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ABSTRACT

This work is a representation of wave time-series
data used in the Maxwave project, with sample time
series and statistics of wave height, crest hetgbtgh
depth. Data are included from the Ekofisk and Dresup
oil fields, and from Belgian coastal waters. In itidd,
extreme value analysis, and also studies of cadect
and evolved time series was performed.

INTRODUCTION

This report is prepared within the MAXWAVE
Work Package 2 (WP2), which is to provide a data se
on extreme wave statistics from in situ data (ewgve
buoys, laser, and vertically-pointing microwave
instruments), in order to analyse casualties, wevie
design criteria used in the shipping and offshore
industries, and to facilitate decisions regardifg t
safety of operations and personnel.

Time series from fixed moorings can underestimate
the heights of extreme waves occurring in the vigin
and the quasi-Lagrangian motions of wave buoys can
underestimate the heights of the highest crestshifn
work package, time series from various locatioms, i
particular the Ekofisk field in the North Sea, d@ing
analysed to derive analytical formulae for these
underestimates.

The parameters to be extracted from the wave data
include ratios of maximum to significant wave heigh
and wave height to peak period, the distribution of
extreme wave crest height and trough depth.

This paper is structured as follows: Section two
deals with the description of the data series aaaly
within the WP2. Section three describes the sensors
used in this work. Section four explains the analys
techniques used in WP2. Section five shows sontleeof
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achieved results. Finally, the obtained conclusions
appear in section six.

DATA SERIESANALYSED

Ekofisk

This data set has been collected by Phillips
Petroleum from the Ekofisk field in the North Sea.
Observations have been stored in the environmental
database at DNMI since 1980, and comprise wave
profiles sampled at 2 Hz and other wave parameters
calculated from 20-minutes time series. They were
stored at 3-hourly intervals until 1985, and in geziod
1985-1995 the sampling was also made continuous in
storm conditions (wind speed above 20 m/s or
significant wave height above 4 m). Since 1995 the
wave profiles from all 3 profiling instruments a®red
continuously at the sampling rate of 2 Hz.

The instruments comprise one Datawell Waverideybuo
and two vertically pointing lasers. The positiontbé
Waverider buoy relative to the platform complex has
varied, depending upon ship traffic in the areae Th
impact of the structure on the waves measured et th
buoy has been neglected. Two downward-pointing
Optech radars have been deployed on bridges naa Fl
North and Flare South in the platform complex since
1991. The measurements are considered to be point
measurements (the diameter of the area atwhter
surface from which the signals are reflected
negligible). The Waverider buoy has an eigenfregyen
of 30 seconds.

is

Draupner

Three time series of water surface displacement at
the Draupner oil field, sampled at 2.1333 Hz using
downward-pointing laser instrument, were kindly
provided by Statoil. 2048 samples were providedhfieo
storm on 1995 January 1 at each of the followinges:
15:20 UTC, 16:20 UTC, and 23:00 UTC.



Belgian locations

The Belgian coastal zone is characterised by the
presence of large sand bars, the Flemish banks.i$id
considerable with an amplitude of 4 to 5 m. Alstati
currents are relatively strong. They are mainleciied
parallel to the shore and their magnitude is indtaer
of 1 m/s.

The Coastal Service of the Ministry of the Flemish
community operates a hydro-meteo service. Amongst
other data, wave data are recorded for immediage us
but also stored for further analysis such as wind a
wave statistics. Besides a number of Waverider suoy
also two directional buoys are in operation. One
directional buoy is located at Westhinder, where th
approximate water depth is 30 m relatively farsifbre.
The other one is located close to the harbour of
Zeebrugge at location Bol van Heist, where the
approximate water depth is 10 m. Figure 1 gives the
bathymetry of the area and the location of the Buoy

4

3

T T
2°E 15

Figure 1. Map of Flemish banks with indication
buoy stations.

The system has been in operation for about 20
years. At that time data-storage was of major conce
and not all sampled data are stored. Besides tee@n
two-dimensional spectrum, only a limited number of
parameters, such as significant wave height, aradk pe
period are stored. For the Waverider buoys, alg th
maximum wave height in the 15 minute record isexor
It is remarkable that many records have a maximum
wave height which is larger than twice the sigmifit
wave height. Why this is the case, is not cleathat

moment. Possible mechanisms could be shallow water surface displacement

effects and interaction with currents.

