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Summary 

The increase in frequency and intensity of extreme coastal storms and the continuous 

exponential development of the coasts of the world are threatening coastal communities, 

exposing them to higher levels of risk. Notwithstanding the future projections are 

affected by large uncertainty, coastal managers, as recommended by the United Nations 

and the European Union, need to properly evaluate coastal risk in order to propose 

adequate risk reduction plans for the current and future climate change scenarios. This 

should be done while considering all the components that influence risk: hazard, 

vulnerability and exposure. The involvement of local stakeholders and the adoption of 

multi-disciplinary approaches, that include social-based ones, are becoming very 

frequent in coastal risk studies, supporting the idea that the same should be done at the 

management level, to properly address coastal risk issues.  

The work of this PhD thesis aimed at applying innovative approaches for the evaluation 

of coastal risk, at different scales, on Mediterranean sandy beaches. The approaches 

were applied for diverse aspects that help at properly understanding and analyzing 

coastal risk. The innovations are related to fieldwork methodologies, numerical 

applications and coastal risk assessment. Part of the work was done in the framework of 

the EU FP7 RISC-KIT project, that aimed at providing tools in support of coastal 

managers, in order to increase the resilience of coastal communities. The approaches 

were implemented at locations along the Emilia-Romagna (Italy) and Catalunya (Spain) 

coasts. 

The first part of this PhD thesis focuses on fieldwork activities. Post-storm and seasonal 

surveys were implemented based on up-to-date low-cost drones and photogrammetric 

techniques for post-processing. The approach allowed to collect local-scale high-

resolution data (i) for the analysis of the effects of an extreme storm that hit the Emilia-

Romagna coast in February 2015, focusing on the beach of Lido degli Estensi 

(Comacchio, Italy); (ii) to analyze the seasonal behaviour of a beach in Porto Garibaldi 

(Comacchio, Italy), where artificial sandy dunes are used as temporary protection 

during the storm season. The outcomes were used, in the first case, to integrate the 

regional post-storm assessment implemented by the regional authorities, including 

qualitative information collected involving the local community. This allowed to 

highlight some limitations of the regional protocol and proposing solutions, such as the 

integration of the tested local approach into the regional one. In the second case, the 

methodological approach provided high-accuracy topographic data used to detect 

significant changes of the beach due to the influence of coastal storms and winds. 

Numerical models were used to analyze the propagation of errors due to the use of 

synthetic time-series of waves in a process-based chain of models (i.e. XBeach and 

LISFLOOD-FP) used to simulate erosion and flooding hazards. The models were 

applied at the beaches of Lido degli Estensi-Spina (Italy) and Tordera Delta (Spain) and 

results were analyzed with a Bayesian-based approach. Outcomes evidenced how the 

used of synthetic input can produce significant errors in the hazard assessment, if 

compared with the use of real time-series. These errors can have a significant influence 

on integrated risk assessments and thus, numerical studies should be considered on the 

basis of their limitations and supported by uncertainty analysis. 

Focusing on integrated coastal risk assessments, in the last part of this PhD thesis two 

studies are presented, respectively at the local and regional levels. The assessments were 

implemented by applying the definition of risk as the product of the probability of the 

hazard and its consequences and using the RISC-KIT tools: the Coastal Risk 
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Assessment Framework (CRAF) Phase 1 for the identification of critical areas 

(hotspots) at the regional level and the Bayesian-based Hotspot tool for testing local 

measures for disaster reduction, in the current and future scenarios. The CRAF Phase 1 

was validated on the Emilia-Romagna coast, confirming that it is able to detect well-

known hotspots. The Hotspot tool provided useful insights on the tested measures. 

Notably, soft-measures (i.e. artificial temporary protections, nourishments and managed 

retreat) were found to be very effective at the two analyzed case study sites, Lido degli 

Estensi-Spina (Italy) and Tordera Delta (Spain). The applications confirmed that the 

RISC-KIT approach for regional and local scale assessments is valuable for coastal 

managers, in order to propose adequate and acceptable solutions for risk reduction. 

An interesting aspect of this PhD work is that the majority of the tools applications were 

done including local people and managers in the process. In particular, the post-storm 

drone-based survey was supported by qualitative information collected through 

interviews to local stakeholders. The implementation of the RISC-KIT CRAF tool was 

done in collaboration with coastal managers that provided data and comments during 

the whole study. The measures tested with the RISC-KIT Hotspot tool were selected on 

the basis of stakeholders' interviews and the outcomes of the study were used as a basis 

for a participatory evaluation process where stakeholders were asked to select risk 

reduction strategies. A further consideration is that large parts of the integrated risk 

assessments were supported by a strong collaboration between physical scientists and 

social ones. This confirms that a multi-disciplinary approach is a key aspect in order to 

properly understand and reduce coastal risk. 

Finally, coastal managers should be aware of all the aspects analyzed in this PhD thesis 

that can affect risk assessments, from the fieldwork to the deskwork. Moreover, they 

should be able to properly address risk by interacting with physical and social scientists, 

as well as with local communities, if they want to provide effective and acceptable risk 

reduction strategies. 

 



Riassunto 

Le coste del mondo sono minacciate dall'incremento, in termini di frequenza ed 

intensità, delle mareggiate e dello sviluppo costiero. Di conseguenza, le comunità 

costiere sono esposte a livelli di rischio sempre più elevati. Le Nazioni Unite e l'Unione 

Europea richiedono ai manager costieri di valutare il rischio, legato agli eventi estremi, 

sulle coste in modo da proporre piani adeguati per la riduzione dello stesso, sia per lo 

scenario attuale, sia per quello futuro, considerando i possibili effetti del cambiamento 

climatico, nonostante le proiezioni future siano caratterizzate da incertezze non 

trascurabili. Le valutazioni di rischio devono essere basate considerando pericolosità, 

vulnerabilità ed esposizione. Inoltre, queste analisi dovrebbero essere fatte adottando 

approcci multi-disciplinari e coinvolgendo i portatori di interesse. 

Il lavoro svolto durante il progetto di Dottorato, oggetto di questa tesi, si è svolto 

applicando, a diverse scale spaziali, approcci innovativi per la valutazione del rischio su 

spiagge sabbiose del Mediterraneo. Gli approcci sono stati applicati in diversi campi 

relativi all'analisi e riduzione rischio costiero, dalle misure sul campo, all'utilizzo di 

modelli numerici, fino alle valutazioni integrate del rischio. Parte del lavoro si è svolto 

nell'ambito del progetto europeo RISC-KIT, il cui obiettivo è stato quello di fornire ai 

manager costieri strumenti utili alla riduzione del rischio ed all'incremento della 

resilienza delle comunità costiere. Gli approcci sono stati applicati in diverse località 

costiere, in Emilia-Romagna (Italia) e Catalogna (Spagna). 

La prima parte di questa tesi di Dottorato riguarda aspetti di misure sul campo. Sono 

stati utilizzati moderni droni a basso-costo e tecniche di fotogrammetria per rilievi post-

evento e stagionali. L'approccio ha permesso di ricavare a scala locale dati ad alta 

risoluzione (i) per l'analisi degli effetti dell'evento estremo che ha colpito la località di 

Lido degli Estensi (Comacchio, Italia) sulla costa Emiliano-Romagnola nel Febbraio 

2015 e (ii) per analizzare l'evoluzione stagionale di una spiaggia a Porto Garibaldi 

(Comacchio, Italia), dove vengono costruite dune artificiali in sabbia durante la stagione 

invernale, come protezione dagli eventi estremi. Nel primo caso, i risultati hanno 

permesso di integrare i rilievi post-evento fatti, a livello regionale, dalle autorità 

regionali, includendo informazioni qualitative ottenute coinvolgendo la comunità locale. 

Questo ha permesso l'identificazione delle limitazioni della metodologia regionale e 

conseguentemente sono state proposte soluzioni migliorative, come l'integrazione 

dell'approccio locale testato durante lo studio nel protocollo regionale. Nel secondo 

caso, l'approccio metodologico scrupoloso ha fornito dati topografici estremamente 

accurati, utili all'analisi delle variazioni significative della spiaggia, dovute alle 

mareggiate e ai venti. 

Sono stati utilizzati modelli numerici per analizzare la propagazione degli errori dovuti 

all'utilizzo di mareggiate sintetiche in input ad una catena di modelli (i.e. XBeach and 

LISFLOOD-FP) per la simulazione di erosione ed inondazione costiere. I modelli sono 

stati applicati alle località costiere di Lido degli Estensi-Spina (Italia) e Tordera Delta 

(Spagna) ed i risultati sono stati analizzati con un approccio Bayesiano. I risultati hanno 

evidenziato come l'uso di input sintetici produca errori significativi nella valutazione dei 

pericoli di erosione ed inondazione, se confrontato con l'uso di serie temporali reali. Gli 

errori propagati possono avere effetti importanti sulle successive caratterizzazioni del 

rischio. Pertanto, gli studi che si basano su modellazioni numerici devo essere 

considerati sulla base delle loro limitazioni e dovrebbero sempre essere accompagnati 

da valutazioni di incertezza. 
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Nell'ambito degli studi integrati di rischio costiero, nell'ultima parte di questa tesi sono 

presentati due studi, uno a livello regionale, l'altro a livello locale. Le valutazioni sono 

state fatte assumendo la definizione di rischio come prodotto della probabilità del 

pericolo per le sue conseguenze (o impatti). Sono stati applicati gli strumenti forniti da 

RISC-KIT, la prima fase (Phase 1) del Coastal Risk Assessment Framework (CRAF) 

per l'identificazione delle aree critiche (hotspot) a livello regionale e l'Hotspot tool, un 

approccio Bayesiano per l'analisi dell'efficacia di misure di riduzione del rischio, per gli 

scenari attuale e futuro. Il CRAF Phase 1 è stato validato per la costa dell'Emilia-

Romagna e si è dimostrato efficace nell'identificare aree ben note, ai manager regionali, 

per essere critiche in termini di erosione ed inondazione. L'Hotspot tool ha fornito 

informazioni utili alla caratterizzazione dell'efficacia delle misure. In particolare, le 

misure "soft", come l'utilizzo di argini temporanei in sabbia e ripascimenti, o il ritiro 

strategico, sono risultate le misure più efficaci in entrambi i casi studio analizzati, Lido 

degli Estensi-Spina (Italia) e Tordera Delta (Spagna). Le applicazioni hanno dimostrato 

che l'approccio di RISC-KIT è utile ai manager costieri per analisi di rischio a scala 

regionale e locale e, conseguentemente, per la preparazione di piani adeguati di 

riduzione del rischio. 

Un aspetto interessante di questo progetto di Dottorato riguarda il coinvolgimento dei 

portatori di interesse e dei manager costieri nella maggior parte delle analisi svolte. In 

particolare, il rilievo post-evento è stato guidato ed integrato da informazioni qualitative 

raccolte tramite interviste ad alcuni portatori di interesse locali. Lo strumento di 

RISCKIT per l analisi del rischio a livello regionale, il CRAF, è stato utilizzato in 

collaborazione con i manager costieri che hanno fornito preziosi dati e commenti 

durante tutto lo svolgimento dello studio. Le misure di riduzione del rischio analizzate 

tramite l'Hotspot tool sono state selezionate sulla base di interviste. I risultati delle 

analisi, invece, sono stati utilizzati come base per il processo di valutazione 

partecipativo, in cui ai portatori di interesse è stato richiesto di valutare strategie di 

riduzione del rischio. Una considerazione aggiuntiva riguarda la forte collaborazione tra 

rappresentanti delle scienze naturali e sociali, di estrema importanza per l'appropriata 

valutazione integrata del rischio costiero, a diverse scale spaziali. Questo conferma che 

l'approccio multi-disciplinare è un aspetto chiave per comprendere e ridurre il rischio 

costiero. 

Infine, i manager costieri dovrebbero essere capaci di comprendere tutti gli aspetti 

considerati in questa tesi e che influenzano le valutazioni di rischio, dalle misure sul 

campo al lavoro alla scrivania. Inoltre, dovrebbero interagire maggiormente con i 

ricercatori che lavorano sulle coste, sia dal punto di vista fisico, sia sociale, e con i 

portatori di interesse, in modo da fornire strategie per la riduzione del rischio che siano 

efficaci e condivisibili. 
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1 GENERAL INTRODUCTION  

This introductory chapter aims at giving a picture of the recent definitions and 

approaches used in coastal risk research, with a strong emphasis on the importance of 

implementing multi-disciplinary studies. Then, part of the text focuses on the recent EU 

FP7 RISC-KIT project (GA 603458). Next, a brief introduction of the Mediterranean 

sandy coasts of Emilia-Romagna and Catalunya follows. Innovative approaches for 

coastal risk assessment were applied at these locations. Finally, the rationale and 

structure of this PhD thesis are given. 

1.1 Defining coastal risk 

The concept of risk for natural disasters is a relatively modern notion that developed 

through the second half of the twentieth century as result of worldwide, multi-

disciplinary scientific and political efforts. Pioneering investigations of causes, damages 

and possible measures against natural extremes were implemented after major damaging 

events, such as, for example, the work of the Waverley Committee (Waverley, 1954) 

following the 1953 North Sea storm surge that severely damaged the English and Dutch 

coasts. A first overview of the scientific progress in the broad field of natural hazards 

achieved in the following two decades can be found in Burton et al. (1978) that, 

although subjected to some limitations (Hewitt, 1980), represented the basis for future 

hazard and risk studies, as it included earliest insights on the importance of social 

aspects and management. 

In the past, earthquakes, river floods or other natural disasters were seen as the 

consequences of god's will  (Gaillard and Texier, 2010). Actually, even nowadays 

religion is sometimes used to explain the occurrence of natural extreme events, such as 

after Hurricane Katrina in the United States, in 2005 (Steinberg, 2006). Recently, 

however, the scientific community, supported by the political effort of supra-national 

and intergovernmental organizations, provided science- and social-based concepts in 

order to understand why natural disasters occur and how human beings can deal with 

them.  

