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Ocean biomass distribution has a growing importance in the world economy as a global strategic reserve, due to
environmental and industrial applications and its variability related to climate change. Satellite imagery allows
multi-resolution methodologies to obtain estimation, and hopefully classification, of biomass content over sea
surface. This information is largely used in numerical simulations and nowadays represents an important
contribute to future projections. Nevertheless, satellite, models and classical in situ monitoring resolution/ac-
curacy sometimes cannot provide data at the finer spatial scales needed to describe the complex three-
dimensional water column system. On the other hand, glider surveys allow scientists to collect observations of
ocean phenomena at very high resolution along the water column, to assess numerical simulations reliability
and, eventually, to assimilate these data into ocean models. In this study, we present a quantitative comparison
between the glider observations collected in the Algerian Basin (Western Mediterranean Sea) during the ABACUS
surveys from 2014 to 2018, and the daily outputs of two co-located CMEMS model products (i.e., GLB and IBI).
The achieved results point out that model products are well correlated with glider potential temperature mea-
surements but they still need improvements to provide a correct representation of the chlorophyll concentration
variability in the study area. Generally, IBI daily simulations present higher linear correlation with concurrent
glider in situ data than GLB ones. IBI products also reproduce better the pattern of the local maxima of chlo-
rophyll concentration across the Algerian Basin. Nevertheless, they largely underestimate glider chlorophyll
measurements and present significant differences that limit their capability to reproduce its upper ocean con-
centration that is needed for accomplishing advanced ecological studies.

1. Introduction

Natural capital refers to the stock of natural assets, including soil, air,
water and all living things, generating a wide range of ecosystem ‘goods
and services” which enable humans to live, and produce value or ben-
efits to people directly or indirectly (Barbier, 2019). These assets are
currently under pressure all over the globe, resulting in changes in the
function of several ecological systems and in the benefits derived by
people (Leach et al., 2019). Ecosystem services are the direct and indi-
rect contributions of ecosystems to human well-being, so that its valu-
ation is now widely recognised as a useful, though sometimes neglected,
tool for conservation and management in the terrestrial and marine
environment (MERP 2019). Moreover, understanding marine
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environment functions and how we alter them is essential for prepara-
tion of the basic concepts for conservation and sustainable use of marine
biodiversity.

In the last decades, contemporary threats to marine biodiversity due
to increasing anthropogenic pressure (e.g., climate change, pollution
and unsustainable fishing) are likely to cause unpredictable changes in
the provision of marine ecosystem services. Marine ecosystems are
amongst the most productive environments in the world and their stocks
of natural capital offer a bundle of vital ecosystem services (MERP
2019). In particular, ocean biomass distribution has a growing impor-
tance in the world economy as a global strategic reserve. Understanding
how the marine environment functions to maintain natural capital to
provide goods and services, and how we may be altering it directly (e.g.,
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by over exploitation) or indirectly (e.g., through climate change) is
essential for a sustainable long-term future for the marine environment
and humans (Picone et al., 2017).

The alteration of algal community composition and distribution
represents an important bio-indicator of several climate-driven effects
on environmental forcing and marine ecosystem equilibrium (Sathyen-
dranath et al., 2014). Chlorophyll-a (hereafter Chl-a) concentration
measurements play a fundamental role in marine ecosystem research as
excellent proxy for phytoplankton biomass and seawater trophic con-
ditions (Sathyendranath et al., 2017). The information on Chl-a patterns
at global and regional scales is usually pursued through several ap-
proaches, e.g., modelling studies, in situ measurements and satellite
sensors (Sammartino et al., 2018).

Ocean models has brought to bear a vast range of skills and experi-
ence from empirical scientists to modellers to socio-economists with the
aim of understanding how we can maximise the benefits we get form our
seas through trade-offs between economic, ecological and cultural ac-
tivities and services while maintaining clean, safe and healthy seas, and
the living natural capital they contain (MERP 2019).

The ocean, however, is difficult to monitor, to study and to model, as
it is characterized by multiple factors, including complex processes
occurring on several spatial and temporal scales, impressive biodiversity
and serious governance issues. To obtain a complete view of such pro-
cesses and provide valuable input data to models, ocean scientists aim at
collecting data over long time periods and at the higher temporal and
spatial resolution feasible. Historically, these measurements were
continually provided by fixed sensors (e.g., moorings) and ship ocean-
ographic campaigns, obtaining measurements which are mostly one
dimensional, i.e., at a single point along depth, or two dimensional
through a cross section, i.e., data along depth on a ship track (Castagno
et al., 2020). Furthermore, using classical methodologies for ocean dy-
namics monitoring and biomass inventory is usually time consuming
and expensive, while results can be affected by synopticity and
spatio-temporal scale issues. Additionally, progress in numerical
modelling also demonstrated the importance of mesoscale and fine-scale
processes in shaping the biochemical cycles and biodiversity distribu-
tion (Lévy et al., 2018). Since scale interactions are ubiquitous, it is then
of crucial importance to gain insight simultaneously into the large-scale
circulation, the mesoscale dynamics and the sub-mesoscale processes.
Unfortunately, reaching this objective using conventional cruise strate-
gies is not straightforward, leading to a lack of in situ observations of
fine-scale processes. These difficulties increase due to the lack, in some
cases, of available open-source data (Di Luccio et al., 2020).

Since 1970s, the availability of satellite imagery allowed the devel-
opment of new methodologies to obtain a global estimation, and
hopefully classification, of biomass content over sea surface (e.g.,
Stromberg et al., 2009; Groom et al., 2019), also in combination with
traditional in situ measurements (e.g., Aulicino et al., 2016; Rivaro et al.,
2017; Misic et al., 2017; Mangoni et al., 2017; Rivaro et al., 2019a,
2019b). Furthermore, 25 years of progress in radar altimetry improved
our capability of monitoring and understanding ocean circulation at
large and mesoscales, but for the fulfillment of stringent requirements of
observing sea level rise and its acceleration (Abdalla et al., 2021; Buo-
nocore et al., 2020).

Due to their synoptic view, satellite observations partly fill the gap
between large- and fine-scale dynamics. For many years, surface tem-
perature and ocean colour products have been effectively used providing
a greatly increased coverage of the ocean at different spatio-temporal
scales. Nowadays these products represent an important contribution
to ocean studies and are profitably used for assimilation in numerical
simulations (Payne et al., 2019). Nonetheless, their measurements give
us information only about the near surface pattern and provide a 2D
(latitudinal/longitudinal) view of the ocean without describing what
happens in the water column.

