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summarizes the various possible significant features. The cyclone center is indicated by the 
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(light blue) and 10-meter gust impact (light red). Regions experiencing both convection and co-

located precipitation and wind gust impacts are shaded blue and encircled by a red line. High 

topography is depicted in grey. The 320 K 2-PVU contour is illustrated as a dashed line, with 

typical WCB, DI, and gust trajectories marked by green arrows. Numbers indicate the following 

locations: (1) a notable upper-level feature (PV streamer/trough/ridge), (2) tropopause fold 
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1. Introduction 

The use of risk and multi-risk scenarios has become increasingly prevalent in risk assessment studies, as 

they provide a structured approach to evaluate the impacts of one or multiple hazardous events within a 

specific context. A scenario, in this context, is a specific realization of single- or multi-hazard processes, 

serving as the foundation for conducting a comprehensive risk or multi-risk assessment. 

Within the framework of the Transversal Spoke TS1 of the RETURN project, particularly in Work Package 

5.3, several risk scenarios will be proposed and analyzed to assess multi-risk in urban and metropolitan 

areas. To effectively address these complex challenges, besides the characterization and description of 

single and multiple hazards, a matrix approach is being developed within Work Package 5.3 to identify 

and clarify the key relationships between different hazards and the exposed elements of the urban 

environment. This approach is essential for understanding how multiple hazards can interact and 

compound their effects, which is particularly relevant in densely populated and infrastructurally complex 

areas. 

Given the inherent challenges and limitations associated with rigorous probabilistic modeling for multi-

risk assessment, the concept of storylines is introduced as an alternative and complementary approach. 

An event-based risk storyline can be described as a physically self-consistent sequence of past or plausible 

future events and their consequences. This method allows for the exploration of complex scenarios where 

traditional probabilistic methods may not be feasible or sufficient, especially in cases where uncertainties 

are significant, and data is limited. 

To develop consistent and realistic multi-risk scenarios and storylines tailored to specific urban contexts, 

it is crucial to define all the elements involvedτnamely, hazard, exposure, vulnerability, and their 

potential interactions. The objective of Deliverable 5.3.1, which represents the first deliverable of Work 

Package 5.3, can be summarized into the following key components, each of which corresponds to a 

section within this deliverable: 

- Section 2. Outline the initial steps of the matrix approach, providing a framework for identifying 

and analyzing the interactions between hazards and exposed elements in urban environments. 

- Section 3. Identify and catalog the individual hazards that can contribute to the development of 

multi-risk scenarios, with essential contributions from the Vertical Spokes (VS) of the RETURN 

project. 

- Section 4. Begin addressing multi-hazard issues specific to urban and metropolitan areas, with a 

particular focus on challenges related to climate change and its impact on hazard interactions. 

- Section 5. Propose and describe the initial set of storylines developed by researchers involved in 

Work Package 5.3, which will serve as the basis for further scenario analysis and risk assessment. 

Future deliverables within Work Package 5.3 will build on this foundation by focusing on different aspects 

of multi-hazard and multi-risk modeling. Deliverable 5.3.2 will develop a modeling approach to assess the 

physical and functional vulnerability of urban areas to multiple hazards. Following this, Deliverable 5.3.3 

will address systemic vulnerability modelling, including socio-economic and health aspects together with 

physical, safety and environmental issues, examining their interdependencies within urban systems. 
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Finally, Deliverable 5.3.4 will focus on multi-hazard impact and risk modeling, aiming to create rapid 

forecasting methodologies to support timely decision-making in complex multi-risk scenarios.  

Through these deliverables, Work Package 5.3 aims to provide a comprehensive and integrated approach 

to multi-risk assessment, contributing to the resilience and sustainability of urban and metropolitan areas 

in the face of emerging and compounding risks. 

 

Note 1: This document is to be intended as part of an ongoing iterative process. As such it will be subject 

to further updates and modifications in the following phases of the project, also according to the 

feedback and consultations among the project partners and with the stakeholders.  

 

Note 2: To promote the use of consistent and shared definitions for key concepts relevant to the RETURN 

project, the deliverables of Work Package 3 largely adopt definitions from the Glossary provided 

in Appendix B ς Dictionary of Terms (Preliminary Glossary) of Deliverable 5.2.1, "Risk-Oriented 

Taxonomy and Ontology of Urban Subsystems and Functional Models". 
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2. Analysis of the relationships between hazards and exposure for the 
definition of multi-risk scenarios 

According to UNISDR terminology (UNISDR, 2009), risk assessment can be intended as a methodology to 

determine the nature and extent of risk by analyzing potential hazards and evaluating existing conditions 

of vulnerability that together could potentially harm exposed people, property, services, livelihoods and 

the environment on which they depend. Therefore, there is the need of evaluating the characteristics of 

hazards (i.e., location, intensity, frequency and probability) and of identifying the elements exposed to 

those hazards, their characteristics together with their vulnerability. More specifically, in terms of 

vulnerability and with reference to urban and metropolitan areas, it is important to include different 

dimensions, i.e., the physical, social, economic, environmental and institutional dimensions (Pittore and 

Griffo, 2023). It should also be highlighted that hazards, exposure and vulnerability may each be subject 

to uncertainty in terms of magnitude and likelihood of occurrence, and each may change over time and 

space due to socio-economic changes and human decision-making (IPCC, 2022b). 

As a result of risk assessment, impacts of specific events occurring in a territory can be evaluated, which 

are the consequences of realized risks on natural and human systems (IPCC, 2022b). Impacts can also be 

referred to as losses, consequences or outcomes and they have been documented after disasters mainly 

in terms of numbers of people killed, injured or affected, and in terms of physical losses and damages 

across the social, infrastructure and productive sectors and their economic equivalencies (WMO, 2014b). 

More in general, impacts can be either adverse or beneficial and they refer to effects on lives, livelihoods, 

health and well-being, ecosystems and species, economic, social and cultural assets, services (including 

ecosystem services), and infrastructure (IPCC, 2022b). 

In the last decades, it has become evident how a multi-hazard perspective is essential for efficient and 

effective disaster risk reduction practices (UNISDR, 2015). Countries can indeed face multiple hazards, 

which might be correlated or interacting with one another and have potential interrelated effects 

(UNDRR, 2020). Considering one geographic area, multi-risk assessment is intended to be the overall risk 

arising from a series of possible adverse events and their interactions with the different specific 

vulnerabilities of the exposed elements. A multi-risk approach implies not only a multi-hazard perspective, 

but also a dynamic multi-vulnerability (Versace et al., 2023).  

Making use of risk or multi-risk scenarios has become increasingly common within risk assessment studies 

since they allow to evaluate impacts of one or multiple events in a specific context and they are useful to 

support risk-communication (Gomez-Zapata et al., 2021). A scenario can be intended as a given realization 

of single- or multi-hazard processes, thus it represents a starting point of a risk or multi-risk assessment 

(Sadegh et al., 2018, Gomez-Zapata et al., 2023). 

In the framework of the Transversal Spoke TS1 of the RETURN project, and, more specifically, in the Work 

Package 5.3, several risk scenarios will be proposed and analyzed with the objective of assessing multi-

risk in different urban environments. Moreover, given that a rigorous probabilistic modelling for multi-

risk assessment is very challenging and might not be always applicable, the concept of storylines is 

introduced: an event-based risk storyline can be described as a physically self-consistent unfolding of past 

or plausible future events and their consequences (Sillmann et al., 2021).  
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In order to develop consistent multi-risk scenarios and storylines for a specific urban context, as will be 

also analyzed in Section 5, there is the need to define all the elements at play, i.e., hazard, exposure, 

vulnerability, and their possible interactions. To this aim, a matrix approach is being proposed in the 

framework of the Work Package 5.3 to identify the main relationships between the hazards and the 

exposed elements of the urban environment. In more detail, three different matrix types are introduced: 

- Hazard vs hazard matrix (a first version is presented in Figure 1. Hazard vs hazard matrix for definition 

of multi-hazard relationships. 

- ) to describe multi-hazard relationships, which, according to definitions reported in Pittore and Griffo 

(2023), can be classified as: 

Á Independence: it implies a spatial and temporal overlapping of the impact of multiple hazards 

without any dependence or triggering relationship. 

Á Triggering or cascading: it implies a primary and a secondary hazard, the latter caused by the 

occurrence of an event related to the primary hazard. 

Á Change conditions: they relate to one hazard altering the disposition of a second hazard by 

changing environmental conditions. 

Á Compound hazard: different hazards are the results of the same primary event or large-scale 

processes. 

Á Mutual exclusion: negative dependence between hazards. 

In Figure 1, the listed hazards are the ones considered in the RETURN project within the activities of the 

Vertical Spokes (VS), but the list may be also expanded, depending on the scope of the study, considering 

hazards as defined by UNDRR (2020). 

 

Figure 1. Hazard vs hazard matrix for definition of multi-hazard relationships. 

- Exposure vs exposure matrix to describe relationships between the elements of an urban system. 

This matrix allows to highlight dependencies (or non-dependencies) among the different components 

and makes it possible to identify the most critical elements at risk. 

It should be highlighted that the conceptual model of the urban system, reported in Figure 2, has been 

developed within the Work Package 5.2 of TS1 and is considered here for sake of consistency. 

Similarly, in the following, the taxonomies for Urban Systems defined in WP 5.2 (Pittore and Grifo, 

2023) will be used. From Figure 2, it can be seen that the urban system is subdivided into several 

subsystems, which can further include subcomponents, according to the mentioned taxonomy. It is 
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worth mentioning that the adopted model will not include all possible details and features of the 

physical world, but only those that are relevant to fulfill the scope of multi-risk assessment. 

The version of the exposure vs exposure matrix proposed in the RETURN Deliverable 5.2.1 (Pittore 

and Griffo, 2023) is reported in Figure 3. Exposure vs exposure matrix for description of 

interdependencies among elements of the urban system. 

.  

By explicating the relationships between the exposed elements, also functional and systemic aspects 

could be more easily identified, contributing to a proper investigation of functional and systemic 

vulnerabilities, which is among the objectives of Tasks 5.3.2 and 5.3.3 of the Work Package 5.3. 

 

 

Figure 2. Conceptual model of urban system and corresponding subsystems (Pittore and Grifo, 2023). 

- Exposure vs hazard matrix to highlight relationships between the exposed elements and the 

different hazards. A first version of the matrix has been developed (Figure 4) considering, for the 

exposure, the conceptual model of the urban system, previously introduced, and the taxonomy 

defined in the Work Package 5.2 of TS1. In terms of hazards, a more detailed classification is taken 

into account, with respect to what presented in Figure 1. Both lists are currently under review and 

will be updated in the following phases of the project.  

To fill the matrix, as a first assessment, based on expert judgment, it is necessary to identify which 

elements are vulnerable to a specific hazard. The assessment is binary at this stage (vulnerable or not 

vulnerable). In this way, on the one hand, by reading the table vertically (i.e., for a single hazard) it is 

possible to have a clear idea about how many and which elements of the taxonomy should be 

modeled to assess the impacts of a specific hazardous event; moreover, this visualization can 

contribute to the definition of the scale at which the analyses have to be carried out. On the other 

hand, by reading the table horizontally, elements on which multi-risk assessment is crucial are 

highlighted. 
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Afterwards, the exposure vs hazard matrix can also include further information, e.g., related to the 

multi-dimensional nature of vulnerability or to the possible impacts and consequences of the 

hazardous event. An example is reported in Figure 5, where different vulnerability types are also 

included, according to the following definitions: 

Á Physical vulnerability: propensity of the elements to suffer physical impacts of a hazardous 

event (Douglas, 2007; Birkmann et al., 2013). 

Á Functional vulnerability: propensity of the elements to suffer impacts (also physical) which 

impair their function. 

Á Systemic vulnerability: it includes social, economic and environmental vulnerability, 

therefore: (i) the propensity of human well-being to suffer harm due to disruption of 

individual and collective social systems (Birkmann et al., 2013); (ii) the propensity of 

economic assets and processes to be harmed by exogenous shocks (Cardona et al., 2012); 

(iii) the potential natural resource depletion and resource degradation following a hazardous 

event (UNEP, 2021). 

LŦ ƳƻǊŜ ǘƘŀƴ ƻƴŜ ǾǳƭƴŜǊŀōƛƭƛǘȅ ŘƛƳŜƴǎƛƻƴ ƛǎ ŀǇǇƭƛŎŀōƭŜ ŦƻǊ ŀ ǎǇŜŎƛŦƛŎ ŜƭŜƳŜƴǘΣ άƳƛȄ ǾǳƭƴŜǊŀōƛƭƛǘȅέ Ŏŀƴ 

be used in the matrix. It should be mentioned that the definitions of the dimensions of vulnerability, 

partially taken from Pittore and Grifo (2023), are currently under review within the activities of the 

Transversal Spoke TS1. 
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Figure 3. Exposure vs exposure matrix for description of interdependencies among elements of the urban system. 
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Figure 4. Exposure vs hazard matrix. 

Exposure                Hazard
Slope and 

ground 

instabilities

Earthquake Tsunami Volcanic 

hazard

Fluvial floods Pluvial floods Coastal 

floods

Coastal 

erosion

Extreme 

winds

Air quality Heat waves Chemical Biological

Population Population X X X X X X X X X X X X X

Green buildings X X X X X X X X X X

Urban agricultural land X X X X X X X X X X X X

Urban green area X X X X X X X X X X

Residential buildings X X X X X X X X

Educational buildings X X X X X X X X X X

Health buildings X X X X X X X X X X

Assembly buildings X X X X X X X X X X X X

Industrial buildings X X X X X X X X X X X X

Storage buildings X X X X X X X X X X X X

Roads X X X X X X X X

Railways X X X X X X X X X

Subways X X X X X

Power network X X X X X X X X X

Water supply network X X X X X X X X

Telecommunication 

network

X X X X X

Sewage network X X X X X X X

Sea X X X X X

Water bodies X X X X X X X X

Open spaces - no green X X X X X X X X X X X

Educational system X X X X X X X X X

Water system X X X X

Health service X X X X X X X X X

Financial system

Emergency system X X X X X X X X

Law enforcement system X X X X X X X

Recreational system X X X X X X X X X X X

Transportation

Utility networks

Soft 

infrastructure

Green 

infrastructure

Buildings

Hazard
Exposure
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Figure 5. Exposure vs hazard matrix with focus on multi-dimensional vulnerability. 

 

 

Exposure                Hazard
Slope and 

ground 

instabilities

Earthquake Tsunami Volcanic 

hazard

Fluvial floods Pluvial floods Coastal 

floods

Coastal 

erosion

Extreme 

winds

Air quality Heat waves Chemical Biological

Population Population X X X X X X X X X X X X X

Green buildings X X X X X X X X X X

Urban agricultural land X X X X X X X X X X X X

Urban green area X X X X X X X X X X

Residential buildings X X X X X X X X

Educational buildings X X X X X X X X X X

Health buildings X X X X X X X X X X

Assembly buildings X X X X X X X X X X X X

Industrial buildings X X X X X X X X X X X X

Storage buildings X X X X X X X X X X X X

Roads X X X X X X X X

Railways X X X X X X X X X

Subways X X X X X

Power network X X X X X X X X X

Water supply network X X X X X X X X

Telecommunication 

network

X X X X X

Sewage network X X X X X X X

Sea X X X X X

Water bodies X X X X X X X X

Open spaces - no green X X X X X X X X X X X

Educational system X X X X X X X X X

Water system X X X X

Health service X X X X X X X X X

Financial system

Emergency system X X X X X X X X

Law enforcement system X X X X X X X

Recreational system X X X X X X X X X X X

Transportation

Utility networks

Soft 

infrastructure

Green 

infrastructure

Buildings

Hazard
Exposure

Physical vulnerability Systemic vulnerability Functional vulnerability Mix vulnerability
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3. Single-hazard description focusing on emerging risks in urban and 
metropolitan areas 

In rapidly evolving urban and metropolitan landscapes, the identification and understanding of single 

hazards, particularly emerging hazards and subsequent risks, are crucial for effective risk management 

and resilience planning. This Section delves into the distinct characteristics and implications of various 

hazard types that are increasingly relevant in urban and metropolitan areas. As cities continue to grow 

and face complex interdependencies, the need to address these risks proactively becomes paramount. 

The following sub-sections systematically explore each category of hazards that pose potential threats to 

urban environments: 

¶ geophysical hazards: examining risks such as slope and ground instabilities, earthquakes and 

volcanic activities and tsunamis, all of which can have catastrophic impacts on urban 

infrastructure and populations.  

¶ Hydraulic hazards: focusing on risks associated with water bodies, including fluvial and pluvial 

flooding as well as coastal vulnerability in urban areas, which can critically influence urban 

planning and safety regulations in coastal and riverine cities. 

¶ Meteorological hazards: analyzing hazards like storms and extreme precipitations that are 

becoming more intense and frequent due to changing climate patterns, impacting urban life and 

infrastructure. 

¶ Climate hazards: discussing long-term climate changes and their acute effects on urban areas, 

such as urban heat islands, sea-level rise, storm surges and extreme wave events, which require 

innovative adaptation strategies. 

¶ Chemical hazards: addressing risks related to air pollution from gases and aerosols in urban 

environments, as well as interactions between urbanization, air quality, and atmosphere, factors 

that can contribute to severe health and environmental crises in urban settings. 

¶ Biological hazards: considering the effects of climate change on both the general population and 

those occupationally exposed and assessing the potential impact of particles and contaminants 

on human tissues and their implications for health. 

3.1 Geophysical hazards 

3.1.1 Slope and Ground Instabilities 

Urban areas have more and more often to cope with slope instability, a critical factor for the lives of 

residents, as well as the safety and longevity of urban infrastructures. Ground instabilities, such as 

landslides and subsidence phenomena, can pose significant risks, especially in areas where urban 

development has altered the natural landscape. These risks are exacerbated by climate change, which 

introduces new challenges for managing and mitigating slope instability in urban and metropolitan 

environments. 

Climate change is intensifying extreme weather events such as heavy rainfall, and prolonged dry spells, 

which have direct consequences on slope stability. Increased rainfall, in particular, leads to higher levels 

of soil saturation, which weakens the cohesion of slopes, making them more susceptible to landslides and 
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other forms of ground instability. Urban areas are particularly vulnerable because the presence of 

impervious surfaces, such as roads and buildings, can alter natural drainage patterns, causing water to 

accumulate in unexpected areas. This runoff can exacerbate erosion processes, increasing the risk of slope 

failure. On the other hand, prolonged dry spells can cause soil desiccation and cracking, which reduces 

soil cohesion and makes slopes more vulnerable to instability when heavy rains eventually occur. This is 

particularly problematic in urban areas where the soil structure has already been compromised by 

construction and other human activities. 

Hilly urban areas face unique challenges. The construction of buildings, roads, and other infrastructure 

can disrupt the natural equilibrium of slopes, leading to ground instability. While retaining walls and other 

slope stabilization structures, are intended to mitigate these risks, they can introduce new hazards if not 

properly designed or maintained. The combined effect of climate change and urban development often 

necessitate innovative approaches to slope management and the prevention of ground instability. 

In urban and metropolitan areas, slope instabilities can lead to disastrous consequences. Landslides, for 

instance, can damage buildings, roads, and utility lines, leading to costly repairs and disruptions to daily 

life. The high population density in urban areas significantly increases the risk of casualties in the event of 

ground instability. Furthermore, slope failures can have a cascading effect, triggering additional hazards 

such as floods or the collapse of nearby infrastructure. 

Mitigating slope instability in urban areas requires a multidisciplinary approach, combining engineering 

solutions with careful urban planning and environmental management. Understanding the 

geomorphological, hydrological and anthropic features of the area is essential in predicting where 

instabilities are most likely to occur. Furthermore, with the added uncertainty brought by climate change, 

it is crucial to adopt adaptive strategies that can respond to changing environmental conditions. 

One effective technique for analyzing slope instabilities in urban and metropolitan areas is the 

implementation of statistical methods, such as Logistic Regression, within Geographic Information 

Systems (GIS). It allows to process large amounts of geospatial data and provides detailed maps indicating 

which areas are most likely to develop ground instability events, specifically landslides. Combining 

geomorphological, climate and anthropological factors, such GIS-based models can generate susceptibility 

maps that identify instability prone areas within urban environments, helping urban planners and 

engineers make informed decisions about where to focus mitigation efforts. Moreover, by incorporating 

climate change projections and other dynamic factors, these models can be continuously updated to 

reflect new hazard conditions, making them a valuable tool for long-term urban resilience planning. 

Liguria region serves as a paradigmatic case due to its orographic complexity and high susceptibility to 

landslides. The territory steep morphology, combined with possible intense rainfall and urban 

development, makes Liguria particularly vulnerable to slope instability. Over the years, the region has 

ŜȄǇŜǊƛŜƴŎŜŘ ƴǳƳŜǊƻǳǎ ƭŀƴŘǎƭƛŘŜǎΣ ŎŀǳǎƛƴƎ ŘŀƳŀƎŜ ǘƻ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀƴŘ ŘƛǎǊǳǇǘƛƴƎ Řŀƛƭȅ ƭƛŦŜΦ ¢ƘŜ ǊŜƎƛƻƴΩǎ 

unique combination of natural and human factors makes it an ideal case study for understanding the 

challenges of managing slope instabilities in urban and metropolitan areas. 

In summary, addressing slope and ground instabilities in urban areas, particularly in the context of climate 

change, requires an integrated approach that combines engineering, urban planning, and advanced data 

analysis techniques. The use of GIS and logistic regression offers a promising solution for identifying and 
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mitigating risks in urban environments, with Liguria region providing a valuable case study for 

understanding the complexities of slope management in areas prone to landslides. 

3.1.1.1 Processing of Landslide Susceptibility Maps in GIS Environment Using Logistic Regression 

As part of Spoke V2 of the Extended Partnership RETURN, the UNIGE1 - DICCA working group is developing 

a statistically-based methodology for elaborating landslide susceptibility maps, indicating the likelihood 

of an area to experience landslides. Starting from the assumption that landslides are more likely to occur 

in areas with similar characteristics to those where they have already occurred, various factors that 

characterize a territory (predisposing factors) are analyzed and related to actual landslides through 

statistical processing in a GIS (Geographic Information System) environment. GIS is particularly well-suited 

for statistical analysis due to its ability to manage large amounts of georeferenced data, accurately 

characterize an area, and perform both general and specific analyses. In this context, a Logistic Regression 

process relates the dichotomous variable (landslide/no landslide) to various factors characterizing an 

area, assigning each factor a different weight. 

The result of this analysis is a probability map, which is subsequently divided into qualitative classes, 

identifying areas with low, medium, and high susceptibility to landslides. 

The aforementioned methodology has been tested in a Learning Case as part of VS2 and is currently under 

further development and validation on more different case studies to improve its reliability and make it 

transferable to other areas and scales. 

It is important to note that a susceptibility map provides a geographical indication of a hazard of landslide 

triggering, but it does not indicate when the event might occur. Therefore, it is preparatory and functional 

for direct investigation, identifying the most problematic areas where intervention might be prioritized if 

critical issues are identified. 

Tools Used 
The work conducted within VS2 was primarily carried out using the Open Source GIS application GRASS. 

The operations performed primarily involve functions such as: 

¶ Classification 

¶ Vector geoprocessing (buffer, intersection, feature extraction) 

¶ Data conversion (from vector to raster format and vice versa) 

¶ Map Algebra 

¶ Hydrological modeling (specific commands for basin and hydrological network analysis) 

¶ Interpolation 

¶ Statistical analysis 

Study area 
The Learning Case focuses on a coastal area of approximately 1,550 km², with elevations exceeding 1,000 

meters, predominantly covered by forests and natural areas, with a smaller percentage of agricultural and 

urbanized land. The nominal scale of 1:100,000 with a resolution of 20 meters was chosen for the study. 

To ensure that the proposed procedure can be replicated in other areas of Italy with similar 

characteristics, Open data accessible across the entire Italian territory have been selected. 
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Additionally, by using base data with a higher level of detail (e.g., data downloadable from various regional 

or municipal cartographic portals) and adjusting the reference values of the considered parameters, the 

level of detail can be increased, up to a peri-urban scale. This is particularly useful for highlighting potential 

instability situations along the connecting routes between urban areas and smaller settlements, along 

"transit" infrastructures (e.g., highways, railways, or high-voltage networks...), and in peripheral areas 

where natural and anthropic elements often alternate in a "disordered" manner. 

For the delineation of the study area, it is generally advisable to choose a natural boundary rather than 

an administrative one, provided data access is possible. In particular, in the case of small areas (e.g., areas 

near infrastructure or settlements), it is preferable to consider a larger territory than strictly necessary to 

obtain a statistically significant sample. 

Identification of Predisposing Factors 
The first phase of the work involved identifying the relevant factors for landslide susceptibility (Table 1). 

The territorial characteristics considered include: 

¶ Morphology 

¶ Geology, lithology, and land use 

¶ Climatic aspects 

¶ Anthropogenic aspects 

A literature review was then conducted to identify a set of factors: 

¶ Identified as certainly relevant 

¶ Describable using Open data 

¶ Independent of specific situations (e.g., presence of large hydroelectric plants, presence of faults, 

etc.) 

By cross-referencing the findings from the literature review with the data actually accessible at the 

national level or common to all regions, a set of data base was selected. 

For the Learning Case, all maps were converted to raster format with a resolution of 20 meters. 
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Table 1. Predisposing factors considered in the case study. 

Predisposing 
Factors 

Description Source data Data Used in the Learning Case Type of 
data 

Accumulation Number of areal units 
drained by each unit 

Processing from the Digital 
Terrain Model 

DTM ς Digital Terrain Model ς 
Liguria ed. 2023 (Geoportale 
Regione Liguria, 2024) 

Raster 

Climatic 
aggressiveness 

Concentration of 
precipitation compared to 
the annual average 

Processing of rainfall cumulate 
data 

ARPAL (Ligurian Regional Agency for 
Environment Protection) Data 
(ARPAL, 2013) 

Raster 

Exposure Orientation relative to the 
North of the steepest slope 
direction 

Processing from the Digital 
Terrain Model 

DTM - Digital Terrain Model - Liguria 
ed. 2023 (Geoportale Regione 
Liguria, 2024) 

Raster 

Lithology Type of rocky substrate Geological map Geological map of Italy (INSPIRE 
Geoportal, 2020) 

Vector 

Slope Inclination of the slopes 
relative to the horizontal 
plane 

Processing from the Digital 
Terrain Model 

DTM ς Digital Terrain Model - 
Liguria ed. 2023 (Geoportale 
Regione Liguria, 2024) 

Raster 

Elevation Altitude relative to sea 
level 

Digital Terrain Model DTM ς Digital Terrain Model - 
Liguria ed. 2023 (Geoportale 
Regione Liguria, 2024) 

Raster 

Distance from 
transport 
networks 

Distance bands from main 
roads, secondary roads, 
and railways 

Regional Technical Cartography Regional Technical map 1:5000 - 
2007/2013 - II Edition 3D / 
Topographic database (Geoportale 
Regione Liguria, 2024) 

Vector 

Land use and 
coverage 

Vegetation or artificial land 
coverage 

CORINE Land Cover maps or 
regional land use cartography 

Land use map sc. 1:10000 - ed. 2019 
(Geoportale Regione Liguria, 2024) 

Vector 

 

Historically and Currently Active Landslide Areas 
The data reported in the Inventory of Landslide Phenomena in Italy (IFFI, Inventory of Landslide 

Phenomena in Italy - IFFI) are considered as "ground truth." The IFFI cartography is frequently updated, 

but it does not represent real-time situations. In the latest edition, updated to 2022, the following types 

of landslides are identified, each associated with its respective identification code: 

¶ Undefined landslide (0) 

¶ Fall/Topple (1) 

¶ Rotational/Translational Slide (2) 

¶ Spread (3) 

¶ Slow Flow (4) 

¶ Fast Flow (5) 

¶ Subsidence (6) 

¶ Complex (7) 

¶ DPGV Deep-Seated Gravitational Slope Deformations (8) 

¶ Areas with widespread falls/topples (9) 

¶ Areas with widespread subsidence (10) 

¶ Areas with widespread shallow landslides (11) 

The proposed methodology for developing the susceptibility map was applied only to earth landslides, 

specifically rotational/translational slides, slow flows, and fast flows. Additionally, undefined landslides 

and complex landslides were also categorized under this category. 



