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ARTICLE INFO ABSTRACT

Hydrographic changes in the western Mediterranean Sea (WMED), which is connected to the North Atlantic
through the Strait of Gibraltar, may affect the global ocean thermohaline circulation. The Western Intermediate
Water (WIW) is a regional water mass which is formed through winter convection processes in the north WMED.
The variations of WIW characteristics are hardly detectable by the conventional criterion as defined in the
literature and have been poorly addressed. This study introduces an innovative geometry-based method to
properly detect WIW. New insights into changes in WIW properties are obtained by applying this method to
glider data in the Ibiza Channel and numerical simulation in the whole WMED. Seasonal and interannual var-
iations as well as positive trends in temperature and salinity leading to negative trend in density are highlighted
in the Balearic Sea and Gulf of Lion. The basin-scale simulation also shows the spatio-temporal variability of
WIW characteristics in the WMED under the influence of the location of formation site, local and regional
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atmospheric fluctuations, vertical mixing, horizontal advection and mixing with surrounding waters.

1. Introduction

The Mediterranean Sea is considered as a reduced ocean where
many ocean processes found throughout the world ocean occur
(Malanotte-Rizzoli et al., 2014), making this basin especially interesting
for physical, climatic and environmental studies (Bethoux et al., 1999).
Environmental factors affect the Mediterranean water masses from the
sea surface to the deep ocean and from coastal to open sea waters.
These changes affect sea level, as well as marine ecosystems, with a
potential associated socio-economic impact. Changes in Mediterranean
hydrographic properties could also influence the global thermohaline
circulation: the Mediterranean Outflow Water (MOW) interacts with
the Atlantic Meridional Overturning Circulation by heat and salt inputs
through the Strait of Gibraltar since the salty MOW spreads northwards
in the North Atlantic towards the high latitude deep water formation
sites (Reid, 1979; Candela, 2001).

The western Mediterranean Sea (WMED) comprises different water
masses, originating from the Atlantic Ocean and the Eastern Medi-
terranean Sea (EMED) or formed in the north WMED (Millot, 1999;
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Send et al., 1999; Robinson et al., 2001). In the upper layer, the Atlantic
Water (AW) enters the Mediterranean Sea through the Strait of Gi-
braltar. Circulating through the whole oceanic basin, AW becomes
saltier through atmospheric and oceanic processes. Below the surface
layer, there is the Levantine Intermediate Water (LIW), which is formed
in the EMED (Millot, 1999). Additionally, two water masses are formed
in the north WMED through winter convection processes: the Western
Intermediate Water (WIW), which is located at intermediate depths,
below AW and above LIW (Millot, 1999; Pinot and Ganachaud, 1999),
and the Western Mediterranean Deep Water (WMDW) in the deep layer
(Millot and Taupier-Letage, 2005; Salat et al., 2010). An additional
water mass is the Tyrrhenian Dense Water resulting from the mixing
between WMDW and waters of eastern origin (LIW and upper part of
the Eastern Mediterranean Deep Water) (Send et al., 1999; Millot et al.,
2006).

Temperature and salinity changes in the Mediterranean Sea, and, in
particular, warming and salting trends have been detected in the second
half of the 20th century (Krahmann and Schott, 1998; Vargas-Yafiez
et al., 2010, 2017; Garcia-Martinez et al., 2018). Recent studies agree
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on the increase of both temperature and salinity, especially in the in-
termediate and deep layers (LIW and WMDW), in the whole WMED
(Borghini et al., 2014; Schroeder et al., 2006, 2016) or in sub-basins,
such as the Tunisia-Sicily Channel (Ben Ismail et al., 2014; Schroeder
et al., 2017), the Ligurian Sea (Marty and Chiavérini, 2010) or the Gulf
of Lion (Houpert et al., 2016). Hydrographic changes of WIW have been
poorly addressed. WIW is directly impacted by atmospheric conditions
and is a sensitive indicator of ocean climate changes. Additionally, the
presence of WIW in the Balearic Sea influences eddy formation and the
circulation through the Balearic Channels (L6pez-Jurado et al., 1995;
Pinot et al., 1995, 2002; Astraldi et al., 1999; Pinot and Ganachaud,
1999; Amores et al., 2013). WIW, which is easily identified by its
temperature minimum above LIW, has been traditionally defined ac-
cording to pre-determined temperature and salinity ranges resulting
from regional observational experiments and visual detection (e.g. Salat
and Font, 1987; Lépez-Jurado et al., 1995; Vargas-Yafiez et al., 2012).
This criterion (hereafter fixed-range criterion) is not adaptive in time
and space, and it does not support the detection of interannual changes
in hydrographic properties. Alternatively, a visual detection adapting
the temperature and salinity ranges can detect such changes but it
would be time-consuming and not practical for long time series and
spatio-temporal variability studies.

This study proposes an innovative geometry-based criterion to de-
tect and characterize WIW in the WMED. The fixed-range and geo-
metric criteria are compared and evaluated using high resolution data
from repeated glider sections in the Ibiza Channel, which is the main
pathway of WIW from the northern to the southern WMED (Heslop
et al.,, 2012; Juza et al., 2013), from 2011 to 2017. The detection
methods are also applied to the high resolution numerical simulation,
called the Western Mediterranean Operational system (WMOP), which
covers the WMED, from the Gibraltar Strait to the Sardinia Channel,
over the period 2011-2015. The spatially and temporally fully-sampled
WMOP outputs are used to extend the analyses of changes in WIW
properties to continuous time series in the whole WMED. The new
adaptive and automatic criterion enables to detect WIW in case of
temporal and regional changes in temperature and salinity properties,
to identify the signature of WIW in numerical simulations even when
model bias exists (e.g. temperature and/or salinity shift), and to follow
the temporal and spatial evolution of WIW characteristics. In this
manner, the geometry-based detection method can help to better un-
derstand the WIW formation and propagation, its relation with atmo-
spheric and oceanic conditions and thus the ocean processes involved.

