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He started to walk towards it. People jostled him
on their way to platforms nine and ten. Harry
walked more quickly. He was going to smash right
into that ticket box and then he'd be in trouble -
leaning forward on his trolley he broke into a heavy
run - the barrier was coming nearer and nearer - he
wouldn't be able to stop - the trolley was out of
control - he was a foot away - he closed his eyes ready
for the crash -

It didn't come... he kept on running... he opened
his eyes.

A scarlet steam engine was waiting next to a
platform packed with people. A sign overhead said
Hogwarts Express, 11 o'clock. Harry looked behind
him and saw a wrought-iron archway where the
ticket box had been, with the words Platform Nine
and Three-Quarters on it. He had done it.

Harry Potter and the Philosopher's Stone
J.K. Rowling
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Summary

The increasein frequency and intensity of extreme coastal stornt the continuous
exponential development of the coastshe worldare threateningoastal communities,
exposng themto higher levels of risk. Notwithstanding the future projections are
affected by large uncertaintgpastal manageras recommenddualy the Lhited Nations
and the European Unionneed to properly evaluate coastal risk in order to propose
adequateisk reduction plangor the current and futurelimate changecenariosThis
should be donewhile considering all the components that influence risk: hazard,
vulnerability and exposur&.he involvement of local stakeholders and the adoption of
multi-disciplinary approachesthat include socidbased 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 thisPhD thesisasimed at applying innovative approaches for the evaluation

of coastal riskat different scalespn Mediterranean sandy beach&ke approaches

were applied for diverse aspects tlnatip at properly understanding and analyzing
coastal risk The innovatios are related to fieldwork methodologies, numerical
applications and coastal risk assessment. Part of the work was done in the framework of
the EU FP7 RISEKIT project, that aimed at providing tools in support of coastal
managers, in order to increase tlsilience of coastal communitieBhe approaches

were implemented at locations along the Erffiamagna (ltaly) and Catalunya (Spain)
coasts.

The first part of thi$?hD thesidocuses oriieldwork activities. Bststorm and seasonal
surveys were implemesd based on wpo-date low-cost dronesand photogrammetric
techniquesfor postprocessing The approach allowed to collect localale high
resolution datdi) for the analysis of the effects of an extreme storm that hit the Emilia
Romagna coast in Febryar2015, focusing on the beach of Lideaegli Estensi
(Comacchio, Italy){ii) to analyze theseasonabehaviour ofa beach in Porto Garibaldi
(Comacchio, ltaly) where artificial sandy dunes are used as temporary protection
during the storm season. The autes were used, in the first case, to integrate the
regional posttorm assessment implemented by the regional authorities, including
qualitative information collectednvolving the local community This allowed to
highlight some limitations of the regidnarotocol and proposing solutions, such as the
integration of thetestedlocal approachinto the regional one. In the second case, the
methodological approach provided higbcuracy topographic data used to detect
significant changes of the beach dueh® influence otoastal stormand winds.

Numerical models were usdd analyze the propagation of errors due to the use of
synthetic timeseries of waves in a procesased chain of models (i.e. XBeach and
LISFLOOD-FP) usedto simulate erosion and floodinhazards The models were
applied at the beaches of Lido degli Esteé®gina(ltaly) and Tordera Delta (Spain) and
results were analyzed with Bayesiarbased approactOutcomes evidenced how the
used ofsynthetic input can produce significant errors e thazard assessment, if
compared wh the use of real timseries.These errors can have a significant influence
on integrated risk assessmeatsl thus, numerical studies should be considered on the
basis of their limitations and supported by uncertaamalysis

Focusing on integrated coastal risk assessments, in the last part RifiEhibesigswo
studies are presenta@spectivelyat 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 HRI$Ctools: the Coastal Risk



Assessment Framework (CRAMhase 1for the identification of critical areas
(hotspots)at the regional level and tHgayesiarbasedHotspot tool fortesting local
measures for disaster reductiam the current and future scenarid$ie CRAF Phase 1

was validated on the Emii@omagna coastonfirming that it is able to detect well
known hotspots. The Hotspot tool provided useful insights on the tested measures.
Notably, softmeasures (i.e. artificial temporary protections, nourishments and managed
retreat) were found to be very effectivetla two analyzed case study sites, Lido degli
EstensiSpina (ltaly) and Tordera Delta (Spain). The applications confirmed that the
RISCGKIT approach for regional and local scale assessments is valuable for coastal
managers, in order to propose adequateaandptable solutions for risk reduction.

An interesting aspect of this Phibrk is that the majority of tholsapplications were

done including local people and managearshe processin particular, the posttorm
dronebased survey was supported loyalitative information collected through
interviews to local stakeholders. The implementation of the RIECCRAF tool was

done in collaboration witltoastal managers that provided data and comments during
the whole study. The measures tested with tf&CRIT Hotspot tool were selected on

the basis of stakeholders' interviews and the outcomes of the study were used as a basis
for a participatoryevaluation process where stakeholders were asked to select risk
reduction strategiesA further considerations that large parts of the integrated risk
assessments were supported by a strong collaboration between physical scientists and
social ones. This confirms thatmulti-disciplinaryapproachs a key aspect in order to
properly understand and reduce coasshl

Finally, coastal managers should be aware of all the aspects analyzedPnDRhisesis

that can affect risk assessments, from the fi@k to the deswork. Moreover, they
should be able to properly address risk by interacting with physical arad soentists,

as well as with local communities, if they want to provide effective and acceptable risk
reduction strategies.
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Riassunto

Le coste del mondo sono minacciate dall'incremento, in termini di frequenza ed
intensita, e@lle mareggiate e dello sviluppo costiero. Di conseguelezaomunita
costiere sono esposte a livelli di rischio sempre piu elevati. Le Nazioni Unite e I'Unione
Europearichiedono 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 incerteaze no
trascurabili Le valutazioni di rischio devono essere basate considerando pericolosita,
vulnerabilita ed esposizione. Inoltre, queste analisi dovrebbero essere fatte adottando
approcci multidisciplinari e coinvolgendo i portatori di interesse.

Il lavoro svolto durante il progetto di Dottorato, oggetto di questa tesi, si € 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 & svolto
nell'ambito del progetto europeo RIKIT, il cui obiettivo & stato quedl di fornire ai
manager costieri strumenti utili alla riduzione del rischio ed all'incremento della
resilienza delle comunita costiere. Gli approcci sono stati applicati in diverse localita
costiere, in EmilisERomagna (Italia) e Catalogna (Spagna).

La prima parte di questa tesi di Dottorato riguarda aspetti di misure sul campo. Sono
stati utilizzati moderni droni a bassosto e tecniche di fotogrammetria per rilievi post
evento e stagionali. L'approccio ha permesso di ricavare a scala locale ddaa ad al
risoluzione (i) per I'analisi degli effetti dell'evento estremo che ha colpito la localita di
Lido degli Estensi (Comacchio, Italia) sulla costa Emili&mmagnola nel Febbraio
2015 e (i) per analizzare l'evoluzione stagionale di una spiaggia a Pariioal@i
(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 pestento fatti, a livello regionale,atle autorita
regionali, includendo informazioni qualitative ottenute coinvolgendo la comunita locale.
Questo ha permesso l'identificazione delle limitazioni della metodologia regionale e
conseguentemente sono state proposte soluzioni migliorative, cortegrézione
dellapproccio locale testato duranto studio nel protocollo regionale. Nel secondo
caso, l'approccio metodologico scrupoloso ha fornito dati topografici estremamente
accurati, utili all'analisi delle variazioni significative della spiaggimvute alle
mareggiate e ai venti.

Sono stati utilizzati modelli numerici per analizzare la propagazione degli errori dovulti
all'utilizzo di mareggiate sintetiche in input ad una catena di modelli (i.e. XBeach and
LISFLOOD-FP) per la simulazione di eros®e ed inondazione costiere. | modelli sono
stati applicati alle localita costiere di Lido degli EsteBpina (Italia) e Tordera Delta
(Spagna) ed i risultati sono stati analizzati con un approccio Bayesiano. | risultati hanno
evidenziato come l'uso di inpsintetici 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. Petanto, 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.



Nell'ambito degli studi integrati di rischio costiero, nell'ultima @atit 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 probabilita del
pericolo per le sue conseguenze (0 impatti). Sono gtglicati gli strumenti forniti da
RISCKIT, la prima fase (Phase 1) del Coastal Risk Assessment Framework (CRAF)
per l'identificazione delle aree critiche (hotspot) a livello regionale e I'Hotspot tool, un
approccio Bayesiano per l'analisi dell'efficaciargsure di riduzione del rischio, per gli
scenari attuale e futuro. Il CRAF Phase 1 é stato validato per la costa delfEmilia
Romagna e si e dimostrato efficace nell'identificare aree ben note, ai manager regionali,
per essere critiche in termini di erose 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 taisure piu efficaci in entrambi i casi studio analizzati, Lido
degli EstensiSpina (Italia) e Tordera Delta (Spagna). Le applicazioni hanno dimostrato
che I'approccio di RISKIT e utile ai manager costieri per analisi di rischio a scala
regionale e localee, 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 andtisi kvo
particolare, il rilievo posevento e stato guidato ed integrato da informazioni qualitative
raccolte tramite interviste ad alcuni portatori di interesse locali. Lo strumento di
RISCKIT per | analisi del rischio a livello regionale, il CRAF, e atatilizzato 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 I'Hotspot tool sono state selezionate sulla base di interVistgultati delle
analisi, invece, sono stati utilizzati come base per il processo di valutazione
partecipativo, in cui ai portatori di interesse e stato richiesto di valutare strategie di
riduzione del rischio. Una considerazione aggiuntiva riguarfiarte 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
I'approccio mlti-disciplinae € un aspetto chiaveep 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 scrivanidnoltre, dovrebbero interagire maggicente 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 recelatfinitions and
approachesised incoastal risk research, with a strong emphasis on the importance of
implementingmulti-disciplinary studies. Themart of the text focusemn the recenEU

FP7 RISCKIT project (GA 60345§. Next, abrief introduction of the Mediterranean
sandy coas of EmiliaRomagna and Catalunyfallows. Innovative approaches for
coastal risk assessment were appledthese locationsFinally, the rationale and
structure of this PhD thesis are given.

1.1 Defining coastal risk

The concept of risor naturaldisasterss a relatively modern notiothat developed
through thesecond half of the twentieth centugs result of worldwide, muHi
disciplinary scientific and political eff@tPioneering investigations of causes, damages
and possible measures agaimatural 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 igntific 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, asiinicluded 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 gsdwill (Gaillard and Texier, 2010)Actually, even nowadays
religion is sanetimes used to explain the occurrence of natural extreme events, such as
after Hurricane Katrina in the United States, in 2005 (Steinberg, 26@&ently,
however,the scientific communitysupported bythe political effort of supranational

and intergovernmental organizatignprovided scienceand sociabased concepts in

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

Risk, in its more general and recafinition( Po | j a n g e k is eohsiderdd as 2017)
the interaction of hazard, exposure and vulnerability components. The hazard
component is the event causing the loss. (loss of lives; damage to properties,
infrastructures, ecosystems, etc.) and representseiyenatural aspectof risk. The
exposure is determined by the elements (i.e. people, buildings, infrastructure,
ecosystems, etc.) that are directly or indirecttyeatened by the event. The
vulnerability defineshow the elementsdirectly or indirectly exposed to the eveate
vulnerable/susceptible to the hazard and it is also related to their capacity to cope with
and to adapt to thadverse conditiongExposue and vulnerability are generally related

to the human component of riskeing, especially the second one, affected by local
culture and beliefs, social and economic contexts, Btese three components are
extremely variable, in space and time, andrtbhaderstanding is necessary in order to
understand risk.

