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Abstract

This study describes a quantitative evaluation of simulations in the western Mediterranean Sea at
basin and sub-basin scales. The Mediterranean Forecasting System and the Mercator-Océan
simulations provide operational ocean forecasts and hindcasts in the Mediterranean, and are also
used as initial and boundary conditions for regional models. In this context, hindcast simulations
from 2009 to 2012 are compared with available multi-platform observations at various spatial and
temporal scales to evaluate their performance. Both simulations reproduce well the observed mean
conditions and variability over the last years. The sub-basin scale analyses of the three-dimensional
ocean structures and water mass properties reveal seasonal and regional temperature and salinity
errors at the surface in both simulations, as well as significant biases at intermediate and deep layers
in the Mediterranean Forecasting System. The simulated surface geostrophic velocities are weaker
than those derived from altimetry, and circulation biases persist in the Balearic Sea. Additionally,
the seasonal existence of the Alboran gyres is not well reproduced in either simulation. The
identification of regional simulation biases is essential to advance from global to regional and local
scale forecasting, in particular, improving the representation of the local physical processes and
their interactions with the sub-basin dynamics and the general circulation.
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1. Introduction

The Mediterranean Sea is a particularly interesting oceanic basin for climatic, environmental and
physical studies since most of the ocean physical processes found throughout the world ocean occur
in this basin (Malanotte-Rizzoli et al., 2014). These processes play an important role in governing
marine sub-systems dynamics (biology, acoustics, and sedimentology). The Mediterranean Sea
circulation is composed of three predominant and interacting spatial scales: basin scale (including
the thermohaline circulation), sub-basin scale and mesoscale. Its complexity is now well established
because of the wide range of spatio-temporal variability scales and their interaction, forming a
highly variable general circulation (Robinson et al., 2001).

Despite the increasing amount of available ocean observations over the last decades, which
has greatly enhanced our knowledge about the ocean state, variability and dynamics, these
observations remain limited in time and space. The satellite-derived products are restricted to the
surface and the coverage of in situ observations is generally sparse. In this context, ocean numerical
simulations provide a complementary source of information, which is very useful to better
understand the complexity of ocean dynamics at various spatial and temporal scales. In the
Mediterranean Sea, the internal Rossby radius of deformation is 0(10-15km), which is four times
smaller than typical values of the world ocean (Robinson et al., 2001). Therefore, the study of the
ocean system requires high resolution in both observations and ocean models. The increase of
computer power and the progress in numerical techniques over the last decades have led to an
increase of the spatial resolution of ocean models, enabling them to represent or resolve the
mesoscale dynamics, and thus be potentially more realistic. High resolution modelling representing
realistic ocean variability at various spatial and temporal scales is a challenge for both the ocean
modelling and the operational oceanography communities in the coming years.

Comparisons of numerical simulations with multi-platform observations are necessary to
assess the performance of the simulations and to evaluate their capacity to reproduce observed
ocean features at various temporal and spatial scales. These comparisons are also used to quantify
the possible simulation biases and attempt to determine their origins. This in turn allows to improve
the hindcast and forecast simulations, to study and better understand ocean physical processes in
well simulated regions and to better address ocean variability analyses at interannual and longer
time scales. Several studies have compared simulations in the Mediterranean Sea with observations
investigating the mesoscale, the seasonal and interannual variability of the surface circulation using
altimetry (Bouffard et al., 2008; Vidal-Vijande et al., 2011; Pascual et al., 2014), the basin scale
(the whole Mediterranean, western and eastern parts) interannual variability (Demirov and Pinardi,
2002; Adani et al., 2011; Vidal-Vijande et al., 2011; Pinardi et al., 2013), or major physical
processes impacting on the general circulation such as water mass formation and exchanges
(Hermann et al., 2010; Ben Ismail et al., 2012; Juza et al., 2013), and the mesoscale dynamics
(Bouffard et al., 2012; Guihou et al., 2013).

In the framework of the European MyOcean project (http://www.myocean.eu), the
Mediterranean Forecasting System (MFS) (Tonani et al., 2008, 2014) and Mercator-Océan
(Lellouche et al., 2013) are the two current operational systems covering the whole Mediterranean
Sea. Both forecast and hindcast numerical simulations of the two systems are available and provide
initial and/or lateral boundary conditions for higher resolution regional models which are required
to study regional and coastal dynamics and to enhance our understanding of the ocean dynamics.
High resolution regional models are also necessary to better represent the wide range of spatio-
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temporal ocean variability, including the mesoscale which is essential for operational applications
(e.g. search and rescue, fishery management, oil spill response). Most of regional operational
models in the Mediterranean Sea are nested into MFS such as the Adriatic Forecasting System
(Oddo et al., 2005), the Sicily Channel Regional Model (Olita et al., 2012), the Tyrrhenian Sea
Forecasting (Vetrano et al., 2010), the Aegean-Levantine Forecast System (Korres and Lascaratos,
2003) or the Western Mediterranean OPerational forecasting system (Juza et al., 2015). Mercator is
also used to force regional models at the boundary such as the Iberian Biscay Irish regional system
(Cailleau et al., 2012). Both Mercator and MFS have been progressively improved through
guantitative comparisons of forecasts and hindcasts with observations and sensitivity tests (Oddo et
al., 2009; Tonani et al., 2009; Adani et al., 2011; Lellouche et al., 2013). Nevertheless, most of
assessments of simulations in the Mediterranean Sea are based on basin scale features and metrics
(Oddo et al., 2009; Tonani et al., 2009; Vidal-Vijande et al., 2011) partially because of the lack of
data at sub-basin scale. Regional quantitative assessments are now possible with the substantial
increase of observational data, and are needed to detect regional biases and to improve the local
physical processes, the sub-basin scale dynamics and the general circulation.

