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Preface

“It came from nowhere, snapping giant ships in two. No one believed the
survivors . . . until now”
—New Scientist magazine cover, June 30, 2001

Rogue waves are the focus of this book. They are among the waves naturally ob-
served by people on the sea surface that represent an inseparable feature of the
Ocean. Rogue waves appear from nowhere, cause danger, and disappear at once.
They may occur on the surface of a relatively calm sea and not reach very high
amplitudes, but still be fatal for ships and crew due to their unexpectedness and
abnormal features. Seamen are known to be unsurpassed authors of exciting and
horrifying stories about the sea and sea waves. This could explain why, despite the
increasing number of documented cases, that sailors’ observations of “walls of wa-
ter” have been considered fictitious for a while.

These stories are now addressed again due to the amount of doubtless evidence
of the existence of the phenomenon, but still without sufficient information to en-
able interested researchers and engineers to completely understand it. The billows
appear suddenly, exceeding the surrounding waves by two times their size and
more, and obtaining many names: abnormal, exceptional, extreme, giant, huge, sud-
den, episodic, freak, monster, rogue, vicious, killer, mad- or rabid-dog waves, cape
rollers, holes in the sea, walls of water, three sisters, etc. Freak monsters, though
living only for seconds, were able to arouse the superstitious fear of the crew and
cause damage to the ship and death to heedless sailors. All these epithets are full of
human fear and frailty.

Serious studies of the phenomenon started about 20-30 years ago and have inten-
sified during the recent decade. The research is being conducted in different fields:
physics (search of physical mechanisms and adequate models of wave enhancement
and statistics), geoscience (determining the regions and weather conditions when
rogue waves are most probable), and ocean and coastal engineering (estimations of
the wave loads on fixed and drifting floating structures). Thus, scientists and en-
gineers specializing in different subject areas are involved in the solution of the
problem. Freak waves annually become the subject of special sessions at the Euro-
pean Geophysical Union Assembly (2001-2008); Ifremer (France) organized work-
shops “Rogue Waves” in Brest (2000, 2004, 2008) ‘Aha Huliko’ (a Hawaiian Winter
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Workshop in 2005) and a workshop held the same year by the International Centre
for Mathematical Sciences (Edinburgh) were also dedicated to this phenomenon.

We start this book with a brief introduction to the problem of freak waves, aiming
at formulating what is understood as rogue or freak waves, what consequences their
existence imply in our life, and why people are so worried about them.

Chapter 1 is devoted to observations and measurements of freak waves. After
some citations of personal descriptions of unexpectedly high waves, we proceed
to speak about available instrumental measurements of rogue waves that can allow
some quantitative analysis. In spite of recent success in developing the measuring
systems, there are difficulties and problems that embarrass the high wave registra-
tion and analysis; they will be also discussed in Chap. 1.

Two approaches to the rogue wave description (deterministic and statistical) are
discussed in Chap. 2, where some definitions and a mathematical toolkit are pro-
vided that are necessary for the following chapters. A brief survey of the physical
mechanisms that have been already suggested as possible explanations of the freak
wave phenomenon completes Chap. 2. They are:

wave-current interaction

geometrical (spatial) focusing

focusing due to dispersion (spatio-temporal focusing)
focusing due to modulational instability

soliton collision

atmosphetic action

This brief survey anticipates the detailed description given in Chaps. 3, 4, 5. We
have chosen to divide the rogue wave occurrence mechanisms into (i) quasilinear
ones (that usually are efficient in different geographical conditions with minor mod-
ifications, Chap. 3), (ii) nonlinear ones in water of infinite and finite depths (Chap. 4)
and (iii) nonlinear ones in shallow water (then the specific wave dispersion and in-
fluence of the bottom may play an important role, Chap. 5). The essential physics
of the processes of wave focusing by different mechanisms is generally well under-
stood but their occurrence in the ocean is poorly documented. That is why we start
Chaps. 3, 4, 5 with theory, modeling, and a description of the physical mechanisms
followed with available testimonies of manifestations of this physics in laboratory
tanks and nature.

In the Conclusion, we emphasize that most of the developed theories are applica-
ble to other physical phenomena starting from ocean waves of different nature (wind
waves, tsunamis, edge and Rossby waves) and ending with nonlinear optics (for in-
stance optical rogue waves in fibers) and astrophysical plasma processes. This is a
great implicit benefit of the freak-wave problem exploration, since rogue waves mo-
tivated significant development of nonlinear wave theories, including integrable sys-
tems and the study of instabilities, higher-order statistics, and rediscovering physical
effects in new applications, etc.

This book is designed for Master and PhD students, as well as researchers and
engineers in the fields of nonlinear waves, fluid mechanics, physical oceanography,
ocean and coastal engineering, and applied mathematics. In Chap. 2, the fundamen-
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tal basis and tools that are needed to understand and analyze the various mecha-
nisms generating the extreme wave events given in Chaps. 3, 4, 5 are presented. For
a deeper knowledge of some specific methods, the reader can refer to the bibliogra-
phy, which is well stocked with references.

Marseille, France Christian Kharif
Nizhny Novgorod, Russia Efim Pelinovsky
Nizhny Novgorod, Russia Alexey Slunyaev
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Introduction

In this section, the matter of the problem and general views are discussed. We high-
light the facts that made people realize that there was a problem, and discuss the
main questions surrounding the phenomenon of rogue waves.

“Our captain, who has 20 years on the job, said he never saw anything like it.”
— Susan Robison, Norwegian Cruise Line spokeswoman, New York Daily News, April 17,
2005

There are a number of well-documented cases of the occurrence of unexpectedly
large waves; some of them are described in Chap. 1, and other descriptions may
be found in references therein. It is well understood that the sea may be dangerous
for sailing. It is also generally recognized that the modern level of engineering is
high and can generally protect people from many disasters. But where does the
problem lie? People are accustomed to thinking that the construction and technical
equipment of modern ships can allow safe sailing everywhere on the ocean. This
confidence might be true if we had a full and realistic comprehension of all the
possible dynamics on the sea surface, but this is not true.

The first vital question arises about the possible maximum wave heights on the
sea surface generated by the wind. The wave height H is defined as the vertical
distance between the wave crest and the deepest trough preceding or following the
crest (see Fig. 1.1, and (Massel 1996) for details).

= H, H
Fig. I.1 A cross section of H = max( 1, )

a sea surface wave profile
propagating in X direction X

Y

C. Kharif et al., Rogue Waves in the Ocean, Advances in Geophysical and Environmental 1
Mechanics and Mathematics, DOI 10.1007/978-3-540-88419-4_1,
(© Springer-Verlag Berlin Heidelberg 2009
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When Captain Dumont d’Urville, a French scientist and naval officer in com-
mand of an expedition in 1826, reported encountering waves up to 30 meters height,
he was openly ridiculed. Three of his colleagues supported his estimate but could
not help him to be believed. Apparently the largest reported wave in the open sea
reached a height of about 34 m (112 ft). The United States Ship (USS) Ramapo in
the North Pacific reported it in 1933 (Draper 1964, Dennis and Wolff 1996). Crew
members standing on the ship’s bridge could measure the height of a wave by lining
up its crest with the horizon and a point on the ship’s mast (making the line of sight
approximately horizontal) while the stern of the ship was at the bottom of a trough
(see Fig. 1.2).