It follows thatrisk is a relative concep®implifying, extremely severe evengsery high
hazard happening in unpopulateahatural areas (null exposure)do not cause
consequence® human assetshusdo not generate riskOn the other &nd, minor
events (low hazajchappeningn highly populated areas (high expoguwan have very
important consequencepptentially generating high levels of risk. Additionally, the
characteristics of the poputatand builtenvironment(e.g. whether people are mainly



rich or poor,young or old, weleducated or notbuildings and infrastructureare
designed to cope with extreme natural events or not, etc.) dffectvulnerability
component and, thushe possile consequences of an event. This is the reasonawhy
very severe earthquakbappening todayn Japan, where these type of ewcate
expected, people are aware of teismicrisk and buildings are well designed to
survive to major eventss likely not b cause significant damages whiless intense
events such as the mediumagnitudeearthquake in L'Aquila (ltaly) in 200%ause
disproportionateconsequencegAlexander, 2010)Likewise, this iswhy cyclones in
Bangladesh nowadayare less destructive than they were in the past (from about
300,000 deaths in 1970 to aroun@@D in 2007 Tatham et al., 20Q9thanks to disaster
prevention and @paredness actiortisat decreased the vulnerability of the population
Hurricane Katrina in 2005 mainly killed the black poor and é&deeople in New
Orleans (Cutter et al.,, 2006) emphasizing the importance of education and
preparedness

A large part of he coastsof the worldis threatened by storm eventwhatever the
geographical location and oceanographic setting. Clearly the magnitude of the hazard
can changeWaves and storm surges can generate local hazards for the coastal elements
(i.e. people, buildings,nfrastructures, 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 anchenability components on the coasts.
However, a more préical definition, useful for the implementation obastalrisk
assessmentss that risk can be quantified as the product betweemribleability of a
hazardand itsimpacts(Viavattene et al., 2015 his last component is the result of the
interaction between the exposure and vulnerability of the elenaffietsted by given
hazardsImpacts are therefore defined as the consequences generated by dausazar
event in the form of direct and indirect losg¥%avattene et al., 2015Yhis approach

allows foravery detailed definition of diverse directcaimdirect consequences that can

be used to understand and quantify the potential overall impacts of multiple hazards on
the societyThis, indeed, is a very important aspect as risk assessments should account
for the whole range of economic and socialts{isreibich 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 thédraek as

storm impacts. In thsecases the term is usedits more gearal meaningto define an
effect(e.g. on the beach morphology)

A practical implementation of thidefinition ofrisk (i.e. hazard consequences$ the
SourcePathwayReceptorConsequences (SPRC) concgpamuels et al., 2008\vhich

has been adapted to coastal risk stu@iag Narayan et al., 2014; Zanuttigh et al., 2014
Oumeraci et al., 2035 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, floogdjrerosion, etc.). The receptors are the elements
exposed to the hazards (i.e. a seafront bouleeadhngeredy erosion; aflooded
building, an ecosystem threatenbg salt intrusion; etg.that can generate shodnd
long-term damages, consequencekis approach is the basis for detailed coastal risk
assessment at regional and local scales.

It is worth mentioningthat assessing coastal risk, as other risks, is subjected to a large
range of uncertainties on the quantification of hazard and consequgecesocial,
economic, environmental, etcmainly driven by lack of knowledge or experience
Also, the way people and decistamakersperceive the risk affectsow theyunderstand

it, andcope with it.
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1.2 Dealing with coastal risk today

The increase infrequency and intensity of extreme coastal stormsthadcontinuous
exponential developmerdf the coastsare acknowledged not only by the scientific
community (e.g. Brown et al., 2013; Neumann et al., 2Tt also bythe United
Nations (IPCC, 2012, 2013) although the future pregtions are subjected to
considerable uncertaintyAs a result, coastal communities are exposedntyeasing
levels of risk Above all,the 2017hurricane season on the US easstandthe Gulf of
Mexico was one of the hardest in redsiwith four majoevents(namely Harvey, Irma,
Jose and Mariajccurringwithin afew weeks (preliminary analyses on these events can
be found athttps://www.usgs.gov/hurricanesEuropean coasts also experienced very
recent ad rare events, such as Xynthia in France in 2K@en et al., 2013)r
Ophelia in Ireland anthe United Kingdom in October 2017, just to cadew. Supra
national administrations and intengernmental organizations are stresdimg need for
properly addressing risk, at all levels, &ycouraginghational authorities to implement
risk assessments and management plang the UNISDR Sendai Framework for
disaster risk reduction 2043 or, more specific on floodsthe EU Flood Directive
2007/60/EQ. Therefore coastal managers need to propatidressoastal riskacting

at the different phases of the disaster management cycle (i.e, imeorgler 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 evaluatedh order to propose adequate risk reduction gléor the short and
long-term, including climate change projections of hazard and exposure components
Moreover, this should be done including the local communities in tisidle process

However, the work of coastal managerseds a strong support frothe research
community that canand shouldprovide them with up-to-date, flexible andeasyto-
understand (and applygoncepts, models and solutiorier risk assessment and
reduction. Besides, researchers need to adopt more integrated;disuitiinary
scientific approachess risk is the result of a complex interacti@maracterized by
iterative feedbackbetween nature and human assets. The Jlattgrarticular,show a
strong variability in space and timend vulnerability and exposure assessmests
subjected to uncertainty at variotesnporal and spatiaicalegFigueiredo and Martina,
2016; Nguyen et al., 2016n terms of socieeconomic aspect# can be very complex

to evaluatethat interactionwithout the support of experig this field. Thus, the
traditionalapproaches 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
everts and/or climate change

The human sciecescan provide valuable input that physical sciesttstn adapt and
implement to improve risk assessmeriarther to thecooperationwith economists
mainly aiming atpropety assessg the economicdirect and indirectonsequences of
hazards(e.g. Kunz et al., 2013)other interdisciplinary collaborations are needed
Currently multi-disciplinary studies armoreand moreoften reported irthe literature

as effective at achieving remeh objectivesn the field of coastal hazard and risk
assessmenténdeed, Istorical analyses were recently adopted in support of traditional
coastal research approacHes identifying and reconstructing past events aiming at
better probabilistic repsentation of extremedaart et al., 2011)in the recent muli
disciplinary study of Chaumillon et al(2017) pastevent reconstruction(i.e. through
historical documentand sedimentary recorndwasapplied, in particular, for longerm
(i.e. millenniatscale) analysis of storrpatiernsand variability Historical maps and
archaeological remaingereanalyzed byrernandeaviontblanc et al(2018)in order to
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reconstrucipast coastdiandscapesi.e. palaeebathymetry and shoreline positioand,
therefore to assess pasind recentates of shoreline changeistorical investigations
can al® help at renewing the locahistoricalmemory of risk that strongly affects the
perception of risk among the coastal communitigsincreasig a "false sense of
security"” (Garnier et al., 2017) Regarding these aspect, sociologiss and
anthropologists can be helpful in understanding the local social and cuiigkal
perceptionwhile supporing coastal managers and scientigtsproperly involve the
local communities in the participatory assessment procals® contributing at
proposing acceptable risk reduction pléBscu et al., 2017; Gray et al., 2017; Martinez
et al., 2017)

It follows thatphysical and naturakcientistaneed to slightly change the traditional way
of "doing science" by providing more accessible, easily understandable infornaauibn
open their mind taliverse and morésocialsciencé approachedn the case of coastal
sciences, in particular, a simplification and standardization of methodological
approaches isurrentlyin processA first formal attempt todrive the interest of the
international coastal research community on the togicbe foud in Van Konngsveld

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
(Slis)Ciavola et al., 2011a, 2011bJhis work, based on theutcomesof the EU
CoastView projec{Davidson et al., 2007highlighted the need to define simplified,
physicallybased indicatoref the state of the coast to be used in a common framework,
shared by scientists and managers, for coastal management purposes. Sincesthén, coa
research has evolvedspeciallyin terms of fieldmonitoring(e.g. Turner et al., 201%
modeling (e.g. Roelvink and Reniers, 2012and risk assessment approaches (e.g.
Narayan et al., 20)4Moreover while somerecent studies arstill investigating the
complex coastaphysicalinteractions (e.gOdigie and Warrick, 20Q)7or recalibrating
models ofcoastalprocesses (e.grassarella et al., 20} &cientific reviews are trying to
define simplified common frameworks for hadand risk assessmeiatg. Carapuco et

al., 2016; Nuyen et al.,, 2016Ciavola and Coco, 2017; Ferreira et al., 20%hd
climate change impacts (e.Banasinghe, 20)6Thesereviewsare likely tospeed up

the homogenization process atalfacilitate multi-disciplinary future assessments at
differenttemporal and spatialcales.

1.3 The EU FP7 RISCKIT project

The EU FP7 Resiliencéncreasng Strategies for Coast toolKIT (RISGKIT; GA
603458)(Van Dongeren et al., 201 Wwww.risckit.e) collected the legacy of past EU
projects, such aMICORE and ConHaZCiavola et al.,, 2011a, 2011bas well as
THESEUS (Zanuttigh, 2014) In fact, they contributed at reaching beter
understanding and awarenedscoastal risk issues #te 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. Indeec]3C-KIT
projectaimed atdesigrng and test tools in gport ofcoastalrisk management in order
to increase its capacity to properly assess coastal risk and provide effective and
acceptable solutions for disaster risk reductiocreasing the resilience abastal
communitiesby acting at diverse phases of the disaster management cycle (i.e.
response, prevention and preparedness, excluding recdarypongeren et al., 2017
Figurel.1). Thework of the project was based on the definitiomisi as theproduct of
the probability of a hazard and its impaffts- more details se¥iavattene et al., 2035
Onthe basis of this assumptiohgtprojectcreateda storm impact databag€iavola et
al., 2017) a risk reduction welguide(Stelljes et al., 2017 conceptual framework for
regional risk assessmef\iavattene et al., 2017)ntegrated numerical téefor early

28



www.risckit.eu

warning and scenari@.e. climate change and risk reduction measugeajuation at the

local scale(Jager et al., 2017jurther supported by a guided participatory process to
assess the proposed meas(Basquet and Cumiske 2017) Every tool was thought to

be inclusive in terms of stakeholders' involvemeand strongly multdisciplinary by
including historical and socieconomical concept¢Barquet and Cumiskey, 2017;
Cumiskey et al., 2017; Garnier et al., 2017; Martinez et al., 26Dbr)the fist time,
physical, economicssocial and historicalscientists 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 the regional and local scale, in support to coastal
managers.
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Figure 1.1 The disaster management cycle and the position of the RISKIT tools
(Source:Van Dongeren et al., 201)

The project successfully testdtke toolsin several case study sitakbng the EU coasts,
representative of different coastal settings. More important, it highlighted how multi
disciplinary approaches cancrease the quality of the assessments and the acceptance
of the proposed strategieBor example, historical research was able to detect past
events with characteristicgmilar to recent one$or most of the selected study cases,
demonstrating that theepception of exceptionality of a storm is affected by the memory

of the coastal community. That is the case of La FautdMer in Francewhere the

first report of coastal storm damages dates back to 1882, or the case of Porto Garibaldi
in Italy, that in1927 washit by a coastal event comparable to the one recently observed
in February 201%Garnier et al., 2017)Another examplef 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 thenoegc

of the interviewsgerformed locallyused to understand the local context and select local
measures for disaster reductigfMartinez et al., 2017)to evaluate the degree of
effectiveness of the local implementation of meas@@sniskey et al., 2017and to
moderate the participatory process for the evaluation of risk reduction strategies
(Barquet and Cumiskey, 2017All these aspects were found to be crucial in order to
adapt strategieat the local level that ould be accepted by the coastal community,
taking into account the local contexts and competing interests.

