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The interannual variability of the physical properties of the shelf waters in Sardinia, western Mediterranean Sea, is studied by using hydrological data gathered during three oceanographic cruises: two in late summer of 2019 and 2021 respectively and another one in early autumn of 2020. The data consist of vertical profiles of salinity and potential temperature acquired by a multiparametric probe for a total of 171 casts performed along a set of transects extending from the nearshore to the continental slope, up to the depth of 200 m. Satellite remote sensing and numerical modelling oceanographic products support the phenomenological analysis. Atlantic Water, characterised by low salinity signatures (S<37.0), is detected in the surface waters of the southwestern shelf areas, induced by the Algerian Eddies, and with differences between years. It is also observed on the southern-eastern and north-eastern shelf areas of Sardinia, mainly driven by the interaction with large-scale circulation features like the southeast Sardinia Gyre and the Bonifacio Gyre. An upwelling phenomenology is identified as one of the major features of the coastal circulation on the western shelf area. The study provides the first assessment of the thermohaline features on the Sardinian shelf; an enhanced contribution to the current knowledge of the coastal sea phenomena, and contributes to numerical modelling applications and implementations for ecosystem services.
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1 Introduction

Sardinia is the second largest Mediterranean island, after Sicily, located in the Western Mediterranean sub-basin (Figure 1). Towards west, Sardinia faces the Sardinian Sea forming part of the Algerian-Provencal sub-basin, while in the east spans the Tyrrhenian Sea. In the north, it is separated from the island of Corsica by the shallow (∼100 m) and narrow (∼11 km) Bonifacio Strait, and in the south from Tunisia by the deep (∼2000 m) Sardinia Channel.




Figure 1 | Spatial distribution of hydrological casts (red points) on the continental shelf of Sardinia carried out during the cruises: (A) IDMAR2019; (B) IDMAR2020; (C) IDMAR2021. The shaded colour shows the bathymetry (m). The casts indicated on the maps were used to assess temperature and salinity of the regional ocean model.



In the Sardinian Sea the fresh Atlantic Water [AW, Astraldi et al. (1996)] is driven northward by anticyclonic eddies shed by the Algerian Current [AC, Millot (1985)]. These mesoscale features, known as Algerian Eddies (AEs), are large anti-cyclonic eddies with diameters between 50 and 250 km, and a vertical extent ranging from hundreds of meters up to 1000 - 3000 m (Millot and Taupier-Letage, 2005). They are generated by baroclinic instabilities of the AC, following approximately a cyclonic path in the eastern Algerian basin (Fuda et al., 2000) and carrying ocean properties such as heat, nutrients, and biomass (Wunsch, 1999; Llinás et al., 2009; Colas et al., 2012; McGillicuddy, 2016). AEs interact with the Mediterranean waters at spatial scales from basin to sub-mesoscale, contributing to the spreading and mixing of the water masses (Millot and Taupier-Letage, 2005) in the southern sub-basin and along western Sardinia (Puillat et al., 2002; Cotroneo et al., 2019; Pessini et al., 2020). Furthermore, they strongly interact with the AC and can significantly modify its circulation (Millot, 1985; Taupier-Letage and Millot, 1988). Then, due to the transport of the AW, the AEs contribute to the formation of the North Balearic Front (Fuda et al., 2000; Olita et al., 2014; Seyfried et al., 2019; Barral et al., 2021), a Lagrangian barrier (Mancho et al., 2008) that separates the circulation of the Algerian area from the mean cyclonic circulation of the Provenc¸al through the Western Mid-Mediterranean Current [WMMC in Pinardi et al. (2015)]. WMMC is an eastward wide meandering free jet, flowing approximately at 39.5°N, exhibiting a significant seasonal variability (López Garciá et al., 1994), reaching the Sardinian Sea in winter at its southernmost position (Pessini et al., 2018). Here the WMMC takes the name of Southerly Sardinia Current [SSC in Pinardi et al. (2015)] and can interact with the AEs affecting the surface water masses and the offshore circulation (Ribotti et al., 2004). Additionally, the western coast of Sardinia is also affected by upwelling events triggered by the wind forcing (Olita et al., 2013).

The eastern coast of Sardinia overlooks the Tyrrhenian sub-basin, where the circulation is driven by local atmospheric forcing and water exchanges occurring at the Sardinia, Corsica, and Sicily channels (Artale et al., 1994), characterised by very relevant mesoscale dynamics (Vetrano et al., 2010). According to the representation of the geostrophic circulation by Krivosheya and Ovchinnikov (1973), the main dynamical features are the Northern Tyrrhenian Gyre (NTG), the Southwest Tyrrhenian Gyre, also known as South-East Sardinia Gyre [SESG in Sorgente et al. (2003)], and the South-East Tyrrhenian Gyre [SETG in Pinardi et al. (2015)]. The NTG drives the circulation in the northern part of the Tyrrhenian Sea by permanent dynamic structures like the wind-induced dipole known as the Bonifacio Gyre (Artale et al., 1994). It is centred just east of the Bonifacio Strait, represented by a cyclonic structure in the north, coupled to a smaller anti-cyclonic gyre companion to the south, both exhibiting a strong seasonal variability (Iacono et al., 2021). The SESG is feeble, weakened by the frequent AEs in the south-eastern Tyrrhenian Sea (Rinaldi et al., 2010). The SESG covers a wide marine area between Sardinia, Sicily and Tunisia, already present in the circulation scheme of Krivosheya (1983).

