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Abstract. The Strait of Sicily plays a crucial role in deter- 1 Introduction
mining the water-mass exchanges and related properties be-
tween the western and eastern Mediterranean. Hydrographic
measurements carried out from 1998 to 2013 allowed thelhe Strait of Sicily is a topographically complex region of
identification of the main water masses present in the Straithe central Mediterranean (CMED) comprising two sills sep-
of Sicily: a surface layer composed of Atlantic water (AW) arated by an internal deep basin; the eastern sill has a maxi-
flowing eastward, intermediate and deep layers mainly comMmum depth of about 540 m, and the western one is composed
posed of Levantine intermediate water (LIW), and transi- Of two narrow passages with a maximum depth of 530 m. The
tional eastern Mediterranean deep water (tEMDW) flowing central basin has trenches that are more than 1700 m deep
in the opposite direction. Furthermore, for the first time, the (Gasparini et al., 2005). From a dynamic point of view, three
signature of intermittent presence of western intermediaténain spatial and temporal scales characterize the CMED
water (WIW) is also highlighted in the northwestern part of (Sorgente et al., 2011): (i) the mesoscale (characterized by
the study area (12.23%, 37.708 N). horizontal scale less than a few tens of kilometres and peri-
The excellent area coverage allowed to highlight the highods inthe range from a few days to a few tens of days), (ii) the
horizontal and vertical inter-annual variability affecting the large Mediterranean Basin scale including the thermohaline
study area and also to recognize the permanent character §f'culation, and (iii) the sub-basin scale (oceanographic phe-
the main mesoscale phenomena present in the surface watBPmena characterized by diameters ranging between 200 and
layer. 300 km). The mesoscale structures, (i), under the influence

Moreover, strong temperature-salinity correlations in theOf wind stress, topography and internal dynamical processes
intermediate layer, for specific time intervals, seem to bedenerate boundary currents and jets, which can bifurcate, me-

linked to the reversal of surface circulation in the central lo- @hder and grow, then forming ring vortices and filament pat-
nian Sea. terns interacting with the large-scale flow fields (Lermusi-
The analysis of CTD data in deeper water layer indicates2Ux, 1999; Lermusiaux and Robinson, 2001). The thermoha-

the presence of a large volume of tEMDW in the Strait of line circulation (ii) in this area is anti-estuarine and is mainly
Sicily during the summers of 2006 and 20009. driven by the balance between the relatively fresh waters en-

tering at the Gibraltar Strait and the negative fresh-water bud-
gets over the whole Mediterranean Basin (Sorgente et al.,
2011). Specifically, the upper open conveyor belt consists of
an eastward flow of low-salinity Atlantic water (AW) and

