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ABSTRACT 

Climate change profoundly affects natural and human systems, with its impacts shaped by societal 

vulnerability, exposure, and the intensity of climate-related hazards. Coastal regions, where human populations 

and economic activities are concentrated, face heightened risks. These include sea level rise, extreme storm 

events, and erosion, making them particularly vulnerable to climate-driven changes. 

This deliverable evaluates the multifaceted impacts of climate change on coastal systems, employing diverse 

methodologies ranging from geospatial analysis to numerical modelling. These methodologies are tested in 

various real-world case studies. A key feature of the deliverable is the introduction of a Climate Change Impact 

Priority Index, designed to assess environmental, social, and economic consequences. This tool supports 

decision-making for adaptation strategies, enabling targeted responses to emerging challenges. 

Case studies highlight the application of these methods. For instance, the report examines the impacts of 

overwash and breaching of low-sandy barrier islands in the Po Delta. Insights from the Venice Lagoon explore 

the balance between flood defenses, ecosystem resilience, and carbon sequestration in salt marshes, 

emphasizing the importance of adaptive strategies in mitigating risks. On the Ligurian coast, probabilistic 

analysis and short-term forecast scenarios evaluate coastal impacts and risks. Additionally, at the Misa River 

estuarine site in Senigallia, the challenges posed by compound flooding events are explored using numerical 

modeling of synchronous forcings. 

This work highlights the critical need for integrating high-resolution data, advanced modeling techniques, and 

localized approaches to improve climate impact assessments. The methodologies developed and the related 

findings offer actionable insights for policymakers, planners, and stakeholders, providing practical guidance 

to enhance coastal resilience and mitigate the accelerating effects of climate change. 

  



 

5 

 

Table of contents 

1. Introduction .................................................................................. 9 

1.1. Impacts of relative sea level rise on Italian coasts ......................................................... 10 

2. Assessing climate change impacts: a priority index as an indicator 

of potential environmental, social, and economic impact .......... 12 

3. Model-guided assessment of impacts due to overwash and 

breaching of low-lying sandy barrier islands ............................. 15 

3.1. Methods ........................................................................................................................ 15 

3.1.1. Critical point identification and scheme of barrier island reshaping ...................... 15 
3.1.2. Numerical modelling ............................................................................................ 16 

3.2. Proof of Concept Study Cases: Po River Delta ............................................................. 17 

4. Flood defence and ecosystem resilience in lagoon environments: 

insights from the Venice Lagoon (Italy) ..................................... 24 

4.1. Methods: a hydro-morphodynamic model for shallow tidal basins ................................. 24 

4.2. Proof of Concept Study Case: MoSE floodgates operation in the Venice Lagoon (Italy) 26 

4.2.1. Study site ............................................................................................................ 26 
4.2.2. Results ................................................................................................................ 30 

5. Influence of Storm-Surge Regulation on carbon sequestration 

potential of salt marsh environments: insights from the Venice 

Lagoon Case Study ................................................................... 34 

5.1. Methods ........................................................................................................................ 34 

5.2. Results .......................................................................................................................... 35 

6. Coastal impacts and risk in the Ligurian coastline: probabilistic 

analysis and short-term forecast scenarios ............................... 38 

6.1. Data .............................................................................................................................. 38 

6.2. Coastal Risk Forecast Index ......................................................................................... 39 

6.2.1. Storm Power Index (SPI), Coastal Vulnerability Index (CVI) e Risk Index (RI) .... 39 

6.3. Coastal Flooding forecast ............................................................................................. 44 

6.4. Proof of Concept Study Case: Future climate-change-induced coastal impacts and risk in 

the Ligurian coastline ............................................................................................................. 47 

7. Climate change-driven coastal flooding at the Misa River 

estuarine site of Senigallia ........................................................ 49 



 

6 

 

7.1. Methods ........................................................................................................................ 49 

7.1.1. Data collection and analysis ................................................................................ 49 
7.1.2. Model chain approach ......................................................................................... 51 

7.2. Results .......................................................................................................................... 53 

8. Numerical analysis for the study of compound flooding at the Misa 

River estuarine site (Senigallia) ................................................ 54 

8.1. Methods ........................................................................................................................ 54 

8.2. Results .......................................................................................................................... 55 

9. Synergic use of observations and numerical modelling for coastal 

flooding prediction: application to the coast of Senigallia .......... 58 

9.1 Methods ........................................................................................................................... 58 

9.1.1. Investigated site and tested conditions ................................................................. 59 

9.2 Results ............................................................................................................................. 59 

References ..................................................................................... 61 

   

Figures 

Figure 1. Analysis of areas potentially exposed to flooding from sea level rise using a digital elevation 

model of the entire Italian territory and a digitized coastline. .................................................. 10 
Figure 2. Analysis of the land use in the area extending 300 meters inland from the coastline of the 

Veneto Region, potentially exposed to flooding and coastal erosion. .................................... 14 
Figure 3. Schematic plan view and cross-section of a sand barrier island ..................................... 15 
Figure 4. Scheme of barrier island reshaping due to overwash ..................................................... 16 
Figure 5. Po River Delta: lagoon and river branch names. The lagoons analysed are the one coloured 

in red ..................................................................................................................................... 18 
Figure 6. Overwash occurred along the Bonelli barrier island ....................................................... 19 
Figure 7. Selected locations for overwash (in yellow) and breaching (in red) ................................ 20 
Figure 8. Impact of overwash phenomenon in the Caleri (sx) and Vallona (dx) lagoons in terms of 

percentage increase/decrease in significant wave height Hs ................................................. 21 
Figure 9. Impact of overwash phenomenon in the Barbamarco (sx) and Canarin (dx) lagoons in terms 

of percentage increase/decrease in significant wave height Hs ............................................. 21 
Figure 10. Impact of overwash phenomenon in the Bonelli (sx) and Scardovari (dx) lagoons in terms 

of percentage increase/decrease in significant wave height Hs ............................................. 22 
Figure 11. Impact of breaching phenomenon in the Vallona (sx) and Barbamarco (dx) lagoons in 

terms of percentage increase/decrease in significant wave height Hs. .................................. 22 
Figure 12. Impact of breaching phenomenon in the Canarin (sx) and Scardovari (dx) lagoons in terms 

of percentage increase/decrease in significant wave height Hs ............................................. 23 
Figure 13. Geomorphological setting. (a) Satellite images of the Venice Lagoon (image Copernicus 

Sentinel, 2020). Natural salt marshes are bordered in yellow, while restored salt marshes are 

shown in purple. (b, c, d) Close-up views of the three lagoon inlets. (e) Rose-diagram 

representation of wind climate recorded at the ñChioggia Diga Sudò anemometric station during 



 

7 

 

the period 2000-2019. The two most relevant winds, i.e., the north-easterly Bora wind and 

south-easterly Sirocco wind, are also highlighted. ................................................................. 27 
Figure 14. Decadal characterization of water levels (in blue) recorded in Venice that exceed the cityôs 

critical flood threshold, set at 1.10 m above the local reference datum of Punta della Salute 

(ZMPS). In red, the activation of the Mo.S.E. barriers to safeguard the city (starting from October 

3rd, 2020). *Updated to 28/05/2024. ..................................................................................... 29 
Figure 15. Computational grid. Blue circles indicate water level stations, whose measurements are 

used to test model results. Red circles indicate water level measurement stations adopted as 

boundary conditions. Orange triangles indicate wind measurement stations adopted as 

boundary conditions. Purple circles indicate suspended sediment concentration (SSC) 

measurement stations used to test model results. ................................................................. 30 
Figure 16: Sediment volume differences through time for different morphological units (tidal flats, 

channels and salt marshes) ................................................................................................... 31 
Figure 17. Modelled water levels maxima during storm surges at three reference stations for the 

MoSE, OPEN and AThOS scenarios. Safety threshold at Venice (Punta Salute) and Burano: 

1.10 m ZMPS; Safety threshold at Chioggia: 1.30 m ZMPS. Grey ......................................... 33 
Figure 18. Effect of storm surge barriers on the carbon sink potential of the salt marsh environment. 

(a) Comparison between non-regulated and regulated scenarios of carbon accumulation rate 

estimates in 10 salt marsh study sites, considering a 1.1 mm per year reduction in salt marsh 

accretion rates, due to barrier closures. (b) Comparison between non-regulated and regulated 

scenarios of total CO2 sequestration potential of the salt marshes of the Venice Lagoon (total 

area of 43 km2) (Puppin et al., 2024). .................................................................................... 36 
Figure 19. Mediterranean Sea unstructured grid and a zoom-in at the region of Liguria, Italy (top). 

The colour bar represents the grid size in km ........................................................................ 38 
Figure 20. Flooding and storm damages in Liguria during the storms of Oct. 2018 and Nov. 2019 39 
Figure 21. Coastal stretch definition and area of incidence. .......................................................... 40 
Figure 22. Storm Power Index (SPI) definition according to the exceedance probability values of the 

ECDF of wave storm power. .................................................................................................. 40 
Figure 23. Definition of the Coastal Vulnerability Index (CVI), in the coast of Liguria, Italy according 

to the characteristics of the coast and the presence of urban areas or infrastructure............. 40 
Figure 24. Risk Index (RI) classes definition. ................................................................................ 41 
Figure 25. Empirical Cumulative Distribution Function of the significant wave height, peak 

period, mean wave direction, the wave storm power, and Storm Power Index, for one points 

along the Ligurian coast. ....................................................................................................... 41 

Figure 26. Empirical Cumulative Distribution Function of the wave storm power, ὖ, and Storm Power 

Index definition, ὛὖὍ for different points along the Ligurian coast. .......................................... 42 

Figure 27. Minimum, maximum and mean values of wave storm power ὖ obtained for the entire 

Ligurian coastline for different values of probability. .............................................................. 42 
Figure 28. Coastal Vulnerability Index (ὅὠὍ) ranging from very low to very high (ὅὠὍ=1ï5) for different 

locations of the Ligurian coastline. ......................................................................................... 42 
Figure 29. Significant wave height Ὄί and mean wave direction (upper left), peak wave period Ὕὴ 

(upper right), wave storm power ὖ and storm power index ὛὖὍ (lower left) and risk index ὙὍ 
(lower right) for the 26th October, 2018 at 20:00. For the lower left and right panels, the colorbar 

inside the plot corresponds to the ὛὖὍ and ὙὍ, respectively, ranging from 1 (very low) to 5 (very 

high). ..................................................................................................................................... 43 
Figure 30. Significant wave height Ὄί and mean wave direction (upper left), peak wave period Ὕὴ 

(upper right), wave storm power ὖ and storm power index ὛὖὍ (lower left) and risk index ὙὍ 

(lower right) for the 29th October, 2018 at 12:00. For the lower left and right panels, the colorbar 

file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988491
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988493
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988493
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988496
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988496
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988496
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988497
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988497
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988498
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988498
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988499
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988499
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988500
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988500
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988500
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988500
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988500
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988501
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988501
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988501


 

8 

 

inside the plot corresponds to the ὛὖὍ and ὙὍ, respectively, ranging from 1 (very low) to 5 (very 

high). ..................................................................................................................................... 43 
Figure 31. Wave and Water Level Model and IC Coordinates ....................................................... 44 
Figure 32. DTM for 2023 for the Region of Liguria (Regione Liguria, 2023)................................... 45 
Figure 33. Flooded Raster from Voronoi for 1955 3.3km Event at 2/19/1955 16:00:00 ................. 45 
Figure 34. Isolated Areas in Pre- and Post-Processing ................................................................. 46 
Figure 35. Flooded Polygon for 2018 3.3km at Maximum Timestamp of Interest (29/10/2018 22:00)

 .............................................................................................................................................. 47 
Figure 36. Coastal Hazard ECDFs Ligurian Coast ........................................................................ 48 
Figure 37. Results of the extreme value analysis for the storm surge. Left: the best cumulative 

distribution function (cdf). Right: values associated to different return periods. Orange dots 

represent the experimental data (from the Copernicus dataset); the black line identifies the best 

distribution; green, magenta and blue crosses represent, respectively, the storm surge with 20, 

100 and 200-years return periods. ......................................................................................... 50 
Figure 38. Wave rose of Senigallia, built with the projections dataset (2040-2070) of the Copernicus 

Climate Change Service. ....................................................................................................... 51 
Figure 39. Environmental contours: black dots give the experimental data (from the Copernicus 

dataset); green, magenta and blue curves represent the contours for RP20, RP100 and RP200, 

respectively; red crosses highlight the couple Hs-Tp that maximizes the energy flux. ........... 51 
Figure 40. Bathymetry for the inner grid. (EPSG: 3004) ................................................................ 52 
Figure 41. Top: flooding perimeters for RP20 (green), 100 (yellow) and 200 (red). Other panels: 

water depths in the flooded areas for different return periods. ............................................... 53 
Figure 42. Unstructured grid and bathymetry for Senigallia. .......................................................... 55 
Figure 43. Water depths in the flooded areas for the 4 simulated scenarios. (EPSG: 25833) ........ 56 
Figure 44. Hydrographs at the upriver (input) section (black) and river mouth section (red). ......... 57 
 

file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988501
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988501
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988504
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988508
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988508
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988508
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988508
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988508
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988509
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988509
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988510
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988510
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988510
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988511
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988512
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988512
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988513
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988514
file:///C:/Users/Andrea/Downloads/WATER_VS1_DV-1_4_5_rev02_final.docx%23_Toc183988515


 

9 

 

1. Introduction  

The Intergovernmental Panel on Climate Change (IPCC) of the United Nations defines climate change 

impacts as the effects on natural and human systems (e.g., impacts on life, health, ecosystems, economy, 

society, services, and infrastructure) resulting from extreme weather and climate events, as well as longer-term 

climate changes occurring over specific periods. Their severity depends on the vulnerabil ity of societies or 

systems exposed to these changes. In its 2014 framework, the IPCC defined the risk of climate impact as the 

interaction of hazard, exposure, and vulnerability. This framework has since informed global strategies for 

addressing climate challenges. 