   

 
 
 

   

 

32 

Regarding "areas with widespread shallow landslides," these represent areas where multiple shallow 

landslide events have occurred, but do not indicate the precise boundaries of each landslide. The data 

reported in the IFFI cartography come from various sources and have different scales of origin compared 

to the working scale. For statistical analysis purposes, this may lead to non-negligible inaccuracies. 

Furthermore, each type of landslide phenomenon is influenced differently by the predisposing factors. 

Therefore, it would be advisable to evaluate the susceptibility of an area relative to each type of landslide 

separately. However, in some cases, this could result in a statistically hardly significant sample. 

Data Preparation /1 - Classification 
It is possible to apply the logistic regression method using continuous, ordinal, or binomially distributed 

data sets. In this work, all predisposing factors were converted into ordinal data through reclassification 

and aggregation operations, describing each factor by a discrete number of classes, ordered from 1 to n 

(in the case study n < 10). This makes it possible to compare qualitative and quantitative data. 

Accumulation 

The accumulation value is expressed as log(abs(accumulation_map) + 1). The values reported in the 

resulting raster map, are greater than 0 and are grouped into 6 classes as follows: 

Range Class 

0 - 1 1 

1 - 2 2 

2 - 3 3 

3 - 4 4 

4 - 5 5 

> 5 6 

 

Values between 0 and 1 indicate a watershed or ridge, while higher values indicate valleys or other 

accumulation areas. In the literature, the presence of soil moisture or surface runoff is considered an 

important factor and is also described using other indices (e.g., Topographic Wetness Index...), which are 

also derived from the Digital Terrain Model. However, in peri-urban areas, water runoff is often altered 

by the presence of retaining structures that obstruct the natural flow along the slopes, by drainage works, 

and by soil impermeabilization. Therefore, this parameter should be reconsidered. For example, it might 

be more relevant to identify situations where there is a convergence of uncovered or culverted historic 

streams, retaining walls, and multi-story buildings, and to classify areas based on their proximity to these 

features. 

Climatic Aggressiveness 

Rainfall is certainly a relevant factor to take into consideration in assessing susceptibility to landslides, 

both in terms of cumulative precipitation and concentrated rainfall events. In the Learning Case, this 

aspect was considered by including the Climatic Aggressiveness parameter, calculated using the Arnoldus 

Index (Arnoldus H. M. J., 1980): 

AC =В  

where pi = cumulative rainfall for each month, P = average annual rainfall. 
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Based on the literature and as observed in the Learning Case, Climatic Aggressiveness has proven to be a 

determining factor for various types of landslides (Commission of European Communities, 1992). 

However, at the same time, it is one of the most challenging factors to accurately represent in the model.  

Precipitation data, in fact, refer either to the stations where they were recorded (when considering local 

data) or to continuous data maps (global, European, or national data) but at a much lower resolution than 

the data used to describe other predisposing factors (e.g., 1 km compared to 20 m). In the first case, it is 

necessary to interpolate the point data to build a continuous map; in the second case, it is advisable to 

resample the map, also interpolating the value of each cell. This inevitably leads to approximations that 

vary depending on the interpolation method used. 

The most suitable method would be kriging, based on the definition of the semivariogram, which is the 

function that describes how the correlation between spatial data changes with the distance between 

them. Several algorithms exist to develop this function, but in general, they require the "manual" input of 

various parameters, which presupposes the operator's knowledge of the territory. To promote the 

transferability of the proposed methodology, deterministic interpolation methods were preferred, which 

rely solely on the geometric arrangement of known points, including Inverse Distance Weighted (IDW), 

Triangulated Irregular Network (TIN), and Regularized Spline with Tension (RST). Regardless of the method 

used, it is also important to remember that precipitation data should be collected over an area larger than 

the study area to ensure accurate processing, even in "border" areas. 

Another important factor in evaluating the influence of precipitation is the temporal aspect. In climate 

studies, a reference period of 30 years is considered significant. Therefore, it was decided to create a 

"general" Climatic Aggressiveness map for the study area using accessible digital data, from the earliest 

available period to the present day. 

В В
ὴ
ὖ

ὲ
 

where pi = cumulative rainfall for each month for each year considered, Ptot = total rainfall for each year 

considered, n = number of years considered. 

Since precipitation data prior to the early 2000s are often difficult to obtain, incomplete, or available in 

formats that are hard to use (e.g., scans of paper records), the map can be updated annually or seasonally 

using the Arnoldus index as described above. 

As an example, in the Learning Case, the baseline map was created by interpolating the Climatic 

Aggressiveness data collected by ARPAL (Ligurian Regional Agency for Environment Protection) at 

individual stations for the 1980ς2010 period. 

For the subsequent years, aggressiveness was calculated by directly interpolating the cumulative monthly 

precipitation data for the various stations, both for the 2010ς2020 decade and seasonally for the years 

after 2020. 
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The values reported in the resulting Climatic Aggressiveness map for the Learning Case have eventually 

divided into classes according to the guidelines provided by the European Commission in 1992 (CEC, 

1992). 

Range Class Description 

< 60 1 Low 

60 - 90 2 Medium-
Low 

60 -120  3 Medium 

120 160  4 Medium-
High 

> 160 5 High 

 

This classification method is suitable for rather large areas, but when working at a municipal scale or in 

relatively small territories (less than 100 km²), the entire study area may fall into a single class. Since 

constant factors cannot be included in the next phase of multivariate analysis, either Climatic 

Aggressiveness is not considered, or the single represented class must be subdivided into "subclasses," 

particularly in the case of the "High" or "Low" classes. This situation could be due to the fact that, during 

the period considered, no particularly intense localized precipitation occurred in the area, or that the rain 

data collection points are very far apart, preventing the recording of phenomena in intermediate areas. 

Orientation 

Slope orientation values, ranging from 0° to 360°, have been grouped into 4 classes (North, West, South, 

East). The classes are divided as follows:   

North: 0° to 45°   

East: 45° to 135°   

South: 135° to 225°   

West: 225° to 315°   

North: 315° to 360° 

so that each cardinal direction is at the center of its respective class. 

Range Class Direction 

0 - 45 1 North 

45 - 135 2 East 

135 - 225 3 South 

225 - 315 4 West 

315 - 360 1 North 

 

For smaller areas or areas with very complex morphology, it may be more appropriate to group the 

orientation values into 8 classes. 
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Lithology 

In the Learning Case, the different geological units have been grouped into 5 classes based on their origin. 

As an example, the table used is provided, which only considers the formations present in the studied 

area (description corresponding to the "Name" column of the Geological Map of Italy, as mentioned 

above).   

The map used has a nominal scale of 1:100,000, suitable for regional or basin-scale extensions, and the 

most general classification method was used. Certainly, for peri-urban scales, the classification should 

take into account a higher level of detail, especially in cases where the area contains formations 

particularly prone to the development of landslide phenomena. 

Formation Class 

deposits 1 

magmatic rocks 2 

metamorphic rocks 3 

sedimentary rocks 4 

other 5 

 

Slope 

The slope of an area can be expressed in degrees (from 0 to 90°) or as a percentage, calculated as the 

Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘŜ ǾŜǊǘƛŎŀƭ ŀƴŘ ƘƻǊƛȊƻƴǘŀƭ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ Ǉƻƛƴǘǎ όŦǊƻƳ л ǘƻ қύΦ Lƴ ǘƘƛǎ ǿƻǊƪΣ ƛǘ ǿŀǎ 

calculated in degrees, and the values for individual points were grouped into 8 classes of 5° up to a slope 

of 40°, with an additional single class for all values between 40° and 90° (Table 5). However, in 

mountainous areas, it may be useful to add more classes (between 40° and 90°), and in smaller areas 

where minor differences are more significant, it might be more practical to use percentage values. 

Range Class 

0 - 5 1 

5 - 10 2 

10 - 15 3 

15 - 20 4 

20 - 25 5 

25 - 30 6 

30 - 35 7 

35 - 40 8 

40 - 90 9 

 

Elevation 

In the Learning Case, elevation values have been grouped into 250-meter classes, starting from the lowest 

value in the study area. In the case of a coastal area, the value 1 is assigned to the elevation class between 

0 and 250 meters. In hilly or mountainous areas, the value 1 is assigned to the range of values where the 

lower limit corresponds to the lowest elevation in the study area.   
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In smaller areas or areas with minor elevation differences, it may be important to use smaller classes, for 

example, every 100 meters. 

Range Class 

0 - 250 1 

250 - 500 2 

500 - 750 3 

750 - 1000 4 

1000 - 1250 5 

1250 - 1500 6 

1500 - 1750 7 

1750 - 2000 8 

 

Distance from Transport Infrastructure (Road Network and Railways) 

Transport infrastructure includes vehicular roads (highways, extra-urban and urban thoroughfares, extra-

urban and urban service roads), secondary roads (trails, stairways, dirt roads...), railways, and their related 

accessory spaces. For the purposes of this analysis, the focus is not on the importance of the infrastructure 

itself but rather on its impact on the morphology of the considered area.   

Bridges, viaducts, and tunnels, which do not directly affect the terrain, have been excluded. To define the 

area affected by the presence of the infrastructures, some buffer areas have considered: 50 meters 

(including the road axis), 100, 150, 200, and beyond 200 meters from the axis. Indeed, at a distance of 200 

meters, the influence of a road, especially a narrow one, may already be negligible (Brenning et al., 2015). 

However, since in a GIS environment, map algebra operations that involve continuous and discontinuous 

maps result in discontinuous maps, it has been decided to create a class that encompasses all areas more 

than 200 meters away from the road axis.   

For the analysis of urban and peri-urban areas, it would be advisable to directly use the cartography of 

road and railway areas and their related service areas (for Liguria and most regions, available as a layer in 

the Regional Technical Map, CTR), where these infrastructures are represented as polygons with their 

actual dimensions. 

Distance Class 

0 - 50 1 

50 - 100 2 

100 - 150 3 

150 - 200 4 

beyond 
200 

5 

 

Land Use 

The land use map can vary significantly depending on how certain classes are defined (for example, how 

infrastructure areas or green spaces within an urban area are considered). 
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At a regional or basin scale, with a resolution of 20 meters, it is advisable to use land use maps produced 

by the regions, which provide a relatively high level of detail, and then group the different types of use 

into macro-classes. The criterion chosen for the grouping of uses is the Land Cover Classification System 

(LCCS) developed by the United Nations (UN) Food and Agriculture Organization (FAO) and used to classify 

the ESA maps for 2020ς2021 (ESA, 2021). This classification is based on actual land cover rather than land 

use (for example, a chestnut grove is considered "tree vegetation" as land cover, while as land use it falls 

under "agricultural areas") and can also be used for smaller areas (such as municipal or slope-scale), for 

which it might be convenient to derive land use through photointerpretation. 

Land Cover Class 

Built-up 1 

Crops 2 

Tree cover 3 

Shrubland 4 

Grassland 5 

Bare ς Sparse vegetation 6 

Water 7 

Herbaceous wetland 8 

 

Landslide Areas 

In the IFFI inventory (IFFI, 2024), each landslide is represented both as a polygon and as a point. The 

polygon encompasses the entire area affected by the landslide, including both the detachment area and 

the area where the landslide materials are deposited. The point, on the other hand, is located within the 

polygon at the highest elevation and approximates the location of the detachment point. 

Based on the experience gained from analyzing the Learning Case, it is not considered correct to use the 

entire extent of a polygon for statistical analysis because this includes parts of the territory that are not 

actually affected by the landslide, which adds confusion to the model being developed. On the other hand, 

considering only the detachment points would be more accurate, but the sample size is often too small 

and therefore not very significant. 

It is often necessary to use adjustments to optimize the data. From observations in the Learning Case, in 

general, the larger the area being studied, the smaller the error introduced by using the "complete" areas, 

and beyond a certain extent, it may be convenient to consider them as they are. For smaller areas, a good 

compromise could be to use, for landslides larger than the pixel size (400 m² in the Learning Case), clusters 

of predefined points (e.g., 3 x 3) placed within the polygon at an elevation equal to or lower than the 

detachment point. 

Certainly, in the case of peri-urban areas or areas adjacent to infrastructure or particularly vulnerable 

elements, determining the actual landslide areas becomes very important. However, considering that 

these areas are generally not very extensive, it may be worth identifying them through 

photointerpretation or direct surveying, using the IFFI inventory as a base. 

The identified landslide areas, which make up the statistical sample, are then represented on a raster map 

with a value of 1, while the rest of the territory is assigned a value of 0. 
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Data Preparation /2 - Reordering of Classes Based on Conditional Probability 
The number assigned to each class during the data preparation phase is not necessarily correlated with 

the progression of susceptibility to landslides. Therefore, it is necessary to reorder them so that they 

exhibit a monotonic trend. Through bivariate statistical analysis, the maps of each factor are reclassified, 

assigning each class an increasing number based on the conditional probability of landslides. 

Pcond = P(f|k) = 
᷊

 

where P(f  k) = probability that a point is in a landslide  = 
 

 
, P(k) = probability that a point 

belongs to a class k = 
ᶰ

 
. 

The value 1 is assigned to the class with the lowest probability of a landslide. If one or more classes have 

no pixels in a landslide (conditional probability = 0), the value 1 is assigned to that class (or those classes). 

Multivariate Analysis Using Logistic Regression 
Considering Landslide Probability = 1 where a landslide has already occurred and Landslide Probability = 

0 where a landslide event is not possible, the probability can be expressed using the logit function defined 

as: 

logit (Y) = z = ln      con P(Y=1) = probability that a landslide occurs. 

The Logistic Regression model is then applied as a Generalized Linear Regression model by setting: 

 zi = ̡ 0 + ̡ 1(x1) + ̡ 2(x2) + ̡ 2(x2)... + ̡ i(xi) 

where x1 , x2 ,  xi are the classified and reordered maps of the different predisposing factors, ̡ 0 is the intercept value, 

1̡,  ̡ 2Σ Χ i̡   are the weights assigned to the different factors. 

This process leads to the creation of a map of expected values. Through the inverse operation, a map is 

generated that expresses, for each point, the probability of being involved in a landslide event, that is, the 

susceptibility. 

P(Yi =1) =  

Model Reliability 
A preliminary assessment of the model's reliability is obtained by calculating the Area Under the ROC 

(Receiver Operating Characteristic) Curve (Fawcett, 2006).   

This method evaluates the accuracy of the landslide susceptibility map. It is a very useful step because it 

helps to determine whether the considered factors and the used data are adequate (Figure 6). A low AUC 

value, in fact, could be due to the quality of the input data, but also to the inclusion of irrelevant or non-

independent factors in the model, or to the omission of specific elements of the considered area that are 

of particular importance (e.g., erosion conditions, presence of faults, soil type, etc.). 
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Figure 6. ROC curve related to fast flows in the Learning Case area. 

The ability provided by the AUC to easily compare different models also allows for identifying the truly 

relevant elements and arriving at the definition of the set of predisposing factors that, for a specific area 

and a particular type of landslide, lead to the best model.   

In this regard, the "Leave One Out Cross Validation" method can be used (Figure 7). The logistic regression 

model is applied to the study area multiple times, removing a different predisposing factor each time. 

When the AUC obtained by excluding a specific factor is higher than that of the general model, it means 

that the factor worsens the model. The model should then be recalculated considering only the factors 

that do not add confusion. At this point, the situation can be reassessed, and a decision can be made on 

whether to include other previously omitted factors. 

acc  aggr    orient    lith    slope    Q   net    use    

---  aggr    orient    lith    slope    Q   net    use 

acc  ----    orient    lith    slope    Q   net    use 

acc  aggr    ----    lith    slope    Q   net    use 

acc  aggr    orient    ----    slope    Q   net    use 

acc  aggr    orient    lith    ----    Q   net    use 

acc  aggr    orient    lith    slope    -   net    use 

acc  aggr    orient    lith    slope    Q   ----    use 

acc  aggr    orient    lith    slope    Q   net    --- 

Figure 7. SŎƘŜƳŜ ƻŦ ǘƘŜ ά[ŜŀǾŜ hƴŜ hǳǘέ /Ǌƻǎǎ ±ŀƭƛŘŀǘƛƻƴ. 

 

In the area chosen for the Learning Case, the best results were obtained for slow flows, fast flows, and 

undefined landslides, with AUC > 80%.   

In the case of fast flows, it was possible to further improve the model by excluding two factors. 
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Identification of Susceptibility Classes 
Once the best model for the study area has been defined, it is necessary to make the maps produced by 

the model understandable even to non-experts. The values shown on the susceptibility maps should 

therefore be grouped into classes, allowing for a qualitative assessment: 1 = low, 2 = medium, and 3 = 

high.   

There is no universal criterion for determining the classes. They can be identified by dividing the values 

into equal intervals, based on the distribution of the values (e.g., based on percentiles or Natural Breaks), 

by taking into account the need to include a larger or smaller safety margin, or by using other criteria. 

As an example, the classification method used in the Learning Case is provided: 

¶ Lower value of the high class = average value of the landslide areas   

¶ Lower value of the medium class = (average value of the landslide areas - minimum value of the 
entire area) / 2 + minimum value of the entire area 

Validation 
The model validation process is still ongoing. To date, for some small sample areas, the model's accuracy 

has been tested by using 70% of the areas for calibration and the remaining 30% for validation, observing 

a good match.   

The more homogeneous an area is, the more accurate the model. This makes it especially important to 

choose a physical rather than administrative boundary to avoid including areas with very different 

characteristics.   

For peri-urban areas or those adjacent to large infrastructure, using IFFI data (IFFI, 2024) as the calibration 

set, it would be advisable to use survey or aerial photo data during the validation phase. The IFFI inventory, 

in fact, provides a relatively "static" situation and does not fully reflect a constantly evolving reality. 

3.1.2 Seismic hazard 

Seismogenic hazards, commonly referred to as earthquakes, give rise to specific hazards such as ground 

shaking, subsidence or ground rupture, but can also trigger hazards such as tsunami or rockfall (UNDRR, 

2020). Seismic hazard is related to the potential risk posed by earthquakes to human life, infrastructure, 

and the built environment. It is one of the most important issues for the vulnerability assessment of urban 

and metropolitan area due to their dense population, complex infrastructure, and the concentration of 

essential services. In Italy, which is one of the most seismically active regions in Europe, the risks 

associated with seismic events are significant. Understanding seismic hazard in this context is critical for 

effective disaster management, urban planning, and resilience-building. 

Hazard analysis encompasses a range of physical phenomena triggered by earthquakes. The most 

immediate effect of an earthquake is the generation of seismic waves, which propagate through the 

Earth's crust, causing ground shaking in the affected region. Additionally, earthquakes can induce 

permanent ground displacements, such as surface fault ruptures, uplift, subsidence, and folding. These 

ground-shaking events and permanent displacements are considered primary hazards, with ground 

shaking being particularly critical, as it accounts for the majority of structural damage and human 

casualties during an earthquake. 
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Moreover, these primary hazards can give rise to secondary hazards, compounding the destructive 

potential of an earthquake. Earthquake-induced ground shaking and displacements can lead to the 

formation of tsunamis, trigger landslides, cause soil liquefaction, and even result in flooding. These 

secondary hazards often expand the impact zone and contribute to long-term devastation, making 

comprehensive hazard analysis vital for effective disaster mitigation and preparedness. 

Seismic hazard is typically defined as the probability of exceeding a certain level of ground motion (e.g., 

shaking intensity) at a specific location over a given return period. The assessment of seismic hazard 

involves the analysis of several factors, including the frequency and magnitude of potential earthquakes 

and the geological characteristics of the area. Climate change, though primarily associated with weather-

related events, also has indirect implications for seismic hazard, especially through its influence on 

secondary hazards such as landslides and soil liquefaction. 

The seismic hazard is particularly significant in urban and metropolitan areas, where population density 

and infrastructure concentration increase the potential for catastrophic outcomes. Since 1900, 

earthquakes have killed approximately 8.5 million people and caused $2 trillion of damage 1 (Daniell et 

al., 2011). In regions with a history of seismic activity, such as Italy, understanding and mitigating seismic 

risk is critical for disaster preparedness and resilience. Italy is located on the convergence zone of the 

African and Eurasian tectonic plates, making it one of the most seismically active regions in Europe. The 

country has experienced several devastating earthquakes, with significant events including the 1908 

Messina earthquake, the 2009 L'Aquila earthquake, the 2012 Emilia earthquake and the 2016 Central Italy 

earthquakes. These events have highlighted the vulnerability of Italy's urban areas, where historical 

buildings, aging infrastructure, and dense populations contribute to the risks associated with seismic 

hazard. 

Seismic hazard is assessed using probabilistic methods, which estimate the likelihood of different levels 

of ground motion occurring at a given site. This assessment typically involves the creation of seismic 

hazard maps that incorporate data on historical earthquake activity, fault lines, and local soil conditions. 

These maps provide a crucial tool for urban planning and structural design, helping to guide building codes 

and land-use decisions in areas at risk of earthquakes. For example, Italy's national seismic hazard map 

categorizes regions based on their expected seismic activity and provides guidance for earthquake-

resistant construction standards. 

In urban and metropolitan areas, seismic hazard poses unique challenges. The concentration of people 

and buildings in these areas means that an earthquake can have widespread and severe impacts. The risk 

is further exacerbated by the presence of older buildings that may not comply with modern seismic codes, 

as well as critical infrastructure such as bridges, tunnels, and utility networks that are vulnerable to 

earthquake damage. 

In addition to structural measures, urban areas must also focus on emergency preparedness and disaster 

response planning. Ensuring that evacuation routes, emergency services, and communication systems 

remain operational during and after an earthquake is critical to minimizing the impact of a seismic event. 

Public education campaigns about earthquake preparedness, including drills and information on safe 

practices, are also essential components of urban seismic hazard mitigation. 
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While seismic activity is primarily driven by geological processes, climate change can influence seismic 

hazard in indirect but significant ways. One of the key connections between climate change and seismic 

hazard is through the increased risk of secondary hazards, such as landslides, soil liquefaction, and 

tsunamis, which can be triggered by earthquakes. In Italy, climate change is intensifying extreme weather 

events, such as heavy rainfall and prolonged droughts, both of which can exacerbate ground instability. 

For instance, increased rainfall can lead to soil saturation, which weakens slopes and makes them more 

susceptible to landslides during an earthquake. Coastal areas are also at greater risk due to rising sea 

levels and the potential for more frequent and severe tsunamis triggered by underwater seismic activity. 

These climate-related factors add a layer of complexity to seismic hazard assessment and necessitate the 

integration of climate adaptation strategies into seismic risk management. Urban areas in Italy must not 

only plan for seismic events but also account for the compounded risks posed by climate change, ensuring 

that buildings and infrastructure can withstand both primary and secondary hazards. 

In summary, seismic hazard in urban and metropolitan areas is a complex and multifaceted challenge, 

particularly in seismically active regions like Italy. The combination of dense populations, aging 

infrastructure, and the added risks posed by climate change makes seismic hazard assessment and 

mitigation a top priority for urban planners and policymakers. Through the use of seismic hazard 

assessments, building codes, retrofitting efforts, and emergency preparedness planning, cities can 

enhance their resilience to earthquakes. Given Italy's history of seismic activity and its vulnerability to 

future events, ongoing efforts to improve seismic safety are crucial to protecting lives and preserving the 

built environment in the face of this persistent natural hazard. 

3.1.2.1 Significant measures in seismic hazard assessment 

The intensity of an earthquake and the potential damage it may cause are measured using various scales. 

The two most widely recognized measures are the Richter scale and Peak Ground Acceleration (PGA). The 

Richter scale quantifies the energy released by an earthquake, while PGA measures the intensity of ground 

shaking at a specific location. PGA is of particular importance in seismic hazard assessments because it 

directly correlates with the forces that can cause structural damage to buildings and infrastructure. 

The United States Geological Survey developed an instrumental Intensity scale, which maps peak ground 

acceleration and peak ground velocity on an intensity scale similar to the Mercalli scale. These values are 

used to create shake maps by seismologists around the world (see, e.g., Wald et al., 1999). Table 2 

compares seismic intensities using the Richter scale and PGA values, providing a first reference for 

understanding the potential impact of earthquakes of different magnitudes. 

 

 

 

 

Table 2. Comparison between Richter magnitude and PGA. 

Richter Scale PGA (g) Description 

0 - 2.9 < 0.02 Minor earthquakes, generally not felt 

3.0 - 3.9 0.02 - 0.04 Light shaking, minimal damage 
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4.0 - 4.9 0.04 - 0.1 Moderate shaking, potential damage to weak structures 

5.0 - 5.9 0.1 - 0.2 Strong shaking, damage to buildings (light) 

6.0 - 6.9 0.2 - 0.4 Very strong shaking, damage to buildings (moderate) 

7.0-7.9 0.4-0.7 Severe earthquake, damage to buildings (moderate to heavy) 

8.0 + > 0.7 Violent and extreme earthquake, significant destruction over a wide area 

 

Another significant measure used in engineering is the Pseudo-Spectral Acceleration (Sa or PSA). Unlike 

PGA, which reflects the maximum acceleration at a specific location, PSA provides a more detailed 

measure of the response of a structure. It represents the maximum acceleration experienced by a Single 

Degree of Freedom (SDOF) system, with a specified vibration period and damping ratio, subjected to 

earthquake-induced ground motion. PSA is particularly useful in seismic design and analysis because it 

accounts for how different structures, depending on their natural frequencies and damping 

characteristics, will respond to seismic forces.  

The shape of earthquake spectra is influenced by a range of factors that are closely related to the 

characteristics of earthquake ground motion. These factors include (Elnashai and Di Sarno, 2015): 

¶ magnitude; 

¶ source mechanism and characteristics; 

¶ distance from the energy release source; 

¶ wave travel path; 

¶ rupture directivity; 

¶ local geology and site conditions. 

While all of these factors play a role in shaping earthquake spectra, some have a more significant impact 

than others. The three primary parameters that fundamentally influence earthquake spectra are 

magnitude, distance, and site conditions. For example, Figure 8 illustrates spectra generated for different 

earthquake magnitudes, as derived from two different ground-motion models (also known as attenuation 

relationships). These models are analytical expressions that describe how ground motion varies based on 

factors such as earthquake magnitude, source characteristics, and site conditions. By comparing the 

spectra across different ground-motion models, we can observe how these factors influence the expected 

seismic response at a given location. 

  

Figure 8. Effects of magnitude on spectral shape using different attenuation relationships (Elnashai and Di Sarno, 2015). 
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To evaluate the risk posed to a structure by ground-motion shaking, it is essential to determine the annual 

rate (or probability) of exceeding various levels of shaking at a given site, across a spectrum of intensity 

levels. This information can be visually represented in a plot, as shown in Figure 9, which illustrates that 

lower intensity levels are exceeded more frequently, whereas higher intensity levels occur much less 

often. This type of plot is known as a ground-motion hazard curve, or simply a hazard curve. The 

mathematical methodology used to generate these curves is called Probabilistic Seismic Hazard Analysis 

(PSHA). PSHA provides a rigorous framework for quantifying seismic hazard by integrating uncertainties 

related to earthquake magnitude, location, and ground-motion characteristics, offering a comprehensive 

assessment of seismic risk at a particular site. 

 

Figure 9. Ground-motion hazard curve illustrating the probability of exceeding various levels of ground shaking  
at a specific site (Baker et al., 2021). 