Risk, in its more general and recent definition (Poljanġek et al., 2017), is considered as 

the interaction of hazard, exposure and vulnerability components. The hazard 

component is the event causing the loss (i.e. loss of lives; damage to properties, 

infrastructures, ecosystems, etc.) and represents the very natural aspect of risk. The 

exposure is determined by the elements (i.e. people, buildings, infrastructure, 

ecosystems, etc.) that are directly or indirectly threatened by the event. The 

vulnerability defines how the elements, directly or indirectly exposed to the event, are 

vulnerable/susceptible to the hazard and it is also related to their capacity to cope with 

and to adapt to the adverse conditions. Exposure and vulnerability are generally related 

to the human component of risk, being, especially the second one, affected by local 

culture and beliefs, social and economic contexts, etc. These three components are 

extremely variable, in space and time, and their understanding is necessary in order to 

understand risk. 

It follows that risk is a relative concept. Simplifying, extremely severe events (very high 

hazard) happening in unpopulated natural areas (null exposure) do not cause 

consequences to human assets, thus do not generate risk. On the other hand, minor 

events (low hazard) happening in highly populated areas (high exposure) can have very 

important consequences, potentially generating high levels of risk. Additionally, the 

characteristics of the populated and built environment (e.g. whether people are mainly 
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rich or poor, young or old, well-educated or not; buildings and infrastructures are 

designed to cope with extreme natural events or not, etc.) affect the vulnerability 

component and, thus, the possible consequences of an event. This is the reason why a 

very severe earthquake happening today in Japan, where these type of events are 

expected, people are aware of the seismic risk and buildings are well designed to 

survive to major events, is likely not to cause significant damages while, less intense 

events, such as the medium magnitude earthquake in L'Aquila (Italy) in 2009, caused 

disproportionate consequences (Alexander, 2010). Likewise, this is why cyclones in 

Bangladesh nowadays are less destructive than they were in the past (from about 

300,000 deaths in 1970 to around 4,000 in 2007; Tatham et al., 2009), thanks to disaster 

prevention and preparedness actions that decreased the vulnerability of the population. 

Hurricane Katrina in 2005 mainly killed the black poor and elderly people in New 

Orleans (Cutter et al., 2006), emphasizing the importance of education and 

preparedness.  

A large part of the coasts of the world is threatened by storm events, whatever the 

geographical location and oceanographic setting. Clearly the magnitude of the hazard 

can change. Waves and storm surges can generate local hazards for the coastal elements 

(i.e. people, buildings, infrastructures, ecosystems, etc.), such as flooding or erosion. 

Coastal risk can be therefore considered, following the general definition of risk, as the 

interaction between hazard, exposure and vulnerability components on the coasts. 

However, a more practical definition, useful for the implementation of coastal risk 

assessments, is that risk can be quantified as the product between the probability of a 

hazard and its impacts (Viavattene et al., 2015). This last component is the result of the 

interaction between the exposure and vulnerability of the elements affected by given 

hazards. Impacts are therefore defined as the consequences generated by an hazardous 

event in the form of direct and indirect losses (Viavattene et al., 2015). This approach 

allows for a very detailed definition of diverse direct and indirect consequences that can 

be used to understand and quantify the potential overall impacts of multiple hazards on 

the society. This, indeed, is a very important aspect as risk assessments should account 

for the whole range of economic and social costs (Kreibich et al., 2014). However, there 

is still some confusion in the literature about the use of the term impact as some studies 

consider, as example, the erosion of the dune or the inundation of the back-barrier as 

storm impacts. In those cases the term is used in its more general meaning, to define an 

effect (e.g. on the beach morphology). 

A practical implementation of this definition of risk (i.e. hazard · consequences) is the 

Source-Pathway-Receptor-Consequences (SPRC) concept (Samuels et al., 2008), which 

has been adapted to coastal risk studies (e.g. Narayan et al., 2014; Zanuttigh et al., 2014; 

Oumeraci et al., 2015). The source of the hazard is the event itself (i.e. the coastal 

storm) which propagates from deep water to the shoreline where pathways generate 

different hazards (i.e. overwash, flooding, erosion, etc.). The receptors are the elements 

exposed to the hazards (i.e. a seafront boulevard endangered by erosion; a flooded 

building; an ecosystem threatened by salt intrusion; etc.) that can generate short- and 

long-term damages, consequences. This approach is the basis for detailed coastal risk 

assessment at regional and local scales. 

It is worth mentioning that assessing coastal risk, as other risks, is subjected to a large 

range of uncertainties on the quantification of hazard and consequences (i.e. social, 

economic, environmental, etc.), mainly driven by lack of knowledge or experience. 

Also, the way people and decision-makers perceive the risk affects how they understand 

it, and cope with it. 
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1.2 Dealing with coastal risk today 

The increase in frequency and intensity of extreme coastal storms and the continuous 

exponential development of the coasts are acknowledged not only by the scientific 

community (e.g. Brown et al., 2013; Neumann et al., 2015) but also by the United 

Nations (IPCC, 2012, 2013), although the future projections are subjected to 

considerable uncertainty. As a result, coastal communities are exposed to increasing 

levels of risk. Above all, the 2017 hurricane season on the US east coast and the Gulf of 

Mexico was one of the hardest in records with four major events (namely Harvey, Irma, 

Jose and Maria) occurring within a few weeks (preliminary analyses on these events can 

be found at https://www.usgs.gov/hurricanes). European coasts also experienced very 

recent and rare events, such as Xynthia in France in 2010 (Kolen et al., 2013) or 

Ophelia in Ireland and the United Kingdom in October 2017, just to cite a few. Supra-

national administrations and intergovernmental organizations are stressing the need for 

properly addressing risk, at all levels, by encouraging national authorities to implement 

risk assessments and management plans (e.g. the UNISDR Sendai Framework for 

disaster risk reduction 2015-30 or, more specific on floods, the EU Floods Directive 

2007/60/EC). Therefore, coastal managers need to properly address coastal risk acting 

at the different phases of the disaster management cycle (i.e. being, in order after the 

impact of the extreme event: response, recovery, prevention and preparedness; see the 

following sections). With regard to the prevention phase, coastal risk needs to be 

properly evaluated in order to propose adequate risk reduction plans, for the short and 

long-term, including climate change projections of hazard and exposure components. 

Moreover, this should be done including the local communities in the decision process. 

However, the work of coastal managers needs a strong support from the research 

community that can, and should, provide them with up-to-date, flexible and easy-to-

understand (and apply) concepts, models and solutions for risk assessment and 

reduction. Besides, researchers need to adopt more integrated, multi-disciplinary 

scientific approaches as risk is the result of a complex interaction, characterized by 

iterative feedbacks between nature and human assets. The latter, in particular, show a 

strong variability in space and time and vulnerability and exposure assessments are 

subjected to uncertainty at various temporal and spatial scales (Figueiredo and Martina, 

2016; Nguyen et al., 2016). In terms of socio-economic aspects, it can be very complex 

to evaluate that interaction without the support of experts in this field. Thus, the 

traditional approaches for risk assessment, that mainly considered the hazard component 

along with simplified input in terms of exposure of the vulnerable assets (e.g. land use 

maps), are insufficient to properly characterize the possible consequences of extreme 

events and/or climate change. 

The human sciences can provide valuable input that physical scientists can adapt and 

implement to improve risk assessments. Further to the cooperation with economists, 

mainly aiming at properly assessing the economic direct and indirect consequences of 

hazards (e.g. Kunz et al., 2013), other inter-disciplinary collaborations are needed. 

Currently, multi-disciplinary studies are more and more often reported in the literature 

as effective at achieving research objectives in the field of coastal hazard and risk 

assessments. Indeed, historical analyses were recently adopted in support of traditional 

coastal research approaches for identifying and reconstructing past events aiming at 

better probabilistic representation of extremes (Baart et al., 2011). In the recent multi-

disciplinary study of Chaumillon et al. (2017), past-event reconstruction (i.e. through 

historical documents and sedimentary records) was applied, in particular, for long-term 

(i.e. millennial-scale) analysis of storm patterns and variability. Historical maps and 

archaeological remains were analyzed by Fernández-Montblanc et al. (2018) in order to 

https://www.usgs.gov/hurricanes
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reconstruct past coastal landscapes (i.e. palaeo-bathymetry and shoreline position) and, 

therefore, to assess past and recent rates of shoreline change. Historical investigations 

can also help at renewing the local "historical memory" of risk that strongly affects the 

perception of risk among the coastal communities by increasing a "false sense of 

security" (Garnier et al., 2017). Regarding these aspects, sociologists and 

anthropologists can be helpful in understanding the local social and cultural risk 

perception while supporting coastal managers and scientists to properly involve the 

local communities in the participatory assessment process, also contributing at 

proposing acceptable risk reduction plans (Becu et al., 2017; Gray et al., 2017; Martinez 

et al., 2017). 

It follows that physical and natural scientists need to slightly change the traditional way 

of "doing science" by providing more accessible, easily understandable information and 

open their mind to diverse and more "social science" approaches. In the case of coastal 

sciences, in particular, a simplification and standardization of methodological 

approaches is currently in process. A first formal attempt to drive the interest of the 

international coastal research community on the topic can be found in Van Koningsveld 

et al. (2005), who was the first one to propose the famous Frame of Reference approach, 

lately applied in the MICORE project for the development of Storm Impact Indicators 

(SIIs)(Ciavola et al., 2011a, 2011b). This work, based on the outcomes of the EU 

CoastView project (Davidson et al., 2007), highlighted the need to define simplified, 

physically-based indicators of the state of the coast to be used in a common framework, 

shared by scientists and managers, for coastal management purposes. Since then, coastal 

research has evolved, especially in terms of field monitoring (e.g. Turner et al., 2016), 

modelling (e.g. Roelvink and Reniers, 2012) and risk assessment approaches (e.g. 

Narayan et al., 2014). Moreover, while some recent studies are still investigating the 

complex coastal physical interactions (e.g. Odigie and Warrick, 2017) or recalibrating 

models of coastal processes (e.g. Passarella et al., 2017), scientific reviews are trying to 

define simplified common frameworks for hazard and risk assessment (e.g. Carapuço et 

al., 2016; Nguyen et al., 2016; Ciavola and Coco, 2017; Ferreira et al., 2017), and 

climate change impacts (e.g. Ranasinghe, 2016). These reviews are likely to speed up 

the homogenization process and to facilitate multi-disciplinary future assessments at 

different temporal and spatial scales. 

1.3 The EU FP7 RISC-KIT project 

The EU FP7 Resilience-Increasing Strategies for Coast - toolKIT (RISC-KIT; GA 

603458) (Van Dongeren et al., 2017; www.risckit.eu) collected the legacy of past EU 

projects, such as MICORE and ConHaz (Ciavola et al., 2011a, 2011b), as well as 

THESEUS (Zanuttigh, 2014). In fact, they contributed at reaching a better 

understanding and awareness of coastal risk issues at the European level, building the 

basis for a shared scientific platform where researchers and coastal managers could 

easily interact with the aim of reducing risk on European coasts. Indeed, the RISC-KIT 

project aimed at designing and test tools in support of coastal risk management in order 

to increase its capacity to properly assess coastal risk and provide effective and 

acceptable solutions for disaster risk reduction, increasing the resilience of coastal 

communities by acting at diverse phases of the disaster management cycle (i.e. 

response, prevention and preparedness, excluding recovery; Van Dongeren et al., 2017; 

Figure 1.1). The work of the project was based on the definition of risk as the product of 

the probability of a hazard and its impacts (for more details see Viavattene et al., 2015). 

On the basis of this assumption, the project created a storm impact database (Ciavola et 

al., 2017), a risk reduction web-guide (Stelljes et al., 2017), a conceptual framework for 

regional risk assessment (Viavattene et al., 2017), integrated numerical tools for early 

www.risckit.eu
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warning and scenario (i.e. climate change and risk reduction measures) evaluation at the 

local scale (Jäger et al., 2017), further supported by a guided participatory process to 

assess the proposed measures (Barquet and Cumiskey, 2017). Every tool was thought to 

be inclusive in terms of stakeholders' involvements and strongly multi-disciplinary by 

including historical and socio-economical concepts (Barquet and Cumiskey, 2017; 

Cumiskey et al., 2017; Garnier et al., 2017; Martinez et al., 2017). For the first time, 

physical, economics, social and historical scientists worked together, shared ideas, 

concepts and aims to achieve a better understanding of the meaning of coastal risk and 

learn how to properly address it at the regional and local scale, in support to coastal 

managers. 

 

 

Figure 1.1 The disaster management cycle and the position of the RISC-KIT tools 

(Source: Van Dongeren et al., 2017). 

The project successfully tested the tools in several case study sites along the EU coasts, 

representative of different coastal settings. More important, it highlighted how multi-

disciplinary approaches can increase the quality of the assessments and the acceptance 

of the proposed strategies. For example, historical research was able to detect past 

events with characteristics similar to recent ones for most of the selected study cases, 

demonstrating that the perception of exceptionality of a storm is affected by the memory 

of the coastal community. That is the case of La Faute-sur-Mer in France, where the 

first report of coastal storm damages dates back to 1882, or the case of Porto Garibaldi 

in Italy, that in 1927 was hit by a coastal event comparable to the one recently observed 

in February 2015 (Garnier et al., 2017). Another example of multiple science interaction 
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is related to the collaboration with social scientists, which contribution was found to be 

invaluable when dealing with local stakeholders, in particular to interpret the outcomes 

of the interviews performed locally, used to understand the local context and select local 

measures for disaster reduction (Martinez et al., 2017), to evaluate the degree of 

effectiveness of the local implementation of measures (Cumiskey et al., 2017) and to 

moderate the participatory process for the evaluation of risk reduction strategies 

(Barquet and Cumiskey, 2017). All these aspects were found to be crucial in order to 

adapt strategies at the local level that could be accepted by the coastal community, 

taking into account the local contexts and competing interests. 

From a practical point of view, at each case study regional domain, the regional tool for 

risk assessment was applied to select the local critical areas (hotspots). At the identified 

hotspots, after a desk-top research (including the historical research) aiming at 

understanding the general (regional and local) context in terms of coastal risk and risk 

reduction strategies, local stakeholders were interviewed in order to assess the risk 

awareness of the population and to select a set of measures that could easily be accepted 

by the coastal community. Then, the measures were tested with the tool for local risk 

assessment (that can also be used for local early warning), able to quantify their 

effectiveness for risk reduction in the current and future (climate change) scenarios. The 

effectiveness at the local level was also investigated including considerations on the 

socio-economic context. Later, the measures (and their effectiveness) were discussed 

during the participatory process, where stakeholders were asked to interact through a 

guided procedure in order to select acceptable measures to be applied as an integrated 

local strategy for risk reduction. 

