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Coastal Dynamics 2017
Paper No. 034

WAVE HEIGHT DISTRIBUTION FOR NONLINEAR SWELL WAVESIN DEEP AND DEPTH-
LIMITED WAVE CONDITIONS

Jorgen Quvang Harck Ngrgairiihomas Lykke Andersénand Jannie Elkaer Knudsen

Abstract

This paper presents initial results from an on-gastudy on the influence from wave nonlinearity the wave height
distribution in deep- and depth-limited nonlineaavwe conditions. A fully nonlinear VOF model, IH-2¥Qis applied to

model the propagation of irregular waves on a siggea bed from deep to shallow water, includirgefiects of wave
breaking. Different wave nonlinearities are evaddan the model and the effects of the wave noatitye described by the
so-called Ursell-number, on the wave height distitns along the sloping sea bed are evaluatedwidely used Battjes
& Groenendijk (2000) shallow water wave height idlisttion is concluded in the present study to digantly underpredict
the low-exceedance wave heights in case of verjimear waves. A modification of the Battjess & Gmneedijk (2000)

distribution is suggested in order to include tffeats of wave nonlinearity.

Key words: Depth-limited wave conditions, wave nonlinearltysell number, wave height distribution

1. Introduction

Reliable wave height distributions are important émgineering applications and understanding oftzba
processes in shallow-water wave conditions (deptitdd wave conditions). Especially the low-exceasza

wave heights are of significant importance, sirieEse lead to the highest wave run-up and highest Veads

on coastal protection structures (such as revesngrntins, detached breakwaters etc.).

Waves are typically hind-casted or propagated faeep- to shallow-water using computationally effiti
phase-averaged numerical wave models, which, haweae typically not capable of providing low-
exceedance wave heights. Thus, an appropriate higét distribution must be applied in combinatigith
the numerical model results.

Battjes & Groenendijk (2000) suggested the widslgdicomposite Weibull-distribution, given in Eqoat{1),
(named B& G-distribution in the following) which is now recommended for use shallow-water wave
conditions in e.g. The Rock Manual (CIRIA et ab0Z) and the EurOtop Manual (Pullen et al., 208{f)and
H, are scale parameters dadandk, are shape factors. For conditions with non-breakiaves in deep water
below a certain transition wave heidty, given in Equation (2), the B&G-distribution haslape factok; =

!Ports, Roads and Civil Works Department, Rambglnrark, Prinsensgade 11, DK-9000 Aalborg, Denmark.
jghn@ramboll.dk
*Department of Civil Engineering, Aalborg Universitfhomas Manns Vej 23, DK-9220 Aalborg @, Denmark.
tla@civil.aau.dk
%ports, Roads and Civil Works Department, Rambglinrdark, Prinsensgade 11, DK-9000 Aalborg, Denmark.
jak@ramboll.dk

377



Coastal Dynamics 2017
Paper No. 034

2, i.e. a Rayleigh-distribution. In shallower wateith depth-limited conditions the wave height disttion
changes to a Weibull-distribution with a higherpbd$actork, = 3.6.

1—exp[—(H/H1)li for H<H,
F(H) =
l—exp[—(H/Hz)sz for H>H,

(F/V /,l-,'l)k1 :(F/V / H, )k2 , where A, =H, /H,,., )

H,; andH, are determined from the continuity constraint qu&tion (1) and, is calibrated against model tests.
H; andH, are set to vary for varying,. Input to the distribution is the foreshore beapsla;, water depthh,
and the root-mean-square wave helght or the spectral significant wave heidtyo.

H, =(0.35+5.8tan(a,)) b (2)

1.1 Scope of Present Study

Ngrgaard & Lykke Andersen (2016) concluded that deep-water Rayleigh-distribution (Longuet-Higgins,
1952) underpredicts the low-exceedance wave heightsonlinear wave conditions. The present paper
evaluates if low-exceedance wave heights are atmterestimated for nonlinear waves in depth-limited
conditions. The performance of the B&G-distributisnevaluated against wave height distributionshighly
nonlinear depth-limited wave conditions modelledtiire three-dimensional VOF wave propagation model
IH2VOF.

2. Recent Developments on the I nfluence from Wave Nonlinearity on Wave Height Distributionsin Deep
Water

Ngrgaard & Lykke Andersen (2016) evaluated the deager wave height distribution (Rayleigh-distrilout)

by Longuet-Higgins (1952), given in Equation (3jamst highly nonlinear waves simulated in the nticaé¢
Boussinesq model MIKE21 BW by DHI. The model wa$idated against physical model tests performed at
Aalborg University, Denmark, and against the VOFdelpIH2VOF, developed at IH-Cantabria, Spaihs in
Equation (3) is the significant wave height in ttlee domain.

