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In the Mediterranean Sea, coastal extreme sea levels are mainly caused by storm surges driven by atmospheric pressure and surface winds from extratropical cyclones. In addition, wind-waves generated by the same atmospheric perturbations may also contribute to coastal extremes through wave setup (temporal rise above the mean sea level due to dissipation and breaking of waves in shallow waters close to the shore). This study investigates the spatial and temporal variability of coastal extreme sea levels in the Mediterranean basin, using a new ocean hindcast generated with a coupled hydrodynamic-wave model that simulates storm surges and wind-waves. The numerical simulation covers the period 1950-2021 with high temporal sampling (1h) and at unprecedented spatial resolution for a basin scale analysis, that reaches 200 m along the coastlines. Coastal storm surges and wave heights are validated with available observations (tide gauges, waves buoys and satellites). Comparison against tide gauges shows an average RMSE of 7.5 cm (7.7 cm for extreme events) and mean linear correlation of 0.64 for the whole period. Similarly, comparison of simulated and observed significant wave height shows good agreement, with RMSE lower than 0.25 m and a coefficient correlation as high as 0.95. The results confirm that coastal extreme sea levels are more likely to be located in regions with wide continental shelves favouring the wind contribution to storm surges along with shallow waters that favour wave setup induced by depth-breaking. The contribution of waves to coastal extreme sea levels has been quantified, using the hindcast in combination with an uncoupled simulation and has been shown to be significant, with an assessed wave setup spatial footprint at regional scale and observed maximum sea levels increased by up to 120% in the presence of waves.
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1 Introduction

Sea level in coastal areas varies in a wide range of temporal scales, with the largest amplitudes being generally associated to high-frequency (daily and sub-daily) processes, mainly astronomic tides and storm surges (Woodworth et al., 2019). Storm surges are generated by atmospheric pressure gradients and winds blowing over the ocean surface and are a major driver of coastal flooding. Wind-generated waves may also contribute to high coastal water levels, through wave setup and runup (Melet et al., 2018), and may play an important role on coastal inundation. Sea level variability along the coast also changes at short spatial scales due to shallow water dynamics and coastal geomorphological features. Both storm surges and wind-waves (referred to as waves hereinafter, for simplicity) are also modulated in the long-term due to low-frequency atmospheric changes and large-scale climate patterns. Characterising coastal sea level variability thus requires long time series at high spatial and temporal resolution. This is particularly important for coastal extreme sea levels, which are among the most destructive hazards in the densely populated coastal regions. Large storm surges have contributed to coastal disasters with both huge damages in assets and coastal infrastructures and casualties (e.g. hurricane Katrina generated storm surges greater than 7 m in the Gulf of Mexico, Fritz et al. (2007)). Storm surges and waves are common in mid-latitudes originated by extra-tropical storms, while tropical areas face mainly tropical cyclones, hurricanes and typhoons. Though such events are not as intense as for regions prone to large storm surges (e.g. Bay of Bengal, Gulf of Mexico, etc.), extreme sea levels occurring in the Mediterranean Sea are a major issue for decision makers in terms of coastal planning. Indeed, coastal flooding by storm surges, heavy rains and intense wind are recurrent and mainly caused by the presence of extra-tropical cyclones. In fact, the Mediterranean basin has one of the highest rates of cyclogenesis in the world (Jansà, 1997; Sartini et al., 2015). A notable example of coastal extreme sea levels generated by this phenomenon occurred in January 2020 when storm Gloria hit the Spanish eastern coasts, generating wind-driven high storm surges combined with record-breaking waves enhancing coastal sea surface elevation through wave setup contribution (Amores et al., 2020; de Alfonso et al., 2021; Pérez-Gómez et al., 2021). This dramatic event illustrates how important is to improve the understanding and quantification of the processes leading to coastal extreme sea levels in the Mediterranean Sea. Despite being home to some of the longest tide gauge records (Marcos et al., 2021), these only provide point-wise information on extreme sea levels and are biased towards the northern coastlines of the basin (see Figure 1 in Haigh et al., 2022, paper available at https://eartharxiv.org/repository/view/2828/). The same applies to in-situ wave measurements from buoys, limiting our capacity to characterize coastal processes and the resulting extreme episodes. In the Mediterranean Sea, astronomical tides play a minor role in coastal extreme sea levels, due to small tidal amplitudes (few tens of cm) and generally negligible tide-surge interactions (Marcos et al., 2009).




Figure 1 | Mean distance (km) between nodes of the same element over the whole domain.