This paper is organized as follows. Section 2 provides an overview
of the general circulation in the WMED. The fixed-range and geometry-
based criteria are described in Section 3. The glider data and numerical
simulation are introduced in Section 4. These datasets are then used in
Section 5 to evaluate the detection methods. Sections 6 and 7 are
dedicated to the analyses of the temporal and spatial variability of the
WIW hydrographic properties in the WMED using the geometric cri-
terion. Finally, conclusions and perspectives are given in Section 8.

2. Western Mediterranean Sea overview

The large-scale general surface circulation in the WMED can be
characterized by the mean geostrophic velocity derived from the re-
processed interpolated altimetry product (Fig. 1), which is provided by
the Copernicus Marine Environment Monitoring Service (http://www.
marine.copernicus.eu). The Atlantic Jet enters the WMED through the
Strait of Gibraltar bringing fresh AW (with salinity around 36.5) at the
surface (Vitdez et al., 1996, 1998), which is advected eastwards in the
Alboran Sea. AW then reaches the Algerian sub-basin to form the Al-
gerian Current, flowing along the North African continental slope until
the Sardinia Channel (Millot, 1999). Circulating in the WMED, AW
becomes saltier through air-sea interaction and mixing processes, with
salinity values reaching 38-38.3 in the north WMED. A part of AW also
joins the EMED where it is partly transformed into Levantine

Journal of Marine Systems 191 (2019) 1-12

T T T T 0.5
A4k France
GoL(NE)
0.4
42°N
fj 0.3
. iy RSPV s
40°N Spain //Z }'T i 7/’5\;}(\
IC L/’/’ F"I(’j/)\
i R S\ 0.2
" L:w/’@\ o
38°N ) /1;.‘3»\'::\/\1(;7,“,\3\,‘.’..\& 7
e |
= F10.1
36°N Algeria
1 i ‘70

3°wW 0° 3°E 6°E 9°E
Fig. 1. Mean geostrophic currents (in m/s) from altimetry over the period
2011-2015. The red lines indicate the sections analysed in Sections 6 and 7:
north-eastern and south-western Gulf of Lion, Ibiza Channel and Cape Palos
(GoL(NE), GoL(SW), IC and Palos, respectively). (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

Intermediate Water (LIW) by intermediate convection in the Rhodes
Island area. LIW enters the WMED through the Sicily Channel and flows
out through the Strait of Gibraltar. This water mass is characterized by
subsurface temperature and salinity maxima (around 14-13.2°C and
38.7-38.5 in the WMED, respectively), generally found at 300-400 m
depth (Astraldi et al., 1999; Millot, 1999). In the northern WMED, AW
and LIW flow northward along each side of Corsica to join and form the
Northern Current (NC) in the Ligurian Sea (Millot, 1999). This per-
manent current flows south-westwards along the French and Spanish
coasts reaching the Balearic Sea. Approaching the Ibiza Channel (IC),
the NC flows southwards through the western side of the channel
reaching the southern WMED; it can also deviate eastwards joining
inflows from the southern basin that can cross the Balearic channels to
form the Balearic Current along the northern continental slope of the
Balearic Islands (Pinot et al., 1995, 2002; Heslop et al., 2012).

In the north WMED, WIW is formed by intense water cooling and
vertical downward mixing of AW. Despite the influence of low salinities
of continental origin, the continental shelves in the Gulf of Lion (GoL)
and the Ebro delta region in the Balearic Sea are the main places of
WIW formation (Millot, 1999; Pinot and Ganachaud, 1999; Salat et al.,
20105 Juza et al., 2013). This water mass is also formed around deep
convection areas from the Ligurian Sea to the Balearic Sea (Millot,
1999). GolL is also the place where WMDW is formed through deep
convection (Salat et al., 2010).

3. Detection methods
3.1. Fixed-range criterion

The conventional fixed-range criterion to detect WIW is based on
potential temperature (6) and salinity (S) ranges according to fixed
values which were determined from regional oceanographic campaigns:

-0 < 13°C, 38.1 < S < 38.3 (Salat and Font, 1987)
-0 < 13°C,37.7 < S < 38.3 (Lopez-Jurado et al., 1995)
-11.5 < 6 < 13°C, 37.7 < S < 38.3 (Vargas-Yanez et al., 2012)

In this study, the fixed-range criterion values refer to Lopez-Jurado
et al. (1995) which is used in previous studies in the north WMED (e.g.
Heslop et al., 2012; Juza et al., 2013).
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Fig. 2. Schematic 6/S diagram with the typical water masses of the WMED
(AW, WIW, LIW, and WMDW) and WIW geometry-based detection procedure
(described in Section 3).

3.2. Geometry-based criterion

The geometric method is based on the WIW definition and the 6/S
diagram shape. Indeed, WIW is a mode water, characterized by its
nearly vertical homogeneity caused by vertical convection, with a 6
absolute minimum. This method is inspired by the way that oceano-
graphers visually define WIW on a 6/S diagram.

The general principle of this approach is to detect WIW from LIW in
a 0/S diagram (Fig. 2). Indeed, LIW is relatively easy to detect (max-
imum of S and local maximum of 6) and WIW is a water that presents a
sharp curvature of the 6/S profile above LIW. Therefore, after de-
termining the LIW position on the 0/S diagram, the deep AW is iden-
tified by applying a density difference (Ap) to the LIW density to obtain
the density value of deep AW. WIW is then detected as the 6/S points
that are significantly colder than the line between these two waters on
the 6/S diagram (this line represents normal mixing). The detailed
geometry-based method is as follows:

e Determination of the density (p) value of LIW. First, the LIW S
maxima are found considering the points between the 95 and 99th
percentiles of S to avoid picking up spurious values and above a
selected depth (lim_depth) to discard deep water values. Then, the p
value of LIW is given by the point where 6 is maximum within this
selection.

e Determination of the p value of deep AW. The deep AW p is given
by the LIW p minus Ap. When no such p is found in the profile, the
surface value is considered if it is not too close to the LIW value
(higher than 0.7 x Ap). The identified deep AW corresponds to cold
and dense AW that might be convected and form WIW. Only profile
points between LIW and deep AW (grey points in Fig. 2) are now
considered.

e Computation of the line between LIW and deep AW. For each

profile, the line (A8S) on the 6/S diagram (Fig. 2) is computed.

