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Abstract� There is no doubt that waves of unexpected severity happen at

sea� Many authors have developed models that would explain the supposed

abnormaly high numbers of such occurrences� most of them based on a

Benjamin�Feir instability related to the characteristics of the sea states where

they were observed� Those models are as realistic as conventional ones� since

they provide waves very similar to the few measurements of extreme waves

that could be made� However� the question remains of how to verify that

some of the extreme waves observed in nature do derive from those models

and from the hypotheses that they are based on� First� it is necessary to

verify that a number of high waves would not be explained by the common

models� and then that the assumptions used in the non�conventional models

are met on numbers of cases of the same magnitude as those that fail to be

explained� In the present study� we investigate on a North Sea database the

distribution tail of extreme wave heights� in order to quantify the possible

di�erences between observed occurrence frequencies and those predicted using

common second�order estimations� On the base of the instability models and

of the conditions required for them to apply� we examine whether it is likely

that those models should be called to explain the possible di�erences between

observed and commonly predicted numbers of extremes� We take special

account of the aleatory variability of characteristics within a stationary sea

state and of the time�scales implied by the phenomena� This paper does

not in any way deny that in some complex speci�c metocean situations�

very unusual waves or series thereof may occur� but we conclude that such

circumstances are not frequent enough to in�uence the long�term statistics of

extreme waves�

�� Introduction

The occurrence of waves of abnormal height or sever�
ity raises two main issues� are the design values used
for ships and o�shore structures in accordance with the
safety expectations� and� independently� can methods
be deviced to predict increases in the probabilities of
occurrence and to send warnings in such cases� Both
these questions lead to study whether common models
for long term�statistics of ocean waves correctly esti�
mate the probablities of occurrence of high waves� Es�
pecially� if in such a preliminary step outliers from the
conventional distributions� �rogue� or �freak� waves�
can be identi�ed� then it would be easier to test the
assumptions of the various generation models against
them� and to relate them to some parameters at the
time scale of the sea state or of the storm that could
lead to warning possibilities�

Surprisingly� many authors study the occurrence of
rogue waves in the perspective of short� or medium�

term statistics� and very few of them examine their long�
term statistics� Robin � Olagnon 	
��
� from the point
of view of observations� and Nerzic � Prevosto 	
���
from the point of view of statistical models suggest that
extreme waves occurrences would not depart from the
proportions predicted by conventional methods� We in�
vestigate and con�rm this assumption here through the
analysis of a larger database from the same Frigg �eld in
the North Sea and consideration of whole storms rather
than only short�duration records�

Adherence of occurrences to the predicted long�term
distribution does not imply that extreme waves are no
surprise with respect to the individual properties of the
neighboring ones� nor on the opposite that they are un�
related to the characteristics of the sea state or of the
storm when they happen� However� it should be noted
that many characteristics of a sea state are a�ected
when an extreme wave is included in it from that mere
presence� and that the change may thus be useless for
risk forecasting if it is only when the wave occurs that
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the characteristics vary� We study changes in the char�
acteristics of the sea states and storms when extreme
waves can be found in the database� and we try to dis�
tinguish between potential causes and consequences of
the extreme wave occurrence�

�� Database

The database used in Robin � Olagnon 	
��
� and
complemented as reported in Olagnon � Magnusson

	����� was further supplemented with statistical param�
eters when data had not been recorded and during the
period 
��
 to 
���� It can thus be split into two levels
of detail�

At the �rst level of detail about 
�� 
��minute
records of time�histories of the water surface elevation
are available with a � Hz sampling frequency� as mea�
sured with a radar distancemeter from the QP plat�
form on the Frigg �eld� and when the corresponding
sensors are operating� wind speed and direction and cur�
rent speed and direction time�histories are also available
with the same sampling frequency�

For the second level of detail� some statistical pa�
rameters only are available� Most of the time� signi��
cant wave height �H����� maximum wave height �Hmax�
and zero�crossing peak period �TZ� at least are avail�
able� Unfortunately� some parameters of interest such
as maximum crest height� or spectral width� were nei�
ther computed nor archived� Depending on the time
period� the computed parameters may be available ev�
ery � hours� every hour� or every �� minutes� On some
occasions� no data are available�

