Answer to Editor's comments after first review

Editor Comments
AA: Authors’ Answers

Dear authors,

thank you very much for your response to the 2ewsi As you have seen, both referees find
your work valuable, however, both also have a nurobeomments and concerns. In particular,
reviewer #1 questions the use of BNs in the cordéybur study. | feel that this is a
fundamental point, as he/she argues to have experigith BNs, but still does not see its
justification.

| decided on 'major revision’, but my understanditipat this fundamental issue needs to be
completely resolved before the work could be cargid for publication. Major concerns about
the appropriateness of the applied method wouldl teaejection of the paper. Related to this
fundamental issue is the question of the scientiiatribution of the paper which was not
completely clear to me.

One formal issue: Could you please clearly mark ymswers to the comments in the response
letter? For example, for some comments, your respéollows directly to the comment without
sign (AA).

Best regards, Bruno Merz
Dear Editor,

In what follow we address all questions and corceaised by reviewers. In all the cases we
include the original reviewer's comment after tigns(RC) followed by our response after the
sign (AA).

The main change in the manuscript is a reductidh@Results section and the integration of the
Discussion in a single section without subsectionthe study sites. Nonetheless, the whole
document has been thoroughly reviewed and editechnswer to the requirements and

suggestions of the reviewers, enhancing a cleaterpretation of our work.



Answer to #1 referee’s review

RCO: #### general comments

The authors present a risk assessment for coastal smpacts to support decisions on disaster
risk reductions. For that purpose, a Bayesian nétwapproach is used to link process-oriented
models, that predict the hazards at the receptatis, vulnerability relations to obtain the final

expected impact. In a case study two Mediterraisaady coasts are considered.

The paper is well structured and provides a weajltad motivation and problem definition.
Further the study areas are described in detaibiadérline the relevance of the presented study.
Despite a good structure in the Methodology secsome aspects of the method remain unclear
to me, which might be due to the complexity of thedel chain. This affects especially the
Bayesian network (BNs) application. Even thoughm #amiliar with the construction and
application of BNs, | have problems to follow thenstruction (i.e. parameter setting) of the BNs
and to understand the motivation for and advantagesing BNs in the presented context. The
results section provides an extensive analysis ifferdnt climate change and adaptation
scenarios for the considered Mediterranean cod&s. | did not understand which storm
intensities are considered here (this might be tluea missing understanding of the

methodology).

The discussion names several aspects that posierded or are neglected in the presented
model approach and might consequently be tagglédllow up studies. Yet, to my impression
important critical points of the presented approacd missing, as will be specified in the

specific comments.

AA: Thanks for comments and suggestions on subdhittanuscript. In what follows we answer

to all comments/suggestions/questions raised byethiewer.

RC1: #### specific comments
| found it quite difficult to keep track of all al#wviations used in the paper.

AA: We understand that the use of a large numbeabbfeviations could be cumbersome,
especially for a long text as this manuscript i€ Néve reviewed the text and reduced the

number of abbreviations to a minimum.



abstract:

RC2: line 15: "a large number of storm characties§tWhat is a large number? To my

understanding 3-4 storm characteristics were censid

AA: When we mention “storm characteristics” we rete storms defined in terms of a
combination of Hs, duration, direction and watefele In each site, we have selected 12 storms
for each sea level rise scenario, i.e. 24 stormbooations per site. This is later specified in the
text (including table 1). Additionally, each storcombination is represented by 2 different
simulations where storm variables are slightly gemhwithin the range corresponding to its
category. We have modified this sentence in thdradisby the following Process-oriented
models are used to predict hazards at the receptade which are converted into impacts
through vulnerability relations. In each site, aidbof 48 storms have been simulated under
different scenarios and obtained results are int¢gd by using a Bayesian Network to link

forcing characteristics with expected impacts tlglowwonditional probabilities.

RC3: line 17: "The tool has been proven successfidproducing current coastal responses at
both sites". | could not find any model verificatiom the paper. Only a reference to a paper that

verifies a part of the model.

AA. In order to avoid confusion with morphodynanmmdel validation we have changed the
sentence to Consultations with local stakeholders and expersehshown that the tool is
valuable for communicating risks and the effectsrigit reduction strategies. The tool can

therefore be valuable support for coastal decisimaking”

Section 3.2:

RC4: page 7, line 7. The discretization of the afales is hardly motivated. What is the
motivation for choosing 2 or 3 or n intervals forcartain variable? How are the interval
boundaries selected (equidistant, equifrequentopytbased, ...)? How is the probable range
determined (only so far observed values)? Somernrdton about the distribution of these
variables might help to motivate the discretizati?vhat are the effects of discretizing? In the
discussion it is mentioned that accuracy comesatpatational costs, but this information is

quite sparse (no information about number of irdEnscales with computational costs or what



are the computational costs of the current netwlmk parameter determination and for

inference).

AA: To avoid confusion in this section we remov8tdrm scenarios are defined [...] were
selected for use in the analySiglines.6-9), since we already explain that stacenarios are
combinations of variable values covering the typsarm condition at each study site. The
description of bins only makes sense in terms BN, which we have not explained yet in this
section. Then we will motivate the discretisatidivariables in section 3.6.1.

Thus, we have added in section 3.6.1 the followiegt: “The bin ranges for variables
characterising boundary conditions is selected @oelguidistant covering the observed values at
each study site (Table 1). Additional non-obserkeathes are introduced to account for SLR.
The used number of intervals is a compromise bethaeeuracy and computational effort. Each
combination showed in Table 1 has been simulatecetto account for potential variability
inside bins. Then, all simulations are repeated &R scenarios affecting hazards (i.e. Winter
Dune and Nourishment + Dune). Therefore, a totahbar of 96 model runs were required for
the applied bin set-up. As a reference, using pelraimulations with 48 threads, the ratio
computation time over real storm time was ~0.2, mmgathat a 40 hr storm takes ~8 hours of

simulation time’.

RC5: page 7, line 12: "time series" of what?

AA. We have modified the sentence #&s addition, time series of waves (either bulk Hg,and
mean direction or spectrum) and water levels duregagh storm event were used when this

information was availabl&.

RC6: page 7, line 19-20: the "(24 simulated stofnt®nfused me? Why do you consider
24simulated storms for 12 state combinations?

AA. See answers to comments 2 and 4. In additicavtad confusion, the sentence is rephrased

to avoid the brackets.

The new sentence ighe selected bins for each variable can be sedrable 1. These lead to
12 combinations defining the source under curre@LMand 12 under future MSL (given by a



SLR scenario). Each combination of states is sitadldawice by means of slightly different
storms to account for potential variability withu#ariable ranges, leading to a total of 24 storms
under the current MSL and 24 under SLR

We have also changed Table 1 for better interpoetatf variable discretization.

RC7: page 7, line 24: What are synthetic triangalants?

AA. It is the way to reproduce storm events notvimesly recorded to be used in the numerical

model. To clarify this, we have included this text:

“To include the full range of cases, the remaininght storms were completed by using

combinations of Hs-duration-direction not previguskcorded. These events were modelled
assuming they follow a triangular-shaped evolutwith the peak intensity at the half of their

duration (see e.g. McCall et al. 2010; Poelhekkal e2016):

RCS8: page 7, line 27-28: "water level and Hs areouelated” <- a reference is needed?

AA. The reference is (Mendoza and Jiménez, 20083twivas located at the end of the next

sentence. We have rephrased to avoid confusion.

RC9: page 8, line 1: How are the driving variabtemtified? Why are the remaining variables
considered to have no effects? How is the distobubf the storm defining variables defined?
To my current understanding an equal amount ofnsofor each state combination is
considered, which infers a uniform distributiontbé variables. Yet, | would expect that small
Hs values or smaller durations are more likely thigher values? Is this accounted for?

AA: Considered driving variables in the analysivéndeen selected taking into account storm
characteristics at each site. Thus, in the TorBDelsa case, Tp does not significantly vary during
storms so, we don’t consider it a variable to bsciditized. Moreover, storm surges play a
secondary r@ in comparison with wave contribution to total walkevel. This now justified in
the text with specific references describing steonditions in the aredFor the Tordera Delta
case, the selected variables to define storm scehavere Hs at the peak of the storm, total

storm duration, and incoming storm direction. Tpegmot significantly vary during storms in



the study area (see Mendoza et al., 2011) and wamaluded as a characteristic variable. Due
to the coastline configuration and morphology, #nea is sensitive to storm incoming direction
(Sanuy and Jiménez, n.d.). Thus, the main diresfionerms of dominant (E) and secondary (S)
storms needed to be considered separately. Findiky,position of the mean sea level (MSL)
during the event was included to reproduce hypathkefuture projections of sea level rise

(SLR) due to climate change”.
This is also completed for the Italian case as:

“Previous works in the area of the Lido degli EseSpina case study have identified the
dominant role of wave height and total water lemetontrolling the magnitude of storm-induced
erosion and inundation (Armaroli et al 2009, 201R)e to this, variables used to characterize
the source were the maximum Hs and maximum TWiggstide) during each storm event.

Thus, wave period and the direction of the storras mot considered as a source characteristic
variable to be discretized. Each storm was simdldi@ current and climate change (SLR)
scenarios. Finally, and similarly to the Torderaseastudy, each Hs-TWL combination was

simulated twice to account for potential varialyilit

With respect to the distribution of the storm defgvariables, it is true that the BN is trained
with equal representation of all variable combioiasi. This implies that once the Bayesian is
trained, the “prior” probabilities of storm vari&sl are uniform. We have followed this approach
because extreme value probability distributionsadirce variables are not known for the two
sites and estimating them was beyond the scopéifstudy. In spite of this, once relative
frequencies of different events are available, @®urodes could be re-trained which will result
in an automatic update of the distribution of alzard and consequence nodes. Moreover, the
user could also test how different assumptionshensburce variable distributions would change
the hazard and impact estimates. Nonetheless, &lre strength of the BN at its current stage is
that it enables decision makers to explore diffemaenarios and helps them to design robust
strategies (i.e., strategies that are successtidrumost scenarios.). We have covered this point

in Results and Discussion sections. See answareraments on those sections.

Section 3.3:

RC10: Only one event (storm) is considered for eamhbination of states. Yet, similar events

might result in different outcomes. Further, thepleggl model chain seems to provide



deterministic results. Consequently, no uncertesntare considered/captured in the model
construction. Since BNs are explicitly designedcapture uncertainties, | wonder why this
approach was chosen here.

The distribution of hazard at the receptors redubts the different location of the receptors, but
does not reflect the uncertainty related to thedation or erosion at a specific object. In a stric

sense, | would not judge the resulting distributiomepresent probabilities.
AA: We answer the comment in splitting it in difét shorter pieces:

RC10.1: Only one event (storm) is considered faheambination of states. Yet, similar events

might result in different outcomes.

AA. Two storms are simulated for each combinatiare (agree that this was not properly
explained, see previous answers). Furthermoreusee could select storms belonging to for
example Hs = 3-4 meters with waves coming from East for current MSL but leaving the
duration unconstrained as an uncertain variablsutih a case the obtained output would be the
integrated result from 4 simulations (2 directi@tegories that are represented by 2 simulations
each with different values of duration). Thereforesults will account for the uncertainty on
duration for a given (certain) Hs. In practicestbould be relevant because storm forecasts could
contain more certainty on some variables than twerst for example as a result of ensemble
forecasts. For a more detailed discussion how theéd®l can deal with ensemble forecasts also
see section 5 in Jager et al. 2017. A Bayesian arktapproach for coastal risk analysis and

decision making. Coastal Engineering (in pressldib/j.coastaleng.2017.05.004).

RC10.2. Further, the applied model chain seemsdwige deterministic results. Consequently,

no uncertainties are considered/captured in theshrmhstruction.

AA. Reviewer is right, we do not account for uneerties inherent to individual models.
Quantifying uncertainties of individual models iso#her study in itself (e.g. Wagenaar et al.
2016. Uncertainty in flood damage estimates angatential effect on investment decisions.
NHESS, 16, 1-14), and it is beyond the scope afinuscript to do such analysis.

RC10.3. Since BNs are explicitely designed to cagptuncertainties, | wonder why this approach

was chosen here.

AA. A BN can be a compact representation of a ldghensional probability distribution. In this
study, we used an existing BN approach and alguorithéager et al. 2017.. Coastal Engineering,
10.1016/j.coastaleng.2017.05.004) to integrate -digtensional data from various underlying



models in a compact way. As mentioned in previousaers, the main purpose is to explore
scenarios (forward prediction) or to gain insightthe main drivers of hazards and impacts

(backward prediction).

RC10.4. The distribution of hazard at the receptemilts from the different location of the
receptors, but does not reflect the uncertaintgteel to the inundation or erosion at a specific

object. In a strict sense, | would not judge treuhgng distribution to represent probabilities.

AA. The most intuitive interpretation of the diswition of hazards and consequences at the
receptors is indeed as the “expected fractionseoéptors with the single hazard or impact
levels”. However, they could be interpreted as pholity distributions for an arbitrarily selected
receptor whose location is known. Nonetheless,emgored the following in the main text to not

confuse the reader:
Page 2, lines 27 — 29 “This implies [...] probabitidbased analysis of the results.”
Page 6, line 33: “probabilistic”.

Conclusions, last sentence “ and their uncertahtie

Section 3.4:

RC11. To model the consequences flood damage careespplied. Those are generally related
with huge uncertainties (a wide range of relatisendge can be observed for equal water levels),
which are again neglected and not included in tNe @n top, a damage curve that was derived
for river flooding is applied. Since the processstérm surges is very different from river
flooding the applicability should be discussedtdrms of risk levels, the values selected for both
study sites differ significantly. E.g. medium impdouilding damage ranges from 0.26 to 0.45
compared to 0.1 - 0.2. Why are these intervalse®s

AA. Ideally, damage curves have to be specificdilyilt for local conditions (including
associated uncertainty). However, in the study siteh information is not available and, official
water management agencies recommend the use pfeseatative damage curve for flooding
analysis. These are the selected curves usedsimthk (they are properly referenced). Now, we
have stressed in the text the motivation and irapbois of the curves selection and the final risk

levels. The following text has been included.



“The chosen damage curves do not include unceregnand they are used as recommended by
the Administration at each study site. This implieat damage ranges and damage-hazard
relations are different and therefore, final impdevels (from none to high) are site-specific.

This assumption aimed to better communicate resultscal stakeholders.”

Section 3.6:

RC12. To my understanding the probability tableghaf BN are constructed by simulating a
storm scenario for each combination of states amohing the deterministic model chain to
receive a predicted hazard value for each recepttine study area. Due to the deterministic
character of the model chain, the resulting distidn for the hazard variables does not represent
probabilities, but the expected fraction of recepteith the single hazard levels or impact levels

respectively.

AA. See answers to comments 9 and 10.

RC13. Since no uncertainties are considered, heewed to apply BNs in this context.

The same calculations can be done by applying thaehrchain directly. A direct application of
the model chain would also avoid the discretizatbthe variables and consequently achieve a
higher accuracy.

In my point of view, the revised paper should aitthe without the BN approach or account for

the uncertainties related to the single model camepts.

AA. Itis true that not all potential uncertaintiase considered, but we disagree with the fact that
uncertainties are not considered. Thus, uncerégintlue to variability inside each bin
combination are included in the assessment. We#paet to model-related uncertainty, it was not
the aim of this application to account for the utaeties of single model components. There is
no such thing as “applying the model chain dirécipce we need to integrate all results for all
possible combinations in a usable way, i.e. inren&d that is also suitable for coastal managers.
In this sense, the use of the BN facilitate theegnation of obtained results from multiple
simulations when assessing scenarios. If hazardsmpacts are discretized according to the
vulnerability curves, the main loss of “accuracg’due to the spatial discretization of the hazard

and/or receptors exact location and size/shape Treould be argued that it is not very useful



to report the individual hazard level of every $ngeceptor, but that an aggregation into

“fractions at different hazard levels per areafiéeded to convey insight to decision makers.

