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Shallow foreshore conditions (along the Flemish coast)

Abstract

Offshore wave boundary conditions often consist of energy density spectra being readily available (e.g.
offshore wave buoys) or idealized energy density spectra of which the parameters are reported (e.g. in the
Hydraulic Boundary Condition book, De Roo et al., 2016). In numerical modelling, an infinite number of
surface elevation time series can be generated out of one energy density spectrum by linearly superposing
the spectral wave components, of which the phases are assumed to be randomly distributed. To create
randomly varying phase components, an input seed number is needed. By varying this seed number for
every simulation, a different surface elevation time series, i.e. different wave train, will be created.

The number of waves overtopping a structure is governed by the number of large wave heights in the wave
train and the specific sequence of waves arriving at the structure. Hence, random wave trains resulting
from the same energy density spectrum, lead possibly to different volumes of waves that overtop and
introduce variability in the numerically estimated wave overtopping discharge.

To assess this variability in wave overtopping, 500 simulations were carried out for every case. In total, 18
cases were identified by categorizing the Flemish coastline into 6 generalized bathymetric configurations,
varying in cross shore profile, in foreshore length, in presence of a steeper part in its slope closer to the
dike and ending in a dike, have a 1:2 slope and 3 different crest levels.

Given that wave overtopping discharge is accepted to be normally distributed, its mean result and the
variability around this value can be assessed by its relative error. The higher the mean wave overtopping
discharge, the lower the relative error becomes (power law relation). Indeed, the higher the freeboard, the
smaller the probability of overtopping, and hence, the more wave overtopping depends on the individual
wave characteristics in the surface elevation time series. Translating this fitted relation to a confidence
band around the mean indicates that 68.3% of the wave overtopping values are captured within + 1
standard deviation around the mean. The upper confidence limit, generally used for design and assessment
purposes, adds some safety to the mean result, and hence, the mean wave overtopping result needs to be
increased by its associated standard deviation to account for seed number variability.

In practice, it is not possible to carry out that amount of simulations to determine the wave overtopping
discharge. Applying both a Monte Carlo and data sampling approach, the added uncertainty was quantified
given that only a reduced sample of 1 to 20 wave overtopping estimates is used instead of 500. As from a
sample size of 8, the added accuracy gained by increasing the sample size becomes insignificant compared
to the calculation effort of doing extra simulations. Therefore, a sample size of 8 is opted for.

To conclude, wave overtopping discharge needs to be estimated by at least 8 SWASH 1D simulations. Their
mean result is then the wave overtopping discharge on which for seed number selection and sample size
uncertainty needs to be accounted for, in order to obtain a final numerical estimate of the wave
overtopping discharge.
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1 Introduction

1.1 Background

In the Safety Assessment 2015, the numerical model SWASH (Zijlema et al., 2011) needs to be applied for
the calculation of (i) wave transformation from offshore to foreshore (SWASH 2D) and (ii) wave overtopping
(SWASH 1D) (Suzuki, De Roo et al.,, 2016). Besides SWASH, wave overtopping is estimated, whenever
possible, using semi-empirical equations.

The resulting wave overtopping value of both approaches however fundamentally differs in origin.

A SWASH simulation outputs one time series of a wave overtopping signal at the crest of a dike given one
wave train that propagated towards the dike. Using that signal, the corresponding wave overtopping
discharge is calculated. If another wave train would be generated, originating from that same wave
spectrum, another wave overtopping signal would be obtained, likely yielding another calculated wave
overtopping discharge. Thus, a number of SWASH simulations results in a number of probable wave
overtopping discharges.

Semi-empirical equations are the result of data fitting on a set of physical model test results (CLASH
database, see Allsop et al. (2016). Their coefficients are the best estimates of that fit, having a mean and
standard deviation (under the assumption of being normally distributed stochastic variables). Adding a
standard deviation to the mean of these coefficients adds extra safety to the herewith obtained wave
overtopping result. The probability that the latter wave overtopping result will be exceeded is only about
16%. This is the conservative, so-called deterministic result (Allsop et al., 2016).

Various sources of uncertainty are involved in the prediction of wave overtopping. Not only is wave
overtopping a stochastic phenomenon, its prediction is also influenced by the uncertainty (i) in the data
used for its calculation (e.g. measurement errors), (ii) the selection of a prediction model (e;g. assumption
of a statistical distribution, 2D model to represent a 3D phenomenon), (iii) human errors,... (Allsop et al.,
2016).

In order to align both results, an uncertainty analysis on the SWASH wave overtopping results needs to be
carried out. This research focuses on the reduction of the SWASH model uncertainty, contained in the input
wave boundary conditions (parameter uncertainty) and the number of simulations. By quantifying these
uncertainties, they can be translated into a safety factor to be added to the numerical wave overtopping
result.

1.2 Objective

Given the shallow foreshore conditions along the Flemish coast, the study focuses only on wave
transformation and overtopping processes related to that type of bathymetry. The coastal bathymetry is
investigated and classified into a number of generalized bathymetry cases (18 in total).

Wave transformation and overtopping are then repeatedly calculated for every case, presenting different
dike crest levels. These wave overtopping results, varying in magnitude, are assessed, and various sources
of uncertainty are identified and thereupon, quantified.
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1.3 Reader’s guide through the document

Chapter 2 reviews the literature regarding wave overtopping in shallow foreshores, and aspects related to
modelling of wave overtopping.

Chapter 3 describes the categorisation of the coastal bathymetry and the generalisation of the categorized
bathymetries.

Chapter 4 explains the SWASH model train applied in this study and in the Safety Assessment 2015, and
presents the results of the several steps.

Chapter 5 focuses on the SWASH wave overtopping results in relation to the boundary conditions, and
compares these numerical results with the empirical equation results.

Chapter 6 elaborates on various sources of uncertainty to be taken into account, and defines the safety
factor to be added to a SWASH wave overtopping result.

Chapter 7 summarizes the conclusions of this study.
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2 Literature review

2.1 Wave overtopping in case of (very) shallow foreshores

In coastal areas, wave overtopping occurs when stormy weather is that severe, it leads to waves running up
and over the crest of a structure; in this study, a dike. The amount of waves that overtop, is determined not
only by the hydraulic boundary conditions (water level, storm surge, directional wave spreading...), but also
by the bathymetry seaward of the dike and the dike configuration.

In the nearshore region and surf zone, ocean waves undergo a drastic transformation mostly due to
nonlinear wave-wave interaction and energy dissipation. Wave breaking, resulting from shoaling, induces
an increase in the directional spreading of wave energy (in high energetic wave conditions) and hence, a
significant scattering of incident wave energy into obliquely propagating components (Herbers et al., 1999).
This is in contrast to Snell’s law which states that with decreasing water depth directional spreading also
decreases because of refraction. The latter is followed in low energetic wave conditions, inducing less wave
breaking. The degree to which directional widening occurs, might be dependent on the nearshore
bathymetry. van Vledder et al. (2013) suggested, by comparing two SWASH runs, that directional spreading
results in a wider individual wave height distribution (compared to unidirectional waves). This leads to less
wave breaking and slightly higher maximum wave heights.

Along the Flemish coast, the coastal bathymetry is characterized by a relatively long and shallow foreshore.
Given its length, shallow water and rather steep slope (i.e. steeper than 1/50), wave breaking is a key factor
contributing to wave overtopping. Moreover, in these conditions the associated wave set-up, inducing a
local increase of the water level, might be of importance for wave overtopping (Allsop et al., 2016).

Groups of short waves travel from nearshore towards the foreshore, shoal and break, leading to a release
of bounded long waves travelling with this wave group (van Dongeren et al., 2007). While the short waves’
height depends on the local water depth, the long infragravity waves’ height is determined by the short
waves’ height before breaking. These infragravity waves may contain a significant part of the total wave
energy in the surf zone, indicated by a flattened wave spectrum at the toe of the dike, i.e. low frequency
wave energy dominates. The corresponding wave height is reduced by more than half compared to its
offshore height and hence, wave steepness is low (less than 0.01) (Allsop et al., 2016). In energetic wave
conditions, infragravity runup dominates sea swell runup and it strongly depends on the incident wave
directional and frequency spread (Guza & Feddersen, 2012). Dependent on the length and slope of the
foreshore, infragravity waves will dissipate because of breaking or will be reflected (De Bakker et al., 2014).

The dike configuration, i.e. its slope and crest level, also determines the amount and variability in wave
overtopping, being a nonlinear and stochastic phenomenon. The higher the freeboard, the lower the
number of waves that overtop, the more important the individual wave overtopping characteristics
become and hence, the higher the variability in wave overtopping (Romano et al., 2015; Williams et al.,
2014). Uncertainty that is already introduced by the versatile nature of wave overtopping associated with
the randomness of waves (Goda, 2009).
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2.2 Wave overtopping equations

Given shallow foreshore conditions, wave overtopping g [m3/s/m] can be calculated as (Allsop et al., 2016):

R
q =10 - exp <— < ) @Y
gH3, ¥£¥pHmo(0.33 + 0.0228,_10)

In which Hmois the incident significant wave height at the toe of the dike;
Cq is a coefficient, determined empirically;

R.is the freeboard, the vertical distance between the still water level and the crest level of
the structure

vsis the influence factor for roughness elements on a slope (here: 1);
vp is the influence factor for oblique wave attack (here: 1);
&m-1,0is the surf similarity parameter.

The surf similarity parameter, generally a higher value in shallow foreshore conditions (§.10 > 5), is the
ratio between the average slope and the wave steepness s, ;0!

tana
$m-10 = T/ (2)
v/ Sm-1,0
. 2nH - . .
In which Sm-10 = g;TZ ™0 considering the wave conditions at the toe of the dike;
m-1,0
1.5Hmo+ Ruzy
tana = ( mot U.ZA)) (3)

(1.5Hmo—dtoe) m+(dtoetRuzy) cota
In which m is the cotangent of the foreshore slope
a is the dike slope

The calculation of the slope angle tan « is only valid if die/Hmow0e < 1.5 (excluding a berm; dy.. indicating the
water depth at the toe of a structure).

A part of the foreshore, i.e. up to -1.5H.,, is thus accounted for in the calculation of the average slope. The
wave run-up height R, ,¢,which is exceeded by 2% of the number of incoming waves at the toe, is obtained
by:

Ruzve _ c YrY <4 0 1> ) 4
o = CRu2wlrYp |tV — /———
Hmo VYbém-1,0

In which Vb is the influence factor for a berm (here: 1);

Cruau is a coefficient, determined empirically.

The coefficients cq and cgyz%,, are stochastic variables derived from data fitting (see Allsop et al., 2016, van
Gent, 1999 and Altomare et al., 2016). Assuming a normal distribution, they have a mean and standard
deviation, i.e.c=u +o:

CQ,MB =-0.92+0.24 (5)
Corr = —0.79 + 0.29 (6)
CRu2% = 1.00 + 0.07 (7)
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Cqwms is the coefficient applied in the methodology of the safety assessment 2015 (Suzuki, De Roo et al.,
2016), being proposed in van Gent, 1999 whereas cq¢r is the coefficient used in Allsop et al., 2016, being
proposed in Altomare et al., 2016.