The measurement system was changed during the pe�
riod 
���
���� and the new downlooking radar was de�
commissioned at the end of 
����

A global database of Hmax� H���� and TZ was built
in the following manner�

� When time�series of the water surface elevation
were available ��� of the �nal base�� the parame�
ters were computed from those time�series�

� Elsewhen� when at least bothHmax andH��� were
available in the second level database� they were
used�

� Further incomplete data were discarded�

In addition� for records belonging to storms identi�ed
as explained in section � ����� of the overall database��
it was ensured that periods would be available for all
records in the following manner�

� If the zero�crossing period TZ was missing from
the database� but signi�cant period TS � TH���

was available ����� of the storms time�� TZ was
computed from the latter using the regression
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Figure �� Empirical distribution of maximum wave heights
Hmax of sea states with H��� � � compared to the predicted
one using the model of Nerzic � Prevosto ������ with ���
con	dence interval as dotted line

formula derived from the analysis of the time�
histories�

TZ � ���
TS � ���

� If both TZ and TS were missing �
��� of the
storms time�� a value was drawn from a simple em�
pirical model of the joint �H���� TZ� distribution
derived from the analysis of the time�histories�

TZ �
q
��H��� � ���� � ����R��� 
�

whereR��� 
� is a normalized Rayleigh distributed
random value�

Through that procedure� it may happen that the true
history of a few time�windows is poorly reproduced� but
long�term statistics over the whole set of data should not
depart signi�cantly from reality� The �nal data consists
thus of ���
�� values of �H���� Hmax� TZ � TS� span�
ning the period from 
�����
��
 to 
����
���
� with
intervals ranging from � hours to �� minutes and some
gaps� For 
�� of those� a 
��minute record of the
time�history of the water surface elevation is also avail�
able�

Using the average number of waves per record of
Robin � Olagnon 	
��
�� one may estimate that the to�
tal number of waves that were analyzed to derive the
parameters is close to �� million�

�� Distribution of maximum wave

heights

Nerzic � Prevosto 	
��� proposed a model for the
distribution of the short�term maximum wave�height
conditional to H��� and TZ �
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Figure �� Empirical distribution of normalized maximum
wave heights Hmax�H��� of sea states with H��� � � com

pared to the predicted one using the model of Nerzic � Pre�

vosto ������ with ��� con	dence interval as dotted line

The model provides the mode and scale parameters
of a parametrized Gumbel law

G�h� � Prob�H � h� � exp

�
�exp

�
�

h� axN
bxN

��

as

axN � aN

�

 �

�


�kzaN �

�

�

bxN � bN

�

 �

�


�kzaN�

�

�

and

aN � �wHSLog �N�
�

�

bN �
aN

�Log�N�

with N the number of waves in the sea state and �w �
���� and � � ��� scale and shape parameters coming
from the �t of G�h� to the empirical maximum wave�
height distribution observed on Frigg data�

A small subset only of the database of the present
paper was used in constructing the statistical model� so
it seemed valuable to examine whether the additional
sea states� more than tenfold as numerous as the initial
ones� �tted with the proposed long�term distribution�

After computation of the maximum wave�heights dis�
tribution� it appears clearly from examination of �gures

 and � that no extreme waves can be observed in excess
of the model predictions�

A slight deviation appears for normalized maxima�
that may likely be attributed to sample variability and
underestimation of H��� as much as to higher Hmax

than normal�

0 0.5 1 1.5 2 2.5 3
2

2.1

2.2

2.3

2.4

2.5

kurtosis

H
m

ax
/H

13

Figure �� Normalized maximum wave height �Hmax
H���

� as a

function of sea state kurtosis
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Figure �� Normalized maximum wave height �Hmax
H���

� as a

function of sea state kurtosis computed with omission of the
maximum wave
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�� Sea state properties