The developed BNs can also be used to assessustbertainties related to lack of knowledge.
This would be the case in which the distributionHs is known but we have not information
about associated durations. In this context, theyr gan leave the duration unconstrained to

integrate the results from all possible durationthie output.

In addition to this, the use of the BN also allave user to gain insight in the main drivers of
hazards and impacts (BN in reverse mode or backywediction, see results about figures 15
and 16).

With respect to this we have included the followiagt in the Discussion section

“Uncertainties associated with the pathway are elato the selection of the process-oriented
models used to simulate induced hazards. In theentianalysis, we have not considered this
source of uncertainty since the framework is agphy using previously selected models and
recommended damage curves. As it was mentiondet iméthod section, the selected model to
simulate storm-induced hazards is XBeach (Roewtrdd. 2009), which is currently one of the
most applied at the international level. Applieddebsetting has been selected for each case
study based on local calibrations and validatioos $elected storm impacts. This step has to be
done prior to BN development since it will conttieé accuracy of estimated hazards intensity
and it is also a source of uncertainty. In any ¢cabe methodology can easily deal with this
source of uncertainty if simulations from multipi®dels or model settings are used to feed the
BN,

Section 4:

RC14. | do not understand which storm intensitgagsidered here? Are the presented results
the joint distribution for all possible combinat®mf storm characteristics? If so, what is the
meaning? Is this a kind of average storm? <- | dthmhk so. | would rather prefer to consider
specific storm scenarios in combination with theturn period. E.g. what are the effects of
DRR measures for a once-in-a-year oronce-in-10syeaent or for an extreme event. To judge
the efficiency of DRR measures, it would also bernesting to get some information about the
costs of their implementation and their probabitifyfailure.

A.A. The following paragraphs have been includedl#oify these points:



At the beginning of the Results section:

“In this section, the results of scenario testing arovided for each case study through an
integrated comparison of percentages of receptorsagh level of flooding and erosion risks.
This is done by comparing the risk levels underentrand climate change scenarios with and
without measures. In any case, it has to be takém account that this assessment does not
include the statistical distribution of storm valas. We assume that there is no prior
knowledge on their distributions and, as conseqagn® simply describe them with a uniform
distribution. This approach is adequate to explseenarios and to assess the efficiency of

protection measures in terms of impact reduction.
And in the Discussion section:

“No prior knowledge of storm characteristic variableras assumed, representing them with
uniform distributions. This was enough to commueicgcenarios and measure efficiencies to
stakeholders by integrating the BN in a multicideanalysis such as in Barquet and Cumiskey
(2017). In such multicriteria assessments, BN dugpaombined with information on additional
elements required for decision making such as enis) endurance, ecological, stakeholders’
perception, allowing for the final evaluation otexinatives. As it has been mentioned before, the
next step should be to reproduce the local maritohmaate to analyse this performance taking

into account the relative frequency of each cooditi.

Section 5:

RC15. page 21, line 11: "a first test to checkrtteghod was presented” <- Where?I could not
find any validation of the presented model. Thererily a reference to a (not published) paper to
validate the hazard component of the model chain.

AA. This is similar to comment RC3 and the answeittis the same. The sentence was not

referring to models validation.

RC16. page 21, line 11-15: A more detailed justfen for the chosen amount of intervals and
the interval boundaries, would be nice. Additiopadlome information about how the
computational costs scale with the number of irgtlsreould be provided. Several uncertainties

related to the study are not discussed (see comsmabout section 3).



AA. This is similar to comment RC4 and answer soapplicable here. To clarify this point, we

have included the following paragraph in Section 5

“With respect to the definition of sources, the Bi$ been built by chosen storm variables
limited to those previously identified as the magbortant to control the magnitude of storm-
induced hazards at each site. Once identified, these discretized in equal intervals covering
the whole range of so far observed values. We haed a limited number of combinations to
cover the most important storm classes in termisiciiced hazards and damages (Armaroli et
al., 2009, 2012; Mendoza et al., 2011). Increasihg number of storms will allow to better
reproduce the inherent climate variability and twacacterize better this source of uncertainty in
the assessment. In spite of this, used values eacobsidered as representative for forcing
conditions in both areas and, in this sense, thi#lyalow to use the framework to assess the

efficiency of tested measures to reduce inundatiwherosion risks for each given conditions”.
We have also included a note on computational teificsection 3.6.1.:

“The used number of intervals is a compromise betveeeuracy and computational effort.
Each combination showed in Table 1 has been siedldtvice to account for potential
variability inside bins. Then, all simulations arepeated for DRR scenarios affecting hazards
(i.e. Winter Dune and Nourishment + Dune). Therefa total number of 96 model runs were
required for the applied bin set-up. As a referencging parallel simulations with 48 threads,
the ratio computation time over real storm time w#&s2, meaning that a 40 hr storm takes ~8

hours of simulation tim&

About the uncertainties, the overall additions perfed in all sections, including discussion,
clarifies which uncertainties are not includedhe fissessment and how the BN approach is here
used. Additionally, see also answers to refereeo¥Zomments 4,6 and 7, where we have

included more discussion on uncertainty sources.

##t# technical corrections
RC17. page 4, line 24: 2-3m?

AA17. It has been rephrased fbHe coast is about 130 km long and characterizeld\wylying,
predominantly dissipative sandy beaches. The cbastador has low elevations, mainly
ranging from -2 to 3m above MSL (Regione Emilia-Rgina, 2010)



RC18. page 5, line 16-17: Armaroli et al (2012%ited double
AA18. Thanks. It has been addressed.
RC19. page 11, line 19: check >0.05m or >0.5m

AA19. It has been rephrased terosion was considered present if >0.05m (vertieal(l
significant when >0.5m. The erosion risk categof@seach receptor were set as follows: (i)
Safe: no erosion in any buffer, (ii) Potential Dageawhen erosion is present in the 10-m buffer
and/or present but not significant in the receptself, and (iii) Damage: when the erosion limit

of 0.5 m is exceeded within the receptor litnits
RC20. page 14, line 31: "it also provided ..." Wisdtit"?

AA20. It has been rephrased tal6ngside the generic structure, a c++ programmatth
automatically creates the BN (https://github.conefogarth/coastal-dss) is also provided



Answer to #2 referee’s review

RC. Introduction

This paper presents an approach to integratedagskssment for coastal areas with regard to
storm impact on beachese(, flooding and erosion), considering climate clran@wo case
studies are presented from the Mediterranean $®afrom the northern Spanish coast and one
from the Italian coast in the northwest part of thdriatic Sea. The methodology employed
involves simulation with deterministic models for faked number of storm scenarios,

subsequently being generalized to involve a prdistibiapproach using Bayesian statistics.

RC. Overall Assessment

The paper presents an interesting and potentiagfull methodology for estimating the risk
associated with storm impact in coastal areas. it general clearly and well written; however,
the paper is rather long and “wordy”, presentingtaof detailed information not really needed.
On the other hand, certain aspects of the studyldhie discussed and explained more.

In summary, the following weaknesses of the papeulsl be addressed: (1) reduce the length of
the paper by eliminating detailed results from shedy sites; (2) expand the discussion on how
coastal managers may use the results of the prdpsteassessment in their work; (3) motivate
the selection of models in the approach; (4) dis¢che importance of other factors influencing
long-term coastal evolution not considered in tperaach; (5) clarify the discussion of the
methodology and concepts used; (6) comment uporeffieets of antecedent morphology and
chronology of forcing; and (7) explain the descaptof beach response to sea level rise.

| recommend that the paper is accepted after meyasions.

The general comments are given in more detail bétdwed by comments to specific points

in the paper.

AA. Thanks for comments and suggestions on subdnittenuscript. In what follows we answer

to all comments/suggestions/questions raised byethiewer.

RC. General comments

The authors are requested to address the follogongnents of a more general nature:

RC1. Reduce the length of the paper by eliminatiatpiled results from the study sites. The

paper is rather long and could be shortened byngusbome of the detailed results from the two



study areas. The results from these areas areestitgy mainly as an illustration of what the
methodology can produce; the specific values at#tief interest to the readers in general. Thus,
many of the figures 10-18 can be eliminated witHoss of information.

AA. We agree that the manuscript is “wordy” manbedo details provided about results of case
studies. Following reviewer’'s suggestion, we hageéuced the length of the paper. Thus, we
have eliminated Figures 12, 13 and 14 from the @i@delta results and Figure 16 from Lido
degli Estensi-Spina results (and correspondingegiex text). With this, we focus on the most
relevant receptors for each case and hazard. Tinuibe Tordera case study, inundation and
erosion assessments are analysed for campsitesfaastructures respectively. On the other
hand, “beach concessions” is the only receptoridensd for the Italian case. This does not
affect to already observed future trends neitherestimated performance of DRR measures. In
addition to the mentioned text cut, we have avoittegrovide too much specific values and we
have concentrated in characterising the genenadisreand leaving the figures as elements where
the reader can check obtained values. With thisavee taking out 4 of the 9 figures and

corresponding text from the original version of thanuscript.

In addition, the whole document was reviewed toivepetitions, long sentences and number

of acronyms.

RC2. Expand the discussion on how coastal managaysuse the results of the proposed risk
assessment in their work. The discussion sectiomery good and informative, indicating
strength and weaknesses of the methodology. Howéwvesuld like to see the authors present
more of their thoughts on how managers can usedbdts coming out of the proposed risk
assessment and advantages compared to how thiegdoae presently. Also, are coastal
managers ready to grasp this type of informatispeeially when it involves probabilistic
concepts? In the end risk levels are presented ualitative manner through different

categories. Would it be possible to be more quatité?

AA. We have added the following short note in thidduction:

“At both study sites, the tested measures weresplected taking into account the outcome of
interviews to stakeholders (see Martinez et al173Cand the obtained results were used in a
participatory process to select acceptable measaorethe basis of a multicriteria analysis (see

Barquet and Cumiskey, 2017)".



Additionally, we have added the following paragraplbiscussion:

“The presented work is part of a larger investiggt@rocess (see Martinez et al., 2017) where
stakeholders and end-users were interviewed tocts@lessible measures for critical coastal
areas (i.e. local scale). The objective of the pmeswork was to provide rather simple
information on the efficiency of measures to beluse participatory process (see Barquet and
Cumiskey, 2017) aiming at selecting acceptable oreasto be applied as part of an integrated
local strategy for risk reduction.”

[...]

“We have used a limited number of combinations tercthe most important storm classes in
terms of induced hazards and damages (Armarolil.et2809, 2012; Mendoza et al., 2011).
Increasing the number of storms will allow to beteproduce the inherent climate variability
and to characterize better this source of uncetiaim the assessment. In spite of this, used
values can be considered as representative forirfgrconditions in both areas and, in this
sense, they will allow to use the framework to ss$ke efficiency of tested measures to reduce
inundation and erosion risks for each given comdid. No prior knowledge of storm
characteristic variables was assumed, representitegn with uniform distributions. This was
enough to communicate scenarios and measure effie to stakeholders by integrating the
BN in a multicriteria analysis such as in BarquetdaCumiskey (2017). In such multicriteria
assessments, BN output is combined with informationadditional elements required for
decision making such as economics, endurance, gicalp stakeholders’ perception, allowing
for the final evaluation of alternatives. As it Hasen mentioned before, the next step should be
to reproduce the local maritime climate to analykes performance taking into account the

relative frequency of each condition.”.

About the last question “would it be possible tonbere quantitative?” The answer is yes: in the
methodology section, the reader can see how rela@mage is the actual output from the BN
for the inundation hazard. Thus, further analysith wuantitative results could be performed
(e.g. economic impact estimation derived from redéatlamage). However, we are presenting
results as they were showed to the stakeholdersdier to easily interpret efficiencies. This is
the basis of the MCA analysis explained in Barcqaret Cumiskey (2017) where the addition of
other information and the participation of many (iple) stakeholders is key to finally obtain a

DRR selection.



RC3. Motivate the selection of models in the apphoarhe basis of the methodology is
deterministic simulations that are employed in abpbilistic approach through the Bayesian
model. What was the reasoning when selecting tlesept deterministic models, which are
rather detailed and time-consuming to run? Couttpt@r models have been employed for which
many more simulations could have been made? How thadalance selected between the

deterministic and probabilistic parts of the apptéa

AA. In principle any model can be used but reswitsbe as good as accurate the model will be.
With this in mind, the model selection is the résilthe balance between accuracy and cost.
Since the model chain is not designed to providely dorecasting (as an Early Warning System
would do) computation time is not a major issueela this, we have selected a process-
oriented model specifically designed to simulatastal storm-induced processes which is able
to provide an integrated assessment of inundatidresosion hazards, the Xbeach model, which
is one of the best available models to simulatensioduced morphodynamics. However, the
proposed framework can work with different (simplerodels provided they are able to simulate
the target processes (inundation and erosion).nidtezation of model selection will be stressed
using what's formerly explained, in the first par@ggh of section 3.3. Thus, the new first
paragraph now state$fo simulate the pathway and obtain hazards ofrese a model chain
was designed and adapted for each site (Figuré)4Ahy model can be used within the model
chain, and results will be as good as accuraterttuglel. The chain must be able to reproduce
all hazards to be assessed (i.e. erosion and intimala To do this, a detailed 2D process-
oriented model designed to simulate coastal steoruced processes is used, which is able to
provide integrated information on inundation and&on, the Xbeach model (see Roelvink et
al., 2009 for model details). At present it is bheaoog the S-O-A model on coastal systems.
However, the proposed framework can work with dbfie (simpler) models provided they are
able to simulate the target processes (inundatiod arosion). The Xbeach model was used in

both study cases.”

And also in the Discussion section:

“Uncertainties associated with the pathway are elato the selection of the process-oriented
models used to simulate induced hazards. In theentianalysis, we have not considered this
source of uncertainty since the framework is agphy using previously selected models and
recommended damage curves. As it was mentiondek iméthod section, the selected model to

simulate storm-induced hazards is Xbeach (Roewtrdd. 2009), which is currently one of the



most applied at the international level. Applieddebsetting has been selected for each case
study based on local calibrations and validatioos $elected storm impacts. This step has to be
done prior to BN development since it will conttioé accuracy of estimated hazards intensity
and it is also a source of uncertainty. In any ¢cabe methodology can easily deal with this

source of uncertainty if simulations from multipi®dels or model settings are used to feed the
BN

With independence of the model to be used, it plewithe deterministic response of the system.
The probabilistic character is provided by the ifogc(i.e. storms). The BN works as a result
integration and post-processing tool. The balaretevéen deterministic and probabilistic will
depend on the information available at the study and the way the BN is feed. We have
addressed this point in answers to comments [&nb012] of referee#1. More insight on this is

given in the general part of the results sectiomafsnote) and in the discussion section.

RC4. Discuss the importance of other factors imfbileg long-term coastal evolution not
considered in the approach. The approach focuséseoimpact of storms, specifically flooding
and erosion. However, storms are only one of theynfiactors controlling beach evolution. On
some coasts storms will be the primary driverseddh change, but quite often other processes,
such longshore transport gradients, sediment ifnpat rivers, and subsidence, must be included
to determine how the beach evolves over longer fpeods. Typically, there is a coupling
between longshore and cross-shore processes thdsé @ be taken into account in estimating

beach evolution. Add some discussion.