F(H)=1—exp[—2( H ] ], where b =2 (3)
H1/3

Based on the study by Ngrgaard & Lykke Anderserl§2@ was concluded, that the wave height distidns

of highly nonlinear waves (mainly swells) was inddafluenced by wave nonlinearity, and the Rayleigh
distribution therefore significantly underestimatéte low-exceedance waves in such conditions. Thus,
Ngrgaard & Lykke Andersen (2016) fitted the shapetdr, b, in the Rayleigh-distribution to the so-called
Ursell-number, given in Equation (4), which was whoto be a suitable parameter for description &f th
influence from nonlinear waves.
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High values ofU, indicate long waves with finite-amplitude in sloall water that necessitate the use of
nonlinear wave theory. As seen from Figure 1 ttek& 2nd order wave theory is applicable up/te26. For
irregular waves Ngrgaard & Lykke Andersen (201&)ateded thatd,, (significant wave height based on the
frequency domain) anid,; (wave length corresponding to the lo@al based on the linear dispersion relation)
was the best descriptors fdrandL in Equation (4).

H/h _ "Nonlinearity" (measure of wave height)

U, (H,L)= (4)

(h/L)2 " "Shallowness" (measure of depth/length)

Shallow | Intermediate | Deep
T

T
Hy/Lo=1/7

/) /
Stokes 5t

0.01

0.005

H
gT2  0.001
0.0005
Small amplitude
0.0001 .
0.00005 |~ -l
] | 1| | |
0.0005 0.001 0.005 0.01 0.05 0.1
d/gT2

Figure 1: Diagram by Le Mehaute (1969) for validifidifferent wave theories.

Examples are given in Figure 2 for two differenhlimwearities U,=0.05 andJ,=369) described by the Stokes
linear wave theory and the Stream Function themsgpectively.

Ur =0.05 Ur =369
1 1+
0.8F 1 0.8
061 1 0.6
041 4 0.4+
_ 02 1 _ o2
0 = 7 A N y
-0.2F 1 -0.2¢
-0.41 1 -0.4¢
-06F 1 -06F
-0.8¢ 1 -0.8¢
qk Stokes 1. order wave theory || Ak Stokes 1. order wave theory ||
—— Stream function wave theory ——— Stream function wave theory
0 0.5 1 1.5 2 0 0.5 1 1.5 2
YT [-] YT [-]

Figure 2:(left) Surface elevations of linear wavé$£0.05) (right) Surface elevations of nonlinear waves<369).
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In addition toU,(Hqo,Lo4) also various slopes (1:30 — 1:100) and two déffierso-called peak-enhancement
factors in the JONSWAP spectra=8.3 andy=10) was evaluated by Ngrgaard & Lykke Anderserl@OIt
was concluded, that the modified wave height distion in Equation (5) with the fitted shape factorwas
performing very well in the prediction of the waheight distribution for linear to highly nonlineaon-
breaking waves (i.¢H,0/h<0.2).

F(H)=1—exp£—a[ H J ]
P (s)

2 for U, (H,,L,,)<26
-0.00582 [, (H,,,L,,)+2.151  for 26 < U,(H,,,L,,) <105

where a =2, b={

The influence fromJ,(Hyo.Lo1) ON the ratioHy5/Hyo (given in Equation (6)) andy /T, (given in Equation
(7)) was further investigated by Ngrgaard & Lykkad&rsen (2016) for use in the transformation ofitipet
wave parameters for Equation (5).

H
H
where: (6)
a =0.0008 forslope=1:30and a =0, §=190

0.1,deep

=g W, (H,o.L

mo

)+097  for @ <U,(Hyg,loseeer) S 3

T

%:cy(a[jur(Hmo,Lp)+b)+0.97 for a <U,(H,L,)< B

p
where : )
€,=0.939,a =0, b=0 for slope=1:30and a =0, =20

Cy=0.939, a=-0.0008, b=0.871 for slope=1:30 and a =20, $=190.6

3. Evaluation on the Influence from Wave Nonlinearity on Wave Height Distributionsin Depth Limited
Conditions

The nonlinear waves are in the present study sohagielled with a single peak enhancement fagtet,

corresponding to swell waves, and a single seashmuk, 1:30. However, different wave periods, défe