In the framework of the project Infrastruttura di ricerca Distribuita in MARe (translated: Distributed Research Infrastructure in the Sea, or IDMAR), the Italian National Research Council of Italy (CNR) organised three research cruises around Sardinia, during the late summers of 2019 and 2021, and in early autumn of 2020. In contrast to previous cruises that were mainly focused on the western (Onken et al., 2018; Ribotti et al., 2019a, Ribotti et al., 2019b, Ribotti et al., 2023) and southern parts of the island (Ribotti et al., 2004), the IDMAR cruises collected hydrological data and biological samples on the whole continental shelf of Sardinia, filling a gap in the current observational dataset and promoting a multidisciplinary approach to the study of the marine ecosystem in this domain (Bonanno et al., 2018). The analyses of these data provided a comprehensive overview of the hydrology around Sardinia, highlighting the thermohaline conditions in the shelf as well as the spatial and inter-annual variability of the properties of water masses. Specifically, vertical profiles of salinity and temperature were collected by a multiparametric probe (or Conductivity Temperature Depth - CTD) while atmospheric and oceanographic numerical modelling products as well as satellite remote sensing data were used to support the phenomenological analysis. The cruises and the collected data are described in Section 2, followed by their analyses and interpretation in Section 3. Section 4 is dedicated to the conclusions.




2 Observational and numerical modelling products



2.1 Surveys products

Table 1 displays general information on the three oceanographic cruises, namely IDMAR2019, IDMAR2020 and IDMAR2021.


Table 1 | The columns indicate the name of cruise, the start and end of CTD measurements, and finally the number of CTD casts.



The CTD casts were mainly on the continental shelf, between the nearshore in very shallow water and the continental shelf break region, with transects perpendicular to the coast, limiting the observations to the first 200 meters of the water column. Each transect was composed of two CTD casts spaced by a distance in the range of 13 to 29 km.

During the cruises high-resolution vertical profiles of temperature and salinity were acquired at each hydrological station (Figure 1) using a previously calibrated Sea Bird Electronics multiparametric probe, model SBE 911 plus, deployed from the 35-meters long R/V G. Dallaporta. The CTD was mounted on a General Oceanics Rosette system, equipped with sensors of conductivity, temperature, depth, and dissolved oxygen, used to sample the hydrological parameters along the vertical at 24 Hz and with a lowering speed of 1 ms−1. These data were respectively measured by means of: an SBE 4 water conductivity sensor (resolution of 0.00004 Sm−1 at 24 samples/sec and an accuracy of ±0.0003 Sm−1) an SBE 3F thermometer (resolution of 0.00015°C/bit at -1°C, or 0.00018°C/bit at 31°C, and an accuracy of ±0.001°C), a Paroscientific Digiquartz pressure sensor (with ±0.015% of full scale range of accuracy) and a SBE 43 polarographic membrane sensor for dissolved oxygen with a range of 120% of surface saturation and an accuracy of ±2% for saturation. After the acquisition, data were processed to eliminate spikes and low-quality values, using the SBE Data Processing ™ software. The SBE Data Processing is a specific software that also permits to align all sensors along the profile due to the different time responses of separate sensors, followed by a control of each profile to highlight further bad data. Then, potential temperature (hereafter temperature, θ), practical salinity (hereafter salinity, S), and potential density anomaly (σθ) were calculated and plotted using the Ocean Data View software (Schlitzer, 2023).




2.2 Satellite and modelling products

State of the art ocean model solutions were used to analyse the large-scale and mesoscale circulation around Sardinia during the oceanographic surveys. The simulated daily mean fields of the sea surface height, temperature, salinity, and current velocity were derived by the Mediterranean Sea Physical Reanalysis, product ID MEDSEA MULTIYEAR PHY 006 004 (Escudier et al., 2020; Nigam et al., 2020). The ocean model horizontal grid resolution was 1/24° (∼5 km) with 141 unevenly spaced vertical levels (Escudier et al., 2021). To validate the model data, the daily mean fields of potential temperature and salinity on the same dates of the CTD casts have been compared with selected vertical profiles (as shown in Figures 1A–C). The model products have been interpolated on the CTD positions in the horizontal plane by means of bi-linear interpolation, and in the vertical by means of linear interpolation of z-levels. The comparison between the modelled values and the observations is quantified by the bias, providing an assessment on the performance of the model to capture the temporal and spatial variability of the sea conditions. Moreover, the ocean model products, satellite observations and atmospheric model reanalysis have been used to support the physical analysis of the CTD data. Specifically, the ocean modelled daily mean fields of salinity and current velocity at specific depths have been averaged over the monitoring period of the cruise to support the interpretation of the observed hydrological structures such as the upwelling event and the presence of AW signatures over the continental shelf.

Satellite derived observations consisted of Sea Surface Temperature (SST) and Absolute Dynamic Topography (ADT). SST consists of daily (night-time) fields with a horizontal resolution of 0.05° (∼4 km), optimally interpolated (L4) from the original Pathfinder Advanced Very High-Resolution Radiometer (AVHRR) data (Pisano et al., 2016). ADT fields were estimated by Optimal Interpolation of the along-track data from the different available altimeter missions on a horizontal resolution of 1/8° x 1/8° in latitude and longitude (Pujol and Mertz, 2020; Tabure and Pujol, 2020). The geostrophic currents are derived from ADT by assuming a geostrophic balance. All these products are available through the Copernicus Marine Environment Monitoring Service.