AA. The reviewer is also right. However, it hasb considered that the presented framework is
designed to analyse storm-induced coastal respdriaes, the presented framework is not
forecasting the coastal morphology at any giveret{mhere it should be necessary to couple all
processes) but it predicts the expected storm-edlehanges for a given coastal configuration.
In that sense, a long/medium term model could leel tis forecast a future coastal morphology
under a given climate scenario and then, useiiigal configuration to forecast storm-induced
changes. This was done here with long term coessgbnse to SLR, where coastal morphology
was modified to simulate its effect in Tordera Rellhis could be done externally with any
additional processes acting on a system such agxiseence of a gradient in the longshore
transport which will induce a background erosiore Wave included the following paragraph (in

Discussion, before 5.1):



“Another point to be considered is that this assessrframework has just been designed to
analyse the storm-induced coastal response. Thpiamthat used models does not forecast the
coastal morphology at a given time (where it shobé&l necessary to couple all governing
processes) but predict the expected storm-indubadges for a given coastal configuration. As
storm-induced hazards depend on existing morphaébdlie time of the impact (e.g. Cohn and
Ruggiero, 2016), the initial morphology used in thedel is also a source of uncertainty. To
overcome this, a long/medium term morphological eh@danson et al. 2003;Lesser et al. 2004)
could be used to forecast the future coastal mdggyounder a given climate scenario at a
given time and then, to use it as the initial cgafation to assess storm-induced changes. This
has been illustrated here by considering the changestimated risks due to sea level rise in
Tordera Delta. This approach can also be appliedassess the effects of consecutive storm
impacts (Coco et al. 2014) by using estimated ptzstn bed levels as pre-storm morphology for
given storm combinations. Once this extra inforomatis included in the BN, the uncertainty

associated to future shoreline configurations osessed risks can be analysed.

RCS5. Clarify the discussion of the methodology andcepts used. The paper is rather clear on
the methodology, but sometimes it is a bit diffial follow and the sentences become long and
affected by jargon. | also have a bit of a probieitn how the source-pathway-receptor model is
translated to the storm case. The storm is theceoamnd erosion/flooding is the pathway; this
seems a bit different (and less logical) from thxpegience | have in looking at pollution
transport. Anyway, may be the writing about and iwadton of the schematization could be
made a bit clearer. Also, although abbreviationkerthings a bit easier, if there are too many it
is difficult for the reader to remember all of them

AA. See PATHWAY concept rephrased tofHese storms propagate through the pathway,
causing erosion at the coast and inundation onhiméerland. Both hazards are the main focus
of the analysisin section 3.1.

In addition, as we also got the same comment frefieree#1 regarding abbreviations. We have

reduced abbreviations to a minimum, and we usenfoittling for most concepts.

RC6. Comment upon the effects of antecedent mooglyoland chronology of forcing.
Morphological response is very much a function leé intecedent conditions as well as the
chronology of the forcing, especially when it combestorms. For example, if a large storm is

followed by a similar large storm the second onk eduse much less erosion. Thus, looking a



storm impact as individual events will cause soimmatdtions in terms of the impact assessment.

Please add some discussion on this.

AA. The authors agree with the statement aboutctivenology of forcing and consecutive
storms. This is another process controlling initi@astal configuration (morphology) where the

storms will impact. See answer to comment 4.

RC7. Explain the description of beach response#olavel rise. The response of a profile to sea
level rise requires some assumption about the ggalwf different morphological features, for
example the dune (e.g., will the dune grow to s-$LR shape?). Some additional discussion
on the assumptions made in this respect would teeeisting.

AA. The current state of the description of the leggion of the Brunn rule is This was
accomplished assuming an equilibrium coastal peofiesponse following the Bruun rule
(Bruun, 1962), resulting in landward and upwardgdécement of the beach profil@12 L11).

We specify here that dunes preserve the pre-SLReshden there’s enough accommodation
space, and the shape was cut where there wasnigkrspace (right after the sentence). Then in
the discussion we have added a paragraph abouttaintg associated to this choice. The
included text is: When considering SLR-induced effects on time ewolwf storm-induced
risks, we have to take also into account existingeutainties. Thus, the first uncertainty is
related to the magnitude of the change itself. Heeehave used the RCP8.5 SLR scenario but
other scenarios could be possible (Church et all30 The other source of uncertainty is
controlled by the way in which this forcing is tedated to the system. In this work we have
assumed the Bruun rule to be valid and it was usegknerate a morphological accommodation
of the Tordera Delta site to SLR. Since there iomsensus on the best model to simulate this
effect, other existing models and approaches (speLe Cozannet et al. 2014) could be tested
and integrated in the BN to include this uncertginh any case, the effect of the uncertainty on

the SLR projections may be larger than their assted morphological response.”.

RC. Specific comments
In the following specific comments are given to gaper (L = Line number; P = page number).

P4, L14



“wave-induced run-up” Includes wave setup? Any aberstion of duration with regard to
having water at a certain location?

AA. It is a general statement comparing the contrdn of run-up (including set-up and swash,
we will add this in brackets) to the total waterde(astronomical tide + residual (surge) + run-
up). We are not considering any time duration henmgce tide and surge are never the direct
cause of flooding in the NW Mediterranean, being the wave-by-wave overtopping. Thus, the
surge only plays the role of “lowering the freelmbaf the beach some centimetres (tens in the
worst case)”, and was considered not to be sigmfienough compared to waves’ contribution
to include it as a variable in the BN (i.e. havimgiltiple classes of sea level for the current

situation).

P5, L19

“thresholds” How sensitive are the methods to #lected thresholds? Was this selection based
on impact or purely on the forcing properties (boffiee wave conditions)? The probability of
extreme events with regard to the former and ttierlare typically different.

AA. The authors are well aware of the differentistecal results obtained by the event approach
(selection based on storm characteristics) or thgpanse approach (statistics based on
impacts/hazards) and have studied its effect ofidation hazard statistical identification. The
presented method is not sensitive to the thresholadentify events the way it is applied in the
sense that we are not assigning probabilities turmeperiods to a given inundation. We are
integrating results from multiple scenarios by dlyu@presenting them (same storm simulations
for each source characteristic state of variables}his section we are only explaining how
storm events are usually identified in the studgssifor the reader to know what a storm means
in the Adriatic or in the NW Mediterranean.

In the text the reader is currently pointed to ¢baesponding references where these thresholds

were derived, which are based on impact.

P8, L18

“XBeach model” How good was the calibration/validat

AA. Currently we are providing only the referencethe study at the Tordera Delta were the

validation is explained in detail. We have includedote at each study site paragraph describing
briefly how good the validation was, in terms ofeBrSkill Score, so the reader can have some
additional info in the present manuscript and mdy ¢he references. See in the téXthe model

chain was validated through the St Esteve eve@008, obtaining a Brier Skill Score of 0,682



for the morphological response of the emerged parthe beach (Sanuy and Jiménez, n.d.).

Simulation results can be considered excellenséares over 0.6 (Sutherland et al., 2004)”

P9, L14

“intersecting” Meaning in this context?

AA. Polygon intersection, between receptors 2D layand the Xbeach grid. This way we
identify which grid nodes affect each receptor. Nége clarified

P11, L16
“footprint” What is this?

AA. Is the receptor polygon layout in 2D. We nove Useceptor limits in the ground”.

P12, L14

“a directional change” But the wind did not changght (L3)? What is causing this.

AA. The study reporting change in wave directiorag@s-Prat and Sierra, 2012) predicts the
change in direction by applying statistics to tierent past 60-year evolution of wave records,
and obtaining the prediction of the future wave medimates. Therefore, there is no
information/evidence in that study linking that oga to any specific forcing (wind, wave
current interaction...). It is a scenario we wantecexplore as a “what if’ future situation. In
addition, we have changed the text fro@tter factors such as changes in storminess, vand,
waves were not expected to change significantihenNW Mediterraneanto “Other factors
such as changes in storminess, wind speeds, or \Wwmle were not expected to change
significantly in the NW Mediterranean”

P13, L14

“winter dune” What is this?

AA. It's the name given to an artificial dune which built every winter to protect beach
concessions in Emiglia-Romagna (ltaly). It is expa in the consecutive paragraph and we will

cross-reference it

P18, L18
From here on some of the figure numbers are wrBlggase check.
AA. This will be addressed, since some figures Haeen supressed and the whole text on the

results section reviewed and reduced.



P18

Some of the DRR measures taken seem to increasiskh®Vhat is the explanation/logic behind
this? Does it mean that the characterization ofichps not proper?

AA. In the Tordera Delta, this is the case when DiRR affects the hydrodynamics at the
nearshore and or swash zone, and while protectioglly some receptors, but the erosion is
increased down coast and other receptors get mqgresed than before. Overall it can be
observed how this increase isn’t significant in @age. Nevertheless, the figure containing this
effect will be supressed due to comment 1 and fibwgll not induce confusion to the reader or
require further explanation by the authors.

In Lido degli Estensi and Spina, this is the cabemthe Winter Dune is close to the receptors it
must protect, and it fails to prevent overwash. Theasure increases water speed and can
enhance scouring in such specific cases. We haledaa small note about this phenomenon in
the Results section of the Italian cas8imulation results show that when the dune is pmitese
with concessions close at its rear, and the stom@r@omes the measure, water arrives with

enough velocity to produce scouring at the firstagssions
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Abstract. Integrated risk assessment approaches to suppestat managers’ decisions when designing plans are

increasingly becoming an urgent need. To enableigit coastal management, possible present andefstenarios must
be included, disaster risk reductiéi@RR)}measures integrated, and multiple hazards dedit Wwitthis work, the Bayesian
Network approach to coastal risk assessment wagedpmnd tested at two Mediterranean sandy codsigléra Delta in

Spain and Lido degli Estensi-Spina in Italpyocess-oriented models are used to predict haaattie receptor scale which

are converted into impacts through vulnerabilitiatiens. In each site, a total of 48 storms havenbsimulated under

different scenarios and obtained results are iatedr by using a Bayesian Network to link forcinqeltteristics with

expected impacts through conditional probabilitie

probabilities Consultations with local stakeholders and expeatgelshown that the tool is valuable for communizatisks

and the effects of risk reduction strategies. Tdw tan therefore be valuable support for coastalsibn makingFhe-tool

Keywords. Disaster Risk Reduction, Source-Pathway-Receptmis€guences, Bayesian Network, Catalunya, Emilia-

Romagna, Coastal Risk Management, Erosion, Flooding

1 Introduction

Increasing coastal risk due to the intensificatdbrhazard and exposure magnitudes (IPCC, 2012; JROC3), is driving

the needs of coastal managers towards more innevapproaches for coastal risk assessment and sraeay

1
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Highlighting-these-needs at#fie international anBuropean Europedavelsthese needs are highlightedibyhe impact of

recent extreme events such as Hurricane Katrinauisiana in 2005 (Beven Il et al., 2008), stormn¥ya in France in
2010 (Bertin et al., 2012; Kolen et al., 2013), Hitane Sandy in New York in 2012 (Kunz et al., 20¥a8n Verseveld et al.,
2015), and the Southern North Sea storm in 2018r(&y et al., 2015). Similarly, in the Mediterrameseveral extreme

events have impacted coastal communities at thel lred regional levels such as storm Klaus in 2@89described in
Bertotti et al. (2012) and cyclogenesis mechanisnise NW Mediterranean described in Trigo et 2002). In this context,
the coasts of Catalunya (Spain) and Emilia-Romg¢fady) also recently experienced coastal stormdotp that caused
socio-economic losses (Jiménez et al. 2012; Petiaii., 2015; Harley et al., 2016; Trembanis etradl.).

Therefore, coastal managers must properly deal wdthstal risk when designing plans. This is recegphiin several
initiatives such as the protocol of Integrated Galagone Management (ICZM) for the Mediterraneahjolr includes a
chapter on natural hazards and advises signecepdaiimplement vulnerability and risk assessméntsddition, the EU
Floods directive is another example dealing speadiff with floods. Therefore, the need for integdhtdecision support
systemgbSS}based on modermedels-ancapproaches for coastal risk assessraedtmanagemetis increasingindeed,
€Coping with storm-induced risks in coastal areasolves testing multiple disaster—risk reduction {BRR)
alterpativesmeasureagainst multiple forcing conditions in current dntlre scenarios considering climate change.

The literature provides different approaches withiol to implement these assessments. It is beconmagasingly
important to consider multi-hazard approaches wassessing risk at all levels (i.e. from the regidonalocal scales).
Therefore, the scientific community provides inttgd and interdisciplinary approaches (e.g. Ciaeblal., 2011a; Ciavola
et al., 2011b; Penning-Rowsell et al., 2014; Vojiocet al., 2014; Oumeraci et al., 2015; Van Doegeet al.n-¢.2017.
Up-to-date methodologies can be used in coastahgsessments at different scales ranging fronomeggpproachegup to
hundreds of km) to localetailedassessments (up to 10 km). Regional methodologiedmlocate coastal sectors more
prene sensitivéo impacts, the so-called hotspots. Local approselma to achieve the highest possible level of emgufor
risk evaluation and to support decision making geeviously identified hotspots. Notably, coastakrassessments must
include physical concepts to characterise phygiheahomena (i.e. the source of the hazard) and-secioomic concepts to
describe the impact of the physical phenomena anahuassets (i.e. the consequenceskuitableconceptual flexible
framework that can capture all aspects of coassll assessment is the Source-Pathway-Receptor-Qaeisee (SPRC)
model (e.g. Narayan et al. 2014, Zanuttigh et@L42and Oumeraci et al., 2015).

When addressing the problem at the local scalis, itecessary to accurately predict the impact &apdoduce in detalil
coastal hazardshd-+responsesThe analysis of physical impacts is regularly lienpentedin—a—deterministic—waywith
process-based numerical modelsying-a-central-rele-aruroviding detailed information for areas prone toltiple hazards
(e.g. Roelvink et al., 2009; McCall et al., 201Griey et al., 2011; Roelvink and Reniers, 2012)wkler,this-must-be-used
with—multiple forcing conditions acting at the site andder different scenariosmust be evaluated—TFhis—implies a
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theirresults Bayesian Networks (BNs) have demonstrated theisatility and utility in efficiently combining mtiple
variables to predict system behaviour for multipjgotheses (e.g. Plant et al. 2016). Using a BNagmh,multiple- many
multi-hazard results from process—oriented modaishe integrated for joint assessmestyell-asforcombiningifferent
scenarios and alternatives (e.g. Gutierrez et2@ll1; Poelhekke et al., 2016), enabling the intémreof socio-economic
concepts (e.g. Van Verseveld et al., 2015).

Jéager et al. (2017) proposed the conceptual BNdveork used in this work, which is based on thegragon of the SPRC
and was developed in the RISC-KIT EU FP7 projean\Dongeren et aln-d2017). Plomaritis et al. (2017) applied the

framework to test its potential as an early warrsggtemE\A/S}and the response 8fRRs risk reduction measurgsRia

Formosa (Portugal). In this paper, the authors riesdhe application of the framewoddaptedto select and compare
strategic alternatives to reduce coastal risk imezu and projected future climate scenarios. Tiy@ieation in this paper

was conducted at two sedimentary coasts in the telegdnean environment, namely the Tordera DeltahferCatalan coast

(Spain) and the Lido degli Estensi-Spina for thellBAiRomagna coast (ItalyAt both study sites, the tested measures were

pre-selected taking into account the outcome @mugws to stakeholders (see Martinez et al., 2@hd) obtained results

were used in a participatory process to selectmiabi&e measures on the basis of a multicriteridyaisa(see Barquet and

Cumiskey, 2017).