Considering the light penetration depth in the seawater, for example,
satellite Chl-a represents only one fifth of the total Chl-a content within
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the euphotic zone, ignoring the algal biomass variability at deeper layers
(Morel and Berthon, 1989). Still, as for classical in situ measurements,
satellite products are often limited in resolving the large spatial and
temporal variability of ocean biomass distribution and dynamics (e.g.,
neglecting the small- or mesoscale) because of their intrinsic charac-
teristics (e.g., revisiting time, swath width, pixel resolution). Thus, they
are not able (alone) to provide the high resolution detail of the complex
three-dimensional ocean structure that is needed by ocean modellers for
an improved initialization (and/or validation) of their numerical simu-
lations. Additionally, most of satellite data do not reach the adequate
resolution and quality when approaching the coast.

To overcome this limitation, several works attempted to reconstruct
the sub-surface Chl-a field (and/or the column-integrated primary pro-
duction) from surface satellite observations through different ap-
proaches including statistical methods (e.g., Morel and Berthon, 1989;
Buongiorno Nardelli et al. 2006; Buongiorno Nardelli et al., 2017),
machine learning techniques (e.g., Gueye et al., 2014; (Sauzede et al.,
2016)) and neural network methods (e.g., Scardi et al., 2001; Richard-
son et al., 2002; Sammartino et al., 2018; (Buongiorno Nardelli, 2020)).
Although several factors affect the successful extrapolation of the ver-
tical structure from its surface pattern, in temperate areas, as the Med-
iterranean Sea, the existence of a strong seasonality makes the Chl-a
vertical structure rather predictable (Sammartino et al., 2018). On the
other hand, these products are usually validated versus climatological
information and infer a smoothed representation of the punctual 3D
structure of the ocean that partially improve the very sparse water col-
umn in situ information. Moreover, predicted Chl-a spring bloom can be
significantly modified by eddy-driven slumping of density gradient at
basin scale (Mahadevan et al., 2012).

As a result, a better design of sampling strategies and an enhanced
resolution of data both in space and time are of fundamental importance
to capture the observed phenomena along ocean depth. Lagrangian in-
struments provided then additional information to complete the
description of the ocean variability but faced new limitations. This is
especially the case of the Algerian Basin (hereafter AB) where Argo
floats residence times, for instance, are very short (Taillandier et al.,
2020) owing to the large density gradients and the associated strong
currents (Poulain et al., 2012; Bouzaiene et al., 2018).

Recently, the advent of autonomous underwater vehicles (hereafter
AUV) has enabled a complementary data acquisition approach and a
higher accuracy and sampling resolution for a given region of interest,
such as the AB (Aulicino et al., 2018; Cotroneo et al., 2019). This could
address the pressing need amongst ocean scientists and modellers to
efficiently and effectively collect the high resolution data which are
expected to improve our monitoring and estimating capability of the
phytoplankton ocean biomass stocks. In fact, AUV observations can
represent an unprecedented opportunity to investigate the very
fine-scale ocean processes and provide modellers information useful to
reduce the grid size below a few hundred meters and properly resolve
the ocean dynamics (Garreau et al., 2020). This is particularly important
in specific ocean areas, e.g., the Mediterranean Sea, which are known for
being characterized by intense and contrasting dynamics. Previous
studies, for instance, emphasized that very high resolution in situ data
can be essential to identify the effects of frontal instabilities generating
Chl-a filaments, or those of eddies acting both as biological barriers and
drivers of plankton diversity (Cotroneo et al., 2016; Bosse et al., 2017;
Ruiz et al., 2019; Sanchez-Roman et al., 2019; Garreau et al., 2020).

In this study, we i) present the high resolution glider ocean obser-
vations (potential temperature, salinity, Chl-a) collected in the AB
(south-western Mediterranean Sea) between 2014 and 2018 during a
series of dedicated glider surveys (Cotroneo et al., 2019), and ii)
compare this information with co-located numerical simulations outputs
provided by Copernicus Marine Environment Monitoring Service
(CMEMS). The main goal is to evaluate the CMEMS daily products
capability to give us reliable information about the Chl-a concentration
of the water column in one of the most important areas of the
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Mediterranean Sea (i.e., the AB), and strengthen the importance of
glider high resolution data for improving our knowledge of the study
area phytoplankton biomass and seawater trophic conditions.

The paper is structured as follows: study area, datasets and meth-
odologies are described in Section 2; results are presented and discussed
in Section 3; concluding remarks are summarized in Section 4.

2. Study area and datasets
2.1. The Algerian Basin

The Mediterranean Sea is a semi-enclosed evaporation basin, largely
driven by the thermohaline circulation, which exhibits many processes
of primary interest in the functioning of the global ocean (Robinson and
Golnaraghi, 1994) and presents an high connection amongst its
sub-basins (Celentano et al., 2020). It is a relatively restrained and
accessible area, thus providing an excellent opportunity to investigate a
large amount of geophysical and biochemical oceanic features (Bar-
celo-Llull et al., 2020), from long term changes in water properties
(Fusco et al., 2008; Krauzig et al., 2020) to the possible interaction be-
tween ocean properties and anthropogenic impact on the marine envi-
ronment (i.e., marine litter dispersion, Zambianchi et al., 2017).

The AB is a wide and deep transit region of the south-western
Mediterranean that occupies a large area between the Balearic Islands,
the Algerian coast and the Sardinia Channel (Fig. 1). It is characterised
by the presence and interaction of different water masses (e.g., fresh
surface Atlantic Waters, more saline resident Mediterranean Waters,
intermediate Levantine Intermediate Waters, Western Mediterranean
Deep Waters), whose properties varies according to different stages of
mixing, geographical position, and residence time (Millot et al., 1999).
The general circulation of these water masses is strongly influenced by
both an intense inflow/outflow regime and complex circulation patterns
(Pascual et al., 2013; Aulicino et al., 2019), which act at different spatial
and temporal scales, including basin-scale, sub-basin-scale, and meso-
scale (Robinson and Golnaraghi, 1994; Vidal-Vijande et al., 2011),
allowing multiple interactions and a high seasonal and interannual
variability in the basin (Fusco et al., 2003).

Typically, Atlantic Waters entering from the Strait of Gibraltar flows
eastward carried by the Algerian Current (AC). Due to complex hydro-
dynamic processes, AC becomes unstable along its path and generates
several meanders that usually evolve into fresh-core mesoscale struc-
tures, i.e., eddies and filaments (Fig. 1). These structures propagate
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Fig. 1. Schematized representation of the surface circulation in the western
Mediterranean Sea (adapted from Poulain et al., 2012 and Heslop et al., 2012).
The red box identifies the sub-region in Fig. 2, i.e. the Algerian Basin sector
south of the island of Mallorca. Northern Current (NC), Balearic Current (BC),
Algerian Current (AC) and mean position of recurrent anticyclonic Algerian
Eddies (aAE) are labelled.

