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SUMMARY

The need to identify the likelihood of the occurrence of rogue waves is addressed here. As part of the MAXWAVE
project, a shipping casualty database is created, and wave model hindcasts are run for selected casualties. SAR images of

the sea-surface are analysed to provide other criteria for rogue wave development. Diagnostics are developed from the

model output, and from the SAR images, that will provide regional risk maps of extreme wave conditions.
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1 INTRODUCTION

Rogue waves or freak waves are individua waves of

exceptional height or steepness. In recent years they have

caused a large number of casualties to large ships and
offshore structures. The causes for the occurrence of
extreme waves, and the conditions under which they are
most likely to occur, are active areas of research, and are
being pursued within the MAXWAVE project.

Five years of ship accidents due to bad weather,
collected from a global database, have been assembled.
Wave model hindcasts are here presented for two cases
selected from this casualty database that were reportedly
due to freak wave damage, Both occurred in the North
Sea and west of Shetland in October and November of
1998.

The challenge we are faced with when applying
a wave model hindcast to an extreme wave event is that
the spectral wave model assumes that the probability
distribution of sea-surface height is Gaussian. Now
statistical analyses of rogue wave observations have
shown that the probability of an extreme crest height
does not fall under a Gaussian distribution. Moreover, a
spectral wave model can tell us nothing about phase, and
hence individual waves cannot be examined from the

model output. However, we seek to extract from the



wave model some risk criteria or indication that extreme
wave height is likely under certain conditions.

In situ measurements of extreme waves are rare,
most observations being reported by ship masters after
the encounter. Here a global data set of 5 km x 10 km
synthetic aperture radar (SAR) images acquired every
200 km aong the track of the ERS-2 satellite are
analysed, in search of rogue waves.

Finally some discussion is made on the
possibility of developing diagnostics aimed at identifying
the conditions for rogue wave development from wave
model hindcasts and SAR images. The results of this
approach will in future allow some sort of risk map to be
generated, showing the regional risk of encountering

rogue waves.

2. SHIP ACCIDENTS

Five years (1995-1999) of ship accidents due to bad
weather, collected from a Lloyd's global database and
Lloyd's casualty reports, see [1], have been studied, The
data covers all reported serious casualties including total
losses to all propelled sea-going merchant ships in the
world of about 100 gross tonnage and above. It should be
noticed that the category ‘bad weather’ applies to the first
event that occurred and does not record other
consequences that may have occurred in the same
accident. The Lloyd's database is recognised as the
most reliable one among the existing databases. It was
developed in 1979 in response to the shipping
community’s growing need for more detailed
information on reported casualties and demolitions. The
updated based on reports

received daily from Lloyd’'s Agents and Lloyd’s Register

database is continuously

Surveyors, situated in over one hundred and thirty
countries all over the world. All information received
from the surveyorsis accuracy checked.

Locations of ship damages as well as losses due
to severe weather conditions are shown in Figure 1. Only

a few accidents are categorised as being caused by freak

waves. However, this does not mean that other ship
accidents under severe weather were not caused by freak
waves. The expression ‘freak waves is a term that has
been introduced recently. Furthermore, at present there is
no general consensus on a unique definition of a freak
wave. Therefore all accidents under severe westher
were considered when selecting weather conditions for
hindcasting.

3. WAVE MODEL HINDCASTS

Global and regional forecasts of the sea-state are made
daily at the Met Office for diverse applications. A
second-generation spectral wave model is used to make
the forecasts. This model evolves the ocean wave energy
spectrum, as a function of frequency, direction, location
and time, according to a wave energy balance equation
(see [2], [3] for details). A model grid, with 0.833°
longitudinal and 0.56° latitudinal resolution is defined
over the world ocean with a model time-step of 30
minutes. At each grid-point, the wave energy is a
function of 16 direction bins and 13 frequency bins (from
25 s period to 3 s period, corresponding to deep-water
wavelengths 975 m to 15 m). For regional applications a
limited area model is run in the same configuration as the
global model, but with a spatial resolution of 12
kilometres. There is a limit to the fineness of the spatial
grid imposed by the assumption inherent in the wave
model that each grid point averages over several
wavelengths.

Wave model hindcasts have so far been
performed on two casualties selected from the ship
accident database. These cases were selected on the
basis of their being a report of damage due to a wave of
exceptional height or steepness. A limited area wave
model was set up for the domain shown in figure 2. The
wave model was driven by 60 km resolution winds from
the Met Office NWP analysis, and output was collected

for three days around the time of each casualty.



31 STENFJELL CASE

The bulk carrier 'Stenfjell' arrived at Ejsbjerg harbour
(west coast of Denmark) on the morning of 26 October
1998 with heavy weather damage to wheelhouse,
accomodation and electrical installations, reported due to
freak waves. The ship was sailing from Hamburg to
Tananger (western Norway). No further information
about the time and place of the event, and observed local
conditions, is available from the LIoyd's database.