The atmospheric conditions during the oceanographic cruises were described using 10-meter wind fields, derived from the atmospheric model reanalysis (ERA5), provided by the Copernicus Climate Change Service and generated by the European Centre Medium-range Weather Forecast (ECMWF), on a regular spatial grid of 0.125° x 0.125° and a temporal step of six-hours (00:00, 06:00, 12:00, 18:00 UTC time).





3 Results and discussion

The analysis of the hydrological data was used to identify AW signatures and its interannual variability as well as coastal upwelling phenomena. Satellite and numerical model products were used to support the discussion on the results. These data are presented for each oceanographic cruise divided in two sectors, western and eastern Sardinia, where the western includes casts with longitude λ <9.0°E while the eastern side for casts with λ ≥9°E.



3.1 The cruise IDMAR 2019

The spatial distribution of CTD casts (September 2nd-14th, 2019) is shown in Figure 1A, offering a quasi-synoptic view of the thermohaline characteristics of the water masses on the continental shelf of Sardinia. The average wind speed in the area, during this survey, was smaller than 2.5 m s−1, prevalently from north-west (Figure 2A). Such a low wind speed, and a substantially flat sea, have permitted to complete the whole planned casts around Sardinia in a relative short time.




Figure 2 | (A) Spatial distribution of the wind speed amplitude and direction averaged from 2nd to 15th September 2019. Unit is m s−1. The contour interval is 0.5 m s−1. wind speed amplitudes <2 m s-−1 are not plotted. (B) The θ-S diagram of the data collected in late summer 2019 during the CTD cruise IDMAR2019. Colours show the spatial distribution of the casts in longitude [°E]. The contour interval of the potential density anomaly is 0.5 kg m−3.



The θ-S diagram in Figure 2B summarises the hydrographic features of the water column observed in late summer 2019. The water masses were characterised by temperatures ranging from a minimum of ∼14°C to a maximum of ∼26°C observed on the eastern continental shelf, while the salinity spanned between ∼37.0 observed on the west side and ∼38.6 at the bottom depth.

The vertical distribution of the salinity observed along the western section is shown in Figure 3A. It is characterised by signatures of fresher AW influencing the vertical distribution with scattered patches of low salinity values. Specifically, low values of ∼37.0 are observed at 40 m depth (cast ST9 in Figure 1A), within 100 km, i.e. at the south-western continental shelf. Similarly, low values of sea surface salinities, lower than 37.2, were observed in the same area in June 2014 (Knoll et al., 2017). Low salinity was also measured in correspondence of two AEs, located offshore the western Sardinia shelf, during the cruise MedGOOS4 in May 2002 (Ribotti et al., 2004), and likewise Benzohra and Millot (1995) and Taupier-Letage et al. (2003), in the eastern part of the Algerian Basin. Other fresh AW patches (salinity core of ∼37.5 at 50 m depth) were detected northward, between 200 and 300 km, while the salinity increased toward the coast (not shown) as well as vertically along the halocline and below, up to the maximum cast depth. The mean salinity is 38.51 ± 0.09 at 200 m depth.




Figure 3 | Vertical distribution of salinity (A, D), potential temperature (B, E) in [°C], and potential density anomaly (C, F) in [Kg m−3] observed in late summer 2019 along-section in [km] at the western (left column) and eastern (right column) continental shelf. The vertical distribution fields are shown for the upper layer (5–200 m depth) from south to north. The contour interval for salinity is 0.25, for temperature 0.5°C and for density 0.5 kg m−3. In panel (C, F), the isopycnal 28.72 Kg m−3 (bold black line) represents the deepest boundary of AW, as defined by Knoll et al. (2017), while 27.5 kg m−3 (dashed line) is the deepest limit of the fresh AW. Different palettes are used in panel (B, E) to highlight the vertical gradients of temperature.



The vertical distribution of the temperature was characterised by a warmer (∼25°C) upper layer in the southern side, i.e., within 100 m (Figure 3B). Northward, a homogeneous upper layer with a temperature of ∼22.5°C extended vertically from the sea surface to the mixed layer depth, at about 45 m. Below this level the temperature decreased, forming a sharp thermocline at about 50 m. The depth of the thermocline decreased towards north. As expected, the temperature decreased slowly below the thermocline along the water column. The mean temperature observed was 14.04 ±0.30°C at 200 m depth.

The corresponding density section is depicted in Figure 3C. The separation between the upper and less dense layer of AW from those deeper, saltier, and colder waters was marked by the isopycnal 28.72 kg m−3, as defined by Knoll et al. (2017), roughly located around 140 m. Hence the AW characterised the water column from the sea surface to this depth. Furthermore, patches of fresher AW (S<37.5) identified by CTD measurements, were also detected between the sea surface and 50 m depth, indicating the influence of the deeper core of the AW on the near surface hydrology.

Along the eastern side of Sardinia, the vertical distribution of the salinity field was again characterised by the presence of the AW (Figure 3D), but with some peculiarities. Indeed, in this case the salinity core of the AW was higher than in the western side with about 38.0, that is +0.8, and affected the water column between the 20 and 45 m depth, especially in the northern part, and within a stretch of 250 km. On the contrary, highest salinity values (S>38.25) were observed in the north-east region in the upper 50 m, between 250–300 km, above a thin signature of AW identified at the cast ST61 by a relative minimum of salinity of 38.03 at 50 m depth. The salinity increased towards the coast (not shown) and vertically along and below the halocline until the cast maximum depth. The mean value of 38.60 ± 0.07 was measured at 200 m depth and was higher by 0.09 with respect to that observed on the western side.

