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Abstract Coastal risk assessments rely on proper quantification of storm-induced erosion and
flooding, and often involve calculations via numerical models. When the real time-series data
of a storm are not available as forcing conditions and only bulk information is accessible,
synthetic simplified time-evolutions are assumed. The most common approach in coastal
studies uses a symmetric triangular storm shape, characterised by the assumptions that the peak
of the waves occurs in the middle of the storm, and that the forcing varies linearly. This study
aims to investigate this additional source of uncertainty in hazard estimation, using the
XBeach-1D model, to assess the differences in simulated erosion and flooding associated with
real and synthetic storm definitions. Analysis is performed for real conditions ranging from
moderate to extreme at the Northern Adriatic and North-Western Mediterranean coasts, using
beach profiles ranging from dissipative to reflective. The storm definitions generate
considerable differences in terms of wave power and timing at the peak of the storm. When
synthetic storms were applied, coastal hazards were not adequately reproduced in most of the
simulated cases. The energy of the storms, profile characteristics, local storm climates, and
water levels did not consistently influence the differences between the synthetic- and reality-

based outputs.

Keywords Coastal Storm, Mediterrancan Sandy Beaches, XBeach, Flooding, Erosion,

Numeric Model Uncertainty
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1 Introduction

The reliability of the quantification of a hazard component is crucial for coastal risk studies.
Coastal inundation and erosion hazards must be satisfactorily evaluated, especially when
managing local assessments on sandy beaches. As an example, the magnitudes of a water
discharge inundating the hinterland or of an eroded sediment volume are important for
adequately evaluating the associated consequences for exposed elements. Moreover, local
managers are interested in quantitative information to design risk reduction measures, such as

dikes or nourishments, and to prepare management plans.

Nowadays, hazard assessments largely rely on numerical model simulations. Models are indeed
capable of reproducing a large amount of processes affecting the interaction between the beach
morphology and the storm event, to provide results from multiple hazards (Roelvink and
Reniers, 2012). Nonetheless, these models rely on assumptions and simplifications that may
produce unreliable results when compared with observed coastal hazards. As an example, the
main factors affecting the simulation of flooding in urbanised coastal areas are linked to the
mathematical formulations, the topographic data and the forcing boundary conditions (Gallien
et al., 2018). Generally, the degree of robustness of a numerical model is related to the data
availability and reliability. This is valid for the information on the morphology of the beach,
the characteristics of the sediment, and the hydrodynamics. Therefore, the storm event needs
to be suitably described and included in the numerical models as forcing data. Continuous
(observed or hindcasted) storm time-series data of waves and water levels (WLs) are extremely
important for capturing the evolution of the event, and thus its dynamic interaction with the

beach.

When continuous forcing time-series data are unavailable, the event is generally described
through observed or assessed bulk information, e.g. maximum significant wave height (Hs),
peak wave period (Tp), maximum WL (mean sea level+surge+tide), duration (Dur), and main
direction (Dir). The lack of continuous data leads to the introduction of simplifications and
assumptions to proceed with the analysis of the storm hazard impacts. The most simplified
approaches calculate impacts directly using statistical bulk information (see Ranasinghe and
Callaghan, 2017). However, accounting for wave and WL variations during the storm is
necessary for feeding process-based models (see e.g. Roelvink et al., 2009). In these cases, the
evolution of the storm must be defined by means of a synthetic shape, hereafter called a
synthetic storm (SS), with the assumption that it is representative of the real storm (RS). SSs

are regularly used to define the shape of probabilistic storm events (i.e. representative of a
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given return period). A first attempt to standardise a procedure for SS applications can be found
in Carley and Cox (2003), wherein they proposed a synthetically-designed storm with
exponential-like growth and decay phases, and a symmetrical evolution around the peak. This
was obtained by assessing Hs exceedances over various durations and associated with different
return periods. Simpler approaches have been proposed to adapt synthetic storm shapes to the
development of real storms. The triangular shape (Boccotti, 2000; Fedele and Arena, 2009;
Corbella and Stretch, 2012a; Laface et al., 2016) is the most frequently applied due to its
simplicity, while some studies investigated other shapes, such as the parabola or the trapezoid
(Martin Soldevilla et al., 2015; Lin Ye et al., 2016), as well as exponential laws (Laface and
Arena, 2016). The most recent approaches focused on robust statistical analysis of wave time-
series to model the storm evolution (Solari and Losada, 2018; Lira-Loarca et al., 2020) or to
generate joint time-series of wave parameters (Jéger et al., 2019). With some exceptions, most
of above-mentioned methods rely on the availability of the storm time-series to properly mimic
the storm development. Among all of them, the simplest approach that is widely applied in
coastal studies is the symmetric triangular synthetic storm (STSS) (e.g. McCall et al., 2010;
Corbella and Stretch, 2012b). It represents the evolution of an event from bulk characteristics
at the peak and in the storm duration. STSSs are often used to cover all of the possible
combinations of forcing (including those not previously recorded) when hazard and risk
assessment approaches are applied, by simulating a large number of realistic storm conditions

(e.g. Poelhekke et al., 2016; Plomaritis et al., 2018; Sanuy et al., 2018; Santos et al., 2019).

