygen at depth (Takeshita et al., 2013)

10
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Our experlmental setup dlffers from the standard one for the physical forcmg, which are from Mediterranean Copernicus
reanalysis (Escudier et al., 2021), and the initial conditions of oxygen which are retrieved from BGC-Argo oat climatology
computed after QC O2 procedure (described in section 2.4).

The three simulations, which share the same setup except for the assimilated datasets, are: (1) control run without assim:
ilation (HIND); (2) assimilation of BGC-Argo chlorophyll, nitrate and oxygene(DA ) and (3) assimilation of additional
reconstructed nitrate pro les used to enhance the DA assimilative set up (DANN).

11



Test Case  Chl 02 NO3 Updated variables

HIND - - - -
DA 1773 1924 938 phyto biomass, NO3, O2 and PO4
DAnNn 1773 1924 2146 phyto biomass, NO3, O2 and PO4

Table 1. Summary of the numerical experiments and assimilated BGC-pro les

305 areexcludedwhenthis differencereacheghe threshold of 10mmol m Sandcomparingoxygendataat-600mwith-respeet

reference datasetortheAs reference dataset, weedchosethe EMODnNet2018_int data collection that integratesitheitu
in situ aggregated EMODnet data (Buga et al., 2Da8}l the datasets listed in Lazzari et al. (2016) and Cossarini et al. (2015b).
310 The EMODnNet2018_int dataset is available for 16 sub-basiasigure2}in the Mediterranean Se&igure2).

During the data assimilation, pro les

315

320
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in Figure 4, green star his leadsusto infer thatour drift correctionenableghe inclusionof morepro les in the assimilated

sedfor the metrics based on BGC-Argepro les. While the useof

the rst_guesdgs acommonpracticein DA applicationgHollingsworth et al., 1986)f is worth to remindthatthis comparison

June to August, JJA)017and2018 to investigate the modetsipacitytereproducdhecapabilityto reproduce speci ¢ bloom
and strati cation conditionsa-within 16 MediterranearSeasub-basin®f the Mediterrane

13
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SateltiteThesatelliteOC L3 productsrem-downloadedrom

heCopernicus Marine Service catalogtereare interpolated

from 1 km to the model resolution and a composite weekly average was computed to ensure gap-free maps, as in Teruzzi et al
(2014).

observed in the eastern sub-basins. A further reduction of RMSE (up to 10%) with respect to HIND is then obtained with DAnn

shewinghighlighting that enlarging the nitrate oat network leads to improvements in reproducing surface phytoplankton

dynamicsAH-Exceptfor alb andswm1,whereno nitratedata(in situ andreconstructedyvereavailable all the Mediterranean

14



in summer are an order of magnltude Iower than in winter, re ecting the seasonal chlorophyll varlab|I|ty in the Mediterranean
Sea (i.e., the very low values of chlorophyll at the surface).

Figure 5. Seasonal chIorophyII RMSE: Winter bloom and Summer strati cation seasons in the Mediterranean Sea sub-basins for the HIND
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395 proles avallablllty(FlgureB) and additional pro les generate more persistent corrections.

400 in S|mulat|ngchlorophyll in Nwm (0 100m) and Lev (0-200m) dunngwmter andin Tyr Ion andLev (50-200m) during

summer (Figure 6 middle panel). Even if phytoplankton dynamics depend on nutrients dynamics, the positive impact of DAnn
on nitrate RMSE does not transfer to the the vertical chlorophyll statistics in the DAnn. 'IﬁtmrrwbeeauseheDA—and

tive than the dynamical model adjustment after nitrate and reconstructed nitrate assimilation in the areas close to the observec

405 chIorophyII pro les.

410

16



Figure 6. Seasonal Nitrate, Chlorophyll and Oxygero le. of RMSE (top, middle, bottom): Bloom (left) and Strati cation (right) seasons
in the Mediterranean Sea aggregated sub-basins for the HIND run (pale blue), DA run (orange) and DAnn (green)

17



3.3 Integration of NN-NN-MLP-MED and DA modules: the impact

3.3.1 Impacts on biogeochemical vertical dynamics

415 As-expectedthepro-le-assimilationplaysa-majerrele To assesghe impactof pro le assimilationin changing the vertical

ofreconstructeghre-les-is-high{( rst_andsecondcolumnsfor Nwm andion2 with boundariegndicatedin the mapof Figure

420 offers additionaldetailson the vertical impactof the reconstructeghitrate pro le assimilationwith respecto the validation

425 hasDuring. summerNwm exhibitsa shallownitracline,higher chlorophyll concentration at the deep chlorophyll maximum

430 Consideringitrate,the

435 reconstructegiroles(DAnR—The differeneesBoth the assimilationruns also exhibit changef the nitracling depthwith

440 considering theéon2 andthe whole Mediterranean Sea, which comprises some under-sampled areas{ghgsHonianand
seutherawesternbasiionl andion3), the effect oDA corrections is still propagating after the two years (third column of
Figure 7)

Very similar patterns are also observed in the Hovméoller diagrams of phosphate (Figure 8), which is an updated variable

445 corrections on phosphate elds are linked to the high positive values of the covariance matrix between nitrate and phosphate
(Teruzzietal., 2021).
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(e.g., variation smaller than 5% with respect to HIND simulation) andéjtstinga correctionof the timing of the surface

summer productivity in the DCM layer. Consequently, less oxygen is produced generating the negative changes in the DCM
layer in the bottom left panel of Figure 10. Because of the smaller amount of subsequent sinking organic matter, less oxygen
is consumed in remineralization processes in layers below the DCM in late summer and autumn, and positive oxygen changes

are generated, particularly during 2018.
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