The isotherms in Figure 3E highlight a thinner homogenous upper layer characterised by a sea surface temperature of ∼25°C while, between 150 and 250 km, the sea surface temperature ranged between 27.5 and 30°C, namely about +3°C higher than that on the western side (see Figure 3B for comparison). Below this homogenous upper layer, a strong thermocline was detected as the maximum vertical temperature gradient ranged from 27.5 to 17.5°C between 25 and 50 m depth at 50 km, as shown in Figure 3B. The depth of the thermocline extended vertically approximately between 25 m and 50 m depth, except at the northern side where it sinks to 50 m, and then rises to 20 m at the distance of 300 km. Below the thermocline layer the temperature decreases to a mean value of 14.37 ± 0.16°C at 200 m depth, +0.33°C compared to the western coast.

The temperature strongly influences the density section, as reported in Figure 3F. The isopycnal shows the net separation between the thin upper layer of less dense water, slightly affected by signatures of AW, and the deeper, saltier, and colder water. Compared with the western coast, the interface depth between the upper layer of AW and the deeper, saltier, and colder layer, was more variable, ranging between 100 and 140 m, while the lower boundary of the fresher AW, detected by the isopycnal σθ=27.5 kg m−3, is shallower at a depth <50 m, except at 300 km from Figure 3F, where it sinks to 55 m depth.

Considering the oceanographic numerical model products, the salinity and velocity fields averaged over the monitoring period at 40 m depth (Figure 4) depicted a dynamical pattern that is characterised by large meso-scale features. Specifically, the circulation in the Sardinia Sea (Figure 4A) was characterised by mesoscale features represented by cyclonic (CE) and anticyclonic (AE) eddies, as described by Puillat et al. (2002). The interaction between AE1, constrained by the SESG on the east and the large CE on the west, contributed to the spreading of AW from the Algerian coast towards the south-western continental shelf of Sardinia. As described above, in this region (cast ST9 in Figure 1A) less saline water of ∼37.0 was observed at 35 m depth, while the model presents a salinity bias (i.e., Smodel-Sin−situ) of about +0.6 and a temperature bias of about +3.0°C. On the other hand, the largest northern AE2 contributed to the spreading of AW from the centre of the Algerian Basin toward the western continental shelf. The salinity bias at the core of the AW (cast ST24 in Figure 1A) was about +0.23 with a temperature bias of about +0.6°C.




Figure 4 | Spatial distribution of the simulated salinity and streamlines of the velocity fields from the Mediterranean Sea Physical Reanalysis. Panel (A) shows the fields for the eastern Algerian Basin, panel (B) the western Tyrrhenian Sea, both at 40 m depth. The salinity and velocity fields are averaged over the monitoring period, that is September 12th-15th 2019 (A) and September 7th-10th 2019 (B). Different palettes are used to evidence the horizontal gradients of the salinity fields.



The weak signature of the AW along the eastern continental shelf was mainly due to the influence of the SESG and the mesoscale circulation. The ocean model describes the SESG as a wide and cyclonic gyre located in the Sardinia Channel capturing the major portion of the AW entering the Tyrrhenian Basin (Figure 4B). Its cyclonic circulation spreads the relatively fresh AW, transported by the AC, from the southern side of the Sardinia Channel towards the Tyrrhenian basin, in agreement with the scheme of circulation proposed by Béranger et al. (2004) and Pinardi et al. (2005). At 12°E and 39°N, the SESG forms the Middle Tyrrhenian Current [MTC in Pinardi et al. (2015)], that spreads a large portion of the AW towards the middle and eastern side of the Tyrrhenian Basin, and the westward stream current that feeds the AW toward the Sardinia Channel, in agreement with Lagrangian data collected in the 1990s (Poulain and Zambianchi, 2007). At the AW core (cast ST70 in Figure 1A, at 40 m depth) the model salinity bias is +0.21 (temperature bias of about +0.1°C). Another vein occurs farther eastward along the Sicilian coast, in agreement with Vetrano et al. (2010).

In the north-eastern continental shelf of Sardinia, the simulated circulation is weak and influenced by the western border of an anticyclonic gyre that did not feed the AW over the continental shelf, in agreement with our observation (Figure 3A between 250 and 320 km). The anti-cyclonic structure represents the southern side of the dipole known as the Bonifacio Gyre (Artale et al., 1994) or North Tyrrhenian Anticyclone [NTA in Rinaldi et al. (2010)]. The interaction between the north-eastern coast of Sardinia and the cyclonic and anti-cyclonic surface circulation induced by NTG and NTA respectively, induced a doming of surface warmer and saltier water up to 50 m depth between 200 and 300 km (Figures 3D–F). In this region, the model salinity bias is +0.05 with a temperature bias of about -1.3°C, while at 15 m depth it was -0.08 and a temperature bias of about +0.1°C.