U,(Ho,Lo1), and different ratios dflo/h are considered, meaning that both intermediash&diow water and
mildly to highly nonlinear waves are evaluated. Aiddally, a single case with relatively linear vesvis

evaluated using=3.3, which is used for validation of the modeluget

The investigation of the wave height distributidios nonlinear irregular waves using physical motists
requires large laboratory facilities (long wavenfies) since a sufficient water depth is requirethatwave
generation paddle in order to avoid the generatiospurious waves when applying 2. order irreguwarve
generation, cf. Figure 1. Therefore, the highlyesficated IH-2VOF model, developed by IH-Cantapria
Spain, is applied for the present study. The maddlthe model setup for the present study are itbesicin the
following.

380



Coastal Dynamics 2017
Paper No. 034

3.1 Description of Numerical Model and Model Setup

IH-2VOF solves the two-dimensional Reynolds Avedgavier-Stokes (RANS) equations and is capable of
simulating all important wave transformation prasss which are considered in the present study) asc
wave shoaling, wave breaking, and nonlinear waveewateractions. The model is extensively validated
several studies, such as Torres-Freyermuth eé2@0.7), Torres-Freyermuth et al. (2010) and Lara.g2011).

The applied numerical wave flume for the presamtlgin IH-2VOF is illustrated in Figure 3. The watiepth
at the wave generation boundary (left side of theé in Figure 3) is chosen to be sufficiently deeprder to
fulfil the requirements given in Figure 1. The $eal slope is 1:30 and the sea bed is impermealdge$Vare
fully absorbed at both the left and right sidetaf flume. The applied mesh discretization in thelehds based
on convergence analysis and the recommendatioes giMthe IH-2VOF manual.

IA()m:[ 1A4mJt i Slope = 1:30

| |
I 1

39m

Figure 3: Applied model domain in IH-2VOF in theepent study.

JONSWAP spectra are generated in the flume usingrder irregular wave generation theory and surface
elevations are obtained at multiple positions altimg flume (positioned with spacing’s of 1 m alotig
flume). In this way each model simulation resuitsseveral wave height distributions along the fluwith
varyingU,(Hmo,Lo1). 1000 waves are considered in each model sinounlati

Before applying the IH-2VOF model in the evaluatioh nonlinear waves a validation of the model is
performed by comparing results from linear deem depth-limited wave conditions against the Rayleig
distribution and the B&G-distribution.

3.2 Validation of IH-2VOF in Linear Deep and Depth-Limited Wave Conditions
Input wave conditions for the validation of IH-2VQirlinear wave conditions are:

- Simulation 1: Hy=0.15 m,T,=1.5 s,y=3.3 (JONSWAP-spectra — 2. order irregular waveegaion)
Figure 4 shows the comparison of measured wavehtsigimulated in IH-2VOF) against the Rayleigh-
distribution and the B&G-distribution in linear geevater wave conditions (Simulation 1). The wavalgsis
from the surface elevation is performed using Waleldeveloped at Aalborg University, Denmark. Asrse
the Rayleigh distribution and the B&G-distributiprovide very similar results. A small deviationobtained
since the Rayleigh-distribution is based on the nmeave heightH,, and the B&G-distribution is based on

Hmo in the present case. The deviation is considerde twithin the natural variation of wave paramgter

As seen from Figure 4 IH-2VOF is capable of simo@tRayleigh-distributed waves at the deep water
boundary.
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U =1.03, H_ /h=0.13
r m0

O Meas.
= = Rayleigh dist.
——B&G (2000) orignal

Exceedance prob. [%]
=)

2
(H/H‘I/S)

Figure 4: Comparison of simulated waves at relétivdeep water against the Rayleigh distribution ahd B&G-
distribution in Simulation 1.

Figure 5 shows the modelled wave spectra and tigettd ONSWAP wave spectra corresponding to the same
wave conditions as presented in Figure 4. As skenrodelled wave spectra is in accordance to tigetta
JONSWAP wave spectra.

0.008

0.006

0.004

Spectral Density [m?2-s]

0.002

0 05 1 15 2
Frequency [Hz]

Figure 5: Modelled wave spectrum and target JONSWiARe spectrum corresponding to the same conditiensesented
in Figure 4 (Simulation 1).