In recent years, hydrodynamic models have been used from global to regional scale, with increasing resolution and levels of complexity (for example, adding tide-surge coupling) (Vousdoukas et al. (2016); Fernández-Montblanc et al. (2020); Muis et al. (2020)) to assess coastal risks induced by storm surges, to overcome the lack of remote and in-situ observations. In particular, available tide gauges, wave buoys or satellite tracks in the Mediterranean Sea, does not allow to perform an exhaustive monitoring and description of sea surface elevation and significant wave height (HS) evolution within the whole basin. This is especially true at the coast, where satellite-based observations are degraded. Provided that accurate atmospheric forcing fields (mainly depending on spatial resolution) exist, hydrodynamic simulations can reproduce satisfactorily the storm surge climate [e.g. Muis et al. (2020)]. The wave component is, however, misrepresented. So far, regional and global numerical hindcasts aimed at reproducing coastal extreme sea levels over large spatial scales only account for storm surges, neglecting waves. In shallow waters, the wind effect becomes dominant over pressure gradients for storm surge generation (Bertin et al., 2017; Joyce et al., 2019), but at the same time waves propagating towards the shoreline dissipate, mostly through viscous effects and depth-induced breaking. Wave radiation stress gradients (Longuet-Higgins and Stewart, 1964) also bring a non-negligible wave setup component that contributes to coastal extreme sea levels, to an extent that depends on nearshore varying wave transformation and morphological features of the coast. To address this issue when using a hydrodynamic model, wave setup has been historically added offline using bulk formulas, such as the very simplistic 0.2·HS approximation (e.g. Vousdoukas et al. (2017)) or the empirical Stockdon formulation (Stockdon et al., 2006) that depends on the local slope and wave bulk parameters (e.g. Melby et al. (2012); Melet et al. (2018); Kirezci et al. (2020)). Other studies that focused on smaller areas and/or single events have included wave setup by dynamically simulating sea surface elevation by using a hydrodynamic-wave coupled model. For instance, using a such model in the Bay of Biscay, Bertin et al. (2015) performed two simulations, with and without waves under storm conditions. Results showed that extreme sea levels are locally increased by up to 40 cm when including the effect of waves on the coastal sea surface elevation, in the presence of offshore high waves (HS between 7 to 10 m). Likewise, several local scale studies have revealed the importance to accurately represent the wave setup component for energetic wave storm events (Bertin et al., 2015; Pedreros et al., 2018; Lavaud et al., 2020; Pezerat et al., 2021).

Unlike its Atlantic counterpart where remotely-generated swell waves are common, the Mediterranean Sea is a wind-wave dominated environment (Ardhuin and Orfila, 2018; Toomey et al., 2018). Because of the complex orography and irregular coastline shape of the basin, wave-growth is limited by short fetches (Sayol et al., 2016), whereas wave setup effect is strongly dependent on the wave energy. Yet, Amores et al. (2020) showed that storm Gloria generated very high waves (HS greater than 8 m measured by wave buoys), inducing wave setup that locally accounted for up to 40–50% of the total extreme sea levels along locations at the Spanish eastern coasts. Despite the absence of large swells as in the North Atlantic, risk-based storm surge assessments at Mediterranean scale should therefore be performed taking into account the effect of waves on sea surface elevation; otherwise coastal hazards linked to extreme sea levels are very likely to be underestimated.

Our objective here is to develop and present the dataset of Coastal Extremes in the Mediterranean Sea (CoExMed), a new storm surge and wind-wave hindcast generated using a hydrodynamic-wave coupled model, with a very high spatial resolution at the coast, along with an assessment of coastal hazards induced by these mechanisms in the Mediterranean Sea for the period 1950-2021. The paper is organised as follows: data and method used are described in detail in section 2, including the numerical model used for the generation and propagation of storm surges and waves and its configuration, in-situ and remote data used for the validation and the method employed to compute return levels. Model outputs (sea surface elevation and HS) are evaluated against tide gauges, wave buoy and satellite data in section 3. Hazards induced by storm surges and waves are analysed at the Mediterranean scale through the computation of return levels in section 4. The last section summarises and discusses the results, and main conclusions are outlined.



2 Data and methods


2.1 Numerical modelling of storm surges and wind-waves

The fully-coupled hydrodynamic and wave model SCHISM (Zhang et al., 2016), an upgraded version of the original SELFE model (Zhang and Baptista, 2008), is used to perform the generation and propagation of storm surges and wind-waves over the Mediterranean Sea. The model allows to perform simulations with its 2DH barotropic mode alone (hydrodynamic simulation) and fully coupled (hydrodynamic-wave coupled simulation) with the spectral wave model WWM-III (Roland et al., 2012). Both modules share the same unstructured grid covering the whole Mediterranean basin, with an open boundary defined as a 15° semi-circle extending west from the Strait of Gibraltar (see Figure 1). The strait plays a key role in water exchanges between the Mediterranean Sea (e.g. tidal flows, along-strait wind setup) and the Atlantic Ocean; accounting for these processes is important to accurately simulate variations in sea surface elevation within the basin, especially for long periods of time. Indeed, pressure differences at both sides of the strait analysed in earlier works have revealed the role of the Atlantic Ocean on Mediterranean Sea level and circulation and, in particular, the influence of subinertial frequencies of the Gibraltar Strait barotropic flow (Candela, 1991; Le Traon and Gauzelin, 1997; García Lafuente et al., 2002). The model domain includes the western side of the Strait of Gibraltar to account for the region where alongshore winds induce Atlantic-Mediterranean wind driven sea level differences (Menemenlis et al., 2007). At the open boundary, the sea surface elevation is forced with the hydrostatic equilibrium formulation (the so-called inverted barometer effect), since atmospheric pressure is a major driver of barotropic sea level variability in the open ocean. Over the entire domain, the SCHISM model is forced with 10 m above sea level hourly wind fields and mean sea level pressure (1/4° spatial resolution) that are obtained from the ERA5 reanalysis dataset for the 1979-2021 period (Hersbach et al., 2020) and its recently released preliminary extension from 1950 to 1978 (Bell et al., 2021).