The coefficients of van Gent, 1999 were used in the wave overtopping equation (equation 1) valid for
shallow foreshore conditions in the first version of the EurOtop manual (Pullen et al., 2007). Comparing its
results to these of selected tests of the CLASH database and FHR and UGent physical model tests, Altomare
et al., 2016 found however that this equation (using the coefficients of eq. 5) tends to overestimate wave
overtopping discharge as from a wave steepness s,,.;o lower than 0.001, which correspond to very shallow
foreshore conditions where severe wave breaking occurs. Hence, it lacks applicability in these conditions
where dipe/Hmo toe < 1.5.

This overestimation points out that, in these conditions, the influence of (a part of) the foreshore on the
wave overtopping discharge cannot be neglected. Altomare et al., 2016 suggested to include both the dike
slope until the 2% run-up height R, ;0, and the foreshore slope until a water depth of 1.5 H,y in the
calculation of the average slope a (equation 3). By doing so, the foreshore’s influence is accounted for in
the calculation of the surf similarity parameter ,.;, being one of the inputs in the wave overtopping
equation 1.

Applying this concept to equation 1 (using the coefficients of eq. 5) still indicated a slight underestimation
of the wave overtopping discharge compared to the aforementioned physical model test results. A new
fitting resulted in the coefficients of eq. 6, being adopted in the update of the EurOtop manual (Allsop et
al., 2016).

When including only the mean value for ¢, i.e. -0.92 or -0.79 respectively, the average value for wave
overtopping is calculated, i.e. the ‘mean value’ probabilistic approach. For design or assessment purposes,
it is strongly recommended to increase that mean with a standard deviation, including some safety,
resulting in the so-called deterministic approach (Allsop et al., 2016). In this study, the probabilistic and
deterministic approach are both used, and referred to as eq,.o,and eqqe: respectively.

It should be noted that the toe of the dike in Allsop et al., 2016 is defined as the location where the
foreshore meets the structure whereas in this study, the toe is located at the transition between a steeper
and milder than 1/10 slope closest to the dike (cf. methodology in Suzuki et al., 2016).

Furthermore, it is important to note that these stochastic coefficients (equations 5 and 6) of the ‘shallow
foreshore’ equation 1 are determined using physical model tests. These equations are thus only fully valid
within the range of data sets to which their coefficients are fitted. Besides, these tests generally performed
in a 2D wave flume, involve scale and model effects not being corrected for.

Analysing wave flume experiments on a rubble mound breakwater in a shallow foreshore, Kamphuis (1998)
observed that the highest short waves at the structure always coincided with the crest of the long wave.
Hence, it is expected that the long wave has an influence on the design water depth. Particularly because
the wave generator does not have the capability to absorb long wave energy.

In physical model tests, a prototype situation is also, to a certain extent, simplified. For example, a uniform
foreshore slope is used, often different spectral wave conditions but no different surface elevation time
series given a specified wave spectrum are tested, no 2D wave effects like directional spreading are
included.

More detailed information on the calculation of wave overtopping can be found in Allsop et al. (2016).
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2.3  (Numerical) modelling of wave overtopping

The number of waves overtopping the structure is governed by the number of large wave heights in the
wave train and the specific sequence of waves arriving at the structure (McCabe et al., 2013). Random
wave generation of a specified energy density spectrum results in a random summation of waves, varying
in height and period. Hence, various wave trains differ in individual waves from one another, leading to
different volumes of waves that overtop and thus, a possible different wave overtopping discharge (a.o.
Goda, 2009).

In general, energy density spectra are readily available (e.g. offshore wave buoys) or computed by a (larger
scale) spectral model (e.g. SWAN output). Otherwise, wave parameters of an idealized spectrum (e.g.
JONSWAP) are likely to be usable. These energy density spectra provide insight in the amplitude of the
spectral components but not on their phases. Using these results, free surface elevation time series are
generated using the principle of linear superposition of the spectral components. The components’ phases
are assumed to be randomly distributed and hence, an infinite number of time series can be generated
from one spectrum S(w):

S(w) =

f_+oon(t)ei“’tdt (8)

In which w is the angular frequency. w = 2xf, f being the ordinary frequency;

n(t) is the free surface elevation time series, defined by summing the harmonic
components:

n(t) = zoo a, cos(w,t + s,) 9
n=1

In which n is the index of the component;
a, is the amplitude of the n'" component;
s, is the starting phase of the n™ component.

Decomposing the free surface elevation time series into its harmonic components, it is possible to relate
the spectral energy density of the ™ component to its amplitude:
1pga;

S(wn) = E Aw
n

(10)

In which Aw, is the frequency interval.

To create randomly varying phase components, an input seed number is needed, which will generate a
population of uniformly distributed random phases. By varying this seed number for every simulation, a
different time series will be created. This method linearly superposes the wave components, which does
not hold in shallow(er) water; yet, it is assumed that an approximation is still valid (Zijlema et al., 2011).

Williams et al. (2014) investigated the optimal number of simulations, i.e. seed number variation, to obtain
a statistically meaningful result using a test duration of 1000 waves (mean wave periods). Testing various
population sizes of free surface elevation time series, they obtained convergence of the relative error o’ for
wave overtopping discharge and probability of overtopping for various levels of wave overtopping, i.e. low,
moderate and high levels, after 500 runs with varying seed numbers. This implies that the uncertainty
associated with the numerical prediction of wave overtopping becomes independent from the number of
simulations carried out, and the mean wave overtopping is a good estimate. In general however, it is not
possible to perform that many simulations. Williams et al. (2014) suggest that, when the probability of
overtopping is less than 5%, the numerical prediction of wave overtopping should be obtained by multiple
tests with different seed numbers.

6 WL2017R16_011_1 Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Kortenhaus et al. (2004) found that, repeating wave overtopping tests on a rubble mound breakwater (in a
wave flume without active wave absorption) using identical wave spectra (based on a limited test matrix) :

- resulted in a variability, on average, in mean wave overtopping of 13% (coefficient of variation, see
further: equation 12) when the same surface elevation time series are used;

- resulted in a variability, on average, in mean wave overtopping of 33% when different surface
elevation time series are used.

More recently, Meurisse & Mesu (2017) quantified the data uncertainty (measurement errors and quality
of the data collection) on wave overtopping discharge over steep smooth dike slopes in the Ghent
University wave flume (based on 10 tests/scenario). Using identical wave spectra with or without varying
the surface elevation time series, i.e. the seed number, they found that:

- for aslope angle of 45°: the standard deviation on the mean wave overtopping discharge equals
1.1% and 4.64% using the same and varying seed numbers respectively;

- for aslope angle of 60°: the standard deviation on the mean wave overtopping discharge equals
1.22% and 2.06% using the same and varying seed numbers respectively.

According to a.o. Allsop et al. (2016), a sea state represented by 1000 random waves ensures that wave
overtopping results are consistent. Romano et al., 2015 tested whether shorter test durations might lead to
a similar result for various rubble mound breakwater configurations having a relative freeboard between 1
and 2. Their analysis suggests that a test duration of 500 waves leads to a similar wave overtopping and
probability of overtopping result compared to the reference surface elevation time series of 1000 waves.
When the relative freeboard is higher than 1.69, convergence to the reference case is achieved slightly
later; in that case a test duration of 800 waves was needed. Meurisse & Mesu (2017) also found
convergence to this reference case after a test duration of 500 waves (relative freeboard around 0.7).

2.4 The use of SWASH 1D for wave overtopping

SWASH 1D, a depth-averaged phase-resolving model based on the non-linear shallow water equations, is
particularly useful for overtopping calculation as it is able to simulate individual overtopping events (not for
complex geometries like e.g. bullnose storm walls) and the nearshore evolution of infragravity wave motion
(Rijnsdorp et al., 2014). Besides, it is relatively simple to use and low in computational cost.

Suzuki, Altomare et al. (2016) found that its overall performance to estimate the mean wave overtopping
discharge is as accurate as the result of semi-empirical equations. Note that in their research offshore
hydraulic boundary conditions were the same surface elevation time series as used for the physical model
tests (to which the SWASH results are compared). Contrary, in this study offshore hydraulic boundary
conditions are specified as a JONSWAP parameterisation. Related to wave overtopping results, the latter
method will inherently lead to a wider scatter (cf. Williams et al., 2014). Extra validation cases of SWASH for
wave overtopping (and transformation) can be found in Suzuki et al. (2017).

Mean wave overtopping discharge is calculated by integrating over time the layer velocity u and thickness h
of the water overtopping the crest of the structure:

_ tr h(t)u(t)dt

-], e oy
In which t;is the initial time step, t;= 600s;
tris the final time step, t; = 6600s.

Based on Romano et al., 2015, it was decided to simulate about 500 peak wave periods for the estimation
of mean wave overtopping discharges.
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Given the shallow foreshore conditions under study, it is important to incorporate wave transformation
processes from offshore towards and on the foreshore; e.g. directional spreading of wave energy, shoaling,
wave breaking,... (cf. Section 2.1). Wave transformation is therefore modelled from offshore until the toe of
the dike using SWASH 2D (Smit et al., 2013, 2014; van Vledder et al., 2013). The offshore bottom level was
artificially deepened to avoid depth-induced wave breaking (rule of thumb: water depth > 4-H,,,; Battjes &
Groenendijk, 2000) and the bathymetric profile was cut off at the toe in order to obtain incident hydraulic
boundary conditions as close to the structure as possible. 2D bathymetric features are not accounted for
(alongshore, the 1D bathymetric profile is uniformly extended).

Wave overtopping is however estimated using SWASH 1D, and excluding bottom friction (Manning
coefficient of 0). Calibration of the incident hydraulic boundary conditions at the toe in SWASH 1D to the
2D reference values intends to mimic 2D wave transformation processes in the 1D wave overtopping
calculation (see further). For every bathymetric configuration, 500 simulations will be executed in order to
grasp the variability in surface elevation time series, representing an identical energy density spectrum, in
relation to mean wave overtopping results.
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3 Bathymetries along the Flemish coast

Dikes or dunes protect the Flemish coast against storm surges. Yet, the incident hydraulic boundary
conditions, which govern the impact on these coastal protection measures, are determined by the near
shore part of the Belgian Continental shelf.

This near-shore bathymetry, consisting of a complex bar and gully system, varies largely alongshore.
Collecting post-storm bathymetric data, it is tried to categorise these cross shore eroded profiles in distinct
classes. In general, data of residential coastal sections is considered, which might be categorized as ‘dike’ or
‘dune’ in the safety assessment’s methodology. E.g. CS 13 and 86 are checked, CS 163 not. Appendix 1 lists
the considered coastal sections.

3.1 Sources of post-storm bathymetric data

3.1.1 XBEACH

From the ongoing Raversijde-Mariakerke project (13_168), the 12 weakest profiles of coastal sections 99 to
108 are available (resulting from a storm having a return period T of 1000 year). These post-storm
bathymetries are obtained using XBEACH 2D; hence, they are calculated according to the methodology of
Suzuki et al., 2016.

From the ongoing Safety assessment project (14_014 and 16_014), post-storm bathymetries are obtained
for coastal sections 74-88, i.e. Westende - Middelkerke (test case within phase 2 of project).

3.1.2 DUROSTA

For the other coastal sections, no XBEACH results are readily available. Use is therefore made of Durosta
(UNIBEST-DE) results for the +7m TAW storm (closest related to storm having T = 1000 year, yet slightly
lower), calculated in the ‘old’ and ‘new’ coastal flood risk project (Vanpoucke et al., 2009 and Ruiz Parrado
et al., 2016), depending on the coastal section considered.