The threshold distance to the (A6S) line to characterize WIW is

determined as follows: the distance between LIW and deep AW is

computed A8S = (v AB? + AS?) and multiplied by the coefficient a.

Identification of WIW. WIW corresponds to the points whose dis-

tance to the line is greater than the threshold distance, which is

similar to find ® minimum.

e Extrapolation in formation area: WIW can also be detected on the
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coast (where there is no LIW) when recently formed in this area,
considering profiles with 6/S values close to the previously identi-
fied WIW characteristics. The extrapolated WIW 6/S points are de-
termined as follows: 6 maximum is the 80th percentile of the pre-
viously detected WIW ©, S is within the WIW S range extended
to = AlimS, and depth is above lim_depth.

e The parameters for the WIW in the WMED have been defined as
follow:

lim_depth = 500 m; Ap = 0.32kg/m>; a = 0.14; AlimS = 0.03.

The parameter lim _depth has been introduced to insure that the
deep waters are not considered in the determination of LIW. Hence, its
value has been fixed below the LIW core, which is generally found at
300-400 m in the WMED (Millot, 1999; Garcia-Martinez et al., 2018).
Moreover, Ap has been fixed according to the typical water mass 6/S
values of the WMED. In particular, it has been inspired by the clima-
tological values of AW and LIW as found from the glider data used in
this study (described in Section 4.1) and in Garcia-Martinez et al.
(2018) in the WMED. Contrary to the latter parameters which are fixed
values, the parameter a may need to be tuned. Due to more homo-
geneous 0 in the intermediate layer in the WMOP simulation than in
observations, the coefficient a is adjusted and fixed to 0.08 for the
model. Finally, the geometry-based detection method is applied to an
ensemble of vertical hydrographic profiles from gliders and model data
since distribution properties are used in the detection procedure.

The geometric criterion is time evolutive adapting to changes in
water mass characteristics. It can be applied to long-time series at re-
gional scale in order to address the variability at the spatial and tem-
poral resolution of the 6/S diagrams.

4. Datasets
4.1. Glider data

Gliders, operated by the Balearic Islands Coastal Observing and
Forecasting System (SOCIB), are deployed in the IC following a semi-
continuous endurance line (Heslop et al., 2012; Tintoré et al., 2013)
since January 2011. The transect line corresponds to the section at 39°N
in Fig. 1. Every mission corresponds to the deployment of one glider
which monitors several transects in the IC, one crossing lasting ap-
proximately 3-4 days. For technical and operational reasons, the mis-
sion duration and the temporal coverage remain uneven (Table 1).
Slocum deep gliders provide high-resolution in situ hydrographic data
until 1000 m depth with a horizontal resolution of around 2 km when
profiling to full depth. The gliders were fitted with SeaBird CTD sensors.
Taking into account the instrument accuracy and stability in con-
ductivity and temperature, as well as the calibration frequency, the
salinity accuracy is estimated around * 0.01. This instrument calibra-
tion error has no impact on the results presented in this study. The
glider repeated sections allow to characterize accurately the water mass
properties from daily-weekly to interannual time scales in the IC. In this
study, 40 glider missions from 2011 to 2017 are considered using the L2
glider product (Troupin et al., 2015): 6 and S data are interpolated on a
regular vertical grid with 1 m vertical resolution which corresponds
approximately to the glider sampling. The spatial positions of the 6/S
profiles vary with time.

4.2. Numerical simulation

The high resolution Western Mediterranean Operational system
(WMOP, Juza et al., 2016) is based on a regional configuration of the
Regional Ocean Modelling System (ROMS; Shchepetkin and
McWilliams, 2003, 2005) in the WMED (Fig. 1) from Gibraltar Strait
(6°W) to Sardinia/Corsica islands (9.2°E). The vertical grid is made of
32 terrain following sigma levels stretched at the surface and the
bottom. The horizontal resolution is ~1/50° (~2 km). The bathymetry
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Table 1

WIW detection using the fixed-range and geometric methods for gliders and
interpolated model in the IC from 2011 to 2017. Yes (no) notifies the presence
(absence) of detected WIW. Detection types (similar, more, new) are described
in Section 5.1.

Glider missions Duration Fixed-range/ Fixed-range/geometry
(starting (in days) geometry criterion in  criterion in WMOP
month) gliders
Jan 2011 19 Yes/yes (more) No/Yes (New)
Feb 2011 18 Yes/yes (similar) No/yes (new)
Mar 2011 15 Yes/yes (similar) Yes/yes (more)
May-Jun 2011 13-13 Yes/yes (more) Yes/yes (more)
Mar 2012 13 Yes/yes (more) No/yes (new)
May 2012 15 Yes/yes (more) No/no
Jul-Aug 2012 15-16 No/yes (new) No/no
Oct-Nov 2012 4-7 No/no No/no
Jan 2013 14 No/no No/no
Mar 2013 14 Yes/yes (more) Yes/yes (more)
May-Jul 2013 13-16 Yes/yes (more) No/yes (new)
Sep 2013 15 Yes/yes (more) No/no
Nov-Dec 2013 3-14 No/no No/no
Feb-Apr-Jul 15-23-16 No/no No/no
2014
Oct-Nov 2014 16-16 No/no No/no
Jan-Mar-Apr 25-8-27 No/yes (new) No/yes (new)
2015
Jun-Aug-Oct 17-16-17 No/no No/no
2015
Sub-total 29 missions 2 “similar detection” 0 “similar detection”
9 “more detection” 4 “more detection”
5 “new detection” 8 “new detection”
Jan-Feb-Apr- 15-43-46-25 No/yes (new) Not available
Jul 2016
Sep 2016 22 No/no Not available
Oct-Dec 2016 26-40 No/yes (new) Not available
Mar-Jul-Sep 38-17-28 No/yes (new) Not available
2017
Nov 2017 20 No/no Not available
Sub-total 11 missions 9 “new detection” -
Total 40 glider 2 “similar detection” 0 “similar detection”

4 “more detection”
8 “new detection”

