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Abstract :

We focus on the characterization of thermohaline fronts in the Western Mediterranean, with a particular
focus on the North Balearic Front (NBF), separating the Atlantic Waters that spread into the Algerian
Basin from the saltier and colder waters of the Liguro-Provencal area. We use a simple gradient-based
method of front detection applied to a 20-year (from June 1993 to June 2013) reanalysis of the
Mediterranean. Statistics of daily frontal indices are used to identify areas of recurrent fronts, i.e., frontal
zones. Comparisons with data from glider transects and remotely sensed sea surface temperature and
altimetry data have been used to validate our approach from daily to seasonal and interannual time scales.
Our method yielded two co-existing frontal zones in the area of the NBF. One with an almost permanent
haline surface frontal zone extending southeastward from the Balearic Islands to Sardinia, representing
the northern limit of the fresher Atlantic Water that spreads via instabilities of the Algerian Current and
associated Algerian Eddies. Between years, its position shifts by about 1° of latitude, possibly due to
processes associated with both the deep water formation in the Provencgal Basin and the spreading of
southern Algerian Eddies. The second frontal zone is seasonal and thermally driven extending off the
northeast of Menorca to the northwest of Corsica. The Pyrenees Front, a sharp thermal front off Cap de
Creus which marks the boundary between the warm surface waters of the Balearic Sea and the cooler
waters in the Gulf of Lion in late summer, appears to facilitate the formation of the aforementioned
seasonal thermal front through the northeastward advection of its waters toward the West Corsican
Current. The divergent eastward extensions of the two frontal zones, and their differences in nature,
structure, and spatio-temporal variability, call for a revisit of the NBF appellation and a clarification of its
dynamics.
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Highlights

» Thermal and haline fronts differ in the central part of the Algero-Provengal basin. » Thermal fronts
form a seasonal frontal zone from the Pyrenees almost toward Corsica. » Salinity fronts form a quasi-
permanent frontal zone from Mallorca to South Sardinia. » The main salinity frontal zone shows a marked
inter-annual variability. » Deep Water Formation and Algerian Eddies spreading shift the haline front.

Keywords : Frontal Detection, Seasonal Variability, Annual Variability, Deep Water Formation, Eddies,
Western Mediterranean, North Balearic Front



Nomenclature

Currents and eddies

AC Algerian Current

BC Balearic Current

NC Northern Current

WCC West Corsican Current

AE Algerian Eddy

Fronts

BF Balearic Front

NBF North Balearic Front

PF Pyrenees Front

Water masses

AW Atlantic Water

LIW Levantine Intermediate Water
mAW modified Atlantic Water
WMDW Western Mediterranean Deep Water
DWF Deep Water Formation
Other abbreviations

Fl Frontal Indice

FO Frontal Occurrence

GoL Gulf of Lion

MEDRYS MEDiterranean ReanalYSis

1. Introduction

The Mediterranecan Sea is a mid-latitude, semi-enclosed sea and a concentration basin where
evaporation exceeds precipitation and run-offs due to a dry, windy, and relatively warm regional climate
(Nof, 1979; Béthoux, 1980; Mariotti et al., 2002). The resulting salinity increases and water deficit are
compensated by an anti-estuarine circulation through the Strait of Gibraltar that shows an inflow of
Atlantic Water (AW) at the surface and an outflow of salty Mediterranean water at depth (Nof, 1979;
Millot, 1987). The AW flows cyclonically around all Mediterranean sub-basins including the
easternmost Levantine Basin and is continuously modified along its path by mixing with resident waters
and marked air-sea exchanges. This leads to the notion of modified Atlantic Water (mAW) that will be
used in this study to denote the older and saltier AW mainly present in the northern part of the Western
Basin. In addition, wind forcing in autumn and winter causes intermediate to deep convection along
nearly the entire northern Mediterranean coast, from the Gulf of Lion, over the Adriatic and Aegean
Seas to the Levantine Basin, leading to the formation of several water masses and the establishment of
a specific thermohaline circulation (Robinson and Golnaraghi, 1994; Bergamasco and Malanotte-
Rizzoli, 2010; Waldman et al., 2018; Pinardi et al., 2019). This Mediterranean thermohaline circulation
(MTHC) has a time scale of about 100 years, i.e., 10 times less than the THC in the global ocean, and
was shown to have responded rapidly to climate variability during the last glacial period (Cacho et al.,
2000). More recently, an abrupt shift in the intermediate part of the MTHC during the 1990s, the so-
called Eastern Mediterranean Transient (EMT), has affected the water mass characteristics in both the
eastern and western basins (Roether et al., 2007 for a thorough review of the EMT). All climate models,



including IPCC-2007, predict an increase in the interannual rainfall variability in addition to strong
warming and drying (Somot et al., 2008; de Sherbinin, 2014; Cramer et al., 2018) in the Mediterranean.
Moreover, several recent studies have shown that the Mediterranean surface waters have been warming
at ~0.04°C.y’!, i.e., four times the global rate over the last four decades, and that this trend affects both
the surface, intermediate, and deep waters throughout the Mediterranean (Béthoux et al., 1998; Vargas-
Yaiiez et al., 2008; Nykjaer, 2009; von Schuckmann et al., 2019; Pisano et al., 2020).

One of the main challenges to improve our current understanding of these dynamics in the
Mediterranean is the wide range of scales of motion (from sub-meso to basin scale) that drive and
regulate general circulation. The impact of sub-mesoscale (1-10 km) to mesoscale (10-100 km)
variability on ocean circulation and associated water and heat fluxes is far from clear, neither at the
global scale (Lévy et al., 2008, Griffies et al., 2014) nor at the basin scale for the Mediterranean (Millot,
1991; Robinson et al., 2001; Schroeder et al., 2011; Tintoré et al., 2019; Aguiar et al., 2020). In this
(sub-) mesoscale range, oceanic fronts are ubiquitous features that separate water masses of different
origins and, hence, different thermohaline characteristics (Fedorov, 1986). In the open ocean, they are
often associated with regional geostrophic currents and are areas of increased vertical motions due to
frontal or current instabilities that affect the productivity and fate of biomass (Pinot et al., 1995b; Lévy
et al., 1998ab; Zakardjian and Prieur, 1998; Stemmann et al., 2008, Olita et al., 2014, as examples for
the Mediterranean). Here, we will focus on the characterization and variability of thermohaline fronts
in the Western Mediterranean and, more specifically, on the North Balearic Front (NBF) that is thought
to separate the Liguro-Provencgal and Algerian sub-basins (Fig. 1). Both sub-basins are characterized by
marked differences in hydrology and dynamics. The regional circulation of the Liguro-Provencal sub-
basin is mainly governed by the Northern Current (NC), a major pathway of the mAW circulation in
the northwestern Mediterranean (Millot, 1991), and sustained marked wind forcings (i.e., the
Tramontane and Mistral winds) that generate intermittent but pronounced coastal upwellings and, above
all, the formation of deep water during winter convection events (MEDOC GROUP, 1970; Schott et
al., 1996; Millot 1999; Smith et al., 2008; Estournel et al., 2016b; Herrmann et al., 2017; Somot et al.,
2016; Waldman et al., 2017ab, 2018; Testor et al., 2018). The Algerian sub-basin is dominated by the
AW inflow through the Strait of Gibraltar which becomes the Algerian Current (AC) between the
eastern end of the Alboran Sea and the Strait of Sicily. AC instabilities generate large (~ 100 km)
anticyclonic open sea eddies, called Algerian Eddies (AEs), that follow a cyclonic path and can cause
some AW to accumulate in the southern sub-basin with residence times ranging from months to years
(Millot et al., 1990; Millot, 1999; Puillat et al., 2002; Isern-Fontanet et al., 2003; Testor et al., 2005b;
Escudier et al., 2016a; Garreau et al., 2018; Pessini et al., 2018, 2020). The boundary between these
two dynamical systems is clearly visible on maps of averaged dynamic height (Rio et al., 2007) with
associated geostrophic currents that suggest a near-closure of the mAW regional circulation between
the Balearic Current (BC) toward the West Corsica Current (WCC). While numerical models generally
reproduce this mAW cyclonic re-circulation over the northern sub-basin relatively well (Béranger et
al., 2005, 2010; Beuvier et al., 2010, 2012), the few regional studies focusing on the NBF have not been
able to demonstrate any barrier effect or zonal training of mAWSs along the NBF (Schroeder et al.,
2008). Thus, both the closing of the circulation of the saltier mAW over the northwestern sub-basin
along the NBF and the supply of the WCC remain largely unexplained issues.

