
1 INTRODUCTION

Some of the important elements to be considered
by the coastal engineer when designing erosion con-
trol, foundation, environmental and marine struc-
tures includes the determination of the significant
and maximum wave height at the location of inter-
est.

Extreme wave heights may have severe conse-
quences for coastal structures. How frequently the
events of extreme wave heights may be expected to
occur is of great importance. Design of civil engi-
neering structures and insurance risk calculations,
for instance, rely on knowledge of the frequency of
these extreme events. Estimation of these frequen-
cies is, however, difficult because extreme events
are by definition rare and data records are often
short. In other words: the uncertainties related to the
distribution analysis of wave heights are high.

In  Vrijling, (1997), an interesting overview  on
uncertainty analysis is presented. He describes that
in most practical cases data is far too limited to give
reliable estimates for the distribution and the auto-
correlation function of wave heights, water levels,
etc. The statistical uncertainty, i.e. the uncertainty of
the parameter estimates due to the limited number of
observations, has to be assessed. In that case the in-
herent uncertainty has to be increased with the sta-
tistical uncertainty.

During the life of the structure hydraulic info will
be gained and the statistical uncertainty will nor-
mally be reduced. However due to the discovery of
slowly running stochastic processes (e.g. sea level
rise, climate change) this type of uncertainty may
well increase too. The uncertainty of the type of
p.d.f. that describes the data is mostly included in
the category of statistical uncertainty too. In a Baye-
sian approach the likelihood of various types can be
estimated from the data and in that way the choice
reduces to an estimation problem.

Many of the engineering models that describe the
behaviour of a coastal structure are imperfect. They
may be imperfect because the physical phenomena
are not known (regression models without underly-
ing theory). They can also be imperfect because
some variables of lesser importance in the theoreti-
cal model, are omitted in the engineering model for
reasons of efficiency and the resulting scatter is ac-
cepted as model uncertainty.

In the first case we only know the uncertainty in
the tested or observed domain. The development of a
model founded in physics will reduce the uncertainty
in this case. With the physical model, observed data
and experience can be translated to other conditions
or even other sites. If for instance the phenomena of
wave breaking and local wave generation are under-
stood better, predictions of the (conditional) p.d.f. of
significant wave height can be made then by reliance
on scarce statistical data only.
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In the second case the uncertainty can also be es-
timated outside the domain of experience by using
the more sophisticated model. Care has however to
be taken that the model is verified with specific
prototype data.

In case of complete lack of info, the engineering
judgement or degree of belief can be expressed as a
probability distribution. If data becomes available
the distribution can be formally updated. In this pa-
per the principles of an uncertainty analysis for wave
heights will be described in Section 2.

Furthermore, in this paper, the methods for deter-
mining the occurence frequencies of extreme wave
heights are studied. The distribution functions and
parameter estimation methods will be investigated
for wave heights for:

- Short term scales
- Long term scales
- Breaking limited situations
- Reflective situations

For the short term scales, Longuet-Higgens (1952)
already showed that the Rayleigh distribution is the
most appropriate to describe the distribution of the
wave heights. Without using a spectral description,
various parameter estimation methods are available
in literature to determine the free parameter of the
Rayleigh distribution. In Section 3 of this paper,
these parameter estimation methods will be com-
pared with eachother w.r.t. relative bias and root
mean squared error of the p-quantile (p<<1).

Wave height distributions on long term scales
have been intensively investigated by numerous
authors, of which we like to mention Mathiesen et
al. (1994), Goda (1990) and Herbich (1990). In this
paper, the regional frequency approach (RFA) will
be applied in order to investigate the distribution
function for the wave heights on long term scale.
The main idea behind the RFA is to 'trade space for
time'.  It does so by using data from several sites,
which are judged to have frequency distributions
similar to the site of interest, in estimating event fre-
quencies at that site. The RFA is connected with the
method of L-moments. L-moments are a recent de-
velopment within statistics (Hosking and Wallis,
1997). They form the basis of an elegant mathemati-
cal theory in their own right, and can be used to fa-
cilitate the estimation process in regional frequency
analysis. L-moment methods are demonstrably supe-
rior to those that have been used previously, and are
now being adopted by major organizations world-
wide (Hosking and Wallis, 1996).