The unstructured computational grid is composed of 379,762 nodes shared by 649,326 elements, with a horizontal grid resolution ranging from ~ 20 km in the open ocean down to ~ 200 m at the coast. Figure 1 shows the domain grid and the mean distances between nodes, highlighting the progressively increasing spatial resolution from deep ocean towards the coast. The EMODnet Bathymetry (2018) with a grid resolution of 1/16 x 1/16 arc minutes (~115 x 115 m) is used. Such fine spatial resolution allows a reliable representation of wave-induced processes, considering the scale of the area of study, while ensuring a reasonable computational time. For both hydrodynamic and wave modules, the computational timestep is set to 10 minutes and outputs are stored every hour at all grid points. The surface wind stress is computed using a bulk formula of the drag coefficient following Pond and Pickard (2013). Using the same wind stress formulation for both hydrodynamic and hydrodynamic-wave coupled simulations allows to isolate the wave setup effect (temporal increase in mean water level due to breaking waves, see Section 4.1). For the bottom friction we assume a value of 0.02 for the Manning coefficient. In the Mediterranean Sea, as commented earlier, extreme coastal sea levels are mainly caused by storm surges rather than by the combination of tides and surges (Marcos et al., 2009), and therefore tides are not considered in the simulations. Nevertheless, given that tide-surge interactions are negligible in the basin, tidal oscillations can be added offline. The total wave spectral energy is distributed over 24 frequencies ranging from 0.04 to 1 Hz, and 24 directions from 0 to 360° (15° resolution). The hindcast has been performed using the Finisterrae II from the Centro de Supercomputación de Galicia (CESGA) facility. Each year was run separately with a 15 days spin-up, using 2 nodes for a total of 48 processors.



2.2 Observational data and model evaluation

Simulations are validated with in-situ and remote observations. Coastal sea surface elevation is compared with high-frequency tide gauge records from the recently updated GESLA3 dataset (paper available at Haigh et al., 2022, https://eartharxiv.org/repository/view/2828/). After removing duplicated tide gauge stations, a total of 93 tide gauges remained, with observations since 1950 and with an increasing number of available stations over time. For each tide gauge station and for theirentire period of operation, hourly non-tidal residuals are computed by removing the tidal signal on a yearly basis [using the Matlab UTide software (Codiga, 2022)]. Non-tidal residuals are then deseasoned by fitting the mean annual and semiannual components. Likewise, simulated waves are compared with records from in-situ wave buoys (hourly data) obtained from the Copernicus Marine Environment Monitoring Service (CMEMS, https://marine152.copernicus.eu/). This service provides in-situ observations in the Mediterranean Sea from 1985 to 2021. From every time series, outliers are removed manually after visual inspection of the observational record. In-situ wave observations are complemented with satellite measurements of HS (dx~7km, dt~1s) from the ESA Sea State Climate Change Initiative (Dodet et al., 2020) covering the period 1991-2018.

For completeness, the outputs of coastal sea surface elevation are also compared with a state-of-the-art hydrodynamic model run. To do so, data from the Coastal Dataset for the Evaluation of Climate Impact (CoDEC, Muis et al. (2020)) are used. This simulation is based on the Global Tide and Surge Model Version 3.0 (GTSM) and simulates, at global scale, the generation and propagation of storm surges for the period 1979–2017. The spatial resolution along the Mediterranean coasts is 1.25 km.



2.3 Computation of return levels of coastal sea surface elevation and significant wave heights

For every coastal grid point of the model output (a total of 111561 nodes) we fit a Generalized Pareto Distribution (GPD) to a set of exceedances over a threshold. We choose the GPD instead of other extreme distributions following Wahl et al. (2017), who showed that it provides more stability to the computed return levels. In addition, it accommodates interannual variability in storminess much better than other distributions (e.g. GEV). We use maximum likelihood to fit the scale (σ) and shape (ξ) parameters of the theoretical distribution. To choose the threshold, we avoid the use of a common percentile to all grid points, as it may neglect the spatial variability of the storm hazards along the coasts. Instead, we define a suitable and independent threshold for every coastal point. To address this issue, Coles (2001) introduced the mean residual life plot (MRLP) method, a threshold selection technique involving a visual assessment that is strongly dependent of interpretation and therefore requires a subjective choice (see section 4.3.1, Coles (2001)). In addition, the author (see section 4.3.4 for more details, Coles (2001)) proposed another method assessing the stability of the GPD parameters. If a GPD is a reasonable model for excesses of a threshold u0, excesses of a higher threshold u should also follows a GPD. Coles (2001) shows that for a threshold u>u0 the corresponding scale parameter σu can be written:



where ξ is the scale parameter (invariant to block size) and σu0 the GPD scale parameter for excesses over the threshold u0. Pointing out that ξ is constant but that σu varies with u (except the case ξ=0), Coles (2001) defines a reparameterized GPD scale parameter



that is constant (replacing equation (1) in (2)) for u>u0. Therefore, u0 is a good threshold estimate for fitting a GPD when the quantities ξ and σ* are stable for u>u0. The latter has the advantage of providing results that minimise subjectivity and that has been so far used, either by itself or jointly with the MRLP method, in several studies (e.g. Yao and Zhu (2014); Hamdi et al. (2018); Kiriliouk et al. (2019)). Later on, Thompson et al. (2009) proposed an “Automated threshold selection technique” based on the stability of GPD parameters, that reduces even more the degree of interpretation. Let be u0 a suitable threshold for a GPD fit. For u0 ≤ ui i + 1 (i ∈ [1,N] with N possible different thresholds sorted in ascending order), let be   and   the maximum likelihood estimates of σui and ξui . It follows from (1),



Following the standard maximum likelihood theory discussed in Coles (2001) and properties on the expected value of maximum likelihood estimates (   and  ), Thompson et al. (2009) defined, similarly to 2, the quantity



Combining maximum likelihood properties and equations 3 and 4, Thompson et al. (2009) shows that E[τui−τui−1] ≈ 0 and concludes that [τui−τui−1] approximately follows a normal distribution (see section 2.1 for more details, Thompson et al. (2009)).

