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ABSTRACT

The objectives of the Met Office’s contribution to
workpackage 4 were to screen the casualty databases
identify the most important graveyards and trading
routes. The wave conditions for several selectad sh
casualties were then hindcast using a global sgdectr
wave model. With input from WP1,2 and 3 the model
spectra were assessed to identify the charactsristi
leading to a high likelihood of extreme waves ocitgr.
Finally the potential for improving wave model
predictions by incorporating SAR data was assessed

INTRODUCTION

Rogue waves or freak waves are individual waves
of exceptional height or steepness. In recent ydeag
have caused a large number of casualties to ldnigs s
and offshore structures. The causes for the oecoer
of extreme waves, and the conditions under whigly th
are most likely to occur, are active areas of neteand
are being pursued within the Maxwave project

As the first step of WP4, five years of ship
accidents due to bad weather, collected from aajlob
database, were assembled by Maxwave partner Edzbiet
Bitner-Gregersen (Det Norske Veritas). Two casesewe
selected from this casualty database that wereatexip
due to freak wave damage. Spectral wave model
hindcasts were performed at the Met Office for ¢hes
cases (Gunsoret al 2001). A hindcast was also
performed for the New Years Day wave (recorded at
Draupner platform on 1/1/95.

The shape of the wave energy spectrum may be
linked to the development of rogue waves through th
Benjamin-Feir instability. A narrow enhanced peak
during the growth of a high sea state may be liniced
the development of rogues waves. Some spectral
shapes were analyzed from the wave model and from
observations, and the results were presented in
Magnusson & Gunson (2002). Some highlights of this
paper are presented here.
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Mariners and offshore operators need to know the
risk of encountering high waves, which can be
generated from meteorological conditions quite a
distance away. A primary focus that the Maxwave
project has emphasized is the vital need for tinaelg
accurate forecasts of dangerous sea conditionsth Wi
the advent of the ERS-1/2 and Envisat satellite
missions, observations of the ocean wave energy
spectrum from SAR are now being made available to
weather centres in near-real-time. These obsenstio
could improve the wave model forecasts quite
significantly.  The final part of the Met Office’s
contribution to WP4 was to investigate the potérifa
SAR to improve wave model forecasts. A summary of
this report is presented here.

Finally some conclusions and recommendations for
future directions of research are discussed.

NOMENCLATURE
SAR: Synthetic Aperture Radar
Hs: Significant Wave Height
Ol: Optimal Interpolation

SELECTED HINDCAST CASE STUDIES

Global and regional forecasts of the sea-state are
made daily at the Met Office for diverse applicaoA
second-generation spectral wave model is forced by
hourly wind fields from the Met Office NWP. The
global wave model grid has 0.83%ongitudinal and
0.56 latitudinal resolutions with a thirty minute time-
step. At each grid-point, the wave energy is atiom
of 16 direction bins and 13 frequency bins (from 25
second to 3 second period, corresponding to deégrwa
wavelengths 975 m to 15 m). For the hindcasts
presented here a limited area model is run in #mes
configuration as the global model, but with a sgati
resolution of 12 kilometres. There is a limit toeth
fineness of the spatial grid imposed by the assiompt
inherent in the wave model that each grid pointayes
over several wavelengths.



The bulk carrier 'Stenfjell' arrived at Esbjerg
harbour (west coast of Denmark) on the morning ®f 2
October 1998 with heavy weather damage to
wheelhouse, accommodation and electrical instahati
reported due to freak waves (no further details are
available). The ship was sailing from Hamburg to
Tananger (western Norway). A wave model hindcast
was run over three days surrounding the eventurgig
la shows contours of Hs and wind vectors over the
model domain at 18:00 on 25/10/98. At this timeten
of low atmospheric pressure has just moved from the
central North Sea to over Scandinavia. The intense
winds at the edges of the low, create high waveh wi
short fetch. Figure 1b shows contours of significa
wave steepness, ie. Hs/L (where L is wavelength
computed from peak period). This case will betfer
discussed in the next section. Patches of highpsess
can be see both upwind and downwind of the cerftre o
high Hs where the wind speed is strongest.