The paper briefly describes the theoretical
background to the subject, and a case study of ex-
treme wave height prediction on the Dutch North
Sea is given. In a first analysis data has been col-

lected as peaks over threshold data sets of wave
heights from nine North Sea locations along the
Dutch coast. It appeared that the locations except for
one can be very well considered as a homogeneous
region and that the optimal distribution function to
describe the occurence frequency of extreme wave
heights is given by the Generalized Pareto distribu-
tion. Section 4 summarizes all results of the RFA.

Coastal protection structures are generally located
within the surf zone and are therefore subject to
forces associated with "depth limited broken waves".
The design wave height for such structures can be
expressed as follows:

H= f . d
where H  is the design wave height, d is the water
depth which controls breaking, and f is a coefficient
referred to as the "Breaker Index". The breaker in-
dex is a function of several variables which include
wave period, bed slope and wave grouping. Its value
is presently poorly defined. A value commonly used
in practice has been 0.8, which is reasonable for flat
slopes and long period waves, but underestimates
the maximum wave height for relatively steep beach
slopes and short period waves. For the latter condi-
tions, model tests and field data indicate values be-
tween 0.8 and 1.2. In choosing a design value for the
breaker index, consideration should be given to the
susceptibility of the structure to failure or damage
from a group of three of four extreme waves. Rigid
structures are more prone to failure under these con-
ditions, and a correspondingly higher value of the
breaker index should be adopted. Flexible structures
such as rubble mounds may be damaged, but rarely
fail from a group of high waves. Consequently,
lower values can be adopted.

At this moment, the current practice says:
a) for shallow bed slopes, say 1:200 - 1:50, indi-

vidual maximum wave heights may be limited to
approximately to 0.78 or 0.83 of the depth.

b) for shallow bed slopes, significant wave
heights will be limited (approximately) to 0.55 of the
depth.

c) for bed slopes steeper than about 1:100, limit-
ing wave heights are strongly influenced by the
relative wave length, with the breaker index f in-
creasing with reducing relative depth h/gT2.  For
steep bed slopes and realistic wave  conditions, the
breakwer index and can be significantly greater than
the simple  limits given above.

d) for bed slopes of near 1:10 and values of h/gT2

below 0.01, f can easily exceed 1.0.
In this paper the breaker index will be investi-

gated in case of reflective waves. An attempt will be
made to derive the wave height distribution in front
of reflective structures. In Section 6 a model has
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been derived which can describe the probability of
breaking, rather than a general distribution function
for the wave heights in case of reflection.

The paper ends with conclusions and the list of
references.

2 UNCERTAINTY ANALYSIS

When studying the probabilistic design of coastal
strucures it is important to develop a philosophy to
discern between inherent uncertainty (randomness)
and uncertainty related to the lack of information
(statistical and model uncertainty).

The inherent uncertainty is natural, fundamental
and irreducible. For instance the outcome of the
flipping of a coin is fundamentally uncertain. The
uncertainty that is associated with the parameter es-
timates based on limited data, is called the statistical
uncertainty. An increasing amount of data tends to
decrease this uncertainty.

Related to the statistical uncertainty is the prob-
lem of the limited accuracy of physical-
mathematical models. In many cases the mathemati-
cal model of a physical process has to be calibrated
by means of small scale experiments or prototype
observations. Due to the limited number of experi-
ments or observations and to imperfections of the
model, differences will exist between the predicted
and the observed outcomes. These differences give
rise to the model uncertainty. Model uncertainty is
related to the statistical uncertainty in the sense that
more data tend to reduce the parameter uncertainty.
In case of an imperfect model some uncertainty will
persist unless the model itself is improved.

2.1 Inherent uncertainty in time

Stochastic processes running in time (individual
wave heights, significant wave heights, water levels,
discharges, etc.) are examples of the class of inher-
ent uncertainty. Unlimited data will not reduce this
uncertainty. The realisations of the process in the
future stay uncertain. The p.d.f (probability distribu-
tion function) or the cumulative probability distribu-
tion function (c.d.f.) and the auto-correlation func-
tion (a.c.f.) describe the process. In case of a
periodic stationary process like a wave field the
autocorrelation function will have a sinusoidal form
and the spectrum as the Fourier-transform of the
autocorrelation function gives an adequate descrip-
tion of the process.

