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Executive summary

This document presents the results of simulations that include glider profiles assimilation. Simulations are
performed with the Marine Copernicus operational biogeochemical model system of the Mediterranean Sea.
The deliverable shows that the assimilation of BGC-glider is feasible in the contest of biogeochemical
operational systems and that it is built upon the experience of BGC-Argo float data assimilation. Different
configuration of the assimilation of glider data have been tested to assess the impact of the physical and
biogeochemical glider observations. The deliverable also describes the pre-processing activities of the BGC-
glider data to provide qualified observations for the data assimilation and the cross validation of chlorophyll
glider data with other sensors (ocean colour and BGC-Argo floats).

Results of the simulations show that BGC-glider data assimilation, as already shown for BGC-Argo floats,
provides complementary information with respect to Ocean Colour data (which is the only or the most
commonly assimilated data in biogeochemical operational systems). Beside their relatively limited horizontal
spatial impact, the assimilation of BGC profiles can constrain model simulations for relevant biogeochemical
processes in specific periods (summer and transition periods) and layers (surface and subsurface). Results
also highlight the importance of the assimilation modelling systems that can efficiently resolve the
inconsistencies between chlorophyll observations of different sensors.

1. Introduction

The objectives of the present deliverable are to evaluate the impact of physical glider assimilation on
biogeochemistry and the assessment of the feasibility and benefit of biogeochemical profile (BGC-Argo float
and BGC-glider) assimilation on the analysis and forecast quality of the MedBFM model system. The MedBFM
is the biogeochemical modelling system that provides analysis, short term forecast (Salon et al., 2019) and
long-term reanalysis (Cossarini et al., 2021) of the Mediterranean Sea for the Copernicus Marine Service.

Within the framework of operational oceanography (such as the Marine Copernicus Service) the
biogeochemical assimilation mainly relies on satellite ocean colour observation (Fennel et al., 2019).
Chlorophyll concentration is the most commonly assimilated ocean colour variable (Nerger and Gregg, 2007,
2008; Hu et al., 2012; Fontana et al., 2013; Gehlen et al., 2015; Ciavatta et al., 2016; Ford and Barciela, 2017;
Tsiaras et al., 2017; Mattern et al., 2018; Teruzzi et al., 2018; Pradhan et al., 2019), given its unique capability
to provide frequent, high coverage and high resolution (up to 1 km in Marine Copernicus Service)
observations of the biological components of the surface of the ocean. However, the propagation of surface
information towards deeper marine layers requires approximations such as parameterization of vertical
covariances (Teruzzi et al., 2018) or inclusion of localization terms in ensemble filters and can have limitation
in deeper ocean layer (Hu et al., 2012; Fontana et al., 2013; Simon et al., 2015). On the other hand, in situ
profile observations bring information on processes occurring in the ocean interior (e.g., deep chlorophyll
maximum, vertical fluxes of nutrients and organic matter). Operational autonomous sensors, such as BGC-
Argo floats or BGC-gliders, provide frequent and high-resolution water column descriptions for open sea and
coastal areas (Bittig et al., 2019; Testor et al., 2019). Despite their importance, there are only few examples
of assimilation of in situ biogeochemical profiles. Cossarini et al. (2019), Teruzzi et al. (2021) and Verdy and
Mazloff (2017) assimilated BGC-Argo floats improving vertical variability of biogeochemical processes (e.g.,
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the depth of the deep chlorophyll maximum). Kaufman et al. (2018) showed that the assimilation of BGC data
from gliders is effective to constrain depth-integrated primary production and carbon export.

The present work is built upon (i) the publication by Teruzzi et al. (2021) that shows the impact of the BGC-
Argo float data assimilation in the Mediterranean biogeochemical model system and (ii) the novel
developments for the assimilation of BGC-glider data.

The present deliverable is subdivided as follows: section 2 briefly describes the biogeochemical
Mediterranean model system of the Marine Copernicus Service with a focus on the developments of vertical
profile data assimilation (section 2.3). The novel work done for the development of BGC-glider assimilation
are described in sections 3 and 4. Results showing the impact of physical-glider and BGC-glider assimilation
on biogeochemistry are presented in section 5. Conclusions are drawn in section 6.

2. The Mediterranean biogeochemical model system

MedBFM system consists of the coupled physical-biogeochemical OGSTM-BFM model and the 3DVarBio
assimilation scheme (Figure 1; Lazzari et al., 2010, 2012, 2016; Teruzzi et al., 2014, 2018, 2019; Cossarini et
al., 2015; Cossarini et al., 2019; Salon et al., 2019). It is the official model system for the biogeochemical
component of the Mediterranean Sea of the Marine Copernicus Service (Salon et al., 2019; Coppini et al.,
2023).

2.1. OGSTM-BFM model

OGSTM model is a modified version of the OPA 8.1 transport model (Foujols et al., 2000), which resolves the
advection, the vertical diffusion and the sinking terms of the tracers (biogeochemical variables). The OGSTM
resolves the free surface and variable volume layer effects on the transport of tracers being fully consistent
with NEMO3.6 vvl output provided by Med-PHY. The horizontal meshgrid is based on 1/24° longitudinal scale
factor and on 1/24°cos(¢) latitudinal scale factor. The vertical discretization accounts for 141 vertical z-levels,
with 125 actives in the Mediterranean domain: 35 in the first 200 m depth, 60 between 200 and 2000 m, 30
below 2000 m. The temporal scheme of OGSTM is an explicit forward time scheme for the advection and
horizontal diffusion terms, whereas an implicit time step is adopted for the vertical diffusion.

The sinking term is a vertical flux, which acts on a sub-set of the biogeochemical variables (particulate matter
and phytoplankton groups). Sinking velocity is fixed for particulate matter and dependent on nutrients for
two phytoplankton groups (diatoms and dinoflagellates).