From a practical poimf view, at each case study regional domtie regional tool for

risk assessment was applied teesethe local critical areas (hotspots). At the identified
hotspots, after a deskop research(including the historical researchgiming at
understanding the general (regional and lpcahtext in terms of coastal risk and risk
reduction strategies, locatakeholders were interviewed in order to assess the risk
awareness of the population and to sedestt of measures that coeldsilybe accepted

by the coastal communitythen, the measures were tested with the fimolocal risk
assessmenfthat canalso be usedor local early warning), able to quantify their
effectivenesgor risk reduction in the current and future (climate change) scen@hes.
effectiveness athe local level was also investigated including considerations on the
sociceconomiccontext. Later, the measures (and their effectiveness) were discussed
during the participatory procesahere stakeholders were asked to interact through a
guided procedure in order to select acceptable measures to be applied as an integrated
local strateg for risk reduction.

The project outcomes confirmed howulidisciplinary approacheand stakeholders'
involvementare thereforemecessary, if scientists want their knowledge to be transmitted
and understood by the public, from the coastal martagéelocal communities

1.4 Notes on the coastsf Emilia-Romagna and Catalunya

The Mediterranean sea fle theatre ofless intenseevents,when compared with the
hurricanes that hit the US coasts, sucliHagicane Sandy in New York in 20XRunz

et al., 2013)or the extreme events that impacted the coast ahEim Europe, such as
the already mentioned Xynthor the Southern North Sea storm in 2q$pencer et al.,
2015) However, severe or extreme storms are frequent and their ingaacigoduce
disproportionate @ansequences to coastal communijtiespecially when the coasts are
intensively exploited and, at the same time,dfiert of coastal managersirssufficient

to guaantee a effectiverisk managemerstrategy

This is, for &ample, the case of the EmHRomagna regionn Italy, whoselong coast
faces the Northern Adriatiandis often threatened by high storm surges and waves,
such as the recent event of February 2(Périni et al., 2015ahat caused significant
impactsto numerous locationgOr the case of Catalunydiménez et al., 20)2where
erosion and flooding affect several economic sectors, tourisprimis. However, n
both cases the risk is not only related to the single extreme occufiendde short
term), but also to the inherent problems that affect tls@indy beaches, such as
structural erosion or subsidence that have long term causes and &ffbotb. cases the
human pressure is high. In both cases, the coast is the place of conflict of interests,
private and publicin both cases, the coastal managersa@e of the issues related to
coastal risk, current and futurén both caseslocal researcherare very active in
investigating their beaches. And, finally, in both cases, critical aveas chosen as
case study sites in the framework of the EU FR3C-KIT project which partially
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supported the work of this PhD thegitably, 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 thesiss the product o# three year journethrough coastal risk. It collects

input from many people and places that helped the author to understand how physical,
social and economic aspects interacj¢énerateisk in coastal areand how it can be
reduced, or at least howgqyae can adapt to it.

The author had the opportunity to work with innovatireulti-disciplinaryapproaches
for field data collection numerical modelling and coastal managemémiese three
aspects were found to be essentially linkiedleed, owadayscoastal managers are
more and more relyingponmodels for as exampleissuing alerts and designing risk
reduction plansHowever, nodelssimply remaina fascinating numerical exercisehen
not supportedqualitatively and/or quantitativelyy field measummens that shovwhow
real worldlooks like Besides, coastal managers that hemeughresourcesgctually,
very rarely) are aware that proper coastal monitopragrams are needethus, they
support long term measuring activities

Thus, in thiscollection of articles in press or under review in scientific journals, and of
manuscripts in preparation, the reader will find interesting applicatbdronebased
surveys (Chapgers 2 and 3), numerical applicatian for the investigation of the
propagation of uncertainti€€hager 4) and for regionalGhager 5) and local Chapger

6) coastal risk assessmentsnplemented by integrating soeswonomic aspects.
Statistical concepts are included, especially by applying Bayesian Network approaches
to evaluate the interconnections between variab@sager 4) and analyze large
amount of simulationsin an integrated manne(Chager 6). The inclusion of
stakeholders in the evaluation procesgresented a key aspdot many applicatios:
regional coastal managers provided data and constructive comments on the risk
assessment applicationShapers5 and6) while, local stakeholders provided valuable
specific information, as example, to better organfiddwork, especially when
implemented in a postmergency situatignor to identify lacks in the emergency
preparedness and response ph&Sesager 2). The applications mainly focused on the
Emilia-Romagna (Italy) sedimentary coast and somaetofcritical locations. Some
studies Chapers4 and6) also included a comparative analysis vitite Tordera Delta,

a sandy deltaic coast in Catalunya (Spain). Botfasare characterized by high levels
of exploitation (i.e mainly tourism) prone to the impaot coastal storms that have
different origin and evoludn, according to théocal oceanographic settingVhile the
majority of the applications aim at improvirgnd supporting the prevention phase of
the disaster risk cyclefor some of themtheir potential implementation in support of
preparedness and response phases are also highlighted.

This PhD thesis contributes to improve the traditional approaches koevauation,

with a stronginterest in transferring scientifitndings to coastal managers. Whereas
risk assessments belong to the prevention phase of the disaster management cycle (see
Figure1.1), some aspects of this work are affected by, or affect, other phases, such as
the preparedness and the response ones. Indeegath through coastal rigkegirs

with two applications ofcoastaldronebased surveys, the first fdocal poststorm
assessmer(i.e. damage assessment, response plkageare 1.1) in support of a large

scale (i.e.regional) response proto¢calhe secondor the analysis of theseasonal
behaviour of a sedimentary beach with artificial dune protect{@mssupport of
protection measure assessments, prevention phageg 1.1); then itproceed to an
investigation ofthe limitation of specific simplifications in modelling and their effects
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on the resultgtherefore, on the hazard and risk assessments, prevehase;pigure
1.1); and finally, itleadsto the application of twannovative tools in support of coastal
managers, for risk assessm@ntsupport of risk management plans design , prevention
phasejFigure 1.1) atthe regional and local level, respectiveBdl topics, contribute to
improve the preparedness phase (Begure 1.1) either by increasing the level of
knowledge and awareness (and thus the resiliesfcie coastal communitgr, in the
case of the local scale risk assessment, providing tihals can be adapted for
operational purposesihe main coastalrisks considered ardinked to flooding and
erosion.

As anticipated, eachhapter isadapted from papers in press, review, or in
preparation. All contributions were the product of stromggrnational colboration
between thé’hD candidatethe research team he belongs to (the COSTUF team of the
Department oPhysics andarth Scienceof the Univerdy of Ferrara, Ferrara, Italy)
and EU and US institute all cases the PhD candidateyed a prominent role either

by doing feld surveysanalyzing and interpreting the outcomes and writarge parts

of the paperdn particular:

1 Chager 2: this piece of work is the product of a collaboration between the
COSTUF team and the CSHEL team of the SchafoMarine Science and
Policy of the University of Delaware (Newark, DE, UShe PhD candidate
contributed to the field data (i.e. qualitative and rgitative) collection, data
analysis, interpretation and manuscript preparaifibie. original manuscript/as
accepted for review iNatural Hazard and Earth System Sciences as:

Trembanis, A. C., Duo, E., Dohner, S., Grottoli, E., and Ciavola, P.: Quick
Regonse Assessment of the Impact of an Extreme Storm Combining Aerial
Drone and RTK GPS, Nat. Hazards Earth Syst. Sci. Discussteview,
doi:10.5194/nhesg01 7337, 2017.

The chapter represexd restructured and revised version of the manuscript and
addresses the main issues highlighteg the anonymous reviewers (see
interactive discussion at  https://www.nathazadsearthsystsci
discuss.net/nhes¥)17337). 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-@othors.Given the major charg applied

the authors' order and the title will charagollows:

Duo, E., Trembanis A. C., Dohner, S., Grottoli, E. and Ciavolalnkegrating
Regional Protocolfor PostEvent Assessments witlocal GPS ad UAV -based
Quick Respons8urveys aPilot Casdromthe EmiliaRomagna (Italy) Coast

1 Chager 3: this work is the product of a pilot droi@sedsurveyingcampaign
that was held between October 2016 and April 2017 at the beach of Porto
Garibaldi (Comacchio, Italy) and implemented by @@STUF team, supported
by Dr. A. Ninfo (Dep. of Physics and Earthi&uce of thdJniversity 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 bgreg
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 areauring the monitoreg@eriod, only the preliminary results of the study
are shownand discussedlrhe PhD candidate contributed to the field surveys,
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implemented the photogrammetric reconstruction, analyzed and interpreted the

results and wrote the preseiapter.indeed this chapter represents a first draft

of a manuscript that will be updated as sasnmmore interesting results will be

available. At the moment of the submission of D thesistheresearchheam

was again operative since Octoberl20waiting for the "BigOne" storm to

occur for testing the procedure

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

and M. Sanuy ,PD student at the Laborator.i doE
the Universitat Politécnica de Catalunya (Barcel@pgin).This study was also

funded by the Grant Programmi®r Young Researchersf the University of

Ferrara through the fi 5 per mil | e assegnate all 6U
di chiarazione dei TheddDcardidatedwns théidea ofo 20 1 .
the study and implemented it at the Italian site, contributed to the analysis,
interpretation and manuscrigireparation. This chapter represents the most

recent version of the manuscript that is in preparation for the submissionttee

Elsevier journalCosstal EngineeringThe 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@oastal Hazard Modelling

Chager 5: this analysis was developed in the framework of B FP7 RISC

KIT Project (GA 603458)as application and validation of theo&stal Risk
Assessment Framework on the EmMamagna coastThe PhD candidate
contributed to the implementation of the hazard assessment, data analysis,
interpretation and manuscript preparatidinis chapter is in press for Coastal
Engineering, as resedn paper contribution to the RISAT Special Issue:

Armaroli, C. and Duo, E.: Validation of the coastal storm risk assessment
framework along the Emili®omagna coast, Coast. Eng., in press,
doi:10.1016/j.coastaleng.2017.08.014, 2017.