Ecological Modelling 455 (2021) 109619

downstream and promote water mass mixing all over the AB (Ruiz et al.,
2002; Taupier-Letage et al., 2003; Testor et al., 2005; Escudier et al.,
2016; (Bosse et al., 2016); Pessini et al., 2018, 2020), impacting the
distribution of physical properties, especially at surface and intermedi-
ate depths (Pascual et al., 2013).

This dynamic and very energetic activity has also marked re-
percussions on biogeochemical properties (Cossarini et al., 2012; Cop-
pola et al., 2018) which modulates biological activity and ecosystems
(Taupier-Letage, 1988; Taupier-Letage et al., 2003) through nutrient
injection (removal) into (out of) the euphotic layer (Olita et al., 2011;
Cotroneo et al., 2016). These processes contribute to algal blooms and
primary production rates, also leading, locally and episodically, to un-
expectedly high Chl-a or primary production values for the Mediterra-
nean region (Robinson, 1983; Raimbault et al., 1993; Mahadevan et al.,
2012).

2.2. ABACUS glider dataset

Gliders are AUVs able to provide high resolution physical and
biochemical measurements along the water column, controlling their
buoyancy to allow vertical motion (Webb et al., 2001).

Four deep SLOCUM G2 glider missions were carried out in the AB
between 2014 and 2018 by Universita degli Studi di Napoli Parthenope,
in collaboration with Balearic Islands Coastal Observing and Forecasting
System (SOCIB) and the Mediterranean Institute for Advanced Studies
(IMEDEA CSIC-UIB).

A total of 14 glider deep transects were completed during the four
ABACUS projects realizing a repeated monitoring line between the is-
land of Mallorca and the Algerian coast (Fig. 2). Each mission had an
average duration of about 40 days and was mainly carried out during fall
(i.e., between September and December 2014-2018) or spring (in May-
June 2018), as summarized in Table 1. All the glider surveys were
conducted along neighbouring SARAL/AltiKa (ABACUS 1 to ABACUS 3)
and Sentinel-3A (ABACUS 4) satellite groundtracks. The timing of the
glider missions were also accurately planned to be almost simultaneous
with the satellite passages in order to optimize the synopticity between
in situ and remote sensed observations. Additionally, in 2014 and 2015,
after the realization of the defined transects, the glider was deviated
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Fig. 2. Glider casts positions during the ABACUS missions at sea in autumn
2014 (red), 2015 (green), 2016 (blue), 2017 (cyan), and spring 2018 (yellow).
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Table 1
ABACUS glider missions details: periods of activities at sea (from - to) and
number of acquired water column casts.

Mission From To Casts
ABACUS 15 Sep 2014 19 Dec 2014 420
ABACUS 2 19 Oct 2015 11 Dec 2015 1100
ABACUS 3 5 Nov 2016 23 Dec 2016 794
ABACUS 4 16 Nov 2017 11 Dec 2017 505

ABACUS 4 spring 15 May 2018 7 Jun 2018 497

from the monitoring line to sample specific mesoscale structures iden-
tified through near real time satellite altimetry and sea surface tem-
perature maps.

During data collection, gliders dived with an angle of 26° with the
sea surface, following a typical saw-toothed navigation pathway to a
maximum depth of 975 m, at an average vertical speed of 0.18 £ 0.02
m/s with a resulting net horizontal velocity of about 0.36 m/s. All the
glider platforms used during the ABACUS surveys were equipped with
the same instrumentation, i.e., a glider-customized CTD by Seabird
measuring temperature, conductivity/salinity and pressure/depth; a
two-channel combo fluorometer sensor by WetLabs (for Chl-a concen-
tration and turbidity measurement); and an oxygen optode by AADI to
measure absolute oxygen concentration and saturation.

In general, temperature, salinity and oxygen data were sampled to
full diving depth (0-975 m depth), while the acquisition of the other
optical parameters ceased at 300 m depth. Taking progressively
advantage of the lesson learned, the glider was programmed to reach the
surface at different rates and spatial resolution during the different
ABACUS missions; this resulted in a variable resolution of sampling,
especially in the very surface layer (0-20 m depth), which ranges be-
tween 2 and 8 km. However, physical parameters were generally
sampled at 1/2 Hz on both descending and ascending phase, resulting in
a vertical resolution of 0.4 m along the water column; oxygen infor-
mation was acquired at 1/4 Hz (vertical resolution of 0.8 m); turbidity
and Chl-a were sampled at 1/8 Hz down to 150 m depth and at 1/16 Hz
from that level down to 300 m depth (i.e., with a vertical resolution of
1.6 and 3.2 m respectively).

Details and motivations of data acquisition strategy during the
different surveys, as well as quality control procedures and glider
technical information (e.g., setting, maintenance, calibration, permis-
sion operations), are fully described in Cotroneo et al. (2019) and ref-
erences therein. A deep quality control was applied to glider data in
order to exclude any issue in the observations and support the complete
reliability of the in situ dataset. In particular, a double check was carried
out in order to verify that the thermal leg correction (Garau et al., 2011)
was correctly applied to glider salinity measurements. The final glider
dataset is available through an unrestricted repository at https://doi.
org/10.25704/b200-3vf5 (Budillon et al., 2018). Please notice that
the analysis of oxygen data provided in the repository is not included in
the present study which focus on Chl-a concentration as one of the main
marine ecological parameters for assessing phytoplankton biomass and
trophic conditions.

Comparing gridded forecasts with observations at point locations
needs the use of super-observations (upscaled observations). There are
several methods available to upscale observations, from simple aver-
ages, distance weighted-averages, error (observational and representa-
tivity) weighted methods (e.g. Daley, 1991), to multi-variate statistical
methods (e.g., Pardo-Iguzquiza, 1998). In this study, hydrographic and
Chl-a profiles from gliders have been sorted, depending on their
matching date and location with the model gridded outputs described in
Section 2.3, then, the selected profiles have been averaged to one mean
profile per day, which is used for co-location with model values. Po-
tential temperature values have been computed through the algorithm
coded in the Ocean Data View (ODV) software.
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2.3. CMEMS data

