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Sea-level change is one of the most concerning climate change and global warming consequences, especially impacting coastal societies and environments. The spatial and temporal variability of sea level is neither linear nor globally uniform, especially in semi-enclosed basins such as the Mediterranean Sea, which is considered a hot spot regarding expected impacts related to climate change. This study investigates sea-level trends and their variability over the Mediterranean Sea from 1993 to 2019. We use gridded sea-level anomaly products from satellite altimetry for the total observed sea level, whereas ocean temperature and salinity profiles from reanalysis were used to compute the thermosteric and halosteric effects, respectively, and the steric component of the sea level. We perform a statistical change point detection to assess the spatial and temporal significance of each trend change. The linear trend provides a clear indication of the non-steric effects as the dominant drivers over the entire period at the Mediterranean Sea scale, except for the Levantine and Aegean sub-basins, where the steric component explains the majority of the sea-level trend. The main changes in sea-level trends are detected around 1997, 2006, 2010, and 2016, associated with Northern Ionian Gyre reversal episodes, which changed the thermohaline properties and water mass redistribution over the sub-basins.
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1 Introduction

Sea-level change observations have been considered one of the key aspects of climate change reconstruction over the last few decades because of their interconnection with all other climate indicators, such as atmospheric temperature. Therefore, global mean sea-level assessment has been one of the main objectives of different studies in the past few decades (Fox-Kemper et al., 2021).

Global mean sea-level change is determined by mass addition, driven by continental ice melting and changes in land water storage, and the steric effect that is driven by changes in water column density induced by salinity (negligible at the global scale) and thermal fluctuations (Levitus et al., 2012; Fox-Kemper et al., 2021). However, sea-level change at the global scale is far from uniform, and on a regional to local scale it can vary greatly from global mean rates (e.g., Stammer et al., 2013; Jevrejeva et al., 2014; Slangen et al., 2014). For instance, sea-level trends in the Mediterranean differ from global mean sea-level trends, mainly because of its semi-enclosed conditions (Pinardi et al., 2014), and can even differ from the values observed in the nearby Atlantic Ocean (Tsimplis and Baker, 2000). Sea level in the Mediterranean has changed with a rate of 2.5 ± 0.4 mm/yr from 1993 to 2017 (Mohamed et al., 2019a), compared to a global mean rate of 3.2 ± 0.4 mm/yr for a similar period (Fox-Kemper et al., 2021). Additionally, within the Mediterranean, sea-level trends can differ from the basin mean (Bonaduce et al., 2016; Mohamed et al., 2019a; Calafat et al., 2022) due to non-linear local oceanographic processes (Vera et al., 2009).

Because of the many low-lying densely inhabited coastal areas, the Mediterranean Sea has been classified as one of the most susceptible climate change zones worldwide (Giorgi, 2006). Sea-level rise and related future projections (IPCC, 2021) may significantly impact coastal populations and activities, strengthening climate-related concerns and prompting a better understanding of processes from a global to a regional and local scale. Furthermore, the low elevation may significantly exacerbate sea-level rise at several coastal locations throughout the Mediterranean Sea, due to the local vertical land motion processes. These are caused by a combination of natural factors such as the compaction of alluvial sediments and volcanic-tectonic activity, as well as anthropogenic factors including the extraction of underground fluids (Gambolati and Teatini, 1998; Syvitski et al., 2009). These processes can cause land subsidence and amplify the effects of rising sea levels in these regions (García et al., 2007; Wöppelmann and Marcos, 2012; Mohamed et al., 2019b). Thus, there is a need to understand sea level change at the scale of the Mediterranean Sea.

This study focuses on sea-level variations in the Mediterranean Sea region (Figure 1A) to elucidate the large variability that occurred at both regional and sub-basin scales over the period 1993-2019. Most of the previous studies of the Mediterranean focus on trends either at the basin scale or in a specific region. Hence, there is a gap in understanding the changes in sea level variability over the Mediterranean at a sub-basin scale, likely driven by internal processes within the domain and masked by averaging at larger scales. In this framework, this study analyzes the main variability of sea-level trends observed from altimetry (total sea level) and the related contributions of changes in water temperature (thermosteric effect) and salinity (halosteric effect), which together account for the steric component across the Mediterranean Sea and its sub-basins. The significance of the variability observed in sea-level trends is then discussed at different spatiotemporal scales.




Figure 1 | (A) Bathymetry of the Mediterranean Sea with regionalization of sub-basins (bold) and related borders. (B) Schematic representation of the surface (black arrows) and intermediate depth (red arrows) circulation in the Mediterranean Sea, superimposed on the map of 1993-2019 time-mean current velocities at 15 m depth. Both the bathymetry and current velocities are computed from the Mediterranean Sea Physics Reanalysis dataset (MEDSEA_MULTIYEAR_PHY_006_004). The labels of currents are in italics white, while gyres are in bold cyan. Acronyms: AIS, Atlantic Ionian Stream; AMC, Asia Minor Current; EAG, Eastern Alboran Gyre; EIC, Eastern Ionian Current; IG, Ierapetra Gyre; LGG, Gulf of Lion Gyre; LPCC, Liguro-Provencal-Catalan Current; MIJ, Mid-Ionian Jet; MMGS, Mersa Matruh Gyre System; MMJ, Mid-Mediterranean Jet; NIG, Northern Ionian Gyre; PG, Pelops Gyre; RG, Rhodes Gyre; SAG, Southern Adriatic Gyre; SG, Sirte Gyre; SGS; Shikmona Gyre System; SSTC, Sicily Strait Tunisian Current; WAG, Western Alboran Gyre.





1.1 General settings of the Mediterranean Sea

The Mediterranean Sea is a semi-enclosed, mid-latitude sea connected to the North Atlantic Ocean by the Gibraltar Strait (Figure 1A), where the exchange of water, heat, and salt occurs (Pinardi et al., 2015). The bathymetry of the basin (Figure 1A) varies significantly around the 1500 m average, ranging from a few tens of meters of depth (e.g., Northern Adriatic and Southern Central Mediterranean) to more than 4000 m depth (Tyrrhenian and Ionian) (Miramontes et al., 2022 and references therein).

The Mediterranean Sea can be divided into different sub-basins as (from west to east) the Western Mediterranean, Tyrrhenian, Ionian, Southern Central Mediterranean, Southern Crete, Levantine, and two marginal seas, Adriatic and Aegean (Figure 1A). The Western Mediterranean is connected from the Tyrrhenian by the Sardinia and Corsica channels, while the Tyrrhenian is connected from the Southern Central Mediterranean by the Sicily Channel (Figure 1A). Furthermore, the Southern Central Mediterranean is connected towards the east to the Southern Crete through the Cretan Passage (Figure 1A), whereas the connection/division with the Ionian is not purely based on straits or passages but following variations in local bathymetry and oceanographic processes. Therefore, the latter can also be defined as a separation criterion in the case of Southern Crete and Levantine (Figure 1A). Finally, the Adriatic is connected to the Ionian by the Otranto Strait, whereas the Aegean is connected from the rest by the Kythira and Kasos straits (Figure 1A). Furthermore, to avoid confusion among the terms used in this study, we also define WMed and EMed as the macro-portions of the Mediterranean west and east of the Sicily Channel, respectively.

The Mediterranean receives ocean water from the Atlantic Ocean to compensate for a persistent surface water loss, mainly driven by evaporation (owing to the increase in sea surface temperature) and a persistent freshwater deficit (Romanou et al., 2010; Pastor et al., 2018), leading to basin-wide salinification (Grodsky et al., 2019). Excess evaporation over precipitation, especially in the EMed, forms high-salinity waters that drive and maintain the thermohaline circulation in the Mediterranean Sea through a large salinity contrast that forms between the Levantine waters and the inflowing waters at Gibraltar (Robinson et al., 2001), which contrasts with the thermohaline circulation outside the Mediterranean, dominated by divergences in heat content.