Today, policy-makers, administrators, and local planners increasingly rely on climate impact indicators 

to understand, evaluate, and measure the effects of climate change on the environment, society, and the 

economy. These indicators play a crucial role in crafting effective adaptation policies and raising public 

awareness. 

Assessing the impacts of climate change is inherently complex and involves significant uncertainty. This 

uncertainty arises not only from the scale and intensity of climate change itself, but also from challenges in 

quantifying its impact on specific human or natural systems. When impacts are based on observational data, 

the data collection process itself often introduces uncertainty. This may stem from sampling or measurement 

errors, gaps in spatial or temporal coverage, or the aggregation of data through techniques like interpolation. 

In cases where direct observations are unavailable, damage to a particular environmental matrix or complex 

system is estimated using impact modelling. Such models are essential for making future projections or 

reconstructing past events. Here, uncertainty stems from the inherent limitations of models, such as spatial and 

temporal resolution constraints, as well as processes that are either only partially understood or are too complex 

to be modelled accurately due to numerous (nonlinear) feedback mechanisms. 

Socioeconomic systems are particularly complex and challenging to assess, making it difficult to provide 

precise quantitative estimates of damage in monetary terms. A critical issue in climate modelling is 

downscalingðthe transition from large-scale to local-scale modelsðwhich is essential as global climate 

models provide information on future climate and climate risk at a spatial resolution that is often insufficient 

to guide local adaptation strategies and decision-making. 

Despite inherent uncertainties, assessing the impacts of climate change remains crucial for guiding 

territorial management and planning. Such assessments enable policymakers and planners to develop 

adaptation strategies that minimize potential damages, helping societies become more resilient to the effects 

of climate change. 

Coastal hazards such as flooding and extreme coastal erosion are among the most disruptive effects of climate 

change. The physical processes driving coastal erosion, shoreline changes, and coastal flooding are primarily 

influenced by local hydrodynamic forces (waves and currents), sea level rise (SLR), extreme storm events, 

and sediment budget imbalances within the coastal system. 

Coastal areas have long been vital to human development, offering numerous economic and social benefits. 

These advantages have drawn increasing numbers of people to live along coastlines. Over the past decades, 

the proportion of the global population residing in these areas has grown rapidly (Neumann et al., 2015). 

Current estimates indicate that at least 10% of the global population currently lives in coastal areas less than 

10 meters above sea level (McGranahan et al., 2007; Merkens et al., 2016). Additionally, in the European 

Union, nearly one-third of the  population lives within 50 kilometres of the coast, further highlighting the 

significance of these regions. 
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1.1. Impacts of relative sea level rise on Italian coasts 

The Intergovernmental Panel on Climate Change (IPCC) provides projections of relative sea level rise 

(RSLR) based on various factors, including the thermal expansion of seawater, the melting of glaciers and 

ice sheets, and changes in land water storage. RSLR accounts for regional variations due to local factors 

like land subsidence or uplift , which can cause deviations from the global mean. 

According to the IPCC Sixth Assessment Report (AR6), released in 2021, by 2100, under the low-emission 

SSP1-2.6 scenario, the Mediterranean Sea level is projected to rise by 0.30 to 0.60 meters. In contrast, under 

the high-emission SSP5-8.5 scenario, the region could experience a rise of 0.60 to 1.10 meters by 2100. 

We conducted a preliminary analysis of areas potentially exposed to flooding from sea level rise using a 

digital elevation model (DEM) of the entire Italian territory and a digitized coastline. For the bare ground 

elevation, we utilised the TINITALY/1.1 DEM  provided by the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) (Tarquini et al., 2023). For the coastline, we used the most recent update of the 

coastline digitization by ISPRA, based on images from Google Maps, largely from 2017-2020. 

From these datasets, we identified areas of the Italian territory lying below 1 meter in elevation and connected 

to the sea, thus potentially exposed to flooding under a +1 meter sea level rise scenario. Our analysis revealed 

that over 4,600 km² of Italian territory falls into this category. More than half of these areas are agricultural 

land (CLC class I 2), with almost 2,400 km² classified as non-irrigated arable land. Additionally, we found 

that nearly 300 km² of the potentially impacted areas are artificial surfaces, including discontinuous urban 

fabric , industrial or commercial zones, and port areas (Figure 1Errore. L'origine riferimento non è stata 

trovata.). 

Notably, 77% of the areas vulnerable to a +1 meter sea level rise are located within the Veneto and Emilia-

Romagna regions, which are characterized by low-lying coasts. 

 

Figure 1. Analysis of areas potentially exposed to flooding from sea level rise using a digital elevation model of the 

entire Italian territory and a digitized coastline. 



 

11 

 

This analysis provides a preliminary indication of areas potentially exposed to flooding under a +1 meter sea 

level rise scenario. However, it offers only an initial estimate, as it does not consider dynamic factors such as 

storm surge, coastal erosion, or regional land subsidence, or eco-morphodynamic feedbacks. 

Eco-morphodynamic feedbacks, which describe the interactions between environmental forcing and 

morphological changes, mediated by biological activity, can allow coastal systems to adapt and respond to 

climate change. These processes might mitigate flooding risks in some areas. However, when the rates of 

relative sea level rise (RSLR) are exceptionally high, coastal systems are unlikely to adapt effectively. In such 

cases, the rough estimate provided here may closely approximate the actual flooding risk. 

To improve accuracy, modelling approaches can significantly enhance this analysis by clarifying flooding 

pathways through detailed simulations. These model simulations incorporate local morphology and 

hydrodynamic processes. By factoring in these elements, models can help identify specific inundation routes, 

predict water flow patterns, and offer a more accurate and comprehensive assessment of flood risk. Such 

refined insights are essential for developing targeted and effective adaptation measures in vulnerable coastal 

regions. 



 

12 

 

2. Assessing climate change impacts: a priority index as an indicator of 

potential environmental, social, and economic impact 

In assessing climate change impacts, the development of indices that integrate morphological, dynamic, and 

hydrodynamic parameters is particularly useful for coastal management and planning. Many of these indices 

aim to classify and divide the coastline into units with similar characteristics, allowing each unit response to 

specific hazards to be projected. The methodologies employed vary depending on the objectives of the analysis, 

type of coastline, scale of work, and the quality and quantity of available data. To facilitate understanding of 

complex environmental data, these indices have been developed to present information in a format accessible 

to non-specialists. 

A sediment budget analysis, vulnerability and priority indices were developed in the context of the Coastal 

Plan for the Veneto Region (in its latest version dating back to 2016) (Ruol et al., 2016). The coastline was 

divided into littoral cells, defined as sections of coast with similar characteristics, bounded by morphological 

features such as river mouths, inlets, and port structures. Within each cell, sediment is relatively free to 

circulate, assuming no significant barriers to longshore currents (Ruol et al., 2018). 

The sediment budget analysis used data on local coastal morphology (e.g., shorelines, bathymetries, DTMs, 

grain size distribution, dune profiles, subsidence), hydrodynamic forcing (e.g., wave, wind, tide, surge, and 

currents), existing defence structures, and sediment sources and sinks (e.g., fluvial sediment transport, littoral 

sediment transport, records of nourishment and dredging) (Ruol et al., 2018). Numerical models (e.g., 

MIKE21, X-Beach, LitPack, Gencade) provided a consistent description of sediment transport discharge for 

each sediment cell, accounting for grain size distribution. Simulations assessed river sediment supply as well 

as longshore and cross-shore sediment transport at the regional level within a defined time frame for sediment 

balance analysis (Ruol et al., 2018). 

The sediment budget equation applied here is a mass balance over a specific time interval, applied to each 

segment (i) of the coastline as follows: 

‐  ‬ὠ ὗЎὸ πȟ  (1) 

where ‬ὠ is the volume of accretion or erosion estimated by comparing bathymetries from the start and end 

of the period Ўὸ, and ὗ is the net sediment discharge, expressed as: 

ὗ  ὗ  ὗ  ὗ  ὗ  ὗ  ὗ ȟ  (2) 

where ὗ  represents longshore sediment transport (with North and South indicating discharges at respective 

boundaries), ὗ  is river sediment supply, ὗ  is cross-shore sediment transport, and ὗ  and ὗ  are volumes 

added or removed by nourishment and dredging. Although subsidence and sea-level rise do not directly affect 

the sediment balance, they create conditions similar to generalized erosion by altering the marine 

accommodation space (Ruol et al., 2018). 

The morphological vulnerability index (VM) combines an erosion tendency index with a coastal flooding risk 

index (Ruol et al., 2016). The erosion tendency index incorporates recent and historical shoreline changes and 

bathymetric surveys, while the coastal flooding risk index assesses areas at risk of flooding, considering the 

EU Floods Directive (2007/60/EC). The VM is further paired with a socioeconomic vulnerability index (VSE), 

comprising six indicators: coastal defence value, environmental significance, tourism pressure, urbanization, 

production activities, and cultural heritage (Ruol et al., 2016). Each vulnerability term is assigned a score from 

1 (low) to 4 (high), based on the cellôs characteristics. Cells with internal variability were subdivided further 

to increase the granularity of critical area assessment. The minimum and maximum values of each index reflect 
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the lowest and highest qualitative responses among all cells analysed. This priority index serves as an indicator 

of potential environmental, social, and economic impact. 

As an example, we present the results of the analysis of vulnerability and priority indices conducted as part of 

the Coastal Plan for the Veneto Region (latest version, 2016).  
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VE1 Tratto a Nord (Zona del Faro, Lama del Revelino) 4 4 4 3 3 3 1 2 4 

VE1 Tratto centrale (Bibione)  3 1 2 1 4 4 1 1 2 

VE1 Tratto a Sud (Bibione Pineda) 2 3 2 3 3 3 1 1 3 

VE2 Tratto a Nord (Valle Vecchia)  3 3 1 4 1 1 2 2 3 

VE2 Tratto centrale e tratto a Sud (Valle Vecchia) 1 3 1 4 1 1 2 2 2 

VE3 Tratto a Nord (spiaggia di Levante) 1 2 1 1 4 3 2 1 2 

VE3 Tratto centrale (protetto da murazzo) 1 2 3 1 3 4 2 4 2 

VE3 Tratto a Sud (spiaggia di Ponente) 1 2 2 1 4 4 2 1 2 

VE4 Tratto a Nord (Porto Santa Margherita) 3 2 4 1 4 4 1 1 3 

VE4 Tratto centrale (Duna Verde - Eraclea) 3 3 4 2 4 3 1 1 3 

VE4 Tratto a Sud (Laguna del Mort) 4 4 3 3 1 1 1 1 3 

VE5 Tratto a Nord (Cortellazzo) 4 3 3 1 4 3 1 1 4 

VE5 Tratto centrale e tratto a Sud (Jesolo) 3 2 3 1 4 4 1 1 3 

VE6 Tratto a Nord e tratto centrale (Cavallino - Treporti) 2 2 3 2 4 3 2 1 3 

VE6 Tratto a Sud (a ridosso dell'armatura di bocca di Lido) 1 2 2 3 4 3 2 1 2 

VE7 Tratto a Nord (San Nicolò)  1 1 1 3 3 2 1 1 1 

VE7 Tratto Centrale (Lido di Venezia e Città Giardino) 1 1 2 1 4 4 1 2 1 

VE7 Tratto Centrale (Malamocco) 1 1 3 1 4 3 1 1 1 

VE7 Tratto a Sud (Alberoni)  2 1 1 3 3 2 1 1 1 

VE8 Tratto a Nord e centrale (Pellestrina) 4 3 3 1 2 2 2 3 4 

VE8 Tratto a Sud (Ca' Roman)  1 1 1 4 1 1 1 3 1 

VE9 Tratto a Nord (Sottomarina)  1 1 1 1 4 3 1 1 1 

VE9 Tratto a Sud (2 km da foce Brenta verso N) 4 2 3 1 4 3 1 1 3 

VE1 Litorale Isola Verde  3 2 3 2 3 3 1 1 3 

RO1 Tratto a Nord (antistante Rosolina Mare) 3 2 3 2 4 4 2 1 3 

RO1 Tratto a Sud (Porto Caleri)  1 1 1 3 2 2 2 1 1 

RO2 Litorale di Albarella  1 1 2 2 3 3 1 1 1 

RO3 Scanno Cavallari  1 2 1 3 1 1 3 1 1 

RO3 Tratto in sinistra idrografica a Po di Maistra 3 3 3 3 1 1 2 1 3 

RO4 Tratto a Nord (scanno Boccasette) 3 3 1 3 2 1 2 1 3 

RO4 Tratto centrale (Bocca di Boccasette) 3 4 1 3 1 1 3 1 3 

RO4 Tratto a Sud (scanno Boccasette) 3 3 1 3 1 1 2 1 2 

RO5 Scanno a Nord di Busa Dritta  1 1 1 4 1 1 1 3 1 

RO6 Scanno a Sud di Busa Dritta  1 1 1 4 1 1 1 3 1 

RO7 Tratto antistante "Canale di scarico Enel" 1 1 3 3 1 1 1 1 1 

RO7 Scanno (protezione laguna Canarin)  3 4 1 3 1 1 3 1 3 

RO8 Spiaggia Barricata  1 2 2 3 2 1 1 1 1 

RO9 SpiaggIa delle Conchiglie 2 2 2 3 3 2 1 1 2 

RO9 Scanno di protezione Sacca Scardovari 3 4 3 3 1 1 4 2 4 

RO1 Spiaggia Bonello - Bacucco  3 2 1 4 1 1 1 1 2 

Table 1. Vulnerability and index of priority. Index of priority is the product of vulnerability index (VM), combining 

erosion tendency and flooding risk index, and socioeconomic vulnerability index (VSE), comprising six indicators 

(Ruol et al., 2016). 
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The analysis reveals that four of the evaluated segments received a priority index score of 4, fourteen segments 

scored 3, nine scored 2, and thirteen scored 1 (Table 1). These indices serve as a tool to identify the coastal 

segments most exposed to climate change impacts and assist in decision-making for managing interventions. 