Chagper 6: the analyses presented were developed in the framework of the EU

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

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

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

the Laboratori doEnginyeria Mar?zeti ma (L
Catalunya (Barcelona, Spaimhe PhD candidatimplemented the study at the

Italian site, contributed to the analysis, interpretation and manuscript
preparation.The original manuscriptvas acceptedavith "Major revisionwith

further review byEditor andReferee$ for thepublicationin Natural Hazarand

Earth System Sciences as:

Sanuy, M., Duo, E., Jager, 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¥sirth

Sci. Discuss.in reviewdoi:10.5194/nhesg01 7345, 2017.

The chapter representa 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 athttps://www.nathazardsearthsystscr
discuss.net/nhes®)17345). However, it does notepresent the version that
will be resubmitted. That version will be prepared in thetn&eeks in
agreement with all the eauthors.

A final conclusive chapteiQhager 7) will summarize the findings of eadtapterand
will give an integrated viewfdhe lessons learneahd 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 SpencdtJniversity 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 droneumeri@l and Bayesiamapplications; and, finally, to
coastal managers, that will find tp-date approaches dealing with pesirm
monitoring, coastal risk assessments, climate change scenario and disaster risk
reduction (DRR) measures evaluation.
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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 erosiaraused byextreme 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 direatioand 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., 20WWijth expecations of
increasing storm intensities and occurrefBason et al., 2007)oastal communities

are in need of accurate field data to inform management and policy de¢Sas®ila et

al., 2016) To ensure appropriate plans are enacted, precise ghdeBbplution field
measurements are required to understand storm effects on the community and to
provide input for numerical modé@lg for future impact prediction purpos@<se et al.,

1998; Stone et al., 200MNicholls et al., 200 Besides, the inclusion of local
stakeholders in the assessment process is essential to better understand the local point of
view and prperly address risk reduction plafMartinez et al., 2017)

Coastal managers arequested taadopt plans and protocol$or risk management,
ranging fron prevention, preparedness, response and recovery phases of the risk cycle.
Indeed, the importance of protocols and standard approaches for risk management is
recognized atthe European levell Po |l j an g e k . The role of .posevent0 1 7 )
assessments (response) are of vital importance to properly address coastal risk
management. The forecasting and early wasi(eparednegscan support the
assessments and helpcoordinating theesponse tasks on the fieldonsequently, the
results of the assessments can be used to improve hazard and risk maps, and enhance
risk reduction plans (preventianh this context the Emilid&Romagna Region already
adopted effective protocols for coastal risk management and, of particular interest for
this work, regarding early warning and psttrm hazard and risk assessméhigorio

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

Capturing thephysicalsignature 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 pletmton et al., 1993Bush et al., 1999;
Morton, 2002) Notably, in order to properly quantify these impacts, it is also desirable

to collect prestorm elevation data. In recent yeastonomougplatform mehodologies

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 [{§kitini et al., 2013Casella

et al., 2016; Turner et al., 201&)d the submerged ar€&embanis et al., 2013)

The classic stadia rod and level beaahveying technique, while still functional, has
been replaced by time and cost efficient REate Kinematic Geographical Positions
Systems (RTK GPS) for grourzhsed surveygMorton 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, 1998enedet et al., 2007; Hansen and Barnard, 2010; Theuerkauf
and Rodrigez, 2012) With RTK GPS surveys, questions arise regarding the accuracy



of beach morphology representation due to insufficient resolution when traditional
profile spacings of more than 100 meters are (Sedles, 2002Bernstein et al., 2003;
Pieto et al., 2008; Theuerkauf and Rodriguez, 20T2)restrial laser scanners or total
stations improve point density but requmeretime and physical effort as RTK GPS,
particularly when surveying large are@aye et al., 2005; Theuerkauf and Rodriguez,
2012 Lee et al.,, 2018 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 survé€gsockdon et al., 2002; Young and Ashford,
2006 Anderson and Gaston, 2013 recent LIiDAR application was proposed by
Phillips et al. (2017)y 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 great potential for other investigations. However, the
measurements are performedaosingle locationin the crossshore direction.

Recent improvements in autonomous technology have made Unmannedvibarcs
(UAV) a useful emerging tool in the survey world which accommodates local scales,
rapid and frequent surveys, and can be ecocaly feasible with accurate results for
monitoring hydremorphological changes in the coastal zqBerni et al., 2009
Westoby et al., 203 Zasella et al., 2016; James et al., 2017)

Focusing on the social dimension of the problem, it was demonstratedehatitision

of local people in the processes of coastal risk assessment and prapafragiduction

plans can improve the quality of the outcomes and can have a positive feedback on the
population, increasing its risk awarenessl preparednegPescaroli and Magni, 2015

Becu et al., 2017; Gray et al., 2017; Martinez et al., 20h7)his sense, performing
interviewsof 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
importanty, on the effectiveness of the implemented emergency preparedness and
response phasélartinez et al., 2017)

Here a pilot case study of a quick response protocoldoal poststorm assessment
utilizing a combination of traditional eground RTK GPS surveys together with aerial
imagery gathered by an Unmath Aerial Vehicle (UAV or done) for digital
photogrammetriaeconstruction further supported by qualitative data collecti@n
interviewsof local stakeholders)s presentedThis combination of technologies allows

for a rapid and more holistic covgeof the field site. The presented results of the pilot
test demonstrate that the approach can provideresgiution data for capturing storm
impacts. Furthermore, this integrated approach can provide detailed insights that can be
applied at thedcal as well as at regional and national leyéts coastal management
purposesThe evidences also show that the local protocol could be integrated in the
regional protocol for positorm assessment, creating a very effective coordinated
protocol

2.2 Case Study
2.2.1 Regional settingand study site

Regional settings

A stretch (~7 km) of the coastal area of the Ferrara province (ERuolmagna region),
on the ltalian side of the Northern Adriaea Figure2.1A,B), was surveyed starting
in the waning period of an extreme storm event (hereafter cakeBaint Agatha storm,
see SectioR.2.3 that occurred on-3 February2015. The survey continued for a week

36



following the passage of the storm. The coastal landscape in Hwoireagna is
generally comprised of lodying 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 sttues (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, andathing structures often replacing the ancient coastal
dune ridgeqSytnik and Stecchi, 20155ince the end of World War Il, a sediment
deficit has affected the littoral budget as a result of a decrease in sediment transport
towards the shore blpcal rivers, mainly because of the human interventions on the
rivers and their basin®reciso et al., 2013nd the reforestation of the Apennir{Bdli

and Rinaldi, 1997)The exposure to coastal flooding is high, especially in the Ferrara
and Ravenna provinces, where some elevatians below Mean Sea Level
(MSL)(Perini et al., 2010a)and severatlefencestructures (groins, breakwaters, etc.)
have beerbuilt along the coast in the hope that beach retreat would ¢&asaroli et

al., 2012) This problem has beeaxacerbated over the last few decades by land
subsidence, which has been caused mastlgroundwater and gas extraction activities
(Teatini et al., 2005Taramelli et al., 2015)

The wave climate fothe region is characterized by low waagergy (meatdsa 0. 4 m,
Tobd 4 s) with a-tidal egimedrieaptidaladnge mM80an; spring tidal
range = 0.8 m). Storm waves withygar return period range up to 3.3(Armaroli et

al., 2009)and storm surges with ay2ar return period are up to 0.6 (Masina and
Ciavola, 2011) These storm events can occur, particularly in #leahd winter months
(OctoberMarch), which comprises the storm season. Storms are mainly characterized
by ENE waves associated with Bora (NE) winds oSlEywaves if caused by Scirocco
winds. Storm surge evenpredominantly occur during Skinds, whichalso coincide

with the main SENW orientation of the Adriatic Sea. Bora storm waves are generally
higherand steep, whereas Scirocco waves are smaller but with a longer wave period.
This is because the latter are generated over a longer fetch by wirndgeofihtensity
(Harley et al., 2016)

Several methods for storm characterization have been dedetokimplemented in
recent years for the Mediterranean cod#ndoza et al(2011) proposed a fivelass
intensity scale, defining a storm as an event in which the significant wave height
exceeds 1.5n for at least 6 hour@Mendoza and Jiménez, 2006)Jloving to a more

local perspectiveArmaroli et al.(2012)adopted the same physical definition of storm
events for the northern Adriatic. Two stormase considered separated when the
significant wave height decreases below the 1.5 m threshoRldomoreconsecutive
hours. As a resulting of the combined analysis of the events and their intipaicssudy
classified a storm as fipotentially damagi nc¢
waterlevel (TWL = surge+ tide) thresholdvhich are:Hs >= 2 m and TWL>= 0.7 m

for urbanized beachebis >= 3.3m and TWL>= 0.85m for natural beaches. The Saint
Agatha storm was identified utilizing the nearest offshore buoy and tide gaiggee(

2.1C andFigure2.2) records ofwaves and water levels, and following themaroli 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, -lgimg sandy beaches, with commercial
concessiongi.e. properties located on public beach areaganted to privates for
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commercial/tourism activitigsdirectly facing the sea. The width of the beach ranges
from ~20m to ~150m. Thepredominant sediment transp@ directed northward. The
southern jetty othe canal harbour (Porto CanaleParto 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 soufeetrof Lido di SpingNordstrom

et al., 2015)as it can be seen Figure2.1D. 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 stonpacts during extreme ever{tsordstrom

et al.,, 2015) The pilot case studyresents areas that amell known atthe regional

level as coastal risk prone ar@erini et al., 201,6Armaroli and Duo, 2017)The target
area of the analysis of this pilot study, is tethernmost portion of the beach at Lido
degli EstensiKigure2.1E) in the municipality of Comacchio, east of Ferrara and north

of Ravenna.
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2.2.2 Coastal alerts and maaring in EmiliazRomagna

The EmiliaRomagna Region (RERjJevelopeda protocol for coastal storm alert and
monitoring in the framework of a wider system fhydro-geological risk alertand
several agencies and regional services are involved in the pfogesio et al., 2012)
The daily forecasting of wavesurgeand coastal impactrovided by the Seizio
IdroMeteoClima of theAgenziaRegionale per l@revenzione, I'Ambiente e Hergia
(ARPAE-SIMC), are evaluated, along with the weather forecdsy, the regional
geological service Servizio Geologico Sismico e dei Suoli, SGS$e Centro
Funzionale of ARPAE (ARPAKF), theregionalServizio Difesa deBuolodella Costa
e Bonifica(SDSCB) the techical servics (Servizi Tecnici di Bacino, STB}heinter-
regional agency of the Po rivékgenzialnterregionale Fiume RPAIPO) and the Civil
Protection.

The forecasting of coastal hazards and impactsagiged through the region&arly
Warning System (EWSyevelopedn the framework of the EU FP7 MICORE project
(www.micore.el), with the objective to predict the imminent arrival aftarm as a tool

to be used by Civil Btedion agencies and local communiti@iavola et al., 2011b;
Harley et al., 2012, 2016; Jiménez et al., 2017/)e EmiliaRomagnaEWS is
operational and is ruby ARPAESIMC and the University of Ferrara (UNIFBy
executing a daily sequence of connected numerical models (COSMO, SWAN, ROMS,
and XBeach), comprised of 22 cressore profiles, with the final output transformed
into a brmat suitable for decisiemakers and endsers(Harley et al., 2012)The EWS

tool is based ostorm Impactindicators(Slis) (Ciavola et al., 2011b¥ocusing orthe
magnitude ofwater irgressionand the type of exposed assets, which are described as
natural or urbanized beach@darley et al., 2016)The daily outputs are published
online athttp://geo.regione.emilieomagna.it/schede/ews/

From 2017, the RER activated an online portatps://allertameteo.regione.emilia
romagna.it) where the alerts are published in a ®Esed interfaceln case of
forecasted ovethreshold events, or unexpected ones, the alert is issued to the Civil
Protection that forwaslit to the local technical services and municipalities, and the
monitoring phas begins and updates are issued on the basis of obser¢adonsves,
water levels, wind, rains, etc.) and forecasting upddtesecessary, the emergency
response is activated and implemented by the Civil Protection.