Data collected during glider field activities were compared with co-
located products provided by two CMEMS models which include daily
Chl-a concentration information, i.e., the Global Reanalysis (hereafter
GLB) and the Iberian Biscay Ireland Regional Seas Ocean Reanalysis
(IBI). In particular, the analysed products include the GLOBAL -
REANALYSIS_BIO_001_029 and the IBI REANALYSIS_BIO_005_003 for
Chl-a information, and the GLOBAL_REANALYSIS_PHY_001_030 and the
IBI. MULTIYEAR _PHY_005_002 for physical parameters (i.e., physical
temperature, salinity and derived variables), as summarized in Table 2.
The GLB biogeochemical hindcast for global ocean is produced at
Mercator-Ocean (Toulouse, France) using PISCES biogeochemical model
(Aumont et al., 2015) available on the NEMO modelling platform. It
provides 3D biogeochemical fields for the time period 1993-2019 at
1/4° and on 75 vertical levels with a resolution of 1 m near the surface
and 200 m in the deep ocean. The model is forced offline by daily 3D
fields from the ocean dynamical simulation FREEGLORYS2V4 produced
at Mercator-Ocean and ERA-Interim atmosphere parameters produced
at ECMWF at a daily frequency. There is no data assimilation, neither
physical data nor biogeochemical data (Perruche et al., 2019). The
available outputs include daily and monthly 3D mean fields interpolated
on a standard regular grid in NetCDF format. On the global ocean, an
RMS difference of 0.371 ug/1 at sea surface has been estimated for the
modelled chlorophyll in comparison with daily satellite observations
(Perruche et al., 2019). From this dataset we extracted Chl-a concen-
tration daily values in coincidence with all the ABACUS glider transects
between Mallorca and the AC.

As for GLB daily physical products, the CMEMS global ocean eddy-
resolving 1/12° horizontal resolution (approximatively 8 km) 50 verti-
cal standard levels reanalysis is based on the NEMO platform driven at
surface by ECMWF ERAS reanalyses. Observations are assimilated by
means of a reduced-order Kalman filter, i.e., along track Sea Level
Anomaly altimetry data, satellite Sea Surface Temperature, and in situ
temperature and salinity vertical profiles. A 3D-VAR scheme provides a
correction for the slowly-evolving large-scale biases in temperature and
salinity (Fernandez and Lellouche, 2018). From this dataset we extrac-
ted potential temperature and salinity daily values co-located with
glider profiles.

The IBI model provides a 3D high resolution biogeochemical multi-
year product starting on January 1992 using an application of the
PISCES biogeochemical model that is run simultaneously with the ocean
physical IBI reanalysis. IBI daily and monthly mean products are pro-
vided at 1/12° horizontal resolution on 50 vertical levels. The biogeo-
chemical model is initialized with a monthly climatology (using years
2010 to 2015) build from the Global Ocean Analysis Product (GLOB-
AL_ANALYSIS_FORECAST BIO_001_028) at 1/4° horizontal resolution
for the same starting month (Baladron et al., 2020). From this dataset we
extracted daily Chl-a concentration values for the time intervals of
ABACUS gliders operations along the Mallorca-AC transects.

As for IBI daily physical products, the numerical core is based on the
NEMO v3.6 ocean general circulation model run at 1/12° horizontal
resolution in which altimeter data, in situ temperature and salinity
vertical profiles and satellite sea surface temperature are assimilated
(Baladron et al., 2020).

From these datasets we extracted chlorophyll, and potential tem-
perature and salinity, daily values co-located with glider profiles,
respectively.

All the data have been accessed from http://marine.copernicus.eu on
January 2021.

3. Results and discussion
The description of the water masses and their characteristics using

the ABACUS underwater glider observations has been already given in
previous studies (e.g., Aulicino et al., 2018; Cotroneo et al., 2019).
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Table 2
CMEMS products included in this study.
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Product Spatial resolution Vertical levels Temporal resolution Data assimilation
GLOBAL_REANALYSIS _BIO_001_029 1/4° 75 Daily NO
IBI_ REANALYSIS_BIO_005_003 1/12° 50 Daily NO
GLOBAL_REANALYSIS PHY_001_030 1/12° 50 Daily YES
IBI MULTIYEAR _PHY_005_002 1/12° 50 Daily YES
Several authors also discussed the advantages of using glider data for Table 4
able

identifying and monitoring mesoscale structures and evaluate their ef-
fects on the mixed-layer depth (hereafter MLD) and biochemistry (e.g.,
Niewiadomska et al., 2008; Ruiz et al., 2009; Olita et al., 2014; Cotroneo
et al., 2016).

In this work, the high resolution in situ glider observations acquired
during the ABACUS surveys realized in the AB during the 2014-2018
period have been analysed and compared to concurrent numerical
simulations with a specific focus on Chl-a concentration measurements
and estimates. The final goal is to understand to which extent we can
obtain a reliable daily estimation of ocean phytoplankton biomass in the
study area through the use of CMEMS models Chl-a outputs.

In fact, while gliders provide synoptic observations and help moni-
toring only the ocean area along their tracks, numerical simulations can
complete this information over wide areas, especially when in situ
monitoring systems are not available. Nevertheless, they need a proper
validation in order to understand the error we commit when using the
model products in place of in situ measurements.

3.1. Statistical analyses

Comparing ocean datasets obtained by different sources and meth-
odologies (e.g., classical research vessel activities, AUV, remote sensing,
numerical simulations) always requires an accurate statistical analysis.
Here we compare datasets (i.e., CMEMS model outputs and ABACUS
glider in situ observations) that differ in terms of methodological
approach, spatial and temporal resolution, synopticity, and that usually
are not compared as default. Thus, statistical information is needed to
provide a quantitative analysis of the differences between these
products.

Firstly, each glider profile collected from 2014 to 2018 has been
compared to the co-located GLB and IBI ones, considering a subset of the
available super-observed data from surface to 110 m depth, i.e., the
maximum depth at which Chl-a data presented an interesting variability
(see Figure 8d in Cotroneo et al., 2019). Statistics for the enquired pa-
rameters (i.e., potential temperature, salinity and Chl-a concentration)
have been computed for both the full available dataset (Table 3) and the
single glider surveys (Table 4).

The main results listed in Table 3 are also summarized in the Taylor
diagrams shown in Fig. 3 which facilitate the comparative assessment of
GLB (red dots) and IBI (blue dots) CMEMS models. These diagrams help
to quantify the degree of correspondence between the modelled and the

Table 3

Full dataset (2014-2018) statistics of the comparison between CMEMS GLB and
IBI potential temperature (PT), salinity (S) and chlorophyll concentration (Chl-
a) products, and the co-located ABACUS glider measurements. The number of
compared points, the Pearson linear correlation coefficients (R), the root-mean-
square errors (RMSE), the variance and mean values are listed.

