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We present animpact assessment of temperature and salinity glider observations on
physical analysis and forecasting systems operating in the Western Mediterranean
Sea through one-year-long coordinated experiments. A unique set of glider
observations including data from several endurance lines provided by different
institutions is assimilated in the three systems. Results are compared against an
assimilation-free run and an assimilative-run that with each systems’ default
configuration. Moreover, an additional biogeochemical analysis system is forced
by two physical runs with and without the assimilation of glider observations. First of
all, we demonstrate that glider data assimilation has an overall positive impact on the
state estimation of the Western Mediterranean Sea, independently of the system
employed and the pre-processing approach used to ingest the glider
measurements. Secondly, we show that it helps improve the representation of
mesoscale structures, in particular the location and size of an intense anticyclonic
eddy observed in the Balearic Sea. Thirdly, the geostrophic currents and transport of
Winter Intermediate Water in the Ibiza Channel are also improved. Finally, the
adjustment of the mixing after glider data assimilation in the physical system
translated to a better estimate of chlorophyll distribution in the upper layer of the
biogeochemical system. Leading to the same order of magnitude ofimprovementin
the different forecasting systems, this intercomparison exercise provides robustness
of the obtained impact assessment estimates. It also allows us to identify relative
strengths and weaknesses of these systems, which are useful to identify future ways
of improvement. Overall, this study demonstrates the value of repeated glider
observations collected along endurance lines for regional ocean prediction.
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1 Introduction

Ocean underwater gliders (hereafter gliders) have been observing
the world ocean since the beginning of the 2000s (Lee and Rudnick,
2018) and take part as an important part of the Global Ocean
Observing System (GOOS; Moltmann et al., 2019; Liblik et al,
2016). The growing network of gliders, which has been operated by
many teams around the world, plays an important role for the
understanding of the ocean state, variability and changes, especially
in areas that connect the open basin with the coastal environment
(Davis et al., 2002; Testor et al., 2010; Rudnick, 2016). Gliders have
the ability to operate under all-weather conditions and sample the
ocean where it is impractical for human access, such as in the middle
of a hurricane or under sea ice (Testor et al, 2019; Duguid and
Camilli, 2021; Zarokanellos et al., 2022; Patmore et al., 2024). They
help to investigate physical and biogeochemical processes, covering
extreme events and climate signals (Glenn et al,, 2016; Todd et al,
2011; Zaba and Rudnick, 2016; Rudnick et al, 2017). They are
especially crucial for observing the boundary currents (e.g., Todd
and Locke-Wynn, 2017), tracking the storms (Glenn et al., 2016),
identifying water masses formation and transformation (Vage et al.,
2018), resolving mesoscale and submesoscale phenomena (Hristova
et al, 2014) and coastal processes (Benveniste et al, 2019). An
exhaustive list of the applications of the underwater gliders can be
found in Rudnick (2016) and Testor et al. (2019).

The Mediterranean Sea has been characterised by high mesoscale
activity (Bosse et al., 2015; Escudier et al., 2016; Bonaduce et al., 2021),
different water masses (Ozsoy et al,, 2014; Pinardi et al., 2015), deep
convection (Testor et al., 2018) and frontal processes (Hernandez-
Carrasco and Orfila, 2018), sea strait dynamics (Aydogdu et al., 2018;
Sanchez-Roman et al, 2018) and tidal dynamics (Sannino et al,
2004), making the basin an ideal testbed to assess the impact of
different observing systems. The Western Mediterranean basin is one
of the regions in the world that is most intensively observed by gliders.
Several endurance and quasi-endurance glider lines have been
established in the last decade to provide repeated monitoring in key
observing areas with high biodiversity importance (Tintore et al.,
2019; Mourre et al., 2022). These are Nice-Calvi, Marseille-Menorca,
Menorca-Sardinia, Mallorca and Ibiza channels and Mallorca to the
Algerian coast. The extensive glider network in the basin allows to
study these different oceanic phenomena (Zarokanellos et al., 2022;
Heslop et al., 2012; Margirier et al., 2020) from an observational point
of view or in combination with numerical simulations (Garcia-Jove
et al, 2022). Gliders also allow to validate and improve ocean
circulation models through data assimilation, being a good
company or alternative to traditional research vessel campaigns
(Dobricic et al., 2010; Hernandez-Lasheras and Mourre, 2018).

The vertical physical and biogeochemical profiles provided by
gliders are incorporated into the ocean analysis and reanalysis
systems from coastal to regional and global scales to improve the
ocean state estimation, forecast initialization' and reconstruction of

1 For an overview of operational ocean forecasting systems represented
under OceanPredict programme see https://oceanpredict.org/science/

operational-ocean-forecasting-systems/ocean-products-services/.
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the past state (Storto et al., 2019). Dobricic et al. (2010) assimilated
observations of temperature, salinity, and vertically averaged
velocity from a single glider in the northern Ionian Sea where the
highly dynamic Atlantic Ionian Stream enters. They found local
improvements in temperature, salinity, velocity, and surface
elevation fields. Furthermore, the assimilation of glider
observations rapidly generates remote impacts that last several
months. Similarly, Hayes et al. (2019) assimilated a single glider
in the south of Cyprus and found that a spatial scale of 40-50 km
around the glider in which the forecast skill is improved by 15%.
The controllability of glider platforms at sea can also be exploited to
adapt their path to sample areas of increased interest (Lermusiaux,
2007). In this line, Mourre and Alvarez (2012) demonstrated the
benefit of piloting a glider through a real-time adaptive sampling
scheme to reduce predicted ocean temperature uncertainties in the
Ligurian Sea. The error was reduced by 18% compared to a control
run assimilating glider observations collected along a
predetermined path. In the U.S. West Coast, offshore of Oregon
and Washington, Pasmans et al. (2019) showed that the
assimilation of glider observations alone creates unphysical eddies
in the vicinity of the glider transect which can be prevented by the
combined assimilation of surface and subsurface observations.
Kerry et al. (2018) assimilated gliders along with the other
observations in the East Australian Current (EAC) system. They
showed that the information from the gliders not only imposes
strong constraints on the depth of an eddy but also strongly alters its
meridional extension.