Until now, the largest reliable instrumentally measured waves have had heights
of 30 m; they were registered during the “Halloween Storm” in 1991 and Hurri-
cane Luis in 1995. Waves with heights a little bit more than 29 m were measured
under severe, but not exceptional, wind conditions in 2000 by a British oceano-
graphic research vessel near Rockall, west of Scotland (Holliday et al. 2006). Liu
and MacHutchon (2006) report higher waves, but they agree that some of them must
be errors in the gauge, thus making the results suspect.

Nowadays, observations and measurements of high waves from space have be-
come possible. A three-week registration of surface waves from the European satel-
lite ERS-2 revealed regions with high waves (see Fig. 1.3) and detected a wave
of 29.8 m height. Bearing in mind that ships are often designed for 10—15 m wave
heights, it becomes obvious that the observed waves are real threats that may cause
damage and even the loss of ships (Faulkner 2001).

High waves are usually generated by storms and hurricanes; and rogue waves
are obviously also much more probable during severe weather (Guedes Soares
et al. 2004). Komar (2007) reports of a substantial increase in typical wave heights
during a season of tropical storms and hurricanes in the North Atlantic. The rate of
increase for one of the buoys used in the study is 5.4 cm per year, which has resulted
in 1.8 m growth for the period of 1975-2005. The most likely explanation for that it
is related to the progressive intensification of the hurricanes themselves.

Most of the casualties (about 60%) are related to operational causes (e.g., fire,
collision, machinery damage), while the remaining 40% are characterized by design
and maintenance causes (i.e., water ingress, hulls breaking into two pieces, and
capsizing). In the case of marine structures (such as oil and gas platforms), the
role of the design is even more important since a platform cannot tack, and meets

line crest up with horizon

height
of wave

bottom of trough

Fig. 1.2 Observation of the highest reported wave by the crew members of the United States Ship
“Ramapo” (Dennis and Wolff 1996)



Introduction 3

Fig. 1.3 Map showing maximum single wave heights (in meters) derived from three weeks of
ERS-2 SAR data acquired in August-September 1996. Reproduced from (Rosenthal et al. 2003)

a wave “‘as it is.” Practical designs always involve compromises between safety and
efficiency, and the goal is to account for expected events over the useful lifetime of
a ship or structure. The crucial question that should be answered when estimating
the danger is how often extreme events actually happen.

For example, the present Norwegian Petroleum Directorate’s regulations de-
scribe that loads in the ultimate limit state and the serviceability limit state controls
should be checked with an annual probability of 1072 (once in 100 years). These
waves may hit the deck structure, but they should not cause damage; the platform
should be capable of full operation after an incident. The waves should not hit areas
where people can be hurt. Imposing restrictions for personnel in certain areas can
meet this last requirement. Loads in the accidental limit state control should meet an
annual probability rate of 10~# (once in 10,000 years). The total safety of the plat-
form should not be jeopardized, personnel should have the possibility to be safely
evacuated, and no major pollution should occur. Localized damage during a severe
storm does not necessarily mean that a platform was poorly designed. Occasional
damage might be repaired at a lower cost than building and installing a platform
with a higher deck.

The current state of affairs, however, is obviously not acceptable. Casualties hap-
pen too frequently and are too dramatic. Hundreds of vessels sink and hundreds
of people perish annually (see Fig. 1.4), although the situation has taken a turn for
the better over the last few years. The list of accidents related to the attacks of
huge waves contains many recent dates. Twenty-two (22) super carriers were lost or
severely damaged between 1969 and 1994 due to the occurrence of sudden rogue
waves; a total of 542 lives were lost as a result (Lawton 2001). About 650 incidents
are counted during the period from 1995 to 1999 due to bad weather, including total
losses of all propelled sea-going merchant ships in the world weighing 100 gross
tons or more (see Fig. 1.5). Thirty-six percent (36%) of them foundered, 25% suf-
fered water ingress, 6% incurred evere hull damage, and 8% capsized as intact ships
(Toffoli et al. 2005).
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Fig. 1.4 Number of total losses and number of fatalities per year of crew and passenger during

1978-2001 (Source: Det Norske Veritas, http://www.dnv.com/)
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Offshore platforms are also vulnerable to rogue waves. On 15 February 1982,
a giant wave smashed the windows and flooded the control room in a drilling rig
run by Mobil Oil on the Grand Banks of Newfoundland. Shortly afterwards the
rig capsized and sank, killing all 84 people on board (Lawton 2001). The famous
New Year Wave attacked the Draupner Jacket platform on 1 January 1995, with a
height close to 26 m while the typical surrounding waves were about 11-12m and
the maximum expected wave height was estimated at about 20 meters (Karunakaran
et al. 1997, Trulsen and Dysthe 1997).

The number of accidents reported by the mass media is growing, and the problem
of huge sea waves has attracted many people’s attention. Striking photos of damage
collected in Fig. 1.6 prove that those waves were really abnormal for the ship design
of the time. Recent accidents with large passenger carriers (Queen Elizabeth 2 in
1995, Caledonia Star and Bremen in 2001, and Explorer, Voyager, and Norwegian
Dawn in 2005) demonstrate the potential threat of rogue waves to normal people,
while casualties with a subsequent pollution of large coastal areas (Erika in 1999,
Prestige in 2002) show examples of indirect losses and the importance of safe navi-
gation on a global scale.

So, the importance of the safe use of ocean stationary and drifting structures
is obvious, as well as the message that current theoretical and engineering models
underestimate the occurrence of extreme sea waves.

Fig. 1.6 Photos of damage caused by huge waves (from Olagnon (2000))
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Two different types of waves usually characterize the sea surface on a scale of a
few meters to a few hundred meters. They are associated with wind above waves:
wind waves and swells. Whereas the first refers to waves still under the influence
of the wind, the latter refers to waves that have already moved out of the generat-
ing area or are no longer affected by the wind. The relatively frequent occurrence
of freak wave events and the spreading of these accidents throughout the world’s
oceans (see Fig. 1.7) allows us to believe that the freak wave phenomenon is related
to the dynamics of typical waves on the sea surface—i.e., generated by the wind and
more or less freely propagating.