The daily mean hydrodynamical forcing is provided by the Mediterranean physical model system (Clementi
et al., 2022), which supplies the temporal evolution of the fields of horizontal and vertical current velocities,
vertical eddy diffusivity, potential temperature, salinity, sea surface height in addition to surface fields for
solar shortwave irradiance and wind stress (see section on upstream data and boundary conditions for
further details)

The features of the biogeochemical reactor BFM (Biogeochemical Flux Model) have been chosen to target
the energy and material fluxes through both “classical food chain” and “microbial food web” pathways
(Thingstad and Rassoulzadegan, 1995), and to consider co-occurring effects of multi-nutrient interactions.
Both factors are particularly important in the Mediterranean Sea, wherein microbial activity fuels the
trophodynamics of a large part of the system for much of the year and both phosphorus and nitrogen can

2



r _
Culeoea

play limiting roles (Krom et al., 1991; Bethoux et al., 1998). BFM has been upgraded including the use of
multispectral light for photosynthesis and interaction between light and biogeochemistry (Lazzari et al.,
2021). BFMv5 model (i.e., the official version released by www.bfm-community.eu) describes the
biogeochemical cycles of 4 chemical compounds: carbon, nitrogen, phosphorus and silicon through the
dissolved inorganic, living organic and non-living organic compartments. The model includes nine plankton
functional types (PFTs). Phytoplankton PFTs are diatoms, flagellates, picophytoplankton and dinoflagellates.
Heterotrophic PFTs consist of carnivorous and omnivorous mesozooplankton, bacteria, heterotrophic
nanoflagellates and microzooplankton. Nitrate and ammonia are considered for the dissolved inorganic
nitrogen. The non-living compartment consists of 3 groups: labile, semilabile and refractory organic matter.
The first two are described in terms of carbon, nitrogen, phosphorus and silicon contents. The model is fully
described in Lazzari et al. (2012, 2016), where it was corroborated for chlorophyll, primary production and
nutrients in the Mediterranean Sea for a 1998-2004 simulation. The BFM model is also coupled to a carbonate
system model (Cossarini et al., 2015, Canu et al., 2015), which consists of three prognostic state variables:
alkalinity (ALK) and dissolved inorganic carbon (DIC) and particulate inorganic carbon (PIC). pCO2 and pH
(expressed in total scale) are calculated at the in-situ temperature and pressure conditions using Mehrbach
et al. (1973) refit by Lueker et al. (2000). Formulations for the kinetic constants of thermodynamic equilibrium
of carbon acid dissociation as prescribed in Orr and Epitaloni (2015). CO2 air-sea gas exchange formulation
is computed according to updates provided by Wanninkhof (2014).

Physical forcing \ ¢ h /" Observations )
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Figure 1. Scheme of the MedBFM model system (green boxes) and input data (ocean dynamics, blue box; setup, grey box) and
assimilated observations (orange box)
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2.2. 3DVar-Bio data assimilation scheme
In the variational 3DVarBio scheme (Teruzzi et al., 2014), the assimilation is performed through the
minimization of a cost function:

J(-rajz(-ra—-rh}TB_] (Xg—Xp)

+(y— H(xp))"R™" (y — H(xp))

where the increments (x, -x») are weighted by the background error covariance matrix B and the misfits (y -
H(xy)) are weighted by the observation error matrix. The observation operator (H) maps the values of model
background state xy in the observation space. The background error covariance matrix, B, is factorised as B
=VV, where V is a sequence of linear operators: V = VgV/4Vv. The operators describe different aspects of the
error covariances: the vertical covariance (Vv), the horizontal covariance (Vu) and the covariance among
biogeochemical variables (Vs). Vv is defined by a set of synthetic profiles that are 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 fields. Vy is built using a Gaussian filter whose
correlation radius modulates the smoothing intensity. A non-uniform and direction-dependent correlation
radius has been implemented (Teruzzi et al., 2018, Cossarini et al., 2019). Vg operator consists of monthly
and sub-region varying covariances among the biogeochemical variables. Further, specifically for the
assimilation of chlorophyll, the Vs operator includes a balance scheme that maintains the ratio among the
phytoplankton groups and preserves the physiological status of the phytoplankton cells (i.e., preserve
optimal values for the internal chlorophyll and carbon nutrients quota).

2.3.  3DVarBio upgrade for profile (BGC-Argo float) data assimilation

The 3DVarBio scheme was first developed for the assimilation of ocean colour chlorophyll (Teruzzi et al.,
2014) as a component of the Mediterranean Analysis&Forecast model system of the Marine Copernicus
Service. The scheme was upgraded with vertical assimilation capability in the frame of the Copernicus marine
Service Evolution 2016-2018 project MASSIMILI (https://marine.copernicus.eu/it/about/research-
development-projects/2016-2018/massimili), when the assimilation of BGC-Argo profiles of chlorophyll was
developed and tested (Cossarini et al., 2019). The assimilation of BGC-Argo profiles of chlorophyll and nitrate
was then implemented in the operational Mediterranean Analysis&Forecast model system (Teruzzi et al.,
2021).

Several upgrades of the 3DVarBio scheme were necessary for the developments of the assimilation of vertical
in situ profiles. The observation operator (H) was upgraded to interpolate model vertical spacing to the
vertical observation discretization. A pre-operational smoothing of vertical observations was also included to
filter out high frequency noise. The horizontal covariance operator Vi was upgraded to include an anisotropic
(Teruzzi et al., 2018) and a non-uniform along depth (Cossarini et al., 2019; Teruzzi et al., 2021) component.
In particular, the correlation length radius can vary both horizontally and along the vertical dimension to
account for local scale of variability of the error covariances. A localization term for the vertical covariance
operator (Vv) was introduced together with a recalculation of the EOFs term for chlorophyll and nitrate based
on the new reanalysis of the Mediterranean Sea (Cossarini et al, 2021). Additionally, the biogeochemical
operator (Vs) was updated. Now, the new assimilation scheme corrects the four phytoplankton functional
groups (17 state variables including carbon, chlorophyll, nitrogen phosphorus and silicon internal quotas) and
two nutrients (i.e., phosphate and nitrate). Finally, a specific tuning of the diagonal component the
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observation error matrix for the vertical profile observation was developed (Cossarini et al., 2019; Teruzzi et
al., 2021) to optimize the impact of BGC-Argo profile versus the Ocean Colour assimilation.