Thus, the use of any type of SS represents a useful approach for coastal hazard assessments,
and the use of an SS is recommended for planning purposes by Nielsen and Adamantidis
(2007). However, SSs show some inherent limitations, and represent an additional source of
uncertainty in the analyses. Although there are some studies analysing the performance of SSs
to represent the storm climate (e.g. Lin-Ye et al., 2016) but only a few analyse their effect in
modelling coastal hazards. Sanchez-Arcilla et al. (2009) compared computed erosion impacts
from RSs and SSs in the Spanish Mediterranean. The study used schematised, linearly-varying
Hs and Tp mimicking the shape of the RS, and thus would have had little practical application
if only the bulk parameters were known (e.g. as in the case of the STSS). Callaghan et al. (2009)
assessed the reliability of an approach proposed by Carley and Cox (2003) for erosion
assessments at Narrabeen Beach (Sydney, Australia), by comparing erosion impacts computed
from adopting statistical events (i.e. representative of given return periods and simulated with

synthetically-designed storms) and statistics of measured impacts. This study found a tendency
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to underestimate computed eroded volumes (EVs) with return periods between three and ten
years. However, the results in Callaghan et al. (2009) demonstrate two different components
of the uncertainty: the use of the SS, and the uncertainty of the methodology for assigning
probabilities to the hazard (e.g. Sanuy et al., 2019). Therefore, the effect of the synthetic
approach on the uncertainty was not isolated. More recently, the performance of triangular
synthetic storms (including the STSS) has been evaluated for reproducing damage progression
(Martin-Hidalgo et al., 2014) and overtopping (Martin Soldevilla et al., 2015) in marine
structures. Triangular SSs showed a good performance but, depending on the characteristics of
the storm, they tend to overestimate or underestimate damage. No study has ever assessed the
role of commonly-used SSs in the propagation of uncertainties when modelling both coastal

inundation and erosion hazards.

Within this context, the main aim of this work is to investigate the differences in storm-induced
erosion and inundation assessments associated with the definition of storms (i.e. RS versus SS
time-series) when using numerical modelling for specific storm conditions. The focus of this
study is on the use of the most common and straightforward way of defining a SS, i.e. the
STSS. To this end, the magnitude of coastal flooding and erosion is assessed using an extensive
dataset of RS data and equivalent synthetic representations. The obtained variations are
analysed, and are characterised from the differences observed in the storms. The analysis is
performed for real conditions typical of the Northern Adriatic and North-Western
Mediterranean coasts (Figure la). These cover beach profiles ranging from dissipative to
reflective, and are subjected to storm conditions ranging from moderate to extreme. Storm-

induced hazards were simulated with the XBeach-1D model (Roelvink et al., 2009).
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118  Figure 1. (a) Locations of the sites in the Northern Adriatic and North-Western Mediterranean
119  Seas. The site (f), i.e. Lido Estensi-Spina is located on the (b,d) Emilia-Romagna (Italy) coast;
120  whereas the site (g), i.e. the Tordera Delta is on the coast of (c,e) Catalunya (Spain). The main
121 cities and towns are shown in (d), (e), (f), and (g) as circles. The locations of the wave buoys
122 used to retrieve the wave data used in this study are shown in (d) and (e) as triangles. The
123 partial tracks of the profiles used to select the representative data analysed in this study are

124 shown in (f) and (g) as grey lines.
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2 Methods and Data

2.1 Study area and data

The study area comprises two coastal stretches: in the Northern Adriatic (hereafter NA), Lido
degli Estensi-Spina (Italy); and in the North-Western Mediterranean (hereafter NWM), the
Tordera Delta (Spain) (Figure 1). These two areas are composed by fine and coarse sandy
beaches, respectively. Both have been impacted by coastal storms, and they have already been
classified as critical coastal sectors at the regional level (Armaroli and Duo, 2018; Jiménez et
al. 2018). Sun-and-sand tourism is the main coastal economic sector at both sites and, owing
to this, the related infrastructures and services (e.g. beach facilities, campsites, restaurants) are
directly located on the beach, or in the immediate first part of the hinterland. Thus, these
beaches provide space for accommodating beach users during the bathing season, and
protection to the hinterland during the storm season. The general characteristics for each site,
as well as the main references regarding site conditions, can be found in Table 1. The main

data used in the analysis are shown in Table 2.
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Table 1. General characteristics of study sites.
Site | Site Sea Basin Environment | Tidal Storm | Waves | Main
ID range Surge references
for regional
and local
scales
Italy | Lido degli Northern Micro-tidal; | neap: 1-in- Mean Masina and
(IT) | Estensi- Adriatic Low- 0.3-0.4 | 10 yrs: | wave Ciavola,
Spina (NA) energetic; m 072 m height: | 2011;
(Comacchio, Dissipative. | spring: 04m: Armaroli et
Italy) 0.8-0.9 al., 2012;
m Max Armaroli
wave and Duo,
height: 2018;
4.6m". Duo et al.,
2018;
Sanuy et
al., 2018.
Spain | Tordera North- Micro-tidal; | neap: 1-in- Mean Mendoza et
(ES) | Delta Western Medium- 0.2-0.25 | 10 yrs: | wave al., 2011;
(Blanes- Mediterranean | energetic; m 0.51 m | height: | Jiménez et
Maresme, (NWM) Intermediate- | spring: 0.7 m: al., 2018;
Spain) reflective. 0.3-0.4 Sanuy et
m Max al., 2018;
wave
height: Sanuy et
al., 2019.
5.4 m**