A 300-meter land-use buffer analysis along the coastline confirmed the high potential for social and economic 

damages from coastal erosion and flooding in the Veneto coastal area (Figure 2). Specifically, 60% of land 

within this buffer comprises artificial surfaces (e.g., urban areas, parking facilities, industrial zones, and 

campsites) and 16% consists of agricultural land. The impact on ecosystems is also significant, as 62% of the 

land within 300 meters of the coastline is designated as Natura 2000 sites. 

 

 

Figure 2. Analysis of the land use in the area extending 300 meters inland from the coastline of the Veneto Region, 

potentially exposed to flooding and coastal erosion. 
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3. Model-guided assessment of impacts due to overwash and breaching 

of low-lying sandy barrier islands 

3.1. Methods 

The effects of climate change are intensifying the vulnerability of low-lying coastal areas to flooding. In these 

areas, particular attention should be paid to coastal and river transition areas, such as deltas, estuaries and 

lagoons, which are influenced by a range of marine, fluvial and hydrological factors, whose impacts are 

expected to increase in the future.  

Deltas are complex environments, comprising a variety of habitats, including river mouths, lagoons and low 

sandy barrier islands. These latter provide the necessary separation of the lagoons from the sea, but are 

frequently subject to overwash and breaching. The phenomenon of overwash is defined as the reshaping of a 

barrier island (or dune) following one or more extreme storms. Conversely, breaching is defined as the 

localized collapse of a portion of the barrier island (or dune) following one or more extreme storms. Such 

phenomena have the potential to alter the configuration of the local topography, which in turn affects the waves 

and levels in the lagoons behind, thereby increasing the risk of flooding in inland areas. 

The methodology presented aims at identify the sections of the sand barrier islands potentially affected by 

overwash and breaching, considering extreme future conditions, in order to evaluate the impact in terms of 

increased wave heights inside the lagoons. The methodology comprises the following steps: first, the critical 

points that may be affected by overwash and breaching are defined; second, their geometry is modified in 

accordance with the defined parameters; and third, numerical models are used to simulate the behavior of the 

system formed by barrier islands and lagoons, both with and without modifications. The methodology is 

demonstrated through its application to a proof of concept: the Po River Delta. 

3.1.1. Critical point identification and scheme of barrier island reshaping 

Low sandy barrier islands can be described following the scheme shown in Figure 3. The width L of the barrier 

island is defined as the extent of the barrier above a reference elevation z0. The maximum height of the barrier 

zMAX  is the height of the dune crest minus the reference elevation z0. The aspect ratio r is defined as the ratio 

of the maximum elevation to the width of the barrier (r = zMAX  / L). 

 

 

Figure 3. Schematic plan view and cross-section of a sand barrier island 

The identification of critical points and the consequent reshaping procedure should be subdivided into two 

distinct categories: those pertaining to the phenomenon of overwash and those related to breaching. 

 Critical points that may be subject to overwash can be identified considering a minimum zMAX and a 

minimum width L, i.e. the barrier island is too low and too thin. The reshaping of the dune due to 

L
barrier island

sea

lagoon

z0

L

z MAX



 

16 

 

overwash is done through a simplified scheme (shown in Figure 4) that considers the new dune as a 

triangle lower and wider than the initial situation, but of equal volume (area). The slope of the sea-side 

section is obtained from surveys of past overwash, and the new height of the dune can be derived from 

the following relationship: 

ᾀ ᾀ
ὶ

ὶ
 

Where z1 is the initial elevation of the dune, z2 is the final elevation, r2 and r1 are the initial and final 

aspect ratios. In order to connect the new dune section to the original bathymetry, the final scheme 

adopted is the area subtended by the green line characterized by an area equal to the one of the red 

triangle. 

 

Figure 4. Scheme of barrier island reshaping due to overwash 

 

 Critical points that may be subject to breaching are identified based on the same approach used for 

overwash, with the additional inclusion of locations that have previously experienced such events or 

other fragile sections that facilitate the maximum propagation of waves within the lagoons. The 

reshaping resulting from breaching is achieved through the cutting of the dune and the setting of a 

bottom height equal to -0.5 m. 

 

3.1.2. Numerical modelling 

To evaluate the wave heights behind the barrier islands, a numerical system that couples two two-dimensional 

numerical models (SWAN spectral wave model and 2DEF hydrodynamic model) can be used.  

The SWAN (Simulating WAves Nearshore) model is a third-generation numerical wave model developed by 

Delft University of Technology (Booij et al. 1978, 1999). It is designed to compute random, short-crested 

wind-generated waves in coastal regions, lakes, and estuaries, solving the wave action balance equation with 

a finite difference approach and an implicit iterative direct method for time integration (Sartini et al. 2015). 

Rather than the energy density spectrum (E), the equation considers the action density spectrum (N) equal to 

the energy density divided by the relative frequency (ů). The spectral action balance equation is given by: 

‬ώ

‬ὼ
​ ὧᴆ Ὗᴆὔ

‬

‬„
ὧὔ

‬

‬—
ὧὔ

Ὓ

„
 

where k is the wave number related to the relative frequency through the dispersion relationship, ɗ is the wave 

direction and the velocity of the ambient current which is considered uniform with respect to the vertical 

coordinate. The propagation velocities of the wave energy are the group velocity in the physical space ὧᴆ and 

ὧ and ὧ in the spectral space. As to the source terms (S), SWAN takes into account wind generation, wave-
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wave interactions, whitecapping, bottom friction, and depth-induced breaking, making it particularly useful 

for simulating waves in shallow waters where these processes are significant. The model can perform 

stationary and non-stationary simulations over structured or unstructured meshes. Moreover, the model can be 

applied to areas ranging from a few kilometers to hundreds of kilometers in size, and it is widely used for 

coastal engineering applications, wave forecasting, and scientific research. SWAN is open-source and can be 

coupled with other models for more comprehensive simulations of coastal processes. Its ability to accurately 

represent wave conditions in complex coastal environments has made it a standard tool in coastal and ocean 

engineering worldwide (Bellotti et al. 2021; Pallares et al., 2014; Rusu & Onea, 2013). 

The 2DEF hydrodynamic model (Defina, 2000; DôAlpaos and Defina, 2007) solves the full 2D shallow water 

equations on unstructured triangular meshes through a semi-implicit staggered finite element method based on 

a mixed Eulerian-Lagrangian approach. This model is described in detail in Deliverable 1.4.4. 

The coupling between the two models is fully described in Mel et al. (2023) and is achieved by a three-hourly 

exchange of instantaneous sea level and current fields from 2DEF to SWAN, while the radiation stress and 

orbital wave velocity evaluated by SWAN are passed to 2DEF.  The meshes for the 2DEF model are formed 

by unstructured triangular elements, whereas the grids for the SWAN model are structured and formed by 

quadrangular elements.  

3.2. Proof of Concept Study Cases: Po River Delta 

The Po River Delta area is a coastal environment, covering an area of approximately 1000 km2, situated in the 

northern Adriatic Sea. The entire area is of considerable ecological and productive value. The complex 

ecosystem of the delta (Figure 5) is defined by the presence of the Po River five primary branches and several 

smaller mouths. The coastline is formed of lagoons, which are protected from the sea by low, sandy barrier 

islands and spits (Ruol et al. 2018). This coastal environment is subjected to the combined influence of tidal 

currents, fluvial input and wave action (Corbau et al., 2022). The inland area is protected against flooding by 

a network of fluvial and lagoonal levees. It is of great importance to ensure the stability of the low-barrier 

islands in the Po River Delta, as they must guarantee the separation of the lagoons from the sea in the future. 

In the absence of such measures, the lagoons would become integrated into the sea, and the levees would be 

exposed to open sea conditions. 

This proof of concept analyses the portion of the Po Delta falling within the borders of the Veneto region, 

considering the following six lagoons (from North to South): Caleri, Vallona, Barbamarco, Canarin, Bonelli 

and Scardovari. The Vallona, Barbamarco, Canarin and Bonelli lagoons are bordered by natural low sand 

barrier islands. The Caleri lagoon is delimited by an inhabited island called Albarella and an urbanized coastal 

stretch (Rosolina beach). The Scardovari lagoon is protected by a thin barrier island that has been reinforced 

with a small rubble mound breakwater, thereby stabilizing its position. 
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Figure 5. Po River Delta: lagoon and river branch names. The lagoons analysed are the one coloured in red 

In order to characterize the barrier islands that protected the six lagoons with the methodology presented in 

paragraph 2.2, the reference elevation z0 is set equal to 0.2 m, zMAX = 2.8 m and L = 200 m. Based on an 

overwash occurred along the Bonelli barrier island and a (less extensive) overwash occurred along the 

Barbamarco barrier island, r1 (i.e. the initial aspect ratio) is approximately 0.04, whereas r2 (i.e. the final aspect 

ratio) is approximately 0.01. the slope of the sea-side section is equal to 1:20. Figure 6 shows the surveys of 

the Bonelli overwash. The top right graph shows the elevations obtained from the 2006, 2009, 2012 and 2018 

Lidar surveys. The dune has experienced both a retreat and a decrease in crest elevation. The bottom left graph 

shows the trend of r for the different surveys, evaluated for different sections along the barrier island. 
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Figure 6. Overwash occurred along the Bonelli barrier island 

Figure 7 shows the selected areas with the described schemes to take into account the overwash and breaching 

phenomena on the different lagoon barrier islands. For Caleri lagoon, the last (natural) stretch of Rosolina 

beach was selected for overwash (i.e. by lowering the topography) without predicting a breaching 

phenomenon. For Bonelli lagoon, only the overwash phenomenon was predicted, as this barrier island has 

recently been reinforced. 

The SWAN grids used in the numerical analysis extend offshore to a bathymetric depth of -10 m. The 

resolution of both meshes and grids varies between 500 m in the offshore area and 10 m inside the lagoons. 

The data employed to set up the computational domains are mosaics of recent bathymetric surveys (2018 ï 

2021) carried out by the Veneto Region. For the emerged areas a DTM 2018 from Lidar survey is used. The 

bathymetries are modified accordingly to the methodology presented. The input and boundary conditions 

consider a future scenario in 2070 and an extreme event (return period ~ 100 years), i.e. the offshore wave 

height has Hs = 4 m, Tp = 7 s, the wind intensity is 25 m/s for the northern lagoons (Caleri, Vallona and 

Barbamarco), whereas 24 m/s for the southern lagoons (Canarin, Bonelli and Scardovari). The wind and wave 

direction is from north-east (Bora) for the northern lagoons, whereas from south-east (Scirocco) for the 

southern lagoons. The initial sea level is the sum of an extreme event (meteorological and astronomical tides), 

a projected sea level rise (IPCC,) and the effect of subsidence. This latter phenomenon is higher in the southern 

part of the Po River Delta, with a rate up to 12 mm/year (Fabris, 2019; Corbau et al., 2019, Da Lio & Tosi, 

2019). Therefore, the initial sea level is equal to 2.1 m for the northern lagoons and equal to 2.3 m in the 

southern ones. 

¯
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Figure 7. Selected locations for overwash (in yellow) and breaching (in red) 

The following figures (Figure 8, Figure 9 and Figure 10) show the impact of the overwash phenomena inside 

the lagoons in terms of percentage increase/decrease in significant wave height Hs. For the larger lagoons 

(Caleri, Vallona and Scardovari), the differences are concentrated in the rear part of the barrier islands, 

reaching increase higher than 30%, and the impact along the levees that perimeter the lagoons is focused and 

limited in some stretches. For the smaller lagoons (Barbamarco, Canarin and Bonelli), i.e the ones 

characterized by smaller fetches, the impact of the overwash reaches the levees. The increase in Hs (higher 

than 30%) is foreseen in correspondence of several stretches behind the locations selected for overwash.  
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Figure 8. Impact of overwash phenomenon in the Caleri (sx) and Vallona (dx) lagoons in terms of percentage 

increase/decrease in significant wave height Hs 

 

  

Figure 9. Impact of overwash phenomenon in the Barbamarco (sx) and Canarin (dx) lagoons in terms of percentage 

increase/decrease in significant wave height Hs 
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Figure 10. Impact of overwash phenomenon in the Bonelli (sx) and Scardovari (dx) lagoons in terms of percentage 

increase/decrease in significant wave height Hs 

The following figures (Figure 11 and Figure 12) show the impact of the breaching phenomena inside the 

lagoons in terms of percentage increase/decrease in significant wave height Hs. It clearly emerges that 

breaching is more critical than overwash since the increases of Hs are higher (> 100%) and reach larger portion 

of the levees. 