Results of the joint profiles (BGC-Argo float) and Ocean Colour assimilation (Teruzzi et al., 2021) revealed the
assimilation of all the data streams outperformed the single-source assimilation when validated with respect
to available observations, indicating that the assimilation of BGC-Argo observations has relevant impacts on
the vertical structure of nutrients and phytoplankton. The impacts of multi-variate profile assimilation are
directly linked to the sampling frequency and dimension of the BGC-Argo network, which should increase to
match the consolidated importance and relevance of satellite observation assimilation. Interesting, the
assimilation of vertical profiles improved the model capability to describe the dynamics and variability of the
Deep Chlorophyll Maximum and nitracline in different areas of the Mediterranean Sea (Teruzzi et al., 2021).

The development of BGC-glider assimilation has been built upon the experience of the BGC-Argo float data
assimilation. New specific developments have focused mainly on the preparation (pre-processing) of the
BGC-glider observations (section 3) to be ready for assimilation. Section 4 summarizes the specificity of the
setup of the 3DVarBio scheme for the BGC-glider assimilation.

3. Pre-processing for BGC-glider data

3.1. BGC-glider data

Availability and selection of the BGC-glider data is described in deliverable D4.2 and briefly summarized here.
In order to balance data availability, data quality and data format, it was decided to focus the analysis on
year 2017 and to use, as source of the glider observations, the product
“INSITU_MED_NRT_OBSERVATIONS_013_035” from the Copernicus Marine Service IN-SITU TAC website.
Data were downloaded in November 2022 and, as described in the Copernicus Marine “monthly” catalogue
(index_monthly.txt), the last product update was done in May 2022. Moreover, since the monthly catalogue
only includes the last 5 years, in situ data for the year 2017 are currently not available (e.g. after November
2022 (last access for this deliverable), the catalogue data of year 2017 were not further updated). In the
downloaded 2017 glider dataset, chlorophyll is the most available BGC variable with 2775 vertical profiles.
Few profiles of oxygen are also present for a limited area (i.e., North of Crete) during winter. Given their very
limited availability and still on-going activities for a delayed mode quality control procedure, it has been
decided to do not consider oxygen data in the present assimilation experiments. BGC-glider data are in
NetCDF file format of EGO-gliders (EGO-glider, 2022), and their elaboration level is L2, i.e., they have been
quality controlled and flagged by Coriolis/Ifremer, who is the Production Unit integrating ocean glider data
in the Copernicus Marine Service.

The number of BGC-gliders with chlorophyll sensor deployed in 2017 is 14 (Figure 2), and the 42 available
campaigns are manly distributed in the West Mediterranean Sea. Most of the glider campaigns are in winter
(16) and autumn (11); while summer and spring have 8 campaigns each. The BGC-glider campaigns are partly
overlapping BGC-Argo float trajectories (orange dots in Figure 2). It is worth to note that not all the PHY-
glider missions also provide chlorophyll data (see Figure 1 in the Deliverable D4.2), and the glider missions in
the Lev4 subregion (Figure 2) do not have PHY observations.

1 ftp://nrt.cmems-du.eu/Core/INSITU MED NRT OBSERVATIONS 013 035/med multiparameter nrt/
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Figure 2. BGC-glider trajectories (green dots) and BGC-Argo profiles (orange dots) for chlorophyll during 2017

3.2. Pre-processing of BGC-glider data

A novel pre-processing procedure has been implemented to prepare BGC-glider chlorophyll observations for
the assimilation. The procedure, which is built upon the work by Cotroneo et al. (2019), has been adapted
for the specific Mediterranean application and partly described in deliverable D4.2. After the joint WP3-WP4
workshops (24™ June 2021) the procedure has been further developed and is briefly summarized in the
following sub sections. The procedure is applied independently to each one of the 42 glider campaigns.

Quality Flag and preliminary check on chlorophyll and depth

Only good, probably good, and interpolated data with corresponding quality control (QC) flags 1, 2, and 8 are
selected. The obtained dataset is further checked for negative values of chlorophyll and for missing depth
data (empty field), which are removed.

Vertical binning and Superobing

For each mission, the quality-controlled profiles are interpolated along a prescribed vertical discretization
(i.e. 5 m, with some exceptions where the discretization is set to10 m) to obtain regular sampled vertical
profiles. The vertical interpolation is a prerequisite before superobing calculation and application of the
vertical and horizontal smoothing filters. Superobing consists of the two spatio-temporal aggregation: () the
average of the profiles that fall on a given day and in a given grid cell of the Mediterranean model (i.e.,
resolution of 1/24°) is considered; and (ii) the ascending and descending profiles are averaged.

Interpolation, surface extrapolation and smoothing filter

After superobing, missing values within a profile are filled by using linear interpolation of adjacent values.
Following the quality procedure adopted for BGC-Argo floats, if a glider profile lacks values in the upper part
(from 0 to a depth not exceeding 35 m), the first available value is extrapolated to the surface. No
extrapolation is made for the lower end of the profile. Finally, a vertical and horizontal running mean is
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applied as in Cotroneo et al. (2019). Some different sequences of the operations have been tested and
compared. The present order of the operation has been chosen after an expert judgment of the resulting
transects. Indeed, aggregating profiles before extrapolation decreases the number of blanks inside profiles
(Figure 3).

An example of the result of the sequence of the pre-processing is shown in Figure 3 for a glider mission (WMO
61866 in 01-02/2017). The resulting sequence of profiles has no missing values in between and possible sharp
discontinuities and anomalous values have been smoothed out.

CPHL L2 Vertical filter

Depth(m)
A

Figure 3. Example of pre-processing BGC-glider chlorophyll: section with raw observations after superobing on Med-MFC grid (left)
and after final interpolation and smoothing filter (right)

3.3. Cross-validation of BGC-glider data with ocean colour and BGC-Argo floats

Different technologies are used to retrieve chlorophyll concentration from different sensors: reflectance and
empirical algorithms are used for satellite chlorophyll, while florescence and estimated fluorescence-to-
chlorophyll ratio are used for the in situ autonomous sensors such as BGC-Argo floats and BGC-gliders.
Further, the quality control procedures of the different data streams also differ. As a result, there can be
inconsistencies between the different types of measurements of chlorophyll (see for example Figure 4 in
D4.2). Therefore, an additional procedure of quality control of BGC-glider chlorophyll data has been
implemented through a cross-validation calculation with ocean colour and BGC-Argo float data. The cross-
validation of BGC-glider data with ocean colour and BGC-Argo floats is based on the spatial and temporal
match up of the measurements and the computation of the Mean Absolute Error (MAE) metric. The
computation is made individually for each glider mission and when at least two synchronized measurements
are available for at least two different sensors. Results of the cross-validation computation are shown in

Figure 4, where different colours indicate the level of the inconsistency for surface values (upper panel) and
for the whole column values (lower panel). Consistent measurements for different sensors are considered
for MAE values lower than 0.05mg/m3 (green), intermediate inconsistencies are for MAE in the range of 0.05
and 0.015 mg/m3 (orange), while MAE values greater than 0.15 mg/m3 identify large inconsistency (red).