The “wave age”! may be characterized by the distance (fetch) over which the
wind blows over the sea surface. Various wave amplification mechanisms have
been suggested by different authors (see Belcher and Hunt 1993). Due to the grav-
ity force, the surface perturbations split into traveling waves. Qualitatively, the
fully developed waves (with a long fetch, which needs large areas) depend on the
wind speed only. According to dimensional analysis, the wave periods are then ex-
pressed as T ~ U, /g, where U, is the wind speed and g = 9.8 m/s? is the gravity
acceleration. Thus, the stronger the wind is, the longer the waves will be. The sur-
face waves have periods of several seconds in weak wind, 8—10's in moderate wind,
and 20-30s in very strong winds. Free gravity surface waves over the deep ocean
have a phase speed of C,;, = gT/(2m) (see details in Chap. 2), and therefore the
wave lengths A = C,,;,T vary from several meters up to several hundred meters. In
comparison with wind seas, swells generally have longer periods and larger lengths.

Small-amplitude waves are almost sinusoidal, although large-amplitude waves
are not symmetric due to nonlinear bound wave corrections. Because of this effect

Fig. 1.7 Global distribution of ship density (intensity of the gray color) and locations of accident
occurrences (hatched). (Monbaliu and Toffoli 2003, reproduced with permission)

! More exactly, the wave age is defined as the ratio C, o/ Uto or Cp, /U, where Cpj, is the phase speed
of water wave components at the spectral peak frequency and Uj( and U, are the wind velocity at
height 10 m above the mean level and friction velocity respectively.
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the crests become sharper, while troughs — smoother. Waves cannot be too high.
Due to nonlinearity they break. In the open sea (when water depth much exceeds
the wavelengths) the strength of nonlinearity is characterized by the wave steepness
s = KH /2, where H is the wave height already introduced, and K = 27/A is the
wavenumber. In most cases, a regular plane wave (i.e., a wave that has a permanent
profile in the crosswise direction) comes to the breaking onset when the steepness
has a value of about s ~ 0.4. Thus, a 30 m breaking wave has a length of about 250 m
and a period of about 12 s. These wave estimations look quite realistic.

The breaking phenomenon restricts the wave heights. Young waves are shorter
than old ones. For short-fetch situations, growing waves are inhibited by breaking
before they can grow very high. This view is supported by observations that typical
waves do indeed tend to break in developing seas while smaller-scale waves tend to
break in fully-developed seas. Rather large mean wave steepness is often reported
in areas of relatively low significant wave height.

On the whole, the global wave climate indicates that high-wave activities are
located at the highest/lowest latitudes (Fig. 1.3). Ocean regions such as the North
Pacific and the North Atlantic, the North Sea, the Gulf of Alaska, and the Bering
Sea show the most severe sea states. However, the largest significant wave height
does not occur necessarily where the largest wave steepness occurs. High steepness
was reported close to the eastern coast of North America, the southern North Sea,
the Mediterranean Sea, and the eastern coast of Asia, where the significant wave
height was often lower than 3 m (Monbaliu and Toffoli 2003, Toffoli et al. 2005).

Relatively high waves are expected to be recorded during specific incidents. Tof-
foli et al. (2005) found, however, that rather low significant wave heights occurred
during certain ship accidents that were reported as being due to bad weather. Thus,
we are forced to come to the conclusion that wave height is not the only significant
injurious factor that gives waves rogue status.

Indeed, the wave impact upon marine structures may be determined by other
parameters, such as steepness, crest height (H,,), and horizontal wave asymmetry
(difference in L and L_) (see Fig. I.1), etc. Different types of ships may suffer from
different wave parameters and conditions. Toffoli et al. (2005) note, for example,
that fishing vessels have mainly capsized while fishing or loading fish. This is an
important practical question that is not fully answered.

On the other hand, existing measurements and theories do not always allow a
very detailed description of the accidents. Thus, a simplified definition of a freak
wave becomes relevant. In this book, we employ the simple definition that a freak
wave exceeds at least twice the significant wave height:

Hy

A

Al >2, where Al= (L.1)

Here, Hy, is the height of the freak wave, and H, is the significant wave height,
which is the average wave height among one third of the highest waves in a time
series (usually of length 10-30 min). In that way, the abnormality index (Al) is the
only parameter defining whether the wave is rogue or not.
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An alternative point of view exists that there are rogue waves that consist of
two populations: (i) “classical” extreme waves (that are described by conventional
physics, models and statistics) and (ii) “freak” extreme waves (that need new ap-
proaches and theories) (Haver 2005). This concept is based on probabilistic consid-
erations. In this book, we are more interested in physical mechanisms and statistics
of all kinds of extreme waves, thus we do not make such separation and consider all
terms listed in the Preface (rogue, freak, etc. waves) to be synonyms and applicable
to a wave if it agrees with condition (I.1). Doing a simple statistical analysis of the
Reference Lists of this book, one can easily see that the word “rogue” may be found
there most frequently, “freak” is less frequent, and “extreme” is at the bottom of this
popularity rating. This may support (in part) the title of the book, where the term
“rogue” is used instead of all others.

Hundreds of waves satisfying condition (I.1) have been recorded by now (see
Chap. 1), and several waves with an abnormality index larger than three (Al > 3)
are known. Theoretical predictions allow even higher rates of wave amplification.
This is seemingly confirmed by the results of Liu and MacHutchon (2006); they
hypothesize that “typical” rogue waves achieve amplification in the range of 2 <
Al < 4. Nevertheless, the variety of conditions when the waves were measured do
not allow for rigorous statistical study of these waves—they still remain exceptional
events.

There are a number of questions that arise and need to be answered—some of
them are given here and many are the titles of recent scientific articles:

— Are there different kinds of rogue waves?

— Are rogue waves beyond conventional predictions?

— Are new physics really necessary?

— Freak waves — rare realizations of a typical extreme wave population or typical
realizations of a rare extreme wave population?

— Are extreme waves the largest ever recorded?

— Were freak waves involved in the sinking of [this or that ship]?

— Are rogue waves a problem for structural design?

— Are there particular oceanographic conditions in which freak waves are more
probable?

— Do extreme waves appear in groups (the “Three (nine) Sisters” of mariners’
lore)?

— Can a “wall of water” be spotted enough in advance to allow time for safety
measures?

— Can one identify and track a group within which a rogue wave might suddenly
appear?

— Modeling a “rogue wave” — speculations or realistic possibility?

— What factors limit extreme wave heights?

— Can the Benjamin-Feir instability spawn a rogue wave?

— Rogue waves and wave breaking — how are these phenomena related?

— What effect does the wind produce on the kinematics and dynamics of rogue
waves?
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The purpose of this book is to show the progress that is being made in approach-
ing the answers in the list above as well as other questions, and to consider some new
questions that should be answered in the future. The main attention will be focused
on the physical mechanisms of rogue wave generation brought into correlation with
experiments and natural observations.