In light of these circumstances, the forcing and subsequent loads exerted on the levees due to the collapse of 

sand barrier islands is critical in the long term. Consequently, the necessity for the functional maintenance of 

the barrier islands as lagoon defense elements is paramount in all lagoons. 

 

Figure 11. Impact of breaching phenomenon in the Vallona (sx) and Barbamarco (dx) lagoons in terms of percentage 

increase/decrease in significant wave height Hs. 
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Figure 12. Impact of breaching phenomenon in the Canarin (sx) and Scardovari (dx) lagoons in terms of percentage 

increase/decrease in significant wave height Hs 
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4. Flood defence and ecosystem resilience in lagoon environments: 

insights from the Venice Lagoon (I taly) 

4.1. Methods: a hydro-morphodynamic model for shallow tidal basins 

To reproduce sediment dynamics governing the morphodynamic evolution of shallow micro-tidal basins, a 

two-dimensional (2D) model is employed, that consists of three modules, namely the hydrodynamic module 

coupled with the wind-wave module (WWTM) (Carniello et al., 2011) and the sediment transport and bed 

evolution module (STABEM) (Carniello et al., 2012). 

The hydrodynamic module solves the 2D depth-integrated shallow water equations (SWEs), phase-averaged 

over a representative elementary area of irregular topography to deal with very shallow flows, wetting, and 

drying (Defina, 2000). Projected on a Cartesian frame (x, y), the SWEs read: 

–‮ ϽɳἹ π              (7)  

Ἱ
ϽɳἠἭ ὫɳὬ π           (8)  

where ὸ is time, – is is the free surface elevation over a datum, Ἱ ήȟή  is the depth-integrated velocity 

(i.e., discharge per unit width), ɳ and Ͻɳ denote the 2D gradient and divergence operators. The term eht si ‮ 

wet fraction of the computational domain that depends on the water depth and on the local topographic 

unevenness (Defina, 2000). In the momentum eq. (8), $$ὸϳ  is the material (or Lagrangian) time derivative, ὣ 

is the water volume per unit area (i.e., the equivalent water depth),  and  are the shear stresses at the bottom 

(due to tidal currents) and at the free surface (due to wind drag), respectively, ” is the water density, and Ὣ is 

gravity. The Reynolds stresses are computed using a depth-averaged version of Smagorinskyôs model 

(Smagorinsky, 1963). In tensor index notation, they read: 

ἠἭ Ὑ  ’ὣόȟ όȟ                (9) 

’ ςὅὃ ςόȟ όȟ όȟ ςόȟ          (10) 

with i, j in eq. (9) denoting either the x or y coordinates and Ἵ ἹȾὣ. The eddy viscosity, ’, is proportional 

to the strain rate, with ὃ  the area of the computational element and ὅ πȢς the Smagorinsky coefficient. 

In the numerical scheme, the material derivative in (8) is expressed as the finite difference in time and solved 

with the method of characteristics. This mixed Eulerian-Lagrangian approach allows solving the continuity 

equation (7) with a semi-implicit scheme, which leads to a self-adjoint spatial operator. It is solved on a 

staggered triangular grid with the finite element method of Galerkin (Defina, 2000) and flow rates are obtained 

by back-substitution. 

The wind-wave module (Carniello et al., 2011) solves the wave action conservation equation using the same 

computational grid of the hydrodynamic module, that provides water depths and depth-averaged flow 

velocities, used to propagate the wind-wave field. The wave action density ὔ  in the frequency domain 

evolves according to (Carniello et al., 2011): 

ὧ ὔ ὧ ὔ Ὓ          (11) 

where ὧ  and ὧ  are the group celerity components of wave used to approximate the propagation speed of 

ὔ  (Carniello et al., 2011; Holthuijsen et al., 1989). The wind-wave source terms, grouped in the term Ὓ, 

account for positive (wind energy input) and negative (bottom friction, whitecapping and depth-induced 

breaking) contributions to wave energy. The model computes the spatial and temporal distribution of the wave 

periods based on the relationship between peak-wave period, local wind speed, and water depth (Young & 
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Verhagen, 1996). As the lagoon margins are almost vertical and jagged, refraction is neglected and waves are 

assumed to propagate in the wind direction. The horizontal orbital velocity at the bottom, which is obtained 

from the significant wave height through the linear wave theory, provide the additional component of the 

bottom shear stress, † , induced by the wind-wave field. The nonlinear interactions between †  and the 

current-induced bottom shear stress †  are accounted for by means of the empirical formulation by Soulsby 

(Soulsby, 1995), which increases the value of the total bottom shear stress, †, beyond the mere sum of † and 

† . 

Using the same computational grid, the STABEM module (Carniello et al., 2012) solves the advection-

diffusion equation for suspended sediment with a conservative, second-order in space scheme and the Exner's 

equation: 

Ͻɳ▲ὅ ϽɳἎ ὅɳ Ὁ Ὀ            Ὥ ίȟά                    (12) 

ρ ὲ В Ὀ Ὁ              (13) 

where ὅ is the depth-averaged sediment concentration, Ἆ ὼȟώȟὸ is space- and time-dependent two-

dimensional diffusivity tensor, assumed equal to the eddy viscosity computed by the hydrodynamic module 

(Viero & Defina, 2016), Ὁ and Ὀ represent the entrainment and deposition of bed sediment, ᾀ is the bed 

elevation and ὲ the bed porosity, assumed equal to 0.4. The subscript Ὥ refers to the non-cohesive (sand, s) and 

cohesive (mud, m) sediment classes that typically characterize the bed of tidal lagoons. The relative content of 

mud (ὴ ), which represents the sum of clay and silt, is assumed to vary both in time and space; it determines 

the cohesive or non-cohesive behaviour of the mixture and the critical value of the bottom shear stress. The 

threshold value of mud content ὴ ρπϷ is assumed to discriminate between non-cohesive and cohesive 

behavior (Van Ledden et al., 2004). Based on measurements in the Venice Lagoon, the median diameters Ὀ  

adopted in the simulations to describe cohesive and non-cohesive sediments are 20 ɛm and 200 ɛm, 

respectively (Carniello et al., 2012). 

The deposition rate of sand Ὀ  is computed as 

Ὀ  ύὶὅ             (14) 

where ύ is the absolute value of the sand settling velocity and ὶ is the ratio of near-bed to depth-averaged 

concentration which is here assumed constant and equal to 1.4 (Parker et al., 1987) 

The deposition rate of pure cohesive mud, Ὀ , is given by Kroneôs formula: 

Ὀ  ύ ὅ ÍÁØ πȠρ †Ⱦ†            (15) 

where ύ  is the absolute value of the mud settling velocity, † the bottom shear stress computed by the 

hydrodynamic module, and † the critical shear stress for deposition († ρȢπ ὖὥ). The settling velocities, ύ 

and ύ , are computed using the Van Rijn formulation (van Rijn, 1984) for solitary particles in clear and still 

water, thus not incorporating flocculation effects which are negligible for particle diameter larger than 20 ɛm 

(Mehta et al., 1989). 

The erosion rate strongly depends on the degree of cohesion of the mixture. For non-cohesive mixtures (ὴ
 ὴ ), the erosion rate of sand, Ὁ, is described by the Van Rijn formulation (van Rijn, 1984), whereas the 

erosion rate of mud, Ὁ , can be computed through the formulation proposed by Van Ledden (Van Ledden et 

al., 2004) as follows: 

Ὁ  ρ ὴ ύ ẗρȢυ 
ϳ

ᶻ
Ȣ ὝȢ

Ὁ ὓ Ὕ
       Ὢέὶ ὴ ὴ         (16) 

For cohesive mixtures (ὴ ὴ ), both sand and mud erosion rates can be computed using the Partheniadesôs 

formula 

Ὁ  ρ ὴ ẗὓ Ὕ
Ὁ ὴ ẗὓ Ὕ

            Ὢέὶ ὴ ὴ           (17) 
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In equations (16) and (18), Ὀz is the dimensionless grain size (Ὀz Ὀ ί ρὫ’ϳ ϳ  , being ί the 

sediment specific density and ’ the water kinematic viscosity), Ὕ is the transport parameter, ὓ  and ὓ  are 

the specific entrainment for non-cohesive and cohesive mixtures respectively (Van Ledden et al., 2004; van 

Rijn, 1984) 

ὓ ‌
ᶻ
Ȣ ȟ      ὓ  ẗ ẗὓ         (18) 

where ὓ  is the specific entrainment for pure mud (ὓ υẗρπὫ άȾί ) and ‌ is set equal to ρẗρπ . 

The transport parameter is usually defined as Ὕ ÍÁØ πȠ†Ⱦ† ρ, describing a sharp transition between 

Ὕ  π and Ὕ †Ⱦ† ρ, where † is the local bottom shear stress and † is the critical shear stress for 

erosion. However, in real tidal systems, both † and † are not constant in space, thus we assume that they are 

both random variables, following a log-normal distribution (Carniello et al., 2012). The result of this stochastic 

approach is a smooth transition between Ὕ  π and Ὕ †Ⱦ† ρ.  

All parameters are within the range of variability of similar deposition and erosion formulations (Breda et al., 

2021; Temmerman et al., 2005). In particular, erosion is set equal to zero on salt marshes because vegetation 

reduces velocity and dampens waves, protecting sediment from erosion (Möller et al., 1999; Temmerman et 

al., 2005) 

The result of erosion and deposition fluxes of sand and mud is a variation in bed level through time, which is 

computed according to eq. (13). 

The model has been widely benchmarked against hydrodynamic, wind-wave, and turbidity field- and satellite 

data from the Venice Lagoon (Italy) (Carniello et al., 2011, 2014), Virginia Coast Reserve lagoons (USA) 

(Mariotti et al., 2010), and Cadiz Bay (Spain) (Zarzuelo et al., 2018). 

 

4.2. Proof of Concept Study Case: MoSE floodgates operation in the 

Venice Lagoon (Italy)  

4.2.1. Study site 

The Venice Lagoon, Italy (Figure 13a) is the largest brackish tidal basin of the Mediterranean Sea, with an 

area of about 550 km2. The Lagoon formed over the last 7500 years covering alluvial Late Pleistocene, silty-

clayey deposits locally known as Caranto (Zecchin et al., 2008). The Lagoonôs present-day morphology is 

characterized by the presence of three inlets, namely, from North to South: Lido, Malamocco, and Chioggia 

(Figure 13a-d). Tides follow a semidiurnal microtidal regime, with a mean spring tidal range of 1 m and 

maximum tidal oscillations of about 0.75 m around Mean Sea Level (MSL) (e.g., DôAlpaos et al. 2013; Valle-

Levinson et al. 2021). 
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Figure 13. Geomorphological setting. (a) Satellite images of the Venice Lagoon (image Copernicus Sentinel, 2020). 

Natural salt marshes are bordered in yellow, while restored salt marshes are shown in purple. (b, c, d) Close-up views of 

the three lagoon inlets. (e) Rose-diagram representation of wind climate recorded at the ñChioggia Diga Sudò 

anemometric station during the period 2000-2019. The two most relevant winds, i.e., the north-easterly Bora wind and 

south-easterly Sirocco wind, are also highlighted.  

 

Meteorological surges often overlap astronomical tides, thus producing significantly high (low) tides when 

atmospheric pressure is low (high). In addition, wind-related processes are critical for both the hydrodynamics 

and morphodynamics of the lagoon, with seasonal wind-storm events exerting a prominent morphodynamic 

control over decadal to centenary timescales (see Carniello et al. 2009, 2012). The most morphologically and 

hydrodynamically meaningful wind-storm events are those associated with Bora and Sirocco winds (Figure 

13e). The north-easterly Bora winds blow almost parallel to the major axis of the lagoon, thus producing 

pronounced water-level setups in the southern lagoon and generating large waves (significant wave height 

Ὄ>1 m). Such waves promote significant resuspension of sediments from the tidal mudflats. In contrast, 

Sirocco winds blow from the South-East and cause large water-level setups in the northern Adriatic Sea, often 

leading to extensive flooding of Venice city and other settlements within the lagoon.  

Over the last centuries, the hydrodynamics of the lagoon was severely affected by anthropogenic interventions 

(L. DôAlpaos, 2010; Ferrarin et al., 2015). First, by the end of the 16th century, all the major rivers debouching 

into the lagoon were diverted into the open sea, thus almost completely eliminating fluvial sediment input. 

Second, between the 1900s and 1970s, extensive land reclamation projects were carried out, especially along 

the landward margin of the lagoon, thus importantly reducing the total area open to the propagation of tides. 