This dynamic and hydrological frontier is also apparent in remotely sensed chlorophyll-a concentrations
and associated proxies of primary production, which show marked gradients between the northern and
southern sub-basins, i.e., within the NBF area (Bosc et al., 2004; D'Ortenzio and Ribera d'Alcala, 2009;
Uitz et al., 2012; Mayot et al., 2016; Salgado-Hernanz et al., 2019). The higher productivity of the
north-western sub-basin is traditionally explained by a more efficient replenishment of the surface
layers with nutrients during winter convection, especially when compared to the waters of the south-
western sub-basin which contains more oligotrophic and highly stratified AW. Separating these two
biological sub-systems, the NBF area has been characterized as an area of intermittent productivity in
response to frontal instabilities (Uitz et al., 2012; Olita et al., 2014; Mayot et al., 2016), but with an
important interannual component that has yet to be elucidated (Olita et al., 2011, Mayot et al., 2016).
While increases in secondary production is routinely assessed in the Balearic, Ligurian, and Alboran
fronts (Boucher et al., 1987; Thibault et al., 1994; Stemmann et al., 2002; Ferndndez de Puelles et al.,
2003, 2014), current knowledge on the biomass distributions or zooplankton diversity in the offshore



NBF remains much more elusive (F. Carlotti, pers. com.), where a significantly increased secondary
production can be deduced from a higher abundance of Bluefin tuna and cetaceans (Gannier and Praca,
2006; Fromentin et al., 2014).

These uncertainties regarding the possible role of the NBF in the regional circulation and biological
productivity in the western Mediterranean, are mostly due to the high variability in surface conditions
in the area of the suspected location of the NBF. The thermal front often exhibits meandering and eddy
shedding on remotely sensed SST (Deschamps et al., 1984) and chlorophyll-A images (Olita et al.,
2014). Several studies have shown that deep and intermediate eddies could cross the entire basin, e.g.,
as sub-mesoscale eddies consisting of Western Mediterranean Deep Water (WMDW) formed after
convection events and spreading southeastward (Testor and Gascard 2003, Beuvier et al., 2012, Bosse
etal., 2016) or of Levantine Intermediate Water (LIW) moving northwestward from Sardinia (Sardinian
Eddy, SE; Testor et al., 2005b; Bosse et al., 2015). In contrast, vortex structures overlaying or
interacting with the NBF are much less documented (Fuda et al., 2000, Pessini et al., 2018, Garreau et
al., 2018) as are their interactions with the deep and intermediate ones. In addition, it has been shown
that the NBF may rapidly shift by tens of kilometers under prevailing cross-front wind forcing (Estrada
etal., 1999) and this horizontal displacement may be even more pronounced with strong northerly winds
during Deep Water Formation (DWF) events (Estournel et al., 2016a).

Moreover, some ambiguities exist regarding the definition of the NBF in the literature. Early definitions
used remote sensing data on sea surface temperature (SST) to identify the NBF as a thermal front
northeast of the Balearic archipelago extending toward the north of Corsica (Deschamps et al., 1984).
For Millot (1987, 1999), the NBF represented the northern edge of the AW reservoir in the Algerian
Basin, while Lopez-Garcia et al. (1994) and Salat (1995) considered it as the eastward continuation of
the Balearic Front (BF) toward Corsica, hence as the southern branch of the northwestern gyre of mAW
re-circulation (see also Garreau et al., 2018; Seyfried et al., 2019). Estrada et al. (1999) defined the NBF
as the northern edge of the Balearic Current, hence of the BF. Pascual et al. (2002) identified the BF
(and consequently the NBF) based on AW-related salinity gradients, and distinguished it from the
Pyrenees Front (PF) which marks the boundary between the warm surface waters of the Balearic Sea
and the cooler waters in the Gulf of Lion in late summer. Most of these studies had a limited spatial
coverage and focused mainly on the waters off the north and northeast of Menorca and the suggested
eastward extension of the NBF toward 5°E only rests on the ordinary interpretation of the remotely
sensed SST data.

The fuzzy definition of the NBF and the uncertainties regarding its possible role in the regional
circulation of the western Mediterranean are finally due to the scarcity of dedicated observations in the
NBF eddy-like complex area and the lack of objective criteria to define the front itself. The present
study attempts to remedy this issue by providing a more precise characterization of the frontal interfaces
associated with the NBF and their daily, seasonal, and pluri-annual variability. We used a simple but
robust approach of normalized gradients to detect haline and thermal fronts in a high-resolution and
long-term (20 y) reanalysis of the Mediterranean Sea (the MEDRY'S reanalysis in Hamon et al. (2016)
and Beuvier et al. (2016)). By using a reanalysis, i.e., a numerical model coupled with a multi-platform
data assimilation system, allows to limit the potential bias and long-term tendencies often inherent in
such hindcasts due to uncertainties in forcing and initial conditions and unresolved sub-grid processes
(Balsameda et al., 2015). This approach makes it possible to construct the missing climatological
statistics associated with the occurrences of temperature and salinity fronts, to characterize their main
modes of variability, and identify the links with the main regional circulation patterns. This document
is organized as follows. The in-situ, remotely sensed, and reanalysis data sets as well as the normalized
gradient method are described in Section 2. In Section 3, we apply our method to detect temperature
and salinity fronts in both modelled and observed data and evaluate their variability from the daily to
the pluri-annual time scales. In Section 4, we discuss our method and the results, specifically the nature
and variability of the most recurrent fronts in the NBF area, and we present our overall conclusion in
section 5.



2. Data and method

2.1. Modeling and observational datasets

The present study uses data from the MEDRYS1V2 reanalysis that covers the period from October
1992 to June 2013 (Hamon et al., 2016; Beuvier et al., 2016). The reanalysis is based on the NEMO-
MED12 model (spatial resolution of 1/12° or ~7 km and 75 z levels with higher vertical resolution near
the surface) and the SAM2 assimilation scheme, as described in Lellouche et al., (2013) using satellite
SST, altimetry, and in situ profiles of temperature and salinity (TS). The model was forced with
ALDERA data, a downscaled version of the ERA-Interim reanalysis (Dee et al., 2011). The NOAA
0.25° interpolated radiometry products (Reynolds et al., 2007) were used for the assimilation of SST at
a resolution of 1°. The reanalysis also assimilates the AVISO along-track Sea Level Anomaly (SLA)
product, by one every two points (to avoid taking into account redundant information) and without
observations from within 50 km of the coasts. SLA data were then combined with the Mediterranean
Mean Dynamic Topography (MDT) from Rio et al. (2011) to obtain ADT fields as the equivalent of the
Sea Surface Height (SSH) of the model. TS profiles from the CORA4.1 database (Cabanes et al., 2013)
were also assimilated, using only one profile per 0.1° of latitude/longitude, day, and platform, and again
omitting any observations from within 50 km of a coast.

We used L4 satellite SST observations from two different datasets of the Copernicus Marine
Environment Monitoring Service (CMEMS): (1) a high resolution (HR, 1/25°, ~4.5 km, Pisano et al.,
2016) dataset of daily averages stretching 35 years (1981-2017), used to calculate the long-term
statistics for the occurrence of surface temperature fronts during the reanalysis period; (2) a very high
resolution (VHR, 1/40°, ~1.4 km) dataset, ideally suited for front detection but with a limited temporal
coverage of 2008-2017 (Buongiorno et al., 2013), used to validate the detection of daily surface thermal
fronts from 2008 onwards (for years prior to 2008 the HR SST dataset was used). In order to be able to
unambiguously compare the three datasets (i.e., the reanalysis and the two CMEMS SST data), the VHR
SST data was spatially filtered (boxcar smoother) for space scales smaller than 7 km.

Satellite-derived Sea Surface Salinity (SSS) data were not used in this study as the only available
sources for such data, the Aquarius (SAC-D mission) and SMOS satellites, offer and insufficient spatial
resolution for our purposes, of greater than 100 km and ~30 km, respectively (Lagerloef et al., 2008;
Olmedo etal., 2018). SLA L4 altimetry data from AVISO/CMEMS for the period 1993-2017 (24 years)
at 1/16° (~7 km) spatial resolution were used to compare absolute dynamic topography (ADT) to
MEDRYS simulated sea surface height (SSH).

Two glider datasets collected as part of the French CNRS/INSU program MISTRALS were used to test
the ability of the reanalysis to conserve water mass distributions and associated gradients. Gliders move
along saw-tooth-shaped trajectories oscillating between the surface and a maximum depth of 1000 m,
and capable of covering horizontal distances of 2—4 km in 2—4 h between two surfacings. They recorded
temperature and salinity as well as biogeochemical properties at high temporal and spatial resolution
which makes them particularly well-suited for observing fine-scale frontal features. The glider
deployments were carried out during fall 2012 (glider CAMPE/MistralsT02_00 in the EGO database)
and winter 2013 (glider MILOU/ASICSMED, EGO database). The gliders were equipped with pumped
and unpumped CTD probes (SBE-41) that require offset correction as a first-order correction for each
single deployment (see Bosse et al., 2016; Margirier et al., 2017; and Testor et al., 2018) and for the
thermal lag issue of the CTD probe that can affect salinity measurements in strong thermoclines of the
order of 0.1-1.0°C.m"! (Garau et al., 2011). To compare the glider data with our reanalysis we
concatenated vertical profiles taken from the reanalysis using linear interpolation between the dates and
geographical positions that correspond to the recorded surface positions of the glider dataset. Note that
the glider data are used in the CORA4.1 database, but only for one profile per day, platform and 0.1°
of latitude/longitude. Thus, even if they are not strictly independent from the reanalyzed fields (being
partially assimilated), we assume they can be used to verify that the reanalysis is well constrained by
the observations, preserving the thermohaline characteristics of the water masses and associated
gradients.



