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Abstract. This study presents an Early Warning System (EWS) for coastal flooding that integrates wind, wave, and sea level 

forecasts which are validated using in-situ records. The system employs the SWAN spectral wave model to simulate nearshore 

hydrodynamics while an empirical approach is used to assess Total Watel Level (TWL) exceedances over a user-defined 15 

morphological threshold, deriving from repeated topographic surveys. This approach utilizes six widely used empirical 

methods for wave run-up estimation and makes use of the most effective one after calibration. The performance of the EWS 

is assessed through six monitored surge events of varying magnitude and hydrodynamic conditions, demonstrating strong 

agreement between projected TWL exceedances over predefined morphological thresholds, particularly under high-energy 

wave conditions. Minor discrepancies are noted during events with marginal TWL exceedances over short durations. Results 20 

underline the system’s potential as a valuable tool for coastal hazard assessment and risk management, with future 

improvements focusing on appropriate updates of the beach morphology and the integration of suitable numerical techniques 

and machine learning algorithms. 

1. Introduction  

Coastal floods are considered among the most hazardous natural disasters, posing significant threats to coastal communities, 25 

affecting livelihood and crucial socio-economic aspects.  Millions of people living in coastal areas are currently at risk of 

displacement due to flooding, leading to the loss of livelihoods, social disruption and economic costs related to relocation 

(Neumann et al., 2015a; Hauer et al., 2016; Nicholls et al., 2019; IPCC, 2023). At the same time, critical infrastructure assets 

such as ports, coastal airports, power plants and transportation networks are particularly vulnerable, with potential repair and 

adaptation costs running into tens of billions of dollars annually (Neumann et al., 2015b; UNCTAD, 2018; Monioudi et al., 30 

2018; Asariotis et al., 2024). In addition, coastal flooding risks devalue properties in flood-prone areas, potentially leading to 
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losses in property value worth billions of dollars (Murfin and Spiegel, 2020; Vousdoukas et al., 2020; Bakkensen and Barrage, 

2021). The economic impacts of coastal flooding are expected to rise, as sea levels are increasing at an accelerating rate. Global 

mean sea level has risen by about 0.2 m since 1900, with a significant acceleration in recent decades (Jevrejeva et al., 2016; 

IPCC, 2023). Future projections indicate that Mean Sea Level (MSL) could rise by 0.4 - 0.8 m by 2100, depending on emissions 35 

scenario, significantly heightening the risk of coastal flooding (IPCC, 2023). Extreme Sea Level (ESL) events occurring during 

extreme storms/surges due to the increased hydrodynamic action are additionally expected to increase over the 21st century 

(Vousdoukas et al., 2018a; Almar et al., 2021). The combination of higher MSL and ESL can lead to more frequent and severe 

coastal inundation events, making previously safe areas susceptible to flooding necessitating substantial investments in 

mitigation and adaptation strategies to protect vulnerable coastal communities (Vousdoukas et al., 2018a; IPCC, 2023).   40 

Consequently, there is an urgent need for decision-support tools to assist local stakeholders and coastal planners. In the long 

run, such tools can be used to effectively design risk-reduction strategies based on future flood risk projections. In the short-

term, the development of Early Warning Systems (EWSs) plays a crucial role in safeguarding coastal areas. Several EWSs for 

coastal flooding have been developed to enhance the resilience of coastal communities (e.g. Harley et al., 2012; Stokes et al., 

2021; Le Gal et al., 2023; Sanchez-Artus et al., 2025). These systems integrate hydrodynamic modeling, real-time monitoring 45 

networks, and forecasting techniques to predict and mitigate flood impacts on a large (national/regional) or localized scale. 

Large scale operating EWSs cover broader geographical areas, averaging out specific local conditions. On the other hand, 

locally tailored systems provide highly specific and customized warnings, using real-time monitoring and detailed modeling 

of nearshore hydrodynamics at finer resolution.  

At a national scale, one of the earliest efforts for the prediction of storm surge induced flooding during hurricane activity is the 50 

Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model developed by the U.S. National Oceanic and Atmospheric 

Administration (NOAA) that integrates coastal topo-bathymetry, meteorological data and tide conditions (Jelesnianski et al., 

1992), providing crucial data for early warning and evacuation planning. Furthermore, Xiao et al. (2006) introduced the Coastal 

and Estuarine Storm Tide (CEST), a numerical modeling system that integrates multiple data sources, such as tidal predictions, 

meteorological data, and wave information to predict water levels during extreme weather events. In the United Kingdom, the 55 

Joint Met Office - Environment Agency Flood Forecasting Centre (FFC) utilizes an EWS that integrates meteorological and 

hydrological data to deliver timely flood risk assessments across the United Kingdom (Stephens and Cloke, 2014). More 

recently, the European Coastal Flood Awareness System (ECFAS) generated real-time flood forecasts using pre-identified local 

morphological thresholds at defined coastal sectors along the entire European coastline, together with a combination of 

predicted hydrodynamic conditions and high-resolution numerical modeling (LISFLOOD-FP) suited to regional-to-local scale 60 

assessments (Le Gal et al., 2023). Locally tailored systems offer customizable early warning solutions by integrating multiple 

datasets and real-time hydrodynamic modeling of the nearshore processes at finer scales. For instance, a fully operational EWS 

operates at the region of Emilia-Romagna (Italy) that integrates atmospheric, hydrodynamic, and morphodynamic models to 

provide three-day forecasts of dune erosion and marine flooding at strategic locations, translating model outputs into actionable 

information for emergency planners (Ciavola et al., 2011; Armaroli et al., 2012; Harley et al., 2012). Furthermore, Biolchi et 65 
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al. (2022) presented the integration of ensemble prediction methods into a coastal EWS that employs an advanced 

morphodynamic model (XBeach – Roelvink et al., 2009) for selected cross-shore sections of Emilia-Romagna. Sanchez-Artus 

et al. (2025) presented a high-resolution hydrodynamic operational service using the XBeach model to forecast coastal flooding 

for three urban beaches in Barcelona (Spain). Garzon et al. (2023) introduced a Bayesian networks-based EWS for wave-

induced flooding that makes use of a probabilistic approach to assess the flooding likelihood, accounting for multiple uncertain 70 

variables, including wind, wave and tide conditions.  In Venice lagoon, the “Acqua Alta” (high water) surge forecast system 

demonstrates the effective integration of a hydrodynamic model used for sea level forecasts and an Artificial Neural Network 

(ANN) module used to correct the modeled output with observed sea level data in the Adriatic Sea (Bajo and Umgiesser, 2010; 

Zampato et al., 2016). The most recent development in coastal flood forecasting is the exclusive use of ANNs that integrate 

atmospheric (wind and barometric pressure) and hydrodynamic (waves, sea level and tide) parameters to generate acceptable 75 

sea level predictions. Several studies have tested different ANNs at various locations worldwide, found to be capable of 

providing water level predictions during extreme surge events with RMSEs ranging between 9 - 34 cm, depending on the 

event’s magnitude and duration (Hashemi et al., 2016; Wang et al., 2016; Wang and Yuan, 2018; Chao et al., 2020; Dato et al., 

2024). In Venice lagoon, the “Acqua Alta” (high water) surge forecast system demonstrates the effective integration of dynamic 

and neural network models, providing accurate forecasts of storm surge events in Venice Lagoon, enabling authorities to 80 

implement timely interventions (Bajo and Umgiesser, 2010). A more recent development in coastal flood forecasting is the 

Bayesian networks-based EWS for wave-induced flooding, as proposed by Garzon et al. (2023). This system uses a 

probabilistic approach to assess the likelihood of wave-induced flooding, accounting for multiple uncertain variables, including 

wind, wave and tide conditions.   

To trigger the warning levels, it is essential to establish thresholds based on the predicted intensity of the flood event. Defining 85 

these thresholds and identifying extreme levels can be carried out by employing the TWL at the coastal boundary. TWL at a 

given time (t) can be defined by synthesizing three different components as (Pugh, 1987): 𝑇𝑊𝐿(𝑡) = 𝑍𝑜(𝑡) + 𝑇(𝑡) + 𝑅(𝑡), 

where Zo (t) is the mean sea level due to atmospheric forcing (pressure and wind, non-tidal residual), T(t) is the tidal component 

and R(t) is the wave run-up expressed as the sum of level changes due to wave set-up and the swash. Over recent years, a 

number of studies have suggested different approaches for the calculation of the non-tidal residuals (R(t) and Zo(t)). 90 

Vousdoukas et al. (2016), Vousdoukas et al. (2018b) and Le Gal et al. (2023) estimate TWL as the sum of the mean sea level 

(Zo(t)), the tidal signal (T(t)) and the wave set-up to predict the extension of coastal flooding. Del Rio et al. (2012) proposed 

a method for TWL calculation that involves the tidal signal, the wind-induced setup, barometric pressure changes and sea level 

perturbations due to wave action, whereas Jimenez et al. (2009) used wave information for estimating the inundation danger 

of the coast of Emilia-Romagna region (Italy), Catalan (Spain) and Languedoc-Rossillon (France) coastlines. On the other 95 

hand, Rulent et al. (2020), Caruso and Marani (2022) and Croteau et al. (2023) use a more simplistic approach, where TWL is 

estimated as the sum of the mean sea level, tide and level variations associated with storm surges, excluding the wave induced 

perturbations.  
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During storms or elevated tide and surge conditions wave run-up can significantly exceed the elevation of coastal protection 

elements (like dunes and seawalls) leading to overtopping and flooding. However, wave run-up processes are not frequently 100 

integrated into EWSs due to the limited availability of high-resolution coastal topo-bathymetry, as well as the complexity of 

simulating the highly dispersive wave transformation at the nearshore (e.g. Ardhuin et al., 2009; Naeini and Snaiki, 2024). 