Figure 1: Regional and local contexts: Al) the cerdl-northern Catalan coast; B1) Emilia-Romagna coats A2) local hotspots of

Tordera Delta; B2) local hotspots of Lido degli EsterisSpina (2b). The main locations (red dots), wave lmys (red triangles), tide
gauge (red diamond), and theSSS-case study site@ed squares). The domains of the large-scale andcll models (dashed red
lines) are highlighted for each box.

2. Regional contexts and case studies

The two presented case study sii@§S)are representative of many other coastal aredseitMiediterranean consisting of
sandy beaches where local economic activities asedon the tourist sector. These areas are chasact by urbanisation
and infrastructural growth close to the shorelilmiting natural beach accommodation processes)eaamomic activities
directly-locatedon the beach and immediate first part of the hiatel (e.g. concessions, campsites, restaurants)co&st
keeps offering its recreational function, batks losespart-or-all-dts protective function against stornishus,-depending

on-the-morphological-conditions ofin additidhe hinterlanchnd isexpogdureto incomingstormsinduced hazards;—these

a a e pbropne-to-pbecoming fa 'a (Vis'acalsia¥aWilaala ol-e ame-eve tS

2.1 Tordera Delta, Catalunya (Spain)

The Catalan coast is located in tE-SparishNWMediterranean Sea (Figure 1, Al). It consists obastline 600 km long
with about 280 km of beaches. Coastal damage lcasaised during the last decadésigregional-coasts a result of the
increasing exposure along the coastal zone andgssige narrowing of existing beaches (Jiménea.e@12) through

dominant erosive behaviour due to net littoraltdidiménez et al., 2011). Locations experiencimgnstinduced problems
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are present along the entire coastline, anelespecially concentrated in areas experiencing éngest decadal-scale
shoreline erosion rates. Among these areas, thdefardelta, located about 50 km north of Barcelgmayides a good

example(Jiménez et al., 201 7(Higure 2).

The deltaic coast is composed of a coarse sandstliceaextending about 5 km from s’Abanell beachhat northern end
and Malgrat de Mar beach in the south (see Figuré&lds zone is highly dynamic, and is currentlyrétreat as a result of
the net longshore sediment transport directed southamsthe decrease in Tordera river sediment supplies. Carsgly,
the beaches surrounding the river mouth, which weaditionally stable or accreting, are being digantly eroded
(Jiménez et al., 2011; Sarda et al., 2013). Asaltref the progressive narrowing of the beacthmadrea, the frequency of
inundation episodes and damage to existing infiasire (beach promenade, campsite installationsalis@tion plant
infrastructure, roads) has significantly increasatte the beginning of the 90s (Jiménez et al.12&hrda et al., 2013)
(Figure 2).

Subsequently, existing campsites in the most afteetrea have abandoned the areas closer to thelisapas in many
cases, these areas are fully eroded or directlpsagto wave action. In other cases, owners h@e ttv implement local
protection measures that in many cases have ertharisting erosion (Jiménez et al., 2B1L7

Coastal storms in the Catalan Sea can be definedeants during which the significant wave heighs)lexceeds a threshold
of 2 m for a minimum duration of 6 hours (Mendoztale 2011). Despite this, not all storms can besidered as hazardous
events in terms of induced inundation and/or erosidendoza et al. (2011) developed a five-categboym classification
for typical conditions in the Catalan Sea basedttmir power content. The classification seems tdl vapresent the
behaviour of storm events in the Mediterranean, \&ad successfully employed in the Northern Adrigiemaroli et al.,
2012). Furthermore, Mendoza et al. (2011) estim#tedexpected order of magnitude of induced codmstahrds (erosion
and inundation) for each class and beach charstitsrialong the Catalan coast. According to theguits, storms from
category Il (Hs = 3.5 m, duration around 50 houcs) (Hs = 6 m, duration longer than 100 h) arestrikely to cause
significant damage along the Catalan coast. Oneitapt aspect to consider is that wave-inducedup(setup + swash$
the largest contribution tthe-total-waterlevel {1 )overwasht theshereline beaclduring storm events, because the
magnitude of surges along the Catalan coast isvelalow (Mendoza and Jiménez, 2008)

Figure 2: Impacts on the Tordera Delta. Destructiorof a road at Malgrat (A); overwash at campsites nah of the river mouth (B);
destruction of the promenade north of the river moth (C); beach erosion, and damage to utilities anduildings at Malgrat (D and
E).

2.2 Lido degli Estensi-Spina, Emilia-Romagna (ltaly

The Emilia-Romagna (ltaly) coast is located in tloethern part of the Adriatic Sea (Figure 1, B1heTcoast is about 130

km long and characterized by low-lying, predomihadissipative sandy beachégie coastal corridor has low elevations,

mainly ranging from -2 to 3m above MSL (Regione EarRomagna, 2010)Fhe-coastal-corridor-haslowatlens{-2+3m;
Regione-Emilia-Romagna;—2010d)he area alternates between highly urbanisedstauronesand natural areas with dunes,
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which are often threatened by flooding and erogRegione Emilia-Romagna, 2010). The impact of clastosion was
emphasised by subsidence due to water and gastitraver the last century, especially in the Renzearea (Taramelli et
al., 2015), a decrease in riverine sediment tramspecause of the strong human influence on rierd their basins
(Preciso et al., 2012), and the reforestation efApennines (Billi and Rinaldi, 1997). Touristictizities (accommodation,
restoration, sun-and-bathe) can be considered draiars of the coastal economy. Beach concessiehigh provide sun-
and-bath and restoration services, have grown exq@ily in number since the second half of the l@ntury, with
negative consequences on natural areas, as in Rawnovince (Sytnik and Stecchi, 2014). To prothet coast and its
assets from the impacts of flooding and erosiogjoreal managers have constructed hard defences dmegrged and
submerged breakwaters, groins, rubble mounds; Redimnilia-Romagna, 2010) along the entire regiaoalst (over 60%
of the coast is protected), and regularly implermestorative nourishment plans.

During the last decades, several EU projects sschheseusviww.theseusproject.gutand MICORE ywww.micore.ell
provided a good understanding of hydro-morphodyearaind risks to the coast. These projects and warkBshed in the

international literature such as Ciavola et al0@20 Armaroli et al. (2009, 2012), and Perini et(aD16) were the product of
strong collaboration between scientists and redior@agers (Servizio Geologico Sismico e dei SWBBSS). This led to
the compilation and implementation of a storm dasab(Perini et al., 2011) and a regional EWS (Kagteal., 2016). The
RISC-KIT project (www.risckit.eu) provided additiahknowledge on this coastal area. The areas nxpstsed to coastal
risk are well known, as can be seen in the workBesini et al. (2016) and Armaroli and Duo (2017).

For a more local perspective, the Lido degli ESt&mna coastline (Comacchio municipality, Ferrpravince, Italy) area

represents a highly touristic stretch of coast vaitimcessions directly facing the sea (Figure 1, B2 littoral drift is

northward as confirmed by the width of the sandgdhes, which increases from 20 to 50 m in the sonthart of Lido di

Spina to 200 to 300 m in the northern part of Litbyli Estensi. Here the sediment is trapped bytha of the mouth of a

navigation canal (Porto Canale). The beach is notepted, and regional managers implement reqwarishment in the

southern part of the area (Nordstrom et al., 20Ab}jhe back of the concessions, the villages acoodate restaurants and

hotels for tourists, along with residential buildin(mainly holiday houses). In a recent study, @erét al. (2015) analysed

aerial photographs of the evolution of the casdystrea, focusing on the stretch of coast betwegtoRsaribaldi and the

Reno river mouth. The area was impacted by thetemeRebruary 2015 (see Figure 3) with limited, Imat negligible,

consequences for several concessions (Perini @0415; Trembanis et al., n.d.).

The hydrodynamics of the regional domain are wekalibed in terms of storm waves and surges (IDRROSE96;
Ciavola et al., 200Masina-and-Ciaveola,—20). THhese-are-as-follows:-theTleea is micro-tidal (neap tidal range: 0.3-0.4
m; spring tidal range: 0.8-0.9 m); the surge corgpoiplays an important role (1-in-2 years storngsu0.61 m) and is
mainly generated from the SE (Scirocco) winds (ediog to the orientation of the Adriatic Sea). armore, the wave
climate is low energy (mean Hs —0.4 m; 60% of waaesbelow 1 m). However, extreme events can begetie, such as
the storm of September 2004 (Hs,max=5.65m, estinate Ciavola et al,. 2007) or the one of 5-6 Febru2015
(Hs,max=4.66, measured at the Cesenatico buoy skaune 1, B1; Perini et al., 2015; Trembanis etrall.).
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The combination of high waves and storm surges,s&f@mmbined probability of occurrence in the ares assessed by
Masina et al. (2015), can have strong impactseatdgional level, as demonstrated by Armaroli e2009), Armaroli et al.
(2012,-) andHarley and Ciavola (2013pnd-Armaroli-etal—{2012Notably, based on historical data (Perini et2011),
Armaroli et al. (2012) provided a set of criticébrsn thresholds for natural and urbanised beaahebkdracterise potentially
impacting storms. The thresholds included a contlainaof offshore Hs and TWL: 1) Hs 2 m and TWL (surge + tide)

0.7 m for urbanised zones; 2)*83 and TWL (surge + tide)0.8 m for natural areas with dunes.

Figure 3: Impacts of the event in February 2015 omhe Lido degli Estensi-Spina case study area. Impacts# erosion and flooding
on concessions at Lido di Spina south (A, B) and Liddegli Estensi (C); sandy scarp due to the erosiori the dune in the south of
Lido di Spina (D); eroded Winter Dune in Porto Garibaldi (E); damages to the Porto Canale front at the ldo degli Estensi (F).

3. Methodology

3.1 General approach: from source to consequences

The analysis framework employed in this study feoJager et al. (2017) and is based on the ushecBRRCSPRC
(source-path-receptor-consequentwdel (FLOODsite, 2009; Oumeraci et al., 2015)staswn in Figure 4. This model is

moestly- widelyused in coastal risk management (e.g. Narayan.,eP@l4) and permits a clear representation ofisit
components and their links from source to consecgien
The -Ssurce{S) includes the forces determining coastal respooghe impact of extreme events, whichthis caseare

essentially a set of storms representative of themsclimates of the study sites over the entirennity range (from

moderate to extreme storms). Thesmirces stormpropagatethrough the pathway, causing erosion at the coadt a
inundation on the hinterland. Both hazards arenth@ito :

and-inundation-théocus of the analysis. The pathvgasre issolved through a process-oriented modiginto propagate
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storms and quantify induced processBsey-Theseare assessed for the entire coastal domain wheeptars(R)-are
located, characterisececording-tobytheir locationen-the-coastal-plaiand typology, which define their exposuend
vulnerability to each hazargpe Finally, consequencd€) are evaluated by combining the vulnerability argasure of
each receptor with the magnitude of the hazards.

Since the main objective of the analysis is to BRR risk reductiorstrategies to help decision makers in future plagni
the framework is applied under current conditionsréafter—cutrent-seenrariGUS) to-which define the baseline scenario
and climate change conditionseeafterelimate-chanrge-scenariBGES) to define a plausible future scenario. Findlhe
analysis is repeated considering differ@RR risk reductiormeasures.

The generalapproach usahe-ability-ofa Bayesian Network-BN) to reproduce the steps of the SPRC medelassess throug
dependency relations between variakeseproduce-the-steps-of-the- SPRC-mothis conditions the application of the

steps of the SPRC model, as explained in the fatigveections. At the same time, we usethe BNdata assimilation

capabilities to integrate large amounts of data results from multiple sources at multipleegptors As-such;-the Th8N
canh-considerallintegratetependency relations betwetye-analysed-variablessource-hazard-consequesictee receptor

scale

eceptfos all tested incoming conditions,

scenarios, anBRR risk reductioralternatives in @ondensed—graphic,probabilistic,-asidgle tool.

Figure 4: General methodology. (I) The SPRC concepal framework is implemented through (I1) a model chain, which consists of
a propagation module of the source (S) and a procesriented module for the coastal area reproducinghe pathway (P). Then,
(Il the consequences (C) are calculated based dhe computed hazards (H) at the receptor (R) scalby using vulnerability

relations (i.e. hazard-consequences functions). lilme last step (IV), all variables including sourceéboundary conditions (BC) are
fitted in a BN, adding impacts after the implementéion of measures (M).

3.2 Source: identification and design

consideredTo properly characterise storms, all relevant \deis controlling the magnitude of induced hazaeds<jon and

inundation) must be considered, in other words, Wwksse period (Tp), wave direction, storm duratiand water level. In
this approach, storm characteristics are definerms of a set of representative storms or stmemarios that cover the
typical conditions at each study site. This infotima is obtained from existing wave time seriedulk data of the events
(recorded or modelled), usually in deep waters,pagated towards the coast to characterise storrditcmrs at the
nearshore of the study areas. Probable combinatimatscannot be covered using existing recordsrepeesented by
synthetic designed storms (e.g. Poelhekke et@L62Plomaritis et al., 2017; Jager et al., ZQSIQFmseeHaHQ&a#edeﬁned

binclass-were-selected-for use-inthe-analydie storm events were selected based on thamatmn available for each
study site through the RISC-KIT WEB-GIS impact-otied database (Ciavola et al, 2017;

http://risckit.cloudapp.net/risckit/¥/which providedsy
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attheregionallevel)storm characterisérgl socio-economic impacts of the events. In additime seriesf waves (either
bulk Hs, Tp and mean direction or spectrum) andewigvels during each storm evewere usede-characterise-all-events

forwhichwhenthis information was available.

For the Tordera Delta case, the selected varidbleffine storm scenarios were Hs at the peak efstbrm, total storm
duration, and incoming storm direction. Tp does sighificantly vary during storms in the study afeee Mendoza et al.,
2011) and was not includeg—reduce-thenumber-of-variable—combinationsafiaacteristic variableFhe-Due to the
coastline configuration anchorphology, the area is sensitive to storm incondimgction (Sanuy and Jiménez, n.d.). Thus,
wave-climate-characteristics-necessitated-consigithhe mainwavedirections in terms of dominant (E) and second&jy (
directionsstorms needed to be considered separafitially, PAL{tide—+-surge)the position of the mean sealléMSL)

during the event was included to reproduce hypmthlefuture projection®f sea level rise (SLR)}-efMSHue to climate

changeThe selected bins for each variable can be se@abite 1. These lead to 12 combinations definingsth@ce under

current MSL and 12 under future MSL (given by a Sddenario). Each combination of states is simulatéce by means

of slightly different storms to account for potetvariability within variable ranges, leading tdadal of 24 storms under
the current MSL and 24 under

future-MSL-secenario. Of the 24 source stormis-the-currentsituatigrilé correspond to historic (recorded) events oy

the two largest, which occurred in November 2004 Becember 2008. These were classified as extréones (category

V) according to the Mendoza et al. (2011) clasatfan. To include the full range of cases, the remainiigitestorms were

completed by using combinations of Hs-durationtics not previously recorded. These events werdetted assuming

they follow a triangular-shaped evolution with theak intensity at the half of their duration (seg &IcCall et al. 2010;
Poelhekke et al., 2016

dédiata used to reproduce
the historic events include the time series of bastl wind fields and 2D wave spectra time seriateip waters for the NW
Mediterranean (Guedes-Soares et al., 2002; Ratdimsy et al., 2008). Wave conditions must propataterds the coast
to properly define storm events at the study gitehe Catalan coast, the storm surge contributiiothe sea surface level is

one magnitude lower than the wave-induced comporaert the two variables are uncorrelatétendoza and Jiménez,

2008)-. All historical events with recorded associated evdevels were simulated with the real storm sungkile the

synthetic storms were simulated with a storm swige 0.25 m constant throughout the event, as septative of the site

according to the same authers—{(Mendeza-and-Jimanes).

