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Abstract 

The Mediterranean Sea is a semi-enclosed basin particularly sensitive to climate change, being recognized as a climate change 

hotspot associated with interconnected environmental and societal risks.  Due to its nature as a concentration basin, where 15 
evaporation exceeds freshwater inputs, the combined effects of rising salinity and increasing heat content are expected to play 

a key role in shaping the basin’s dynamic. This study investigates the decadal variability of sea level rise in the Mediterranean 

Sea, analyzing both basin-wide and coastal-scale patterns. Using satellite altimetry and ocean reanalyses, we assess sea level 

decadal trends from 1993 to 2024, distinguishing thermosteric and halosteric components. Our results reveal distinct trends in 

the Western (WMED) and Eastern (EMED) Mediterranean sub-basins. In the WMED, sea level rise has recently accelerated, 20 
partly due to thermal expansion that is not compensated by halosteric contraction, with the remaining contribution linked to 

changes in the sea level mass component. In the EMED, sea level transitioned from a regime dominated by halosteric-induced 

steric drop to a recent state where steric contributions offset each other, leaving mass variability as the primary driver. Local 

analyses using tide gauge records generally confirm satellite-derived trends, with larger differences reported in the EMED 

compared to the WMED. Recent trend reversals in the Adriatic and Aegean Sea further underscore the role of local processes 25 
like vertical land movement. These results demonstrate that sea level change in the Mediterranean Sea is non-linear and shaped 

by significant decadal variability, which overlays a clear long-term positive trend. Accurately capturing this variability is 

essential to avoid misinterpretation of the sea level trend and to support informed, location-specific adaptation strategies. 
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1 Introduction 30 

Sea level rise is a major global concern due to its direct impact on densely populated coastal zones, posing growing challenges 

for adaptation and risk management (Parmesan et al., 2022). While global trends provide a broad picture, regional sea level 

rise can significantly diverge from the global average, especially in semi-enclosed basins, where local processes drive distinct 

patterns of variability (Calafat et al., 2022; Gräwe et al., 2019; Alothman et al., 2014). Accurately monitoring these regional 

trends is therefore essential to inform effective coastal planning at local scales. 35 
The Mediterranean Sea represents a particularly relevant case in this context, as it is considered a climate change hotspot where 

environmental and societal risks are closely linked (Tuel and Eltahir, 2020; Cramer et al., 2018; Giorgi, 2006). The 

Mediterranean is described as a concentration basin, where evaporation exceeds precipitation and river runoff, generating a 

zonal salinity gradient (Pinardi and Masetti, 2000). The interplay between temperature and salinity is thus expected to have an 

influence on total sea level trends in the region, unlike the global ocean, where thermal expansion is the main driver of sea 40 
level rise (IPCC, 2023; Milne et al., 2009). Such a process has been analysed at the basin scale, with haline contraction 

counteracting the effect of ocean warming on sea level (Meli et al., 2023). Nevertheless, spatial and temporal variations in the 

offset between halosteric and thermosteric components highlight the value of analysing them separately to understand the 

physical drivers of sea level change. Understanding this interplay is therefore crucial for the interpretation of past variability 

and improvement of future sea level projections in the Mediterranean. Further complexity at the sub-basin scale arises from 45 
decadal variability in ocean dynamics and forcing mechanisms (Pinardi et al., 2015; Calafat et al., 2012) that drive sea level 

water budget changes, revealing significant differences in sea level evolution between the Western and Eastern Mediterranean 

sub-basins (hereafter WMED and EMED), which often respond differently to large-scale drivers (Borile et al., 2025). 

Basin-scale sea level variations also affect coastal areas, where regional ocean processes, human activities, and local vertical 

land movements (Buzzanga et al., 2023) shape the impact on coastal communities (Cramer et al., 2018; MedECC, 2024). This 50 
study aims to investigate the Mediterranean decadal variability of sea level rise at both regional and local scales.  
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Product 
ref. no. 

product ID  and type Data access Documentation 

1 SEALEVEL_GLO_PHY_CLIMATE_L4_MY_008_057, 
(satC3S) (1993-2024) 
satellite observations 

EU Copernicus Marine 
Service Product (2024a) 

QUID: 
Ballarotta et al. (2024) 
PUM: 
Pujol (2024) 

2 SEALEVEL_EUR_PHY_L4_MY_008_068, 
(satCMEMS) (1993-2024) 
satellite observations 

EU Copernicus Marine 
Service Product (2024b) 

QUID: 
Ballarotta et al. (2025) 
PUM: 
Pujol (2025) 

3 MEDSEA_MULTIYEAR_PHY_006_004,  
(MEDREA24) (1987-2025) 
numerical models  

EU Copernicus Marine 
Service Product (2024c) 

QUID: 
Escudier et al. (2024) 
PUM: 
Lecci et al. (2024) 

4 GLOBAL_MULTIYEAR_PHY_001_030,  
(GLORYS12) (1993-2025) 
numerical models 

EU Copernicus Marine 
Service Product (2023) 

QUID: 
 Drévillon et al. (2023) 
PUM: 
Drévillon et al. (2024) 

5 INSITU_GLO_PHY_SSH_DISCRETE_MY_013_053,  
(tgCMEMS) (1821-2024) 
in-situ observations  

EU Copernicus Marine 
Service Product (2024d) 

QUID: 
Pérez Gómez et al. (2024a) 
PUM: 
Pérez Gómez et al. (2024b) 

6 Tide gauges data, Permanent Service of Mean Sea Level 
(tgPSMSL) 
In-situ observations  

https://psmsl.org/data/, 
last access: 5 July 2025 

Holgate et al. (2013) 

7 Vertical land motion at tide gauges, ULR/SONEL group, 
GLOSS Data Assembly Centre for GNSS at Tide Gauges 
In Situ observations (GNSS) 

URL/SONEL group:   
https://www.sonel.org/-
GPS-.html?lang=en, last 
access: 27 June 2025 

Gravelle et al. (2023) 

Table 1: Product table 

2 Datasets and methods 55 

Daily sea level anomaly (SLA) data from two satellite altimetry products are used spanning the 1993–2024 period. The first 

dataset is satC3S (product ref. no. 1, in Tab. 1), a global gridded product with 1/4° spatial resolution, specifically designed to 

ensure the long-term stability of mean sea level estimates. The stability is achieved by relying exclusively on two satellite 

missions throughout the entire time series, thereby ensuring consistency for climate-related applications (Dibarboure et al., 

2011; Pascual et al., 2006) and making this dataset recommended for trend analysis. The second dataset is satCMEMS (product 60 
ref. no. 2, in Tab. 1), which includes all available satellite missions and offers a spatial resolution of 1/16° over European seas. 