During the same period, the extraction of groundwater and natural gas for industrial purposes significantly 

accelerated the natural rates of soil subsidence (Carbognin et al., 2004; Gatto & Carbognin, 1981; Zanchettin 
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et al., 2021). Moreover, in order to allow for increasingly bigger ships to cruise within the lagoon, two large 

waterways, namely the Vittorio Emanuele and the Malamocco-Marghera channels, were excavated in 1925 

and 1968, respectively. Major changes in the lagoon hydrodynamics were due to the construction of jetties at 

the lagoon inlets aimed to ensure water depths suitable for commercial ship traffic (Figure 13b-d). The jetties 

at the Malamocco inlet were constructed between 1839 and 1872, whereas at the Lido inlet the northern jetty 

was completed in 1887, with the southern jetty added later in 1892. Finally, the jetties at the Chioggia inlet 

were built between 1910 and 1934. On the one hand, the jetties reduced the width of the inlets, thus resulting 

in considerable deepening as foreseen during the design phase. On the other hand, they caused critical changes 

in the lagoon hydro- and morpho-dynamic regimes. Since the construction of the jetties, changes in the tidal 

regime within the lagoon have been much more sustained than the typical periodic, multi-annual variations 

induced by the nodal modulation of tides in the Adriatic Sea, which are in the order of 4% of the characteristic 

tidal range (Amos et al., 2010; Valle-levinson et al., 2021). Between 1909 and 1973, the tidal range within the 

lagoon increased as much as 25% on average (L. DôAlpaos, 2010; Ferrarin et al., 2015; Tomasin, 1974), with 

local changes that can be even more pronounced (Finotello et al., 2019, 2022; Silvestri et al., 2018). 

Changes in the lagoon hydrodynamics due to the construction of the jetties, coupled with eustatic sea-level 

rise (average value 1.23±0.13 mm/year between 1872 and 2019; 2.76±1.75 mm/year between 1993 and 2019; 

see Zanchettin et al. 2021), critically impacted on the lagoon morphological evolution, triggering positive 

morphodynamic feedbacks. Progressively larger portions of the lagoon became ebb-dominated, especially 

close to the inlets where the jetties produced strong flow asymmetries. Asymmetric tidal flows enhanced the 

export of fine sediments and prevented the import of sediment carried in suspension by longshore currents (L. 

DôAlpaos, 2010). This condition, worsened by anthropogenically-induced starvation of fluvial sediments, set 

a negative sediment budget and resulted in a generalized loss of salt marshes (Carniello et al., 2009; L. 

DôAlpaos, 2010; Tommasini et al., 2019). Reduced marsh coverage lengthened wind fetches, thus favoring the 

formation of higher, more energetic waves, which further enhanced lateral marsh retreat and prompted erosion 

of tidal mudflats (Carniello et al., 2009; Finotello et al., 2020; Leonardi, Ganju, et al., 2016; Marani, DôAlpaos, 

et al., 2011; Mariotti & Fagherazzi, 2013; Tommasini et al., 2019). Mudflat deepening, exacerbated by eustatic 

sea-level rise and both natural and anthropogenic-induced subsidence, promoted the formation of even higher 

wind waves, which in turn favoured additional erosion of salt marshes and mudflats through a positive 

feedback loop. 

Further manmade modifications of the inlet morphologies were carried out between 2006 and 2014 to 

accommodate the mobile floodgates of the Mo.S.E. (acronym for ñModulo Sperimentale Elettromeccanicoò, 

Electromechanical Experimental Module) system (Figure 13b,c,d), designed to protect the city of Venice and 

other lagoon settlements from extensive floodings (R. A. Mel et al., 2021). These interventions slightly 

increased hydraulic resistances at the inlets and led to both a reduction of tidal amplitudes and an increase in 

tidal-phase delays within the lagoon (Ghezzo et al., 2010; Matticchio et al., 2017). Salt-marsh erosion is still 

ongoing nowadays, though at much lower rates compared to the last century. This is due to a series of critical 

interventions, aimed at safeguarding and restoring salt marshes, that have been put in place by the Venice 

Water Authority since the early 1990s, with additional more recent contributions by some EU-funded LIFE 

projects (Barausse et al., 2015; Tagliapietra et al., 2018; Tommasini et al., 2019; see also www.lifevimine.eu/ 

and www.lifelagoonrefresh.eu/). At present, about 12 % of the existing salt marshes are either entirely artificial 

or at least partially restored (see purple lines in Figure 13a), and a good portion of the remaining natural ones 

are protected against lateral erosion by manmade wood piling or berms. Clearly, without these restoration and 

conservation efforts, the total area of salt marshes would be significantly smaller than it currently is. 

The loss of geomorphic diversity of the Venice Lagoon has been further exacerbated by the regulation of tidal 

flows through the Mo.S.E. floodgates during storm surge events, which exert major morphodynamic control 

(Carniello et al., 2009, 2012). The reduction of water levels to mitigate the flood risk for the city of Venice 

and other urban settlements within the lagoon can trigger a series of hydrodynamic feedbacks, from the 
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reduction of significant wave heights to the consequent increase in bottom shear stresses (Marani et al., 2010). 

A study conducted on the first trimester of Mo.S.E.'s operational activity highlighted that, although increased 

bottom shear stress over tidal flats leads to greater sediment remobilization, the redistribution of these 

sediments is significantly constrained by the low water levels in the lagoon. This effectively reduces the 

inorganic (mineral) deposition on salt marshes during storm-surge events which, though episodic, are critical 

for their vertical accretion (Tognin et al., 2021), while simultaneously promoting the infilling of channels 

(Tognin et al., 2022). 

The critical role of tide regulation on the hydro- and morphodynamics of the lagoon requires a thorough 

understanding in the context of rising relative sea levels, which will necessitate increasingly frequent use of 

the barriers (Figure 14). This requires a more balanced application to ensure the safety of the city of Venice, 

along with the resilience of its ecosystems. 

 

Figure 14. Decadal characterization of water levels (in blue) recorded in Venice that exceed the cityôs critical flood 

threshold, set at 1.10 m above the local reference datum of Punta della Salute (ZMPS). In red, the activation of the 

Mo.S.E. barriers to safeguard the city (starting from October 3rd, 2020). *Updated to 28/05/2024. 

A two-dimensional (2D) model is employed, that consists of three modules, namely the hydrodynamic module 

coupled with the wind-wave module (WWTM) (Carniello et al., 2011) and the sediment transport and bed 

evolution module (STABEM) (Carniello et al., 2012) suitable for reproducing sediment dynamics governing 

the morphodynamic evolution of shallow micro-tidal basins. 
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Figure 15. Computational grid. Blue circles indicate water level stations, whose measurements are used to test model 

results. Red circles indicate water level measurement stations adopted as boundary conditions. Orange triangles indicate 

wind measurement stations adopted as boundary conditions. Purple circles indicate suspended sediment concentration 

(SSC) measurement stations used to test model results. 

 

The computational domain representing the Venice Lagoon (Figure 15) consists of 51084 nodes and 96751 

triangular elements. The model is forced with water levels measured at the three inlets, as well as with wind 

directions and velocities measured in three different zones of the lagoon by the Venice Municipality ñCentro 

Previsioni e Segnalazioni Mareeò (CPSM) monitoring network (Figure 15). 

 

4.2.2. Results 

The Mo.S.E.floodgates have provided critical protection to the lagoonôs urban areas, reducing flood risks and 

associated economic losses. Between 2020 and 2023, the floodgates were raised 69 times, equating to roughly 

550 hours of operation, and prevented flooding in key municipalities like Venice, Chioggia, and Burano. 

Numerical simulations suggest that about 20% of these events would have caused water levels in Venice to 

exceed 1.30 meters if no floodgates were present. 

During Mo.S.E. activation, the system effectively lowered water levels across the lagoon, preventing urban 

flooding while also altering the lagoonôs hydrodynamics and sedimentation processes. Lagoonal water levels 

were reduced to approximately 30% below the local safety threshold, consequently decreasing peak wave 

heights during surges (-20% on average). Nonetheless, bottom shear stresses (BSS) over the tidal flats 

increased (Marani et al., 2010), resulting in more intense and prolonged resuspension events (i.e., for BSS > 

0.4 Pa; DôAlpaos et al., 2024), fostering higher concentrations of suspended sediment in the water column 

(Tognin et al., 2022). 
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Despite the temporary increase in sediment availability within the system, floodgate operation reduces the 

hydroperiod of salt marshes by limiting lagoon water levels. Consequently, marsh flooding is restricted to an 

average of only 70% of the total platform area, with limited flooding depth. 

The four-year monitoring period (2020-2023) also accounted for sediment volume changes across key lagoon 

features: salt marshes, tidal flats, channels, and inlets (Figure 16). Findings indicated that sediment export to 

the open sea was slightly reduced during Mo.S.E. activations due to halted tidal circulation, though the lagoon 

still maintained an ebb-dominated sediment balance. Sediments resuspended over tidal flats during storm 

surges tended to settle within the channels, leading to gradual infilling and doubling the total volume of 

sediment deposited. In terms of sediment accumulation on salt marshes, the sediment supply has been reduced 

by about 6%. Although Mo.S.E. closures only constituted 2% of the total time during the four-year period, 

these intervals represent morphologically significant events that have noticeable cumulative impacts on lagoon 

sediment dynamics. Over the long term, the increasing frequency of floodgate operations (Mel et al., 2021) 

may lead to prolonged low-water conditions, exacerbating the challenges for marshland and lagoonal sediment 

balance. 

 

Figure 16: Sediment volume differences through time for different morphological units (tidal flats, channels and salt 

marshes) 

The potential negative feedbacks on sediment dynamics and marsh hydroperiod call for more tailored 

interventions. Hypothetical simulations with alternative floodgate operation strategies (modulated by AThOS 

algorithm, Mel et al 2021), demonstrated that by reducing the time operation (mean duration 3.5 hours) it is 

possible to slightly increase the lagoonal water levels while still ensuring adequate protection to lagoonal 

communities (Figure 17). Such an approach could introduce significant positive feedbacks into the system, 

helping to minimize negative impacts on salt marsh flooding dynamics and supporting the resilience of 

marshland habitats. 
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Number Date MoSE AThOS OPEN MoSE AThOS OPEN MoSE AThOS OPEN

1 03/10/2020 0.72 1.02 1.24 0.67 0.96 1.20 0.74 0.94 1.17

2 15/10/2020 0.63 0.98 1.29 0.90 1.24 1.44 0.48 0.78 1.13

3 16/10/2020 0.50 1.03 1.14 0.52 1.07 1.15 0.46 0.90 1.05

4 02/12/2020 0.74 1.01 1.19 1.10 1.34 1.39 0.60 0.89 1.09

5 04-05-06/12/2020 0.95 1.08 1.28 0.92 1.07 1.25 0.91 1.08 1.28

6 09/12/2020 0.84 1.10 1.19 0.84 1.28 1.27 0.80 1.06 1.12

7 10/12/2020 0.73 1.03 1.29 0.75 1.01 1.28 0.72 0.94 1.23

8 11/12/2020 0.73 1.04 1.27 0.76 1.02 1.27 0.73 0.96 1.22

9 12/12/2020 0.76 1.07 1.17 0.76 1.08 1.16 0.71 1.03 1.15

10 28/12/2020 0.81 1.10 1.42 0.75 1.21 1.33 0.85 1.10 1.34

11* 29/12/2020 0.71 0.89 0.89 0.77 0.89 0.89 0.67 0.85 0.85

12 30/12/2020 0.79 1.09 1.10 0.98 1.09 1.10 0.75 1.01 1.07

13* 31/12/2020 0.71 1.04 1.04 0.74 1.02 1.02 0.70 0.99 0.99

14* 01/01/2021 0.85 0.99 0.99 0.94 1.00 1.00 0.79 0.97 0.97

15* 02/01/2021 0.74 1.03 1.03 0.89 1.11 1.11 0.66 0.98 0.98

16* 23/01/2021 0.82 1.09 1.09 0.76 1.02 1.02 0.81 1.09 1.09

17* 31/01/2021 0.75 1.05 1.04 0.77 1.10 1.10 0.64 0.97 0.97

18 09/02/2021 1.03 1.06 1.18 1.11 1.07 1.18 0.94 1.01 1.15

19 10/02/2021 0.79 1.04 1.27 0.82 1.02 1.27 0.75 0.97 1.21

20* 11/02/2021 0.93 1.08 1.08 1.01 1.07 1.07 0.80 1.04 1.04

21 01/11/2021 0.83 1.03 1.35 0.81 0.90 1.30 0.82 0.90 1.28

22 02/11/2021 0.66 1.04 1.13 0.73 1.03 1.14 0.60 0.86 1.01

23-24* 03-04/11/2021 0.54 ï 0.710.99 - 1.03 1.32 - 1.03 0.73 ï 0.701.00 - 1.02 1.32 - 1.02 0.57 - 0.70 0.90 - 1.00 1.23 - 1.04