Even so, the numerical models capable to resolve such non-linearities and provide sufficient wave run-up estimates require 

significant computational time and effort (e.g. XBeach - Roelvink et al, 2009; SWASH - Zijlema et al., 2011; Boussinesq based 

model - Klonaris et al., 2013). Thus, coastal scientists and engineers commonly use parameterized empirical expressions that 105 

have been found capable in providing realistic estimates, in different beach environments (e.g. Ruggiero et al. 2004; Stockdon 

et al., 2006; Vousdoukas et al., 2009; Senechal et al., 2011; Paprotny et al., 2014; Suanez et al., 2016; Poate er al., 2016; Gomes 

da Silva et al., 2020; Bujak et al., 2023). 

In this context, the aim of the present contribution is to report the development and validation of an operational flood EWS 

(henceforth called NEPTUNE-EWS) that has been configured and tested on a microtidal wave-dominated beach in the southern 110 

part of Sardinia island (Italy). The system utilizes high-resolution topo-bathymetric data and locally generated wind-wave 

forecasts to simulate nearshore hydrodynamics and predict the Total Water Level (TWL), incorporating wave run-up estimates. 

Flood forecasts are based on the exceedance of TWL over predefined morphological thresholds, which are dynamically updated 

through repeated topographic leveling at selected locations. The system’s performance is evaluated against seven surge events 

of varying magnitude, monitored through an autonomous video monitoring system and triggered by different wind, wave and 115 

sea level conditions. 

2. Methodology 

2.1 Pilot Site: Poetto beach 

Poetto is an urban microtidal (maximum tidal range of 40 cm during spring cycles and 20 cm during neap cycles, Biondo et 

al., 2020), wave dominated beach fronting the city of Cagliari, hosting about 100,000 people per day during the summer season, 120 

making it the most visited beach of Sardinia (Strazzera et al., 2008). The high carrying capacity of Poetto is justified by its 

dimensions (length of about 8 km and maximum width of about 100 m), whereas a significant number of coastal facilities and 

assets can be found at the low-lying (maximum elevation of about 2.5 m above sea level) backshore coastal promenade. Due 

to its socio-economic and environmental importance for the region, the Mediterranean Geomorphological Coastal and Marine 

Laboratory (MedCoastLab) of the University of Cagliari developed a monitoring program that involves analytical studies of 125 

Poetto’s hydro-morphodynamics, making it one of the most studied beaches of Sardinia (e.g. De Muro et al., 2017; Ruju et al., 

2019; Biondo et al., 2020; Ruju et al., 2022; Trogu et al., 2023; Trogu et al., 2024).  

Poetto can be considered as an intermediate beach having mild to intermediate foreshore slopes (tanβ) that range between 0.07 

- 0.15, backed by a relatively narrow (between 10 - 50 m) and low (maximum elevation at 2.2 m above sea level) primary dune 

system (Ruju et al., 2022). Its low-lying topography makes the beach vulnerable to surge and erosion events during periods of 130 
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increased hydrodynamic action. As an effort to limit erosion, a beach nourishment project (of about 300,000 m3 of sand) was 

carried out in 2002 at the Western sector, significantly modifying the textural, compositional and morphological features of 

the beach (De Muro et al., 2017). Most of the coarser bioclastic material used for nourishment was rapidly eroded in the 

following years with a registered erosion rate of up to 3 m/year in the Western, most urbanized and vulnerable sector (Biondo 

et al., 2020). During autumn - early winter periods, the foreshore beach is periodically covered by Posidonia oceanica 135 

banquettes or/and accumulation of Arundo donax reeds as a response to increased hydrodynamic activity and the species 

biological cycle (Ruju et al., 2022; Trogu et al., 2023). 

 

  
Figure 1: a) Map of Sardinia showing the location of Poetto beach. b) Bathymetry of the wider area of Poetto and Cagliari port. The 140 
locations of the coastal videocameras (CAM1 and CAM2) and their fields of view, cross-shore profiles P1 and P2, AWAC logger, 

meteorological station and tide gauge, CMEMS and ECMWF grid points, and the computational grid used in SWAN, are also shown. 

b) and c) Elevation maps (above MSL) of the locations close to cross-shore profiles P1 and P2 (Image source: Sardegna Geoportale, 

2024). 
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 145 

A coastal video monitoring system is deployed in Poetto, set to monitor the western and central sectors of the beach (proximal 

beach stretch of about 2.7 km - see Fig. 1b). The system consists of two videocameras that provide optical records (frames) of 

high frequency (4 Hz) and time coverage (for 20 minutes, at the beginning of every three hours during daylight), used for the 

detection of surge events, amongst other hydro-morphological parameters (for details see Trogu et al., 2023).  

Dune height is commonly used as a key reference threshold for assessing coastal flooding (e.g. Armaroli et al. 2012; Harley et 150 

al., 2012;2016). However, in Poetto beach the area between the dune toe and the berm is periodically flooded at specific 

locations due to berm overtopping, causing damage and economic losses to the coastal facilities (mainly beach 

bars/restaurants), located at this berm-dune zone. These surge events are primarily driven by the combined effects of the wave 

action and elevated water levels induced by southeast storms, with a flooding extension that episodically can reach the coastal 

promenade of the western, most vulnerable sector of the beach (De Muro et al., 2017; Trogu et al., 2024). Importantly, flooding 155 

rarely exceeds beyond the dune crest, with the most recent event generated by Cyclone Harry that affected Poetto during 19-

22/01/2026. For further information on the meteorological exceptional weather system consult the relevant activation of the 

Copernicus Emergency Management Service EMSR number EMSR858 (CMS, 2026).  

 

2.2 NEPTUNE-EWS: Structure and Computational Elements 160 

The NEPTUNE-EWS is set-up on the web-server of the MedCoastLab, implemented as Linux shell scripts that call dedicated 

Python functions/scripts. The system is fully operational providing forecasts of the Total Water Level (TWL) values for the 

next 4 days with a 3-hour timestep. NEPTUNE-EWS is fed with a detailed bathymetric Digital Elevation Model (DEM), 

coupled with analytical survey data (topographic DEM) to detect low elevation and prone to flood areas, according to historical 

flood records derived from the coastal video monitoring system. For these areas two crucial morphological parameters (the 165 

foreshore (wet) slope (tanβ) and the berm height (B)), are extracted from the topographic data. Foreshore slope is a key 

parameter that controls wave run-up, which is a main component for estimating Total Water Level (TWL) (see Section 2.2.4).  

In the case of Poetto beach, berm height is used as an exceedance threshold against the projected TWL, to assess flood risk at 

the berm-dune toe zone of the examined, more vulnerable locations. The performance of the system is assessed through a 

selected timeseries of six surge events of different characteristics (in terms of wind and hydrodynamic conditions, see Table 170 

4). Each event is categorized according to its impact, evidenced by the coastal videocameras, as: i) no flooding; ii) limited 

overtopping (i.e. detected traces of partial water coverage or/and Posidonia oceanica washes); and iii) extensive overtopping 

(i.e. flooding of the berm-dune zone). The timeseries of the camera frames used to identify these events (4 images per day 

during light hours) are archived in Zenodo (Trogou et al., 2026).  

Flood risk is evaluated by comparing the TWL exceedance against the morphological threshold, incorporating an error margin. 175 

The risk levels are defined as follows: i) Low – when TWL is below the berm height adjusted by the error margin; ii) Moderate 

– when TWL is close to the threshold, within the range defined by the error margin, but does not exceed it; iii) High  – when 
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TWL exceeds the threshold but remains within the error margin; and iv) Very high – when TWL is clearly above the threshold, 

surpassing the error margin. In the case of Poetto, the error margin was adjusted at 20% after assessing the performance of the 

system against the records of the coastal videocameras (see also section 3.3). NEPTUNE is set to automatically send an e-mail 180 

to any interested parties (e.g. civil protection, local authorities/institutions), warning of potential flood risk over the most 

vulnerable beach sectors. The e-mail contains: i) an analytical figure of the projected TWL (magnitude and duration – see 

Figures 15 and 16); and ii) a text warning, indicating the projected flood risk for each day. The system’s structure and the main 

computational elements are presented in Figure 2. 

 185 

 

 
Figure 2: Structure of the NEPTUNE-EWS. 

 

During execution of NEPTUNE-EWS, the initial step involves the extraction of the wind and hydrodynamic forecasts from a 190 

local area weather model. More specifically, hourly forecasts of i) the wind conditions (two horizontal velocity components, 

u10 and v10); ii) the wave climate (13 parameters) involving the significant wave heights, spectral moments/peak periods and 

mean directions of both wind generated and swell (primary and secondary) wave components; and iii) the sea level 

perturbations due to the combined action of the tidal cycle and barometric perturbations, are extracted from widely used e-

databases (see Appendix A. - Table A1). Wind forecasts are provided by the European Center for Medium-range Weather 195 

Forecasts (ECMWF), whereas wave and sea level forecasts are extracted from the Copernicus Marine Environmental 

Monitoring Service (CMEMS) virtual buoys/e-database using the Copernicus Marine Toolbox - version 2.0.0 (CMS, 2025). 