It is important to note that while both products provide data from January 1993 to November 2024, a non-corrected 

instrumental drift of TOPEX-A mission affects the SLA data until February 1999. This is a disclaimer to caution against using 
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data from the 1993-1999 period for climatic analysis. However, the restriction will be lifted once the correction becomes 

available in the current versions of both datasets. 65 
The SLA data are spatially averaged over the WMED and EMED sub-basins, bounded at the Sicily Strait along a zonal transect 

at 37°N. The obtained time series are then analysed following the methodology described by Borile et al. (2025). The seasonal 

cycle over the 2000-2023 period is subtracted to obtain de-seasoned SLA, and then a low-pass filter is applied to the time 

series to isolate long-term fluctuations. De-seasoned SLA trends are then computed using 10-year-long sliding windows shifted 

by a monthly step: the fit is estimated using the Theil–Sen estimator (Theil, 1992; Sen, 1968), a non-parametric method that 70 
is more robust to outliers compared to traditional linear regression, but does not allow the acceleration estimate. Finally, a 

bootstrap procedure is applied with 1000 resamples (Patton et al., 2009; Politis and Romano, 1994) to assess the trend statistical 

error. As expected, the uncertainties obtained in our analysis are higher than those reported by Prandi et al. (2021), likely due 

to the finer spatial resolution adopted here, in contrast to their use of spatial filtering. 

The same method is used to evaluate the decadal trend associated with thermosteric (𝜂! ) and halosteric (𝜂" ) sea level 75 
components, defined as: 

𝜂# =	𝜂! +	𝜂" =	∫ 𝛼	(𝑇 − 𝑇_𝑓)	𝑑𝑧	$
{&"} −	∫ 𝛽	(𝑆 − 𝑆_𝑓)	𝑑𝑧	$

&"       (1) 

where 𝑇( and 𝑆( are reference temperature and salinity values, 𝛼  and 𝛽 are constant linear coefficients (values reported in 

Borile et al., 2025), and 𝐻 is the ocean depth. Temperature and salinity daily data are obtained from the regional MEDREA24 

and the global GLORYS12 ocean reanalyses (products ref. no. 3 and 4, in Tab. 1), with a horizontal resolution of 1/24° and 80 
1/12° respectively (Escudier et al., 2021; Lellouche et al., 2021). 
To assess the reliability of satellite-derived sea level trends at the local scale, we analyse mean sea level records from tide 

gauges of the tgCMEMS and tgPSMSL datasets (products ref. no. 5 and 6, in Tab. 1). The tgPSMSL serves as the Global Sea 

Level Observing System (GLOSS) Data Assembly Center for monthly mean sea level records from tide gauges, collected 

worldwide since 1933 (Holgate et al., 2013). Relying mostly on national providers for quality control, this dataset has been 85 
central to IPCC assessments of sea level rise based on in situ observations (Oppenheimer et al., 2019). Since November 2022, 

CMEMS has provided a reprocessed sea level product based on near-real-time data from the In Situ TAC (Lin-Ye et al., 2023). 

This centrally validated dataset, updated biannually, is aimed to support validation of global and regional ocean models. The 

hourly dataset is used in this study. Both the tgPSMSL and tgCMEMS datasets were explored, as they may contain different 

sets of stations. In both cases, stations selection was based on time series length and completeness. Where data gaps exist, both 90 
datasets are linearly interpolated, and hourly tgCMEMS records are daily averaged to match the temporal resolution of SLA 

data. Where the information is available, preference is given to stations located nearby GNSS (Global Navigation Satellite 

System) sensors to allow vertical land movement (VLM) correction, using trend values provided by URL/SONEL data server, 

ULR7 solution (product ref. n.7, in Tab. 1). The ULR7 solution, produced  by the University of La Rochelle (ULR) for the 

IGS’s third reprocessing campaign, provides daily position time series (2000-2021) in the ITRF2014 (International Terrestrial 95 
Reference System) frame for 601 GNSS stations worldwide, from which vertical land movement rates and uncertainties were 
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estimated with at least three years of continuous data (Gravelle et al., 2023b). Finally, we extract from the satC3S dataset the 

gridded sea point closest to each tide gauge location. The absolute sea level trend at each tide gauge site is then computed by 

adding the VLM rate to the relative sea level trend derived from tide gauge records, allowing for a direct comparison with the 

altimetric product (Santamaría-Gómez et al., 2012).  100 

3 Results 

3.1 Decadal trend at the basin scale  

The evolution of the sea level decadal trend over the WMED and EMED basins is presented in Fig. 1, based on satC3S and 

satCMEMS. Each point represents the trend over the decade centered on that date (e.g., the value reported for Jan2005 

corresponds to the period Jan2000–Dec2009). Both sub-basins exhibit a decadal variability, with positive sea level trends 105 
ranging from negligible values up to 6.4 ± 1.0 mm/year, experiencing two periods of relative slowdown (around 2001 and 

2011 in WMED, and 2002 and 2014 in EMED). It is worth noting that satCMEMS generally agrees with satC3S within the 

associated uncertainty, though the latter is preferred for long-term consistency (Dibarboure et al., 2011). 