GLB IBI

Chl-a S PT Chl-a S PT
Number of points 8,770 20,183 20,183 16,688 16,688 16,688
Correlation coeff 0.05 0.66 0.96 0.55 0.67 0.96

(R)

RMSE 0.27 0.29 0.80 0.22 0.34 0.92
Variance 0.05 0.10 8.34 0.07 0.11 10.17
Glider mean value  0.28 37.47 18.54 0.28 37.47 18.58
Model mean value  0.13 37.36 18.61 0.20 37.28 18.28

Statistics of the comparison between CMEMS GLB and IBI potential temperature
(PT), salinity (S) and chlorophyll concentration (Chl-a) products, and the co-
located glider measurements collected during the 2014-2018 ABACUS cam-
paigns. Parameters as in Table 3.

GLB IBI

Sep - Oct 2014 Chl-a S PT Chl-a S PT
Number of points 1,452 2,998 2,998 3,220 3,220 3,220
Correlation coeff (R) -0.03 0.87 0.98 0.63 0.79 0.99
RMSE 0.31 0.20 0.94 0.26 0.26 0.70
Variance 0.07 0.13 20.55 0.11 0.14 20.86
Glider mean value 0.21 37.44 20.48 0.22 37.45 20.36
Model mean value 0.13 37.36 20.36 0.18 37.44 20.27
Nov - Dec 2014 Chl-a S PT Chl-a S PT
Number of points 1,268 2,833 2,833 3,055 3,055 3,055
Correlation coeff (R) —0.47 0.82 0.93 0.60 0.83 0.97
RMSE 0.30 0.20 0.63 0.16 0.24 0.47
Variance 0.04 0.12 3.02 0.04 0.13 3.10
Glider mean value 0.30 37.50 17.17 0.32 37.50 17.16
Model mean value 0.12 37.52 17.08 0.29 37.42 17.11
Oct - Dec 2015 Chl-a S PT Chl-a S PT
Number of points 2,207 5,921 5,921 3,784 3,784 3,784
Correlation coeff (R) —0.04 0.59 0.95 0.62 0.60 0.88
RMSE 0.30 0.43 0.85 0.24 0.52 1.55
Variance 0.05 0.09 7.01 0.07 0.10 7.54
Glider mean value 0.30 37.43 18.91 0.31 37.43 19.09
Model mean value 0.13 37.16 18.95 0.20 37.04 18.30
Nov - Dec 2016 Chl-a S PT Chl-a S PT
Number of points 1,694 2,756 2,756 2,836 2,836 2,836
Correlation coeff (R) —0.09 0.76 0.95 0.30 0.69 0.95
RMSE 0.20 0.24 0.71 0.20 0.24 0.71
Variance 0.02 0.06 4.96 0.02 0.07 4.84
Glider mean value 0.29 37.31 18.71 0.30 37.31 18.81
Model mean value 0.14 37.32 19.16 37.17 0.16 18.64
Nov - Dec 2017 Chl-a S PT Chl-a S PT
Number of points 1,011 2,861 2,861 1,761 1,761 1,761
Correlation coeff (R) 0.22 0.07 0.82 0.24 0.31 0.91
RMSE 0.20 0.26 0.91 0.16 0.33 0.81
Variance 0.01 0.03 1.97 0.01 0.03 2.55
Glider mean value 0.28 37.53 18.50 0.26 37.50 18.92
Model mean value 0.12 37.54 18.77 0.21 37.42 18.25
May - Jun 2018 Chl-a S PT Chl-a S PT
Number of points 1,160 2,818 2,818 2,035 2,035 2,035
Correlation coeff (R) 0.62 0.83 0.98 0.60 0.73 0.97
RMSE 0.22 0.23 0.39 0.21 0.23 0.36
Variance 0.07 0.12 4.20 0.06 0.10 3.06
Glider mean value 0.26 37.61 16.86 0.24 37.50 16.66
Model mean value 0.18 37.49 16.91 0.19 37.47 16.78

observed information in terms of three statistic descriptors, i.e., the
Pearson correlation coefficient (R), the root-mean-square error (RMSE)
and the standard deviation (SD).

Fig. 3 points out that the potential temperatures provided by both
GLB and IBI products present an excellent linear correlation with glider
in situ measurements (R = 0.96). Lower but acceptable statistics (R >
0.66) characterize the performances of both models in representing the
upper ocean salinity. Conversely, GLB and IBI products present very
different statistics when analysing Chl-a concentrations. The correlation
results show that GLB values are completely unable to reproduce the co-
located glider in situ observations (R = 0.05) while IBI ones agree in part
with glider measurements (R = 0.55). This large discrepancy in models
performance may be mainly ascribed to the different spatial resolution
of the GLB (1/4°) and IBI (1/12°) Chl-a products, which is a significant
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Fig. 3. Taylor diagrams present the comparative assessment of GLB (red dots) and IBI (blue dots) CMEMS models to ABACUS glider in situ measurements for a)

potential temperature, b) salinity and c) chlorophyll concentration.

factor when comparing their outputs to glider data characterized by a
variable but finer spatial resolution (i.e., between 2.8 and 8.4 km. See
details in Cotroneo et al., 2019). Furthermore, even though both models
underestimate Chl-a in situ observations, Table 3 points out that IBI
usually provides better simulations also in terms of magnitude of Chl-a
concentration.

Statistical analyses have been also realized for each single glider
survey, in order to understand if particular in situ ocean conditions
encountered during one of the missions at sea could have affected the
overall statistical results. Results are summarized in Table 4.

As expected, also in this case the potential temperatures provided by
both CMEMS models present a high correlation with glider data, the R
values ranging between 0.82 (Nov - Dec 2017) and 0.98 (Sep - Oct 2014)
and between 0.88 (Oct - Dec 2015) and 0.99 (Sep - Oct 2014), for GLB
and IBI respectively.

This excellent agreement is not found in salinity as well. The linear
correlation between GLB salinities and glider co-located observations is
more variable, ranging between 0.59 and 0.87. Just as for potential
temperature, the highest/lowest results are obtained for Oct - Dec 2015
and Sep - Oct 2014 surveys, respectively. A similar behaviour is found
for IBI salinities, with R values ranging between 0.69 (Oct - Dec 2015)
and 0.83 (Nov - Dec 2014). A special attention deserves the ABACUS 4
fall survey (Nov - Dec 2017). In fact, even though the potential tem-
peratures match well, during this glider cruise we found no correlation
with GLB salinities (R = 0.07) and a very low one with IBI ones (R =
0.31). These discrepancies are also evident in latitudinal sections of AB
salinity between 0 and 110 m depth provided by the three datasets along
the glider track. In particular, the analysis of the southward transect (16
- 27 November 2017, see Figure S4 in supplementary material) shows
that GLB products do not reproduce correctly neither the spatial pattern
nor the magnitude of in situ salinities observed by glider. On the other
hand, although the IBI salinity pattern generally agrees with glider ob-
servations, the comparison of the latitudinal sections show that the
model overestimates the intrusion of fresher surface water masses at the
edges of the glider transect. This is particularly evident on the southern
border where AC variability plays a critical role.