In this study, a regional and multi-scale assessment approach is proposed. The hindcast
MFS and Mercator simulations are evaluated and quantitatively compared at sub-basin scale with
available multi-platform observations (in situ measurements and satellite products) over the recent
2009-2012 period, during which new observations (such as glider data) and products have been
made available. Statistical diagnostics have been developed to assess and inter-compare the
simulations at various spatial and temporal scales, in different dynamical regions and in key
sections. The assessment focuses on the Western MEDiterranean Sea (WMED) which in this study
extends from the Strait of Gibraltar to the Corsica-Sardinia Islands at 9°E (Fig. 1). The assessment
will address the ocean surface features and their temporal variability as well as the vertical ocean
structure from basin to sub-basin scales. Additionally, as water mass formation and exchanges have
a dynamical impact on the ocean stratification and circulation, simulated water mass characteristics
are also examined in formation areas and at "choke points" of the WMED.
The paper is organized as follows. An overview of the study area is first given in Section 2. Section
3 introduces the numerical simulations which are assessed in this study. The methodology, based on
multi-platform observations and multi-scale assessment, is described in Section 4. In Section 5, the
simulations are evaluated in terms of temporal mean conditions, circulation and variability at basin
scale. Section 6 extends the assessment to sub-basin and local scales investigating regional
variability and ocean processes. Finally, conclusions are given in Section 7.

2. Western Mediterranean Sea overview
2.1. General surface circulation

The Atlantic Jet (AJ) enters the Alboran Sea through the Strait of Gibraltar bringing Atlantic Water
(AW) into the Mediterranean Sea (Viudez et al., 1998). The AJ, flowing with a velocity of ~1 m/s,
feeds the quasi-permanent Western Alboran Gyre (WAG) and drives the circulation in the Alboran
Sea (Baldacci et al., 2001). The AJ meanders eastwards and forms also the intermittent Eastern
Alboran Gyre (EAG) in the eastern part of the Alboran basin (Tintoré et al., 1988). The eastern
boundary of the EAG is defined by the Almeria-Oran front. Farther east, the AW flows eastwards,
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forming the Algerian Current, along the North African coast until crossing the Sardinia Channel
(8.5°E) (Millot, 1999).

In the northern part of the WMED, the northward currents along each side of Corsica join and form
the Northern Current (NC) in the Ligurian Sea (Millot, 1999). This permanent current flows south-
westwards along the French and Spanish coast. In the Balearic Sea, the NC flows through the Ibiza
Channel or retroflects cyclonically over the northern slopes of the Balearic Islands to form the
quasi-permanent Balearic Current (BC) (Pinot et al., 1995). The Catalan and Balearic fronts
separate the NC and the BC, respectively, from the old AW in the center of the Balearic Sea (Font
et al., 1988). The ocean dynamics in the Balearic Sea is particularly complex and variable. The
bathymetry may increase the (sub-)mesoscale activity (e.g. eddies, filaments and shelf-slope flow
modifications) affecting the meridional water mass exchanges between the north-western (Gulf of
Lion) and the south-western (Algerian Sea) Mediterranean through the Balearic Channels (Astraldi
et al., 1999; Pinot et al., 2002).

2.2. Water mass characteristics

The WMED is a four-layer system with water masses originating from the Atlantic Ocean and the
eastern Mediterranean Sea or formed in the northern WMED. The AW gets into the Alboran Sea at
the surface. Farther east, it is advected eastwards by the Algerian Current along the North African
coast. After having recirculated in the eastern Mediterranean Sea where it became saltier through
air-sea interaction and mixing processes (Millot, 1999), the AW comes back into the WMED partly
through the Tyrrhenian Sea and the Corsica Channel. Below the surface layer, the Levantine
Intermediate Water (LIW), formed in the eastern Mediterranean Sea by convection of AW, enters
the WMED through the Sicily Strait, probably mixed with the Cretan Intermediate Water (Millot,
2013). The LIW is characterized by temperature and salinity maxima (14-13.2°C and 38.7-38.5,
respectively) generally found around 300-400m depth (Astraldi at al., 1999; Millot, 1999).

Two water masses are formed in the northern WMED. Winter Intermediate Water (WIW) is formed
under severe winter conditions, predominantly along the continental shelf in the Gulf of Lion and
the Balearic Sea (despite the influence of low salinities of continental origin) through winter
convection of AW (Millot, 1999; Pinot and Ganachaud, 1999). The WIW is identifiable by a
minimum of temperature in the intermediate layer between the AW in the surface and the denser
LIW. Under severe winter conditions, the Gulf of Lion is also a place where deep convection and
formation of Western Mediterranean Deep Water (WMDW) may occur. The WMDW occupies the
deep layer, generally below 1500m depth (Millot and Taupier-Letage, 2005).

3. Numerical simulations

As part of the MyOcean project, two ocean forecasting systems (MFS and Mercator) are currently
producing daily forecasts over the whole Mediterranean Sea. Both forecast and hindcast simulations
can be used as initial and boundary conditions for regional models. In this section, the available
MFS and Mercator hindcast simulations with data assimilation, which are evaluated in this study,
are described.