 

 110 
Figure 1: Time series of de-seasoned SLA decadal trend values computed over sliding windows shifted by one month across the 

period Jan1993–Oct2024 in the WMED (a) and EMED (b). Dashed lines indicate decadal trends computed over windows that 

partially include the period affected by the uncorrected TOPEX-A drift, when data should be interpreted with caution. Shaded areas 

represent the associated uncertainty, defined as the standard deviation of the residuals from the bootstrap procedure. The vertical 

dashed line at Jan2015 marks the starting point of tide gauges analysis shown in Fig. 4. 115 
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Focusing on the steric contribution to sea level change, Fig. 2 shows the thermosteric and halosteric components of the mean 

sea level trend. The concept of steric compensation results from the opposing behaviour of these two components: the 

thermosteric component is positive, driven by the thermal expansion of seawater (Pisano et al., 2020; Diffenbaugh et al., 2007), 

while the halosteric component is negative, associated with the observed salinity increase in the Mediterranean Sea (Aydogdu 120 
et al., 2023; Borghini et al., 2014). The temporal evolution emphasizes the need to account for the decadal variability of these 

sea level contributors, in combination with surface fluxes and boundary transports (Pinardi et al., 2014), to better understand 

the processes governing sea level change (Borile et al., 2025; Cazenave et al., 2014). 

 

 125 
Figure 2: Time series of decadal trend associated to the de-seasoned thermosteric (𝜼𝑻) and halosteric (𝜼𝑯) sea level components, 

computed over sliding windows shifted by one month across the period Jan1993–Dec2024 in the WMED (a) and EMED (b). Different 

datasets are shown: MEDREA24 (thick lines) and GLORYS12 (thin lines). Shaded areas represent the associated uncertainty, 

defined as the standard deviation of the residuals from the bootstrap procedure. 

 130 
In the WMED (Fig. 1a), neglecting the 1993-1999 period due to the uncorrected TOPEX-A drift, the decadal trend increased 

from 3.0 ± 0.7 mm/year to 6.4 ± 1.0 mm/year. A temporary slowdown is observed in the decades centered around 2011, 

coinciding with a phase during which the combined effect of thermosteric and halosteric components shifts from significantly 

contributing to sea level rise to becoming nearly neutral (Fig. 2a). Indeed, in both MEDREA24 and GLORYS12, this period 

marks a transition between two different regimes: before the decade centered in 2009, the steric contribution dampens the total 135 
sea level rise, afterward it contributes positively. Accordingly, the increasing decadal trend reported by satC3S is supported 

by thermal expansion that exceeds haline contraction.  
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On the other side of the Sicily Strait, the EMED trend (Fig. 1b) exhibits greater temporal variability compared to the WMED, 

without a clear increasing value over the entire analysed period. Two periods of negligible trends are observed around the 

decades centered in 2002 and 2014, separated by a rapid increase of trend followed by a smoother slowdown. After the decade 140 
centered in 2015, the trend value increases again, showing an almost constant acceleration after 2018 and reaching a peak of 

6.5 ± 1.1 mm/year in the latest decade. Notably, while WMED and EMED currently experience similar rates of sea level rise, 

the EMED exhibits a much sharper acceleration. 

The steric components in the EMED (Fig. 2b) help partially explain this behaviour. Halosteric contraction persisted throughout 

the period, with a strengthening negative trend observed from the decade centered in 2014 onward. In contrast, thermal 145 
expansion has remained relatively stable since 2007, after a period of minimal contribution centered around 2004. The 

combined effect of these two components caused the total steric contribution to alternate between negative and positive trend 

values. In the most recent decadal windows (centered from 2015 onward), the observed EMED sea level trend increases as the 

steric component’s negative contribution weakens approaching negligible values, as shown in both MEDREA24 and 

GLORYS12. 150 

3.2 Decadal trend on coastal areas  

To identify the regions where sea level rise has the greatest impact on human activities, we analyse sea level data close to the 

coast. The accuracy of altimetry data in coastal zones is a known challenge due to land contamination on satellite measurements 

and small-scale dynamical processes that affect the sea level variability (Vignudelli et al., 2019; Cipollini et al., 2017). 

Therefore, in-situ data are crucial to validate the altimetry performance.  155 
Figure 3 presents the coastal decadal trend from satC3S, computed over the period Jul2014-Jun2024 to enable direct 

comparison with the most recent tide gauge observations from tgCMEMS and tgPSMSL. A general lack of in-situ 

measurements characterizes the EMED compared to the WMED, with most tide gauges located along the Spanish and French 

coasts (Pérez Gómez et al., 2022). Nevertheless, despite the coarse resolution of satC3S (grid cell area is ~600 km2), a good 

agreement is observed between altimetry and tide gauges trends within the estimated uncertainties (Tab. 2). Larger 160 
discrepancies are mainly observed in the Adriatic Sea, particularly at Trieste, where the in-situ trend from tgPSMSL is nearly 

four times higher than the altimetry-based estimate, highlighting the influence of local processes in driving sea level variability 

that may not be captured by satellite observations. 
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 165 
Figure 3: Map of sea level decadal trend computed at coastal points from the satC3S dataset. The analysed decade spans from July 

2014 to June 2024, the latest available period for comparing decadal trends between satC3S altimetry and in-situ observations from 

tgCMEMS and tgPSMSL, corrected from VLM. Each black dot indicates the location of a tide gauge described in the text. Satellite 

and tide gauge-derived trends at the same location are shown as squares and circles, respectively, and are coloured according to the 

colorbar (values reported in Tab. 2). The thin black line corresponds to the zonal transect used to define the boundary between 170 
WMED and EMED at 37°N. 