The forecasted wind-wave climate deriving from the ECMWF and CMEMS e-databases, is used as input to the SWAN 

(Simulating WAves Nearshore) model (e.g. Zijlema and van der Westhuysen, 2005). The computational elements of 
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NEPTUNE-EWS are reported in the following sections. Section 2.2.1. presents the boundary conditions and the thresholds 200 

used during initial system set-up, whereas the process of simulating nearshore hydrodynamics and TWL estimates are presented 

in Section 2.2.2.    

 

2.2.1 Boundary conditions 

Topography and Bathymetry 205 

Nearshore bathymetry was retrieved on 21/05/2019 with the use of a boat equipped with a single beam echosounder (Reson 

Navisound 215) combined with a DGPS Differential Global Positioning System (DGPS - Omnistar 8300HP), set to operate at 

5 Hz and interfaced through a notebook via the dedicated Reson PDS2000 navigation and acquisition software. The boat 

navigated through dense (spaced at about 350 m) cross- and long-shore transects from shallow depths (of about 1 m) up to the 

inshore expansion limit of the Posidonia oceanica meadow at depths between 10 - 18 m. Regarding beach topography, an 210 

Unmanned Aerial Vehicle (Enac-certified DJI Phantom 4 Pro APRs with GSD= 3/5 cm per pixel) was used to obtain a detailed 

topographic DTM (Digital Terrain Model) on 22/05/2019. Furthermore, nine topographic surveys were carried out during the 

period 2017-2026 along the two locations/cross-shore profiles (named P1 and P2) most prone to flooding according to the 

topographic DEM and the camera records. The topographic data were measured with the use of a Real Time Kinematic 

Differential Global Positioning System (RTK-DGPS), collecting survey points from the dune system down to shallow depths 215 

of about 1 m. 

The bathymetric grid used in SWAN simulations was generated by merging the retrieved high-resolution bathymetry and the 

EMODnet bathymetric database (EMODnet, 2024). To date, EMODnet represents the best available harmonised Digital 

Terrain Model (DTM) for European seas, showing however relatively high vertical errors in shallow depths. To overcome this 

and retrieve the best possible accuracy, the retrieved high-resolution nearshore bathymetry replaced the EMODnet values 220 

covering the same area. Moreover, a triangular interpolation where samples are organized into a Delaunay network allowed 

computation of the nearshore bathymetry (up to ~40 m depth) and generation of the final grid. 

Meteorology and Hydrodynamics 

Wind forecast is extracted from the ECMWF’s dataset (Table 1 - ECMWF, 2025). The dataset is based on the Set I - High 

RESolution (HRES) atmospheric model, specifically tailored to compute wind components at 10 m height (u10 and v10) for 225 

10 days ahead, updated twice a day, with a spatial resolution of 0.1° x 0.1° (of about 9 km) and hourly frequency. The 

operational implementation of ECMWF Set I-HRES benefits from improvements in computational methods and the integration 

of observational data (Herschbach et al., 2020). To validate the accuracy of ECMWF forecasts in Poetto, the forecasted wind 

climate is compared against wind records of a meteorological station installed and operating at the port of Cagliari at an 

elevation of 3 m, with a recording frequency of 10 minutes (see Fig. 1b). The data are accessible through the monitoring 230 
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network of the Italian Institute for Environmental Protection and Research (ISPRA) (ISPRA, 2025).  To achieve that, wind 

data from the closest available geographical point of the ECMWF database were used (located at a distance of 7.2 km offshore 

the meteorological station - see Fig. 1b). For comparison, wind records of the meteorological station were extracted for the 

same timestep with the ECMWF forecasts (hourly) and were converted to wind velocity at 10 m height (U10) as U10 = Uz 

(10/z)1/7, 0 < z < 20, where z, is the elevation of the meteorological station (USACE, 1984). Furthermore, the effective wind 235 

events (i.e. storms with intensity greater than 4 Beaufort, blowing from directions within the effective fetch of Poetto) were 

isolated by using the criterion of Sanchez-Arcilla et al. (2008), according to which a wind event can be classified as storm 

surge if it has a duration of at least 6 hours, while any break in strong winds (in this case greater than 4 Beaufort) should not 

exceed 18 hours between consecutive wind records. These events were compared against the wave heights projected by 

CMEMS to identify trends and assess the wind-generated waves during increased wind activity (see Section 3.1). 240 

Wave climate forecast is extracted from the CMEMS download center through the wave component of the Mediterranean 

forecasting system (Med-WAV) (see Appendix, Table A1 - Korres et al., 2023). Forecasts are based on the WAM6 numerical 

model, developed from the fundamental work of Hasselmann et al. (1973). WAM6 is one-way nested, designed to simulate 

ocean wave dynamics with a spatial resolution of 1/24o (of about 4.2 km) and high precision. The model resolves the prognostic 

part of the wave spectrum with 24 directionally and 32 logarithmically distributed frequency bins, whereas the solutions are 245 

corrected by an optimal interpolation data assimilation scheme of along track satellite observations of the significant wave 

height (Oikonomou et al., 2023). The model is updated twice a day and provides hourly forecasts for 10 days ahead of the 

main wave parameters (significant wave height, mean/peak wave period and mean direction) for a wind generated wave 

component and two swell wave components (primary and secondary). The performance of Med-WAV was assessed against 

the closest available records of a Nortek AWAC (Acoustic Wave And Current) profiler deployed for a 45-day period between 250 

16/10/2020 - 30/11/2020 at 18 m depth, located 2.1 km away from the most proximal CMEMS point/virtual buoy (CMEMS 

V-WAV) located at a similar depth (see Fig. 1b). The reanalysis dataset used for comparison is generated from the WAM4 

(version 4.6.2) model (Table 1 - Korres et al., 2021), as the latest WAM6 based forecasts became available at a later stage 

(since 01/12/2021). 

Sea Surface Height (SSH) forecasts are similarly extracted from the CMEMS download center through the physical component 255 

of the Mediterranean forecasting system (Med-PHY) (Table 1 - Clementi et al., 2021). Med-PHY provide hourly forecasts of 

the SSH perturbations (parameter zos), considering both the barometric component and the tidal signal. To achieve that, it 

utilizes a coupled hydrodynamic-wave model (NEMO and WAVEWATCH III) to account for wave-current interactions, while 

it integrates observational data through a 3D variational data assimilation scheme known as OceanVar (CMS, 2024). 

The accuracy of the modeled sea level (CMEMS V-PHY) was evaluated against in-situ measurements deriving from a tide 260 

gauge operating in Cagliari port, at a location next to the meteorological station as part of the Italian tide gauge network 

(ISPRA, 2025). These data were plotted against the timeseries deriving from the closest to this location CMEMS virtual buoy, 

at a distance of 2.6 km away (CMEMS V-PHY, see Fig. 1b).The comparison is carried out using a set of statistical indicators 
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that involve the Correlation coefficient (R), Mean Absolute Error (MAE), Scaled Mean Absolute Error (SMAE), Mean 

Residual (Bias) and Root Mean Square Error (RMSE).  265 

 

2.2.2 Simulations of nearshore hydrodynamics, TWL forecasts 

The projected wind-wave climate deriving from the ECMWF and CMEMS and the detailed nearshore bathymetry are set as 

input to the SWAN model. SWAN is a spectral wave model based on the wave action balance (e.g. Stokes et al., 2021). The 

grid used in SWAN has a spatial resolution of 0.001° (of about 100 m - see Fig. 1b), allowing the representation of the main 270 

wave transformation processes. Reconstruction of the wave spectra is based on the approach of Ruju et al. (2022) who 

investigated nearshore wave spreading in Poetto beach (with the use of the same grid as currently available in NEPTUNE-

EWS) and validated SWAN’s wave forecasts against in-situ wave records of an AWAC. This approach is also consistent with 

Ruju and Viola (2024) who suggested that, during multimodal wave conditions, nearshore wave predictions can be improved 

by using boundary conditions in which wave spectra are reconstructed from partitioned wave parameters rather than from bulk 275 

integrated wave parameters. 

The intensity of the flood event is assessed through identifying TWL thresholds. This is achieved by synthesizing the three 

TWL components (Zo, T and R – Pugh, 1987). Wave run-up contribution to the TWL (R) is determined from the spectral wave 

parameters (Significant wave height - Hs and peak wave period - Tp) computed by SWAN outside the surf zone along the 

selected, prone to flood locations transects (in this case, P1 and P2).  The system uses the spectral wave parameters to estimate 280 

the offshore wave height (Ho) and length (Lo), with the use of an inverse shoaling function as 𝐿𝑜 = 𝑔𝑇𝑝
2/2𝜋                                                                                                                                                  

and 𝐻𝑜 = 𝐻𝑠/𝑘𝑠. Where g, is the gravitational acceleration (9.81 ms-1) and ks , is the shoaling coefficient calculated as √𝑐𝑔0 𝑐𝑔⁄ . 