An attractive aspect of the spectral approach is
that the inherent uncertainty can be easily transferred
through linear systems by means of transfer func-
tions. By means of the linear wave theory the in-

coming wave spectrum can be transformed into the
spectrum of wave loads on, for instance, a vertical
caisson wall.  The p.d.f. of wave loads can be de-
rived from this wave load spectrum. Of course it is
assumed here that no wave breaking takes place in
the vicinity of the caisson.

If the interest is directed to the analysis of ulti-
mate limit states e.g. sliding of the coastal structure
the autocorrelation is eliminated by selecting only
independent maxima for the statistical analysis. If
this selection method does not guarantee a set of
homogeneous and independent observations, physi-
cal or meteorological insights may be used to ho-
mogenise the data-set. For instance if the fetch  in
NW-direction is clearly maximal, the dataset of
maximum significant wave height could be limited
to NW-storms. If such insight fails, one could take
only the observations exceeding a certain threshold
(P.O.T.) into account hoping that this will lead to the
desired result. In case of a clear yearly seasonal cy-
cle the statistical analysis can be limited to the
yearly maxima.

2.2 Inherent uncertainty in space

Soil properties can be described as stochastic pro-
cesses in space. From a number of field tests the
p.d.f. of the soil property and the (three-
dimensional) autocorrelation function can be fixed
for each homogeneous soil layer. Here the theory is
further developed than the practical knowledge.
Numerous mathematical expressions are proposed in
the literature to describe the autocorrelation. No
clear preference has however emerged yet as to
which functions describe the fluctuation pattern of
the soil properties best . Moreover the correlation
length (distance where correlation becomes zero)
seems to be of the order of 30 to 100m while the
spacing of traditional soil mechanical investigations
for coastal structures is of the order of 500m. So it
seems that the intensity of the soil mechanical in-
vestigations has to be increased considerably if reli-
able estimates have to be made of the autocorrela-
tion function.

The acquisition of more data has a different effect
in case of stochastic processes in space than in time.
As coastal structures are immobile, there is only one
single realisation of the field of soil properties.
Therefore the soil properties at the location could be
exactly known if sufficient soil investigations were
done. Consequently the actual soil properties are
fixed after construction, although not completely
known to man. The uncertainty can be described by
the distribution and the autocorrelation function, but
it is in fact a case of lack of info.
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An important aspect of this type of uncertainty is
that without further investigations the knowledge of
the foundation increases with time. During the life of
the structure information will be gained as each
storm exceeding the previous that is survived by the
structure, pushes the lower limit of the strength up-
ward (Bayesian updating of the strength).

2.3 Uncertainty analysis of the p-quantile of wave
heights

The p-quantile of the wave height is defined as that
wave height that is exceeded with probability p per
year. In mathematical terms:

The p-quantile Hp is given by P(H>Hp) = p

In this section the wave height which has an exceed-
ance frequency of 1% (the 1/100-quantile) will be
studied with respect to its uncertainty with help of
theoretical considerations and Monte Carlo simula-
tions. Given a dataset of 100 individual wave heights
from one sea state, a first guess for the "1% exceed-
ance wave height" would be the maximum value of
this dataset. However, in the next it will be shown
that this guess is too conservative.

The short term wave height distribution condi-
tionalized on Hs is Rayleigh distributed with pa-

rameter �  (β = 1
2 2HS ). The cumulative distribu-

tion function is given by F x x( ) exp[ { / } ]= − −1 2β .

The p-quantile follows from this:

x F F( ) * log( )= − −β 1 in which �* is the esti-

mator of the real �. For every unbiased estimator of
�, an expression for its variance can be determined
with help of the Fisher Information Matrix (FIM):

var(�*)>I -1(�)

in which I(�) the FIM given in table 1. From this we
derive that for every unbiased estimator:

var(�*)>n-1�2/4

or in terms of the standard deviation:

)(�*)>n-1/2 �/2

For the p-quantile, this means:

E x F F( ( )) log( )= − −β 1 ,

var(x(F)) = log(1-F) var(�*)

and σ β( ( )) log( )x F n F> − −1
2 2 1

Given a dataset {h1, h2,..., h100} of 100 individual
wave heights. On the basis of this dataset it is deter-
mined what the wave height will be which is ex-
ceeded with probability 1/100. I.e. the wave height
h1/100 which satisfies the equation  P(h>h1/100) =
1/100.