Synchronous measurements from fleets of several gliders, up to
15 vehicles, were also proven to be successfully assimilated in
numerical models (Shulman et al., 2009; Pan et al., 2011;
Gangopadhyay et al., 2013; Mourre and Chiggiato, 2014;
Hernandez-Lasheras and Mourre, 2018). Vargas et al. (2019)
conclude that the assimilation of glider data in the global ocean
forecasting system was crucial to improve the pre-storm vertical
stratification during hurricane Michael in 2020. However, the
assimilation frequency in the current setup, once a day, was
insufficient to capture the rapid cooling of the surface layer. Liu
etal. (2023) performed numerical experiments assimilating satellite
and glider observations to study Hurricane Isaias in 2020. They
showed that assimilating glider observations with broad spatial and
temporal coverage along Isaias’ track in addition to satellite
observations further increased Isaias’ intensity forecast.
Observations from gliders are used also to develop new
algorithms for data assimilation. For example, Pan et al. (2011)
used glider observations to test a 3DVar scheme in its hybrid and
ensemble formulation. Halliwell et al. (2020) performed an
observing system simulation experiment to assess different glider
array setups to predict tropical cyclones.

The assimilation of biogeochemical observations from gliders is
still in its early stages and very few examples have been published.
Kaufman et al. (2018) assimilated chlorophyll and particulate
organic carbon in the 1D model of the Ross Sea showing
improvements in phytoplankton dynamics and ecosystem
processes such as depth-integrated primary production and
carbon export. Chlorophyll and oxygen from BGC-glider are
assimilated in the preoperational model of the North-Western
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European shelf to constrain the phytoplankton spring bloom with
positive impacts on biogeochemical processes such as
remineralization and nitrification rates (Skakala et al., 2021). Ford
et al. (2022) performed an observing system experiment for coastal
ocean ecosystems in the western English Channel integrating real-
time glider data with model forecasts to predict the spring
phytoplankton bloom. Biogeochemical observations from gliders
are used also to validate models in coastal areas and open seas
(Jones et al., 2016; Thomalla et al., 2017; Many et al., 2021) where
chlorophyll is typically the most used variable.

There has been a dedicated effort in the last two decades for
ocean model intercomparison under World Climate Research
Programme (WCRP; Griffies et al., 2016) and data assimilation
system intercomparison under Global Ocean Data Assimilation
Experiment (GODAE, now OceanPredict; Hernandez et al., 2009).
Balmaseda et al. (2015) reports the intercomparison of several
global ocean reanalysis to estimate uncertainty in different
oceanic variables and regions. Intercomparison experiments to
assess the impact of a specific observing network are also
emerging. For example, Martin et al. (2020) examined the impact
of satellite sea surface salinity in two global operational
forecasting systems.

In this study, our goal is to evaluate the impact of the Western
Mediterranean Sea extended glider network on four European
analysis and forecasting systems. The basin is one of the
dynamically very active regions in the Mediterranean Sea. The Gulf
of Lion is a convection area where deep water is ventilated, and the
surface layer gets nutrient rich waters. Mesoscale eddy activity also
modifies the local water mass properties, which may have various
consequences for the sea state and ecosystem. The circulation in the
region is a part of the exchange mechanism with the Atlantic Ocean
through the Gibraltar Strait that regulates the water budget in the
entire Mediterranean Sea. For the assessment, a coordinated
experiment is performed using a unique glider dataset assimilated
in all systems during a one-year-long simulation. We have applied a
detailed validation, focusing, besides the widely used statistical
metrics, on the capacity of the different systems to represent
physical processes and dynamical features. More specifically we
concentrate on the transport processes in the Ibiza Channel and
impact of assimilation on the evolution of an intense and long-lived
anticyclonic eddy. Moreover, we show the impact of temperature and
salinity assimilation on biogeochemistry (BGC) via uncoupled
forcing of the BGC system with the estimates of the physical
system and discuss its implications.

In Section 2, we will introduce the analysis systems that were
used in this study. We also introduce the observations that were
used for validation along with their preparation procedures. In
Section 3, we will present the findings using different metrics that
are defined in Section 2. The discussion is carried out separately in
Section 4 where the final conclusions are also drawn.

2 Materials and methods

The Western Mediterranean Sea is covered and monitored by
different analysis and forecasting systems from the Copernicus
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Marine Service namely, Mediterranean physical component
(MedFS; https://medfs.cmcc.it) and biogeochemical component
(MedBEM; https://medeaf.ogs.it), and Iberia Biscay Irish (IBIL;
https://doi.org/10.48670/moi-00027) physical component, as well
as the Western Mediterranean Operational forecasting system
(WMOP; https://www.socib.es/?seccion=modelling&facility
=forecast) from SOCIB (Figure 1A). We use a unique set of glider
observations for all the different physical systems to investigate their
impact on the quality of the ocean analysis estimates. Moreover, the
impact on the biogeochemical estimates forced by the physical
analysis is assessed. Here we consider numerical experiments
spanning an entire year (2017), which is a distinguishing
characteristic of this study from most of the previous glider data
assimilation studies that focus on specific campaigns for short
periods. In this section, we describe the datasets and systems as
well as methodologies applied for pre-processing, quality check
and validation.

2.1 Gliders in the Mediterranean sea
in 2017

Various institutions provided glider observations in the entire
Mediterranean Sea in 2017. Figure 1 shows the spatial distribution
of the data for each transect with a focus on the western basin in
which the largest volume of glider observations is available. There
are also gliders operated in the Adriatic Sea by OGS, in the Sicily
Strait by INSU and in Southern Levantine by OC-UCY. The
temporal distribution of the number of profiles in the different
transects in the Western Mediterranean is shown in Figure 1C. We
note that a 7-day running mean is shown here and that high
number of profiles are due to the fact that gliders dive to lower
depths, making more up and down casts. In 2017, SOCIB
performed various missions in the Western Mediterranean Sea.
The SOCIB Canales endurance line provided observations in the
Balearic Channels (>300 glider days; Heslop et al., 2012;
Zarokanellos et al., 2023) and the Alnitak 2017 mission collected
data south of Mallorca. Furthermore, SOCIB, in collaboration with
CNR, University of Parthenope and IMEDEA in Italy and Spain,
performed several missions between Menorca and Sardinia
(SMART quasi endurance line; Pessini et al., 2018; Mourre et al.,
2022), between Mallorca and the Algerian basin (ABACUS quasi
endurance line; Cotroneo et al.,, 2016, 2019; Zarokanellos et al.,
2023) and in the eastern Alboran Sea (IRENE-CALYPSO mission).
The regular glider lines between Menorca and Toulon, and between
Corsica and Nice, are maintained by the French institutions
Ifremer, CNRS, ENSTA and INSU through the MOOSE
observing network (Margirier et al., 2017; Coppola et al., 2019).
Finally, CMRE (NATO-STE) also deployed gliders in the Ligurian
Sea. The glider temperature and salinity data used in this study is
made available by In-Situ thematic assembly centre (TAC) through
the Copernicus Marine data store.