The project outcomes confirmed how multi-disciplinary approaches and stakeholders' 

involvement are therefore necessary, if scientists want their knowledge to be transmitted 

and understood by the public, from the coastal manager to the local communities. 

1.4 Notes on the coasts of Emilia -Romagna and Catalunya 

The Mediterranean sea is the theatre of less intense events, when compared with the 

hurricanes that hit the US coasts, such as Hurricane Sandy in New York in 2012 (Kunz 

et al., 2013), or the extreme events that impacted the coast of Northern Europe, such as 

the already mentioned Xynthia or the Southern North Sea storm in 2013 (Spencer et al., 

2015). However, severe or extreme storms are frequent and their impacts can produce 

disproportionate consequences to coastal communities, especially when the coasts are 

intensively exploited and, at the same time, the effort of coastal managers is insufficient 

to guarantee an effective risk management strategy. 

This is, for example, the case of the Emilia-Romagna region, in Italy, whose long coast 

faces the Northern Adriatic and is often threatened by high storm surges and waves, 

such as the recent event of February 2015 (Perini et al., 2015a) that caused significant 

impacts to numerous locations. Or the case of Catalunya (Jiménez et al., 2012), where 

erosion and flooding affect several economic sectors, tourism in primis. However, in 

both cases the risk is not only related to the single extreme occurrence (i.e. the short 

term), but also to the inherent problems that affect their sandy beaches, such as 

structural erosion or subsidence that have long term causes and effects. In both cases the 

human pressure is high. In both cases, the coast is the place of conflict of interests, 

private and public. In both cases, the coastal managers are aware of the issues related to 

coastal risk, current and future. In both cases, local researchers are very active in 

investigating their beaches. And, finally, in both cases, critical areas were chosen as 

case study sites in the framework of the EU FP7 RISC-KIT project which partially 
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supported the work of this PhD thesis. Notably, specific information on the two regional 

coastal domains and their critical areas can be found in the following chapters. 

1.5 About this PhD thesis 

This PhD thesis is the product of a three year journey through coastal risk. It collects 

input from many people and places that helped the author to understand how physical, 

social and economic aspects interact to generate risk in coastal areas and how it can be 

reduced, or at least how people can adapt to it. 

The author had the opportunity to work with innovative, multi-disciplinary approaches 

for field data collection, numerical modelling and coastal management. These three 

aspects were found to be essentially linked. Indeed, nowadays coastal managers are 

more and more relying upon models for, as example, issuing alerts and designing risk 

reduction plans. However, models simply remain a fascinating numerical exercise when 

not supported (qualitatively and/or quantitatively) by field measurements that show how 

real world looks like. Besides, coastal managers that have enough resources (actually, 

very rarely) are aware that proper coastal monitoring programs are needed. Thus, they 

support long term measuring activities. 

Thus, in this collection of articles in press or under review in scientific journals, and of 

manuscripts in preparation, the reader will find interesting applications of drone-based 

surveys (Chapters 2 and 3), numerical applications for the investigation of the 

propagation of uncertainties (Chapter 4) and for regional (Chapter 5) and local (Chapter 

6) coastal risk assessments, implemented by integrating socio-economic aspects. 

Statistical concepts are included, especially by applying Bayesian Network approaches 

to evaluate the interconnections between variables (Chapter 4) and analyze large 

amount of simulations in an integrated manner (Chapter 6). The inclusion of 

stakeholders in the evaluation process represented a key aspect for many applications: 

regional coastal managers provided data and constructive comments on the risk 

assessment applications (Chapters 5 and 6) while, local stakeholders provided valuable 

specific information, as example, to better organize fieldwork, especially when 

implemented in a post-emergency situation, or to identify lacks in the emergency 

preparedness and response phases (Chapter 2). The applications mainly focused on the 

Emilia-Romagna (Italy) sedimentary coast and some of its critical locations. Some 

studies (Chapters 4 and 6) also included a comparative analysis with the Tordera Delta, 

a sandy deltaic coast in Catalunya (Spain). Both areas are characterized by high levels 

of exploitation (i.e. mainly tourism) prone to the impact of coastal storms that have 

different origin and evolution, according to the local oceanographic setting. While the 

majority of the applications aim at improving and supporting the prevention phase of 

the disaster risk cycle, for some of them, their potential implementation in support of 

preparedness and response phases are also highlighted. 

This PhD thesis contributes to improve the traditional approaches for risk evaluation, 

with a strong interest in transferring scientific findings to coastal managers. Whereas 

risk assessments belong to the prevention phase of the disaster management cycle (see 

Figure 1.1), some aspects of this work are affected by, or affect, other phases, such as 

the preparedness and the response ones. Indeed, this path through coastal risk begins 

with two applications of coastal drone-based surveys, the first for local post-storm 

assessment (i.e. damage assessment, response phase; Figure 1.1) in support of a large 

scale (i.e. regional) response protocol, the second for the analysis of the seasonal 

behaviour of a sedimentary beach with artificial dune protections (in support of 

protection measure assessments, prevention phase; Figure 1.1); then it proceeds to an 

investigation of the limitation of specific simplifications in modelling and their effects 
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on the results (therefore, on the hazard and risk assessments, prevention phase; Figure 

1.1); and finally, it leads to the application of two innovative tools in support of coastal 

managers, for risk assessment (in support of risk management plans design , prevention 

phase; Figure 1.1) at the regional and local level, respectively. All topics, contribute to 

improve the preparedness phase (see Figure 1.1) either by increasing the level of 

knowledge and awareness (and thus the resilience) of the coastal community or, in the 

case of the local scale risk assessment, providing tools that can be adapted for 

operational purposes. The main coastal risks considered are linked to flooding and 

erosion. 

As anticipated, each chapter is adapted from papers in press, in review, or in 

preparation. All contributions were the product of strong international collaboration 

between the PhD candidate, the research team he belongs to (the COSTUF team of the 

Department of Physics and Earth Sciences of the University of Ferrara, Ferrara, Italy) 

and EU and US institutes. In all cases the PhD candidate played a prominent role either 

by doing field surveys, analyzing and interpreting the outcomes and writing large parts 

of the papers. In particular: 

¶ Chapter 2: this piece of work is the product of a collaboration between the 

COSTUF team and the CSHEL team of the School of Marine Science and 

Policy of the University of Delaware (Newark, DE, US). The PhD candidate 

contributed to the field data (i.e. qualitative and quantitative) collection, data 

analysis, interpretation and manuscript preparation. The original manuscript was 

accepted for review in Natural Hazard and Earth System Sciences as: 

Trembanis, A. C., Duo, E., Dohner, S., Grottoli, E., and Ciavola, P.: Quick 

Response Assessment of the Impact of an Extreme Storm Combining Aerial 

Drone and RTK GPS, Nat. Hazards Earth Syst. Sci. Discuss., in review, 

doi:10.5194/nhess-2017-337, 2017. 

The chapter represents a restructured and revised version of the manuscript and 

addresses the main issues highlighted by the anonymous reviewers (see 

interactive discussion at https://www.nat-hazards-earth-syst-sci-

discuss.net/nhess-2017-337/). However, it does not represent the version that 

will be resubmitted in case the manuscript will be accepted. That version will be 

prepared in agreement with all the co-authors. Given the major changes applied, 

the authors' order and the title will change as follows: 

Duo, E., Trembanis A. C., Dohner, S., Grottoli, E. and Ciavola, P.: Integrating 

Regional Protocols for Post-Event Assessments with Local GPS and UAV-based 

Quick Response Surveys: a Pilot Case from the Emilia-Romagna (Italy) Coast. 

¶ Chapter 3: this work is the product of a pilot drone-based surveying campaign 

that was held between October 2016 and April 2017 at the beach of Porto 

Garibaldi (Comacchio, Italy) and implemented by the COSTUF team, supported 

by Dr. A. Ninfo (Dep. of Physics and Earth Science of the University of Ferrara, 

Ferrara, Italy). The aim of the program was to design and test a procedure for 

drone beach monitoring in a location that is historically impacted by extreme 

events and where local stakeholders regularly implement soft risk reduction 

measures, such as temporary artificial dunes as protection against coastal storm 

impacts for beach concessions. Given the lack of significant coastal storm events 

on the area during the monitored period, only the preliminary results of the study 

are shown and discussed. The PhD candidate contributed to the field surveys, 

https://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2017-337/
https://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2017-337/
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implemented the photogrammetric reconstruction, analyzed and interpreted the 

results and wrote the present chapter. Indeed, this chapter represents a first draft 

of a manuscript that will be updated as soon as more interesting results will be 

available. At the moment of the submission of this PhD thesis, the research team 

was again operative since October 2017, waiting for the "Big One" storm to 

occur for testing the procedure. 

¶ Chapter 4: this piece of work is the product of a collaboration between E. Duo 

and M. Sanuy , PhD student at the Laboratori dôEnginyeria Mar²tima (LIM) of 

the Universitat Politècnica de Catalunya (Barcelona, Spain). This study was also 

funded by the Grant Programme for Young Researchers of the University of 

Ferrara through the ñ5 per mille assegnato allôUniversit¨ di Ferrara - 

dichiarazione dei redditi dellôanno 2013ò. The PhD candidate owns the idea of 

the study and implemented it at the Italian site, contributed to the analysis, 

interpretation and manuscript preparation. This chapter represents the most 

recent version of the manuscript that is in preparation for the submission to the 

Elsevier journal Coastal Engineering. The manuscript will be submitted in the 

next weeks as: 

Duo, E., Sanuy, M., Jiménez, J.A. and Ciavola, P.: Synthetic Storms: 

Uncertainties and Limitations of their Application in Coastal Hazard Modelling. 

¶ Chapter 5: this analysis was developed in the framework of the EU FP7 RISC-

KIT Project (GA 603458) as application and validation of the Coastal Risk 

Assessment Framework on the Emilia-Romagna coast. The PhD candidate 

contributed to the implementation of the hazard assessment, data analysis, 

interpretation and manuscript preparation. This chapter is in press for Coastal 

Engineering, as research paper contribution to the RISC-KIT Special Issue: 

Armaroli, C. and Duo, E.: Validation of the coastal storm risk assessment 

framework along the Emilia-Romagna coast, Coast. Eng., in press, 

doi:10.1016/j.coastaleng.2017.08.014, 2017. 

¶ Chapter 6: the analyses presented were developed in the framework of the EU 

FP7 RISC-KIT Project (GA 603458) as application of the RISCKIT Hotspot 

tool for local scale coastal risk assessment and scenarios testing. The work was 

the product of a collaboration between E. Duo and M. Sanuy , PhD student at 

the Laboratori dôEnginyeria Mar²tima (LIM) of the Universitat Polit¯cnica de 

Catalunya (Barcelona, Spain). The PhD candidate implemented the study at the 

Italian site, contributed to the analysis, interpretation and manuscript 

preparation. The original manuscript was accepted with "Major revision with 

further review by Editor and Referees" for the publication in Natural Hazard and 

Earth System Sciences as: 

Sanuy, M., Duo, E., Jäger, W. S., Ciavola, P., and Jiménez, J. A.: Linking source 

with consequences of coastal storm impacts for climate change and risk 

reduction scenarios for Mediterranean sandy beaches, Nat. Hazards Earth Syst. 

Sci. Discuss., in review,doi:10.5194/nhess-2017-345, 2017. 

The chapter represents a revised version of the original manuscript and 

addresses the main issues that were highlighted by the anonymous reviewers 
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(see interactive discussion at https://www.nat-hazards-earth-syst-sci-

discuss.net/nhess-2017-345/). However, it does not represent the version that 

will be resubmitted. That version will be prepared in the next weeks in 

agreement with all the co-authors. 

A final conclusive chapter (Chapter 7) will summarize the findings of each chapter and 

will give an integrated view of the lessons learned and opportunities for improvements.  

This PhD thesis was reviewed by two external referees between 1 December 2017 and 8 

January 2018. The referees were Dr. Ap Van Dongeren (Deltares, Delft, The 

Netherlands) and Prof. Tom Spencer (University of Cambridge, Cambridge, United 

Kingdom). This version of the thesis addresses all their comments and suggestions. 

The thesis, is addressed to students, researchers, and professionals, that will find useful 

insights especially on drone, numerical and Bayesian applications; and, finally, to 

coastal managers, that will find up-to-date approaches dealing with post-storm 

monitoring, coastal risk assessments, climate change scenario and disaster risk 

reduction (DRR) measures evaluation. 

 

https://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2017-345/
https://www.nat-hazards-earth-syst-sci-discuss.net/nhess-2017-345/


2 INTEGRATING REGIONAL PROTOCOLS F OR POST-

EVENT ASSESSMENTS WITH LOCAL GPS AND UAV -

BASED QUICK RESPONSE SURVEYS: A PILOT CASE 

FROM THE EMILIA -ROMAGNA (ITALY) COAST  

2.1 Introduction  

Coastal flooding and erosion caused by extreme storm events shape coastlines, impact 

coastal infrastructure, and present hazards to coastal inhabitants that can thus suffer 

their consequences. The most damaging events consist of a combination of extreme 

wave heights, storm surge, wind direction, and tidal stage, that interact with the 

morphology of the beach and adjacent infrastructures generating direct and indirect 

impacts (Van Dongeren et al., 2017; Viavattene et al., 2017). With expectations of 

increasing storm intensities and occurrence (Bason et al., 2007), coastal communities 

are in need of accurate field data to inform management and policy decisions (Casella et 

al., 2016). To ensure appropriate plans are enacted, precise and high-resolution field 

measurements are required to understand storm effects on the community and to 

provide input for numerical modelling for future impact prediction purposes (Lee et al., 

1998; Stone et al., 2004; Nicholls et al., 2007). Besides, the inclusion of local 

stakeholders in the assessment process is essential to better understand the local point of 

view and properly address risk reduction plans (Martinez et al., 2017). 