Considering the cases of synoptic measurements of different sensors, only 30% (25%) of the glider missions
can be cross validated at surface (for the whole water column) with the other sensors. Intermediate and large
inconsistencies at surface occur during winter (DJFM), while during late summer and autumn a better level
of consistency between glider and other instruments (floats and satellites) is observed. The MAE investigation
performed below the surface (bottom panel of Figure 4) shows a similar pattern than at surface.
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Figure 4. comparison of chlorophyll at surface between glider and satellite and BGC-Argo float (upper panel) and blow the surface
between glider and BGC-Argo float profiles (lower panel). Colours indicate small inconsistency in green (MAE lower than
0.05mg/m3), intermediate inconsistency in orange (MAE in the range of 0.05 and 0.015 mg/m3) and large inconsistency in red (MAE
greater than 0.15 mg/m3). White colour indicates glider missions that do not have matching with satellite or BGC-Argo float
observations.

4. Setup for BGC simulations and BGC-Glider data assimilation

The biogeochemical simulations cover the year 2017 in accordance with the physical glider data assimilation
experiments described in Deliverable D4.9.

4.1. Biogeochemical simulation setup

The setup of the MedBFM model system is detailed in Salon et al. (2019) and includes boundary in the Atlantic
Ocean and at the Dardanelles Strait, atmospheric forcing for [02 and CO2] air-sea gas exchanges and
nutrients deposition, land forcing for nutrients and carbon input from rivers and ocean dynamics. Differently
from the standard setup described in Salon et al., 2019, the initial conditions are derived from a 2-year spin
up simulation.

Additionally, the physical ocean (current, temperature, salinity, vertical eddy diffusivity, SSH) are provided
by the MedFS system. As described in the next section, two sets of daily physical ocean forcing are used: with
and without assimilation of physical-glider data.

Three simulations are performed to assess the impact of physical-glider assimilation on biogeochemistry
(ALL_MED_BIO_01) and the benefit of assimilating BGC-glider observations (ALL_MED_BIO_01_BGC). The
run ALL_MED_BIO_00 is the reference biogeochemical simulation without biogeochemical assimilation and
forced by the output of the ALL_MED_CTL 00 physical simulation. An additional simulation tests the full
multiplatform data assimilation (i.e., joint assimilation of ocean colour, BGC-Argo float and BGC-glider) to
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demonstrate its feasibility in the contest of the actual configuration of the Mediterranean biogeochemical
Analysis&Forecast model system in the Marine Copernicus Service.

Table 1 list of biogeochemical and physical simulations and assimilated observations. Font colours are used in chapter 6 to facilitate
the simulation identification.

Assimilation of PHY-| Assimilation of BGC- | Assimilation of BGC-Argo

Name of BGC run Name of PHY run
glider observation | glider observations | floats and Ocean Colour
ALL_MED_BIO_00 ALL_MED_CTL_00 No No No
ALL_MED_BIO 01 ALL_MED_GLD 01 Yes no No

4.2.  Physical forcing from MedFS configuration and PHY-glider assimilation

The Copernicus Marine MED-MFC physical component (MedFS) is a coupled hydrodynamic-wave modelling
system with data assimilation scheme implemented over the whole Mediterranean Sea extended into the
Atlantic Ocean, to which it is connected through the Strait of Gibraltar that provides a net water flux, from
17.29°W to 36.29°E and from 30.19°N to 45.98°N and described in Coppini et al. (2023) and Clementi et al.
(2022). The horizontal and vertical resolution are aligned within the MED-MFC as 1/24° and 141 unevenly
distributed levels, respectively. The data assimilation system is based on a 3D variational ocean data
assimilation scheme, OceanVar, developed by Dobricic and Pinardi (2008) and later upgraded by Storto et al.
(2016). The assimilated observations are: along-track sea level anomaly (a satellite product including
dynamical atmospheric correction and ocean tides is chosen) from CMEMS SL-TAC, and in- situ vertical
temperature and salinity profiles from VOS XBTs (Voluntary Observing Ship-eXpandable Bathythermograph)
and ARGO floats from CMEMS INSITU-TAC. Additional details of the MedFS model system and setup
implementation are provided in the deliverable D4.9. Here we briefly present two experiments that assess
the impact of the glider observations in the MedFS when they are assimilated together with the other in-situ
and satellite observations that are already integrated into the system. The experiment ALL_MED_CTL_00 in
Table 1 corresponds to the MedFS configuration which assimilates ARGO profilers and altimeter derived SLA
observations while relaxing towards OA-SST to correct the surface heat fluxes. In ALL_ MED_GLD 01, we
ingest the glider observations shown in Figure 5 too. Only ascending profiles are chosen and assimilated
while no subsampling is performed on individual profiles. This choice is done partially considering that we
assign an increased observation error to the gliders in the R matrix but also, we don’t see a major increase in
the computational cost in the minimization of the cost function.

It is worth to note that the biogeochemical glider campaigns (Figure 2) are not the same of physical glider
campaigns (Figure 5). For example, the physical campaigns east of Balearic Islands have not chlorophyll
observations, as well as some of the glider campaigns north of Balearic Islands.
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Figure 5. Distribution of the physical glider observations in the entire Mediterranean Sea in 2017. Each colour shows a different
provider of observations to Copernicus Marine database.