It is noted that:

(i) eroded profiles were not available for all residential coastal areas. Data lacked for coastal
sections of Nieuwpoort, De Haan, Wenduine, Zeebrugge and Heist-Duinbergen;

(ii) the intrinsic difference in modelling using DUROSTA (1D) or XBeach (2D) results in different
post-storm cross shore profiles (a 1D calculation generally outputs higher erosion rates);

(iii) the Durosta profiles result from a 45h lasting storm having an asymmetric storm surge whereas
the XBeach profiles result from a 45h lasting storm having a symmetric storm surge.

3.2 Categorized bathymetries

The alongshore bathymetric variation can be schematized in three categories (based on available data):

= Westkust (coastal sections 1 to 60):

The near shore is characterized by roughly south west to north east aligned sandbanks, resulting in a rather
shallow (and barred) bathymetric configuration.
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Figure 1 illustrates a typical post-storm cross shore profile (grey line; black line indicates generalized profile,
see further in §3.3). A sand bank creates an offshore bar with a crest at -1 m TAW. Landward of the bar the
bed level decreases again to -4.5 m TAW , after which the foreshore has a slope of 1/88. Over a short
distance closer to the dike , the slope steepens to 1/40 until the defined toe.

This cross shore profile is shifted upward 1.2m to allow for more wave breaking at the bar and to end the
foreshore at +6.8m TAW.

=  Middenkust (coastal sections 61 to 195):

The Middenkust covers the major part of residential coastal areas. Except for the small sandbank
‘stroombank’ off the city of Ostend, the near shore is gradually and uniformly changing from deeper water
to the foreshore.

Figure 2 illustrates a typical post-storm cross shore profile (in case a storm is able to erode the beach until
the dike) (grey line; black line indicates generalized profile, see further in §3.3). The 1/50 foreshore
uniformly continues to the dike where, over a short distance, it steepens up to 1/25 until the defined toe.

= Qostkust (coastal sections 232 to 248):

Because of the nearby located Appelzak gully, the foreshore is rather short. However, its slope is
comparably mild to the other categories, ending with a steeper short part closer to the dike.

Figure 3 illustrates a typical post-storm cross shore profile (in case a storm is able to erode the beach until
the dike) (grey line; black line indicates generalized profile, see further in §3.3). Landward of the gully, the
330 m wide foreshore has a slope of 1/50 until the dry part of the beach, where it steepens up to 1/20.

An important note to this categorisation is that the foreshore’s slope is rather uniformly mild alongshore
while the slope’s transition to the ‘dry beach’ (roughly above 5 m TAW) depends on (i) whether or not
beach nourishments are carried out (or dunes are located seaward of the dike) and (ii) if the beach erosion
induced by the 45 hour lasting storm progressed on to the dike. Based on these varying conditions, a
relatively uniform slope is found until the dike or a bended slope, consisting of a mild sloping foreshore
which ends in a vertical cliff backed by a horizontal ‘dry beach’ (or dune) (see example in Figure 4).

In addition, it is noted that not all coastal sections within a category correspond to the aforementioned
typical cross shore profiles. It is however believed that the majority of coastal sections do fit (simplified)
within the proposed categorisations.

For straightforward comparison between the wave overtopping results of SWASH and semi-empirical
equations, it is opted not to include the bended slope case in this project. Also emergent toe cases are not
considered, nor foreshores including a/multiple berms and dikes including a storm wall.

10 WL2017R16_011_1 Final version
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Figure 1 - General post-storm bathymetry of the Westkust (Coastal section 25)
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Figure 2 - General post-storm bathymetry of the Middenkust (Coastal section 103)
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Figure 3 - General post-storm bathymetry of the Oostkust (Coastal section 233)
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3.3 Generalization of categorized bathymetries

The categorized bathymetries are further schematized into 6 generalisations, of which an overview is given
in Table 1 and Figure 5. All generalized bathymetries are, according to Suzuki et al., 2016, artificially
extended until -15m TAW following a 1/35 slope, followed by a horizontal stretch of 100 m.

Cases 10X, 14X and 16X are indicated (until the toe of the dike) by a black line in Figure 2, Figure 3 and
Figure 1 respectively. Cases 11X and 13X, and case 15X are variations on case 10X and case 14X
respectively.

The Westkust generalized bathymetry, i.e. case 16X, starts at an offshore bar around 0 m TAW, i.e. around
the mean low tide, where wave breaking might occur during storm events. This sandbar is located 865 m
seaward of the toe of the dike. Landward of the sandbar, a trough extends over 430m, reaching a maximum
depth of -3.3 m TAW. Subsequently, a mild foreshore slope of 1/100 extends over 310 m after which it
steepens to 1/35 over 125 m, until the toe of the dike.

The Middenkust generalized bathymetry includes a uniform foreshore slope of 1/50 until the toe of the
dike for cases 11X and 13X whereas this slope contains a short steeper part of 1/25 close to the dike for
case 10X. The foreshore is initiated 570 m seaward of the toe of the dike; in case 10X the steeper part takes
up the last 20m before the toe of the dike.

The Oostkust generalized bathymetry, i.e. cases 14X and 15X, has a uniform foreshore slope of 1/50
(identical to the Middenkust bathymetry). In case 14X, this slope includes a short steeper part of 1/20 close
to the dike. The foreshore starts at 285 m seaward of the toe of the dike, i.e. at half the distance of the
Middenkust foreshore. Case 14X is 40 m longer, accounting for the short steeper part.

The dike configuration is identical for all generalized bathymetries. It has a slope of % and a crest located at
3 different levels, i.e. +8.2 m TAW, +8.6 m TAW and +9 m TAW, in order to account for different quantities
of wave overtopping. These levels correspond to case numbering XX3, XX2 and XX1 respectively.

The first number ‘1XX’ indicates the use of SWASH 1D; hence, 2XX’ will be applied for wave transformation
results of SWASH 2D.

Table 1 - Schematisation of the categorized bathymetries

10X 11X 13X 14X 15X 16X
Length [m] 570 570 570 325 285 865
foreshore
Slope [-] 1/50 — 1/50 1/50 1/50 — 1/50 1/100 -
foreshore 1/25 1/20 1/35
Level start | [m TAW] -5 -5 -4.6 -0.9 1.1 0
foreshore
Toe level [m TAW] 6.8 6.4 6.8 6.8 6.8 6.8
Crest level | [m TAW] +9(X=1)-+8.6(X=2)—+8.2(X=3)
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Figure 5 - Generalized post-storm bathymetries
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4 SWASH model train

4.1 2D wave transformation

4.1.1 Setup

Table 2 lists the hydraulic boundary conditions used as input to SWASH 2D for the wave transformation
from offshore until the toe of the dike. They correspond with a 1000 year return period and are located at
specific -5m TAW coordinates in coastal section 105 (Oostende-Raversijde). The water level is fixed; wave
conditions are applied as a JONSWAP spectrum with a peak enhancement factor of 3.3 and a (one-sided)
directional spreading of 16°. The simulated wave train consisted of at least 200 waves.

This hydraulic input was identical for the 6 generalized bathymetry cases (cf. Table 1). These bathymetries
were implemented in quasi 2D, i.e. the cross shore profiles were uniformly extended alongshore over a
distance of 400 m, without dike configuration.

SWASH simulations were carried out according to the methodology described in Appendix A of Suzuki et al.,
2016. For every case, the seed number was varied 300 times, from 12345001 till 12345300.

Table 2 - Offshore hydraulic boundary conditions (RT= 1000 year, CS 105 in De Roo et al., 2016)

Water level Significant wave height Peak wave period Directional spreading
SWL [m TAW] Hpmo [m] Tp[s] o[°]
6.9 4.6 11.3 16

4.1.2 Results: incident hydraulic boundary conditions at the toe of the dike

Figure 6, Figure 7 and Figure 8 indicate the mean significant wave height H,,,, spectral wave period T, ;0
and wave set-up at the toe of the dike respectively for all cases.

Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 illustrate the wave parameters and spectra
at -5m TAW and at the toe of the dike for the randomly chosen seed number 12345140 given case 200,
210, 230, 240, 250 and 260 respectively.

The higher the significant wave height H,,, at the toe of the dike, the lower its associated spectral wave
period T, ;0. Significant wave heights H,,; are highest for case 240, followed by case 210 (having a larger
water depth at the toe) and cases 200 and 260. Cases 230 and 250 have the lowest significant wave heights
H,.o. Looking at the respective wave spectra at -5m TAW and at the toe, the energy transfer from short
waves (>0.05 Hz = < 20s) to infragravity waves is clearly visible for all cases. The greatest part of the
remaining wave energy is within their frequency band, having a peak frequency around 0.18Hz.
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Cases 230 and 250, having a uniform mild foreshore slope of 1/50, result in a relatively low significant wave
height H,,, and both high spectral wave period T,,;, and wave set-up compared to cases 200 and 240,
having a short steeper part close to the toe. The shorter surf zone of case 250, having a foreshore half the
length of case 230, results in a faster wave breaking and increase in wave set-up, leading to a slightly
smaller contribution of the infragravity waves to the spectral wave period T, ;0. The short steeper part of
the foreshore close to the toe of the dike in case 200 (240) leads to a different wave transformation
compared to case 230 (250). Its relative influence is higher the shorter the foreshore’s length is.

Figure 6 - Mean incident significant wave height H,,, at the toe of the dike. Error bars indicate the standard deviation
(n =300 except for 260: n = 291)
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Figure 7 - Mean spectral wave period T,, ; o at the toe of the dike. Error bars indicate the standard deviation
(n =300 except for 260: n = 291)
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Figure 8 - Mean wave set-up at the toe of the dike. Error bars indicate the standard deviation (n = 300 except for 260: n = 291)
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Waves feel this transition and steepen, which results in a higher significant wave height H,,,, lower wave
set-up and lower spectral wave period T,.;,. This is indicated in the wave spectra seeing the relatively
higher short wave contribution.

Consequently, it seems that the length of the foreshore, having a slope of 1/50, is less important than the
steepness of its slope close to the dike, seeing that cases 230 (length = 570m) and 250 (length = 285m) lead
to similar incident wave conditions and the results of cases 200 and 240 are clearly different from these.

Case 210, having a larger water depth (0.80 m compared to 0.48 m (case 230)), experiences accordingly less
wave breaking and hence, a larger significant wave height H,,, and both lower spectral wave period T, 1,
and wave set-up.

Case 260, having a longer (yet different) bathymetry compared to the other cases, results in comparable
incident hydraulic boundary conditions. Some wave breaking occurs at the offshore bar and later on the
foreshore after the trough, being enhanced at the end on the steeper part close to the toe of the dike.
After the bar and trough, this foreshore is somewhat shorter (435m) compared to case 230 (570m) and
ends in a milder yet longer slope (1/35 — 125 m) close to the dike compared to 200 (1/25 -20m) and 240
(1/20 — 40m).

To conclude, both the water depth and the steepness of the foreshore’s slope close to the toe of the dike
significantly affect the incident hydraulic boundary conditions. A smaller water depth and milder foreshore
slope lead to a lower significant wave height H,,, and higher spectral wave period T,,; o and wave set-up.
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Figure 9 - Case 2001 — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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Figure 10 - Case 210l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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Figure 11 - Case 230l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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Figure 12 - Case 240l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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Figure 13 - Case 2501 — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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Figure 14 - Case 260l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345140)
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4.2 1D calibration of wave transformation

4.2.1 Setup

The calibration purpose is to obtain matching incident hydraulic boundary conditions at the toe of the dike
using SWASH 1D. By altering iteratively the offshore boundary conditions of water level and significant
wave height, it is tried to achieve similar incident hydraulic boundary conditions to the average SWASH 2D
results, i.e. within the calibration limits (Table 3). The simulated wave train consisted of at least 500 waves.