9 “more detection”
14 “new detection”

missions
29 model
missions

is derived from a 30” database (Smith and Sandwell, 1997) corre-
sponding to a resolution around 1.5 km in the Mediterranean. The si-
mulation is initialized and nested in the daily larger scale 1/16° CMEMS
MED-MFC model (Simoncelli et al., 2014). The high resolution HIRLAM
atmospheric fields (Undén et al., 2002; 3h, 1/20°) provided by the
Spanish Meteorological Agency (AEMET) are used to compute surface
turbulent and momentum fluxes through bulk formulae (Fairall et al.,
2003). Runoffs of the six major rivers of the modelling domain (Var,
Rhone, Aude, Hérault, Ebro and Jucar), which are provided by the
French HYDRO database (http://www.hydro.eaufrance.fr) and the
Spanish hydrographic confederations of Ebro and Jtcar rivers (http://
www.chebro.es; http://www.chj.es), are specified as point sources of
low saline water. Daily values of observed river discharge are used. An
explicit momentum diffusion is applied, since it was found to improve
the representation of mesoscale activity, particularly in the Algerian
basin. This free run hindcast simulation is performed over the period
2009-2015. Elements of validation of this simulation can be found in
Mourre et al. (2018).

4.3. Data processing

The glider data are analysed over the period 2011-2017. The out-
puts of the simulation are linearly interpolated at the observations
space-time positions for their assessment and comparison with glider
data over their common period 2011-2015. Then, the fully-sampled
simulation is used to follow the spatio-temporal evolution of the WIW
properties, using the continuous time series and extending the analyses
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to adjacent sub-regions. More precisely, WIW characteristics will be
analysed along four specific sections (displayed in Fig. 1). In the north-
eastern sub-basin, the meridional section at 6.3°E (GoL(NE) in Fig. 1)
crosses the NC west of the Ligurian Sea where WIW may be formed and
east of GoL which is the main area of WIW formation. Further down-
stream along the NC in the south-western GoL is the second section of
the study between 3.3 and 4.2°E (GoL(SW) in Fig. 1). Further south, in
the Balearic Sea, the section at 39°N, from 0.1 to 1.1°E, corresponds to
the endurance line monitored by the glider in the IC. Approaching the
Alboran Sea in the southern sub-basin, the WIW presence will be also
analysed at Cape Palos.

5. Evaluation of detection methods
5.1. Comparisons along glider tracks

The fixed-range and geometry-based WIW detection methods are
compared using the glider and interpolated simulation data for every
glider mission in the IC over 2011-2015. The method evaluation is
extended to 2017 with glider data given their availability in more re-
cent years. The results for the 40 missions are shown in Table 1. Three
types of results are identified: similar detection, i.e. similar points
identified as WIW, with both methods (hereafter “similar detection”),
detection in both methods with more WIW 6/S values caught by the
geometric method than with the fixed-range criterion (hereafter “more
detection”), and detection only with (and thanks to) the geometric
method (hereafter “new detection”). Note that there is no case of less
detection with the geometry-based method meaning that all previously
detected WIW will be detected with the new method. These three si-
tuations are illustrated in Figs. 3 and 4 depicting 6/S diagrams.

For 38% (59%) of the missions in glider (model) data, which were
mostly deployed in summer-fall and during the year 2014, no WIW is
detected with both methods in both datasets (Table 1). Similar WIW
detection with both methods occurs for only two missions in February
and March 2011 in the glider data (Fig. 3a). For the other missions,
mainly deployed in winter-spring, more WIW 6/S values are detected in
glider and model data with the geometric method while no or fewer
WIW is detected with the fixed-range criterion. More precisely, ob-
served WIW is detected with both criteria in winter-spring 2011 and
2012, but more WIW 6/S values are caught by the geometric criterion
(as illustrated in Fig. 3b). The additional detected volume is warmer
than 13°C in 2011 and 2012, and saltier than 38.3 in 2012 (i.e. ex-
ceeding the 6 and S limits of the fixed-range criterion). In spring-
summer 2013, WIW also covers a wider range of S including values
saltier than 38.3. The new criterion enables to detect a larger volume
with saltier WIW. It also allows to catch the few WIW which is present
in summer 2012. In winters 2015-2016-2017, WIW is warmer and can
be detected only by the geometric criterion (as displayed in Fig. 3c).
The new method enables to capture WIW changes, in particular when
WIW becomes warmer than 13 °C as since 2015. In the simulation, WIW
is not (or partially) detected in 2011, 2012 and 2013 with the fixed-
range criterion due to the model S shift with values saltier than 38.3.
However, WIW is present in WMOP, as revealed by the distinct 0
minima in the 6/S diagrams (as illustrated in Fig. 4). Thanks to the
geometric criterion, simulated WIW is caught where it was detected in
observations (Fig. 4a, b). In winter 2015, despite the model bias to-
wards higher 6 and S values, the geometric criterion allows to auto-
matically detect WIW warmer than 13°C as in the observations
(Fig. 4¢).

The 6/S diagrams have been subject to visual inspection and eval-
uated independently by oceanographers for all glider missions. The new
criterion, which is based on the well-marked curvature of WIW in the 6/
S diagram, detects more WIW which is distinctly present. Moreover,
oxygen (02) concentration data, which were partially collected during
the glider missions in the IC, have shown that the detected WIW points
have temperature minima coinciding with high O2 concentration
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Fig. 3. 6/S diagrams from glider during the missions in February 2011 (a),
March 2012 (b) and March 2015 (c). The green box delimits the fixed-range
criterion values for WIW. The red points correspond to WIW detected by the
geometric method. The missions a), b) and c) illustrate the three types of de-
tection results found in glider data. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

values (i.e. ventilated waters) in the range of 210-250 umol/L (not
shown). These preliminary results also seem to confirm the reliability of
the geometric method. We can therefore state that this new method is
more accurate than the fixed-range criterion, and enables to capture
WIW in the IC in case of changes in properties (e.g. warming and/or
salting as it occurs especially in recent years) and/or 6/S model errors.
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two types of detection results found in model data.