This research is carried out as part of the Horizon 2020 EuroSea
project. Within Eurosea, two distinct tasks were undertaken to
evaluate the impact of glider and float observations that are
available in the In-Situ TAC in the Mediterranean Sea and Iberia
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The model domain of analysis and forecasting systems employed in the study is shown in the (A) IBI in red, MedFS in blue and WMOP in green. The
glider transects available in the Mediterranean Sea in the Copernicus Marine data store in the entire 2017 are also shown. (B) A zoom in the Western
Mediterranean region, where the intercomparison is performed, is depicted in a) to highlight different transects. (C) the timeline of the availability
daily glider profiles (7-day running mean) in each transects highlighted in the zoomed panel.

Biscay Irish regions. A workshop” has been organised to discuss the
best practices for using the glider observations for validation and
assimilation to improve the analysis and forecasting systems.
Experts from OceanGliders, Euro-Argo, OceanObs and
OceanPredict programmes participated to initiate a collaboration
between marine observation specialists and data assimilation
practitioners. The main issues addressed were:

a. the best practices in use of glider and floats in-situ
observations by operational forecasting systems

b. the accessibility to the glider/Argo floats observations in
near-real time (NRT) and delayed time (DT) mode

c. the quality control (QC) in the assimilation systems

The focus of the workshop was to open a debate on how to
improve data flow through the TACs and reinforce MFCs to achieve
the best estimate of the ocean state using the best quality
observations. This workshop, along with the subsequent
interactions in the community, has been instrumental in shaping
the future of the glider data assimilation under OceanGliders
programme which will hopefully facilitate further improvements
in the use of glider observations in the analysis/reanalysis systems.

2 The workshop report can be accessed here. Last accessed 6 May 2024.
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2.2 Analysis and forecasting
system configurations

We employed three ocean and one biogeochemical analysis and
forecasting systems that overlap in the Western Mediterranean Sea.
Major characteristics of all the physical systems used in this study,
MedFS, IBI and WMOP, are significantly different and listed in
Table 1. In the following subsections, we will outline their key
features that are important for this investigation. Main
characteristics of MedBFM are also summarized.

In brief, IBI and MedFS are designed for regional applications
and adopt NEMO as their ocean model while a high resolution
ROMS implementation in WMOP aims to resolve subregional
dynamics. Atmospheric surface and ocean lateral boundary
conditions of both the IBI and MedFS are provided by ECMWF
and Copernicus Marine Global analysis and forecasting system,
respectively. In WMOP, a higher resolution regional product from
AEMET (Spanish Meteorological Agency) is used as the
atmospheric boundary condition while ocean lateral boundary
conditions are provided by MedFS. All three systems have
different data assimilation approaches and schemes. Finally,
MedBFM is an OGSTM-BFM implementation in the
Mediterranean Sea, forced by MedFS maintaining the same
resolution. Further information is available in references provided
in each system’s dedicated section.
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2.2.1 Mediterranean sea analysis and
forecasting systems

The Mediterranean Sea analysis and forecasting systems are
developed and maintained by the production units of the
Copernicus Marine Service. In this study, the physical (MedFS)
and biogeochemical (MedBFM) components are employed. An
earlier version of them is extensively described in Coppini et al.
(2023) along with the wave component.

The physical component, MedFS (Clementi et al., 2021), is a
NEMO-based system with a 1/24° model horizontal resolution and
141 unevenly distributed vertical z* levels with denser layers close to
the surface ocean. NEMO v3.6 is interfaced to a 3D variational data
assimilation algorithm, OceanVar, developed at CMCC initially by
Dobricic and Pinardi (2008) and further improved for a wide range
of ocean data assimilation applications (Storto et al.,, 2015). The
interface can compute the model equivalent of the observations
during the model integration at observation time, an approach
known as First Guess at Appropriate Time (FGAT). OceanVar
assimilates temperature and salinity vertical profiles from Argo,
CTD and XBT. The along-track sea level anomaly observations are
assimilated from various altimeter satellites. The observation
operator for gliders in MedFS was first implemented by Dobricic
et al. (2010) and has been later updated following the model
upgrades. A heat flux correction is applied at the surface through
an SST relaxation scheme in NEMO. The major difference of the
configuration used in this study from the one described in Coppini
etal. (2023) is the inclusion of tides in the hydrodynamical core. On
the other hand, the coupling with waves is not activated to reduce
the computational demand required for the model integrations.

To test the impact of the improved ocean dynamics after glider
data assimilation on BGC, the daily output of the MedFS system
with and without glider assimilation are used to force the transport-
BGC MedBFM model. MedBFM is the official biogeochemical
model of the Copernicus Marine Service Mediterranean MFC
(Coppini et al.,, 2023; Cossarini et al., 2021; Salon et al., 2019).
The setup of the present simulations, which is fully aligned in terms
of domain, boundary, and rivers with the physical configuration, is
described in Cossarini et al. (2021), with the only difference that the
BGC model is run in hindcast mode.

2.2.2 Iberian-Biscay-lIrish seas analysis and
forecasting system

The IBI system is an operational system that produces ocean
forecast and reanalysis within the Copernicus Marine Service. The
physical component that is used in this study combines the NEMO
physical model with the SAM (Systeme d’assimilation de Mercator)
assimilation code. NEMO is run on a horizontal curvilinear grid of
1/36° resolution, a refined subset of the ORCA 1/12° used for global
simulations, over the Western European Seas (see Figure 1). The
grid has 50 z levels in the vertical, with a resolution decreasing from
~1 m in the upper 10 metres to more than 400 metres in the deep
ocean. A partial step representation of the very last bottom wet cell
is used with some constraints on the resulting minimum bottom cell
thickness to guarantee model stability. The equations assume
hydrostatic stability and Boussinesq approximation with a non-
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linear explicit free surface (Shchepetkin and McWilliams, 2004) to
represent fast moving waves such as tides. Vertical mixing is
parameterized using a k-¢ model implemented in the generic
form proposed by Umlauf and Burchard (2003) including surface
wave breaking induced mixing.

The IBI numerical model is forced with hourly atmospheric
fields (10-m wind, surface pressure, 2-m temperature, 2-m specific
humidity, precipitation rate, short- and long-wave radiative fluxes)
provided by ECMWE. IFS empirical bulk formulae (Brodeau et al.,
2017) are used to compute sensible heat flux, latent heat flux and
evaporation, and surface stresses. Solar penetration is parameterized
according to a five-band (considering UV) exponential scheme that
is a function of surface chlorophyll concentration, using the
Copernicus Marine ESA-CCI product covering the Northeast
Atlantic area (including the IBI domain) at a monthly frequency.