SWASH simulations were carried out according to the methodology described in Appendix B of Suzuki et al.,
2016.

Two different calibration setups were executed:

1. For every case, the seed number was varied 500 times, from 12345001 till 12345500. Only seed
number 12345001 was calibrated to match the average 2D results, and these results were applied
to all seed numbers’ simulations.

2. For every case, the seed number was varied 500 times, from 12345001 till 12345500. Every seed
number was calibrated to match the average 2D results.

Table 3 - Calibration criteria to be met concurrently for the incident hydraulic boundary conditions at the toe of the dike

Water level Significant wave height Spectral wave period
SWL + wave set-up Hmo Tm-1,0
$0.05m 3% 5%

4.2.2 Results: calibration

Setup 1, carried out in the first phase of the project, was executed by simulating a matrix of possible input
boundary conditions. Then, one pair out of all matching conditions was selected (Table 4, column 2 and 3).

To carry out setup 2, a simple matlab routine was programmed to automate the calibration. After 9 loops,
calibration was stopped if no matching criteria were obtained. Table 5 lists the success rate. The success
rate of case 160 is remarkably lower because of time restrictions to finetune the calibration routine.

Figure 15 and Figure 16 depict the calibrated offshore significant wave height Hpq .5 and still water level
SWIL respectively. Both variables might differ considerably between the selected seed numbers. In general,
the difference in significant wave height H,,, between seed numbers varies more than the difference in still
water level SWL.

Comparing the seed-dependent and one-seed calibration results to the 2D input conditions, it is clear that
the significant wave heights H,,,are significantly lower than the 2D value (4.6 m), taking as a rough estimate
half of that value. The still water level SWL is somewhat higher than +6.9 m TAW, i.e. 0.1 to 0.3 m case-
dependent.

Comparing the calibration setups with each other, seed-dependent significant wave heights H,,, are higher,
i.e. 0.2 to 0.5 m case-dependent, whereas still water levels SWL are alike except for one-seed calibrated
cases 100 and 160 having a 0.05 m higher still water level (cf. Figure 16).
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Table 4 - Results for setup 1: calibration of seed 12345001

OFFSHORE TOE
Case | Still water level Significant Water level Significant wave Spectral wave
[m TAW] wave height [m TAW] height period
Homo [M] SWL + wave set- Hpmo [M] Tm-10[5]
up
100 7.20 2.0 7.20+0.06 0.78 34.8
110 7.16 1.8 7.16 + 0.09 0.81 30.9
130 7.20 1.9 7.20+0.11 0.67 39.4
140 7.22 2.0 7.22+0.04 0.86 27.0
150 7.20 2.3 7.20+0.13 0.67 38.9
160 7.24 1.3 7.24 +0.07 0.73 32.6

Table 5 - Success rate for setup 2: calibration of 500 individual seed numbers

Case # calibrations matched?
100 500
110 475
130 478
140 481
150 496
160 385
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Figure 15 - Seed-dependent calibration of the significant wave height Hyg o
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Figure 16 - Seed-dependent calibration of the still water level SWL 4
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4.2.3 Results: incident hydraulic boundary conditions at the toe of the dike

Table 4 lists the results of setup 1. Figure 17, Figure 18 and Figure 19 respectively illustrate the setup 2
results of wave set-up, significant wave height H,,, and spectral wave period T, ;0.

Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 and Figure 25 show the wave parameters and spectra at
-5m TAW and at the toe of the dike for the selected ‘perfectly calibrated’” seed numbers of setup 2 (perfect
calibration, see further in 6.1) given case 100, 110, 130, 140, 150 and 160 respectively.

The biggest difference between SWASH in 2D and 1D mode is the resulting water level and associated wave
set-up at the toe of the dike: a lower still water level SWL and higher wave set-up are measured in 2D
compared to 1D. This leads to a different start of the surf zone in 1D, i.e. closer to the toe of the dike, and
hence, a shorter region of wave breaking and wave set-up. Yet, the respective wave spectra at the toe of
the dike are similar to the 2D spectra.

Given the same offshore significant wave height H, . Wave set-up decreases when the still water level
SWL increases because of less wave breaking. It is proportional to the offshore significant wave height
Hmo,ofr- A higher wave set-up does not always result from a higher offshore significant wave height Hpg o
because the calibrated still water level SWL varies given a certain wave height.

Final version

WL2017R16_011_1 27



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Wave set-up is highest for cases 150 and 130, being in accordance with the 2D results, and case 110. The
latter case, having the lowest wave set-up in 2D (0.3 m, see Figure 8), now has comparatively a larger wave
set-up in 1D because the magnitude of its wave set-up in 2D is partly compensated by the magnitude of the
calibrated still water level SWL in 1D. In absolute value however, it logically is lower (0.11, see Figure 17).

Besides the shorter surf zone in 1D, wave transformation of case 160 and 260 differ. The higher still water
level SWL and lower significant wave height offshore H,, .4 result in a very short zone of wave breaking in
1D, starting at about 1400m cross shore distance (at transition to 1/35 slope) instead of 600m (at the
offshore bar). The wave spectra at the toe of the 2D and 1D cases are however alike.

Figure 26, Figure 27 and Figure 28 respectively depict the differences in mean significant wave height H,,,
spectral wave period T,,;, and wave set-up at the toe of the dike applying calibration setup 1 ‘one seed’
and 2 ‘all seeds’ for all cases. Regarding the former setup, 500 simulations were carried out using the
calibrated offshore boundary conditions of seed number 12345001 whereas the latter setup includes the
results of seed-dependent calibrated boundary conditions.

In general, mean incident hydraulic boundary conditions are somewhat lower for the ‘one seed’ setup
compared to the ‘all seeds’ setup. In comparison to the incident 2D results, the ‘one seed’ setup results are
up to 8% lower for significant wave height H,,,, varying between -25% and +15% for spectral wave period
Tm-10 and range within the calibration limits (+0.05m, cf. Table 3) for wave set-up. The ‘one seed’” wave
parameters’ standard deviation is similar to the ‘all seeds’ setup for significant wave height H,,, and wider
for spectral wave period T,,;0. Conversely, the ‘all seeds’ wave set-up varies more because of the varying
offshore significant wave heights and still water levels.

Note that, given a certain seed, various offshore parameter combinations might lead to a (calibration)
match with the 2D reference values at the toe of the dike. A different parameter combination possibly
leads to another wave overtopping discharge.

28 WL2017R16_011_1 Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 17 - Seed-dependent wave set-up in relation to the offshore significant wave height Hp,g o
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Figure 19 - Seed-dependent significant wave height H,q 1. and associated spectral wave period Ty, 1 o10e at the toe of the dike
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Figure 20 - Case 100l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345261)
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Figure 21 - Case 110l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345146)
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Figure 22 - Case 130l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345470)
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Figure 23 - Case 140l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345451)
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Figure 24 - Case 1501 — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345079)
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Figure 25 - Case 160l — wave parameters and spectra at -5m TAW and toe of the dike (seed 12345434)
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Figure 26 - Mean incident significant wave height H,,, at the toe of the dike for the 2 calibration setups.
Error bars indicate the standard deviation (one seed: n = 500; all seeds: n cf. Table 5)
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Figure 27 - Mean spectral wave period T,, ; o at the toe of the dike for the 2 calibration setups.
Error bars indicate the standard deviation (one seed: n = 500; all seeds: n cf. Table 5)

a5
8 40 § -
g _
o — 35 @ % -----------------------------------
z &
e =2 % @
E =30 +——t—F ?
g~ ! ;
g 25 § __________ ® one seed
v @ all seeds
20 T T T T T 1

Final version WL2017R16_011_1 37



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 28 - Mean wave set-up at the toe of the dike for the 2 calibration setups.
Error bars indicate the standard deviation (one seed: n = 500; all seeds: n cf. Table 5)
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4.3 1D wave overtopping

43.1 Setup

Using the results of calibration setup 1 and 2, wave overtopping is calculated with SWASH 1D for 3 dike
configurations (different crest level, cf. Table 1) per case. For every dike configuration, 500 SWASH
simulations were carried out, in which the wave train consisted of at least 500 waves. These simulations
were carried out according to the methodology described in Appendix B of Suzuki et al., 2016.

Following calibration setup 1, the offshore input (H,,,, SWL) is identical for the 500 SWASH simulations, in
which the seed number was varied 500 times, from 12345001 till 12345500.

Following calibration setup 2, the offshore input is seed-dependent.

4.3.2 Numerical instability

SWASH sometimes experiences numerical instability. In order to reduce the number of instabilities, time
integration was explicitly set between 0.1 and 0.5 (based on the Courant number). If the maximum of the
Courant number over all wet grid points is higher than the pre-set maximum, the time step is halved. On
the contrary, if it is lower than the pre-set minimum, the time step is doubled.

Table 6 summarizes the number of simulations that stopped too early and hence, did not produce a wave
overtopping result. Note that the number of simulations included in the analysis is lower than this number
of instable simulations since it also depends on the success rate of the seed-dependent calibration (cf.
Table 5)
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Table 6 - Number of instable wave overtopping simulations using one-seed calibration (between brackets)
and seed-dependent calibration input values

Case Crest level
X=1 X=2 X=3

10X (80) 77 (63) 50 (50) 43
11X (130) 61 (165) 84 (134) 55
13X (40) 30 (129) 28 (117) 20
14X (228) 75 (219) 48 (231) 42
15X (99) 40 (120) 41 (112) 27
16X (51) 39 (44) 51 (19) 30
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4.3.3 Results: wave overtopping

Figure 29 (zoom in Figure 30) shows the mean wave overtopping discharge and its standard deviation for
every dike configuration in all cases using the 2 calibration setups, which slightly differ from one another.
Yet, this mean and corresponding standard deviation do have another origin. Identical offshore boundary
conditions, i.e. setup 1, account purely for the random nature of waves in their transformation and result in
(possibly) different conditions at the toe of the dike. On the contrary, (possibly) different offshore boundary
conditions, i.e. setup 2, result in identical conditions at the toe of the dike (within calibration limits). The
associated wave overtopping discharge depends on these conditions at the toe of the dike and on the wave
transformation characteristics of the considered surface elevation time series.

The standard deviation’s magnitude is dependent on the wave overtopping’s magnitude and the
population size; hence, it is higher in absolute terms for higher wave overtopping discharges and smaller
population size.

Figure 31 (zoom in Figure 32) and Figure 33 (zoom in Figure 34) depict the boxplots of the wave
overtopping data for every dike configuration in all cases given the one-seed and seed-dependent
calibration setup respectively. The bottom and top of the box indicate the first and third quartile of the
data respectively, in which the second quartile, i.e. the median, is shown; hence, the midspread, or middle
50%, of the data is included in the box. The whiskers point out the limits of 1.5 times the interquartile
range. Some populations include outliers, i.e. points located outside the whiskers.

The higher the crest of the dike, the higher its freeboard and hence, the lower the wave overtopping over
it. Cases 101, 111, 131, 141, 151 and 161 therefore show the smallest amount of wave overtopping, which
exponentially increases with lowering the crest level in cases XX2 and XX3 respectively.