2.2. Detecting frontal interfaces and localizing frontal zones

Fedorov (1986) introduced concepts and definitions that distinguish between frontal interfaces and
frontal zones. A frontal interface (or front) is the surface outcrop of an isotherm and/or isohaline that
marks the horizontal boundary between two water masses. The frontal zone (or front area) is the
relatively stationary zone in time and space where the two water masses meet, hence where the front is
frequently observed. The front and underlying stratified water mass structures may vary in time and
space, jointly or individually, depending on the type of situation (i.e., open ocean vs. coastal or estuarine
fronts) in response to wind forcing or local frontal dynamics. The spatial scale relevant for an offshore
front roughly corresponds to the Rossby radius of deformation (5-12 km in the Western Mediterranean,
Escudier etal., 2016b) and is slightly less for a sub-mesoscale front. The frontal zone is rather dependent
on the low-frequency regional dynamics causing the two water masses to meet. The spatial scale of a
frontal zone is thus larger than the spatial scale of a front and should be relevant to regional gradients
in thermohaline properties. Given these considerations, a front detection index can be defined as the
area where the local gradient of thermohaline properties significantly exceeds the regional gradient.
Based on numerous SST observations, Fedorov (1986) proposed an empirical ratio of 10 between the
local and regional gradients to mark the presence of a frontal interface.

We used the same simple criterion to define a frontal index (FI) used on a daily basis to identify the
location of surface front. Specifically, we first computed the norm of the local bi-dimensional spatial
gradient, in order to account for oblique or curvilinear structures as :

VX = (VX +(V,,X) (1)

lon lat

where X stands for temperature or salinity and both gradients have been estimated using centered
discrete operators. These local gradients re then normalized using a climatological-mean gradient
representative of the large scale distribution of the thermohaline properties over the Western
Mediterranean :

v, X

VX =
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where is the climatological-mean large scale gradient (for temperature or salinity). Lastly, the frontal
indices (FIs) were defined for each time step and model grid point as binary variables for a given

threshold ratio, R¢ as follows :
ifVyX2R = FI =l,else 0(3)

This is a binary index of daily frontal interfaces that can be tagged, while its time average gives the
spatial distribution of front occurrence (FO) in percent (%) over the considered period (i.e., month,
season, year, etc.), resulting in a map of frontal zones.
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As the NBF represents the boundary between the southern and northern sub-basins of the Western
Mediterranean, a natural choice for the climatological mean gradient is the mean latitudinal gradient of
the long-term (20-year) averaged fields, while avoiding river fronts (mainly the Rhone and Ebro rivers)
which give much stronger salinity gradients. These climatological temperature and salinity gradients
are calculated as :

1 Nion Nia

1 <
Viiim = WZZVM[ (V,ZI:X ) (5)

lon lat 1 1

where X is the field and i and j are the model grid points in both horizontal directions of the area bounded
by 4.72°E to 7.65°E and from the Algerian coast in the south to 42.23°N (Fig. 2). In the top 60m of the
water column, these computations lead to climatological mean gradients of 5.0x103 °C.km" and
2.0x10-3 km™" for temperature and salinity, respectively. Below a depth of 60m, these gradients decrease
rapidly by one order of magnitude down to 300 m (Fig. 2c and f). This marked decrease is consistent
with the limited vertical extent of the AW in the south and, likewise, the oldest and saltier mAW in the
north. A slight climatological latitudinal gradient, more marked for temperature, is noticeable in the
depth range of the LIW (300-800 m), while the deepest layers are almost homogeneous. The
corresponding longitudinal gradients (not shown) are 10 times weaker in the 0-300 m depth range and
almost nonexistent at greater depths. We therefore assumed that these 0-60m averaged latitudinal
gradients are adequate representations of a regional gradient and can be used to scale the intensity of
the temperature and salinity fronts.

As with any front detection method, the choice of the threshold ratio (Rt in Equation 3) used to identify
frontal interfaces is pivotal. Fedorov (1986) primarily used continuous observations of temperature to
establish the threshold ratio of 10 between the local and regional temperature gradients. He assessed the
robustness of this value in different regions and for various dynamics systems. Running some
preliminary tests on our dataset using Rt = 10 showed that the temperature-based FI yielded several
spatially coherent (i.e., patterns that are continuous over several tens of kilometers) SST fronts (Fig. 3).
When we applied the same threshold to salinity, the FI showed fronts mainly in the vicinity of the Rhone
and Ebro river plumes, but only very few in the central part of the basin (compared to the temperature-
based FI) nor in the vicinity of the Balearic archipelago or along the Algerian Current where haline
fronts are often observed. By using a lower value of Rt = 5 for the salinity data, the FI showed more
coherent structures with shapes that were often similar to those obtained from the temperature-based
FI, although their spatial extents did not always match perfectly (Fig. 4). This suggests that the Rt
threshold should be adapted based on the spatial resolution of the dataset used, the hydrological
characteristics of the region, and the variable itself. In fact, given the mean horizontal resolution used
for the simulation (about 7 km), the definition of the FIs in Equation 3 with Rt = 10 requires a
temperature and salinity difference of 0.35°C or 0.14, respectively, for a front to be detected across two
adjacent grid cells. Using mean thermal expansion and haline contraction coefficients of ar =2.14x104
K-'and Bs = -7.6x10* kg.g"!, respectively, and a reference density of 1028 kg.m3, these temperature
and salinity differences would imply absolute density differences of 0.077 kg.m and 0.109 kg.m-3 for
temperature and salinity, respectively. For both threshold ratios to be equivalent in terms of density
difference between two adjacent grid cells, the threshold used for salinity would need to be about 7, i.e.,
between our empirical value for salinity of 5 and Fedorov’s value of 10 (for temperature). Furthermore,
a front is never purely haline nor thermal (i.e., salinity and temperature gradients can act in the same or
opposite directions) and the salinity gradients between the AW and mAW may be split across more than
one frontal structure (e.g., between the AC and the AE or the AE and northern mAW). We therefore
used our empirical value of Rt =5 for to calculate the salinity-based Fls and kept the original Fedorov
value of Rt = 10 for temperature to estimate the long-term frontal occurrences.



3. Results

3.1. Daily surface fronts

We first describe how the reanalysis simulates surface thermohaline fronts and assess the results by
comparing them with remotely sensed SST fronts, ADT, and derived currents. As the assimilation
improved as the reanalysis progressed in time (due to ARGO data becoming available after 2005), the
particular examples in Figs. 3 and 4 were chosen to cover contrasting seasonal situations and the entire
20-year reanalysis period. All these examples show that the reanalysis captured the patterns of observed
surface temperature and dynamical topography at scales ranging from regional to mesoscale, with many
smaller structures visible in the lower mesoscale range. This is particularly evident along the North
African coast where the reanalysis always shows more marked mesoscale instabilities of the AC and
associated AEs than the satellite-derived ADT. We must recall here that SST and dynamic height data
are assimilated in the reanalysis with a reduced resolution: only every second SLA data point and only
one data point per 1° lat/lon for SST (see Section 2.1). Likewise, the ADT data used for the validation
of the simulated SSH fields are of lower resolution (1/8°) and likely smoothed during the gridding
process. A better resolution or increased mesoscale variability is precisely what would be expected from
a reanalysis where the physics of the ocean model acts as a dynamic interpolator and is thus capable of
generating its own realistic mesoscale variability.

Most of the detected salinity and temperature fronts are associated with these mesoscale structures. For
the case of early winter, the temperature and salinity fronts show nearly continuous structures along the
outer edges of the AC meanders, marking the boundary between the warmer AW that recently entered
through the Strait of Gibraltar (salinities below 37) and colder waters in the AEs that have not yet been
mixed with the saltier resident Mediterranean waters (salinity range 37-38). The observed SST field
shows similar but less marked swirling of warmer AW in the AC meanders in the 25 January 1998 data
(Fig. 3b-c), i.e., only few detected fronts. We presume that this results from the over-smoothing during
the interpolation and merging of this medium-resolution (5 km) SST dataset.

The summer 2008 case is a contrasted situation in which the AC exhibits lower temperatures than the
rest of the Algerian basin, particularly within an anticyclonic eddy near the outlet of the Alboran Sea
(0-1°E) and a marked offshore tongue of cold coastal waters around 2-4°E. The latter may be due to
either a wind-induced upwelling (Fig. 3e and f), an eddy-induced upwelling (Millot, 1979), a recent
inflow of colder AW, or a combination of any of these factors. Similar patterns are detected in the
remotely sensed SST and derived fronts but are less perceptible in the simulated salinity data. This
summer case also shows seven AEs in the reanalysis (Fig. 4) with similar patterns (although sometimes
partially merged) in the altimetry data. Temperature and salinity fronts both show marked structures
wrapping around each of the four main eddies, many of them being visible on the observed SST derived
fronts. The use of high-resolution remotely sensed SST helped to identify and validate many more SST
fronts in this case compared to the winter of 1998, but it also revealed numerous scattered fronts’
detection without any coherent spatial structures.

In autumn 2012, there are large AC meanders and two AEs : one at the outlet of the Alboran Sea and
the second centered at 7°E-38°N. The normalized temperature gradient, which delimits the northern
edge of the AC meanders and eddies, is less clear than in the previous examples due to the lower
temperature differences between the recent AW and the older and saltier waters in the AE area. In
contrast, salinity and associated fronts are still clearly associated with the SSH mesoscale patterns. West
(and East) of the Strait of Bonifacio, marked SST fronts seem to be associated with strong wind forcing
(Fig. 3i and j).

