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Abstract

This paper illustrates a novel coastal vulnerability assessment approach. The
approach is based on the employment of the model chain WavewatchIII+XBeach,
which is first used to draw a vulnerability map showing the extent of the pop-
ulated areas that are vulnerable to flooding, and subsequently to establish the
vulnerability of the area to specific events. The model chain is calibrated by com-
paring the simulated runup values of a storm with those obtained by processing
on-field images recorded by a camera system. The approach herein presented
allows to take into account the local coastal geology features and hydrodynamics
of the area so as to obtain locally accurate results. The information collected is
usable by local beach managers in coastal management planning.

The method is applied on Bonassola beach, which is a micro-tidal alluvial
plain located on the NW Mediterranean along the Eastern coast of Liguria, Italy.
Weather and offshore waves data collected during the last 16 years were used.
The application of this method has allowed to draw a map of the areas that
are subject to flooding during storms and has correctly stated that three of the
seven biggest storms in the last 16 years would eventually result into flooding of
populated area. The study has also shown that the vulnerability of the study
area to the storms is sensitive to the period and the direction of the waves.
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1. Introduction

Coastal vulnerability, defined as the susceptibility of a coastal area to be
affected by either inundation or erosion, affects the majority of coasts worldwide
and is accountable for destruction of property and infrastructure [1].
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In the scientific literature several approaches are reported to assess coastal
vulnerability and risk, that differ in complexity, in the number of processes that
they include, in the possibility of application at various scales, in the accuracy of
the results and in the resources that they require [2].

Coastal vulnerability can be assessed at a local or regional scale. A local
scale assessment implies working at a much more detailed scale than that used
by local beach managers [3], and requires details of the beach and of the coastal
populated area.

Various tools are suggested to assess coastal vulnerability: index-based meth-
ods, such as the Coastal Vulnerability Index (CVI) [4], [5], [6] and its derivatives,
that are very effective for an evaluation of the vulnerability on regional and large
scales and also for a rough evaluation at a local scale, GIS-based decision support
systems, that support decision makers in a sustainable management of natural
resources and in the definition of mitigation and adaptation measures [7], and
methods based on dynamic computer models that allow to integrate the time di-
mension in the analysis and mapping of vulnerability and risks of coastal systems
to climate change [8], [9], [10], [11]. Index-based studies at a local scale mostly
rely on the identification of mono-dimensional shoreline segments [4], [12], so that
the information about the spatial discontinuity of hazards and vulnerability con-
ditions at a local scale may be obscured, and misleading policy-related decisions
may result [13].

Although a vast literature detailing specific system response to perturbations
exists, see e.g. [14], [15], [16], only few comprehensive reviews exist that may
assist coastal managers in the selection of an appropriate method for conducting
a coastal vulnerability assessment [9], [17]. Also, despite wave-induced water
levels are a direct threat to people, infrastructure, and ecosystems, they are
not routinely included in the analysis of coastal hazards, for instance, in the
weather forecasting community. In fact, due to the large number of different
processes involved in coastal zones, their relative importance, and the relative
highly varying spacetime dynamic characteristics, the development of an universal
methodology to assess the vulnerability of coastal areas is a difficult task.

Coastal vulnerability assessments at a local scale need details on beach flood-
ing and morphodynamic processes during storms, which are dependent on the
total water level at the shoreline [18], [19]. Accurate prediction of the local wave
runup height not only allows accurate vulnerability assessments and risk analysis
but is also essential for the design of effective and non-intrusive coastal protection
works [20] and beach nourishment projects [21], as well as for the prediction of
storm wave, surge, and tsunami effects [22] and the planning of efficient coastal
management schemes [23] [24] [25].

Numerical models are emerging as an effective approach in the evaluation of
the storm surges induced water levels and impact on the coastline. In particu-
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lar, coastal hydrodynamic and morphodynamic models, such as XBeach, allow
to simulate a broad range of nearshore beach processes, including wave breaking,
surf and swash zone processes, dune erosion, overwashing and breaching [26].
Coastal zone models, such as SWAN [27] and MIKE21SW [28] allow to simulate
random, short-crested wind-generated waves in coastal regions and inland wa-
ters. Sea wave propagation models, like WaveWatchIII [29], [30] allow to model
the generation and propagation of waves along oceans and large seas like the
Mediterranean.