It follows that h1/100 is a random variable. Its dis-
tribution function can be approximated by a normal
distribution with unbiased mean
1
2 2 0 01− log( . )HS  = 1.51Hs and standard devia-

tion 
2

4
1 099− −log( . ) nHS =0.76n-�Hs in which

n is the length of the available dataset (100 in the

above example) and Hs is estimated by ��2.

A Monte Carlo simulation is performed. A set of
100 wave heights is generated from a Rayleigh dis-
tribution with significant wave height of 5m. The
empirical distribution function is plotted in Figure 1
by the small circles. The probability distribution
function of h1/100 is included and given by the nor-
mal distribution with a mean value of 7.55m and a
standard deviation of 0.39m. Also the distribution of
the maximum wave height hmax = max{h1, h2,...,
h100} can be determined. In the above Monte Carlo
simulation with Hs=5m, it is given by a normal dis-
tribution with a mean value of 8.18m and a standard
deviation of 1.16m. Remark that the answer is more
conservative than the former prediction.

In the former it is shown that P(Hind>1.51Hs) =
1/100. Goda already showed that P(Hind>1.8Hs) =
2/1000. However, after 3000 individual waves, it
appears that:

P(}Hi such that Hi>1.8Hs) = 0.9975! If we would
require P(}Hi such that Hi>αHs) = 1/100 after 3000
individual waves, then α = 2.51 (=sqrt(-�ln(-(1-
1/100)1/3000+1)).

Figure 1: Uncertainty in the 1/100 yr quantile.
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3 SHORT TERM AND LONG TERM
DISTRIBUTIONS

In this section an overview will be given of the un-
certainty analysis of wave heights. A comparison is
made between the statistical behaviour of short term
and long term wave heights. The uncertainty of the
maximum wave height is studied and results are
compared with the design wave height formula of
Goda Hdesign = 1.8Hs.

3.1 Short term and long term wave heights

Battjes, (1970), investigated the probability distribu-
tions of the significant wave heights on a long term
time scale (e.g. one year). He noticed that symmetric
distributions, such as the normal distribution, were
not suitable to describe the long term distribution for
the wave heights. Skewed distributions, such as the
Gumbel and Weibull distribution, fitted much better.

Longuet-Higgins, (1952),  investigated the probabil-
ity distributions of the individual wave heights on a
short term time scale (e.g. three hours). With theo-
retical arguments, he derived that the short term dis-
tributions is given by a Rayleigh distribution, given
a few easily-satisfied, boundary conditions (such as
stationarity conditions). The free parameter in the
Rayleigh distribution is given by the significant
wave height, when we use the expression:

F(H|HS) = 1 - exp(-2 (H/HS)
2)

The short term distribution of the wave height is
conditionalized on HS.

3.2 Maximum individual wave height

In this section the distribution function of the maxi-
mum wave height from a set of N individual wave
heights (from one sea state) is studied. This distribu-
tion function is called the extreme value distribution
of Hmax and is given by:

F(Hmax|HS) = F(H|HS)
N = (1 - exp(-2 (H/HS)

2)N

The long term distribution of HS is usually given by
one if the following distributions:

- Exponential
- Gumbel
- Weibull
- Generalized extreme value
- etc.

For instance, consider a Gumbel distribution for the
long term distribution:

FL(HS) = EXP(-EXP(-(HS-A)/B))

From the long term and short term distributions, the
joint probability density function (j.p.d.f.) can be
studied. In Figure 2 the j.p.d.f. of H and HS and the
j.p.d.f. of Hmax and HS are presented for certain val-
ues of the distribution parameters.

Figure 2: The j.p.d.f. of Hmax and HS is shown for N=1 and
N=3000 individual waves

The distribution of H and Hmax is found by integra-
tion over HS:

F(Hmax) = ,F(Hmax | HS) FL(HS) d HS

where
F(Hmax|HS) = F(H|HS)

N = (1 - EXP(-2 (H/HS)
2))N

Figure 3: the unconditionalized distribution of Hmax (N=3000)
is shown (right line) in comparison with the  significant wave
height Gumbel-distribution (left line) and the Goda line 1.8HS

(middle line).
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Note that the exceedance probabilities for the maxi-
mum wave height (out of 3000 individual waves) are
much higher than on basis of the Goda line 1.8Hs
would be predicted (Figure 3).