3.1. Mediterranean Forecasting System
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The MFS simulation (version myov04; Tonani et al., 2008, 2014) is based on the NEMO-OPA code
(Nucleus for European Modelling of the Ocean), version 3.2 (Madec et al., 2008). MFS covers the
entire Mediterranean Sea and also extends into the Atlantic (until 18°W) to better resolve the
exchanges of water masses between the Atlantic Ocean and the Mediterranean Sea at the Strait of
Gibraltar (Oddo et al., 2009). The simulation has a horizontal resolution of 1/16°x1/16° and 72
unevenly spaced vertical z-levels (Tonani et al., 2008; Oddo et al., 2009). It is initialized in January
1985 by a temperature and salinity monthly climatology from the SeaDataNet project
(http://www.seadatanet.org). In the Atlantic, it is nested into the monthly mean climatological fields
of 1/4°x1/4° Mercator global model (Drevillon et al., 2008). The ERAinterim reanalysis fields from
the European Centre for Medium-range Weather Forecasts (ECMWEF), with a 0.75° spatial
resolution and 6-hourly temporal resolution, are used to force the simulation using bulk formulae to
compute momentum, water and heat fluxes (Tonani et al., 2008). Monthly mean data sets are used
for river runoffs and precipitations (Oddo et al., 2009). Data assimilation is implemented in the
system using a variational data assimilation scheme (Dobricic and Pinardi, 2008) for temperature
and salinity vertical profiles and satellite sea level anomaly along track data (MyOcean, SL-TAC).
Sea surface temperature products (MyOcean, OSI-TAC) are also used to correct the heat fluxes at
the air-sea interface (Marullo et al., 2007; Buongiorno Nardelli et al., 2013). The model outputs are
daily means of three-dimensional temperature, salinity, and horizontal velocity fields, and of sea
surface height.

3.2. Mercator-Océan simulation

The Mercator PSY2V4R4 simulation (Lellouche et al., 2013) is also based on the NEMO-OPA
code, version 3.1 (Madec et al., 2008). This simulation covers the Atlantic Ocean (between 20°S
and 81°N) and the Mediterranean Sea with a spatial horizontal resolution of 1/12°x1/12°, varying
with the cosine of the latitude, and 50 unevenly spaced vertical z-levels. At the latitude of the
Mediterranean Sea, horizontal resolutions of MFS and Mercator are practically equivalent. The
simulation is initialized in October 2006 by the monthly temperature and salinity Levitus 2005
climatology. The 3-hourly ECMWF operational atmospheric fields force the simulation using the
bulk CORE formulae (Large and Yeager, 2009). The river runoffs applied to the system are the Dai
and Trenberth (2002) monthly climatology. Sea surface temperature (Reynolds AVHRR 1/4°),
along track sea level anomaly and in situ temperature and salinity vertical profiles are assimilated
using the Mercator assimilation scheme (Tranchant et al., 2005; Lellouche et al., 2013). Lastly, the
model outputs are daily means of three-dimensional temperature, salinity, and horizontal velocity
fields, and of sea surface height.

4. Methodology
4.1. Multi-platform observations

Three types of observational datasets, from satellite products and in situ measurements, covering
the period 2009-2012 are used for comparison with the simulations:

(1) Daily maps of sea surface temperature (SST) over the Mediterranean Sea, provided by CNR-
ISAC (MyOcean, OSI-TAC) and distributed by MyOcean, are used to assess the SST patterns in the
simulations. The data are obtained from infra-red measurements collected by satellite radiometers



207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

231

232
233
234
235
236
237
238
239
240
241
242
243
244
245

246
247

and optimally interpolated on a regular grid with a 1/16° spatial resolution (Buongiorno Nardelli et
al., 2013).

(2) Delayed-time mapped absolute dynamic topography and associated geostrophic velocities from
altimeter missions are used to evaluate the general surface circulation and the mesoscale variability.
These data have been interpolated on a regular 1/8°x1/8° grid and computed with a daily temporal
resolution. These products are derived combining all available satellites (up to four satellites at
given time). This dataset has been provided by AVISO-CLS SSALTO/DUACS (2014).

(3) Quality controlled in situ temperature and salinity profiles collected worldwide using various
instruments and compiled in the ENACT-ENSEMBLES EN4.0.2 database (Good et al., 2013) are
used to assess the hydrographic properties in depth and the representation of water masses.
Hydrographic data with different spatial and temporal sampling characteristics both in terms of
coverage and resolution are available. These data come from expandable bathythermographs
(XBTs), Argo floats and CTD transects including dense glider sections, especially in the Gulf of
Lion and the Liguro-Provencal basin. All data not flagged as “good” have been rejected. Fig. 1
displays the position of in situ hydrographic profiles used in this study. Additionally, a glider
mission operated by the Balearic Islands Coastal Observing and Forecasting System (SOCIB) in the
Ibiza Channel in March-April 2011 (three back-and-forth transects during two weeks) (Heslop et
al., 2012; Tintoré et al., 2013) is also considered in this study (Fig. 1). These high-resolution data
will be used to accurately characterize and evaluate the water mass properties in the Ibiza Channel,
which is a key section since it is the place of water mass exchanges between the northern and the
southern parts of the WMED.

Some of these observations have been assimilated in the simulations, such as data from Argo floats
and XBTs, and remote sensing observations. The high resolution glider observations have not been
assimilated in the simulations, thus providing an independent assessment.

4.2. Data processing and assessment protocol

As the Boussinesq approximation is applied to the model equations, conserving the volume and
varying the mass, the simulations do not properly represent the steric effect of the sea level
(Greatbatch, 1994). For this reason, the steric effect has been computed as the vertical integration,
from the surface to the bottom, of the specific volume anomaly (respect to the specific volume at 35
psu and 0°C) and added to the sea level in the simulation before its comparison with observations.
The outputs of the simulations are interpolated at the observed space-time positions for their
assessment and intercomparison. At basin scale, temporal mean conditions, circulation and
variability over the WMED are investigated through statistical metrics (temporal mean, standard
deviation, mean error (ME) and root mean square difference (RMSD), see definition in the
Appendix). At sub-basin scale, regional, seasonal and interannual variability of the surface and deep
oceans are analysed. The regions with typical sub-basin dynamics in the 0-200m upper layer have
been defined by Manca et al. (2004) (Fig. 1) according to the schematic representation of the upper
thermohaline circulation in the WMED (Millot, 1999). Additionally, characteristic ocean processes
(mesoscale features and water masses) of the WMED are investigated at regional and local scales.