List of Notations

Al abnormality index

Con phase velocity

g acceleration due to gravity
H wave height

H,, wave crest height

Hy, height of the freak wave
H; significant wave height

K wavenumber

S wave steepness

T wave period

U, wind velocity

X coordinate along the wave propagation
A Wavelength
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Chapter 1
Observation of Rogue Waves

There are a number of personal descriptions of unexpectedly high waves collected
in the literature by now. Some of them will be discussed hereafter. Besides the re-
ports, there also exist some dilettante photos of rogue waves; many of them may be
found on the Internet. Instrumental measurement is a more substantial kind of find-
ing evidence of freak waves. They are made by gauges of different types and may
be used for validating theories and models and for reproducing the events in labora-
tory experiments. The overwhelming majority of the available instrumental records
represent time series of the values of surface elevation (made by buoys or altimeter
gauges). Three-dimensional (3D) records (and especially their sequences) of sur-
face waves made by space or airborne synthetic-aperture radar (SAR) are recent
data containing the most complete information about the waves. The latter measure-
ments are not very well validated at present (retrieving sea surface elevation fields
from “imagettes”). At the same time, personal observations may be useful since they
contain qualitative information about the 3D wave structure and its dynamics. Some
of these descriptions—historical and recent testimonies—are collected in Sect. 1.1.
Section 1.2 is dedicated to the instrumental records of rogue waves: a survey of
available rogue wave records, techniques of wave measurements, and problems of
reliability of the high-wave measuring technique. Section 1.3 classifies the sea states
and shows their relation to rogue wave occurrence.

1.1 Historical Notes and Modern Testimonies

Personalities make history human. Our story is created by accidents. The freak wave
phenomenon could remain marine folklore if there were no crashes that shake peo-
ple’s minds. Notorious casualties attract attention to the existence of abnormally
huge waves, and evidence makes us believe the reports. A long but obviously in-
complete list of accidents starting from the time of Christopher Columbus has been
collected by Liu (2007). Many other descriptions are available in various publi-
cations (Mallory 1974, Torum and Gudmestad 1990, Haver and Andersen 2000,
Lawton 2001, Olagnon and Athanassoulis 2001, Kharif and Pelinovsky 2003) and
references therein. The stories are sometimes very similar, but frequently they show

C. Kharif et al., Rogue Waves in the Ocean, Advances in Geophysical and Environmental 11
Mechanics and Mathematics, DOI 10.1007/978-3-540-88419-4_2,
(© Springer-Verlag Berlin Heidelberg 2009



12 1 Observation of Rogue Waves

distinctive differences and may be useful for the comprehension of the phenomenon.
We represent below some stories describing different kinds of rogue wave accidents.

The most striking cases of rogue waves correspond to strongly localized high
waves.

“Down the ways at Quincy, Mass, last week went the largest cargo vessel ever built in the
U.S., and the largest tanker in the world: the 45,130-ton World Glory, with a capacity of
16.5 million gals — enough to fill 2,062 railroad tank cars...”

This is the beginning of the history of the tanker “World Glory,” announced by
a newspaper in 1954 (Time 1954). Its end is not so enthusiastic. On June 13, 1968,
travelling along the South African coast under the Liberian flag, World Glory en-
countered a freak wave, which broke the tanker into two pieces and led to the death
of 22 crew members (Lavrenov 2003) (Fig. 1.1a). It happened in the Indian Ocean,
105 km east of Durban. As a result, about 14 million gallons of oil spilt into the
Ocean.

The tanker Prestige (42,000 gross tons, and about 250 m in length) went down
similarly off the Spanish coast in 2002 (Fig. 1.1b). Estimations of the amount of
spilt oil are different, but they are roughly about 20 million gallons. Some people
connected with the accident think that the damage that led to its sinking might have
been caused by a freak wave. Anyway, it is more or less obvious that the hull was
unable to bear the wave force. The Prestige was built more than 20 years after World
Glory. The vessel met all American Bureau of Shipping Rule structural requirements
and International Association of Classification Societies Rule hull girder strength
requirements. The vessel was properly loaded and had adequate hull strength for
the reported conditions at the time of the casualty (ABS 2003).

The number of accidents that occurred with wavelengths less than half the ship’s
length is small (Toffoli et al. 2005), so we could suppose that the damage in both
cases was probably caused by intense long waves causing unexpected nonuniform
loads on the hulls.

The cruise liner Queen Elizabeth II encountered a rogue wave in the North At-
lantic about 30 m height during a storm in 1995. The ship master referred to a par-
ticular episode where they had been looking at a wall of water from the bridge for
a couple of minutes before it hit the ship well above the waterline: “a great wall of
water — it looked as if we were going into the White Cliffs of Dover.” A similar de-
scription was given by one of the crew members of the Statoil floating rig Veslefrikk
B (it was hit the same year by a wave that resulted in significant damage) (Haver and
Andersen 2000). The first mate of the oil tanker Esso Languedoc described the wall
of water in the photo in Fig. 1.1c (see also Fig. 1.2b): “We were in a storm and the
tanker was running before the sea. This amazing wave came from the aft and broke
over the deck. I didn’t see it until it was alongside the vessel but it was special, much
bigger than the others.” (Lawton 2001).

Freak events represented by several successive very high waves in wave groups
are also well known. A collision of the naval ship Jeanne d’Arc with the Glorious
Three in 1963 was described in (Moreau et al. 2005).
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(b)

Fig. 1.1 Accidents with huge waves. (a) Sinking of World Glory tanker in 1968, the photo
is taken from (Liu 2007). (b) Sinking of tanker Prestige in 2002 (Lechuga 2006, Reproduced
with permission). (¢) This picture was taken on the oil freighter Esso Languedoc outside the
coast of Durban by P. Lijour, South Africa 1980 (Reproduced from Dysthe et al. 2005). (d) The
map of the incidents off the Southeast coast of Africa, and the scheme of the collision of tanker
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Fig. 1.1 (continuned) Taganrogsky Zaliv with a rogue wave (Reproduced from Lavrenov 2003).
(e) A “diving” into a wave boat. The case looks similar to the descriptions of the accident
with the Taganrogsky Zaliv (Reproduced from Heavy Seas 2002). (f) Waves observed in 2006
near Kamchatka (Photo by M. Sokolovsky, http://www.kkclub.ru). (g) Waves and suddeen flood-
ing in Maracas Beach (Trinidad Island, the Antilles) in 2005; (see description in Didenkulova
et al. 2006). (h) A 2-s photo image sequence taken on the Dianna Island (Canada) (see description
in Palmer 2002)
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Fig. 1.1 (continued)
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Fig. 1.1 (continued)

“At about 09:47 a group of large breaking waves was sighted straight ahead, just beyond an
area of relative calm water (4-5 m wave height). The first wave heaved the ship; its height
was estimated about 15 m. During the interval of about 100 meters in-between the first and
the second wave the “Jeanne d’Arc” had time to return approximately to its waterline, but
she was soon heeled over to starboard by the second wave, until the heel angle reached
about 35°. During clearance of those two waves, the freeboard deck and the quarterdeck
were submerged in turn, the sea covered the catwalks of the first deck, water reaching the
top of the bulkheads at the time of maximum heel. The third wave was cleared in similar
conditions, but with not as large amplitude motions, its height being slightly less than that
of the two first ones.”
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Two unexpectedly large successive waves shattered windows 28 m above the
waterline of the cruise liner Queen Elizabeth in 1943; two other waves capsized
the trawler Kotuku in 2006; and three large waves hit and threw the fishing boat
Starrigavan onto a jetty in 2007 (Lawton 2001, Liu 2007).