Where cg0 is the offshore group velocity and cg the nearshore (shallow) group velocity. Offshore group velocity is calculated 

as c0/2, where c0 is the offshore wave celerity calculated as the ratio of Lo/Tp . Nearshore group velocity is calculated as c·n, 

where c, is the wave celerity equal to L/Tp and n, the group velocity factor accounting for dispersion effects in finite depth. 285 

After estimation of the offshore wave parameters, six commonly used empirical expressions controlled by the incident wave 

energy and the foreshore slope are employed by NEPTUNE-EWS (see Appendix - Table A2). The performance of each formula 

is assessed against the events of different duration and magnitude (monitored by the coastal videocameras) to select the most 

effective (see also Section 3.2).  

3. Results 290 

3.1 Topographic Records 

Distinct morphodynamic patterns emerge when examining the evolution of the P1 and P2 profiles over the 2017-2026 period 

(Fig. 3). Profile P1 is found to be the most vulnerable location in terms of shoreline erosion with recorded retreat of 23.3 m, 
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showing however quite stable berm and dune elevations. In contrast, profile P2 retreated by 8.2 m, while a notable reduction 

in dune height of 0.6 m.. Dune height in profile P1 has progressively decreased from 2.01 m in 2017 to 1.67 m in 2024, but 295 

showed signs of recovery in the years that followed, with recorded elevation of 1.91 m in 2026 (prior to Cyclone Harry). It has 

to be noted that P2 profiles surveyed from 2023/06/09 and onwards appear unusually flat over a 50 m stretch of the backshore, 

which contradicts natural beach morphologies (Fig. 3b). The latter is linked with man-made works (bulldozing operations) that 

have been since then carried out in this beach sector, aimed at leveling the beach front for recreational purposes, such as the 

installation of a volleyball court in this area. To notice that such man-made changes are of great importance for setting up the 300 

morphological thresholds of the NEPTUNE-EWS. 

 

 
Figure 3: Evolution of cross-shore profiles a) P1; and b) P2 during the period 2017-2026. 

 305 

Despite the changes in beach width and berm height, the foreshore slope (tanβ) for cross-shore profiles P1 and P2 is relatively 

constant, ranging between 0.10 - 0.12 and 0.07 - 0.08, respectively (Table 2). As the morphological threshold changes over 

time, the most updated values deriving from field measurements are used in NEPTUNE-EWS, considering also the seasonal 

cross-shore berm differentiations (i.e. summer - winter berm deposition). 

 310 

Table 2: Morphological parameters of Poetto beach at cross-shore profiles P1 and P2 as obtained from the nine topographic surveys 

conducted during the period 2017-2026. 

Survey Date 

(yy/mm/dd) 

Dune Height (m) Berm Height (m) Foreshore Slope (tanβ) 

P1 P2 P1 P2 P1 P2 

2017/04/06 2.01 2.32 1.44 1.71 0.11 0.07 

2018/10/09 1.92 2.55 1.45 1.42 0.12 0.08 



12 

2020/01/20 1.87 2.52 1.44 1.74 0.11 0.07 

2020/01/27 1.88 2.51 1.33 1.58 0.11 0.08 

2020/05/04 1.86 2.47 1.38 1.56 0.12 0.07 

2022/11/21 1.82 2.45 1.20 1.57 0.11 0.07 

2023/06/09 1.71 2.34 1.19 1.35 0.12 0.07 

2024/06/20 1.67 2.23 1.05 0.69 0.11 0.07 

2025/05/14 1.66 2.35 1.03 1.19 0.10 0.07 

2025/10/16 1.70 2.06 1.06 1.08 0.11 0.08 

2026/01/16 1.91 2.42 1.24 1.08 0.10 0.07 

 

3.2 Validation of forecasts 

3.2.1 Wind and Sea Level 315 

The forecasted wind climate is found to align well with the in-situ records following similar trends, both in velocity and 

direction during the 2.5-year validation period. Nevertheless, the intensity of the ECMWF forecasted winds deriving from 

directions to which the beach is exposed (22% of total records) are found to have lower values by about 2-3 ms-1. When the 

criterion of Sanchez-Arcilla et al. (2008) was applied to filter out low energy conditions, 69 effective wind events (representing 

11% of the timeseries) capable of generating increased hydrodynamic conditions (greater than 4 Bf) have been isolated. An 320 

analytical overview of the wind regime and sea level conditions, as well as the isolated effective wind events are reported in 

Appendix B. C. and D. (Fig. B2, C1 and D1). 

The performance of wind and sea level forecasts is assessed during these 69 energetic events.  The scatter plot of wind velocities 

during these events shows overall agreement between recorded and forecasted velocities, with most points lying close to the 

1:1 reference line (Fig. 4a). The mean residual (bias = 0.73 m s-¹) indicates a systematic offset, suggesting a consistent 325 

underestimation of forecasted wind velocities, evident also in the wind roses (see Appendix B - Fig. B1). While this bias is 

moderate, the spread of the points highlights variability in accuracy, with several values falling outside the 20% error bounds, 

particularly during higher velocities where forecast errors increase. The correlation is moderate (R = 0.573, p < 0.05) with 

MAE = 1.80 m s-¹, representing a substantial fraction of the mean wind velocity (SMAE = 36.5%). Residuals are mainly 

clustered around the value of 1.5 ms-1, while occasional extremes contribute to a higher RMSE (2.22 m s-¹) compared to MAE, 330 

suggesting the presence of large deviations in some events. Overall, the results indicate a moderate correlation but a tendency 

toward systematic underestimation by ECMWF forecasts.  

Regarding sea level (Fig. 4c and d), the correlation coefficient was found to have a value of R = 0.88, indicating that the 

forecast is fairly reliable and that the two datasets generally follow a similar trend. On average, forecasted sea levels were 

found to deviate from the recorded values by MAE = 0.05 m and by RMSE = 0.06 m. The mean Residual (Bias) was estimated 335 

at 0.04 m, suggesting that on average, the CMEMS forecasted data are systematically slightly underestimating the recorded 

sea level. This is also consistent with the distribution of the residuals, where most values are being concentrated at low errors 
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(mostly positive). SMAE was found to be 217.7%, suggesting that for some records (especially for values close to zero), the 

forecast might be off by a large percentage, although the magnitude of sea level variation is small compared to other 

contributions. It has to be considered that the tide gauge is located inside Cagliari’s port is 2.6 km away from the CMEMS V-340 

PHY virtual buoy (see Fig. 1b). 

Extended validation of the wind and sea level forecasts during the 2.5-year period of records is reported in Appendix B. and 

C. (Fig. B3 and C2). 

 

 345 

 

 
Figure 4: Scatterplot of a) wind velocities at 10 m height (U10) recorded from the meteorological station versus the forecasts provided 

by ECMWF and c) Sea level (zos) recorded from the tide gauge versus the forecasts of CMEMS-MedPhy, during the 69 energetic 

isolated events; red lines: 20% error bounds, black line: perfect matching; b) and d) Distribution of residuals during the isolated 350 
energetic events for U10 and zos, respectively. 

 

3.2.2 Wave climate 

During the 45-day validation period (16/10/2020 - 30/11/2020), the CMEMS V-WAV re-analysis data generally follow the 

trends observed through the AWAC measurements. More specifically, the spectral moment significative wave height (Hm0) is 355 
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found to be slightly overestimated by CMEMS data (by about 0.2 m) during specific periods (e.g. on 20/10, 27/10, 16/11 and 

20/22 – Fig. 5a). Notable discrepancies in peak wave period (up to 10 s) are observed during low-energy events (i.e. at times 

when wave heights are smaller than 0.5 m), such as on 18/10, 02/11, 20-21/11 (Fig. 5b). Mean wave direction is also found to 

differ significantly (by up to 130°) at periods of low wave energy (between 24/10 - 02/11 and 16/11 - 21/11), where the 

reanalysis data exhibit abrupt directional changes that are not observed in the AWAC records. However, at periods of increased 360 

wave heights (more than 0.7 m), CMEMS data are found to align reasonably well, having differences of about 20-25° (Fig. 

5c). The model performs rather well in the validation for wave heights but is less accurate for the period and direction. This is 

a known issue of such wave models with several studied reporting similar biases, particularly during low energy events (e.g. 

Ruju et al., 2019; Alday et al. 2022; Oikonomou et al., 2023; Korres et al., 2021,2023).  

 365 

 
Figure 5: a) Spectral moment wave height (Hm0); b) Peak wave period (Tp); and c) Mean wave direction derived from the AWAC 

records and the CMEMS V-WAV re-analysis product for a 45-day period (16/10/2020 - 30/11/2020). 

 

To investigate the performance of CMEMS V-WAV forecasts in high energy conditions, and considering the limited number 370 

of data, the recorded wave heights higher than 0.7 m have been considered for further statistical analysis, representing the 

highest 16% of the dataset (60 out of 361 total AWAC records). An analytical overview of the wave forecasts, as well as 

extended validation that involved the whole AWAC records), is reported in Appendix D (Fig. D1 - D4). 