5. Mean conditions and variability at basin scale
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In this section, the simulations are first evaluated and compared with observations in terms of mean
sea surface features and hydrographic properties at basin scale.

5.1. Sea surface temperature

The temporal mean and variability of the SST over the period 2009-2012 are first examined to
assess the large-scale features and differences between observations and simulations (Fig. 2 and 3).
The mean observed SST (Fig. 2a) shows that the northern part of the WMED has the coolest waters
throughout the period, with a minimum of 16.4°C in the Gulf of Lion due to the cooling effect of
frequent northerly Mistral and northwesterly Tramontane winds (Estournel et al., 2003). The
highest mean values of observed SST are reached around the Balearic Islands and in the Algerian
basin with a maximum of 20.1°C. The Balearic Sea experiences the largest temperature range over
the annual cycle (Lépez Garcia and Camarasa Belmonte, 2011). As shown in Fig. 2b, the
maximum of variability is found in this region with a standard deviation reaching 5°C while the
minima are located in the Alboran Sea and the Gulf of Lion with standard deviations of 2.5 and
3.5°C, respectively.

The MFS and Mercator simulations reproduce reasonably well the spatial structure of SST temporal
mean and variability over the analysis period (Fig. 2c,d,e,f). Although SST data are assimilated in
both simulations, persistent differences with satellite products are highlighted (Fig. 3a,b,c,d). In the
coastal Gulf of Lion, MFS and Mercator are colder than satellite products with ME of 0.8 and
0.7°C, respectively, and RMSD higher than 1°C (1.3 and 1.5°C, respectively). In this region of
strong air-sea interactions (Renault et al., 2012), the simulations errors could be due to the
atmospheric forcing, wind and surface flux uncertainties. Additionally, the coastal area is subjected
to strong river inputs (the Rhone); the differences between satellite products and simulations may
also be explained by the climatological river runoffs applied to the simulations. The coastal areas
are also the place of wind-induced upwelling/downwelling (Bakun and Agostini, 2001) that may be
not well represented in satellite products and simulations. In the North Balearic frontal area,
differences are found for the mean SST (especially in MFS where the ME reaches 0.4°C) and its
temporal variability (RMSD of 0.75 and 1°C in MFS and Mercator, respectively), due to the
difference in the position of the simulated temperature front. Farther south, in the Balearic Sea,
which is a place of strong seasonal variability of SST, simulation errors are found, particularly in
Mercator where the ME and RMSD reach 0.4 and 0.75°C, respectively. Finally, in high mesoscale
activity areas, such as the Alboran Sea and along the Algerian coast, differences are also found in
terms of temporal mean and variability. The mislocation of mesoscale features can partially explain
the simulation errors. In the Alboran Sea, the differences may also be due to the inflow intensity
and orientation at Gibraltar or the mislocation of the confluence of recent and modified AWs.

5.2. Surface circulation
5.2.1. Mean geostrophic currents

The general surface circulation can be characterized and assessed through the temporal mean of
geostrophic currents. Fig. 4a depicts the temporal mean of the geostrophic velocities derived from
the altimetry over the period 2009-2012. In the Alboran Sea, the mean geostrophic velocity of the
WAG from satellite products reaches 0.6 m/s, in agreement with previous studies (Millot, 1999;
Renault et al., 2012). The EAG has a weaker mean velocity (0.4 m/s) than the WAG because of its
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lower intensity and more variable existence. The mean simulated surface geostrophic currents,
estimated from the simulated free surface, are shown in Fig. 4b,c. In both simulations, the WAG is
well located but its mean velocity is weaker than the one derived from altimetry, especially in the
Mercator simulation where the differences reach 0.3 m/s. The simulated EAG is also too weak in
both MFS and Mercator with mean velocity up to 0.3 and 0.25 m/s, respectively.

Farther east, the Algerian Current, as depicted from altimetry, is stronger between 0° and 2°E (with
a mean value reaching 0.5 m/s) than in the eastern part (0.25 m/s). In the western Algerian Current,
strong differences between Mercator and the altimetry products are found reaching 0.2 m/s. The
mean geostrophic velocities in both simulations are also weaker than in satellite products in the
middle and eastern parts of the Algerian Current where the mean biases reach 0.05-0.1 m/s.

In the western Ligurian Sea, the NC derived from altimetry has a maximum around 0.35 m/s. In
both simulations, the NC is weaker than in the satellite products. The differences of intensity with
observations are around 0.1-0.2 and 0.05-0.1 m/s, in MFS and Mercator, respectively. Moreover,
further analyses of monthly mean simulated currents have revealed a circulation bias of the western
Corsica Current in Mercator (not shown). Although the mean simulated current over the analysis
period is in good agreement with the observations, in some monthly occurrences, this current turns
more westwards in Mercator than in the observations before joining the NC.

In the Balearic Sea, the observed and simulated mean circulations strongly differ. In particular, as
already highlighted in Pinardi et al. (2013), the NC totally turns eastwards 2°E north of Mallorca
Island in the MFS simulation. This ocean circulation bias is persistent during the whole period of
study (not shown). The Mercator simulation better represents the general circulation in this area
with simulated NC and BC quite realistically located. However, the Catalan and Balearic fronts are
not as marked as in the observations, and mesoscale circulation biases are found, especially in the
Balearic Channels. The complexity of the dynamics in this region (described in Section 2) makes
the simulation of the regional ocean circulation and its spatio-temporal variability difficult. The
possible origins of the ocean circulation simulation bias in the Balearic Sea are under investigation.