 
 

Tide gauge 
coordinates 

Relative sea level 
trend [tgCMEMS] 

Relative sea level 
trend [tgPSMSL] 

Absolute sea level  
trend [satC3S] 

VLM trend 
[ULR/SONEL] 

Marseille 43.28°N / 5.35°E 4.6 ± 2.1 4.7 ± 2.1 5.2 ± 1.0 -0.49 ± 0.27 (5m) 

Barcelona 41.34°N / 2.16°E 6.0 ± 1.7 6.2 ± 1.2 4.2 ± 1.2 -0.86 ± 0.23 (0m) 

Melilla 35.29°N / 2.92°W 5.8 ± 0.9 5.6 ± 0.9 5.8 ± 1.2 - 

Mallorca 39.56°N / 2.64°E 8.2 ± 1.8 8.3 ± 1.8 7.8 ± 2.1  1.68 ± 0.83 (0m) 

Ibiza 38.91°N / 1.45°E 9.3 ± 1.8 9.4 ± 1.7 8.3 ± 1.7 -1.28 ± 0.26 (78m) 

Lampedusa 35.50°N / 12.60°E 9.8 ± 2.0 - 7.6 ± 1.2 -0.36 ± 0.37 (130m) 

Venezia 45.42°N / 12.43°E 3.1 ± 3.2 - 2.4 ± 1.7 -1.51 ± 1.56 (741m) 

Trieste 45.65°N / 13.76°E 9.6 ± 4.0 - 2.2 ± 1.5 0.01 ± 0.14 (6707m) 

Hadera 32.47°N / 34.88°E - 6.7 ± 2.3 5.0 ± 1.4 0.46 ± 0.21 (3145m) 

Leros 37.13°N / 26.85°E - 7.2 ± 1.8 5.1 ± 1.4 - 

Table 2: Sea level trends near selected coastal cities for the most recent available decade (July 2014-June 2024) derived from different 

datasets: satC3S, tgCMEMS and tgPSMSL. The VLM trend shown in the last column (with the distance to the associated GNSS 
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station indicated in brackets) should be added to the relative sea level trend to compare it with absolute sea level trends. All trend 175 
values are reported in mm/year. 

 

At the basin scale, the spatial distribution of trends from satC3S is quite homogeneous, with positive values across most of the 

Mediterranean coastal areas. Trends exceeding 8 mm/year are reported in the WMED, particularly along the Algerian coast, 

the Balearic Islands, and the western coasts of Sardinia and Corsica. Weaker trends are observed in the Adriatic and Aegean 180 
Seas, with the Adriatic showing values below 3 mm/year. Notably, marginal seas display a rapid shift of regime compared to 

the trend computed for the period Jan2013-Dec2022 (Borile et al., 2025), when negative values were previously reported. This 

behaviour aligns with the sharp trend increase recently observed at the EMED basin scale. 
Figure 4 compares decadal trend time series of absolute sea level from altimetry and tide gauges, focusing on the period from 

2010 onward to reduce data gaps and ensure overlap with GNSS-based VLM correction. 185 
 

 
Figure 4: Time series of absolute sea level decadal trend computed nearby coastal cities, using tide gauges data from tgCMEMS, 

tgPSMSL, and satellite data from satC3S. For a direct comparison between satellite and in-situ data, the VLM trend is added to the 

relative sea level trend derived from tide gauge records. Decadal trends are computed over sliding windows shifted by one month 190 
across the period Jan2010–June2024 to match the period of tgCMEMS availability; where tgCMEMS data are not available (Hadera 

and Leros), only tgPSMSL data are analysed during the same period. Shaded areas represent the associated uncertainty, defined as 

the standard deviation of the residuals from the bootstrap procedure. The decadal trend analysis will be extended to the July-Dec 

months of 2024 during the review phase, as soon as the tgCMEMS dataset is updated. 
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 195 
In the WMED, data from Melilla, Barcelona, Ibiza, Palma de Mallorca and Marseille all show a gradually increasing decadal 

trend consistent with the basin-scale evolution. Notably, the time series derived from tgCMEMS and tgPSMSL largely overlap, 

with only minor differences likely attributed to the distinct preprocessing filters applied in each dataset. 
In Barcelona and Melilla, the trend increased steadily from ~1 mm/year to over 5 mm/year. In contrast, Marseille experienced 

a slightly negative trend until the decade centered in 2019, after which it became positive and aligned with the altimetry trend. 200 
Ibiza and Palma de Mallorca show persistently high trends above 5 mm/year, though with less pronounced increase over time. 

Particularly in Palma de Mallorca, a shift of only two years in the decadal analysis window leads to a doubling of the estimated 

trend and remained nearly stable afterward. In this case, it is worth noting that the perceived sea level rise is partially dampened 

by local positive VLM. 
All WMED stations show a relative maximum trend around the decades centered between 2016 and 2017, consistent with the 205 
basin-scale signal. This feature is even more pronounced at tide gauges stations located in the EMED, such as Lampedusa, 

Leros, Hadera, Venezia and Trieste, where a marked slowdown follows the observed peak. However, the limited availability 

of data in this region often limits the possibility of a comparison between tgCMEMS and tgPSMSL.  
Trieste is the only station where tgPSMSL and tgCMEMS provide decadal trend estimates that differ beyond the uncertainty 

bounds, likely due to local effects not captured by altimetry. Nevertheless, both datasets capture a transition from negative to 210 
positive trends in the most recent period. The case of Venezia is similar, though more complex due to the city’s geographical 

setting and the socio-economic implications of sea level changes (Zanchettin et al., 2021). Here, a minimum trend of -5.3 ± 

3.7 mm/year is reported for the decade centered around 2018, which has recently turned weakly positive according to 

tgCMEMS. A similar pattern is also observed in Leros, in the Aegean Sea, where the trend remains negligible until the decade 

centered in 2018, followed by a sharp acceleration in the most recent period. 215 
By contrast, tide gauges outside the marginal seas show consistently positive trends exceeding the uncertainty bounds. At 

Lampedusa, in the Sicily Strait, the local trend increased sharply after the slowdown, rising from 2.6 ± 2.3 mm/year to nearly 

10 mm/year. In Hadera, along the Israeli coast, the trend shows a more gradual acceleration persisting throughout the entire 

analysed period.  