The assimilation scheme consists of a 3DVar bias correction for
the slowly evolving large-scale biases in temperature and salinity, and
alocal version of a reduced-order Kalman filter based on the Singular
Evolutive Extended Kalman Filter (SEEK) formulation introduced by
Pham et al. (1998). The background error covariance is based on the
statistics of a collection of three-dimensional ocean state anomalies.
These anomalies are computed from a free-run simulation (2013-
2019) with respect to a running mean to estimate the 7-day scale error
on the ocean state at a given period of the year. A Hanning low-pass
filter is used to create the running mean with a cut-off frequency equal
to 1/48 days. More information about the system can be found in
Lellouche et al. (2013, 2018) for the global configuration. The
assimilated observations are temperature and salinity in-situ
profiles, satellite along-track altimetry and SST.

2.2.3 Western Mediterranean OPerational analysis
and forecasting system

The Western Mediterranean OPerational forecasting system
(WMOP; Juza et al.,, 2016; Mourre et al., 2018) is a 2 km-spatial-
resolution regional configuration of the ROMS model over the
Western Mediterranean basin, excluding the Tyrrhenian Sea. It uses
32 sigma levels which are stretched to provide an enhanced
resolution in the surface layers. The model is run in forecast
mode on a daily basis, using surface atmospheric forcing from the
high-resolution (2.5km, 1h) Harmonie-Arome model of the
Spanish Meteorological Agency. Lateral boundary conditions are
provided by MedFS. Model outputs and associated figures,
evaluation and indicators can be accessed on SOCIB website
linked before in this section. The system assimilates Argo
temperature and salinity profiles, Sea Surface Temperature (SST)
and along-track sea level satellite observations through an
ensemble-based sequential method (Multimodel Local Ensemble
Optimal Interpolation; Hernandez-Lasheras and Mourre, 2018;
Hernandez-Lasheras et al., 2021). In this scheme, an ensemble of
eighty model states from three WMOP model reanalysis with
different model initialization and parameters is used to estimate
the multivariate background error covariances. A localization
radius of 200 km is also applied to limit the impact of spurious
long-distance covariances during the analysis step. The model fields
are updated every three days using this data assimilation procedure.
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2.3 Experiment setup

Three coordinated experiments are performed in parallel over
the year 2017 to assess the impact of glider observations on the three
analysis and forecasting systems described in Table 1. In each
system, a free run (FREERUN) is first performed as a control run
without any assimilation. A second run (NOGLIDS) assimilates or
relaxes to only the generic observations (SLA, SST, Argo profiles).
Finally, a third run (GLIDERS) assimilates glider observations in
addition to the ones in NOGLIDS. Table 2 summarises these
experiments. The results of these experiments are presented and
discussed in Section 3. Moreover, the physical ocean estimates in
NOGLIDS and GLIDERS obtained in the MedFS system are used to
force the MedBFM BGC system to study the impact of temperature
and salinity assimilation on the biogeochemistry in the region. The
results will be shown in Section 3.4. The following sections describe
the pre-processing of the glider observations, the validation datasets
and the metrics employed.

10.3389/fmars.2025.1456463

2.3.1 Quality control and pre-processing
before assimilation

Gliders go underwater along slightly inclined paths by changing
their density (Davis et al., 2002). They provide very high-resolution
observations in both space and time along their transect. The
assimilation systems used at MedFS (OceanVar) and MedBFM
(3DVarBIO) assumes a horizontal correlation length scale about 10-
20 km, while the WMOP data assimilation system uses an EnOI
scheme in which correlations are calculated from an ensemble of model
realisations, with an additional localization radius of 200 km. Given the
high-spatiotemporal resolution of gliders observations, their errors
cannot be considered as independent from each other. Moreover,
large differences in the resolution introduces a representation error in
the observation error covariance matrix, R, in addition to the
measurement error which is the instrumental accuracy. However,
assimilation systems in use assume uncorrelated errors in
observations, ie., diagonal R, for the technical difficulties both in
estimating off-diagonal terms of R and inverting it in the assimilation

TABLE 1 The main characteristics of the analysis and forecasting system configurations involved in the intercomparison developed and maintained by

MOi, CMCC and WMOP.

WMOP (SOCIB) MedBFM (OGS)

Mediterranean Sea
(+ Atlantic box)

Western Mediterranean Sea.
Gibraltar to Corsica-Sardinia

IBI (MOi) MedFS (CMCC)
Domain Iberia Biscay Irish + Western Mediterranean Sea (+
Mediterranean Sea Atlantic box)
Resolution 1/36° degree 1/24° degree (~4.5km)

Numerical model
Time step

Parameterizations

External forcing

Lateral open
boundary condition

50 z* vertical levels
NEMO v3.6
150 sec (Barotropic step 5sec)

Tides, atmospheric pressure

141 z* vertical levels
NEMO v3.6
120 sec (Barotropic step 2.4sec)

Tides, atmospheric pressure

~1/50° degree (2km)
32 vertical sigma-levels

ROMS v3.4
120 sec (Barotropic step 6sec)

No tides, No atm. pressure

1/24° degree (~4.5km)
125 vertical levels

MedBFM (OGSTM-BEM)

plankton functional types: 4
phytoplankton groups, 4
zooplankton groups, 1
bacteria group

Describes the biogeochemical
cycle of N, P, C, Si and O. It
includes the carbonate
system dynamics

33 rivers climatology

GLS k-epsilon - Internal
waves parametrization

Flather for barotropic
Prescribed + relaxation area
for baroclinic

ECMWE IFS (0.1° 3h)

Copernicus Marine GLO-MFC

climatological inputs from
39 rivers.

Richardson number-dependent
vertical diffusion

Flather for barotropic currents
and SSH. Orlanski for
baroclinic currents

ECMWF HR 10km, 6h

Copernicus Marine GLO-MFC

climatological inputs from 6
major rivers.

Generic model of two-equations
GLS turbulent closure.

Flather for 2-D momentum.
Chapman for surface elevation.
Mixed radiation-nudging for 3-
D equations.

AEMET (Spanish meteorological
agency) HIRLAM 5km, 1hr

Copernicus Marine MED-MFC

climatological inputs from
39 rivers.