The SGSS is in chargef data collection and elaboratidor coastal risk management
purposes(Perini et al., 2015bArmaroli and Duo, 2017)During and aftera coastal
event the geological service collects all available information from forecasting,
observations, online picturesyebcam movies and newsAfter significant coastal
eventsthe STBs are activated and implement on the ground surveys, docuniecaing
impacts and measuring the water ingressiorhe SGSS also survey (with DGPS
techniques)L8 beach profiles in 13 locatie along the coast, belonging to the regional
beach monitoring network (Rete di Mamiaggio dei Prbli di Spiaggia REMPS)

After an important eventhe Civil Protection fly ovethe impacted areas takioglique
aerial pictures However, this is not aregular procedure and is occasionally
implementedAll 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.emiti@dmagna.it/geologia/temi/costa/sistema
informativo-delmaree-dellacostasic), in the in_Risk and in_Storm platforngBerini

et al.,2015b)

The EmilizaRomagna Region (RER) can actually be considectthg at the statef-
the-art in coastal alert and monitoring #te EU level (Perini et al., 2015h)as also
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publicly declared in a press release by Hueopean Commission on the 26 September
2014 pttp://europa.eu/rapid/presslease IPL4-1046_en.hth

2.2.3 Storm event

During the period February-B2015, an extreme storm hit the EmiRmmagna 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 alltheal plain of

the EmiliaRomagna regiofARPA E-R SIMC, 2015; Perini et al2015a, 2015b)As
anticipatedthe stormwas namedby the colloquial name of the Saint Agatha storm as it
began the day of the celaltion of Saint Agatha in ItalyThe storm started at night and
lasted for more than two days (Bfs), making it one othe longest duration storms in

the record of the local wave buoy offshore of Cesenafiagu(e 2.1C), deployed in

May 2007. The maximum water level (surge + tidel @0 m was measured at 23:40
GMT on 5February(Figure2.2). The nontidal residuatime-seriewasassessedn the

basis of the tidal predictien(calculatedfor Porto Corsiniusing data for the period
20072015 with t_tide;Pawlowicz et al., 2002and showed a peak of 1.2% in the
morning of 6 FebruaryHigure2.2). The skew surge for the tidal cycle tivatludedthe

peak of the total water level was calcula@ad resulted in 0.92 nThe maximum
significant wave height (4.8) was recordechithe morning of &ebruary Figure2.2).

The wave direction was consistently frahe 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, Ravéigoae(
2.1C). Wave data was recorded by the ARBR (Agenzia Regionale per la
Prevenzi one e | 6Romdgmnagaifshere wheelbliog lBaated atnid
depth, 5.5%m offshore from the town of Cesatico Figure2.1C).

According to the Mediterranean storm classificatiodeihdoza et al(2011) the Saint

Agatha stormisassi gned the seeeedD)y Thasstb¥Vm(B8SE
amplified by the combination of high waves, high water level and intense rainfall that

created combined problems to the local river dischéRgeini et al., 2015a, 2015b)

Furthermore, according to the classificationAoimaroli 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 d&figaie?2.2).

Perini et al.(2015b)reported that the event was forecasted by the regforedasting
chain and th&eWS. An alert of Level 1 (out of 3evels, from 1 to Bwas issed at
regional level already on theot February. Thelay 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, waadesurge
forecasts and the EWS alerts (updated every deyg. monitoring of the damages
started on the 6f Februarywhile the STBswere visiting the impacted locations from
the ground, the Civil Protection implemented a firslicopter flight, providag oblique
aerial pictures used to mappacts Two other flights were performed on the®d the
10 of February, in order to complete the survey. In that period St8Scollected
online material such as pictures, movies and news. All the informatiaaxehived in
the regional database, although the material is not yet visible onkiosvever,
information on the storm and its impacts are available at the -RI$Gtorm Impact
Databasef(ttp://risckt.cloudapp.net/risckit/#/Ciavola et al., 2017)

The whole datasetwas used to evaluate thenpacts along the coast atite observed
ingression line (elaborated from aerial pictures and local measurements, where
available) was compared with the risk mapsoduced for the Floods Directive
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(2007/60/EC)(Perini et al., 208). On the basis of this analysBerini et al.(2015b)
showed that the inundatia@xtensionwas similar to the inundation scenario defined by
an event with aepresentativeeturn period ofL00 yearsIn specific locations, however,
the inundation exceedetthe 100 year scenario limit, or, on the contrary, resulted more
similar to the 10 yedtooding scenario.

Severe damage to several concession properties and urban areas was recortteel along
coast(Perini et al., 2015a, 2015byVhile in the Ferrara province the impacts were
mainly confinedto the exposed beach, causing significant damage to the concessions
(urbanized beaches), to the dune systems (natural areas) and smallershéglmp
flooding of the Porto Canale in Porto Garibaldi), in the Ravenna province several
coastal towns experiead extensive flooding of residential areas (e.g. Lido di Dante,
Classe and Savjevhere a flood water depth of 2 m was recordRedini et al. 20150.

As part of the quick response effothe researchteam 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 quantifyingtfieetsof the

event, where rapid pestorm intervention did et occur.In this chapterthe analysisof

the survey is presented for the case study and Lido degli Esteti®# iGomacchio
municipality (i.e. the target arealiigure2.1E) is shown
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Figure 2.2 Saint Agatha storm hydrodynamic data including significant wave
height (m), wave period (s), direction of wave (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 oHs = 1.5 m and
referenced to GMT.

41



2.3 Methods

2.3.1 Quick Responserotocol

It was developed and it is presentéd here a coordinated Quick Respsa Protocol
(QRP) for a quick storm impact assessnagnibcal levelto 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 collectiata of
through interviews with local stakeholders and damage annotation. In the framework of
the risk management cycle, the QRP is showirigure 2.3. The available mgonal

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 Rifhand

results made available to the general commu@&e Sectior2.2.2). Thus, the QRT is

able to know in advance where thyeick responsewill most likely be needd and
prepare in advangeersonnel scheduling and survey equipment. Thesjoren survey,
mainly topebathymetric survey through both RTK GPS amdlV 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 timecalesandbr (ii) when other sources of information are not
available on the prstorm condition in the likely impacted ared@he regional
forecasting system (see Secti@r2.2 can provide further guidance to the QRT by
indicating when storm conditions have subsided sufficiently to alloweguactivities

on the ground and in the air.

The QRP for stormocal impact assessment included a sequence of steps to acquire
both qualitative and quantitative amurements of the storm in tladtermath of the
event. The critical tasks of the quick respwrstrategy during the days immediately
following the storm included the following activities:
1 Conduct interviews of citizens, shopkeepers, restaurant owners, and other local
stakeholders;
1 Annotate the visible damage to coastelencesbuildings,infrastructures;
Take pictures of the horizontal flood limits and vertical flood marks;
1 Measurethe vertical elevation of flood marks on buildings addfence
structures
1 Map the horizontal flood limit by means of RTK GPS;
1 Survey of the beach by means GFRGPS (profiles) and aerial drone flights.

=

The surveytasks focused on the emerged part of the beach as the drone wasteot
capable to acquire reliable information on témergedarea In generalfor micro-
tidal environmentsthe GPS technique cde used to survey the intertidal aathe
crossshore profilesThe information could besed in comparisowith the prestorm
dataset, when coverirthe samearea.However, the information would not lesefulto
perform 2D analysisSome possible imprements of this and other aspects are given in
Section2.6.

The QRP steps provided data to allow for an integrated analysis of the storm impacts.
The need to conatt 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 alongséxtenson 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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aforementionedasks along a total beach lengthalmost 7 km for the casstudy 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 sed/evith RTK GPS
technique and 6km of beach were surveyed with the drone and a furt6érGGPs
(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 processirngnd analysis of the acquired information is further described in the
next sections, specifically focusing on the target afggufe 2.1E). The integrated
informationwill help to understanthe overalleffect of the storm in the swveyed area.
The scientific aimof the QRPis to provide useful input to coastal managers for hazard
and risk assessment purposésgyre 2.3), integrating the posttorm information
collected atheregional level
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Figure 2.3 The Quick Response Protocol (QRP) in the framework of the Disaster
Management Cycle.

2.3.2 Presstorm conditions

The prestorm conditions of the subaerial beach and backshore were assumed to be
represented by the available LIDAderived DTM from October 2014. €hdataset 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 Stakeholdemterviews

Local stakeholder¢SH) were inteviewed by the QRTon the morning of the7 of
February 2015. The interviews were mainly based on informal questions on the recent
experience, focusing on the timing of the evolution effthod event what the people

were doing bedre, during and after thevent;if they were alerted and preparédhey
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were also requested to give an interpretatibthe causes of thiempacts of the event

Ten SHs were interviewedn Porto Garibaldi(Figure 2.1D), the town in the north of

Lido degli Estensi.The group included mainly ownersf commercial or touristic
services (e.g. concessions, restaurants, shops and others), a resident, a fesheéranan
fireman. Notably, in this work, the interviews were mainigedto 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 themaximum water progression on the plan view, evidenced by the
presence of objects and debris moved inland by the water during the #tomas
associatedvith a GPS locatior(seeFigure 2.4A). Thesetype of points are breafter

called AGPS Floodlinesdo. A flood mark denot
location where the water level was clearly visible, for example, walls, buildings, trees or
dunes €.g. Figure 24B) . These points, her e aivareer cal l

associated with a GPS location and a water dem@asuregde.g, with a simple meter
(seeFigure 2.4B). Crossshore beach profiles were also surveyed in order to have a
comparison(i.e. a posterior) with the poststorm Digital Elevation Model (DEM)
generded from the drone photogrammietranalysis. Ten crosshore profiles were
measured throughout the surveyed area highlightédgure 2.1D. The measurements
were dome on the terrain and thus excluding variation in the elevation due to debris,
wood or othersThe 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 errdii.e. RMSE)of the drone processed data.

GPS Location

Figure 24 Exampl e s o f AGPS Floodlinebo (A) and
measurements.