Splitting ocean surface waves into groups is a natural process, which will be dis-
cussed later in Chap. 4, and the central individual waves within a group are more
energetic. In the past, seamen of different nationalities mention monstrous wave
groups. It is interesting to note that the number of individual waves that suppos-
edly forms a rogue wave packet is different: three sisters or the ninth billow. Surfers
sometimes wait for the largest, or seventh, wave. Lehner (2005) notes that succes-
sive large single-wave crests or deep troughs can cause severe damage due to their
impact, or may excite the resonant frequencies of the structures.

The Soviet refrigerator tanker Taganrogsky Zaliv was subjected to an abnormal
wave, a hole in the sea, in 1985 (see Fig. 1.1d,e) (Lavrenov 2003).

“Wave height did not exceed 5 m and the length was 40—45 m. The speed of the ship was
diminished to a minimum in order to make a safer control of the ship’s movement. The ship
rode well on the waves. The fore and main deck were not flooded with water. At one o’clock
the front part of the ship suddenly dipped, and the crest of a very large wave appeared close
to the foredeck. It was 5—6 m higher over the foredeck. The wave crest fell down on the
ship. One of the seamen was killed and washed overboard. Nobody was able to foresee the
appearance of such a wave. When the ship went down, riding on the wave, and its frontal
part was stuck into water, nobody felt the wave’s impact. The wave easily rolled over the
foredeck, covering it with more than two meters of water. The length of the wave crest was
not more than 20 m.”

Very similar descriptions are related to accidents with the cruiser Birmingham
in 1944 and some other vessels (Haver and Andersen 2000). They report sighting a
long trough followed by a steep crest, or a “hole” in the sea. There is a viewpoint that
a hole in the sea is more dangerous for a boat than a crest, since it is less noticeable
among the sea waves than huge crests, and the shipmaster cannot change course and
prepare the ship in advance.

The NOAA’s 56-foot research vessel Ballena capsized in an individual rogue
wave south of Point Arguello, California in 2000. The weather was good, with clear
skies and glassy swells (1.5-2m). At approximately 11:30, the crew observed a
4.5m swell begining to break about 30 m from the vessel. The wave crested and
broke above the vessel, caught the Ballena broadside, and quickly overturned it
(Kharif and Pelinovsky 2003).

Russian kayakers were lucky to observe and make photos of strange waves 25 km
from Cape Olga, Kronotsky Peninsula, about 1-1.5 km offshore (Fig. 1.1f). They re-
ported that the weather was calm with only very long gently sloping surge waves
coming from the open ocean every 15-20s. About 10 strange waves were observed
in the same area with irregular lengths. Freak waves arose, propagated, and col-
lapsed during tens of seconds and ran for about 50 m within this time. Wave heights
were about 2—4 m, and typically their length along the front was about 70 m. The
first photo in Fig. 1.1f is quite challenging, although the second one (taken from
another aspect) looks more ordinary.
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These descriptions are in some sense similar to the first kind of observations
(i.e., strongly localized high waves), but the reports emphasize individual waves that
propagate for some distance and are actually not surrounded by other considerable
waves. They seem to be of a solitary wave variety (see Chap. 5) and are singled out
for a particular case.

Extreme coastal wave phenomena similar to the ocean rogue waves have been
noted recently. Typically, such accidents are described as a sudden brief coastal
flooding or as huge waves rushing coastal structures (raised embankment or break-
waters). Two events are given in Fig. 1.1g and h; other descriptions may be found
in Kurkin and Pelinovsky 2004 and Didenkulova et al. 2006. These waves have not
been related with tsunamis; although it is more difficult to ascertain whether they
are not caused by storm surges (this reason may likely cause the waves in Fig. 1.1g).
A very high (25 m) wave splash presented in Fig. 1.1h occurred suddenly and was
absolutely unexpected by the students (who made the photos) after they had spent
about 45 min observing swell waves that followed a severe storm that had happened
one day before.

This is a relative classification (see also Rosenthal 2005) that can be argued but
cannot be finalized until all physical effects are revealed and freak wave impact is
described and estimated. Some wave types are illustrated in Fig. 1.2. Different wave
shapes may require different physical effects and mathematical models of different
complexity to describe them. Some observers report about lifetimes of rogue events
that amount to a few minutes or less.

It was already pointed out that wave height, in addition to its shape and sur-
rounding waves may define the strength of wave impact. Unusual wavelength or
small crest length (like in Fig. 1.2a) may lead to an inadmissible load distribution
that may damage the hull. The most striking examples of rogue waves in the re-
cent literature are unusually asymmetrical with high crests compared to the depth
of their troughs. Presumably enormous huge-wave impacts have been already reg-
istered (Peregrine et al. 2005). Ships usually travel perpendicular to the crests with
low forward speed. A particular traveling direction of a wave group results in com-
plicated wave motion that makes the ship list and makes it difficult to safely over-
pass the waves. Steep waves (like in Fig. 1.2c) may yield dangerous dynamic effects
due to ship motion (slamming), even though the significant wave height is not par-
ticularly large. A breaking rogue wave could potentially cause more damage than a
nonbreaking wave of the same dimension. These points should be taken into account
when studying the wave impact and designing a safe construction.

Due to the relatively large number of registered collisions of ships with abnormal
waves, a statistical analysis of the events was performed by Toffoli et al. (2005) on
the basis of 270 documented accidents selected among a total of 650 that occurred
over about four years and collected by the Lloyd’s Marine Information Service.
Toffoli et al. (2005) emphasized that accidents occurred often in the presence of
crossing seas: wind waves and swell. They claim that any significant correlation be-
tween the main surface wave parameters and ship weight were not found, although
more than 90% of the incidents occurred in water depths of more than 50 m. It is
suggested that different kinds of ships should be subjected to different freak-wave
warning criteria.
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Fig. 1.2 Rogue waves: (a)
pyramidal wave off south
Japan; (b) walls of water;
(c) a very steep breaking
wave crest. Reproduced
from (Faulkner 2001) by
permission of Ifremer, and
Olagnon 2000
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Observations represented in stories and even photos are insufficient for the
weighty study of the rogue wave phenomenon. The suddenness of these waves re-
sults in lack of photographic evidence and sometimes confusing testimonies. Instru-
mental registrations provide data for quantitative analysis and careful research of
physical effects underlining the occurrence of freak waves.

1.2 Instrumental Registrations and Related Problems

The history of sea elevation measurements near shore begins quite a long time ago.
The first tide gauge started its record in 1806 at Brest (France). At first, these records
had to track the tides, which are very important for the normal functioning of ports.
Therefore, the first series were not frequently retrieved, and were not very accurate
due to equipment imperfection. Shorter time scales could be measured later: tsunami
waves, long sea waves. The waves in the open sea have been measured from ships
with acceptable accuracy since the fifties of the XXth century, and regular research
started in the sixties (see Pugh 1987, Rabinovich 1993). Nowadays, the sea-wave
elevation may be measured by deployed recorders of different types, ship-, air- and
spaceborne radars. The equipment is continuously being improved; new techniques
perfect the instrumental observations. People obtain continuous measurements of
wind-induced sea waves with the help of moored buoys and altimeters installed
on platforms; these measurements represent the most useful information regarding
freak-wave events.