Table 1: Source characterization. Variable discretiation applied at the study sites-Fable—1-Source—chacterization—\ariable
. L ed ites.




10

15

20

25

30

Previous works in the area of the Lido deqli Est&sna case study have identified the dominard oflwave height and

total water level in controlling the magnitude edrsn-induced erosion and inundation (Armaroli eP@09, 2012). Due to

this, variables used to characterize the source Wer maximum Hs and maximum TWL (surge+tide) dusach storm

event. Thus, wave period and the direction of ttuenss was not considered as a source characteviatiable to be

discretized. Each storm was simulated for curredt @dimate change (SLR) scenarios. Finally, andlarig to the Tordera

case study, each Hs-TWL combination was simulaigdet to account for potential variability. The usexthge for each

variable is shown in Table

historically based events were selected from tHe(RKIT Database, and to cover all possible comnat 5 additional

synthetic events were considered for a total oédeénts in the CUS. Notably, for several historiere, neither reliable nor
continuous time series for waves and water levelsevavailable from local measuring stations. Taisnsonsistencypoth

historical and synthetic events-seurce-evardgre represented based on the following methodol8tarting with the list of

bulk syntheticinformation for each event (maximum Hs, Tp, mairediion of the storm, maximum TWL or duration when

available) triangular-symmetric-storm-distributionsstorms daling triangular-shaped evolutige.g. Carley and Cox, 2003;
Corbella and Stretch, 2012) for Hs, Tp, and surgeevcreateder-both-historical-and-synthetic-eventhe peak of the

waves was assumed to occur at the same time asakienum surge (calculated as the difference betwkeen WL and

maximum astronomical predicted tide). When bulkapaeters were missing, the following ‘worst casesussptions were

introduced: Tp at peak of 10 s, wave direction@f, @&nd duration based on similarity with othersia

3.3 Pathways: modelling multi-hazard impacts

To reproduce simulatthe pathwayrem-seurce{storm)-to-impact-{hazards)and obtairahds of interesa model chain was

designed and adapted for each site (Figure 4Aifly. model can be used within the model chain, asdilts will be as good

as accurate the moddihe chain must be able to reproduce all hazardgetassessed (i.e. erosion and inundation). To do

this, a detailed 2D process-oriented modiesigned to simulate coastal storm-induced proseissased, which is able to

provide integrated information on inundation ands@&n, the XBeach model (see Roelvink et al., 2fa09nodel details).

At present it is becoming the S-O-A model on cdasiatems. However, the proposed framework can wottk different
(simpler) models provided they are able to simuthgetarget processes (inundation and erosieﬂ)&iinglrim&ndatieﬂﬂnd

coastal-erosion-during-the-storriihe XBeach model was ustm-this-purpesén both study casesee-Roelvink-etal—2009
for-model-details)

The model chain for the Tordera Deltidy—caseonsists of two blocks, one ‘external’ and one€ingl’. The external
module comprises three models (HAMSOM, HIRLAM, aiié\M -medel3 that supply the forcing conditions (time seriés o
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water levels, wind fields, and waves) and are rurPbertos del Estado (Spanish Ministry of Publicriéd. The output of
these models is taken directly as an input forithernal module, which comprises the SWAN (Booijaét 1996) and
XBeach (Roelvink et al., 2009) models. SWAN wasdus®e propagate wave conditiopsovided-by-the-external-medels
{regionat-scale)from deepwatdrsthe offshore boundary of the XBeach model (28epth), while XBeach was employed
to assess the extension and magnitude of inundatidrerosiorrazardsat the study site (local scale). The model chaia wa

validated through the St Esteve event in 20fl8aining a Brier Skill Score of 0,682 for the nploological response of the

emerged part of the bea¢Banuy and Jiménez, n.dSimulation results can be considered excellentstmres over 0.6
(Sutherland et al., 2004)

The model chain fothe-Lido degli Estensi-Spinaase-studynly included the XBeach model. This simple apphoa@as
possible based on the assumption that the infoomatérived from the RISC-KIT Database can be canmneid representative

of the storm in theregionaldomain, as collected from different sources (effshore buoys, harbours’ tide gauges,
newspapers, etc.) along the Emilia-Romagna coasinjret al., 2011; Ciavola et al., 2017). The modas qualitatively
validated with the February 2015 event (Perinilet2®15; Trembanis et al., n.d.).

3.4 Receptors and consequences

The methodology applied in this work individualleintified receptors located at the study sitesufeéigt, Ill) (Jager et al.,
2017). First, receptors with homogeneous vulneitghiharacteristics were defined and separatelysiciened. Then, for
each group of receptors, polygons were drawn usifS-based tool to account for their exact locatiod size. Finally,
the polygons were intersected with the cells of2ZBedetailed model grid (XBeach) to assign to emdeptor the nodes of
the model that will affect them.

For the inundation hazard, the value of the maximuater depth inside each receptor was used asnpact variable.

Then, by using flood-damage curves for the corredpmy receptor typology, inundation water depth vwrasslated to

bt itati g This

was then translated into four levels of impact—ndoe, medium, and high—which are case and recep¢pendent (see

relative damageFh

the following sections)The chosen damage curves do not include unceesirgnd they are used as recommended by the

Administration at each study site. This impliesttiamage ranges and damage-hazard relations &eedifand therefore,

final impact levels (from none to high) are siteesific. This assumption aimed to better communicaults to local

stakeholders.
The magnitude of the risk associated with erosigpetids on the combination of vertical erosion asthdce of erosion to
the receptors. This was implemented by building tipiel buffers (increasing in distance) around eaebeptor and

intersecting-them-with-the-information_ofapplyirftetpolygon intersection formerly explained with tpédded maximum

vertical erosion output from XBeach. The definitiohrisk categories related to erosion thresholtts distances ialsosite

dependentgiven their different morphologies

10



10

15

20

25

30

3.4.1 Exposure and vulnerability in the Tordera Ddh case study

The distribution of receptors for the Tordera Deld@e study was derived from cartographic inforomgitiorm-of the Catalan
Cartographic Institut¢lcS)-and completed manually through-orthophoto analysis. The study site was divided &ight
areas, of which four are located at the south efriher mouth, corresponding to the Malgrat de Mamnicipality, and the
other four to the north, corresponding to the Btameinicipality. These two sets of four areas wefected to enablen the
analysis of the impact at different bands regardirar distancehe limit of the-public-demain{which-separathe public
beachfrem-the-hinterland)The first band corresponds to the first 20 m iotdrland. The second band is 30 m wide and
located just after the first one 20 to 50 m frorma Boundary of the public domain. The third covéesriange from 50 to 75
m, while the fourth band covers all the hinterlaomitted between the end of the third band émelinland simulation
domain boundary. This enables an assessment dfdtnbution of the impactstthe-differentscenaridn terms of distance

to the coastlineFh i : :
corresponds-to-differentThis allowed explorisetbacks a®RR-risk reductiormeasures. Three groups of receptors were

considered tdrave _behomogeneoug terms of-vulnerabilitiesvulnerabilifynamely houses (concrete buildings), campsite

elements (soft buildings and caravans), and irriiagire (promenade and road at the back of thehpe@able 2Table-2
shows the distribution of campsite elements andésin the different areas. The infrastructura¢péars (promenade at the

north and road at the south) are only locatederfitist 20 m band (Areas 1 and 5).

Table 2: Distribution of receptors at the Tordera Déta study site.

The consequences of flooding were assessed thiftamh damage curves used to characterise the velddmage based

only on water depttiTable 3) Data{see-details-in—TFable-3yas obtained from the Agéncia Catalanabtfégua-|'Aigua
(2014), which derived-it from FEMA-(2001).

The relative damage values to buildings and campddi#gments were converted into the level of riskalews: (i) No
impact for 0% relative damage to buildings and csitepelements, (i) Low impact for damages belowe26 buildings and
50% for campsite elements, (iii) Medium impact witermages to buildings range from 26 to 45% and damt campsite
elements range between 50 to 7@24¢(iv) High impact for relative damages higher thhase formerly exposed for both

receptors.

Table 3: Vulnerability relations for houses and campite elements at the Tordera Delta study site with ral without Flood
Resilience MeasuresbRR-measurdERM).

The buffers defined to assess the erosion hazate atordera Delta are as follows: fire- A 20 -m distancenas used as a

threshold from ‘none’ to ‘low’ erosion risk, armrresponds to the average beach retreat at théosid storm with a return
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as-used-as-a-thresholdranging-from—htmdow risk-of direct impact-due-to-eresion—&h

period of 38 years. Ay bandloy s —4
return-period-icommonly used for infrastructural receptors simitathose in the Tordera Delfgw-economic-importance
for a lifetime of about 25 years). (ii) The 12-mffen (average retreat for the 10-year return pgnigas used as the threshold
from low to ‘medium’ impactFoera-medivm-impactMedium impact is a post-monitmSituation, whereeceptorsare-in-the
post-menitoring-situation-and-beginwitd be exposed to the direct impaétfor relatively frequent storms. (iii) Finally, the

3-m buffer was used as the threshold for the ‘higipact risk, meaning that the receptor is direeffigcted by erosion at

the toe or impacted bgdirectwaves in-the—analysed-scenarioduring the stoAnbuffer was considered to have been
affected wher-vertical erosionwas higher thathresheld-e650 cmwas-impeosed

3.4.2 Exposure and vulnerability in the Lido degliEstensi-Spina case study

The analysed receptors belong to the central dré@anodel domain at approximately 600 m from ldteral boundaries
(Figure 1, B2). Two main types of receptors weleced: (i) the residential and commercial buildimgainly present in the
towns of L. Estensi and L. Spina, and (ii) beachoessions on the beach directly facing the sethisrstudy, only receptors
belonging to the seafront of Lido degli Estensi andio di Spina were considered, as they are maimiyacted by sea
storms. Receptors were extracted from a recentoRabiTopographic Map (Carta Topografica Regionatila 1:25000,
anno 2013)and-the-polygons-were-drawn-in-AreGIRable 3Table-dummarises the identified receptadesiowing-this,
thogrdenllenticetine coshroenpianwnrododined

Table 4: Distribution of receptors at Lido degli Estersi and Lido di Spina.

The vulnerability relation for inundation hazardsaswvdefined considering a flood-damage curve fromcent study on
Italian territory by Scorzini and Frank (2015). $hiork was based on a micro and macro-scale stiithedmpacts of the
2010 river flood in Veneto (Italy) on residentiauses. In the current work, it was adapted andiegpd the receptors of
the area (see details in column ATdble 5), and relates the flood relative damageéofa@RBF;-values: 0-1) to flood
depth. In particular, the worst case curve was ,usédch represents flood-related damages to sifegtély detached
buildings with a basement. Although this curve as fesidential buildings, its-wasassumed the same for commercial
buildings and beach concessions, as no additiondl specific information was available. The curveswaodified
considering thebRR-risk reductionimplementation described in Section 3.5.2. The ll@feflood risk was defined as
follows: none, when theRDBF relative damagis null, low, when thé=RBF relative damage factis higher than zero but
lower than 0.1, medium, forfactorr-FRBFbetween 0.1 and 0.2, and high, forlERBF relative damage factbigher than
0.2.
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Table 5: Vulnerability relation for floodlnq adopted for the receptors at Lido degli Estensi- Splna WIthOU (A) and Wlth Flood
Resmence Measures (B)- Y y A

The vulnerability relation for erosion was definfed concessions only. The impacts due to the enosazard were defined

based on a two-buffer approach for each receptee-buffers-were-defined-asfollows: (e first buffer waghereceptor
limits in the groundthefootprint-ofthe-receptand{ii)-the second included a corridor of 10 m around ¢oeptor.

Erosion was considered present if >0.05m (vertiealdl significant when >0.5nThe erosion risk categories for each

receptor were set as follows: (i) Safe: no erogioany buffer, (i) Potential Damage: when eros®present-present{=0-05
m-neglgible-otherwiseln the 10-m buffer and/as-presentwith-values-less-than-0-5 mbut not significamthe foetprint
bufferreceptor itselfand (iii) Damage: when the erosion limit of 0.5isrexceedederwithin the feetprint-bufferreceptor

limits. Notably, the threshold of 0.5 m was set considethe uncertainty of the model grid topography.{50m) and

assuming that the foundations of the concessiana aninimum of 0.2 m thick.

3.5 Testing scenarios an®RR-risk reduction alternatives

To compute the analysis undelimate change scenario€CS and under the implementation BRRsrisk reduction

measuresit was necessary to identify the variables antings affected by each scenario, either a futugegtion or
implementation of aisk-reductionmeasure. Therefore, an appropriate approach wastedlto consider these modifications
in theSPRC methodologghain.

The CCS mainly affect the hazard and thereforeapmied in the modelling chain. TEERRs risk reduction measurean

affect both hazard and vulnerability/exposure \@ds. In the following, the implementation of theC& andBRRs
measuress described for each case study, emphasising ffeeted variables and steps of the methodoloy~The
measures were pre-selected considering interviewtakeholders, and were assumed te-be-assesseshidR&considered

fully implemented and completely effectiie®®R-measur@ptake and effectiveness: 100%) in all cases.

3.5.1 Climate change scenarios in the case studies

Future projections of4SL-mean sea levelere based on the AR5 RCP8.5 (Church et al., 20@8)er factors such as
changes in storminess, wirgheedsor wavehighs were not expected to change significantly in th& Nlediterranean
(Lionello et al., 2008; Conte and Lionello, 2018nd are characterised by high uncertainty in thehéon Adriatic (IPCC,
2013). Data to include the sea level rise (SLRhmassessment of future scenarios was providdédebEC Joint Research
Centre database (for further detail, see Vousdoakas, 2016). For the Tordera Delta study casetitme horizon of 2100
was chosen, while the 2050 projection was used.iftw degli Estensi-Spina, because ®ieR-projections in the Adriatic

are more uncertain than in the NW Mediterranearrdfore, the 2100 horizon could yield highly urable results.
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At the Tordera Delta, the RCP8.5 estimates an asar®f 0.73 m by 2100. Therefore, all 24 simulatidescribed in Section
3.2 were repeated with the projected futtd&Lsea level Moreover the potential beach accommodation to SLR was
modelled following Bosom (2014) and Jiménez et(2017). This was accomplished assuming an equilibriurastad
profile response following the Bruun rule (BruurB62), resulting in landward and upward displacen@nthe beach

profile. Dunes preserve the pre-SLR shape when thereisgbnaccommodation space, and the shape was cué iene

wasn't The estimated shoreline retreat due to the SLReérarea is 22 m. Thus, morphologicabstal-adaptationresponse
to SLR is included in the assessment. Finally, €&%at and Sierra (2012) predicted a directionainge in mean sea
conditions from the current dominant (E) to the osmlary direction (S). This effect wasusalitatively-explored by

constraining thexssessing assessmenietstern incoming storms-the-CUSfor present conditiomsmd imposing an equal

likelihoed frequencyof eastern and southern incoming stormthe-CCSfor future scenarioBherefore, three different CCS
were explored: (()CCS1: current situation (CUSYCUS SLR with the corresponding estimated beach acuodation
{ECS1)(ii) CCS2:CUS + effect of direction switch in incoming stor®&cSS2) and (iii) CCS3:assessing the contribution
of both components if occurring at the same tirhe-SER+-switeh-in-storm-incoming-directiondS3).