Although lacking essential details of the event,
we performed a wave model hindcast and examined the
output for the eastern North Sea on the 25 October 1998.
Figures 3 and 4 show contours of Hs (significant wave
height) and wind vectors over the model domain at 12:00
and 18:00, respectively, on 25/10/98. One can see the
centre of low pressure moving from the central North Sea
to over Scandinavia within this time frame. The intense
winds at the edges of the low, create high waves from
short fetch: at 12:00 on the northern edge of the low,
Hs=6 m, later at 18:00 on the southern edge, Hs=8 m.

A first step towards looking for extreme wave
conditions from the wave model is to examine the
steepness of the wave field, here defined as the ratio of
the wave height to the wave length for deep water waves,
4p°H,

9Te
Figure 5 shows S at 18:00 on 25/10/98. Patches of high S
can be see both upwind and downwind of the centre of
high Hs where the wind speed is strongest. The peak

S=Hk=

period in this region is approximately 11 seconds, which
corresponds to wavelengths of 200 metres for deep-water
waves. From figure 2, it can be seen that the water depth
in the regions of high Hs in figure 4 is well below 200
metres. Hence using the deep-water dispersion relation,
as we have done, to estimate the wavelength at the
spectral peak may not be appropriate. The next step will
be to extract the full dispersion relation from the wave

model over thisregions.

One property of awave energy spectrum that is
thought to be related to the occurrence of rogue wavesis
the degree of 'peakiness of the windsea. A narrow
spectral band of wave energy can give rise to an
instability process that can spawn rogue waves [4].
Windsea in our wave model is modelled on the
JONSWAP shape, which has a variable gamma
representing the peak enhancement of the spectral peak
of the windsea.

In our model the gamma parameter can assume
vaues between 1.0 and 3.5 (the latter representing
maximum peak enhancement). Figure 6 shows the
gamma values over the region around the time of the
Stenfjell casualty. One can see that gamma takes its
maximum value of 3.5 over the entire North Sea. This
indicates that the wave field is dtill extracting energy
from the wind, and that the spectra peak is very
enhanced allowing the possibility of instabilities related

to rogue wave devel opment.

3.2 SCHIEHALLION CASE

The FPSO 'Schiehallion’, situated at 60°21'N, 4°4'W
(west of Shetland), sustained heavy weather damage
above the waterline at 22:00 on 9 November 1998. For
this case more details are available: from the damage
report (Colin Grant, personal communication) the
damage was caused by an individual wave with a period
of 12 seconds and was approximately 18 metres crest to
trough. The damage was due not to the wave's height but
its exceptional steepness.

The sea-state conditions at 12:00 and at 22:00
on 9/11/98 are shown in figures 7 and 8 respectively. The
storm is characterised by a northeasterly propagating
low pressure centre to the northwest of Britain (the
remnants of Hurricane Mitch). A patch of wave energy
(Hs=12 metres) on the southeast limb of the low pressure

centre where the winds are maximum, moves to the



northeast along with the storm. The peak period of the
patch of high Hsis 15 seconds.

Other data sources are available. The Foinaven
FPSO, situated 12 km to the west south west of
Schiehallion recorded wave parameters over the period
of interest. The significant wave height was 7 metres at
12:00 on 9/11/98 rising to 13 metres at 22:00. The
maximum wave height was 10 metres at 12:00 rising to
19 metres at 22:00. The wave model thus appears to be
dlightly underestimating the wave height at this time and
place.

The steepness of the wave field at 22:00 is
shown in figure 9. Near the location of Schiehallion the
higher steepness values (0.04 - 0.05) are found on the
trailing edge of the patch of high wave energy, as was the
case with the Stenfjell hindcast. Figure 10 shows the
JONSWAP gamma values over the region at 22:00 on
9/11/98. As with the Stenfjell hindcast the windsea peak
energy is maximally enhanced near where the wind
speeds are highest

4. SAR IMAGES

From a global data set of 5 km x 10 km synthetic
aperture radar (SAR) images acquired every 200 km
along the track of the ERS-2 satellite, about 1000
globally distributed SAR wave mode images a day are
available. The ocean wave energy over the image, as a
function of frequency and direction, can be calculated
from the radar image [5]. These data will be used to
improve the wave model sea-state forecasts.

The radar wave mode dataset is also analysed to
give some measure of the conditions for rogue waves.
Two recent results are shown here, using standard
techniques from spectral estimation theory.

The first approach measures the inhomegeneity
of the SAR image [5]. Denoting the periodogram of each

sub-sampled 1 km x 1 km square over the image by P, ,

an inhomogeneity parameter is defined to be

o var(R)

- % mean(R)

a mean(R)
k

where var(R,) and mean(R)are the estimated

variance and mean of the periodogram of the kth
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the ERS-2 SAR on 2/8/96. It can be seen that strong
inhomogeneity occurs near land and sea-ice. However
strong inhomogeneity can occur over the open ocean
where wind speeds are low [6]. A more detaled
investigation of images from the open ocean under
appreciable wind speeds, with collocated wave model
ouptut, will be undertaken to look for rogue wave
conditions.

Another way of looking for rogue wave
conditions in a SAR image is to look for the wave
groupiness that is often associated with extreme wave
heights, the so-called "three sisters'. Wavelet methods
are being developed and applied to some open-ocean
SAR images that essentially look for instances of
coherent groups of wave crests [7]. A preliminary result

isshown in figure 12.