5.2.2. Kinetic and eddy kinetic energies

The kinetic energy (KE) and eddy kinetic energy (EKE) are computed as 1/2[Ug’+Vg®] and
1/2[Ug®+Vg'?], respectively, where Ug and Vg are the zonal and meridional surface geostrophic
currents, Ug' and Vg' the anomalies with respect to the temporal mean. While the KE represents the
energy of the total surface geostrophic flow (mean and fluctuations), the EKE allows the
identification of regions with high variability such as current meanders, eddies, or fronts. Fig. 5a,d
show the mean geostrophic KE and EKE derived from altimetry over the analysis period. The
highest energy and mesoscale activity are observed in the Alboran Sea, corresponding to the WAG
and EAG, with a maximum of mean KE and mean EKE of around 0.21 and 0.04 m?/s’, respectively.
High values of mean observed KE are also found in the western Algerian Current between 1°W and
1.5°E (0.1-0.15 m?s?). In the eastern part of Algerian Current, southwest of Sardinia, the mean
value of observed KE is around 0.04-0.05 m?/s* while the mean EKE reaches 0.03 m?/s®. This is
associated with the frequent formation of anticyclonic eddies. In the northern part of WMED, the
high values of KE are associated with the NC flowing along the French coast and their mean value
is around 0.04-0.07 m?/s>. Note that these results are in agreement both qualitatively and
quantitatively with previous studies using altimetric products over a longer period (Pascual et al.,
2014).
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The geostrophic KE and EKE have also been computed from the simulated surface geostrophic
currents. Fig. 5b,c (5e,f) show the mean differences between the simulated and observed KE (EKE).
The simulated KE is weaker in both MFS and Mercator than in satellite products. Highest
differences with the altimetric products are found in the Alboran Sea, especially in the area
associated with the WAG where the mean differences of KE (EKE) reach -0.16 (-0.02) and -0.17 (-
0.02) m%s? in MFS and Mercator, respectively. The mean KE averaged in the Alboran basin is
around 0.06, 0.04 and 0.03 m?%s? in the observations, MFS and Mercator, respectively. The
mesoscale variability of the observed and simulated Alboran gyres is investigated more specifically
in Subsection 6.2.1.

5.3. Vertical hydrographic structure

In situ vertical temperature (T) and salinity (S) profiles from Argo floats, XBTs and CTDs, the
positions of which are displayed in Fig. 1, are used to complement the assessment to the vertical
dimension and to characterize the three-dimensional hydrographic structure of the observed and
simulated oceans. The medians of the distributions of T and S from observations and simulations,
and of the associated misfits (simulated minus observed values) within 100-m layer bins have been
computed. The 0-10m upper layer has not been considered to eliminate the diurnal cycle effects,
which are smoothed in the simulations by the daily mean computation. Moreover, most of data have
been collected below 10m. In addition, the dense CTD transects from glider missions have been
excluded to consider more homogeneous and random data from Argo floats and XBTs, to avoid
introducing a statistical bias due to the very large number of glider data along specific sections and
S0 to better estimate the regional simulation errors.

Fig. 6 shows the medians of the annual and climatological seasonal distributions of T and S misfits
as a function of depth, estimated using all available profiles from Argo floats and XBTs of the
WMED over the analysis period (Fig. 1). Although the depths of the thermocline and the halocline
(150-200m) are well reproduced in both simulations (not shown), large T/S biases are found at the
surface. The positive (negative) simulation median biases in T (S) in the upper layer indicate that
the simulations overestimate (underestimate) the heat (salt) content. Both MFS and Mercator are too
warm especially in summer (0.06 and 0.12°C, respectively) and too fresh throughout the year (with
median values up to -0.03 and -0.07, respectively). Oddo et al. (2009) have suggested that the lower
salinity found in the south WMED in MFS could be explained by an underestimation of the salinity
of the inflowing AW. In the other regions, the ocean surface T and S biases can be explained by
errors induced through atmospheric forcings and air-sea fluxes and/or by horizontal and vertical
mixing processes. In the intermediate layer, cold biases are generally found in both MFS and
Mercator with a maximum at 500m (from -0.02 to -0.03 and -0.07°C, respectively), except for
Mercator in 2009 and in wintertime. In the deeper layer (below 600 m), persistent significant cold
and salty median biases are found in MFS reaching -0.1°C and 0.1, respectively, while weaker
biases are found in Mercator (warm bias < 0.03°C and very slight bias in salinity). Note that MFS
assimilates the T/S profiles from Argo floats and XBTs only to 1000m depth. Considering deeper
data in the assimilation system might help to partially correct these biases. Additionally, in the
intermediate and deeper layers, the simulation biases might be related to the vertical mixing
parameterization. Investigating and improving this latter point might improve the simulations in the
reproduction of water mass characteristics.
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6. Sub-basin and local scale analyses

This section extends the assessment from basin to sub-basin scale, analysing regional temporal
variability of surface features and hydrographic properties, as well as specific ocean processes.