Coastal managers are requested to adopt plans and protocols for risk management, 

ranging from prevention, preparedness, response and recovery phases of the risk cycle. 

Indeed, the importance of protocols and standard approaches for risk management is 

recognized at the European level (Poljanġek et al., 2017). The role of post-event 

assessments (response) are of vital importance to properly address coastal risk 

management. The forecasting and early warnings (preparedness) can support the 

assessments and help at coordinating the response tasks on the field. Consequently, the 

results of the assessments can be used to improve hazard and risk maps, and enhance 

risk reduction plans (prevention). In this context the Emilia-Romagna Region already 

adopted effective protocols for coastal risk management and, of particular interest for 

this work, regarding early warning and post-storm hazard and risk assessments (Ligorio 

et al., 2012; Perini et al., 2015b, 2016). 

Capturing the physical signature of a storm event requires a rapid quantitative mapping 

response to assess the impacts to the coastline after the storm, before either natural or 

human induced recovery processes take place (Morton et al., 1993; Bush et al., 1999; 

Morton, 2002). Notably, in order to properly quantify these impacts, it is also desirable 

to collect pre-storm elevation data. In recent years, autonomous platform methodologies 

for coastal mapping and extreme event impact assessment were proposed and tested, 

beyond the traditional GPS, LIDAR, and satellite remote sensing techniques, such as the 

use of unmanned vehicles for mapping the emerged beach (Mancini et al., 2013; Casella 

et al., 2016; Turner et al., 2016) and the submerged area (Trembanis et al., 2013). 

The classic stadia rod and level beach surveying technique, while still functional, has 

been replaced by time and cost efficient Real-Time Kinematic Geographical Positions 

Systems (RTK GPS) for ground-based surveys (Morton et al., 1993; Theuerkauf and 

Rodriguez, 2012). RTK GPS is the preferred method for any data collection requiring 

highly accurate (few centimeter) positioning measurements and is utilized in the coastal 

environment for temporal and spatial monitoring of many coastal morphologic features 

(Larson and Kraus, 1994; Benedet et al., 2007; Hansen and Barnard, 2010; Theuerkauf 

and Rodriguez, 2012). With RTK GPS surveys, questions arise regarding the accuracy 
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of beach morphology representation due to insufficient resolution when traditional 

profile spacings of more than 100 meters are used (Swales, 2002; Bernstein et al., 2003; 

Pietro et al., 2008; Theuerkauf and Rodriguez, 2012). Terrestrial laser scanners or total 

stations improve point density but require more time and physical effort as RTK GPS, 

particularly when surveying large areas (Saye et al., 2005; Theuerkauf and Rodriguez, 

2012; Lee et al., 2013). Improvements in remote sensing technology have increased 

point density through airborne lasers (LiDAR) and satellite imagery but the high costs 

of operations and infrequent surveys render these options impractical for local scales 

and rapid or frequent repeated surveys (Stockdon et al., 2002; Young and Ashford, 

2006; Anderson and Gaston, 2013). A recent LiDAR application was proposed by 

Phillips et al. (2017) by fixing a laser system on a building to continuously monitor 

beach profiles. The system was able to provide interesting results for beach recovery 

analysis and showed a great potential for other investigations. However, the 

measurements are performed on a single location, in the cross-shore direction. 

Recent improvements in autonomous technology have made Unmanned Aerial Vehicles 

(UAV) a useful emerging tool in the survey world which accommodates local scales, 

rapid and frequent surveys, and can be economically feasible with accurate results for 

monitoring hydro-morphological changes in the coastal zone (Berni et al., 2009; 

Westoby et al., 2012; Casella et al., 2016; James et al., 2017). 

Focusing on the social dimension of the problem, it was demonstrated that the inclusion 

of local people in the processes of coastal risk assessment and preparation of reduction 

plans, can improve the quality of the outcomes and can have a positive feedback on the 

population, increasing its risk awareness and preparedness (Pescaroli and Magni, 2015; 

Becu et al., 2017; Gray et al., 2017; Martinez et al., 2017). In this sense, performing 

interviews of local people in the immediate aftermath of a coastal extreme event can 

provide important information on the local evolution of the storm, and, even more 

importantly, on the effectiveness of the implemented emergency preparedness and 

response phases (Martinez et al., 2017). 

Here, a pilot case study of a quick response protocol for local post-storm assessment, 

utilizing a combination of traditional on-ground RTK GPS surveys together with aerial 

imagery gathered by an Unmanned Aerial Vehicle (UAV or drone) for digital 

photogrammetric reconstruction further supported by qualitative data collection (i.e. 

interviews of local stakeholders), is presented. This combination of technologies allows 

for a rapid and more holistic coverage of the field site. The presented results of the pilot 

test demonstrate that the approach can provide high-resolution data for capturing storm 

impacts. Furthermore, this integrated approach can provide detailed insights that can be 

applied at the local, as well as at regional and national levels, for coastal management 

purposes. The evidences also show that the local protocol could be integrated in the 

regional protocol for post-storm assessment, creating a very effective coordinated 

protocol. 

2.2 Case Study 

2.2.1 Regional settings and study site 

Regional settings 

A stretch (~7 km) of the coastal area of the Ferrara province (Emilia-Romagna region), 

on the Italian side of the Northern Adriatic Sea (Figure 2.1A,B), was surveyed starting 

in the waning period of an extreme storm event (hereafter called the Saint Agatha storm, 

see Section 2.2.3) that occurred on 5-7 February 2015. The survey continued for a week 



37 

 

following the passage of the storm. The coastal landscape in Emilia-Romagna is 

generally comprised of low-lying sandy beaches with limited topographically elevated 

areas usually in the form of either relict beach ridges or artificial embankments 

(Armaroli et al., 2012). The shore is comprised of alternating spaces of natural areas 

with native dunes and intermixed with more prevalent urbanized areas with tourist 

facilities and coastal protection structures (i.e. groins and breakwaters). Through 

continued development and urbanization over the last 60 years as a result of grants to 

commercial beach concession operators, most of the shore is now occupied by tourist 

facilities, residential buildings, and bathing structures often replacing the ancient coastal 

dune ridges (Sytnik and Stecchi, 2015). Since the end of World War II, a sediment 

deficit has affected the littoral budget as a result of a decrease in sediment transport 

towards the shore by local rivers, mainly because of the human interventions on the 

rivers and their basins (Preciso et al., 2012) and the reforestation of the Apennines (Billi 

and Rinaldi, 1997). The exposure to coastal flooding is high, especially in the Ferrara 

and Ravenna provinces, where some elevations are below Mean Sea Level 

(MSL)(Perini et al., 2010a), and several defence structures (groins, breakwaters, etc.) 

have been built along the coast in the hope that beach retreat would cease (Armaroli et 

al., 2012). This problem has been exacerbated over the last few decades by land 

subsidence, which has been caused mostly by groundwater and gas extraction activities 

(Teatini et al., 2005; Taramelli et al., 2015).  

The wave climate for the region is characterized by low wave energy (mean Hs å 0.4 m, 

Tp å 4 s) with a semidiurnal micro-tidal regime (neap tidal range = 0.30 m; spring tidal 

range = 0.8 m). Storm waves with 1-year return period range up to 3.3 m (Armaroli et 

al., 2009) and storm surges with a 2-year return period are up to 0.6 m (Masina and 

Ciavola, 2011). These storm events can occur, particularly in the fall and winter months 

(October-March), which comprises the storm season. Storms are mainly characterized 

by ENE waves associated with Bora (NE) winds or by SE waves if caused by Scirocco 

winds. Storm surge events predominantly occur during SE winds, which also coincide 

with the main SEïNW orientation of the Adriatic Sea. Bora storm waves are generally 

higher and steep, whereas Scirocco waves are smaller but with a longer wave period. 

This is because the latter are generated over a longer fetch by winds of lower intensity 

(Harley et al., 2016). 

Several methods for storm characterization have been developed and implemented in 

recent years for the Mediterranean coast. Mendoza et al. (2011) proposed a five-class 

intensity scale, defining a storm as an event in which the significant wave height 

exceeds 1.5 m for at least 6 hours (Mendoza and Jiménez, 2006). Moving to a more 

local perspective, Armaroli et al. (2012) adopted the same physical definition of storm 

events for the northern Adriatic. Two storms are considered separated when the 

significant wave height decreases below the 1.5 m threshold for 3 or more consecutive 

hours. As a resulting of the combined analysis of the events and their impacts, that study 

classified a storm as ñpotentially damagingò when it exceeds the critical wave and total 

water level (TWL = surge + tide) threshold which are: Hs >= 2 m and TWL >= 0.7 m 

for urbanized beaches; Hs >= 3.3 m and TWL >= 0.85 m for natural beaches. The Saint 

Agatha storm was identified utilizing the nearest offshore buoy and tide gauge (Figure 

2.1C and Figure 2.2) records of waves and water levels, and following the Armaroli et 

al. (2012) storm definition. 

Case study site and target area 

The case study site is the portion of coast between Porto Garibaldi and Lido di Spina 

and is characterized by highly developed, low-lying sandy beaches, with commercial 

concessions (i.e. properties located on public beach areas, granted to privates for 
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commercial/tourism activities) directly facing the sea. The width of the beach ranges 

from ~20 m to ~150 m. The predominant sediment transport is directed northward. The 

southern jetty of the canal harbour (Porto Canale) in Porto Garibaldi traps this sediment, 

resulting in widening of the beach of Lido degli Estensi and depleting the Porto 

Garibaldi beach. Erosion appears again in the southern part of Lido di Spina (Nordstrom 

et al., 2015), as it can be seen in Figure 2.1D. The southernmost concession at Lido di 

Spina defines the southern boundary of the case study. In the whole area, the 

concessions can be affected by coastal storm impacts during extreme events (Nordstrom 

et al., 2015). The pilot case study presents areas that are well known at the regional 

level as coastal risk prone area (Perini et al., 2016; Armaroli and Duo, 2017). The target 

area of the analysis of this pilot study, is the southernmost portion of the beach at Lido 

degli Estensi (Figure 2.1E) in the municipality of Comacchio, east of Ferrara and north 

of Ravenna. 

 

Figure 2.1 Field study site locations: A) Emilia-Romagna region; B) Coastal 

regional domain; C) Locations of the nearest tide gauge and wave buoy; D) Pilot 

case study site; E) Target area for data comparison. 
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2.2.2 Coastal alerts and monitoring in Emilia-Romagna 

The Emilia-Romagna Region (RER) developed a protocol for coastal storm alert and 

monitoring, in the framework of a wider system for hydro-geological risk alert, and 

several agencies and regional services are involved in the process (Ligorio et al., 2012). 

The daily forecasting of waves, surge and coastal impacts, provided by the Servizio 

IdroMeteoClima of the Agenzia Regionale per la Prevenzione, l'Ambiente e l'Energia 

(ARPAE-SIMC), are evaluated, along with the weather forecast, by the regional 

geological service (Servizio Geologico Sismico e dei Suoli, SGSS), the Centro 

Funzionale of ARPAE (ARPAE-CF), the regional Servizio Difesa del Suolo della Costa 

e Bonifica (SDSCB), the technical services (Servizi Tecnici di Bacino, STB), the inter-

regional agency of the Po river (Agenzia Interregionale Fiume Po, AIPO) and the Civil 

Protection.  

The forecasting of coastal hazards and impacts is provided through the regional Early 

Warning System (EWS), developed in the framework of the EU FP7 MICORE project 

(www.micore.eu), with the objective to predict the imminent arrival of a storm as a tool 

to be used by Civil Protection agencies and local communities (Ciavola et al., 2011b; 

Harley et al., 2012, 2016; Jiménez et al., 2017b). The Emilia-Romagna EWS is 

operational and is run by ARPAE-SIMC and the University of Ferrara (UNIFE) by 

executing a daily sequence of connected numerical models (COSMO, SWAN, ROMS, 

and XBeach), comprised of 22 cross-shore profiles, with the final output transformed 

into a format suitable for decision-makers and end-users (Harley et al., 2012). The EWS 

tool is based on Storm Impact Indicators (SIIs) (Ciavola et al., 2011b), focusing on the 

magnitude of water ingression and the type of exposed assets, which are described as 

natural or urbanized beaches (Harley et al., 2016). The daily outputs are published 

online at http://geo.regione.emilia-romagna.it/schede/ews/. 

From 2017, the RER activated an online portal (https://allertameteo.regione.emilia-

romagna.it/) where the alerts are published in a GIS-based interface. In case of 

forecasted over-threshold events, or unexpected ones, the alert is issued to the Civil 

Protection that forwards it to the local technical services and municipalities, and the 

monitoring phase begins and updates are issued on the basis of observations (i.e. waves, 

water levels, wind, rains, etc.) and forecasting updates. If necessary, the emergency 

response is activated and implemented by the Civil Protection. 

The SGSS is in charge of data collection and elaboration for coastal risk management 

purposes (Perini et al., 2015b; Armaroli and Duo, 2017). During and after a coastal 

event the geological service collects all available information from forecasting, 

observations, online pictures, webcam movies and news. After significant coastal 

events, the STBs are activated and implement on the ground surveys, documenting local 

impacts and measuring the water ingression. The SGSS also survey (with DGPS 

techniques) 18 beach profiles in 13 locations along the coast, belonging to the regional 

beach monitoring network (Rete di Monitoraggio dei Profili di Spiaggia, REMPS). 

After an important event, the Civil Protection fly over the impacted areas taking oblique 

aerial pictures. However, this is not a regular procedure and is occasionally 

implemented. All the information are elaborated and archived by the SGSS in the public 

GIS-based coastal information system (Sistema Informativo del Mare e della Costa, 

SIC; http://ambiente.regione.emilia-romagna.it/geologia/temi/costa/sistema-

informativo-del-mare-e-della-costa-sic), in the in_Risk and in_Storm platforms (Perini 

et al., 2015b).  