an intermediate layer (200-500 m) of westward-spreading
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saltier Levantine intermediate water (LIW), enriched by Cre-
tan intermediate water (CIW). Two quasi-closed secondary s«
cells are present in the eastern and in the western Mediter-
ranean Basins, which are responsible for the transformation
of surface and intermediate waters into eastern and westeri* "
Mediterranean deep waters (EMDW and WMDW), respec-
tively. The role of the LIW is particularly important sinceitis  sn
the preconditioning agent for the formation of both the Adri-
atic deep water (AdDW) and WMDW (@& et al., 2013).
At sub-basin level (iii), two main veins of the AW are known
to flow in the Strait of Sicily: the Atlantic Tunisian Current
(ATC) (Sammari et al., 1999) in the south along the African
coast, and the Atlantic lonian Stream (AIS) (Robinson et al.,
1999) in the north along the Sicilian coast. The AIS consti-
tutes an energetic current mainly flowing eastward, able to g
force upwelling on the Adventure Bank (AB) (Fig. 1) and 37'5}‘
along the southern Sicilian coast, especially during summer, R
when such current is stronger. An important spatial variabil- 7
ity exists in terms of shape, position and strength of perma- ]
nent or quasi-permanent sub-basin gyres and their unstablc ]
lobes, meanders patterns, bifurcation structures and strengtl ]
of permanent jets, transient eddies and filaments (Robinsor 4]
et al.,1999; Sorgente et al., 2011; Basilone et al., 2013; Bo- ]
nanno et al., 2013). The ATC, flowing along the Tunisian 4]
coast, shows a more clearly-marked path in winter (Sorgente |
et al., 2003, 2011; Béranger et al., 2004) than in summer.
Further confirmation of the weakening of the ATC signal in
summer is highlighted by Placenti et al. (2013), who found aFigure 1. The study area in the Strait of Sicily and the overall sam-
more regular jet of the AIS than the ATC, which becomes un-pling design adopted in the period 1998—2013 (blue dots); the Mal-
stable, also producing small-scale features (Gasparini et aligse waters are investigated since 2004 (blue squares). Upwelling
2008). The intermediate and deep circulations in the Strai@reas (1 and 2) and the control area (3) are identified by three rect-
of Sicily are mainly represented by the intermediate waterangles.
of eastern origin, moving westwards around the submarine
mountains of the eastern Mediterranean before crossing the
channel through the sills, south of Malta, at a depth rang-been demonstrated that the upper-layer circulation in the lo-
ing from 250 to 350 m (Placenti et al., 2013; Lermusiaux andnian (Borzelli et al., 2009; Ga¢ et al., 2010), the thermo-
Robinson, 2001). Interannual changes have been recorded tmline properties of the AdDW (@& et al., 2010) and the
the outflowing dense-water-mass characteristics in the Sicilysalt distribution over the EM (&€ et al., 2011) are inter-
Channel (Gasparini et al., 2005). connected through the Bimodal Oscillating System (BiOS)
The classical view of a quasi-stable thermohaline circula-(G&Cic et al., 2010). In fact, during the last 25 years, it has
tion of the Mediterranean has recently been overruled. Durbeen observed that the upper-layer circulation in the lonian
ing the 1990s, deep water formed in the Aegean Sea rereversed on decadal time scales, from anticyclonic to cy-
placed that formed in the Adriatic. Huge amounts of denseclonic, and vice versa. In particular, the anticyclonic mode
waters characterized by enhanced salinity and temperatunepresents a preconditioning mechanism for the dense-water-
were released for a few years, forming the eastern Mediterformation processes in the Aegean and eventually for EMT-
ranean Transient (EMT) (Roether et al., 2007; Theocharis elike events (Demirov and Pinardi, 2002; &aet al., 2011).
al., 2002), significantly influencing the thermohaline struc- In this context, the Strait of Sicily is the most suitable re-
ture and stratification of the entire eastern Basin (Borzelligion for observing the exchanges between the two basins
et al., 2009; Géic et al., 2013). The EMT-induced changes and, more specifically, for following how hydrographic mod-
have been communicated through the Strait of Sicily to theifications produced in one sub-basin can propagate into the
western Mediterranean Basin (Gasparini et al., 2005). A sig-other one (Gasparini et al., 2005).
nificant warming and salinification of the whole water col-  The main aim of this study is to examine the variability of
umn has also been observed in the western Mediterraneathermohaline properties of the water masses flowing through
comparable to the EMT, both in terms of intensity and ob- the Strait of Sicily in summer during the period 1998-2013.
served effects (Schroeder et al., 2008). Furthermore, it hagurthermore, the available data set permitted evaluation of
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the permanent character of the main mesoscale circulatioffable 1. Sampling period and name of the oceanographic surveys

structures in the area. The entire time series is analysed botarried out in the Strait of Sicily.

in terms of horizontal and vertical spatial variability, and may

improve the understanding of long-term variability and evo- Date mm/yyyy Cruise name
lution of the Mediterranean circulation. The document also 23/06/1998-13/07/1998  Mago98
provides contributions that may allow the modellers to as- 14/10/1999-29/10/1999  Juvenile99
sess the performance of hydrological models of this area. 24/06/2000—11/07/2000 Ansic00
05/07/2001-26/07/2001  Ansic01
10/07/2002-01/08/2002  Ansic02
2 Data set and methods 10/07/2003-04/08/2003  Ansic03
17/06/2004-08/07/2004  Ansic04
The data set analysed here has been acquired over 16 oceano- 06/07/2005-25/07/2005  Bansic05
graphic surveys carried out during the period 1998-2013 29/07/2006-11/08/2006  Bansic06
(Table 1) on board the R/V Urania in the Strait of Sicily. gg;ggggg;jzg;ggg; g:gz:igg
Sampling stations are arranged on a regular grid of 4 nau- 03/07/2009-22/07/2009  Bansic09
tical miles in inshore waters and 12 miles in offshore wa- 25/06/2010—14/07/2010  Bansic10
ters, to ensure maximum area coverage with specific atten- 08/07/2011—-26/07/2011 Bansicll
tion to the continental shelf along the southern coast of Sicily 04/07/2012—23/07/2012 Bansic12
(Fig. 1). Since 2004, CTD profiles have also been collected 26/06/2013-16/07/2013  Bansicl3

in the Maltese waters in the framework of the FAO Med-
SudMed Project “Assessment and monitoring of the fish-

ery resources and the ecosystems in the _Straits _of S_icily”thiS phenomenon. In particular, areas 1 and 2 in Fig. 1 are
(http://www.faomedsudmed.o)g/The sampling design in  yose in which the phenomenon typically occurs, while area
Fig. 1 shows the maximum area coverage in the Strait 0f3 has heen considered as a control area on which the coastal
Sicily; during some of the surveys, such design was modi-ypwelling has no effect. In each area, mean temperature and
fied, mainly due to bad weather conditions. The Iong-termsa"nity in the upper layer (5—-30 m) are estimated.