Fortunately there are 10 Hz time series from
Waverider buoys close to the Zeebrugge harbours@he

measurements were and are taken in the framework of

the prototype monitoring program of the rubblemound
breakwater at Zeebrugge by the University of Gent.
Some of the data have been provided for further
analysis in the framework of the Maxwave project. A

typical record is shown in Figure 2. Figure 3 shdies
largest wave in that record. It is intended to sorthese
data for extreme waves. The data provided by the
hydro-meteo system, will then allow to identify eth
parameters, such as the existence of different wave
systems, ebb or flood conditions, the stage ofthem,

etc.
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Figure 2. Typical from the Zeebrugge protot
measurements.
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Figure 3. Highest wave in the record shown in Fé
2.

MEASUREMENT TECHNIQUES

Buoys

The Waverider buoy determines the vertical sea
by integrating acceleration
measurements. The buoy moves horizontally as vgell a
vertically, so it cannot give a precise value oé th
vertical surface displacement at a fixed horizontal
position.

Laser instruments

The laser instruments determine the vertical
position of the sea surface by measuring the tirom f
when a light pulse is emitted to when it is detdciéer



reflection at the air-water interface. It is thusleato
provide art absolute measure of the height of & s
surface at a fixed horizontal position, and in pifie an
accurate profile of the evolution of the wave forin.
cannot, however, measure directly the surface slope
unless two or more sensors with a relatively close
horizontal separation are used.

ANALYSISTECHNIQUES

Spectral analysis and analysis of individual waves

The Ekofisk data were analysed using procedures
described by Rijkswaterstaat in the Netherlands [8]
with slight modifications. These comprised:

1. Rejection of poor-quality data points. This abul
not be done just by rejecting points which devidbgd
more than 4 times the standard deviation from teamm
since the purpose of MAXWAVE is to investigate
extreme waves. The poor data were in general egject
by visual inspection.

2. Subtraction of the mean water level.

3. Spectral analysis involving performing fast
Fourier transforms on 200-second subseries of #ite, d
with cosine tapering on the outer 10 per cent & th
subseries.

4. Splitting up the data into individual waves @gin
the zero down-crossing criterion. Short waves Wds
than 1 second period were attached to the waveadefo
or the wave after.

The data are stored in tables in a SQL database
using freely available database software (Postgk&éSQ
http://www.postgresgl.org/). The parameters whica a
stored include the following:

- Time stamp in ISO format (YYYY-MM-DD
HEMM:SS.SS+TTZ2).

- Recording interval.

- No. of samples (usually 2395).

- Table of individual wave heights.

- Table of individual wave periods.

- Total number of waven.

- Height of the highest wavé .

- Average height of the highest 1/50 of the
wavesH g.

- Average height of the highest 1/10 of the
wavesH .

- Significant wave heighHy; derived from the
average of the highest 1/3 of the waves.

- Period of the longest wavig ..

- Average of the period of the longest 1/3 of the
periodsTyz.

- Average of the period of the highest 1/3 of the
periodsTyyz.

- Maximum crest heighticy.

- Level of lowest trough deptHp.

- Energy (variance) density spectrum at 0.01 Hz
intervals(f).

- Significant wave heighH,, from spectrum (4
times the standard deviation).

- Spectrally averaged wave peridgh,.

- Frequency wher&(f) has its maximuri,.

The cumulative distribution (CDF) of the individual
wave heights, crest heights and trough depths for
specific periods were also determined by sortirgnth
into increasing order {1, 2, 3, .N}. If i is theposition
in this ordering, the corresponding value of the
estimated CDF is given blf = i/(N + 1). The CDF
values are fitted to Rayleigh distributions

Fr(¥) = 1 - exp[-¢/28%)
by estimating the parametgr from the variance of the
data.
The data were also fitted to Weibull distributions

Fu(¥) = 1 —exp[-K/a)’]

Where a and y are the parameters to be fitted by
least-squares regression of log[- lodf)] against logx,
using the upper half of the data sample (re> 0.5).
Alternative methods include the maximum likelihood
method and the method of moments, but the
least-squares fitting has the advantage of sintpliand

the upper half of the distribution was chosen asavee
mainly looking for the upper extreme values. Fgtihe
whole sample by least squares regression is ngbsd,

as the smallest values of wave height were found to
cause a significant adverse (negative) bias in the
paramete.