By examining the scatterplot, it is evident that Hm0 data are well aligned along the 1:1 reference line showing limited spread, 

indicating very good agreement between CMEMS V-WAV and AWAC data, supported by a strong correlation coefficient (R = 375 

0.93, Fig. 6a) and relatively low negative bias (-0.06 m). MAE is 0.15 m, reflecting the average discrepancy between AWAC 
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and CMEMS records. SMAE has a value of 12.5%, suggesting relatively low errors when scaled by the observed mean, while 

RMSE is 0.19 m. Most residuals (AWAC – CMEMS) fall within the range of ±0.2 m, showing that most errors are moderate 

(Fig. 6c). Regarding peak wave period, the points also align well with the 1:1 line supported by a high correlation coefficient 

(R = 0.95, Fig. 6b). MAE is 0.42 s, while SMAE is 6.4%, indicating relatively small errors when scaled by the observed mean, 380 

and RMSE is 0.54 s. The residual distribution shows a concentration around zero, with a slight negative bias of -0.24 s, whereas 

most residuals fall within ±1 s (Fig. 6d), indicating generally small errors. Overall, CMEMS V-WAV forecasts are found to 

reproduce the recorded wave parameters reasonably well, when higher energetic events are considered. 

 

 385 

Figure 6: a) Scatter plot of spectral moment wave height (Hm0); and b) peak wave period (Tp) recorded from the AWAC versus 

CMEMS re-analysis for the recorded events with Hs > 0.7 m during the examined 45-day period; red lines: 20% error bounds, black 

line: perfect matching; c) and d) Error distribution (residuals) amongst the Hm0 and Tp timeseries, respectively. 

 

3.3 Assessment of NEPTUNE-EWS’s Performance over the 2022-2024 period 390 

NEPTUNE-EWS, is set to estimate TWL by using the six empirical equations for wave run-up estimations. The performance 

of each equation during the monitored surge event of the longest duration (event S1) is shown in Fig. 7c-d. Beach conditions 

during the events were examined through the records of the coastal videocameras. An example of no flooding, limited 

overtopping (evidenced by partial water coverage or washes of Posidonia oceanica) and extensive overtopping (flooding of 

the berm-dune zone), is shown in Fig. 7a-b for event S1 at locations P1 and P2. The optical timeseries during each surge event 395 

is accessible to readers through the Zenodo platform (Trogou et al., 2026). The wind, sea level and wave components of the 

selected surge events occurred over the validation period are analytically reported in Appendix B, C and D (Fig. B2, C1, D2 

and D3). 
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 400 

 
 

 
Figure 7. a) and b) Selected daily images during event S1 recorded from coastal videocameras CAM1 and CAM2 at 

locations P1 and P2, respectively. c) and d) Projected Total Water Level (TWL) after the use of six typical empirical 405 

equations for wave run-up estimation during event S1 at locations P1 and P2, respectively; points show the monitoring 

periods of the videocameras and the flood state (optical observations); vertical dashed lines delimit the time during 

which images shown in a) and b) were retrieved.  
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Event S1 (16 - 21/03/2022) was found to be the most energetic in both intensity (Hm0 > 2 m, peaked at 2.9 m) and duration, 410 

during the 2022-2024 monitoring period.  TWL forecasts at both P1 and P2 locations reflected the wave sequence (Fig. 8a–b). 

At location P1, TWL was forecasted to exceed the threshold for 68 h, consistent with overtopping and flooding of the berm-

dune zone observed in the optical records. Similarly, at location P2, TWL was forecasted to slightly exceed (by about 0.1 m) 

the ~1.6 m berm threshold, and for a limited duration (for 6 and 8 hours between 19-20/03). The forecasts of this event match 

with the limited overtopping observed from the camera records.  415 

During event S2 (12 - 14/04/2022), forecasted Hm0 ranged between 1.2–2.0 m. At location P2, TWL remained below the berm 

threshold, consistent with the absence of overtopping observations of this period (Fig. 8d). At P1, four overtopping events were 

forecasted. The last three of this sequence of events of coincided with limited or extensive overtopping (flood) observations 

from the coastal frames. There was no observed overtopping for the primary event of this sequence, attributed to the low 

exceedance (< 0.2 m over the berm) and limited duration (4 hours)  (Fig. 8c). In general, NEPTUNE-EWS forecasts are found 420 

to align well with the camera observations.  

During event S3 (22 - 23/10/2023), forecasted Hm0 was generally mild (<1.0 m) with the exception of 7 hours, during which 

forercasted Hm0 ranged between 1.0–1.6 m. At location  P2, TWL remained below the berm threshold and no overtopping 

was observed (Fig. 8f). At location P1, TWL forecasts exceeded the 1.2 m threshold for 15 hours (Fig. 8e), but no overtopping 

was detected on the camera records, likely due to the limited exceedance (< 0.2 m). 425 

During event S4 (29 - 31/10/2023), forecasted Hm0 peaked at 1.8 m on 30/10 before declining. At location P1, TWL forecasts 

suggested exceedance of the berm threshold by 24 hours showing a peak at ~1.8 m on 30/10. These forecasts are confirmed 

by the limited and extensive overtopping (flooding) sequential events identified by the coastal frames (Fig. 9b). However, at 

location P2, NEPTUNE-EWS did not capture the limited overtopping observed in the optical data. Forecasted TWL remained 

below the ~1.4 m threshold, with a single limited exceedance on 30/10 (Fig. 9b). 430 

Event S5 (09 - 11/03/2024) shows a similar sequential pattern with even S3, being however more energetic (forecasted Hm0 

peaked at 1.6 m on 10/03). At location P1, TWL exceeded the berm threshold for 30 hours (up to 0.8 m of exceedance. The 

trends of this event (peaks and declines) are consistent with the visual observations (Fig. 9c). At location P2, overtopping was 

observed on the coastal frames on 10 and 11/03, coinciding with TWL exceedances of the 1.1 m berm threshold (up to 0.3 m 

for 8 hours during the first exceedance (Fig. 9d). 435 

During event S6 (29 - 31/03/2024), forecasted Hm0 remained above 1.0 m for 53 h with corresponding increases in TWL 

forecasts. At location P1, TWL forecasts slightly exceeded (up to 0.2 m) the 1.2 m threshold for most of this period. At the 

same time, there was no overtopping observed from the records of the coastal videocameras 12 hours after the starting hour of 

projected TWL. However, limited overtopping is observed at the next available record (at 11:00) followed by extensive 

overtopping and flooding of the berm-dune zone, suggesting accurate early warning by the system (Fig. 9f), At location P2, 440 

TWL exceedance occurred during two short intervals (for 3and 6 hours) on 30/03 (Fig. 9f). From the camera records, limited 

overtopping was first identified at 11:00, coinciding with the maximum TWL forecast of this event (1.4 m). 
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 445 
Figure 8. Predicted TWL and its components, as well as no flood,  limited and extended overtopping (flood) states identified from 

the coastal videocameras during events a)-b) S1; c)-d) S2; and e)-f) S3, at locations P1 and P2. 
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 450 
Figure 9. Predicted TWL and its components, as well as no flood,  limited and extended overtopping (flood) states identified from 

the coastal videocameras during surge events a)-b) S4; c)-d) S5; and e)-f) S6 at locations P1 and P2. 

 

3.4 A benchmarking test: The passage of Cyclone Harry, 19-22 January 2026 

During the passage of Cyclone Harry, the hydrodynamic conditions (waves and sea level) exhibited distinct patterns. 455 

Forecasted zero-moment wave height values at the validated CMEMS V-WAV point (located at 18 m depth, and the closest to 
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the beach - see Fig. 1) increased from 1.0 m on 19/01 at 01.00 to 3.0 m at 19.00, peaking at approximately 4.7 m15.00,01 at 

05.00 and at 15.00 , before gradually decreasing through the rest of the event (Fig. 10). Peak wave periods were also forecasted 

to increase with a similar trend from about 6.2 s to about 13.5 s until the event’s peak but remained relatively high till the end 

of the event. Forecasted sea level was found to range between -0.05 m and 0.39 m during the event. The highest level occurred 460 

on 20/01 at 09:00, coinciding with the period between the wave height peaks. 

 

 

Figure 10. a) Forecasted zero-moment wave height (Hm0) and peak-wave period (Tp) at the location of CMEMS, V-WAV virtual 

buoy; and b) Forecasted and recorded sea level at CMEMS, Med-PHY point and the tide gauge points, respectively (see also Fig. 1).  465 

 

TWL forecasts during the passage of Cyclone Harry show good agreement with the available records of the coastal 

videocameras, that show sea water overtopping the dune system at the beach (Fig. 11, see also Trogu et al., 2025). Times when 

TWL was predicted to exceed the dune height, are in agreement with the captures of the coastal videocameras in both locations. 

Notably, cases of forecasted TWL exceeding the berm threshold, but at the same time not overtopping the dune height, were 470 

found to match with captured flooding states. Furthermore, NEPTUNE-EWS accurately captured the flooding sequence (rising 

and recession) at P1 and P2 locations, aligning with the timing of the available frames derived from the cameras (i.e. adverse 

weather conditions hindered clear image retrieval at specific times). For instance, the limited overtopping state observed in P1 

at the beginning of this extreme (19/01/2026 08:00) followed by a flood state after four hours (at 14:00) and the flooding state 
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of the same location observed on 21/01/2026 followed by a limited overtopping state observed the next day. Similarly, in P2, 475 

the forecasted TWL found to exceed the dune height occur at moments of observed flooding state, whereas limited overtopping 

is observed at times of berm (but no dune) exceedance (with the exception of a peak on 21/01/2026 at 08:00). 