6.1. Regional evaluation
6.1.1. Sea surface temperature

The monthly mean observed SST averaged over the WMED shows a clear seasonal cycle, which is
well reproduced in both simulations, although warm biases are found in spring-summer especially
in MFES (Fig. 7a). The annual cycles in the seven regions (cf. Fig. 1) are also well represented in
MFS and Mercator (not shown). In accordance with the literature (Lépez Garcia and Camarasa
Belmonte, 2011), the minimum values are recorded in February (13.6-13.8°C over the WMED,
12.8°C in Gulf of Lion) and the maximum in August (24.7-25.7°C in WMED, 27.1°C in the eastern
Algerian). Additionally, the annual means and standard deviations of observed and simulated SST
from 2009 to 2012 are shown in Fig. 7b,c for the seven regions. In the Gulf of Lion, the coldest
annual mean of observed SST are found varying between 17.2 and 17.9°C. Mercator is colder than
the observations (0.1-0.2°C) in 2009 and 2010 while MFS is warmer than the observations (0.1°C)
in 2011 and 2012. In the Liguro-Provencal and Algero-Provencal regions where the observed mean
SST are 17.8-18.5°C and 18.8-19.3°C, respectively, very weak simulation biases are found. In the
Balearic Sea, the annual mean observed SST oscillates between 19.1 and 19.7°C over the period and
warm biases are found in both simulations, in particular in Mercator in 2011 (0.3°C). Warm biases
are also found in the western and eastern Algerian basins, where the largest regional annual
observed values are found (19.4-19.9°C). In the Alboran Sea, warm biases are also found, especially
in Mercator where the bias reaches 0.2°C. The interannual evolution of the annual mean observed
SST is well reproduced in both simulations. Moreover, the temporal variability is highly correlated
in all regions except the Alboran Sea, with relatively warm 2009 and 2011 years, and colder 2010
and 2012. In the Alboran Sea, the observed and simulated mean SST increase from 2009 to 2011,
and then decrease in 2012. Concerning the annual standard deviations of the regional observed and
simulated SST (Fig. 7c), largest values are found in 2009 in all regions. In general, the simulated
regional annual variability is weaker (larger) in Mercator (MFS) than in satellite products.
However, the regional interannual variability is properly represented in both simulations in terms of
amplitude and phase with correlations up to 0.9 in all regions (not shown).

6.1.2. Vertical hydrographic properties

The vertical structure of T and S simulation biases has also been investigated at sub-basin scale in
the seven regions defined in Fig. 1 (not shown) as in Subsection 5.3. At the surface, the regional T
and S simulation median biases are variable and depend on the season, the year and the simulation.
As revealed partially in Subsection 5.1, by comparing simulated mean SST with satellite products,
superficial warm biases are found in the Balearic Sea during the whole period. In the Gulf of Lion,
cold median errors of -0.03°C in both simulations are found in winter-spring. In the Alboran Sea,
the superficial temperature median differences are seasonal: warm in winter-spring (higher than
0.1°C), cold in summer-autumn (-0.02°C). Concerning the salinity in the upper layer, fresh biases
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are found in both simulations in all regions as in WMED with strongest median biases reaching -0.3
(in 2012 and in autumn) in the Alboran Sea and around -0.15 in the western Algerian. In the
intermediate and deep layers, the general findings on the simulation median T and S biases over the
whole WMED (Subsection 5.3) are consistent over all regions with the same order of magnitude.

6.2. Ocean processes
6.2.1. Alboran gyres

As shown in Subsection 5.2.2, the Alboran Sea is the place of the highest energy and mesoscale
activity in the WMED. The decomposition of the ocean signal in Empirical Orthogonal Functions
(EOF) identifies and quantifies the spatial and temporal variability of the ocean field. The first and
second modes of EOF analysis on observed and simulated sea level anomaly (SLA) over the period
2009-2012 are depicted in Fig. 8 together with the associated geostrophic currents. The first EOF
(EOF1) of observed SLA represents 65.8% of the total variance, while the second EOF (EOF2)
represents only 8.2%. EOF1 is more characteristic of the EAG variability than the WAG variability.
The temporal amplitude of EOF1 displays a clear annual periodicity. The first mode of SLA
variability in the Alboran Sea is associated to the steric contribution of the seasonal cycle
(Cazenave et al., 2002). An intensification (weakening) of the WAG and the EAG is observed
during the spring-summer (winter-fall). EOF2 describes a WAG intensification (weakening), an
EAG weakening (intensification) in opposite phase and the apparition of an anticyclonic (cyclonic)
eddy at the eastern part of the Alboran Sea. EOF2 also highlights the well-defined Almeria-Oran
front which separates the EAG and the cyclonic eddy east of EAG. No clear periodicity of the
EOF2 temporal component is revealed since the associated variability is interannual (Renault et al.,
2012; Pascual et al., 2014) and cannot be highlighted over our period of study.

The main observed modes of SLA variability are found in both simulations (Fig. 8). EOF1
represents a large part of the total variability with 65.2 and 60.9% in MFS and Mercator,
respectively. Their associated temporal components depict the observed annual periodicity. They
represent 71 and 83% of the observed EOF1 variability with a correlation of 0.65 and 0.91,
respectively. EOF2 is better reproduced in MFS than in Mercator in terms of both spatial pattern
and temporal variability. The Almeria-Oran front is well reproduced and located in MFS. The
associated temporal component represents 97% of the observed EOF2 variability and is relatively
well correlated with the observations (0.7). The comparison with observations is more critical for
Mercator. The spatial pattern of EOF2 in Mercator is completely different from the observed one
(not shown). The EOF in Mercator that looks more like the observed EOF2 is the third EOF,
depicted in Fig. 8. However, this mode represents only 4.9% of the total variability. While the
WAG variability is not present in this EOF, the EAG, the eddy at the east and the associated
Almeria-Oran front are weaker in Mercator than in observations and located further west. Finally,
the associated temporal component displays a low correlation with the observations (0.37).

The EOF analysis in the Alboran Sea examines the Alboran gyres variability. However, it does not
indicate their presence or persistence. To complete the study, the observed and simulated KE
averaged in the WAG and EAG boxes have been computed. The boxes have been defined according
to the position of WAG and EAG in the satellite products, MFS and Mercator, respectively. Fig. 9
shows the time series of the Alboran-, WAG- and EAG-box-averaged KE from observations and
simulations. They have been low-filtered for clarity since the signal comprises very high temporal
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variability. A clear seasonal variability is observed over the Alboran Sea (Fig. 9a), with maxima
(minima) reached in spring-summer (autumn-winter) around 0.07 (0.03) m?s? which is the
signature of the WAG. Indeed, the correlation between the Alboran- and WAG-box-averaged
observed KE time series (Fig. 9a,b) is around 0.9. The observed KE is stronger in the WAG than in
the EAG (Fig. 9b,c), with temporal means over the period around 0.12 and 0.05 m%/s?, respectively.
Generally, in accordance with Renault et al. (2012), more energy is found in the second half of the
year for both gyres, with a quasi-persistence of WAG whereas EAG disappears in winter (replaced
by a cyclonic eddy to the east).