5. DISCUSSION
A rogue wave, that can damage shipping and offshore
structures, is a very rare event in a statistical sense.
Given the limitations of the spectra wave model, there
are at present two physical quantities that we can model
that are directly linked to increased risk of rogue waves.
Thefirst physical quantity is the steepness of the
wave field. The steepness values shown here from the
wave model hindcasts are not high. It should be noted
that the 100-year steepness for unrestricted service as
used in the DNV classification notes, is 1/15 or 0.066 for
zero-upcrossing periods of 12 seconds and longer. For
both of the cases presented here the zero-upcrossing

periods, near the time and location of the extreme wave



events, were of the order of 12 seconds or greater. The
steepness values near these times and locations were well
below 0.066. Given that individua waves of high
steepness actually occurred, this indicates that the
calculation of steepness from the wave model energy
spectrum needs to be refined.

More comparisons need to be done between the
2D gspectra from the wave model and wave energy
spectra taken from in situ observations, in order to assess
how well the steepness of the wave field can be extracted
from spectral wave model hindcasts. Moreover, the
steepness diagnostic needs to be improved by taking
water depth into account in the dispersion relation.
Wave-current interactions may also need to be included
in the model where they could have a significant effect.

The second physical quantity is the ‘peakiness
of the wave energy spectrum for a growing windsea. This
is represented in the wave model by the gamma for the
JONSWAP spectrum that sets the shape of the windsea
spectrum. When waves are modelled by the nonlinear
Schroedinger equation, a Benjamin-Feir instability can
develop to produce extreme waves. Previous studies [3]
have shown that when the NLS model is forced by the
JONSWAP spectrum, there is a correlation between
maximum extreme wave height and the gamma
parameter. Also, the gamma parameter is well used by
naval architectsin tests, and isthus of interest.

Another possible contributor to favourable
circumstances for rogue waves is the amount of
directionality in the wave energy spectrum. A sea-state
with two or more wave trains going in different
directions will occasionally produce waves of extreme
height. In both the Stenfjell and the Schiehallion cases, it
can be seen that the wind vectors are converging near the
location where the casualty occurred. This could giverise
to a directional spread in the windsea that would make
rogue waves more likely.

Historically, directional information about the
field has been

measurements, so at the moment our knowledge of this

wave unavailable from point

phenomenon is qualitative. In future, hindcasts could be
run for cases where casualties occurred due to rogues
waves caused by crossing seas.

The preliminary results from SAR image
analysis are encouraging and show that there is potential
to extract information about conditions for rogue wave
development from the images. In terms of observable
guantities that are directly linked to the occurrence of
rogue wave, we so far have two.

The first is the degree of inhomogeneity in the
pattern of wave crests. As with the directionality just
mentioned, this is an intuitive notion, that the more
spatial variation there is in the separation and orientation
of wave crests, the more likely it will be that waves of
extreme height will occur. The second is the degree of
groupiness in the pattern of wave crests. Aswell as being
observed by mariners, very high crest or trough height
arriving at the centre of a group is well known from
theory and numerical experiments. For both of these
observable measures of rogue wave conditions, there is
much development still to be made, in particular to
extract wave height and steepness from the image at the
locations of high inhomogeneity or groupiness.

Some preliminary stages in the MAXWAVE
project have been described here. There is further work
to be done on extending the accident database to more
cases. The difficulty of observing and studying an
isolated rogue wave occurrence in the open ocean is a
challenge, that the wave model hindcasts and SAR image
analysis must face. Several diagnostic measures of rogue
wave occurrence have been presented here that will be
further developed.
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Figure 1: Global ship accidents, 1995-1999.
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Figure 2: Water depths over model domain
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Figure 3: STENFJELL CASE, contoursof Hs(m), with wind vectors (m/s), at 6:00 on 25
October 1998.
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Figure4: STENFJELL CASE, contoursof Hs(m), with wind vectors (m/s), at 18:00 on 25
October 1998, at the height of the storm in the eastern North Sea.
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Figure5: STENFJELL CASE: contours of wave steepness at 18:00 on 25 October 1998.
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Figure6: STENFJELL CASE: contoursof JONSWAP gamma at 18:00 on 25 October 1998.
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Figure7: SCHIEHALLION CASE: contoursof Hs(m), with wind vectors (m/s), at 12:00 on 9
November 1998.
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Figure8: SCHIEHALLION CASE: contoursof Hs (m), with wind vectors (m/s), at 22:00 on 9
November 1998, at the time of the damage to the Schiehallion FPSO.



Figure9: SCHIEHALLION CASE: contoursof wave steepness at 22:00 on 9 November 1998,
at the time of the damage to the Schiehallion FPSO.



Figure 10: SCHIEHALLION CASE: contours of JONSWAP gamma at 22:00 on 9 November
1998, at thetime of the damage to the Schiehallion FPSO.



Figure 11: Inhomogeneity of SAR images along-track ERS-2 for 22/8/96

Figure 12: SAR image of open ocean swell with regions of groupiness highlighted.