Deep-water masses are distinct between the WMed and EMed because of the occurrence of the Sicily Channel sill (Figure 1A). The WMed and EMed deep waters are formed in the Gulf of Lion (Figure 1A) and the Adriatic, respectively. Deep waters can also form in the Rhodes Gyre (RG, Figure 1B), namely the Levantine Intermediate Water (LIW; see Pinardi et al., 2015 and references therein). The key event for EMed circulation, linked to a yet not fully understood chain of oceanic, hydrological, and atmospheric interactions, was the migration of dense water formation from the Adriatic to the southern Aegean that occurred from the late eighties to the early nineties (Roether et al., 1996; Roether et al., 2014). This shift is known as the Eastern Mediterranean Transient (EMT; Roether et al., 1996; Malanotte-Rizzoli et al., 1999; Theocharis et al., 1999). It was a prolonged stepped process that culminated in 1997 with the so-called Northern Ionian Reversal phenomenon (Pinardi et al., 2015), that is, the shift of the Northern Ionian Gyre (NIG, Figure 1B) from the anticyclonic circulation mode to cyclonic circulation (Civitarese et al., 2010). This phenomenon has been reported multiple times over the last decades (Malanotte-Rizzoli et al., 1997; Pinardi et al., 1997; Malanotte-Rizzoli et al., 1999; Larnicol et al., 2002; Borzelli et al., 2009; Gačić et al., 2010; Gačić et al., 2011; Poulain et al., 2012; Menna et al., 2019; von Schuckmann et al., 2019), with the surface circulation oscillating from cyclonic to anticyclonic around 1987, 2006 and 2017 and vice-versa around 1997 and 2011.

This suggests that circulation reversal is a recurrent phenomenon that occurs on a quasi-decadal time scale in the EMed (or Ionian Sea region). However, there is a lack of consensus regarding the causes of the upper layer circulation pattern changes in the Ionian (see also Chiggiato et al., 2023). Some studies attributed it to internally driven processes (Pisacane et al., 2006; Borzelli et al., 2009; Gačić et al., 2010; Gačić et al., 2011; Gačić et al., 2014; Theocharis et al., 2014; Reale et al., 2016; Reale et al., 2017; Grodsky et al., 2019), while others indicated wind forcing as a possible mechanism (Korres et al., 2000; Demirov and Pinardi, 2002; Nagy et al., 2019). Regardless of the drivers, reversal events strongly impact the formation and distribution of water masses and influence local thermohaline properties throughout the Mediterranean sub-basins (von Schuckmann et al., 2019).




1.2 The ocean circulation in the Mediterranean Sea

Circulation in the Mediterranean (see Pinardi et al., 2015 for an extensive review) reflects its complexity, in which the northern regions are mainly characterized by cyclonic gyres, whereas anticyclonic gyres and eddy-dominated flow fields are predominant in the southern regions (Figure 1B), except for the northern Ionian Sea (Pinardi et al., 2015). Two types of circulation cells co-exist: a basinwide thermohaline circulation, driven mainly by the east-west salinity contrast between the Atlantic Water (AW) and the LIW, which is mainly limited to the surface and intermediate layers, and a deep circulation controlled by the north-south temperature gradient, where the driving mechanisms are winter air-sea heat losses and vertical convection (Gačić et al., 2014). Generally, the Mediterranean Sea is characterized by high salinity, temperature, and density, where net evaporation exceeds precipitation (Tanhua et al., 2013). This drives an anti-estuarine circulation at the Strait of Gibraltar (Figure 1A), where the incoming AW moves mainly eastward (Figure 1B) in the upper 50–100 m layer (Pinardi et al., 2015), overlying the LIW. As the AW moves east, it transforms into a warmer and saltier water mass due to wind-induced evaporation, in the Levantine (Lascaratos et al., 1993).

The circulation of the Mediterranean Sea is composed of several currents and gyres, as detailed in this paragraph (Figure 1B). The AW enters the WMed at Gibraltar, it meanders around the two anticyclonic western and eastern Alboran gyres (WAG and EAG; Heburn and La Violette, 1990) and then separates into two distinct currents, the first mainly flows towards the east (Millot, 1985; Ayoub et al., 1998) while the second flows northward towards the Balearic Islands and then towards east, along the southern boundary of the Gulf of Lion gyre (LGG; Madec et al., 1991; Pinardi et al., 2006). Simultaneously, the northern border of the cyclonic LGG is intensified by the Liguro–Provencal–Catalan Current (LPCC; Pinardi et al., 2006), which flows back to the Balearic Islands towards the southwest. In the Sardinia Channel, the different current merges and then split further into three branches (Beranger et al., 2004; Pinardi et al., 2006): one flowing towards the Tyrrhenian, whereas the other two branches enter the Sicily Channel, hence the EMed, forming the Atlantic Ionian Stream (AIS; Robinson et al., 1999) and Sicily Strait Tunisian Current (SSTC; Lermusiaux and Robinson, 2001; Onken et al., 2003).

In the central EMed, the SSTC flows along the southern coast of the south-central Mediterranean sub-basin, turning first northward and then eastward around the anticyclonic Sirte Gyre (SG; Pinardi et al., 2006). The most prominent oceanographic feature in the Ionian is represented by the NIG, which is characterized by a quasi-decadal reversal of the vorticity, from cyclonic to anticyclonic and vice-versa (see Section 1.1), capable of strongly impacting the circulation at the sub-basin scale and beyond, especially by influencing the AW path by shifting the AIS position (Malanotte-Rizzoli et al., 1997; Menna et al., 2019). During the cyclonic state, the AIS is mainly prolonged toward the east, conveying AW directly to the Cretan passage through the shortest route by an intense current defined as Mid-Ionian Jet (MIJ; Robinson et al., 2001; Gačić et al., 2011; Bessières et al., 2013; Gačić et al., 2014). During anticyclonic phases, the AIS is primarily deflected towards north-east, meandering the northern Ionian and partially entering the Adriatic (Vilibić et al., 2012) and the Southern Adriatic Gyre (SAG; Artegiani et al., 1997) via the Otranto Strait, and then flowing south towards the Levantine, flanking the Pelops Gyre (PG; Robinson et al., 1992). In this configuration, the AW flows towards the Levantine are greatly reduced owing to the weakening of the MIJ (Gačić et al., 2011), whereas the thermohaline properties of the eastern EMed changes due to the longer path of the AW to reach the Cretan Passage (Gačić et al., 2014).

Once the AIS reaches the eastern EMed, passing through the Cretan Passage, it forms a broad current which flows along the North African coasts; part of it, branches the Mid-Mediterranean Jet (MMJ; Golnaraghi and Robinson, 1994). The MMJ is represented by a free open ocean jet meandering first between the Ierapetra Gyre (IG; Robinson et al., 1991), the Rhodes Gyre (RG; Milliff and Robinson, 1992), and the Mersa Matruh Gyre System (MMGS), then partially between Cyprus (Figure 1A) and the Shikmona Gyre System (SGS; Hecht et al., 1988).

As stated above, the Levantine represents the LIW area of formation, primarily in the RG, which is representative of the intermediate depth circulation in the Mediterranean Sea (Figure 1B) as the average currents between 200 and 300 m depth (Pinardi et al., 2015), flowing in the opposite direction of the AW and eventually exiting Gibraltar (Pinardi and Masetti, 2000). Over the eastern EMed, the circulation of the intermediate depth (Figure 1B) is consistent with the surface (Pinardi et al., 2015). Exiting the Cretan Passage and Kythira Strait, the LIW branches into three streams (Pinardi et al., 2015): the first turns east towards the Levantine, the second southward to the SG, and the third towards the Adriatic. The latter is influenced by the NIG, which strongly enhances (reduces) the flux during cyclonic (anticyclonic) phases (see also Menna et al., 2019), whereas the branch that joins the SG arises as the preferred path of the LIW westward (Pinardi et al., 2015). In the WMed, part of the LIW enters the Western Mediterranean through the Sardinia Channel and directly reaches Gibraltar (Puillat et al., 2006), while the other part flows cyclonically along the Tyrrhenian border and finally exits across the Corsica Channel (Figure 1B). The latter, before reaching Gibraltar, flows cyclonically around the LGG, playing a critical role in dense water formation (Pinardi et al., 2023).