In the present work, return levels are computed at every coastal grid point for both the sea surface elevation and HS and for periods of 10, 20, 50, 100 and 200 years. Due to dissipation by bottom friction and wave breaking, coastal nodes are associated with the HS value of the closest point but with depth greater than 20m, in order capture the high HS. Time series of both variables are declustered by selecting local peaks with a three-day time-independent window (Cid et al., 2016; Vousdoukas et al., 2016). The above mentioned “Automated threshold selection technique” is applied using a minimum of 72 extreme events (corresponding to 1 per year) and up to 720 events (corresponding to 10 per year), to determine the most suitable threshold to these selected extreme events. The value is chosen as the first (lowest) threshold above which all values fulfill the condition of normality described above, as a function of [τui−τui−1].




3 Model validation against in-situ and remote data

The model evaluation against in-situ and remote observations is performed after selecting the simulated time series of the closest model grid point to each observational site. Note that the validation of the outputs with in-situ data is limited by the uneven geographical distribution of the observations. In particular, almost 90% of tide gauges used in this study are concentrated along Spanish, French and Italian coasts.


3.1 Coastal elevation

Figure 2 shows the non-tidal residual time series (red line) at 4 tide gauge stations (from West to East: Barcelona, Nice, Palermo, Alexandria) during year 2014, along with simulated sea surface elevation from this study (blue line) and from the GTSM model (Muis et al., 2020) (orange line). Overall, both simulations mimic observed sea level changes well, and generally share the same discrepancies with in-situ data. This is the case of, for example, the overestimated sea levels in June (06) at Barcelona (A) and Nice (B) tide gauge stations. We quantified the correspondence between model outputs and in-situ data using Root Mean Square Error (RMSE) and correlation. Figure 3 shows the results averaged yearly between 1980 and 2017 for all tide gauge stations available in every year (indicated in the bottom panel). RMSE has been calculated for the hourly record and also for independent events (non-tidal residual maxima values separated by at least 3 days). We observe that the number of tide gauges available (see lowest panel of Figure 3) for each year clearly increases with time and provides a statistically more robust validation of the modelled outputs in the recent period. Simulated coastal elevation shows good agreement with tide gauge signals, with a mean RMSE of 7 cm for hourly data, a mean RMSE of 7.2 cm for peak data and a mean correlation of 0.66. The numbers when GTSM is used to compare with observations remain nearly unchanged: RMSE of 6.9 cm, RMSE for independent events of 7.3 cm and correlation of 0.65. We can thus conclude that both model runs perform similarly when compared to tide gauge data. Over the whole period (1950-2021), the model maintains good performance when comparing simulated sea level to in-situ observations, with a mean RMSE of 7.5 cm for hourly data, a mean RMSE of 7.7 cm for peak data and a mean correlation of 0.64. The model performance at individual sites is evaluated using the Kling-Gupta Efficiency metric (KGE, Gupta et al. (2009)). This statistical indicator combines, in a unique criterion, the correlation, the standard deviation and the mean variability differences between observations and modelled outputs. A KGE value close to 1 means that the model reproduces perfectly the reality, while it performs very poorly when values are close to -0.41 (Knoben et al., 2019). Figure 4A shows the spatial validation of the coastal elevation at tide gauge sites. From one location to another, the KGE spatial pattern exhibits some differences. For instance, French tide gauges located in the Gulf of Lions show uniform high KGE values (up to 0.75) while a KGE ~0.50 is obtained for all tide gauges located along the Alboran Sea, being all the KGE values considerably higher than -0.41. However, there is no clear spatial variability in model performance, with an average KGE of 0.53. Finally, Figure 5A presents a quantile-quantile plot of simulated elevation againsttide gauges observations, taking into account entire time series. Quantiles indicate that the model slightly overestimates the sea surface elevation of non-tidal residuals below 70 cm, and slightly underestimates at higher values, most of them being located in the Adriatic Sea. Indeed, most extreme sea levels occurring in the Mediterranean Sea are found in the northern Adriatic Sea (Marcos et al., 2009), but also in the Gulf of Gabes (Conte and Lionello, 2014), where no tide gauge observations are available, highlighting the lack of in-situ data and model validation in some coastal sectors, especially in the southern coasts of the eastern Mediterranean.




Figure 2 | Sea surface elevation time series of tide gauges (red lines), CoExMed (blue lines) and CoDEC data (orange lines) at four different location: Barcelona (A), Nice (B), Palermo (C) and Alexandria (D).






Figure 3 | Analysis of differences observed between tide gauge signal and both simulated sea surface elevation from CoExMed (blue boxes and lines) and CoDEC (orange boxes and lines). The first three panels show annual boxplots for RMSE (A), RMSE peaks (B) and Pearson correlation coefficient (C) statistical indicators, and the median represents the mean of the median indicators. The box extends from the first to third quartile values of the data, with a line at the median. Lower (upper) whiskers are set to the first datum greater than Q1 - 1.5*IQR (Q3 + 1.5*IQR), where IQR is the interquartile range. The lowest panel (D) shows the annual number of tide gauges available.






Figure 4 | Spatial validation of modelled outputs against in-situ and remote observations. (A, B) respectively compare simulated coastal elevation to tide gauges and simulated HS to wave buoy observations using KGE. (C) shows the 2D spatial mean bias between wave satellite observations (   quantile) and the corresponding simulated HS values.






Figure 5 | Quantile-quantile plot for sea surface elevation and HS. Left (A) panel compares simulated elevation with tide gauges observations. Right (B) panel compares simulated HS to both satellite (blue) and buoy (red) observations. Quantiles are firstly equally spaced with an 5 increment from 5th to 95th. For higher quantiles, the increment is divided by two at each iteration.