In early March 2013, the situation is similar albeit more extreme in that the SST is colder and nearly
homogeneous across the whole area, yielding only few identifiable coherent structures. Once again, the
salinity-based detection yields more frontal structures and a better agreement with the observed
mesoscale SSH patterns. The low number of temperature fronts for this last case is confirmed by the



observed SST, at least in the central part of the Western Basin. The two large bands with no front
detection in the western or eastern part of the basin suggest an over-smoothing of the interpolated
temperature fields under cloudy conditions that had lasted for several days prior to the date shown. In
most cases, normalized temperature and salinity gradients showed marked frontal structures at the
entrance of the Tunisia-Sardinia channel, in agreement with the observed SST and SSH patterns. These
thermohaline fronts mark the confluence of the AW with the Tyrrhenian older and saltier mAW that
flows northwestward along the Sardinian coast or southwestward, depending on the strength and size
of the AEs present in the area.

Another prominent regional pattern present in both the reanalysis and the remotely sensed SST is the
colder core of the mAW in the northern part of the basin, extending from the southern part of the Gulf
of Lion (GoL) to the central Ligurian Sea in summer and autumn. It extends further south to the Balearic
Sea and along the coasts of Corsica and Sardinia in early and late winter. Several temperature frontal
structures are detected on the edges of this regional pattern, especially when latitudinal differences in
temperature are greatest (during summer and autumn). These features are essentially absent in the
March 2013 data. On the northeastern edge of the cold core, temperature fronts are most often detected
along the entire path of the Northern Current down to the GoL entrance, as well as along its two branches
on either side of Corsica, i.e., the Eastern and Western Corsican currents. Over the GoL, both the
observed and reanalyzed SSTs showed similar instabilities of the NC temperature front, likely due to
interactions with wind-induced eddy shelf circulation (Petrenko et al., 2005) and frequent upwellings
that fuel the cold core often present in the GoL and Ligurian Sea during summer (Millot and Wald,
1980). The July 2008 case represents a good example of one such wind-induced upwelling event,
marked by colder waters spreading across a large part of the continental shelf and a southwestward
entrainment of the Rhone river plume (Fig. 3 e-f-h). In summer and autumn, the southern edge of the
cold core is marked by undulating and near-continuous thermal fronts extending from the Balearic
archipelago to Corsica. These fronts are associated with coherent SSH patterns in the reanalysis, but not
in the CMEMS-AVISO ADT fields whose spatial resolution appears too low to resolve such features
lying in the lower range of the mesoscale. By contrast, the observed SST field shows similar structures,
although not strictly spatially coincident, supporting the realism of the mesoscale variability of the
reanalysis in this area. These thermal fronts correspond to the NBF as originally defined in Deschamps
et al. (1984) and used in many other studies (Bosse et al., 2015; Waldman et al., 2017ab; Pessini et al.,
2018). The sharp temperature front extending from the Catalan coast, south of Cap de Creus, toward
Menorca is another recurrent feature in summer and autumn. It marks the southernmost extent of the
Tramontane influence. It has been called the Pyrenees Front (PF) by Pascual et al. (2002) and separates
surface mixed and cooled waters in the north from fully stratified waters in the south. The temperature
fronts in the northern part of the Western Basin are less marked and often absent during early and late
winter (prior to the formation of the seasonal thermocline) as seen in both the simulated and observed
SST fields. In 2013, this area was marked by strong convections (Testor et al., 2018) resulting from
atmospheric forcing and favorable oceanic conditions. This led to the formation of a large tongue of
cold surface water extending from Balearic Sea to Corsica and Sardinia with SSTs below those observed
in the middle of the basin.

In contrast, fewer salinity fronts were detected in the area influenced by the NC, along the southeastern
edge of the cold core, and, more generally, in the whole northeastern sub-basin. This is due to low
salinity gradients (approximately 0.2 on average) between the older, saltier mAW of the Tyrrhenian Sea
and the cold cores present in the GoL and Ligurian Sea. Haline fronts are more prominent in the Balearic
Sea, particularly during summer and autumn. These salinity fronts run northeastward from the Ibiza
channel past the three Balearic Islands, as resulting from the frequent intrusions of recent AW into the
channels of the archipelago. It corresponds to the Balearic Front (BF) as defined in Lopez-Garcia et al.,
1994 and later by Pinot et al. (1995a), Pascual et al. (2002), Millot and Taupier-Letage (2005), and Ruiz
etal. (2009). The fact that temperature and salinity fronts in the Balearic Sea are more marked and more
frequent during summer and autumn could point toward a more complex eddy-driven circulation
causing AW and mAW to mix (Pinot et al., 1994, 1995ab, 2002).



3.2. Vertical structures associated with the fronts

In this section, we focus on the vertical thermohaline structures underlying the detected surface fronts,
specifically on two specific time periods (late winter and late summer) for which glider data was
available. The autumn deployment (Fig. 5) ran from September 17 to November 16, 2012 and consisted
of two transects (glider’s path shown Fig. 1). The first transect (Sept 17 — Nov 1) ran along an
approximately northwest-to-southeast path from north of Cap de Creus (3.5°E-42.5°N) to 39.6°N-6.6°E
and back, passing by the LION moorings at 42.038°N-4.688°E near the expected center of the deep
convection area (MEDOC GROUP, 1970; Testor et al., 2018). The second transect started on November
1 and consisted of a round-trip between the GoL shelf and the LION mooring. During the first transect,
the glider encountered a marked thermohaline front at around 40.5°N separating the saltier mAW in the
northwest (S ~ 38.3) from the fresher AW (S ~ 37.8) in the Southern Basin (Figs. 4). The glider crossed
the front on the outgoing journey between September 28 and October 8 and again on its return journey
between October 8 and October 18. The glider data showed that surface temperatures increased almost
linearly from approximately 20°C to 25°C between the GoL shelf and the fresher AW core. Both surface
temperature and salinity fronts were associated with subsurface thermohaline patterns that had a greater
vertical extent for salinity (0-200 m) compared to temperature (0—50 m). The low salinity core
extending to 200 m corresponds to the northern edge of the area influenced by AEs (Fig. 4). This AW
core is warmer than the northern mAW with higher temperatures essentially limited to the upper mixed
layer. The glider also crossed a low salinity vein over the GoL shelf slope (near Cap de Creus) that
marks the location of the NC (several crossings between September 16-18, October 29 and November
2, and November 13-16). While the NC’s salinity signature (38.1-38.2) extended to depths of about
200-250m, its thermal signature was almost undetectable, particularly after 25 October, due to seasonal
cooling.

The second glider deployment covered a winter convection event and the following spring re-
stratification (01/24/13 to 04/14/13). It consisted of several round-trips, always passing by the LION
mooring station and one particular transect crossing the expected thermal NBF area and continuing
southeastward to 40.14 °N. As with the previous deployment, the glider crossed the NC several times:
at the end of January off Toulon, February 5-7 (partial), February 15-18, March 29 - April 5, and again
near the end of its deployment (Fig. 6). The average salinity in the NC was similar to the salinities
measured during the previous deployment (around 38.2) and slightly lower (smaller than 38) in those
parts of the NC that are close to the coast. During this deployment, the glider again found a frontal
feature corresponding to the northern boundary of the AW (salinities lower than 37.8), this time with a
slightly greater vertical extent (300 m) compared to the first deployment. Apart from the NC vein and
fresher AW core, salinities and temperatures were nearly constant (~38.45 and ~13°C) prior to March
1 while the water column remained fully mixed (LIW core included) due to the formation of new
WMDWs by deep convection (Houpert et al., 2016; Testor et al., 2018). The lowest observed
temperatures were associated with low salinities (on February 15) and are likely due to dense shelf
water sinking off Banyuls (France), although this water may not be sufficiently dense to sink all the
way to the bottom (Estournel et al., 2016a). The confluence of these fully mixed waters and either the
NC or the fresher AW core generate sharp salinity fronts that crop out at the surface. By mid-March,
mesoscale processes again brought the mAW to the top of the water column which led to smoother but
still marked surface salinity fronts. Due to the deep convection observed during this deployment, the
temperature field was almost homogeneous before early March, showing only slightly higher
temperatures in the LIW core, the NC and the fresher AW to the southeast from mid-March onward.
This small temperature variability did not induce significant temperature surface fronts, except near the
southern, fresher AW core. The higher temperatures toward the end of the deployment (after 5 April)
were due to seasonal warming rather than a change in water mass.