Correction of the Waverider measurements

The representation of the sea surface using flgatin
instruments (buoys) differs from that of fixed
instruments because buoys, having a quasi-Lagnangia
behaviour, tend to stay in the troughs for a shorte
period than in the crests. Longuet-Higgins [3] shdw
that this results in a reduced skewness (deepaghiso
and lower crests), although overall parameters ssch
significant wave height and mean wave period are no
changed significantly. Fixed (Eulerian) instrumesiish
as vertically-pointing lasers give in principle eom
accurate representation of the sea surface geametry
However, many more measurements are available from
buoys than from Eulerian instruments, and so it is
advantageous to employ a 'correction' technique to
transform buoy measurements to hypothetical Euleria
measurements. (For Ekofisk, in the most severarmstor
ever recorded, on 1990 December 12, only buoy data
are available because both laser instruments werefo
order.)

Magnusson et al. [5] presented a correction method
for the quasi-Lagrangian buoy behaviour. Correctibn
measurements from four storms increased the average
water level by 10 cm, and some maximum crests
increased by up to 50 per cent. The correction atkih
as follows:



3. Higher-frequency waves are assumed to be
1.The horizontal motion is assumed to be in one bound and not to propagate freely.
direction only.

2. The buoy is assumed to follow the fluid velocity ’I‘I'__ m
at a depth of 0.2 m, corresponding to the centreffoft ‘ AT
of the submerged section of typical accelerometer | i :f 1
buoys. Stretching of the mooring is neglected. 5 " A\_/Avf\\y] \/Avf\wﬁ'f

3. Fourier analysis is combined with the

superposition method of Donelan et al [2].

Figure 4 illustrates and example of quasi- gl‘.', " : ﬁ
Lagrangian correction method applied to a Waverider | uﬂvﬁ‘wm uf\uf\w o
record registered in Ekofisk. T V ]
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Figure 5. Linear propagation, Draupner stormrr
1995 January

Figuns 2 Bk "Siinfjel cuse, Waverder ar e Lagrangim cormecton. Figure 8 shows an example comparing the
Figure 4. Ekofisk ‘Steinfjell’ case, Waverider a limeseries_hz3 1008-10-25 15:40:00+0000 - 1908-10.25 17:40:00+ 0000
quasi-Lagrangian correction. v R L

Propagation of wave elevation time series
The propagation of wave observations to other
locations different from where the wave measurement T

are made, in order to evaluate the risk of extreraees % g

larger than those actually observed, is possiblagus

Fourier analysis, with the different Fourier compots 1

being propagated with their characteristic group Al

velocities. This is straightforward if the wavesear \

assumed to be linear. Figure 5 shows the propagafio Honlinarsimulations of Draupnr 1905 January | imssaris

a Draupner time series using the linear method. ? T
e i i p——

For weakly nonlinear waves, methods of i H ﬂ . e
propagation based on the (third order) nonlinear T ( 7 ;’Y{“.\i ” fm ——
Schrddinger equation and higher-order theories,bean \ ﬁu i L f A F L el I |
performed, which should also enable the simulatibn g ﬁ;“)%ﬁ\w LN I i A A
the crest to trough asymmetry of steep waves. Eigur . : : :
shows an example of asymmetric wave recorded by the 3
Flare South laser at Ekofisk. In order to perfotme t 7 pdei
nonlinear propagation, it is necessary to split wae q 1t
spectrum up into 'bound' and free waves. For data | | 1V
analysed in WP2, the following procedure was | H i)
performed: Ji’: i f

l!' laser

1. A characteristic frequendy is determined from : 1 Bf
the wave spectrum (a little greater than the peak | ™~ o
frequencyf, derived from the power spectrum). B