At its core, PSHA involves five key steps (Baker et al., 2021; Figure 10): 

¶ specify the ground-motion intensity measure (IM) of interest; 

¶ identify the site properties that help predict ground-motion intensity; 

¶ compute the locations, characteristics, and occurrence rates of all rupture scenarios capable of 
producing damaging ground motions; 

¶ predict the resulting distribution of ground-motion intensity as a function of the site 
ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ŜŀŎƘ ǊǳǇǘǳǊŜ ǎŎŜƴŀǊƛƻΩǎ ǇǊƻǇŜǊǘƛŜǎ; 

¶ consider all possible ruptures, and uncertainty in resulting ground-motion intensity. 
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Figure 10. Inputs to a probabilistic seismic hazard analysis calculation (Baker et al., 2021). 

The outcome of these calculations is a ground-motion hazard curve, which quantifies the complete 

distribution of intensity measure (IM) levels and their corresponding rates of exceedance. The PSHA 

approach, which integrates numerous models and data sources to produce results like those depicted in 

Figure 5, could appear complex and opaque. However, a closer examination reveals that the method is 

actually quite intuitive. Once fully understood and applied, PSHA offers significant flexibility, allowing it to 

meet the diverse needs of various users. Moreover, it is a quantitative method, capable of incorporating 

all available knowledge about seismic activity and the resulting ground shaking at a given site. This 

adaptability makes PSHA an essential tool for accurately assessing seismic hazard across different contexts 

and applications. 

One might ask why PSHA stops at calculating ground-motion hazard before moving on to risk analysis 

(Baker et al., 2021). Practically, this separation allows different specialists to handle each stage, focusing 

on their expertise. Additionally, many applications, like building codes, only require hazard information to 

set design forces, without needing a full risk analysis. Hazard analysis can be conducted independently of 

specific structures, while risk analysis also requires detailed knowledge of the system in question. 

Therefore, hazard and risk calculations are often distinct processes, allowing flexibility and modularity in 

how seismic hazard information is used. 

Once a hazard curve is selected to represent the seismic hazard at a specific site, a vulnerability 

assessment can be performed to evaluate how increasing intensity measure (IM) values affect the 

structures. This assessment, often using a probabilistic approach, relates IM levels to potential damage 

outcomes for structures, ranging from minor or no damage to complete collapse. Damage thresholds are 

typically defined in terms of Engineering Demand Parameters (EDP), such as top displacement or 

interstorey drift, which are determined through experimental or mechanical studies (e.g., Elnashai and Di 

Sarno, 2015). 

Vulnerability reflects the susceptibility of individuals, communities, infrastructure, or systems (including 

ecosystems) to adverse effects from hazards (UNDRR, 2020). In probabilistic seismic design, it is critical to 

quantify EDPs for specific shaking levels to estimate potential damage (structural, non-structural, or 

content-related). A comprehensive vulnerability study should consider a wide range of structures and 

utilize computationally efficient analysis models to ensure accurate and scalable results. 
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Exposure analysis focuses on linking the exceedance of specific damage levels (e.g., deaths, injuries, 

economic losses) to the impacts of an earthquake. Seismic risk is then quantified by combining hazard, 

vulnerability, and exposure analyses. This provides estimates of the probability of experiencing certain 

consequences, such as fatalities, injuries, displaced populations, or financial costs for recovery, resulting 

from an earthquake's impact on structures. 

The Global Earthquake Model (GEM) Foundation (https://www.globalquakemodel.org/) has developed a 

comprehensive global map of earthquake hazard and risk, which was first released in 2018. This map 

synthesizes data from national and regional seismic hazard models, many of which were developed in 

collaboration with national governments and research institutions. These models are specifically designed 

to inform seismic design regulations within building codes, ensuring that structures are built to withstand 

the specific seismic threats in their regions. The 2023 version of the GEM Global Seismic Hazard Map 

(version 2023.1) depicts the geographic distribution of the PGA with a 10% probability of being exceeded 

in 50 years, computed for reference rock conditions (Johnson et al., 2023). The map was created by 

collating maps computed using national and regional probabilistic seismic hazard models developed by 

various institutions and projects, in collaboration with GEM Foundation scientists. This version represents 

an update from the previous release from 2018 and features improvements in most regions of the world, 

as well as a higher spatial definition compared to the previous version. 

3.1.3 Tsunami hazard 

Lessons learned from recent devastating tsunamis (e.g. Japan 2011 and Sumatra 2004 earthquake 

generated tsunamis) dramatically evidenced that tsunami hazard assessment is an essential element to 

improve risk mitigation plans in coastal urban/metropolitan settlements. Obtaining accurate and detailed 

information on tsunami hazard parameters (e.g., the height the waves may reach, the speed that may 

produce drag forces, and the impact that may be triggered in the coastal areas), is critical in view of the 

high population density, infrastructures, lifelines and other major structures (e.g. ports or plants) that are 

situated along the coast. In this framework, tsunami modeling is a promising tool, which may help 

simulating a comprehensive set of possible tsunami scenarios for the area of interest, joining together 

source information and topo-bathymetric data with the physical knowledge about waves propagation, to 

assess their possible impacts in the areas of interest. In the framework of disaster risk mitigation, high-

resolution inundation maps and high-resolution vulnerability analysis are the essential requirements for 

the development of tsunami emergency plans for coastal communities.  

Three essential components are required for the simulation of tsunami events: a) the process of the 

earthquake rupture (information about the source); b) the bathymetry of the path to the target location 

(information about the path); c) the topography of the location (inland propagation). The reliability of 

tsunami hazard estimates based on scenarios simulations, besides depending on the capacity of the 

adopted numerical model to reliably reproduce the complexity of tsunami wave interactions in the coastal 

areas, is also strongly influenced by the quality of the input data. Therefore, detailed and accurate 

information about potential sources, local topographic and bathymetric data, are essential ingredients for 

effective tsunami site-specific analysis. 

The accurate characterization of tsunami hazard at urban scale, in particular, requires detailed bathymetry 

and coastal topography data to accurately estimate tsunami wave amplitudes and inundation depths. The 

https://www.globalquakemodel.org/
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local topography and the propagation direction of tsunami waves significantly influence the run-up effect 

of earthquake-induced tsunamis. Also, the presence of buildings and/or natural barriers (e.g. dunes and 

trees) may significantly affect the tsunami waves ingression, thus evidencing a relevant interconnection 

between hazard and exposure, which is critical for the adequate planning of metropolitan coastal areas. 

For further details about tsunami risk assessment for coastal infrastructures and urban settlements see 

Reis et al. (2022) and Hassan et al. (2020) and references therein. 

3.1.3.1 Tsunami scenarios for the Adriatic sea 

Tsunami hazard analysis, based on physical-numerical modelling of wide set of scenarios, is carried out 

for Italian coasts with the purpose of contributing to tsunami risk assessment and emergency 

management for selected urban and metropolitan areas. This research is developing in the framework of 

the RETURN project and, so far, it resulted in two scientific publications as Peresan and Hassan, (2022; 

2024). These studies aim to update the existing tsunami hazard models for selected coastal cities; the 

obtained results can contribute to the definition of related emergency plans and can provide, in 

combination with other hazards (e.g. earthquakes), plausible scenarios as the base for developing 

storylines.  

As far as tsunami emergency management is concerned, it is worth to recall that a National Alert System 

for earthquake generated tsunamis (SiAM ς άSistema Allertamento Maremotiέ) has been established in 

2017 (Directive of the President of the Council of Ministers, 17 February 2017). Within this formal 

framework, the CAT-INGV (άCentro Allerta Tsunamiέ, managed by INGV) operates at the Italian national 

level, with the aim of disseminating alert messages to the territory, including local authorities. Since 2017, 

various tsunamis have been assigned a "watch" alert level (i.e. red alert, with an offshore wave amplitude 

estimate >50 cm, and a run-up >1 m) by the CAT-INGV system, (e.g. 2nd May 2020, Crete; 30th October 

2020, Aegean Sea; 6th February 2023, Turkey). Though ultimately resulting in false alarms, these alerts 

call for the need of developing suitable emergency plans, based on adequate tsunami inundation maps. 

Such maps, however, are not yet available for several tsunami prone areas situated along the Italian 

coastal zone, particularly the Northeast Adriatic coasts between Trieste and Lignano, due to their peculiar 

bathymetric and topographic setting. The available tsunami probabilistic hazard estimates (e.g. 

NEAMTHM18 maps, Basili et al., 2020), in fact, are provided for sites located along the 50m depth 

isobaths. Usually, in order to calculate the run-up to the coastline (i.e. the maximum topographic height, 

compared to the mean sea level, reached by the tsunami wave during its ingression), an empirical 

coefficient (i.e. a multiplication factor) is applied to the maximum amplitude of the tsunami wave 

estimated along the 50 m isobaths (Tonini et al., 2021). In the Northern Adriatic and similar coasts, where 

the bathimetry is extremely shallow (well below 50 meters), the distance between these isobaths and the 

coastline is very large, and such an empirical relationship may well turn out inadequate. In addition, in the 

alert messages, an upper bound is not provided for the tsunami wave amplitude (or a run-up) in the area 

of interest. According to the mentioned SiAM directive, the accuracy and reliability of inundation data 

derived from existing probabilistic tsunami hazard estimates, can be improved by carrying out detailed 

investigations at local scale (e.g., municipal level and port areas), integrating its results with detailed 

studies through physical-numerical modelling. This is especially important for critical areas, which are 

characterised by the presence of strategic infrastructures, high population density, etc. 
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To assess tsunami hazard for the urban cities located along the northeast Adriatic coastal zone, a wide set 

of tsunami scenarios has been computed, considering the possible tsunamigenic sources as defined in the 

most updated database of seismogenic sources. Parametric tests have been performed as well, to account 

for seismic source variability and a localized high-resolution Digital Terrain Model (DTM), with a spatial 

resolution of 20 m, has been used as topographic and bathymetry dataset for the tsunami simulations. 

Specifically, these recent studies have been accomplished accounting for the recently updated DISS 

database of seismogenic sources in the Adriatic Sea, and considering different potential tsunamigenic 

sources of tectonic origin, located in three distance ranges from the areas of interest (namely at Adriatic-

wide, regional and local scales). A nested grid of different resolution domains (i.e. 450m, 115m, and 20m) 

of topographic-bathymetric data have been adopted from open access and local sources. The large 

domain, with coarse bathymetry is taken from GEBCO-2020, while the smaller domain is taken from 

EMODnet and the 20m domain from Trobec et al., (2018).  

The study by Peresan and Hassan (2024) aims to provide physically consistent tsunami hazard estimates, 

based on the modelling of tsunami waves propagation from a wide set of possible sources, to be 

considered in case an alert is issued by the CAT-INGV tsunami warning system. Accordingly, this multi-

scenario analysis, which has been carried out for the Northeast Adriatic region, consists of two main parts.  

In the first part only the possible tsunamigenic earthquake sources located within the Adriatic Sea have 

been considered, based on the recently updated DISS database (DISS-3.3 http://diss.rm.ingv.it/diss/) and 

following the tsunami decision matrix developed by CAT-INGV. According to the decision matrix, a 

seismogenic source is considered tsunamigenic, of potential weak local tsunamƛ όŘƛǎǘŀƴŎŜ Җ млл ƪƳύΣ ƛŦ ƛǘ 

ƛǎ ŎŀǇŀōƭŜ ƻŦ ǇǊƻŘǳŎƛƴƎ ǎƘŀƭƭƻǿ ƻŦŦǎƘƻǊŜ ŜŀǊǘƘǉǳŀƪŜǎ ƻŦ ƳŀƎƴƛǘǳŘŜ aҗсΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ ŘŀǘŀōŀǎŜ ƻŦ ƭƻŎŀƭ 

ǘǎǳƴŀƳƛƎŜƴƛŎ ŜŀǊǘƘǉǳŀƪŜ ǎƻǳǊŎŜǎ ƻŦ aƳŀȄҗс ǊŜƭŀǘƛǾŜ ǘƻ ƻǳǊ ŀǊŜŀ ƻŦ ƛƴǘŜǊŜǎǘ όƛΦŜΦ ǘƘŜ Ŏƻŀǎǘŀƭ ŀǊŜŀ ōŜǘǿŜŜƴ 

Lignano and Triesteύ ŀƴŘ aƳŀȄҗсΦр ŦƻǊ ǊŜƎƛƻƴŀƭ όмлл ƪƳ ғ ŘƛǎǘŀƴŎŜ Җ пллύ ŀƴŘ ōŀǎƛƴ-wide (distance > 400 

km) tsunamis, has been extracted from the DISS-3.3 database. The compilation of a related database of 

tsunami scenarios allows us to evaluate the potential tsunami hazard at different distances and serves as 

pre-computed scenarios in case a future tsunami alert is activated. In this way, in case of tsunamigenic 

earthquake occurrence, the results for best matched pre-computed scenario (in location and magnitude) 

can be identified, extracted and used for a quick response (see, for example, Figure 11). It is worth noting 

that, the maximum magnitude of most seismogenic sources within the DISS-3.3 was upgraded (i.e. 

generally increased), in a range of 0-1.7 magnitude unit relative to the previous DISS-3.2.1 version. 

Therefore, according to the updated DISS-3.3 a larger number of seismogenic sources turn out to be 

capable of generating tsunami, compared to the former DISS version used by Peresan and Hassan (2022), 

because magnitude increased for several sources. This might be regarded as a warning about the 

uncertainty on the magnitude of future events. 

http://diss.rm.ingv.it/diss/
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Figure 11. Map of the maximum tsunami wave amplitude computed  
for the regional tsunamigenic sources (Peresan and Hassan, 2024). 

In the second part, the tsunami scenarios for possible very distant sources, located outside the Adriatic 

Sea, have been computed (hereinafter called basin-wide sources), from five main tsunamigenic 

earthquake zones: West Greece, Calabrian, West Hellenic, East Hellenic and Cyprian Arcs. The tsunami 

scenarios of maximum expected earthquake (based on historical seismicity or geological surveys) within 

each of these sources have been computed and an aggregated scenario has been extracted. Maps of 

maximum wave amplitude for aggregated scenarios at basin and area of interest scales are given for each 

tsunamigenic earthquake zone. 

The obtained results show that basin-wide tsunamis from West Greece, Calabrian Arc and West Hellenic 

Arc should be carefully considered, because tsunamigenic earthquakes of Mmax>7.5 turn out capable to 

impact the Northeast Adriatic coast zone at orange alert level (amplitude up to 0.5 m) and even at red 

alert level (up to 0.8 m for a magnitude M=8.5 earthquake in the West Hellenic Arc), as inferred from the 

modelling. The scenarios computed for the East Hellenic and Cyprian Arcs, instead, provide amplitudes 

corresponding to information level (green alert level). 

Further studies have been carried out recently for possible tsunamigenic earthquakes in Southern 

Adriatic, with a focus on the Montenegro-Albania source zones, and aimed at the assessment of expected 

inundation (Xhafaj et al. 2024) in Durres and other coastal ƳǳƴƛŎƛǇŀƭƛǘȅΩǎ locations in Albania. 

Tsunamigenic earthquake sources, associated with large events (M>7.5) in Southeastern Adriatic may 

have a significant impact also on Italian coasts (e.g. Apulia), with detectable ground-shaking and tsunami 

waves. 
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3.1.4 Volcanic hazard 

Volcanic hazards pose significant risks to both human populations and infrastructure, particularly in 

regions with active or dormant volcanoes. These hazards encompass a range of phenomena, including 

lava flows, pyroclastic flows, ash fall, volcanic gas emissions, and lahars (see, for example, Papale, 2015). 

In addition to these immediate threats, volcanic activity can trigger long-term environmental changes, 

such as alterations in climate and ecosystems. Recent archaeology has revealed the dramatic impact of 

volcanic eruptions on civilizations throughout history (e.g., Donovan, 2012). 

Italy, situated on the collision boundary of the African and Eurasian tectonic plates, is home to several 

active volcanic systems, including Mount Etna, Stromboli, Vesuvius, and Campi Flegrei, making it one of 

the most volcanically active countries in the world. The country has experienced numerous eruptions 

throughout history, some of which have had devastating effects on populations and the environment. 

Mount Vesuvius, which famously destroyed the cities of Pompeii and Herculaneum in AD 79, remains a 

constant threat to the densely populated Naples metropolitan area. Similarly, Mount Etna, located on the 

island of Sicily, is one of the most active volcanoes in the world, with frequent eruptions that impact both 

local populations and air travel across Europe. 

One of the most concerning volcanic systems in Italy is the Campi Flegrei caldera, located just west of 

Naples. This large volcanic area is known for its potential to produce highly explosive eruptions, with the 

last significant eruption occurring nearly 500 years ago in 1538. Campi Flegrei's activity is closely 

monitored by scientists, as the caldera has shown signs of unrest in recent decades, including ground 

deformation and increased seismicity. An eruption from Campi Flegrei could have catastrophic 

consequences for the millions of people living in the Naples region, as well as for the broader 

Mediterranean area. 

Campi Flegrei is a supervolcano, a type of volcanic system capable of producing eruptions that are orders 

of magnitude larger than typical volcanic events. The caldera has a history of producing massive eruptions, 

with the most significant occurring around 39,000 years ago, known as the Campanian Ignimbrite 

eruption. This event is considered one of the largest volcanic eruptions in Europe and had a profound 

impact on the region, covering vast areas with volcanic ash and affecting the climate. 

Today, the potential for another large-scale eruption at Campi Flegrei is a major concern. The caldera is 

located beneath densely populated urban areas, and even a moderate eruption could result in widespread 

destruction, loss of life, and economic disruption. Furthermore, the volcanic gases released during an 

eruption could contribute to atmospheric pollution, exacerbating air quality issues in the region. Given 

the potential scale of impact, Campi Flegrei is considered one of the most dangerous volcanic systems in 

the world, and continuous monitoring is essential for early warning and evacuation planning. 

Monitoring volcanic activity has greatly advanced with the use of radar and satellite remote sensing 

technologies (Singh and Bartlett, 2018). Synthetic Aperture Radar (SAR), particularly through 

Interferometric SAR (InSAR), enables precise measurement of ground deformation by detecting surface 

changes, even in cloud-covered or remote regions. These surface deformations often indicate magma 

movement beneath a volcano, helping predict potential eruptions. Satellite remote sensing extends this 

capability by using various sensors to monitor volcanic gases, thermal emissions, and ash plumes. Thermal 

Infrared (TIR) sensors detect heat anomalies, while multispectral and hyperspectral imaging captures gas 



   

 
 
 

   

 

51 

ŜƳƛǎǎƛƻƴǎ ƭƛƪŜ ǎǳƭŦǳǊ ŘƛƻȄƛŘŜ ό{hіύΦ ¢Ƙƛǎ Řŀǘŀ ƛǎ ŎǊǳŎƛŀƭ ŦƻǊ ƳƻƴƛǘƻǊƛƴƎ ǾƻƭŎŀƴƛŎ ŀŎtivity and assessing 

associated risks. Combining radar monitoring with satellite data allows for continuous observation of 

volcanoes worldwide, even in challenging environments. The ability to monitor deformation, thermal 

activity, and gas emissions from space, regardless of weather conditions, enhances early warning systems 

and disaster preparedness in volcanic regions. These technologies work together to provide a 

comprehensive understanding of volcanic behavior, supporting effective hazard assessment and timely 

responses. 

While volcanic activity is primarily driven by geological processes, climate change can influence volcanic 

hazards in indirect ways. For instance, climate change can exacerbate the secondary effects of volcanic 

eruptions, such as landslides and lahars. Melting glaciers and permafrost can destabilize volcanic slopes, 

increasing the likelihood of landslides during or after an eruption. Additionally, changes in precipitation 

patterns due to climate change can enhance the potential for lahars, which are destructive mudflows 

composed of volcanic material and water. This is particularly relevant for volcanic regions like Italy, where 

shifts in climate could affect the behavior of volcanic systems and the severity of volcanic hazards. 

Furthermore, large volcanic eruptions can have significant effects on the global climate. The release of 

sulfur dioxide and ash into the atmosphere during a major eruption can lead to a temporary cooling effect, 

known as volcanic winter, as these particles reflect sunlight away from the Earth's surface. Historical 

examples include the eruption of Mount Tambora in 1815, which caused the "Year Without a Summer," 

leading to widespread crop failures and food shortages. In the context of climate change, understanding 

the interplay between volcanic activity and atmospheric processes is crucial for predicting and mitigating 

the broader environmental impacts of volcanic eruptions. 

Volcanic hazards present a serious risk to Italy, particularly in regions like Campi Flegrei, where the 

potential for a large-scale eruption poses a significant threat to millions of people. The intersection of 

volcanic activity with climate change adds complexity to hazard assessments, as changing environmental 

conditions can influence both the frequency and severity of volcanic events. Continuous monitoring, risk 

assessment, and preparedness planning are essential for mitigating the impacts of volcanic hazards and 

protecting communities in Italy and beyond. The ongoing study of volcanic systems, such as Campi Flegrei, 

is critical for advancing our understanding of these powerful natural phenomena and enhancing resilience 

in the face of future eruptions. 

3.1.4.1 The Campi Flegrei case study: monitoring and simulation strategies 

Volcanic eruptions pose significant risks to life, infrastructure, and the environment. In response to 

these challenges, the project leverages state-of-the-art technologies and methodologies to enhance the 

monitoring and assessment of volcanic hazards, including short-term and long-term monitoring 

strategies, probabilistic hazard assessments, and the development and application of sophisticated 

numerical simulations. 

The Campi Flegrei caldera, located near Naples, Italy, represents one of the most hazardous volcanic 

regions in the world due to its potential for catastrophic eruptions and its proximity to densely populated 

areas. Detailed monitoring and advanced simulation techniques are essential for mitigating the risks 

posed by this supervolcano. To address these challenges, a combination of real-time monitoring strategies 

and advanced simulation tools, such as the SPEED platform, are being employed to assess and predict 

volcanic hazards in the Campi Flegrei area. 
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The monitoring strategies for Campi Flegrei employ an integrated approach that utilizes a variety of tools 

and methodologies to form a comprehensive understanding of ongoing volcanic activity. The main 

components of this strategy include: 

¶ Areal Monitoring (short term activity). Short-term monitoring focuses on immediate, real-time 

data acquisition to detect early signs of volcanic activity that could lead to eruptions. This aspect 

of the project utilizes drones equipped with sensors to measure gas emissions and radionuclide 

levels at active fumaroles. These drones offer a versatile and dynamic method to access difficult 

terrains and provide continuous monitoring. This method allows for the collection of detailed data 

on volcanic gases, which are key indicators of volcanic unrest (e.g., Figure 12). By analyzing gas 

species and radionuclides, scientists can detect changes in the volcanic system that may precede 

an eruption. 

 

Figure 12. Example of results from aerial monitoring activities. 

¶ Probabilistic Hazard Mapping (long term activity). In contrast to the immediate focus of short-

term monitoring, long-term strategies involve the creation of detailed hazard maps and the 

development of models that predict the likelihood of various volcanic impacts over extended 

periods (e.g., Figure 13). These maps are based on historical eruption data from active volcanoes 

and are crucial for community planning and long-term risk management. They include maps 

displaying exceedance percentiles of impact parameters, offering a probabilistic assessment that 

helps in understanding the range and likelihood of potential hazards, and a high-resolution grid 

system that models impact parameters at a 250-meter resolution, providing unparalleled detail 

that aids in precise planning and response strategies. 
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Figure 13. Example of maps of exceedance percentile of impact parameters from past eruptions. 

¶ Transfer to Vulnerability: this activity serves as a critical link between volcanic hazard assessments 

and the broader Transversal Spoke 1 (TS1) objectives. It aims to produce high-resolution grid maps 

(250-meter resolution) that illustrate potential impacts from volcanic hazards, such as structural 

damage, economic losses, and infrastructure disruptions (see, for example, Figure 14). By 

translating volcanic intensity measures into actionable impact parameters, these maps support 

disaster preparedness and risk mitigation. This activity integrates data from various sources, 

contributing to dynamic vulnerability models, which are essential for TS1's goal of enhancing 

community resilience and guiding decision-making processes. 

 

Figure 14. Example of high-resolution grid maps illustrating potential impacts from volcanic hazards. 

The SPEED (SPectral Elements in Elastodynamics with Discontinuous Galerkin; 

https://speed.mox.polimi.it/) simulation platform plays a crucial role in enhancing the understanding of 

seismic and volcanic hazards in the Campi Flegrei region. Physics-Based Simulations (PBS) performed by 

SPEED are "source-to-site" numerical simulations that model the propagation of seismic waves from the 

earthquake source to the affected site. These simulations take into account various factors, including 

seismic source, the propagation path, and localized geological features or/and structures. 

https://speed.mox.polimi.it/
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SPEED is a physics-based numerical simulation tool designed to model seismic wave propagation from the 

earthquake source to the affected area, considering various geological features and structures along the 

way (e.g., Smerzini et al., 2024). The development of numerical models for simulating wave propagation 

in seismic regions has tremendously evolved in the past ten years. SPEED is a certified and rigorous 

numerical software for the reliable prediction of near-fault ground motions and seismic response of 

strategic structures in complex three-dimensional scenarios. It is based on the Discontinuous Galerkin 

Spectral Element method, a non-conforming domain decomposition technique combining the flexibility 

of discontinuous Galerkin finite elements with the accuracy of spectral techniques. SPEED naturally allows 

a non-uniform polynomial degree distribution (p-adaptivity), as well as a locally varying mesh size (h-

adaptivity). Such a built-in flexibility is mandatory in complex two- and three-dimensional problems 

featuring multi-scale phenomena. 

The use of PBS is motivated by the need to address limitations in traditional seismic data, such as: 

incomplete datasets, with limited or sparse accelerometric records that do not fully capture all potential 

seismic scenarios; area-specific ground motions, with the need to include both source characteristics and 

local geological features (e.g., volcanic areas, deep basins, near-source). PBS appears able to provide 

detailed ground motion predictions, including time-histories (recorded ground motions over time), spatial 

variability (changes in ground motion intensity across different areas), and permanent ground 

displacement (long-term changes in the ground due to seismic events). 

Starting with the hypocentral locations and focal mechanisms of earthquakes in the Campi Flegrei area 

(Figure 15), a detailed numerical model is constructed using the SPEED platform. This model integrates 

three-dimensional velocity structures (Vp and Vs), which are derived from tomography data (Figure 16), 

offering a detailed representation of the subsurface geology. The numerical model incorporates all 

available geophysical and seismotectonic information, ensuring a comprehensive and accurate simulation 

environment (Figure 17). 

 

Figure 15. Example of map concerning hypocentral location and focal mechanisms of earthquakes in the Campi Flegrei area. 
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Figure 16. Example of a numerical map depicting 3-D velocity structures from tomography data. 

 

Figure 17. Illustration of the development for the SPEED numerical model. 

To validate the simulations, the results are compared against recorded seismic events, which helps refine 

the model and enhance its reliability. Once validated, the SPEED platform allows for the simulation of 

larger magnitude earthquakes, providing critical insights into potential future seismic hazards. 

Additionally, SPEED enables the simulation of earthquake sequences (i.e., clusters of related seismic 

events that occur over short periods). These sequences are particularly significant in volcanic regions like 

Campi Flegrei, where seismic activity often precedes or accompanies volcanic eruptions. This capability is 

crucial for understanding the complex interactions between seismic and volcanic processes, ultimately 

supporting risk assessments and emergency preparedness efforts in this highly dynamic region. 
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The SPEED platform is integrated with real-time hazard assessment systems, enabling operational 

earthquake forecasting and early warning systems (EEW). By simulating earthquake scenarios and 

sequences in real-time, the platform helps authorities predict the impact of seismic events and make 

informed decisions about evacuations and other protective measures. One of the challenges in seismic 

hazard assessment is accounting for uncertainties in the data and models. The SPEED platform 

incorporates uncertainty analyses by using a probabilistic approach to seismic hazard modeling. This 

allows for a range of possible outcomes to be considered, providing a more robust assessment of the risks. 