3.2 Significant wave height

As for sea surface elevation, we compare simulated HS to wave buoys and satellite data. Figure 6 shows wave buoys time series (red line) at four different sites (from West to East: Melilla, Begur, Calvi, Heraklion) compared to simulated HS (blue line). Again, the model reproduces almost perfectly the overall behaviour of observed HS at wave buoys. However, a closer look reveals that simulated HS presents some discrepancies for strongest events. In the same fashion as for non-tidal residuals, Figure 7 summarises the validation of HS against wave buoys data from 1985 until 2020. The number of wave buoys available rises with time as well, with only 10 stations in 1995 and up to 55 in 2014. As suggested by Figure 6, except for the RMSE peaks (RMSE of values of local peaks previously extracted) higher than 1 m in 1985, simulated HS shows good agreement with wave buoy signals, with a mean RMSE of 21.6 cm for hourly data, a mean RMSE of 41.9 cm for peaks and a mean correlation of 0.92. In the same way as for coastal sea level, simulated HS is compared against wave buoys. Figure 4B shows KGE values at every buoy site. Highest KGE levels (up to 0.93) are concentrated in the western Mediterranean Sea while lower values are mainly found at stations located in the Adriatic and Aegean Seas (KGE as low as 0.24) where observed HS levels are relatively low. Besides, KGE values are globally very high with an average of 0.77. In addition, and in order to compensate the limited in-situ wave data, especially in the southeastern Mediterranean, simulated HS are compared to satellite measurements. Figure 4C shows the mean bias error (MBE) between satellite and simulated HS. The computation of MBE only takes into account satellite HS values greater than 90th quantile and the corresponding modelled HS at each grid node, to highlight extreme episodes. The model underestimates satellite HS almost everywhere in the Mediterranean basin, except for the south part of the Levantine basin (~10-15 cm overestimation). Particularly, simulated HS is lower than observed in the Adriatic Sea: this is a narrow semi-enclosed basin, where resolution might lead to misrepresentations of the atmospheric forcing (Barbariol et al., 2021). Furthermore, highest underestimations are found in the corridor situated in the area between the Balearic Islands and Sardinia characterized by a long-fetch where highest waves are usually found, generated by Northern and Mistral winds blowing over long distances. However, modelled HS match well satellite HS data with on average a mean bias error lower than 50 cm for relatively high waves (> 90th quantile).




Figure 6 | HS time series of wave buoys (black lines) and simulated HS at four different location: Melilla (A, -2.944E/35.327N), Begur (B, 3.64E/41.92N), Calvi (C, 8.65E/42.569N) and Heraklion (D, 25.0792E/35.4342N).






Figure 7 | Boxplot analysis of differences observed between wave buoys signal and simulated HS, using RMSE, RMSE peaks and Pearson correlation coefficient (first three panels). See Figure 3 for boxplot details. The lowest panel shows the annual number of wave buoy available.



The previously mentioned tendency of the model to underestimate observed HS is illustrated in Figure 5B that shows a quantile-quantile plot of simulated and observed HS, for both wave buoys (red dots) and satellite data (blue dots). The model performs very well for weak to moderate events, especially for satellite observations. In particular, the quantile-quantile analysis shows that simulated and satellite derived HS match well (assuming a criteria of quantile difference lower than 25 cm) for waves below 4.80 m, whereas the model performs very well with respect to wave buoy data for HS below 6 m. On the other hand, simulated HS is underestimated for most intense events, up to 1.70 m for buoy observations and up to 1.40 m for satellite data for HS higher than 8.5 m. Overall, quantile distribution shows very similar behaviour for both buoy and satellite data except for the upper tail, with varying differences observed for highest quantiles that are driven by a few extreme events like the Gloria storm that generated waves with HS values greater than 8 m. The main difference between both sources of data is their spatial coverage: while satellite tracks provide observations all over the Mediterranean Sea, wave buoys are generally located close to the coast due to operational constraints. Likewise, the underestimation of modelled HS for extreme events is reported in earlier studies that discuss different possible sources of error. In this respect, one possibility is linked to the horizontal resolution of the model grid, that is much finer than that of the atmospheric forcing (see part 2.1). Also, the limited resolution of wind forcing can be a main source of errors for wave model (Bertotti and Cavaleri, 2009). Finally, the ERA reanalysis dataset is reported to underestimate wind speed (Kalverla et al., 2020), especially for areas with complex orography (Jourdier, 2020) and for intense events like typhoons (Xiong et al., 2022).




4 Coastal hazards


4.1 The contribution of wave setup to extreme sea levels

We take advantage of the two complementary numerical simulations presented above to compute the contribution of wave setup to extreme sea levels. The present hindcast provides 72 years of both hydrodynamic and hydrodynamic-wave coupled simulations. The wave setup is obtained by simply subtracting the simulated sea surface elevation without waves (elev) to the simulated sea surface elevation with waves (elevcoupled); so it contains not only the contribution of the waves but also the coupling with the atmospheric pressure and wind.