4.3.  Setup for the BGC-glider data assimilation

The assimilation of BGC-glider chlorophyll observations is based on: (i) adoption of a BGC-Argo float-like
approach (i.e., the glider missions are considered as sequences of profiles); (ii) latest updates of the 3DVarBio
scheme; (ii) daily assimilation cycles and uncorrelated observation error.

In the 3DVarBio scheme, the model error background matrix has the vertical and horizontal covariance
components based on synthetic vertical profiles and Gaussian filtering, respectively (see section 2). The
synthetic profiles used to describe vertical covariances have been obtained through EOF (empirical
orthogonal function) decomposition of the 20-year Mediterranean Sea Copernicus Marine reanalysis. In
order to account for the spatial-temporal variability of biogeochemical processes in the Mediterranean Sea,
the EOFs have been calculated on a monthly basis over 17 open-ocean and 16 coastal sub-basins. The
correlation length scale used in the horizontal Gaussian filter is spatially varying in order to account for the
different spatial length scale across the Mediterranean Sea.

In the assimilation scheme the observations are assumed to be uncorrelated, thus the observation covariance
matrix is diagonal. The error assigned to BGC-glider chlorophyll observations is monthly varying and tuned
through a calibration on prior and posterior misfit between observations and model (Cossarini et al., 2019).
BGC-glider profiles of chlorophyll concentration are assimilated once a day and a single profile is assimilated
for each grid cell (see section 3.2 for the pre-processing of the glider observations). Thanks to horizontal
covariance the impact of each assimilated profile is spread on areas nearby (the correlation radius is close to
15 km on average).

5. Physical simulations and PHY-glider assimilation

Before presenting the results of the biogeochemical simulations, the present section summarizes the results
of the physical simulations highlighting the impact of the PHY-glider assimilation. Details of the results of the
physical glider data assimilation are reported in the deliverable D4.9.

The time evolution of the RMSD of temperature and salinity for different depth layers from surface to the
deep basin using all in-situ observations is shown in Figure 6. The blue and orange curves show the
experiments without and with gliders, respectively. The assimilation of gliders improves in all layers for
salinity. RMSD of salinity between 0-10 m reduces from 0.31 to 0.26 which corresponds to a decrease of
about 15 %. Between 10-100 and 100-500 m layers it decreases by ~20% and ~7% respectively. In the layer
below 500, the salinity RMSD decreases from 0.026 to 0.024 which is approximately an improvement of 8%.
For the temperature, except the uppermost layer there is an improvement too. The RMSD of temperature
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increases from 0.89 to 0.95 (7%) between 0-10 m layer. There is a significant improvement at the subsurface
and deep layers. An improvement of 0.8%, 22% and 14% at the layers between 10-100 m, 100-500 m and
500-1500 m, respectively.
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Figure 6. Biweekly timeseries of RMS of temperature (left) and salinity (right) difference for different depth layers (0-10 m, 10-100
m, 100-500 m, 500-1500 m from top to bottom). ALL_MED_CTL_00 (blue) and ALL_MED_GLD_01 (orange). The annual mean RMSD
are printed in the legend of each panel. The shaded area shows the number of observations binned every two weeks.

The error evolution of the two experiments can be seen also from the Hovmoller diagrams of temperature
and salinity (Figure 7). They confirm the overall improvement of the RMSD with some exceptional time slices.
For example, temperature RMSD reduces after September 2017, while between July — September there can
be seen some increase in error around the seasonal thermocline depth. As well, in the last week of September
there is a degradation especially between 50-100 m depth. These results are consistent with the timeseries
in Figure 6. The overall improvement in 2017 is evident from the vertical temperature and salinity profiles of
the RMSD and BIAS in Figure 8. RMSD of temperature shows a degradation at the surface layers while salinity
is improved everywhere in the water column (left panels). Moreover, Figure 8 shows that bias is reduced in
almost all layers for both variables (mid-panels).
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Figure 7. Hovmoller diagrams of RMSD for temperature (upper panels) and salinity (lower panels) for ALL_MED_CTL_00 (left panels)
and ALL_MED_GLD_01 (right panels) with a zoom in the first 100 m.
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Figure 8. Vertical temperature and salinity profiles of mean RMSD (left) and BIAS (mid) for the ALL_MED_CTL_00 (blue) and
ALL_MED_GLD_01 (orange).
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6. Results of BGC-Glider data assimilation

The performance of the different simulations (Table 1) are evaluated by comparing the model output with
available observations for the assimilated variable (chlorophyll) and for unobserved variables (nitrate and
oxygen from BGC-Argo floats). The comparison is done using the model output before the assimilation or the
daily average model output for comparison with non-assimilated observations.

The skill performance metrics is the root mean square error (RMSE) and it is computed for opportune spatial
subdivision of the Mediterranean model domain (i.e., the 16 subbasins or combination of them; Figure 9)
and temporal periods (i.e., winter and summer periods).
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Figure 9. Mediterranean model domain and subdivision in subbasins for the computation of the skill performance metrics. According
to data availability and to ensure consistency and robustness of the metrics, different subsets of the sub-basins or some
combinations of them can be used for the different metrics: lev=levi+lev2+lev3+lev4; ion=ion1+ion2+ion3; tyr=tyri+tyr2;
adr=adrl+adr2; swm=swml+swm2.

6.1. Validation on observed biogeochemical variable (chlorophyll)

The comparison of chlorophyll profile model output with the BGC-glider profiles is done before the
assimilation of the observations. Thus, the computed metrics represents a semi-independent validation (i.e.,
observations can be correlated with the observations of the same sensor assimilated in the previous
assimilation cycle). Results of the comparison are shown in Figure 10 for the simulations listed in Table 1. As
expected, the assimilation of BGC-glider markedly improves the quality of modelled chlorophyll (orange lines
with respect to the black one in Figure 10). The improvements are of 40-60% (i.e., reduction of RMSD with
respect to the ALL_MED_BIO_00 run) in all the sub-basins except for lonian and Levantine ones where the
reduction of RMSD is of 5% and 20%, respectively. It must be noted that the errors of the reference run
(ALL_MED_BIO_00) are already very low in these two sub-basins. Additionally, the BGC-glider assimilation
has always a positive impact even when the PHY-glider assimilation (blue lines in Figure 10) degrades the
model output (as for example in the Adr and lon sub-basins). Finally, the full multiplatform assimilation
experiment (ALL_MED_BIO_01_BGC_multi) shows RMSD values that are always higher than the BGC-glider
assimilation (ALL_MED_BIO_01_BGC) and even higher than the reference run in two sub-basins (i.e., Adr and
Lev). This is a direct result of discrepancies between glider chlorophyll measurements and ocean colour
chlorophyll measurements (section 3). Although the full multiplatform experiment assimilates BGC-glider,
the greatly higher density of the ocean colour observations and their discrepancy with the BGC-glider
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observations cause the model solution to move further away from the BGC-glider observations, which
degrades the model metric for this comparison.
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Figure 10. Root Mean Square Error of model chlorophyll versus BGC-glider for the different simulations. The RMSDs are computed
over the aggregated subbasins and select vertical layers.