25 06/11/2021 0.71 1.07 1.11 0.87 1.21 1.20 0.62 0.93 1.03

26* 28/11/2021 0.83 1.00 1.00 0.84 1.00 1.00 0.80 0.98 0.98

27 01/12/2021 0.76 1.03 1.14 0.75 1.04 1.14 0.69 0.93 1.07

28 02/12/2021 0.67 1.03 1.21 0.69 1.04 1.21 0.66 0.96 1.14

29* 03/12/2021 0.66 1.05 1.04 0.68 1.07 1.07 0.63 1.01 1.01

30 05/12/2021 0.75 1.04 1.13 0.71 1.05 1.12 0.69 1.01 1.10

31* 08/12/2021 0.75 1.01 1.01 0.96 1.03 1.03 0.69 0.94 0.94

32 08/12/2021 0.80 1.05 1.22 0.85 1.11 1.21 0.79 1.03 1.19

33* 11/12/2021 0.71 0.99 0.99 0.92 1.03 1.03 0.78 0.98 0.98

34 04/11/2022 0.82 1.04 1.18 0.66 0.92 1.10 0.79 0.97 1.16

35* 05/11/2022 0.75 1.06 1.06 0.77 1.12 1.12 0.66 0.96 0.96

36* 21/11/2022 0.71 0.98 0.98 0.93 1.01 1.01 0.65 0.92 0.92

37 22/11/2022 0.66 0.94 1.79 1.10 1.17 1.95 0.60 0.86 1.62

38 23/11/2022 0.53 0.98 1.40 0.59 1.00 1.40 0.51 0.95 1.39

39 24/11/2022 0.65 1.03 1.33 0.73 1.03 1.33 0.66 0.97 1.32

40 25/11/2022 0.65 1.07 1.15 0.67 1.10 1.16 0.68 1.05 1.15

41 04/12/2022 0.79 1.05 1.22 0.92 1.24 1.35 0.69 0.94 1.12

42* 05/12/2022 0.69 1.02 1.02 0.70 1.02 1.02 0.64 0.96 0.96

43* 09/12/2022 0.65 1.01 1.01 0.70 1.03 1.03 0.62 0.96 0.96

44 16/12/2022 0.82 1.05 1.23 0.85 1.04 1.22 0.84 1.01 1.21

45 21/01/2023 0.78 1.01 1.21 0.78 1.04 1.22 0.74 0.95 1.15

46 22/01/2023 0.78 1.05 1.17 0.94 1.23 1.25 0.79 1.03 1.15

47* - 48 22-23/01/2023 0.75 - 0.64 0.97 - 1.04 0.97-1.32 0.78 ï 0.871.04 - 1.19 1.04-1.52 0.65 - 0.61 0.90 - 0.92 0.87 - 1.24

49* 23/01/2023 0.71 0.91 0.91 0.76 0.96 0.97 0.61 0.82 0.83

50* 16/05/2023 0.69 0.93 0.93 0.78 0.97 0.97 0.67 0.90 0.90

51 28/08/2023 0.89 1.04 1.16 0.89 1.04 1.11 0.86 1.01 1.12

52* 29/08/2023 0.75 1.01 1.01 0.78 1.00 1.00 0.70 0.92 0.92

53 19/10/2023 0.90 1.07 1.11 0.92 1.10 1.10 0.87 1.01 1.08

54* 20/10/2023 0.96 1.09 1.09 1.06 1.10 1.10 0.86 1.08 1.13

55 24/10/2023 0.84 1.03 1.17 0.84 1.06 1.12 0.93 1.00 1.12

56 24/10/2023 0.78 1.07 1.14 0.77 1.05 1.11 0.86 1.05 1.12

57* 25/10/2023 0.81 1.06 1.07 0.82 1.04 1.04 0.74 1.02 1.02

58 26/10/2023 0.74 1.05 1.18 0.74 1.04 1.16 0.74 0.94 1.11

59 27/10/2023 0.79 1.02 1.44 0.78 0.97 1.42 0.76 0.96 1.39

60 28/10/2023 0.83 0.98 1.34 0.85 0.98 1.32 0.75 0.92 1.27

61 29/10/2023 0.81 1.02 1.21 0.82 1.03 1.20 0.80 0.97 1.17

62 30/10/2023 0.81 1.04 1.23 0.70 1.05 1.21 0.77 0.98 1.19

63 30/10/2023 0.87 1.05 1.48 0.92 0.95 1.37 0.86 1.06 1.42

64 02/11/2023 0.94 1.00 1.13 0.82 0.95 1.10 0.91 1.08 1.16

65 05/11/2023 0.77 1.04 1.37 0.75 0.95 1.37 0.78 0.99 1.35

66* 10/11/2023 0.84 1.09 1.09 0.83 1.06 1.06 0.78 1.04 1.04

67 28/11/2023 0.88 1.07 1.11 0.86 1.07 1.08 0.86 1.01 1.08

68 02/12/2023 0.84 1.07 1.20 0.77 1.04 1.09 0.86 1.08 1.19

69* 12/12/2023 0.82 1.05 1.05 0.85 1.05 1.05 0.81 1.03 1.03

2
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Figure 17. Modelled water levels maxima during storm surges at three reference stations for the MoSE, OPEN and 

AThOS scenarios. Safety threshold at Venice (Punta Salute) and Burano: 1.10 m ZMPS; Safety threshold at 

Chioggia: 1.30 m ZMPS. Grey 
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5. Influence of Storm-Surge Regulation on carbon sequestration 

potential of salt marsh environments: insights from the Venice 

Lagoon Case Study 

5.1. Methods 

Vegetated coastal ecosystems, including salt marshes, mangrove forests, and seagrass meadows, have been 

termed ñBlue Carbon ecosystemsò for their increasingly recognized carbon (C) sequestration and storage 

potential (Chmura et al., 2003; Duarte et al., 2005; Macreadie et al., 2019; McLeod et al., 2011; Nellemann et 

al., 2009). Estimates show that the C burial rate per unit area in these ecosystems may be exceptionally high, 

exceeding that of terrestrial forests by 1ï2 orders of magnitude (Chmura et al., 2003; Duarte et al., 2005; 

Macreadie et al., 2019; McLeod et al., 2011). In light of this, tidal wetlands may provide a considerable 

contribution to global long-term C sequestration, despite their limited areal extension (Chmura et al., 2003; 

Duarte et al., 2005; Macreadie et al., 2019; McLeod et al., 2011). Additionally, tidal wetlands support many 

other ecosystem services, whose high value is often difficult to estimate (Barbier et al., 2011). Tidal wetlands 

enhance biodiversity, protect coastal regions against erosion and storms, help maintaining commercial 

fisheries, filter nutrients and pollutants, support tourism and recreational activities (Barbier et al., 2011). 

However, uncertainties persist in estimating salt marsh carbon storage and sequestration potential. To address 

this, we analysed soil organic content in 10 salt marshes of the Venice Lagoon (Italy) (Puppin et al., 2024). 

Ten salt marshes were selected in the whole Venice Lagoon, in order to provide a spatially-explicit assessment 

of C accumulation rates. Six uncompacted cores were collected in each of the 10 selected salt marshes, for a 

total of 60 cores. The core depth of 1 m was selected as international methodologies for SOC (Soil Organic 

Carbon) assessment are generally based on analyses over depths of 1 m (Jennifer Howard et al., 2014). For 

each core, soil samples were taken at 12 depths (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75 cm from the surface, 

see Howard et al., 2014) and subsamples were prepared for different analyses, including soil density, organic 

matter and carbon content. 

Samples were dried at 60°C until a constant weight was achieved. The difference in weight between wet and 

dry samples was used to estimate the water content. Percent organic matter of each sample was determined 

through Loss On Ignition (LOI, at 375°C for 16 hr, Roner et al., 2016). Water content and organic matter 

content were used to estimate the dry bulk density (DBD) (Kolker et al., 2009). In order to obtain carbon 

content, we calculated a conversion equation from organic matter (from LOI) into organic carbon using 

Elemental Analysis on a subset of samples (n=102) (Craft et al., 1991). The Organic Carbon content and soil 

density measurements enabled the computation of Soil Carbon Density (SCD), as: 

ὛὅὈ ὕὅ  ὈὄὈ 

where OCi is the organic carbon content and DBDi is dry bulk density of the ith soil interval. 

Carbon accumulation rates were estimated by multiplying the average SCD in a reference surface layer of 5 cm 

(average value for each location) by salt marsh accretion rates derived from measurements based on marker 

horizons (over a 2ï20 years period) (Puppin et al., 2024). The short-term estimate was chosen due to the 

availability of marker horizon data and because it was deemed more reasonable for future projections and 

comparisons, as it excludes the influence of past extensive modifications of the lagoon. However, using the 

OC content of a superficial reference layer may lead to an overestimation of the carbon accumulation by 

neglecting the effect of decomposition on longer timescales. Therefore, in order to provide a comparison, 

beside the short-term estimate, a long-term estimate is provided on the basis of the average SCD in the top-1-

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0010
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0018
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0032
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0037
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0010
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0018
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0032
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0037
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0002
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0024
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m reference interval and accretion rates determined from 210Pb profiles by Bellucci et al. (2007) (to the depth 

of 50ï60 cm, back to about 100 years ago) (Puppin et al., 2024). 

5.2. Results 

Estimates of carbon accumulation rates (short-term) were used to assess CO2 sequestration by salt marsh soils 

in the Venice Lagoon, converting the mass of carbon into CO2 equivalent by multiplying by 44/12, that is, by 

the ratio between the weight of carbon dioxide (44 atomic mass units) and the atomic weight of carbon (12 

atomic mass units). Despite the present study not delving into the origin of the OM found in the salt marsh 

soils, we consider it plausible that the majority of it originates internally within the lagoon system, as the 

Venice Lagoon is currently characterized by minimal inputs of sediment from both riverine and marine sources 

(Carniello et al., 2012; Tognin et al., 2021). 

The average carbon accumulation rate estimate from our study (85 ± 25 ton C kmī2 yrī1) (Figure 18) is lower 

than current global means (McLeod et al., 2011; Nellemann et al., 2009), although it falls within the broad 

range defined by previous estimates, which span from 27 to 273 ton C kmī2 yrī1 (Sifleet et al., 2011). 

To better contextualize our results, we examined the difference between estimates of carbon accumulation rate 

estimates using various time scales and reference intervals in the Venice Lagoon. As expected, we found higher 

SCD values in the topsoil (5 cm). However, marsh accretion rate estimates show higher short-term estimates 

in the northern lagoon, where recent accretion rates are higher, and slightly higher long-term estimates in the 

southern lagoon, where accretion rates have decreased over time (Puppin et al., 2024). 

By multiplying the mean C accumulation rate (based on top-5-cm reference interval, 85 ± 25 ton C kmī2 yrī1) 

by the total salt marsh area (43 km2) (Carniello et al., 2009), and converting the mass of carbon into CO2 

equivalents, we estimated that the salt marsh soils of the Venice Lagoon may sequester about 13,436 tons of 

CO2 per year. his amount represents about 20% of the annual emissions from waterborne navigation in the city 

of Venice (66,000 ton CO2e yrī1) or about 17% of the annual local emissions from the aviation system at the 

Venice Marco Polo Airport (77,000 ton CO2e yrī1) (CIRISïCity Inventory Reporting and Information Systemï

2018) (Figure 18). These findings underscore the critical role of salt marsh ecosystems in mitigating GHG 

effects. 

Because the carbon accumulation rate is directly affected by changes in SCD and vertical accretion rate, we 

investigated the potential effects of changes in these two quantities. In particular, vertical accretion rate has 

been shown to be reduced by flood regulation (Tognin et al., 2021), because storm-surge barriers hinder 

sediment accumulation during storm surges, which account for more than 70% of the annual sediment 

accumulation on the marshes in the Venice Lagoon. Based on deposition measurements under non-regulated 

conditions and concurrent water-levels, Tognin et al. (2021) proposed site-specific exponential relationships 

between sedimentation rates and inundation depth over the marsh surface. By combining water levels in the 

lagoon, computed through a numerical hydrodynamic model as they would have been modified by Mo.S.E. 

operations, and site-specific exponential relationships between sedimentation rate and inundation depth, 

Tognin et al. (2021) calculated the sediment accumulation rate and vertical accretion in the flood-regulated 

scenario. They estimated an average annual reduction in sediment accumulation on marsh platforms of 28% 

(ranging from 20% to 60%), which resulted in a vertical accretion reduction of 1.1 mm yrī1. These observations 

were further supported by the results of numerical hydrodynamic and sediment transport simulations for the 

first 15 Mo.S.E. closures (Tognin et al., 2022). 

Considering the reduction in the accretion rate attributed to the current flooding-regulated scenario (decrease 

of 1.1 mm yrī1 in vertical accretion), we estimated a reduction in carbon accumulation rates ranging between 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0037
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024EF004715#eft21755-bib-0044
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25% and 50%, assuming SCD values remain constant. Based on this data, we estimated that storm-surge barrier 

operations may reduce the annual marsh CO2 sequestration potential in the Venice Lagoon to approximately 

9,022 tons of CO2 per year, resulting in a 33% reduction compared to the non-regulated scenario (13,436 tons 

of CO2 per year) (Figure 18). 

 

Figure 18. Effect of storm surge barriers on the carbon sink potential of the salt marsh environment. 

(a) Comparison between non-regulated and regulated scenarios of carbon accumulation rate estimates 

in 10 salt marsh study sites, considering a 1.1 mm per year reduction in salt marsh accretion rates, due 

to barrier closures. (b) Comparison between non-regulated and regulated scenarios of total 

CO2 sequestration potential of the salt marshes of the Venice Lagoon (total area of 43 km2) (Puppin et 

al., 2024). 