Considering the deep quality control dedicated to glider observations
and thermal leg correction, we assume that this difference in correlation
between potential temperature and salinity may be also ascribed to the
higher degree of complexity in salinity model calculation due to the
higher number of factors involved in the simulation (e.g., rivers,
rainfall).

As for Chl-a concentration, single survey statistics confirm that GLB
values are not correlated with the co-located glider observations, as
shown by R values which range between —0.47 and 0.22, except than
during the May 2018 mission at sea (R = 0.62). During this survey the
thermocline was still deep and a weak stratification characterized the
upper ocean, as confirmed by the lower values of the derivative of the
potential density anomaly observed by the glider (see supplementary
material). It is reasonable to speculate that the model represents the

homogeneous water column better than in the other case studies, and
thus provides a better estimation of the Chl-a pattern. It is also inter-
esting to remark that the 2018 campaign is the only one carried out
during spring time instead of fall period. Unfortunately, the available
glider dataset does not allow further conclusions about. Additional in
situ observations are necessary to provide more insights about seasonal
dependency of models performance.

Conversely, IBI simulations agree better than GLB with in situ data
for most of the glider surveys (R ~ 0.6). This is confirmed by the com-
parison of the upper ocean Chl-a latitudinal variability along the glider
transects (see Section 3.2). Nonetheless, very low correlation co-
efficients are retrieved for Nov-Dec 2016 (R = 0.30) and Nov-Dec 2017
(R = 0.24) campaigns, even if the Chl-a simulations present reasonable
mean and RMSE values.

All these findings suggested us to pay more attention to Chl-a con-
centration variability along the water column. Thus, additional statis-
tical analyses at selected depths, between 1.5 m and 108 m, have been
carried out for each available glider mission at sea. The achieved results
are summarized in Figs. 4 and 5.

Generally, GLB and IBI potential temperature and salinity products
have similar performances when compared to ABACUS glider mea-
surements, with IBI simulations that report higher correlations with in
situ data from 60 m to 110 m depth (Fig. 4). Conversely, Chl-a simula-
tions present very different results for the two models, especially at
shallower depths.

As for potential temperature, GLB and IBI model outputs have both
an excellent correlation with glider measurements in the first meters of
the water column (from surface to 30 m). As we move to deeper levels,
GLB temperature correlation slowly decreases to R = 0.62 at 108 m
depth, while IBI get worse between 40 m and 60 m depth and then
improves again to reach R = 0.89 at the end of the analysed profile.

An opposite behaviour characterizes the salinity products, with
lower performance at surface layer (e.g., R = 0.45 at surface) than at
deeper levels (e.g., R = 0.7 at 54 m). In particular, IBI products show a
constant increasing correlation with the highest values computed at 108
m (R = 0.74), while GLB correspondence with glider salinities decreases
again from 60 m to 108 m.

Chl-a simulations present very different results for the two models,
especially at shallower depths. Fig. 4 demonstrates that Chl-a variability
along the water column is largely under-represented by CMEMS models
daily products, and that only IBI outputs are able to reconstruct part of
the glider observations, i.e. in the very surface layers (R ~ 0.6 in the
upper 20 m).

However, for both models there are large changes in the correlation
of the analysed parameters between 31 m and 61 m. Our hypothesis is
that this may be associated to the correct simulation of the MLD that
may have important repercussions on the modelling of the Chl-a dis-
tribution. The base of the mixed layer is characterized by rapid variation
of the physical parameters and correspond to the depth at which the
maximum of Chl-a is usually observed. Thus, we argue that both models
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Fig. 4. Comparative assessment of GLB and IBI potential temperature, salinity and chlorophyll concentration products to co-located glider in situ measurements at
selected depths. Linear correlation values refer to the entire dataset collected during the 2014-2018 ABACUS surveys.
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Fig. 5. Comparative assessment of GLB (left) and IBI (right) model potential temperature (top), salinity (middle) and chlorophyll concentration (bottom) products to
co-located glider in situ measurements at selected depths for each year of the ABACUS series glider activities.

present some inconsistencies (more significant for GLB products) in the imply consequent difficulties in representing the correct pattern and
MLD positioning along the water column, mainly due to an inaccurate magnitude of Chl-a concentration. This hypothesis is also supported by
simulation of the potential temperature and salinity patterns, which the statistical results of the comparison carried out at selected depths
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separately for each ABACUS survey (Fig. 5). As for potential tempera-
ture, it is difficult to assess that one model always performs better than
the other. Generally, IBI products show a more regular correlation with
in situ data and give better scores than GLB ones, but this is not true
along the entire water column. At shallower depths (0 — 30 m), for
example, GLB seems to reproduce the observed physical variability
better than IBI during several surveys (e.g., ABACUS 2015). This infor-
mation is also supported by latitudinal sections provided in the sup-
plementary material. On the other end, GLB performance is often
characterized by significant decrease in linear correlation with in situ
measurements at depths deeper than 40 m. We argue that this behaviour
strongly depends on the presence of specific ocean features, i.e., local
phenomena at spatial scales which are not resolved by GLB model. The
decrease of correlation with glider data in correspondence of the MLD, is
generally noticeable for both models in Fig. 5. This means that, even
though a general agreement is found, the potential temperature of the
AB observed during the glider surveys is adequately represented by
CMEMS daily models only in the very surface meters and in the deep
layers, with important consequences on the simulations of the primary
production descriptors, and of other properties associated to strong
subsurface gradients, as discussed below.

Despite the encouraging results obtained through the overall statis-
tical analyses, salinity simulations agree well only with a subset of the
available in situ measurements (i.e., those collected during 2014 and
2018 surveys). Just as for temperature, GLB simulations give better re-
sults at shallower depths, IBI between 90 m and 110 m. The effect of
MLD is still appreciable, even if its impact on the computed linear cor-
relations is less evident than in potential temperature data.