MED-MFC PHY

Data Assimilation

SAM2 (SEEK Filter): can
assimilate SLA along-track, SST
L3s, ARGO profiles.

OceanVar: can assimilate SLA
along-track, ARGO vertical T/S
profiles. SST relaxation to
gridded product in NEMO

Multimodel Local EnOI: can
assimilate SLA along-track,
ARGO vertical T/S profiles, SST
L3 or L4 satellite product, HF-
Radar surface velocities

(Ibiza Channel)

3DVarBio: surface chlorophyll
concentration from
satellite observations
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TABLE 2 Summary of the experiments and assimilated observations using the systems in Table 1.

IBI (MOi)

MedFS (CMCC)

WMOP (SOCIB)

FREERUN | No assimilation No assimilation No assimilation

NOGLIDS | SLA, ARGO T/S, SST ODYSSEA (L3S SLA, ARGO T/S, relaxation to Copernicus Marine SST SLA, ARGO T/S, SST CMEMS MED HR
HR product) L4 product

GLIDERS GLIDER, SLA, ARGO T/S, SST ODYSSEA GLIDER, SLA, ARGO T/S, relaxation to Copernicus GLIDER, SLA, ARGO T/, SST Copernicus

(L3S HR product)

algorithms. The challenge of high-resolution observations is tackled in
the atmospheric community (Janjic et al., 2017), later adopted also by
the oceanic community, through the covariance inflation and
observation pre-processing.

Specifically for the glider observations, past experiences suggest
the following approaches, alone or combined, before the
assimilation step:

Pre-processing to handle horizontal correlations in
glider observations:

* Sub-sampling: Removing profiles in the inference radius of
the observation position.

* Superobing: Averaging profiles falling into the same area to
reduce the density of assimilated measurements.

Pre-processing to handle vertical correlations in
glider observations:

* Binning in vertical grid levels.

* Discarding observations with large variance in
vertical levels.

 Estimating representativity error from observation variance
in vertical levels.

Other treatments of profiles may include:

 Discarding profiles with vertical gaps larger than a certain
threshold between two measurements.
 Discarding profiles with a low number of measurements.

The optimal pre-processing of glider observations strongly
depends on the model used, the type of assimilation scheme, the
temporal window or the kind of observational errors considered.
Here, we will consider the observation errors uncorrelated for the
technical and computational reasons discussed above. Given the
differences between the analysis and forecasting systems, and the
fact that this optimal pre-processing approach is not unique, we
decided not to follow the same strategy. Instead, each system
employs its own pre-processing that minimises the errors in the
analysis the most. Nevertheless, there is a need for a dedicated study
for assessing the impact of different subsampling strategies which is
out of the scope of this work.

For the IBI system, all ascending glider observations are used
but they are interpolated vertically onto the model levels as it is also
done for the other in-situ observations assimilated in the system.

Frontiers in Marine Science

Marine SST L4 product

Marine MED HR product

This approach allows to adapt the number of points in the vertical
to the model resolution and avoid the assimilation of
correlated observations.

In MedFS, several strategies are tested to assimilate glider
observations. These include choosing all ascending and
descending profiles if they sample the first 10 m of the water
column to avoid constraining the surface with the deep
observations. Another approach was to vertically subsample all
ascending profiles on the model layers to avoid the correlations in
the assimilated observations. Finally, the approach we use in this
study is to select one profile from each dive, with the preference of
the ascending profile when it exists, and without applying any
vertical subsampling (Aydogdu et al,, 2023). This choice is done
partially considering an increased observation error to the gliders to
compensate for the dense observations. Moreover, we do not see a
major increase in the computational cost in the minimisation of the
cost function.

WMOP was already successfully used to assimilate glider
measurements, as illustrated in Hernandez-Lasheras and Mourre
(2018) where observations from up to eight glider vehicles were
assimilated simultaneously. Glider profiles are considered as vertical
in the present system (Copernicus Marine Service Level 2 product).
Superobbing is applied along the vertical. For each profile,
observations are binned in each vertical model grid cell. While
the average over the cell provides the value to be assimilated, the
variance is used to determine the vertical representation error. The
horizontal representation error variance is assumed to be (0.25)*'C?
and (0.05)* for temperature and salinity measurements,
respectively. The total representation error variance is the
addition of horizontal and vertical components. The
instrumentation error is (0.1)2°C? and (0.01)? for glider
temperature and salinity measurements, respectively. The model
updates after analysis is performed every 3 days. At each analysis, a
5-day centred time window around the analysis time is used to
select the glider, Argo and satellite along-track altimeter
observations to be assimilated. These are added to the satellite
SST Level 4 observations of the day of analysis.

2.3.2 Validation datasets and metrics

We performed a validation and intercomparison of three
systems, putting a special emphasis in their capacity to reproduce
physical processes and features. We focus on the transport
processes in the Ibiza channel and on the formation and
development of an anticyclonic warm core eddy in the Balearic
Sea. This eddy has been previously studied in Aguiar et al. (2022),
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where the authors demonstrated that while the main driver of this
eddy were the strong mistral winds in the region, the northward
freshwater inflows linked to the dynamics across the Ibiza Channel
also had an impact on the intensity of the eddy. In this work we
have analysed the differences and capacities of the three systems to
reproduce both processes in the different data assimilation
experiments. The eddy structure is assessed by comparison with
satellite observations, while the transport in the Ibiza Channel from
the model is compared to that computed from the endurance line
glider profiles available during most part of the year (Figure 1).

Since the eddy is present both in Sea Surface Temperature (SST)
and in Sea Level Anomaly (SLA) observations, we have quantified,
between the months of August to December 2017, the mean error
(BIAS), root mean square difference (RMSD) and correlation
between the different model estimates and the L4 satellite products
in the Balearic sea region, in an area spanning from 1.8°E to 4.2°E in
longitudinal, and 40.0°N and 41.8°N in latitudinal directions. To this
aim, we extracted daily mean surface fields of the three systems and
interpolated them onto the same 1/50° regular grid. Satellite
observations were interpolated to that same grid before computing
comparison metrics. For altimetry, we used the Copernicus Marine
Service SEALEVEL_EUR_PHY_L4 MY_008_068 product and
compared the absolute dynamic topography with the modelled sea
surface height. For SST, we used the Copernicus Marine Service
SST_MED_SST_L4 NRT_OBSERVATIONS_010_004 product and
compute the metrics between the satellite L4 foundation and the
model’s temperature in the first model layer.