“recorded in February 2015 at the buoy in Figure 1f; **at the virtual node in Figure 1g.
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145  Table 2. Summary information on the topo-bathymetric and wave datasets.
Site | Dataset Type Resolution | Period Source
ID
IT | Wave time- | Offshore buoy 0.5h 2007— ARPA E-R
series Wave buoy at 10 m 2018 Available at:
(Hs, peak | depth (83% https://simc.arpae.it/dext3r/
wave period | (see Figure 1f) coverage)
(Tp), main
direction
(Dir))
Topography | Lidar I x1m October National Oil Company, Eni
digital 2014
surface
model
(DSM)
Nearshore Lidar I x1m 2012 National Oil Company, Eni
Bathymetry
Offshore Multibeam I x1m 2013 National Oil Company, Eni
Bathymetry
ES | Wave time- | DOW hindcast lh 1960— IH-Cantabria (Reguero et
serie 20 m depth virtual 2014 al.,, 2012; Camus et al.,
(Hs, Tp, Dir) | buoy 2013)
(see Figure 1g)
Bathymetry | Multibeam I x1m 2010 Spanish ~ Ministry  of
Agriculture, Food and
Environment
Topography | Lidar I x1m 2010 Institut ~ Cartografic de
(DSM) Catalunya
Available at: www.icgc.cat
146
147 2.2 Real storms
148  The first step in the analysis consists of defining the storms. To this end, storms were identified
149  at each site by applying the peak-over-threshold (POT) method, with a double threshold for
150  Hs, i.e. the 0.98 and 0.995 quantiles of the respective time-series, and by imposing a minimum
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Dur based on local experience (see Table 3). The first Hs threshold (0.98 quantile) was used to
calculate Dur, and to define the period between consecutive events. Events with shorter
durations than the minimum Dur were not considered. Consecutive peaks with conditions under
the threshold lasting less than the meteorological independence criterion (Table 1) were
considered as part of the same storm event. The second Hs threshold was applied to identify
the most significant storms, which are defined here as extreme events. Table 3 summarises
main characteristics of the POT analysis for both sites. A total of 227 storms were identified to
build the storm dataset (48 and 179 for the NA and NWM basins, respectively). As both wave
datasets correspond to different water depths (10 m at NA, deep waters at NWM; see Table 2),
the NA storms were linearly back-propagated to the deep waters to generate a consistent

dataset.

Once the storms were identified, each storm was characterised through a set of wave
parameters: Hs at the storm peak (Hs,max); Tp; Dir, and Dur. Then, the energy content (E) of
the storm was calculated in the form of a proxy, as previously done by Mendoza et al. (2011),

as:
E = [Hs?dt (1)

where t is time in hours. Additionally, the wave power of the storm (P) was calculated to
characterize its strength, since induced hazards depend on the rate at which wave energy is
delivered (e.g. Burgint et al., 2017), and due to this it is becoming a main parameter to analyse
temporal and spatial patterns in storminess (see e.g. Bromisrki and Cayan, 2015). P was

calculated as:
pg
P="JHs? Cgdt, (2)

Where t is time in seconds, p is the water density, g is the gravity, and Cg is the group velocity,
which depends on Tp and water depth. Since storm definition is specified at the XBeach model
outer boundary, and this is located at 20 m water depth, P was calculated by using the
intermediate water version. Note that, in this study, E and P are calculated by integration over

time for the entire duration of the storm, thus they units are [m?-s] and [(W/m)-s], respectively.

Table 3 Characteristics of the peak-over-threshold (POT) analysis for identifying storms at
each study site.
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Site Sea Basin | Hs Hs Minimum | Meteorological | Nr. of
ID 98% 99.5% | storm independence | storms
quantile | quantile | duration | criterion
IT NA 1.85m [2.6m |4h 12 h 48
ES NWM 2m 26m |6h 72 h 179

2.3 Synthetic storms

To define a SS representing a real event, a simple shape describing the evolution of wave
parameters during the storm must be selected (McCall, 2010; Poelhekke et al., 2016; Sanuy et
al., 2018). As previously mentioned, this work focuses on the use of STSSs, where Hs linearly
grows from the threshold value up to a Hs,max halfway through the storm duration. From there,

it linearly decreases down to the threshold value (Figure 2).