Although MFS is more energetic than Mercator, neither time series of simulated Alboran-averaged
KE represents the observed seasonal variability over the whole period. The WAG KE is weaker in
the simulations than in satellite products with a temporal mean around 0.05 and 0.03 m%/s” in MFS
and Mercator, respectively. Moreover, MFS better represents the existence and variability of the
WAG than Mercator. Fig. 9 depicts some KE maxima in MFS associated to observed maxima. In
Mercator, the WAG KE is weak without clear seasonal periodicity and there is a no existence in
2011. The amplitude of the simulated EAG-averaged KE is better reproduced than in the WAG
area. The temporal means in the EAG boxes are 0.05, 0.05 and 0.03 m?/s® in the altimetry, MFS and
Mercator, respectively. But, while the EAG in Mercator is not persistent as in the observations, the
simulated EAG in MFS has a quasi-persistence.

6.2.2. Water masses in key sections

Observational data from gliders are here considered. These are independent data that have not been
assimilated in MFS and Mercator. Very high-resolution hydrographic data have been collected
along CTD sections in the WMED. Three key sections in different areas of the WMED in 2011
have been selected and examined to study the presence of water masses related to their recent
formation and/or propagation.

As illustrated in Fig. 1, T and S data have been recorded along a dense CTD section in the western
Ligurian Sea, in May-June 2011. The observed T/S diagram (Fig. 10a) shows the presence of the
characteristic water masses of the WMED: the AW in the upper ocean layer with temperature
greater than 13°C, the LIW with its T and S maxima, and Deep Water (DW) in the bottom layer (>
800m). The simulated T/S diagrams (Fig. 10b,c) indicate that Mercator better reproduces the
observed water masses in the Ligurian Sea than MFS. In the upper layer, T/S differences between
observed and simulated AW are found with too much homogeneity in simulated S values,
especially in MFS. Additionally, as highlighted in Subsection 5.3, the simulated T is too cold in the
intermediate layer in MFS. The T/S diagram confirms this bias and shows that MFS does not
represent properly the T maxima associated with the observed LIW. The simulation median error is
around -0.14°C for this water mass in MFS. Mercator reproduces properly the LIW in the north-
eastern WMED.

Farther west, several glider transects have been performed in the Gulf of Lion in March-April 2011.
The observed T/S diagram (Fig. 10d) highlights the presence of characteristic water masses of the
northern WMED: the AW and LIW that have been advected westwards by the NC from the
Ligurian Sea; the WIW and WMDW formed in the northern WMED in winter. The MFS and
Mercator simulations reproduce the main water masses in the Gulf of Lion during the winter 2011
(Fig. 10e,f). However, T and S differences are found for the AW, especially in MFS with median
values of -0.03°C and 0.07, respectively. Differences between simulations and observations are
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also highlighted in the T and S of WIW, particularly in MFS (median value around -0.26°C and
0.14, respectively). Finally, errors in T maxima associated to the LIW persist in MFS. In the bottom
layer (>800m), WMDW s present in both simulations although T/S median errors are found in
MFS (0.02°C/0.1) and Mercator (0.04°C/0.01).

Farther south, in March-April 2011, the SOCIB glider has recorded dense transects in the Ibiza
Channel at 39°N. As highlighted by Heslop et al. (2012), Juza et al. (2013) and in Fig. 11a, the
observed T/S diagram reveals the typical water masses of the WMED (AW, LIW, WMDW) and the
presence of WIW in the Ibiza Channel at 50-200m (Fig. 11d). Juza et al. (2013) have shown, using
a regional high-resolution simulation, that the main part of the WIW going through the Ibiza
Channel during this period has been formed in the Ebro Delta region and has followed the
southward NC. Fig. 11 shows that Mercator represents the presence of WIW in the Ibiza Channel,
although T/S biases are found (0.2°C/0.13). MFS has very strong surface T/S biases (0.69°C/-0.5)
and does not reproduce the presence of WIW. This could be explained by the bias found in the
general circulation in the Balearic Sea. As shown in Subsection 5.2.1, in MFS, the NC
systematically deviates eastwards north of Mallorca Island and does not reach the southern sub-
basin. The Balearic Sea is a critical region for both simulations because of its complex dynamics
and highly variable circulation.

7. Discussion and conclusions

The performance of available MFS and Mercator hindcast simulations with data assimilation in the
western Mediterranean Sea has been investigated. In particular, a quantitative assessment of
simulations at different scales, from basin to regional and local, has been carried out using an
extensive multi-platform observational data set: sea surface temperature from satellite products, sea
level anomaly and associated surface geostrophic currents derived from altimetry, temperature and
salinity vertical profiles from expandable bathythermographs and Argo floats, as well as high
resolution glider sections. The major findings are discussed first for the different scales and the
main conclusions presented thereafter.