Figure 8 provides two examples of wave contribution to coastal sea surface elevation. The first case shows a snapshot (day 20 at 07:00) of simulated sea surface elevation (Figures 8C, D) and HS (Figure 8A) during Storm Gloria that hit the Spanish eastern coasts (see wide area in Figure 8A) in January 2020 (Amores et al., 2020; de Alfonso et al., 2021). During this event, extremely large waves were recorded by wave buoys (with HS over 8 m) that notably propagated towards coasts of the Comunidad Valenciana (Spain) with perpendicular direction to shoreline (area zoomed, see Figure 8A) generating significant coastal inundation and numerous damages. This area is characterised by a shallow continental shelf that extends beyond 10 km offshore (30 m depths are reached at this distance, see Figure 8B), with the wind effect becoming dominant over atmospheric gradient pressure contribution to storm surges (Bertin et al., 2017) and shallow waters favouring depth-induced wave breaking. Lower panels (Figures 8C, D) show simulated elev (C) and elevcoupled (D). With only the combination of inverse barometer and wind setup contributions, simulated elev reaches 40 cm and displays a uniform pattern along the coast. When the wave generation and propagation are added, elevcoupled increases up to 70 cm (D). The amplitude of waves and local depth explain the observed spatial differences on the coast. Overall, the contribution of wave setup to simulated coastal elevation is significant (up to 120% increase) in this case. Since this storm was an extraordinary event in terms of intensity, another example of a less energetic event is shown in Figure 8 (Case N°2) in order to illustrate the ability of the hindcast to capture wave setup also during weaker storms or undocumented events. For instance, our simulation reproduces the generation and propagation of a wave storm that hit the southern Sicilian coasts (Italy) in December 2004. During this event, winds towards northeast generated HS higher than 4 m along the coast (see Figure 8E, Case N°2). In the same way as for the first case, Figure 8 displays a snapshot (day 26 at 21:00) of sea surface elevation without (G) and with waves (H). To a lesser extent than for storm Gloria, the contribution of waves to coastal extreme sea levels is evidenced. Indeed, simulated elev hardly surpasses 20 cm for the southern coasts, while the elevcoupled reaches 40 cm when the wave setup contribution is accounted for. Here, the storm conditions and the bathymetry are different from the previous example, with smaller waves and a narrower continental shelf. Thereby, these two case studies show the ability of the model to capture the imprint of wave effect on sea surface elevation under varying conditions.




Figure 8 | Snapshots of simulated sea surface elevation and HS generated by two independent storms. Case N°1 corresponds to the Gloria storm that hit eastern Spanish coasts in January 2020 (snapshot on day 20, at 07:00). Case N°2 corresponds to a wave storm that impacted southern coast of Sicily in December 2004 (snapshot on day 26, at 21:00). For both cases, upper left panel (A, E) shows simulated HS for a large area and a zoom of a smaller zone within it. Upper right (B, F), lower left (C, G) and lower right (D, H) panels show respectively the bathymetry, the elev and the elevcoupled of the zoomed area.



In order to have a more exhaustive insight of the model ability to capture wave setup at the Mediterranean scale, we analyse the contribution of wave setup for extreme events defined over the corresponding threshold (see section 2.3) at every coastal grid point. To do so, we subtract elev from elevcoupled for each event. Figure 9 shows the 99th quantile (1% of highest values) of the resulting wave setup during extremes. It should be reminded that because of the very high density of coastal points (111561), Figure 9 (along with Figures 10, 11A, B) does not show exhaustively all coastal points, as there are inevitably overlapping nodes at this scale. Large wave setup values are found in different areas of the western, central and eastern Mediterranean Sea. Highest levels are found in the Adriatic (eastern coasts), around the Gulf of Gabes in northern Tunisia and western Sardinia coasts. As a consequence of the first example discussed above with Storm Gloria, one of the strongest events ever recorded, the imprint of wave setup is clearly observed in the eastern Spanish coasts (Case N°1). The same applies to the southern coasts of Sicily (Case N°2). In the rest of the coastal regions within the basin, wave setup below 10 cm is found (e.g. North of the Alboran sea, Spanish and French coasts, Aegean sea). Due to their particular characteristics (wave energy and direction, morphological characteristics of the zone, depth of coastal and near-shore nodes or spatial resolution are crucial for the model to capture wave setup induced by wave breaking), these regions are not prone to the development of important wave setup. Overall, the imprint of potential contribution of wave setup to coastal sea surface elevation is well captured by the model along many coastlines of the Mediterranean.




Figure 9 | Wave setup (elevcoupled-elev) 99th quantile of sea surface elevation of independent events (see section 2.3) for coastal grid points within the Mediterranean Sea.






Figure 10 | 100-year return levels of HS at 20 m for Mediterranean coasts, islands included.






Figure 11 | 100-year return levels of sea surface elevation for Mediterranean coasts, islands included. Upper panel (A) shows return levels for elevcoupled. Lower panel (B) shows the difference between return levels computed from extreme event distributions of elevcoupled and elev.





4.2 Return levels

The quantification of the hazards of waves and extreme sea levels along Mediterranean coasts is investigated in this section in terms of return levels. For every coastal grid point and for both elevcoupled, elev and HS at 20 m, we compute return levels using a GPD method with thresholds chosen after applying the automated threshold selection technique presented in section 2.3 to the distribution of selected extreme events described in section 2.3. The resulting 100-year return levels are mapped in Figure 10 for HS and Figures 11A, B for the elevcoupled and elev.

The spatial pattern of 100-year return level of HS reflects the large waves that can be found in the central western Mediterranean basin, from the Gulf of Lions, around the Balearic islands, through west of Sardinia and down until the northern coast of Algeria, where return levels greater than 8 m are found. High values of HS return levels, between 6 m and 8 m, are also observed in the eastern Mediterranean (e.g. southern Italy and Greece, Lybian and Egyptian northern coasts, East of Cretes and Israel). Overall, a total 48.4% of coastal grid points show 100-year return levels greater than 4 m. Lower values correspond to areas with limited fetch (distance over which wave-generating wind blow). For instance, values below 1 m are found in the Adriatic Sea, especially along the Croatian coastline (north Adriatic) that is protected by a belt of islands. Similarly, the numerous islands within the Aegean sea prevent waves from growing and propagating. Furthermore, low to moderate HS return levels, with values between 2 m and 4 m, are found in the Gulf of Gabes (Tunisian coasts, around 10°E/34°N). Othmani et al. (2017) described this area as an extended shallow region, with depths of 50 meters found 110 km offshore (400 km from the coasts for depths of 200 m). Therefore, the propagation and growth of waves is limited since wave breaking point is reached for waves with relatively low period and amplitude (nonetheless inducing wave setup).