The analysis of the CTD data in the shallowest coastal casts, at the north-western area, detected an evident signature of superficial coastal upwelling, with a decrease of the sea surface temperature to ∼21°C, downstream Cape Caccia (Figure 5A). The zonal sea surface temperature gradient was about -3°C, therefore characterised by colder waters. In the literature, the coastal upwelling phenomenology at the western coast of Sardinia was observed by Ribotti et al. (2004) in the northern area, associated to wind driven mechanisms. More recently, it was described as a signature involving almost the whole length of the western coast, and mainly induced by wind forcing and local mesoscale activity (Olita et al., 2013). The upwelling’s footprint, detected downstream of Cape Caccia, exhibits a distinct sea surface temperature (SST) signature, evident in the thermal satellite image (Figure 5B). This signature is characterised by lower SST values along the coastline compared to offshore areas. The ocean model results reproduce the anomaly surface temperature field successfully (Figure 5C) and identify it as an upwelling induced by current-bottom interactions (Kampf and Chapman, 2016). The interaction between the strong (about 25 cm s−1, not shown) southward long-shore surface current, known as the Western Sardinia Current [WSC in Olita et al. (2013)] reinforced by the north westerly wind field (Figure 2A), and the shape of the ridge of Cape Caccia, generate a positive vorticity downstream Cape Caccia, i.e., the velocity decreases and an inversion of direction is promoted towards the coast, generating a small cyclonic circulation. The intensity of the cyclonic circulation and the vertical stratification enhances upwelling, reducing the SST by ∼3°C at the core of the structure with respect to the ambient ocean. Other signatures of cold waters were detected also at the centre of the western coast (see Figure 5A). The time evolution of the alongshore component of the wind speed (Figure 6A) shows mainly negative values indicating a southward direction. Before September 13th2019, the alongshore component of the wind speed, with values lower than 10 m s−1, was mainly negative (southward), contributing to a lowering of the sea level at the western coast due to the offshore Ekman drift (Figure 6B).




Figure 5 | (A) Horizontal distribution of the mean temperature [°C] at 5 m depth observed from 2nd to 15th September 2019 during the cruise IDMAR 2019. The contour interval is 1°C. (B) SST (night-time) derived from satellite-based data. The square indicates the area of Cape Caccia. (C) Simulated daily mean temperature field at 1 m depth overlayed by the sea current streamlines from the Copernicus Marine Service.






Figure 6 | (A) Time evolution of the alongshore wind component every six hours (00:00, 06:00, 12:00, 18:00 UTC) at ϕ=40.5°N, λ=8.2°E from 1st to 15th September 2019. Positive values (yellow circle) means that the wind direction is northward, negative southward. (B) Absolute Dynamic Topography contours and the geostrophic velocity current field on September 13th 2019.






3.2 The cruise IDMAR 2020

This cruise took place between October 1st and 6th, 2020, at the south-western and eastern continental shelf of Sardinia (Figure 1B). The wind speed field (W), averaged throughout the measurement period, is shown in Figure 7A. The westerly wind prevailed, with stronger intensities (W> 7 m s−1) in the Bonifacio Strait whereas lower values, below 4.0 m s−1, at the continental shelf. Downstream, the wind speed decreased towards the middle part of the region.




Figure 7 | (A) Wind speed amplitude and direction averaged from the 1st to 7th October 2020. Unit is m s−1. The contour interval is 1.0 m s−1. wind speed amplitudes < 2 m s−1 are not plotted. (B) θ-S diagram of the data collected in early autumn 2020 along the southwestern and eastern continental shelf of Sardinia (see Figure 1B and Table 1). Colours show the spatial distribution in longitude of the casts. The contour interval of the potential density anomaly is 0.5 kg m−3.



The relationship between temperature and salinity is described by the θ-S diagram depicted in Figure 7B, with temperature ranging between ∼24°C at the surface and ∼14.8°C at the bottom, while salinity between ∼37.65 to ∼38.7, respectively at both the surface and the bottom. In this case, the spatial variability of salinity was significantly reduced compared to the previous survey carried out in late summer 2019 (Figure 3). Moreover, the AW core was 37.65 (cast ST10 in Figure 1B), that is +0.6 higher than previous observations.

The AW appeared as a fresher AW tongue (S<38) elongated northward (Figure 8A) with its core located at 40 m depth up to 300 km. The layer of AW sunk down to 70 m depth between 300 and 400 km. This region was also characterised by a homogeneous upper thermal layer (Figure 8B). The observed temperature was ∼23°C, while a warmer water with a maximum temperature of ∼24°C was measured between 100–200 km, down to about 30 m depth. Below, the temperature decreased forming a sharp thermocline and then slowly with depth, up to 14.45 ± 0.08°C measured at 200 m. Compared with the same depth in the previous cruise here the temperature is higher of +0.4°C and a mean salinity of 38.69 ± 0.04 was observed. This increase in temperature is due to the progressive sinking of surface heat energy during early autumn and the temperature field drives the potential density field, as shown in Figure 8C. The interface between the upper layer of AW and the water masses below varied approximately from 125 m to 100 m northward.




Figure 8 | (A) Vertical distribution of the potential density anomaly [kg m−3]; (B) salinity; (C) temperature [°C] along-track (km) from the red point to northward (see left panel) observed in the upper 200 m on early fall 2020. In panel (A), the isopycnal 28.72 Kg·m−3 (the bold black line) represents the lowest boundary of AW as defined by Knoll et al. (2017), while 27.5 kg m−3 is the deepest limit of the fresher AW.