2.3.5 UAV survey and Ground Control Points

A commercial offthe-shelf unmanned aerial vehicle (UAV), the DJI Phantom Vision
2+, was used to conduct the aerial remote sensing imagery caPhotms were
collected from elevations between-80 m at speeds of 4 m/s with manual flight
controls used to fly in a lawmower pattern (e.g. boustrophedon flight pattern) back
and forth across the beach with-B5% overlap between images resulting in entbran
five photos per common point within the survey domdifanual flighs were
performed asat the timeof the survey, theteamdid not have aits disposalautomaitc
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flight tools and softwareThis approach influenced the results (as expected) asd th
aspect will be emphasizeahd discussed the following sectionsThe drone camera
utilized a fixed focal length, constant exposure, and timed image capture every five
seconds. Fourteen Ground Control Points (GCPs) werasuredusing a RTK GPS
(Trimble R6) for use insupport of the photogrammetric procegs commercially
availablephotogrammetrisoftware package, specifically Pix4D, was used to stitch the
collected UAV photos into one continuous mosaic by matching points within
overlapping photos uti#ing structurefrom-motion (SfM) algorithms. The application

of drone based SfM photogrammetry for coastal morphology assessment has been
demonstrated recently by the studie€akella et al(2014, 2016)Dohner et al(2016)

Turner et al(2016)andScarelli et al(2017) Drone photo pogbrocessing followed the
stepwise process illustrated Figure2.5, whereby photos areatthed 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 elevalioes\calculated from

the stitched mosaic. Digital Elevation Models (DEMs) and mesh models are created
from the dense point cloudhe dense cloud was not cleanedring the process,
meaning that the points representing debris, wood or other objects aterenmoved

and affected the drone product®&his limitation presergd in other published works
such asCasella et al(2014) will be stressedind discusset the following sections

and specific remedies will be proposed in Secldi The DEM and orthomosaic were
then exported for use in compam to the RTK GPS survey (see Sectibd). The

drone based survey approach allowed to quickly survey an area of 0> 25tkin a 10

minute flight resulting in a ground sampling distance of 2.5 cm/pixel.
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Figure 2.5 Sequence of processing steps used in tpaotogrammetric processof
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 integrdtexhl assessment of the
storm impacts, implemented following the QRiRge results are presented in the
following. First a summary of the interviews is given. Thére results of the extengv
onrground survey effort during the week following the storm are presented for the target
area Figure 2.1E) of the pilot case studyFigure 2.1D). The results are presented in
sequential sections showing comparisons between tiieegground (RTKGPS) and
aerial drone survey results.
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2.4.1 Summary of thenterviews

Most ofthe SHsreported that othe eveningof the 5 of FebruaryThursday)he water
level insidethe Porto Canalef Porto Garibaldi Figure 2.1D) was approaching the
level of theembankment$~1.8 m above MSL)due to the combined effect of the canal
discharge and the sea conditioAd that moment, the emerged beaches were already
impacted by high water levels and waves. dherflow of the canastarted between 1
and 2am and continued till 4am, mainly because of the oscillations ofatiee surface
due to the action of wavekat propagated inside the canal. On Friday, early morning
the situation was stikritical, it improved only at lunch time, when the sea conditions
began to subsid&ome 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 waseally clear othe 5 February 2015, that
a strong coastal event was approaching their towns. Howsaxeral $is claimed that
no clear local alert to the population was given and none of the intervieweadabout
the regional EWS. Basically, local kndww and experieces were their only
instruments to understand what Weppeningnd prepare themselvésg. posing sand
bags) They also reported that the Civil Protection arrived at the locatiother of
February Eriday), at lunch timebringing sandags and assistance

2.4.2 Topographic pfiles and Digital Elevation Modeldgace

An indication of thequality of the DEM produced from the analysis of the drone images

is given comparing it with the RTK GPS cressction points (se€igure 2.1E). The
comparison is shown iRigure2.6 for both profiles. For both datasets the asslithe.

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 fite Prand 2

when they were visually determined to be clearly not representative of the terrain
surface However, it was not possible to corrécta similar waythe variations induced

by debris or othesmall objectsthat affected the comparisoA smoothng (i.e. moving
average)f the profiles was also applieéd bothdrone and RTK GPS derivethta 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, whieofile 1, with an RMSE of 14 cm, is der to

the edge of the domain where the drone DEM is expected to be less accurate. Since the
drone data comes from a commercial-tbi-shelf unit and thus relies on RTK GPS
ground control points for positioning accuracy, the drone surveys are therefore no
wholly independent of the GPS system. Nevertheless, the drone surveys gmvide
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
dronederivedDEM 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 of32%m, converged with the
RTK GPS profile inthe 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 ~I%n). The slopes of the emerged foreshore are
comparable for both pfibes: 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 ifiurther morphological change analysis as showsdation2.4.4

Thus, the foreshore slope, berm shape, and berm crest locations are well captured by the
drone DEMin Figure2.6. The largest disagreement between the drone and RTK GPS
profiles occurs landward of the berm in the back portion of the beach (arowna 8@

Profile 1 and 20cm 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 andtheinclusion of norterrain elevations such as wood and debris in the DEM
(seeSectiors 2.5 and 2.6 for the discussion of these limitations and proposed remedies,
respectively.
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Figure 2.6 Comparisons between the February 2015 postorm observed GPS
profile survey and poststorm 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 calculateda posterioribetween the GPS and dron&lerived

data are reported.

2.4.3 Coastal lboding

In Figure 2.7, the resub obtained for the flood extensidtom the drone derived ta

are shown in comparison with the GPS observed Floodline and Floodmarks. The drone
orthomosaic was analyzed extract the floodlindy observing the debris line that was
deposited inland ( iFigee27)ilDorden® alsoltakeoidtdb i ne 0 |
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 segaral spot areas, hereby

and inFigure27cal | ed @ADrone Secondary Floodo ar e:
high-resolution of the orthomosaic enabled to extractadly detailed continuous flood

extensionif compared to the GPS survey.

An agreement i's seen between the fADrone FI
line (AGPS Floodlineo). As both depend on t
inland duringthe 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 beadh front of the concessiongigure 2.7). Some of the concessions,
however, experiencedecondaryflooding where the limit of the flood reached the
border of the conasions and # water found a path to flowtmthe propertiesHigure

2.7A, B, C, D). A water depth of 30dm was measured in the location of the flood mark
(Figure2.7A).

2.4.4 Erosion andsedimentation @tterns

The erosion and sedimentation patterns are showfigure 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 pestent DEM generated by the drone. The results are
only presented for the area limited by the GCPs. Notably, as the drone derived DEM
included norterrain objects and buildings, the analysis of the morphological features
only focused on the emerged beach. The inclusion ofteach features in the drone
derived DEM, mainly because of the presence of different sized debris, affected the
nortuniformity of the drone derived pattern.

The morphological features are recognizablehi drone orthomosaid-igure 2.8A).

From the drone results-igure 2.8A1) a formation of a storm berm is clearly visible
running alongshore with a varying width of 20 to BQ The vertical deposit is
interrupted by erosion scour channels due to some return flogue¢2.8A1). Seaward

the depositional area (i.e. tsgorm berm) a negative variatiorpattern highlightshe

erosion of the ordinary bernwhich emphasizes just in front of the scour channels
(Figure2.8A1). Thus, the berm vertically grew and moved landward during the storm as
result ofsediment transpoiin the breaker zoneF({gure 2.8A1). At the same time, a

small portion of deposit in the intertidal angabablycorresponds to the development

of a low tide terracgust at the edge of the analyzed domiiowever the domain does

not include the lowerniertidal area. Therefore it is not possible to evaluate the
morphological variation of the lower limit of the foreshow. general lowering
landward of the storm bergan be notedRigure2.8A1), which actually corresponds to

the area where the differences between the RTK GPS profiles and the drone derived one
were higher (se&ection2.4.2 and Figure 2.6). Thus, the highlighted erosion can be
subjected to errorFocusing on the selected fnas Figure 2.8B, B1, C, C1), visible

scour channels are highlighted, thassibly developed from the footpaths which
provided the fastest preferential way for theevdo flow back to sea during the storm.
Thi s highlights the UAV6és ability to map
channels.
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Figure 27 Observed AGPS Floodlinedo and AGPS FI
circles), drone (red solid line and lightblue polygons) flood extesion comparisons:

the box on the left shows an overview of the target area while on the right (A, B, C

and D) some spofocusesare given.

49



§ DRONE
il Bed Variation [m]

| o High: 0.8

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; (Al)
the difference between the posevent dronederived 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 theesults are discussedlong with their limitations, with focus ahe
summary of thdocal interviews andhe comparisons betwe&@PSand drone derived
data.A focus on the integration of the regional assessment with the local information is
given.

The inteviews to local SH were useful giving a picture of what happeneédring the

night between the &nd the f February 2015. The evolution of the event described by
people was consigtewith the observationgictually, the interviews were focusing on

the impacts in Porto Garibaldnhainly due to the overflow of the canal harhour
Howe\er, the interviewed were able to give indications on the impacted areas in the
surroundings (i.e. Lido degli Estensi and Spiaadl thushelping the research team at
better organizing the field activitieAn interesting aspect that was highlighted e

the population did not receive specific alefowever, coastal managers reported that
several alerts were issudgkfore the evento municipalties and Civil FPotection
agenciegPerini et al., 2015b)The fact that the Civil Protection reached the location
only on6 of February Eriday), 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 problenbetween the managetfie people in charge of responding to
the emergencyand the local populationThis was alsdndirectly confirmed by the
interviewed fireman which claimed that they were not even prepared to act on coastal
locations.It also appearedhat the population of the area was not aware of the online
EWS that they could haveonitored. 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 palation, especially by improving the communication channels
and spreading the risk knowledgehese aspects were also reportedviaytinez et al.
(2017) with regard to the same event and the same locatiottse wider framework of

the aims of the EU FP7 RISKIT Project (GA603458 www.risckit.ey(Van Dongeren

et al., 2017)Pescaroli and MagrifR015)also highlighted the importance of traspects

on the basis of the analysis of interviews to local people in Cesengigog?2.1C).

The limitatiors of the interviews here presentade mainly related to the lack of a
standardized methodology, as the questions were mainly infoamdl the limited
number of people involvedt is demonstrated that a standard approach (e.g. using
prepared questionnajrean produce more reliable information that can be statistically
analyzed, if thenumber of interviewed is large enough. Several examples of
methodological approaches for stakeholder interviews and the analysis of their
outcomes exist in the literatur@rfdiverse purposg®escaroli and Magni, 201Becu

et al., 2017; Gray et al., 2017; Martinez et al., 20¥gt could be adapted to be applied
during a posstorm assessment

The variability in vertical accuracy seen in the drone deroletd was mainly related to

the flight parameters (manual flight, variable altitude and timed image capture), the
number ad type of GCPs used to constrain B8 equations used in processing
workflow. A recent study bylames et al. (201Hrovides practical suggestions for
photogrammetric considerations (i.e. modificatideasdrone flight characteristicgnd
control considerations (i.e. the number andcapg of GCPs) that echo the operational
findings from our study, namely that overall DEM improvement is achieved through
increased numbers of overlapping imag@hat can be controlledor example with
automated flightsand greater number of distrilmat GCPs. Of note with regards to our
DEM analysis, nofterrain 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®gsella et al(2014) Thus, objects such as
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wood, litter and buildings, locally affected the represented surface and, consequently,
the comparison with the pestorm RTK GPS observations, which only represented the
terrain surface. Notably, the profile comparisons séddisturbances 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
betwea the drone processed DEM frgshotogrammetri@rocessing using GCPs and

the RTK GPS dataF{gure 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 resulRMSE values of the drone DEM
compared to the traditional RTK GPS profile surveys are compaf@bleella et al.,

2014, 2016; Dohner et al., 2016) higher(Turner et al., 2016James et al., 2017,
Scaelli et al., 2017) This is attributed to manual flightsappropriate GCP selections
which were unidentifiable due to image resolution at the survey altiéunde the
variations induced by the presence of debris and others (see S6tfon proposed
improvements) However, the resulting drone DEM was still able to well capture
morphological features.