In addition to hazard assessment, SPEED can be used to develop dynamic vulnerability models that 

consider area-specific ground motion inputs and earthquake sequences. These models help assess the 

structural response of buildings and infrastructure to seismic events, providing critical information for risk 

and resilience assessments. 

The integration of detailed monitoring strategies with advanced simulation platforms like SPEED is 

essential for managing the complex volcanic and seismic risks in the Campi Flegrei region. By combining 

real-time data collection with sophisticated numerical modeling, these tools provide a comprehensive 

approach to hazard assessment and disaster preparedness, helping to protect the millions of people living 

in the shadow of this supervolcano. 

3.2 Hydraulic hazards 

3.2.1 Coastal vulnerability in urban areas 

Coastal cities are among the most exposed areas to climate change, as they may suffer from several effects 

it triggers, such as rising sea levels (Frederikse, 2020), more frequent storms (Lira-Loarca, 2022), and 

increasing coastal erosion (Ranasinghe R. , 2016) threatening their infrastructures and communities. 

Besides, coastal population have constantly growth over the past decades (e.g., (Rodriguez, 2020)), and 

such trend is expected to hold in the future (Neumann, 2015). The combination of increasing human 

pressure and the exacerbation of the environmental stressors make coastal settlements extremely 

vulnerable, and require to undertake proper countermeasures with the utmost urgency. 

The major threats tƻ Ŏƻŀǎǘŀƭ ŀǎǎŜǘǎ ŀƴŘ ǳǊōŀƴ ŀǊŜŀǎ Ŏŀƴ ōŜ ƎǊƻǳǇŜŘ ƛƴǘƻ άƘȅŘǊƻŘȅƴŀƳƛŎέ ŀƴŘ άƳƻǊǇƘƻ-

ŘȅƴŀƳƛŎέ ǇǊƻŎŜǎǎŜǎΣ ƛΦŜΦΣ ǇƘȅǎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ǘƘŀǘ ǳƭǘƛƳŀǘŜƭȅ ǎƘŀǇŜ ǘƘŜ ƭŀƴŘ-sea interface. The former 

concern the analysis of wave-related phenomena and currents, wave propagation from offshore to 

nearshore, mass and energy fluxes, and wave-structure interactions. Coastal morpho-dynamic, on the 

other hand, is associated to the evolution of coastal and seafloor morphology, sediment erosion and 

deposition processes, and the complex interactions between waves and sediments. Alle these processes 

evolve on various spatial and temporal scales, in response to forcing factors such as wind, tides, and sea-

level variations and, being closely tied to coastal flooding and erosion events, are addressed below.  

Ocean waves 

Ocean waves are initially triggered by the stress exerted by the wind over the sea surface. If the processes 

is free to evolve over a long enough time span, a full wave is generated and put into motion, i.e., it starts 

to propagate along the wind direction in the generation area. The simplest way to describe a sea wave is 

through the Airy model, which assumes that a wave profile ()́ can be described through a linear first-

order sinusoidal function, as the one shown in Figure 18. 
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Figure 18. Water level profile ( )́ according to the Airy wave theory. 

The main parameters describing the wave profile are: 

- wave height: it is defined as the distance between the wave crest and the wave through (H in the 

sketch of Figure 18); it is measured in m. 

- Wave period: is the time elapsed between the passage of two successive crests (or, equivalently, 

two successive throughs; note the Airy wave is symmetric); it is usually referred to as T and it is 

measured in seconds. 

- Wave direction: usually expressed according to the Nautical convention, i.e., directions are 

defined clock-wise starting from 0°N (or 360°N), which indicate waves travelling south. 

All secondary parameters, such as wave celerity, wave energy, etc., relevant for coastal processes, can be 

derived based on the above mentioned quantities.  

As waves propagate from deep water towards the shore, they encounter gradually shallower depths; such 

interaction can affect both wave directions and wave heights. Indeed, owing to wave refraction wave 

crests tend to orientate parallel to the shore regardless the off-shore incoming direction; on the other 

hand, through the shoaling effect the wave height is increased in the very proximity of the water edge 

foreshore (Sorensen, 1993). The above effects are crucial, as they eventually trigger the wave breaking, 

which occur when the wave becomes unstable and therefore dissipates its energy. Wave breaking can 

take place in different forms, depending on both waves and seabed characteristics, as shown in Figure 19. 
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Figure 19. Three different types of breaking. From top to bottom: spilling; plunging; surging. Adapted from Introduction to 
Oceanography  by Paul Webb  under a Creative Commons Attribution 4.0 International License. 

The breaking condition associated to the local bathymetry is usually estimated via a simple parametric 

formula (M'Cowan, 1893):  

πȢχψ                                  (1) 

In other wors, Eq. (1) states that e.g., a wave exceeding 80 cm at 1 m local depth (referred to as h) will 

break. While the model above is rather simple and cannot describe in full details the breaking phenomena, 

it helps to derive a prompt estimate of the breaking locations depending on local bathymetry and waves 

characteristics, which is crucial in turn for a plethora of reasons. First, breaking triggers set-up and run-up 

on the coast, which are key processes influencing shoreline flooding. The former is the increase in mean 

water level due to the onshore transport of mass by breaking waves, that push the water column piling 

up water in front of the breaking section; the latter refers instead to the maximum vertical extent of wave 

action on a beach or coastal structure, occurring when waves rush up the shore after breaking. The 

resulting water level elevation define how far inland the wave can reach, and it is therefore pivotal in 

assessing flooding hazard (Bosboom, 2021).  

Second, wave breaking is responsible of the generation of littoral currents, also known as long-shore 

currents, which transport sediments along the shore and ultimately influence the morphology of beaches 

and dunes. As a matter of fact, the dynamics of littoral currents and sediment transport have various 

consequences on coasts. For example, coastal erosion can occur in some areas where the littoral current 

removes sediments more rapidly than they are deposited, leading to land loss and coastline regression, 

which endangers infrastructure and natural habitats. In this respect, beaches can be extremely vulnerable 

to changes in external sediment inputs, which may occur in particular when river discharges are impeded 

or sediments are trapped either for mining activities or hydropower production (see for instance (De Leo, 

https://rwu.pressbooks.pub/webboceanography
https://rwu.pressbooks.pub/webboceanography
https://creativecommons.org/licenses/by/4.0/
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2017)). This particularly applies to beach that are naturally erosive, meaning that they tend to retreat if 

not properly nourished. A easy-to-use criteria to establish the trend of a coast is provided by (Larson, 

1989), as outlined in the sketch below (Figure 20):  

 

Figure 20. Larson and Kraus criterion. Points on the left (right) side of the solid black line indicate an accretive (erosive) beach. 
Adapted from (Samaras, 2024) under the CC BY 4.0 license.  

where L0 indicate the average wave length off-shore (the subscript 0 denotes off-shore conditions), while 

w is the settling velocity that embeds the local grain size distribution. 

In other words, if a beach is erosive, the lack of sediment inputs will inevitably yield a shoreline retreat, 

especially in the case of increased environmental stressors, undermining in turn the coastal assets and 

infrastructures.  

Sea Level Rise 

While the processes above naturally occur along the shores, the extent to which they can endanger the 

coastal settlements can be greatly magnified by effect of sea level rise. Imagine a coastal section 

characterized by a certain slope, referred to as ÔÁÎ‍, and assume that wave breaking usually occur at a 

distance x from the shoreline edge. It is easy to demonstrate that, for a ɲs increase in water level, the 

breaking section will lie closer to the coast, by an amount equal to ɲs/ÔÁÎ‍. For a 10:1 slope, a 50 cm 

increase would lead to a 20 m shift of the breaking section toward the coast. In turn, this would greatly 

amplify the risk of flooding for coastal assets and settlements.  

In addition, the increase in mean sea level drives a reshaping of coastal section, with increasing erosion in 

the proximity of the shoreline edge (see Figure 21).  
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Figure 21. Schematic representation of the Bruun rule. Adapted from (Ranasinghe R. C., 2012) under the terms of the Creative 
Commons Attribution Noncommercial License (https://creativecommons.org/licenses/by-nc/2.0). 

The easiest model aimed at describing this effect is the Brunn rule (Bruun, 1988) , which reads:  

Ὑ                                    (2) 

Where R is the shoreline recession; h is the depth beyond which no sediment transport occurs and B is 

the berm or dune height above the mean sea level. Eq. (2) allows to promptly understand the coastal 

section realignment due to sea level rise, although it should not be used quantitatively owing to its 

simplicity (Cooper, 2004). 

There is a wide consensus among the scientific community on the main causes of sea level rise, i.e., the 

melting of glaciers and ice sheets, and the thermal expansion of seawater, the discussion of which falls 

beyond the scope of the present document. Table 3 and Figure 22 report the SLR change estimates for 

the Mediterranean region under the SSP5-8.5 scenario for different temporal periods.  

 

Table 3. SLR change in meters under SSP5-8.5 relative to 1995-2004 in the Mediterranean Region (source: IPCC WG1 Atlas). 

  

 

https://creativecommons.org/licenses/by-nc/2.0
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Figure 22. SRL change in meters for the scenario SSP5-8.5 and period 2020-2100 with the long-term projection highlighted. Source: 
IPCC WG1 Atlas 

For more details and the state-of-the-art worldwide projections according to different emission scenarios, 

the reader is referred to https://interactive-atlas.ipcc.ch and https://sealevel.nasa.gov/ipcc-ar6-sea-level-

projection-tool  

Tides 

Tides are the regular rise and fall of sea levels caused primarily by the gravitational forces exerted by the 

celestial bodies along with the rotation of the Earth. Being deterministic signals, tidal waves can be easily 

predicted (Codiga, 2011), and are therefore not directly relatable to climate change, even though 

significant though small trends in the astronomic forcing have been quantified in previous literature 

(Woodworth, 2010). However, tidal amplitudes can be greatly modified by anthropogenic activity that has 

led worldwide to wetland reclamation, channel dredging, and other environmental changes often 

modifying the tide damping (Talke, 2020)  and tidal regimes. This can affect flooding hazard to a great 

extent (Li, 2021), and therefore implies to carefully account for tidal contribution as well.   

All the above stressors feedback in a nonlinear manner, hence they can lead to extreme outcomes that 

wouldn't be predicted by looking at individual hazards in isolation. The frequency of occurrence of storm 

events is another crucial aspect, which can increase the disruptive potential of extreme phenomena (). 

Even more so in the framework of climate change, which is expected to increase the frequency and 

intensity of hazards, such as storms and heavy rainfall, and potentially exacerbate the occurrence of 

compound events making this a growing concern. 

3.2.1.1 Coastal risk definition 

Risk is the potential for adverse consequences for human or ecological systems, recognising the diversity 

of values and objectives associated with such systems and it is the result of the combination of a hazard, 

the vulnerability of a system, and the level of exposure to it (Figure 23). 

Risk provides a framework for understanding the increasingly severe, interconnected and often 

irreversible impacts of climate change on ecosystems, biodiversity, and human systems; differing impacts 

across regions, sectors and communities; and how to best reduce adverse consequences for current and 

future generations. 

https://interactive-atlas.ipcc.ch/
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
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Figure 23. Risk definition (source: IPCC WG2) 

Regional risks for increasing levels of global warming: Europe and Mediterranean 

The main identified risks for the Europe and Mediterranean regions, under a changing climate, can be 

summarized as (Figure 24): 

¶ Risks to people, economies and infrastructures due to coastal and inland flooding. 

¶ Stress and mortality to people due to increasing temperatures and heat extremes. 

¶ Marine and terrestrial ecosystems disruptions. 

¶ Water scarcity to multiple interconnected sectors. 

¶ Losses in crop production, due to compound heat and dry conditions, and extreme weather. 

 
 

 

 

 

 

 

 

 

 

 

Figure 24. Main risks in the European and Mediterranean region according to different global surface temperature change 
levels. (source: IPCC WG2)   
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3.2.2 Fluvial floods 

Fluvial floods, which occur when rivers overflow their banks due to excessive water from rainfall or 

snowmelt, are a significant threat to urban areas. Urbanization intensifies these hazards by altering 

natural hydrological processes, while climate change exacerbates the frequency and severity of flood 

events. 

Fluvial floods pose high socio-environmental impacts. In peri-urban areas, floods can inundate farmlands, 

resulting in crop loss, soil erosion, and reduced agricultural productivity. Although agriculture is less 

prominent in urban cores, urban flooding can still impact food supply chains (Jonkman & Kelman, 2005). 

Floodwaters can destroy roads, bridges, buildings, and utilities, disrupting daily life and economic 

activities. Urban areas, with their dense infrastructure, are particularly vulnerable to such damage 

(Kundzewicz et al., 2013). Flooding can also modify habitats, affecting flora and fauna. In urban areas, this 

might involve green spaces, parks, and riverbanks that serve as important ecological niches (Tockner et 

al., 2002). Moreover, flooding can also affect water quality, since floods can transport pollutants, including 

sediments, nutrients, and contaminants, into water bodies. Urban runoff often contains higher levels of 

pollutants due to industrial and residential waste (Meybeck, 2003). 

The text below summarizes findings from relevant literature on the complex factors contributing to fluvial 

flood hazards. It also emphasizes the importance of adopting a multifaceted and adaptive approach to 

flood risk management. This approach aims to enhance urban resilience in response to the increasing 

environmental challenges. 

3.2.2.1 Urbanization and Fluvial Flood hazards 

Impact of Impervious Surfaces on Hydrology 

Urbanization leads to the creation of impervious surfaces such as roads, rooftops, and pavements, which 

dramatically reduce the infiltration of rainwater into the soil. The increased runoff flows directly into river 

systems, raising water levels more quickly than in natural environments. According to Ochoa-Rodríguez 

et al. (2015), in urbanized catchments, the peak discharge can increase by 30-50% compared to natural 

catchments, significantly heightening the risk of fluvial floods . These effects are particularly pronounced 

in densely populated cities where impervious surfaces cover a large proportion of the land. 

Urban Expansion and Loss of Natural Floodplains 

The expansion of urban areas often encroaches upon natural floodplains, which serve as critical buffers 

during flood events by temporarily storing excess water. When these areas are developed, their ability to 

mitigate flood risks is diminished. The conversion of floodplains into urban land uses not only increases 

the volume of water flowing into rivers but also reduces the overall storage capacity of the watershed 

(Patro et al., 2019). This combination of factors leads to higher and more frequent flooding in urbanized 

regions. 

Bates et al (2015) showed how land use and land cover (LULC) changes have influenced flood risk in the 

U.S. over time, increasing flood frequency and severity and called for sustainable land-use practices and 

better urban planning to mitigate these impacts. 
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Effect of Urban Heat Islands on Localized Rainfall 

Urban heat islands (UHIs), where cities are significantly warmer than their surrounding rural areas, can 

influence local weather patterns, including rainfall intensity (UHIs are described in Section 2.4.1). 

According to Zhang et al. (2018), UHIs can increase the likelihood of heavy localized rainfall, contributing 

to a higher hazard of urban flooding. The study also pointed out that the interaction between UHIs and 

fluvial systems can exacerbate flooding by increasing the volume and intensity of runoff entering rivers. 

Channelization and River Engineering 

Urban development frequently involves the modification of river channels to protect infrastructure, 

control water flow, and prevent floods. However, these interventions often disrupt natural hydrological 

processes, leading to unintended consequences. For instance, channelization, which involves 

straightening and deepening river channels, can increase the speed of water flow, reducing the time 

available for flood warnings and increasing the severity of downstream flooding (He et al., 2018). Wohl et 

al. (2015) emphasized that engineered rivers lose their natural ability to dissipate flood energy, resulting 

in more destructive floods downstream. 

Complex Urban Hydrology 

Urban hydrology is complex due to the interplay between natural watercourses and man-made drainage 

systems. This complexity can make it difficult to predict and manage flood risks effectively. The work by 

Roux et al. (2017) underscores the challenges of managing urban watercourses that have been heavily 

modified by infrastructure such as storm drains, culverts, and levees. These structures can create 

bottlenecks during heavy rainfall, leading to unexpected flooding in otherwise considered low-risk areas. 

3.2.2.2 Climate change and Fluvial Flood hazards 

Increased Precipitation Intensity and Frequency 

Climate change alters global precipitation patterns, leading to more intense and frequent rainfall events. 

The IPCC reports that many regions, particularly those in mid to high latitudes, are experiencing increased 

extreme precipitation events, directly contributing to fluvial flooding risks. Arnell and Gosling (2016) 

examined the implications of these changes on river flood risks globally, noting that urban areas are 

particularly vulnerable due to their high population densities and economic importance. The study 

emphasized that even small increases in rainfall intensity could lead to significant flooding in cities with 

inadequate drainage systems. 

Rising Temperatures and Snowmelt-Driven Floods 

In addition to precipitation, rising global temperatures are causing earlier and more rapid snowmelt in 

mountainous regions, contributing to fluvial floods. Sorg et al. (2014) investigated the impacts of climate-

induced snowmelt on river flooding, particularly in urban areas downstream of mountain ranges. The 

study found that cities reliant on snow-fed rivers are likely to experience earlier and more severe flooding 

events as snowmelt occurs earlier in the year, coinciding with spring rains. This overlap can overwhelm 

river systems, leading to significant urban flooding. 
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Sea Level Rise and Compound Flooding 

Coastal cities are facing the dual threat of fluvial flooding and sea level rise, which can exacerbate the 

impacts of river floods. A study by Brown et al. (2018) highlighted the phenomenon of compound flooding, 

where high river flows coincide with storm surges or high tides, leading to severe floods in urban coastal 

areas. The research indicated that as sea levels continue to rise, the risk of compound flooding will 

increase, posing a significant threat to low-lying urban areas. 

3.2.2.3 Case studies of Fluvial Flooding 

Urban Flooding in Asia 

Southeast Asia is one of the most flood-prone regions in the world, with urban areas such as Bangkok, 

Jakarta, and Manila frequently experiencing severe fluvial floods. A study by Tanoue et al. (2016) explored 

the socio-economic impacts of fluvial flooding in these cities, finding that rapid urbanization and poor 

land-ǳǎŜ ǇƭŀƴƴƛƴƎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƴǘǊƛōǳǘƻǊǎ ǘƻ ǘƘŜ ǊŜƎƛƻƴΩǎ ŦƭƻƻŘ Ǌƛǎƪ Φ ¢ƘŜ ǎǘǳŘȅ ŀƭǎƻ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŀǘ 

many of these cities lack adequate infrastructure and flood management systems, exacerbating the 

impacts of floods on vulnerable populations. 

The annual monsoon season in South Asia often leads to severe river flooding. The 2017 South Asian 

floods affected millions of people, demonstrating the need for improved flood forecasting and 

infrastructure resilience (Hirabayashi et al., 2013). 

In July 2021, the city of Zhengzhou in Henan province experienced record-breaking rainfall, leading to 

severe urban flooding. The flooding disrupted public transportation, caused extensive damage to 

infrastructure, and resulted in numerous fatalities. The event underscored the challenges of managing 

urban floods in rapidly growing cities and the importance of resilient urban planning (Wu et al., 2021). 

Fluvial Flooding in US 

The 2008 Mississippi River floods were one of the most significant flood events in recent U.S. history. 

Extensive flooding affected several states, including Iowa, Illinois, and Missouri, leading to widespread 

damage to agriculture, infrastructure, and communities. Neal et al (2013) analyzed the hydrological and 

meteorological conditions leading to the 2008 floods. The study highlighted that a combination of above-

average precipitation, rapid snowmelt, and saturated soils contributed to the severity of the flooding. 

Houston, Texas, has experienced frequent and severe urban flooding due to its flat topography, extensive 

urbanization, and complex river systems. The 2015 Memorial Day flood was a particularly devastating 

event, with significant rainfall leading to the overflow of the Buffalo Bayou and other local rivers. Brody 

et al. (2018) found that rapid urbanization, including the construction of impervious surfaces, had 

significantly increased the flood risk in Houston. 

The Northeast U.S. has seen an increase in the frequency and intensity of flood events, driven in part by 

changing climate conditions. Cities like New York, Boston and New Orleans are increasingly vulnerable to 

both fluvial and coastal flooding. Research by Brody et al. (2013) focused on the 2011 Mississippi River 

floods, which caused widespread damage in cities along the river. The study emphasized the role of 

urbanization and floodplain development in exacerbating flood risks and called for more integrated flood 

management strategies that consider both structural and non-structural measures. 
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The Red River Basin, spanning North Dakota, Minnesota, and parts of Canada, is highly susceptible to 

flooding due to its flat topography and snowmelt-driven river systems. The region has experienced several 

major flood events, including the catastrophic 1997 Red River flood. Pinter et al. (2015) examined the 

long-term flood management strategies in the Red River Basin, focusing on the balance between 

structural defences, such as levees, and non-structural measures, like floodplain restoration. The study 

found that levees provide short-term protection but can also exacerbate downstream flooding, while a 

more integrated floodplain management approach that combines both structural and ecological solutions 

is needed. 

Flood Risk in European Cities 

The 2002 and 2013 floods in Central Europe highlighted the vulnerability of the region to fluvial flooding. 

These events caused billions of euros in damage and led to significant changes in flood management 

policies (Kundzewicz et al., 2013). 

European cities, particularly those along major rivers such as the Rhine, Danube, and Thames, are also at 

significant risk of fluvial flooding. A detailed analysis by Pinter et al. (2015) examined flood trends in 

European cities over the past century, noting an increase in flood frequency and severity due to a 

combination of climate change and urban expansion. The study pointed out that while European cities 

have invested heavily in flood defences, such as levees and flood walls, these structures may not be 

sufficient to cope with future flood risks without additional measures. 

In July 2021, catastrophic flooding affected parts of Germany and Belgium, resulting from unprecedented 

rainfall. Rivers such as the Ahr and the Meuse overflowed, causing widespread destruction. This event 

highlighted the vulnerabilities of urban areas, where dense infrastructure exacerbated the damage. The 

floods resulted in over 200 deaths and significant economic losses, emphasizing the need for robust flood 

management and early warning systems (Kreibich et al., 2021). 

Fluvial floods in Italy 

The 2023 Emilia-Romagna Floods 

In May 2023, the Emilia-Romagna region in northern Italy experienced one of the most devastating flood 

events in recent history. A combination of persistent heavy rainfall and the overflow of major rivers such 

as the Savio, Lamone, and Montone resulted in widespread flooding, leading to significant loss of life, 

displacement of thousands of people, and extensive damage to infrastructure and agriculture. Bianchi et 

al. (2024) analyzed the hydrological and meteorological factors contributing to the 2023 Emilia-Romagna 

floods. The study highlighted that the region received over 200 mm of rainfall in just 48 hours, which 

overwhelmed the capacity of local rivers and flood defenses. The researchers pointed out that the 

extreme weather conditions were exacerbated by climate change, with the region experiencing a trend 

towards more intense and frequent rainfall events. The study also emphasized the role of human 

activities, such as urbanization and land use changes, in increasing the flood risk by reducing the natural 

absorption capacity of the land. This analysis highlights the need for urgent measures to improve flood 

risk management in the region, including restoring natural floodplains, better land use planning, and 

enhancing early warning systems. 
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The 2020 Piedmont Floods 

The Piedmont region in northwest Italy experienced severe flooding in October 2020, with heavy rainfall 

leading to the overflow of several rivers, including the Sesia, Tanaro, and Po rivers. This event was one of 

the most significant flood events in the region in decades, resulting in widespread damage and several 

fatalities. Pasquale et al. (2021) found that the floods were driven by a combination of extreme rainfall, 

which exceeded 600 mm in some areas over 48 hours, and the already saturated soil conditions from 

previous rains. The study highlighted the increasing frequency of such extreme weather events in the 

region, likely due to climate change, and emphasized the need for improved flood forecasting and early 

warning systems. 

The 2014 Parma Floods 

In October 2014, the Parma River in northern Italy overflowed its banks following an intense storm, 

leading to severe flooding in the city of Parma and surrounding areas. The floodwaters caused extensive 

damage to infrastructure, including roads, bridges, and residential buildings, and resulted in significant 

economic losses. A detailed case study by Rossi et al. (2016) revealed that the flood was exacerbated by 

inadequate maintenance of riverbanks and floodplains, as well as the lack of coordinated flood 

management across regional and local authorities. The authors recommended the implementation of 

integrated flood risk management strategies, including the restoration of natural floodplains and 

improved urban planning. 

The 2018 Calabria Flash Floods 

Southern Italy, particularly the Calabria region, is susceptible to flash floods due to its mountainous terrain 

and Mediterranean climate. In August 2018, a flash flood in the Raganello Gorge, caused by sudden 

torrential rain, led to the deaths of ten hikers and severe environmental damage. A study by Esposito et 

al. (2019) emphasized the role of intense, localized rainfall in triggering the flash flood, compounded by 

the region's steep topography. The study also highlighted the lack of effective early warning systems and 

public awareness, contributing to the high casualty rate. The authors suggested that better monitoring of 

meteorological conditions and developing real-time warning systems could help reduce the risk of similar 

disasters in the future. 

The 2016 Florence Floods 

In November 2016, the city of Florence experienced severe flooding due to the overflow of the Arno River, 

reminiscent of the devastating 1966 flood. The 2016 event, though less severe, still caused significant 

ŘŀƳŀƎŜ ǘƻ ǘƘŜ ŎƛǘȅΩǎ Ƙƛǎǘƻrical heritage sites and infrastructure. Bonaccorso et al. (2017) focused on the 

hydrological response of the Arno River basin to prolonged heavy rainfall, which exceeded 200 mm in 

some areas. They concluded that while flood defenses have improved since 1966, the city remains 

vulnerable to extreme weather events, particularly in light of climate change. The authors recommended 

further strengthening of flood defenses and the implementation of adaptive management practices to 

protect the city's cultural heritage. 

The 2013 Sardinian Floods 

In November 2013, Sardinia experienced one of its most severe flood events in recent history, primarily 

affecting the northeastern part of the island. The flood, caused by the passage of Cyclone Cleopatra, 
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brought unprecedented rainfall to the region, with some areas receiving more than 450 mm of rain in less 

than 24 hours, resulting in the deaths of 18 people and widespread destruction of property, infrastructure, 

and agriculture. Mossa and Rulli (2014) highlighted how the extreme rainfall led to the overflow of rivers 

causing significant flash flooding, also due to inadequate drainage systems, deforestation, and urban 

expansion in flood-prone areas.  

The 2011 Liguria Floods 

The Liguria region in northwest Italy was hit by severe flooding in October 2011, particularly affecting the 

Cinque Terre and the towns of Monterosso and Vernazza. The floods were caused by an intense storm 

that produced over 500 mm of rain in less than 6 hours, leading to flash floods and landslides. Cavaliere 

et al. (2013) identified the combination of extreme rainfall, steep terrain, and human activities, such as 

deforestation and unregulated construction, as key factors that exacerbated the flood's impact. The 

authors stressed the importance of sustainable land use practices and the restoration of natural 

vegetation to reduce flood risk in the region. 

3.2.2.4 Mitigation and Adaptation strategies 

Addressing fluvial flood hazards in urban areas requires an integrated approach: 

1. Green Infrastructure and Nature-Based Solutions. Urban areas need to prepare for more frequent 

and severe flooding events due to climate change (Kundzewicz et al., 2019). Green infrastructure, 

including green roofs, rain gardens, permeable pavements, and urban wetlands, offers a 

sustainable approach to managing urban runoff and reducing flood risks. By enhancing the natural 

absorption of rainwater, these systems help delay and reduce the runoff volume entering rivers. 

Research by Fletcher et al. (2015) demonstrated that green infrastructure could reduce peak flood 

flows by 20-40% in some urban settings, making it an essential component of flood risk 

management in cities. Additionally, these solutions provide environmental co-benefits, such as 

improving urban air quality and biodiversity. 

2. Enhancing Urban Drainage Systems. Updating and expanding urban drainage systems to handle 

the increased volume of water associated with extreme weather events is critical for reducing 

flood risks. Ochoa-Rodríguez et al. (2015) discussed the importance of using high-resolution 

rainfall data and advanced hydrological models to design more resilient urban drainage systems 

that can cope with contemporary and future flood scenarios. The study suggested that 

incorporating real-time monitoring and adaptive management strategies into drainage systems 

could significantly improve their effectiveness in managing urban floods. 