The average surface salinity and velocity fields from the CMEMS database show (Figure 9) the water column at the south-west continental shelf characterised by a salinity front located between the elongated AE1 and the SESG (Figure 9A). In the centre of AE1 (ϕ=38°N, λ=8°E), the simulated salinity at the surface was ∼36.9 while the core of the AW was characterised by a salinity of 36.7 at 40 m depth. The salinity front extended from the Sardinian coast towards Tunisia forming an intense southern stream current of about 0.4 m s−1 that converged with the AC flowing along the northern African coast, in agreement with Millot (1985). The southern stream current is known as the Southerly Sardinia Current [SSC in Pinardi et al. (2015)] and has been confirmed by the recent analysis of surface drifters (Poulain et al., 2012). The SSC flows southerly along the western Sardinia shelf break, forming a weak salinity front. Due to the few CTD observations carried out on the continental shelf break, the existence of this front is not clearly evidenced. The model salinity bias (cast ST10 in Figure 1B) at the AW core was +0.08 with a temperature bias of +1.07°C.




Figure 9 | Spatial distribution for salinity and streamlines of the velocity re-analyses field simulated by CMEMS. (A) the fields for the eastern Algerian Sea; (B) at the western Tyrrhenian Sea at 35 m depth (the AW core depth). The salinity and velocity fields are daily mean on October 1st 2020 (A) and the average field between 7th-10th October 2020 (B). Different palettes are used to evidence the horizontal gradients of the salinity field in each panel.



On the southern and eastern continental shelf of Sardinia, the circulation was driven by the SESG, the anticyclonic gyre NTA and a Mesoscale Anti-cyclonic Vortex (MAV), both located in the western Tyrrhenian Basin (Figure 9B). Specifically, the MAV appeared in the form of an elliptic feature (along the southwestnortheast axis) located between 10 - 12.5°E and 39 – 41°N, while the NTA was located at 10.5°E and 37.5°N, further westward compared to the previous cruise in 2019. The SESG is also detected by the modelled salinity and velocity fields in Sardinia Channel. It cyclonically drives part of the eastward AW flow at the southern part of the Sardinia Channel towards the Sardinia coast, inducing a westward current in the northern part of the channel, as described also by Rinaldi et al. (2010) and by hydrological measurements (Sparnocchia et al., 1999; Astraldi et al., 2002) During this cruise, the MTC was not detected, while NTA and MAV appeared as large anti-cyclonic features that facilitated the spreading of the AW towards the centre of the Tyrrhenian basin and the eastern Sardinian coast. This was due to the interaction between the SESG and the MAV by the formation of a westward current flowing along the northern side of the SESG towards the Sardinian coast. This current influenced the thermohaline features of the water column up to the continental shelf of Sardinia with a signature of AW that appeared more marked compared to the previous cruise (Figures 3D, 8A). This is confirmed by the quality assessment performed on the CMEMS dataset in correspondence to the AW cores at specific CTD casts. Specifically, at 44 m depth of the cast ST82 the bias was +0.04 for salinity and -1.9°C for temperature, at 32 m of the cast ST70 was +0.05 and +1.6°C, while at 58 m of the cast ST65 was +0.21 and -0.74°C, respectively. Vice-versa, as already described in the previous section, the interaction between the north-eastern coast of Sardinia and the cyclonic and anti-cyclonic circulation induced by the NTG and the NTA, affected the water column characteristics resulting in the doming of superficial warmer and saltier water up to a depth of 50 m as shown in Figures 8A–C, between 200 and 300 km. At this depth, the core of the AW was characterised by 37.9 and the bias data was -0.08 for salinity and +0.1°C for temperature.




3.3 The cruise IDMAR 2021

This cruise was carried out from August 29st to September 4th2021 in the southwestern and eastern continental shelf (Figure 1C). The average wind speed field, throughout the measurement period and on the continental shelf, was less than 2.5 m s−1 and the direction was mainly from the north (Figure 10A).




Figure 10 | (A) Wind speed amplitude and direction field averaged from the 29th August to 4th September 2020. The wind speed unit is m·s−1. The contour interval is 0.5 m s−1. wind speed amplitudes < 2 m s−1 are not plotted. (B) θ-S diagram of the data collected in late summer 2021 during the CTD survey IDMAR2021 along the southwestern and eastern continental shelf of Sardinia (see Figure 1C and Table 1). Colours show the spatial distribution in longitude of the casts. The contour interval of potential density anomaly is 0.5 kg m−3.



The water column was again mainly affected by the AW and its progressive mixing with deeper waters (Figure 10B). The temperature ranged from ∼27.5°C at the surface, on the eastern continental shelf, to ∼14°C at the bottom, while the salinity ranged from a minimum of ∼36.87, observed on the western continental shelf, to a maximum of ∼38.95 at the bottom. Moreover, the spatial distribution of salinity on the eastern continental shelf was lower, compared to the western side. Vice-versa, the variability of potential temperature was higher.