Figure 6 shows the comparison of measured wavehtseigimulated in IH-2VOF) against the Rayleigh-
distribution and the B&G-distribution in relativeliinear (Simulation 1) depth-limited wave condition
U, (Hmo,Lo1), where the waves are shoaled onto 0.3 m watehdAp seen, the simulated wave heights are very
much in correspondence with the predictions by Bi&&-distribution, whereas, as expected, the Ratleig
distribution significantly overestimates the loweerdance wave heights.
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U =251,H_/h=0.41
r ‘mD i

10
0 Meas
= = = Rayleigh dist.
£ 10! — BA&G (2000) orignal
re]
e
= ~
8 10 e
= 8 .
3 A
8 1 LS
E o .
&8 10
102 :
0 1 2 3 4
2
(HH,5)

Figure 6: Comparison of simulated waves at shallater against the Rayleigh distribution and the B&i&tribution in
Simulation 1.

Figure 7 shows the modelled wave spectra and hat iIFONSWAP wave spectra corresponding to the same
wave conditions as presented in Figure 6. As death, sub- and super harmonics of 2. order startetelop
and energy is dissipated due to wave breaking (eoadoto Figure 5).

0.005 {

0.004

0.003

0.002

Spectral Density [m?-s]

0.001

o

05 1 15 2
Frequency [Hz]

Figure 7: Modelled wave spectrum correspondindiéosame conditions as presented in Figure 6 (Sfionla).
3.3 Simulation of I ntermediate to Highly Nonlinear Depth-Limited Waves
Due to the relatively time-consuming model simalas in IH-2VOF solely two simulations are considei@

the following evaluation on the influence from wanenlinearity on the wave height distribution inptie
limited conditions. The following JONSWAP input weaparameters are evaluated:

- Simulation 2: Hyx=0.1 m,T,=4 s,y=10 (JONSWAP-spectra — 2. order irregular wave gaite)
- Simulation 3: Hyp=0.1 m,T;=5 s,y=10 (JONSWAP-spectra — 2. order irregular wave ppim)

As an example, Figure 8 shows the modelled wavetispand the input wave spectra for Simulation that
deep water boundary of the wave flume.
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0.015

0.01

0.005

Spectral Density [m?-s]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Frequency [Hz]

Figure 8: Modelled wave spectrum and target JONSWAPe spectrum (Simulation 2).

Figure 9 shows a comparison between the measurediged) wave heights against the B&G-distribution
depth-limited highly nonlinear wave conditions feimulation 2. As seen, the B&G-distribution sigoéntly
underestimates the low-exceedance wave heightsteflgency is that the simulated nonlinear wavessta
break much later (at highkt,) compared to the predictéd), by the B&G-distribution.

s U.".“,-,l"}!"LP-l)ﬂf](i’ H-'-'-'-‘-“-Ih=9'52

© Meas.
= = Rayleigh dist.
—B&G (2000) orignal

10"

Exceedance prab. [%)]
>

Figure 9: Example case with comparison of simulatedlinear waves at shallow water against the Rglyldistribution
and the B&G-distribution in Simulation 2.

Figure 10 shows the modelled wave spectra for dngesconditions as presented in Figure 9. As saenyave
spectra shows highly nonlinear conditions with ggee-distributed to the sub- and superharmonics.

0.01

0.008

0.006

0.004

Spectral Density [m2-s]

0.002

0 1 2
Frequency [HZ]

Figure 10: Modelled wave spectrum correspondintpéosame conditions as presented in Figure 9 (&ifoul 2).

384



Coastal Dynamics 2017
Paper No. 034

Figure 11 shows ratios &f, neas/ Hoprea. fOr different exceedance probabilities;0.1%,0=1%, a=2%, 0=5%,
a=10%.H, s are obtained from the B&G-distribution in Equatifr). The ratios are obtained from the linear
conditions in Simulation 1 and the nonlinear copdi in Simulation 2, and 3. Solely conditions wéher
Hy<Ho14 are considered in Figure 11. As seen, the tendenthyat the B&G-distribution is under-predicting
the low-exceedance wave heights for increasin@do,Lo1) by up to approximately 40%, which was also
expected based on the comparisons in Figure 6 igndeM, whereas they are well predictedg« 26.

B&G (2000) original

0 0=0.1%
1.6 0 a=1%
a=2%
§ 14 8 0 a=5%
5 A2885 ¢ o a=10%
f 3%5° 2 3
T 12 Sﬁggtgo g o 88 8s 8
o« o o 8 8 8
] o
I - S U
= | %
08F
0.6

0 50 100 150 200 250 300 350

U!(HmO‘LUJ)

Figure 11: Comparison of simulated nonlinear waateshallow water against the B&G-distribution inu&tgjon (1).