The comparison of surface chlorophyll model output with ocean colour data is shown in Figure 11 for the
different simulations. Results show that the glider assimilation, both physical and biogeochemical, has a small
impact on the quality of surface chlorophyll. It can be noted that the BGC-glider assimilation very slightly
improves the model performance in some cases: aeg, ion3 and lev2 in winter, and nwm, tyrl and lev2 in
summer. On the other hand, the PHY-glider assimilation causes small degradations in swm1, swm2, tyrl and
lev3 in winter, and the addition of the BGC-glider assimilation caused further degradation in swm1 and nwm
in winter. The inclusion of the assimilation of ocean colour data improves by 40-60% the RMSE metrics (green
bars in Figure 11) as already seen in previous 3DVarBio implementations (Teruzzi et al., 2018; 2021).
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Figure 11. Root Mean Square Error of model surface chlorophyll versus ocean colour for the different simulations. The RMSD is
computed over the 16 subbasins and the entire Mediterranean domain (med).

The comparison of modelled chlorophyll profile with profile of BGC-Argo floats (Figure 12) shows that the
assimilation of glider data, both physical and biogeochemical observations, has negligible impact for this
specific metric. Some factors contributed to downplay this metric: the discrepancies between glider and BGC-
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Argo observations showed in section 3.3, the relative limited spatial impact of profiles assimilation and the
relatively small number of overlapping glider and BGC-Argo trajectories.
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Figure 12. Root Mean Square Error of model chlorophyll versus BGC-Argo floats for the different simulations. The RMSDs are
computed over the aggregated subbasins and select vertical layers.

6.2. Validation on non-observed biogeochemical variables

Figure 13 and Figure 14 show the skill performance metrics computed for BGC-Argo nitrate and oxygen,
which are two non-observed (i.e., assimilated) variables. Nitrate comparison shows both improvements and
degradations of the PHY-glider assimilation and basically no impact of the BGC-glider assimilation. It must be
noted that the number of BGC-Argo floats with nitrate sensor is lower than those with chlorophyll sensor
(less than 40%), thus resulting statistics might be less reliable. PHY-glider assimilation caused a slightly
degradation of oxygen statistics at surface in some subbasins (swm and nwm) due to temperature
degradation (section 5, and deliverable D4.9) and its effect on the 02 solubility calculation. In the subsurface
layer, a decrease (increase) of the RMSD in swm, nwm and lev (ion) is observed after the PHY-glider
assimilation. No impact on the quality of oxygen is observed after the BGC-glider assimilation. The small
sensitivity of the oxygen skill performance metrics to the chlorophyll profiles assimilation is already reported
by Teruzzi et al. (2021).
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Figure 13 Root Mean Square Error of model nitrate versus BGC-Argo floats for the different simulations. The RMSDs are computed
over the aggregated subbasins and select vertical layers.
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Figure 14. Root Mean Square Error of model oxygen versus BGC-Argo floats for the different simulations. The RMSDs are computed
over the aggregated subbasins and select vertical layers.

6.3. Spatial impact of BGC-glider assimilation

Information on the DA area of impact and its temporal persistence are investigated by analysing the changes
of assimilated simulations with respect to the reference run (ALL_MED_BIO_00). We use the same impact
indicator described in Teruzzi et al. (2021):

Li(t) = |Simyy — Refiy)la00
v (|Reﬂ300)mean

Where Ref is here the reference simulation (ALL_MED_BIO_00) while Sim refers to one of the different
simulations listed in Table 1. |Sim(t) - Ref(t)| is the absolute difference between simulations (for each day
and grid point) while the subscript 300 represents the integral over the 0-300m. The indicator Ij(t) quantifies
how much an assimilated run deviates from the Ref simulation. Figure 15 (right panel) shows the chlorophyll
(left) and nitrate (right) seasonal 95th percentile of the I;(t) indicator for the three simulations with
assimilation with respect to the Ref. The 95™ percentile of the indicator in ALL_MED_BIO_01 simulation
clearly shows that the PHY-glider assimilation impacts both chlorophyll and nitrate. In more than 50% of the
Mediterranean Sea surface the 95 percentile of I;(t) is higher than 0.3, with impacted areas depending on
the season. In winter, the largest impacts are localized in the Balearic Channel and in the eastern Levantine,
while in summer they are more distributed across the Mediterranean Sea. The addition of the BGC-glider
assimilation in simulation ALL_MED _BIO_01_BGC enhances the impact in the Balearic area in winter for
chlorophyll but it has limited effects in summer both for chlorophyll and nitrate. Given the fact that
corrections by BGC-glider are not very high in the eastern Mediterranean Sea (i.e., the model is already
performing well with respect to the BGC-glider; see section 4.1), the index of impact is not much sensitive to
the changes during summer. Finally, as already shown in Teruzzi et al. (2021), the inclusion of BGC-Argo and
satellite assimilation (ALL_MED_BIO_001_BGCMulti) largely increases the impact factor, especially in winter
for chlorophyll and summer for nitrate.

16



Chla Nitrate

Winter

VT RTST 10
PEES Y

1 Ros
. |

Summer Sum

0060-0300m

= ALL MED BIO 01 ALL_MED_BId_Oi_BGC = ALL_MED_BIO_OI_BGCMuItiJ

Figure 15. Maps of the l;(t) 95th percentiles for chlorophyll (first and second columns) and nitrate (third and fourth column) for the
three assimilation simulations: only PHY-glider (blue), PHY and BGC-glider (orange) and joint multiplatform assimilation (green).
Two seasons (winter and summer) are shown for each variable.