Given the crest of the dike at 9 m TAW, case 141 significantly results in the highest wave overtopping
because it has the highest waves at the toe (irrespective of a smaller infragravity wave influence). Cases
101 and 161 result in comparable wave overtopping discharges. Their longer foreshore, compared to 141,
leads to a larger infragravity wave influence. It ends in a short steeper part close to the toe, facilitating and
hence, increasing wave overtopping compared to case 131. These findings logically hold for the other
freeboards too.

A larger water depth at the toe, resulting in higher waves, has less influence on the amount of wave
overtopping compared to a short steeper foreshore part close to the toe, given the smaller wave
overtopping for case 111 compared to 101 (131 being the reference case). Still, given an identical
bathymetry, a larger water depth does lead to higher wave overtopping (case 111 compared to 131). These
findings hold for all freeboards.

Depending on the bathymetric configuration, the variability in wave overtopping differs (given the different
boxplot sizes).
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Figure 29 - Mean wave overtopping discharge (error bars indicate the standard deviation).
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Figure 30

- Zoom on mean wave overtopping discharge (excluding case 143) (error bars indicate the standard deviation).

20.00
18.00
16.00
14.00
12.00
10.00

8.00

Wave overtopping g [I/s/m]

# 1 seed calib

all seeds calib

6.00
4.00 o ¢
I
2.00 $ . ¢ ¢
® 1 F

0.00 \ \ . \ —® \ \ \ ® \ - \ \

101 102 103 111112 113 131 132 133 141 142 143 151 152 153 161 162 163

Final version WL2017R16_011_1 41



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 31 - Boxplots of wave overtopping discharge g (one-seed calibration)
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Figure 32 - Zoom on boxplots of wave overtopping discharge g (excluding case 143; one-seed calibration)
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Figure 33 - Boxplots of wave overtopping discharge g (seed-dependent calibration)

60.00— Dike
configuration
° WX = 1: 9m TAW
T X = 2: 8.6m TAW

50.004 CIX = 3: 8.2m TAW
E
2 E
=
T 40.00—
a
20
m
=
g 1
5 8
wp 30.00—]
£
-8
o
]
t
@
3 20.00-]
@
=
m
=

10.00— i

-00 I = T * T e i T
10X 11X 13X 14X 15X 16X

Generalised bathymetry cases

Figure 34 - Zoom on boxplots of wave overtopping discharge g (excluding case 143; seed-dependent calibration)
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4.3.4 Results: statistical distribution of wave overtopping data

The underlying statistical distribution of the wave overtopping results is investigated for the seed-
dependent results. It is evaluated whether or not the data follow a (log)normal distribution, being the
common distribution for wave overtopping data (cf. Section 2.2). Both the Kolmogorov-Smirnov and
Shapiro-Wilk tests are applied, and the Normal Q-Q plot is checked. Appendix 2 lists the results.

In general, the lower the mean wave overtopping discharge, the more outliers are observed at higher
values and hence, the more the distribution became positively skewed. Contrary, the higher the mean wave
overtopping discharge, the more symmetrical the distributions became.

The data of cases 102, 103, 112, 141, 142 and 143 is normally distributed (the null hypothesis is accepted).
The data of cases 132, 133, 152, 153, 161 and 162 follows a lognormal distribution, i.e. the natural
logarithm of these variables is normally distributed. Lognormal transformation often occurs when the
95.5% range of a normal distribution, i.e. ut2o, extends below 0, being physically impossible. It reduces this
positive skewness of the data. Nonetheless, cases 101, 111, 113, 131, 151 and 163 reject both null
hypotheses.

Based on these findings and relying on the central limit theorem, i.e. a distribution of ¥ tends towards a
normal distribution even when Y is not normally distributed on condition that the number of observations n
is large (n > 60), a normal distribution is assumed for all wave overtopping populations.

The assumption of normality for these wave overtopping populations implies that not a unique value is
describing the data but a range of possible values, which are described by the mean u, being the expected
value of the data, and the standard deviation g, indicating the spread of these data around the mean. The
uncertainty on this wave overtopping population can be quantified in terms of relative error, being a
coefficient of variation:

o' = 0/# (12)
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5 Wave overtopping

Because of the importance of having a matching calibration for every seed number, mean wave
overtopping discharges are, as from this Chapter, only discussed for setup 2: seed-dependent calibration.

5.1 Influence of boundary conditions

Wave overtopping is determined by (i) the incident hydraulic boundary conditions, i.e. the significant wave
height, the spectral wave period and the water level, at the toe of the structure and (ii) the characteristics
of the foreshore and structure (e.g. the crest level, the slopes of the foreshore and structure, the presence
of aberm...).

The influence of the foreshore on the incident wave conditions at the toe of the dike is reflected in the very
low wave steepness s,.;0 (Figure 35). It ranges from 0.2:10 till 0.8:1073, for all cases being lower than
0.005, the limit indicating whether or not a shallow foreshore is present (Altomare et al., 2016). It is highest
for case 140, having a short foreshore and steeper part, which leads to the largest wave heights and lowest
wave periods (cf. Figure 19). Furthermore, the ratio between the water depth and incident wave height,
which is always smaller than 1.5, also indicates the very shallow water conditions (Figure 36).

The freeboard combines the influence of the water level and the crest level of the structure. Figure 37
shows the wave overtopping discharge in relation to this freeboard, both parameters being dimensionless
based on the incident significant wave height H,,. Logically, the higher the freeboard, the less wave
overtopping occurs (exponential relation). On the contrary, the variability in wave overtopping increases
with the freeboard because the probability that a wave, or several waves, overtop highly depends on the
individual wave characteristics in the time series.

For the highest relative freeboards, wave overtopping might vary up to a factor 100 or 200, given cases
1510 and 1310 respectively (crest level at +9m TAW). For the lowest relative freeboards, wave overtopping
varies only a factor 1.7 or 2.3, given cases 1430 and 1630 (crest level at +8.2m TAW).
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Figure 35 - Wave steepness s, for all cases
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Figure 36 - Ratio between the water depth dj,. and incident wave height H,,q .. at the toe of the dike for all cases
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Figure 37 - Dimensionless wave overtopping discharge Qg;,, in relation to the relative freeboard R.*
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5.2 Results: SWASH vs. empirical equations

The scope of the project entails shallow foreshore conditions, which now are confirmed by the results of
wave steepness s,,.;0 and the ratio between the water depth and wave height at the toe di,e/Hmo0e- HENCE,
the proposed equation 1 (including the coefficients of equation 5 or 6) is to be applied in comparison with
the SWASH results, using the incident hydraulic boundary conditions calibrated in SWASH 1D (Figure 15 and
Figure 16).

Besides the relative freeboard R* (cf. Figure 37), the surf similarity parameter &,,,_4 ¢ is the other variable to
be introduced in the wave overtopping equations. Combining the wave steepness s,,.; o and the equivalent
slope, a breaker parameter &,,_; granging from 4.6 to 8.1 is obtained for all cases. The average slope 1/m is
calculated using equation 3 and ranges from 5.5 to 11.5 (cf. Figure 38).
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Figure 39 and Figure 40 show the wave overtopping results (dimensionless) of SWASH compared to
empirical equations. The latter are used in a probabilistic way, i.e. applying the mean value of equation 5
(‘Qgim MB’) or 6 (‘Qgim Alto’) in the coefficient 10€¢ of equation 1. The similarity between the model and
empirical results deteriorates the smaller the wave overtopping discharges become, where the model
results are increasingly smaller than the empirical results. Given that the coefficient cq in equation 5 is
lower than in equation 6, the former equation provides a slightly better agreement with the model results
However, one should keep in mind the findings of Altomare et al. (2016) regarding that equation (see
Section 2.2).

For dimensionless wave overtopping discharges higher than 4, the results are quite comparable. The
SWASH results are contained within 0.5 to 2 times the empirical results for all cases ‘XX3’, which
correspond to a crest level of the dike at +8.2 m TAW including case 142 too and have a relative freeboard
R* lower than 1.6. In the wave overtopping interval between 1 (1.5 for ‘Qq,, Alto’) and 4, corresponding to
a relative freeboard R* between 1.6 and 2.2, the SWASH results are up to one order of magnitude smaller.
The biggest differences are noted for cases 101, 132 and 112 compared to the closer matching cases 141,
152, 162 and 102. Below a dimensionless wave overtopping discharge of 1 (1.5), the SWASH results
significantly differ from the empirical ones, having the highest divergence for cases 131 and 111 whereas
cases 151 and 161 correspond better to the equation.

The higher the freeboard, the lower the number of waves that overtop, the more important these
individual wave’s overtopping characteristics become (cf. Section 2.1 and 2.2). Consequently, the more the
wave overtopping results of SWASH and equation diverge because the latter does not account for this
uncertainty, or more precise variability, in mean wave overtopping discharge.

Furthermore, it seems that cases 10X, 11X and 13X, having the longest uniform foreshore slope (of 1/50),
deviate the most, being most pronounced for higher freeboards. They include the longest surf zone, where
wave breaking and wave set-up take place; hence, this local increase of the water level might facilitate
waves overtopping the structure. Although wave set-up is implicitly reproduced in the physical model tests
(over a scale-dependent foreshore length), its influence should additionally accounted for when the
foreshore is very long and gently according to Allsop et al., 2016. Besides, long wave energy cannot be
absorbed in a wave flume. When a (very) shallow foreshore condition is modelled, infragravity wave energy
will accumulate leading to an increased wave overtopping discharge. The two phenomena have an opposite
effect on the measured wave overtopping discharge; yet, it seems that the latter one is most pronounced.

In the safety assessment, the wave overtopping discharge is calculated with SWASH and equation 1,
applied in a deterministic way whenever possible, i.e. including mean and standard deviation coefficients of
equation 5 (‘Qeqvesder in Figure 41). Figure 41 illustrates the difference between the two approaches,
showing the ratio between the wave overtopping discharges modelled by SWASH and calculated by the
equation against the SWASH dimensionless wave overtopping results. Note that for the latter approach,
variability (by means of a standard deviation) is not yet included (see further, in §6.2).

Logically, the same tendency visible in Figure 39 and Figure 40 is noticed here: the smaller the wave
overtopping discharge, the smaller the ratio Qswasi/ Qeqmedet, the higher the divergence between both
results. The majority of the SWASH results leads to a ratio between 0.1 to 0.8, indicating a mismatch
between both methods of up to one order of magnitude. Yet, cases 1420, 1430 and 1530, leading to high
wave overtopping discharges, well agree with the equation.
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Figure 38 - Input wave overtopping equations: wave steepness s, ; pand average slope m
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Figure 39 - Dimensionless wave overtopping discharge Qg results: SWASH vs. empirical equation 1 (using coefficient of eq 5: ‘MB’)
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Figure 40 - Dimensionless wave overtopping discharge Qg results: SWASH vs. empirical equation 1 (using coefficient of eq 6: ‘Alto’)
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Figure 41 - Ratio of wave overtopping discharge Qg;, between SWASH and equation eqge; 5 in relation
to the dimensionless wave overtopping discharge modelled by SWASH
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6 Uncertainty reduction in wave overtopping
calculation using SWASH

6.1 Uncertainty source 1: calibration mismatch

Although the incident hydraulic boundary conditions in SWASH 1D are calibrated within rather tight limits,
these calibration results do not perfectly match to the 2D results.