As for primary production, unfortunately both IBI and GLB have
serious issues in representing Chl-a daily variability measured by
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ABACUS gliders. IBI surface Chl-a concentrations seem better correlated
with in situ observations in the upper layers (0-30 m) than in the rest of
the water column. GLB products present less regular agreement and
lower R-values. As discussed above, both models show an abrupt
decrease of correlation with in situ data at about 30 m to 60 m, i.e., in
correspondence of the expected MLD position. This decrease is clearly
recognizable during all the glider surveys. Presumably, a different
simulation of the MLD causes a shift in the location of the Chl-a
maximum depth along the water column between models and in situ
observations, and the consequent discrepancy in terms of measured/
modelled concentrations. An indication of the location of the GLB and
IBI modelled MLD during ABACUS surveys is provided in Fig. 6 and in
the supplementary material (Figures S1 to S5) where MLD position is
represented through the first derivative of potential density anomaly.
This variable shows significant differences between glider and modelled
values (except in 2016) in terms of both signal intensity and patterns
along depth/latitude. On the other hand, a fine agreement exists be-
tween this glider derived information and the expected seasonal MLD
location from climatology. D’Ortenzio et al. (2005), for example, report
seasonal mean values of about 40 m in October and about 60 m in
December in the AB (see their Fig. 1), which correspond well with glider
observed results. This supports our hypothesis of a direct relationship
between inaccurate MLD modelling and Chl-a discrepancies.
Nevertheless, the statistical results only provide a general picture of
the complex scenario that characterizes the AB upper ocean dynamics.
From this analysis it is extremely difficult to discuss how the model
performances are related to other important factors that impact on the
variability of the analysed physical and biological properties of the
water column (e.g., seasonal variability, presence and evolution of
small- and mesoscale structures), and provide a reliable explanation for
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Fig. 6. Glider high resolution observations (left), GLB (middle) and IBI (right) simulations of (from top to bottom) potential temperature, salinity, chlorophyll
concentration, and potential density anomaly derivative in the first 110 m of the water column during the ABACUS-2 survey (19-30 October 2015). The location of
the analysed water column profiles is represented through blue dots in the left panel.
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identifying ocean conditions during which each model is able (or not) to
represent adequately the biomass stocks along the upper AB water
column.

3.2. Latitudinal assessment: a case study

To enrich the discussion of the statistical analyses reported in the
previous section, the upper ocean Chl-a patterns (0-110 m depth)
observed during each glider survey has been also compared with GLB
and IBI co-located sections across the Mallorca-AC chokepoint. Here we
discuss the case study of the ABACUS 2 mission carried out during fall
2015 (Fig. 6). This survey provides the largest number of co-located
points of comparison for our statistical analyses and is characterized
by the higher values of Chl-a concentration registered during the
ABACUS surveys. The other glider data sections along depth and latitude
are indeed reported in the supplementary material in order to provide
additional examples of the different performances of the GLB and IBI
models in reproducing the spatial variability of the ABACUS
observations.

Fig. 6 presents the potential temperature, salinity and Chl-a glider in
situ observations (at about 5 km horizontal resolution) collected in the
Algerian Basin during 19-30 October 2015. Potential density anomaly
derivative along depth is also shown to provide information about the
MLD. The measurement collected in the first 110 m depth along the
monitoring line realized between the Island of Mallorca and the AC
boundary are reported. An evident signature of Chl-a concentration
maximum (ranging between 0.4 and 4.8 ng/l at different latitudes) is
generally visible at about 40 - 70 m depth. Glider data also point out that
the depth of maximum Chl-a is shallower where Chl-a concentration is
higher. The maximum in Chl-a is likely associated with lower salinity
values, an evident decrease in temperature and a local rise of isotherms.
This happens in the southern part of the section (at 37.3 and 37.7 °N), in
proximity of the oceanic front between the AC and the Mediterranean
resident water masses (Arnone et al., 1990; Raimbault et al., 1993;
Siokou-Frangou et al., 2010). Frontal zones are well known areas where
secondary circulation (vertical velocities) can enhance the uplift of nu-
trients, increasing Chl-a production. A significant increase of Chl-a in the
AC, for example, has been described by Moran et al. (2001) who
investigated the biomass and production of phytoplankton and bacter-
ioplankton in relation to the AC-related mesoscale structures during the
ALGERS’96 cruise.

The presence of relatively low salinity filaments located at about
50-60 m depth can be also identified in the middle of the transect (at
38.2°N) and in its northern part (at 38.7 and 39.1 °N). Once again, these
sub-mesoscale filaments are associated with higher Chl-a concentration
respect to the environ, even though the observed values are lower than
along the southern border. This is a confirmation that oceanic fronts, as
those associated to the AC, even at smaller spatial scales can constitute
areas of very high Chl-a concentration.

CMEMS IBI and GLB model products co-located with these glider
observations are also presented in Fig. 6. Numerical simulations are able
to retrieve some characteristics observed along the water column, but
important limitations appear due to the lower spatial resolution.
Although the maximum of Chl-a concentration is usually reproduced
well at about 50-70 m depth (see also supplementary material), both
GLB and IBI outputs present large differences with glider measurements
in terms of concentration that reach up to one order of magnitude (as for
local maxima). Patterns of the Chl-a distribution are also very different,
especially for GLB outputs.

Generally, IBI simulations provide better results in terms of both Chl-
a concentration values and patterns. In particular, these outputs repro-
duce well the pattern of the local maxima of Chl-a concentration along
the entire transect, especially in the northern and southern part of the
section (i.e., at 39.2 and 37.7 °N).

Nevertheless, the retrieved simulations still include important issues
that limit its capability to reproduce the ocean structure as needed for

Ecological Modelling 455 (2021) 109619

advanced ecological studies. Glider Chl-a concentration values are
generally three-four times larger than IBI ones in the euphotic zone.
These limits may be driven by the impossibility to identify and repro-
duce sub-mesoscale and small-scale structures that characterize the
study area (e.g., the high salinity filaments observed in Fig. 6). Lower
values are indeed provided by GLB products which fail in reproducing
most of the spatial distribution of the Chl-a concentration, possibly due
to the lower spatial resolution (1/4°).

Although it can be argued that models still capture the general pic-
ture of the ocean, the presence of sub-mesoscale structures is rather
recurrent and cannot be disregarded in the AB. About one month later
(1-8 December 2015), the northern part of the Mallorca-AC transect has
been monitored again by the same ABACUS glider. In this second
example, the signals of the small structures are still evident in terms of
potential temperature, salinity and Chl-a concentration, even if they
show different distribution and magnitude along the first 150 m (Fig. 7).
Again, model products provide a quite different scenario of the water
column patterns along depth, with IBI products showing the best per-
formance compared with glider observations. GLB simulations indeed
cannot provide reliable insights into the complex structure of the AB
water column as seen by the glider.