In Lido degli Estensi-Spina, the combined contiitautof the predicted SLR with the subsidence compbiinot negligible

in the area, e.g. Taramelli et al., 2015) was imgeted. The resulting value BfSLR-relative SLRby 2050 used in the
analysis is 0.30 mFhe-forcing-events-water-level-time-series-weredified The position of the MSL was changed for all
forcing eventsincluding addinghe predictedRSLR relative SLRby 2050 in the CCS. The morphological accommodation

to the SLR was not implemented in the numericalyasis howeverits-effectisthe implication of this choicedsscussed in

Section 5.2. In total, 24 additional simulationseveun for the CCS.

3.5.2BRR-Risk Reductionalternatives in the case studies

ThreeBRR risk reductiormeasures were tested for the Tordera Delta zoreHjgeire 5): (i) Receptors Setba¢RSB).(ii)
Flood Resiliencéset-ef)Measures(FRM)-and (iii) Nourishment + DungN=+b).

The RSB-Receptors Setbaokeasure affects the exposure of the receptorstdile removing all receptors inside a defined

band measured from the public domain coastal I{thie limit between the back of the beach and heuel). Three

scenarios of the setback were simulated: 20 m, 58h 75 m.

The Flood Resilience Measures-FRaffects the vulnerability of receptors so that for a giweater depth, the expected

impacten-campsites-and-houses-during-an-inundai@mnt decreasdsm-the-currentsituatiowhen theDRR-measure is

implemented. ltis-wasassumed that resilience measures such as raiseidcitle outlets and utilities, adapted flooring,

resilient plaster, and waterproof doors and windewese installed in all houses and campsite eleméitis measure was

implemented by assuming a modified damage curagha@wn in Table 4.

Finally, the N=Bourishment + Dune changes the pathway affdcts the inundation/erosion hazard. It incluthesich
nourishment at the south of the river mouth toéase the beach width by 50 m over l-&nthe-south-of the-river-meoyth

where the highest erosion occurs. In addition])ekel at the top of the beach was increased ondid#s of the river mouth,
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with non-erodible sandbags at the northern sidesravtthe campsites are closer to the coastline aasandy dune at the
southern side. At both sides, the final heighthef protective measure was +4.8mierms-offromthe MSLMSL. Since this
measure affects the pathwa-extra-simulationghis measurevas had to banplemented in the XBeach gridhus,the 48
storms (24 CUS, 24 CUS+SLR)-were-heeded,—and-angthdo—combine-the-implemented-measure—with-th&S\@ele

simulated again with the edited morphology

Figure 5: BRR-Risk reduction measures at Tordera Delta.Coastal- Receptorsetbacks (20, 50, and 75 m) anbhfrastructural-
Defence Nourishment + Dun€beach nourishment at Malgrat beach + artificial dune at S’Abanell and Malgrat beaches).

The selected®RR-measures tested for the Lido degli Estensi-Spirse caudy were: (i) a Winter Dun&/B)-system,
affecting both flooding and erosion impacts, andréfore the hazards modelling process; anda{iBet-ef-FRMFlood
Resilience Measuremfluencing the flood vulnerability relations idceptors.

The WB-Winter Dune(see Figure 6) is a comm@&RR-risk reductiorpractice along the Emilia-Romagna coast, especially
in the Ravenna province (Harley and Ciavola, 20E3)d regularly implemented by local concessionaiséhiout a
scientifically based design criterion. It consisfsa set of embankments built on the beach in fodrdoncessions through
beach scraping or sand replenishment (less frequeticn). ThisBRR-risk reductionmeasure was implemented in the
process-oriented-module-(XBeach)XBeach modibeWb-Winter Dunewas designed as a continuous dune that protects
more than one concession, introducing breaks inctheinuity of the feature where natural/human atiss or passages
were located. The top of th&D-dunewas fixed at 3 m above tHdSL-MSL and the width (at the top) at 10 m. Th&
dunewas integrated in the model modifying the bed Igvwbtough the Dune Maker 2.0 tool (Harley, 2014)tHBthe CUS
and CCS were tested withe-DRR-\WDthis measur@dding 48 additional simulations.

The FRM-Flood Resilience Measurefecrease the receptor’s physical vulnerability to floods.was assumed that the

effective application of these measures would desgrethe damaggs&RbBF=0-1)for water levels lower than a certain
threshold, assumed here as 0.7 m (e.g. all eledtdue to be placed above the threshold). Thiswgstion was integrated in
the analysis by modifying the selected depth-dantagee, as defined in column B of Table 5, anduded in the BN.
Considering the adopted definition of flood riskvdés (see Section 3.4.2), tHeRM-measureresults in a complete
obliteration of receptors for the medium flood riskerefore increasing the receptors at the lovellend not affecting

receptors at high risk.

Figure 6: Artificial winter dunes in Emilia-Romagna: A) Winter dune in Porto Garibaldi (Comacchio, Italy); B) Building of a
winter dune by beach scraping at Lido di Dante (Ravena, Italy) (Harley, 2014); C) Representative modegprofiles at Lido di Spina
north (original: black solid line; with winter dune DRR: red dashed line).
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3.6 Bayesian networkbSSfor decision making.

BNs use probability theory to describe the relafops between many variables, and can evaluateltwevidence of some
variables influence other unobserved variables. &mmple, evidence could be a forecast of the sowariables
characterising an impending storm. On the othedhé#otal hazards and damages in the coastal arga @ yet been
observed, but can be predicted with the BN. Theehodn also be updated with artificial evidencexplore extreme event
scenarios or investigate the potentiatisfasterrisk reduction plans.

A BN is based on a graph (Figure 7). It consistaaxfes connected by arcs that represent randoabl@siand the potential
influences between them. The direction of the &rcsucial for the probabilistic reasoning algomitiof the BN, but does not
necessarily indicate causality. For any two vadaltonnected by an arc, the influencing one i®dall parent, while the
one influenced is referred to as the child. ThasFigure 7, X1, X2, and Xare the parents of XA simple way to
parameterise a BN is to discretise continuous kagaafter defining their data range, and to syesmhditional probability
tables for each node. The authors adopted thisoappr The conditional probability tables indicatemv much a variable
could be influenced by others. Mathematically, tiraph structure and conditional probability tabtefine the joint
distribution of all variables in the network,,X.., X, based on the factorisation of conditional prolighdistributions (Eq.
1):

p(Xll "'!Xn) = ?:1 p(Xl|pa(Xl)), (1)

where pa(Xi) are the parents of node Xi (Pearl 8198nsen, 1996). Once the joint distribution heenbdefined, the effects
of any evidence can be propagated with efficiegoaihms throughout the network (Lauritzen and §ellalter, 1988).

Figure 7: BN graph with four nodes.

In the RISC-KIT project, a generic structure foBl that can support decision-making in coastal rignagement was
proposed. This structure is based onSR&RC source-pathway-receptor-consequamckthas five componentsode types)
source boundary conditiefBC), hazard(H), receptorR), impact/consequend€&), andBRR-risk reductiormeasureM).
Typically, each component includes several varalfanel (1V) in Figure 4 shows their influenceeath other. In general,

all boundary conditions influence all hazards,raiidated by the solid arc in FigureBlifferenthr-eachEaclype of receptor
(e.g. people, buildings, infrastructure, and ectsys)has-a-sub-module-in-the BN-coensisting-of-an-R-rorkgpresented by

a node where different areas are the different iegresenting the locations of receptors on tted. sSReceptor nodes are

also connected tdazardHnodes (representing the hazards given the loctbthe receptors), arietboth at the same time

are connected to the consequenodes (representing the consequergesn—{some—of)-the-hazardsforthereeeptorsto

given receptor and locatipnThe dashed arcs in Figure 4 represent the faat the sub-modules are not directly
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interconnected. Nevertheless, dependencies apnse tihe common parents, which are boundary conditeomd possibly
DRRrisk reductiormeasures.
Alongside the generic structureit—also—provided-a c++ programme that automatically creates the BN

(https://github.com/openearth/coastaljdissalso providedAs input, the programme requires variable defing and land

use data, vulnerability relationships, and a 2Qidgd simulation output of numerical physical preeeased models of
hindcast or synthetic extreme event scenarios.nfalg, the programme extracts the values of hdizaariables from the
simulation output at the locations of every indiwédl receptor so that we could obtain hazard digtioins for each receptor
type. Because each simulation contains the coastplonse to one storm scenario under a sé&RR-measures, the
distributions are conditional and can be storedatly as entries of the conditional probability lebassociated with each
hazard node. Being parents of the hazard nodesdboy conditions and®RR-risk reductionmeasures define the
dimensions of the conditional probability tables. 8mulating those storm scenarios that corresporall possible value
combinations, the tables are completely filled.the final step, the conditional hazard distributiomere transformed to

conditional impact distributions with vulnerabilisgeps.

3.6.1 BN implementation at the case study sites

The schemes of the BNs implemented for the Tordeia and Lido degli Estensi-Spina case study sitesshown in
Figure 8 and Figure 9 respectively. The nodes lgsjcdefine the variables of the network, whilesafarrows) show the
relations between the variables. T#€-boundary conditions-is athe blue nodes, and the location and distributi@bsof
the receptors are the grey nodesese-nedesBotaffect those in dark orange, which refer to ttmepgors’ hazard&s). The

hazard was then transformed through the vulnetabiilations into consequeneés), which are represented by the light

orange circles. The measures’ nogeb-are indicated in green and can afféetH.—C—orR-nrodesdifferent node types

depending on the effect (by definition) of the m&as The structure is very flexible and can beliadmt different coastal

settings. The scheme can be adapted with diffdvenndary conditions, hazards, receptors, conse@seacd measures

depending on the needs driven by research andéastalonanagement objectives. It follows that, feryvsimilar coasts, or

even for the same case study, the scheme can.dlffier bin ranges for variables characterising bamwd@onditions is

selected to be equidistant covering the observdukesaat each study site (Table 1). Additional nbsevved ranges are

introduced to account for SLR. The used numbentsfrvals is a compromise between accuracy and catnpual effort.

Each combination showed in Table 1 has been sipdilatice to account for potential variability insidhins. Then, all

simulations are repeated for DRR scenarios affgediarzards (i.e. Winter Dune and Nourishment + Dunbgrefore, a total

number of 96 model runs were required for the aoiofiin set-up. As a reference, using parallel samrs with 48 threads,

the ratio computation time over real storm time w2, meaning that a 40 hr storm takes ~8 houssuidlation time.

Figure 8: Bayesian Network scheme for the Tordera Blta site.
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Figure 9: Bayesian Network scheme for the Lido degkstensi-Spina site.

4 Results

In_this section, the results of scenario testing provided for each case study through an intedrammparison of

percentages of receptors at each level of floodimd) erosion risks. This is done by comparing tek levels under current

and climate change scenarios with and without mreasuin any case, it has to be taken into accdattthis assessment

does not include the statistical distribution ofret variables. We assume that there is no priowkedge on their

distributions and, as consequence, we simply desthiem with a uniform distribution. This approasladequate to explore

scenarios and to assess the efficiency of proteateasures in terms of impact reduction.

4.1 Tordera Delta

The results assessment was performed separatehyofbrsides of the river at s’Abanell beach at itloeth and Malgrat
beach at the south. The inundation impact asses¢sroasidered all receptors at the study site wisetlea erosion analysis
focussed only on the first 20-m band of hinterlardause the only receptors exposed to an erosiamchare located in that
area.

The results of the flooding impactsere presented for campsite elemeetsgampsite-elements-and-houses{Figure-10 to
Figure—13}indicate thatunder current conditions,—in—theCUS (E-incomistprms—with—current-MSL);,—campsite

elementsreceptorat both sides of the river mouth are expecteduffessthe same magnitude of damages: 80-83% of
elements will be safe, while only 2—3% of the elateeare under high-impact risk (Figure 1Bhe-situation-differs-slightly

Under climate change scenaries;When-assessingdiie results-demenstraaedifferent behaviour at each side of the river

mouthis detectedSouthwards of the river mouth, the beach is higialgsitive to both changes in storm direction an& SL
(Figures 10 and 11). Thus, when CCS3 conditionsaaetysed in Malgrat, the BN indicates that 69%ahpsite elements
are affected, with 41 % being at high risk. On ¢tleer hand, the beach at the north (S'Abanelljdbiy sensitive to-n
S'AbaneltheSLR sgﬂﬁmanﬁy—mepeases—the—wnpaets—ef—ﬂeem@ﬂ Figure 10put it is not affected by a potential

change in storm directi ms)

dees—net—mepease—any—ef—the—meepteps—at(msz and CCS3, Figure 1191—the—€€§-1—the—+mpaet—en—e&mpsﬂe—elements
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Figure 10: Distribution of campsite elements at evg level of flooding risk. Top-left: current scenario at S’Abanell; Top-right:
climate change scenario 1 (SLR) at S’Abanell; Botto-left: current scenario at Malgrat; Bottom-right: climate change scenario 1
(SLR) at Malgrat. Each bar in a panel represents @&RR-risk reduction _configuration (‘None': no BRR-measureimplemented;
‘N+D": Nourishment and Dune; 'FRM" Flood Resilience Measures; '20SB, 50SB, and 75SB" 20, 50, and 75 satbacks,

respectively).

Figure 11: Distribution of campsite elements at evg level of flooding risk. Top-left: climate changescenario 2 (50-50% east-south
storms) at S’'Abanell; Top-right: climate change sceario 3 (50-50% of east-south storms + SLR) at S’Abagll; Bottom-left:
climate change scenario 2 (50-50% east-south storjret Malgrat; Bottom-right: climate change scenario3 (50-50% of east-south
storms + SLR) at Malgrat. Each bar in a panel represnts a BRR-risk reduction configuration ('None': no BRR-measure
implemented; 'N+D": Nourishment and Dune; 'FRM": Flood Resilience Measures; '20SB, 50SB, and 75SB";, 2D, and 75 m
setbacks, respectively).

Comparing the effectiveness of th&R-risk reduction measuréighlightsN+BNourishment + Dunas the most effective
measure onagainst floodingunder current and climate change scenariosfor-th8-8nd-all-tested-CCRAs expected, the
effectiveness is higher in Malgrat than in S’Abdnak beach nourishment is located only south efriher mouthand

whereaghe dune is present on both sides. It was obseahatdill significant impacts (medium and high) ¢ézeptors under
the-CUJScurrent scenarigere removed for both sides of the river. Morepatthe Malgratdomain the number of affected
receptors was reduced B9%—22~20% for the CUS, CCS1, and CCS2 scenarios,4hd6~406 under CCS3.

The implementation of th&RM-Flood Resilience Measuragas effective in terms of preventing high impacts any

receptor, but did not significantly reduce the ltatamber of receptors affected by some level df.riehe magnitude of

reduction of receptors at risk was ~9%. It shouddnientioned that this is a theoretical measureyeagssumed thahe

FRM-areit isproperly designedmplementedand 100% effective for site conditions.
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Finally, threeRSB-Receptors Setbackre tested: 20 A20SB) 50 m{50SB) and 75 m(75SB) The results indicate that
only the 75 m setback demonstrated a risk reduction magnitodgparable tanfrastructural-defenceNourishment + Dune
however-in-meost-caseghe efficiency of the Nurishment+ Dune wasin generahigher than the managed retreat. Only in

S’'Abanell, with higher topography and where the sugaonly consists ofa -enhrdune without nourishment, a greater risk
reduction was achieved through theriSetbackSB

Results for the erosion impact risk assessment stiasimilar results for the three analysed recepategories and no
significant differences between CU3z1- CC2and €C2CCICC3respectively For simplicity, results related toampsites

{Figure-14)y-andnfrastructure (Figuré512), for the CUS and CC1 scenarios are providederfaHowing.