Figure 42 depicts the difference in wave overtopping discharge, calculated by equation 1 (including
coefficients of equation 5), given a perfect and real calibrated match of the incident hydraulic boundary
conditions. It is shown as the ratio Oeqperf calib/Jeq real_caliv against the SWASH dimensionless wave overtopping
results. The numerator of this ratio corresponds to the wave overtopping discharge, calculated by equation
1, using the 1D incident hydraulic boundary conditions of the simulation having the perfect (closest) match
to the 2D results for every parameter (see Table 7); the denominator equals the wave overtopping
discharge, calculated by the same equation, using the 1D incident hydraulic boundary conditions of each
simulation.

Given a specific case, the spreading on the ratio Qeqperf calib/Geqyreal_calc P€COMeEs smaller with increasing
dimensionless wave overtopping discharge and hence, smaller relative freeboard R*.

Given the crest of the dike at 9 m TAW, cases 131 and 151, having a uniform mild foreshore slope of 1/50,
clearly result in a wider data cloud compared to the other cases, which have a steeper foreshore part closer
to the dike (or a larger water depth: case 11X) and a higher dimensionless wave overtopping discharge. The
latter mainly explains the difference.

The calibration mismatch generally leads to 50% lower up to 20% higher wave overtopping results, with
case 15X being the exception. Cases 10X, 14X and 16X show a rather symmetrical data cloud against the
ratio equal to 1 whereas cases 11X and 13X tend to overestimate the ‘perfect’ wave overtopping result and
case 15X clearly underestimates it. Under- or overestimation decrease with a decreasing freeboard.

Under- or overestimation of the ‘perfect calibration’ result of the equation is entirely determined by the
influence both wave and water level parameters have in the equation. The former being determined by the
SWASH 2D mean results and fixed calibration limits, the latter depending on the calibration routine used in
SWASH 1D.

Consider the exceptional case 15X and take 151 as an example, its selected ‘perfect calibration’ seed has an
offshore calibrated water level SWL (= 7.17 m TAW) that only 6% of the other seeds also have. A deviation
of 0.01 to 0.02 m on this value leads to a 2 to 4% difference on the calculated wave overtopping; being the
least significant. A divergence of 0.01 to 0.02 m on the perfectly calibrated wave height H,, at the toe, i.e.
within calibration limits, leads to a 9 to 16% difference on the calculated wave overtopping. A divergence of
1 to 2 s on the perfectly calibrated spectral wave period T,, ;o at the toe, being a little too high, leads to a 5
to 9% difference on the calculated wave overtopping. Combining these divergences (see Figure 18 and
Figure 19) to the selected perfect calibration match leads to the significant overestimation visualised in
Figure 42. Note that, although the magnitude of the error is case-dependent, under- or overestimation of
the wave overtopping discharge calculated by equation is most sensitive to a deviation of the target wave
parameters (Hpo, Trm-10) at the toe of the dike.
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Wave overtopping discharge calculated by SWASH however results from the wave transformation
characteristics of a specified wave spectrum, leading to similar hydraulic boundary conditions at the toe of
the dike. For example, Table 9 lists the wave overtopping results of 2 seed numbers of case 13X, both
leading to a perfect calibration match (calibrated offshore hydraulic boundary conditions in Table 8). The
model results differ about a factor 10, 2 and 1.5 between one another for case 131, 132 and 133
respectively. Suppose one uses the ratio to improve the calibration mismatch, both perfect calibration
matches are to be multiplied by a ratio = 1, which then logically leads to the same results. Hence two wave
overtopping results, differing e.g. factor 10 of one another, are both assumed to be correct. This indicates
that the semi-empirical equation’s structure does not grasp the uncertainty in the wave overtopping
discharge like the numerical model does. Semi-empirical equations are the result of data fitting on a set of
physical model tests (i) that use surface elevation time series given a specified wave spectrum, which are
not altered multiple times to account for the wave train’s randomness, (ii) where the model geometry
generally represents a simplified real bathymetry and (iii) that exhibit model and scale effects.

To conclude, both methods (SWASH and semi-empirical equation) include uncertainties and inaccuracies;
hence, it is not wise to ‘improve’ one approach using the other without knowing which one corresponds
the best to reality.

Table 7 - Selected 1D simulations having a perfect calibration match of incident hydraulic boundary conditions to the 2D results

Case — Seed | Incident hydraulic boundary conditions Calibration results
number at the toe
Hmo [Mm] | T [s] | Wave set-up [m] | Huo [-] Tm10[-] | Wave set-up [m]

10X - 261 0.78 35.02 0.09 1.00 1.02 0.00
11X -146 0.82 29.19 0.14 0.99 0.95 0.00
13X-470 0.69 39.10 0.12 1.00 1.00 0.00
14X -451 0.86 27.47 0.03 1.00 1.00 0.00
15X-79 0.68 39.37 0.13 1.00 1.03 0.00
16X —434 0.76 32.67 0.08 1.00 1.02 -0.01

Table 8 Calibrated offshore hydraulic boundary conditions for 1301

Seed Significant wave Water level

number height H,,o[m] [mTAW]
47 1.93 7.17
470 2.08 7.17
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Table 9 - Difference in the SWASH and equation wave overtopping results given 2 perfect calibration matches

Seed number Case 131 Case 132 Case 133

Modelled wave 47 0.03 0.60 491
overtopping

discharge  qswasn 470 0.23 1.43 7.22
[I/s/m]

Calculated wave 47 0.56 2.07 7.62
overtopping

discharge geq, pros s 470 0.55 2.02 7.44
[I/s/m]

Figure 42 - Ratio of wave overtopping discharge g, calculated by equation, given a perfect and real calibrated match of incident
hydraulic boundary conditions in relation to the dimensionless wave overtopping discharge Qg;,, modelled by SWASH
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6.3 Uncertainty source 2: seed number

As stated in Section 2.3, starting from one wave spectrum, every seed number develops a specific wave
train, which differs in sequence of the individual waves from another, leading to different volumes of waves
that overtop and hence, a possible different wave overtopping discharge.

Given that wave overtopping is accepted to be normally distributed (cf. Section 4.3.4), its mean and
variability, or uncertainty, around this value can be assessed by its relative error (equation 12). The higher
the mean wave overtopping, the lower the relative error becomes (power law relation, Figure 43).
Translating this relation to a confidence band around the mean, Figure 44 illustrates that 68.3% of the wave
overtopping values are captured within £ 1o around the mean and 90% of them within £ 1.64c. The
former’s upper confidence band, i.e. u + o, is generally used as the ‘deterministic’, safer result for design
and assessment purposes.

To account for the seed variability, a wave overtopping results needs therefore to be increased:
Qu+10 =4 (1+1-0.365557°378) (13)
Or stated differently, the standard deviation to be added to a wave overtopping result can be calculated as:
o = 0.3655 - %622 (14)

If we consider the safety assessment’s wave overtopping limit, i.e. g = 1 I/s/m, a SWASH wave overtopping
result of 0.7 I/s/m leads to 0.99 = 1.0 I/s/m.

Note that the results of the one-seed calibration are slightly different, i.e.
Qu+1o = 7 (1 +1-0.3227g704¢6) (15)

Applying both equations to the overtopping limit of 1 I/s/m, the results are however very alike, i.e. 1.37
with equation 13 and 1.32 I/s/m with equation 14 respectively (see also Figure 41).

56 WL2017R16_011_1 Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 43 - Mean wave overtopping g in relation to its relative error o’ (seed-dependent calibration)
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Comparing the dimensionless wave overtopping discharges calculated by SWASH and semi-empirical
equation 1 using the coefficients of equation 5 (‘Qequs’) and 6 (‘Qeqano’) in @ probabilistic and deterministic
way (Figure 45 and Figure 46 respectively), it can be seen that the ratio between both methods decreases
(i) when the dimensionless wave overtopping discharge decreases and (ii) using the deterministic method
in eqs 5 and 6, compared to the probabilistic mean values. The latter indicates that the variation enclosed
in the semi-empirical equation’s standard deviation is larger than the one included in the SWASH seed
variability’s equation.

The lower the dimensionless wave overtopping discharge Qum, the higher logically the relative difference
between probabilistic and deterministic wave overtopping discharges (cf. Figure 43). In agreement with
Figure 39 and Figure 40, the ratio Qswasu/Qeq is significantly lower for case 111 (and 131) compared to case
151 while these cases lead to similar dimensionless wave overtopping discharges and have the same
freeboard, i.e. 0.11 (0.05) and 0.13 respectively. The same holds for e.g. cases 101 and 161.

Besides the influence of the shallow foreshore’s length on wave set-up and breaking mechanisms, the re-
reflection and non-dampening of the long waves being generated in a wave flume might cause a built-up of
extra wave energy (cf. Section 5.2). This leads to an even larger overestimation of wave overtopping in
these physical model tests and consequently, a smaller ratio Qswasn/Qeq-

Figure 45 - Probabilistic and deterministic ratio of wave overtopping discharge Qg;,, between SWASH and equation 1 (including
coefficients of eq 5: ‘eqyg’) in relation to the dimensionless wave overtopping discharge modelled by SWASH

2 o
1.8 # 10X PROB
B 11X PROB
1.6
A 13X PROB
@ l,
2 1.4 @ 14X PROB
o
1]
o 1. ¢ 15X PROB
4 1.2
g 1 @ 16X PROB
u 10X DET
o
0038 11X DET
=
0
e 0.6 13X DET
T114% DET
0.4
¢ 15X DET
0.2 16X DET
0

Dimensionless wave overtopping discharge Q,,,, [-]

58 WL2017R16_011_1 Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 46 - Probabilistic and deterministic ratio of wave overtopping discharge Qg;,, between SWASH and equation 1 (including
coefficients of eq 6: ‘eqay, ) in relation to the dimensionless wave overtopping discharge modelled by SWASH
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6.4 Uncertainty source 3: sample size

In practice, it is often not possible to carry out such amount of simulations (here: 500) to determine the
wave overtopping discharge. Applying both a Monte Carlo and data sampling approach, it is tried to
quantify the added uncertainty o,mpie given that only a reduced sample of x wave overtopping discharges is
taken out of the population.

Data sampling randomly resamples a specified number of observations from the population; hence,
without prior assumption of the underlying distribution of the population. Using a Monte Carlo approach,
an identical number of observations is randomly sampled from a normal distribution, being characterized
by the population’s mean and standard deviation (based on Section 4.3.4).

The number of samples is set equal to 10000, the sample size varies from 1 to 20 observations.

Figure 47 illustrates that the more observations are included in a sample, the closer the samples’ wave
overtopping averages are located to one another and the smaller the samples’ spread becomes. Assuming
a normal distribution, Monte Carlo samples (Figure 47B and D) are to be taken symmetrically around the
distribution’s parameters and hence, negative results can be obtained (being physically impossible). Data
sampling on the other hand, only samples results from the population (Figure 47A and C).

If a population is normally distributed, the two methods produce similar results; contrary, non-normality is
clearly visualized in the data sampling figure by the skewed sampling pattern (e.g. Figure 47C).
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The overall results from both sampling methods are however very similar. Figure 48 shows the mean wave
overtopping discharge, i.e. the average of all samples’ means, and related error (+ 1 standard deviation o)
against sample size for both the Monte Carlo and data sampling methods. For the latter method, also the
results obtained with a reduced number of samples (= 100 instead of 10000) are plotted to check the
robustness of the method. The mean wave overtopping discharge can be considered independent of the
sample size whereas the standard deviation clearly reduces with increasing sample size. This reduction in
variability however asymptotically slows down. The results for a reduced number of data samples show a
little more spreading, yet follow the same trend.