To fully define the storm, it is necessary to assign a Tp to each Hs condition. This is a common
problem in extreme wave analysis, when is necessary to associate a Tp with a height of a given
return period (Mathiesen et al 1994). This is a site-specific problem which is solved by deriving
empirical relationships, with copula-based approaches being widely used when real storm data
are available (e.g. Corbella and Stretch, 2013). However, unless copula-based transformations
for any site become available, the most usual way to do it is by using Tp-Hs deterministic
relationships which are supplied together with extreme distributions of Hs (see e.g. Sanuy et
al. 2019). For instance, in Spain, the State Ports Authority (Puertos del Estado) following
Mathiesen et al (1994) provides a specific Tp-Hs relationship to be used together with the
extreme wave height distribution for different areas along the Spanish coast. It is out of the
scope of this work to analyse which is the best way to derive such relationships, thus, site
specific relationships were applied. To assign the corresponding wave periods to each STSS,
an empirically-derived Tp-Hs linear relationship, separately assessed for each storm dataset
(Table 2) by using Hs and Tp bulk data at the peak of the events (for NA:
Tp[s]=1.32-Hs[m]+3.86; for the NWM: Tp[s]=1.75-Hs[m]+3.69), is used (see e.g. Mathiesen
et al., 1994). The linear fitting resulted in RMSEs ~0.9 s for both datasets, only considering the
storm peaks. When evaluated for the entire timeseries (i.e., using the real Hs to model Tp), the
RMSEs increased to ~1.15 s. With this, the synthetic wave period time-series will depend on
the obtained empirical relation Tp-Hs, and on the adopted symmetric triangular shape of the
synthetic Hs. Dir would correspond to the mean wave direction during the peak of the event,

although in this study it is not considered. This is because in this analysis, the worst-case

10
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scenario is investigated, which corresponds to normal incidence. Since this study focuses on
the schematization of the wave component, the effects of time-varying WLs (i.e. mean sea
level+surges+tides) are ignored, and the WL is assumed to be constant for the duration of the

storms.

To compare the SSs and RSs, a set of parameters have been selected. These parameters
essentially characterise differences in storm shape (storm peak), E, Tp and P (see Table 4). The

peak delay (PD) is defined as the time lag between the peaks of the RSs and SSs (Figure 2).

Hs AN

Hs,max

Hs,min

Time

Dur/2 Dur/2

Figure 2. Real storm (RS) and symmetric triangular synthetic storm (STSS).

Table 4. Indicators to compare real and synthetic storms. Subscripts refer to real (r) and
synthetic (s) storms.

Symbol Name Formula
AE Storm  energy  relative 100 - (Es - E,)/ E,
difference
ATp Peak  period  relative 100 - (Tps - Tpy) /Tp,
difference
APD Relative peak delay 100 - [t(Hs,max,) - t(Hs,max,)]/(0.5 - Dur)

11
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AP Storm wave power relative 100 - (Ps-P r)/ P,

difference

2.4 Modelling of storm-induced hazards

To simulate storm-induced hazards, the process-based morphodynamic model XBeach
(Roelvink et al., 2009) was used. It can be considered as a state-of-the-art model for simulating
the impact of extreme events, and it is one of the most-used models for this purpose (e.g.
MccCall et al., 2010; Vousdoukas et al., 2012; Williams et al., 2015; Harley et al., 2016; Passeri
etal., 2018). The model was applied in profile mode (1D), similarly to Vousdoukas et al. (2012)
and Harley et al. (2016). Beach morphology, WL, waves, and water discharge were simulated
and stored during the entire simulation of the storms. The parameters of the model were defined
as the default values, except for morfac (5), D50, D90 (see Table 5), and bedfriction (white-
colebrook-grainsize). In this way, the friction was calculated as a direct function of the

sediment grain size.

In this application, topographic and bathymetric datasets (Table 2) of each site were merged to
build a coastal digital terrain model, from which a significant number of profiles (i.e. 80 at the
site in Italy (IT), Figure 1f; 67 at the site in Spain (ES), Figure 1g) were extracted to describe
the local morphology of the beach in detail. At each site, the extracted profiles were classified
into five groups, covering a range of local beach morphology. Grouping was performed by
minimising the variability of all profiles with respect to an average profile, which was used to
represent the beach morphology of the sector. This resulted in five average profiles for each
site (Figure 3). All the profiles were artificially extended to a 20 m depth for consistency with
the forcing time-series. The basic characteristics of the representative profiles and sediments

(D50 and D90) are summarised in Table 5.

The storm conditions for the simulation consisted of 227 real events (see Section 2.2), and their
227 synthetic representations (see Section 2.3). Each real and synthetic event was simulated
for each of the 10 profiles. To include the potential variability owing to the mean sea level
conditions, three WL scenarios were defined (baseline WL, +0.25 m, +0.75 m). As a result, a

total of 13620 simulations were computed.

The obtained results were the morphology and water discharge for each simulation. The water
discharge (Q) time-series was extracted for each profile at the locations shown in Figure 3. The

discharge positions were defined in areas that were not significantly affected by erosion for the

12



252  entire dataset of simulations, and that were close enough to the shoreline to capture significant

253  floodwater volumes.