Model chains obtained by coupling these models allow to predict inshore water
level and runup excursion at a local scale given offshore information about the
meteorological conditions and wave height. Since such information can be easily
gathered and to some extent predicted by modern equipment and technologies,
in very recent years literature has oriented towards the employment of model
chains. In [31] wave runup elevation and setup were calculated from modeled
offshore wave conditions using SWAN and an empirical parameterizations [32]
for the evaluation of coastal vulnerability and runup elevation. In [33] runup levels
on Borghetto Santo Spirito Beach (Liguria, Italy) were computed by means of a
model couple of MIKE21SW model and Cshore [34], a phaseaveraged cross-shore
model. In [35] SWAN was coupled with XBeach to evaluate beach response and
overwash dynamic on Santa Rosa Island during Hurricane Ivan. In [36] a model
chain composed of WaveWatchIII, SWAN and XBeach was used to evaluate
beach erosion processes induceded by hurricanes impact in Varadero (Matanzas,
Cuba).

In this paper we describe a methodolgy to evaluate a bi-dimensional coastal
vulnerability map on a study area along Liguria coastline, using the model chain
WaveWatchIII +XBeach to compute runup excursion on local scale.

This work establishes a relationship between offshore climate (1999 - 2015)
and coastal flooding, taking into account morphology, anthropization and hy-
drodynamic pattern. Offshore dataset has been provided by DICCA Meteocean
hindcast (www.dicca.unige.it/meteocean/hindcast.html) spanning for the period
(1979 - 2017) [37], [38]. The model chain has been validated by comparing its
results with camera systems observations and employing the time stack method
[39], [40], [41] to evaluate runup excursion on the images.

The most important outcome of this work consists of a Coastal Vulnerability
map in which vulnerability levels are related to runup excursion induced by the
most severe storms in 1999-2015. The vulnerability map highlights flooded areas
of investigated area using three different vulnerability levels: urban area, beach
resorts zone and bathing zone.
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2. Methods

The approach followed in this work is summarized in Figure 1, and the steps
are further detailed in the next Subsections.

Figure 1: Overview of the workflow

2.1. Topoghaphic-bathymetric surveys and grain-size analysis

Bonassola beach, see Figure 3, is located on the Western Mediterranean sea on
the eastern coast of Regione Liguria, Italy. The beach is 410 meters long, oriented
NNW-SSE and lies in a small bay geographically delimited by two promontories
with its backshore constrained by a promenade. Due to this morphology, the
beach is totally exposed to events from SW (Mastronuzzi et al.,2017).

A complete characterization of the morphology of the study area was ob-
tained by joining data from three different sources: bathymetric data, beach
topographic surveys and a Digital Elevation Map (DEM) supplied by Regione
Liguria. As shown in Figure 1 the morphology of the study area was used both
for imlementing the numerical simulations and for calculating the vulnerability
map.

The bathymetric data was collected using a multibeam echosounder featur-
ing an horizontal resolution of 0.25 m, a vertical resolution of 0.006 m and an
operating depth range from 0.5 m to 30 m.

Beach topographic surveys took place from 16 to 29 November 2015. Data was
acquired by a DGPS with an accuracy of 0.05 m and 0.10 m on horizontal and on
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Figure 2: Surveyed area.

vertical positioning, respectively. The DEM was obtained by the LIDAR survey
(2008) and is characterized by a spatial resolution of 1m and a vertical accuracy of
1 m. According to Regione Liguria dataset (http://geoportale.regione.liguria.it)
during the last 15 years, Bonassola coastline has been stable. In fact the strong
embayment induced by the two promontories prevents any sediments leaks.