Apart from some greater salinity anomalies during the first leg of the first deployment (September 19
to October 10), the virtual gliders both showed mesoscale patterns in the southern, fresher AW core and
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the NC that were consistent with observations, i.e., with similar horizontal and vertical extents as well
as thermohaline properties and strength of the surface-associated fronts. Moreover, this consistency can
also be observed at depth, particularly in the LIW core that appears in both the observations and the
reanalysis with a spatio-temporal variability well phased with the upper mAW core, the NC vein and
the deep mixing in the convection areas. The larger model/in-situ discrepancies during the first glider
deployment were due to small-scale salinity anomalies at the base of the mixed layer and upper
thermocline in the reanalysis. These anomalies extended toward the surface and generated small-scale
salinity fronts not apparent in the glider data. The glider data did show several similar salinity anomalies
at depths of around 40 m, however, which affected the surface salinity gradients, e.g., in early October.
We hypothesize these anomalies are likely due to uncorrected thermal lag which leads to sampling
errors in the presence of strong temperature gradients and high vertical glider velocities. Although these
glider records are usually corrected before adding them to the MISTRAL database (delayed time data),
the near real time data that are added to the French and European Operational Oceanography (OO)
systems are not. As the CORA database mainly relies on these OO systems, it is likely that the near-
real time uncorrected glider data were used in the reanalysis. Despite these small artefacts, the main
salinity and temperature structures were well sampled and simulated, particularly the AW core and its
edges which would correspond to the NBF.

3.3 Climatological and seasonal surface frontal zones

We now present the climatological means (20 y) of the computed temperature and salinity FIs in order
to derive the corresponding FO index (Fig. 7) and then identify the frontal zones according to Fedorov.
Setting aside the Ebro and Rhoéne river plumes that often show salinity FOs higher than 80%, the
temperature and salinity FOs over the whole area rarely exceed 50% due to the spatial and temporal
variability of the mesoscale structures scattering and spreading out the fronts. Nevertheless, the
climatological FOs revealed several areas with values between 25 and 50% (most areas had values that
were much lower). These frontal areas differ in their spatial extent and seasonality with regard to
temperature and Salinity. Salinity FOs are much more marked in the southern part of the basin,
including the Balearic Sea, and almost absent in its northeastern part. They are characterized by a large
and almost continuous frontal zone (FOs around 30-50%) extending from the Alboran Sea to the whole
balearic islands, and then southeastward to the Tunisia-Sardinia channel. In the Balearic Sea, it clearly
denotes the area of the BF. East of Menorca Island, the area with recurring frontal activity marks the
northernmost edges of the AEs. The numerous frontal interfaces associated with eddies inside the
Algerian Basin appearing on daily maps (e.g., Fig. 4) do not lead to significant frontal areas as they are
randomly distributed in time and space, due to the high AE mesoscale variability. Similarly, strong
variability of the Algerian Current prevents any significant spatial recurrence of frontal interfaces until
the flow stabilizes in the Tunisia-Sicily channel. There, the salinity contrast between the eastward
flowing AW and the saltier mAW of the Tyrrhenian Sea would again favor the recurrence of marked
frontal interfaces and consequently reveal an important frontal zone.

The frequency of occurrence of surface salinity fronts appears to be similar between seasons with a
weak seasonality (Fig. 7). This may be related to the low seasonal variability of AW inflow through the
Strait of Gibraltar (AW inflow: 0.81+£0.06 Sv, annual amplitude of the seasonal cycle: 0.034+0.011 Sv,
see Soto-Navarro et al., 2010). Some seasonality exists locally, e.g., for the Rhone river plume front
that remains on the shelf during autumn and winter (Fig. 7b and e) and extends further south during
spring and summer (Fig. 7c and d). The greater southward extension of the Rhone plume in spring is
naturally due to higher rainfall and snowmelt while at other times its dynamics depends of different
stratification and wind regimes generating different eddy retention patterns on the whole shelf
(Estournel et al., 1997, 2003; Hu et al., 2011; Kersalé et al., 2013). Higher salinity FOs values (greater
than 50%) in the Tunisia-Sardinia channel in winter coincides with the winter increase in AC flow in
the Tyrrhenian (Astraldi et al., 1999; Jebri et al., 2017) likely favoring more marked and less scattered
FlIs. The BF-related frontal zone is relatively constant between seasons, with FO values in the range of
30-40% most of the time, except in summer when values reach more than 50% northwest of Mallorca.
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Near Menorca, FOs tend to be weaker and more spread out from winter until spring (Fig. 7b and d). A
seasonal variability of the BF and BC has been attributed to the relative strength of the mAW flowing
into the Balearic Sea with the NC acting against the AW northward intrusion through the Ibiza and
Mallorca channels (Lopez-Garcia et al., 1994; Pinot et al., 2002; Mason and Pascual, 2013; Vargas-
Yanez et al., 2020). The summer increase in the occurrence of salinity FOs northwest of Mallorca is
consistent with the known spring to summer strengthening of the BC due to increased northward AW
inflow across the Mallorca channel in combination with a summer weakening of the NC. The absence
of a significant variability in the Ibiza and Mallorca channels, which would follow the same rule, is
likely due to the insufficient spatial resolution of the reanalysis data. Given the width of the two channels
(about 80 km each), the strong current shear that is observed between the northward and southward AW
and mAW flows (e.g., Vargas-Yafiez et al., 2020) is barely visible in the ocean model which only shows
a quasi-permanent but fuzzy confrontation of the AW and mAW in the southern Balearic Sea. The
wintertime weakening of the salinity FO to the north and east of Menorca, which may represent the
NBF, suggests a larger mesoscale variability that would spread the daily frontal interfaces and weaken
the corresponding FO. At the same time, FOs are significantly increased south of Menorca, suggesting
a recurrent southward shift of the frontal zone in winter. This is likely related to the great variability of
winter conditions in the northern basin, particularly considering the proximity of the area of WMDW
formation. Conversely, the strengthening of the salinity frontal zone to the north and east of Menorca
from spring to summer could be related to the strengthening of the BC that occurs at the same time or
the northward shift of AEs in spring (Escudier et al., 2016a) or a combination of both. This will be
discussed in more detail in Sections 4.3.

Temperature FOs show an almost opposite distribution compared to salinity FOs. Significant
occurrences (FO greater than 25 %) are essentially limited to the northern part of the basin, i.e., the GoL
and Ligurian Sea, and practically absent in the south except close to the coasts (Fig. 7f). Moreover, the
temperature FOs exhibit a strong seasonal variability (likely due to seasonal surface cooling) with low
values of 0-15% in winter increasing to 30% in spring and rising further to 30-60% in summer and early
fall (the climatological average is 25-35%). Being mostly found near the coasts, the higher FO values
in summer and autumn are likely related to local wind forcing as over the eastern GoL due to frequent
upwelling events (Millot, 1979; Millot and Wald, 1980; Stanev et al., 1989; Barrier et al., 2016) between
Toulon and Marseille; near Cap de Creus in the area of the PF where the wind-cooled surface waters of
the GoL meet the warmer waters of the Balearic Sea (Lopez-Garcia et al., 1994; Pascual et al., 2002;
Mason and Pascual, 2013); east of the Strait of Bonifacio where western winds channeled by the strait
(Fig. 31) generate Ekman pumping and thus up- and downwellings (Marullo et al., 1994; Small et al.,
2012); along the Algeria and Sardinia coasts as a result of coastal wind-induced upwellings in summer
(Millot, 1990; Olita et al., 2013; Bosse et al., 2015) and eddy-induced upwellings at the Algerian coast
(Millot, 1979).

Temperature FOs associated with major circulation patterns are less obvious, being either separated
from the salinity ones or indistinguishable from the previously mentioned coastal and wind-related
cases. The temperature FO signature of the AW is slightly more visible at the exit of the Alboran Sea,
where values exceeding 25 % are seen all along the African coast, although their narrow shape makes
them essentially indistinguishable from coastal wind-induced FOs. Similar to the salinity derived FOs,
the temperature FOs at the boundaries of the AEs in the AW reservoir are too variable in time and space
to be able to produce significant and spatially coherent patterns on the long-term. While in winter
temperature FOs show a slight increase (5-10%) all along all along the northern edge of the AW
reservoir, summer values do not, except northeast of Menorca Island, where a tongue of high FOs (more
than 25%) overlaps the northern part of the regional salinity frontal zone between 4°E and 6°E.
Nevertheless, it is unclear whether this tongue of high temperature FOs marks the northern limit of the
AW or simply a southeastward extension of the PF. Moreover, it forms part of a larger area of similarly
high FOs suggesting several temperature frontal interfaces throughout the GoL and Ligurian Sea during
summer (Fig. 3), often following local upwelling events. This overlap between coastal and offshore
features impedes the emergence of coherent structure along the NC that can only be clearly identified
off the French Riviera (6-8°E) in the autumn average, with FO values greater than 25% in a coastal vein
extending between the Ligurian Sea and the GoL. Despite marked FIs in summer and fall (Section 3.1),
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the thermal NBF extending toward Corsica (Deschamps et al., 1984) is not visible in the FOs, neither
in the climatological not seasonal (summer/autumn) averages. In fact, both the satellite- and reanalysis-
derived temperature FOs show a large “hole” in the high-FO area (7-8°E,42-43°N) during summer. This
may be due to a higher eddy-like variability preventing higher temperature FO values (akin to the
argument regarding frontal interfaces in the southern sub-basin).