254

. Representative Profiles IT
= = = Representative Profiles ES | -
A% Discharge Locations
—— Elev.0m

i

o

Elevation

1
—
L]

200 100 0 -100 -200 -300
Distance [m]

255

256  Figure 3. Overview of the profile dataset with indication of the discharge locations.
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Table 5. Summary information on the profile dataset.

Site ID | Grain size | Representative | Berm Slope | Dune | Bar
[mm] average elevation
D50 | D90 | profile
IT 023103 |1 1.06m |0.043 | Yes | Yes
2 0.79 m 0.033 | No Yes
3 1.00 m 0.031 | No Yes
4 0.95m 0.029 | No No
5 [.11 m 0.005 | No Yes

ES 1.3 119 |1 376 m | 0.096 | No No
2.89 m 0.099 | No No
3.11m | 0.117 | No No
270m | 0.117 | No No
2.10 m 0.080 | No Yes

DN B W] N

2.5 Analysis of simulated hazards

The EV of the emerged beach (i.e. from the shoreline to where erosion ends) was calculated by
comparing the initial and post-storm profiles. The maximum and significant (i.e. the average
of the highest third, to capture the average magnitude near the peak of the event) water
discharges were calculated (as Qmax and Qs, respectively), as well as the total water volume
(TWV) inundating the hinterland. These variables give quantitative information on both the

peak of the storm (i.e. Qmax) and its event-integrated values (i.e. EV, Qs, and TWV).

For each variable, the differences between the real- and synthetic-driven outputs were assessed
in an event-to-event manner through the expressions shown in Table 6. Positive values of the
comparative variables indicate an over-estimation of the STSS in comparison to the RS, and
vice versa. The use of relative differences can, however, generate misleading interpretations of
the results for high-intensity events, as important absolute differences are smoothed relative to

a large hazard output.

14
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Table 6. Summary of the functions adopted to quantify the comparison between real- and

synthetic-driven outputs.

Symbol | Name Formula

AQD Relative Peak Discharge Delay 100 - [t(Qmax,) - t(@max,)|/Dur
Significant Discharge Relative

AQq s 8 100 - (@ss - er)/QST
Difference
Maximum Discharge Relative

AQumax g 100 - (Qmaxs - Qmaxr) /Qmaxr
Difference
Total Water Volume Relative

ATWYV 100 - (TWV,-TWV,) JTWV,
Difference

AEV Eroded Volume Relative Difference 100 - (EVs-E Vr)/ EV,

3 Results

3.1 Storm characteristics

The application of the POT method to both datasets resulted in a total of 227 storms, 48 in the

NA, and 179 in the NWM basin. As mentioned before, because the NA wave data were

recorded at 10 m depth, the storm Hs values were back-propagated to the deep waters to obtain

the corresponding offshore values and thereby generate a consistent dataset. The main

characteristics of the identified storms (RS) at each site can be seen in Figure 4.
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Figure 4. Main characteristics (wave height (Hs), duration (Dur), energy content (E), and wave
power (P)) of RSs at both study sites. Black bars: relative frequency distribution for the whole
dataset (NA+NWM); Red bars: relative conditional frequency distribution for Northern
Adriatic (NA) storms; Green bars: relative conditional frequency distribution for North-

Western Mediterranean (NWM) storms.

The comparison between a normalised shape of a RS versus its reproduction by means of the
use of SSTS is shown in Figure 5. In addition, the median and associated 75% probability range
(given by the 0.175 and 0.825 quantiles) of the normalised Hs time series of both storms are
represented. As can be seen, the STSS mimics the typical Hs evolution, although some
differences also occur. The average RS shows higher growth rates during a shorter Dur as

compared to the average STSS. The average shape of the RS presents a plateau, indicating a

16
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natural variability in the occurrence of the peak during the storm. As a difference (and by
definition), the average STSS shows a point peak at the middle of the storm. The shadowed
areas in Figure 5 represent the variability of the Hs evolution during the storm, which, as

expected, is larger for the RS.
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Figure 5. Significant Hs evolution for representative RSs and STSSs. From left to right:
Northern Adriatic (NA) storms; North-Western Mediterranean (NWM) storms; and the whole
dataset of storms (NA + NWM). Variables (Hs and Dur) are normalised. Solid lines correspond
to the median for each storm type for the entire dataset, and the shadow area delineates the

0.175 and 0.825 quantiles.