In the results section below, we only show the SST maps for
December, when the eddy is more intensified. The monthly means
of the correlation and centred root mean square difference
(cRMSD) are shown for this month, that we consider to be the
most significant and explanatory for the performance of the
systems. For SST, we consider the cRMSD to be more
representative of the model capacity to reproduce a certain
feature, since it does not include bias and thus is more related to
the shape of the structure.

Besides, we used an eddy tracker algorithm (Mason et al., 2014)
to perform a further qualitative validation. Given a sea surface height
(SSH) field, the algorithm computes the geostrophic velocities, and
identifies the eddies present in the simulations based on the contour
shapes and the SSH gradients, categorising them in cyclonic or
anticyclonic. Afterwards, given these daily identified eddies, the
algorithm makes the tracking of the eddy trajectories, given a set of
parameters. In our case we consider eddies that persist a minimum of
15 days, allowing 3 consecutive days of missing detection.
Additionally, the sea surface height fields are filtered using a high-
pass Bessel filter with a wavelength of 400 km to eliminate the large
scale and focus on the mesoscale structures.

In the Ibiza Channel, following the work of Heslop et al. (2012),
for each of the 44 available transects of the gliders in the year 2017,
the observed temperature and salinity profiles are interpolated on a
regular grid of the channel. From these T and S profiles, the
dynamic height and the resulting cross-channel geostrophic
currents are computed. Geostrophic transports are then evaluated
by multiplying the positive and negative currents by the
corresponding section. This method was also applied by Barcelo-
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Llull et al. (2019) in the Mallorca channel and used to validate the
operational model in Juza et al. (2016). To evaluate the transport of
different water masses, a criterion to detect Winter Intermediate
Water (WIW) was applied using the code from Juza et al. (2019).
Atlantic Waters and Levantine Intermediate Waters are deduced
from this criterion. We applied the exact same method to the model
data co-located on the observation location and time in order to
make a fair comparison to observations transports.

3 Results

In this section, we present the results of the experiments
described in section 2.3. Various metrics described in section 2.4.2
are employed to assess different experiments. Comparisons are
limited to the overlapping region in the western Mediterranean Sea.

3.1 Skill assessment against
glider observations

In Figure 2, we show the comparison of experiments, i.e.,
FREERUN, NOGLIDS and GLIDERS, in each system in terms of
RMSD against temperature and salinity glider profiles. Note that
this specific validation, for GLIDERS, cannot be seen as fully
independent as it uses glider data. However, the validation is
performed on the entire dataset for all systems, while only a part
of these observations was assimilated due to the preprocessing
applied in each system (see Section 2.1.3).

The experiments in which glider observations (GLIDERS, in
green) are ingested outperform experiments without gliders
(NOGLIDS, in orange) and without assimilation (FREERUN, in
blue) in each system for temperature (Figures 2A-C). The profiles
of temperature RMSD in IBI (Figure 2A) shows an overall
improvement up to 24% at surface layers with a slight
degradation at depth maximum of -7% compared to NOGLIDS
around 900 m. In MedFS, we note a small degradation of about 8%
at the upper 0-50 m in the temperature, identified during the season
with increased stratification (not shown). This may be due to
improper observational errors that do not adequately represent
the warming at the surface layers. Besides, glider assimilation
improves the skill of the system (Figure 2B) up to 28% around
150 m against NOGLIDS. In WMOP, GLIDERS shows a
significantly better skill with a 30% improvement close to the
surface against NOGLIDS, which have slightly higher temperature
mismatch with respect to the observations compared to the
FREERUN (Figure 2C). Overall, glider data assimilation
significantly improves the temperature estimates in all the systems.

For salinity, all systems (Figures 3D-F) benefit from glider
assimilation demonstrating a better skill in all depths reaching up to
25%, 20% and 30% in the IBI, MedFS and WMOP, respectively. The
errors are significantly reduced in GLIDERS compared to
NOGLIDS and FREERUN till about 400 m. Below 800 m, in all
systems, we note a slight error increase in GLIDERS. The
degradation can reach 15% in IBI and 13% in WMOP while
remaining 7% in the MedFS.
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FIGURE 2

RMSD of temperature (A-C) and salinity (D-F) for IBI (A, D), MedFS (B, E) and
(green). The shaded area represents the distribution of observations through

WMOP (C, F) from FREERUN (blue), NOGLIDS (orange) and GLIDERS
the water column.

3.2 Skill assessment against
satellite observations

In this section, the focus is on the validation against sea surface
temperature and height satellite observations. We do not assess the
skill only statistically in this case but investigate the long-lived anti-
cyclonic eddy developed between Barcelona and the Balearic Islands
and studied in detail by Aguiar et al. (2022; see their ). The eddy
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formation started in August 2017 and lasted until the end of
December as identified by satellite SST observations (Figure 3 last
column). In December, all FREERUN experiments represented the
eddy but were misplaced in IBI and WMOP and too large in MedFS.
The intensity of the eddy seems to decrease with the assimilation in
NOGLIDS in all the systems while the location becomes adjusted
and better correlated with satellite SST. Eventually, with the
integration of glider observations in GLIDERS, the shape and
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Monthly mean SST for IBI (A-C), MedFS (D-F) and WMOP (G-I) for FREERUN, NOGLIDS and GLIDERS. We also depict in (J) the mean SST from
satellite L4 products of Copernicus Marine Service for comparison in red box. The blue box represents the area used to compute the error metrics

shown in Figure 4.

position compare better with the observations. All systems present a
correlation over 0.9 for GLIDERS, significantly improving their
results with respect to NOGLIDS (Figure 4). Besides, the ingestion
of glider observations leads to a reduction of the cRMSD in the
MedFS and WMOP systems, around 25% and 36% respectively,
while IBI does not show a significant impact. The IBI system is the
only one in which the assimilation of glider observations doesn’t
have a marked impact, possible due to the good performance

already obtained with the FREERUN, with a correlation above
0.88 and the lowest cRMSD among all simulations. While the SST
correlation is still slightly improved, the RMSD in the area is
identical between GLIDERS compared to NOGLIDERS. A similar
conclusion can be drawn by tracking the location of the eddies in
the region compared to the altimeter-based observations. In
Figure 5, we show the trajectory of the eddy estimated from the
altimeter in the red box on the rightmost panel and different

SST Correlation December

SST cRMSD December

a) Balearic Sea b) Balearic Sea
1.0 0.8 | ™= FREERUN
s NOGLIDS
| mmm GLIDERS
081 0.7
0.6 1
0.4+
s FREERUN
0.2 1 m=m NOGLIDS
= GLIDERS