4. Suggestions for M odification of the B& G-distribution to I nclude the Effects of Wave Nonlinearity

In order to apply the fitted shape factor by Ngrda& Lykke Andersen (2016) in the present studg.(io
reusek; in the Rayleigh distribution), the part of the B&Bstribution, which represents the deep water wave
conditions, is in the following suggested to bedmhsnH; instead ofH, s as the original distribution in
Equation (1). Note that Equation (5) is extendebdovalid forU,(Ho,Lo1) < 330. Additionally, it is suggested
to include a correction fact@, for modification ofH;, as function ofJ,(H.o,Lo1) as it was previously found in
Figure 9 thatH; was underestimated. The new suggested B&G disimibus given in Equation (8). The
correction factoiC,, will be calibrated in the following. Note that Eation (8) is providing similar results to
Equation (1) in case &f,(Ho,L01)<26.

l—exp[—a[(]H/Hl/g)kl(U’)] for H<H,
F(H) = , Where:

l—exp[—a [(]H/Hz)kz] for H>H,

2 for U,(H,,,L,,) <26 (8)
~0.00582 U, (H,,,L,,)+2.151  for 26< U, (H_,,L,,)<330

H, =(0.35+5.8tan(a,))[h[C, (U,)

a=2,k, =36, kl(U,):{

(I-Nlt,)kl(u') :(/-NI" /H, )k2 , where A, =H, /H,,

4.1 Modification of Hy, to I nclude the Effects of Wave Nonlinearity
The influence of wave nonlinearity on the ratiiSmes /Hir pred. IS Shown in Figure 12 whet, e is obtained

based on Equation (8) with the modifiggd shape factor by Ngrgaard & Lykke Andersen (20h@wever,
where initiallyC,=1. Solely conditions whetd,<H, 1o, are considered in Figure 12.
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Hi meas, IS Obtained from visual inspection of the differembdelled wave height distributions by detecting th
translation position from the relatively Rayleigisttibuted waves to the Weibull distributed waves.

As seen in Figure 12, the tendency is tHatstarts to increase for 208,(Ho,Lo1) to reach a constant level of
Ci =Hy meas./Hirprea.= 1.52 for U (Hio,L01)>180. The power curve in Equation (9) is fittedthe ratios in
Figure 12 (the dashed line).

1.8

1.6
® 9_____°_______°__
T -
= 1.4 o,
E e

[ ’
- 12 S °
Ll o
= ]
o L=

08 -

0 50 100 150 200 250 300 350
Ur(HmU'LOJ)

Figure 12: Influence of wave nonlinearity Bpand fitted correction factor for C, given in Equation (9).

1.00 for U (H,,.L,,)<26
C,(U,)=40.65,(H,,,L,,)*" for 26<U. (H_,,L,,)<180 9)
1.52 for 180<U, (H,,,L,,) <330

A similar plot to Figure 11 is shown in Figure 13eve the correction factor in Equation (9) is imdd in
Equation (8) for modification off,,. Solely conditions wherkl,<Hg 10, are considered in Figure 13. As seen,
the modified wave height distribution provides admsafer estimate for the low exceedance wave teigh
case of high wave nonlinearity (hi¢th(Ho,Lo1)) compared to the original B&G-distribution in Eation (1).

B&G (2000) modified

1.8
o a=0.1%
161 o a=1%
a=2%
'8' 14+ o a=5%
a 2 a=10%
I 12
@
g o I
IR S
pa = o® o
0.8 ° <
0.6
0 50 100 150 200 250 300 350
UfH gl

Figure 13: Comparison of simulated nonlinear waateshallow water against the modified B&G-distribatin Equation
(8) using the modification factor in Equation (9).

An example case on the performance of the modBi&&-distribution is shown in Figure 14.
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U, (HpL =106, H, o/h=0.52

O Meas.
= = Rayleigh dist.
—B&G (2000) orignal
— B&G (2000) modified

Exceedance prob. [%]
=]

2
(HH, )

Figure 14: Example case with comparison of simdlatenlinear waves at shallow water against the &glytdistribution,
the original B&G-distribution in Equation (1), atlte modified B&G-distribution in Equation (8).