Figure 49, indicating this decrease of spreading around the mean value for all sample sizes, illustrates that
(i) the standard deviation, being directly linked to the magnitude of the wave overtopping discharge,
increases with increasing wave overtopping discharge (e.g. OVT101 = 0.8 I/s/m — OVT 103: 17 I/s/m) and (ii)
as from a sample size of 8 to 10 the added accuracy to be gained becomes insignificant compared to the
calculation effort of doing extra simulations. Therefore, a sample size of 8 is opted for. Appendix 3 lists the
results of the other cases.

Considering the mean and standard deviation of the wave overtopping discharges for this sample size in all
bathymetric configurations (using the Monte Carlo and data sampling methods), a power law relation
between these parameters is obtained (Figure 50).

To account for the added uncertainty when using a reduced sample size of 8, its associated variability needs
to be calculated as:

Osample = 0.131 - q°620 (16)

Figure 47 - Monte Carlo (B and D) and data sampling (A and C) methods: wave overtopping characteristics related to sample size
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Figure 48 - Wave overtopping characteristics: mean and standard deviation against sample size for Monte Carlo (MC)
and data sampling methods (DS red: reduced number of samples = 100)
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Figure 49 - Standard deviation on wave overtopping discharge against sample size for Monte Carlo (MC)
and data sampling methods (DS red: reduced number of samples = 100): cases 10X and 15X
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Figure 50 - Relation between mean and standard deviation of wave overtopping discharge — sample size: 8
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Besides, the identical results of the two sampling methods point out that the non-normality of some of the
wave overtopping populations can be nicely approximated by the population’s normal distribution on the
condition that the number of observations is large enough (cf. central limit theorem in Section 4.3.4).

62

WL2017R16_011_1

Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

6.5 Using SWASH for wave overtopping calculation: accounting for
uncertainty sources

Different sources of uncertainty need to be accounted for in the SWASH wave overtopping results, in a
stepwise approach.

1. Number of simulations to calculate wave overtopping

Ideally, 500 simulations should be carried out when a low wave overtopping discharge is to be expected.
Practically, 8 simulations already reduce the uncertainty to an acceptable level (cf. Figure 32 and Figure 33).

The mean wave overtopping discharge q is then:

Z?ﬂ qi

- (17)

C_I =
In which: n is the number of simulations.
2. Accounting for seed and sample size uncertainty

The uncertainties enclosed in either the seed number selection or the sampling size choice are independent
of one another. This implies that their introduced error is just as likely to (partially) cancel out the other
one, as it is to add uncertainty to it. Therefore, these errors need to be combined in quadrature:

€tot = \/ (02ed + Tmple) (18)
In which: Oseeq IS the standard deviation to be derived from equation 14;
Osample IS the standard deviation to be derived from equation 16.
3. End result: wave overtopping

The final wave overtopping discharge is calculated as:

AswasH,end = 4 1 Etot (19)
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7 Conclusion & outlook

7.1 Conclusion

This study aimed at quantifying sources of uncertainty in wave overtopping calculation using SWASH 1D,
which then could be translated into a safety factor, to be added to the SWASH results. The focus was on
shallow foreshore conditions, prevalent along the Flemish coast, which are characterized by specific wave
transformation processes such as heavy wave breaking and ‘surf beat’ infragravity wave motion. Six
bathymetric configurations were considered, varying in cross shore profile, in foreshore length, in presence
of a steeper part in its slope closer to the dike,...

The methodology comprised three successive steps to be followed. First, wave transformation was
modelled 300 times for every bathymetric configuration in order to obtain an average of incident hydraulic
boundary conditions at the toe of the dike (significant wave height H,,,, spectral wave period T, ;,, still
water level SWL and wave set-up), which are considered to be the reference values for that configuration.
Second, the incident hydraulic boundary conditions at that toe were calibrated for 500 SWASH 1D
simulations (per bathymetric configuration) against these reference values. Third, wave overtopping
discharge was estimated by these 500 ‘calibrated’ SWASH 1D simulations for the 3 cases, i.e. different crest
levels, of a dike configuration.

Making use of these wave overtopping results, the mean wave overtopping discharge was calculated and
three sources of uncertainty were identified:

1. Calibration mismatch

Although the incident hydraulic boundary conditions in SWASH 1D are calibrated within rather tight limits,
these calibration results do not perfectly match to the 2D reference values.

It was investigated whether or not a SWASH wave overtopping result can be optimized by multiplying it
with the ratio deqpert/Jeq,calb i Order to account for this calibration mismatch. The numerator of this ratio
corresponds to the wave overtopping discharge, calculated by the relevant semi-empirical equation (to be
found in Allsop et al., 2016), using the 1D incident hydraulic boundary conditions of the simulation having
the perfect (closest) match to the 2D results for every parameter; the denominator equals the wave
overtopping discharge, calculated by the same equation, using the 1D incident hydraulic boundary
conditions of the simulation to be optimized. Given a specific case, the spreading on the ratio geq,pert/deq,calib
became smaller with increasing dimensionless wave overtopping discharge and hence, smaller relative
freeboard R*. A deviation of the target wave parameters (Hpno, Tm-10) at the toe of the dike led to the
highest under- or overestimation of the ‘perfect calibration’ wave overtopping calculated by equation.

Applying an equation however, identical incident hydraulic boundary conditions at the toe lead to an
identical wave overtopping discharge. Contrary, two perfectly calibrated simulations in SWASH 1D lead
possibly to different wave overtopping discharges. Both methods include uncertainties and inaccuracies;
hence, it is not wise to ‘improve’ one approach using the other without knowing which one corresponds
the best to reality.

2. Difference in surface elevation time series: seed number

Selecting a seed number assigns randomly a starting phase, being part of a population of uniformly
distributed random phases, to all harmonic components. The resulting wave train, which differs in
individual wave sequence from another, leads to different volumes of waves that overtop and hence, a
possible different wave overtopping discharge.
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Given that wave overtopping discharge is accepted to be normally distributed, its mean and variability
around this value can be assessed by its relative error o’. The higher the mean wave overtopping discharge
g, the lower the relative error becomes (power law relation). Translating this relation to a confidence band
around the mean indicates that 68.3% of the wave overtopping values are captured within + 1 standard
deviation o around the mean. The upper confidence limit, i.e. g§ + o, is generally used for design and
assessment purposes, adding some safety to the mean result.

To account for the seed variability, a wave overtopping result needs to be increased by:
qg+10 = q - (1 +1-0.365577°378)
3. Sample size

In practice, it is often not possible to carry out that amount of simulations to determine the wave
overtopping discharge g. Applying both a Monte Carlo and data sampling approach, the added uncertainty
Osample Was quantified given that only a reduced sample of 1 to 20 ¢’s is taken out of the population.

As from a sample size of 8 to 10 the added accuracy to be gained by increasing the sample size became
insignificant compared to the calculation effort of doing extra simulations. Therefore, a sample size of 8
was opted for.

To account for the added uncertainty of this reduced sample size, its associated variability needs to be
calculated as:

Osample = 0.131 - 0620

To conclude, wave overtopping discharge needs to be estimated by at least 8 SWASH 1D simulations. Their
average result:

8
g= Yi-19swAasH,i

n
is then the wave overtopping discharge on which for seed and sample size uncertainty needs to be
accounted. Given that the uncertainties enclosed in either the seed number selection or the sample size

choice are independent of one another, these errors are to be combined in quadrature:

— 2 2
€tot = \/(aseed + O-sample)
This leads to a final wave overtopping discharge:

AswasH,end = 4 + Etot

7.2 Outlook — further research

This study demonstrated that:

- Not only the incident wave parameters at the toe of the dike, i.e. the significant wave height H,,,
and spectral wave period T,,.;0, are important for wave overtopping but also the still water level
including wave set-up. Especially in (very) shallow foreshore conditions, a long surf zone can be
present where wave set-up and breaking mechanisms influence the local conditions (cf. SWASH 2D
results).

- Translating a synthetic sea state into an infinite (here: 500) number of surface elevation time series
indicated that the maximum wave height, wave sequence and groupiness factor affect wave
overtopping significantly (when the relative freeboard is higher than 1.6).
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Given that SWASH 2D is still unstable for a combined wave transformation and overtopping calculation
(Suzuki et al., 2017), a procedure is proposed to calibrate the SWASH 1D hydraulic conditions at the toe of
the dike to the 2D values at that location. Focus is hereby put on obtaining a similar wave spectrum (and
hence, wave parameters) and water level as in the 2D situation (in line with the parameters applied in a
semi-empirical wave overtopping equation).

With regard to the calibration, it is important to note that:

- Given a certain seed, various offshore parameter combinations might lead to a calibration match
with the 2D reference values. A different parameter combination possibly leads to another wave
overtopping discharge (depending on the relative freeboard).

- Offshore significant wave height is roughly half and the water level is slightly higher compared to
the 2D values. This implies that the surf zone is significantly shorter and hence, wave set-up and
breaking mechanisms different.

Further validation (or improvement) of this procedure is recommended.

Wave overtopping is calculated using a test duration of about 500 peak wave period. For higher relative
freeboards, i.e. above 1.6, a longer test duration is preferred to avoid the result is adversely influenced.
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Appendix 1: Sources of post-storm bathymetries

Table 10 - Sources of post-storm bathymetries

Coastal area Coastal Model | Source
section
De Panne 15, 18 Durosta | Ruiz Parrado et al., 2016
Sint-ldesbald 21-25 Durosta | Until CS 22: Ruiz Parrado et al., 2016
As from CS 23: Vanpoucke et al.,
2009
Koksijde 26-34 Durosta | Vanpoucke et al., 2009
Westende — De Krokodille - 73 —88 XBeach | De Roo etal., 2017
Middelkerke
Raversijde — Mariakerke 99-108 XBeach | Altomare et al., 2017
Oostende 109 -116 Durosta | Ruiz Parrado et al., 2016
Blankenberge 185-194 Durosta | Vanpoucke et al., 2009
Knokke 233 -244 Durosta | Vanpoucke et al., 2009
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Appendix 2: Wave overtopping:
descriptive statistics

In this Appendix, descriptive statistics of the wave overtopping data (seed-dependent calibration) is
presented:

- Histogram

A histogram represents the distribution of the data, indicating the frequencies of observations
corresponding to a certain range of data values.

- Test of Normality: Kolmogorov-Smirnov

When testing for normality, the null hypothesis is that the population is normally distributed. The
significance of the test (‘Sig.” in the table), i.e. the p-value, is then higher than the chosen alpha level, here:
0.05.

The Kolomogorov-Smirnov test evaluates whether the empirical distribution function of the population is
close enough to the cumulative distribution function of the reference distribution.

- Test of Normality: Shapiro-Wilk
The Shapiro-Wilk test evaluates whether the points in the normal Q-Q plot lie on a straight line.
- Normal Q-Q plot

The quantile-quantile plot is a graphical technique to assess if a data set plausibly follows a specific
theoretical distribution, here: a normal distribution. The expected quantiles underlying a normal
distribution are plotted against the observed quantiles. If both sets of quantiles come from the same
distribution, the points lie (roughly) on a straight line.

The purpose of these descriptive statistics is to evaluate whether or not the data follow a (log)normal
distribution, being the common distribution for wave overtopping data.