The drone derived orthomosaic offered a very easy and guagkio assess the flood
extensionof 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 exdgiem Notably, the oportunity to obsere the flood
extensionfrom 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 samplirgd)ndthis
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 nhisleaperator.

The morphological patterns derived from the drone data gave an opportunity to assess
the morphological response of the beach at a very detailed resoltlitienresults
showed the erosion of the ordinary berm and the formation of a stomm bae
scouring channels highlighted kigure 2.8 were probablytriggered 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 formatioriheflse 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 sdakmdstrom et al.,

2015) The level of detail of the outcomes suggests that it is possible to use drone
derived DEMSs to calculate volume variations, as already confirmed by the literature on
the topic (e.gTurner et al.2016.

When compared with the postorm regional assessment reportedPierini et al.
(2015b) theproposedsurvey approach for local assessmseardn produce very detailed
and accurate datindeed, the flood ingression extracted from the datadeenii et al.
(2015b)is not as accurate and detailed as the information that can heecapth
drones flying at ~5@n height Notably, the regional analysis of the flood ingression was
not implementedn this case study because the Civil Protection flight was performed
too late whenthe markers of the limit of the inundatievere notanymoreidentifiable
from the helicoptefArmaroli C., personal communicationjhus, a direct comparison
between the two observed flood extensigas not possible. Howeverhé comparison
of the reional flood maps (T10 and T10®erini et al., 2016 with the 'Drone
Floodline" is shown irFigure 2.9, for the target aredn this locationthe inundation
extensionwas lower tharthe extension calculated for the 10 year return period event
(T10). Thisis in contrast with the evidencesiérini et al(2015b)at regional level and
for the two reported examples of Lido $avio and Cesenatico (see SecttoR.3 that
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showed more similarity with the 100 year (T100) scenditigs difference can be due to
the fact that the regionahaps are calculated with a static approach, not based on
processbased formulas or modelapplying a constant total water level at the shoreline
and propagating the inundation with a modified batttabed approagmore details in
Perini et al., 2016 Thus site specific processes are not taken into account, probably
leading to the differences highlighted aboRegardinghe morphological analysishe
variations captured from drones can be used to calculateancueate 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 coadtloreover, the regional protocol doaot include angttempt to
involve local people with interviews or otherethods as the STBs, activated after the
event, mainly collect qualitative information through direct observations and pictures
(see Sectio.2.9.

In this sensethe QRP can be very helpfat integrating and completing the regional
protocol forpoststorm assessmerAs the regional authorities doot havesufficient
manpower and instrumento performsuch local detailed assessments along the whole
coast, it is advisable to integrdtecal protocols (such as the QRR)the regionabne
The proposed approacian be performed at local level by academic and prsateey
teams (such as tH@RT) that can be activated as STBs are (see Sexi@od, after the
coastal eventThe regional assessmeirtdeed would benefit of the inclusion of more
local, qualitative and quantitativenformation. By properly organizing the tasks
assignments at different locations on the c@ast the most impacted areag)will be
possible to activate a quick, coordinatedtpcol in the immediate aftermath of an event
acting at regional and local levélhis will provide moreholistic datacoveragefilling
gaps and increasing the details and reliability of the assessments.
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T10
T100
—— DRONE Floodline

Figure 2.9 Comparisons between the observed "DRONE Floodline" and the flood
scenaios (T10 and T100) computed byPerini et al. (2016)
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2.6 Suggestios for possible mprovements

Through the initial rapid response fietdllection 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 itsncertainty. In order to obtaihigh quality

datg the following guidelines are suggested for flight planning and GCP distribution:

1 Perform drone flight surveys at the same altitude and image overlap. This is
easily done with an autopilot and missiomlanning application available for
phones and tablets;

1 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;

1 Distribute GCPs throughu the survey domain and near boundaries to prevent
skewing within the DEM,;

1 GCPs should be flat, large, and uniquely shaped or marked in such a manner as
to be confidently identified from aerial images;

1 On the groundphotos of GCP locations should be take have the ideaf
exactly where the RTK GPS point were taken on the target object and within the
context of the survey domain;

1 Remove outlier and/or neterrestrial points from the dense point cloud such as
storm debris, people, and vehicles for swafaalculations.

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
theflight) and of the type of GPSs. An example of GCPs used during the survey can be

foundin Figure2.10 with images ofyood(A, B) andpoor(C, D) qualityones

The photogrammetric process can also be improved, as example, by spending more
effort in cleaning the point cloy¢husminimizing the effect of debris and others on the
final products However, the primary source of uncertaintytidl related to the quality

of the images and the flight that are affected by ¢hmera systenand the field
application (e.g. manual vs automated flight), respectively.

As anticipated in the Sectidh3.1the poststorm survey did not include tlseibmerged
area. In order to extend the protodol this part of the beach, other innovative
approaches should be adopted, such assteaelow-costautonomous surface systems
(e.g.Hampson et al2011). However, it is beyond tha&m of this work to include ttse
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 tHeiQRP.
important to adopt standard approaches for stakeholder involvement and intarview
large number of people in order to allow statistical analysis of qualitative information.

Thus, the larger is the number of people involved for the-g@aet survey, the fastest
can be the collection of data as the team can be diind&ematic groupsPlanning the
activities is crucial for the good performance of the team. This can be additionally
supported by activities performed during the #sborm season, such as instrument
maintenance and preparation, monitoring of the EWS performances, tasksgland
assignment, etc.

55



Figure 2.10 Photos A and B at the top demonstrate practical GCPs based on
unique shapes, colors, and ability to see from a high altitude. Photos C and D, on
the bottom, demonstrde error-inducing GCPs due to their height off the ground
and indistinguishable shape, size, and calo in aerial images.

In order to provide more accurate qualitative outcomes further analyses should be
performed. Thisvork only presents the analysis ofmall portion Figure2.1E) of the

whole case studwnrea(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 st@ffiectsat local levelin the immediate aftermath of

an event, as a combination of technédsgand planning approaches. Thus, in the
framework of coastal managemehtdqure2.3), a proper application of the protocol can
produce useful information that can bsed 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 stu8gootin and Frank,

2017); (iii) provide insights forthe improvement ofisk mitigation and management
plans. Finally, as suggested in Secti@b5, the QRP can be iagrated in regional
protocols, improving the reliability of the regional hazard and risk assessments.
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2.7 Conclusions

This study illustrates thpotentialof an integrated approach combining aerial drones
together with on the ground RTK GPS surveys and qtiabtadata collection for
coastal stornposteventassessments at local level. The presented protocol was applied
at a pilot case study in the Emi#iRomagna coaséfter 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 approacklvere given. As general rematk(i) interviewing local
stakeholderaind people in charge of emergency response taskbe extremely useful

at supporting the organization of the field activities, as well as at detecting lacks on the
alert chain,preparedness and response emergencyephég the drone approach was
found to be effective for flooding and erosion assessments, being able to provide
detailed, continuous and twbmensional information, with a limited time effort on the
field in comparison with thé&raditional GPS methododges. The main limitation of the
droneproductswaslinkedto the field implementation (i.e. manual fligktrorinducing
GCPs) and lacksin the photogrammetric process. Specific suggestions for
improvements were given, such as the use of automatedsfligtdper GCPs and the
cleaning of the point cloud during the photogrammetric process.

With regard to the proposed general appro&atther applications can directly support
hazard andmpactassessmerdt local and regional level, and thus addressiragpted
management needsideed, he 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 easiiggrated in the regional ones, iraping

the details and reliability of the regional assessments.
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3 HIGH-ACCURACY DRONE -BASED SURVEYS:
APPLICATION ON A SEDIMENTARY BEACH WITH
ARTIFICIAL DUNES IN PORTO GARIBALDI
(COMACCHIO, ITALY)

3.1 Introduction

The EmiliaRomagna coass often threatened by coastal events that cause damages to
its residents and econonirmaroli and Duo, 2017)Regional coastal managers, often
supported byocal research groups, are active in assessing coastal risk and proposing
up-to-date disaster risk reduction (DRR) solutidesy. Perini et al., 2016)The use of
temporary artificial dunes or embankments as protection for the deacly the winter
season hasld, worldwide records(Bruun, 1983) Their use in EmiliecRomagna, in
particular, is a longractitionerstradition tat only few years ago captured the attention

of few researchers, such Hsrley and Ciavolg2013) that numerically studied their
crossshore behaviour in the Ravenna apeaposing design guidelines and methodls

more recent numerical investigat 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 duneseandeedthe 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 sdnreplenishment (less frequent option), basing their work on
handson past experience. Therefore, there is no clear control on the design of the dunes
and the way that beach scraping may affect the megtdoodynamics of the beach at
local level. This pretice indeed can have a negative effect on the inherent protective
capacity of the beach, if improperly implemen{@&tuun, 1983) Recently,Scarelli et

al. (2017) had the opportunity to studyerthe
duneso in the paper) d-w5r in thg Ravehra areaj oyt e r
analyzing the products of two drehased survey (i.e. September 2014 and March
2015). Notably, these artificial protections, being built idibsesand, are also aftted

by meteorological forcindi.e. rain, wind, etc.), in addition to coastal storms. These
morphologic changes should be monitored thropglk and posistorm season®y
intensive monitoring programs, as seasd®urveys can only give information on the
cumulaive variations, makingt difficult to relate morphological variations and forcing
events. Moreover, the artificial protections are local features that need a level of detail
that can easilpeachieved with ugo-date autonomous (i.e. drones) loast sptems.

The kst decade, indeed, has seen an increase in Unmanned Aerial Vehicles (UAV or
drones) applications in earth sciesdee to the improvements of the hardware (i.e. the
flying system, positioning and remote control) and software technology t@mnatic
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 lowcost remote sensing application§he analysis were supped by
constantly improved software fphotogrammetriceconstruction, mainly based on the
Structure from Motion (SfM) algorithnfe.g. Westoby et al., 20t2lames et al., 2017)

In last few years, the use of drones fesearch, professional jobs and fun, pushed the
governments to adopt specific rules and licenses in order to regulate thear lurgef (
overview of regulations is given ifurner et al., 206). The use otJAVs for coastal
monitoring is following the general trend. Several applicative works wecently
published(e.g.Mancini et al., 2013Casella et al., 2016; Scarelli et al., 20b@d} only a

few tried to summarize guidelineand propose protocolg.g. Turner et al., 2016
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Trembanis et al., 20)7or 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 accurag allowing to extract many type offormation, suchas topography
vegetation statuge.g.Berni et al., 2009) stormhazardimpacts(e.g. Trembanis et al.,
2017)and others.

No recent studieon the EmiliaRomagna coastal area intensively investigated the
evolution of artificial protection during the winter season, that can be characterized by
intense meteorologat and sea conditions, with &MV system. This study, represents

a first preliminary analysis of a pilot, drodbasedsurveyingprogram of the artificial

dune build on the southern beach of Porto Garibaldi (Comacchio, Italy) that took place
in the winter 2016L7. Five drone surveys wermplemented.The evolutimm of the
artificial dune wasanalyzed in terms of meteorologidak. wind) and se#orcing. The
capacity ofthe UAV system to capture very subtieorphologic changes put the bases
for promising futurébeachmonitoring programs.