4 Summary and conclusions 220 

This study provides an assessment of decadal sea level trends in the Mediterranean Sea, emphasizing both regional-scale and 

coastal-scale variability. The results confirm that sea level rise in the Mediterranean is not a linear process but exhibits 

significant decadal fluctuations due to a complex interplay between mass and steric sea level components (Pinardi et al., 2015; 

García-García et al., 2022; Meli et al., 2023). While the analysis focuses on the steric contribution, the mass component related 

to surface water budget and transport through the Straits is also essential to fully understand sea level decadal variability (Borile 225 
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et al., 2025). This emphasizes the importance of integrating all components to build a comprehensive picture of sea level 

evolution in the Mediterranean. 

In the Western Mediterranean (WMED), a sea level acceleration has been observed since the early 2000s, partially sustained 

by thermal expansion that exceeds haline contraction (Pisano et al., 2020). In contrast, the Eastern Mediterranean (EMED) 

displays stronger temporal variability, with halosteric contraction playing a major counterbalancing role (Meli et al., 2023; 230 
Borghini et al., 2014). Only in recent years the EMED reached a comparable rate of sea level rise to the WMED, largely due 

to a weakening of the overall steric contribution.  

At the coastal level, altimetry trends are generally consistent with tide gauge observations in the WMED, while larger 

uncertainties persist in the EMED, underscoring the need for improved in-situ monitoring networks and data sharing, including 

vertical land movement estimations as a relevant contribution to local effects (Buzzanga et al., 2023; Cramer et al., 2018). The 235 
observed reversal of trends in marginal seas such as the Adriatic and Aegean suggests that localized processes, including 

vertical land motion and regional circulation anomalies, can rapidly alter coastal sea level evolution. These findings highlight 

the importance of considering the sea level decadal trend variability within the definition of coastal adaptation strategies, 

because relying solely on long-term multi-decadal trends may lead to underestimations or overestimations of near-term risks. 

We should therefore be aware of such variability and avoid assuming that local sea level rise will proceed with a constant trend 240 
or acceleration. Integrating long-term trajectories and decadal modulations can significantly improve the strength of adaptation 

plans. 

 

Code and data availability:  

The publicly available datasets analyzed in this study are referenced in Tab. 1. Other data and codes used to perform the 245 
analysis will be available on the Zenodo Repository upon manuscript acceptance. 

Author contribution:  

FB, EC, and PO contributed to the conceptualization, methodology, and analysis. FB, VL, BGP, and JLY were responsible for 

data curation and organization, with AM contributing to data resources. FB and VL performed software development, formal 

analysis, investigation, and visualization, while AM, BGP, JLY, and AA contributed to data investigation. EC was responsible 250 
for funding acquisition, and PO supervised the study. FB prepared the original draft of the manuscript, with contributions from 

all co-authors in the editing and reviewing. 

Competing interests:  

The authors declare that they have no conflict of interest. 

 255 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



12 
 

Acknowledgements: 

 The authors gratefully acknowledge Nadia Pinardi for her insightful interpretation of the various factors driving decadal 

variability in the Mediterranean Sea. They also thank the Copernicus Sea Level TAC and In Situ TAC teams for the valuable 

discussions that supported the interpretation of data during the preparation of this manuscript. 

Financial support:  260 

This research was funded by the Copernicus Marine Service for the Mediterranean Sea Monitoring and Forecasting Centre 

(Contract No. 2425L05-COP-MFC MED-5500). The study was also carried out within the RETURN Extended Partnership 

and received funding from the European Union Next-Generation EU (National Recovery and Resilience Plan – NRRP, Mission 

4, Component 2, Investment 1.3 – D.D. 1243 2/8/2022, PE0000005). 

 265 

References: 

Alothman, A. O., Bos, M. S., Fernandes, R. M. S., and Ayhan, M. E. (2014). Sea level rise in the north-western part of the 

Arabian Gulf. Journal of Geodynamics, 81, 105–110. https://doi.org/10.1016/j.jog.2014.09.002 

Aydogdu, A., Miraglio, P., Escudier, R., Clementi, E., and Masina, S. (2023). The dynamical role of upper layer salinity in the 

Mediterranean Sea. State of the Planet, 1-osr7, 1–9. https://doi.org/10.5194/sp-1-osr7-6-2023 270 
Ballarotta, M., Pujol, M.I., and SL-TAC team: EU Copernicus Marine Service Quality Information Document for the European 

Seas Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed 1993 Ongoing, 

SEALEVEL_EUR_PHY_L4_MY_008_068, issue 13.0, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/QUID/CMEMS-SL-QUID-008-032-068.pdf, last access: 5 July 2025, 

2025 275 
Ballarotta, M., Pujol, M.I., and SL-TAC team: EU Copernicus Marine Service Quality Information Document for the Global 

Ocean Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed Copernicus Climate Service, 

SEALEVEL_GLO_PHY_CLIMATE_L4_MY_008_057, issue 3.0, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/QUID/CMEMS-SL-QUID-008-057.pdf, last access: 5 July 2025, 2024 

Borghini, M., Bryden, H., Schroeder, K., Sparnocchia, S., and Vetrano, A. (2014). The Mediterranean is becoming saltier. 280 
Ocean Science, 10(4), 693–700. https://doi.org/10.5194/os-10-693-2014 

Borile, F., Pinardi, N., Lyubartsev, V., Ghani, M. H., Navarra, A., Alessandri, J., Clementi, E., Coppini, G., Mentaschi, L., 

Verri, G., da Costa, V. S., Scoccimarro, E., Misurale, F., Novellino, A., and Oddo, P. (2025). The Eastern 

Mediterranean Sea mean sea level decadal slowdown: The effects of the water budget. Frontiers in Climate, 7. 

https://doi.org/10.3389/fclim.2025.1472731 285 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



13 
 

Buzzanga, B., Bekaert, D. P. S., Hamlington, B. D., Kopp, R. E., Govorcin, M., and Miller, K. G. (2023). Localized uplift, 

widespread subsidence, and implications for sea level rise in the New York City metropolitan area. Science Advances, 