In the next table the multiplification factor are
given for the 1/100 years wave heights:

Table 1: Multiplication factors.

3.3 Statistical estimation methods (SEM) for the
Rayleigh distribution.

Without using spectral measures, various SEM’s are
available to determine the free parameter � in the
Rayleigh distribution (�=0.707HS); table 2.

Figure 4: Relative bias of six SEM’s.

Figure 5: RMSE of six SEM’s.

Table 2: Overview of SEM’s for Rayleigh distribution
Distribution Rayleigh

Expressions F x x

x F F

( ) exp[ { / } ],

( ) log( )

= − −

= − −

1

1

2β

β

f x
x

x( ) exp[ { / } ]= −2 2
2

β
β

Range 0 ≤ < ∞x    �>0

Central

Moments � = ½�S%

) = S(1-%/4) �
�1 =  0.3969
�2 =  3.26

L-Moments
λ π

λ β π π

τ
τ

1

2

3
1 2 1 2

4
1 2 1 2

1 2 1 2

1

2

1

2

1

8

2 1 3 1 2 3

51 4 10 1 3

6 1 2 1 2

= −

= −
�

��
�

��

= − − −

= − − − +

+ − −

− −

− −

− −

( )/ ( )

{ ( ) ( )

( )}/ ( )

/ /

/ /

/ /

Log-Likelihood
log log logL n x xi i= − + −∑ ∑−β β

2
2 2

2

      β = ∑1 2

n
xi

Fisher

Information E
L n

xi
i

n∂
∂

�
��

�
��

= −
=

∑
2

2 2 4
2

1

2 6log

β β β

I
n

( )β
β

= 4
2

Linear-

Regression

Transformation

log(-log(1-F)) = 2log(x) - 2log�
  or
(-log(1-F)) 1/2  = x / �

Noninformative

prior
f(�) � �-1

Noninformative

posterior
p(�) � �-n  exp(-�-2 *xi

2)

Conjugate prior p(�) � �-d  exp(-�-2 b)

Conjugate

posterior
p(�) � �-n-d  exp(-�-2 (t+b))
       with t = *xi

2

Predictive

function
f y x y

n d

y b x

n d

i

n d
( | ) = −

+

+ +

+

+

�
�

�
�

�
��

�
��∑

2 2

2
2

Γ

Entropy
E

e

n
xi

i

n

=
�
��

�
��

−
=

∑log log
β 2

12

1

In the derivation of f(y|x), the substitution �-2=� is used.
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The determination of the correct � (and conse-
quently significant wave height) is very important in
order to obtain an accurate prediction of the p-
quantile. In order to judge which SEM should be
used for the estimation of the significant wave
height, first a criterion should be defined. The usual
criterion for comparing SEM’s is given by the
minimum relative bias and the minimum root mean
squared error (RMSE). The comparisons are shown
in Figures 4 and 5.

With the classical SEM, the method to determine
HS on basis of the mean of the highest 1/3rd observa-
tions is meant. Notice that the simple method of
moments performs very well w.r.t. relative bias,
whereas the maximum likelihood gives the smallest
RMSE (apart from the classical method, which uses
only 1/3rd of the observations).

The performances have been judged on basis of
homogeneous simulated data from the Rayleigh dis-
tribution. The performances of the SEM’s change
when data is inhomogeneous or disturbed with
noise. In that case, it appears that the L-Moments
method gives a very good performance which is
quite robust against these inhomogeneities in the
data (Hosking and Wallis, 1997).

4 REGIONAL FREQUENCY ANALYSIS (RFA)

Significant wave heights are measured at many lo-
cations in the world seas. Only in the North Sea
there are hundreds of stations. At 9 stations the data
could be delivered by the Dutch Ministry of Water
Management (RIKZ). These stations are given by:

- SON   (Schiermonnikoog Noord)
- ELD   (Eierlandse Gat)
- K13   (platform K13A)
- YM6   (IJmuiden-06 ; munitiestortplaats)
- EUR   (Euro-platform)
- MPN (Meetpost Noordwijk)
- LEG (Lichteiland Goeree)
- SWB (Schouwenbank)
- SCW (Scheur West)
The data are peaks over tresholds. They are made

i.i.d. by using a filter of 48 hours. Each site contains
about 50 observations over the period 1979-1993.
The station MPN appeared to be discordant accord-
ing the Wilks discordancy measure. This was the
reason to exclude MPN from the RFA.