1.3 Sea level in the Mediterranean Sea

According to Pinardi et al. (2014), five terms contribute to the mean sea level change when limited areas of the world ocean are considered, such as the semi-enclosed Mediterranean Sea: (i) the mass fluxes at the open boundaries, accounting for the net volume transport at Gibraltar that alters the mass in the domain; (ii) the net changes linked to the loss or addition of water by surface processes (driven by processes such as evaporation, precipitation, and river runoff within the domain); (iii) the density changes induced by salinity changes (halosteric effect); (iv) the density changes induced by changes in heat flux (thermosteric effect); and (v) the density advection term. The latter, however, is several orders of magnitude smaller than the other four terms, and thus can be considered negligible (Pinardi et al., 2014). The first two terms are defined as incompressible terms that, for simplicity, can be referred to as the mass component. The combined variability of the thermosteric and halosteric effects is referred to as the steric component. The latter fluctuates periodically around zero and is superimposed on the mass component characterized by a yearly and seasonal imbalance between terms (i) and (ii), giving rise to the regional mean sea-level tendency (Pinardi et al., 2014).

The mass component is considered the dominant contributor to the mean sea-level trend in the Mediterranean Sea (Calafat et al., 2010; Pinardi et al., 2014), while the steric component accounts for approximately 20% of the total variance (Calafat et al., 2012). This contrasts with the steric influence at the global scale, which explains approximately 50%–70% of the total sea level variability (Storto et al., 2019). However, there are large differences across the Mediterranean. For instance in the Aegean and Levantine the steric component explains approximately 52% (Mohamed and Skliris, 2022), mainly due to the thermosteric effect (Vera et al., 2009). A direct relationship between sea surface temperature and sea level in the Mediterranean has been demonstrated in previous studies (Cazenave et al., 2001; Cazenave et al., 2002; Fenoglio-Marc, 2002), highlighting a continuous and positive trend associated with sea surface temperature from 1992 to 1999 and for all sub-basins, except for the Ionian.

Large-scale climatic modes also influence long-term and inter-annual variability of the Mediterranean sea level (Vigo et al., 2011; Calafat et al., 2012; Landerer and Volkov, 2013; Tsimplis et al., 2013), such as the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO). For example, NAO positive and negative phases influence precipitation, air temperature, and sea level from local (Meli et al., 2021; Meli and Romagnoli, 2022; Romagnoli et al., 2022) to European scales (Mariotti and Dell’Aquila, 2012; Criado-Aldeanueva and Soto-Navarro, 2020). In particular, the NAO drives atmospheric sea-level pressure changes in the Mediterranean (Tsimplis and Josey, 2001) and alters wind and oceanic circulation near Gibraltar, influencing the net water flux exchange with the Atlantic Ocean (Menemenlis et al., 2007; Tsimplis et al., 2013). Instead, the AMO significantly correlates with heat and salt content (Iona et al., 2018), influencing sea surface temperature and evaporation (Marullo et al., 2011). However, the role of these large climatic modes, despite their importance on the Mediterranean variability at a multidecadal time scale (Calafat et al., 2022), has a limited effect on the quasi-decadal time scale variability (Menna et al., 2022) and is not fully appreciated when short time series are considered (as in the case of satellite altimetry).

Moreover, the sea-level trend can be considerably influenced at regional scale by the contribution of glacial isostatic adjustment (GIA), the gravitational, rotational, and deformation (GRD) effects, and the dynamic component of sea level, induced by the lateral mass transport. In the Mediterranean Sea the GIA contribution is relatively small (-0.3 mm/yr, Melini and Spada, 2019), while the GRD effects contributed by about 1.5 ± 0.2 mm/yr over the period 2000-2018 (Calafat et al., 2022). For simplicity, all these terms, plus the contribution of large-scale modes and the mass component, from hereon is referred to as the “non-steric effects”.

Strong differences in sea-level trends at the sub-basin scale are a well-known aspect of the Mediterranean (Bonaduce et al., 2016; Skliris et al., 2018; Mohamed et al., 2019a), in which variability and complexity arise from thermohaline changes and local circulation (Menna et al., 2012; Mauri et al., 2019; Menna et al., 2019; Menna et al., 2021; Poulain et al., 2021). For instance, the Ionian has in general a negative sea-level trend (Cazenave et al., 2002; Fenoglio-Marc, 2002), in contrast to other sub-basins, primarily because of complexities and changes in the local circulation pattern (Malanotte-Rizzoli et al., 1997; Pinardi et al., 1997; Malanotte-Rizzoli et al., 1999).

Regarding non-linearity in sea-level trends, an abrupt change was observed around 1999, leading to a loss of correlation between sea surface temperature and sea level after that year (Vigo et al., 2005). Furthermore, the Ionian began to be characterized by a rising trend after 1998, which was attributed to the switch of surface circulation from anticyclonic to cyclonic (Gačić et al., 2010) after the relaxation of the EMT (Vera et al., 2009, see also Section 1.1). After that period and since the early 2000s, a non-linear behavior has been observed in sea-level trends, where a rising condition peaked in 2003, followed by a drop until 2009 (Vigo et al., 2011).





2 Materials and methods



2.1 Data

Gridded daily mean sea-level anomalies (SLA) at 1/8°x1/8° spatial resolution over the Mediterranean Sea for 1993–2019 were obtained from the Copernicus Climate Change Service (C3S). The dataset was delivered by the DUACS altimeter production system, which includes data from several altimetry missions, but always merging a steady number (two) of altimetry measurements at the same time. This procedure avoids introducing biases and provides stability and homogeneity of the record over the entire period, which is crucial for climate applications and long-term evolutionary analyses (Legeais et al., 2021). All standard corrections (e.g., signal refraction passing through the atmosphere, sea state bias, instrumental drift, and dynamic atmospheric correction) were applied to the dataset (for details, see Taburet et al., 2019).

Monthly average temperature and salinity vertical profiles were obtained from the Mediterranean Sea Physics Reanalysis dataset (Escudier et al., 2020), distributed by the Copernicus Marine Environment Monitoring Service (CMEMS; available at the url: https://marine.copernicus.eu/). This dataset covers the period 1987–2020, and it has a spatial grid resolution of 1/24°x1/24° and 141 vertical levels (unevenly spaced). The physical dynamics of the Mediterranean Sea are modeled using an Ocean General Circulation Model (OGCM) that is based on the Nucleus for European Modelling of the Ocean (NEMO) code (Madec et al., 2017). This numerical model is used to solve the primitive equations of motion that describe the movement of water in the Mediterranean Sea. The water balance is computed using the difference between evaporation, derived from latent heat flux data, and the combination of precipitation and rivers runoff, derived from various datasets (Escudier et al., 2021 and references therein). The connection with the Marmara Sea is modeled as a river (Kourafalou and Barbopoulos, 2003), while the exchanges at Gibraltar are resolved by extending the model into the north-east Atlantic Ocean. Temperature and salinity observations are assimilated into the system through the OceanVar data assimilation scheme (Dobricic and Pinardi, 2008), which includes in-situ vertical profiles from the Argo profiling floats, CTDs, and XBTs from SeaDataNet (https://www.seadatanet.org/) and CMEMS (INSITU_GLO_NRT_OBSERVATIONS_013_030) database. Details of this reanalysis dataset are discussed in Escudier et al. (2021).