 

 

Figure 11. Predicted TWL and its components, as well as no flood, limited and extended overtopping (flood) states identified from 480 
the coastal videocameras during Cyclone Harry (19-22/01/2026). The berm and dune heights for each P1 and P2 locations recorded 

prior to the event (on 16/01/2026) are also shown.  

 

Overall, NEPTUNE-EWS forecasts showed good consistency with the optical observations across the six monitored surge 

events. Threshold exceedance at location P1 was more frequent and of longer duration compared to P2, reflecting site-specific 485 

morphological controls. In most cases, times of limited overtopping and flooding corresponded well with the forecasted periods 

of TWL exceedances. Discrepancies are mainly attributed to limited exceedances (< 0.2 m), and especially during short 

durations (less than 6 hours), or/and uncertainties in berm elevation. The observed limited exceedances of the berm threshold 

at times when no overtopping was observed on the coastal frames (at P1 during S2,S3 and at P2 during S6) was considered to 

adjust the error margin (set at 20% of the morphological threshold in this case), used for flood risk assessment by NEPTUNE-490 

EWS (see section 2.2). The results suggest that the system can reliably capture the timing and intensity of overtopping events, 

though local morphological variability remains a key factor in prediction accuracy.  

4. Discussion 

The forecasted wind and sea level data generally aligned well with the in-situ records of the meteorological station and the tide 

gauge for the examined 2.5-year period demonstrating similar trends. The forecasted wind directions at the location of the 495 

ECMWF point are found to be consistent with the meteorological station records. However, ECMWF wind velocity forecasts 

were found to be generally underestimated compared to the wind records, particularly for high values. It is important to 
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consider that ECMWF forecasts are provided at a point located at a distance of 11.2 km offshore the meteorological station, 

which is deployed at a low elevation inside the port of Cagliari and may reflect sheltering of the headland and relief of Sella 

del Diavolo that delimits the bay (see Fig. 1b). Nevertheless, the latest up-to-date analytical studies that examined ECMWF 500 

U10 forecasts against in-situ records, agree that predictions tend to systematically underestimate wind velocity (U10), with a 

similar rate (e.g. Cavaleri et al., 2024; Haiden et al., 2024). Comparison of the wave characteristics between the AWAC records 

and CMEMS V-WAV re-analysis data are found to align reasonably well. Spectral moment wave heights and peak wave periods 

deriving from CMEMS are found to be slightly overestimated, especially at times of lower conditions. Regarding wave 

direction, a difference of about 20-25° is observed at periods of increased wave heights while there are deviations in the 505 

prediction of secondary parameters (Appendix D). Such discrepancies are a common issue in wave modeling, particularly in 

coastal regions (e.g. Ruju et al., 2019; Alday et al. 2022; Oikonomou et al., 2023; Korres et al., 2021,2023). Sea level forecasts 

provided from CMEMS V-PHY, are found to be in good agreement with the tide gauge records showing slight underestimations 

during high-water periods. This consistent underestimation could be explained by the spatial offset between the CMEMS grid 

point and the tide gauge location but also aligns well with the findings of recent studies (e.g. Irazoqui Apecechea et al., 2023; 510 

Perez-Gomez et al., 2024). Despite these minor discrepancies, sea level forecasts successfully captured the evolution trends of 

the recorded timeseries.   

The outperformance of Stockdon et al. (2006) formula is consistent with relevant studies that evaluated the capability of several 

wave run-up predictors on sandy beaches with mild foreshore slopes under increased wave action, despite reported cases of 

underestimations (e.g., Vousdoukas et al., 2009; Vousdoukas et al., 2012; Senechal et al., 2011; Paprotny et al., 2014; 515 

Aniskiewicz et al., 2016; Cohn and Ruggiero, 2016; Atkinson et al., 2017; Gomez da Silva et al., 2020; Bujak et al., 2023). 

Regarding the contribution of both wave set-up and swash excursion components in TWL, it is evident that the inclusion of 

wave conditions provided the most realistic results (Fig. 8 to 10). This comes in contrast with the findings of previous studies, 

which suggest that TWL can be approximated as the sum of the mean sea level, tide and level variations associated with storm 

surges (Rulent et al., 2020; Caruso and Marani, 2022; Croteau et al., 2023). Moreover, Cabrita et al. (2024) provided a detailed 520 

investigation of the different methods used for TWL estimations and concluded that the approaches which involve calculating 

extreme values from a combined time series or the water level time series plus the extreme value of wave setup, yield the most 

realistic results, excluding the wave run-up (in this case swash excursion) component. It seems that the selection of individual 

TWL components is a complicated task, being subjected by limitations arising from the spatial resolution used for the 

computation of TWL. 525 

The NEPTUNE-EWS proved to be capable of providing accurate predictions, showing good agreement with the seven surge 

events of different magnitude monitored by the coastal videocameras, especially during periods of energetic conditions. 

Overall, it was found that at times when the projected TWL exceeded the morphological threshold by more than 0.2 m for a 

duration greater than 6 hours, limited or extensive overtopping (flooding state in the case of Poetto) was recorded by the coastal 

videocameras. This was considered in establishing an error margin of 20% over the morphological threshold. 530 
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Nearshore morphological beach features exert significant control on the morphodynamic response of beaches during sequences 

of storm events. Variations in nearshore bathymetry (such as bar migration and changes in beach slopes) are major factors in 

modulating wave attenuation, run-up and erosion. The importance of considering site-specific variability of such 

morphological features in predictive models is highlighted by several studies, as even moderate bathymetric changes can 

significantly alter nearshore wave energy dissipation and inundation extent by several studies (e.g. Vousdoukas et al., 2012; 535 

Coco et al., 2013; Eichentopf et al., 2019; Oo et al., 2023). In the case of Poetto, foreshore slope did not show any significant 

differentiation, and NEPTUNE-EWS proved to provide realistic TWL estimates. However, for other types of beaches where 

nearshore morphology varies substantially over time, frequent updates of beach morphology are essential to maintain accurate 

predictions. 

In comparison to other localized EWSs that similarly integrate hydrodynamic modeling with empirical wave run-up estimates, 540 

NEPTUNE-EWS utilizes a different approach. For example, the system implemented in Emilia-Romagna is based on beach 

width, expressed as absolute value or distance between the maximum TWL and the buildings located on the backshore (Harley 

et al., 2012), whereas the system used for three urban beaches in Barcelona is based on the predicted flood extent at times 

when forecasted Hs exceeds a 2 m threshold (Sanchez-Artus et al., 2025).  

Future improvements should include updates of the morphological threshold based on field data. Mediterranean beaches show 545 

a marked difference between winter and summer profiles, as in the fair-weather season wave action is moderated. The inclusion 

of a representative beach morphology is two-fold. A first possibility could involve carrying out a survey at the end of the period 

of highest wave activity (e.g. in May/June) and one at the end of the fair-weather period (e.g. October). To account for seasonal 

variations, representative winter-summer seasonal profiles can be extracted from topographic data of adequate temporal 

coverage, using statistical and clustering techniques (e.g. Zhao et al., 2020; Athanassiou et al., 2021; Otto et al., 2021). Such 550 

techniques can identify seasonal changes and trends in key nearshore topo-bathymetric features (i.e. dune, berm and bars) 

driving the run-up. The latter approach may prove to improve forecast realism, without the need for frequent updates of the 

beach topo-bathymetry. 

Even though calibrated and validated hydrodynamic models provide consistent information on TWL and can be checked with 

predefined alert thresholds, these models do not consider hydro-morphodynamic interactions. Therefore, incorporating 555 

effective methods for modeling beach hydro-morphodynamics like coupling spectra model with a wave-resolving sediment 

transport model (for instance SWAN and XBeach) could account for the changing morphology during the event, where beach 

erosion would change beach characteristics and ultimately the slope with a large control on wave run-up values. However, the 

benefits are constrained if nearshore bathymetry is not frequently updated, which is practically challenging. Furthermore, the 

use of such a modeling chain would require significant computational time and effort for calibration of the model parameters, 560 

considering that default configuration is found to overestimate changes in beach morphology (e.g. Biolchi et al., 2022).  

Other approaches like the Bayesian network-based system of Garzon et al. (2023) introduce probabilistic assessments of flood 

likelihood, whereas NEPTUNE-EWS follows a deterministic approach. Future improvements could include incorporating 

probabilistic methods or/and deterministic ANNs to enhance forecast reliability under uncertain wave and surge conditions, 
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similar to the approach of Zampato et al., (2016). Finally, the integration of one or more machine learning algorithms operating 565 

in parallel with the same input parameters could provide an alternative approach for TWL forecasting and allow comparisons. 