Figure 3: Study case: Bonassola bay;(F) Camera system location

Information about the grain size of the beach was taken by an analysis con-
ducted by University of Genoa in 2012 and documented in [42]. The analysis was
performed by dry sifting at 1/2 φ intervals [43]. Figure 4 shows contour mean
sediment grain size and elevation of beach zone, that range, respectivily, from
0.18 mm to 30.72 mm (2.5 to -5.31 φ) D50 and from 4.5 to -20 meters depth.
Based on its sediment characteristics and its morphology, Bonassola beach can
be classified as Mixed Sand-Gravel beach (MSG) [44].
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Figure 4: Grain size distribution and beach quote

2.2. Video Monitoring system

A video monitoring system including three 720x567 pixels cameras was in-
stalled at the center of Bonassola beach. The purpose of this system was to
collect field data for the calibration and the validation of the numerical simula-
tions. Cameras were installed at an elevation of about 13 m above Mean Sea
Level (MSL) and their view range allowed a complete coverage of the beach, as
shown in Figure 5. Camera images geo-rectification was performed by using 40
Ground Control Points (GCPs) placed in the view area of cameras: 16 on the
western camera, 9 on the central camera and 15 on the eastern camera, as shown
in Figure 6. The X-Y coordinates of the GCPs were acquired in UTM32-WGS84
using DGPS.

The system was used to acquire coastal images with a frame rate of 1 Hz
from 19 to 24 November 2015, from 8:00 to 18:00 each day. Movies recorded
by the video monitoring system were processed to derive runup values using the
method of the timestack images, as suggested by extensive literature of coastal
video monitoring [39], [40], [41], [45]. The runup was investigated along the three
straight profiles orthogonal to the coastline in Figure 7 from 8:00 to 13:00 of
21 November 2015. As suggested by Vousdoukas [46] the horizontal position of
the swash extrema was identified by using the thresholding method described
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Figure 5: Bonassola camera system configuration

Figure 6: GCPs acquired for each Camera: western (red points), central (blue points), easter
camera (green points)

by Otsu [47], and the average slope of each profile supplied by the topographic
survey was used to obtain the corresponding elevation.

Analysis of the runup excursion was performed employing the 2% excedance
value, Ru2%, and the 10% excedence value, Ru10%, in line with previous works
[32], [48]. Ru2% and Ru10% were calculated on 20 minutes intervals. Image
datasets were analyzed using Beachkeeper plus software, an image management
and computing software [49].
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Figure 7: Runup profile on Bonassola beach.

2.3. Offshore wave climate dataset

Offshore wave and athmospheric conditions datasets in the Mediterranean
basin in the period from January 1999 to December 2015 were taken from the
DICCA hindcast database by MeteOcean group (www.dicca.unige.it/meteocean/hindcast.html).
This data was used to perform numerical simulations and establish the vulnera-
bility of the beach to storm surges.

The DICCA hindcast database contains results of numerical simulations of
WaveWatchIII [30], [29] and of the Weather Research and Forecasting (WRF-
ARW) models [50] from 01/01/1979 to 31/12/2017. Validations of the hindcast
resulting by the numerical simulation of the WaveWatchIII and WRF-ARW are
reported in [37], [38]. For the purposes of this study, Bonassola offshore wave
climate at 80 m water depth, 3.10 nautical miles off the bay was analyzed. Based
on their peak wave height, the seven biggest storm surge events were collected,
and their characteristic wave parameters Hs, Tp, θm and power spectral densities
(PSD m2/Hz) were calculated. For the Power Spectral Density the JONSWAP-
type wave spectra [51] was used. The JONSWAP peak enhancement factor (γ)
was set using the La Spezia buoy data (Rete Ondametrica Nazionale, RON)
located about 15 nautical miles east of the study area [52].