A Generalized Pareto Distribution appears to be
the optimal regional fit for the extreme wave heights
on the North Sea. From Figure 6 it can be seen that
indeed the GPA gives a satisfiable regional fit. It has
a curvature downwards, indicating that there should
be some maximum credible normalized extreme
wave height. Differences between the at-site quantile

estimates and the regional quantile estimates can be
quite high (up to 1m for the extreme extrapolations).
It is better to rely on the regional quantile estimates
for decision making, as is proven in Hosking and
Wallis, 1997.

For further investigation, it would be good to ex-
tend the data base with measurements from other
stations in the neighbourhood. Nowadays, due to the
Internet, it is relative easy to obtain wave height
measurement at almost every desired location in the
world. For instance, the National Data Buoy Center
at http://www.ndbc.noaa.gov/index , the
Coastal Data Information Program at
http://cdip.ucsd.edu/  and the Prototype
Measurement and Analysis Branch of the WES at
http://sandbar.wes.army.mil/  provide a
lot of data sets from buoy measurements. Satelite
observations of wave heights with the TO-
PEX/Poseidon Satellite are available from

http://podaac.jpl.nasa.gov/topex/
At this http address animation files of significant
wave heights of every three days of the last 5 years
at every location on the world seas and oceans are
free downloadable.

Adding more sites to the existing data base of 9
stations on the Dutch North Sea may result in more
accurate predictions of the quantiles. Also an alter-
native more advanced method (the robust distances)
can be used in the discordancy analysis of the sites.

Finally, intersite correlations are certainly present
in this case study. Hosking and Wallis (1997), how-
ever, mentioned that their RFA-procedure is quite
robust against intersite correlations in case of low
heterogeneity measures.  In the present case study, a
heterogeneity measure of 1.13 was obtained, which
indicates a low value of heterogeneity.

Figure 6. RFA of long-term wave height distribution.
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5 BREAKING-LIMITED DISTRIBUTIONS

Tayfun (1981) has derived a distribution function
which can be used to model the individual wave
heights in shallow water. The Tayfun Parameter ap-
pears to be an important factor in his derivation:

N
k h

k m
=

�

��
�

��
π

7 2 2
0

0 0

2

tanh( )

In which m0 is the zeroth moment of the surface-
elevation spectrum (m0 is directly related with the
significant wave height HS);
k0 is the mean wave number (related to the mean
wave radian frequency (=m1/m0) via the dispersion
relation);
h is the water depth.
The distribution function is given by:

p N uJ uN J u du

p N N
N

uJ uN J u du

B
N

B
N

( ; ) ( ) ( ) ,

( ; ) cos ( ) ( ) .

/ /

/ /
/

/

ξ ξ ξ ξ

ξ ξ ξ
π ξ

ξ

0

2 1
4

12
0

12

0 0

12 12 1
12

0
12

0 0

≤ ≤ =

≤ ≤ = −
�
��

�
��

�

!
 

"

$
#

−∞

− −∞

I

I

in which J0 is the zero-order Bessel function,
! the normalized wave height.

In Figure 7, the Tayfun distribution is evaluated
for different values of the Tayfun parameter N,
(N=3, 5, and 10, corresponding to very shallow, in-
termediate and deep water).

Figure 7: Tayfun’s distribution in comparison with Rayleigh.

Groenendijk and Battjes (1999) also derived a
distribution function of the wave heights in shallow
water by using a composite Weibull distribution. In
this paper, we shall use a simplified version of the
Tayfun’s distribution, by assuming that all wave
heights above 0.78d will break and spread them-
selves uniformly over the smaller wave heights (a
comparable technique was suggested in Battjes and
Janssen, 1978).

Figure 8: Simplification of Tayfun’s distribution.

In Figure 8, the Rayleigh distribution is truncated at
0.78d and corrected in such a way to ensure a total
probability of 1. The result on the complementary
cumulative distribution function is that there is an
asymptot at 0.78d.

This simplification will be used in the next Sec-
tion, in order to determine the probability of break-
ing in a wave field reflected against a vertical wall.

6 REFLECTIVE WAVES

6.1 The models

Three types of reflection models will be considered
in this paper to estimate the percentage of breaking
waves. This is important as breaking waves may
cause severe wave impact.