At basin scale, temporal mean conditions, circulation and variability have been analysed for the
2009-2012 period:

e The spatial structure of the temporal mean and variability of the simulated sea surface
temperature is well represented over the study period. The major differences between the
simulated and observed mean and variability have been found in the coastal Gulf of Lion, the
Balearic Sea, the Alboran Sea, and along the North African coast.

e The simulated general surface circulation is also in good agreement with observations in the
whole western Mediterranean Sea. However, the simulated mean surface geostrophic current and
kinetic energy are weaker than those deduced from satellite products, especially in sub-basins
characterized by significant and well defined quasi-permanent currents and mesoscale activity
(Alboran, Algerian and Northern Currents). In addition, circulation errors associated with the
western Corsica Current have been found in Mercator. Although this feature is masked by the
temporal mean over the analysis period, this is a critical point since the simulation might be used
as boundary conditions for higher resolution regional models in this area (e.g. WMOP, Juza et
al., 2015). Moreover, significant errors persist in other sub-basins in MFS, in particular in a key
transition sub-basin, the Balearic Sea. In this region, the ocean circulation acquires its
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complexity by the bathymetry, the northern wind driven and thermohaline forcings, the shelf-
slope exchanges, the strong mesoscale activity, the southern thermohaline forcing, and the water
mass transport and exchanges between the northern and southern regions. The Balearic Sea
remains a very challenging area for ocean modelling.

o Finally, the analyses of vertical hydrographic properties have shown median biases at basin
scale. At the surface, persistent warm (during spring-summer) and fresh (throughout the year)
biases have been found in both MFS and Mercator. Significant persistent temperature and
salinity biases have also been highlighted in the intermediate and deep layers, especially in MFS
which is colder and saltier than observations.

The sub-basin and local scale analyses have highlighted:

o The regional observed variability of the sea surface features and vertical hydrographic structures,
as well as regional differences between simulations and observations.

¢ In the Alboran Sea, which has the most intense observed mesoscale activity, simulation biases
have been highlighted. Although MFS better reproduces the main observed modes of sea level
anomaly variability than Mercator, both simulations fail to properly represent the seasonal
existence of the main gyres which govern the circulation in the Alboran Sea.

e Concerning the water mass characteristics, MFS does not properly represent the maxima of
temperature of Levantine Intermediate Water in the western Mediterranean Sea. Additionally, in
the Ibiza Channel, where meridional water mass exchanges occur between the north and south
WMED, the observed Winter Intermediate Water is not present during winter 2011 in MFS,
probably due to the ocean circulation bias, which has been revealed in this area. Although
Mercator also has regional circulation biases, this simulation is able to reproduce the presence of
Winter Intermediate Water in the Ibiza Channel.

Although observational data are assimilated in both ocean model systems, persistent biases
have been highlighted in the ocean surface features as well as the three-dimensional ocean structure
at basin, sub-basin and local scales. The simulation biases may be due to the initial state (especially
in the deep layer where historical observation data are rare), the atmospheric forcings and air-sea
flux uncertainties, the river runoff approximations, and the model errors induced by unresolved or
parameterized physical processes. The improvement of the numerical simulations could be carried
out:

¢ Based on sensitivity tests on the model parameters (atmospheric forcings, parameterizations of
unresolved processes, numerical schemes),

e Studying and assimilating new types of observations in the systems (high resolution ocean
surface topography, high resolution sea surface temperature, ocean colour, sea surface salinity,
drifters, and gliders) to better constrain the modelled variables and to overcome the deficiencies
of the background errors in particular for extrapolated and/or poorly observed variables,

o Assimilating observations specially tailored for assimilation systems (e.g. sea level anomaly
products, Dabricic et al., 2012),

e Applying the multi-platform and multi-scale (basin, regional, local) validation approach to a
longer simulation period,

o Extending the analyses to the whole Mediterranean Sea to understand the origin of some of the
simulation biases (e.g. the Levantine Intermediate Water which is formed in the eastern basin),

¢ Extending the validation procedures to other datasets (e.g. drifters, chlorophyll, fixed moorings),
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e Investigating the ocean dynamics at various spatial and temporal scales (study of long-term
variability, interactions between the small and large spatial and temporal scales, ocean physical
processes, specific atmospheric and oceanic events), taking advantage of the wide spatio-
temporal scale range of observational and numerical data;

with the necessary condition of the progressive extension and the durability of long-term
observational data in both surface and deep ocean, the routine monitoring of specific areas using
high resolution sampling platforms (e.g. gliders in the Ibiza Channel, the Strait of Sardinia), and the
increase of numerical experiments.
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Glossary

AJ Atlantic Jet

AW Atlantic Water

BC Balearic Current

DW Deep Water

EAG Eastern Alboran Gyre

EKE Eddy Kinetic Energy

EOF Empirical Orthogonal Function
KE Kinetic Energy

LIW Levantine Intermediate Water
ME Mean Error

MFS Mediterranean Forecasting System
NC Northern Current

RMSD Root Mean Square Difference
SLA Sea Level Anomaly
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SST Sea Surface Temperature

WAG Western Alboran Gyre

WIW  Winter Intermediate Water

WMDW Western Mediterranean Deep Water

WMED Western Mediterranean Sea (as defined in this study)

Appendix

Let O(x,y,t) and M(x,y,t) be the observed (reference) and simulated (MFS or Mercator) data,
respectively, in the geographic and temporal space (x,y,t). 6(x, y) and M(x, y) are the temporal

means. The statistical metrics used in Section 5 are calculated based on daily time series over the
period of time T and expressed as follow:

T _
Standard deviation: o, (X, Y) = \/%Z[O(X’ y, 1) —0(x, )
t=1

o (X, y)=J$i[M (%Y, - M (x, y)P

Mean error: ME(X, y) = M (X, y) —O(X, y)

-
Root mean square difference: RMSD(X, y) = \/TEZ[M (x,y,t) —O(x, y,t)]?
=1
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Fig. 1: Domain of study. The coloured points indicate the position of in situ hydrographic profiles
from Argo floats (blue) and XBTs (green) over the period 2009-2012, and glider sections (red) in
2011. The black boxes delimit the regions, as defined in Manca et al. (2004), in the western
Mediterranean Sea: Alboran Sea (DS1), Balearic Sea (DS2), western and eastern Algerian (DS3 and
DS4), Algero-Provencal (DF1), Liguro-Provencal (DF2) and Gulf of Lion (DF3).
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