6.4. Impact of PHY and BGC-glider assimilation on ecosystem dynamics

To understand impact of PHY and BGC-glider assimilation on biogeochemical dynamics we investigated
primary production, and the vertical dynamics in two specific areas (the Balearic gyre and the areas south of
Balearic Islands during autumn 2017).

Primary production

Primary production is the synthesis of organic compounds from dissolved carbon dioxide through
photosynthesis as source of energy and, in the BFM model formulation, it considers the contribution of four
phytoplankton functional types. Primary production is computed as the vertical integral of the 0-200 m layer
and for two selected periods: (i) winter to spot the contribution of the winter phytoplankton blooms and (ii)
summer to highlight the contribution of deep chlorophyll maximum (DCM) dynamics to the annual value of
primary production of the Mediterranean Sea.

First row of Figure 16 shows the primary production of the reference run, the second row shows the impact
of PHY-glider assimilation on primary production with respect to the reference run, while the third and fourth
rows report the impact of BGC-glider and of full multiplatform assimilation with respect to ALL_MED_BIO_01
(i.e., the biogeochemical run forced by the physical run with PHY-glider assimilation).

PHY-glider assimilation caused patchy negative and positive variations both in winter and summer (second
row of Figure 16), with a very low overall mean seasonal variation: -0.01% and 0.02% in winter and summer,
respectively. Physical glider assimilation produces small changes in the mesoscale structures and their effect
accumulated during the simulation (e.g., growing in summer w.r.t. winter). These effects in turn propagate
through changes in vertical nutrient fluxes and phytoplankton spatial patches, and are eventually spotlighted
by the spatial changes in the primary production.
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The chlorophyll BGC-glider assimilation has a local impact on primary production clearly visible along the
trajectories of the glider missions in three areas: Balearic basin, north-western Mediterranean, and Levantine
south of Cyprus. The changes are always positive suggesting that both winter bloom and steady DCM
production are underestimated by the model without assimilation. Finally, the full multiplatform
biogeochemical assimilation has a clear negative impact on primary production given the overwhelming
effect of ocean colour observations, as already seen in Teruzzi et al. (2021). Interesting, the winter map
(fourth row of Figure 11) shows that the impact of the BGC-glider assimilation counterbalances the ocean
colour effects in specific areas, such as the north-western Mediterranean Sea.
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Figure 16. Map of net primary production [NPP, mgC m-2 d-1] for winter and summer periods for the Ref simulation (first row, black
box). Maps of NPP difference between ALL_MED_BIO_01 and Ref (second row, blue box), between ALL_MED_BIO_01 and
ALL_MED_BIO_00 (third row, orange box) and ALL_MED_BIO_01_BGC_multi and ALL_MED_BIO_01 (forth row, green box).

Vertical dynamics in specific areas

The case study of the Balearic gyre during autumn 2017, which is presented in deliverable D4.9, allows us to
investigate the impact of PHY-glider assimilation on biogeochemical vertical dynamics. Figure 17 shows that
the addition of the PHY-glider assimilation (ALL_MED_GLD_01) produces a more delimited and round shaped
anticyclonic gyre than the physical simulation without glider assimilation (ALL_MED_GLD_00). This is more
evident in the December map. The comparison with satellite SSH data (first row in Figure 17) confirms that
the model is more consistent with satellite when PHY-glider are assimilated. Despite the bias between
modelled chlorophyll and satellite during the autumn bloom, Figure 18 shows that the addition of PHY-glider
assimilation improves the correspondence of the gyre pattern (i.e., round hole of low chlorophyll
concentration in the centre of the gyre and higher concentration at its border) between ALL_MED_BIO_01
and satellite in December. Indeed, the correlation between satellite and simulations increase from 0.46
(ALL_MED_BIO_00) to 0.58 (ALL_MED_BIO_01). The BGC-glider assimilation produces no impact because
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autumn glider missions in that areas do not have chlorophyll observations. Finally, the Figure 19 illustrates
that the reason of the positive impact of PHY-glider assimilation is due to a better simulation of the
downwelling effect of the anticyclonic cycle in December. Indeed, when the PHY-glider data are assimilated
the concentration of chlorophyll in the central part of the anticyclonic gyre is decreased consistently with the
surface satellite chlorophyll map.
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Figure 17. Monthly map of SSH (m) in the north Balearic areas for the satellite (first column) and the two physical simulations:
without PHY-glider assimilation (second column) and with PHY-glider assimilation (third column). Figures and results from
deliverable D4.9.
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biogeochemical simulations: ALL_MED_BIO_00 (second column, black boxes), ALL_MED_BIO_01 (third column, blue boxes) and
ALL_MED_BIO_01_BGC (forth column, orange boxes). Inner black boxes in the December maps indicate the area over which the

correlation is computed.

September October November December

P ——— 244,160 220 00 Cris S crem v, 3+ Degees Lom 20170

14 MED 300 00 Co Stcriem . 3+ Degres Lon 201718 s HED 270 05 s sacton . 3+ Degres Lon 201712

4000 423 1930 4073 4190 023 40 T3 4000 4023 30 4073 4190 023 430 4T3 Section position
L s

4000 225 00 40.75 4100 4125 4150 417
Lt

iao 825 930 4073 4100 4125 B0 013 4000 4935 4050 40.75 4180 €125 4150 4LTS 4000 455 4050 4075 4160 4125 4150 4175
= =

4000 4525 4050 4075 4160 4125 4150 4175
i

l. l - ' "
§ _ i _ - , - e

o was wse s i ans ase s 4000 4925 4050 .05 460 8125 4150 ALTS 4000 25 440 4075 4160 4125 4150 473
et Lt