5.2. Evolution of the basin-wide volume

The fixed-range and geometry-based criteria are also applied to the
four-dimensional WMOP simulation to compare the WIW detection
methods at basin-scale. A larger volume of WIW is captured in the
WMED from 2011 to 2015 with the geometric method compared to the
fixed-range criterion (Fig. 5). This latter mainly detects WIW which is
located in the plateau of GoL and the Ebro delta region. Although WIW
is also detected in the open ocean of the Ligurian Sea in 2011 and 2012,
very few WIW 6/S value is captured in 2014 and 2015. On the contrary,
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Fig. 6. Volume (in m®) of weekly WIW in the WMED as detected by the fixed-
range and geometric criteria in WMOP from 2011 to 2015.

the geometric method captures WIW from the Ligurian Sea to the south
of the Balearic Islands and the Alboran Sea. The geometry-based cri-
terion detects a volume of WIW which is larger locally and more ex-
tended in the basin every year.

The time series of the volume integrated within the whole domain
(Fig. 6) also clearly show the larger amount of WIW detected at basin
scale with the geometric detection. The peaks, which occur in winter-
time when WIW is formed, are generally higher and larger with the new
method. This latter also detects WIW throughout almost the whole
period from 2011 to 2015. The weekly resolution highlights a temporal
shift between WIW maxima detected with the two methods, which
probably corresponds to exact timing of WIW formation, when all AW is
convected (leading to the absence of AW in the 6/S diagram restricting
the WIW detection with the geometric method) and the difference in
location of detected WIW. Finally, while Fig. 5 highlights temporal and
spatial variations in WIW detection with both methods, Fig. 6 reveals
the weekly, seasonal and interannual variability at basin scale. Further
investigations of the temporal and spatial variability of the WIW
characteristics are addressed in the next section.

6. Spatio-temporal variability in WIW characteristics

In this section, the geometric method is applied to glider data as
well as the interpolated and fully-sampled model outputs to investigate
the spatio-temporal changes in WIW properties.

6.1. Temporal evolution in the Ibiza Channel

Time series of the medians of WIW 6 and S distributions over each
mission are depicted (Fig. 7) to outline the presence of WIW and the
temporal evolution of its hydrographic properties as captured by the
glider data and interpolated WMOP in the IC. In both datasets, the
presence of WIW is seasonal: this water mass is mainly captured during
the missions in winter-spring. Fig. 7 also clearly shows how both limits
in © and S of the fixed-range criterion are not adequate to capture
properly WIW over the period of study: 6 medians are warmer than
13°C from 2015 to 2017 while S medians are saltier than 38.3 in
2012-2013 and 2016-2017.

The WIW 0 seems to have a seasonal variability with minimum
generally reached in March. The minimum of median value is observed
in March 2011 (12.8 °C). Year-to-year variability is also highlighted in
glider data with medians varying between 12.8 and 13°C over
2011-2013, and higher values found over 2015-2017 (13.1-13.4°C).
WMOP produces WIW in the IC when it is observed. The simulation is
able to reproduce both the observed seasonal and interannual varia-
tions of WIW 0, as well as the minimum found in March 2011 and the
warmest WIW in winter-spring 2015. The glider (model) WIW 6 median
values vary from 12.8 to 13.2°C (12.7 to 13.3 °C) from 2011 to 2015.
The simulation covers a wider range of 6 since it underestimates
(overestimates) 6 in 2011 (2015) leading to an overestimation of the
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dicate the 6 and S limits of the fixed-range criterion (13 °C and 38.3, respec-
tively).

warming rate.

Seasonal variations in WIW S with minimum in winter and max-
imum in summer are partially observed in the IC. Year-to-year varia-
bility is also captured with minima observed in 2011 and 2015
(38.1-38.2) and maxima in 2012 and 2016 (38.3-38.4). WIW is saltier
in WMOP than in observations. The glider (model) WIW S oscillates
between 38.1 and 38.35 (38.3 and 38.5) over the period 2011-2015.
The model overestimation (0.1-0.3) is persistent over the whole in-
vestigated period. This model S shift involves the whole water column
as shown in the 6/S diagrams from the glider and interpolated model
data in the IC in February 2011 (Figs. 3a and 4b) and in March 2015
(Figs. 3c and 4c). Despite this model error, the seasonal and interannual
variability of WIW S is reproduced in WMOP, although the interannual
variations are smaller than in the observations.

In conclusion, these results show that the simulated seasonal and
interannual variability of the WIW properties in the IC is in agreement
with the observations despite the above-mentioned model errors.
Hence, the fully-sampled model is now used to follow the continuous
temporal evolution of WIW in the IC as well as the regional variations in
the adjacent sub-basins, keeping in mind the model biases.

The temporal evolution of the WIW properties is analysed using the
fully-sampled model in the section at 39°N (Fig. 8), which corresponds
to the glider endurance line (Fig. 1). It highlights changes in 6 and S
from monthly to interannual time scales in the IC. WIW is present al-
most all the months in the fully-sampled model while it was not always
detected in the interpolated model (Fig. 7). Indeed, the temporally even
and spatially complete coverage of the section in the fully-sampled
dataset allows to catch some relatively mixed WIW (i.e. with less
marked 6 minima) particularly in fall. This modified WIW is present in
smaller quantities than during the months of formation and recent
propagation (not shown).

Marked seasonal variability in WIW 6 and S is reproduced in the
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Fig. 8. Medians (black lines), 17 and 83th percentiles (delimited by the shadow area) of the monthly distributions of WIW 6, S, o and depth (from top to bottom) from

the fully-sampled model along the IC section from 2011 to 2015.

simulation, with minima generally found in end-winter or early-spring.
WIW occupies shallow layers in wintertime due to recent formation.
The year 2012 is exceptional with relatively constant 6 and S median
values throughout the year and the 17th percentile of depth not close to
the surface indicating that WIW is not recently formed. Concerning the
year-to-year variability, a strong increase in WIW 0 is detected since
January 2014. In 2013-2014-2015, strong and abrupt S minima in
winter associated with shallow depths suggest that the detected WIW is
recently formed in the plateau of the Ebro delta region. These years are
also associated with an enlargement of the WIW layer due to accumu-
lation of WIW which is recently formed and WIW originating from the
north WMED. The WIW density anomaly (o) reaches its minima in
winters 2014 and 2015 when WIW is particularly warm and fresh
during its formation process. In conclusion, the model suggests the
presence of recently formed WIW in the IC coming from the north
WMED and the Ebro delta region in wintertime, as well as some rela-
tively mixed WIW the rest of the year. Changes in WIW properties are
also simulated, in particular a strong increase in 6 since 2014.