Figure 12: Distribution of Infrastructures at every level erosion risk. Top-left: current scenario at SAbanell; Top-right: climate
change scenario 1 (SLR) at S’Abanell; Bottom-left: urrent scenario at Malgrat; Bottom-right: climate change scenario 1 (SLR) at
Malgrat. Each bar in _a panel represents a risk redution configuration (“‘None"™: no measure implemented; "“N+D":
Nourishment _and Dune; “FRM": Flood Resilience Measures; "“20SB, 50SB, and 75SB™: 20 , 50, and 75 netbacks,

respectively).

Foeusing-on-the-infrastructural-receptors{Figitsp-the promenade at the north of the river mouttuisenthyat significant
risk (70% at medium risk and 13% at high risk), vdas the road in Malgrat is potentially safe. la @CS1 scenario, the

assessment highlights that because of the incafdgé&t-sea levehnd corresponding morphological accommodation, the
percentage of promenade under high risk and therefect erosion at the toe increases up to 33kh, some impact

appearingn the road in Malgrat.
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addition, the beach nourishment is regularly wasttdin severe storm conditions-the-case-ofThe only case where the

nourishment plays some protective role ighe road in Malgratthe-neurishment-is-placed-ina—pesition-with-leiglecal
erosiohrates;—thus, wherthe measure prevents the impact in CCS1. On ther dtand RSB- Receptor Setbadg 100%

effective in dealing with the impact of erosion,dafie-a-20SB_20 m retreat (measured from beach limiturrent

conditions)is enough to cope with risk under the present stnand for all future projected conditioas both sides of the

river mouth

4.2 Lido degli Estensi-Spina

and-Lide-di-Spina-are-provided-in-Figure-The overall results foilooding and erosion risks azoncessions are shown in
Flgures-]:613and Flgure]r714—fe¥—ﬂeed+ng—and-eﬁes4mq—nsk-s—mspeetwely

_Focusing on the flooding nster—eeneessm%ﬁgure%l@ the CUS evidenced noticeable |mpa(W§Ih Lido di Spina

presenting the larger—

{n-comparison—at-Lido-di-Spira,—the numbel numbelreufeptors at riskind with higher mtensmymepeased—m—number—andnﬂw
aotihe SES- presence of a

climate change scenario—exacerbated exacerbategxihectedimpactsfor—both—locations At-Lido—degli-—Estensi—the
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The Winter Dune system had a positive impact in all casegh the number ofer-beth-the-CUS-and-CCS—At-Lido-deqli
Estensi-theoncessions at riskecreased decreasmg—#em—44%—€2—9%—a{—lewand—15%é+um—ﬂsle)to 10% (only low risk)

ofthe-totalHHorthe-CUSat Lido degli Estensi
low and 3% at medium ris&t Lido di Spina
risk-witheut- DPRR-was-58%T his measure was also effective to reduce the uisler the climate change scenarie.The

TheFRM-Flood Resilience Measurbad positive effects on impacts by moving all réoepat medium risk to the low risk

34%to-67%at-Lido-di-SpinaHowever, by definitidihhad no effect on lowering the fraction of reaaptpresenting, in the
current situation, low and high levels of risk

Figure 713 Distribution of concessions for every level of doding risk. Top left: current scenario at Lido degliEstensi; Top right:
climate change scenario at Lido degli Estensi; Bottonfeft: current scenario at Lido di Spina; Bottom right: climate change
scenario at Lido di Spina. Each bar in a panel repremts a BRR-risk reduction configuration (‘None’: no BRR-measure
implemented; ‘WD’: Winter Dune; ‘FRM’: Flood Resili ence Measures).

With respect to erosion-induced impacts, obtairssdilts indicate a lower level of risk than the iifead for flooding, with

only the
the-CUS: 8% and 14% of concessiohsing at riskat Lido degli Estensiand Lido diSpina respectivelyFigure 14) These

percetanges increase up—teM—the—GGS—the—pFemms—mereaseeLtbl% and 30% respectlveWhen the climate change

scenario is considereh

The effectiveness of th#Vinter Dune systemas a risk reduction measuredemonstratedy the observed decrease in the
number of—peawe—e#eets—en—tmotentlally damaged concessions at Lido di Spindeuoth climate scenarios.
asat Lido degh Estensi_this

. Simulation results ghatvwhen the
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dune is present with concessions close at its egat the storm overcomes the measure, water amiteenough velocity

to produce scouring at the first concessions.

Figure 4814 Distribution of concessions for every level of arsion risk. Top left: current scenario at Lido degliEstensi; Top right:
climate change scenario at Lido degli Estensi; Bottonteft: current scenario at Lido di Spina; Bottom right: climate change
scenario at Lido di Spina. Each bar in a panel repremnts aBRR-risk reduction configuration (‘None’: no BRR-risk reduction
implemented; ‘WD’: Winter Dune; ‘FRM’: Flood Resili ence Measures).

A further step in the analysis of risk scenarios wadertaken using the BN reverse mode, i.¢o-shewlooking athe

distribution of the boundary conditiotsat-gererategiven a certain distributiorflobd damage to concessions at Lido degli
Estensi-Spinaboth with and without Winter Dune-in-the-configtion-without-and-with-the \WD-DRRFlood damage to

concessions is constrained in the BN to equalifrastof low, medium and high risk. This can be ust®d as a qualitative

scenario were all receptors suffer some damagethanhtensity of the damage is uniformly distriditThe BN-enables

which are likely to produce the constrained impaatsording to the introduced data.

Notably, undercurrent scenario and-the-Clithout BRRmeasurethe Hs is distributed more uniformiyalues—ranging
from-15%-to-31%compared to the TWIFigure 15) which demenstrated demonstrat@sstrongincreasingtendency-te
increase-{valuesranging-from-10%to-58%his indicates that compared to wave conditions, whater level is the main
driver for flood impacts.

The results for th&éD-DRRWinter Dunescenario showed that tmeost-prebablelargest fraction obnditions leading to
flood damages to concessions are TWL>1.45 m (938d) Hs>4 m (4<Hs<5 m: 47%; 5<Hs<6 m: 43%). Theseltes
indicated that thé¥B-DRR-in-the- CUSWinter Dunear is effective taninimise the consequences of coastal storms with

TWL<1.45 m and Hs<4 mm the current situation

Figure 4915 Distribution of boundary conditions (TWL on the left and Hs on the right) that-generatefor_constrained uniform
flood damages in the current scenario for Lido deglEstensi-Spina. The configuration withoutbRR-measureggreen bars) and for
the implementation of theWWB-BRRWinter Dune (red bars) were compared.

Fhe-same-analysis-was-performed-for the- CCSWhearthbysis was performed under the climate changeasm (Figure
16) ——as-shown-in-Figure-19-In-thiscath® scenario_situatiomithout BRR-measurelemonstratedraevenless-dominant
lower influence ofPAAL-Hs {ranging-from-24%t0-40%)n flood consequences to concessiersn-if-still-strongerthan-the
Hs;since a more uniform distribution of this vat@fs obtained—anrd-an-atmeostuniform-distribuifalh-bins-around-25%).
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As expected, theelative -FSLR (+0.3 m; RCP8.5 by 2050) increased the rislowfer intensity storms. Thus, in general,
under the CCS, all storm combinations generatemtiftmnsequences to concessions.
The results for th&¥B-Winter Dunein the €CS climate change scenasiowed thathe-mostprobable-conditionleading to

ood-damaaes to-conece on vhen—T\W A5 rBel7E—combination-with-Hs>4 m-(4<H m- 0y 8sen

33%)—Thus,—under-the-CCHe influence of theA\D-dunesystem is less effective than the-CUScurrent conditions
tndeed-llower intensity storms castilt-now lead to flood damages to concessions (TWL<1.45 5#b;2Hs<4 m: 32%).

This_explains _the observed decrease in_effectiwmdsthe measure in future conditions when compdoegresent

conditions.

Figure 2016 Distribution of boundary conditions (TWL on the left and Hs on the right) that-gereratefor constrained uniform
flood damages in the climate change scenario for Liddegli Estensi-Spina. The configuration withouBRR-measures(green bars)
and under the implementation of the/B-BRRWinter Dune (red bars) were compared.

5 Discussion

The aim-frameworkof the present work is appropriate for the prewmniphase of the disaster management cyul¢his

context, it has been applied to support decisidms-fbol-was-applied-as-a-DEB coastalisk managemenby facilitating
intercomparison ef—and-therefore used-for comparisurposes-to-supportthe-assessment-of DRRraikictionstrategic

alternatives. This comparison was performed foargd set of simulations, covering many (current fudre) conditions

and multiple hazardsThe presented work is part of a larger investigatorocess (see Martinez et al., 2017) where

stakeholders and end-users were interviewed tatsplessible measures for critical coastal are&s local scale). The

objective of the present work was to provide ratbienple information on the efficiency of measuresbe used in a

participatory process (see Barquet and Cumiskel/7R8iming at selecting acceptable measures t@pked as part of an

integrated local strategy for risk reduction.

Netably—theThe analysis has some inherent uncertainties associgithdthe implementation of the steps of t88@RC

source-pathway-receptor-consequemuelelwhich are identified and discussed in what follows

With respect to the definition of sources, the Bak theen built by chosen storm variables limitedhtwse previously

identified as the most important to control the miagle of storm-induced hazards at each site. Qiemified, they were

discretized in_equal intervals covering the wha@ge of so far observed values. We have used #etinmumber of

combinations to cover the most important stormsgasn terms of induced hazards and damages (Alinedral., 2009,

2012; Mendoza et al., 2011). Increasing the numbstorms will allow to better reproduce the inl@relimate variability

and to characterize better this source of unceaytamthe assessment. In spite of this, used vatagsbe considered as

representative for forcing conditions in both areasl, in this sense, they will allow to use thenfeavork to assess the

efficiency of tested measures to reduce inundatimh erosion risks for each given conditions. Nompknowledge of storm

characteristic variables was assumed, represefitiein with uniform distributions. This was enough dommunicate
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scenarios and measure efficiencies to stakeholieistegrating the BN in a multicriteria analysisch as in Barquet and

Cumiskey (2017). In such multicriteria_assessmeBts, output is combined with information on additdrelements

required for decision making such as economicsuemte, ecological, stakeholders’ perception, atigwfor the final

evaluation of alternatives. As it has been mentiomefore, the next step should be to reproducdotted maritime climate

to analyse this performance taking into accountréative frequency of each conditioim. addition, using time series data

on real historical events would reduce the uncetits introduced by representing events with sytittiesign shapes.

Uncertainties associated with the pathway are eéldb the selection of the process-oriented modsésl to simulate

induced hazards. In the current analysis, we haveansidered this source of uncertainty sincerdmework is applied by

using previously selected models and recommendergea curves. As it was mentioned in the methodsedhe selected

model to simulate storm-induced hazards is XBe&deyilnk et al. 2009), which is currently one of timost applied at the

international level. Applied model setting has bselected for each case study based on local aatibhs and validations

for selected storm impacts. This step has to be goior to BN development since it will control thecuracy of estimated

hazards intensity and it is also a source of ung#it In any case, the methodology can easily @étl this source of

uncertainty if simulations from multiple modelsmpdel settings are used to feed the BN.

Another point to be considered is that this assessimamework has just been designed to analyssttinm-induced coastal

response. This implies that used models do notéstethe coastal morphology at a given time (witesiBould be necessary

to couple all governing processes) but predicteakeected storm-induced changes for a given coastaiguration. As

storm-induced hazards depend on existing morphadddlie time of the impact (e.g. Cohn and Ruggi2@d,6), the initial

morphology used in the model is also a source oénainty. To overcome this, a long/medium term photogical model

(Hanson et al. 2003; Lesser et al. 2004) couldid®ed to forecast the future coastal morphology uadgiven climate

scenario_at a given time _and then, to use it asiriti@l configuration to assess storm-induced ¢ This has been

illustrated here by considering the change in esah risks due to sea level rise in Tordera Dé&lés approach can also be

applied to assess the effects of consecutive stopacts (Coco et al. 2014) by using estimated ptmsim bed levels as pre-

storm _morphology for given storm combinations. Orbes extra information is included in the BN, thcertainty

associated to future shoreline configurations @essed risks can be analysed.

Regarding receptors, their location and typologyehkitle associated uncertainty. Houses, promenaae fixed elements

were derived from accurate land use and cadasital available for the sites. Moreover, campsitenel@s were manually

located and delimited from available GlS-based somhd raster imagery. In spite of this, some ung#it remains,

associated with the mobility of campsite elememisveen seasons as well as to land-use changesvatawvelopments. In

the case of temporary elements, the worst caseagoewas assumed, i.e. they are assumed to benpras@ny space

allocated to them. This implies that we are esiimgathe maximum potential damage. This could be ifiea by

considering the existing time-lag between intensougrist use of beaches (and consequently in cdeer concessions)

and storms seasonality (e.q. Valdemoro and Jimé&@#6). The existing lag can be used to modify/cedilne exposure of

this temporary elements to storm impacts.

25



10

15

20

25

30

With respect to the consequences, expected dantheedo inundation have been estimated by using dancarves.

Although this is a standard approach for this tgp@nalysis (see e.q. Penning-Rowsell et al. 20083d damage curves

have been recommended by ACA (2014) and Scorzidi Brank (2015) for river flooding in Catalonia atigly

respectively. The absence of specific damage cursgmated for analyzed process and existing elesraso introduces

uncertainty, although in_this case, it is alreadssumned by the corresponding administrations simesy tare the

recommended to be used. The equivalent for expelaathges due to erosion was set in terms of amarbsffer, which

represent the protective function of the beachredhe direct impact of waves. As it was previgssiown, this buffer was

selected specifically for each site and, similéolylamage curves, it has to be defined accordihoctl conditions.

Regarding the inclusion of the risk reduction measun the analysis, it is assumed that protedtiketegies are completely

and efficiently implemented when storm events octiuthe case of flood resilience measures, thigies that all existing

elements in each site (from campsites to buildingg)lemented flood-proofing measures. However, llascial and

economic_conditions will influence its real implem&tion (see e.qg. Bubek et al. 20khd, in any case, this assumption

clearly overestimate its efficiency.

When setback definition and retreat is the adogtestegy, it has to be considered the previousiytimeed approach to

characterize the initial coastal morphology. Thiplies that the effectiveness of the retreat is nusasured with respect to

the storm reach. To be efficient in time, the eise of any additional mid- long-term backgrounos&mn, as it is the case

of the Tordera site (Jiménez et al. 2007hb), shbeléhcluded to properly define the required sethfaal. Sano et al. 2011

This also applies to infrastructural measures whighconsidered to be implemented at the time®&tbhrm impact. In the

case of the combined nourishment-dune solution ideresd in the Tordera case, this would imply thlatmaintain its

efficiency in time, the beach would have to be reished after each storm impact to maintain therbilicrease in beach

width. This also affects the efficiency of the veintdune tested in the Italian case, which striddpends on the beach width

before the storm impact. In this sense, Harley Graola (2013) indicate that the dune height amstcwidth required to

protect the area should be designed differenthdifferent coastal stretches along the study dfs@am the coastal manager

standpoint, this implies that to properly asses® therformance in the future, background processest be considered to

account additional losses in beach nourishmertiénTiordera (e.q. Jiménez et al. 2011) or in beadthwariations along

the Italian case (Armaroli et al. 2012).