9(39), eadi8259. https://doi.org/10.1126/sciadv.adi8259 

Calafat, F. M., Chambers, D. P., and Tsimplis, M. N. (2012). Mechanisms of decadal sea level variability in the eastern North 

Atlantic and the Mediterranean Sea. Journal of Geophysical Research: Oceans, 117(C9). 290 
https://doi.org/10.1029/2012JC008285 

Calafat, F. M., Frederikse, T., and Horsburgh, K. (2022). The Sources of Sea-Level Changes in the Mediterranean Sea Since 

1960. Journal of Geophysical Research: Oceans, 127(9), e2022JC019061. https://doi.org/10.1029/2022JC019061 

Cazenave, A., Dieng, H.-B., Meyssignac, B., von Schuckmann, K., Decharme, B., and Berthier, E. (2014). The rate of sea-

level rise. Nature Climate Change, 4(5), 358–361. https://doi.org/10.1038/nclimate2159 295 
Cipollini, P., Calafat, F. M., Jevrejeva, S., Melet, A., and Prandi, P. (2017). Monitoring Sea Level in the Coastal Zone with 

Satellite Altimetry and Tide Gauges. In A. Cazenave, N. Champollion, F. Paul, and J. Benveniste (Eds.), Integrative 

Study of the Mean Sea Level and Its Components (pp. 35–59). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-56490-6_3 

Cramer, W., Guiot, J., Fader, M., Garrabou, J., Gattuso, J.-P., Iglesias, A., Lange, M. A., Lionello, P., Llasat, M. C., Paz, S., 300 
Peñuelas, J., Snoussi, M., Toreti, A., Tsimplis, M. N., and Xoplaki, E. (2018). Climate change and interconnected 

risks to sustainable development in the Mediterranean. Nature Climate Change, 8(11), 972–980. 

https://doi.org/10.1038/s41558-018-0299-2 

Drévillon, M., Fernandez, E., and Lellouche, J.M.: EU Copernicus Marine Service Product User Manual for the Global Ocean 

Physics Reanalysis, GLOBAL_MULTIYEAR_PHY_001_030, issue 1.6, Mercator Ocean International, 305 
https://documentation.marine.copernicus.eu/PUM/CMEMS-GLO-PUM-001-030.pdf, last access: 5 July 2025, 2024 

Drévillon, M., Lellouche, J.M., Régnier, C., Garric, G., Bricaud, C., Hernandez, O., and Bourdallé-Badie, R.: EU Copernicus 

Marine Service Quality Information Document for the Global Ocean Physics Reanalysis, 

GLOBAL_MULTIYEAR_PHY_001_030, issue 1.6, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/QUID/CMEMS-GLO-QUID-001-030.pdf, last access: 5 July 2025, 310 
2023 

Dibarboure, G., Pujol, M.-I., Briol, F., Traon, P. Y. L., Larnicol, G., Picot, N., Mertz, F., and Ablain, M. (2011). Jason-2 in 

DUACS: Updated System Description, First Tandem Results and Impact on Processing and Products. Marine 

Geodesy, 34(3–4), 214–241. https://doi.org/10.1080/01490419.2011.584826 

Diffenbaugh, N. S., Pal, J. S., Giorgi, F., and Gao, X. (2007). Heat stress intensification in the Mediterranean climate change 315 
hotspot. Geophysical Research Letters, 34(11). https://doi.org/10.1029/2007GL030000 

Escudier, R., Clementi, E., Cipollone, A., Pistoia, J., Drudi, M., Grandi, A., Lyubartsev, V., Lecci, R., Aydogdu, A., Delrosso, 

D., Omar, M., Masina, S., Coppini, G., and Pinardi, N. (2021). A High Resolution Reanalysis for the Mediterranean 

Sea. Frontiers in Earth Science, 9. https://doi.org/10.3389/feart.2021.702285 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



14 
 

Escudier, R., Clementi, E., Nigam, T., Aydogdu, A., Fini, E., Pistoia, J., Grandi, A., and Miraglio, P.: EU Copernicus Marine 320 
Service Quality Information Document for the Mediterranean Sea Physics Reanalysis, 

MEDSEA_MULTIYEAR_PHY_006_004, issue 2.4, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/QUID/CMEMS-MED-QUID-006-004.pdf, last access: 5 July 2025, 

2024 

EU Copernicus Marine Service Product: Global Ocean Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed 325 
Copernicus Climate Service, Mercator Ocean International [data set], https://doi.org/10.48670/moi-00145, 2024a 

EU Copernicus Marine Service Product: European Seas Gridded L 4 Sea Surface Heights And Derived Variables Reprocessed 

1993 Ongoing, Mercator Ocean International [data set], https://doi.org/10.48670/moi-00141, 2024b 

EU Copernicus Marine Service Product: Mediterranean Sea Physics Reanalysis, Mercator Ocean International [data set], 

https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1, 2024c 330 
EU Copernicus Marine Service Product: Global Ocean Physics Reanalysis, Mercator Ocean International [data set], 

https://doi.org/10.48670/moi-00021, 2023 

EU Copernicus Marine Service Product: Global Ocean - Delayed Mode Sea level product, Mercator Ocean International [data 

set], https://doi.org/10.17882/93670, 2024d 

García-García, D., Vigo, M. I., Trottini, M., Vargas-Alemañy, J. A., and Sayol, J.-M. (2022). Hydrological cycle of the 335 
Mediterranean-Black Sea system. Climate Dynamics, 59(7), 1919–1938. https://doi.org/10.1007/s00382-022-06188-

2 

Giorgi, F. (2006). Climate change hot-spots. Geophysical Research Letters, 33(8). https://doi.org/10.1029/2006GL025734 

Gravelle, M., Wöppelmann, G., Gobron, K., Altamimi, Z., Guichard, M., Herring, T., and Rebischung, P. (2023). The ULR-

repro3 GPS data reanalysis and its estimates of vertical land motion at tide gauges for sea level science. Earth System 340 
Science Data, 15(1), 497–509. https://doi.org/10.5194/essd-15-497-2023 