variability in the hydrological characteristics of the Strait of  The main surface circulation features in the Strait of Sicily

Sicily has been analysed on the basis of vertical profiles of e evaluated by means of the altimeter products (abso-
temperature®C) and salinity obtained from the surface to the | ;e dynamic topography) produced by Ssalto/Duacs and dis-
bottom by means of a CTD-rosette system. This cqnsisted ofributed by Aviso, with support from Cnektép://www.aviso.

a CTD SBE 911 plus probe and a General Oceanics rosettgyceanobs.com/duagsiThe estimated path of the two main
ngpped with 24 12 L Niskin Bqttles. The probes were cal- greams (AIS and ATC) of the AW was checked by us-
ibrated before and after the cruise at CMRE (NATO Centrejng sajinity profiles collected in the study area. Since both
for Maritime Research and Experimentation) in La Spezia,gtreams are mainly characterized by a salinity minimum
Italy. The cqllected downcast data were quality-checked anquin), for each oceanographic survey, the cores of AIS and
processed in agreement with the Mediterranean and 0CeaRrC were also identified bmin values at each transect per-
database instructions (Brankart, 1994), using the Seasofiyengicular to the Sicily coast (e.g. Fig. 5). The circulation
Win32 software. The overall accuracies are within 0.001 pattern (geostrophic velocity field) in the study area was eval-

for temperature, 0.001 s for conductivity, and 0.015%  ated in the periods of the oceanographic surveys (see Ta-
of full scale for pressure. With the aim of characterizing wa- ;¢ 1).

ter masses and their inter-annual variability, we divided the

water column into three layers. Two of them — the surface

(0-200 m) and the intermediate (200-500 m) layers — repre3 Results

sent the two main water masses in the Strait of Sicily; a third

layer (>500 m) is considered for characterizing deeper waterd e 6-S diagram (e.g. Fig. 2 for the 1999 survey) mainly

mass. Mean values of temperature, salinity and density (anfighlights the presence of two highly stratified water masses:

SD in Table 2) are evaluated for the area with longitude infresher AW in the upper layer, and an intermediate westward-

the range 11.5—-PE and latitude in the range 35-38. In flowing salty LIW. A third layer of transitional water masses

the same area, mean values of salinity minimwei{) and (tEMDW) with variable hydrological characteristics is also

salinity maximum §may), as well as mean potential temper- €vident. The lonian surface water (ISW) is recorded only in

ature and mean depth at the salinity minimum and salinitySOme stations located east of meridiar? E5while, in the

maximum, are estimated. northwestern part of the study area, the western intermediate
Three specific sub-areas have been identified in the studyvater (WIW) is observed.

area to highlight the effects of coastal upwelling on the tem-

perature and salinity fields, and to verify the persistence of
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3.1 The surface layer A

The analysis of the data set, mainly constituted by CTD pro-

Longitude

files acquired in the period between the end of June and July 8 nise- ot
(except in 1999; see Table 1), confirms a high variability of H
the surface layer (0—200 m) in terms of temperature, salinity @ lise 1soc

150°E - 156°E

and density (Table 2), due to the complex circulation of sur-
face water. The presence of a water mass of Atlantic origin
is highlighted by the minimum in the vertical salinity pro-
files (Smin). The average value of salinity minimum varied
between 37.22, observed during the survey “Bansic07”, and
37.86, recorded in the survey “Bansic12” (Fig. 3a). Poten-
tial temperature at a depth of minimum salinity varied be-
tween 17.36 and 20.3€, which were the mean values es-
timated during the oceanographic surveys “Bansicl3” and s % %8s 3
“Bansic08”, respectively (Fig. 3b). Salinity

The analysis of the hydrological data set evidences the,
presence of transition water positioned between AW and
LIW: the WIW (Fig. 2). During the surveys in the Strait of _
Sicily, this has been recognized with a clear signal in some <
stations in the northwestern part of the study area during thet ..,
1999, 2005, 2006, 2009, 2010 and 2013 surveys. Here, the§ o
WIW is characterized by a potential temperature between £ =
13.95 and 14.2C, a salinity in the range 38-38.6 and den- < *°
sity lower than 28.8 kg m?; it forms a portion of the water o o
column positioned between a 100 and 200 m depth. s als a7 Beowe o e ome®