2.4. XBeach simulations

Water levels at the shoreline in the area around Bonassola beach were modeled
using XBeach, which is a numerical solver for coupled two-dimensional depth-
averaged equations for short-wave envelope propagation and flow with spectral
wave and flow boundary conditions [26]. XBeach was validated in [53] for predict-
ing runup on beaches during storm surges with offshore significant wave height
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in the range between 4.0 and 7.0 meters [54], [55]. An irregular mesh for XBeach
simulations was employed, so as to obtain a higher resolution across the surf zone
and a lower resolution far from the coast. The grid size was about 5 meters inshore
and 25 meters offshore. The input information about the bed level was based on
the combined bathymetric and topographic data described in Section 2.1. For
the wave conditions at the offshore boundary, the wave climate dataset supplied
by the MeteOcean group was used, as discussed in Section 2.3. Tidal data were
extracted by the official Italian tide archives (http://www.mareografico.it/).

The calibration of the parameters of the XBeach model was performed as
follows. As suggested in [53], hydraulic conductivity parameter (K) was set to
10 mm/s for a mixed sand-gravel beach with 12 mm (-3.6 φ) median grain size
(D50). Groundwater level was set to 0 m and the bottom aquifer was set to 3 m
below the MSL. All the other parameters were set to their recommended default
value.

As suggested in [26], for extracting the runup values from simulations, the
XBeach nrugauge module was used, which finds the last wet point before shore
along a transect orthogonal to the coastline starting from a specified offshore
point or gauge point. Table 1 and Figure 7 show the three offshore gauge points
identifying the beginning of the investigated profiles in the UTM WGS84 coor-
dinates system, using the same x-y coordinates used for profiles investigated by
camera.

XBeach model was calibrated and validated for Bonassola beach by comparing
along the three profiles the runup excursions obtained by simulations with those
resulting by analysis of the films of the camera system during the storm surge from
8:00 to 13:00 of 21 November 2015. To this end, the obtained results by XBeach
simulations were processed using the same methods used for the camera system.
The observed runup lines were computed by processing the images recorded by
the camera system with the methods described in the Section 2.2. The numerical
XBeach runup values were obtained by performing simulations in the period 20-
22 November 2015 on Bonassola beach and then by extracting the runup data
along the three profiles considered for the camera system.

UTM (E) UTM (N) Offshore runup gauge

East 546366 4891731 1
Center 546221 4891813 2
West 546142 4891983 3

Table 1: Offshore profile gauges used in XBeach model to evaluate wave runup excursions along
Bonassola beach. Coordinates system used was UTM WGS84.

The comparison between the measured and the modelled runup data was
restricted to the time interval 8:00 to 13:00 of 21 November 2015, during which
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the camera system provided useful data. During this time interval the significant
wave height Hs and the wave peak period Tp were respectively in the range 2.21-
3.51 m , 9.1 - 10.5 s, and the mean wave direction θm was at about 231◦ N at
seaward boundary. The calibrated model was then used to simulate the water
levels on the coasts of Bonassola bay during the most severe storm surges occurred
between 1999 and 2015. An analysis of the runup values along the three profiles
was performed with the same methods used for the calibration. The simulation
results were used for a costal vulnerability assessment further detailed in the
Section 2.5. Additionally, XBeach simulations were used to draw a 2D map of
the areas subject to flooding for each storm considered.

2.5. Coastal vulnerability

A coastal vulnerability assessment was performed for local application on
Bonassola bay so as to identify areas where the implementation of measures of
protection, adaptation and mitigation was necessary, and to define the respective
priorities [3].

The coastal vulnerability assessment consists of two steps. In the first step,
based on the results of XBeach simulations, a map of the areas that are likely
to be flooded during the storms is drawn, on the basic assumption that zones
with elevation below the maximum Ru2% and contiguous to sea are flooded. The
available information about the anthropization of the area is subsequently used
to divide the flooded areas into three vulnerability levels with the criterion shown
in Table 2, and a vulnerability map is drawn overlaying the flooded area with
the color of the vulnerability level. The elevation map is used to assign to each
vulnerability level a runup threshold, so that each vulnerability level is assigned
an interval of runup values.

Vulnerability level Ru2% [m] Legend Flooded zone

Low 0.0 - 3.0 Green Bathing Zone
Medium 3.0 - 4.5 Orange Beach Resort

High ≥ 4.5 Red Builded Area

Table 2: Coastal Vulnerability legend Ru2% range.