2.2 Methods

To cope with the large oceanographic and bathymetric variability characterizing the Mediterranean Sea, the time series analysis at the sub-basin scale was made by following the same partitioning (Figure 1A) outlined by Carillo et al. (2012) and Galassi and Spada (2014). The C3S altimetry observations were corrected for GIA using the geoid height estimates (dGeoid) from the ICE-6G_C (VM5a) model (Argus et al., 2014; Peltier et al., 2015), was applied to the C3S altimetry observations as a correction for the GIA effect. Furthermore, to account for the altimeter instrumental drift that influences the accuracy and uncertainty of the records between 1993 and 1998 (Watson et al., 2015; Beckley et al., 2017; Dieng et al., 2017), a TOPEX-A instrumental drift correction (WCRP Global Sea Level Budget Group, 2018), derived from altimetry and tide gauge global comparisons, was added to the C3S sea-level datasets. Although this correction is computed for the global mean sea level, it can also be used at a regional or local scale as the best available estimate. This is still preferable to not correcting at all, given that the regional variation of the instrumental drift is currently unknown.

The Thermodynamic Equation of Seawater (TEOS-10, McDougall and Barker, 2011) was used as the equation of state to compute the steric sea-level component, following Camargo et al. (2020). The steric (ηs) computation is based on the vertical integration of density anomalies from the maximum local depth (-H) to the water surface (0), following Gill and Niller (1973) and Tomczak and Godfrey (2003):

	

where ρ’ and ρ0 are the local and reference density anomalies, respectively. The former is a function of temperature and salinity variations retrieved from the reanalysis dataset (see Section 2.1). Before computing steric anomalies, potential temperature and practical salinity values are converted to conservative temperature and absolute salinity (McDougall and Barker, 2011; McDougall et al., 2012). In addition, the thermosteric and halosteric effects were also computed and analyzed individually to better appreciate the influence and evolution of both effects.

Due to the different temporal coverage of the datasets, we restricted the analyses to the common period from January 1993 to December 2019. Daily time series were converted into monthly and annual means. Moreover, the mean seasonal cycle was removed from all the monthly mean time series. To ensure a full comparability between the datasets, the steric, thermosteric, and halosteric datasets were regridded from 1/24° to 1/8°, i.e. the resolution of the altimetry data, using the First-Order Conservative Remapping method (Jones, 1999), which is implemented in the Climate Data Operators software.

A non-parametric Mann–Kendall test (Mann, 1945; Kendall, 1975), modified for autocorrelated data (Hamed and Rao, 1998), was performed to assess the statistical significance of trends at the 95% confidence interval. The Mann-Kendall test was implemented with the non-parametric Theil–Sen estimator (Theil, 1950; Sen, 1968) to evaluate the preferred slope from the simple linear regression computed for each time series. The resulting preferred slope was assumed to be a constant trend (or rate) of the time series over the selected period. Associated error is determined from the distribution of values. In principle this can be not normal and lead to a not symmetric associated error bar. To ease the reading and result interpretation, we assign a conservative symmetric error by choosing the largest one.

In this analysis, the Binary Segmentation algorithm (Scott and Knott, 1974; Sen and Srivastava, 1975) was used to search for the unknown epoch of change points in the altimetry monthly time series (de-seasoned, TOPEX-A and GIA corrected). This is among the most-competitive methods for change point analysis (Cho and Fryzlewicz, 2015; Rice and Zhang, 2022). The algorithm uses a cost function, namely the Radial Basis function (Harchaoui and Cappé, 2007), to search for the preferred epoch at which the change point should be set. Then it uses the change point to split the time series in two sub-series and it iterates the change point search process until a predefined stopping criterion (here defined as the max change point number equal to three) is reached (Truong et al., 2020). Figure 2A show the detection of change points on a single time series. The Radial Basis Function was preferred since it belongs to the kernel-based methods and it is suitable for performing change point detection in a non-parametric setting (Harchaoui and Cappé, 2007); this model is particularly useful when the change points are suspected to be irregularly distributed in the time series (Killick et al., 2012; Truong et al., 2020). Offsets were not present in the considered dataset.




Figure 2 | Left panel (A) shows one sample of monthly mean sea level time series from the Ionian region (marked by the red dot in the inset map. Red hatched lines mark the three most likely change point detected by the algorithm described in Section 2.2. The right panel (B) displays the cumulative distribution (grey bars) for the whole set change points detected in altimetry monthly time series throughout the Mediterranean Sea. Black bars mark the subset of distributions exceeding the 75th percentile. For each selected distribution, the median (hatched red lines) defines the selected change point while an arbitrary error of ± 1 year (shaded in red) was introduced to account for potential uncertainties in the analysis.



The detected change points (three for each time series) were then aggregated at the basin scale, to create a cumulative distribution (Figure 2B). The occurrence of a change point cannot be precisely attributed to a single moment in time, as it may be influenced by a variety of processes that induce a spatially and temporally varying response in sea level. As a consequence, only distributions exceeding the 75th percentile were considered and selected (represented by black bars in Figure 2B), accompanied by their respective reference medians (indicated by hatched vertical red lines in Figure 2A). Each median, accompanied by an arbitrary error margin of ± 1 year (depicted as a red shaded area in Figure 2B), provided an effective means of clustering the major distributions into four distinct groups, which were centered around the years 1997, 2006, 2010, and 2016. The two distributions localized around 2014 and 2018 were excluded from this clustering, as their proximity to the 2016 cluster makes them unusable for the analysis.

To properly account for autocorrelation and clean the signal from interannual variability, the time series were converted into annual means and the modified Theil-Sen estimator was used to calculate trends and errors for each sub-series. Subsequently, the statistical significance (at the 95% confidence interval) of each change point was evaluated for each time series by applying a Fisher F-test to the Chow statistics (Chow, 1960; Winer, 1962; Olivieri and Spada, 2013).





3 Results and discussion



3.1 Linear trend analysis

Figure 3A shows a large spatial variability of the rate of sea-level rise derived from satellite altimetry (total sea level) for the period 1993–2019, confirming observations by Bonaduce et al. (2016), despite the different time windows. The highest positive rates (from ca. 3 to 4 mm/yr and above) are observed over the Aegean and Levantine, especially in regions where recurring gyres and eddies in the circulation are present (PG, MMGS, and SGS in Figure 1B). Conversely, negative rates (down to over -4 mm/yr) are observed in some portions of the Ionian, corresponding to the NIG and along the MIJ, and largely in the Southern Crete along the MMJ and IG; the latter represents the area with the largest negative rate observed throughout the Mediterranean Sea. At the Mediterranean basin scale, the average sea-level trend is 2.1 ± 0.5 mm/yr (95% confidence interval), comparable with Mohamed et al. (2019a). However, long-term linear trends of total sea-level change at the sub-basin scale (see also Section3.2) confirm the variability observed in Figure 3A as the consequence of local processes. In detail, values of 1.8 ± 0.6, 2.1 ± 0.8, and 2.5 ± 0.6 mm/yr are observed for the Western Mediterranean, Southern Central Mediterranean, and Tyrrhenian, respectively. Higher trends (albeit comparable within the ranges) are observed for the Adriatic (2.6 ± 0.8 mm/yr), Levantine (2.6 ± 0.9 mm/yr), and Aegean (3.1 ± 1.0 mm/yr), consistent with Mohamed and Skliris (2022), who found an average rate of 3.23 ± 0.61 mm/yr for the eastern EMed over the same period. Conversely, trends for the Ionian (1.6 ± 1.6 mm/yr) and Southern Crete (0.3 ± 1.3 mm/yr) are non-significant.




Figure 3 | Trends of total sea level (A), steric (B), thermosteric (C), and halosteric (D) components, computed over the satellite altimetry era (1993–2019). Black dots mark areas in which the trend is non-significant (95% CI).



The significance of the rate obtained from the trend analysis is considered by plotting the spatial distribution of the statistics at the 95% confidence interval (CI) in Figure 3A. Dots represent regions where the null hypothesis cannot be rejected, that is, the significance of the resulting rate cannot be statistically confirmed. This can be associated with a null rate and significant changes in the time series that diverge from the linear model. Notably, these time series have no significant trend clusters in specific sectors of the Mediterranean Sea, suggesting that it cannot be the consequence of a random process but, conversely, related to local dynamics, such as the influence of gyres/eddies or currents. In detail, a lack of significance in the Western Mediterranean is observed for sea-level trend from altimetry in the EAG-Balearic Islands area (hereafter refer to Figure 1 for location). A very large portion of the Ionian also denotes weak or non-significant rates, especially in conformity with the NIG, AIS, and along MIJ. When moving toward the east, a lack of significance is observed in correspondence with the PG, in a large part of Southern Crete, and a spot within the SGS. However, the significance in the IG is noteworthy, representing the only statistically significant negative rate in the entire Mediterranean Sea from 1993 to 2019.