The Emilia-Romagna Region (RER) can actually be considered acting at the state-of-

the-art in coastal alert and monitoring at the EU level (Perini et al., 2015b), as also 

www.micore.eu
http://geo.regione.emilia-romagna.it/schede/ews/
https://allertameteo.regione.emilia-romagna.it/
https://allertameteo.regione.emilia-romagna.it/
http://ambiente.regione.emilia-romagna.it/geologia/temi/costa/sistema-informativo-del-mare-e-della-costa-sic
http://ambiente.regione.emilia-romagna.it/geologia/temi/costa/sistema-informativo-del-mare-e-della-costa-sic
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publicly declared in a press release by the European Commission on the 26 September 

2014 (http://europa.eu/rapid/press-release_IP-14-1046_en.htm). 

2.2.3 Storm event 

During the period February 5-7 2015, an extreme storm hit the Emilia-Romagna coast 

and the whole of the northern Adriatic Sea, causing flooding of extensive portions of 

urban and natural areas. The storm occurred in the context of extreme regional weather 

conditions, which included heavy snow in the Apennines and rain in the alluvial plain of 

the Emilia-Romagna region (ARPA E-R SIMC, 2015; Perini et al., 2015a, 2015b). As 

anticipated, the storm was named by the colloquial name of the Saint Agatha storm as it 

began the day of the celebration of Saint Agatha in Italy. The storm started at night and 

lasted for more than two days (51 hrs), making it one of the longest duration storms in 

the record of the local wave buoy offshore of Cesenatico (Figure 2.1C), deployed in 

May 2007. The maximum water level (surge + tide) of 1.20 m was measured at 23:40 

GMT on 5 February (Figure 2.2). The non-tidal residual time-serie was assessed on the 

basis of the tidal predictions (calculated for Porto Corsini using data for the period 

2007-2015 with t_tide; Pawlowicz et al., 2002) and showed a peak of 1.27 m in the 

morning of 6 February (Figure 2.2). The skew surge for the tidal cycle that included the 

peak of the total water level was calculated and resulted in 0.92 m. The maximum 

significant wave height (4.6 m) was recorded in the morning of 6 February (Figure 2.2). 

The wave direction was consistently from the ENE sector for the entire event duration. 

The recorded water level was provided by the tide gauge of ISPRA (Istituto Superiore 

per la Protezione e la Ricerca Ambientale) located in Porto Corsini, Ravenna (Figure 

2.1C). Wave data was recorded by the ARPA-ER (Agenzia Regionale per la 

Prevenzione e lôAmbiente dellôEmilia-Romagna) offshore wave buoy located at 10 m 

depth, 5.5 km offshore from the town of Cesenatico (Figure 2.1C). 

According to the Mediterranean storm classification of Mendoza et al. (2011), the Saint 

Agatha storm is assigned the severity class IV (ñSevereò). The storm severity was 

amplified by the combination of high waves, high water level and intense rainfall that 

created combined problems to the local river discharge (Perini et al., 2015a, 2015b). 

Furthermore, according to the classification of Armaroli et al. (2012), the Saint Agatha 

storm was expected to have a strong impact on the coast, exceeding the combined wave 

and water level hazard thresholds over a wide area (Figure 2.2). 

Perini et al. (2015b) reported that the event was forecasted by the regional forecasting 

chain and the EWS. An alert of Level 1 (out of 3 levels, from 1 to 3) was issued at 

regional level already on the 4 of February. The day after it was increased up to Level 2. 

The regional protocol allowed to monitor the evolution of the event with the support of 

measuring stations (i.e. weather, waves, water levels), webcams, waves and surge 

forecasts and the EWS alerts (updated every day). The monitoring of the damages 

started on the 6 of February: while the STBs were visiting the impacted locations from 

the ground, the Civil Protection implemented a first helicopter flight, providing oblique 

aerial pictures used to map impacts. Two other flights were performed on the 8 and the 

10 of February, in order to complete the survey. In that period, the SGSS collected 

online material such as pictures, movies and news. All the information were archived in 

the regional database, although the material is not yet visible online. However, 

information on the storm and its impacts are available at the RISC-KIT Storm Impact 

Database (http://risckit.cloudapp.net/risckit/#/) (Ciavola et al., 2017). 

The whole dataset was used to evaluate the impacts along the coast and the observed 

ingression line (elaborated from aerial pictures and local measurements, where 

available) was compared with the risk maps produced for the Floods Directive 

http://europa.eu/rapid/press-release_IP-14-1046_en.htm
http://risckit.cloudapp.net/risckit/%23/
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(2007/60/EC) (Perini et al., 2016). On the basis of this analysis, Perini et al. (2015b) 

showed that the inundation extension was similar to the inundation scenario defined by 

an event with a representative return period of 100 years. In specific locations, however, 

the inundation exceeded the 100 year scenario limit, or, on the contrary, resulted more 

similar to the 10 year flooding scenario.  

Severe damage to several concession properties and urban areas was recorded along the 

coast (Perini et al., 2015a, 2015b). While in the Ferrara province the impacts were 

mainly confined to the exposed beach, causing significant damage to the concessions 

(urbanized beaches), to the dune systems (natural areas) and smaller harbours (e.g. 

flooding of the Porto Canale in Porto Garibaldi), in the Ravenna province several 

coastal towns experienced extensive flooding of residential areas (e.g. Lido di Dante, 

Classe and Savio, where a flood water depth of 2 m was recorded, Perini et al., 2015b). 

As part of the quick response effort, the research team was able to visit several 

locations, in the Ferrara and Ravenna provinces, in the two weeks immediately 

following the event, with a focus on directly observing and quantifying the effects of the 

event, where rapid post-storm intervention did not occur. In this chapter, the analysis of 

the survey is presented for the case study and Lido degli Estensi in the Comacchio 

municipality (i.e. the target area in Figure 2.1E) is shown. 

 

Figure 2.2 Saint Agatha storm hydrodynamic data including significant wave 

height (m), wave period (s), direction of waves (nautical degrees), total water level 

(m), predicted tide (m) and non-tidal residual (m). The start and end time of the 

storm is referenced to the local storm threshold condition of Hs = 1.5 m and 

referenced to GMT. 
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2.3 Methods 

2.3.1 Quick Response Protocol 

It was developed, and it is presented here, a coordinated Quick Response Protocol 

(QRP) for a quick storm impact assessment at local level to be implemented by Quick 

Response Team (QRT) by integrating EWS (Early Warning System) input, RTK GPS 

and drone survey techniques, along with quantitative observation and collection of data 

through interviews with local stakeholders and damage annotation. In the framework of 

the risk management cycle, the QRP is shown in Figure 2.3. The available regional 

EWS is able to provide early information on the specific coastal areas within the 

regional domain that are likely to be impacted by an approaching storm. In this case 

study, the EWS has been operational for several years and is utilized by the RER and 

results made available to the general community (see Section 2.2.2). Thus, the QRT is 

able to know in advance where the quick response will most likely be needed and 

prepare in advance personnel scheduling and survey equipment. The pre-storm survey, 

mainly topo-bathymetric survey through both RTK GPS and UAV techniques, should 

be performed whenever possible, given enough time and resources. However, it is most 

critically necessary (i) in case studies where important morphological changes take 

place over short time-scales and/or (ii) when other sources of information are not 

available on the pre-storm condition in the likely impacted area. The regional 

forecasting system (see Section 2.2.2) can provide further guidance to the QRT by 

indicating when storm conditions have subsided sufficiently to allow survey activities 

on the ground and in the air. 

The QRP for storm local impact assessment included a sequence of steps to acquire 

both qualitative and quantitative measurements of the storm in the aftermath of the 

event. The critical tasks of the quick response strategy during the days immediately 

following the storm included the following activities: 

¶ Conduct interviews of citizens, shopkeepers, restaurant owners, and other local 

stakeholders; 

¶ Annotate the visible damage to coastal defences, buildings, infrastructures; 

¶ Take pictures of the horizontal flood limits and vertical flood marks; 

¶ Measure the vertical elevation of flood marks on buildings and defence 

structures; 

¶ Map the horizontal flood limit by means of RTK GPS; 

¶ Survey of the beach by means of RTK GPS (profiles) and aerial drone flights. 

The survey tasks focused on the emerged part of the beach as the drone system was not 

capable to acquire reliable information on the submerged area. In general, for micro-

tidal environments, the GPS technique can be used to survey the intertidal area of the 

cross-shore profiles. The information could be used in comparison with the pre-storm 

dataset, when covering the same area. However, the information would not be useful to 

perform 2D analysis. Some possible improvements of this and other aspects are given in 

Section 2.6. 

The QRP steps provided data to allow for an integrated analysis of the storm impacts. 

The need to conduct rapid field survey activities in this study required the contribution 

of several people: at least 2 to 3 skilled operators were necessary to accomplish all the 

tasks in the field, every day. Depending on the alongshore extension and width of the 

coast that needs to be covered, the implementation of the protocol could last from a few 

days to a few weeks. In this study, 7 days were sufficient to complete the 
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aforementioned tasks along a total beach length of almost 7 km for the case study site 

(Figure 2.1D), resulting in the integrated assessment rate of 1km per day. In total, 10 

profiles and more than 40 flood limits and flood marks were surveyed with RTK GPS 

technique and 6km of beach were surveyed with the drone and a further 50-60 GCPs 

(Ground Control Points) were surveyed on the ground with RTK GPS for use in the 

drone data processing, error analysis and data comparison. 

The data processing and analysis of the acquired information is further described in the 

next sections, specifically focusing on the target area (Figure 2.1E). The integrated 

information will help to understand the overall effect of the storm in the surveyed area. 

The scientific aim of the QRP is to provide useful input to coastal managers for hazard 

and risk assessment purposes (Figure 2.3), integrating the post-storm information 

collected at the regional level. 

 

Figure 2.3 The Quick Response Protocol (QRP) in the framework of the Disaster 

Management Cycle. 

2.3.2 Pre-storm conditions 

The pre-storm conditions of the subaerial beach and backshore were assumed to be 

represented by the available LIDAR-derived DTM from October 2014. The dataset was 

used as reference for the morphological variations of the emerged beach due to the 

storm impact, as no major events occurred in the period before the survey and the Saint 

Agatha event. 

2.3.3 Stakeholder interviews 

Local stakeholders (SH) were interviewed by the QRT on the morning of the 7 of 

February 2015. The interviews were mainly based on informal questions on the recent 

experience, focusing on the timing of the evolution of the flood event; what the people 

were doing before, during and after the event; if they were alerted and prepared. They 
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were also requested to give an interpretation of the causes of the impacts of the event. 

Ten SHs were interviewed in Porto Garibaldi (Figure 2.1D), the town in the north of 

Lido degli Estensi. The group included mainly owners of commercial or touristic 

services (e.g. concessions, restaurants, shops and others), a resident, a fisherman and a 

fireman. Notably, in this work, the interviews were mainly used to understand which 

local areas were mostly impacted, in order to better organize the field activities, and to 

understand the timing of the storm impact evolution. 

2.3.4 Ground GPS survey 

Field measurements relative to flood limits, flood marks, and beach profiles were 

undertaken using a RTK GPS (Trimble R6). All measurements were referenced to 

WGS84 UTM33N coordinates and the national geoid Italgeo99 for elevation. The flood 

limit denotes the maximum water progression on the plan view, evidenced by the 

presence of objects and debris moved inland by the water during the storm. It was 

associated with a GPS location (see Figure 2.4A). These type of points are hereafter 

called ñGPS Floodlinesò. A flood mark denotes the maximum water depth at a specific 

location where the water level was clearly visible, for example, walls, buildings, trees or 

dunes (e.g. Figure 2.4B). These points, hereafter called ñGPS Floodmarksò, were 

associated with a GPS location and a water depth measured, e.g., with a simple meter 

(see Figure 2.4B). Cross-shore beach profiles were also surveyed in order to have a 

comparison (i.e. a posteriori) with the post-storm Digital Elevation Model (DEM) 

generated from the drone photogrammetric analysis. Ten cross-shore profiles were 

measured throughout the surveyed area highlighted in Figure 2.1D. The measurements 

were done on the terrain and thus excluding variation in the elevation due to debris, 

wood or others. The profiles belonging to the case study target area are two (Profile 1 

and Profile 2 in Figure 2.1E). These profiles were then used to provide a 

validation/quantification of error (i.e. RMSE) of the drone processed data. 

 

Figure 2.4 Examples of ñGPS Floodlineò (A) and ñGPS Floodmarkò (B) 

measurements. 

2.3.5 UAV survey and Ground Control Points 

A commercial off-the-shelf unmanned aerial vehicle (UAV), the DJI Phantom Vision 

2+, was used to conduct the aerial remote sensing imagery capture. Photos were 

collected from elevations between 40-60 m at speeds of 4 m/s with manual flight 

controls used to fly in a lawn-mower pattern (e.g. boustrophedon flight pattern) back 

and forth across the beach with 65-75% overlap between images resulting in more than 

five photos per common point within the survey domain. Manual flights were 

performed as, at the time of the survey , the team did not have at its disposal automatic 
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flight tools and software. This approach influenced the results (as expected) and this 

aspect will be emphasized and discussed in the following sections. The drone camera 

utilized a fixed focal length, constant exposure, and timed image capture every five 

seconds. Fourteen Ground Control Points (GCPs) were measured using a RTK GPS 

(Trimble R6) for use in support of the photogrammetric process. A commercially 

available photogrammetric software package, specifically Pix4D, was used to stitch the 

collected UAV photos into one continuous mosaic by matching points within 

overlapping photos utilizing structure-from-motion (SfM) algorithms. The application 

of drone based SfM photogrammetry for coastal morphology assessment has been 

demonstrated recently by the studies of Casella et al. (2014, 2016), Dohner et al. (2016), 

Turner et al. (2016) and Scarelli et al. (2017). Drone photo post-processing followed the 

step-wise process illustrated in Figure 2.5, whereby photos are matched using embedded 

GPS metadata from the UAV then GCPs are added to the mosaic to constrain error with 

the more accurate RTK GPS positioning for horizontal and vertical control. Orthophoto 

mosaics are then reduced to dense points clouds with elevation values calculated from 

the stitched mosaic. Digital Elevation Models (DEMs) and mesh models are created 

from the dense point cloud. The dense cloud was not cleaned during the process, 

meaning that the points representing debris, wood or other objects were not removed 

and affected the drone products. This limitation, presented in other published works 

such as Casella et al. (2014), will be stressed and discussed in the following sections 

and specific remedies will be proposed in Section 2.6. The DEM and orthomosaic were 

then exported for use in comparison to the RTK GPS survey (see Section 2.4). The 

drone based survey approach allowed to quickly survey an area of 0.25 km
2
 within a 10-

minute flight resulting in a ground sampling distance of 2.5 cm/pixel. 