Carbon sequestration has a monetary value, which can be assessed through the market price of carbon set in 

carbon offset markets. In the European Emission Trading System (EU ETS), the first-established and largest 

carbon market globally, the average spot price of emission allowances (EUA) was about 80 euros per ton of 

CO2e in 2022, whereas it was about 84 euros per ton of CO2e in 2023 (https://www.eex.com/en/market-

data/environmental-markets/auction-market). Based on the average 2022 spot price, the annual 

CO2 sequestration value from the salt marshes of the Venice Lagoon (13,436 tons of CO2e per year) amounts 

to approximately 1.08 million euros per year, whereas it amounts to approximately to 1.12 million euros per 

year at the 2023 average spot price (Puppin et al., 2024). 

It is important to note that EU carbon prices are highly volatile and have rapidly increased since the reform of 

the EU ETS in 2018 (Directive 2018/410/EU). EUA spot prices undergone a further skyrocket growth starting 

in 2021, reaching a record high of about 100 euros per ton of CO2e in February 2023, and they are currently 

https://www.eex.com/en/market-data/environmental-markets/auction-market
https://www.eex.com/en/market-data/environmental-markets/auction-market
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undergoing a slight decrease. The observed increase in EU carbon prices might continue in the future, as a 

result of the ever-growing challenge of meeting emission reduction targets. As a result, the monetary values 

of the annual CO2 sequestration in the salt marshes of the Venice Lagoon might similarly increase, making 

polices for marsh preservation and restoration increasingly appealing. 

According to our estimates, the reduction in annual marsh CO2 sequestration potential due to storm-surge 

barrier operations may indeed generate a loss of approximately 354,000 euros per year at the 2022 average 

EUA spot price (i.e., about 33% of 1.08 million euros) (Puppin et al., 2024). In the medium-long run, on the 

basis of the conservative assumption that the EUA average spot price does not increase and remain constant at 

the 2022 average price, the present value of future monetary losses for the period 2024ï2050 would be about 

6.12 million euros, assuming a discount rate of 3.5% (Social Time Preference RateðSTPR), which is usually 

adopted in cost-benefit analysis. However, if we assume, as a conservative scenario, the 2020 EUA average 

spot price (i.e., about 25 euros per ton of CO2e), which was registered before the further 2021 skyrocket price 

growth, the present value of the above monetary losses for the period 2024ï2050 would be equal to about 1.87 

million euros, assuming all other factors remain the same. In light of the above considerations on the EUA 

price trend, the latter monetary value reasonably represents a lower bound of the CO2 sequestration present 

value, thus suggesting that the role of the marsh environment must not be underestimated in cost-benefit 

analyses and decision-making processes. 

As a part of a comprehensive strategy to achieve emission reduction targets, our projection supports the 

usefulness of including blue C ecosystems in climate policies, starting from the local and regional scale. 

Moreover, our results reveal that flood regulation through storm-surge barriers in the Venice Lagoon may 

crucially decrease marsh C sequestration potential, reinforcing the need for integrated coastal management 

policies to enhance salt marsh resilience and to pursue the preservation of related ecosystem services, including 

C accumulation (Puppin et al., 2024). 
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6. Coastal impacts and risk in the Ligurian coastline: probabilistic 

analysis and short-term forecast scenarios 

6.1. Data 

For this study we have used the hindcast wave climate produced by the MeteOcean research group of the 

University of Genova and presented in the Deliverable DV1.4.3.  

Wave climate is obtained on an unstructured grid covering the entirety of the Mediterranean Sea with varying 

spatial resolutions with numerical model WaveWatch III (WW3, Lira-Loarca et al., 2022). The mesh resolution 

ranges from about 25 kilometers (å0.22Á) offshore to 10 kilometers in intermediate depths, and approximately 

400-500 meters in near-coastal regions, with the highest resolution of approximately 300 meters (å0.0027Á) at 

the Ligurian coast, as depicted in Figure 19.  

 

Figure 19. Mediterranean Sea unstructured grid and a zoom-in at the region of Liguria, Italy (top). The colour bar 

represents the grid size in km 

Hindcast modeling spans 45 years, from January 1st, 1979, to December 31st, 2023, providing hourly wave 

climate data, including integrated parameters such as significant wave height (Hs), peak wave period (Tp), 

mean wave direction (ɗm), among others, as well as 2D directional spectra forced by atmospheric 10-meter 
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wind field hindcast data, using the non-hydrostatic mesoscale Weather Research and Forecast (WRF) model 

version 3.4 (Skamarock, 2008). Five-day wave climate forecast is produced using the same WW3 setup forced 

with WRF initial and boundary conditions from the NCEP operational Global Forecast System (GFS) with the 

same temporal and spatial resolution as the hindcast. 

6.2. Coastal Risk Forecast Index 

In recent years, the Ligurian coast has experienced severe storms, causing extensive damage to coastal 

properties and infrastructure, such as the storms in October 2018 and November 2019 (Figure 20), with 

damages from the first event estimated at around 180 million euros (Genoa Chamber of Commerce). 

 

 

 

 

 

 

 

 

Recognizing the need for an effective forecasting system to manage coastal activities ahead of anticipated 

storms, Coastal Risk Index methodology was devised starting from the Storm Power Index (SPI) risk definition 

for historical conditions and extended to an operational modelling chain for 5-day forecasts. 

6.2.1. Storm Power Index (SPI), Coastal Vulnerability Index (CVI) e Risk Index (RI)  

This work proposes the use of wave energy flux, or wave power per unit length of wave front (P), as an 

instantaneous measure of the storm that captures the interdependence of significant wave height Hs, peak 

period, Tp, and the mean direction of incidence relative to the average coastal direction.  
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where g is gravitational acceleration and ɟ is the density of water. Along the 350 km Ligurian coastline, nearly 

400 points were defined according to the characteristics of the coast and the existing infrastructures. The 

defined points delimit coastline stretches of 0.15ï2 km for which the wave storm power, was calculated using 

a storm duration of 18h, due to the fact that storms in the Tyrrhenian Sea typically arise by the passage of low 

pressure systems which expire in less than a day (Cremonini et al., 2021) and using the mean coastal orientation 

of each coastal stretch as a reference for the mean coastal stretched conditions (Figure 21). Wave climate 

conditions were obtained from the hindcast simulations from Jan. 1st 1979 until Dec. 31st 2020 using the node 

at a 10-km distance from each point. Then, the time series of the wave storm power is calculated and its 

Empirical Cumulative Distribution Function (ECDF) is obtained, which provides information on the 

probability that is smaller than or equal to a given value of wave storm power and allows an efficient definition 

of the Storm Power Index. 

Figure 20. Flooding and storm damages in Liguria during the storms of Oct. 2018 and Nov. 2019 

https://www.sciencedirect.com/science/article/pii/S0141118722000694#b21
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Figure 21. Coastal stretch definition and area of incidence. 

 

This work uses a classification of the Storm Power Index (SPI) based on the probability of wave power 

occurrence, defining five classes that range from very low (SPI = 1) to very high (SPI = 5), as presented in 

Figure 22. 

 

 

 

 

The Coastal Vulnerability Index (CVI) is defined as the sensitivity of the coastal area to wave hazard and a 

measure of its capability to cope and withstand to storm events and their impacts (Gilard and Givone, 1996, 

Weichselgartner, 2001). Similarly to the storm power index, the CVI is divided into five classes (1-5) by a 

qualitative analysis of the coastal region under study as presented in Figure 23. 

CVI  Description 

1 - Very low Cliffed coast 

Natural coastal plain i.e. absence of transportation infrastructure (highway/railway), urban areas and/or seaside 

resorts. 

2 - Low Protected littoral transportation infrastructure (highway/railway) with hard protection infrastructure (breakwaters, 

revetments) or artificial gravel beaches. This level does not consider the presence of urban areas and/or seaside 

resorts. 

3 - Medium Unprotected littoral transportation infrastructure (highway/railway). This level does not consider the presence of 

urban areas and/or seaside resorts. 

4 - High Analogous to level 2 with presence of urban areas and/or seaside resorts. 

5 - Very high Analogous to level 3 with presence of urban areas and/or seaside resorts. 

Figure 23. Definition of the Coastal Vulnerability Index (CVI), in the coast of Liguria, Italy according to the 

characteristics of the coast and the presence of urban areas or infrastructure. 

The assessment of risk includes the combination of hazard and vulnerability defined as, 

╡╘ ╢╟╘ Ͻ╒╥╘ 

where SPI is the storm power index and CVI is the coastal vulnerability index defined for a given coastal 

location or stretch. Since both indices are defined to range from 1 to 5, then values ranging from 1ï25 are 

Figure 22. Storm Power Index (SPI) definition according to the exceedance probability 

values of the ECDF of wave storm power. 
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expected. For consistency, the RI  is also divided into five classes followingFigure 24 ranging from 1  (very 

low) to 5 (very high). 

 

Figure 24. Risk Index (RI) classes definition. 

The wave hazard and risk assessment is done in the coast of Liguria as one of the most densely populated 

urbanized and industrialized coastlines in Italy (Vietti et al., 2010). The Ligurian coastline comprises a mixture 

of cliff and plain coasts and is characterized by a high level of urbanization and harbor infrastructures, as well 

as littoral highways and railways. Due to the social and economic interest of the Ligurian coastline, hard 

protection infrastructures (e.g. breakwaters, revetments, submerged barriers) and artificial nourishments 

characterize a large part of the coastal area. Figure 25 presents, for a single location, the ECDF of Hs, Tp,q, P 

and SPI  and  as an example of the obtained results for the entire Ligurian coastline. 

 

 

 

 

 

 

 

 

 

Figure 26 presents the ECDF P and the SPI definition for different points along the coast of Liguria.  presents 

the minimum, mean and maximum values of P within the analyzed points for different values of probability. 

Along the Ligurian coastline, medium SPI values are obtained for mean P values of  52,38ï122,74  kW h/m, 

high SPI for 122,74ï400,67 kW h/m and very high SPI for 400,67ï1535,82 kW h/m. 

 

 

 

 

 

Figure 25. Empirical Cumulative Distribution Function of the significant wave height, peak period, mean 

wave direction, the wave storm power, and Storm Power Index, for one points along the Ligurian coast. 
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The Coastal Vulnerability Index (ὅὠὍ) was qualitatively defined for each location corresponding to the five 

classes defined in Figure 27 according to the characteristics of the coast and presence of infrastructure. Figure 

28 presents examples of the defined ὅὠὍ for different locations in the Ligurian coast. 

 

 

 

 

 

 

 

 

Following the definition of ὛὖὍ ranges according to the hindcast wave storm power ὖ for each location and its 

ὅὠ Ὅ, we can calculate the forecast time series of ὖ and the corresponding Storm Power Index, ὛὖὍ, and Risk 

Index, ὙὍ. As an example, Figure 29 and Figure 30 present the forecast results of significant wave height Ὄί, 

Figure 26. Empirical Cumulative Distribution Function of the wave storm power, ὖ, and Storm Power 

Index definition, ὛὖὍ for different points along the Ligurian coast. 

Figure 28. Coastal Vulnerability Index (ὅὠὍ) ranging from very low to very high (ὅὠὍ=1ï5) for different locations of 

the Ligurian coastline. 

very high

high

medium

low

very low

CVI

very high
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medium
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Figure 27. Minimum, maximum and mean values of wave storm power ὖ obtained for the 

entire Ligurian coastline for different values of probability. 
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peak period Ὕὴ, wave storm power ὖ and Storm Power Index ὛὖὍ and Risk Index ὙὍ for two moments of storm 

conditions in October 2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Significant wave height Ὄί and mean wave direction (upper left), peak wave period Ὕὴ (upper right), 

wave storm power ὖ and storm power index ὛὖὍ (lower left) and risk index ὙὍ (lower right) for the 26th October, 

2018 at 20:00. For the lower left and right panels, the colorbar inside the plot corresponds to the ὛὖὍ and ὙὍ, 

respectively, ranging from 1 (very low) to 5 (very high). 

Figure 30. Significant wave height Ὄί and mean wave direction (upper left), peak wave period Ὕὴ (upper right), 

wave storm power ὖ and storm power index ὛὖὍ (lower left) and risk index ὙὍ (lower right) for the 29th October, 

2018 at 12:00. For the lower left and right panels, the colorbar inside the plot corresponds to the ὛὖὍ and ὙὍ, 
respectively, ranging from 1 (very low) to 5 (very high). 



 

44 

 

6.3. Coastal Flooding forecast 

The focus of the study is to develop the framework to make use of storm data and known coastal conditions to 

generate a map that represents coastal flooding, primarily as a result of wave and storm surge conditions. 

Furthermore, a primary goal of the study is to ensure that the framework to generate the flood maps may be 

easily reproduced and the process be automated for efficiency, thus depending on the use of open-source tools. 

The storm event data was provided by the MeteOcean research group of the University of Genoa (Italy). There 

were two primary sets of storm event data: the modelled wave data and storm surge data, which presents a 

change in sea level due to a storm event. The datasets were shared for the years 1955 and 2018 and generated 

according to hourly wind forcings modelled using the WRF hindcast model at both a 3.3 km and 10 km 

resolution, and employing downscaled ERA5 atmospheric inputs. The wave data is developed using 

WAVEWATCH III, which employed a mesh of increasing resolution towards the shore (Lira- Loarca et al., 

2022). Alternatively, the storm surge data is modelled using Delft 3D, and maintains the resolution of the 

atmospheric inputs. Both of the supplied datasets contain an hourly timeseries of varying outputs for 388 

positions along the coast of Liguria. Figure 31 displays a map of the region including the 388 points at both 

with respect to the modelled storm conditions, and with respect to the provided IC reference points. The IC 

points provided correlate the offshore modelled points to the coastline to define coastal conditions for the 

model. 