The marked seasonal variability of temperature FOs has been previously inferred from daily maps of
FIs (Section 3.1) and is confirmed by the seasonal cycle of temperature FOs computed from the HR
remotely sensed SST dataset (Fig. 7) which shows the same overall patterns although with much lower
FO values (on average 15-20% lower). These lower FO values in the HR SST dataset could be due to
statistical effects related to interpolations on days with incomplete satellite coverage (e.g., cloudy days),
i.e., the algorithms for optimal interpolation and merging used to produce daily gap-free maps may
over-smooth in situ temperature gradients and spread them over large areas of missing pixels which in
turn leads to poor or inefficient detection of temperature FIs. The VHR SST dataset generally gave
much more temperature FIs (see Fig. 3), although the same over-smoothing issues may also affect the
VHR dataset. For example, on March 3 2013 (Fig. 30 and p), there are two large bands without FI
detection in the western and eastern parts of the basin, with several scattered temperature FIs detected
in the central part of the basin (for both remotely sensed SST datasets). The fact that the 1km remotely
sensed dataset gave similar ranges and spatial patterns of FO as the reanalysis could serve as a
confirmation of the over-smoothing bias in the HR SST dataset (Fig. 8). The only significant difference
is the slightly higher background values of temperature FOs (5-10%) when compared with the
reanalysis over most of the low values southern area. These higher background values should be due to
sub-mesoscale patterns (Stuhlmacher et al., 2020) that are not resolved in the reanalysis data, but as
well to noisy pixels as many scattered and spatially incoherent temperature FIs can be seen on the VHR
SST derived FI (Fig. 3). Nonetheless, these resolution and noise effects are smoothed-out in the long-
term statistics and the good overall agreement between the reanalysis and the 1km resolution SST
dataset shows that the reanalysis generates realistic SST front occurrences.

3.4. Interannual variability of frontal occurrence

This section presents the interannual variability in the occurrence of temperature and salinity fronts. An
empirical orthogonal function (EOF) analysis of the 20-year daily FI fields yielded each first mode —
the first of temperature and the first of salinity - that explain 26.7% and 31.8 % of variability respectively
(Fig. 9), while higher modes had values of 2 % and less in both cases (not shown). These first EOF
spatial patterns are thus the most reliable modes of the FO variability while higher modes would account
for intermittent and more randomly distributed patterns due to high frequency processes. The first
thermal and haline modes mainly retain the same spatial patterns than the computed climatological FOs
at the resolved space scales (Figs. 7 and 8). Moreover, the associated principal components confirmed
the previous findings regarding the different modes of time variability for salinity and temperature FOs.
The first principal component for temperature FI is clearly dominated by a seasonal variability with
minima in winter and maxima in summer, consistent with the seasonal cycle shown Fig. 7. Furthermore,
these extremes showed a low interannual variability. In contrast, the corresponding principal component
for salinity FI did exhibit a marked interannual variability with higher values during the winters of
1998/99, 2002/03, 2003/04, 2008/09, and 2012/13 (Fig. 9d). Although the interpretation of EOF modes
is always somewhat ambiguous, this first mode of time variability seems to be related to the intensity
of the deep water formation events, as these winters correspond to years of deep convection in the
MEDOC area (e.g., Somot et al., 2008; Herrmann et al., 2017; Waldman et al., 2017b).

The yearly frontal occurrences of temperature (Fig. 10) and salinity (Fig. 11) contain similar features
as the 20-year climatology (Fig. 7). For temperature yearly FOs it includes higher FOs in the northern
part (in the PF area and along the NC) and in areas of coastal upwellings (near Marseille, west of
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Sardinia, and along the Algerian coasts), and lower values in the southern part of the basin (the area
influenced by AEs). Nevertheless, there is a significant interannual variability in the intensity and
recurrence of thermal fronts. In 1995 there is a marked southeastward frontal zone that suggests a link
with the AWSs’ northern limit (Fig. 11b). Areas with high FO values are also seen in the Ligurian Sea
(1993, 2000-2001, 2003, 2005-2007, and 2009-2010). The offshore extent of the PF shows a different
orientation in 2005-2007 and 2011-2012 (northeastward) compared to 2000 and 2004 (southeastward).
Lastly, it appears that the background noise in the fronts shown in the Algerian Basin is slightly
increased in 2004-2006 and 2009-2010 and lower in 2008, suggesting a significant interannual
variability in either the AE activity or in the high frequency atmospheric forcing.

The interannual variability is much more evident in the salinity FOs (Fig. 11) which shows major
changes in the intensity and position of the main haline frontal zone delineating AWs from mAWs
between the Balearic Islands and Sardinia. The haline frontal zones related to the Rhone and Ebro river
plume fronts are less variable between years. Only in 2000 there appears a slightly different location of
the Rhone plume front reaching further south to 41°N and joining the AW/mAW haline front around 3-
4°E. In 2003, 2007-2008, and 2011-2012 the AW-mAW frontal zone was less well defined and even
broke up at times. In other years known to have strong DWF, there was a southward shift of the AW-
mAW frontal zone to the east of Mallorca (1999, 2003-2005, and 2009-2010) affecting the whole BF
zone in 2009-2010. Conversely, the northward shift of the southern BF limit from the Ibiza and Mallorca
channel toward the Ebro delta in 1995 and 2002 suggests stronger AW intrusions into the Balearic Sea.
In 1997, 1999, 2004, and especially in 2009 there was a northeastward extension of the haline frontal
zone toward Corsica (matched by high SST FOs in 2004 only), suggesting a northeastward drive of
AWs toward the WCC during these years. Moreover, the highest FO values occurred in 2004 in the
central frontal zone. The years 1999 and 2003 show a net increase in salinity FO in the AE influenced
area (southeast of the Balearic archipelago) which strongly contrasts with the low values seen in the
climatological estimates (Fig. 7).

4. Discussion

4.1. About the front detection method

In this study, we choose to use the Fedorov (1986) gradient-based method for two reasons. First, it is a
low computing-costs method given the numerous (7304) daily fields to be analyzed. Secondly, scaling
the front intensity with the climatological gradients between the AW and mAW seemed best suited to
capture temperature and salinity fronts relevant to the NBF. Nevertheless, when used with the 1km
resolution remotely sensed SST data, the gradient method also detected many scattered and non-
coherent thermal fronts, highlighting a known weakness of such simple gradient approaches when used
on high resolution and thus noisy data (Simpson, 1990). Many other front detection methods have been
developed, particularly since the advent of ocean remote sensing. These methods employ various
approaches, from simple gradient thresholds (Simpson, 1990; Moore et al., 1997; Kostianoy et al., 2004;
Saraceno et al., 2004; Dong et al., 2006; Rivas and Pisoni, 2010), to mathematically more complex
methods such as edge detection and classification (Cayula and Cornillon, 1992; Ullmann and Cornillon,
2000; Miller, 2009; Nieto et al., 2012), surface fitting and likelihood methods (Shaw and Vennel, 2000;
Hopkins et al., 2010), or fractal-based methods of gradient discontinuities (Turiel et al., 2008; Yelekei
et al., 2017). Most of these methods focus on the detection of small-scale spatial patterns given the
constraints of picture resolution, cloud cover and inherent experimental noise of remote sensed data.
Numerical model results can be assumed noise-free as the scalar dynamics are usually well constrained
by the physical core of the model. In such conditions, a gradient threshold method may be as efficient
as edge detection methods (Simpson, 1990). Lastly, the scale of detectable frontal structures is restricted
by the model's spatial resolution, about 6-7 km in our case, which means that the use of more
sophisticated algorithms to track small scale fronts would not be of much use in our case.
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When using a gradient-based approach, the choice of the threshold used to to discriminate frontal pixels
is clearly the more pivotal. Given the high seasonal variability of the SST fronts, the use of a constant
threshold over the whole 20 y of the reanalysis calls for some reservations. In fact, the mean latitudinal
gradient of temperature varies seasonally from 4x10- °C.km™ in winter to 7x10- °C.km™ in autumn
over the normalization domain, while the salinity one is less variable (1.8%10 to 2.2x10- km™). This
means that the temperature FOs should be slightly lower in winter and higher in autumn although
seasonal values differ only slightly from the annual mean of 5x10-3 °C.km™". Saraceno et al (2004) and
Rivas and Pisoni (2010) used daily thresholds obtained from a cumulative histogram of the gradient
norms for each daily SST image. This requires no a priori knowledge of regional gradients and allows
to retain the short-term to seasonal variability of thermal fronts. We performed a comparison (not
shown) between our threshold method and the histogram method of Rivas and Pisoni (2010). Both
methods gave almost identical results with regard to daily FIs and long-term FOs. Indeed, we found
that the histogram-based daily thresholds generally corresponded to ten and five times our
climatological gradients for SST and SSS, respectively, and follow the same seasonal tendencies. This
consistency between the two approaches confirms that the seasonal bias introduced by the use of time-
constant thresholds is not significant on a yearly basis and likely on a pluri-decadal one. Moreover, it
supports the use of different thresholds for salinity and temperature gradients. It is more difficult to
assess the ability of the front detection method for nearshore and on-shelf frontal structures, such as
those linked to the Ebro and Rhéne river plumes, coastal density-driven currents, or wind-induced
coastal upwelling, as these phenomena would require the use of locally adjusted thresholds. The lack
of SLA and TS profiles in coastal areas made the model less reliable than offshore and may cause an
additional bias or drift. On the other hand, the well constrained offshore temperature and SSH fields
would allow realistic forcing over the coastal area and the main limitation here is the spatial resolution
of the reanalysis (1/12°) that does not allow to adequately resolve such coastal processes (Ourmiéres et
al., 2011; Aznar et al., 2016). Nevertheless, we did not detect any significant discrepancies in coastal
areas between the reanalysis and remotely sensed SST in the daily FI (Fig. 3) or their long-term
occurrence (Fig. 8). This shows that most of the offshore mesoscale frontal interfaces in the Western
Mediterranean can be scaled based on the climatological mean latitudinal gradients between AW and
mAW, at least to the first order or accuracy.