4. Discussion and conclusions

Knowledge of the vertical structure of the bio-chemical properties of
the ocean is crucial for the estimation of primary production, phyto-
plankton distribution, and biological modelling. Despite its growing
importance, ocean biomass distribution inventory still needs improve-
ments to represent a valid base for reliable and synoptic estimations.
Chl-a concentration represents an excellent proxy for phytoplankton
biomass and primary production, and offers the possibility to be moni-
tored through several in situ and remote sensed approaches.

Satellite and classical in situ monitoring activities provide an
important contribute to Chl-a estimations but do not resolve completely
the spatial and temporal multi-resolution variability of ocean biomass
distribution and dynamics along sea depth. Through the water column,
in fact, the analysis of algal biomass is still hindered by practical diffi-
culties. Satellite observations are strongly limited to penetration depth,
while in situ samples are based on punctual measurements which are not
easy to collect and result discontinue in space and time. Operational
ocean modelling and data assimilation represent an alternative way to
obtain a detailed description of the ocean structure with a continuous
temporal coverage. Actually, models are able to describe the complex
three-dimensional water column system, but often their outputs do not
reproduce its sub-mesoscale and small-scale characteristics. This is
crucial to understand ecological processes, so additional works are
necessary for understanding to which extent different products can be
used or not depending on the kind of study. The limits of model products
are confirmed in this study where two daily CMEMS products (i.e., GLB
and IBI) are compared with a set of high resolution measurements
collected in the AB by gliders during the 2014-2018 time interval. The
assessment of the CMEMS simulations show that daily in situ Chl-a
concentration is not well represented by the analysed models, whose
outputs show low or absent linear correlation with the co-located glider
measurements and point out important differences in terms of both
magnitude and vertical distribution. Amongst these products, the per-
formed statistical analysis show that IBI model provide better results for
the analysed case studies for all the available glider surveys.

The use of IBI model system as a useful tool to better understand the
current state and changes in the marine biogeochemistry of Mediterra-
nean waters has been already discussed in previous studies, e.g., by
Gutknecht et al. (2019) which also indicated IBI weekly products as
useful key variables for developing indicators to monitor the health of
marine ecosystems. Nevertheless, section analyses along the glider
transects confirm that IBI daily values are largely lower than those
observed by gliders. Even though patterns of Chl-a maxima generally
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Fig. 7. As in Fig. 6 but for the ABACUS-2 survey second leg (1-8 December 2015).

correspond better than for GLB products, presumably, the effect of
sub-mesoscale and small-scale variability that characterizes the study
area is often missed.

In this context, an important role is played by the MLD variability
that influences the biochemistry processes and could explain differences
in Chl-a concentration described by models and in situ observations.
Previous studies analysed the difference in terms of temperature and
salinity patterns between CMEMS models and glider data along the
ABACUS transects (Aulicino et al., 2018) and showed that MEDSEA
analysis forecast outputs (produced by the Mediterranean Forecasting
System, Lecci et al., 2019) represent the MLD variability of the study
area better than IBI and GLB products, thus having a potential advantage
in retrieving more reliable Chl-a concentration values. To date, as for
MEDSEA, only monthly Chl-a products are available during the ABACUS
campaigns, so that it is not possible to verify this hypothesis using
co-located daily information.

Our findings suggest that if the MLD depth is well represented in the
IBI and GLB outputs, then the modelled Chl-a is in better agreement with
glider in situ observations. In this sense, a deeper quantitative analysis
on the role of MLD is necessary to complement these results in a separate
dedicated study.

In general, as previously assessed by several authors (e.g., Pascual
et al., 2017; Hernandez-Lasheras and Mourre, 2018; Aguiar et al., 2020),
the absence of a fine correspondence between modelled and measured
Chl-a information stress the importance of further improving the
initialization of CMEMS ocean models, usually based on other models
having their own weaknesses, and of favouring the assimilation of high
resolution in situ data in their systems in order to constrain the evolution
of the Chl-a concentration along the water column in the AB.

The collection, and availability, of additional in situ observations is
essential for feeding numerical models and retrieving more reliable
outputs. Sampling resolution must be also appropriate in order to
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capture the sub-mesoscale and small-scale water column patterns which
could be missed without the appropriate sampling acquisition strategy.
This is vital for obtaining high resolution information adequate to
improve model performance and advance on the characterisation and
understanding of ocean processes and their role in the functioning of
marine ecosystems. Maximizing spatial resolution cannot overlook a
proper equilibrium with synopticity and time consumption that usually
affect, for instance, lagrangian floats and ship-based measurements,
respectively. For these reasons, it becomes necessary to find a comple-
mentary use of the available instruments and data, in order to supply the
discontinuous nature of the actual in situ.

In this context, amongst other sources, cost efficient glider surveys
can positively contribute to multiplatform data assimilation with
important implications in terms of impact on regional modelling,
improvement of climatology used in model initialization, and opera-
tional response to emergencies and sustainable management of the
marine environment (Dobricic et al., 2010; Hayes et al., 2019; Tintoré
et al., 2019). Additional insights about the usefulness of assimilating
glider observations into regional models will be soon provided by
forthcoming dedicated research activities by the present authors, which
will focus on the assimilation of ABACUS physical and biogeochemical
glider data into Mediterranean Sea regional models, e.g., The Western
Mediterranean OPerational forecasting system (WMOP) implemented at
SOCIB (Juza et al., 2016; Mourre et al., 2018).

Although gliders offer the opportunity to modulate the sampling
strategy from survey to survey, and even during sea activities (i.e.,
through direct communication when surfacing), according to cost-
efficiency constraints (e.g., days at sea, batteries, maritime traffic), un-
fortunately, at present time the limited number of available AUV plat-
forms is largely insufficient to properly contribute to these goals.
Furthermore, glider surveys are often dedicated to regional areas and
target missions, so that acquired data are usually not assimilated (or
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even not suitable to be assimilated) in ocean models. Thus, additional
efforts are necessary to improve the fleet of operating gliders and in-
crease the number of days at sea, as well as to foster and facilitate a
closer cooperation between operational oceanographers, remote sensing
experts and modellers.

In this direction, after the technical issues that halted the 2019 and
2020 campaigns, the ABACUS glider survey series will be back in 2021,
enlarging its international and multidisciplinary network in order to
complete more glider missions per year to monitor the AB seasonal and
interannual variability. The increased number of repeated glider sec-
tions along the ABACUS monitoring line will improve the statistical
relevancy of the differences and similarities with co-located model and
satellite retrievals. Furthermore, the glider collection of physical and
biological measurements will be enhanced by including new sensors
which will provide additional information along the water column of the
Mallorca-AC chokepoint, e.g., CDOM, PAR, microplastics, mammals
(Suberg et al., 2014).
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