In the second step of the assessment Ru2% values resulting by XBeach simu-
lations described in the Section 2.4 are compared with the threshold values and
the vulnerability of the area to each storm is determined.

3. Results

3.1. Camera data

Videos recorded by the system described in Section 2.2 during the storm
occurred from 19 to 24 November 2015 were inspected. The most significant
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events were observed in the time interval 8:00 to 13:00 of 21 November 2015,
which was selected as time interval of analysis. Table 3, supplied by Meteocean,
shows that during this time interval the significant wave height Hs, the wave
peak period Tp and the mean wave direction θm were respectively in the range
2.39 m - 3.33 m, 8.70 s - 10.2 s and 229.0◦ - 231.6◦ N.

Time Hs Tp θm
08:00 – 09:00 3.33 10.2 229.8
09:00 – 10:00 3.10 9.50 231.0
10:00 – 11:00 2.90 9.20 231.6
11:00 – 12:00 2.39 8.70 229.0
12:00 – 13:00 2.19 8.30 229.3

Table 3: Climate wave offshore conditions on 21 November 2015 in front of Bonassola bay at 80
meters depth.

Information during the time interval of analysis were processed with the meth-
ods discussed in Section 2.2. Timestack images were constructed for the three
profiles shown in Figure 8, and the corresponding runup values and swash excur-
sions were derived. Figure 8 shows the timestack image obtained by the video
recorded by the east camera in the time interval from 10:00 to 11:00.

Figure 8: View of the investigated profiles from cameras. On the bottom: the timestack obtained
by analyzing the videos of the east camera in the time interval from 10:00 to 11:00, highlighting
with a red line the detected runup value.

Figure 9 shows the Ru2% and Ru10% along the three beach profiles in the
time interval 8:00 to 13:00 of 21 November 2015. Wave runup peak values were
recorded for all cameras at about 9:00 when a significant offshore wave height of
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3.33 m and period of 10.2 s were reported.
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Figure 9: Ru2% andRu10% as obtained by the timestack analysis on 20 minutes intervals during
the time period 8:00 to 13:00 of 21 November 2015

3.2. XBeach calibration

XBeach was used to simulate the nearshore water levels in Bonassola bay
during the time interval from 16:00 of 20 November to 16:00 of 21 November
2015. Figure 10 shows the offshore significant wave height and wave period
during the storm as resulting by Meteocean model. The black arrow highlights
the time interval in which the information obtained by the camera system and
reported in Section 3.1 is available. The maximum significant wave height in
front of Bonassola bay was detected at 4:00 of 21 November, with a value around
4.32 meters. The detected peak period was 10.8 seconds and the mean direction
was ranging between 223◦ and 232◦ N degrees.

Runup data along the same profiles considered for the three cameras were
extracted by XBeach numerical simulations with the methods discussed in Section
2.4. Figure 11 shows the Ru2% and Ru10% excedance during the time interval
from 8:00 to 12:00 of 21 November.

Runup excursions obtained by numerical simulations with XBeach software
were compared to those observed on the images recorded by the camera system.
Figure 12 shows a plot of observed versus numerical Ru2% and Ru10% values.
Numerical RMSE for Ru2% and Ru10% were 0.41 m and 0.27 m, thus resulting in
a SCI of 0.14 and 0.10, respectively. The Relative BIASes were 0.06 and −0.01
for theRu2% and for the Ru10%.
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Figure 10: November 20-21, 2015 storm offshore wave height and wave period data.
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Figure 11: Runup 2% and Runup 10% as obtained by the XBeach simulations during the time
period 8:00 to 13:00 of 21 November 2015

3.3. XBeach simulations

Based on their peak wave height the seven most severe storm surges in the
years 1999-2015 were identified and their induced water levels on Bonassola beach
simulated with XBeach. Table 4 lists the seven simulated storms together with
the main characteristics of the offshore waves: energy, offshore maximum wave
height, wave period and wave direction.