2. The free waves are assumed to have a frequency lenc
in the range & f < 2f,.

Figure 8. Detection of a extreme wave by wav




Relationship between maximum wave height,
wavelength, wave period, and wave steepness

In Figure 9 an example is plotted showing some of
parameters obtained from wave records of 2395 2 Hz
samples. These parameters comprise significant wave
height, maximum crest height, level of the deepest
trough, and the mean height of the highest 1/500,1/
and 1/3 of the waves, for the Maxwave storm periods
and also corresponding maximum and significant
periods. It can be seen that the parameter thatt ofies
becomes extreme in relation to the significant wave
height is the maximum crest elevation. There isegan
agreement, particularly between the laser instrusnien
the periods where there is a tendency for theseragis,
though not so much correspondence between individua
records. For the laser instruments there is almost
invariably a marked crest height trough depth
asymmetry for high waves.

The form of the extreme waves is physically
reasonable: the example shown in Figure 6 shows a
sharp crest, typical of either a breaking wave or a
almost-breaking wave with a broad wedge-shaped
'Stokes corner flow' at the crest. For those cdbese is
a greater asymmetry of the laser observation, aed t
fact that there the timing of the extreme eventsads
correlated between the different instruments (ledatp
to 1 kilometre apart).
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Figure 9. ‘Stenfjell case, Ekofisk Waverid
measurement.

Thedistribution of extreme wave crest height and
trough depth

Figure 10 shows an example of the cumulative
distributions of wave height, crest height, andugio
depth, for the Drauprier 1995 January 1 storm doed t
Ekofisk measurements during the 'Steinfjell' ev8uth
the Weibull and the Rayleigh distributions are @ngral
reasonably good fits to the distributions, though an
occasion see noticeable discrepancies at the upper
extremes. The asymmetry particularly in the laser
observations between crest height and trough daeth
noticeable for high waves. In some of the measun¢me
series, a single extreme crest or a small grougrests
can have a very noticeable effect on the very fofhe
distribution. It will be important in follow-up stlies to
evaluate the statistical significance of the fladtons
observed in the upper tail of the distribution. I$wm
investigation will require the data to be normatdizeith
respect to dimensionless parameters such as thibemum
of waves and the wave steepness.

CONCLUSIONS
The following conclusions can be drawn so far
from the study:

1 . The appearance of extreme waves, much larger
than the surrounding waves, in a 'normal’ timeeselis

not unusual. Such waves do not have any unexpected
physical properties: their shape is consistent véth
normal breaking wave or a wave with a broad
wedge-shaped 'Stokes corner flow'.

2. Extreme waves tend, particularly when measured
with fixed instruments such as downward-pointing
lasers, to have a marked crest-to-trough asymmasry,
would be expected for a wave with a breaking or
near-breaking profile.

3. The statistics of individual wave height, crest
height, and trough depth, are in general in agreéme
with Rayleigh or Weibull distributions. Extreme
individual waves or small groups may, however, give
rise to noticeable discrepancies for some measureme
series. It is not yet determined whether thesedifices
are statistically significant. The statistics alsonfirm
the marked crest-to-trough asymmetry for large wave
when fixed instruments are used for the measuresnent

4. Quasi-Lagrangian correction of a Waverider time
series had only a small effect on the overall stesp of
the wave, although the front steepness was inalease
somewhat.

5. The wavelet analysis method is very useful for
detecting individual large waves.
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Figure 10. Ekofisk, 1998 October 25, 17:00-19:
UTC, cumulative distributions.
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6. Propagation of wave observations to
hypothetical locations different from where the wav
measurements are made, in order to evaluate thefris
extreme waves larger than those actually obsemeg,
be possible, but if the extreme waves are sigmiflga
nonlinear, with crest height: trough depth ratiogcm
greater than 1, then a linear propagation scherthéavi
insufficient, since it will in general predict maxim
trough depths just as large as the crest heightshd
present study, both linear and nonlinear methods we
used, but there is so far insufficient evidenceap how
much better the nonlinear simulations are. Foraess
of causality, propagation 'downwave’, in the diatt
the waves are travelling toward, should be a muohem
stable and more reliable than propagation in the
opposite, up-wave direction.
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