Figure 11A maps 100-year return levels of elevcoupled, while Figure 11B shows the differences between 100-year return levels of elevcoupled and 100-year return levels of elev. The spatial distribution of the return levels clearly highlights geographical zones with values over 1 m. The largest values of return levels are observed in the Adriatic Sea with a quite uniform spatial distribution over its northern part (up to 1.30 m in the Marano Lagoon, Italy), from the Venice area until Trieste in Italy. This region is located at the tail of the longest fetch of the Sirocco wind, that is generated by air-pressure gradients linked to Mediterranean low-pressure systems crossing the Adriatic Sea (Medugorac et al., 2018). Thereby, the Sirocco blowing from southeast often generates storm surges in the north of the Adriatic (Italian coasts), where the wind contribution to coastal elevation is dominant over wave setup and inverse barometer contributions. Indeed, Figure 11B reveals a small contribution of wave setup to 100-year return levels, with differences lower than 9 cm (8% increase respect to elev 100-year return level). In such semi-enclosed basin, wave generation and growth is restricted due to a limited fetch in comparison to the corridor in the western basin. Moreover, Figure 9 shows that wave setup 99th quantiles lower than 10 cm are mainly found for the northern and western part of the Adriatic. The geographical pattern of the return levels shows that high values are generally found with the presence of wide continental shelves with mild slopes that favour the wind setup contribution to storm surge generation, which dominates over inverse barometric effect (Bertin et al., 2017) and wave setup component with little depth inducing wave-breaking. This is the case of the Gulf of Lions and of the coastline sector between the Gulf of Gabes and the northern coasts of Lybia (e.g. Gulf of Syrte). For the latter area, there is an apparent and significant correlation of high return level of elevcoupled (see Figure 11A) with levels of wave setup observed in Figure 9. This relationship is confirmed in Figure 11B that represents the contribution of waves to extreme sea levels. Larger positive values of these differences are found at regions with wave setup. For instance, 100-year elevcoupled return levels are found to be up to 40 cm higher than 100-year elev returnlevels in the Gulf of Syrte, which represents an increase of more than 60%. Also, as expected from results in section 4.1, 100-year return levels of sea surface elevation when accounting for waves are higher in the areas of Spanish eastern coast (Case N°1) and south Sicily (Case N°2) with up to 25-30 cm (~60% respect to elev 100-year return levels) and 15-20 cm increase (~50% respect to elev 100-year return levels), respectively. As it has been shown in previous studies such as Marcos et al. (2019), wave setup is a relevant mechanism that can lead to significant changes when computing extreme sea level return levels. For instance, in the area impacted by storm Gloria (beach of Gandia, eastern Spanish coast), the uncoupled modelled elev leads to an extreme sea level of 46 cm expected once every 100 years, while its frequency decreases down to once every 8 years when accounting for wave setup component (elevcoupled). Overall, the values of 100-year return levels of elevcoupled exceed 50 cm in 42.8% of coastal grid points, including regions as the Aegean Sea, Eastern Sardinia or coasts in the Levantine basin.




5 Discussion and conclusion

This work presents CoExMed, a new Mediterranean hydrodynamic-wave coupled hindcast with an unprecedented spatial resolution and period covered (1950-2021), that includes, for the first time, the wave setup component along the coasts that contributes to the coastal extreme sea levels (up to more than 100%). The modelled storm surges and waves have shown a very good skill when compared with in-situ and remote observations. The length and completeness of the hindcast permits the accurate computation of extreme sea level statistics along the Mediterranean coasts separating geographical features due to its high spatial resolution. The results have thus direct applications in coastal impact studies, can be used to feed local models and to assess with increased accuracy coastal hazards.

Extreme ocean waves growth occurs under conditions of combined sustained winds and long fetch (Lionello et al., 2006). Compared to the Atlantic Ocean and because of its very complex orography, the Mediterranean Sea is a region where the generation and propagation of large waves is limited by short fetches. However, powerful waves greater than 6 m occur in the Mediterranean Sea (Lionello et al., 2006; Amores et al., 2020). In agreement with other studies focusing on the Mediterranean wave climate (Lionello et al., 2006; Soukissian et al., 2017; Morales-Márquez et al., 2020; Elkut et al., 2021), our results show that highest waves are mainly found in the long fetch corridor between the Gulf of Lions southwards to the Algerian coasts, generated by northerly dominant winds (Mistral and Tramuntana) and enchancedby orographic effect (Menéndez et al., 2013). Although the spatial patterns are well reproduced in the hindcast, the comparison of modelled waves to buoy and satellite data reveals that extreme wave heights are underestimated (see part 3.2). This fact is also reported in the recent work of Barbariol et al. (2021) that provides a 40-years (1980–2019) wave hindcast, obtained by combining the ERA5 reanalysis wind forcing with the state-of-the-art WAVEWATCH III spectral wave model and that was compared to HS satellite altimeter observations. Apart from the western Mediterranean, Barbariol et al. (2021) found high waves in the central Mediterranean (From the Ionian Sea southwards to Tunisian and Lybian coasts) in agreement with our results. HS return levels presented in section 5 also exhibit the presence of high waves within the central Mediterranean. Indeed, Figure 10 shows that high 100-year return levels of HS (between 5 m and more than 8 m) are found for the surrounding coasts of the central Mediterranean, especially for the southwest coasts of Greece and northern Lybian coasts. Our results show as well high return levels of HS for the eastern Mediterranean (western coasts of Cyprus island, Israel, Liban and Syria), in line with Barbariol et al. (2021), yet to a lesser extent, during the summer season.