The calibrated and validated model was used to compute wave propagation
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Figure 12: Left image shows comparison between observed Ru2% value and modelled Ru2% val-
ues;Right image shows comparison between observed Ru10% value and modelled Ru10% values.

Date Energy Hmax Tp Dir Rumax Ru2% Ru10% Vulnerability
(dd/mm/yy) [N/m2] [m] [s] [◦N ] [m] [m] [m]

21/12/1999 98 6.80 11.1 228 6.15 5.96 5.60 High
06/11/2000 48 4.78 10.0 222 2.78 2.75 2.63 Low
28/05/2007 40 4.42 10.2 231 4.30 4.21 3.61 Medium
21/11/2008 135 7.74 12.2 229 6.59 6.51 5.60 High
28/10/2012 140 6.34 11.1 227 6.82 6.67 5.84 High
28/01/2015 50 5.09 10.2 229 4.25 4.19 3.72 Medium
21/11/2015 45 4.32 10.8 231 4.74 3.32 2.40 Medium

Table 4: For the seven major storms from 1999 to 2015: Offshore wave energy, wave height,
wave period and wave direction, central profile maximum runup,Ru2% andRu10% obtained by
XBeach simulations and outcome of the vulnerability assessment.

and beach flooding for the seven storms considered. Simulation results were
analyzed with the same methods employed for the model calibration. Figure
13 shows, for example, the runup excursion, the Ru2% and the Ru10% along the
profile corresponding to the central camera as obtained by simulation of the storm
surge in 28 October 2012.

Table 4 shows the maximum wave runup excursions and the maximum Ru2%
and Ru10% obtained by the numerical simulations along the central profile. The
maximum runup values were detected for the events in the years 1999, 2008 and
2012 with Ru2%, respectively, 5.96 m, 6.51 m and 6.67 m.
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Figure 13: Wave runup, Ru2% and Ru10% along the profile corresponding to the central camera
as obtained by simulation of the storm 29 - 31 October 2012

3.4. Coastal vulnerability assessment

Figure 14 shows the vulnerability map of Bonassola bay obtained with the
methods discussed in Section 2.5.

The map shows that about 30% of the sea village is vulnerable to severe
storms. The anthropic zone is protected by a bicycle overpass but flooding events
may eventually occur through three gaps located on the east, the center and west
side of the beach. Analyses of the data obtained by the XBeach simulations
showed that high runup levels on the central profile result in the water eventually
crossing the beach and flooding the populated area.

Table 2 reports the runup thresholds as obtained by analysis of the map.
Table 4 shows the results of the vulnerability assessment of Bonassola to each

of the seven storms. The table shows that three events are classified as High
Vulnerability because the Ru2% runup is above 4.5 m and flooding of the builded
areas is likely to occur. Offshore waves for these events are characterized by Hs

between 4.32 and 7.74 meters and Ts between 10.0 and 12.2 seconds.
Three events are classified as Medium Vulnerability with Ru2% ranging be-
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Figure 14: Map of the vulnerability on Bonassola bay; Upside on the left,application of vulner-
ability assement on profile

tween 3.32 and 4.21 meters and imply possibility of flooding and damage to
beach structures. One event is classified as Low Vulnerability with Hs=4.78 m
and Tp=10 s and a maximum Ru2% of 2.75 m.

4. Discussion

Analysis of Ru2% and Ru10% of the Camera recorded images showed that
the three profiles are subject to different water levels. Infact, at the time of
the maximum recorded wave height (i.e. 8:00-9:00 of 21 November 2015), West
camera showed an Ru2% about 1.2 m and 0.3 m higher than that of the East
and of the Center camera, respectively. Also, interestingly, Ru10% is maximum
for the Center camera and lower values are registered by the East camera.