Mean values ofSmin and T, show large inter-annual
variability (Fig. 3). From 1998 to 2007, mean valuesSgfn Figure 2. (a)6-S diagram for the survey Juvenile99 (Strait of Sicily
were characterized by moderate variability around 37.4. Inand west lonian Sea). The colors refer to longitude of the stations.
the period 2007-2012, a positive trend was evident up tg-S diagrams in the salinity range 38.5-39 for the survey Juvenile99
a mean value of about 37.7. The trend, reported in Fig. 3(b) and AnsicO4c).
slightly changes if data from the western lonian Sea (longi-
tudes 15-15%5E) is included.

Smin Vvalues are significantly correlatedr £ 0.72, temperature could reflect the variability of the AIS path in
p <0.05) with mean salinity values estimated in the upperthe area 3. The outlier value identified for temperature in area
layer (0—200 m) of the water column (Table 2), while there 1 is related to the year 1999, when the survey was carried out
is no correlation betweefis_.. and mean temperature in the during Autumn (Fig. 4). During summer 2012 the observed
same upper layer. This latter result is likely due to the effectsanomalous salinity values in area 1 and area 2 are linked to
of coastal upwelling, strongly influencing the temperaturethe strong upwelling event affecting the whole coastal area
field along the coast of southern Sicily (Table 3). along the southern coast of Sicily (see Fig. 7).

A Kruskal-Wallis (K-W) ANOVA test (Conover, 1999) The geostrophic velocity field, evaluated for the CMED
was carried out to verify whether significant differences ex-by means of the AVISO altimeter products, permitted the
ist among the three areas evidenced in Fig. 1, and to highhighlighting of the two main streams of AW: ATC and AIS
light the effects of upwelling events in the analysed pe-(Fig. 5). The salinity profiles along transects perpendicular to
riod. K-W ANOVA results showed that significant differ- the Sicily coast permitted checking the path of both streams
ences exist among identified areas in terms of both salinityin the study area (e.g. Fig. 6). The pattern of salinity mini-
(H, n=48) = 14.52; p <0.05) and temperaturéf(o, y—4g, = mum (Fig. 7) shows a variety of segmented structures, also
27.23; p<0.05). Specifically, post-hoc test highlights that confirming the complex circulation of surface water.
area 1 and area 2 are not significantly different, while area The interpretation of the density interfaces (not shown)
3 is characterized by significantly higher temperature andand of geostrophic currents (Fig. 5) in the study period,
lower salinity values (Fig. 4) than area 1 and area 2. Fur-highlights the presence of alternating cyclonic and anticy-
thermore, temperature values related to area 3 show lowetlonic structures along the central part of the southern coast
variability than in area 1 and area 2, while in terms of salinity of Sicily (13.5-14 E). The anticyclonic pattern operates a
area 1 and area 2 are characterized by lower variability thampush towards higher latitudes of the AW, favouring the entry
area 3. Such a different variability in terms of salinity and of fresh water along the Sicilian coast (surveys 1998, 2002,
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Table 2. Number of stations for each layer and average values and standard deviations (SDs) of salinity, potential tenfi@yratnde (
potential density (kg m3) for each survey. In the layer 0-200 m are also included transitional waters.