1.2.1 Keystones of the Rogue Wave Measurements

A rogue wave is a rare event, and may be recorded only if long-time regular mea-
surements are conducted. That is why the measurements performed from station-
ary offshore platforms and buoys are of utmost interest. At present, the number of
registered freak waves is in the hundreds. Figure 1.3 shows the areas where they
were continuously measured for years. All of them satisfy condition (I.1) intro-
duced previously, although sometimes other extra conditions (such as the thresh-
old wave height that should be exceeded by the wave) defining the freak event are
applied.

A rogue period does not stand out in typical wave periods; such a wave has
a period of about 10s; the rogue event is often also quite momentary (not longer
than a few minutes). This fact requires rather high frequency of data acquisition (in
contrast to, for instance, tidal or tsunami wave recordings). It is inconsistent with
the long-term character of the measurements, in the sense that the recorded data be-
comes enormous. Sampling with a frequency of 5 Hz represents a reasonably good
resolution of the wave shape. For more than 50 thousand hours of the measurements
reported in Liu and MacHutchon 2006, this results in about 10° single measure-
ments. Usually data is represented by a number of 10-30 min time series. These
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Fig. 1.3 Some instrumental registrations of freak waves (ordered by the number of reported freak
waves). 1) Offshore from Mossel Bay (1563 events, 100 m depth, gas-drilling platform) (Liu and
MacHutchon 2006). 2) The Baltic Sea (414 events, 7-20 m depth, buoys) (Paprota et al. 2003).
3) Campos Basin near Rio de Janeiro (276 events, 1050 m and 1250 m depth, buoys) (Pinho
et al. 2004). 4) Off the eastern coast of Taiwan (175 events, 43 m depth, buoys) (Chien et al. 2002).
5) The North Sea (at least 107 events, 126 m and 85 m depth, platforms) (Stansell 2004, 2005,
Haver and Andersen 2000). 6) Sea of Japan (14 events, 43 m depth, ultrasonic submerged gauges)
(Mori et al. 2002). 7) The Black Sea (3 events, 85m depth, buoy) (Lopatoukhin et al. 2003,
Divinsky et al. 2004)

measurements may be retrieved with some intervals (say, once an hour) if a certain
condition is satisfied (a storm or high significant wave height) or may be used for
processing other parameters that may be employed for the statistical study (signifi-
cant and maximum wave height, wave period, etc.) and discarded afterwards. This
management decreases the data volume necessary to be stored by the device.

A rogue wave is an extreme wave that needs an accurate and precise method of
measurement. Different ways of detecting the surface elevation height are in use.
They employ the reflection of an optical ray or acoustic signal by the air-sea bound-
ary and acceleration of floatable buoys. Pressure-wave gauges may register long
waves. The first type of difficulty lies in the principle of the definition of the sur-
face elevation. The reflection of sonic or electromagnetic waves may not occur at
the very air-sea boundary due to the presence of foam or bubbles that is typical in
severe conditions. A buoy possesses an intrinsic moment of inertia that distorts the
measurements. Jointly with the low frequency of acquisition and poor calibration,
these problems may make records difficult to use in further research and unreliable.

Forristall (2005) claims that there are well-documented cases in which carefully
calibrated wave recorders on the same platform give very different readings. This
may result, for instance, in device errors or malfunctions, electronic noise, or in-
terference from the structure that supports the wave sensor. Next, an error in one
point of the time series may reduce the crest height to a plausible level or in-
crease it up to an unbelievable value, if the data acquisition is not frequent. Liu and
MacHutchon 2006 report huge waves, exceeding 4-10 times the significant height.
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Some of the registrations may be easily rejected as spikes, but some of them can-
not, since there is no provision as to how high the ratio of A/ can be. In the case of
buoy measurements, the actual crest height is usually underestimated (Olagnon and
Magnusson 2004, Bitner-Gregersen and Magnusson 2005). Another problem is in
distinguishing a very large wave from noise, which may be electronic or the result
of interference from the structure that supports the wave sensor. These actual prob-
lems sometimes cast doubt on wave records and may modify results of theoretical
comprehension.

1.2.2 Time-Series with Rogue Wave Occurrence

By now, thousands of measured rogue waves have been reported in the literature
(see Fig. 1.3). They are the results of multiple-year measurements of surface waves.
These registrations are not uninterrupted, done in different areas of the World Ocean
(deep and shallow water, with and without currents), under different conditions
(some registrations were performed only during storms or high significant wave
heights),and by different devices. Some details are given in the figure captions or
can be found in the given references. We do not discuss the measurements by Liu
and MacHutchon (2006) here, since some of them are definitively just spikes.

Figure 1.4a shows a rogue wave captured in the North Sea with a record value
of abnormality index, Al = 3.19, defined as the ratio of extreme wave to significant
wave height. The famous “New Year Wave” measured on the 1st of January 1995 is
shown in Fig. 1.4b. It has a very large height (about 26 m, while the amplification is
more moderate: Al = 2.24). Haver (2005) points out that the height, however, does
not exceed the so-called 100-year height, while the measured crest with height about
H.. = 18.5m corresponds to the annual probability 10~* (once in 10 000 years).

A “hole in the sea” is shown in Fig. 1.4c. Although its height is not very large,
the amplification is exceptional (Al = 2.46). The huge wave of depression seems to
be a less frequent kind of rogue wave. The intense waves are asymmetric so that
the crests are typically larger than the neighbouring troughs (see Chap. 4). This can
explain the prevalence of rogue crests in the amount of rogue events. Also, the time
series are retrieved at one spatial point; if the lifetime of the freak event is larger
than the wave period, a huge single crest should arise somewhere on the front or
back of the wave.

The time series are being retrieved at one point, where the sensor is installed.
When the rogue wave (or the sequence of rogue waves) is well localized in space, it
will pass the registration point fast, and only one or few wave oscillations with huge
amplitude will be recorded. On the other hand, the phase velocity of free waves over
deep water is twice as large as the group velocity. As a result, the time series of a
wave group consists of two times more individual waves than the group’s snapshot.

Only a single huge wave is reported in the majority of registered rogue events.
This should prove strong localization of the wave energy in space in one or a very
small number of individual waves. Nevertheless “rogue groups” are also known; one
example is given in Fig. 1.4d. The rogue group consists of several huge individual
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waves, each of which satisfies the rogue wave condition (I.1). These wave groups
satisfy the nonlinear self-modulation condition (see Chap. 4) and may show different
dynamics in comparison to individual freak waves, and perhaps be the consequence
of another generating mechanism.