3. Urban Planning and Zoning. Strategic urban planning that restricts development in flood-prone 

areas and promotes flood-resilient construction practices is essential for reducing urban flood 

risks. Di Baldassarre et al. (2018) emphasized the need for cities to adopt zoning regulations that 

reflect current and projected flood risks, including setting aside floodplains for water storage and 

prohibiting construction in high-risk area. The study also highlighted the role of adaptive land-use 

planning in accommodating the dynamic nature of flood risks due to climate change. 

4. Community-Based Flood Management. Engaging communities in flood risk management is crucial 

for building resilience at the local level, since well-prepared communities are better equipped to 

respond to and recover from flood events, reducing both economic losses and human casualties. 

Public awareness and participation are crucial for effective flood risk management, and they have 
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recently deserved attention in the literature (Scolobig et al., 2015). Kreibich et al. (2017) discussed 

how community-based approaches, such as public awareness campaigns, flood emergency 

planning, and the promotion of flood insurance, can significantly reduce floods' impacts on urban 

populations. 

5. Integrated Flood Management. An integrated approach to flood management that combines 

structural measures, such as levees and flood barriers, with non-structural measures, like early 

warning systems and land-use planning, is essential for managing flood risks in urban areas. 

Climate projections should be incorporated into flood risk management to account for increased 

variability and intensity of precipitation. Carter et al. (2017) explored the benefits of integrated 

flood risk management, noting that this approach allows for more flexible and adaptive responses 

to changing flood risks. Cities should invest in combining traditional flood defenses and innovative 

solutions, such as floodable parks and temporary flood storage areas, to enhance their resilience 

to fluvial floods.  

6. Enhance Modelling capability and Technology Integration. Analyzing past flood events to 

understand frequency, magnitude, and impacts provide insights into patterns and help in 

preparing for future floods (Merz et al., 2010). Hydrological and hydraulic models can simulate 

river flow and floodplain dynamics under various scenarios and help predict flood extents and 

impacts, providing crucial data for urban planning (Beven, 2012). The modelling capabilities have 

dramatically improved in the last decade thanks to the availability of computational resources, 

detailed input data and new monitoring techniques, such as remote sensing technologies that 

offer real-time data and enhance monitoring capabilities (Schumann et al., 2009). Smith et al. 

(2019) proposed a new approach to flood risk assessment by integrating both spatial and 

temporal data, resulting in more accurate flood hazard models. They emphasized the importance 

of high-resolution data in capturing the complexities of flood events, particularly in urban settings 

and showed that combining various data sources, such as satellite imagery, river flow 

measurements, and topographic data, can create more reliable flood risk maps for better planning 

and decision-making. Leveraging advancements in remote sensing, artificial intelligence, and big 

data analytics for real-time monitoring and predictive modelling can provide actionable insights 

and improve urban flood management (DeVries et al., 2020). In this perspective, urban flood 

monitoring networks can provide insightful data (see Section 4.1.1). 

 

In conclusion, the above recent fluvial flood events in Italy have demonstrated the country's vulnerability 

to extreme weather events and the challenges of managing flood risks in diverse and complex landscapes. 

They have also highlighted the need for improved flood forecasting, better maintenance of flood 

defenses, and the adoption of integrated flood risk management strategies. As climate change continues 

to influence weather patterns, Italy must enhance its preparedness and resilience to mitigate the impact 

of future fluvial flood events. 

 

A complex interplay of factors, including urbanization, climate change, and inadequate infrastructure 

drives fluvial flood hazards in urban areas. The risks associated with these floods are expected to increase 

as cities continue to grow and as climate change leads to more extreme weather patterns. To effectively 
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manage these hazards, cities must adopt a comprehensive and integrated approach to flood risk 

management, including green infrastructure, enhanced drainage systems, strategic urban planning, and 

community engagement. Ongoing research and adaptation will be critical to ensuring that urban areas 

remain resilient to the challenges posed by fluvial floods. 

3.2.3 Pluvial floods 

Pluvial floodings typically affect the urban environment with the potential to produce extensive damages 

depending on the vulnerability of the exposed assets. The increase in the degree of imperviousness in 

cities enhances the formation of runoff, distressing the capacity of the stormwater drainage system (both 

in terms of inlets and pipes) even for shorter return periods than the design ones (Aronica and Lanza, 

2005). 

The pluvial flooding results from rainfall-generated overland flow and ponding before the runoff enters 

any watercourse, drainage system or sewer, or cannot enter it because the network is full to capacity 

(Falconer et al., 2009). It generally derives from rainfall rates exceeding the infiltration capacity of soils 

and the drainage capacity of stormwater infrastructure, resulting in ponding and overland flow 

(Rosenzweig et al. 2018). 

Pluvial flooding is often confused with urban flash flooding or surface water flooding. Urban flash floods 

are caused by the overtopping of natural watercourses flowing through urbanised areas, which are 

sometimes covered and become part of the urban stormwater drainage system, while άsurface water 

floodingέ is a more general terminology covering different sources of flooding (Falconer et al., 2009). 

Fluvial flooding occurs when water routed by streams, rivers or equivalent water bodies overflows their 

banks, inundating the adjacent floodplain area (Rosenzweig et al. 2018). 

Pluvial flooding is caused by localized intense rainfall and the flood models used to assess the related 

hazard are applied on a city (or part of a city) scale using local rainfall records and a high-resolution digital 

elevation model (DEM) (Guerreiro et al., 2017). Both the temporal scale of rainfall records and the spatial 

resolution of the DEM play a key role in the modelling of the associated flood hazard. 

A certain spatial and temporal resolution of the input data can be assumed as representative of a given 

urban context, while it may result totally inadequate for a different urban context. In the work of 

Guerreiro et al. (2017), an attempt to assess pluvial flooding hazard on a continental scale was performed 

for Europe by assuming a return period of the rainfall event equal to 10-years and the hourly temporal 

resolution for rainfall data. A spatial resolution of 25 m was used for the DEMs. The authors confirm, as 

expected, that further updating of the results is necessary by using input data with a proper spatial and 

temporal resolution. Nevertheless, even under such a generalized approach they managed to identify 

areas within the European territory that are significantly prone to pluvial flooding (i.e. the Mediterranean 

region), including the Italian territory. 

An accurate assessment of the hazard related to pluvial flooding requires high-resolution rainfall data, a 

comprehensive knowledge of the surface drainage system and of the underground drainage network, a 

detailed representation of the topographic characteristics of the urban environment (including the 

microtopography features, basements, and underpasses), as well as the infiltration capacity of urban 

surfaces. This optimal scenario is nowadays still a challenge, and research is ongoing to assess the 



   

 
 
 

   

 

71 

minimum suitable resolution of the underlying information that is sufficient to fully characterise urban 

flooding events (Cristiano et al. 2017, Fewtrell et al. 2008). A more comprehensive state of the art is 

available for the case of fluvial floods and the associated spatial scale (see e.g., Savage et al 2016). 

In the literature many hydrologic/hydraulic models are available, despite some approximations, to 

reproduce the surface propagation of flooding and the flow within the elements of the underground 

ŘǊŀƛƴŀƎŜ ƴŜǘǿƻǊƪΦ ¢ƘŜ Ƴŀƛƴ !ŎƘƛƭƭŜΩǎ ƘŜŜƭ ƛƴ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ƻŦ ǇƭǳǾƛŀƭ ŦƭƻƻŘƛƴƎ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŀŎŎǳǊŀŎȅ 

and resolution of the input data in terms of rainfall, description of the urban drainage network (surface 

and underground) and the topographic representation of the territory. The two-dimensional simulation 

of the pluvial flooding in terms of both flow velocity and water depth is strictly affected by the presence 

of obstacles that can divert the flow. As an example, the DEMs available for the Italian territory at 

National, Regional and Municipality levels are usually characterized by spatial resolution from 10 to 0.5 m 

that ς depending on the size, steepness and degree of imperviousness of the urban catchment ς usually 

appears insufficient to reproduce the real pattern of the pluvial flooding in the investigated area. The 

extension of the flooded area, as well as the maps of water depth and velocity, obtained from the 

modelling chain, are the most largely used indicators of the hazard for both pluvial al fluvial flood studies. 

A proper validation of modelled results can be obtained with dedicated post-flood survey.    

3.2.3.1 Rainfall data 

In-situ rainfall measurements at the ground from traditional rain gauges are assumed as representative 

of a portion of the territory, and their accuracy (Cauteruccio et al., 2021) play a key role in the modelling 

of flood events in urban areas. An example about the impact of the accuracy of rainfall measurements in 

the assessment of the hazard related to pluvial flooding for the Italian territory is described in the work 

of Lombi et al. (2022). In that work, results using observed (uncorrected) and corrected annual maxima 

rainfall as meteorological forcing were compared showing how the design of rainfall events with a 

duration of 30 minutes or shorter is significantly affected by the temporal aggregation, highlighting the 

importance of correcting annual maxima rainfall for a proper evaluation. 

The relationship between the required temporal resolution of rainfall measurements and the extension 

of the urban catchment area to conduct pluvial flooding studies is not unique. Radar measurements can 

be exploited to estimate the relationship between the spatial and temporal scales that characterize the 

hydraulic/hydrologic response of an urban area. Despite radar measurements have the disadvantage to 

provide rainfall estimation at a spatial resolution comparable with the size of the urban catchment they 

have the potential to observe the dynamic evolution of precipitation events. By exploiting historical series 

of rainfall maps, the predominant combinations of rainfall intensity and duration (associated to a specific 

rainfall climatology) having the potential to result in critical conditions causing pluvial floodings can be 

established. 

A multi-sensor approach can help to characterize the precipitation event in terms of rainfall intensity and 

spatial and temporal resolution. With the objective to increase the spatial resolution of the rainfall data, 

citizen science rain gauge stations can be used despite potentially affected by a lower quality and accuracy 

compared with authoritative monitoring networks. In the work of Loglisci et al. (2024) it was 

demonstrated that for a pluvial flooding event occurred in a Mediterranean city the role of rainfall 
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measurements provided by citizen science rain gauge station was crucial to better understand the 

spatiotemporal structure of the phenomena causing urban flooding in the study area.  

The multi-sensor approach can also exploit the availability of opportunistic sensor that allow to increase 

the spatial coverage of the study area if compared with traditional rain gauge networks. The development 

of opportunistic sensors is a recent innovation in the measurement of precipitation intensity (Giannetti 

and Lanza, 2023), suggesting a high potential for large-scale application due to the low cost of their 

installation and operation. Already existing, but usually unrelated, microwave (MW) or millimeter wave 

(mmW) links are used to infer the rainfall amount or intensity by interpreting the extra attenuation 

induced by the precipitation on the received signal level. Various communication technologies can be 

exploited, such as commercial MW links (CMLs) of cellular phone networks, satellite MW links (SMLs), 

including broadcast satellite links (BSLs), but also wireless sensor networks (WSNs), e.g., for Internet of 

things (IoT) applications, moving vehicles, surveillance cameras, etc. (see, e.g., Uijlenhoet et al. 2018, 

Giannetti et al. 2019, Haberlandt and Sester 2010, and Allamano et al. 2015). 

The Smart Rainfall System (SRS) was developed at the Polytechnic School, University of Genoa, as a 

cooperation between the Department of Civil, Chemical and Environmental Engineering (DICCA) and the 

Electrical, Electronics and Telecommunication Engineering and Naval Architecture Department (DITEN) to 

estimate rainfall intensity in real time by processing the attenuation of microwave satellite link signal 

measured by low-cost sensors (Federici et al., 2014). By processing the attenuation of the satellite 

microwave link signal, each SRS sensor produces an estimate of the rainfall amount at the temporal 

resolution of one minute. When a set of microwave links are placed on the field of interest and connected 

to a central processing and analysis node, a map of the estimated rain field can be obtained. The 

computation of the rainfall intensity based on the one-minute attenuation measurements made by the 

SRS sensors includes the application of a digital denoising filtering of the received signal to eliminate any 

spurious high-frequency fluctuation. The integral attenuation due to the presence of rain as measured by 

the microwave sensor is the result of the attenuation that occurs in the portion of the microwave link that 

is crossed by precipitation. Since the actual space distribution of the rainfall field is not known a priori, 

the method is based on the simplified assumption that the rainfall intensity is uniform along the 

microwave link. 

Although in principles these sensors are suitable for large-scale installation and coverage of wide areas, 

the availability of comprehensive and convincing validation exercises is still scarce (see, e.g., Colli et al., 

2019) and assessing their accuracy is difficult. 

3.2.3.2 Spatial description of the territory 

One of the major challenges in modelling rainfallςrunoff in urbanized areas is related to the influence of 

the complex overland surface, with particular focus on the spatial resolution that characterizes the urban 

surfaces and influences the dynamic evolution of the flooding water flow. As summarized by Papaioannou 

et al. (2016), an important factor to assess and map the extension of the flooding areas, especially in 

complex terrain, is the accuracy of the digital elevation model (DEM) (Bates et al. 2003, Tsubaki and Ichiro 

2010). Photogrammetric techniques (Teng et al. 2015), terrestrial laser scanners (TLS) or airborne light 

detection and ranging (LIDAR) could support the production of high-resolution DEMs. The mentioned 

works are mainly focused on fluvial flooding, where a coarser spatial resolution of the topographic 

information than in case of pluvial flooding is acceptable. 
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Moreover, accurate knowledge of the surface and underground drainage networks plays a key role in the 

assessment of the hazard related to pluvial flooding. A detailed description of each drainage element 

(type, geometrical characteristics, position, material) is rarely available. Due to the difficulties in collecting 

a detailed description of the urban drainage network, since a limited knowledge of the dimension and 

location of storm drain inlets, manholes and pipes is common, an exhaustive knowledge of these elements 

for the modelling of pluvial flooding is nowadays still a challenge. 

To overstep this drawback, in the work of Bertsch et al. (2017) an automated GIS (Geographic Information 

System) routine to generate synthetic storm drain inlet locations was developed. To validate the obtained 

results a detailed field survey was conducted by recording the actual storm drain inlet locations for a 

sample urban catchment located in Scotland. An initial version of the GIS routine was developed by forcing 

all inlets to be positioned along roads and to be of the same grating type, spaced at an equal distance and 

close to the existing pipe network. The initial GIS routine produced 85% of the number of total storm 

water inlets surveyed. Authors ascribe this difference to two main reasons: a recently built area with a 

much greater density of storm drain inlets in comparison to the overall catchment, and small-scale terrain 

depressions which results in an accumulation of surface water where additional inlets had been installed. 

The drainage efficiency was assessed by calculating the inflow volumes for the network at each time step 

using the CityCAT model (Glenis et al., 2018) for rainfall intensity values associated with return periods of 

20 and 50 years. The trueness of the synthetic inlet drainage network was examined in relative terms by 

comparing the flow hydrograph, the total volume discharged by each inlet, and the surface water depth 

in the flooded areas obtained with the surveyed inlets and the synthetic ones, while the accuracy and 

limitations of the CityCAT model were not addressed in that paper. 

Results obtained by the initial GIS routine show a significant underestimation of the flow rate captured by 

the synthetic inlets if compared with the surveyed ones, therefore improvements were applied to 

consider terrain information and increase the density of inlets in newly built areas and in terrain 

depressions. Results obtained after applying the adaptation procedure reproduced 99% of the number of 

the surveyed inlets. A significant improvement was reached in terms of the drainage efficiency, especially 

after incorporating the terrain information to re-position the inlets. Overall, the differences in surface 

water depth vary from ς 0.01m to 0.01 m and are scattered across the whole investigated area. Details 

about the spatial resolution of the terrain and the size of the various buffer layers are described in the 

paper. These are site dependent and refer to a flat urban area with an extension of 2.1 km2. The 

transferability of this procedure requires appropriate rescaling according to the geometric characteristics 

of the study area. 

The procedure described above can be considered as a useful tool to reconstruct the position of the storm 

drain inlets in the urban environment when a dedicated survey is not available or financial resources and 

timing requirement make a detailed survey unfeasible. The reproducibility of the proposed procedure in 

a different urban environment can be supported by a partial survey limited to a portion of the investigated 

urban area to extract the main features of the inlets (relative distance, main types, extension of the buffer 

layers around the street and the pipes, inlet density in terrain depressions and new built areas). This 

characterization can be extended to the whole investigated urban basin to apply the developed GIS 

routine and derive the position of the inlets for the modelling of pluvial flooding. 
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After estimating the characteristics of the surface drainage network from dedicated surveys or by means 

of the application of appropriate procedure, the role of the operational conditions of storm water inlets 

in the modelling of pluvial flooding must be considered. Indeed, the hydraulic performance of the entire 

drainage system can be dramatically affected by the operational conditions of inlets, these being the route 

for surface storm-water runoff to enter the underground drainage network (ten Veldhuis and Clemens, 

2011). The inlet capacity and efficiency were defined in the work of Despotovic et al. (2005) and their 

relationship with relevant parameters (approaching flow, longitudinal and lateral street slopes) was 

established through laboratory experiments with the aim to explain the reason of the surplus of water 

runoff in the urban environment. Moreover, the effects of clogging of inlets on the capacity of the surface 

drainage system to convey rainfall into the underground drainage network was also investigated. The 

capacity is defined as the quantity of water captured by the inlet, while the inlet efficiency depends on 

the approaching runoff rate and is defined as the captured percentage of the approaching flow rate. The 

maintenance conditions of the inlet affect its capacity and result in decreasing its efficiency when a portion 

of the approaching flow is not captured by the inlet and produce the so-called pass-over flow. Based on 

the laboratory results, in the mentioned paper, the pass-over flow was calculated, for a sample case study, 

considering numerous inlets positioned along a street. 

In the work of Palla et al. (2018) the efficiency of the surface drainage network under various operational 

conditions (degree of clogging) was investigated by using a hydrodynamic model that considers only 

overland (pluvial) propagation while the interaction with the subsurface drainage network is not 

simulated (it is assumed to receive all water drained by inlets). Inlet operational conditions were varied 

stochastically using a Monte Carlo approach and the flood propagation was modelled using the FLURB-2D 

model (Aronica et al. 1998). A case study in the city of Genoa (Italy) was chosen, the catchment area (80 

ha) is completely urbanised with very limited pervious areas and equipped with about 250 inlets. Chicago 

hyetographs for return periods (T) equal to 2, 5 and 10 years were adopted. Simulation results allowed to 

identify local flood prone areas due to the failure of the surface drainage system for all precipitation 

events, showing that topographic effects have the potential to produce local flooding with significant 

water depth and that local inlet operational conditions may affect the behaviour of the whole urban 

drainage system. Pluvial flooding due to the inefficiency of the surface drainage system is shown to be 

independent on the conditions of the underground drainage network. 

Lanza et al. (2023) investigated the impact of the inlet number, positioning, and efficiency on the risk of 

pluvial flooding. Detailed information about the inlet characteristics, including the potential degree of 

clogging, were obtained from the archives of the company in charge of the street and inlet maintenance, 

corroborated by a dedicated survey in the study area. This allowed obtaining a complete definition of the 

geometric and hydraulic characteristics of the stormwater inlets. It was assumed that the capacity of the 

storm sewers is sufficient to drive away the water conveyed through the inlets, therefore no backflow is 

considered. Hydraulic modelling is performed by using the HEC-RAS 2D software code (v. 6.3.1) (USACE, 

2021) and inlets are simulated as pumping stations with a customised stage-discharge relationship based 

on the available literature studies. Results are presented in the form of maps of the water depth and 

velocity over the study areas, and critical regions are identified based on the observed frequency (return 

period) of the expected flooding. This study aimed at providing suitable information to plan priorities in 

the maintenance interventions (cleaning and repairing of inlets) and possible expansion of the surface 

drainage system. The model is applied to a case study of an urban district of the town of Genoa (Italy), to 
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support the activities of the project RUN ς ά¦Ǌōŀƴ wŜǎƛƭƛŜƴŎŜΥ bƻǿ-casting of the risk of flooding with IoT 

ǎŜƴǎƻǊǎ ŀƴŘ hǇŜƴ 5ŀǘŀέΣ ŦǳƴŘŜŘ ǿƛǘƘƛƴ ǘƘŜ wht-ERDF (Regional Operational Programme of the European 

Regional Development Fund). 

3.2.3.3 Modelling of pluvial flooding 

The hazard related to pluvial flooding is traditionally described using as indicators the extension of the 

flooded area, the water depth and velocity and a combination of these two latter indicators to derive the 

conditional hazard classes (see Maranzoni et al., 2022 for a review of the flood hazard classification 

methods available in the literature). A variety of stormwater drainage models and software codes are 

available in the literature. In the following, a brief description of the main typologies of models employed 

for research purposes is reported. 

Stormwater drainage models are characterized by two main steps: the first concerns the hydrologic 

processes where rainfall is transformed into runoff, the second concerns the flow propagation along the 

drainage network. Following these steps, the modelling of the propagation of the flood volume on the 

investigated catchment area is required to obtain a comprehensive assessment of the flood hazard. The 

one-dimensional (1D) approach is usually sufficient to characterize the second step of the analysis, related 

to the flow routing within the pipes. The first step, based on the quantification of the runoff volume, is 

preferably modelled using a two-dimensional (2D) distributed approach but in some cases the conceptual 

model simplification is assumed. Finally, a fully 2D approach is fundamental to reproduce the propagation 

of flood volumes over the catchment surface and derive the associated flood hazard maps. 

The drainage network is typically conceptualized as a set of nodes, corresponding to manholes, and 

connections/links between them, representing pipes. The runoff generated in a defined portion of the 

catchment is assigned to an entry node and is then conveyed along the drainage network by solving the 

Saint-Venant equations. The Storm Water Management Model (SWMM) is a hydrologic and hydraulic 

model developed by the United States Environment Protection Agency (EPA) (EPA 1971) to solve the 1D 

steady or unsteady flow equations within connections/links (the pipes of the drainage network). The 

model was progressively upgraded and in 2022 a new feature of a 1D/1D explicit approach allowing users 

to define inlet devices that capture the surface runoff (Rossman and Simon, 2022) and convey the 

collected volume within the pipes. 

The modelling of floods in urban areas requires the exchange discharges between the surface and 

subsurface flow to be considered. Therefore, various studies proposed combined 1D/2D models to 

address this issue. Bazin et al. (2014) validated, for a specific case study, the hydrodynamic simulations 

carried out by solving the 2D and 1D shallow water equations for the surface and subsurface flow, 

respectively, against measurements from an experimental facility available at the Jigawa Open Laboratory 

of Kyoto University. In Barreiro et al. (2023) a 1D/2D urban flood model based on an offline coupling 

procedure between the 1D model SWMM and the 2D model MOHID Land is presented. Manholes and 

inlet devices act as interface connectors between the two models. Inlet devices are responsible for 

capturing runoff and conveying it to manholes (2D to 1D), while manholes can return excessive flows to 

the surface when the sewer system is pressurized (1D to 2D). The interchange of data between the two 

models (coupling procedure) is set offline at the end of the run of each model. 
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Computational and numerical stability aspects are also addressed; for instance, in Fan et al. (2017) a 

coupled model for urban flood inundation was developed by using an implicit dual time stepping method 

(DTS) to improve the run time efficiency. The method is fully implicit and can be run in parallel computing 

mode. The implicit scheme ensures a greater stability and is therefore particularly suitable for urban flood 

simulations where a complex underlying surface dictates the propagation of flooding. 

Software tools like HEC-RAS 2D (USACE 2021) allow modelling the surface propagation of flood due to 

both the river overflow inundation (using the combined 1D/2D model) and pluvial flooding phenomena 

(using the 2D model capability alone). The HEC-RAS software was developed by the U.S. Army Corps of 

Engineers and allows to set a variety of simulations schemes from steady to unsteady flow by solving the 

Shallow Water equations or the Diffusion Wave equations (less accurate). A similar 1D/2D approach is 

used by the Kalypso software (https://kalypso.bjoernsen.de/index.php?id=470&L=1 last access 

24/07/2024). Kalypso solves the unsteady coupled 1D/2D flows for surface waters by connecting a one-

dimensionally modelled river section with another section modelled using the 2D model. The two 

components are coupled by means of appropriate boundary conditions. The mathematical basis of the 

computation module is formed by the Saint-Venant equations and the shallow water equations, 

respectively.  

Equivalent to the HEC-RAS software is MOHID Land developed by the MARETEC (Marine and 

Environmental Thecnology Research Center) at the Instituto Superior Técnico of the University of Lisbon. 

It is a hydrologic/hydraulic integrated model with four compartments: the atmosphere, porous media, 

surface land, and river drainage network. The surface runoff is 2D modelled setting the kinematic wave 

or the diffusion wave approximation while within the river network the 1D Saint-Venant equations are 

solved. This model was coupled in the work of Barreiro et al. (2023) with SWMM to reach a complete 

modelling framework to accounting for the various steps affecting flooding scenarios. 

3.2.3.4 Post-flood survey strategies in urban areas 

The main reason why it is worth performing a post-flood survey arises from the need of improving our 

understanding of the flood phenomenon and increase the resilience of the anthropic environment. 

wŜǎƛƭƛŜƴŎŜΣ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ŀōƛƭƛǘȅ ƻŦ ǇŜƻǇƭŜ ƻǊ ǘƘƛƴƎǎ ǘƻ ǊŜŎƻǾŜǊ ǉǳƛŎƪƭȅ ŀŦǘŜǊ ǎƻƳŜǘƘƛƴƎ ǳƴǇƭeasant, such 

ŀǎ ǎƘƻŎƪΣ ƛƴƧǳǊȅΣ ŜǘŎΦέ όhȄŦƻǊŘ [ŜŀǊƴŜǊǎ ŘƛŎǘƛƻƴŀǊȅύΣ Ŏŀƴ ōŜ ƛƳǇǊƻǾŜŘ ōȅ ƭŜŀǊƴƛƴƎ ƛƴ ŀŘǾŀƴŎŜ ǘƘŜ 

characteristics and expected evolution of a flood event, the expected damages, and the possible 

countermeasures, to be ready to reasonably face the next event. The concept is well synthesised by 

Szoenyi et al. (2017) ƛƴ ǘƘŜ ǘƛǘƭŜ ƻŦ ǘƘŜƛǊ ŎƘŀǇǘŜǊΣ ǊŜŀŘƛƴƎ ά!ŦǘŜǊ ǘƘŜ ŦƭƻƻŘ ƛǎ ōŜŦƻǊŜ ǘƘŜ ƴŜȄǘ ŦƭƻƻŘέΦ 

Post-flood survey places the basis for the calibration and validation of flood models with the objective to 

single out the main critical issues and plan mitigation strategies. 

Within this general framework, multiple objectives can be supported by the information collected during 

the post-flood survey and, though the overall survey is generally a multipurpose activity, identifying the 

specific aims is useful to plan and adopt optimal methods of investigation. 

The most common post-flood survey actions aim at readily assessing the damages to relevant 

infrastructure, buildings, commercial and industrial premises, private and public properties, etc. The 

https://kalypso.bjoernsen.de/index.php?id=470&L=1
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transportation network is generally impacted by the flood and detailed identification of the damages to 

roads and railways is a primary objective. 

This is generally performed in the immediate aftermath of the event (few hours or days), or even during 

the event, by the civil protection as the basis for organizing rescue actions and supporting the provision 

of rapid funding from the (local or national) government in the emergency phases. Rapid assessment of 

the damages for emergency support can be later followed by a more detailed assessment to quantify the 

precise amount of compensation funding for citizens and companies. 