 

Figure 31. Wave and Water Level Model and IC Coordinates 

 

The DTM retrieved is referred to as the 2017 Liguria DTM; however, the metadata clarifies that it has been 

updated for 2023 (Regione Liguria, 2023). The longitudinal and latitudinal extent of the Liguria DTM are as 

listed in Table 3.2, for CRS ESPG: 4326 (Regione Liguria, 2023). The grid resolution of the DTM is 5 m, 

which is stated to be appropriate due to a starting elevation of 0.6 m, as indicated by the Centro Interregionale 

di Coordinamento e documentazione per le informazioni territoriali (CISIS) (Dequal et al., 2022; Regione 

Liguria, 2023). The associated pixel resolution is approximately 5.974x10ī05 (Regione Liguria, 2023). It is 

specified in the metadata that the morphological elements from the òDB Geotopografico National Core 
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sc.1:5000 (NC5) - III Edizione 3D - dal 2017ò is used for the Province of La Spezia, and the for the Province 

of Genova, while all remaining coverage is allotted to the òCarta Tecnica Regionale 1:5000 - 2007/2013 - II 

Edizione 3D / DB Topograficoò (Regione Liguria, 2023). The DTM is illustrated in Figure 32. 

 

Figure 32. DTM for 2023 for the Region of Liguria (Regione Liguria, 2023). 

For the flood map development, multiple methods for developing the water levels are verified to determine 

which would produce a better final flood map result. The two methods for generating the polygon representing 

the flooded area both involve generating a raster resulting from the discrete water levels and comparing it 

against the known DTM raster file of the Ligurian region for which each pixel correlates to an elevation 

(Regione Liguria, 2023). The first method concerns the creation of a Voronoi diagram from the points to create 

the water level raster for comparison while the second method makes use of built in inverse distance weighting 

(IDW). A sample of the flooded raster is generated for both the Voronoi and IDW raster are presented in Figure 

33.  

 

 

 

 

 

 

 

 

 

Figure 33. Flooded Raster from Voronoi for 1955 3.3km Event at 2/19/1955 16:00:00 
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A critical limitation in developing the flood map is as a result of the reliance on the available DTM. First, the 

DTM determines the scope of the area where sections may be flooded according to its resolution (Regione 

Liguria, 2023). Furthermore, as the flooded polygons are retrieved through the direct comparison of the DTM, 

any erroneous elevations for the DTM directly impact degree of flooding occurring within the region. Pixel 

cells that are disconnected from the primary polygon are removed by observing the 8-point connection; 

however, there is the potential that they may be present within the flooding area through pipes, or if along 

water courses as presented in Figure 34. 

 

Figure 34. Isolated Areas in Pre- and Post-Processing 

A sample of the final flood outputs from the maximum flood period is presented in Figure 35, including 

storm surge, for 2018. 
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Figure 35. Flooded Polygon for 2018 3.3km at Maximum Timestamp of Interest (29/10/2018 22:00) 

 

6.4. Proof of Concept Study Case: Future climate-change-induced coastal 

impacts and risk in the Ligurian coastline 

Following the methodology presented regarding the Storm Power Index risk in the coastal region, an analysis 

including future climate change scenarios was carried out using wave climate projections from a set of 17 

GCM-RCMs under climate change scenario RCP8.5 presented in Deliverable DV1.4.3. Figure 36 displays 

empirical cumulative distribution functions (ECDFs) for various points along the Ligurian coast. Each graph 

includes ECDFs for both hindcast and historical periods. The risk classification, based on probability of 

occurrence, reveals that the highest wave storm power is concentrated in the north-eastern part of the Ligurian 

coast, with maximum values exceeding 2000 kW.h. The highest risk classification range starts at 

approximately 600 kW.h, indicating significant storm power in these areas. Conversely, in the southwestern 

part of the region, storm power does not exceed 1500 kW.h, with the highest risk classification range starting 

at around 275 kW.h on average. 
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Figure 36. Coastal Hazard ECDFs Ligurian Coast 
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7. Climate change-driven coastal flooding at the Misa River estuarine 

site of Senigallia 

The Adriatic Sea is a semi-enclosed basin highly impacted by rising sea levels and increasingly frequent 

extreme events due to climate change consequences (Lionello et al., 2017). The interest for this area is 

highlighted by several studies on future trends of both water levels (Vilibiĺ et al., 2017; Valle-Levinson et al., 

2021) and storminess (Bonaldo et al., 2017; Bonaldo et al., 2020). The vulnerability of the Adriatic coastline 

to CC is also due to the high population density, the presence of urban centers and infrastructures and the 

concentration of economic and recreational activities exposed to the CC consequences. This has raised the 

awareness of CC-related hazards among citizens and decision makers, who started including climate risk 

assessment and adaptation strategies within the planning and management policies (Bonaldo et al., 2019). The 

scientific knowledge offered by research institutions and universities is of paramount importance to decide 

which adaptation strategies to put in place (Baldoni et al., 2024). 

7.1. Methods  

7.1.1. Data collection and analysis 

Following the European Floods Directive (2007/60/EC), the inundation perimeters associated with high 

(RP=20 years), medium (RP=100 years) and low (RP=200 years) probability of occurrence, were evaluated 

using a model chain approach. To account for CC effects, the analysis was projected to 2070 under the IPCC 

RCP8.5 scenario and accounted for several contributions, namely waves, tide, storm surge and SLR. 

Projections of water levels and waves were downloaded from the Copernicus Climate Change Service1. The 

datasets are generated using the Global Tide and Surge Model v3.0 (GTSM, Deltares) and the Wave Model of 

the European Center of Medium-Range Weather Forecast (WAM, ECMWF). The meteorological forcing 

derives from the HIRHAM5 regional climate model (Christensen et al., 2007) of the Danish Meteorological 

Institute (DMI), member of the Euro-CORDEX ensemble, while relative sea level rise fields, corresponding 

to the considered emission scenario, taken from the ensemble-mean of the Coupled Model Intercomparison 

Project Phase 5 (CMIP5). 

For the storm surge, timeseries with 10-minutes temporal resolution were downloaded for the RCP8.5 scenario 

(2040-2070) from the grid point closest to the site of interest. Then, an extreme value mono-variate analysis 

was carried out for different return periods (RP20, RP100 and RP200) to find the probabilistic distribution that 

best fitted with the data among Three-Parameter Weibull, Log-Normal, GEV and Gamma. Results are shown 

in Figure 37. 

                                                      
1 Product user guide for sea level and ocean wave products - time series and indicators - Copernicus Knowledge Base - 

ECMWF Confluence Wiki 

https://confluence.ecmwf.int/display/CKB/Product+user+guide+for+sea+level+and+ocean+wave+products+-+time+series+and+indicators
https://confluence.ecmwf.int/display/CKB/Product+user+guide+for+sea+level+and+ocean+wave+products+-+time+series+and+indicators
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Given the micro-tidal nature of the site, to give conservative results, the tidal forcing was chosen as the 

maximum astronomical tide of the thirty-year period considered (2040-2070). 

SLR was provided by the Sea Level Projection Tool2 of the NASA Sea Level Change Portal, a tool to visualize 

and download the sea level projection data from the IPCC 6th Assessment Report (IPCC, 2023). 

Hourly timeseries of wave parameters (Hs, Tp, dir) were downloaded for the RCP8.5 scenario (2040-2070) 

from the grid point nearest to the site of interest. Data are provided along the 20 m bathymetric contour. After 

the identification of the main wave sector as the one with highest and more frequent waves (45° 7.5°, see 

Figure 38), a bivariate extreme value analysis of significant wave height and peak wave period was performed 

to accurately assess the joint probability of wave climate parameters, which directly influences coastal 

engineering design and risk assessments, such as flooding and erosion, under extreme conditions (Montes-

Iturrizaga & Heredia-Zavoni, 2015).  

 

                                                      
2 https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool 

Figure 37. Results of the extreme value analysis for the storm surge. Left: the best cumulative distribution function 

(cdf). Right: values associated to different return periods. Orange dots represent the experimental data (from the 

Copernicus dataset); the black line identifies the best distribution; green, magenta and blue crosses represent, 

respectively, the storm surge with 20, 100 and 200-years return periods. 
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After a declustering operation aimed at identifying independent events with wave height peak larger than the 

90th percentile of the whole dataset, the two marginal distributions for Hs and Tp were identified among Three-

Parameter Weibull, Log-Normal, GEV and Gamma using MLE criterion for the choice of the parameters and 

the minimum RMSE for the choice of the best distribution. The joint distribution between these parameters 

was modeled using a copula approach, testing both Archimedean (Gumbel, Clayton and Frank) and elliptical 

copulas (Studentôs t). ñEnvironmental contoursò, which are curves in the Hs - Tp plane associated with different 

return periods, were obtained with the Inverse First-Order Reliability Method (Winterstein et al., 1993). These 

contours, shown in Figure 39, are essential tools for coastal engineering applications, providing insights into 

the joint occurrence of extreme environmental conditions at specific return periods (Huang & Dong, 2021; 

Eckert-Gallup et al., 2016). Different criteria can be used for the choice of the pair Hs -Tp. For this application, 

being the wave energy the main responsible for coastal flooding and erosion, the criterion applied consisted in 

maximizing the energy flux ὖ ”ὫὌὅ, where ” is the water density, g is gravity and ὅ is the wave group 

celerity. 

 

 

 

 

7.1.2. Model chain approach 

The model chain approach used to simulate future coastal flooding conditions consists of two solvers. The 

wave propagation from the 20 m bathymetric contour to the nearshore was performed using Delft3D, a wave-

averaged model that allows one to simulate the wave propagation over large domains in relatively short time. 

However, it has limitations when dealing with large seabed gradients (e.g., near harbours or coastal defense 

structures). For this reason, the wave-resolving model XBeach, which computes velocities and water levels 

within the wave period, was also used. Delft3D results were used to force the XBeach detailed model that 

computed the wave propagation towards the shoreline and provided the inundation perimeters. 

Figure 38. Wave rose of Senigallia, built with the projections dataset (2040-2070) of the Copernicus Climate Change 

Service. 

Figure 39. Environmental contours: black dots give the experimental data (from the Copernicus dataset); green, 

magenta and blue curves represent the contours for RP20, RP100 and RP200, respectively; red crosses highlight 

the couple Hs-Tp that maximizes the energy flux. 
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The Delft3D domain consists of two nested grids: the outer grid had a 100 m resolution, extended up to 20 m 

water depths and aligned with the coastline; the inner grid had a 10 m resolution and extended up to some 

hundred meters inland. Such grid fitted the land-water boundary better and was used also for the XBeach 

computations, refined up to 5 m × 5 m (Figure 40). Emerged coastal defense structures were modeled directly 

changing the terrain elevation to +1.5 a.s.l. The roughness coefficient varied from 0.020 s/m1/3 to 0.070 s/m1/3, 

respectively for sand and urbanized areas. 

 

 

 

Delft3D simulations were forced with a timeseries of JONSWAP spectra characterized with significant wave 

height, peak period and direction. The timeseries lasted 8 hours, starting with Hs=1 m and reaching the peak, 

that is the value indicated in Table 2, at the sixth hour. Then, waves decreased symmetrically to the increasing 

branch. The wave period and direction were kept constant for the whole timeseries. The maximum flood 

occurred at the peak of the simulated storm. The wave characteristics computed at the centre of the offshore 

boundary of the inner grid were used to force the XBeach model. Furthermore, the contribution of the SLR, 

storm surge, meteorological tide, wave set-up and run-up were also accounted for. Wave set-up and run-up 

were computed by the model. A sinusoidal tidal timeseries was built and added to an initial water level equal 

to the sum of SLR and storm surge. The peak of the tidal timeseries, corresponding to the highest astronomical 

tide provided by the Copernicus dataset, was made simultaneous with the storm peak to consider the most 

pessimistic scenario. Water level forcings are reported in Table 2. 

 

 Water levels [m] Waves [m, s, °N] 

 Storm surge Tide SLR Hs Tp Dir 

RP 20 100 200 all all 20 100 200 20 100 200 all 

 1.08 1.27 1.36 0.40 0.36 5.32 6.42 6.88 9.79 10.51 10.80 45 

Figure 40. Bathymetry for the inner grid. (EPSG: 3004) 

Table 2. Water levels and wave forcing (storm surge, astronomical tide, SLR, Hs, Tp and direction) for 20, 100 and 

200-years return periods. Wave parameters are those at the peak of the simulated storm. 
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7.2. Results 

Figure 41 shows the results of the analysis. The flooding perimeters for different return periods are displayed 

in the top panel. The differences between return periods are very small: the inundation interests the whole 

beach and summer facilities, extending up to the seafront road, around 100 - 150 m inland, respectively to the 

south and north of the harbour. The flooded areas are 0.258 km2, 0.283 km2 and 0.294 km2 respectively for 

RP20, 100 and 200 years. The beach of Senigallia is mildly sloped and the largest amount of inundation is 

caused by the superelevation given by the sum of SLR and storm surge. Then, waves (and tide) cause about 

40 m of further water inland penetration. 

 

 

Figure 41. Top: flooding perimeters for RP20 (green), 100 (yellow) and 200 (red). Other panels: water depths in the 

flooded areas for different return periods. 