IBI WMOP

MedFS

FIGURE 4

MedFS WMOP

(A) Correlation and (B) cRMSD of SST for FREERUN (blue), NOGLIDS (orange) and GLIDERS (green) for each system computed over the blue box

illustrated in Figure 3.
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experiments from each system between August and December. In
the FREERUN, none of the systems correctly captures the eddy
position during its entire evolution. MedFS captures the trajectory
well but with a displacement of the centre of eddy tens of km’s,
while IBI represents the eddy during the last part of November and
December but slightly displaced southwards, with respect to the
altimetry. The assimilation in NOGLIDS helps all systems to better
locate the eddy. However, it presents difficulties to track it during
the entire period. The algorithm used shows different tracks, as the

eddy in these data assimilative runs may be abruptly changing

10.3389/fmars.2025.1456463

position and shape or being replaced by another eddy, and thus the
algorithm does not follow a continuous trajectory. MedFS is now
accurate also for the location but with a shape that is a bit degraded.
IBI and WMOP get closer to the observed trajectory compared to
the FREERUN. In GLIDERS, WMOP has a better adjustment of the
trajectory compared to NOGLIDS. In MedFS, the initial and final
position of the eddy are also represented more accurately.

Overall, considering the different metrics, the assimilation of
gliders is found to help improve the representation of this long-
living mesoscale structure.
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FIGURE 5

Trajectories of anticyclonic eddies tracked in the Balearic Sea from August to December 2017, with 15 or more days of life cycle estimated for IBI
(A-C), MedFS (D-F) and WMOP (G-I) for FREERUN (left), NOGLIDS (center) and GLIDERS (right) columns of the 3x3 panels. (J) The trajectory

estimated from the altimeter is depicted.
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3.3 Transport through the Ibiza channel

We now turn our attention to the dynamical impacts in the
Ibiza channel. In Figure 6, we show the geostrophic velocities in the
channel calculated for different seasons. In winter, observations
show that southward velocities dominate the flow in the channel
above 200 m with a northward flow confined around 1°E. In all the
systems, this northward flow occupies a larger section through the
channel in NOGLIDS which is constrained better and localised in
GLIDERS. The southward velocities in the western section are
overestimated in all the systems in NOGLIDS and readjusted and
improved in GLIDERS compared to observed velocities. The flow
observed below 400 m, mostly northward, is correctly represented
in each system. The southward flow which appears in NOGLIDS in
WMOP between 400-600m around 0.7°E is accurately adjusted in
GLIDERS. The RMSD decreases in all systems with the assimilation
of glider observations, up to 2.5 cm/s. In April-June, northward
velocities strengthen and spread westwards, which is well represented
in IBI in both runs and overestimated in the other two systems in
GLIDERS. MedFS improves in GLIDERS while missing the subsurface
southward flow in the western section around 0.4°E which is well
captured by WMOP and IBI. In July and September, surface flow is
divided in two southward and two northward branches in a dipolar
structure. The western and eastern sections are dominated by strong
southward and northward velocities respectively, neighboured by an
opposite flow. This structure is well captured only in the IBI system
after the assimilation of gliders with an RMSD of 2.04 cm/s. There is a
degradation in the MedES in this period with an increase of RMSD
about 1 cm/s while WMOP improves by about 1.2 cm/s. Finally,
between October and December geostrophic velocities are mostly
northwards. They are well-captured by IBI in NOGLIDS and
GLIDERS and improved in WMOP in GLIDERS. In MedFS,
assimilation of glider observations strengthens the southward
velocities and degrades the estimates.

In the Western Mediterranean Sea, several water masses can be
identified: the surface Atlantic Waters (AW) coming from the
Gibraltar Strait and getting saltier as it propagates around the
basin, below them is the Levantine Intermediate Waters formed
in the salty Eastern Mediterranean Sea that represent a maximum of
salinity and the Western Mediterranean Deep Water (WMDW) at
the bottom, created by the deep convection in the Gulf of Lion. The
last typical water mass in the region is the WIW that are also formed
in winter in the Northern part of the Western Mediterranean Sea
under less strong conditions, characterised by a minimum of
temperature and situated above the LIW.

The focus of the previous figure was on the Atlantic Waters in
the upper part of the water column as this is the strongest transport
in the channel and instead Figure 7 depicts the monthly time series
of northward and southward transport of the intermediate water
mass WIW through the Ibiza Channel. In the observations (in black
line on all three panels), we measure strong transport northward
and even stronger southward that gradually decreases until reaching
zero at the end of the year. In IBI and MedFS, FREERUN does not
have a transport of WIW as none were detected in the sections
corresponding to the glider missions. WMOP has some WIW being
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advected southward in spring but with an underestimated total
transport. In IBI, NOGLIDS represents the transport of WIW in
both directions at the beginning of the year and this gets better
when glider observations are included with a reduction of the
RMSD (0.01 Sv improvement in northward transport) but the
transport is still lower than observed. The MedFS run with
assimilation of datasets other than gliders does not improve the
transport of WIW but the inclusion of gliders shows a clear
improvement of the transport in both directions with values
below but still comparable to the observed transport and a
reduced RMSD (0.02 Sv and 0.07 Sv improvement in northward
and southward transports). In WMOP, NOGLIDS degrades the
transport of WIW with an increased transport in the second part of
the year. The assimilation of glider observations corrects this
behaviour and the evolution of WIW transports gets closer to the
observed data, although with some underestimation in both
directions (0.01 Sv and 0.05 Sv improvement in RMSD of
northward and southward transport, respectively).

In summary, the representation of WIW transport through the
Ibiza channel and its evolution throughout the year is found to be
positively affected by glider data assimilation in all three systems.

3.4 Impact on MedBFM analysis estimates

We now consider the impact of using these data-assimilative
simulations to force a biogeochemical model. These results
exemplify how the assimilation of temperature and salinity from
gliders can have a positive cascading effect also on biogeochemical
variable patterns. Indeed, while the surface chlorophyll is generally
overestimated by the biogeochemical model with respect to satellite
data during the transition from low-surface value (November) to
the autumn bloom (December, Figure 8), it is interesting to note
how glider-corrected ocean dynamics produced a positive impact
on specific biogeochemical dynamics and improved the quality of
surface chlorophyll spatial patterns in the area north of the Balearic
Islands. In particular, the anticyclonic eddy (dashed boxin Figure 8)
is weakly simulated by NOGLIDS (Figure 3) and surface
chlorophyll maps (Figures 8B, E) only partly show the round-
shape low values visible in the satellite map of December. When
gliders are assimilated, ocean dynamics simulated a more intense
activity of the eddy with enhanced vertical mixing in its core (not
shown). Consequently, while the rest of the basin underwent an
increase of surface chlorophyll values due to the autumn bloom,
specific dynamics (i.e., an excess of dilution due to enhanced vertical
mixing) occurred in the core of the eddy increasing the fidelity of
the simulated pattern (Figure 8F) with the satellite one (Figure 8D).
Spatial correlation computed within the inner box improves from
0.47 to 0.57 in the NOGLIDS and GLIDERS simulations and
modelled values of GLIDERS become closer to satellite
observations with a 25% decrease of RMSD (Table 3).