Figure 6 illustrates a comparison between parameters defining RSs and SSs, in terms of the
relative differences in PD, E, Tp, and P. As can be seen, the timing of the storm PD is
reasonably well-captured, with more than 60 % of the total cases having a phase lag shorter
than 6 h. In general terms, the adopted symmetric shape of the SSTS resulted in peaks slightly
more frequently delayed with respect to the RS. However, when this parameter is measured in
relative terms (APD), the results indicate that 66% of storms present a phase lag of the peak
that is longer than 20% of the Dur (as a reference, this corresponds to a phase lag of ~10 h on
a 2-day storm). With respect to the E, approximately 40% of the cases were well-reproduced
by using the STSS as they presented a relative difference smaller than 5%. The remaining cases
presented both higher and lower energy values, with a slight tendency to underestimate E.
Figure 6 also shows the differences in Tp between the STSS and RS. The relative difference
for Tp is shown for the storm peaks only (Peak ATp), and as average over the whole duration
of the storms (Mean ATp). By definition of the adopted approach, Peak ATp represents the

difference due to the adoption of the Tp-Hs empirical relations (see Section 2.3) alone. In
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general, the results show that the adopted approach (i.e. empirical linear relation Tp-Hs)
reasonably reproduces real wave periods at the storm peak (more than 50% of the cases
presented an absolute relative difference lower than 5% in Peak Tp). The remaining cases show
a slight tendency towards overestimating Tp at the storm peak. On the other hand, Mean ATp,
which is calculated considering the whole duration of the storm, represents the combined
difference due to the empirical relations and the synthetic storm shape. Results show a tendency
of the approach to underestimate the Tp evolution of the storm, although the absolute values
of Mean ATp are always lower than 20%, and for large part of the dataset (44%) are lower than
5%. The wave power presents relative differences (AP) lower than 5 % in less than 40 % of the
cases. Actually, differences are contained within = 20 % in almost 70 % of cases, with a

tendency towards underestimation.
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Figure 6 Variability in storm properties between STSS and RS according to the selected control

parameters (Figure 2 and Table 4).

3.2 Storm-induced hazards
The previously-obtained differences in storm definition propagate to differences in hazard

estimation. Figure 7 shows examples of model outputs from integrating the results of all of the
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performed simulations. The median of the position of the post-storm profile and normalised
discharge time-series and the associated 75% probability ranges given by the 0.825 and 0.175
quantiles for the RS and STSS, respectively, are presented for two profiles of the dataset (one
intermediate-reflective and one dissipative). The discharge normalization was implemented
considering the average value between the real and synthetic Qmax for each combination
storm-profile. The normalised discharges in Figure 7 provide information on how the STSS
and RS compare in different phases of the storm relative to Dur, and cannot be interpreted to
compare discharge peaks. This is because all STSSs have their peak in the centre of the storm,

whereas only 7% of RSs do.

When assessing results across all profiles, the analysed events induced erosion and inundation
hazards covering a large range of values (Figure 8). Thus, approximately 60% of the cases
induced an inner EV larger than 60 m*/m (this is equivalent to an average beachface retreat of
approximately 30 m, assuming 2 m of beachface height), and more than 10% generated an
erosion larger than 120 m3/m (this is equivalent to an average beachface retreat of
approximately 60 m, assuming 2 m of beachface height). With respect to inundation, more than
approximately 25% of the events resulted in a TWV overtopping the beach and larger than 100

m3/m (as reference, this is an average discharge of ~0.001 m3/s over 24 h of storm).

The use of the STSS to represent the RS resulted in a general underestimation of storm-induced
EVs (Figure 8), with approximately 20% of the cases underestimating the EV by more than
20%. With respect to the inundation hazard, the analysed variables were not properly simulated
by using the STSS. As seen in Figure 7, the differences in the flood-related hazards are larger.
In general, and independently of the beach type, the use of the STSS results in an under-
prediction of the water discharge during most of the event, except during the central phase of
the storm, when the discharge tends to be overestimated. This agrees with the phase lags
obtained for the peak discharge (AQD, Figure 8). Overall, only a few cases resulted in a good
reproduction of the maximum and/or significant discharges (Qmax and Qs), or the TWV.
Notably, most cases underestimated or overestimated these variables with relative errors larger

than 20%, with a higher tendency towards underestimation (Figure 8).
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Figure 7. Real- (red) and synthetic-driven (blue) post-storm profiles calculated for the whole
dataset of simulations for a predominantly intermediate-reflective (top-left) and dissipative
(top-right) beach profile. Real- (red) and synthetic-driven (blue) normalised discharge time-
series calculated for the whole dataset of simulations for a predominantly intermediate-
reflective (bottom-left) and dissipative (bottom-right) beach profile. All graphs are represented
by the median (solid line) and the 75% of the dataset (shaded area) given by the 0.175 and
0.825 quantiles.
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Figure 8. Variability in storm-induced hazards between STSS and RS according to the selected

control parameters (Table 6).

4 Discussion

The analysis has shown that, although using synthetic time-series to represent wave forcing for
simulating storm-induced coastal hazards is a widely-used approach (e.g. McCall et al., 2010;
Corbella and Stretch, 2012b; Poelhekke et al., 2016; Plomaritis et al., 2018; Sanuy et al., 2018),
the obtained results can significantly differ than those obtained using the real time-series they
are intended to represent. This study represents the first attempt to quantify the uncertainty

related to the use of these types of synthetic events in deterministic modelling.