5. Conclusions 

This study presents an early warning system for coastal flooding operating at Poetto beach. The system integrates wind, wave 

and sea level forecasts, from widely used databases (ECMWF and CMEMS), whose accuracy has been checked against in-

situ records. Although slight differences were observed, these are attributed to the spatial offset between the forecasted points 570 

and the locations of the in-situ measurements. Nevertheless, forecasted data are found to have successfully captured the overall 

trends. The system provides TWL estimates to predict coastal flooding at a local/beach scale. Results showed that forecasted 

wind, wave and sea level data generally aligned well with the in-situ records. For the case of the intermediate slope of Poetto 

beach, among the six tested wave run-up parameterizations, the estimates based on the formulae of Stockdon et al. (2006) were 

found to provide the most realistic results when incorporated into the TWL calculation. 575 

NEPTUNE-EWS proved to be a reliable tool for forecasting episodic flooding in Poetto, with its predictions aligning well with 

the monitored surge events. The system’s ability to replicate storm events, particularly during high-energy conditions such as 

Cyclone Harry, underscores its utility in coastal risk management and flood forecasting at a localized/beach scale. The findings 

point out the need for continuous updates of the morphological thresholds. Future improvements should focus on incorporating 

a module to enhance the reliability of CMEMS and ECMWF forecasts, as well as a parallel module that employs machine 580 

learning algorithms capable of providing accurate TWL forecasts with significantly reduced computational costs. Future 

research could also examine the integration of numerical models capable of simulating nearshore hydro-morphodynamics in 

greater detail (e.g. coupling SWAN and Xbeach) and assess its operational efficiency, despite practical limitations arising by 

the need for frequent bathymetric updates, and additional computational challenges that must be considered. 

Code Availability. The Copernicus Marine Toolbox (version 2.0.0), integrated into the developed software, is available from 585 

Copernicus Marine Service (CMS, 2025). The SWAN model is freely available at https://swanmodel.sourceforge.io. System 

functions and configuration files developed in this study are available from the corresponding author upon reasonable request. 

Data availability. The forecast/re-analysis data used in this study are reported in Table A1.  In-situ wind and sea level data 

used for validation are freely accessible through the monitoring network of the Italian Institute for Environmental Protection 

and Research (ISPRA, 2025). Optical data (frames) recorded by the coastal video monitoring system during surge events S1 590 

to S6, used for validation of NEPTUNE-EWS forecasts, are archived on the Zenodo platform (10.5281/zenodo.18828498). 

Retrieved topo-bathymetric and wave data, as well as the full dataset (videos) of the monitored events may be available from 

the corresponding author upon reasonable request.  

https://swanmodel.sourceforge.io/
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Appendix A.  Wind, Wave and Sea Level Forecasts and wave run-up predictors 

The specific wind, wave, and sea-level forcing parameters extracted from ECMWF and CMEMS forecasts, and used by the 

NEPTUNE-EWS system are reported in the table below. 

 

Table A1: Wind, wave and sea level forcing parameters as extracted/used by NEPTUNE-EWS to simulate coastal 895 

hydrodynamics. The CMEMS Med-WAV (mentioned in this work also as V-WAV) re-analysis product used for 

validation of the wave climate is also reported. 

Source Database Product ID Extracted Parameters (as listed) 

ECMWF,  

Set I -HRES 

(ECMWF, 2025) 

Atmospheric 

fields - single 

level – forecast 

HRES 

SET I-i-a  '10U': Wind velocity, horizontal component - u 

'10V': Wind velocity, horizontal component - v  

CMEMS, 

Med-PHY 

(Clementi et al., 2021) 

MEDSEA_ANAL

YSIS_FORECAST

_PHY_006_013 

cmems_mod_me

d_phy_ssh_anfc

_4.2km-

2D_PT1H-m 

'ZOS': Sea surface elevation (Tide included)  

CMEMS, 

Med-WAV 

(forecasts) 

(Korres et al., 2023) 

 
__________________ 

CMEMS, 

Med-WAV 

(re-analysis) 

(Korres et al., 2021) 

MEDSEA_ANAL

YSIS_FORECAST

_WAV_006_017 

 

 

 
 

______________ 

MEDSEA_MULT

IYEAR_WAV_006

_012 

cmems_mod_me

d_wav_anfc_4.2

km_PT1H-i 

 
 

 
 

_____________ 

med-hcmr-wav-

rean-h 

'VHM0': Spectral significant wave height 

'VMDR': Mean wave direction (from) 

'VTPK':   Peak wave period  

'VTM02': Spectral moments (0,2) wave period  

'VHM0_WW': Spectral significant wind wave height 

'VMDR_WW': Mean wind wave direction (from) 

'VTM01_WW': Spectral moments (0,1) wind wave period 

'VHM0_SW1': Spectral significant primary swell wave height 

'VMDR_SW1': Mean primary swell wave direction (from) 

'VTM01_SW1': Spectral moments (0,1) primary swell wave period 

'VHM0_SW2': Spectral significant secondary swell wave height 

'VMDR_SW2': Mean secondary swell wave dir. (from) 

'VTM01_SW2': Spectral moments (0,1) secondary swell wave period 

 

Table A2. Shows the empirical formulas employed by NEPTUNE-EWS to test their accuracy as wave run-up predictors, 

against the monitored surge events. 900 

 

Table A2: The empirical formulae for wave run-up estimates employed in NEPTUNE-EWS.  

Equation Applicability Source 

𝑅𝑚𝑎𝑥 =  𝑎 · 𝛨𝜊𝜉 = 𝑘 · 𝑡𝑎𝑛𝛽(𝐻0𝐿0)0.5 Impermeable Structures  Hunt (1959) 

𝑅2% = (0.83𝜉 + 0.2)𝛨𝜊    Reflective Beaches Holman (1986) 

𝑅𝑚𝑎𝑥 =  0.12𝐻𝑜/ (𝐻𝑜 𝐿𝑜)⁄ 0.5
 Reflective Beaches Douglas (1992) 
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𝑅𝑚𝑎𝑥 = 𝑏 · 𝐻0(𝑔/2𝜋)0.5                                                                                                                                                                                                                   Mildly Sloped - Open Sea 

Beaches 

Nielsen and Hanslow (1991) 

𝑅2% = 𝑐 · 𝜉 · 𝛨0 Dissipative Beaches Ruggiero et al. (2004) 

𝑅2% = 1.1 (0.35 tan 𝛽(𝛨0𝐿0)0.5 + 
[𝐻0𝐿0(0.563 tan 𝛽2 + 0.004)]0.5

2
) 

Intermediate and 

Reflective Beaches  

(ξ ≥ 0.3) 

 

Stockdon et al., (2006) 

𝑅2% = 0.043(𝛨0𝐿0)0.5  Dissipative Beaches 

 (ξ < 0.3) 

Parameters 

𝜉 =
𝑡𝑎𝑛𝛽

(𝛨0/𝐿0)0.5 
Iribarren Number Iribarren and Nogales, 1949 

a, empirical coefficient ranging between 2.3 - 3.0 (average waves - 

storm conditions) 
-  Hunt (1959) 

b, empirical coefficient typically ranging between 0.6 - 0.8 -  Nielsen and Hanslow (1991) 

c, empirical coefficient ranging between 0.5 - 1.1 -  Ruggiero et al. (2004) 

 

Appendix B. Extended Validation - Wind Regime 

During the 2.5-year validation period of available wind and sea level records, the majority (74%) of the wind records deriving 905 

from the meteorological station are found to blow mainly from NW and NNW directions (Fig. 4). The forecasted wind climate 

is found to align well with the in-situ records following similar trends, both in velocity and direction. Nevertheless, the intensity 

of the ECMWF forecasted winds deriving from directions to which the beach is exposed (i.e. between 117° - 202°) are found 

to have lower values by about 2-3 ms-1 (Fig. 4). Winds deriving from these directions are found to represent 22% of the total 

records. When the criterion of Sanchez-Arcilla et al. (2008) was applied to filter out low energy conditions, 69 effective wind 910 

events (representing 11% of the timeseries) capable of generating increased hydrodynamic conditions (greater than 4 Bf) have 

been isolated. 

 

Figure B1. Recorded (left panel) and forecasted (right panel) wind roses. The dashed red lines denote the directional limits of the 

effective fetch of Poetto beach, representing the wave exposure sector inside the bay. 915 
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The smoothed timeseries (window size equal to 200) of both recorded and forecasted wind climate follow similar patterns with 

slight differences (of about 0.5 - 2 ms-1) in wind velocity (Fig.  B2a). By examining the raw wind records of the 

meteorological station against ΕCMWF forecasts during the six isolated storm events, there are cases of notable differences. 

During S1 the majority of the forecasted wind is found to have higher values (of about 1 - 3 ms-1) compared to the records of 920 

the meteorological station (Fig. B2b). At the beginning of storm event S2, in-situ records are found to align well with the 

forecasted wind, however, after 13/04/2022 at 18.00 and onwards, the forecasted wind is found to be similarly overestimated 

(by 1 - 3 ms-1), even if the declining trend of the forecasted wind velocity aligns with the meteorological records (Fig. B2c). 

The latter is also the case for the rest of the examined storm events (S3 - S6), however there are cases where the ECMWF 

forecasts are slightly lower (by 1.0 - 3.5 ms-1) compared to the recorded wind (e.g. during S3 on 23/10/2022 between 06.00 -925 

18.00 and during S5 on 09/03/2024 between 12.00 - 06.00). S1 and S2 occurred during periods of increased wind velocity 

(greater than 4 Beaufort) blowing from directions within the effective fetch of Poetto (effective wind events), whereas the  

remaining storm events (S2 till S6) occurred during periods for which no effective wind events were detected. 