Gräwe, U., Klingbeil, K., Kelln, J., and Dangendorf, S. (2019). Decomposing Mean Sea Level Rise in a Semi-Enclosed Basin, 

the Baltic Sea. https://doi.org/10.1175/JCLI-D-18-0174.1 

Holgate, S. J., Matthews, A., Woodworth, P. L., Rickards, L. J., Tamisiea, M. E., Bradshaw, E., Foden, P. R., Gordon, K. M., 

Jevrejeva, S., and Pugh, J. (2013). New Data Systems and Products at the Permanent Service for Mean Sea Level. 345 
Journal of Coastal Research, 29(3), 493–504. https://doi.org/10.2112/JCOASTRES-D-12-00175.1 

Intergovernmental Panel on Climate Change (IPCC) (Ed.). (2023). Ocean, Cryosphere and Sea Level Change. In Climate 

Change 2021 – The Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change (pp. 1211–1362). Cambridge University Press. 

https://doi.org/10.1017/9781009157896.011 350 
Lecci, R., Drudi, M., Grandi, A. and Clementi, E.: EU Copernicus Marine Service Product User Manual for the Mediterranean 

Sea Physics Reanalysis, MEDSEA_MULTIYEAR_PHY_006_004, issue 2.4, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/PUM/CMEMS-MED-PUM-006-004.pdf, last access: 5 July 2025, 2024 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



15 
 

Lellouche, J.-M., Greiner, E., Bourdallé-Badie, R., Gilles, G., Melet, A., Drévillon, M., Bricaud, C., Hamon, M., Le Galloudec, 

O., Regnier, C., Candela, T., Testut, C.-E., Gasparin, F., Ruggiero, G., Mounir, B., Yann, D., and Pierre-Yves, L. T. 355 
(2021). The Copernicus Global 1/12° Oceanic and Sea Ice GLORYS12 Reanalysis. Frontiers in Earth Science, 9. 

https://doi.org/10.3389/feart.2021.698876 

Lin-Ye, J., Pérez Gómez, B., Gallardo, A., Manzano, F., de Alfonso, M., Bradshaw, E., and Hibbert, A. (2023). Delayed-mode 

reprocessing of in situ sea level data for the Copernicus Marine Service. Ocean Science, 19(6), 1743–1751. 

https://doi.org/10.5194/os-19-1743-2023 360 
Meli, M., Camargo, C. M. L., Olivieri, M., Slangen, A. B. A., and Romagnoli, C. (2023). Sea-level trend variability in the 

Mediterranean during the 1993–2019 period. Frontiers in Marine Science, 10. 

https://doi.org/10.3389/fmars.2023.1150488 

Milne, G. A., Gehrels, W. R., Hughes, C. W., and Tamisiea, M. E. (2009). Identifying the causes of sea-level change. Nature 

Geoscience, 2(7), 471–478. https://doi.org/10.1038/ngeo544 365 
Oppenheimer, M., B.C. Glavovic , J. Hinkel, R. van de Wal, A.K. Magnan, A. Abd-Elgawad, R. Cai, M. Cifuentes-Jara, 

R.M.  De Conto, T. Ghosh, J. Hay, F. Isla, B. Marzeion, B. Meyssignac, and Z. Sebesvari (2019). Sea Level Rise and 

Implications for Low-Lying Islands, Coasts and Communities. In: IPCC Special Report on the Ocean and Cryosphere 

in a Changing Climate [H.-O. Pörtner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. 

Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, N.M. Weyer (eds.)]. 370 
Parmesan, C., Morecroft, M.D., Trisurat, Y., and Mezzi, D. (2022). Climate Change 2022: Impacts, Adaptation and 

Vulnerability. [Research Report] GIEC; IPCC AR6 WGII, Chapter 3. ffhal-03774939 

Pascual, A., Faugère, Y., Larnicol, G., and Le Traon, P.-Y. (2006). Improved description of the ocean mesoscale variability 

by combining four satellite altimeters. Geophysical Research Letters, 33(2). https://doi.org/10.1029/2005GL024633 

Patton, A., Politis, D. N., and White, H. (2009). Correction to “Automatic Block-Length Selection for the Dependent 375 
Bootstrap” by D. Politis and H. White. Econometric Reviews. https://doi.org/10.1080/07474930802459016 

Pérez Gómez, B., Lin-Ye, J., Gallardo, A., Bradshaw, E., Hibbert, A., Manzano F., and In Situ TAC partners: EU Copernicus 

Marine Service Product User Manual for the Global Ocean - Delayed Mode Sea level product, 

INSITU_GLO_PHY_SSH_DISCRETE_MY_013_053, issue 1.6, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/PUM/CMEMS-INS-PUM-013-053.pdf, last access: 5 July 2025, 2024b 380 
Pérez Gómez, B., Lin-Ye, J., Hibbert, A., and Bradshaw, E.: EU Copernicus Marine Service Quality Information Document 

for the Global Ocean - Delayed Mode Sea level product,  INSITU_GLO_PHY_SSH_DISCRETE_MY_013_053, 

issue 1.6, Mercator Ocean International,  https://documentation.marine.copernicus.eu/QUID/CMEMS-INS-QUID-

013-053.pdf, last access: 5 July 2025, 2024a 

Pérez Gómez, B., Vilibić, I., Šepić, J., Međugorac, I., Ličer, M., Testut, L., Fraboul, C., Marcos, M., Abdellaoui, H., Álvarez 385 
Fanjul, E., Barbalić, D., Casas, B., Castaño-Tierno, A., Čupić, S., Drago, A., Fraile, M. A., Galliano, D. A., Gauci, 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



16 
 

A., Gloginja, B., … Zodiatis, G. (2022). Coastal sea level monitoring in the Mediterranean and Black seas. Ocean 