Figure 9 clarifies the changes on the vertical dynamics produced
by the assimilation of gliders. Following the summer stratified
conditions (November), enhanced vertical mixing initiated a
surface chlorophyll bloom over the whole area (December).
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FIGURE 6

Section of geostrophic velocities through the Ibiza channel (see Figure 1). In the first row, the estimates from the glider observations are shown for
Jan-Mar, Apr-Jun, Jul-Sep and Oct-Dec periods from left to right, respectively. The second and third rows show the same periods for the IBI
NOGLIDS and GLIDERS experiments, respectively. The fourth and fifth rows show the same periods for the MedFS NOGLIDS and GLIDERS
experiments, respectively. The last two rows depict the same periods for the WMOP NOGLIDS and GLIDERS experiments. The RMSD of each
experiment for each system is shown in each panel.

However, the glider assimilation produced an extra mixing in the 4 Discussion and conclusions

core of the eddy that made the dilution due to vertical mixing
exceeding the phytoplankton growth capability and generating the In this study, we presented a set of coordinated experiments to
pattern with minimum values at the centre of the eddy (Figure 9D).  assess the impact of glider observations on three distinct ocean
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FIGURE 7

Northward and southward monthly transport through the Ibiza channel for (A) IBI, (B) MedFS and (C) WMOP from observations (black), FREERUN

(blue), NOGLIDS (orange) and GLIDERS (green).

analysis and forecasting systems overlapping in the Western
Mediterranean Sea - IBI, MedFS and WMOP - using various
metrics and diagnostics. Moreover, a BGC analysis system,
MedBFM, is employed to understand how the corrections
through temperature and salinity glider measurements can impact
the biogeochemical state of the Mediterranean Sea in a forced/
offline coupled configuration.

The aim of this study is to assess the impact of glider observations
and investigate the methodologies to ingest them while developing

NOGLIDS

metrics and diagnostics to intercompare completely different systems.
The same set of experiments are performed using each system i)
without assimilation, ii) with assimilation but without gliders and
finally iii) with gliders. A set of year-long experiments for the impact
assessment of gliders with three different analysis systems makes this
study unique to our knowledge.

As it is shown, glider assimilation has an overall positive impact
on the state estimation of the Western Mediterranean no matter
what system is employed or how the preprocessing of the observations

GLIDERS
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FIGURE 8

Monthly maps of surface chlorophyll (mg chla/m?®) in the north Balearic Sea for the satellite (A, B) and the simulation without (B, E) and with (C, F)
glider assimilation. Inner black dashed boxes in the December maps indicate the area over which the statistics is computed.
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TABLE 3 Statistics of chlorophyll computed for December in the areas
delimited by the dashed box in Figure 8.

Min-median- RMSD Correlation
max [mg
[mg chla/m3] chla/m3]
SATELLITE 0.11-0.15-0.34
NOGLIDS ‘ 0.21-0.25-0.32 0.11 047
GLIDERS ‘ 0.14-0.23-0.29 0.08 0.57

are performed. The experiments with glider assimilation usually show
a better skill compared to the other two experiments in terms of SST
and temperature and salinity profiles RMSD. A few cases were
identified in which the model performance could be improved with
abetter tuning of the observation errors. However, the overall statistical
skill is better in the experiments with glider assimilation. This is also
true when considering the representation of the specific long-lived
eddy event in the Balearic Sea and the transport of water masses in the
Ibiza Channel. Finally, glider data assimilation is also found to have
positive impacts on the biogeochemical variables represented by a
model forced by the different physical simulations.

In the case of the Balearic eddy, both the SST and altimeter
observations confirm that gliders help improve the location and
intensity of the eddy. We highlight here that in the experiment
period there is no glider deployed in the eddy area. The impact
probably comes from the closest glider data in the Ibiza Channel to
the south, and from the Gulf of Lion to Menorca Island to the east. This
shows the importance of monitoring the ocean with a glider network to
better estimate mesoscale features and suggests the importance of
correcting the circulation patterns in regions even far away from the
target areas. Aguiar et al. (2022) found evidence that the important
factors for the generation and intensification of the eddy were the

10.3389/fmars.2025.1456463

intense north-westerly wind events and the strong thermal front
formed between the Gulf of Lion and the Balearic Sea at the end of
the summer. Northward inflows of relatively fresh water through the
Ibiza Channel were also demonstrated to have some impact. The better
representation of the thermohaline properties over the basin is
probably responsible for the better representation of the eddy
location and intensity in the simulations with glider data
assimilation in this study.

The geostrophic velocities and associated transports of WIW
through the Ibiza Channel have been investigated in the different
systems, showing the benefit of the observations collected along the
corresponding endurance line to improve the flow characteristics
especially close to the surface. The transport of WIW is improved in
all three systems when the glider observations are assimilated.

Finally, we showed that glider assimilation helps to improve the
biogeochemical estimates by modifying water masses and
improving mesoscale structures through their role on the mixing
dynamics. The results are encouraging to go a step further and
assimilate BGC glider observations in the coupled configurations.

We conclude that all of the systems used in this study benefit from
glider observations when assimilated in their standard configuration.
The improvements are of the same order of magnitude in all three
systems, yet with slightly different behaviours according to the
evaluation metric under consideration. This provides both
robustness and uncertainty estimates to the glider data impact
assessment presented in this study. Besides the demonstration of the
value of glider observations for Western Mediterranean forecasting
systems, this intercomparison exercise also allowed us to highlight
relative strengths and possible deficiencies of the different systems,
which is useful to identify future ways of improvement. Overall,
considering the positive impact on forecasting systems, we
recommend maintaining the current glider endurance lines and

NOGLIDS
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FIGURE 9

Vertical section of chlorophyll monthly averages at Lon=3° in the northern Balearic Sea for the runs without (A, C) and with (B, D) glider assimilation.
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possibly enhancing the glider network by further deployments in the
Mediterranean and European Seas.
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