1 No reflection

P(Breaking) =  P(H >  0.78d) =   f dH
d

( )
.0 78

∞

I Η

2 Full reflection

P(Breaking) =  P(2H >  0.78d) =   f dH
d

( )
.0 39

∞

I Η

3 Random- and partial reflection

P(Breaking) = P(H1+rH2 > 0.78d)  =
 ,,f(H1)f(H2)dH1dH2

                                      H1+rH 2 > 0.78d

In which r is the reflection coefficient.
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These probabilities can be calculated with level III
methods (MC or Riemann Integration). Distribution
f will be modelled with the simplified Tayfun distri-
bution. Furthermore, in the determination of the 3rd

integral it is helpful to use the following lemma: if X
and Y are independent with p.d.f.’s f and g respec-
tively and let

Z=X+Y

then the p.d.f. of Z, is given by:

fZ(z) = ,f(x)g(z-x) dx

The three reflection models will be compared with
laboratory measurements of the percentage of bro-
ken waves in a reflected field.

6.2 Test structure and facility

Hydraulic model tests were conducted to measure
probability of breaking on a simple vertical wall
configuration, using the Deep Random Wave Flume
at HR Wallingford (Allsop et.al., 1996). The DRWF
is 52m long. The bathymetry approaching the test
section was formed to 1:50. The parameters varied
were the waves and the water depths. Wave steep-
nesses of 2%, 4% and 6% were used for relative
wave heights of HS/h=0.1 – 0.6. Up to 5 water levels
were used. In excess of 1 million waves were sam-
pled. The probability of a breaking wave in front of
the structure was investigated as a function of HS/h
(Figure 9). The probability of breaking starts at
HS/h=0.35, which is lower than the simple rule for
wave breaking over a shallow bed without reflection
(HS/h=0.55).

Figure 9: Results of the hydraulic model tests.

6.3 Comparison between models and tests

The proposed models from Section 6.1 can be com-
pared with the model tests from Section 6.2. The re-
sults are depicted in Figure 10. It can be seen that
the random reflection model coincides best with the
obtained test results. A reflection coefficient of 70%
gives the best agreement.

Figure 10: Comparison between models and tests.

7 DISCUSSION OF THE RESULTS

In this paper an overview is given on the distribution
functions of wave heights for:

- Short term scales
- Long term scales
- Breaking limited situations
- Reflective situations

In order to determine the distribution function for
the maximum wave height it is suggested in this pa-
per to combine the short term and long term distri-
bution to a joint probability distribution, leading to
multiplication factors as given in Table 1. Van der
Meer et al. (1994) investigated the distribution func-
tions for the highest forces on vertical structures  and
also advised to use multiplication factors between
the maximum forces and Goda forces (Goda, 1985).

The performance of a SEM, judged w.r.t. its rela-
tive bias and/or RMSE, depends strongly on the in-
homogeneity level of the data. For 100% homoge-
neous data from a Rayleigh distribution the simple
Method of Moments performs the best w.r.t. relative
bias and Maximum Likelihood w.r.t. RMSE.
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A Regional Frequency Analysis Approach is sug-
gested for the distribution selection of the occur-
rence frequency of extreme wave heights on long
term scales, leading for the wave height distribution
on the North Sea to: Generalized Pareto.This distri-
bution function was also suggested by Castillo and
Hadi (1997).

With respect to breaking-limited situations, a lit-
erature review came up with the Tayfun distribution
(1981), but also the recently developed composite
Weibull distribution (Groenendijk and Battjes, 1999)
can be used satisfactorily to model the wave height
distribution.

With respect to reflective wave heights distribu-
tions, a model for the probabilities of breaking has
been developed. The work of Baquerizo and Losada
(1999) looks promising to be used for this purpose.
In this paper, it was shown that the probabilistic re-
flection model (with a simplification of Tayfun’s
distribution) agrees quite well with the model tests,
and that the breaker index decreases rapidly, as con-
cluded in the following overview:
The design wave height on deep water:

Hmax = f HS   
where f = 2.12 (1/100 years
storm with 3000 waves);

The design HS for depth limited broken waves:
HS = f d
where f = 0.55;

The design HS  for reflected depth limited broken
waves:   HS = f d

where f = 0.35.
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