 

Figure 2.5 Sequence of processing steps used in the photogrammetric process of 

UAV images. Main details of each step are given in the dashed boxes. 

2.4 Results 

With the goal of demonstrating the reliability of an integrated local assessment of the 

storm impacts, implemented following the QRP, the results are presented in the 

following. First, a summary of the interviews is given. Then, the results of the extensive 

on-ground survey effort during the week following the storm are presented for the target 

area (Figure 2.1E) of the pilot case study (Figure 2.1D). The results are presented in 

sequential sections showing comparisons between the on-the-ground (RTK-GPS) and 

aerial drone survey results. 
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2.4.1 Summary of the interviews 

Most of the SHs reported that on the evening of the 5 of February (Thursday) the water 

level inside the Porto Canale of Porto Garibaldi (Figure 2.1D) was approaching the 

level of the embankments (~1.8 m above MSL) due to the combined effect of the canal 

discharge and the sea conditions. At that moment, the emerged beaches were already 

impacted by high water levels and waves. The overflow of the canal started between 1 

and 2am and continued till 4am, mainly because of the oscillations of the water surface 

due to the action of waves that propagated inside the canal. On Friday, early morning, 

the situation was still critical, it improved only at lunch time, when the sea conditions 

began to subside. Some of them claimed that they did not remember a similar event in 

the last 30, 50 and 60 years. 

For the local people in Porto Garibaldi it was already clear on the 5 February 2015, that 

a strong coastal event was approaching their towns. However, several SHs claimed that 

no clear local alert to the population was given and none of the interviewed knew about 

the regional EWS. Basically, local know-how and experiences were their only 

instruments to understand what was happening and prepare themselves (e.g. posing sand 

bags). They also reported that the Civil Protection arrived at the location on the 6 of 

February (Friday), at lunch time, bringing sand bags and assistance. 

2.4.2 Topographic profiles and Digital Elevation Model surface 

An indication of the quality of the DEM produced from the analysis of the drone images 

is given comparing it with the RTK GPS cross-section points (see Figure 2.1E). The 

comparison is shown in Figure 2.6 for both profiles. For both datasets the assumed (i.e. 

a priori) vertical uncertainty is shown, namely ±15 cm for drone derived data and ±5 

cm for RTK GPS data, illustrated by the shaded outlines. It is important to note that 

elevation outliers were deleted from the drone derived data extracted for Profile 1 and 2 

when they were visually determined to be clearly not representative of the terrain 

surface. However, it was not possible to correct in a similar way the variations induced 

by debris or other small objects that affected the comparison. A smoothing (i.e. moving 

average) of the profiles was also applied to both drone and RTK GPS derived data. The 

Root Mean Square Errors (RMSEs) of the vertical elevation between the ground 

measured (RTK GPS) and remote sensing (drone) data were 14 cm and 12 cm for 

Profiles 1 and 2, respectively. Note that Profile 2, with an RMSE of 12 cm, is located in 

the central portion of the survey area, where more precision was expected due to greater 

image overlap and GCP control, while Profile 1, with an RMSE of 14 cm, is closer to 

the edge of the domain where the drone DEM is expected to be less accurate. Since the 

drone data comes from a commercial off-the-shelf unit and thus relies on RTK GPS 

ground control points for positioning accuracy, the drone surveys are therefore not 

wholly independent of the GPS system. Nevertheless, the drone surveys provided a 

useful and efficient extension of the RTK GPS ground surveys. 

This target study aimed to give an indication of precision and reliability of the resulting 

drone-derived DEM which was corrected using the available RTK GPS ground control 

points. The drone data, while overestimating the elevation in the higher portion of the 

Profile 1, with the strongest difference in the order of 25-30 cm, converged with the 

RTK GPS profile in the lower portion of Profile 1 near the swash zone. For Profile 2, 

most of the morphological features were captured, including the storm berm (with a 

vertical error on the berm top of ~15 cm). The slopes of the emerged foreshore are 

comparable for both profiles: for Profile 1 the slope calculated was 0.016 for the drone 

derived profile, while it resulted 0.014 for the RTK GPS profile. The same slopes 
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calculated for Profile 2 resulted 0.021 and 0.018, respectively. This profile convergence 

is implemented in further morphological change analysis as shown in Section 2.4.4. 

Thus, the foreshore slope, berm shape, and berm crest locations are well captured by the 

drone DEM in Figure 2.6. The largest disagreement between the drone and RTK GPS 

profiles occurs landward of the berm in the back portion of the beach (around 30 cm for 

Profile 1 and 20 cm for Profile 2). A combination of factors contributed to this 

difference including lower sampling resolution of the RTK GPS compared to the drone, 

the manual flight that does not allow for a full control on flight altitude and images 

overlap, and the inclusion of non-terrain elevations such as wood and debris in the DEM 

(see Sections 2.5 and 2.6 for the discussion of these limitations and proposed remedies, 

respectively). 

 

Figure 2.6 Comparisons between the February 2015 post-storm observed GPS 

profile survey and post-storm drone DEM for Profiles 1 and 2. The error bands, 

defined a priori (±15 cm for drone and ±5 cm for GPS) for visualization purposes, 

are shown. The RMSE calculated a posteriori between the GPS and drone-derived 

data are reported. 

2.4.3 Coastal flooding 

In Figure 2.7, the results obtained for the flood extension from the drone derived data 

are shown in comparison with the GPS observed Floodline and Floodmarks. The drone 

orthomosaic was analyzed to extract the floodline by observing the debris line that was 

deposited inland (i.e. ñDrone Floodlineò in Figure 2.7). In order to also take into 

account visible areas in the drone orthomosaic that were reached by the water through 

small paths but that are not included in the main flooded area, several spot areas, hereby 

and in Figure 2.7 called ñDrone Secondary Floodò areas, were defined. Notably, the 

high-resolution of the orthomosaic enabled to extract a really detailed continuous flood 

extension, if compared to the GPS survey. 

An agreement is seen between the ñDrone Floodlineò and the RTK GPS derived flood 

line (ñGPS Floodlineò). As both depend on the observation of objects and debris moved 

inland during the storm that remained visible during both the GPS survey and in the 
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drone orthomosaic, the comparison can be considered as validation of the drone 

orthomosaic for remote sensing of storm floodlines. The flooding was mainly limited to 

the subaerial beach in front of the concessions (Figure 2.7). Some of the concessions, 

however, experienced secondary flooding where the limit of the flood reached the 

border of the concessions and the water found a path to flow into the properties (Figure 

2.7A, B, C, D). A water depth of 30 cm was measured in the location of the flood mark 

(Figure 2.7A). 

2.4.4 Erosion and sedimentation patterns 

The erosion and sedimentation patterns are shown in Figure 2.8. The drone derived 

patterns (Figure 2.8A1, B1 and C1) were obtained from the comparison between the 

DTM of October 2014 and the post-event DEM generated by the drone. The results are 

only presented for the area limited by the GCPs. Notably, as the drone derived DEM 

included non-terrain objects and buildings, the analysis of the morphological features 

only focused on the emerged beach. The inclusion of non-beach features in the drone 

derived DEM, mainly because of the presence of different sized debris, affected the 

non-uniformity of the drone derived pattern. 

The morphological features are recognizable in the drone orthomosaic (Figure 2.8A). 

From the drone results (Figure 2.8A1) a formation of a storm berm is clearly visible 

running alongshore with a varying width of 20 to 50 m. The vertical deposit is 

interrupted by erosion scour channels due to some return flows (Figure 2.8A1). Seaward 

the depositional area (i.e. the storm berm) a negative variation pattern highlights the 

erosion of the ordinary berm, which emphasizes just in front of the scour channels 

(Figure 2.8A1). Thus, the berm vertically grew and moved landward during the storm as 

result of sediment transport in the breaker zone (Figure 2.8A1). At the same time, a 

small portion of deposit in the intertidal area probably corresponds to the development 

of a low tide terrace, just at the edge of the analyzed domain. However the domain does 

not include the lower intertidal area. Therefore it is not possible to evaluate the 

morphological variation of the lower limit of the foreshore. A general lowering 

landward of the storm berm can be noted (Figure 2.8A1), which actually corresponds to 

the area where the differences between the RTK GPS profiles and the drone derived one 

were higher (see Section 2.4.2 and Figure 2.6). Thus, the highlighted erosion can be 

subjected to error. Focusing on the selected frames (Figure 2.8B, B1, C, C1), visible 

scour channels are highlighted, that possibly developed from the footpaths which 

provided the fastest preferential way for the water to flow back to sea during the storm. 

This highlights the UAVôs ability to map finer resolution features such as scour 

channels. 



49 

 

 

Figure 2.7 Observed ñGPS Floodlineò and ñGPS Floodmarkò (green and red 

circles), drone (red solid line and light-blue polygons) flood extension comparisons: 

the box on the left shows an overview of the target area while on the right (A, B, C 

and D) some spot-focuses are given.  
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Figure 2.8 Morphological variations: (A) the drone orthomosaic of the target area, 

where morphological features are visible along with the position of the GCPs; (A1) 

the difference between the post-event drone-derived DEM and the pre-storm 

Lidar -derived DEM. In B, B1 and C, C1 enlargements of the main features are 

given. The morphological variations are only shown for the area surrounded by 

the GCPs.  
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2.5 Discussion  

In this section the results are discussed, along with their limitations, with focus on the 

summary of the local interviews and the comparisons between GPS and drone derived 

data. A focus on the integration of the regional assessment with the local information is 

given. 

The interviews to local SH were useful at giving a picture of what happened during the 

night between the 5 and the 6 of February 2015. The evolution of the event described by 

people was consistent with the observations. Actually, the interviews were focusing on 

the impacts in Porto Garibaldi mainly due to the overflow of the canal harbour. 

However, the interviewed were able to give indications on the impacted areas in the 

surroundings (i.e. Lido degli Estensi and Spina) and thus helping the research team at 

better organizing the field activities. An interesting aspect that was highlighted was that 

the population did not receive specific alerts. However, coastal managers reported that 

several alerts were issued before the event to municipalities and Civil Protection 

agencies (Perini et al., 2015b). The fact that the Civil Protection reached the location 

only on 6 of February (Friday), after the peak of the event, supports the hypothesis that, 

even if the alert was issued from the regional to the municipality level, there was a 

communication problem between the managers, the people in charge of responding to 

the emergency and the local population. This was also indirectly confirmed by the 

interviewed fireman which claimed that they were not even prepared to act on coastal 

locations. It also appeared that the population of the area was not aware of the online 

EWS that they could have monitored. These aspects support the idea that more effort 

should be spent improving the preparedness and response of the Civil Protection and the 

awareness of the local population, especially by improving the communication channels 

and spreading the risk knowledge. These aspects were also reported by Martinez et al. 

(2017), with regard to the same event and the same locations, in the wider framework of 

the aims of the EU FP7 RISC-KIT Project (GA 603458; www.risckit.eu)(Van Dongeren 

et al., 2017). Pescaroli and Magni (2015) also highlighted the importance of this aspects 

on the basis of the analysis of interviews to local people in Cesenatico (Figure 2.1C). 

The limitations of the interviews here presented are mainly related to the lack of a 

standardized methodology, as the questions were mainly informal, and the limited 

number of people involved. It is demonstrated that a standard approach (e.g. using 

prepared questionnaire) can produce more reliable information that can be statistically 

analyzed, if the number of interviewed is large enough. Several examples of 

methodological approaches for stakeholder interviews and the analysis of their 

outcomes exist in the literature, for diverse purposes (Pescaroli and Magni, 2015; Becu 

et al., 2017; Gray et al., 2017; Martinez et al., 2017), that could be adapted to be applied 

during a post-storm assessment. 

The variability in vertical accuracy seen in the drone derived-data was mainly related to 

the flight parameters (manual flight, variable altitude and timed image capture), the 

number and type of GCPs used to constrain the SfM equations used in processing 

workflow. A recent study by James et al. (2017) provides practical suggestions for 

photogrammetric considerations (i.e. modifications to drone flight characteristics) and 

control considerations (i.e. the number and spacing of GCPs) that echo the operational 

findings from our study, namely that overall DEM improvement is achieved through 

increased numbers of overlapping imagery (that can be controlled, for example, with 

automated flights) and greater number of distributed GCPs. Of note with regards to our 

DEM analysis, non-terrain objects (i.e. human structures and debris) were not removed 

from the point cloud during processing and remained in the resulting DEM as was seen 

also in a similar storm response study by Casella et al. (2014). Thus, objects such as 

www.risckit.eu
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wood, litter and buildings, locally affected the represented surface and, consequently, 

the comparison with the post-storm RTK GPS observations, which only represented the 

terrain surface. Notably, the profile comparisons showed disturbances that can be due to 

these aspects. Also, the drone derived DEM should be considered valid in the area 

limited by the GCPs. The RMSEs of 14 cm and 12 cm vertically, that were calculated 

between the drone processed DEM from photogrammetric processing using GCPs and 

the RTK GPS data (Figure 2.6), are similar for both analyzed profiles and comparable 

with the LiDAR derived data uncertainty. In comparison with error estimates of drone 

products reported by recent studies, the resulting RMSE values of the drone DEM 

compared to the traditional RTK GPS profile surveys are comparable (Casella et al., 

2014, 2016; Dohner et al., 2016) or higher (Turner et al., 2016; James et al., 2017; 

Scarelli et al., 2017). This is attributed to manual flights, inappropriate GCP selections 

which were unidentifiable due to image resolution at the survey altitude and the 

variations induced by the presence of debris and others (see Section 2.6 for proposed 

improvements). However, the resulting drone DEM was still able to well capture 

morphological features. 

The drone derived orthomosaic offered a very easy and quick way to assess the flood 

extension of the event. The general agreement with the RTK GPS on the ground 

observations confirmed the close geopositioning of the images and provided a 

validation of the assessed flood extension. Notably, the opportunity to observe the flood 

extension from the drone data made it possible to define a really detailed and 

continuous floodline. In order to obtain the same results with a GPS survey, the operator 

should increase the point sampling (or even use a continuous sampling method). This 

implies prolonging the field activities on the beach. Also, the drone point of view is 

essential to have a complete view of the flood line evolution while, from the GPS point 

of view, the random distribution and spreading of the debris can mislead the operator. 