Steric sea-level trends (Figure 3B) also show wide spatial variability, described by a progressive increase from west to east. General negative trends are observed throughout the WMed, except for WAG. A behavior similar to altimetric trends is observed in the Ionian, where low values are aligned along the AIS and MIJ. Weak positive values characterized the Adriatic, whereas the Aegean shows higher positive trends linked to the steric component of the entire Mediterranean Sea. As for altimetry, steric trends in the Levantine and Southern Crete can be split into positive and negative trends, respectively, and negative trends are shown along the MMJ, with the most prominent (down to -4.5 mm/yr) at the IG.

The statistical significance of the steric component trends (Figure 3B) tends to be absent throughout the Mediterranean Sea, characterized by an average non-significant rate of 0.3 ± 0.6 mm/yr. While almost all sub-basins show a non-significant steric sea-level trend, the presence of significant trends denotes a patchy pattern. A few exceptions are the Aegean (2.1 ± 1.3 mm/yr), Levantine (1.1 ± 1.0 mm/yr), and Southern Central Mediterranean (1.0 ± 0.8 mm/yr), in which the average spatial trends are significant, albeit spatially uneven. These values denote an influence of the steric component on the total sea-level change of approximately 68, 42, and 48%, respectively, for the three sub-basins, consistent with Mohamed and Skliris (2022), who reported that 52% of the total sea-level change in the eastern EMed was due to steric effects. In this case, the behavior of the three sub-basins is consistent with the global mean, where the steric component accounts for approximately 44% of the total sea-level change over the period 1993-2017 (Storto et al., 2019). In contrast, the steric component in the other sub-basins contributes negatively to the long-term total sea-level trend, except for the Adriatic and Ionian, where it accounted for approximately 15 and 31%, respectively. This highlights how a large part of the long-term sea-level trend within the Mediterranean Sea, except for the eastern EMed, is driven by non-steric effects (ca. 86%). This is consistent with previous studies, who found an influence of the steric component over the Mediterranean of less than 20% and that the mass component becomes the dominant element for regional sea-level trends (Calafat et al., 2010; Calafat et al., 2012; Pinardi et al., 2014).

Thermosteric trends (Figure 3C) are generally positive throughout the domain, with high values (>3–4 mm/yr) observed in the Ionian (5.3 ± 1.0 mm/yr), Tyrrhenian (3.0 ± 0.6 mm/yr), Levantine (3.3 ± 1.1 mm/yr), Southern Central Mediterranean (3.4 ± 0.6 mm/yr), and Aegean (2.8 ± 1.0 mm/yr). The IG is the only region with negative thermosteric values, which contributes to lowering the average rate of the Southern Crete (2.4 ± 1.1 mm/yr). Most of the thermosteric rates over the Mediterranean Sea are statistically significant (average rate of 2.8 ± 0.5 mm/yr), including the IG negative rate, and except for the PG, MMJ-RG alignment, and the EAG-Balearic Islands region. Lower but significant thermosteric trends are observed over the Adriatic (1.9 ± 0.6 mm/yr) and Western Mediterranean (2.0 ± 0.6 mm/yr).

In contrast, the halosteric effect (Figure 3D) is characterized by negative trends (increasing water column salinity, leading to an increase in sea water density and related volume reduction) in all sub-basins, with some small spots showing a weakly positive trend in the Aegean and WAG. At the sub-basin scale, the Aegean shows a not statistically significant trend of -0.6 ± 0.9 mm/yr, whereas the Adriatic (-1.5 ± 0.5 mm/yr), Southern Central Mediterranean (-2.4 ± 0.5 mm/yr), Tyrrhenian (-2.5 ± 0.7 mm/yr), and Levantine (-2.0 ± 0.8 mm/yr) have a significant negative trend. Generally, halosteric trends contribute negatively to the total altimetric sea level across almost the entire Mediterranean Sea (-2.5 ± 0.3 mm/yr). Stronger negative trend is observed for the Ionian (-4.9 ± 1.3 mm/yr).

Thermosteric trends are often higher than the total sea level trends; however, their overall contribution to the steric component is strongly influenced and lowered by the negative contribution of the halosteric effect. The opposite contributions of these two effects have been observed throughout the eastern EMed (Mohamed and Skliris, 2022) and the North Atlantic Ocean (Storto et al., 2019). This opposite effect is the direct outcome of the progressive regional increase in water temperature and salinity (Romanou et al., 2010; Pastor et al., 2018; Skliris et al., 2018; Grodsky et al., 2019; Mohamed et al., 2019a; Pisano et al., 2020; Menna et al., 2022). Additionally, this opposite behavior is the cause of the generalized non-significance of the steric component over the entire Mediterranean Sea, as the two opposite effects almost cancel each other out (Passaro and Seitz, 2010). This highlights the extent to which the halosteric effect is influential within semi-enclosed basins at mid-latitudes, conversely to the global ocean where the thermosteric effect represents the dominant driver of steric component variability (Robinson et al., 2001; IPCC, 2021).




3.2 Mediterranean sea-level inflections

Following the four change point clusters detected (1997, 2006, 2010, and 2016), each of the variables are reanalyzed for the sub-periods (1993-1997, 1997-2006, 2006-2010, 2010-2016, 2016-2019). Figure 4 shows the spatial difference that characterizes each point of the grid for each variable considered (i.e., total sea level from altimetry, steric component, thermosteric, and halosteric effects) between two different sub-periods separated by a selected change point that acts as a pivotal point in the time series. A positive (negative) value suggests an acceleration (deceleration) in sea-level change at a specific location. This could also reflect a sign variation, namely from negative to positive or vice versa, or just an increase or decrease in the observed rate. For each of the four change points, both the complete map of the trend changes (to have an overview and intensity of the process) and the map with only the statistically significant trend changes at 95% CI, as determined through the Chow test (see Section 2.2), are shown. The latter means that any points which change of trend is considered statistically valid, and thus better represented by a bilinear model rather than by the simple linear model. From hereon, for simplicity, the term “inflection” is defined as a change in rate, positive or negative, occurring in a time series in a specific pivotal year.




Figure 4 | Rate variations from yearly mean time series for each of the four years (1997, 2006, 2010, and 2016) resulting from the change point analysis for (from left to right column) the total observed sea level from altimetry, steric component, and thermosteric and halosteric effects. Each inflection of trends is shown both overall, at the scale of the Mediterranean basin, and only in those sectors where the statistically significant (>95% CI) change of trend occurred. Positive (negative) inflections are shown in reddish (bluish) colors, corresponding to increased (decreased) sea-level trends at a specific location after the given year (statement in bold in the lower left corner of the maps).



On the other hand, Figure 5 shows the temporal evolution, with related significant inflections, of the variables considered at the sub-basins scale. The time series of average annual mean sea level from altimetry for the entire Mediterranean Sea (Figure 5A, solid black line) highlights how the sea level is rising, unlike the steric component (dashed yellow line), which shows a weak and an overall non-significant positive trend, consistent with the map in Figure 3B. Opposite trends of thermosteric and halosteric components (red dotted and blue dash-dotted lines, respectively) over the Mediterranean Sea denote considerable rising and decreasing trends, respectively (see also Figures 3C, D).




Figure 5 | Annual sea level time series from altimetry (black solid line), steric (dashed yellow), thermosteric (dotted red), and halosteric (dash-dotted blue) components over different spatial scales (see also map at the top of figure): Mediterranean Sea (A), Adriatic Sea (B), Aegean Sea (C), Ionian Sea (D), Levantine Basin (E), Southern Central Mediterranean (F), Southern Crete (G), Tyrrhenian Sea (H) and Western Mediterranean Basin (I). Vertical lines denote significant changepoint in the related component (same color and line style) at a specific time. Trends refer to the period 1993–2019.