The overall evaluation of the simulated sea surface elevation against tide gauges showed good agreement (see section 3.1), with a performance very similar to other earlier studies (e.g. Muis et al. (2020)). As commented earlier, extreme sea levels are mainly driven by atmospheric forcing (atmospheric gradient pressure and wind effects) and wave setup. However, using the SCHISM model in its 2DH horizontal barotropic configuration does not allow the representation of mesoscale eddies, being a potential source of error for sea surface elevation simulation. Investigating the role played by mesoscale eddies and its importance to reproduce the evolution of sea surface elevation requires to run the model in its 3D configuration, which is not feasible due to computational constraints (high spatial resolution and long simulation period). Though the latter can be investigated in future works using for instance altimetry data, it is not in the scope of this study to assess the contribution of mesoscale eddies to extreme sea levels and more broadly sea surface elevation. Importantly, during extreme weather events, the hindcast also accounts for the wave setup effect along with storm surges, thus increasing coastal extreme sea levels. We also demonstrate that this contribution is widespread in the Mediterranean basin (see section 4.1). In a recent study, Toomey et al. (2022) used the hydrodynamic wave coupled SCHISM model to investigate the impact of Medicanes occurring over the Mediterranean sea, performing a regional coastal hazards assessment for the present and future climates. Overall, medicane-induced waves and storm surges showed poor spatial correlation between waves and sea surface elevation patterns, though waves greater than 14 m were generated. With a 10 times higher resolution (a 2 km coastal spatial was used in the work of Toomey et al. (2022)), the present hindcast shows a better ability for capturing the wave setup imprint at Mediterranean scale. For instance, eastern coasts of Sardinia show high return levels of wave setup (greater than 30-40 cm) while in spite of very high Medicane-generated HS, Toomey et al. (2022) results showed very low 100-year return levels of storm surges (see Figure 12), highlighting the advantage of having high spatial resolution for wave setup generation. As commented in section 4.1, wide and gently sloping continental shelves favour wind effect contribution to total water level and also wave setup with shallow depths inducing wave-breaking. For the latter, very high spatial resolution is not paramount since the continental shelf extends over relatively long distance. However, the resolution parameter becomes essential for coasts characterised by a narrower continental shelf or simply the absence of it. In such areas, the wave setup contribution to coastal sea level extremes becomes dominant over the wind effect contribution {Bertin et al., 2017; Joyce et al., 2019) like in the case of volcanic islands (e.g. Hawaiian Islands, Kennedy et al. (2012)]. In that way, the present high resolution wave and storm surges hindcast addresses this issue and points out the importance to adapt the spatial resolution to the morphological characteristics of the area studied, though along the very diversified Mediterranean coastlines the wave setup component is ineluctably likely to be underestimated or not captured. With the current spatial resolution, we identify regions where wave setup plays a role in coastal extreme sea levels; nevertheless, this does not exclude that this effect may be also relevant in other regions for which a higher resolution would be needed. Our results are, therefore, conservative in that sense.

A possible source of error when it comes to wave modelling, and thereby wave setup representation, is the physical formulation of sea the surface stress. Bertin et al. (2015) and Pineau-Guillou et al. (2020) investigated the impact (during storms occurring in the Bay of Biscay and the North Sea, respectively) of using a wave dependent rather than an only wind dependent formulation for surface stress computation, resulting in more accurate modelled sea surface elevation under conditions of young and rougher sea state (as it happens in the Mediterranean Sea because of its limited fetch). As commented in section 2.1, the Pond and Pickard (2013) bulk formula was used in this study to allows us to isolate the wave setup effect. However, following Bertin et al. (2015) and Pineau-Guillou et al. (2020) findings, we ran simulations over the 2015-2020 period with a wave dependent surface stress (as used in Bertin et al. (2015)) and compared results to our simulated hindcast over this time period. Overall, RMSE and correlation statistical indicators did not show any clear improvement or downgrade for the validation of simulated sea surface elevation compared to tide gauges (hindcast data), with a mean RMSE of 6.7 cm (6.8 cm), a mean RMSE for peak data of 6.8 cm (6.7 cm) and a mean correlation of 0.684 (0.687). In parallel, statistical indicators for the comparison to wave buoys data showed no changes at all. Although we do not discard that a wave dependent formulation may have significant influence for single events, it has no incidence in the scope of this study that is to characterise storm surges and wave climate over more than 70 years.

This contribution with a new hydrodynamic-wave coupled generated hindcast is innovative in many ways. Taking advantage of the ERA5 dataset covering the 1950-2021 period, we produced, to our knowledge, the longest model-based climatology of both wind-waves and sea surface elevation within the Mediterranean basin. Moreover, statistical analysis robustness (e.g. for the computation of return levels for long return periods) is enhanced when leaning on such large time series of storm surges and HS. Finally, the possibility to extract the imprint of the wave setup component within the entire Mediterranean basin at unprecedented high resolution along the coast reveals very interesting avenues for future research, knowing for instance that wave setup contributions to storm surges are often taken into account through the use of bulk formulas.
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