These differences may be due to the different beach slope along the profiles.
As described in Section 2.1, Bonassola is a mixed gravel-sand beach with variable
D50 along the beachface. According to [44] this parameter influences beach slope
and swash dynamic along the coastline. Grain size growth induces steep angle
increasing due to repose angle. In details, the East profile, with a D50= 30 mm
(φ =-5) and a steeper slope, showed a lower runup excursion, while Center and
West profiles, with D50= 16 mm (φ=-4), showed higher runup results. East area
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has an active profile slope of about 6.3o while the Center and West slopes are
about 4.6o.

Comparison between XBeach model results and camera system data showed a
good agreement. Figure 12 highlights that the best results were obtained on East
and Center profiles for both the statistical values considered. ConsideringRu2%
values, XBeach underestimates runup values in West profiles. This deviation
may be another consequence of the non-uniform grains size distribution along
Bonassola beach: in model simulation, due to the difficulties in simulating a
beach with a non-uniform distribution of the grains size, an average value of
12 mm (φ=-3.6) was set for D50 parameter. XBeach showed more sensitive to
hydraulic conductivity parameter on mixed gravel-sand beach, as the interaction
between surface water and groundwater is considered to play an important role
in the morphology of gravel beaches [44], [56], [57].

Vulnerability has been arranged in High, Medium and Low based on Ru2%
values according to Table 4. The outcome of the vulnerability assessment has
showed that the degree of vulnerability of the beach to the storms is primarily
dependent on wave energy, wave height and wave peak period, with maximum
coastal vulnerability associated to higher energy values, longer wave peak periods,
and higher wave heigths. Yet, Table 4 shows that the area is less vulnerable to
the event of November 2000 than those of November 2015 and May 2007 despite
these are characterized by lower wave height, wave period and wave energy. This
difference may be explained by the different direction of the waves, because the
particular morphology of the coast may amplify or reduce the effects of the waves
depending on their direction. These results are confirmed in the literature, for
example in [1], it is suggested that the vulnerability of the area to an event may
be significantly dependent by the features of the waves (Hs, Tp, Dir) and by the
morphology of the area.

The outcome of the vulnerability assessment obtained by WaveWatchIII +
XBeach simulations was partially confirmed by the residents that witnessed the
effects of the storm surges under analysis. Figures 15 and 16 show damages on
promenade, on turistic structures and on urban area during 2008 storm as a
consequence of the flooding of the area.

The results obtained by this study suggest that a risk assessment and an
evaluation of the cost effectiveness of implementing protection measures against
flooding are highly recommended on this area. The vulnerability map and the
vulnerability assessment give information that are useful for the risk assessment,
and the evaluation of the effectiveness of some protection measures may be as
well obtained by performing additional model chain simulations.
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Figure 15: Damage to promenade and touristic structures after 2008 storm surge

Figure 16: Damage to urban area after 2008 storm surge
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5. Conclusions

In this work an approach for assessing the coastal vulnerability to storm in-
duced inundations has been presented, and its application on Bonassola beach
has been shown. The approach is based on the employment of the XBeach and
of the WaveWatchIII model for simulating the effect of offshore water levels and
storms on the beach. The calibration of the model parameters was performed
based on analysis of images of a Camera System with the method of the times-
tack images. The model was then used to simulate the effect of offshore storm
induced waves on the beach. Model simulations with historical waves datasets
were performed allowing to draw a vulnerability map of the area, which shows
the areas that are subject to flooding during modelled storm surges, and to assess
the vulnerability of the beach to each of the storms.

The main advantage of this approach is that it is suitable for a local scale
assessment and that aids local coastal managers at allocating resourses for mit-
igating and managing damages. Infact, the model chain shows to adequately
predict waves, runup excursion and coastal flooding over a small geographic area
keeping into account the morphology of the area and with resolution and accu-
racy fine enough to aid local coastal management planning for mitigation acts.
The proposed approach could provide suitable vulnerability levels on shores with
different coastline orientations, grains size and beach slope.

For this approach to be employed, accurate bathymetric and topographic
survey and grains size analysis are required to run the model and a camera system
must be in place long enough to capture storms required for the calibration of
the model. Also, since bathymetric and topographic data are subject to change
over time they must be kept up to date for predictions to be accurate.
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