The use of an STSS can be discussed in two different and complementary ways. The first one
regards how well this approach represents the characteristics of an RS. The obtained results
showed that, for this purpose, the use of an STSS provides a reasonable representation of
reality, as it implies a perfect representation of Hs at Hs,max and the Dur of RSs. When the
adopted shape has a potential influence on the magnitude of a variable to be characterised, the
results begin to differ (e.g. E content). Thus, the selected triangular shape determines the PD
between both approaches. As has been shown here, even when the analysed storms are

retrieved from localised areas (two in this case) where the meteorology presents well-defined
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and stable patterns, the peak occurs at different phases of the RS development, depending on
specific conditions. This results in a relatively wide fraction of the storm duration where the
peaks can be verified, as contrasted with a single fixed point in the STSS. This prevents the
proper representation of the storm growth and relaxation phases and, in consequence,
potentially affects any process depending on these characteristics. Regarding wave periods, the
adopted linear fitting approach (i.e., Tp-Hs) introduces additional errors. The RMSEs evaluated
for the linear fit are low (~ 0.9 — 1.15 s; see Section 2.3) for both wave datasets and, as a
consequence, the Tp at the storm peaks is reasonably well-captured (Peak ATp) because they
are only affected by the uncertainty of the adopted linear model. However, because Tp values
within the synthetic storm depend on the adopted storm shape — triangular in this case (see
Section 2.3) — the reproduction of Tp during the entire storm was less accurate (Mean ATp).
Since P depends on Hs (thus, on E) and Tp, errors in both variables are transferred to errors in

P.

The second consideration regards how changes in storm properties are transferred to storm-
induced hazards. As opposed to the previous parameters, according to the obtained results, the
adopted STSS has important effects on the reproduction of the induced hazards. Indeed, the
storm-induced erosion was properly captured in just 22% of cases, whereas the TWV
inundating the hinterland was properly captured in only 4% of cases. The better representation
of the erosion hazard is a consequence of the morphodynamic feedback taking place during the
impact of the storm, where the modifications of the beach morphology affect beach
overtopping. In consequence, errors in beach morphology reproduction will propagate (and

expand) to beach inundation.

In this study, the differences in the EV (AEV) were strongly related with differences in P (AP)
between the real and triangular time-series (Figure 9). Secondarily, AEV are related to
differences in wave period (ATp), in storm energy (AE), and the delay of the peak (APD). As
expected, consistent under- and over-estimation of the wave power lead to under- and over-
estimation of the eroded volume.. Thus, if the wave power is not well represented, models
based on the average equations of mass and momentum cannot properly compute erosion and
flooding. In this sense, it has to be considered that most of current definition of synthetic
storms, and STSS in particular, are based on representing wave height and, in consequence,
they do not necessarily conserve wave power during the storm. Notably, approaches to design
SS based on P conservation may solve this issue, but they are not applicable when the only

available information are the bulk characteristics (at the peak) of the storm event. In Figure 9,

22



434
435
436
437
438
439
440

441

442

443
444
445
446
447
448
449
450

451

AE and Peak ATp are only moderately linked to AEV when considered separately, while the
dependency is emphasized when considering Mean ATp. This suggests that both the initial
assumptions, on the adopted synthetic shape and on the Tp-Hs relation, affect the proper
assessment of EV. However the contribution of the adopted shape has a double impact as
directly affecting E (i.e. through Hs) and the Tp time-series of the storm. Note that, the under-
/over-estimation of the EV was also linked to the delay of the peak (APD>20%) and storm peak
anticipation (APD<-20%) respectively.
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Figure 9. Relation between the eroded volume relative difference (AEV) with the variables
describing the relative differences between the real and triangular time-series. The relative
conditional frequency distributions are shown through coloured tables, where each row
represents a conditioning range of AEV. On the left, top and bottom: distribution of eroded
volume relative difference (AEV) for the whole dataset. From left to right, top to bottom:
conditional distributions of energy relative difference (AE); period mean relative difference
(Mean ATp); relative peak delay (APD); period at the peak of the storm relative difference

(ATp); and wave power relative difference (AP).
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Sanchez-Arcilla et al. (2009) also compared the use of RSs and SSs to assess beach erosion
using the Sbeach model (Larson and Kraus, 1989). In their study, they used simplified Hs and
Tp time-series in linear segments following the evolution of the RSs, and thereby captured
storm peaks. Their study showed an over-estimation of EVs and shoreline erosion when using
a synthetic event, possibly owing to the fact that the approach over-estimated E and Tp, in
general. The present study, however, evidenced a general under-estimation of the EV as shown
in Figure 8. This was linked (Figure 9) to the more frequent under-estimation of P with the
STSS, which is determined by under-estimation of E and Tp. Such differences between both
studies reflect the use of a different approach to represent the storm evolution. Despite this, the
differences between real- and synthetic-based outputs were smaller in Sanchez-Arcilla et al
(2009) than those found in this study. However, to apply that approach, the shape of the event
must be known a priori to mimic the storm evolution, whereas the STSS approach only requires
storm bulk information. In addition to this, the number of cases simulated here to obtain a
robust statistic of errors is much larger, and covers a wider range of conditions than in Sanchez-

Arcilla et al (2009).