The maximum known measured wave height amplification among the data rep-
resented in Fig. 1.3 was achieved by waves measured in the Black Sea (Divinsky
etal. 2004): AI =3.9 (see Fig. 1.4e). The peak measurement is represented by a sin-
gle point, which makes the record suspicious, but at least two other similar records
exist from this buoy that show other rogue waves with somewhat less (but still large)
heights that exceed significant waves. Waves presented in Fig. 1.4a—d have high res-
olution, and these waves are beyond any doubt.

The brief overview of known rogue wave measurements documents the existence
of individual rogue crests and troughs as well as groups. Are they “pyramidal” waves
or “walls of water?” This question cannot be answered on the basis of the measure-
ments of the surface elevation in one point. The transversal effects are omitted due
to the lack of single-point measurements, although it is well known that geomet-

m) 5
N

elevation (

o, Il \”l;“u u il Llllhl“li.w\h HIJI le“] i1 | . LI Y n l TN
“H” Il'hl! ” ‘]|‘ HF\" H“I ”If‘ i I || i 'HIII”I” l“”l” i \||| ”” VIS \“U

T T T T T T
0 200 400 600 800 1000 1200

time (s)

10
1

elevation (m)

time (s)

Fig. 1.4 Measured freak-wave time series. (a) A huge single crest (the North Sea, platform, 126 m
depth, Al = 3.19, Hy, = 18.04m) (Stansell 2005, reproduced with permission from Elsevier). (b)
The “New Year Wave” (the North Sea, platform, 85m depth, Al = 2.24, Hy, = 26 m). The data
is granted by S. Haver. (¢) A hole in the sea (the North Sea, platform, 126 m depth, Al = 2.46,
Hy, = 9.3m) (Stansell 2005, reproduced with permission from Elsevier). (d) A freak group (the
North Sea, platform, 126 m depth, Al = 2.23, Hy, = 13.71 m). (e) A huge single crest (the Black
Sea, buoy, 85 m depth, Al =3.91, Hy, = 10.32 m)
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rical effects may play a very important role in the process of wave focusing (see
Chap. 3) and significantly enhance these effects. Registrations of the 3D surface
field are requested—as are their sequences—to be able to reconstruct and under-
stand the fully dimensional surface wave dynamics. The promising approach that
now is applied and developed uses synthetic-aperture radar (SAR) measurements.
This technique is not recent, but needs much improvement to be able to resolve wave
shapes with good accuracy (see some criticism in Dysthe et al. 2008).

1.2.3 SAR Registrations of Rogue Waves

Extreme wave events, such as rogue waves, can be detected from satellite imagery.
Satellite images of the sea surface topography—including the New Year Wave on
January 1, 1995—showed several extreme wave events in a 100km x 100km
spatial domain. New spatial radar measurements (Lehner 2005, Rosenthal 2005)
have been developed that allow the observation of rogue waves on a global scale.
The spaceborne synthetic aperture radar, which is a high-resolution imaging sys-
tem, provides images covering large areas of the sea surface, of quality sufficient
to extract measurement of water waves. Spaceborne SARs on polar orbiting satel-
lites, at approximately 800km altitude, scan a swath of 100 km with a resolution
of 20m x 20 m at an incidence angle of 20-25° (for more details see the book by
Komen et al. 1994). The physical phenomenon upon which this system is based is
Bragg scattering—i.e., the resonant interaction of the incident microwaves emitted
by the radar with short t. The backscattered energy is proportional to the spectral
density of the short backscattering Bragg waves that depend on interactions with
the long waves (Wright 1968, Valenzuela 1978, Hasselman et al. 1990). The ampli-
tude (or energy) of the Bragg ocean waves riding on the long waves is modulated.
This modulation, which is measured by SAR, allows (finally) the detection of ocean
gravity waves such as rogue waves. To sum up, the long waves that modulate the
short waves (Bragg waves), or their aspect, with respect to the radar will be imaged.

To obtain the two-dimensional wavenumber spectra of the surface elevation
and individual sea surface topography, it is necessary to invert the radar images.
Lehner (2005) investigated the behavior of single water waves, extreme waves, and
wave groups by inverting SAR images into sea-surface elevations. In Fig. 1.5, there
is a Skm x 10km normalized ERS-2 wave mode imagette acquired at 48.45° S,
10.33° E on August 27, 1996, 22:44 UTC, and the corresponding retrieved sea-
surface elevation field that displays a wave of height close to 30 m.

1.3 Sea States

We have already discussed the evidence of rogue waves as an observer sees them.
They are very rare events local in time (scale of seconds or few minutes) and space
(scale of several wavelengths — hundreds of meters). It is quite difficult to foresee
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Fig. 1.5 A normalized ERS-2 wave mode imagette (a), the retrieved sea-surface elevation field (b),

and the vertical transect of the retrieved ocean wave in range direction (c¢) as indicated in section
(b) (Reproduced from Lehner 2005)
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phenomena of such small scale—first, due to the difference between the scales of
the forcing processes (winds, atmosphere fronts, storms, currents, and geostrophic
vortices) and the surface waves; and second, due to the variety and complexity of
the physical effects accompanying the wave dynamics. Meteorologists usually work
with average parameters of the sea that represent the sea state. Significant wave
height, peak period, and main wave direction are sufficient to describe sea states
for the most practical purposes. It is a vital problem to manage linking the sea state
characteristics with the degree of danger for navigation and sea use.

Today, this problem seems to be quite far from a solution. Lack of data and com-
plexity of the processes prevent straightforward progress in relating the sea states
and probability of rogue wave occurrence. It is more likely to reveal these depen-
dencies on the basis of simplified models and purified conditions. Researchers fill
up the lack of natural data with numerical simulation. We will consider some theo-
retical aspects in Chap. 2 and the results of investigations with the help of numerical
modeling in Chaps. 4 and 5. Nevertheless, in this section we discuss some recent
achievements in this problem due to natural data processing and analysis of the
databases of the accidents.

Considering the rogue wave problem, it is first important to find the key param-
eters of the sea state out of the more than 100 parameters that could effectively
indicate a high risk of freak waves. Many parameters are defined through the wave
spectrum that will be introduced in Chap. 2. Toffoli et al. (2005) sought a correlation
between ship accidents and different characteristics of sea states, such as significant
wave height, mean wave period, wave steepness, and directional spread, as well as
correlations between these parameters during the accidents. They report that surpris-
ingly rather low sea states occurred during the ship accidents, while the wave pa-
rameters could reach relatively high values. This contradicts frequent conventional
expectations of rogue events during significant storms. More than 50% of the inci-
dents took place in sea states characterized by significant steepness s > 0.1 (where
s = K H/2), although this value is not very high. They also note that relatively high
values of the steepness were observed during moderate wave heights. About one
half of the accident happened in crossing seas (when the wind sea and the swell
directions are quite different). The higher probability of meeting a rogue wave in a
crossing sea is evidently confirmed by natural data analysis in Pinho et al. 2004.