Layer 0-200m

Layer 200-500 m

Layer 500-bottom

Cruise Number of ~ Salinity Pot.temp. Density Numberof Salinity Pot.temp. Density Numberof Salinity Pot.temp. Density
stations °C kgm3  stations °C kgnm3  stations °C kg3
Mago98 170 37.982 16.15 27.985 45 38.730 13.91 29.094 26 38.735 13.68 29.147
SD 0.437 2.36 0.870 0.040 0.14 0.057 0.006 0.05 0.005
Juvenile99 185 38.246  16.95 27.969 70 38.767 13.95 29.113 33 38.739 13.65 29.155
sSD 0.393 3.55 1.074 0.017 0.1 0.031 0.018 0.11 0.009
Ansic00 303 38.172 15.92 28.174 85 38.776  14.00 29.109 16 38.762 13.73 29.157
sSD 0.43 251 0.868 0.001 0.11 0.031 0.007 0.05 0.005
Ansic01 421 38.241 16.76 28.01 96 38.785  14.09 29.096 42 38.769 13.78 29.151
SD 0.444  3.10 0.994 0.032 0.21 0.057 0.01 0.07 0.008
Ansic02 275 38.139 16.79 27.943 94 38.788  14.08 29.102 42 38.763 13.75 29.153
sD 0.519 2.93 1.033 0.013 0.17 0.038 0.018 0.15 0.018
Ansic03 286 38.273 16.75 28.034 77 38.79 14.21 20.074 44 38.776  13.91 29.129
SD 0.455 3.69 1.184 0.017 0.17 0.041 0.011 0.07 0.009
Ansic04 234 38.147 16.20 28.008 84 38.803 14.15 29.008 42 38.785 13.89 29.139
SD 0.575 253 1.055 0.013 0.17 0.039 0.009 0.08 0.011
Bansic05 220 38.146  16.01 28.13 72 38.805 14.1 29.121 40 38.785 13.84 29.151
sSD 0.487 3.00 0.973 0.018 0.15 0.031 0.009 0.08 0.01
Bansic06 242 38.189  17.09 27.882 51 38.793 14.01 29.119 23 38.764 138 29.152
SD 0.408 3.84 1.147 0.03 0.25 0.037 0.013 0.09 0.008
Bansic07 209 38.007 16.82 27.843 57 38.824 14.18 29.107 27 38.796  13.88 29.151
sD 0.559 2.6 0.988 0.024  0.25 0.078 0.015 0.05 0.012
Bansic08 153 38.031 16.59 27919 49 38.807 14.23 29.094 27 38.773  13.99 29.133
SD 0.511 2.54 0.952 0.019 0.18 0.037 0.012 0.04 0.007
Bansic09 170 38.106  15.99 28.111 58 38.797 14.08 29.107 32 38.772 13.83 29.144
SD 0.516 25 0.915 0.018 0.17 0.036 0.009 0.06 0.005
Bansicl0 236 38.005 16.07 27934 79 38.792  14.06 29.106 29 38.78 13.84 29.146
sSD 0.472 2.18 0.915 0.032 0.1 0.041 0.009 0.06 0.006
Bansicll 157 38.17 16.06 27.992 52 38.781 14.16 29.078 25 38.792 13.87 29.148
SD 0.334 272 1.024 0.055 0.14 0.063 0.008 0.06 0.007
Bansicl2 202 38.393 16.72 28.143 56 38.824 14.27 29.087 36 38.788 13.91 29.137
sD 0.39 3.34 1.052 0.023 0.20 0.041 0.014  0.10 0.010
Bansicl3 235 38.080 16.67 27.924 50 38.829 14.24 29.097 25 38.800 13.93 29.142
SD 0.438 2.75 0.886 0.015 0.19 0.036 0.012 0.09 0.009
Table 3. Mean temperature and salinity in the coastal upwelling region (areas 1 and 2) and in the control one (area 3).
Area 1 Area 2 Area 3

Cruise Temperatur€C)  Salinity Temperature’C)  Salinity Temperature’C)  Salinity

Mago98 17.9 37.751 19.6 37.467 21.6 37.432

Juvenile99 22.1 37.830 21.4 37.836 231 37.865

Ansic00 17.1 37.799 16.8 37.817 216 37.480

Ansic01 19.9 37.577 19.6 37.641 19.8 37.533

Ansic02 17.7 37.778 19.0 37.629 22.8 37.345

Ansic03 18.2 37.939 19.8 37.903 20.7 37.624

Ansic04 16.1 38.008 174 37.834 20.4 37.373

Bansic05 16.8 37.816 175 37.701 20.6 37.608

Bansic06 18.7 37.719 18.3 37.693 215 37.736

Bansic07 18.9 37.527 18.8 37.512 215 37.312

Bansic08 17.3 37.727 19.2 37.582 221 37.422

Bansic09 16.5 37.813 17.1 37.635 20.4 37.485

Bansicl0 16.5 37.821 18.4 37.620 20.3 37.479

Bansicll 18.8 37.751 19.7 37.764 21.8 37.700

Bansic12 18.3 38.354 194 38.372 21.7 37.743

Bansicl3 16.0 37.865 16.6 37.851 21.4 37.715

Www.ocean-sci.net/10/759/2014/
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Figure 4. Box plot of temperature and salinity in the layer 5-30m
for the upwelling areas (1 and 2) and the control area (3), identified
in Fig. 1.

which indicates a sort of physical barrier to the dynamics of
surface circulation (Fig. 7).