Note that, although in some of the Figures ‘LOG_OVT1XX’ is indicated in the axis, the natural logarithm of
the data was taken and statistically analysed.

Table 11 - Tests of normality for wave overtopping data of case 101

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT101 .056 423 .003 977 423 .000

a. Lilliefors Significance Correction
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Figure 51 - Histogram of the wave overtopping data of case 101
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Figure 52 - Normal Q-Q plot of wave overtopping data of case 101
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Table 12 - Tests of normality for In(wave overtopping) data of case 101

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT101 .073 423 .000 .975 423 .000

a. Lilliefors Significance Correction

Figure 53 - Histogram of the In(wave overtopping) data of case 101
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Figure 54 - Rankits Q-Q plot of the In(wave overtopping) data of case 101
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Table 13 - Tests of normality for wave overtopping data of case 102

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT102 .036 450 191 .995 450 165

a. Lilliefors Significance Correction

Final version WL2017R16_011_1 A5



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 55 - Histogram of the wave overtopping data of case 102
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Figure 56 - Normal Q-Q plot of the wave overtopping data of case 102
Normal Q-Q Plot of OVT102
-
-
=
E
[=]
Z
o
-]
@ o
o
ke
w
2=
T T T T T T
2 3 4 3 5] T
Observed Value
A6 WL2017R16_011_1 Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 14 - Tests of normality for wave overtopping data of case 103

Tests of Normality

Kolmogorov-Smirnov?® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT103 .039 457 .094 .987 457 .000

a. Lilliefors Significance Correction

Figure 57 - Histogram of the wave overtopping data of case 103
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Figure 58 - Normal Q-Q plot of the wave overtopping data of case 103
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Table 15 - Tests of normality for wave overtopping data of case 111

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk

Statistic df Sig. Statistic df

Sig.

OVT111 .081 414 .000 .930 414

.000

a. Lilliefors Significance Correction
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Figure 59 - Histogram of the wave overtopping data of case 111
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Figure 60 - Normal Q-Q plot of the wave overtopping data of case 111
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 16 - Tests of normality for In(wave overtopping) data of case 111

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LN_OVT111 .066 414 .000 .931 414 .000

a. Lilliefors Significance Correction

Figure 61 - Histogram of the In(wave overtopping) data of case 111
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 62 - Normal Q-Q plot of the In(wave overtopping) data of case 111
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Table 17 - Tests of normality for wave overtopping data of case 112

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT112 .045 397 .051 .990 397 .008

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 63 - Histogram of the wave overtopping data of case 112
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Figure 64 - Normal Q-Q plot of the wave overtopping data of case 112
Normal Q-Q Plot of OVT112
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 18 - Tests of normality for In(wave overtopping) data of case 112

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT112 .058 397 .002 .985 397 .000

a. Lilliefors Significance Correction

Figure 65 - Histogram of the In(wave overtopping) data of case 112
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 66 - Normal Q-Q plot of the In(wave overtopping) data of case 112
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Table 19 - Tests of normality for wave overtopping data of case 113

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT113 .057 423 .002 .987 423 .001

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 67 - Histogram of the wave overtopping data of case 113
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Figure 68 - Normal Q-Q plot of the wave overtopping data of case 113
Normal Q-Q Plot of OVT113
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 20 - Tests of normality for In(wave overtopping) data of case 113

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT113 .078 423 .000 .978 423 .000

a. Lilliefors Significance Correction

Figure 69 - Histogram of the In(wave overtopping) data of case 113
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 70 - Normal Q-Q plot of the In(wave overtopping) data of case 113
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Table 21 - Tests of normality for wave overtopping data of case 131

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT131 .160 449 .000 .825 449 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 71 - Histogram of the wave overtopping data of case 131
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Figure 72 - Normal Q-Q plot of the wave overtopping data of case 131
Normal Q-Q Plot of OVT131
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 22 - Tests of normality for In(wave overtopping) data of case 131

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT131 167 442 .000 .676 442 .000

a. Lilliefors Significance Correction

Figure 73 - Histogram of the In(wave overtopping) data of case 131
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 74 - Normal Q-Q plot of the In(wave overtopping) data of case 131
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Table 23 - Tests of normality for wave overtopping data of case 132

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT132 .072 452 .000 .965 452 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 75 - Histogram of the wave overtopping data of case 132
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Figure 76 - Normal Q-Q plot of the wave overtopping data of case 132
Normal Q-Q Plot of OVT132
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 24 - Tests of normality for In(wave overtopping) data of case 132

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_0OVT132 .033 452 200 .986 452 .000

*. This is a lower bound of the true significance. a. Lilliefors Significance Correction

Figure 77 - Histogram of the In(wave overtopping) data of case 132
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 78 - Normal Q-Q plot of the In(wave overtopping) data of case 132
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Table 25 - Tests of normality for wave overtopping data of case 133

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT133 .048 460 .013 .988 460 .001

a. Lilliefors Significance Correction

Final version WL2017R16_011_1 A23



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 79 - Histogram of the wave overtopping data of case 133
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Figure 80 - Normal Q-Q plot of the wave overtopping) data of case 133
Normal Q-Q Plot of OVT133
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 26 - Tests of normality for In(wave overtopping) data of case 133

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT133 .039 460 .097 .993 460 .033

a. Lilliefors Significance Correction

Figure 81 - Histogram of the In(wave overtopping) data of case 133
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 82 - Normal Q-Q plot of the In(wave overtopping) data of case 133
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Table 27 - Tests of normality for wave overtopping data of case 141

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT141 .039 411 136 .995 411 .193

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 83 - Histogram of the wave overtopping data of case 141
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Figure 84 - Normal Q-Q plot of the wave overtopping data of case 141
Normal Q-Q Plot of OVT141
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 28 - Tests of normality for wave overtopping data of case 142

Tests of Normality

Kolmogorov-Smirnov?® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OoVT142 .035 434 .200° .994 434 .063

*. This is a lower bound of the true significance. a. Lilliefors Significance Correction

Figure 85 - Histogram of the wave overtopping data of case 142
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 86 - Normal Q-Q plot of the wave overtopping data of case 142
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Table 29 - Tests of normality for wave overtopping data of case 143

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT143 .043 441 .052 .985 441 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 87 - Histogram of the wave overtopping data of case 143
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Figure 88 - Normal Q-Q plot of the wave overtopping data of case 143
Normal Q-Q Plot of OVT143
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 30 - Tests of normality for In(wave overtopping) data of case 143

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_0OVT143 .051 441 .009 .969 441 .000

a. Lilliefors Significance Correction

Figure 89 - Histogram of the In(wave overtopping) data of case 143
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 90 - Normal Q-Q plot of the In(wave overtopping) data of case 143
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Table 31 - Tests of normality for wave overtopping data of case 151

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT151 .085 456 .000 .924 456 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 91 - Histogram of the wave overtopping data of case 151
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Figure 92 - Normal Q-Q plot of the wave overtopping data of case 151
Normal Q-Q Plot of OVT151
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 32 - Tests of normality for In(wave overtopping) data of case 151

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT151 .083 456 .000 .967 456 .000

a. Lilliefors Significance Correction

Figure 93 - Histogram of the In(wave overtopping) data of case 151
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 94 - Normal Q-Q plot of the In(wave overtopping) data of case 151
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Table 33 - Tests of normality for wave overtopping data of case 152

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT152 .059 455 .001 .964 455 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 95 - Histogram of the wave overtopping data of case 152
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Figure 96 - Normal Q-Q plot of the wave overtopping data of case 152
Normal Q-Q Plot of OVT152
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 34 - Tests of normality for In(wave overtopping) data of case 152

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT152 .027 455 200 .997 455 .635

a. Lilliefors Significance Correction *. This is a lower bound of the true significance.

Figure 97 - Histogram of the In(wave overtopping) data of case 152
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 98 - Normal Q-Q plot of the In(wave overtopping) data of case 152
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Table 35 - Tests of normality for wave overtopping data of case 153

Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT153 .055 469 .002 .969 469 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 99 - Histogram of the wave overtopping data of case 153
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Figure 100 - Normal Q-Q plot of the wave overtopping data of case 153
Normal Q-Q Plot of OVT153
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 36 - Tests of normality for In(wave overtopping) data of case 153

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT153 .036 469 .190 .991 469 .006

a. Lilliefors Significance Correction

Figure 101 - Histogram of the In(wave overtopping) data of case 153

Histogram
807 Mean =219
St Dev. = 117
N = 469
50
= e
o
=
o I
2 N
o 407
L=
o
20
o= T T —=
180 2.00 220 240 260
LOG_OVT153

A40

WL2017R16_011_1

Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 102 - Normal Q-Q plot of the In(wave overtopping) data of case 153
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Table 37 - Tests of normality for wave overtopping data of case 161

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT161 11 356 .000 .920 356 .000

a. Lilliefors Significance Correction

Final version

WL2017R16_011_1 A4l



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 103 - Histogram of the wave overtopping data of case 161
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Figure 104 - Normal Q-Q plot of the wave overtopping data of case 161
Normal Q-Q Plot of OVT161
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 38 - Tests of normality for In(wave overtopping) data of case 161

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT161 .035 356 200 .995 356 .324

*. This is a lower bound of the true significance. a. Lilliefors Significance Correction

Figure 105 - Histogram of the In(wave overtopping) data of case 161
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 106 - Normal Q-Q plot of the In(wave overtopping) data of case 161
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Table 39 - Tests of normality for wave overtopping data of case 162

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT162 .088 345 .000 .959 345 .000

a. Lilliefors Significance Correction
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Figure 107 - Histogram of the wave overtopping data of case 162
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Figure 108 - Normal Q-Q plot of the wave overtopping data of case 162
Normal Q-Q Plot of OVT162
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Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Table 40 - Tests of normality for In(wave overtopping) data of case 162

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_0OVT162 .038 345 200 .992 345 .046

*. This is a lower bound of the true significance. a. Lilliefors Significance Correction

Figure 109 - Histogram of the In(wave overtopping) data of case 162
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Figure 110 - Normal Q-Q plot of the In(wave overtopping) data of case 162
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Table 41 - Tests of normality for wave overtopping data of case 163

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
OVT163 .082 364 .000 .952 364 .000

a. Lilliefors Significance Correction
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Figure 111 - Histogram of the wave overtopping data of case 163

Histogram
407 Mean = 13.04
Std. Dev. =2.371
M = 364

30 B
= -
=
[ 1]
& o
g
L —

10

v} T I
15.00 17.50 20.00
OoVT163
Figure 112 - Normal Q-Q plot of the wave overtopping data of case 163
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Table 42 - Tests of normality for In(wave overtopping) data of case 163

Tests of Normality

Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
LOG_OVT163 .052 364 .020 .980 364 .000

a. Lilliefors Significance Correction

Figure 113 - Histogram of the In(wave overtopping) data of case 163
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Figure 114 - Normal Q-Q plot of the In(wave overtopping) data of case 163

Expected Normal

-39

Normal Q-Q Plot of LOG_OVT163

2]

T T
24 28

Observed Value

28

30

32

A50

WL2017R16_011_1

Final version



Uncertainty in wave overtopping calculation using SWASH
Shallow foreshore conditions (along the Flemish coast)

Appendix 3: Wave overtopping: mean and
standard deviation against sample size

Table 43 - Standard deviation on wave overtopping discharge against sample size for Monte Carlo (MC)
and data sampling methods (DS red: reduced number of samples = 100): cases 11X, 13X, 14X and 16X
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