Damage assessment is also important in view of conducting investigations, usually activated by the Public 

Prosecutor Office following complaints from citizens, to assess possible responsibilities of the various 

regional planning and land protection authorities, or public and private actors as well. Following Szoenyi 

Ŝǘ ŀƭΦ όнлмтύ άŎƻƴŘǳŎǘƛƴƎ ŀ ŦƻǊŜƴǎic post-event study is similar to detective work in that it needs an 

experienced team of experts, a consistent and iterative meta-structure, and guidance on how to pursue 

ƭŜŀŘǎ ŀƴŘ ƴŜǿ ƛƴŦƻǊƳŀǘƛƻƴέΦ 

Among the most difficult elements to quantify in relation to flood events, knowledge of the vulnerability 

of the anthropic and natural settlements is also one of the most important factors to support resilience. 

Indeed, vulnerability quantifies the level of damage that is expected for a generic asset when it is exposed 

to a flood event of a given magnitude and may vary widely with the type of asset at risk, the age, the 

maintenance conditions, and with the physical characteristics of the flood (including hydrodynamics, 

duration, sediment transport, pollution, etc.). 

A non-negligible application of the results of a post-flood survey resides in the validation of flood 

propagation models. The hydrodynamic parameters and simplifying hypotheses adopted in the simulation 

of flooding scenarios using numerical models always requires, indeed, careful validation. However, while 

flow rate data from instrumented river sections are commonly available for validating hydrological 

rainfall-runoff models, quantitative information about the flow depth and velocity occurring in urban 

areas in the event of pluvial flooding are rarely found. 

The extent of urban flooded areas is the main relevant parameter, whether monitored from remote 

satellite platforms or recorded as a site survey action. The information can be detected also from the 

analysis of photographs and videos taken by experts or citizens during or in the immediate aftermath of 

the event. Comparison of simulated versus recorded flood extent data is the most common form of 

validation of flood propagation models. 

As an example, in Figure 25, two photographs (taken by a private citizen) of the runoff occurred during 

the rainfall event on August 28th, 2023, in the town of Genoa are reported. As a confirmation of the 

analysis reported in the work of Loglisci et al. (2024), where merged radar maps and rain gauge 

measurements demonstrated that the rainfall climatology of the Genoa territory is characterized by short 

duration and very localized events, the rapid evolution of the flooding can be extrapolated from these 

pictures. In the left-hand panel, significant runoff covers the whole road from one side to the other, while 

after 10 minutes the runoff decreased and was soon confined to a small portion of the road. 
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(a) (b) 

Figure 25. Dynamic evolution of runoff during the event of August 28th, 2023, in Genoa. Panel a) refers to 02:07 CET while panel 
b) refers to 10 minutes later (photographs were provided by a private citizen). 

3.2.3.5 The case study of the RETURN project 

This section summarizes the research conducted within the activity of the RETURN project, Vertical Spoke 

м ό±{мύ ά²ŀǘŜǊέΣ ²ƻǊƪ tŀŎƪŀƎŜ н ό²tнύ άCƭƻƻŘ Ǌƛǎƪ ǳƴŘŜǊ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ŎƭƛƳŀǘƛŎ ŎƘŀƴƎŜǎέ ōȅ ǘƘŜ 

research team of the University of Genova, Department of Civil, Chemical and Environmental Engineering 

(DICCA) composed by Dr. Cauteruccio Arianna, Prof. Boni Giorgio and Prof. Gnecco Ilaria. The input data 

availability issue, with specific focus on the spatial resolution, is addressed by means of a comparison of 

pluvial flooding scenarios using rain gauges and opportunistic sensors for an urban case study. 

The case study is a densely built urban area within the Metropolitan area of Genoa (Italy), that was 

recently (September 24th, 2022) affected by pluvial flooding associated with a rainfall event characterized 

by a low return period (T between 1.5 and 3 years). The investigated urban area is in the West part of 

Genoa, in the Sampierdarena district, and is characterized by a flat zone of about 1 km2 (see red area in 

Figure 26). It is equipped with a traditional tipping-bucket rain gauge station (named Arpal-FI) managed 

by the environmental protection agency of the Liguria region (ARPAL) and one SRS (named SRS-SA). Two 

further SRSs are available close to the investigated area: in Borzoli (named SRS-BO) and in Castelletto 

(named SRS-CA) positioned 2.7 km and 4.0 km far from Arpal-FI, respectively. In the analysis, other two 

rain gauges managed by ARPAL are considered, the Castellaccio (Arpal-CA) and Centro Funzionale (Arpal-

CF) located at 5.1 km and 4.5 km far from the Arpal-FI. The position of each instrument is shown in Figure 

26. Measurements from the ARPAL rain gauges are available at 5 minutes resolution while SRSs provide 

measurements at 1 minute resolution.  
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Figure 26. Overview of the investigated urban area with indicated the position of the three rain gauges (white circles) and the 
three SRSs (red circles) with the associated satellite links (red lines). 

Assuming the Arpal-FI rain gauge as the reference instrument for the present study (since it is located 

within the investigated urban area) the ratio between the rainfall amount measured by each instrument 

and the reference one, as well as the peak ratio, are summarised in Table 4. The comparison of the 

investigated rainfall event as measured by each instrument is shown in Figure 27a. It is evident that the 

two Arpal rain gauges positioned outside of the study area do not capture the magnitude and the duration 

of the rainfall event measured at the reference station. On the contrary, the SRSs, despite some 

underestimation of the peak rainfall, provide a good representation of the temporal evolution and total 

volume of the reference rainfall event. This can be ascribed to the larger spatial representativeness of the 

SRS with respect to the traditional rain gauge. The satellite link may indeed cross the bulk of the rainfall 

event even though the precise location of the sensor is not immersed in the rain field.  

Table 4. Rainfall event and flooding parameters as a comparison with the reference instrument (Arpal-FI). 

Instrument Rainfall 
amount ratio 

Peak ratio Volume ratio condit. on h>5cm Max Depth ratio 

Arpal-CA/Arpal-FI 0.62 0.59 0.54 0.91 

Arpal-CF/Arpal-FI 0.64 0.55 0.50 0.91 

SRS-SA/Arpal-FI 1.07 0.56 0.90 1.02 

SRS-CA/Arpal-FI 1.02 0.38 0.84 1.01 

SRS-BO/Arpal-FI 1.08 0.45 0.79 1.03 

 

Pluvial flooding scenarios were modelled based on the rainfall measurements obtained from the various 

sensors using the HEC-RAS 2D software (USACE 2021), solving the shallow water equations (SWE-EM 

stricter momentum) at fixed time steps of 0.5s. The connection with the subsurface drainage network is 

neglected in this study since in Lanza et al. (2023) it is shown that flooding in the study area is ascribable 

to a complete clogging of stormwater inlets meaning that the subsurface drainage network is inefficient. 
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(a) (b) 

Figure 27. (a) Temporal evolution of the investigated rainfall event as measured by the various sensors, (b) temporal evolution of 
the modelled flood volume (conditional on a minimum water depth h = 5 cm) obtained when using as input the rainfall 

measurements from various sensors. 

The results of the modelled scenarios are reported in terms of maps of the maximum water depth (see 

Figure 28) and the ratios between the flooded volume (conditional on a minimum water depth h = 5 cm) 

and maximum water depth obtained in each scenario and the reference values obtained using the rainfall 

measured at Arpal-FI (see Table 4). The temporal evolution of the modelled flood volume (conditional on 

a minimum water depth h = 5 cm) is reported in Figure 27b. Both the maps and the ratios indicate that 

differences are limited when SRSs are employed, either when positioned in the same urban area or at few 

kilometres far from the area. The point nature of measurements taken at rain gauge stations outside of 

the study area reduces to a half the flooded volume and by 10% the maximum water depth. In all cases a 

reduction of the extension of the flooded area is shown indicating an underestimation of the flood hazard. 

The temporal evolution of the modelled flood volume reflects the differences already observed in the 

temporal evolution of the rainfall event as measured by the various sensors, including the shift in time of 

the core of the event in case of the two rain gauge stations located outside of the study area. The 

significant underestimation of the rainfall peak experienced by the SRS measurements does not result 

into a corresponding reduction of the peak of the flood volume probably because of the accumulation of 

flooded water in the depressed areas of the domain. 
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Figure 28. Maps of the maximum water depth for the investigated rainfall event using measurements from: (a) Arpal-FI, (b) 
Arpal-CA, (c) Arpal-CF, (d) SRS-SA, (e) SRS-CA and (f) SRS-BO. 

In conclusion, various pluvial flooding scenarios were simulated in the present work to highlight the 

impact of data availability and reliability over the assessment of the flood hazard in a highly urbanised 

district of the town of Genoa. Significant differences were observed and quantified between flooding 

scenarios obtained by simulating the distribution of excess rainwater when various rainfall data are 

considered. A real-world event measured by rain gauge stations and opportunistic sensors is used to 

compare the results. Although the overall flooding conditions are captured in all the examined cases, due 

to the simplification adopted in the flow modelling approach, it is evident from the results that significant 

differences in the expected flood volumes and maximum water depth are obtained when using various 

sources of the rainfall information. In the case of the simulated event, the role of opportunistic sensors 

located within or in the proximity of the study area largely outperforms the contribution of nearby rain 

gauge data when these are located even only 5 km far from the study area, and this was shown to hold 

for both the total flooded volume and the maximum water depth. 

This work, published as a part of the short paper by Cauteruccio et al. (2024), highlighted the relevance of 

the input rainfall pattern on the modelling of pluvial flooding scenarios for a specific case study 

characterized by a rapidly evolving event with a limited spatial coverage, suggesting that the input 

information plays a central role, even prevailing with respect to details of the flood modelling approach. 

3.3 Meteorological hazards 

3.3.1 Extreme wind events under climate change and multi-risk perspective 

The Mediterranean basin, although relatively small, has unique and complex orographic features, such as 

sharp land-sea transitions. The wind climate of the mid-latitudes of Europe, particularly in the 

Mediterranean basin, which spans the entire vertical extent of the Italian peninsula, is primarily influenced 

by two phenomena: extra-tropical cyclones and thunderstorm downbursts. Understanding the physical 
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mechanisms behind these phenomena is essential for characterizing their spatio-temporal behavior and 

assessing the associated risks to both the built and natural environments. 

These two phenomena differ significantly in their temporal and spatial characteristics. Extra-tropical 

cyclones, which are cyclonic winds that develop outside the tropical regions, are extensive and long-lasting 

events. They typically span around 1,000 kilometers and can persist for several days. These cyclones 

originate at subpolar low-pressure centers, formed by the convergence of cold winds from the north pole 

and warm air from the tropics. The polar front is the transition zone between these two air masses. The 

cyclonic system derives its energy from the horizontal thermal contrast in the atmosphere. 

Bjerknes and Solberg (1921) first described the evolution mechanism of this phenomenon, known as 

cyclogenesis. As the horizontal wind's rotation (vorticity) around the low-pressure center increases, so 

does the updraft (the upward movement of vertical wind above the low-pressure center). This process 

reduces surface pressure, and the resulting pressure gradient between the cyclone's center and its outer 

region generates horizontal wind. The Coriolis force, caused by Earth's rotation, creates spiral winds 

around the low-pressure center (Figure 29). Over time intervals ranging from 10 minutes to 1 hour, the 

winds from extra-tropical cyclones are stationary flows, and their velocity distribution can be accurately 

represented by a Gaussian distribution. 

 
Figure 29. Satellite image of extra-tropical cyclone above United Kingdom. 

 



   

 
 
 

   

 

83 

 
Figure 30. Number of intense cyclones over the 45 years of the ERA-40 period at mature stage per squares 2.25° x 2.25° 

(Flaounas et al., 2022). 

Cyclones in the Mediterranean basin can also exhibit tropical-like characteristics (Figure 30). In recent 

decades, these tropical-like cyclones have become increasingly common at our latitudes. These events 

have recently been given a specific name by the scientific community: Medicanes, a portmanteau of 

άaŜŘƛǘŜǊǊŀƴŜŀƴ ƘǳǊǊƛŎŀƴŜǎέ όCƭŀƻǳƴŀǎ Ŝǘ ŀƭΦΣ нлнн; Figure 31). Unlike extra-tropical cyclones, Medicanes 

typically feature a warm, clear, cloudless core, devoid of strong winds. They initially form as baroclinic 

phenomena due to the misalignment between pressure and density gradients. As they mature, they 

intensify through convective processes, such as extracting latent heat from warm sea temperatures. 

Recent climatic studies suggest that while their frequency may decrease, their intensity is likely to 

increase. 

 
Figure 31. A satellite image of a Medicane over south of Italy. 
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However, the mid-latitude climate of the Mediterranean Basin is also governed by thunderstorm 

phenomena. They originate from the convective updraft of air from the lower tropospheric levels. The 

updraft of air can occur mainly following three distinct mechanisms: (i) forced mechanism ς air clashes 

against an obstacle (mountain/hill prominence) that forces it to move upward; (ii) frontal mechanism ς a 

front between cold and warm air forces the latter to uplift; (iii) natural convection ς warmer and humid 

air tends to rise. Upon reaching condensation, the thunderstorm cloud (i.e., cumulonimbus) forms and, 

depending on the strength of the vertical air updraft, extends up to the tropopause (i.e., 10-12 km above 

the ground level, AGL). If the updraft intensity is particularly violent, the cumulonimbus can trespass at 

the lower stratosphere. Typically, the thunderstorm cloud extends vertically for about 10 km in the 

troposphere, starting about 1-2 km AGL, and it is thus quite recognizable among the other clouds. 

The cold air inside the cloud now buoyantly falls to the ground through gravity. This creates the so-called 

downdraft, namely a vertical descent column of cold air. Upon impingement on the ground, the flow 

changes momentum from vertical to horizontal and expands in an ideally radial-symmetric structure on 

the horizontal at the near-ground levels (Canepa et al., 2022b, 2020; Solari et al., 2015). The thunderstorm 

dynamics described above can be summarized in mainly three stages (cumulus, mature, and dissipating 

stages) schematized in Figure 32. 

 
Figure 32. Schematic of thunderstorm phenomenon. 

Different typologies of thunderstorms exist in nature. A short list is reported here below and in Figure 33, 

while the reader can refer to the vast literature on this topic: 

1. Single cell 
2. Supercell 
3. Multi-cell 
4. Mesoscale convective systems 

a) Squall line (thunderstorm front) 
b) Bow echoes (Arc-resonance type) 
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c) Line echo 

 

Figure 33. Thunderstorm typologies. 

Contrary to cyclones, thunderstorms are very small phenomena, extending for a few km on the horizontal 

and lasting few tens of minutes. This, along with their highly non-stationary and transient wind 

characteristics (see, for example, Figure 34), makes them very difficult to record at full-scale and to build 

simple and physically reliable models as in the case of extra-tropical cyclones. These latter phenomena 

are still the reference flow to calculate wind-induced effects on structures within the design codes and 

standards. Thunderstorms, in turn, exhibit unique characteristics, as highlighted in Figure 34, including 

sudden changes in direction and speed (with flow acceleration) and mean wind speed profiles 

characterized by a typical "nose" shape, with maximum values closer to the ground. These features are 

now starting to be simulated in wind tunnels, often using specialized facilities. The paper by Aldereguía 

Sánchez et al. (2023), developed within the framework of the RETURN project, shows the possibility of 

using a passive device, such as a specially designed grid, to replicate the nose-shaped mean wind speed 

profile even in a conventional wind tunnel. 

 
Figure 34. Wind speed and direction time series (left); extra-tropical cyclone and thunderstorm wind profiles (middle); vertical-

view schematic of thunderstorm downburst wind (right). 

A wide range of weather-induced natural hazards and multi-hazards in the Mediterranean are related to 

Mediterranean cyclones and thunderstorms with severe socio-economic consequences. In the natural 

hazards report of Munich Re at global scales for 2019, the Mediterranean region was pointed out because 
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of the storms that produce flash floods and inundation. Such storms have recurrently affected Italy, 

inflicting damage and billions of Euros in losses (Munich Re, 2022). Mediterranean cyclones with strong 

circulation, embedded convection and frontal structures produce high-impact weather including heavy 

rainfall and flooding, thunderstorms with intense lightning activity, windstorms and dust storms, 

tornadoes, storm surges, and landslides, including compounding effects. 

The compounding interaction among these weather components will be treated more extensively in 

Section 4.2.2. 

3.3.1.1 Statistical analysis of extreme winds 

Probabilistic analysis of the data population 

Let ὔ be the number of pairs of the average values of wind speed and direction ὠȟ‌ that form the 

corrected dataset; let ὔ  be the number of pairs of null values relative to wind calms; Let ὔ ὔ ὔ  

be the number of pairs of non-zero values. 

From the ὔ pairs of non-zero values of ὠȟ‌ Ὓ sub-datasets are extracted, the j-th of which includes the 

ὔ speed values ὠ associated with the j-th sector of incoming wind (Ὦ  мΣ нΣ ΧΣ Ὓ, ὔ ὔ ὔ Ễ

ὔ). Each sector is ‌ σφπЈὛϳ  wide and centered on the angle ‌
Ў

, being 0° the direction of 

the wind coming from the north and Ў‌ the sector width. The probability that the wind comes from the 

j-th sector is given by the formula: 

 Ὢ ὺ ὃὪ ὺ ὺ πȠ Ὦ ρȟςȟȣȟὛ (1) 

being ὃ the probability, conditional on ὠ π, that the wind comes from the j-th sector (note that 

В ὃ ρ); ὺ is the state variable of ὠ; Ὢ ὺ is the probability density function of the 10-min average 

wind speed coming from j-th sector, expressed in the form proposed by Weibull (Weibull, 1951): 

 Ὢ ὺ ÅØÐ   ὺ πȠ Ὦ ρȟςȟȣȟὛ (2) 

where Ὧ and ὧ are the so-called shape and scale, respectively, parameters of the model. Distributions 

calculated on the basis of ὔ values less than 1% of the available non-zero ὔ values are considered to be 

limitedly reliable.  

Starting from this setting, the overall probability density function Ὢὺ and the data population 

distribution function Ὂ ὺ are provided by the expressions (Solari, 1996): 

 Ὢὺ ὖ‏ὺ ρ ὖ В ὃ ÅØÐ   ὺ π (3) 

 Ὂ ὺ ρ ρ ὖ В ὃÅØÐ   ὺ π (4) 

where ὖ is the probability that ὠ π, ‏ is the Dirac operator. 

As an alternative to Eq. (3) and (4), Ὢὺ and Ὂ ὺ and can be expressed using formulas (Solari, 1996): 
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 Ὢὺ ὖ‏ὺ ρ ὖ ÅØÐ   ὺ π (5) 

 Ὂ ὺ ὖ ρ ὖ ρ ÅØÐ   ὺ π (6) 

in which ὑ and ὅ are the parameters of the distribution of the global dataset. 

Probabilistic analysis of the extreme values 

The procedure assigns to the first r annual maxima of V the asymptotic distribution of type I of Gumbel 

(Gumbel, 1958). The distribution function of the maximum annual value of V is given by the formula: 

  (7) 

where v is the state variable of V. A and U are the model parameters. By inverting Eq. (7) we obtain: 

  (8) 

being 

  (9) 

the mean return period, namely the average duration that elapses between the recurrence of events of 

intensity equal to or greater than v. 

3.3.1.2 Case study ς Analysis of the station Genoa ς Porto Antico (GEPOA) (period 03/2016 ς 10/2023) 

Analysis of wind speed and direction timeseries 

This section shows the analysis of the wind speed and direction timeseries recorded by the ARPAL met-

station of Genoa ς Porto Antico (see Section 2.3.1, code GEPOA) in the period from 4 March 2016 to 30 

October 2023. The dates used in this report all refer to the UTC (Coordinated Universal Time) standard, 

which corresponds to Greenwich Standard Time, at 0° longitude. 

The data analyzed are values of wind speed and direction averaged over 10 minutes, recorded 

continuously in the aforementioned period. The dataset has been checked for incorrect values, according 

to the procedures indicated in Section 3.3.3. No incorrect measurements were found during the period 

considered, so the dataset was analysed as a whole. Some intervals of the wind direction signals were 

disregarded in the directional analysis due to poor resolution of direction measurements. This allowed to 

make the datasets homogeneous and therefore idoneous to undergo a directional statistical analysis. 

Table 5 provides a summary of the characteristics of the analysed dataset. The value of the potential 

measurements refers to the maximum number of measurements available (at the sampling frequency of 

the station for the length of the measurement period) if the dataset had no missing data. For the GEPOA 

dataset, this is 402688 values. The valid measurements, corresponding to the potential measurements 

excluding missing data, are 393542 overall (97.7%). These can in turn be divided between wind calms 

(wind speed less than or equal to 0.5 m/s), equal to 29238 values (7.2%), and non-zero speeds (greater 

than 0.5 m/s), equal to 364304 (90.5%). The number of missing data is 9146 (2.3%). 
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Table 5. Total number and percentage of missing, valid, null and non-zero measurements for the GEPOA dataset in the period 
04/03/2016 ς 30/10/2023. 

Potential 
measuremens 

Missing measurements Valid measurements Wind calms Non-zero values 

402688 9146 393542 29238 364304 

100.0% 2.3% 97.7% 7.2% 90.5% 

 

Figure 35 shows the Gantt chart of valid measurements, which allows to identify the periods in which the 

instrument has not measured. 

 
Figure 35. Temporal distribution of the measurements valid in the period 04/03/2016 ς 30/10/2023 for the GEPOA dataset. 

 

Figure 36 diagrams show the trend of the wind speed (a) and direction (b) timeseries over the 

measurement period. From the graph of the wind speed timeseries it can be seen that the values have 

never exceeded 17 m/s (10-min average values). 

To get a more detailed picture of the data, Table 6 summarizes, for each of the 12 directional sectors 

analyzed (from 0° to 360° with step 30°), the recurrence of the wind speed divided into intervals of 1 m/s. 

Due to the poor resolution of direction measurement between 21/07/2022 and 20/03/2023, this time 

interval was removed from the analysis. From here the high number of wind speed values that falls in the 

ŎƻƭǳƳƴ άǳƴŘŜŦƛƴŜŘ ŘƛǊŜŎǘƛƻƴέΦ ¢ƘŜ ƭŀǎǘ ŎƻƭǳƳƴ ǎƘƻǿǎ ǘƘŜ Ŏƻǳƴǘ ƛƴ ƴƻƴ-directional (i.e., aggregated) form. 

The last row shows the total of non-zero values of wind speed, sector by sector and for the entire dataset. 
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όŀύ 

όōύ 

Figure 36. Timeseries of measurements (average over 10 minutes) valid in the period 04/03/2016 ς 30/10/2023 for the GEPOA 
dataset: (a) wind speed; (b) wind direction. 
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Table 6. Count of measurements (averages over 10 minutes) valid in the period 04/03/2016 ς 30/10/2023 for the GEPOA dataset divided into classes of 1 m/s of wind speed and 
12 sectors of incoming wind direction, of amplitude 30°. The second-last column shows measurements for which only wind speed was recorded, if any. The last column shows 
the total of the measurements. 

               

Number of processed data 393542            

Number of wind calms 29238            

               

Speed Direction sector  — 

Ὗ 0- 30 30- 60 60- 90 90- 120 120- 150 150- 180 180- 210 210- 240 240- 270 270-

300 

300-

330 

330-

360 

Undef Total 

0.5- 1 4305 5097 7731 8175 4527 1937 2310 2574 1432 1040 940 2690 4197 46955 

1- 2 4837 9423 11974 5922 5759 6165 11035 15714 6304 2065 1335 3235 8229 91997 

2- 3 3057 7226 7335 1540 3766 9893 17075 17164 6668 2069 841 1175 6457 84266 

3- 4 3861 7714 5801 556 3003 9566 7916 2657 1602 942 234 993 4002 48847 

4- 5 4185 8300 3866 123 2104 5684 3017 828 319 151 75 740 2627 32019 

5- 6 3617 7804 2363 24 1114 2492 1151 500 122 51 26 372 1906 21542 

6- 7 2833 6947 1494 4 351 714 392 270 43 7 8 171 1423 14657 

7- 8 2012 5415 935 1 73 247 160 110 11 3 2 65 960 9994 

8- 9 1422 3521 468 0 30 91 67 43 2 0 0 32 705 6381 

9- 10 827 2124 230 0 20 46 26 16 0 0 0 11 346 3646 

10- 11 442 1342 101 0 15 13 13 8 0 1 0 6 163 2104 

11- 12 227 738 65 0 13 4 8 2 0 0 0 0 85 1142 

12- 13 68 314 30 0 2 3 7 2 0 0 0 0 26 452 

13- 14 29 147 6 0 0 2 7 1 0 0 0 0 3 195 

14- 15 2 65 6 0 0 0 1 0 0 0 0 0 5 79 

15- 16 0 22 2 0 0 0 0 1 0 0 0 0 0 25 

16- 17 0 3 0 0 0 0 0 0 0 0 0 0 0 3 

Total 31724 66202 42407 16345 20777 36857 43185 39890 16503 6329 3461 9490 31134 364304 

               

Wind calm is defined Ὗ πȢυ m/s 

Wind speed classes: ὒέύὩὶ ὦέόὲὨ Ὗ ὟὴὴὩὶ ὦέόὲὨ 

Wind direction sectors: ὒέύὩὶ ὦέόὲὨ — ὟὴὴὩὶ ὦέόὲὨ 
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A more immediate visualization of the data reported in Table 6 is possible via the polar diagram of Figure 

37, which represents the wind rose corresponding to the measurements recorded in the GEPOA met-

station. In this figure, the distance from the center of the graph indicates the frequency of the wind coming 

from a certain direction. Directions are divided into 12 sectors 30° wide. For each sector, different colors 

distinguish classes of increasing wind speed, as shown in the legend. Figure 37 shows a wind rose in which 

the prevailing directions (sectors with greater radius and therefore area) correspond to the wind coming 

from the north-eastern quadrant (mainly from 0° to 60°) and, to a lesser extent, from the southern 

quadrant (from 150° to 210°). The most intense winds (yellow) come mainly from the sectors from 0° to 

60°. 

 

 
Figure 37. Wind rose for the measurement period 04/03/2016 ς 30/10/2023 of the GEPOA dataset. The value at the center of 

the polar diagram (7%) corresponds to the percentage of wind calms (average wind speed over 10 minutes < 0.5 m/s) recorded. 

 

Probabilistic analysis of wind speed and direction timeseries 

This section reports the results of the probabilistic analysis performed on wind speed and direction 

measurements (averages over 10 minutes) of the GEPOA dataset for the period 04/03/2016 ς 30/10/2023.  

The present probabilistic analysis was performed both on the overall time series (population) of the wind 

speed (non-directional analysis), for both data population and extreme values, and subdividing it 

according to the incoming wind direction (directional analysis), considering 12 sectors 30° wide (from 0° 

to 360° with step 30°), only for the data population. For this latter analysis, the wind values between 

21/07/2022 and 20/03/2023 were disregarded due to poor resolution of direction measurements. 

Details of the probabilistic analysis of the data population performed in non-directional and directional 

form are reported above. 
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The results of the data population analysis are summarised in Table 7. The first 12 rows of the table refer 

to the directional analysis, while the last row shows the results of the non-directional analysis. On the left 

side (columns 2-6) for each directional sector, and in the last row for the whole population, the mean 

value and standard deviation of wind speed (average values over 10 minutes), the coefficient ὃ and 

parameters Ὧ (shape parameter) and ὧ (scale parameter) of the Weibull model, estimated by the 

resistant method (see above). The last line of the Table 7 reports the same estimates in non-directional 

form. 

The regressions corresponding to the application of equation (4) (blue line) and equation (6) (cyan line) to 

the measured data are given in Figure 38 and, in terms of exceeding probability, in Figure 39. 

Details of the probabilistic analysis of the extreme values performed in non-directional form are given 

above. The asymptotic distribution of the type I (Gumbel, 1958) was used to carry out the analysis. 

The regression of Eq. (7) using the robust method (Hoaglin et al., 1983) allows for the derivation of the 

parameters of the Gumbel distribution. 
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Table 7. Parameters of directional and non-directional probability distributions (last line) for the wind speed timeseries (10-minute averages). Measurement period 04/03/2016 
ς 30/10/2023 for the GEPOA dataset. 