3.2 The intermediate layer

The 6-S diagram (e.g. in Fig. 2) highlights the presence of
an intermediate layer (200-500m) of westward salty wa-
ter of eastern origin. In the eastern part of the area, east of
15°E, the presence of CIW was recorded during the 1999,
2000, 2001, 2006, 2012 and 2013 surveys (not shown). CIW
and LIW are identified in th&-S diagram (e.g. Fig. 2b),
due to the deviation towards higher values of salinity. In the
eastern part of the Strait of Sicily, the CIW is characterized
by slightly higher levels of salinity, compared to LIW, with

a potential temperature of=14.5-15C and a density of
0<29.1kgnr3.

In the present study, the maximum-salini§ gy value is
interpreted as a signature of LIW core in the study area; it is
located between 200 and 350 m (Fig. 3c). Between the years
1998 and 2013, a general increaseSghx values, especially
in 2007 and 2013, has been recorded (Fig. 3a), while tem-
perature {s,..,) and depth have more variability than trend
(Fig. 3). Mean values ofmax and Ty,,,, are in the ranges

2004, 2005, 2008 and 2010 in Fig. 5). Nevertheless, in som&8.73-38.86 and 13.95-14.5C (Fig. 3), respectively. Ad-
years, even though such an anticyclonic pattern is presenditional information on the LIW in the Strait of Sicily can be
fresh AW does not reach the Sicilian coasts (Figs. 5 and 7)derived from the analysis &f-S diagrams in the intermedi-
The horizontal salinity patterns also show the presence ofte layer for the station 945 (see Fig. 8). A positive trend in

a thermohaline front east of the Strait of Siciky (5° E),

Ocean Sci., 10, 759470, 2014

salinity of LIW is evident in the period 1998-2007, except
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Figure 5. Mean geostrophic velocity field (absolute dynamic topography by Aviso) estimated in the period of each survey. The patterns of
the main circulation streams (ATC and AIS) are evaluated by the AVISO altimeter products.

ATC AlS Core

Depth (m)

36.2 364 36,6 36.8
Latitude (°N)

Figure 6. Surface-salinity map, estimated in the oceanographic survey “Ansic 03" (left side). Salinity section (right side) and position of the
main water masses along the selected transect (red box on the map) 250 km long .

for 2006, when a slight decrease in salinity was recorded3.3 The deepest layer
(Fig. 8a). Afterwards, in the period 2007-2011, a decrease
in salinity can be observed (Fig. 8b). Starting from 2011, theEven though the central basin, occupying a significant por-
system seems to switch towards higher salinity levels up taion of the Strait, has a mean depth of about 800 m, it can be
2013. Salinity and potential temperature for the period 1998-deeper in several trenches, reaching 1700 m. In deeper lay-
2013 (Table 2), in the intermediate layer (200-500 m), areers, sea water displays lower temperatures and salinities than
positively correlated with high values of Spearman’s correla-the LIW. In the Strait of Sicily, the tEMDW is characterized
tion coefficient { = 0.71, p <0.05). by a temperature minimum of 13.68, a salinity of 38.73
and a density of 29.15 kg ™. In this bottom layer, both po-
tential temperature and salinity showed a general increase in
the period 1998-2013; mean temperature ranged from 13.65
to 13.99°C, while mean salinity ranged from 38.73 to 38.8
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Figure 7. Horizontal distribution of the minimum salinitySg,in) in the Strait of Sicily and western lonian Sea in the period 1998-2013.
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Figure 8. ©-S diagrams of the intermediate layer in the Strait of Sicily (Station 9%5)period 1998-2007 anh) period 2007-2013.

(Table 2). Salinity and potential temperature in the period945 was not always collected until the maximum depth (bot-
1998-2013 show high values of Spearman’s correlation cotom); since 2003, the maximum depth was about 600 m.

efficient ¢ = 0.81, p <0.05). This coefficient increases up to
a maximum of 0.9 if the correlation is performed over the 29.15 kg nT3 has a depth in the range 500-700 m in the years
2000, 2005 and 2010, while it drops below 1000 m in the

years 1998-2007.

B)

14.5

Potential temperature (°C)

2

135 T

ffb.\

38.5

T
38.7
Salinity

38.9

The entire water column has been characterized by an inyears 2004, 2008 and 2012.
crease in salinity since 1998; especially between 2004 and
2005, there was a greater spread of salinity throughout the
water column. The Hovmoller diagrams for the stations 945
and G605 (Fig. 9) show wide variation of density between
1998 and 2013. Unfortunately, the CTD profile in the station
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tion of surface water, which, in this area, is dominated by
mesoscale processes (Lermusiaux and Robinson, 2001; Sam-
mari et al., 1999; Ben Ismail et al., 2012). Our data set high-
lights significant variabilities in size, position and shape of
the vortices, as well as the relative strength and the loca-
tion of the AIS. In particular, the data confirm the permanent
character of the Adventure-Bank Vortex (ABV) (Lermusiaux
and Robinson, 2001) and of temperature and salinity fronts
of the lonian slope. Such thermohaline fronts, positioned in
the southeastern part of the study area, are known to be able

\L/ to promote concentration processes for small organisms in
the upper water layer (Basilone et al., 2013; Bonanno et al.,
| 2006).