The lowest evaluated exceedance probabiliies, 0.1% - 2%, are slightly overestimated in the ified
B&G-distribution c.f. Figure 13 and Figure 14, whimdicates that the influence from the wave nadiity

on k; should be further clarified. However, a biggerad&undation is needed for such study. Moreover,
additional model tests are needed for clarificatonthe influence from the peak enhancement factorthe
JONSWAP spectra and the bed slope on bfatlandks.

5. Conclusions and Discussion of Findings

Initial modifications are made to include the effeof wave nonlinearity on the wave height disttito by
Battjess & Groenendijk (2000). The wave nonlingaist concluded to have significant effect on thecated
transition wave height, which defines the transitioetween deep- and shallow water wave conditions.
Nonlinear waves seems to break in shallower wabvenpared to linear wave conditions, which results in
underpredictions of the low-exceedance wave heightbe original B&G distribution (unsafe).

Figure 15 presents an example case on the ratiwebatHgec modo10 Obtained from the modified B&G-
distribution in Equation (8) anHggc origo1% Obtained from the original B&G-distribution in Eafion (1) for
varying To; and Hyo in 10 m water depth on slope 1:30 (i.e. for varyimgve nonlinearities). As seen, the
original B&G-distribution providéH, 14, Wwhich are up to 30 — 40% lower compared to the fredlivave height
distribution including the suggestions for introthgcwave nonlinearity in the present paper.
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Slope = 1:30, h=10m

=14 1.25
-4
5 g
; 12§
312 b
m o
< 15
& =
s 1 g
3 (L1
g 3
@ 0.8 105
& 20 ;
T : . 4
10 -
_ 2
0
To4 8 £ Hio (M)

Figure 15: Example case on the influence from waaelinearity on the ratio betwee ;5 obtained from the modified
B&G-distribution and the original B&G-distribution.

5.1 Suggestionsfor Further | nvestigations

The authors of the present paper are continuousiking on refining the wave height distributionsdato
provide safe and easily applied tools for predictid low-exceedance wave heights in deep- to dimited
linear to nonlinear wave conditions. This includagher evaluation of the influence frok, on the ratios
Hys/Hmo and T /Ty, which are needed in the conversion between wavet iparameters for Equation (8) and
(9). Moreover, additional sea bed slopes and pehkrecement factors will be evaluated in the futogether
with the influence fronJ, on the shape factok,, in the Weibull-distribution.

The present study solely focus on long-crested sjavbich however, is also the most relevant in adsery
long waves in relatively shallow water since thasetypically swell and are already refracted wtienwaves
are propagated to shallower water. Thereby theyraby only include very little directional spreadi. No
extra effort on the influence from 3D waves is #fere planned in on-going investigations.

References

Battjes, J.A., and Groenendijk H.W. 2000. Wave hedjstributions on shallow foreshor&nastal Engineering, 40, 161-
182. 34-550, New York.

CIRIA, CUR, CETMEF, 2007The Rock Manual: The Use of Rock in Hydraulic Engineering. 2nd edition. CIRIA, London.

Lara, J.L., Ruju, A,, Losada, 1.J., 2011. RANS nitig of long waves induced by a transient waveugron a beach.
Proc. R. Soc. A 467, 1215-1242.

Le Mehaute, B., 1969. An Introduction to Hydrodynesnand Water Waves\ater Wave Theories. Vol. 1l. U.S.
Department of Commerce, ESSA, Washington, DC (TR ERB-POL-3-2).

Longuet-Higgins, M. S. (1952). On the StatisticéstBbution of the Heights of Sea Wavdsurnal of Marine Research,
11(3), PP. 245-266.

Ngrgaard, J. H., & Andersen, T. L. (2016). Can Rayleigh distribution be used to determine extramase heights in
non-breaking swell conditions®astal Engineering, 111(May), 50-59. DOI: 10.1016/j.coastaleng.20180Q0

Pullen, T., Allsop, W., Bruce, T., Kortenhaus, Schuttrumpf, H. & van der Meer, J. (200¥Yave overtopping of sea
defenses and related structure: Assessment manualww.overtopping-manual.com

Torres-Freyermuth, A., Losada, 1.J., Lara, J.LO20Modeling of surf zone processes on a naturattbesing Reynolds-
Averaged Navier—Stokes equatiodsGeophys. Res. Oceans AGU. (Am. Geophys. Union) 112, C09014.

Torres-Freyermuth, A., Lara, J.lLpsada, 1.J., 2010. Numerical modelling of short- and longwave transformation on a
barred beach. Coast. Eng., ELSEVIER 57 (3), 317-330.

388