The vertical distribution of the salinity field observed along-track is reported in Figure 11A. The AW affected the water column with patches of fresher AW (S<37.25) in the upper layer between the sea surface and 50 m depth within the first 100 km, i.e., on the southwest continental shelf. The core was characterised by a salinity of 36.87 observed at 33 m depth in correspondence of the cast ST16 (Figure 1C). Other patches of fresher AW, characterised by a minimum of salinity lower than 37.75, were detected between 200 and 400 km, i.e. on the eastern continental shelf into the surface layer between 20 and 50 m depth. Above this layer, the water column was characterised by relatively warmer (θ ∼27.5°C) water masses (Figure 11B). The maximum vertical extension of the mixed layer was found in correspondence of the casts located in the north-eastern section, at about 400 km, where the upper thermocline boundary was detected at about 40 m depth. Away from this warmer region, the mean thermocline depth slightly decreased. Along the thermocline layer the temperature decreased from 22.5°C to 17.5°C between 40 and 70 m depth. Below the thermocline, the temperature slowly decreased along the deeper water column. The mean temperature at 200 m depth was 14.39 ± 0.02°C, while the salinity was 38.61 ± 0.02. Both values are like those observed during the cruise carried out in late summer 2019. The interface between the upper AW layer and the underlying lay was detected at approximately 140 m depth, except northward where it raised to 100 m depth (Figure 11C). Vice-versa, the density interface (σθ=27.5 kg m−3), that separates the superficial fresher AW layer from the deeper saltier and colder layers, was detected at about 50 m depth along most of the track rising to the surface just between the 400 and 500 km.




Figure 11 | (A) Vertical distribution of temperature [°C]; (B) salinity; (C) potential density anomaly [kg m−3] along-track observed in the upper layer (0–200 m) in late summer 2021. In panel (C), the isopycnal 28.72 Kg m−3 (the bold black line) represents the lowest boundary of AW as defined by Knoll et al. (2017), while 27.5 kg m−3 is the deepest limit of the fresher AW.



Average salinity and velocity fields calculated from the CMEMS modelling dataset show (Figure 12) a circulation in the Sardinia Sea characterised by the presence of AEs and the SESG. The latter appeared to be wider compared to previous cruises, extending westward until the meridian 8°E and moving offshore along the WSC (Figure 12A). The western limit of the SESG constrained the spreading of the fresher AW directly from the centre of the Algerian Basin by AE2 and affecting the water column in the centre of the western continental shelf, in agreement with the CTD observations (Figure 11A). In this region (cast ST13 in Figure 1C), within the first 100 km, the bias between modelled and observed data at 20 m, corresponding to the depth of the AW core, was +0.6 for salinity and +0.8°C for temperature.




Figure 12 | Spatial distribution for salinity and streamlines of the velocity re-analyses field simulated by CMEMS. (A) for the eastern Algerian Sea; (B) western Tyrrhenian Sea at 35 m depth (the AW core depth). The salinity and velocity fields are daily mean field on September 1st 2021 (A) and daily average fields between 29th and 30th August 2021 (B). Different palettes are used to evidence the horizontal gradients of the salinity field in each panel.



On the southern and eastern continental shelf area the circulation was mainly driven by the SESG and the NTA (Figure 12B). The SESG was very wide and covered the whole Sardinia Channel. The anti-clockwise circulation induced by the SESG eddies mainly affected the water column of the CTD cast located on the south-eastern continental shelf resulting from the formation of veins of fresh AW coming directly from the middle Tyrrhenian basin. The NTA was centred at ϕ=40.4°N, λ=10.5°E, with an advected part of the AW from the middle Tyrrhenian basin towards the Sardinian coast. This stream current contributed to the signatures of AW between 200–400 m depth as observed in Figure 11A. In this region (cast ST72 in Figure 1C), the bias was +0.37 for salinity and +1.12°C for temperature. Over 400 km, the water mass characteristics were affected by the circulation induced by the NTA and the NTG. The clockwise circulation induced by the NTA carried the AW toward the northern continental shelf. At the cast ST65 (Figure 1C), the bias at the AW core depth, at about 40 m, was -0.01 for salinity and -0.189°C for temperature. The influence of the NTA at the coast of Sardinia deviated the AW branch offshore. Upwind the salinity front, the model salinity bias at about 35 m of the cast ST56 (Figure 1C) was +0.69 with a temperature bias of +0.73°C.




3.4 Interannual variability of the AW signature

The interannual variability of the AW has been analysed considering, for each oceanographic survey, the mean values of the salinity minimum (Smin), the averaged potential temperature (θSmin) and the potential density anomaly (σSmin), at the same depth of Smin (i.e, the depth of AW core, hereafter HSmin), for the western (λ<9.0°E) and the eastern (λ>9°E) continental shelf.

From 2019 to 2021, Smin ranged from the minimum value of 37.54 ± 0.33 in 2021 to the maximum of 37.88 ± 0.10 in 2020 on the western continental shelf (Figure 13A). The average Smin value, computed throughout the three measurement periods, was 37.69 ± 0.24, with the highest spatial variability observed in 2021 (σ=0.33). At the eastern continental shelf, Smin ranged from 37.81 ± 0.25 in 2021 to 38.04 ± 0.11 in 2019. The mean value computed for all periods was 37.91 ± 0.16, on average higher than the western, but with a lower spatial variability. The minimum values of Smin were in 2021, due to the greater impact of the AW induced by the circulation at the western and eastern continental shelves, as described in Section 3.3. A lower spatial variability of Smin occurred in early fall 2020 (σ=0.12), when also low values of θSmin were detected (Figure 13B). Specifically, θSmin ranged between the minimum value of 19.83 ± 1.6°C in 2020 to a maximum of 20.90 ± 1.48°C in 2021, on the western continental shelf, while it ranged between 19.55 ± 1.83°C in 2020 to the maximum of 21.09 ± 2.45°C in 2019 on the eastern shelf. The HSmin varied around the mean depth of about 30.9 ± 11.2 m (Figure 13C).