3.2.1 The 1997 inflection

The spatial distribution of the 1997 inflection shows a marked bimodal behavior at the basin scale (Figure 4) with positive inflection over a large portion of the Ionian and negative values that characterize most of the EMed. The WMed is characterized by non-uniform behavior. Considering the entire Mediterranean basin, an average negative inflection of ca. -6.9 mm/yr occurs between 1993–1997 and 1997–2006. Most of the positive inflections over the Ionian (Figure 5D) and negative ones in the Aegean (Figure 5C), Southern Crete (Figure 5G), Levantine (Figure 5E), and Adriatic (Figure 5B) are statistically significant (see also Figure 4). Furthermore, part of the Southern Central Mediterranean also has significant negative inflections. Changes in the steric trends in 1997 show a large similarity to altimetry regarding spatial distribution and statistical significance; indeed, the steric negative inflection at the scale of the Mediterranean Sea is -6.7 mm/yr, in agreement with the altimetric value.

Both thermosteric and halosteric effects show a positive inflection in a large part of the Ionian, albeit not overlapping but characterizing opposing sectors, that is, south-west for the thermosteric and northeast for the halosteric, with the latter almost entirely significant. In contrast, inflection owing to the thermosteric element, apart from the Ionian, shows negative values for the entire Mediterranean Sea, with large areas of significant inflection in the Levantine. Similarly, the halosteric inflection denotes areas with a significant change in trend: positive values, besides the eastern Ionian, characterize large parts of the Levantine and Western Mediterranean regions, while the negative ones are particularly relevant in the Southern Central Mediterranean. The thermosteric effect inflection at the Mediterranean scale accounts for approximately 97% of the steric component inflection, whereas the remaining 3% is attributable to the halosteric effect.

The time series representative of the Ionian (Figure 5D) denotes a unique non-linear behavior in the altimetry, with an abrupt and significant positive inflection around 1997 for all variables. The 1997 positive inflection that characterizes the Ionian, for total and steric components, represents a direct consequence of the switch of NIG from anticyclonic to cyclonic circulation after EMT relaxation (Vera et al., 2009; Gačić et al., 2010). The total sea level in the Ionian is therefore characterized by a long-term rising trend when only data from 1997 are considered (see also Vera et al., 2009), and the strong inflection that occurred in 1997 is the cause of the lack of significance in the Ionian trend over the period 1993-2019 (observed in Figure 3A).

According to Vigo et al. (2005), the changes of state in the thermohaline circulation in this phase led to a ‘breathing’ oscillation, possibly linked to an in-phase cooling/heating of the whole Mediterranean Sea or a loss/addiction process of water mass; this is also observed in this study for total and steric 1997 inflections across the whole EMed (Figure 4), where all sub-basins trends move up and down in phase, reaching a peak-to-peak amplitude of approximately 10 cm. Conversely, no significant inflections arise in the WMed (Figures 4, 5H, I), confirming the observations of Vigo et al. (2005).

The shift to a cyclonic phase led to the reinforcement of the AW flux along the MIJ towards the Levantine, thus diluting the surface waters and modifying the thermohaline properties of the latter (Gačić et al., 2011; Gačić et al., 2014), possibly becoming fresher and cooler. During the cyclonic phase, the AW reaches Levantine, traveling eastward directly from the Sicily Channel. The related consequences can be observed in Figure 4, where significant 1997 inflections in Levantine are negative for the thermosteric effect (water contraction due to lower temperature) and positive for the halosteric effect (water expansion due to lower salinity), especially in the RG. The latter represents the area of the main formation of the LIW (Pinardi et al., 2015 and references therein) which then flows westward through the Cretan Passage and Cretan Sea (entering and exiting the Kasos and Kithira straits, respectively), which explains the generalized, significant positive (negative) inflection that characterizes the eastern Ionian (Figure 4), where fresher (cooler) waters were carried toward the northwest along the LIW path. Conversely, the thermosteric effect provides a significant positive inflection along the western flank of the Ionian, ascribed to the replacement of the AW masses (deflected toward the northern Ionian during the previous anticyclonic phase) with those from the Levantine, with a long period to heat up and are relatively warmer than the AW that directly enters the Sicily Channel. This also influenced the Adriatic water properties, especially at the SAG, where relatively saltier waters from the Levantine replaced the AW, which had previously arrived directly from the Sicily Channel during the anticyclonic phase (see also Gačić et al., 2013). For the Adriatic, however, a significant negative inflection is observed in the altimetry, which cannot be explained by the steric component (Figures 4, 5B). It can be argued that the altimetry inflection was caused by the reduction of the AW mass amount entering the Otranto Strait after the cyclonic regime was established. However, the influence of internal processes (e.g., river discharge) within the sub-basin during this phase cannot be excluded.

Finally, the effect observed in the Southern Central Mediterranean was mainly linked to the salinization of the area around the SG, leading to a significant negative inflection, ascribed to the southward path of the LIW (Figure 1B), that is, the preferred path towards the Sicily Channel (Pinardi et al., 2015), which joins the SG and flows along the Gulf of Sirte shelf break and eventually exits the EMed (Sparnocchia et al., 1999; Pinardi et al., 2006). As the salinity of the SG area during cyclonic phases generally increases, it suggests that the intermediate depth waters flowing towards the Sicily Channel (see also Schroeder et al., 2017) drive the steric sea-level change over this area, despite the presence of AW that flows along the SSTC at the surface.




3.2.2 The 2006 inflection

Considering the change point occurrence in 2006, the inflections on the altimetric rate are again distributed according to a well-defined pattern, consistent with the steric component. In detail, a relatively bimodal behavior is shown, similar to the 1997 inflection but showing the opposite phase condition, with the Ionian characterized by negative values, in contrast to all the other regions that showed positive values (Figure 4). In addition, statistical significance is found for altimetry, corresponding with the NIG for negative values and large portions of the EMed for positive values. Overall, this inflection at the Mediterranean scale led to a generalized positive change of sea-level trend of approximately 11 mm/yr, with about 50% explained by the steric trend inflection, which reached 5.5 mm/yr.

The thermosteric and halosteric inflections show a generalized behavior of opposite signs. The distribution of significance for the two effects shows different patterns, with the thermosteric significance limited to some specific areas, while the halosteric one covers a large portion of the Mediterranean Sea. Furthermore, the halosteric effect at this stage explains approximately 31% of the steric component variability; hence, it has a greater influence than the case of the 1997 inflection. Specifically, for the 2006 inflection, a marked and homogeneous opposite behavior of thermosteric and halosteric effects is shown in the WMed.

The inflection detected in 2006 might be the response of sea level to the switch of the NIG to an anticyclonic from a cyclonic state. Cyclonic circulation, established around 1997, shifted again to anticyclonic circulation in 2006 (Gačić et al., 2014). The onset of an opposite behavior in NIG circulation led to a further breathing oscillation throughout the EMed, with all sub-basins moving up and down in the reversed phase for 1997. The peak-to-peak amplitude for this inflection point decreased about 1 cm in comparison to the previous inflection, reaching values of approximately 9 cm for both the altimetry and steric components.

The shift to anticyclonic NIG circulation also led to opposite inflections of thermosteric and halosteric sea-level trends (Figure 4) for 2006. During this phase, the western Ionian interior was replenished by the colder and fresher AW that mainly advected northward (Robinson et al., 1999), entering the Adriatic, affecting the sea surface temperature and salinity. The halosteric provides a significant (positive) inflection throughout the whole sub-basin, decreasing the water density in the whole Adriatic, thus driving a positive steric inflection. However, it is not strong enough to fully explain the marked, significant positive inflection observed in the altimetry over the Adriatic, suggesting that an opposite mechanism, with respect to 1997, impacted the sub-basin.