The morphological patterns derived from the drone data gave an opportunity to assess 

the morphological response of the beach at a very detailed resolution. The results 

showed the erosion of the ordinary berm and the formation of a storm berm. The 

scouring channels highlighted in Figure 2.8 were probably triggered by the presence of 

concrete pathways of local activities that concentrated and accelerated the return water 

flux during the storm. In order to reduce the formation of these scouring channels and 

the consequent worsening of beach erosion, a reasonable choice would be to remove, or 

at least retreat landward, the pathways during the winter season (Nordstrom et al., 

2015). The level of detail of the outcomes suggests that it is possible to use drone-

derived DEMs to calculate volume variations, as already confirmed by the literature on 

the topic (e.g. Turner et al., 2016). 

When compared with the post-storm regional assessment reported in Perini et al. 

(2015b), the proposed survey approach for local assessments can produce very detailed 

and accurate data. Indeed, the flood ingression extracted from the dataset of Perini et al. 

(2015b) is not as accurate and detailed as the information that can be capture with 

drones flying at ~50 m height. Notably, the regional analysis of the flood ingression was 

not implemented in this case study because the Civil Protection flight was performed 

too late, when the markers of the limit of the inundation were not anymore identifiable 

from the helicopter (Armaroli C., personal communication). Thus, a direct comparison 

between the two observed flood extension was not possible. However, the comparison 

of the regional flood maps (T10 and T100; Perini et al., 2016) with the "Drone 

Floodline" is shown in Figure 2.9, for the target area. In this location, the inundation 

extension was lower than the extension calculated for the 10 year return period event 

(T10). This is in contrast with the evidences of Perini et al. (2015b) at regional level and 

for the two reported examples of Lido di Savio and Cesenatico (see Section 2.2.3) that 
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showed more similarity with the 100 year (T100) scenario. This difference can be due to 

the fact that the regional maps are calculated with a static approach, not based on 

process-based formulas or models, applying a constant total water level at the shoreline 

and propagating the inundation with a modified bathtub-based approach (more details in 

Perini et al., 2016). Thus, site specific processes are not taken into account, probably 

leading to the differences highlighted above. Regarding the morphological analysis, the 

variations captured from drones can be used to calculate more accurate volume changes, 

at local level, than those that can be calculated on representative beach profiles along 

the coast. The regional approach indeed only focus on a limited number of beach 

profiles along the coast. Moreover, the regional protocol does not include any attempt to 

involve local people with interviews or other methods as the STBs, activated after the 

event, mainly collect qualitative information through direct observations and pictures 

(see Section 2.2.2). 

In this sense, the QRP can be very helpful at integrating and completing the regional 

protocol for post-storm assessment. As the regional authorities do not have sufficient 

manpower and instruments to perform such local detailed assessments along the whole 

coast, it is advisable to integrate local protocols (such as the QRP) in the regional one. 

The proposed approach can be performed at local level by academic and private survey 

teams (such as the QRT) that can be activated as STBs are (see Section 2.2.2), after the 

coastal event. The regional assessment, indeed, would benefit of the inclusion of more 

local, qualitative and quantitative information. By properly organizing the tasks 

assignments at different locations on the coast (i.e. the most impacted areas), it will be 

possible to activate a quick, coordinated protocol in the immediate aftermath of an event 

acting at regional and local level. This will provide more holistic data coverage, filling 

gaps and increasing the details and reliability of the assessments. 
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Figure 2.9 Comparisons between the observed "DRONE Floodline" and the flood 

scenarios (T10 and T100) computed by Perini et al. (2016).  



55 

 

2.6 Suggestions for possible improvements 

Through the initial rapid response field collection effort the research team determined 

specific methodologies to ensure quality data following a major storm event. With 

respect to remote sensing drone survey, the placement and quantity of GCPs, plays a 

critical role in the resulting DEM and its uncertainty. In order to obtain high quality 

data, the following guidelines are suggested for flight planning and GCP distribution: 

¶ Perform drone flight surveys at the same altitude and image overlap. This is 

easily done with any autopilot and mission planning application available for 

phones and tablets; 

¶ Survey a significantly larger domain (~10% buffer) than needed for data 

collection. Survey domain edge photos are often removed due to low overlap 

between images and data is lost; 

¶ Distribute GCPs throughout the survey domain and near boundaries to prevent 

skewing within the DEM; 

¶ GCPs should be flat, large, and uniquely shaped or marked in such a manner as 

to be confidently identified from aerial images; 

¶ On the ground, photos of GCP locations should be taken to have the idea of 

exactly where the RTK GPS point were taken on the target object and within the 

context of the survey domain; 

¶ Remove outlier and/or non-terrestrial points from the dense point cloud such as 

storm debris, people, and vehicles for surface calculations. 

As anticipated in the list, the GCPs should be easily detectable. This depends on both 

the quality of the images (that depends on the camera system, the type and altitude of 

the flight) and of the type of GPSs. An example of GCPs used during the survey can be 

found in Figure 2.10 with images of good (A, B) and poor (C, D) quality ones.  

The photogrammetric process can also be improved, as example, by spending more 

effort in cleaning the point cloud, thus minimizing the effect of debris and others on the 

final products. However, the primary source of uncertainty is still related to the quality 

of the images and the flight that are affected by the camera system and the field 

application (e.g. manual vs automated flight), respectively. 

As anticipated in the Section 2.3.1 the post-storm survey did not include the submerged 

area. In order to extend the protocol to this part of the beach, other innovative 

approaches should be adopted, such as near-shore low-cost autonomous surface systems 

(e.g. Hampson et al., 2011). However, it is beyond the aim of this work to include these 

aspects in the protocol. 

Qualitative observations and interviews are also important and should be performed as 

soon as possible and as detailed as possible during the implementation of the QRP. It is 

important to adopt standard approaches for stakeholder involvement and interview a 

large number of people in order to allow statistical analysis of qualitative information. 

Thus, the larger is the number of people involved for the post-event survey, the fastest 

can be the collection of data as the team can be divided in thematic groups. Planning the 

activities is crucial for the good performance of the team. This can be additionally 

supported by activities performed during the non-storm season, such as instrument 

maintenance and preparation, monitoring of the EWS performances, tasks planning and 

assignment, etc. 
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Figure 2.10 Photos A and B at the top demonstrate practical GCPs based on 

unique shapes, colours, and ability to see from a high altitude. Photos C and D, on 

the bottom, demonstrate error-inducing GCPs due to their height off the ground 

and indistinguishable shape, size, and colour in aerial images. 

In order to provide more accurate qualitative outcomes further analyses should be 

performed. This work only presents the analysis of a small portion (Figure 2.1E) of the 

whole case study area (Figure 2.1D) and deeper investigations are needed to provide 

more robust outcomes. However, the QRP has been demonstrated to be a proper 

approach to quickly assess the storm effects at local level in the immediate aftermath of 

an event, as a combination of technologies and planning approaches. Thus, in the 

framework of coastal management (Figure 2.3), a proper application of the protocol can 

produce useful information that can be used at local, regional and national levels in 

order to, as example: (i) update hazard and risk maps; (ii) provide detailed information 

for flood-damage curves calibration (see, as example, the study of Scorzini and Frank, 

2017); (iii) provide insights for the improvement of risk mitigation and management 

plans. Finally, as suggested in Section 2.5, the QRP can be integrated in regional 

protocols, improving the reliability of the regional hazard and risk assessments. 
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2.7 Conclusions 

This study illustrates the potential of an integrated approach combining aerial drones 

together with on the ground RTK GPS surveys and qualitative data collection for 

coastal storm post-event assessments at local level. The presented protocol was applied 

at a pilot case study in the Emilia-Romagna coast, after the impact of an extreme coastal 

storm, and results were presented and discussed, for demonstration purposes, on a small 

portion of the pilot case study.  

Limitations of the application were highlighted and recommendations for improvements 

of the general approach were given. As general remarks, (i) interviewing local 

stakeholders and people in charge of emergency response tasks can be extremely useful 

at supporting the organization of the field activities, as well as at detecting lacks on the 

alert chain, preparedness and response emergency phases; (ii) the drone approach was 

found to be effective for flooding and erosion assessments, being able to provide 

detailed, continuous and two-dimensional information, with a limited time effort on the 

field in comparison with the traditional GPS methodologies. The main limitation of the 

drone products was linked to the field implementation (i.e. manual flight, error-inducing 

GCPs) and lacks in the photogrammetric process. Specific suggestions for 

improvements were given, such as the use of automated flights, proper GCPs and the 

cleaning of the point cloud during the photogrammetric process.  

With regard to the proposed general approach, further applications can directly support 

hazard and impact assessment at local and regional level, and thus addressing coastal 

management needs. Indeed, the outcomes of the analysis were compared with the post-

event assessment performed by the regional authorities highlighting that the proposed 

protocol for local assessment can be easily integrated in the regional ones, improving 

the details and reliability of the regional assessments. 

 





3 HIGH -ACCURACY DRONE -BASED SURVEYS: 

APPLICATION ON A SEDIMENTARY BEACH WITH 

ARTIFICIAL DUNES IN PORTO GARIBALDI 

(COMACCHIO, ITALY)  

3.1 Introduction  

The Emilia-Romagna coast is often threatened by coastal events that cause damages to 

its residents and economy (Armaroli and Duo, 2017). Regional coastal managers, often 

supported by local research groups, are active in assessing coastal risk and proposing 

up-to-date disaster risk reduction (DRR) solutions (e.g. Perini et al., 2016). The use of 

temporary artificial dunes or embankments as protection for the beach during the winter 

season has old, worldwide records (Bruun, 1983). Their use in Emilia-Romagna, in 

particular, is a long practitioners' tradition that only few years ago captured the attention 

of few researchers, such as Harley and Ciavola (2013) that numerically studied their 

cross-shore behaviour in the Ravenna area proposing design guidelines and methods. A 

more recent numerical investigation on the effectiveness of this particular DRR can be 

found in Sanuy et al. (2017), for the Ferrara area. For some local owners of beach 

concessions, artificial dunes are indeed the main and most effective protection for their 

business, being concessions located on the emerged beach, directly facing the impact of 

coastal storms. Local companies take care of building the artificial protections through 

beach scraping or sand replenishment (less frequent option), basing their work on 

hands-on past experience. Therefore, there is no clear control on the design of the dunes 

and the way that beach scraping may affect the morpho-hydrodynamics of the beach at 

local level. This practice indeed can have a negative effect on the inherent protective 

capacity of the beach, if improperly implemented (Bruun, 1983). Recently, Scarelli et 

al. (2017), had the opportunity to study the evolution of artificial dunes (ñbulldozer 

dunesò in the paper) during the winter season 2014-15 in the Ravenna area, by 

analyzing the products of two drone-based survey (i.e. September 2014 and March 

2015). Notably, these artificial protections, being built with loose sand, are also affected 

by meteorological forcing (i.e. rain, wind, etc.), in addition to coastal storms. These 

morphologic changes should be monitored through pre- and post-storm seasonally 

intensive monitoring programs, as seasonal surveys can only give information on the 

cumulative variations, making it difficult to relate morphological variations and forcing 

events. Moreover, the artificial protections are local features that need a level of detail 

that can easily be achieved with up-to-date autonomous (i.e. drones) low-cost systems. 

The last decade, indeed, has seen an increase in Unmanned Aerial Vehicles (UAV or 

drones) applications in earth sciences due to the improvements of the hardware (i.e. the 

flying system, positioning and remote control) and software technology (i.e. automatic 

planning and security features). This trend was emphasized by the decrease in prices of 

industrial drone products, more often equipped with professional camera systems, that 

allowed for low-cost remote sensing applications. The analysis were supported by 

constantly improved software for photogrammetric reconstruction, mainly based on the 

Structure from Motion (SfM) algorithm (e.g. Westoby et al., 2012; James et al., 2017). 

In last few years, the use of drones for research, professional jobs and fun, pushed the 

governments to adopt specific rules and licenses in order to regulate their use (a brief 

overview of regulations is given in Turner et al., 2016). The use of UAVs for coastal 

monitoring is following the general trend. Several applicative works were recently 

published (e.g. Mancini et al., 2013; Casella et al., 2016; Scarelli et al., 2017) but only a 

few tried to summarize guidelines and propose protocols (e.g. Turner et al., 2016; 
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Trembanis et al., 2017) for their use on the coast. These systems have the ability to 

survey large areas in few minutes and output products (i.e. DEM, orthophoto, etc.) with 

high accuracy allowing to extract many type of information, such as topography, 

vegetation status (e.g. Berni et al., 2009), storm hazard impacts (e.g. Trembanis et al., 

2017) and others. 

No recent studies on the Emilia-Romagna coastal area intensively investigated the 

evolution of artificial protection during the winter season, that can be characterized by 

intense meteorological and sea conditions, with an UAV system. This study, represents 

a first preliminary analysis of a pilot, drone-based surveying program of the artificial 

dune build on the southern beach of Porto Garibaldi (Comacchio, Italy) that took place 

in the winter 2016-17. Five drone surveys were implemented. The evolution of the 

artificial dune was analyzed in terms of meteorological (i.e. wind) and sea forcing. The 

capacity of the UAV system to capture very subtle morphologic changes put the bases 

for promising future beach monitoring programs. 

3.2 Study site 

The Emilia-Romagna coast (Figure 3.1a) is about 130 km long and is characterized by 

low-lying sedimentary beaches, alternating highly touristic and natural protected areas. 

The human pressure is high with main infrastructures, economic and touristic activities 

located within few kilometeres from the shoreline. This, in combination with the 

morphologic characteristics of the coastal corridor (low elevated) and the 

hydrodynamics of the Northern Adriatic (extreme storm surges and waves), increases 

the level of risk for flooding and erosion. Details on the Emilia-Romagna coastal 

domain can be found in Armaroli and Duo (2017) (and references therein), focusing on 

the geomorphology, hydrodynamics and human assets. In that study, a regional coastal 

risk assessment is implemented and validated. Additional information on the 

methodology adopted at regional level to identify coastal storms can be found in 

Trembanis et al. (2017) while, a thorough classification of potential damaging events 

can be found in Armaroli et al. (2012). 