Figure 13 | Interannual variability time series for: (A) Smin; (B) TSmin[°C]; (C) HSmin [m] from 2019 to 2021 on the western (red line) and eastern (blue line) continental shelf. The square symbol indicates the mean value, and the bars show the standard deviation (σ).



In the surface layer up to 20 m, the mean depth of the mixed layer, the interannual variability was marked, especially in terms of temperature (Figure 14A), influenced by different atmospheric forcings and conditions experienced at the time of three cruises. On the western continental shelf, the mean temperature ranged between the minimum value of 22.62 ± 0.96°C in 2020 and the maximum value of 24.76 ± 1.91°C in 2021, while the variation on the eastern shelf was between 22.65 ± 0.96°C in 2020 and 25.50 ± 0.39°C in 2019. The latter value was the highest observed during the IDMAR cruises. The mean lowest temperature was in 2020, when the survey was carried out in early fall, hence increasing the mean density field (Figure 14B). The salinity on the western continental shelf was always lower than on the eastern side (Figure 14C). The main value was 37.94, against 38.14 in the east.




Figure 14 | Interannual variability time series for: (A) potential temperature [°C]; (B) potential density anomaly [Kg m−3]; (C) salinity from 2019 to 2021 on the western (red line) and eastern (blue line) continental shelf computed into the surface layer (0–20 m). The square symbol indicates the mean value, and the bars show the standard deviation (σ).







4 Summary and conclusion

CTD casts acquired around Sardinia during three dedicated oceanographic cruises carried out in late summer 2019 and 2021, and early autumn 2020 (Table 1) have been analysed from the sea surface down to 200 m depth and supported by satellite remote sensing and ocean numerical modelling products. During each cruise, the weather on the study area was stable and influenced by weak winds. The AW was the main water mass observed to affect the upper layer of the water column from the sea surface to the intermediate depth, between 100 and 150 m. The AW signature displays an interannual variability. Specifically, on the western continental shelf the AEs spread the AW towards the south-western continental shelf as patches of fresher (S<37.0) and less dense Atlantic waters coming from the Algerian basin. The AW core was observed at about 50 m depth. In summer 2019, along the central-northern coast, the hydrographic characteristics of the water column showed AW signatures detected in the form of salinity values of about 37.2 at 40 m depth. These signatures were induced by the spreading of the AEs from the centre of the Algerian Basin. Downstream of Cape Caccia (north-west Sardinia), the interaction between the alongshore wind, the WSC, the geometry of the coast, and the bathymetry modified the hydrological characteristics and induced the formation of a coastal upwelling. The observed horizontal temperature anomaly was about -3°C, compared to the warmer surrounding waters. Vice-versa, on the eastern continental shelf, the circulation was mainly represented by the SESG in the Sardinia Channel, and by the Bonifacio Gyre and mesoscale features of the NTG in the Tyrrhenian Sea. The interaction between SESG and NTG modified the AW stream flowing towards the Tyrrhenian basin, thus deviating part of the AW on the southern and eastern Sardinia continental shelf. These currents influenced the thermohaline features of the water column with patches of fresher AW characterised by a minimum of salinity of 37.5 observed in the layer at 35–40 m depth. The AW transport towards the Sardinia eastern coast appeared strongly modified by the presence of the MTC, that spreads a large portion of the AW towards the middle and eastern side of the Tyrrhenian Basin, compared to the eastern Sardinian coast as shown during the cruise carried out in 2019. Another dynamical feature that affected the water mass characteristics at the north-eastern continental shelf was that due to the interaction between the coast, the North Tyrrhenian Anti-cyclonic gyre, and NTG, which induced the doming of the superficial waters up to 50 m depth. The signature of this feature was observed across all the surveys.

In conclusion, the analyses of the CTD data provided a picture of the Sardinian coastal hydrology in late summer of 2019 and 2021 and early autumn 2020, identifying the hydrological differences between the western and eastern continental shelf of Sardinia and the spatial and interannual variability of the Atlantic Water. AW represents the main water mass characterising the upper layer of the water column between 100 and 150 m depth. Moreover, supported by satellite and ocean model products, the results highlight the link between the mesoscale features of the surface circulation and the water column characteristics of the Sardinian continental shelf, namely the AEs and the WSC on the western continental shelf, and the SESG, the North Tyrrhenian Anti-cyclonic Gyre, the NTG and the mesoscale features on the eastern continental shelf.

The three IDMAR cruises served to collect data and biological samples for multidisciplinary studies on the marine ecosystems in Sardinian waters. Similarly to what was done in other areas of the Mediterranean (Passaro et al., 2014; Bonanno et al., 2015; Basilone et al., 2017; Bonanno et al., 2018; Manno et al., 2019), the results obtained from this study constitute an important reference for studies aimed at assessing the influence of environmental variables on the first levels of the trophic web (phytoplankton, micro- and meso-zooplankton, fish species) in the waters around Sardinia, and for studies on the habitat suitability of marine species of commercial and non-commercial importance. Furthermore, the described ocean dynamics define a solid benchmark to quantify the possible effects of climate change on the marine ecosystems (Barange et al., 2014). Nonetheless, it remains imperative to plan and carry out further multidisciplinary research surveys in this peculiar area of the Mediterranean Sea to acquire longer-term environmental data series and to delve further into the dynamics of deep ocean circulation and thermohaline features.
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