6.2. Spatio-temporal variability in the western Mediterranean

The analyses are extended to the four selected sections (displayed in
Fig. 1) to follow the temporal and regional variations of WIW properties
(Fig. 9). Beside the S overestimation in the model (Section 6.1), the 6/S
maxima associated with LIW is not well marked in the simulation due to
the particularly flattened 6 maximum (as noticeable in Fig. 4). This
model feature does not prevent the method detecting properly the LIW
position (and then WIW). Nevertheless, the difference between

simulated WIW and LIW 6 is small particularly in summer-fall, i.e.
outside of the WIW formation period (when the & minimum is less
marked). Due to the more homogeneous surface and intermediate layer
in the simulation, this latter also catches modified and mixed WIW with
surrounding waters in the studied sections.

In the north-eastern GoL, the simulated WIW 0 and S have a rela-
tively large seasonal variability with median value minima and largest
distributions found in winter when strong atmospheric events and WIW
formation occur. While the WIW 6 oscillates annually from 12.6 to
13.4°C from 2011 to 2013, it is warmer in 2014 and 2015 with median
values around 13.5 °C throughout the year. Note that this warming is
not associated with shallower depths nor significant density changes
(not shown) since S is also increasing. The depth minima are also found
in winter due to surface WIW which is recently formed or being formed.
The 17th percentile is close to the surface during all winter months of
the period (not shown). In early-winter, the volume of WIW (re-
presented in Fig. 9 by the mean surface along the section) is equal to 0
when all AW is being transformed into WIW. Then, the largest amount
is generally found in late-winter when recently formed WIW is detected
(associated with an increased horizontal extension in shallow depths),
and in end-summer when WIW previously formed in the Ligurian Sea
and GoL has recirculated crossing the section. In summer-fall, WIW
flows below AW reaching its depth maxima.

In the south-western GoL, the simulation suggests that the WIW
characteristics also have a seasonal variability with 6 (S) tending to be
colder (saltier) than in the north-eastern GoL. The WIW volume is also
equal to 0 during the formation process in early-winter and reaches its
maxima in March-April when a large amount of recently formed WIW
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the four sections (indicated in Fig. 1) from 2011 to 2015.

is detected (particularly in 2011, 2012 and 2013), with values higher
than in the north-eastern GoL. Peaks of WIW volume are also reached,
especially in falls 2012 and 2013, in deeper layer than in winter, due
the presence of recirculated WIW. The spatial changes in simulated
WIW characteristics between the two sections of GoL suggest the ad-
dition of WIW formed in the continental plateau and in GoL. Note also
that the formation of WIW in GoL is smaller in 2014 and 2015 than in
previous years.

Further south, in the IC, WIW tends to be warmer (colder) in winter
(summer-fall) than in the south-western GoL. WIW is clearly fresher and
occupies shallower water in winter. The 8 and S seasonal variability
clearly persists with minima in late-winter and early-spring, associated
with depth minima (Section 6.1), with 1-2month delay with GoL.
Additionally, the model produces a larger volume of WIW from Feb-
ruary to May 2015 in IC than in GoL during the previous and syn-
chronous months. That clearly indicates the convection forming WIW in
the plateau of the Ebro delta region.

Approaching the Alboran Sea, the & minimum is less marked than in
the northern regions but still appears in the 6/S diagrams certifying the
presence of WIW. The properties have lost their seasonal variability,
getting distance from the formation area and mixing with surrounding

water masses. WIW is deeper than in GoL and the Balearic Sea (the 17th
percentile is not close to the surface) pointing out the horizontal and
vertical propagation. Additionally, the medians of WIW depth at Cape
Palos oscillate around 300m (200m) over 2011-2013 (2014-2015)
with the 5th percentile varying around 200m (100 m) (not shown).
Hence, according to the model results, WIW could contribute to the
Mediterranean outflow at the Strait of Gibraltar, of which the shal-
lowest point is located at 300 m depth (Camarinal Sill).

In summary, the time series of simulated regional WIW character-
istics (Fig. 9) associated with the annual maps of WIW volume and
depth from 2011 to 2015 (Fig. 5f-o0) clearly suggest the significant in-
terannual variations in WIW formation site, as well as the horizontal
and vertical propagation over the WMED. In 2011 and 2012, the
shallow depths with median values between 0 and 50 m, which indicate
the WIW formation site(s), are mainly found in the Ligurian Sea and
GoL (Fig. 5k, 1). Shallow depths extend to the Balearic Sea in 2013 and
2015. During these years, a large volume is found in this region crossing
the IC, and reaching the Alboran Sea and the Strait of Gibraltar
(Fig. 5m, o). The southward propagation from the formation site is
joined with a deepening with median values reaching 250 m in the
southern basin. The changes in simulated WIW characteristics (6, S and
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Trends significant at the 90% level (Chelton, 1983) of WIW and LIW © (in °C/year), S (in /year) and o (in kg/m>/year) from the fully-sampled model in the four

sections (displayed in Fig. 1) over the period 2011-2015.

WIW 6 WIW S WIW o LIW 6 LIW S LIW o
GoL(NE) 0.12 * 0.006 0.02 * 0.002 - 0.06 = 0.005 0.01 + 0.0005 -
GoL(SE) 0.14 = 0.006 - —0.027 + 0.002 0.15 * 0.007 0.006 + 0.0006 —0.028 + 0.0015
Ic 0.16 = 0.005 0.04 + 0.003 —0.005 + 0.002 0.11 * 0.006 0.01 = 0.0009 —0.015 + 0.0007
Palos 0.07 = 0.002 0.04 + 0.002 0.015 * 0.0006 - - -
Table 3 7.2. Warming and salting: discussion

Trends with 90% confidence level (Chelton, 1983) of the LIW 0 (in °C/year), S
(in /year) and o (in kg/m>/year), from collocated WMOP and gliders for the
missions from 2011 to 2017 in the IC.