3.2 Study site

The EmiliaRomagna coagfFigure3.1a) is about 13kkm long and is characterized by
low-lying sedimentary beaches, alternating highly touristic and ngiugtcted areas.

The human pressure is high with main infrastructures, economic and touristic activities
located within fewkilometeresfrom the shoreline. This, in combination with the
morphologic characteristics of the coastal corridor (low elevated) #rel
hydrodynamics of the Northern Adriatic (extreme storm surges and waves), increases
the level of risk for flooding and erosion. Details on the EnrRl@anagna coastal
domain can be found iArmaroli and Dua2017)(and references therein), focusing on
the geomorphology, hydrodgmics 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 iAirmaroli et al.(2012)

The Porto Garibaldi (Comacchio, ItalfFigure 3.1b) touristic town is located in the
north of the regional domajrat 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 tastic services (i.e. concessions) that are present on the
beach Figure3.1a, b). Asit can be seen frorRigure 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 estsse protection of the canal mouth
interruptsthe natural drift, as demonstrated by its beach width, compared to the one at
Lido degli EstensiKigure 3.1b). The presence of breakwaters (bb#forethe 1920s;

Duo and Ciavola, 2015; Garnier et al., 2DJpartially counterbalansethe structural
erosion that characterize this location. Flooding impacts can also be intense as
demonstrated by theostrecentextreme coastal storm that hit the area, the February
2015"Saint Agatha event(Perini et al., 2015a, 2015b; Trembanis et al., 20Ddying

this storm, characterized by the interaction of extreme sea conditions and intense
discharges in the canal, the town and the beach concessosftooded. The study site

of this work is located just north of the canal athdring that event, the artificial dunes

built to protect the beach concessions were severely impacted as can bemseen
Figure 3.2. The breakwaters and temporary protections were not sufficient to prevent
the inundation of concessions. During the following winters, the ownertheof
concessions increased the level of the temporary protection by increasing their
elevation, width and reducing theagshore discontinuities-{gure3.3).
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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 Gaibaldi. The locations of measuring
stations are hidnlighted in (a) and (b).
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Figure 3.2 The impacts of the Saint Agatha event ob6-6 February 2015 on the
artificial dune at the study site of Porto Garibaldi (Comacchio, Italy).
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Figure 3.3 The atificial dune at the study site on the 21December 2017

3.3 Methodology

3.3.1 Field surveys

The field activities were performed with a queapter DJI Phantom 3 Professional and

a RTK GPS Trimble R6. The drone missions were planned witkesvareapplication

(i.e. DroneDeploy) setting a flight altitude of ~8th and lateral androntal 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 €bese profiles and points
along and around the artificial dune were measwvil stopandgo and kinematic
techniquesrespectively These measurememntgreused for the error assessment of the
dronederived products (e.g. DEM)The GPS measurements were performed in
geographical coordinates and elevations based on the WGS84 (ellipsoid). Then they
were projectd to the UTM 33N system with elevations based on tR&HF2000
(geoid),for the photogrammetric proceasd pos{process analysishe activities were
performed wherweather and daylightonditions allowed to safelffight on the study

site considering als the presencef the public In Table3.1 an overview of the survey
performeds given. Notably, during the firgield campaignOctober 2016) an intensive
GPS swey 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 @he

last survey (April 201y was performed after the deconstruction of pinetectionthat

was doneon the 29March2017.
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Table 3.1 Schedule of the implemented survesin the Porto Garibaldi study site.

Date Local Time Notes
(GMT+01)

28 October 2016 11:00 Only GPS survey

21 December 201¢ 14:30 -

20January 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 reconstructiomhe process followed
thesesteps:

1 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;

1 (S1) images were then loaded into the SfM software andlgeed: the GPS
positions of the images, recotde wi t h t he droneobs i nter
positioning can have meters of errors) are not taken into account;

1 (S2) a low quality mesh was built in order to take advantage of the Photoscan
tool able to automatically piecate a GCP on all the images whers ipiesent,
once it is manually located in at least one image;

1 (S3) a check and accurate manugpeositioning of the GCPs was performed and
then, their coordinates and accuracies were input;

1 (S4) images were +aligned (without GPS information) with a higjuality
process during which the camera distortion parameters were calibrated a first
time;

1 (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 qualitynesh 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 orthomsaic were built in WGS84UTM zone 33N. Additional
information on spcific steps are summarized Trable3.2. The DEM and orthomosaic
were then exported with O.h resolution, in tiff format, for further assessmerits.
comparison with the process described in Chaptection2.3.95 of this thesis, the
main differences are related to the different software ,ustcth can slightly vary in
terms of processing flows and optioreveral comparative reviews were made by
privates or scientific teams and are available online (e.g. blogsmercial websites,
etc.) and in scientific journals (e.@icardi et al., 2016; Niederheiser et al., 2D16
However, none of them seems to indicate that one is better than the other as both can
produce very accurate results, if properly applied. Nowabaifs software present very
similar processing options, mutually affect each otherduring the developments
applied during the last few years.

Table 3.2 Details on the steps of the implemented photogrammetrieconstruction
process of the drone images.

Step Settings Products

S1  Accuracy: Medium; Medium quality
Generic preselection: Yes; sparse point cloud.
Reference preselection: No;

Key and Tie point: Default;
Adaptive camera model: Ye

S2  Surface typeHeight field; Low quality mesh.

.

Face count : Y.

S4  Accuracy: High; High quality
Generic preselection: Yes; sparse point cloud;
Reference preselection: No; Calibrated camera mode
Key and Tie point: Default;
Adaptive camera model: Ye

S5 Parameters: Optimized camera mode
f, bl, b2, cx, cy,
k1, k2, pl, p2;
Fit rolling shutter: Yes.

S6  Quality: High; High quality
Depth filtering: Disabled. dense point cloud.
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S7  Surface type: Height field;  High quality mesh
Face count: ]

S8 Mapping mode: Orthophoto; Textured model
Blending mode: Mosaic
Enable color correction: No
Enable hole filling: Yes

S9 Source data: Dense cloud; High resolution
Interpolation: Enabled; DEM
Resolution: default (highest)

S10 Blending mode: Mosaic; High resolution
Surface: Mesh; orthomosaic
Enable color correction: No;

Enable hole filling: Yes;
Resolution: default (highest)

3.3.3 Error analysis

The error analysis of the DEM was performed by comparing it with the observed GPS
point elevations. Inparticular the error on the single point was calculated as the
difference between the drowerived DEM elevation and the GPS observed one. A
positive value of the error means that the DEM overestimates the GPS observed
elevation, and viceersa. The meaand 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, Zafin®ar fitting
indicator was also calculated betwabe 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 maphological changes in natural and/or semiificial 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 accuacy of the input DEMs and their propagati®iheaton et al., 2010)n this

study, a DoD between the surveys of December 2016 and January 20t@levdated

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 coirsidére 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 tlgDT The applied values were
0.05, 0.10, 0.15, 0.20 and 0.#@5and results were cgrared with the unfiltered DoD.
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The calculations were implement#dough the Geomorphic Change Detection (GCD)
tool for ArcGIS (Wheaton et al., 2010yhich, besides the calculation of vertical
variations, alsoallows for volume change assessment including thecertainty
evaluation In this casethe propagation of éhuncertainty calculated through the GCD
tool is based on the linear theory of error pgaigon, under the assumption thhée
calculated DoD has a spatially constant error equal to the selecte@\Vi&ton et al.,
2010) Thus, the uncertaiigs of the average vertical variation and volume change can
be assessedlpriori being respectivelyequal to theselectedTCD and proportional td

of a factor given by the ratio of the calculated volume change and the average vertical
variation The average vertical variatie, volume changesnd related uncertainties
were calculated for the TCD 0.10, 0.15 and G20

The morphological interpretation of the detected significant changes was done including
in the analysis the main drivers (i.e. forcing) of the sedindgnamics These drivers

were previously identified as the wind (i.e. wind intensity and direction) &ad s
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 buoyFigure 3.18). Coastal storms were detectednsidering lie

storm definition described iHarley (2017) The adopted thresholdsreferred 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 kigure 3.4. In the figure,

the wind observations highlighted in red represent the extremes which were identified
through a peakverthreshold (POT) analysis defining a 95% threshold calculated for
the wind velocity in the perio@0092017. The red triangles on the weaand water

level timeseries represent the beginning of an identified coastal storhe 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 201615 April 2017. Extreme
wind events are highlighted in red in the first two plots (wind velocy 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 ssessed errors is shownFkigure 3.5, for all performed surveys.
Moreover, two example monograplare presented for the drone surveyshef 21
December 2016 (irFigure 3.6) and the 20 January 2017 (iigure 3.7). Each
monograph includes: (i) a synthetic table with infotigaon 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 errortted 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: 16m). A comparison btween some representative
GPS observed profiles and the \@dwextracted from the DEM (UAWerived is given

in Figure 3.8 for the surveys performed in December 2@a6 b and cland January

2017 (d and e) The profiles are represented with associated uncertainty bands (i.e.
defineda priori: £15 cm for drone derived data and +5 cm for GPS)d#&ar each
profile, the error assessment is given (i.e. RM&Eposterior). A map show the
position of the profiles.

The peliminary error analysis Hgure 3.5) showed a reasonably good agreement
between the DEMSs, produced through thleoibgrammetricprocess of the drone
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images, and the observed GPS points. All surveys, but the last.@engp(il 2017),
showed that 95% of the calculated errors are contained wiBhinand 0.1m and
RMSE is lower than 0.05n. The first survey (December P& 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 (~OndBand RMSE (~0.08n). The results for the
surveys of December 2016 and January 2@idhographs ifrigure3.6 andFigure3.7;
examples of profile comparisons kiigure 3.8) showed more details on the distribution

of the errors.The UAV survey performed in December 20fp6oduced a DEM that
presentedarger errors when compared with the one derived from the survey of January
2017.

Error Analysis of DEMs
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Figure 3.5 Error analysis of the UAV -derived DEM for all performed surveys.The
error is calculated in comparison with the GPS measurementsThe error
distribution with 95% confidence is shown in blue while RMSEs are shown in red.
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TECHNICAL SUMMARY

Location Local Date and Time | Photogrammetry Assessment

Porto Garibaldi (FE) 21/12/2016 14:30 | Area [km2] 0.188
Flight Settings Altitude [m] 86.1
Flight Altitude [m] ~80 | Nr.Images [-] 198
Overlap L/F [%]/[%] ~70/70 | Camera Footprint | [cm/pix] 3.29
Camera Footprint [em/pix] 3.5 | Nr. GCPs [-] 21
Fligth Duration [mm:ss] 09:15 | GCP Accuracy H/V | [m]/ [m] | 0.023/0.032
Nr. Images [-] 278 | DEM Min. Resol. [m] 0.066

OUTPUT AND ACCURACY
Resolution: Orthophoto 0.1m; DEM 0.1m.
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Figure 3.6 Monograph of the survey implemented on the 2December 2016.
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Figure 3.7 Monograph of the survey implemented on the 20anuary 2017.
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