Science, 18(4), 997–1053. https://doi.org/10.5194/os-18-997-2022 

Pinardi, N., Bonaduce, A., Navarra, A., Dobricic, S., and Oddo, P. (2014). The Mean Sea Level Equation and Its Application 

to the Mediterranean Sea. https://doi.org/10.1175/JCLI-D-13-00139.1 390 
Pinardi, N., and Masetti, E. (2000). Variability of the large scale general circulation of the Mediterranean Sea from observations 

and modelling: A review. Palaeogeography, Palaeoclimatology, Palaeoecology, 158(3), 153–173. 

https://doi.org/10.1016/S0031-0182(00)00048-1 

Pinardi, N., Zavatarelli, M., Adani, M., Coppini, G., Fratianni, C., Oddo, P., Simoncelli, S., Tonani, M., Lyubartsev, V., 

Dobricic, S., and Bonaduce, A. (2015). Mediterranean Sea large-scale low-frequency ocean variability and water 395 
mass formation rates from 1987 to 2007: A retrospective analysis. Progress in Oceanography, 132, 318–332. 

https://doi.org/10.1016/j.pocean.2013.11.003 

Pisano, A., Marullo, S., Artale, V., Falcini, F., Yang, C., Leonelli, F. E., Santoleri, R., and Buongiorno Nardelli, B. (2020). 

New Evidence of Mediterranean Climate Change and Variability from Sea Surface Temperature Observations. 

Remote Sensing, 12(1), Article 1. https://doi.org/10.3390/rs12010132 400 
Politis, D. N., and Romano, J. P. (1994). The Stationary Bootstrap. Journal of the American Statistical Association, 89(428), 

1303–1313. https://doi.org/10.1080/01621459.1994.10476870 

Prandi, P., Meyssignac, B., Ablain, M., Spada, G., Ribes, A., and Benveniste, J. (2021). Local sea level trends, accelerations 

and uncertainties over 1993–2019. Scientific Data, 8(1), Article 1. https://doi.org/10.1038/s41597-020-00786-7 

Pujol, M.I.: EU Copernicus Marine Service Product User Manual for the European Seas Gridded L 4 Sea Surface Heights And 405 
Derived Variables Reprocessed 1993 Ongoing, SEALEVEL_EUR_PHY_L4_MY_008_068, issue 10.0, Mercator 

Ocean International, https://documentation.marine.copernicus.eu/PUM/CMEMS-SL-PUM-008-032-068.pdf, last 

access: 5 July 2025, 2025 

Pujol, M.I.: EU Copernicus Marine Service Product User Manual for the Global Ocean Gridded L 4 Sea Surface Heights And 

Derived Variables Reprocessed Copernicus Climate Service, 410 
SEALEVEL_GLO_PHY_CLIMATE_L4_MY_008_057, issue 4.0, Mercator Ocean International, 

https://documentation.marine.copernicus.eu/PUM/CMEMS-SL-PUM-008-057.pdf, last access: 5 July 2025, 2024 

Santamaría-Gómez, A., Gravelle, M., Collilieux, X., Guichard, M., Míguez, B. M., Tiphaneau, P., and Wöppelmann, G. 

(2012). Mitigating the effects of vertical land motion in tide gauge records using a state-of-the-art GPS velocity field. 

Global and Planetary Change, 98–99, 6–17. https://doi.org/10.1016/j.gloplacha.2012.07.007 415 
Sen, P. K. (1968). Estimates of the Regression Coefficient Based on Kendall’s Tau. Journal of the American Statistical 

Association, 63(324), 1379–1389. https://doi.org/10.1080/01621459.1968.10480934 

MedECC, 2024: Summary for Policymakers. In: Climate and Environmental Coastal Risks in the Mediterranean. 

[Djoundourian, S., Lionello, P., Llasat, M.C., Guiot, J., Cramer, W., Driouech, F., Gattacceca, J.C., Marini, K. (eds.)]. 

MedECC Reports. MedECC Secretariat, Marseille, France, pp. 28, ISBN: 978-2-493662-03-3, doi: 420 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.



17 
 

10.5281/zenodo.10722133Theil, H. (1992). A Rank-Invariant Method of Linear and Polynomial Regression Analysis. 

In B. Raj and J. Koerts (Eds.), Henri Theil’s Contributions to Economics and Econometrics: Econometric Theory and 

Methodology (pp. 345–381). Springer Netherlands. https://doi.org/10.1007/978-94-011-2546-8_20  

Theil, H. (1992). A Rank-Invariant Method of Linear and Polynomial Regression Analysis. In B. Raj and J. Koerts (Eds.), 

Henri Theil’s Contributions to Economics and Econometrics: Econometric Theory and Methodology (pp. 345–381). 425 
Springer Netherlands. https://doi.org/10.1007/978-94-011-2546-8_20 

Tuel, A., and Eltahir, E. a. B. (2020). Why Is the Mediterranean a Climate Change Hot Spot? https://doi.org/10.1175/JCLI-D-

19-0910.1 

Vignudelli, S., Birol, F., Benveniste, J., Fu, L.-L., Picot, N., Raynal, M., and Roinard, H. (2019). Satellite Altimetry 

Measurements of Sea Level in the Coastal Zone. Surveys in Geophysics, 40(6), 1319–1349. 430 
https://doi.org/10.1007/s10712-019-09569-1 

Zanchettin, D., Bruni, S., Raicich, F., Lionello, P., Adloff, F., Androsov, A., Antonioli, F., Artale, V., Carminati, E., Ferrarin, 

C., Fofonova, V., Nicholls, R. J., Rubinetti, S., Rubino, A., Sannino, G., Spada, G., Thiéblemont, R., Tsimplis, M., 

Umgiesser, G., … Zerbini, S. (2021). Sea-level rise in Venice: Historic and future trends (review article). Natural 

Hazards and Earth System Sciences, 21(8), 2643–2678. https://doi.org/10.5194/nhess-21-2643-2021 435 
 
 

 

https://doi.org/10.5194/sp-2025-2

Discussions

Preprint. Discussion started: 30 September 2025
c© Author(s) 2025. CC BY 4.0 License.