The scatter plot of recorded and forecasted wind velocities shows overall agreement, with most points being concentrated 

along the 1:1 line. The mean residual (bias = 0.46 ms⁻¹) indicates a slight systematic offset, suggesting underestimation of 930 

forecasted wind velocities. While this bias is relatively small, the spread of the points suggests variability in accuracy, with 

many values falling outside the 20% error bounds, particularly for higher wind speeds (greater than 4 Bf), where forecast errors 

increase (greater than 4 Bf). In this case, the bias increases to 1.62 ms-1 and the correlation is moderate (R = 0.610, p < 0.05) 

with MAE = 2.05 ms⁻¹ (higher than when considering the full dataset, when MAE = 1.57 ms-1) representing a substantial 

fraction of the mean wind velocity (SMAE = 27.5%). Residuals are mostly clustered around 2 ms⁻¹, with occasional extremes 935 

near 4 ms⁻¹ that contribute to a higher RMSE (2.47 m s⁻¹) compared to MAE, reflecting a systematic underestimation of 

ECMWF forecasts (Fig. B3). 
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Figure B2: a) Wind velocity at 10 m height (U10) of both recorded and forecasted timeseries after smoothing (window size equal to 940 
200) during the period of 01/2022 - 07/2024. Light grey lines denote periods of detected storms/effective wind events according to the 

criterion of Sanchez-Arcilla et al. (2008); b) - f) Raw recorded and forecasted U10 timeseries of the six selected surge events. 

 

 

Figure B3: a) Scatterplot of wind velocities at 10 m height (U10) recorded from the meteorological station versus those forecasted by 945 
ECMWF during the examined 2.5 years period (21,870 records)); red lines: 20% error bounds, black line: perfect matching, magenta 

line: delimits the records of the meteorological station with U10 greater than 5.5 ms-1 (corresponding to 4 Beaufort); b) Distribution 

of forecast errors (residuals) amongst the U10 values that exceeded 4 Beaufort (5,948 records). 
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Appendix C. Extended Validation - Sea Level 950 

During the six monitored surge events, recorded sea level is found to be slightly higher with maximum differences of about 

0.1 m (Fig. C1b-d). Events S1 and S5 are found to fit almost perfectly with the recorded values, whereas sea level forecasts 

during events S2, S3, S4 and S6 are found to have lower values, compared to the tide gauge records (of about 0.1 m). Overall, 

the forecasted sea level values used by NEPTUNE-EWS are found to be slightly underestimated, but in a minor way that has 

limited effect on the early warning system.  955 

 

 
Figure C1: a) Sea level recorded from the logger and forecasted from CMEMS V-PHY after smoothing (window size equal to 20) 

during the period of 01/2022 – 07/2024. Light grey lines denote periods of detected storms/effective wind events according to the 

criterion of Sanchez-Arcilla et al. (2008); b) - f) Recorded and forecasted sea level timeseries of the six selected surge events. 960 

 

When examining the statistical results, the correlation coefficient was found to have a value of R = 0.85, indicating that the 

forecast is fairly reliable and that the two datasets generally follow a similar trend. The latter is also evident when checking 

the scatter plot, where points are dense within the range of the 20% error bounds (Fig. C2a). On average, forecasted sea levels 

were found to deviate from the recorded values by MAE = 0.047 m and by RMSE = 0.059 m, which tends to emphasize larger 965 

errors more than smaller ones. The mean Residual (Bias) was estimated at 0.014 m, suggesting that on average, the CMEMS 

forecasted data are systematically slightly underestimating the recorded sea level. This is also consistent with the distribution 
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of the residuals, where most values are being concentrated at low errors (mostly positive) following an almost normalized 

distribution (Fig. C2b).  SMAE was found to be 188.9%, suggesting that for some records (especially for values close to zero), 

the forecast might be off by a large percentage, although the magnitude of sea level variation is small compared to other 970 

contributions. It has to be noted that the tide gauge is located inside Cagliari’s port, distanced 2.6 km away from the CMEMS 

V-PHY virtual buoy. 

 

 
Figure C2: a) Scatter plot of sea surface height (zos) recorded from the tide gauge versus the forecasted by CMEMS for the examined 975 
2.5 years period; red lines: 20% error bounds, black line: perfect matching; b) Distribution of forecast errors (residuals) amongst 

the 21,870 total values of the timeseries.  

 

Appendix D. Extended Validation - Waves 

Spectral moment wave heights forecasted by CMEMS V-WAV during the examined 2.5-year period (01/01/2022 - 01/07/2024) 980 

are found to derive from directions within the effective fetch of the beach. From these values, 30% are characterized as small 

waves (smaller than 0.5 m), whereas 13% are found to have values more than 0.7 m and 6% more than 1 m. The most energetic 

events (i.e. Hm0 greater than 1 m) occur during the October - March period (Fig. D1a). The contribution of primary swell 

(Hm0_SW1) follows similar trends to Hm0 while secondary swell (Hm0_SW2) is found to be always smaller than 0.3 m. 

Wind generated waves (Hm0_WW) are found to be smaller than 0.5 m during low and moderate events (i.e. Hm0 smaller than 985 

1 m) and of about 0.5 - 0.7 m at times when Hm0 is close to 1 m. Regarding wave periods, peak wave period (Tp), primary 

(Tm01_SW1) and secondary (Tm01_SW2) swell related periods range between 2.8 - 8.5 s, with higher periods at times of 

increased wave heights. Periods related to wind generated waves range between 1 - 2.5 s. 
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 990 
Figure D1: Smoothed (window length equal to 200) timeseries of the wave characteristics extracted from CMEMS, V-WAV virtual 

buoy offshore Poetto beach. a) Spectral significant wave height (Hm0), spectral significant wind wave height (Hm0_WW), Spectral 

significant primary (Hm0_SW1) and secondary (Hm0_SW2) swell wave height; b) peak wave period (Tp), spectral moments (0,1) 

wind wave period (Tm01_WW), spectral moments (0,1) primary (Tm01_SW1) and secondary (Tm01_SW2) swell wave period. 
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The wave components during the selected surge events are presented in Figures D2 and D3. Event S1 was found to have the 

highest magnitude and duration during the examined 2.5 years period with forecasted spectral wave height (Hm0) values 

greater than 1.5 m and corresponding peak periods (Tp) ranging between 8 - 11 s, for a period of 4.5 days (16-21/03/2022) 

(Fig. D2a and D3a). During this event, wind generated waves heights (Hm0_WW) were between 0.5 - 1.2 m, with a peak at 

about 2.0 m on 16/03/2022, and corresponding periods (Tm01_WW) were between 2.9 - 4.8 s. Primary swell wave heights 1000 

(Hm0_SW1) were generally 0.1 to 0.2 m lower than Hm0 in most cases, with the exception of the Hm0_WW peak on 

16/03/2022.  During event S2, Hm0 is found to range between 1.3 - 2.0 m with corresponding peak periods of about 6.4 - 9.0 

s. Primary swell is found to be the main wave component. Secondary swell wave heights are found to be of zero value for both 

S1 and S2 events. Events S3, S4, S5 and S6 have a duration of 3 days and are found to follow similar patterns. During the first 

day of these events, forecasted waves are lower than 1 m, while waves are found to progressively grow in height, reaching 1005 

their peak values of about 1.6 m (S3), 1.8 m (S4, S5) and 2.2 m (S6).  
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Figure D2. Wave heights extracted from CMEMS, V-WAV virtual buoy offshore Poetto beach during the six isolated surge events. 
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Figure D3: Wave periods extracted from CMEMS, V-WAV virtual buoy offshore Poetto beach during the six isolated surge events. 
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Hm0 data points are generally aligned along the 1:1 reference line of perfect matching, indicating good agreement between 

CMEMS and AWAC data, followed by a strong correlation coefficient (R = 0.83). However, a spread is noticed, particularly 1015 

at Hm0 values lower than 0.5 m (Fig. D4a).  MAE is 0.18 m, reflecting the average magnitude of discrepancies between AWAC 

and CMEMS records. SMAE has a value of 43.9%, suggesting relatively large error when scaled by the observed mean, 

whereas RMSE is 0.25 m, quantifying the typical magnitude of errors with a higher emphasis on larger deviations. When 

checking the residuals (AWAC - CMEMS), these are approximately normally distributed and centered around -0.2 m, 

confirming the negative bias of - 0.12 m observed in the statistical results. The majority of residuals fall within the range of 1020 

±0.2 m, indicating that most errors are moderate (Fig. D4b).  

Regarding peak wave period, the scatter plot shows that points have significant deviations from the 1:1 line of perfect matching, 

which is also reflected by the relatively low correlation coefficient (R = 0.33). MAE is 1.7 s, whereas SMAE is 28.0%, 

suggesting a moderate relative error when scaled by the observed mean and RMSE is 2.5 s. The residuals distribution shows 

that most differences are slight, being concentrated between ± 2 s (Fig. D4d), which also reflects the positive bias of 0.26 s 1025 

found in the statistical analysis. Nevertheless, the histogram reveals significant spread, with residuals ranging from -8 to 10 s, 

highlighting substantial errors for some predictions, particularly for low wave heights.  

 

 

Figure D4: a) Scatter plot of spectral moment wave height (Hm0); and b) peak wave period (Tp) recorded from the AWAC versus 1030 
CMEMS re-analysis for the examined 45-day period; red lines: 20% error bounds, black line: perfect matching; c) and d) Error 

distribution (residuals) amongst the 361 total values of the Hm0 and Tp timeseries, respectively. 

 