The apparent trend highlighted for the AEV-AE and AEV-ATp relationships, agrees with the
findings of McCall et al. (2010). In that work, the authors performed a sensitivity analysis of a
2D XBeach model of the barrier island of Santa Rosa (FL, US), varying the synthetic
symmetric triangular Hs, and the Tp time-series of the Hurricane Ivan event (the base case) by
the 30%. Notably, the variation introduced on the wave time-series of the base case did not
influence its symmetric triangular shape. An analysis of the morphological impact on a
foredune area showed that, in addition to expected changes in the EV following changes in Hs
(and thus, E), the varying Tp conditions (Mean and Peak ATp = +30%) resulted, in the under-
estimation (AEV ~-30%) and over-estimation (AEV ~18%) of the EV, respectively. However,
the same study also concluded that the erosion model output was more sensitive to (some)
sediment transport parameters than to varying hydrodynamic conditions. This suggests that the
differences induced using triangular storms (or SSs, in general) can potentially be compensated
for by a calibration process. However, as the results obtained in this study show both under-
and over-prediction, deeper investigations are required to verify this hypothesis under a wide

range of storm conditions.

The obtained results demonstrate the existence of a strong relation between differences in
erosion and inundation hazards (see Figure 10). The differences in the EV (AEV) and the phase
lag of the water discharge (AQD) are linked, confirming the importance of morphodynamic
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feedback when simulating coastal inundation. A good/reasonable agreement (between real and
triangular storms) on the computed EV (JAEV|<20%) leads to a good agreement on the
positioning of the peak of the water discharge (JAQD|<5%). This should be important when the
interest is in accurately timing the peak of the floodwater volume. However, this fine
reproduction of the peak timing does not necessarily imply that the total floodwater during the
event will be accurately reproduced. In fact, the obtained results showed that a good
reproduction of the EV (JAEV|<5%) is not accompanied by a good simulation of the inundation
(IATWV|<5%). Despite this, under- or over-estimation of erosion (|JAEV|>5%) leads to strong

under- or over-estimation of inundation (|TWV|>20%), respectively.

AQD [%] ATWV [%]

0.75

0.5

0.25

Figure 10. Relation between the AEV with the relative differences in flooding-related variables.
The relative conditional frequency distributions are shown through coloured tables, where each
row represents a conditioning range of AEV. From left to right: distribution of AEV for the
whole dataset; conditional distributions of relative peak discharge delay (AQD); and total water

volume relative difference (ATWYV).

To determine if the previously-observed differences are related to the structure of simulated
conditions, they were further analysed according to the energy of the storm, the profile
conditions (dissipative or reflective), location (storm dataset), and WL (Figure 11). Focusing
on the -20% to +20% range of uncertainty in the hazard estimation, the results presented in
Section 3 are not strongly conditioned by any of the analysed conditions. Although a slightly
better estimation of EVs is obtained for reflective conditions and extremely energetic storms,
the obtained results are consistently homogeneous throughout the dataset, especially when

looking at the relative differences between -5% and +5%.
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Figure 11. Relation between AEV (on the left) and ATWV (on the right) with (from top to
bottom) the storm energy (E) class; the profile characteristics (reflective, dissipative); location
(i.e. the storm sub-datasets: Northern Adriatic, NA; North-Western Mediterranean, NWM);
and water level (WL). The relative conditional frequency distributions of AEV and ATWYV are
shown through coloured tables, where each row represents a different conditioning range of

the analysed variables.

5 Conclusions

This study investigated the differences generated when simulating the hazard impacts of coastal
storms using a STSS of waves, instead of the real data. It was demonstrated that the synthetic
method, applied in an event-to-event manner, leads to highly uncertain and misleading

deterministic hazard assessments, strongly limiting the reliability of the modelling approach.

After analysing the computed differences in reproducing storm-induced hazards by using
STSSs, it can be concluded that they hardly reproduce the real magnitude with independence
from the structure of storms or profiles. Differences in wave power are the dominant factor in

transferring errors to hazards, and are determined by differences in storm energy (i.e.,
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significant wave height) and period. These are mainly controlled by the adopted synthetic
shape, which directly affects the synthetic significant wave height (and thus, energy), and
indirectly affects wave period while calculating it with empirical predictive relations (i.e., Tp-
Hs) applied to the synthetic wave heights; and secondarily, by the empirical predictive relations

(i.e., Tp-Hs), which directly affects the synthetic period.

This is applicable to the range of simulated conditions, and permits one to conclude that
although the use of STSSs adequately reproduces some of the main bulk variables defining the
storm, they only reasonably reproduce the storm-induced hazard magnitude, i.e. accepting
uncertainty in the order of (or greater than) +20% and -20%. Notwithstanding the fact that this
type of synthetic approach has been used in recent projects and for engineering purposes, its
use should be discouraged, whereas its results should be carefully discussed considering the

shortcomings related to its use.

This highlights the need for further investigations towards a generalised synthetic approach
that can optimise the simulation of coastal hazards, while minimizing the uncertainty related

to the use of design events.
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