4.2 The link between sea surface slope and salinity fronts

AW, being fresher and generally warmer than other northern waters, are less dense and therefore raise
the sea level in the Algerian sub-basin. At the same time, the continental winds prevailing over the
northern part of the GoL continuously cool the older and saltier mAW, leading to a drop in SSH. The
resulting mean difference in SSH is 20-25 cm over approximately 600 km, even with the seasonal steric
effect of warmed surface layers in summer. Based on this marked difference in sea level, Olita et al.,
(2011) used the largest ADT gradient between the northern and southern sub-basins as a marker of the
NBF, as the boundary between recent AW and saltier mAW. Fig. 12a shows that the average shape of
the SSS frontal zone, extending from the north of Menorca Island to southwestern Sardinia, closely
follows the highest mean SSH slope between the -6 cm to -2 c¢cm isolines, hence in agreement with the
Olita et al. (2011) hypothesis. Conversely, the temperature FOs do not show such a clear link with the
dynamic topography, even in summer when the occurrence of thermal fronts is most frequent (Figs. 7
and 12b). One issue here is why the SST front between Menorca Island and Corsica, initially defined
as the NBF in Deschamps et al. (1984), is neither evidenced in the long-term temperature FOs nor linked
to the main SSH slope that marks the southern boundary of the northern mAWs (Seyfried et al., 2019).
The potential contributions of temperature and salinity changes to density are however similar across
the northern thermal front in summer/autumn (~ 3°C in Fig. 3) or across the BF and the main haline
front (~0.4 on Fig. 4), leading to 0.66 and 0.70 kg.m3, respectively. But the mesoscale structures of the
AC and AEs in the Algerian Basin to which the main salinity fronts are linked, are almost three times
bigger (at least 150 m) than the summer/autumn upper mixed layer thickness in the whole basin (about
50 m, Figs. 5-6). This suggests a smaller scale geostrophic balance and lower contributions of
temperature gradients to the main regional circulation patterns.
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In addition, many processes can trigger a high frequency variability of surface temperature fronts, such
as wind induced spreading of surface fronts (Estrada et al., 1999; Capet et al., 2008b; Estournel et al.,
2016a), mixed layer internal instabilities (Spall, 1995), or Ekman advection of buoyancy, causing either
re- or de-stratification depending on whether the wind is aligned with the current or blows in the
opposite direction (Turner, 1980; Fedorov and Ginsburg, 1988; Seyfried et al., 2017, 2019). Figs. 3-6
show that salinity and temperature surface fronts do not exactly coincide in space over the AW related
mesoscale structures. Salinity fronts tend to occur on the external edges of the AC and AEs while
temperature fronts appear more onshore for the current and swirl inside for the eddies. Indeed, summer
temperature FOs computed just below the upper mixed layer depth (30 m) display patterns that are more
consistent with the known thermal NBF signature, namely a thermal frontal zone extending further
northeastward toward Corsica (Fig. 12b, white contours). It also shows a better continuity from the
WCC to the Ligurian Sea and on to the GoL, as well as more recurrent patterns in the Balearic Sea.
Conversely, the salinity FOs at depth are globally similar to the surface ones. This uncoupling of the
surface thermal fronts from the underlying geostrophic structures has been described for the Alméria-
Oran front (Folkard et al., 1994). This suggests that most of the summer surface thermal fronts off
western Corsica are due to turbulent structures in the upper mixed and warm layer rather than subsurface
structures that would affect the dynamic height and geostrophic circulation. No equally strong
temperature structure was detected in the main salinity frontal zone indicating that both fronts were of
different origins.

4.3 Interannual variability of the main central haline front

Both the EOF and yearly analysis clearly showed that thermal frontal zones exhibited a low interannual
variability and appeared to be driven rather by a seasonal cycle while salinity frontal zones were
characterized by a stronger interannual variability. The fact that thermal fronts mainly showed a
temporal variability on seasonal scales is likely due to the homogeneous winter cooling that reduces the
surface temperature range in the entire Western Mediterranean (lower than 3°C compared to 6-8°C in
summer/autumn, Figs. 3, 5, and 6). The higher thermal FOs seen in some years, particularly over the
Ligurian Sea and GoL, may be primarily affected by the variability in summer/autumn wind and heat
conditions. Conversely, Fig. 11 shows a 1-2° latitudinal shift of the main haline frontal zone from year
to year. Wind-induced shifts of fronts in the NBF area have been yet described by Estrada et al. (1999),
Estournel et al. (2016a) and Seyfried et al. (2019), but on a short time scale (Fig. 12b, white) and not to
such an extent. The principal component of the first EOF mode of salinity FI (Fig. 9b) suggested a link
with the intensity of the DWF whose the southern extension can reach 40.5°N (Herrmann et al., 2010,
2017; Lebeaupin Brossier et al., 2017; Waldman et al., 2017a,b; Seyfried et al., 2019), close to the
northern limit of the haline front. Moreover, the volume of new WMDW produced during a strong DWF
winter can be as high as 50%10° km?, so one tenth of the total volume of the Northwestern Mediterranean
(e.g., Somot et al. 2016). Such a large perturbation of the regional dynamics on a relatively short time
scale (order of one month) is likely to have a pronounced effect of the AW/mAW spatial distribution,
hence on the front’s position.

Fig. 13 illustrates this likely effect by comparing daily salinity fields for a no/low convection year
(2008) with a strong convection year (2005). While the AW and mAW are separated by a sharp haline
front in both years, the latitudinal position of the main salinity front spans over more than 1° interval
between both cases. In winter 2005 there was a large area of fully mixed water column at 41-43°N
marking the area of DWF (Figs. 13d and f). This structure was not present in March 2008 as no DWF
occurred. The latitudinal shift of the main salinity front corresponds to half the diameter of the well
mixed patch, suggesting that the formation of this process would have pushed the main salinity front
southward. On the other hand, Fig. 13 also shows that the AW south of the front was clearly fresher in
2005 (lower than 37) compared to 2008 (higher than 37), suggesting a greater mixing of AW over the
largest AEs affected area until 2008. A large interannual variability of the AEs’ activity has been yet
shown from eddy kinetic energy (EKE) estimates (Pujol and Larnicol 2005) or eddy tracking (Escudier
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et al. 2016a) with regular events of northward migration of long-lived AE up to 40°N. This led us to
consider the mean AE activity as another possible contributor to the interannual variability of the haline
frontal zone.

Fig. 14 is an attempt to capture the relative contributions of AEs and DWF to the variability and strength
of the main haline front over the whole 20 y of the reanalysis. DWF is represented with the daily surface
area of the convective zone defined as the area where the mixed layer depth exceeded 1000 m (Somot
et al., 2008; Herrmann et al., 2017; Waldman et al., 2017b). Eddy activity is characterized by the EKE
of the SSH-derived geostrophic current (Capo et al., 2019) yearly low-pass filtered to cover the typical
AE and SE lifespans of months to years (Testor et al., 2005ab; Pessini et al., 2018). We defined the
position of the haline front using the isohaline of 37.8 and 38.0, and used the normalized gradient
(Equation 2) to measure the average strength of fronts. The results show that the mean (zonally averaged
between 5 and 7°E) latitudinal position of the front can vary by 2° between 39.5 and 41.5°N with
southward shifts following years of DWF (1999, 2003-2005 and 2009-2012) and northward return the
following lower or no-convection years (2001-2002, 2006-2008). The intensity of the haline gradients
most often coincides with the fresher isohaline (Fig. 14b). It is strongest at its northernmost and
southernmost locations compared to times when the front shifts (e.g., 2008 or 2011). The northward
shifts are often (but not always) associated with a northern extension of the high-EKE area (late 2000
and 2007), suggesting a northward relaxation of the AEs once they are no longer confined by the extent
of the DWF area.

Nevertheless, it would remain highly speculative to resume this interannual variability of the main
haline front position to the sole antagonistic effects of DWF vs the AEs northward spreading. Jevrejeva
et al. (2006) and lacono et al. (2013) observed a similar 6-y cycle in the SLA, which may be linked to
shifts in the haline frontal zone (see Section 4.2 and Olita et al., 2011), but being rather due to an
interannual variability of AW-mAW exchanges with the Tyrrhenian Sea. Likely, the geostrophic EKE
may not result in the sole AEs and SEs activity. Mesoscale dynamics around the DWF area (Waldman
et al., 2017a) and BC instabilities (Echevin et al., 2003; Bouffard et al., 2010) may produce EKE as
well as small scale frontal eddies lying along the main haline front. We assume here that these processes
do not contribute to the interannual variability of the front since their lifetime is of the order of weeks
(Fuda et al., 2000; Pessini et al., 2018). Lastly, the strength of DWF depends on many factors among
which the mean position of the NBF and the northward expansion of AW that may affect the DWF
preconditioning by increasing water column buoyancy and reducing the surface available for convection
(Madec et al., 1996; Grignon et al., 2010; Schroeder et al., 2010; Estournel et al., 2016a; Waldman et
al., 2017a; Testor et al., 2018; Seyfried et al., 2017, 2019). The variability of the surface and intensity
of DWF can then be a cause as well as a consequence of the latitudinal shifts of the haline front.