The FPSO 'Schiehallion’, situated at°ZBDN,
4°4'W (west of Shetland), sustained heavy weather
damage above the waterline at 22:00 on 9 November
1998. The damage was due not to the wave's height b
its exceptional steepness. The Hs observed at rbynea
FPSO was 14.2 metres at this time. The hindcasitHs
22:00 on 9/11/98 is shown in figure 1c, where the
hindcast at the event Ilocation is somewhat
underestimated at 10-12 metres. The storm is dwe to
low pressure centre to the northwest of Britaine(th
remnants of Hurricane Mitch) moving rapidly to the
northeast. A patch of high wave energy on the sagh
limb of the low pressure centre where the winds are
maximum, moves to the northeast along with thenstor
(trapped fetch). The peak period of the patch ghtils
is 15 seconds. Figure 1d shows the significant wave
steepness at the same time. Near the location of
Schiehallion the higher steepness values (0.045)0.
are found on the trailing edge of the patch of higive
energy, as was the case with the Stenfjell hindcast

ANALYSIS OF SPECTRAL SHAPES

One candidate for the development of rogue waves
is the Benjamin-Feir instability. Some recent stsdi
have attempted to link the development of rogueesav
via the Benjamin-Feir instability with the nonlirrea
Schrddinger equation. Osboree al (2000) performed
numerical studies using families of JONSWAP power
spectra as initial conditions. They found an insesh
occurrence of extreme wave heights for high valfes
gamma, the amount of peakedness in the spectruen. Th
conditions for the occurrence of this instabilityayn
hence be related to shape parameters of the wavgyen
spectrum that are calculable from wave model histéca
and from high-resolution observations.

A further motivation to investigate the behaviotir o
JONSWAP gamma, is that current engineering practice
favours the use of the JONSWAP spectrum to reptesen
the frequency distribution of incoming waves when
computing the action of these waves on offshore
structures. A typical design criteria is to set gaam

equal to two when describing the spectral shapthef
hundred year return value of significant wave heigh
the North Atlantic.

A method was developed to estimate the
JONSWAP parameters from both observed and
modelled spectra. The method was applied to several
cases where we had available high-resolution wave
energy spectra of high sea-states during stormntsthed
time of the Stenfjell case there were observations
available from the Ekofisk platform (568 2°E,
central North Sea, see figure 1a) which was
experiencing similar sea conditions to the Stehfjel
These data were also analysed in WP2. In collaioorat
with Anne Karin Magnusson (DNMI), some estimates
of JONSWAP parameters were made.

Figure 2a shows the time-series of wave height
observed by lasers and a waverider buoy at Ekofisk
One can see the highest crest values occurringhdrou
16:00 at the height of the storm for both laserseen
(Flare North and Flare South). Both these creste lza
ratio to Hs of 1.3, which is above the criteria matly
used as definition for rogue waves (1.1 or 1.2).

Figures 2b and 2c show the observed spectra (black
lines) evaluated from the wave profile recordedétlate
North at 16:00 and at 16:20 respectively. Thelises
show the fitted JONSWAP spectra. The peak is narrow
in both cases, but much more pronounced at 16:00,
when gamma is 6.64, than at 16:20 when gamma is
3.79. The higher value of gamma is due to higheven
grouping which gives more peakedness. The highest
crest measured at Flare South was at 16:20. Blauieh
is situated 1050 meters away from Flare North & th
principal direction of the wave field and this diste is
approximately 4 to 5 wavelengths of the most erterge
waves. The occurrence of extreme crest valuesdmail
related to earlier spectral peakedness nearby.

The observations at Ekofisk indicate a similarity
with the numerical simulations of Osboretal (2000),
that a high gamma value gives higher crests. Hokyeve
the shape of the waves change as they propagate
(Magnussoret al, 1999) and the chance of measuring
the wave group as it has its highest crest valsenall.

An analysis was also performed using observations
from WS Polarfront (68N 2°E, southern Norwegian
Sea) during an extreme storm on 11 November 2001
(see Magnusson & Gunson, 2002, for complete dgtails
At the peak of the storm when the maximum recorded
Hs of 14 metres was attained, JONSWAP gamma was
estimated from observed spectra to be 8.1. A wave
model hindcast performed at DNMI (using WAM)
produced spectra at this time and location with a
JONSWAP gamma of 3.3. The lower value of gamma
from the hindcast may be due to using six-hourlgdwi
fields. More research needs to be done with thisthe
Stenfjell case, to hindcast these cases at higpdesah
and spatial resolution using d“ 3jeneration spectral
wave model.



POTENTIAL USE OF SAR OBSERVATIONS

An example of how a satellite SAR observation
could improve the detection of rogue waves is shown
figure 3, where the model and SAR wave energy
spectrum are shown at 22:06 9/11/98 at
60.59°N,3.76°W which is quite close to the locatiom
time of the Schiehallion event. The wave model
hindcasts an Hs of 10.5 metres, while the ERS-2 SAR
retrieved spectrum gives an Hs of 19.2 metres.s Thi
value may well be an overestimate and the retrieval
scheme used here may be unreliable for high wave
conditions. However there is potential for thipeyof
observation to improve the model's spectral
directional representation of the sea-state.