4000 025 W0 0TS 4160 4125 4150 ALTS
[

mmm ALL MED BIO 00 mmm ALL_MED BIO 01 ALL_MED_BIO_01 BGC |

Figure 19. Section of chlorophyll monthly averages at Lon=3° in the northern Balearic basin for the three biogeochemical
simulations: ALL_MED_BIO_00 (first row, black boxes), ALL_MED_BIO_01 (second row, blue boxes) and ALL_MED _BIO_01_BGC
(third row, orange boxes).
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Considering a section south of Balearic Islands (Figure 20) during autumn 2017, the results show the positive
effect of the BGC-glider assimilation during the transition phase between summer stratification to autumn
condition with vertical mixing and surface bloom. The October section (Figure 20) show well-established DCM
dynamics across the whole area. Neither physical nor biogeochemical glider assimilation impacts the model,
that already simulates well this end of summer stratification condition. During November, the vertical mixing
starts to erode stratification and the DCM structure. Biogeochemical glider assimilation corrects a possible
too strong impact of the physical glider assimilation, restoring the intensity of the DCM dynamics and
increasing the chlorophyll concentration at surface (second and third rows in the second column in Figure
20). Finally, in December, the BGC-glider assimilation improves the previous two simulations (i.e., both the
reference and the PHY-glider assimilation simulations) by increasing the concentration of the surface bloom,
its extension toward south and the thickness of the surface layer involved in the bloom in the northern part
of the section. Figure 21, which shows the comparison of BGC-Argo, BGC-glider and model profiles in the
overlapping area of glider and float profiles (Lon=3.30° and Lat=38.75°, left panel in Figure 21), confirms that
the assimilation of glider data allows to better simulate the transition between summer stratification and
mixed autumn condition with surface bloom. During November (central panel in Figure 21), the presence of
a deep chlorophyll maximum structure is already well simulated by the reference run (black line in Figure 21)
and the assimilation runs change only slightly the vertical chlorophyll profiles. BGC-Argo float profiles also
confirm the good model performances. Then, during December (right panel in Figure 21), the shape of
chlorophyll profile is corrected by the BGC-glider assimilation by increasing the intensity of surface bloom in
the areas south of Balearic Islands. Finally, it is worth to note that the multiplatform assimilation (fourth row
of Figure 20 and green lines in Figure 21), which includes the Ocean Colour observations, reduces remarkably
the impact of the only glider data assimilation during December.
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Figure 20. Section of chlorophyll monthly averages at Lon=3.5° in the area south of the Balearic Islands for the three biogeochemical
simulations: ALL_MED_BIO_00 (first row, black boxes), ALL_MED_BIO_01 (second row, blue boxes), ALL_MED _BIO_01_BGC (third
row, orange boxes) and ALL_MED_BIO_01_BGC_multi (fourth row, green boxes)
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Figure 21. Positions of profiles of glider and BGC-Argo during September-December 2017 (left panel). Chlorophyll profiles of BGC-
glider, BGC-Argo float and the different simulations for November and December 2017 (central and right panels).

Conclusion

The present deliverable aims at showing the importance and benefit of the assimilation of vertical profiles in
biogeochemical models. This represents a relevant improvement with respect to the biogeochemical
operational models (such as those used in the Marine Copernicus Service) where the assimilation mainly
relies on satellite ocean colour observations. Specifically, for the Mediterranean Sea Copernicus model, the
present deliverable shows the novelty of the assimilation of profiles from BGC-glider which is complementary
to the BGC-Argo float assimilation shown in Teruzzi et al (2021). Finally, the deliverable reports an analysis
of the impact of the assimilation of physical variables observed by glider on biogeochemical dynamics.

Results of the simulations show that the assimilation of biogeochemical profiles is beneficial for improving
biogeochemical modelled vertical dynamics (i.e., DCM, nitracline, flux of nutrients) and is complementary to
surface observation assimilation. As shown in Cossarini et al. (2019) and in Teruzzi et al. (2021) for BGC-Argo
and satellite joint assimilation, satellite chlorophyll observations are relevant in winter when the upper part
of the water column is well mixed and the biological dynamics develops mostly at surface, while chlorophyll
profiles are important in summer when the biological dynamics develop in the subsurface layer (i.e., at the
DCM depth above the nutricline) and surface and subsurface are more uncoupled because of stratification.
Unfortunately, the limited availability of glider campaigns during summer prevented a clear and robust
confirmation of this conclusion.

BGC-glider represents an important source of BGC profiles, often complementary to BGC-Argo (e.g., different
areas covered and different strategy of sampling). However, at the present stage BGC-glider data (retrieved
from standard repository such as Copernicus Marine in situ TAC) need pre-processing to filter high frequency
noise and discontinuity in profiles. Additionally, the tested BGC-glider repository (Copernicus Marine in situ
TAC) seems in a continuous process of improving the storage and visibility of the data that, however, does
not facilitate the use of the data in an operational and real time framework.

Further, the inconsistencies of chlorophyll concentration from different sensors (i.e., reflectance from ocean
colour and fluorescence from in situ sensors) represent a potential risk when multisource of biogeochemical
data are used without precaution. In any case, our results show that the multiplatform data assimilation and
model dynamical adjustment can act as a filter for inconsistencies of the observations from multiple sources.
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Considering all validation datasets, the simulation that assimilates all observation sources
(ALL_MED_BIO_01_BGC_multi) performs better than any single data stream assimilation. In fact, the model
simulation remains in between the data distributions of the different sensors.

The variational assimilation scheme uses a horizontal spatial error covariance operator based on correlation
radius length scales that are of the order of the mesoscale dynamics. Thus, the impact of the BGC-glider
(chlorophyll) data assimilation is relevant basically only along the glider mission. It is important to identify
glider mission trajectories along relevant areas to target specific processes. On the other hand, the PHY-glider
assimilation or the assimilation of profiles of other biogeochemical variables (as done for BGC-Argo data) can
have a wider spatial impact given their cascading and memory effects on ecosystem dynamics (Teruzzi et al,
2021).

Finally, the assimilation of PHY-glider demonstrates a positive effect itself on biogeochemical variables with
further improvements when also BGC-glider chlorophyll is assimilated. Indeed, the BGC-glider assimilation
after PHY-glider assimilation can increase the consistency between physical and biogeochemical processes
in the model simulation. Generally, the update of both physical and biogeochemical field through an
assimilation scheme that preserves consistency between the two is a preferable option than assimilating only
physical information (Bertino et al., 2022)
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