 

 

 

 

                

Genoa  Porto Antico (GEPOA), 

04/03/2016- 30/10/2023 

          Months 1- 12 

      Speed corresponding to exceedance probability 10**( - P) 

Sector Mean StDev A K C 1 2 3 4 5 6 7 8 9 10 

  0-  30 4.097 2.692 0.081 1.469 4.545 8.018 12.852 16.936 20.598 23.976 27.144 30.146 33.014 35.770 38.429 

 30-  60 4.602 2.782 0.168 1.637 5.149 8.569 13.086 16.763 19.982 22.900 25.597 28.124 30.513 32.789 34.968 

 60-  90 2.702 1.993 0.108 1.636 2.948 4.909 7.498 9.607 11.454 13.128 14.675 16.125 17.497 18.803 20.054 

 90- 120 1.200 0.754 0.042 2.224 1.343 1.954 2.669 3.203 3.645 4.029 4.374 4.688 4.978 5.249 5.503 

120- 150 2.378 1.603 0.053 1.705 2.629 4.287 6.437 8.165 9.665 11.017 12.260 13.420 14.513 15.551 16.542 

150- 180 3.088 1.423 0.094 2.390 3.476 4.928 6.586 7.804 8.802 9.664 10.430 11.125 11.765 12.359 12.916 

180- 210 2.562 1.210 0.110 2.617 2.864 3.939 5.133 5.993 6.689 7.285 7.810 8.284 8.718 9.119 9.494 

210- 240 2.115 0.990 0.101 2.862 2.356 3.153 4.017 4.629 5.118 5.533 5.897 6.223 6.521 6.794 7.049 

240- 270 2.064 0.883 0.042 2.784 2.310 3.116 3.997 4.624 5.127 5.555 5.931 6.269 6.577 6.861 7.126 

270- 300 2.034 1.011 0.016 2.245 2.288 3.318 4.518 5.412 6.151 6.794 7.369 7.893 8.376 8.827 9.251 

300- 330 1.696 0.980 0.009 2.095 1.898 2.826 3.935 4.775 5.478 6.094 6.648 7.156 7.627 8.068 8.484 

330- 360 2.090 1.618 0.024 1.621 2.278 3.811 5.845 7.506 8.964 10.287 11.512 12.661 13.748 14.785 15.778 

  0- 360 3.004 2.158 0.926 1.714 3.285 5.344 8.009 10.146 12.001 13.670 15.205 16.636 17.984 19.263 20.485 

Frequency of wind calms 0,070             
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Figure 38. Cumulative distribution of wind speed (average over 10 minutes). Measurement period 04/03/2016 ς 30/10/2023 for 

the GEPOA dataset. 

 
Figure 39. Exceeding probability of wind speed (average over 10 minutes). Measurement period 04/03/2016 ς 30/10/2023 for 

the GEPOA dataset. 
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Figure 40 shows the joint density function of wind speed and direction (the values of which are listed on 

the right side of the Table 7) in polar form: the points in the innermost diagram correspond to the average 

wind speed coming from sectors 30° wide, with exceeding probability equal to 1% (10-2), while the points 

of the outermost diagrams correspond to excŜŜŘƛƴƎ ǇǊƻōŀōƛƭƛǘƛŜǎ ƻŦ ǳǇ ǘƻ лΦллм҉ όмл-6). The diagram 

shows that the highest wind speeds, which correspond to the rarest events, are associated with the 

directions coming from the north-northeast. 

 
Figure 40. Polar diagram of probability distributions of directional wind speed (average over 10 minutes) for the GEPOA dataset. 

 

Figure 41 shows the extreme value (EV) asymptotic distribution of type I (Gumbel distribution) (Gumbel, 

1958) applied on the yearly maxima in non-directional form. Table 8 shows the estimated velocity maxima 

ὠ  associated with different return periods Ὕ. 
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Figure 41. Type I EV distribution applied on the measured yearly maxima for the GEPOA dataset. 

Table 8. Velocity maxima ὠ  associated with different return periods Ὕ for the GEPOA dataset. 

╣ἠ (years) ╥ἵἩὀ (m/s) 

2 14.64 

5 15.91 

10 16.75 

20 17.56 

50 18.60 

100 19.38 

200 20.16 

500 21.18 

 

Extreme wind speed values 

Following Eq. (8), Table 9 reports the extreme wind speed values associated with different return period 

for the eight met-stations analyzed. 
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Table 9. Velocity maxima ὠ  associated with different return periods Ὕ for all datasets analyzed. 

╣ἠ (years) ╥ἵἩὀ (m/s) 

 GEPOA FFRES RIGHI GECER GEPVA STILA MOPEN PTURC 

2 14.64 28.64 14.62 10.78 17.94 9.28 25.76 17.19 

5 15.91 34.14 15.88 12.05 21.38 10.10 28.74 20.02 

10 16.75 37.78 16.71 12.90 23.66 10.64 30.72 21.89 

20 17.56 41.28 17.51 13.71 25.85 11.15 32.61 23.68 

50 18.60 45.80 18.55 14.76 28.68 11.82 35.06 26.00 

100 19.38 49.19 19.33 15.54 30.80 12.32 36.90 27.74 

200 20.16 52.56 20.10 16.33 32.91 12.82 38.72 29.48 

500 21.18 57.02 21.12 17.36 35.69 13.48 41.14 31.77 

 

Figure 42 shows the map of extreme wind speed values corresponding to a return period Ὕ = 50 years 

for the met-stations of the ARPAL network. The wind speed contour covers the portion of the Municipality 

of Genoa defined by the locations of the met-stations. The maps were generated through bilinear 

interpolation of the values presented in Table 9. However, the comparison of wind speed values across 

different met-stations and, consequently, the interpretation of the maps themselves, proves to be rather 

misleading. This is due to the unique characteristics of the sites where each met-station is situated, 

including the orography (roughness and topography) as well as the installation height above sea level 

(ASL), both of which significantly influence the intensity of the recorded wind speeds. 

 
Figure 42. Map of bi-linearly interpolated extreme wind speed values in the Municipality of Genoa, for return period Ὕ = 50 

years. Red circles indicate the locations of the met-stations. 

3.3.1.3 Extraction of thunderstorm events 

A series of thunderstorm wind events was extracted from ultrasonic anemometers and LiDAR Profilers 

installed within the WP and WPS wind monitoring network described in Section 3.3.3. 
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When handling vast amounts of data, it is essential to establish an analytical criterion for extracting and 

classifying wind speed records into homogeneous categories. For the wind speed database recorded 

during the WP and WPS projects, De Gaetano et al. (2014) developed a semi-automated procedure 

applied to records with a peak wind speed ὠ greater than 15 m s-1. This threshold aligns with numerous 

studies in the literature (Choi, 2000, 2004; Durañona et al., 2007) and was chosen to enhance the 

statistical representation of the results. In contrast, other researchers have set higher peak wind speed 

thresholds (Canepa et al., 2020; Geerts, 2001; Lombardo et al., 2014) to increase the engineering 

relevance of the information. 

The semi-automated algorithm involves systematic quantitative control followed by qualitative expert 

judgment. The quantitative control is primarily based on the gust factor, defined as the ratio between the 

peak ὠ and mean ὠ wind speeds in a time interval Ўὸ  10 min, Ὃ ὠ ὠϳ . The records that 

presented gust factors Ὃ  > 1.5, indicating relatively low mean wind speeds and large isolated peaks, 

were initially identified as potential thunderstorm outflows. These records were then qualitatively double-

checked to confirm if they exhibited a characteristic downburst-like time series, typically marked by a 

rapid increase in wind speed, a distinct isolated peak, and a subsequent period of relatively stable velocity, 

followed by a return to low values as the storm dissipates (Burlando et al., 2018; Canepa et al., 2020). 

Full-scale signals are characterized by significant variability and complexity, mainly due to interactions 

between the downburst and background horizontal wind in the atmospheric boundary layer (ABL). The 

mutual positioning of the downburst and measuring instruments, especially during a storm, significantly 

influences the signals recorded at the anemometric station. Ground roughness also affects the downburst 

outflow at low heights above ground level (AGL). Recently, these interactions were thoroughly 

investigated experimentally on a large scale by Canepa et al. (2022a, 2022b, 2022c, 2023; Canepa et al., 

2024). 

The extracted events varied in the duration of the downburst-related portion of the wind speed record. 

Burlando et al. (2018) classified these events into three categories based on the time scale revealing the 

wind speed ramp-up and peak (10 minutes, 1 hour, and 10 hours). While the 10-minute and 1-hour 

records typically reflect the downburst nature of the events, the 10-hour signals are more likely to be 

thunderstorm-like severe gust fronts originating from extra-tropical cyclone windstorms. 

Meteorological Feedback 

All extracted records were cross-checked with meteorological information provided by the International 

Center for Environmental Monitoring (CIMA Research Foundation). The following meteorological data 

were analyzed for each event: 

¶ Cloud top height distribution [m] from cloud analysis by Eumetsat, based on infrared 

measurements from SEVIRI onboard Meteosat second-generation satellites. 

¶ Cloud hydrometeor reflectivity [dBZ] from radar analysis performed by: 

¶ Constant-Altitude Plan Position Indicator (CAPPI), which provides reflectivity at several horizontal 

planes (2 ς 8 km above ground). 

¶ Vertical Maximum Intensity (VMI), which shows the maximum reflectivity value on the vertical 

plane above each point in the domain. 
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¶ Lightning map based on the SFLOC (spheric location) method, which gauges atmospheric electrical 

discharges by measuring the travel time of electromagnetic waves between clouds and the 

ground. Using ad hoc sensors, it identifies the strike position with an accuracy of 0.5 km. 

This information is crucial for verifying the nature of the phenomenon. Downbursts originate from 

cumulonimbus clouds that can extend to high altitudes AGL, often reaching the tropopause at 

approximately 11 km AGL. Satellite imagery is vital for identifying potential thunderstorms. Additionally, 

wet downbursts are common in the Mediterranean (Burlando et al., 2018), and data on precipitation 

intensity, linked to measured air parcel reflectivity, provide essential insights. Lightning occurrences also 

uniquely detect thunderstorm activity. 

3.3.1.4 Anemometric Database 

The comprehensive extraction procedure described above identified 29 verified thunderstorm events that 

occurred between 2010 and 2015 in the Northern Tyrrhenian Sea. 

Specifications of Measuring Instruments Involved 

Wind signals were recorded using ultrasonic anemometers (Gill Instruments Limited) located at the ports 

of Genoa, Livorno, and La Spezia. The port of Livorno is equipped with tri-axial anemometers (Gill 

WindMaster Pro), except for biaxial anemometers LI06 and LI07, which also retrieve the vertical wind 

speed component (w). Genoa and La Spezia are equipped with biaxial anemometers (Gill WindObserver 

II), providing the two horizontal wind speed components (u and v), where u is the west-to-east component 

and v is the south-to-north component. Figure 43 shows the two types of anemometers used during the 

campaign. The acquisition frequency of all instruments was 10 Hz, with a wind speed measurement 

sensitivity of 0.01 m/s, except for LI06 and LI07, which had a sensitivity of 0.1 m/s, in a wind speed range 

of 0ς65 m/s. Ultrasonic anemometers measure instantaneous wind speeds by recording the travel time 

of an ultrasonic pulse between pairs of transducers, providing precise information on the airspeed along 

the instrument's principal axes. 

 

 
Figure 43. Bi-axial Gill WindObserver II anemometer in the port of Genoa (a) and tri-axial Gill WindMaster Pro anemometer in 

the port of Livorno (b). 
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Figure 44 illustrates the geographical distribution of the ultrasonic anemometers used in this study. Table 

10outlines the specifications of these instruments, highlighting their varying installation heights, ranging 

from 13.0 to 75.0 m AGL. Owing to malfunctioning, maintenance activities, offline status, and various 

operational reasons by port authorities, the number of functioning anemometers varied from event to 

event. 

Table 10. Specifications of ultrasonic anemometers involved: port code (GE ς Genoa, LI ς Livorno, SP ς La Spezia); anemometer 
ID; geographical coordinates (latitude ς Lat., longitude ς Lon., height above ground level ς h AGL) referred to WGS84 reference 
system; instrument type. 

Port code Anemometer ID Lat. (°) WGS84 Lon. (°) WGS84 h AGL (m) Ultrasonic 
anemometer type 

GE 01 44.399494 8.924961 61.4 Bi-axial 

GE 02 44.417539 8.776983 13.3 Bi-axial 

GE 03 44.399638 8.925033 32.0 Bi-axial 

LI 01 43.569594 10.301397 20.0 Tri-axial 

LI 02 43.582747 10.307178 20.0 Tri-axial 

LI 03 43.557986 10.290489 20.0 Tri-axial 

LI 04 43.541456 10.293517 20.0 Tri-axial 

LI 05 43.580178 10.31855 75.0 Tri-axial 

LI 06 43.549286 10.296181 12.0 Bi-axial 

LI 07 43.553862 10.306564 23.8 Bi-axial 

SP 01 44.106000 9.829990 15.5 Bi-axial 

SP 02 44.110120 9.838980 13.0 Bi-axial 

SP 03 44.097330 9.857890 10.0 Bi-axial 

SP 04 44.067030 9.816420 11.0 Bi-axial 

SP 05 44.081300 9.881460 10.0 Bi-axial 

SP 06 44.073333 9.840923 16.0 Bi-axial 
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Figure 44. Location map of anemometers involved in the study. Closer view of the port areas of (a) Genoa, (b) La Spezia, and (c) 

Livorno. Images sourced from Google Earth Pro. 

Thunderstorm events included in the database 

The downburst measurement database consists of 99 ASCII text files, each representing a 10-hour 

recording from a single anemometer. This means the database includes more files than the number of 

extracted events, allowing users to perform cross-correlation analyses in space and time, even with a 

limited number of points (anemometers) for a specific event in a port area. This method facilitates the 

investigation of the three-dimensional characteristics of the phenomenon, potentially uncovering 

important details such as storm size, position, and trajectory. 

Further details on the anemometric database of thunderstorm wind events are extensively documented 

in Canepa et al. (2024). 

3.3.1.5 LiDAR Database 

This section investigates three LiDAR wind profilers installed at the ports of Genoa, Livorno, and Savona. 

These profilers measure the three components of wind velocity at 12 heights above ground level (AGL) 

(40, 50, 60, 80, 90, 100, 120, 140, 160, 180, 200, and 250 meters) with a sampling rate of 1 Hz, allowing 

for a continuous reconstruction of the wind speed vertical profile. An ultrasonic anemometer, typically 

positioned at about 10 meters AGL, is always located near the LiDAR system to provide wind field data 

from the lower levels. 
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Specifications of Measuring Instruments Involved 

The LiDARs (codes GE.51, LI.51, and SV.51) were installed between 2014 and 2015. The first LiDAR was 

installed in Savona in the second quarter of 2014, with the ones in Genoa and Livorno following 

approximately a year later. The measurement databases for these LiDARs cover periods from their 

respective installation dates until August 31, 2018, which is the last date considered in this analysis. Data 

acquisition discontinuities are attributed to malfunctions, routine maintenance, and, in the case of LI.51, 

vandalism. Other data gaps are due to heavy precipitation, which reduces the maximum measurement 

height because of scattering from raindrops. 

Each LiDAR is a ground-based pulsed coherent system manufactured by Leosphere, commercially known 

ŀǎ ά²ƛƴŘ/ǳōŜ ±нΦέ Lǘ ŜƳƛǘǎ ƘƛƎƘƭȅ ŎƻƭƭƛƳŀǘŜŘ ƭƛƎƘǘ ŜƴŜǊƎȅ ǇǳƭǎŜǎ ŀǘ ǊŜƎǳƭŀǊ ƛƴǘŜǊǾŀƭǎ όǇǳƭǎŜ ƭŜƴƎǘƘύΦ CƻǊ 

each azimuth angle, the line-of-sight (radial) velocity ὺ is calculated based on the Doppler shift principle, 

or the time shift of the backscattered light. 

At a fixed vertical angle, typically 30°, the LiDAR measures four sequential radial velocities ὺȟ around the 

circle formed by a conical scanning, i.e. — = 0°, 90°, 180° and 270°, plus one vertical measurement above 

the LiDAR. The time step between two subsequent pulses is 1 second, resulting in a complete conical scan 

every 5 seconds. The three wind velocity components are derived from these measurements, and 

assuming horizontal homogeneity of the wind field over the sensed height, the wind velocity vector can 

be considered representative of the central point of the scan circle (Figure 45). 

 
Figure 45. Scheme of the LiDAR and scanning method. 

 

All wind speed measurements at a given azimuth angle are acquired simultaneously along the vertical 

profile due to the pulsed nature of the system. In contrast, other commercial LiDAR profilers, such as the 

ZephIR system, perform continuous conical scans from bottom to top. However, the non-simultaneity of 

the recorded profiles makes this type of LiDAR less suited for engineering purposes, especially for 

reconstructing transient events like downbursts. The LiDARs in this study measure with a sensitivity of 0.1 
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m/s for wind speed and 2° for wind direction. The variance in the recorded velocity is influenced by the 

volume filtering performed by the system, which can be predicted and partially corrected theoretically. 

LiDAR reconstructs the wind speed at each sensed height by averaging five 1-Hz measurements, 

considering the width and depth of the resulting cone of measurements, which increases with elevation. 

A limitation of LiDAR is the non-independence of these measurements, as each azimuthal measurement 

is combined with the four previous ones. Therefore, none of the radial velocities can be considered 

independent of the preceding and following measurements. However, comparison between anemometric 

and LiDAR time series shows very good agreement at time scales of about two seconds. 

Thunderstorm events included in the database 

Following an automated control process similar to that used to create the anemometric database, visual 

and qualitative inspections of the signals were conducted to verify whether they resembled the typical 

pattern of downburst time histories, characterized by a sudden ramp-up of velocity followed by a peak 

and dissipation stage. Finally, interpretations and cross-check analyses with meteorological information 

were performed. This process allowed the selection and examination of a subset of 10 downbursts from 

the entire dataset of events extracted with the automated procedure. The related parameters, shown in 

Table 11, are based on a time period Ўὸ ρπ min, containing the development of the storm, in agreement 

to the analytic criterion of extraction. 

Table 11. Downburst events extracted: port, date and time of occurrence; maximum gust factor and its height, Ὃ  and 

ᾀὋ ; maximum 1-Hz wind speed Ὗ ȟ  at the height ᾀὋ ; absolute maximum 1-Hz wind speed Ὗ ȟ  and its 

height ᾀὟ ȟ ; gust factor Ὃ  at the height ᾀὟ ȟ . 

Port Date 

(YYYYMMDD) 

Time 

(hh:mm) 

UTC 

╖
□╪●

 

 

◑╖
□╪●

 

[m] 

╤□╪●ȟ  

[m/s] 

at ◑╖
□╪●

 

╤□╪●ȟ  

[m/s]  

 

◑╤□╪●ȟ ) 

[m] 

 

╖  

at ◑╤□╪●ȟ  

 

GE 20150814 22:15 2.46 100 21.2 21.4 90 2.37 

GE 20150815 19:55 2.53 200 24.9 31.8 60 1.84 

GE 20160305 08:15 1.53 80 22.9 23.1 200 1.33 

GE 20160503 18:15 2.87 80 21.3 24.3 140 2.82 

GE 20180412 16:20 1.64 80 18.3 19.4 200 1.56 

GE 20180513 18:40 1.59 180 19.0 19.0 180 1.59 

LI 20150725 09:50 2.00 40 21.6 21.6 40 2.00 

LI 20150913 11:10 1.82 120 26.3 26.3 120 1.82 

LI 20151028 19:30 1.67 40 20.3 22.4 250 1.44 

LI 20180604 10:10 1.65 250 18.8 19.4 100 1.53 

 

Figure 46 depicts, at the height of Ὃ  defined in Table 1, the 20-min time histories of the slowly-

varying mean wind speed Ὗὸ (Eq. (2)) and direction ‌ὸ (Eq. (4)) for the 10 events extracted and 

classified as thunderstorms. 
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Figure 46. Downburst events extracted: slowly-varying mean wind speed (black line) and direction (gray line) time histories. 

Event names are given in terms of station, SS, year, YYYY, month, MM, and day, DD. 

Table 12 presents the key meteorological information extracted from the corresponding diagrams, 

providing a quantitative basis for defining the subset of events. According to Fujita and Wakimoto (1983), 

a downburst event is classified as wet if the 1-hour cumulative precipitation exceeds 0.01 inch/h (0.254 

mm/h). Cumulative precipitation data were collected from stations at Madonna delle Grazie (Genoa) and 

Stagno (Livorno), located approximately 3.15 km northwest and 7.10 km northeast of the LiDARs in the 

ports of Genoa and Livorno, respectively. 

Table 12. Main meteorological characteristics of the 10 downburst events according to radar (reflectivity [dBZ]), satellite 
(cloud top height [m]), lightning (strikes [Y/N]), and rain rate (ground cumulated precipitation [mm/h]) measurements, and 
corresponding downburst classification between wet and dry. Radar measurements were not available (NA) in 2015 in Livorno. 

Port Date 

(YYYYMMDD) 

Time 

UTC 

Reflectivity 

[dBZ] 

▐ἫἴἷἽἬ 

[km] 

Lightnings 

(yes [Y], no [N]) 

1-h precipitation 

[mm/h]  

Downburst 
type 

GE 20150814 22:15 50 12 Y 13.4 Wet 

GE 20150815 19:55 48 11 Y 5.4 Wet 

GE 20160305 08:15 27 11.5 N 9.5 Wet 

GE 20160503 18:15 22 7.5 N 0 Dry 

GE 20180412 16:20 31 9 N 4.4 Wet 

GE 20180513 18:40 24 9.5 N 3 Wet 

LI 20150725 09:50 NA 15 Y 6.4 Wet 

LI 20150913 11:10 NA 12.5 Y 14 Wet 

LI 20151028 19:30 NA 12 Y 9.2 Wet 

LI 20180604 10:10 18 12 Y 0 Dry 
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Details on the thunderstorm extraction from the analyzed LiDAR Profilers can be found in the paper by 

Canepa et al. (2020) along with a thorough analysis of their physical characteristics in the view of structural 

applications. 

3.3.2 Extreme precipitations 

This section synthesizes recent results obtained in two main research fields related to pluvial flooding 

hazard assessment in urban areas addressing, in particular, the enhanced accuracy required for the 

knowledge of the rainfall input in terms of intensity, frequency and spatial/temporal distribution of the 

phenomenon. The first part deals with rainfall measurement issues, and the text is largely derived from 

the book chapter by Lanza and Cauteruccio (2022). The second part describes the role of extreme rainfall 

events relevant for pluvial flooding and their space/time patterns and was recently published in the paper 

by Loglisci et al. (2024). 

3.3.2.1 The accuracy of rainfall data 

In situ liquid and solid precipitation measurements are the essential source of information about the 

precipitation process, its spatiotemporal variability, and observed frequency. Two main classes of in situ 

measurement instruments can be identified: catching gauges (CGs), collecting precipitation into a 

container before the accumulated volume of water is measured over a given period using various 

principles, and non-catching gauges (NCGs), requiring no container to collect precipitation. Most NCGs 

(called disdrometers) detect the size and fall velocity of each single hydrometeor in flight through the 

sensing area, while some of them derive this information from the dynamic action of hydrometeors when 

impacting the surface of the sensor. All instruments are subject to measurement biases and uncertainties 

but, due to the specificity of the precipitation process (typically an ensemble of hydrometeors falling to 

the ground with varying size, shape, density, and velocity), the quantification and adjustment of such 

biases are more complex than for other essential environmental variables (e.g., air temperature and 

atmospheric pressure). High-resolution measurements, even down to the scale of the single hydrometeor 

in some cases, are the way to achieve better knowledge of the precipitation process and to increase the 

confidence of users in the accuracy of their basic source of information. The most relevant biases indeed 

arise at the finest scales of the precipitation process and/or are determined by the response of each single 

hydrometeor to the potentially disturbing factors at the measurement site.  

Precipitation measurements obtained from both CGs and NCGs are affected by systematic biases due to 

instrumental and environmental sources. These can be classified into two main categories: catching and 

counting biases. Catching biases derive from the difficulty of the instrument to collect/detect (for CG and 

NCG, respectively) the exact amount of water falling over the projection of the measurement area on the 

ground and are caused by wind (recognized as the main factor, see Cauteruccio et al., 2024 and Chinchella 

et al., 2024 for CGs and NCGs, respectively), evaporation, and the splashing and wetting phenomena. 

Counting biases depend on the ability of the instrument to correctly quantify the amount of water that is 

collected/detected by the instrument. They depend on the inherent characteristics of the counting device: 

the mechanics of the tipping-bucket rain gauges (TBRGs), the filtering algorithm used to remove the signal 

noise from weighing gauges (WGs) raw data, and the interpretation algorithm characterizing each 

measurement principle exploited by NCGs (optical, microwave-, and impact-based principles are mostly 

used). Counting biases have a strong influence on CG rainfall measurements, being generally a function 

of the RI. The calibration procedure described in the Italian standard (UNI, 2012) and in the recent 
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European standard (CEN, 2019), to be performed in controlled laboratory conditions, allows to quantify 

the counting biases and to derive calibration curves to adjust RI measurements. Calibration is performed 

by comparing the gauge measurement with a known flow rate obtained by using a precision pump and 

checked by employing a high-resolution weighing device. 

A systematic mechanical bias characterizes the mechanics of TBRG, the most used type of CG worldwide, 

since they increasingly underestimate rainfall as the RI increases. This underestimation is due to the water 

amount that is lost during the tipping movement of the bucket, as described by Marsalek (1981). This bias 

is gauge dependent and varies with RI. It can be adjusted by means of laboratory calibration, that must 

be periodically repeated during the service life of the instrument, to remove any possible additional 

source of error. Between two subsequent laboratory tests, the calibration of CGs can be verified in the 

field by using a portable field calibration device (see WMO, 2014), allowing rapid calibration tests. 

For the laboratory calibration of NCGs (Lanza et al., 2021) recently, the European project INCIPIT ς 

ά/ŀƭƛōǊŀǘƛƻƴ ŀƴŘ ŀŎŎǳǊŀŎȅ ƻŦ non-catching instruments to measure liquid/solid atmospheric 

ǇǊŜŎƛǇƛǘŀǘƛƻƴέΣ ŦǳƴŘŜŘ ōȅ ǘƘŜ 9ǳǊƻǇŜŀƴ !ǎǎƻŎƛŀǘƛƻƴ ƻŦ aŜǘǊƻƭƻƎȅ LƴǎǘƛǘǳǘŜǎ ό9¦w!a9¢ύ ǳƴŘŜǊ ǘƘŜ 

European Metrology Programme for Innovation and Research, has developed and proposed a 

metrologically sound calibration procedure (Merlone et al., 2022). The procedure has now been adopted 

by the Technical Committee TC318 of CEN (the European Committee for Standardization) as the 

normative project prEN 18097:2024. The proposed normative procedure also allows the classification of 

non-catching precipitation measurement instruments based on their calibration results, like the existing 

standard EN 17277:2019 on the calibration of CGs. 

The calibration of NCGs is based on the comparison of measured water drop size and fall velocity values 

with the reference ones. If the raw data are not provided in output by the instrument, derived quantities 

such as the precipitation intensity and kinetic energy can be used. The calibration tests are carried out 

through the generation of sets of water drops with specific controlled diameter which are released at a 

fixed heigh over the sensing area or volume of the instrument. The drop size and fall velocity reproduced 

by the generator of drops are measured independently, before reaching the disdrometer, using a 

photogrammetric method (see Baire et al., 2021) and then compared with the output of the disdrometer. 