With the recent availability of high quality SAR
observations from Envisat there is strong inteiast
using these data to improve wave model forecasts.
Examination of this new data has been ongoing at th
Met Office, DLR, and other agencies.

In the past, the major recommendations for the
assimilation of directional wave energy observation
were motivated by the fact that unlike other ocaad
atmosphere models, wave models have no internal
memory in the windsea part of the spectrum, and tha
the left-hand side of the wave energy balance @muat
is linear while the sources and sinks on the rhgind
side are nonlinear. Thus when swell is decouplethf
the sources and sinks it has a well-defined and
predictable propagation.

A recommendation that has been stated in several
of the studies, and which still is an attractiveoraach,
is to limit the assimilation to correct the swelleegy
only using the low frequency part of the SAR
observations, leaving the windsea alone. That ierw
and where spectral observations are availableggrtore
that part of the observed spectra that falls witthia
model windsea.

Model/data assimilation of SAR observations has

and

Finally, for the sequential methods, research shoul
be done on how to best initialise the error covaréa
matrix for the wave energy spectra. There is eobdn
spatial correlation between the same frequency and
direction bins at neighbouring grid points perpentir
to the direction bin. This could be developed ie th
initialisation of the covariance matrix.

The ensemble Kalman filter shows great potential
to improve the wave model forecast while keeping th
number of updated variables down to a reasonabég si
and allowing spatial and temporal covariances to
develop as the assimilation proceeds.

CONCLUSIONS

One of the main new results that has come out of
this workpackage has been the comparison of the
spectral peakedness, from observations and models,
near known rogue wave events. More work needeto b
done on high-resolution hindcasts with "a @eneration
wave model and this work is ongoing. A diagnostic
parameter that could be computed from wave model
output is the so-called Benjamin-Feir Index (Jansse
2003). This parameter relates peakedness andgavera
steepness to the Benjamin-Feir instability. Futuogk
will involve computing this parameter from the haadt
of rogue wave events.

The region to the west of Shetland, where there are
fixed structures that cannot readily be moved duhe
way of storms, is proving to be a valuable testegjon
for model diagnostics. Common features of the
meteorological conditions surrounding the reported
freak waves in this region are: rapidly moving stor
centre with trapped fetch, interaction of locally
generated windsea with swell previously generéted
same storm when it was south of Iceland. The wave
energy spectra have thus quite complicated dineatio
character. It is hoped that some diagnostic paensie
relating the directional distribution of wave engrp

been implemented at some weather centres using Ol the likelihood of occurrence of rogue waves can be

methods. The most pressing computational issuarfgr
assimilation method is the large number of indepand
variables throughout the assimilation problemwave
energy over frequency and direction bins on a dloba
grid. The partitioning method of Hasselmaah al
(1997), has proven to be an effective way of reayci
the dimension of the comparison between model and
SAR data, and it is this method that has been
implemented operationally with Ol. These assinulati
schemes have been the best option till so fardnadiag

the number of variables that need to be updateett
time-step.

However, one would clearly wish to keep as much
spectral and directional resolution in the dataiss
computationally possible. A clear need is to kesp
much information about low frequency waves as
possible, as the low frequency energy travels great

developed.

Finally, there is ongoing work to create a synewfy
SAR and altimeter satellite observations with wave
model spectra beneath storms where strong swell
signals are generated. There is a clear need for
validation of SAR and altimeter in high wave height
conditions. Our aim is to get the long-propagatmg-
frequency swell more accurately forecast. Meetimg
aim will be of great benefit to early warning systefor
rogue wave occurrence.
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structures. Also for estimating spectral shapepatars
such as spectral peakedness we need to well rettave
wave energy for each frequency component.
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Figure 1: Top: Stenfjell Case, (a) contours of Hsrad wind vectors, (b) contours of significant wavetsepness.
Ekofisk location is marked by a white asterisk. Babm: Similar plots for Schiehallion case, (¢) Hs ashwind
vectors, (b) steepness. Schiehallion FPSO locatimnmarked by a white asterisk.
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Figure 2: (a) Observed time-series of wave height &kofisk during 25™ October 1998, (b) Wave energy
spectrum computed from the observed time-series &lare North at 16:00 UTC and (b) 16:20 UTC. Dotteded

line is the JONSWAP fit to the observed spectrum. AL6:00: gr6.64,5,=0.047,s, =0.05. At 16:20gr3.79,
s,=0.72, s, =0.0007



Figure 3: Wave energy spectrum at 22:06 9/11/1998 @0.59N, 3.76W, from (top left) ERS-2 SAR Image
spectrum, (top right) Met Office wave model energgpectrum (bottom left) Retrieved wave energy speaim
when SAR spectrum is combined with model spectrunand (bottom right) Comparison of model and retrievel

1-D spectra.