The observed variability of surface circulation at sub-basin
scale highlights that the “Maltese Channel Crest”, a summer
mesoscale feature located northwest of Malta (Robinson et
al., 1999) does not seem to be a permanent feature of the area,
in agreement with previous studies (Béranger et al., 2004;
Sorgente et al., 2011). The lonian Shelf-Break Vortex (IBV)
(Robinson et al., 1999) is part of the cyclonic circulation of
the AIS in the easternmost part of the study area. Due to the
sampling design coverage, in some surveys, CTD data were
not collected on this vortex, even though the geostrophic ve-
locity fields seem to suggest a permanent character of the
IBV.

The analysed data set highlights that both AIS and ATC are
permanent features of the area. Even though the sampling de-
sign did not permit covering the whole path of both streams,
the AIS seems to be more intense than ATC in the summer
and typically characterized by high spatial variability, as also
reported by Garcia Lafuente et al. (2005). ATC was partially
recognized in the southern part of the central Strait of Sicily.

Upwelling phenomenon along the southern coast of Sicily
is a persistent feature of the area, as demonstrated by the col-
lected CTD data set. One of the causes of this phenomenon
is the inertia of the isopycnal domes of the AIS meanders
and cyclonic vortices (Robinson et al., 1999). Westerly winds
may reinforce coastal upwelling (wind-driven upwelling),
while southerly winds may temporarily hide the upwelling
effects from satellite observation.

Figure 9. Hovmoller diagrams of potential temperatygg, salin- For the f'TS‘ time in this _area, the presen_ce of WIV.V IS evi-
ity (c) and potential densit{e) in the layer 200—1200 m in the sta- denged. Th_'s Water mass is generated during the Wlnter_con-
tion 945 (1200 m) for the period 1998-2013. Hovmdller diagrams Vection period in the northern area of the western Mediter-
of potential temperaturg), salinity (d) and potential densitgf) in ~ ranean Basin, as a result of surface cooling of the AW and
the layer 200-1700 m in the station G605 (1700 m) for the periodmixing processes with LIW below (Conan and Millot, 1995;
2003-2013(e) Map with the position of the stations 945 and G605. Gasparini et al., 1999; Ben Ismail et al., 2012). Generally,
WIW forms a portion of the water column positioned be-
tween 100 and 200 m depth with the same flow direction as
4 Discussion the AW (Millot, 1999). Intermittent signal of the WIW in
the Sicilian Channel has also been reported by Sammari et
The surface layer (0—200 m) in the CMED is known to be al. (1999), Lermusiaux and Robinson (2001) and Ben Ismail
characterized by both intrannual and inter-annual high vari-et al. (2012).
ability (Gasparini et al., 2005; Ben Ismail et al., 2012). Our data highlight the intermittent presence of WIW in
The time series of the salinity-minimum pattern and of our study area (12.23%, 37.705 N) in near-coastal stations
geostrophic velocity fields confirm the complex circula-
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38.88 Taking all of these studies into account, and mainlyéhe

S profiles collected over the whole study period (1998-2013)
in the Strait of Sicily, the mean salinity per year in the den-
sity range 29.0-29.12 kg™, where the LIW core is located,
has been evaluated (Fig. 10). The good agreemeat( 99,

p <0.05) between the mean (per yedR)ax values and the
calculated mean salinity in the specified density range per-
mits to useSmax to follow the variability of the LIW core
salinity in the Strait of Sicily.

In the eastern part of the area (longitude 3 Epthe pres-
ence of Cretan intermediate water (CIW) was observed only
in some surveys; possible mixing phenomena between LIW
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 and CIW did not allow us to differentiate between the two
water masses in all of the surveys. Differences between the
two water masses are not evident within the Strait of Sicily.
Recently, Millot (2013) proposed that the intermediate water,
formed in all zones of dense-water formation in the Levan-

and not in all the surveys, suggesting an expansion of wiwtine Basin and rowing through.the Strait of Sicily, should be
also in the western coastal waters of Sicily. renamed the eastern intermediate water (EIW).