3.3.2.2 Research conducted within the RETURN project 

The research described below is published in Loglisci et al. (2024) and was conducted as a collaboration 

among the Department of Civil, Chemical and Environmental Engineering - DICCA (University of Genova ς 

Unige, Italy) the Department of Earth, Environment and Life Sciences ς DISTAV (Unige, Italy), CIMA 

Research Foundation (Savona, Italy), National Research Council - Research Institute for Geo-Hydrological 

Protection CNR-IRPI (Turin, Italy) and Geographical Information Systems International Group - GISIG 

(Genoa, Italy) within the activities of the RETURN project (Vertical Spoke 1 - ±{м ά²ŀǘŜǊέΣ ²ƻǊƪ tŀŎƪŀƎŜ 

2 - ²tн άCƭƻƻŘ Ǌƛǎƪ ǳƴŘŜǊ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ŎƭƛƳŀǘƛŎ ŎƘŀƴƎŜǎέ ōȅ 5ǊΦ /ŀǳǘŜǊǳŎŎƛƻ !ǊƛŀƴƴŀΣ tǊƻŦΦ .ƻƴƛ 

Giorgio) and the Horizon H2020 project I-CHANGE (Individual Change of HAbits Needed for Green 

European transition) (grant no. 101037193). 

The Mediterranean region is characterized by a rainfall regime with short-duration and high-intensity 

events, which typically show a quite limited spatial extension and very rapid evolution and are therefore, 

in some cases, difficult to capture by traditional monitoring networks due to the too coarse spatial 
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coverage. Urban areas are affected by pluvial flooding resulting from the inefficiency of urban drainage 

systems and by riverine floods, from the overtopping of small streams (often covered and/or with 

narrowing sections) in orographically complex and steep areas. Since storm water drainage in the urban 

texture is structured in a great number of small-size catchments, usually smaller than the typical spacing 

of rain gauge stations, urban catchments are often ungauged. 

Depthςdurationςfrequency (DDF) relationships derived from a rain gauge positioned in a contiguous 

urban catchment could estimate a return period associated with a specific rainfall depth that would affect 

the design of the pipe size or of potential structural adjustments of the drainage network. The temporal 

resolution of rainfall measurements also plays a key role in the study of flood events: the faster the 

hydrological response of the basin, the finer the required resolution of the supporting data. The World 

Meteorological Organization (WMO) developed the Observing Systems Capability Analysis and Review 

(OSCAR) tool (https://space.oscar.wmo.int/, last access: 12 July 2024) that contains quantitative user-

defined requirements for observation of physical variables related to weather, water, climate, and other 

application areas. Regarding the variable precipitation intensity and the nowcasting/very-short-range 

forecasting application area, which can be considered relevant for small catchments, OSCAR reports that 

ǘƘŜ ƘƛƎƘŜǎǘ ǇŜǊŦƻǊƳŀƴŎŜ ƭŜǾŜƭ όƛƴŘƛŎŀǘŜŘ ǿƛǘƘ ǘƘŜ ǘŜǊƳ άƎƻŀƭέύ Ŏŀƴ ōŜ ǊŜŀŎƘŜŘ ǳǎƛƴƎ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǘ ŀ 

spatial resolution of up to 1 km and a temporal resolution of 5 min. 

The case study of this work is the occurrence of pluvial flooding in the historic centre of the city of Genoa 

(Italy). Both the accuracy of rain gauge measurements and the spatial distribution of rain gauges are 

discussed in the analysis of rainfall extremes relevant for pluvial flooding in the study region. The large 

spatial variation in rainfall intensity, especially for short-duration events, is shown below to arise from the 

analysis of rainfall statistics obtained from rainfall records of contiguous rain gauge stations in the city of 

Genoa. A reference station was selected because of the high accuracy and fine resolution of the available 

data. Four other rain gauge stations were selected within a radius of 1.5 to 8.0 km from the reference 

station. Monthly rainfall totals and extreme value statistics of short-duration/high-intensity events were 

compared to show that, even within such a short distance, the variation in the expected maximum rainfall 

is significant. 

Three stations are managed by the environmental protection agency of the Liguria region (ARPAL) and are 

equipped with the FAK010AA rain gauge manufactured by Mtx s.r.l, which provides measurements of the 

rainfall intensity (RI) with a temporal resolution of 5 min. They are called Castellaccio (AR-2), Centro 

Funzionale (AR-оύΣ ŀƴŘ {ŀƴǘΩLƭŀǊƛƻ ό!w-4). Two other rain gauge stations, owned by the University of 

Genova are indicated in the following with the abbreviations GU and DICCA. The first (now equipped with 

a SIAP UM7525 rain gauge) is the source of a quasi-bicentennial rainfall time series and has been providing 

RI measurements with an hourly resolution since 2002 (Cauteruccio and Lanza, 2023). The DICCA station 

(manufactured by CAE S.p.A) is managed by the Department of Civil, Chemical and Environmental 

Engineering (DICCA) and has been providing RI measurements with a resolution of 1 min since 1988. The 

geographical coordinates (WGS84) and altitude above mean sea level of the rain gauge stations are listed 

in Table 13. 

The time series of about 30 years of rainfall intensity measurements (from 1 January 1988 to 31 December 

2021) at 1 min resolution available from the DICCA tipping-bucket rain gauge was here assumed as a 
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reference data set. Both raw and corrected data are available, after application of appropriate calibration 

curves, as derived at the laboratory of the World Meteorological Organization (WMO) Measurement Lead 

Centre on Precipitation Intensity. The calibration and adjustments applied are in accordance with the 

European standard EN 17277/2019 (CEN, 2019).  

The other three rainfall time series analysed in this paper were obtained from stations AR-2, AR-3, and 

AR-4 for 12 years of high-resolution data (2011 to 2022). Finally, hourly rainfall data for the same period 

were also obtained from the GU station. 

DDF curves were derived using the 30-year time series of corrected 1 min RI measurements from the 

DICCA reference rain gauge. A typical power law expression was used for the DDF curves, where the 

rainfall depth for a given duration and return period, T, is expressed as a scale coefficient, a(T), multiplied 

by the rainfall duration to the power of the shape coefficient, b. 

Table 13. Geographical coordinates (WGS84) and altitude above mean sea level of the rain gauge stations. 

Station code N [°] E [°] Altitude [m] 

DICCA 44.40 8.96 45 

GU 44.42 8.93 58 

AR-2 44.43 8.93 360 

AR-3 44.40 8.94 30 

AR-4 44.38 9.06 174 

Due to the relatively short duration of the time series available from the nearby stations, only the DDF 

curves associated with return periods T = 1.5, 2.32, and 5 years were used in the analysis. These are also 

typical values of the return periods assumed in the design of urban drainage networks, beyond which the 

failure of the drainage system is accepted. Note that a return period of 2.32 years was chosen because it 

is associated with the mean value of the sample of annual maxima calculated for each event duration 

under the hypothesis of an underlying Gumbel distribution of rainfall extremes (Gumbel, 1941). For sub-

hourly rainfall, the coefficient b is equal to 0.57, while a(T) is equal to 46.67, 62.53, and 84.59 mm h-b for 

the three return periods used. 

The year-to-year variability of monthly precipitation for 12 years of records at the four rain gauge stations 

studied is shown in Figure 47. The boxes and whiskers cover the central 50% and 80% of the data set, 

respectively. The mean and median values are indicated in each box by the horizontal red and black lines, 

respectively. The mean values, the extremes, and the annual variability observed at AR-4 are 

systematically higher than at the other stations. In the dry summer months, the relative difference 

between the mean precipitation at two neighbouring stations is limited, but in the wet months (autumn 

and spring), when intense precipitation is usually expected, this difference is greater, despite the short 

distance between them. Especially in autumn, the mean and the annual variability of precipitation are 

systematically lower at GU than at the other stations.  
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Figure 47. Year-to-year variability of monthly precipitation at the four rain gauge stations studied. Boxes and whiskers cover the 
central 50% and 80% of the data set, respectively. The mean and median values are indicated in each box by the horizontal red 

and black lines, respectively. [Source: Loglisci et al., 2024]. 

Differences in the precipitation regime at the stations considered are also evident for short-duration high-

intensity events, as shown in Figure 48 based on the DDF curves calculated at the nearby reference station 

(DICCA). Short-duration events of 5, 10, 15, 30, 45, and 60 min were considered in the analysis, thus 

excluding the GU station due to the coarse time resolution (1 h) of the available data set. The mean value 

of the annual maxima at each station and for each duration can be compared with the reference DDF 

curve at T = 2.32 years. The percentage relative difference e (%) between such mean values at each of the 

investigated stations and at the reference station was therefore calculated (see Table 14). The comparison 

shows that short duration high-intensity events at the AR-3 station are up to 37% lower than the typical 

events at the reference station for any duration. Meanwhile, the statistics at the AR-4 station are close to 

the reference station for short-duration events (between 10 and 30 min), while longer-duration events 

are less intense, at least over the period studied. The AR-2 station shows an intermediate behaviour. 

The results show that, for each duration, the mean values of the annual maxima at the AR-3 station are 

characterized by the same return period T = 1.5 years, while the AR-4 station exhibits the largest annual 

maxima for short-duration events (up to 15 min) with T = 2.32 years, then the return period decreases 

with increasing event duration, reaching 1.5 years at a duration of 60 min. For the AR-2 station, the mean 

annual maxima range from above to slightly below T = 1.5 years with increasing event duration. Note that 

for events shorter than 15 min, the AR-4 station is the closest to the reference station in terms of the 

return period of its annual maxima, although geographically it is the most distant. 

However, the dispersion of the annual maxima around the mean value for this station reaches the longest 

return period studied (T = 5 years), with the limits of the interval covering 80% of the sample, which is not 

the case for any other station in the range of short-duration events. Therefore, a large variability is 

observed between the investigated stations, especially for short-duration events, which are typically 

associated with critical conditions in urban drainage systems and/or the occurrence of pluvial flooding. 
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The variability of extreme value statistics between the investigated rain gauge stations over the period 

considered reflects the spatial variability of short duration high-intensity events, even at the limited 

spatial scale of urban catchments. 

 

Figure 48. Annual maximum rainfall depth for each duration at the three ARPAL rain gauge stations studied (boxplot), overlaid 
with the DDF curves derived at the DICCA reference station. Boxes and whiskers cover the central 50% and 80% of the data set, 
respectively. The mean and median values are indicated in each box by the horizontal red and black lines, respectively. [Source: 

Loglisci et al., 2024]. 

Table 14. Percentage relative difference between the rainfall depth at each of the investigated stations and at the reference 
station (DICCA), for a 2.32-year return period (mean annual maxima). 

 d = 5 min d = 10 min d = 15 min d = 30 min d = 45 min d = 60 min 

e(AR-2) [%] -36 -15 -14 -20 -25 -28 

e(AR-3) [%] -37 -26 -22 -20 -25 -25 

e(AR-4) [%] -24 -9 -4 -12 -21 -26 

 

3.3.3 Network of met-stations for statistical analysis of meteorological and climatological 

observations 

Today, meteorological and climatological models are becoming increasingly vital, not just for the scientific 

community but for society as a whole. The demand for precise meteorological and climatic information is 

growing daily, and the response to this demand is also on the rise. This high demand reflects two main 

trends: the need for accurate data in a globalized world where industrialization and human activities 

impact every corner of the planet, and the influence of climate change on ecosystems and populations. 

Recent climate studies and reports, such as the Intergovernmental Panel on Climate Change (IPCC) 

Assessment Report 6 (AR6) (IPCC, 2022), highlight the dramatic negative impacts of human activities and 

greenhouse gas emissions on Earth's climate. These activities have significantly increased global 

temperatures. On the other hand, technological advancements are helping meet the demand for climate 

information. Improved computational power enables more sophisticated meteorological and 
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climatological models, capable of resolving fine atmospheric and orographic details with horizontal 

resolutions of just a few kilometers. 

Technological innovation has also led to the development of state-of-the-art measuring instruments, 

which can record high-fidelity temporal and spatial meteorological and climatological data. Lower costs 

have made it possible for a larger global community to install and use standard measuring systems. This 

widespread access is crucial for monitoring Earth's conditions and tracking climate change progress, as 

ǿŜƭƭ ŀǎ ǇǊƻǾƛŘƛƴƎ ŜǎǎŜƴǘƛŀƭ Řŀǘŀ ŦƻǊ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ƳƻŘŜƭǎΦ /ƭƛƳŀǘŜ ǎǘǳŘƛŜǎ όCŀǊŀƴŘŀ Ŝǘ ŀƭΦΣ нлннΤ tǵőƛƪ Ŝǘ 

al., 2017; Rädler et al., 2018; Taszarek et al., 2019, 2020) indicate an increasing trend in the intensity of 

extreme events and the rapid alternation of opposing extremes (e.g., heatwaves and cold waves, droughts 

and heavy precipitation). This trend encompasses various extreme climate variables, such as rain, wind, 

temperature, and humidity. However, the frequency of extreme events varies depending on the climate 

parameter and region. For example, the frequency of extreme events in the Mediterranean basin is still 

debated, though models agree on the intensification of such events. Heatwaves and heavy precipitation 

are expected to increase in both frequency and intensity. 

Given the Earth's surface heterogeneity and the varied impacts of climate change on different locations, 

regional-scale studies are increasingly important. Modern meteorological and climatological models often 

use global models' initial and boundary conditions to focus on specific areas. 

This chapter presents two different case studies: a network of meteorological stations and of wind-

measuring instruments in the municipality of Genoa, Italy. 

3.3.3.1 Case Study 1 ς Municipality of Genoa 

Area of Investigation 

The area under investigation is the Municipality of Genoa, located in northwestern Italy. Within and 

around this area, several meteorological stations provide data for the statistical characterization of key 

physical quantities, such as wind velocity and temperature. These stations are part of networks managed 

by the Municipality of Genoa and the Regional Agency for Environmental Protection (ARPAL). 

Objective of the Study 

To achieve statistical significance, it is crucial to select representative meteorological stations with 

medium- to long-term datasets. The data from these stations will be processed to calculate extreme value 

distributions, which will be used to create hazard maps for wind and temperature. These hazard maps can 

help stakeholders, such as the Municipality, assess potential climatic risks, such as high winds and 

temperatures, and issue timely alerts to the public. Additionally, the results of the statistical analysis are 

essential for climate studies and understanding climate change trends. 

Map of met-stations 

Figure 49 shows the locations of the meteorological stations managed by the Municipality of Genoa, with 

Table 15 listing the stations. Two types of stations are available: Davis stations, which measure wind speed 

and direction with resolutions of 0.5 m/s and 1°, respectively, and a sampling rate of 3 minutes; and MTX 

stations, which measure the 10-minute average wind speed and direction. Similarly, Figure 50 and Table 

16 display the locations and list the meteorological stations managed by ARPAL. 
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Figure 49. Map of the met-stations belonging to the network of the Municipality of Genoa in the area under investigation (black 
border). 

Table 15. List of met-stations (ID, name, position, and data availability) belonging to the network of the Municipality of Genoa. 

ID Name Location  Obs avail from  

DAVIS 

1 GPRS_fabbriche Sede I.C. Voltri I - Via delle Fabbriche, 189 28/10/2010 

2 GPRS_crevari Sede I.C. Voltri I P.zza Pissapaola, 48 28/10/2010 

3 LAN_voltri Sede Municipio VII Ponente - P.zza Gaggero, 2 28/10/2010 

4 GPRS_pra UOST I Ponente - Via Martiri del Turchino, 127 26/10/2010 

5 LAN_pra I.C. Pra - Via Villini Negrone, 2/C 28/10/2010 

6 LAN_pegli Centro Civico di Pegli - Via Pallavicini, 5 28/10/2010 

7 LAN_sestri UOST 0/6 II Medio Ponente ς Via A. Negro, 6 18/10/2010 

8 GPRS_scarpino Discarica Rifiuti ς Via Militare di Borzoli 26/11/2010 

9 LAN_borzoli Scuola Infanzia ά!ǊŎƻōŀƭŜƴƻέ LΦ/Φ .ƻǊȊƻƭƛ ς Via F.lli di Coronata, 11 18/10/2010 

10 LAN_sanpierdarena !ǎƛƭƻ bƛŘƻ άaƻƴƎƻƭŦƛŜǊŀέ ς [ƛŎŜƻ /ƭŀǎǎƛŎƻ άaŀȊȊƛƴƛέ ς Via Paolo Reti, 
25B 

22/09/2010 

11 GPRS_murta Plesso Doge G. da Murta ς D.D. Bolzaneto ς P.zza Chiesa di Murta, 
5A  

22/10/2010 

12 GPRS_pontedecimo I.C. Pontedecimo ς Via Isocorte, 1B 04/11/2010 

13 GPRS_cesino Centro Riabilitazione Disabili ς P.zza Cesino, 4 05/11/2010 

14 GPRS_granarolo UOST 0\6 II ς Via S. Marino, 219 26/11/2010 

15 GPRS_begato Sede I.C. Teglia ς Via Linneo, 232 22/10/2010 

16 LAN_genovacentro Sede comunale - Palazzo Albini ς Via Garibaldi, 9 22/10/2010 

17 GPRS_quezzi {Ŏǳƻƭŀ ά.Φ .ŀƭƭέ LΦ/Φ vǳŜȊȊƛ ς Sal. Costa dei Ratti, 6A 26/10/2010 

18 GPRS_pino {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ άtƛƴƻέ LΦ/Φ aƻƭŀǎǎŀƴŀ ς Sal. Pino Sottano 20 28/10/2010 

19 GPRS_eusebio {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ ά{Φ 9ǳǎŜōƛƻέ LΦ/Φ {ǘŀƎƭƛŜƴƻ ς Via Valtrebbia, 299-301 30/10/2010 

20 LAN_quarto UOST I Levante ς Via C.A. Vecchi, 3 22/10/2010 

21 LAN_prato Biblioteca Campanella ς {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ άtǊŀǘƻέ LΦ/Φ tǊŀǘƻ ς Via 
Struppa, 214 

30/10/2010 

22 GPRS_bavari {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ άDƛƻƛƻǎŀέ /Φ5Φ .ƻǊƎƻǊŀǘǘƛ ς Via Casale, 11A 26/10/2010 

23 GPRS_cosimo Scuola Vespertina ς Via Trossarelli, 68 30/10/2010 

24 LAN_nervi {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ άCŜǊƳƛέ 5Φ5Φ bŜǊǾƛ ς P.zza Duca degli Abruzzi, 6 22/10/2010 

25 GPRS_carlodicese Associazione Self-Help - Via S.Carlo di Cese, 59 07/12/2012 
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26 GPRS_martino {Ŏǳƻƭŀ tǊƛƳŀǊƛŀ άtŜǊŀǎǎƻέ LΦ/Φ {Φ aŀǊǘƛƴƻ .ƻǊƎƻǊŀǘǘƛ ς Sal. Superiore 
della Noce, 78 

07/12/2012 

MTX 

1 San Carlo di Cese Via San Carlo di Cese 12/2021 

2 Colla di Prà Via Acquasanta 12/2021 

3 Santuario Apparizione tǊƻǎǎƛƳƛǘŁ ŘŜƭ {ŀƴǘǳŀǊƛƻ άǇƛŎŎƻƭŀ ŎƛǘǘŁ ŘŜƭƭΩƛƳƳŀŎƻƭŀǘŀέ 12/2021 

4 Bavari cimitero Via Piani di Ferretto 12/2021 

5 Cannellona Via superiore dei Giovi 12/2021 

6 Prà Scogli Neri Via superiore Torrazza 12/2021 

7 Forte Puin Su sentiero tra forte Sperone e forte Puin 12/2021 

8 Costiera Via della Costiera 12/2021 

 

 
Figure 50. Map of the met-stations belonging to the network of ARPAL in the area under investigation. 

Table 16. List of met-stations belonging to the network of ARPAL in the area under investigation. Observations in the last 
column are temperature (T), humidity (H), and wind velocity (W). 

No. Name Code Lat (°N) Lon (°E) Height (m 
ASL) 

Observations 

1 Fiorino FIORI 44.46494 8.70493 290 T 

2 Bolzaneto GEBOL 44.45530 8.89561 47 T 

3 Castellaccio RIGHI 44.42797 8.93433 360 T,W 

4 Centro Funzionale CFUNZ 44.40035 8.94591 30 T,H 

5 Certosa GECER 44.42439 8.88997 30 W 

6 Pegli GEPEG 44.43227 8.82460 69 T 

7 Pontedecimo GEPTX 44.48852 8.90010 75 T 

8 Porto Antico GEPOA 44.40816 8.92317 25 T,H,W 

9 Quezzi GEQUE 44.42367 8.97260 200 T,H 

10 S. Ilario STILA 44.38400 9.06066 174 T,H,W 

11 Madonna delle Grazie MADGR 44.43344 8.74299 104 T,H 

12 Monte Pennello MOPEN 44.48017 8.79867 980 T,H,W 

13 Premanico PREMA 44.41681 9.00911 234 T 

14 Santuario Monte Gazzo MGAZZ 44.44247 8.84485 310 T 

15 Fontana Fresca FFRES 44.40290 9.09318 791 T,W 

16 Punta Vagno GEPVA 44.39278 8.95222 10 W 

17 Passo Turchino PTURC 44.48613 8.73602 590 T,W 
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3.3.3.2 Case Study 2 ς harbour anemometric network 

Area of Investigation 

!ƴ ŜȄǘŜƴǎƛǾŜ ŀƴŜƳƻƳŜǘǊƛŎ ƴŜǘǿƻǊƪ ǿŀǎ ǊŜŎŜƴǘƭȅ ŜǎǘŀōƭƛǎƘŜŘ ŦƻǊ ǘƘŜ 9ǳǊƻǇŜŀƴ ǇǊƻƧŜŎǘǎ ά²ƛƴŘ ŀƴŘ tƻǊǘǎέ 

(WP, 2009ς2012) (Solari et al., нлмнύ ŀƴŘ ά²ƛƴŘΣ tƻǊǘǎ ŀƴŘ {Ŝŀέ ό²t{Σ нлмоς2015) (Repetto et al., 2018). 

These projects, financed by the European Territorial Cooperation Objective under the Cross-border 

ǇǊƻƎǊŀƳ άLǘŀƭȅ-France Maritime 2007ςнлмоέΣ ƘŀǾŜ ƭŜŘ ǘƻ ǘƘŜ ƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ ŀ ŎƻƳǇǊŜƘŜnsive in-situ wind 

monitoring network in the main commercial ports of the Northern Tyrrhenian and Ligurian Sea, including 

{ŀǾƻƴŀκ±ŀŘƻ [ƛƎǳǊŜΣ DŜƴƻŀΣ [ŀ {ǇŜȊƛŀΣ [ƛǾƻǊƴƻΣ .ŀǎǘƛŀΣ ŀƴŘ [ΩLƭŜ wƻǳǎǎŜΦ 

Objective of the Study 

The network has enabled the collection of an unprecedented dataset of wind measurements. This data 

supports the development of numerical simulations of wind and wave fields, statistical analyses of wind 

climate, and algorithms for medium-term (1ς3 days) and short-term (0.5ς2 hours) wind forecasts. The 

large anemometric network established by the WP and WPS projects has been regularly enhanced with 

new measuring instruments (Solari et al., 2020). 

Map of Instruments 

Initially, during the WP project, the network comprised 23 ultrasonic anemometers. This number was 

increased to 28 during the WPS project. Additionally, three weather stationsτeach equipped with an 

ultrasonic anemometer, thermometer, barometer, and hygrometerτalong with three LiDAR (Light 

Detection and Ranging) wind profilers, were installed in the ports of Genoa, Savona, and Livorno. Figure 

51 illustrates the entire monitoring network. The instruments were strategically placed throughout each 

port area to ensure good spatial resolution for the measurements. 

 
Figure 51. WP and WPS wind monitoring network. 
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Operational procedure 

[ƻŎŀƭ ǎŜǊǾŜǊǎ ŀǘ ŜŀŎƘ ǇƻǊǘ ŀǳǘƘƻǊƛǘȅΩǎ ƘŜŀŘǉǳŀǊǘŜǊǎ ǊŜŎŜƛǾŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ ƳƻƴƛǘƻǊƛƴƎ ƴŜǘǿƻǊƪ ŀƴŘ 

calculate basic statistics every 10 minutes, including mean and peak wind speeds and mean wind 

direction. Each server then systematically sends this information to a central server at the Department of 

Civil, Chemical, and Environmental Engineering at the University of Genoa, Italy. The data is stored in an 

internal database through a four-step automatic procedure: 

 

1. raw data is systematically checked and validated. 

2. 10-minute statistics are calculated and stored. 

3. 1-minute statistics are calculated and stored. 

4. An automatic daily report is sent to the port authorities, providing the main data needed for their 

institutional activities. 

Using this process, a continuously updated database is generated and maintained at the University of 

Genoa. This database includes first- and second-order moment statistics for 10- and 60-minute intervals, 

as well as maximum wind speeds averaged over a 1-minute interval. 

3.3.3.3 Correction of wind databases 

To ensure a wind database can be effectively used for probabilistic analysis, it must be representative, 

reliable, and homogeneous. A representative wind database is acquired over a sufficiently long period by 

a well-placed anemometric station. A reliable wind database is error-free, and a homogeneous wind 

database consists of values recorded under consistent conditions. 

The representativeness of a wind database is relative, depending on the recording periodΩs duration and 

the anemometerΩs location. The required recording duration for a representative database depends on: 

¶ the problem under examination. For example, the safety analysis of a long-lasting structure 

requires a long-term database. 

¶ The quality of the probabilistic analysis procedure. Using advanced probabilistic techniques can 

allow for the analysis of shorter databases. 

¶ The desired accuracy. Achieving highly reliable probabilistic analyses necessitates longer 

databases. 

¶ Finally, the location of the anemometer is crucial (see, for example, Figure 52), especially if the 

recorded data will be used to derive statistics for other locations. In such cases, the anemometer 

should be placed in open terrain, at a height of at least 10 meters. The presence of nearby 

obstacles is acceptable only if the subsequent transformation procedures used to account for 

these obstacles are effective. 
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Figure 52. Influence of anemometer positioning. 

A wind data base may contain four main classes of errors: 

1. measurements made with poor-functioning instruments due, for instance, to lack of maintenance 

of wear (e.g., Figure 53). 

 

 
Figure 53. Cup-anemometer with sand that prevents correct functioning. 

2. Measurements made outside the reading interval of the anemometer (v1, v2), such as during wind 

calms (0 < v < v1 ~ 0.5-2.0 m/s) or wind phenomena of exceptional intensity (v > v2 ~ 50 m/s). 

3. Recording of events extraneous to the problem examined, e.g. airport measures concurrent with 

aircraft landing or take-off (Figure 54); 
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Figure 54. Biased measurement from airport anemometer. 

4. Human errors arisen in the transfer of data from graphs to cards or to digital files (Figure 55), as 

it was typical of the first periods in which data were recorded (around 1950-1975). 

 

 
Figure 55. Human errors in the past for transferring data from graphs to cards. 

 

Additionally, a wind database may contain missing data due to instrument shutdowns caused by natural 

events (e.g., extreme wind speeds or lightning), human factors (e.g., maintenance, replacement, or 

relocation of anemometers), or suboptimal data acquisition procedures (e.g., mean wind velocity 

averaged over 10 minutes but recorded every 3 hours, or stations operating only during specific daily 

periods). 

In such cases, correction procedures must be applied based on the following criteria: 

¶ correction of errors in the lower velocity range (e.g., wind calms): this is fundamental for 

accurately determining the parent distribution. 

¶ Correction of errors in the middle velocity range: this is usually unnecessary as such errors 

statistically compensate for each other. 

¶ Correction of errors in the high velocity range: this is crucial for determining the extreme 

distribution (e.g., Figure 56 and Figure 57). 
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Figure 56. Interpretation of data for possible evaluation of data errors. 

 

 
Figure 57. Singular value to be eliminated as it is higher than the daily maximum. 

In general terms, a wind data base may contain 3 main classes of heterogeneity: 

1. values averaged on different time periods. 
















































































































































































































