5. Conclusions

This study shows that using a simple gradient-based method allowed the detection of spatially coherent
and realistic temperature and salinity frontal structures in a reanalysis of the Western Mediterranean.
The comparisons with glider data and satellite-derived SST showed that most of the detected fronts
were similar in shape and scales than those detected in simulated fields. Furthermore, the long-term
statistics of frontal occurrences exhibited the same regional and seasonal patterns for remote sensed
SST than for the reanalysis. The main result is that haline and thermal fronts differ either by their
preferential locations or seasonal to interannual variability. Except the Rhone and Ebro plumes, salinity
fronts are mainly found between the southern AW reservoir and the northern mAWs over a regional-
scale area that extends throughout the Balearic Archipelago and southeastward to Sardinia. The
resulting frontal zone well matches the dynamic topography patterns marking the northernmost extent
of the area dominated by the AEs. This main haline frontal zone has a low seasonality, but a marked
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interannual variability that may be partly due to yearly changes in the winter DWF in the Liguro-
Provencal basin and the intensity of AEs’ activity in the Algerian basin. In contrast, thermal fronts are
more frequent in the northern part of the Western Mediterranean on the edges of the cold core of mAWSs
that lie from the GoL to the Ligurian Sea. This includes the NC, several coastal areas affected by wind-
induced upwellings and a likely offshore extension of the PF almost toward North Corsica. Those fronts
are all characterized by a low interannual variability, but a marked seasonal cycle with lower occurrence
in winter contrasting with high occurrence in summer/autumn. This seasonality is mainly due to the
homogeneous winter cooling over the area that lower temperature gradients.
One issue this study tried to resolve was the different definitions of the NBF that exist in the literature.
Different dynamics and main modes of variability of thermal and haline frontal zones clearly call for a
revisit of the NBF definition. First, regarding the Deschamps et al. (1984) definition of the NBF, it
appears that the transition between the PF and the thermal front extending toward North Corsica is
neither clear nor continuous, as those features are often affected by recurrent mesoscale instabilities.
Moreover, its strong seasonality made it generally absent half of the year. Other definitions generally
refer to the salinity gradient between the AWs from the Algerian sub-basin and the older mAWs of the
Liguro-Provencal sub-basin. These two definitions cannot coexist as the thermal and haline fronts
seldom coincide north of Menorca and are not driven by the same underlying dynamics. Moreover, the
two frontal zones clearly diverge further to the east, as the haline frontal zone extends towards the south
of Sardinia. Likewise, the NBF name itself assumes this front to be “northern” which is not compatible
with the main southeastward orientation of the haline frontal zone east of the Balearic archipelago.
Indeed, the NBF appellation would be restricted to the recurrent salinity front north of Menorca that
marks the northernmost limit of the fresher AW from the Algerian basin. Possible alternative
appellations for the eastern salinity and thermal fronts should better refer to their respective orientations,
as for example the Balearic-Sardinia Frontal Zone and Pyrenees-Corsica Frontal Zone, respectively.
The spatial divergence of the two frontal zones east of 6°E suggests that there is not a unique boundary
between the northern Liguro-Provencal and southern Algerian sub-basins. Indeed, it reveals a large
area, bounded by the two fronts and the Corsica and Sardinia coasts, which appears as a buffer zone
from which the WCC is fueled. This buffer zone is also the area of SEs’ formation and spreading whose
eddy turbulence may favor AW/mAW mixing. How these dynamics interact remains unclear. This calls
for more dedicated studies in this poorly known but likely critical area for the functioning of the Western
Mediterranean, combining dedicated in situ campaigns with best eddy resolving modelizations or
reanalysis.
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Fig. 1. Overview of the main surface circulatory features and frontal structures in the studied area :
AC, BC, NC, and WCC respectively denote the Algerian Current, the Balearic Current, the Northern
Current, and the West Corsica Current; circular arrows denote the Algerian Eddies (AEs) and
Sardinian Eddies (SEs); DWF stands for Deep Water Formation; black arrows show the typical paths
taken by the AEs; approximate locations of the main frontal structures are shown using red dashed
lines for the Pyrenees Front (PF) and Balearic Front (BF) while the North Balearic Front (NBF) is
indicated with a black dashed line; white and grey lines shows the paths of the two gliders used in
Section 3.2 (respectively, CAMPE/MistralsT02 00 in fall 2012 and MILOU/ASICSMED in winter
2013); Tln, Mrs, Bnl, and Bfc show the locations of Toulon, Marseille, Banyuls-sur-mer, and
Bonifacio.

Fig. 2. Climatology (20-year average) of surface fields and vertical distributions of temperature (a-b)
and salinity (d-e) over the Western Mediterranean Basin as simulated in the reanalysis and used to
compute the corresponding regional north-south gradients (panels ¢ and f); the black rectangle
delineates the domain on which spatial averages are computed. Note that the vertical scale has been
exaggerated in the upper 200 m on the center and right panels.

Fig. 3. Wind speeds from MEDRYS forcing (a, e, i, m, vectors are not to scale), SST and
corresponding scaled gradients from the model reanalysis (b, f, j, n) and remotely sensed SST HR, (c,
g, k, 0) and VHR data (h, 1, p). Grey and black contours identify the location of fronts based on
gradients that exceed the climatological gradient by factors of five and ten, respectively. For clarity,
the 5 isolines of scaled gradients were removed from the panels showing the remotely sensed 1km
SST for October 2012 and July 2008 (h, 1).

Fig. 4. Daily surface salinity and corresponding scaled gradients from the reanalysis (a, d, g, j) and
sea level and geostrophic velocity derived from the reanalysis (b, e, f, k) and from altimetry (c, f, i, 1)
for the same dates as in Fig. 3. Grey and black contours on salinity panels identify the location of
fronts based on gradients that exceed the climatological gradient by factors of five and ten,
respectively.

Fig. 5. Surface values (a-b) and corresponding vertical sections of temperature (left panels) and
salinity (right panels) during the fall 2012 glider deployment (CAMPE/MistralT02_ 00, c-d) and as
extracted from the reanalysis (e-f); glider data in black and reanalysis results in red on panels a-b;
green lines on upper panels mark the day displayed in Figs. 3 and 4. See Fig. 1 for the glider path.
Fig. 6. Same as Fig. 5 for the glider MILOU/ASICSMED in winter 2013 (January 24 to April

14).

Fig. 7. Long-term and seasonal averages of frontal occurrence (FO), based on reanalyzed surface
salinity (a-e) and temperature (f-j), and remote sensing SST (k-0) . Black contours show FOs of (a)
30%, 40%, and 50%, (f) 20% and 30%, (k) 5% and 25%, (b-e) 30% and 50%, (g-j) 30% and 45%, (I-
0) 5% and 25%. Long-term averages are computed from the 20-year reanalysis data (June 1993 to
June 2013).
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Fig. 8. Five-year averages (Jan-2008 to Jun-2013) of SST FOs for the reanalysis (a) and remotely
sensed HR (¢) and VHR SST (b). Black lines represent FO isolines of (a) 15% and 26%, (b) 17% and
24%, and (c) 3% and 10%.

Fig. 9. EOFs of (a) SST and (c) SSS frontal indices; (b, d) the corresponding temporal amplitudes of
the principal components (PC). Black contours in (a) and (c) show the 0.01 isolines. Overlaid red
curves are smoothed six-month averages of the PCs (blue).

Fig. 10. Yearly averaged (01-Jan to 31-Dec) SST frontal occurrences in the reanalysis data. Black
contours correspond to the 10% and 25% isolines.

Fig. 11. As in Fig. 10 but for SSS. Black contours show the 30% and 45% isolines.

Fig. 12. 20-year climatological fields (June 1993 to June 2013) of the reanalysed SSH (a) with SST-
(white, FO higher than 25%, from Fig. 7) and SSS-based FO contours (black, FO higher than 30%,
from Fig. 7) and Summer (July to September) fields (b) of the reanalysed SSH with FO contours
based on subsurface temperature (30m, 50%, white) and SSS (30%, black).

Fig. 13. Comparison of two winter events of the haline front position with (March 10, 2005, b-f) and
without DWF (March 10, 2008, a-c) in the GoL: Surface salinity fields (lower panels), vertical
sections along 5.3°E (middle panels) and corresponding normalized gradients of surface salinity.
Normalized gradients superior to five and ten are highlighted with blue and red, respectively, on
bottom and upper panels. Black contouring on surface salinity maps and vertical sections stands for
the 37.8 isohaline.

Fig. 14. Time series of daily extent of the northwestern convection zone (green lines, right axis),

meridional distribution of surface geostrophic EKE (a, logarithmic scale in cm2.s 2), 37.8 and 38.0

surface salinity isohalines (black and grey lines) and normalized SSS gradients (b). Salinity
isohalines, log(EKE) and normalized gradient were averaged between 5-7°E and low-pass filtered
with a 365-day window size.
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