The Porto Garibaldi (Comacchio, Italy; Figure 3.1b) touristic town is located in the 

north of the regional domain, at the north of the Lido degli Estensi. The town hosts a 

small canal harbour that represents the centre of the economic activities (mainly fishery 

and tourism) along with the touristic services (i.e. concessions) that are present on the 

beach (Figure 3.1a, b). As it can be seen from Figure 3.1b the town is built just on the 

back of the beach concessions. Erosion represents a major threat to local stakeholders 

and their activities as the presence of the cross-shore protection of the canal mouth 

interrupts the natural drift, as demonstrated by its beach width, compared to the one at 

Lido degli Estensi (Figure 3.1b). The presence of breakwaters (built before the 1920s; 

Duo and Ciavola, 2015; Garnier et al., 2017) partially counterbalances the structural 

erosion that characterize this location. Flooding impacts can also be intense as 

demonstrated by the most recent extreme coastal storm that hit the area, the February 

2015 "Saint Agatha" event (Perini et al., 2015a, 2015b; Trembanis et al., 2017). During 

this storm, characterized by the interaction of extreme sea conditions and intense 

discharges in the canal, the town and the beach concessions were flooded. The study site 

of this work is located just north of the canal and, during that event, the artificial dunes 

built to protect the beach concessions were severely impacted as can be seen from 

Figure 3.2. The breakwaters and temporary protections were not sufficient to prevent 

the inundation of concessions. During the following winters, the owners of the 

concessions increased the level of the temporary protection by increasing their 

elevation, width and reducing the alongshore discontinuities (Figure 3.3). 
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Figure 3.1 Index map of the study area: (a) the Emilia-Romagna coast in the 

Northern Adriatic; (b) the Porto Garibaldi (Comacchio, Italy)  area; (c) the study 

site, just north of the canal harbour of Porto Garibaldi. The locations of measuring 

stations are highlighted in (a) and (b). 
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Figure 3.2 The impacts of the Saint Agatha event of 5-6 February 2015 on the 

artificial dune at the study site of Porto Garibaldi (Comacchio, Italy). 
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Figure 3.3 The artificial dune at the study site on the 21 December 2017. 

3.3 Methodology 

3.3.1 Field surveys 

The field activities were performed with a quad-copter DJI Phantom 3 Professional and 

a RTK GPS Trimble R6. The drone missions were planned with a freeware application 

(i.e. Drone Deploy) setting a flight altitude of ~80 m and lateral and frontal image 

overlap of ~70%. Ground Control Points (GCPs) were distributed on the emerged beach 

(i.e. from 19 to 20 for each survey) and measured with the RTK GPS in order to be used 

in the photogrammetric process. Moreover, random cross-shore profiles and points 

along and around the artificial dune were measured with stop-and-go and kinematic 

techniques, respectively. These measurements were used for the error assessment of the 

drone-derived products (e.g. DEM). The GPS measurements were performed in 

geographical coordinates and elevations based on the WGS84 (ellipsoid). Then they 

were projected to the UTM 33N system with elevations based on the ETRF2000 

(geoid), for the photogrammetric process and post-process analysis. The activities were 

performed when weather and daylight conditions allowed to safely flight on the study 

site considering also the presence of the public. In Table 3.1 an overview of the surveys 

performed is given. Notably, during the first field campaign (October 2016) an intensive 

GPS survey was performed in continuous RTK as it was not possible to flight the drone. 

The survey was implemented capturing all the main features of the artificial dune. The 

last survey (April 2017) was performed after the deconstruction of the protection that 

was done on the 29 March 2017.  
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Table 3.1 Schedule of the implemented surveys in the Porto Garibaldi study site. 

Date Local Time 

(GMT+01) 

Notes 

28 October 2016 11:00 Only GPS survey 

21 December 2016 14:30 - 

20 January 2017 13:05 - 

14 February 2017 12:20 - 

17 March 2017 12:45 - 

6 April 2017 12:30 No artificial dune 

3.3.2 Photogrammetric reconstruction 

The drone images were processed with Agisoft Photoscan Professional (Version 1.3.2 

build 4205) which is a licensed software based on the application of the Structure from 

Motion (SfM) algorithm for photogrammetric reconstruction. The process followed 

these steps: 

¶ visual inspection of the images to detect and delete the bad quality ones and 

those that covered areas too far from the domain of interest; 

¶ (S1) images were then loaded into the SfM software and pre-aligned: the GPS 

positions of the images, recorded with the droneôs internal GPS (which 

positioning can have meters of errors) are not taken into account; 

¶ (S2) a low quality mesh was built in order to take advantage of the Photoscan 

tool able to automatically pre-locate a GCP on all the images where it is present, 

once it is manually located in at least one image; 

¶ (S3) a check and accurate manual re-positioning of the GCPs was performed and 

then, their coordinates and accuracies were input; 

¶ (S4) images were re-aligned (without GPS information) with a high quality 

process during which the camera distortion parameters were calibrated a first 

time; 

¶ (S5) the optimisation of the camera parameter was then performed including all 

the GCPs input; 

¶ (S6) a high quality dense point cloud was built; 

¶ (S7) a high quality mesh was built 

¶ (S8) a texture model was built; 

¶ (S9) a DEM was built using the dense point cloud as source; 

¶ (S10) an orthomosaic was built using the texturized mesh. 
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The DEM and orthomosaic were built in WGS84 UTM zone 33N. Additional 

information on specific steps are summarized in Table 3.2. The DEM and orthomosaic 

were then exported with 0.1 m resolution, in tiff format, for further assessments. In 

comparison with the process described in Chapter 2 (Section 2.3.5) of this thesis, the 

main differences are related to the different software used, which can slightly vary in 

terms of processing flows and options. Several comparative reviews were made by 

privates or scientific teams and are available online (e.g. blogs, commercial websites, 

etc.) and in scientific journals (e.g. Aicardi et al., 2016; Niederheiser et al., 2016). 

However, none of them seems to indicate that one is better than the other as both can 

produce very accurate results, if properly applied. Nowadays both software present very 

similar processing options, mutually affecting each other during the developments 

applied during the last few years. 

Table 3.2 Details on the steps of the implemented photogrammetric reconstruction 

process of the drone images. 

Step Settings Products 

S1 Accuracy: Medium; 

Generic preselection: Yes; 

Reference preselection: No; 

Key and Tie point: Default; 

Adaptive camera model: Yes. 

Medium quality 

sparse point cloud. 

S2 Surface type: Height field; 

Face count: 200ô000. 

Low quality mesh. 

S4 Accuracy: High; 

Generic preselection: Yes; 

Reference preselection: No; 

Key and Tie point: Default; 

Adaptive camera model: Yes; 

High quality 

sparse point cloud; 

Calibrated camera model. 

S5 Parameters: 

f, b1, b2, cx, cy, 

k1, k2, p1, p2; 

Fit rolling shutter: Yes. 

Optimized camera model. 

S6 Quality: High; 

Depth filtering: Disabled. 

High quality 

dense point cloud. 
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S7 Surface type: Height field; 

Face count: 10ô000ô000; 

High quality mesh 

S8 Mapping mode: Orthophoto; 

Blending mode: Mosaic 

Enable color correction: No 

Enable hole filling: Yes 

Textured model 

S9 Source data: Dense cloud; 

Interpolation: Enabled; 

Resolution: default (highest). 

High resolution 

DEM 

S10 Blending mode: Mosaic; 

Surface: Mesh; 

Enable color correction: No; 

Enable hole filling: Yes; 

Resolution: default (highest). 

High resolution 

orthomosaic 

3.3.3 Error analysis 

The error analysis of the DEM was performed by comparing it with the observed GPS 

point elevations. In particular the error on the single point was calculated as the 

difference between the drone-derived DEM elevation and the GPS observed one. A 

positive value of the error means that the DEM overestimates the GPS observed 

elevation, and vice versa. The mean and standard deviation of the error were calculated 

considering all the observed points. As synthetic error indicator, the Root Mean Squared 

Error (RMSE) was also computed for each survey. Moreover, an R
2
 linear fitting 

indicator was also calculated between the DEM and GPS elevations. 

3.3.4 Morphological variations and interpretation 

The advantage of repeated surveys is that is possible to calculate a DEM of Difference 

(DoD) as difference between two consecutive DEMs. This is regularly done in order to 

detect morphological changes in natural and/or semi-artificial environments by 

subtracting the older DEM from the newest one. However, a simple subtraction does not 

allow for a proper detection of significant changes, which cannot exclude considerations 

on the accuracy of the input DEMs and their propagation (Wheaton et al., 2010). In this 

study, a DoD between the surveys of December 2016 and January 2017 was calculated 

and filtered with a threshold for change detection (TCD). This, translated in practice, 

means that the DoD values are considered in the analysis only if their absolute value is 

equal or higher than the TCD. Generally, a TCD is defined considering the propagation 

of the errors, given by the root of the sum of the square of the errors of the two analyzed 

DEMs. In this study, different values of TCD were tested to analyze the sensitivity of 

the significance of the morphological variations to the TCD. The applied values were 

0.05, 0.10, 0.15, 0.20 and 0.25 m and results were compared with the unfiltered DoD. 



67 

 

The calculations were implemented through the Geomorphic Change Detection (GCD) 

tool for ArcGIS (Wheaton et al., 2010) which, besides the calculation of vertical 

variations, also allows for volume change assessment including the uncertainty 

evaluation. In this case, the propagation of the uncertainty calculated through the GCD 

tool is based on the linear theory of error propagation, under the assumption that the 

calculated DoD has a spatially constant error equal to the selected TCD (Wheaton et al., 

2010). Thus, the uncertainties of the average vertical variation and volume change can 

be assessed a priori being, respectively, equal to the selected TCD and proportional to it 

of a factor given by the ratio of the calculated volume change and the average vertical 

variation. The average vertical variations, volume changes and related uncertainties 

were calculated for the TCD 0.10, 0.15 and 0.20 m. 

The morphological interpretation of the detected significant changes was done including 

in the analysis the main drivers (i.e. forcing) of the sediment dynamics. These drivers 

were previously identified as the wind (i.e. wind intensity and direction) and sea 

conditions (i.e. waves and total water levels). The wind and water level data for the 

monitored period were retrieved from the meteorological station and the tide gauge of 

Porto Garibaldi (Figure 3.1b), respectively. The wave data were obtained by the 

Cesenatico wave buoy (Figure 3.1a). Coastal storms were detected considering the 

storm definition described in Harley (2017). The adopted thresholds referred to 

Armaroli et al. (2012): minimum significant wave height of 1.5 m, minimum duration 

of 6 hrs, meteorological independence criterion of 3 hrs and minimum total water level 

of 0.45 m. An overview of the forcing conditions is given in Figure 3.4. In the figure, 

the wind observations highlighted in red represent the extremes which were identified 

through a peak-over-threshold (POT) analysis defining a 95% threshold calculated for 

the wind velocity in the period 2009-2017. The red triangles on the wave and water 

level time-series represent the beginning of an identified coastal storm. The green 

vertical lines represent the date of the surveys. 
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Figure 3.4 Wind velocity and direction (Porto Garibaldi meteorological station), 

significant wave height, wave direction (Cesenatico buoy) and water level (Porto 

Garibaldi tide gauge) data of the period 15 October 2016 - 15 April 2017. Extreme 

wind events are highlighted in red in the first two plots (wind velocity and 

direction); red triangles indicate the occurrence of coastal storms (waves and 

water levels); green lines represent the day of the performed surveys.  

3.4 Preliminary results 

3.4.1 Analysis of the DEM error 

An overview of the assessed errors is shown in Figure 3.5, for all performed surveys. 

Moreover, two example monographs are presented for the drone surveys of the 21 

December 2016 (in Figure 3.6) and the 20 January 2017 (in Figure 3.7). Each 

monograph includes: (i) a synthetic table with information on the planned drone mission 

(e.g. flight altitude, image overlap, etc.) and on the photogrammetric assessment (e.g. 

processed area, flight altitude, number of GCP, etc.); (ii) synthetic graphical and 

quantitative information on the assessed error of the DEM product (e.g. error 

distribution, RMSE, etc.); (iii) the orthophoto product (resolution: 10cm) with the 

spatial distribution of the GCP, the GPS observed points and their calculated error and 

(iv) the DEM product (resolution: 10 cm). A comparison between some representative 

GPS observed profiles and the values extracted from the DEM (UAV-derived) is given 

in Figure 3.8 for the surveys performed in December 2016 (a, b and c) and January 

2017 (d and e). The profiles are represented with associated uncertainty bands (i.e. 

defined a priori: ±15 cm for drone derived data and ±5 cm for GPS data). For each 

profile, the error assessment is given (i.e. RMSE; a posteriori). A map shows the 

position of the profiles. 

The preliminary error analysis (Figure 3.5) showed a reasonably good agreement 

between the DEMs, produced through the photogrammetric process of the drone 
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images, and the observed GPS points. All surveys, but the last one (i.e. April 2017), 

showed that 95% of the calculated errors are contained within -0.1 and 0.1 m and 

RMSE is lower than 0.05 m. The first survey (December 2016) showed a larger 

confidence range if compared with the following three (January, February and March 

2017). On the other hand, the last survey (April 2017) showed the largest confidence 

interval and the highest mean error (~0.08 m) and RMSE (~0.09 m). The results for the 

surveys of December 2016 and January 2017 (monographs in Figure 3.6 and Figure 3.7; 

examples of profile comparisons in Figure 3.8) showed more details on the distribution 

of the errors. The UAV survey performed in December 2016 produced a DEM that 

presented larger errors when compared with the one derived from the survey of January 

2017.  

 

Figure 3.5 Error analysis of the UAV-derived DEM for all performed surveys. The 

error is calculated in comparison with the GPS measurements. The error 

distribution with 95% confidence is shown in blue while RMSEs are shown in red. 
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Figure 3.6 Monograph of the survey implemented on the 21 December 2016.  
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Figure 3.7 Monograph of the survey implemented on the 20 January 2017.  