A possible mechanism could be a greater replenishment of AW masses, which directly entered the Otranto Strait in the anticyclonic context. The direct AW flow towards the Cretan Passage was greatly reduced owing to the absence (or drastic weakening) of the MIJ caused by the anticyclonic Ionian meander (Gačić et al., 2011). This state led to a generalized freshening of the Southern Central Mediterranean (driving the halosteric trend change), as the portion of AW not deflected northward branched into the SSTC and SG (Lermusiaux and Robinson, 2001; Onken et al., 2003). Thus, we can hypothesize that, during this phase, surface circulation is the dominant driver of steric changes. Furthermore, this state also led to salinization and warming of the Levantine because of the longer pathway of the AW reaching the eastern EMed (Manca, 2000).

As observed for the 1997 inflection, significant changes occurred around RG, influencing (this time with a negative halosteric inflection) the formation of the LIW. A lower dilution context increased the LIW salinity, leading to Aegean salinification with the LIW passing through the Cretan Sea and eastern Ionian (Theocharis et al., 1999). However, the significant positive inflection of the thermosteric effect in the Aegean and Levantine regions, caused by the sea surface temperature increase during this phase, seems to be the main driver of the inflection observed in the steric component.

The observations on the WMed time series (Figures 5H, I) and the spatial distribution of significant inflections (Figure 4) show negative and positive inflections for thermosteric and halosteric effects, respectively. The 2006 inflection is not reflected in the altimetric signal over the WMed and, in the Western Mediterranean, seems to start earlier, around 2004. This could be linked to the Western Mediterranean Transition (WMT, Roether et al., 1996), that was linked to a thermohaline anomaly that occurred around 2004–2005 and spread throughout the WMed, inducing freshening and cooling in the deep and intermediate layers (Schroeder et al., 2010; Zunino et al., 2012; Schroeder et al., 2016). This agrees with our observations in Figure 4, especially with the generalized positive, significant inflection in the halosteric effect.




3.2.3 The 2010 inflection

For the 2010 inflection, a well-defined bimodal behavior of the sea-level trend is also observed, and a good agreement between the altimetry and steric component regarding spatial variability (Figure 4). The main pattern is very similar (but with a more patchy distribution) to that observed for the 1997 inflection when the same type of reversal (i.e., from anticyclonic to cyclonic) in the NIG circulation occurred (Gačić et al., 2014). In detail, positive values characterize the Ionian, whereas generalized negative values are representative of the entire remaining EMed. Conversely, in WMed, the pattern appears randomly distributed but with a more substantial positive value. Most of the Mediterranean shows significant inflections in altimetry, especially in areas with negative values, almost the entire Adriatic, Levantine, and Southern Central Mediterranean. Positive significance emerges only corresponding to the NIG, PG, and over part of the Western Mediterranean region. The 2010 inflection, at the scale of the Mediterranean Sea, provides an average negative value of approximately -8.9 mm/yr, which is lower but similar to the 1997 inflection. In this case, the steric inflection is weaker than the variation observed in the total sea level, reaching about -1.6 mm/yr. The peak-to-peak amplitude remains the same as in 2006 for the altimetry and steric components, with a value of approximately 9 cm. Conversely, the contribution of the non-steric effects to the 2010 inflection seems to increase again (ca. -7.3 mm/yr) but negatively, enhancing the effect of the steric component on the total sea level. Regarding the steric component influence, the thermosteric effect accounts for approximately 68% of the average 2010 steric inflection, similar to that observed in 2006.

A similar behavior to the 1997 of thermosteric and halosteric effects is shown in 2010 in the EMed, while major differences arose in the Adriatic and Aegean, showing some significant inflections with opposite signs than 1997. In detail, the same sea water freshening in the RG area occurred, influencing the LIW properties, which propagated westward through the Cretan Passage and Cretan Sea and eventually changed the salinity of the eastern Ionian and Aegean. The latter, different from 1997, seems to have been impacted entirely by the freshening, while cooling, similar to 1997, is observed. In the Adriatic, the inflections of both effects are noticeable and more marked in 2010 than in 1997, with significant warming and salinization owing to the replacement of the AW (directly entering during the previous anticyclonic phase) with the waters coming from the Levantine. More prominent than in 1997, the generalized negative inflection observed in the altimetry over the Adriatic cannot be ascribed to the steric component, reinforcing the hypothesis advanced in Section 3.2.1 regarding the decrease in the intake of AW masses during the cyclonic phases. Thus, in 2010, as well as for 1997 and 2006 (Figures 4, 5B), for the Adriatic, the significant inflections may have been mainly driven by the non-steric effects as a consequence of the differential contribution of AW masses during NIG shifts.




3.2.4 The 2016 inflection

The 2016 inflection, in contrast to the others previously analyzed, does not provide the same defined pattern throughout the Mediterranean Sea (Figure 4). Instead, it provides a patchy pattern linked to local gyres and complexities at the sub-basin scale and information about a significant positive inflection in the westernmost portion of the WMed. Despite this detected inflection being close to the subsequent NIG reversal (from cyclonic to anticyclonic), which occurred around 2017 (von Schuckmann et al., 2019), another significant shift (also in this case from cyclonic to anticyclonic) occurred in 2012, probably linked to the extremely cold winter that affected the Adriatic during the same year (Bensi et al., 2013; Mihanović et al., 2013; Gačić et al., 2014), but quickly restored to cyclonic conditions in 2013. This brief reversal episode may have influenced the sea level and the formation of the breathing oscillation, as observed previously. However, further analyses with different time-resolution datasets are required to prove this hypothesis. Furthermore, it should be considered that, in this case, the upper limit of the split series is the end of the time series themselves; therefore, to properly evaluate the effect of the 2016 change point (likely related to the last NIG reversal), it would require considering the entire time interval until the next shift.

At the Mediterranean Sea scale, the 2016 inflection provides an average value of 0 mm/yr, which contrasts with the steric component that is ca. -5.6 mm/yr, of which about 52% is explained by the halosteric effect. This suggests that the impact of the halosteric effect has been further amplified, and that the non-steric elements have positively contributed by approximately 5.6 mm/yr to balance the total sea level budget, as observed in the 2006 inflection. Moreover, similarities with the 2006 inflection can also be observed in the thermosteric and halosteric effects, especially in the EMed (Figure 4).

The significant inflection observed in the Western Mediterranean in 2016 for altimetry (Figure 4) represents the only change point observed in the total sea level throughout the WMed over the period under analysis (Figure 5I), possibly driven by the steric component and, in detail, by the thermosteric effect. This phenomenon can also be linked to the WMT footprint, as suggested by Schroeder et al. (2016) and Naranjo et al. (2017), with a strong acceleration in temperature and salinity trends after 2013 (consistent with the observation in Figure 5I), driven by the Western Mediterranean deep-water formation and flowing out of the Gibraltar Strait.






4 Summary and conclusions

When considering linear modeling, the distribution of sea-level trends across the entire Mediterranean basin (Figure 3A) shows a large spatial variability since 1993, consistent with previous studies (Bonaduce et al., 2016; Mohamed et al., 2019a). Zones of non-significance in the total sea level trend from altimetry (Figure 3A) reflect areas of critical passages of different water masses with related complex circulation at surface and intermediate depths, as in the case of the EAG-Balearic Islands sector, Southern Central Mediterranean, and Southern Crete. Also, the Ionian lacked a significant trend over the whole period; however, it becomes significant when analyzed only since 1997 (as previously observed by Vera et al., 2009), thus the lack of significance in the long-term trend is caused by the abrupt change point within the time series (Figure 5D). Conversely, the lack of significance in the Southern Crete (Figures 3A, 5G) is not due to inflections of opposite signs, which may affect the long-term trend, but this sub-basin is linked to a substantial absence of a trend. This also probably reflects regionalization, as Southern Crete comprehends the Cretan Passage and the IG, which strongly influences sea level. However, a large positive trend before 1997 characterizes all the time series within the sub-basin, denoting a different behavior for 1997–2019. This could be linked to the final phase of the EMT and the restoration of thermohaline cell circulation of the EMed in 1999 (Manca et al., 2003), with the consequent restitution of the pre-EMT situation (Vigo et al., 2005). As for the Southern Crete, the absence of trend in the western WMed is probably linked to the complexity of the area, with incoming AW and outflowing LIW waters heavily impacting sea level.