Assessed risks under current conditions at bothtimes are consistent with already observed imp@ttshe Tordera site,

erosion and overwash problems are the main issueafopsites and existing infrastructures (Jimérnesd.e2011; 2017b).

At the Italian case, flooding is the dominant hazaith assessed impacts being comparable with puswobservations (e.g.
Perini et al., 2016).

As a result of the combination of hazard and diteracteristics, a notable increase of the assesgetts is predicted for

both sites when SLR is considered. At the Torde&léadoverall results indicate a doubling of expdciooding impacts.

Moreover, erosion impacts will increase even furiece the induced retreat will immediately imply increase in receptor

exposure. This behaviour is similar to the obserwvenease in damages due to the present backgrergsion, where
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campsites located in unprotected areas have bemmegsively losing space at the seaward boundawy,tlee existing

promenade has suffered frequent damages durintashelecades (Jiménez et al., 2011). At the Itatiase study, SLR

effects are mainly identified in flooding risks whiwill be significantly larger at the two studiadeas. On the other hand,

although erosion risks will also increase, theyl véimain relatively low. This lower increase refte¢he effect of including

or not the morphological response to SLR sincehis case, the future scenario was only charae@riz/ increasing the
position of the MSL.

When considering SLR-induced effects on time evoitubdf storm-induced risks, we have to take aldo account existing

uncertainties. Thus, the first uncertainty is mdato the magnitude of the change itself. Here saweehused the RCP8.5 SLR

scenario but other scenarios could be possibler@@het al. 2013). The other source of uncertaistyantrolled by the way

in which this forcing is translated to the systémthis work we have assumed the Bruun rule todd&\and it was used to

generate a morphological accommodation of the TrarBelta site to SLR. Since there is no consensufi® best model to

simulate this effect, other existing models andrapphes (see e.g. Le Cozannet et al. 2014) coulesbed and integrated in

the BN to include this uncertainty. In any case, ¢ffect of the uncertainty on the SLR projectior®y be larger than their

associated morphological response.

In spite of the above mentioned sources of unc#xtathis analysis has permitted to identify whete the most harmful

conditions to _induce storm-induced inundation anosien risks at the two study sites, to identifyicthare the most

affected receptors and, to compare the efficiedaifterent risk reduction strategies. This hasrbdene taken into account

both hazards in a separated manner which is am&ahy@ for the manager since damage induced byoerasid inundation

differ in characteristics and they need to be affdrin a specific manner. Although this can be laalde tool for decision

making in_storm-induced risk _management, it hasbéo further complemented with a similar _analysisluding the

reproduction of the statistical structure of storimscombination with a socio-economic valuation fsws multicriteria

analysis to properly make final decisions. In 88sise, this analysis can be used as the firsteidentify the most relevant

risks and strategies to be further tested.
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6 Conclusions

In this paper, a methodological framework for stangluced coastal risk management purposes develothih the
framework of the RISC-KIT EU project was presentmad applied in twoceastal-studysites in the Mrth-Western
Mediterranean and dthernAdriatic coasts The studywas isbased on the integration of the SPBfcept modein a BN.
This was fed with a large number of numerical satiohs obtained through-medel-chain-compeosed-pfocess-oriented
model chain—medelable toreproduce simulatenultiple storm-induced hazards at the receptoresche BN integrates
impact results that individually account for alceptors in the hinterlandnce developed, the BN can—Fhe-tool-dmn

regularly updated with additional simulations dadherextended with new scenarios.
The BN has been fed with uniform distributions—eéFehoice—and—discretisation- sforms covering the range of

representative_conditio orm-variablestoperftne—analysis covered—all possible—andrealistimizinationsat both
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study sitesThis permitted to assess the performance of differisk reduction strategies to individual hazaatsl under

different climate scenarios-

At-beoth—study-—sitesthe approach demonstrated impact responses in urent situation in accordance with existing

knowledgeen-theat bothsites. Tordera Delta, which is characterised biglkgand intense erosive responses to storms,

showed greater impacts to erosion than Lido deglelsi-Spinaand they were essentially concentrated in infuasiires
located just behind the bead jon-impa are-likelyto-iase in-all-assessed-futureprojections-at both
study-sites As expected, the flooding impact in the curréntation and-projected-increase-in-future-seenaisoligher for
receptors located closest to the shoreline or atldivest elevation areas—mestlow-lying—araxdsthe hinterland (i.e.

concessions at Lido di Spina and campsites at Mglgr

The estimated risk significantly increases for ¢limate change scenariRegarding the impacts of future projected erosion,

the obtained increase at the Tordera Delta wadfisigmtly higher than in the Lido degli Estensi-8aj because of the
morphological accommodation response to the prejetSL. This highlights the importance of includingprphological
adaptation to the SLR in impact and risk assesssiadies.

From the tested risk reduction strategies,—TFhe-RiREessment-highlighted-aseffectthie construction of artificial dunes

was identified as very effective for inundationbath study sites, whereas its efficiency for mangarosion was lower-as

impacts of erosion.

This conclusion is valid provided the coastal moiphy before storm impacts is well representedh@yused morphology.

If the assessment has to be valid for future deassiexpected changes in coastal morphology neleel &@counted for.

Finally, although the developed framework has pnoteebe efficient to analyze storm-induced riskd atrategies to cope

with them, a series of elements to be addressédttteer improve it and to extend its applicabilitgsve been identified and
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discussed. In this sense, the BN is a versatilettomake robust comparisons across different d¢@rdi and to incorporate

different sources of uncertainty
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Figure 1: Regional and local contexts: Al) the cerdl-northern Catalan coast; B1) Emilia-Romagna coas A2) local hotspots of

Tordera Delta; B2) local hotspots of Lido degli EsterisSpina (2b). The main locations (red dots), wave lmys (red triangles), tide

gauge (red diamond), and theSSS-case study sitefed squares). The domains of the large-scale andcil models (dashed red
5 lines) are highlighted for each box.
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Figure 2: Impacts on the Tordera Delta. Destructiorof a road at Malgrat (A); overwash at campsites nwh of the river mouth (B);
destruction of the promenade north of the river moth (C); beach erosion, and damage to utilities anHuildings at Malgrat (D and
E).
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Figure 3: Impacts of the event in February 2015 omhe Lido degli Estensi-Spina case study area. Impacts# erosion and flooding
on concessions at Lido di Spina south (A, B) and Liddegli Estensi (C); sandy scarp due to the erosiorf the dune in the south of
Lido di Spina (D); eroded Winter Dune in Porto Garibaldi (E); damages to the Porto Canale front at thé.ido degli Estensi (F).
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Figure 4: General methodology. (I) The SPRC concepal framework is implemented through (I1) a model chain, which consists of
a propagation module of the source (S) and a procesriented module for the coastal area reproducinghe pathway (P). Then,
(Il the consequences (C) are calculated based dhe computed hazards (H) at the receptor (R) scalby using vulnerability

relations (i.e. hazard-consequences functions). lime last step (IV), all variables including sourceéboundary conditions (BC) are
fitted in a BN, adding impacts after the implementéion of measures (M).
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Figure 6: Artificial winter dunes in Emilia-Romagna: A) Winter dune in Porto Garibaldi (Comacchio, Italy); B) Building of a
winter dune by beach scraping at Lido di Dante (Ravena, Italy) (Harley, 2014); C) Representative modeprofiles at Lido di Spina
north (original: black solid line; with winter dune DRR: red dashed line).
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Figure 7: BN graph with four nodes.
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BN implementation at
Lido degli Estensi-Spina
(Comacchio, Italy)

Figure 2: Bayesian Network scheme for the Lido degkstensi-Spina site.
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Figure 10: Distribution of campsite elements at evg level of flooding risk. Top-left: current scenario at S’Abanell; Top-right:
climate change scenario 1 (SLR) at S’Abanell; Botto-left: current scenario at Malgrat; Bottom-right: climate change scenario 1
(SLR) at Malgrat. Each bar in a panel represents @&RR-risk reduction configuration ('None": no BRR-measureimplemented;

'N+D": Nourishment and Dune; 'FRM" Flood Resilience Measures; '20SB, 50SB, and 75SB': 20, 50, and 75 satbacks,
respectively).
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Figure 11: Distribution of campsite elements at evy level of flooding risk. Top-left: climate changescenario 2 (50-50% east-south
storms) at S’'Abanell; Top-right: climate change sceario 3 (50-50% of east-south storms + SLR) at S’Abagll; Bottom-left:

climate change scenario 2 (50-50% east-south storjret Malgrat; Bottom-right: climate change scenario3 (50-50% of east-south
storms + SLR) at Malgrat. Each bar in a panel represnts a BRR-risk reduction configuration ('None': no BRR-measure
implemented; 'N+D": Nourishment and Dune; 'FRM": Flood Resilience Measures; '20SB, 50SB, and 75SB";, 2D, and 75 m

setbacks, respectively).

51



FLODDING RISK - E incoming stomms - Houses
Cormnt MEL [CLUE) - S-Abanail SLRRCP L5 2108 {GO061) ~ 5-Abannll
T T —t T T 1 T T ¥ T * T T T

i i i
L] m m m L] o " n i L1 s

LA RSF 1.5 7100 [SGS1] - Malgrat

L] m a ] &l L] W m ] moouns ] wmooa n Wl i ] m " mo A%

| nene T ILow 0 Medium I High |

52



FLOODING RISK - E and § incoming stonms - Houses
Gurrant MSL [SC52) - S-Abanoll BLRRCP 252100 (G053 - 5-Abannll
t T t T T 1 T T T * T T T

i i i i i i
L] m m m L] o " n i L1 s u w ] m m L] an m w ] %

L] in a o |I| L] W iri w w s

| nene T ILow 0 Medium I High |

53



ERGSION RISK - E incoming storms - Campsite Elemants
Comund MSL [CUE) - S-Abanail SLR REP 3.5 2100 {CO5Y) « 5-Abanall

A . A i A
m L] o w n i L1 s u w ] m L L] an m w ] %

o |I| L] q iri w w s ] 1Ir| Ll I q r;l " 4';| " mo A%

| nene T ILow 0 Medium I High |

54



ERDSION RISK - E Incoming Sloims - Infrastiuctures
Surre MEL (U] « S-Abane(} ELRRCP 0.5 M0B |SCET) + S-Abmnel
T T T T T r T T I T T T

nh:ls@ii:'—dunu.ﬁ:wmi |wy-§1¢slmmﬁmm'¢

[ mone T Lvws o mradium DO g |

Figure 125: Distribution of Infrastructures at every level erosion risk. Top-left: current scenario at S’Abanell; Top-right: climate
change scenario 1 (SLR) at S’Abanell; Bottom-left: arrent scenario at Malgrat; Bottom-right: climate change scenario 1 (SLR) at
Malgrat. Each bar in a panel represents @&RR-risk reduction configuration- (“None™: no BRR-measureimplemented; “N+D":
Nourishment and Dune; “FRM": Flood Resilience Measures; “20SB, 50SB, and 75SB™: 20 , 50, and 75 netbacks,

respectively).
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FLOODING RISK - Concassions.
Current Sconario « Lidodegll Estons; Climate Change Sconarly - Lido degli Estonsi
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Figure 137 Distribution of concessions for every level of floding risk. Top left: current scenario at Lido degli Estensi; Top right:
climate change scenario at Lido degli Estensi; Bottonfeft: current scenario at Lido di Spina; Bottom right: climate change
scenario at Lido di Spina. Each bar in a panel repremts a BRR-risk reduction configuration (‘None’: no measure -BRR

implemented; ‘WD’: Winter Dune; ‘FRM’: Flood Resili ence Measures).
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Figure 148: Distribution of concessions for every level of arsion risk. Top left: current scenario at Lido degliEstensi; Top right:
climate change scenario at Lido degli Estensi; Bottonfeft: current scenario at Lido di Spina; Bottom right: climate change
scenario at Lido di Spina. Each bar in a panel repremts a BRR-risk reduction configuration (‘None’: no BRR-measure

implemented; ‘WD’: Winter Dune; ‘FRM’: Flood Resili ence Measures).
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Figure 195: Distribution of boundary conditions (TWL on the left and Hs on the right) that-generatefor constrained uniformflood
damages in the current scenario for Lido degli EstemsSpina. The configuration without BRR-measure(green bars) and for the
implementation of the\WB-Winter Dune BRR-(red bars) were compared.
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Figure 1620 Distribution of boundary conditions (TWL on the left and Hs on the right) that-generatefor_constrained uniform
flood damages in the climate change scenario for Liddegli Estensi-Spina. The configuration withouBRR-measure(green bars)
and under the implementation of the/B-BRRWinter Dune (red bars) were compared.
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Table 11 Source characterization. Variable discretizationapplied at the study sitesNC denotes a variable not considered in a
study case, and therefore not divided in ranges.

Storm Duration  Incoming direction TWL(tide+surge) Mean Sea Level
Hs (h) (°N) Water level MSL
ranges (m)
(m)
TORDER 2to3 6 to 30 30-135 (E) 0t0 0.6 m Current
A DELTA 3to4 30-65 135-220 (S) e Current +0.73 m
SERNC
4t05 Morph. response included
LIDO 2t03 6-12—- 68 60 t090135 0.651to0 1.05 Current
DEGLI 3to4 NC NC 1.05to0 1.45 Current+0.30 m
ESTENSI- 4to5 1.45t01.85 No morph. response
SPINA 5to6 Clproptbee sl
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Table 22: Distribution of receptors at the Tordera Delta stuly site.

Area No. of Houses No. of Campsite Elements
Area 1 (0 to 20 nMalgrat de Maj 16 45

Area 2 (20 to 50 nvialgrat de Maj 10 71

Area 3 (50 to 75 nvalgrat de Maj 8 169

Area 4 (> 75 nMalgrat de Maj) 46 509

Area 5 (0 to 20 nBlaneg 1 95

Area 6 (20 to 50 nBlane$ 4 156

Area 7 (50 to 75 mBlane$ 7 72

Area 8 (> 75 nBlaneg 51 189

Total 143 1306
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Table 3: Vulnerability relations for houses and camalte elements at_the Tordera Delta study site Wlthmj Wlthout Flood
Resilience Measures (FR - y

andwwheu%DRFémeasures{ERM)..

Water depth at the receptaﬁ elative Damage (%)

(m) Houses| Campsite§ Houses - FRM Campsites - FRM
0 0 0 0 0
0-0.3 18.3 50 0 0
0.3-0.6 26.5 71 18.3 50
0.6-0.9 33.2 82 18.3 50
0.9-15 44.7 89 26.5 71
1.5-2.1 54.1 91 33.2 82
2.1-3.0 64.5 100 44.7 89
3.0-4.0 71.2 100 541 91
4.0-5.0 75 100 64.5 100
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Table 34: Distribution of the receptors at Lido degli Estensiand Lido di Spina.

Area

Residential and Commercial Buildings

Concessions

Lido degli Estensi - Seafront

26

16

Lido di Spina - Seafront

47

28
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Table 5: Vulnerability relation for flooding adopted for the receptors at Lido degli Estensi-Spina withoti(A) and_with with-BRR
measuresFlood Resilience MeasurgB).

Flood Depth [m] | Flood Relative Damage Factor [-]

A - adapted from Scorzini and Frank (2015) B - modified considering the FRM
0 0 0
<0.3 <0.1 <0.1
0.3-0.7 0.1-0.2 <0.1
0.7-11 0.2-0.3 0.2-0.3
>1.1 >0.3 >0.3
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