Ben Ismail et al. (2012) singled out the presence of the Io-d ©-§ plots hti)ghlight d(i;fﬁrjent patterlr:s in (ijntermet;lzi?;;md
nian water between the AW and the top of the LIW in the heephwaters e_twggn h castsl co ec';eheastb_ f Sicil
western side of the Strait of Sicily, with an east—west direc-the those acquired in the central part of the Strait of Sicily

tion. The analysed data set permits recognition of the Ioniar{ﬁ'g' Fig. 2031' Itis Iikeriy thhat mixing kf)hdenr:)mena. °Cﬁuf along
waters in the eastern part of the Strait of Sicily and, in par—t e EIW path. Once they have reached the Strait, the interme-

ticular, east of the 15E longitude (Fig. 2a). Moving west- diate and deep waters maintain their physical characteristics

wards, the ISW signal is less marked, due to mixing with thealong the ef‘“fe area of the Strait. . .
surrounding waters. Intermediate water of eastern origin enters the Strait of

In order to identify the LIW core, many authors use both Sicily from the east through the large, relatively deep pas-
the classical “core method” and the fairly fuzzy assumptionssage between Malta and Libya (Manzella, 1994; Placenti et

that the LIW upper and lower limits can be specified from the aI.,_2_013). The LIWvein core is characteri.zed l_)y a maximum
6 maximum andSmax (Millot, 2013). In the salinity profiles salinity located between 200 and 350 m; inside the central

collected in the Strait of Sicily§nax value is always evident, b:;sin Of(;h? Sicilihan Chz_ir_mel, lthe westwayd ﬂO\.N of LW is
at least in the salinity profiles of stations deeper than 200 mobserved along the Tunisian slope (e.g. Fig. 6) in agreement

while the presence of a relative maximum in therofile is with previpus studies (Ben Ismall et al., 2014). . .
rare. In agreement with Sparnocchia et al. (1994) and Gas- A possible hypothesis o explain the alternation of high

arini et al. (2008), we consider as a sianature of the and low values of salinity in the intermediate water layer in
EIW core in(the St)rait of Sicily, Shhax g the Strait of Sicily could be linked to the reversal of upper-

Taking into consideration one recent paper by Mil- layer circulation in the central lonian Sea (BiOS d&eet al.,

lot (2013) on the Mediterranean waters (MWSs), it could be 2010, 2013). An anticyclonic c_irculation in the lonian Sga
“postulated that the average potential density that is represerff",vours amore !ntensg spreadmg (.)f the AW into 'thevloman
tative of some heat and salt content associated with a giveWIth the weakening of its s_preadmg into the Lev_antl_nec(@g
MW (as well as with all MWs) would have to be maintained et al.,_2011_). In contragt, in the case of cyclonic c!rculatlon,
up to the Strait of Gibraltar . ..". thereis avy|d9r spreading of AW in the e_a;tern l.:)asm.th_at pro-
In this case, the author, analysing the 1985—1986 GIBEXduceS a d|Iut|pn of LIW. Therefqre, v_arlat|ons in salinity in
data set, proposed a density range of 29.0—29.075 R the Strait of Sicily could be explained in terms of the thermo-
the LIW core. haline variability_of n_ative LIW, as proposed f_:llso byfﬁze';
Nittis and Lascaratos (1998) proposed a slightly different2- (2013). Considering a 10—1_3-yee_1r_trave_|lt|me of the signal
density range for LIW (28.95-29.10 kgT®), the density of from Rhodes Gyre to the Strait of Sicily (Gia et al., 2013),

the LIW core being 29.05kan? for the eastern Mediter- the increase in salinity recorded in the LIW in the Strait of
ranean Basin. g g Sicily over the period 1998-2007 may be connected to the

Astraldi et al. (2002a) evaluated an LIW density in the decrease of AW spreading in the Levantine BasingiGat

range 28.95-29.14 kg™ for the western part of the Strait al., 2013) observed between the mid-1980s and mid-1990s.
of Sicily The subsequent cyclonic phase could have caused the salin-

ity decrease in the intermediate waters in the Strait of Sicily,
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Figure 10. Mean Smax values (continuous line) and mean salinity
(dotted line) in the density range 29.0-29.12 k§3m
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starting from 2008. In 2012 and 2013, a further increase ItEMDW characteristics over the period 1998-2013. The re-

salinity and temperature is observed. sults obtained stressed the importance of a continuous moni-
During the mid-1990s, a significant volume of tEMDW is toring program of deeper water layer in the Strait of Sicily.

found below the LIW (Sparnocchia et al., 1999), which is

the result of mixing between the LIW, the old EMDW and

the new EMDW, originated from the EMT (Roether et al., AcknowledgementsThe study was mainly supported by the Uf-
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