The steric component, contrary to the global mean sea-level change (Storto et al., 2019), generally slightly affect the total long-term sea-level trend (Figure 3B) in the Mediterranean Sea, which is dominated by the contribution of the non-steric effects explaining approximately 80% of the total variance, consistent with previous studies (Calafat et al., 2010; Calafat et al., 2012; Pinardi et al., 2014). However, at the sub-basin scale, the steric component can explain a substantial part of the total sea-level variance, for instance in the Aegean (68%), Southern Central Mediterranean (48%), and Levantine (42%), consistent with Mohamed and Skliris (2022). Regarding long-term trends, the steric component in the other sub-basins proved to be non-significant (Figures 3B, 5), as well as the halosteric component in the Aegean (Figures 3D, 5C), which is linked to the progressive presence of significant inflections with opposite signs along the time series, resulting in an irregular oscillation around zero through time. Furthermore, the weak contribution of the steric component to the total sea level is linked to the opposite evolution of the thermosteric (water expansion owing to increasing ocean temperature) and halosteric (water contraction owing to increasing salinity) effects (Figures 3C, D), which cancel each other out in almost all sub-basins.

Four main change points in the total sea-level trend arose from our analysis over 1993–2019 (Figure 2B), occurring around 1997, 2006, 2010, and 2016. These matched perfectly with the occurrence of NIG reversal episodes in the Ionian (von Schuckmann et al., 2019; Menna et al., 2022), where the surface circulation switched from anticyclonic to cyclonic (1997 and 2011) and vice-versa (2006 and 2017). These changes strongly impacted the water mass redistribution and thermohaline circulation throughout the EMed (Vigo et al., 2005; Gačić et al., 2010), thus affecting the sea level and generating a significant inflection in trends, as previously observed in 1998 (Vera et al., 2009). Generally, all sub-basins within the EMed move up and down in phases (Figure 4), leading to a breathing oscillation (Vigo et al., 2005), where the Ionian behaves the opposite way to the other sub-basins. This behavior can also be observed for the steric component, similar to the total sea level inflections. Accordingly, variations in the steric component seem to be the main cause of breathing oscillations observed in the total sea level, thus driving this variability at the sub-basin and Mediterranean Sea scales which emerge from quasi-decadal trend changes. This is also supported by the 2016 inflection observations, where the bimodal breathing oscillation was not detected in the steric component, and therefore not in the total sea level. However, this inflection cannot be accurately assessed, both because the time series end in December 2019 and because a brief NIG shift that occurred around 2012 could have influenced the evolution of the phenomenon.

The contribution of the steric and non-steric components to the total sea level inflections change over time at the Mediterranean Sea scale. For example, in 1997, a negative inflection of -6.9 and -6.7 mm/yr was observed for the total sea level and steric component, respectively, then in 2006, positive inflections of 11 (total) and 5.5 (steric) mm/yr, whereas in 2010 negative inflections again of approximately -8.9 (total) and -1.6 (steric) mm/yr were observed. Unlike the previous events, the steric and non-steric effects in 2016 were found to contribute with opposing signs, with the steric component exhibiting a negative inflection of approximately -5.6 mm/yr and the non-steric component contributing positively (5.6 mm/yr) to the total sea level (as observed for the same type of NIG reversal in 2006). Some changes within the steric component properties were also observed for each reversal episode, with the thermosteric (halosteric) effect explaining approximately 97% (3%) of the steric variability in 1997, 69% (31%) in 2006, 68% (32%) in 2010, and 48% (52%) in 2016. Finally, the peak-to-peak amplitude of each breathing oscillation is consistent with each NIG reversal (ca. 9-10 cm), at least over the altimetric era, for the total sea level and steric component.

The residual contribution attributed to the non-steric effects increased over time, from approximately 2% in 1997 to 50% in 2006, 80% in 2010, and again 50% in 2016. Furthermore, the contribution of the halosteric effect has increased over time, balancing out the thermosteric contribution; this could have had an impact on the contribution of the steric component over time, as the contrast between thermosteric and halosteric effects gradually led to a cancellation of the steric variability. The 1997 inflection was strongly influenced by the steric and thermosteric effects, while a singular behavior can be observed in the EMed time series for this period (Figure 5). Therefore, it is possible that the concurrent effect of NIG reversal and EMT relaxation, which occurred around 1997, is the cause of the divergence of 1997 inflection and the subsequent inflections. However, EMT (as well as WMT) might be a non-recurrent phenomenon occurring at time scales longer than the decadal (Gačić et al., 2013; Roether et al., 2014), in contrast to NIG reversal episodes that appear to be cyclical at a quasi-decadal time scale (Gačić et al., 2010). The stronger contribution of the non-steric effects observed in 2010, instead, may be linked to an anomalously low NAO index that, in the winter of 2010, led to an average increase in the Mediterranean sea level of about 12 cm (Tsimplis et al., 2013). The extent of the phenomenon, however, was found to be variable among the sub-basins (see Bonaduce et al., 2016).

The individual thermosteric and halosteric effects allow the observation of the main variability occurring at the sub-basin scale, the main driver that modifies the steric component. Each breathing oscillation underlies variations in thermohaline properties and water mass redistribution at the sub-basin scale over the EMed owing to NIG reversal episodes. Switches to cyclonic NIG phases (1997, 2011) led to relative freshening and cooling of Levantine water while shifting to an anticyclonic phase (2006 and 2017) to salinization and warming, thereby impacting LIW properties in both cases. Changes in LIW properties are then reflected throughout the EMed sub-basins by flowing westward and changing the thermohaline properties of the intermediate depth layer. The thermosteric effect seems to be the main driver of the Levantine and Aegean steric variability. In contrast, the halosteric effect in the Adriatic and Southern Central Mediterranean contributes similarly to the steric variability of the Ionian, albeit influencing different portions of the sub-basin. The simultaneous opposite changes in both effects in some inflections led to annulment; thus, no significant steric inflections were generated in these cases. However, the steric inflection in the Adriatic, usually limited to the SAG area, cannot explain the significant inflections achieved from altimetry over the whole sub-basin. This suggests that the water mass redistribution, linked to the NIG, could be the dominant driver for this sub-basin, in which sea-level trends increase (decrease) during cyclonic (anticyclonic) phases due to the intake (lack) of AW flowing directly from the Sicily Channel.

The only significant inflection observed for total sea level in 2016 arose in the Western Mediterranean (Figure 5I), specifically in the EAG-Balearic Islands (Figure 4), where a positive jump was observed in altimetry, steric, and thermosteric trends. This variation is limited to the WMed and is probably linked to the WMT footprint, as it also occurred around 2004 over the same sub-basins (namely the Tyrrhenian and the Western Mediterranean).

This study highlights how non-linearity of sea-level trends within the Mediterranean Sea occurs due to oceanographic processes at the sub-basin scale, which is also reflected at the basin scale. Critical dynamic effects such as the NIG reversal phenomenon in the Ionian, which occurs at a quasi-decadal cyclicity, significantly affect the sea-level trends, especially in the EMed. This suggests that for the Mediterranean Sea, sea-level time series should be analyzed carefully, paying attention to both regionalization and to the fact that the processes acting in a given location reflect a chain of changes that have taken place elsewhere. Furthermore, sea-level projections in the Mediterranean Sea should take into account the existence of this non-linearity, which acts differentially between the sub-basins and significantly impacts the trend in the short and medium term. Future works should look further into the non-steric effects, in order to better understand which, and if, other processes could play an important role in driving the sea-level trend changes. Additionally, inflections on the steric component could also be evaluated separately for the surface and intermediate depths, thus better attributing sea-level trend changes to a specific process at the sub-basin scale.
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