LIW 6 LIW S LIW o
WMOP 2011-2015 0.1 = 0.007 0.02 = 0.001 —0.006 = 0.0007
Gliders 2011-2015 0.05 *= 0.007 0.008 + 0.002 —0.005 = 0.001
Gliders 2011-2017 0.04 = 0.004 0.009 + 0.0007 —0.002 = 0.0003

depth) could be related to the formation site and the horizontal and
vertical propagation but not only since no correlation is found between
the spatial pattern of 6, S and depth maps (supplementary material A).
The WIW 6 increases in the whole domain from the Ligurian Sea to the
Alboran Sea in 2014 and 2015, while the S increase is neither homo-
genous nor related to the WIW depth and volume (supplementary
material A).

7. Trends in the western Mediterranean
7.1. Regional trends

Linear regressions from the monthly WIW characteristics time series
depict positive trends in both 6 and S in the four sections of the WMED
(Table 2). The simulated WIW is warmer in the Alboran Sea than in the
IC in 2011, 2012 and 2013 while they become colder in 2014 and 2015
leading to a smaller trend in 6 in Cape Palos. The WIW 0 increase affects
more GoL and the Balearic Sea than the Alboran Sea while the WIW S
increase is larger in the Alboran and Balearic Seas than in GoL. Re-
member that simulation errors have been found in 6 and S comparing to
observations (Section 6.1). In particular, the 0 trend is overestimated
over the studied period in the IC: the simulated WIW and LIW 6 trends
(around 0.1°C/year) are more than twice the observed ones. Ad-
ditionally, these trends are computed over 5 and 7-year periods and
therefore may be part of the interannual or decadal variability. Note
that the glider instrument stability has approximately one order of
magnitude less than the monthly WIW characteristics which are used to
compute the observed trends, thus not impacting on their estimates.

Through its impact on the density, the ocean warming could prevent
the convection until the intermediate layer and restrict the WIW for-
mation. However, the concomitant increase of S balances partially the
effect of 6 changes on the density. The monthly WIW o is correlated to
the S variability in the four sections, north-eastern and south-western
GoL, IC and Cape Palos (with correlations around 0.51, 0.64, 0.55 and
0.9, respectively) while the WIW warming induces a decrease in den-
sity. The model suggests that the o trends are negative in GoL and IC
(Table 2) while in Cape Palos, where the 6 (S) trend is less (more)
important than in the further north regions, the o trend is positive.
These slight changes in density in the north WMED are not accom-
panied by significant changes in depth, except for the year 2014 when
less dense and shallower WIW is found throughout the year due to the
general warming.
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WIW is formed through intense cooling and vertical mixing of AW.
The 6 trends may result from the greenhouse-gas-induced warming in
the WMED (Bethoux et al., 1990). The reduction in fresh water inputs
(via river damming and decrease of precipitations) may be the major
cause of the S increase in surface waters that can induce salting of in-
termediate and deep waters through surface waters cooling in winter
(Krahmann and Schott, 1998; Schroeder et al., 2006; Skliris et al.,
2007). Additional cause of the hydrographic changes of WIW could be
the changes of the inflowing AW (Millot et al., 2006). Changes in LIW
properties (Ben Ismail et al., 2014; Vargas-Yéafiez et al., 2017; Schroeder
et al., 2017), that could be related to atmospheric events and/or mixing
process during its route from the EMED, can also affect the WIW for-
mation. Denser LIW would make the deep convection more difficult and
more WIW could be formed, and vice versa. During the WIW detection
procedure, as a first stage, LIW is identified finding the 8 maximum in
the 95-99th percentile range of S, i.e. in the LIW core. The temporal
evolution of LIW properties across the sections can also be easily out-
lined. Despite the persistent model errors in  and S maxima associated
with LIW, similar behaviour in 6, S and o trends are found with gliders
data in the IC (Table 3). The trends of LIW 6 and S are positive in both
glider and model data as captured during the missions from 2011 to
2015, leading to a negative trend in o. Extending the period to 2017
with glider measurements, the trends demonstrate lower values in 6 and
higher ones in S reducing the negative trend in o.

The trends in 0, S and o for both WIW and LIW have been computed
in the four sections (analysed in Section 6.2) using the fully-sampled
model (Table 2). This points out the similar behaviour of both water
masses in the Balearic Sea and GoL. The model suggests that the posi-
tive trends in 6 and S lead to negative trend in o for both WIW and LIW
in the north WMED. Less dense WIW and LIW would induce more
homogeneous surface and intermediate layers reducing their stability.
The decrease of density hinders any further outflow sinking (Schroeder
et al., 2006). The decrease in surface density and in winter deep water
formation could thus induce the weakening of the Mediterranean
thermohaline circulation. The hydrographic properties of the Medi-
terranean Outflow Water flowing into the Atlantic Ocean would be
strongly influenced by these changes (Somot et al., 2006). Their mod-
ifications could in turn modify the heat and salt content of the Atlantic
Ocean (Curry et al., 2003) and influence its thermohaline circulation.

8. Conclusions and perspectives

While hydrographic changes of LIW and WMDW, in particular their
warming and salting, have been largely addressed, the evolution of
WIW characteristics is poorly documented. In this paper, we propose an
innovative geometric criterion to detect WIW in the western
Mediterranean Sea (WMED) from the 6/S diagram shape, allowing to
track the spatio-temporal changes in temperature and salinity proper-
ties.