The question arises of a parameter that could be
characteristic of a sea state� and that would exhibit
some changes when the probability of occurrence of
rogue waves increases� The work of Janssen 	����� and
Mori � Janssen 	����� suggests that given the correla�
tion between kurtosis and the Benjamin�Feir instability
index� one such parameter could be the Benjamin�Feir
instability index� However� it must be noted that in
order to be useful either for the prediction or for the
interpretation of the freak wave phenomenon� as stud�
ied in Olagnon � Magnusson 	������ the change needs
to be su�ciently clear to be distinguished from aleatory
random variations� In addition� the change needs to be
more than a mere consequence of the occurrence of a
measured freak wave�

Given the relationship between kurtosis and Benjamin�
Feir instability� and the expectations with respect to the
latter as a causal factor in occurrence of extreme waves�
we investigated the water surface elevation kurtosis of
the sea states with high waves �Hmax�H��� � ��� Fig�
ure � con�rms a correlation of kurtosis with the occur�
rence of extreme waves for the time histories of the pre�
viously described database� However� if the maximum
wave is removed from the kurtosis computation� and
kurtosis is estimated from the remaining of the record
as in �gure �� no further correlation can be seen and the
maximum normalized wave height is even reached for a
zero value of the kurtosis�

We can thus infer from the above results that the
correlation between occurrence of extreme waves and
kurtosis� and thus likely Benjamin�Feir instability� is a
very local one and is not re�ected on statistics at the
time scale of a sea state�

�� Storm properties

If forecast of extreme waves is considered� and since
very local properties cannot be forecast accurately if
they are not related to longer duration properties� the
time�scale of interest may very well be extended to the
whole storm duration� As a matter of fact� sailors are
concerned by the wave of maximum height or sever�
ity that they may encounter in a given storm� with re�
spect to the maximum forecast signi�cant wave height�
Whether the most severe wave is simultaneous to the
maximum signi�cant wave height or occurs with some
time di�erence is usually a secondary matter� given
the uncertainties on the exact time of occurrence of the
maximum H���� the decisions with respect to avoiding
or accepting the storm will take a safety margin to allow
for such time�shifts�

Thus� whereas many studies consider the ratio Hmax
H����Hmax�

or
�

H
H���

�
max

� we de�ne a storm normalized maximum
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Figure �� Parameters in an identi	ed storm when time

histories are available 
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Figure �� Parameters when no time history is available�
second recording period

as the ratio Rmax �
Hmax

�H����max
� Maxima are relative to

the storm duration�

Storms are de�ned as durations of at least 
� consec�
utive hours where signi�cant wave height remains above
� meters� 
� such storms could be identi�ed in the
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Frigg database�

Examples of those storms are given in �gure � for
a case in the �rst period of measurement� when in ad�
dition time�histories allow to compute crest height pa�
rameters� It can be seen that signi�cant wave height
is in rather good agreement� but that some di�erences
may appear on the detection of extreme waves� that
we suspect could be attributed to the use of zero�up�
crossing wave de�nition in the parameters database in�
stead of the recommended down�crossing one� Figure �
shows a storm of the second measurement period� when
only statistical parameters are available� One may raise
some doubts about the quality of the measurements for
low H���� given the very frequent overpassing of the
�rogueness� threshold set to twice the H��� value� How�
ever� the rate of overpassing appears reasonnable when
H��� is above � meters� and thus storm data above that
threshold seems reliable�

���� Construction of a conventional reference

In order to have a reference describing the expected
extremes according to conventional methods� 
��� ran�
dom simulations of time�histories were performed for
each storm and analysed to extract their statistical pa�
rameters�

Since spectra were not available for many of the
storms� it was decided to use a constant spectral shape�
i�e� a Jonswap spectrum with � � � whatever the sea
state� That assumption is realistic according to the
�ndings that storm spectra in the North Sea are single
peaked 	Olagnon � van Iseghem� ����� and that they
derive from very similar shapes at all times 	Olagnon�
���
�� It should also lead to less variability than in
nature� and thus provide a �conservative� reference�

The synthetic storms were then analysed� A second�
order correction was applied to the maximum wave
height of each simulated record according to the for�
mula�

Hcorr � H

�

 �

�

��
�kH��

�

���� Comparison of extremes with reference

Given the above simulations� a measure of the �freak�
iness� of the maximum wave in a storm can be obtained
from the empirical quantile of the observed storm nor�
malized maximum Rmax in the distribution of the sim�
ulated Rmax values for the 
� � 
��� storms� This
approach of the de�nition of �freakiness� has the ad�
vantage that it should be uniformly distributed over the
	�� 
� interval if the storms followed the simulated model�

Figure � compares the empirical freakiness distribu�
tion with the second�order one� For each storm rep�
resented as a blue square� abscissa corresponds to the
proportion of observed storms that are not as freaky�
and ordinate to the proportion of simulated storms� It
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Figure �� Q
Q plot of the observed storm �freakiness� dis

tribution relative to second
order prediction �blue squares��
and of corresponding maximumH����green dots� and Hmax
�red dots� on right axis scale
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Figure 
� Q
Q plot of the observed storm �freakiness�
based on Hmax

H����Hmax�
relative to second
order prediction

�blue squares�� and of corresponding mean Benjamin
Feir
indices over the storms �red dots�

appears that only the ten most freaky storms or so are
up to the model expectations�

It is also clear from �gure  that the trend of
Benjamin�Feir instability index� averaged over the storm�
to increase with freakiness is still far from su�cient for
any practical forecast purpose�

One may wonder whether such a relative mildness is
related to the de�nition of freakiness� Figure � shows
the corresponding distribution when freakiness is mea�
sured with the more conventional Hmax

H����Hmax�
ratio� This

distribution �ts much better to the second order sim�
ulated one� probably because of the e�ect of the intra�
storm variability that is underestimated in the simula�
tions through the use of a constant shape and width
spectrum�

In any case� a simple forecast using the history of
H��� and TZ in the storm� a Jonswap spectrum with
���� and second order approximation provides the same
distribution of extreme maximum height to signi�cant
height ratios as could be observed in 
� storms over
nearly �� years on the Frigg �eld in the North Sea�
For less extreme maximum height ratios� the prediction
is even more severe than the observation� That point
might be a factor of risk by favouring underestimated
extrapolations if only empirical data are used�

Forecast histories ofH��� and TZ used in conjunction
with a simple second order model should thus be pref�
ered to naive extrapolation from observations� It is also
likely that rogue waves occurrences are only related to
very local properties of the sea states where they occur�

and the prediction of the risk of such occurrences is all
the more a di�cult task�

�� Conclusions

A ���year database of wave measurements in the
North Sea has been used to investigate the distribution
of high waves with respect to conventional predictions�
and the relationship between high waves occurrences
and characteristics of the prevailing sea conditions�

It appears that the change observed in signal kurtosis
at the time of a high wave occurrence can be satisfac�
torily explained by the high wave alone� and that no
further relation can be found at larger time�scales�

No extreme height event was found in excess of the
statistics given by the Nerzic � Prevosto 	
��� model�

Attempts to compare high waves occurrences with
second�order predictions at the time�scale of whole storms�
carried out over 
� storms with signi�cant wave height
above � meters for more than 
� hours� concluded to
almost identical probabilities for the largest normalized
maximum wave heights� and lower probabilities in real�
ity than in the simple model for the other ones�

Extreme waves are thus not found more frequently
than expected from conventional analyses� Yet� they
are not found less frequently either� It is likely that the
generation mechanisms a�ect only a short duration with
respect to the time�scales of the non�directional param�
eters that can be forecast by meteorological models� and
especially of the spectral ones�

We believe that more imaginative research e�orts are
thus still needed before methods can be found to issue
advance warnings� Special attention should be given to
directional information� since non directional parame�
ters do not seem to allow discrimination between risky
and more benign conditions�
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