The fixed-range method is based on pre-determined temperature
and salinity ranges. Hence, changes in WIW properties (e.g. increase of
temperature) which are out of the ranges would be interpreted as ab-
sence or loss of this water mass. To overcome this issue, a geometry-
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based criterion has been developed taking advantage of the position of
WIW between surface waters and LIW with temperature minima. This
method enables to detect changes in WIW properties and, in particular,
to catch larger amount of WIW with higher temperature and salinity.
Considering the glider missions in the Ibiza Channel from 2011 to 2017
when WIW has been detected in observations by the geometric method,
36% of cases correspond to more WIW 6/S values detected compared to
the fixed-range criterion while 56% are new detections. Due to model
biases (particularly in salinity), 33% of the WIW detections in the si-
mulation are associated with more WIW detected with the geometric
method and 67% with new detections thanks to the geometric criterion.
The new criterion is able to cope with model biases and detect the
presence of WIW.

The detection resulting from the geometric criterion shows seasonal
and year-to-year variability in WIW properties as captured by the gli-
ders from 2011 to 2017 in the Ibiza Channel. The most marked feature
in WIW changes over the last seven years is the abrupt warming in 2015
with temperature higher than 13 °C (with median values between 13.2
and 13.4°C). Although model errors are found in temperature and
salinity, the simulation is able to reproduce the observed presence or
absence of WIW in the channel, as well as the winter temperature
minima, the abrupt warming in 2015 or the fresher salinity in winter.
The evaluation of WMOP model in the Ibiza Channel gives us con-
fidence in using the continuous time series from the simulation in dif-
ferent key sections of the WMED to study the spatio-temporal evolution
of WIW characteristics.

The fully-sampled simulation suggests the seasonal cycle of WIW
temperature and salinity in the Gulf of Lion and Balearic Sea, as well as
of WIW depth with minima reached when WIW is recently formed.
WIW propagates southwards from the formation site(s) to the Alboran
Sea with deepening of the occupation layer. According to the WMOP
simulation, WIW is mainly formed in the Ligurian Sea and the Gulf of
Lion in 2011 and 2012. The Balearic Sea becomes an important addi-
tional WIW formation site particularly in 2013 and 2015 with a large
annual cumulated volume of WIW. During these years, the simulated
WIW reaches the Strait of Gibraltar. Positive trends in simulated WIW
temperature and salinity appear in all the studied sections, from the
Gulf of Lion to the Alboran Sea. The results from the simulation indicate
that WIW temperature (salinity) in the WMED are increasing at a rate of
0.07-0.15 °C/year (0.003-0.04/year) from 2011 to 2015. Analyses of
regional properties using the basin-scale numerical simulation have
also suggested the spatial variability of WIW characteristics in the
WMED, due to the formation sites, horizontal and vertical propagations,
and mixing with surrounding waters.

The LIW changes have been also detected through the first step of
the WIW detection method. Both simulated temperature and salinity
have shown an increasing trend for WIW and LIW, with similar beha-
viour in the three sections of the north WMED. The concomitant in-
creases of temperature and salinity, which have opposite effects on
density, are not totally balanced, leading to slight decreases in density
and depths, in the main formation and propagation areas (Gulf of Lion
and Balearic Sea). At the entrance of the Alboran Sea, at Cape Palos, a
positive trend in density is detected by the model for both WIW and
LIW.

As discussed in the paper, some quantifications should be con-
sidered with caution. The study covers a limited period. Additionally,
the numerical simulations are subject to systematic errors induced by
several model factors: unresolved or parameterized physical processes,
numerical schemes, inaccurate initial conditions, errors in atmospheric
forcings, air-sea flux uncertainties, and river runoff approximations.

This study demonstrates the capability of this innovative geometry-
based criterion to automatically adjust to changes in WIW properties.
This approach can also detect the presence of simulated WIW in case of
model biases and it could be applied operationally to near real-time
(not calibrated) observations that may include salinity shift. As the
traditional fixed-range criterion, the proposed method uses parameters,
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but which are much less restrictive. It allows to detect properly the
WIW properties in both glider and model data, in the Ibiza Channel and
the whole WMED, capturing both temporal and spatial changes.
However, the fixed-value parameters might limit the detection in the
future due to new unexpected changes in water mass properties and/or
different model characteristics and errors. To remove this constraint,
the local stratification might be determined and introduced in the de-
tection procedure replacing these parameters. Moreover, this method
requires a three-layer system, comprising the typical surface and in-
termediate water masses of the WMED (AW, WIW, and LIW). It has
been adapted to catch the recently formed WIW, but the water mass
cannot be detected locally during the formation process due to the
absence of AW, which is entirely transformed into WIW. This restriction
might be overcome by using the geographical position and character-
istics of the identified recently formed WIW and looking for similar
temperature and salinity values during the previous days in a surfacing
homogeneous vertical layer of the region. Additionally, a minimum of
profiles in the 6/S diagram is required since the method uses distribu-
tion properties of an ensemble of profiles (e.g. percentiles). Dense data
(e.g. from gliders and models) are therefore particularly adapted for
local detection from daily/weekly to longer time sales. Temporally and
spatially sparse data (e.g. from Argo floats) should be congregated for
regional analyses from seasonal to longer time scales.

The analyses could be extended over the last decades applying the
geometry-based method to long-term datasets. Regular observations
and/or simulations over a longer period could help to understand the
spatio-temporal variability in water mass properties, to determine the
time scales of variability (interannual, decadal or trend) and the ocean
response to climate change. Finally, further investigations about the
causes of WIW changes (e.g. changes in atmospheric conditions, in-
flowing AW, and water column properties including changes in LIW)
and their respective contributions could be addressed taking advantage
of the proposed method. Hence, consequences might be better identi-
fied and quantified, such as changes in water column properties,
modifications in the stratification that can affect the convection events,
or changes in density of the intermediate layer and in the
Mediterranean Outflow Water, which directly impacts the Meridional
Overturning Circulation and the ocean climate system.

Glossary

AW Atlantic Water
p Density

IC Ibiza Channel

EMED Eastern Mediterranean Sea

LIW Levantine Intermediate Water

MOW Mediterranean Outflow Water

NC Northern Current

S Salinity

T Temperature

0 Potential temperature

o Density anomaly

SOCIB  Balearic Islands Coastal Observing and forecasting System
WIW Western Intermediate Water

WMDW  Western Mediterranean Deep Water
WMED  Western Mediterranean Sea

WMOP  Western Mediterranean Operational system
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