In many cases, classical parameters are unable to robustly analyze the danger of
the sea state (for instance, Olagnon and Magnusson 2004, Toffoli et al. 2005) and
their development in time may play an important role in forecasting. On the other
hand, Bitner-Gregersen and Magnusson (2005) report that extreme events appear
at different times in the storm histories—before, at, and after the significant wave
height culmination. Another problem is that some sea-state parameters indicate well
the presence of a rogue wave, but reach typical values just when the rogue signal
disappears (or when it is just removed from the time series of the surface elevation)
(Olagnon and Magnusson 2004); characteristics of this kind cannot play the role of
predictors either.

The fetch that characterizes the wave development is one of the most signifi-
cant parameters of the sea state. Figure 1.3 shows that on a global scale, maximum
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waves usually appear in vast areas. Lehner (2005) reports that the highest waves are
observed when they are focused in a current, or generated in a moving fetch situa-
tion, in which the strongest wind field travels with the group velocity of the waves.
Ship accidents caused by extreme waves happened mainly in crossing seas or under
fast-changing weather conditions. Melville et al. (2005) claim that large waves can
“pop up out of nowhere,” even at small fetches (25 km); they may cause a danger to
smaller vessels. Other wave parameters have been considered as candidates able to
foresee the rogue wave occurrence, as it will be discussed in Chaps. 4 and 5. This
search is still in progress.

Too few data sets including rogue events have been recorded, making it diffi-
cult to develop satisfactory models for the understanding and prediction of these
waves. The investigations briefly collected above prove the complexity and diffi-
culty of this problem. We are still far from being able to foresee a high probability
of a rogue wave event on the basis of meteorological data. New long-term accurate
measurements should be preformed to relate the sea conditions with rogue wave
occurrence probability.

List of Notations

Al abnormality index

H,., wave crest height

Hy, height of the freak wave
H; significant wave height
K wavenumber

N wave steepness
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Chapter 2

Deterministic and Statistical Approaches
for Studying Rogue Waves

Depending on the objective in mind, two main approaches can be used for the water
wave description, based on deterministic or statistical methods. Deterministic equa-
tions are very useful and powerful in understanding and describing the underlying
physics of water waves; namely, they may be used in practice to estimate in detail
wave impact upon structures and ships. Statistical equations are usually used to es-
timate typical wave motion and probability of this or that wave situation. When the
sea surface elevation is such a complicated function of space and time, a statisti-
cal description is easier than a detailed description, but still may provide sufficient
information about the waves.

In this chapter, we introduce first the basic equations governing the dynamics of
water waves. The scales of the wavelength considered are long enough to neglect
surface tension. Hence, the waves are called gravity waves since their main restor-
ing force is gravity. Within the framework of water waves, we discuss and justify
the different assumptions used to derive from the most complete system, the Navier-
Stokes equations—a simplified set of equations describing realistic wave dynamics.
In this way, the assumptions of incompressible and perfect fluid and irrotational
motion are introduced successively to derive the simplified model. The simplified
equations fall within the scope of the potential theory. Nevertheless, some of these
assumptions may become questionable—for instance,, in shallow water where bot-
tom friction can be important. Near the bottom a boundary layer of thickness of
0O(2v/Q) develops, where v and Q are the molecular viscosity and the free surface
wave frequency. So, for swells of 10 s, the boundary layer thickness is 0.17 cm with
v =0.01cm?s~!. The role of molecular viscosity in the formation of rogue waves
can be considered as negligible. For turbulent boundary layers, the turbulent viscos-
ity is much larger than the molecular viscosity v and bottom friction may influence
rogue wave dynamics. This aspect is discussed in Sect. 4.1.2. In the presence of
breaking waves, the motion cannot be considered as irrotational and the dissipation
of the waves is mainly due to turbulence (and not to molecular viscosity). Sec-
tion 2.3 introduces concepts that will be used in subsequent chapters. Therefore,
we focus attention on various physical mechanisms that contribute to the formation
of extreme water wave events. Despite the complexity of the sea surface, we are
aimed at describing quite simple realistic models that capture the essential features
of rogue-wave phenomena.

C. Kharif et al., Rogue Waves in the Ocean, Advances in Geophysical and Environmental 33
Mechanics and Mathematics, DOI 10.1007/978-3-540-88419-4_3,
(© Springer-Verlag Berlin Heidelberg 2009
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2.1 Deterministic Equations

2.1.1 Mass and Momentum Conservation Equations

An Eulerian description of the fluid motion is adopted. The motion is described by
the velocity field U = (U,V,W)" as a function of time T, horizontal coordinates
(X,Y) and vertical coordinate Z. The illustration of the problem geometry is pro-
vided in Fig. 2.1. The unperturbed surface coincides with the plane OXY at Z = 0,
and the horizontal bed is situated at Z = —D. Typically, the waves are supposedly
propagating along the OX direction.

The mass conservation or continuity equation is

ap

2L 4v-(pU) =0, 2.1)
or D
P _
o7 TPV-U=0, 2.2)

where p is the water density, V- is the divergence operator, and D / DT is the material
derivative given by
D _ i U-vV) (2.3)
o7 a7 ' ’ ‘
V=(0/0X,0/dY,0/dZ)" is the gradient operator and (e)" indicates
transposition.

Fig. 2.1 Configuration of the problem
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The incompressibility condition of water reads Dp /D T = 0, hence from the con-
tinuity equation we have
V-U=0. 2.4)

The momentum-conservation equation, based on Newton’s second law, reduces
to the Navier-Stokes equation when considering water as an incompressible Newto-
nian fluid. The vector form of this equation is

DU
pDT =—VP+pF+uAU (2.5)
where P is the pressure, U is the dynamic viscosity of the fluid, and A is the Lapla-
cian operator A = V- V. The first and last terms on the Right Hand Side (RHS) of
this equation correspond to pressure forces and viscous forces, respectively, while
F is the body force due to the gravitational acceleration: F = g.
The corresponding X—, Y— and Z— momentum equations are given by

DU JP

pﬁ——87+pr+uAU, (2.6)
D)% JoP

pﬁ = —W +pFy + UAV, 2.7)
DW oP

Pﬁ = _ﬁ +pFz+ UAW, (2.8)

where Fx, Fy and Fz are the components of the body forces F experienced by the
fluid. Hence Eq. (2.5) is rewritten as follows:

DU 1
— =——VpP AU 2.9
Dr - p +g+ VAU, 29)

where v = u1/p is the kinematic viscosity.
Equation (2.9) may be written as follows:

ou 1 . 1
— -+ = ——VpP A 2.1
8T—|—2V(U) Uxo S VPrety U, (2.10)

where @ = V x U is the vorticity. The operator V x is the curl operator. By taking
the curl of Eq. (2.9) and using Eq. (2.4), we obtain the vorticity equation

Do
o = (0-V)U+ vAo. (2.11)
For 3D motions, the nonlinear term on the RHS of Eq. (2.11) is responsible for
the vortex stretching and tilting while the linear term corresponds to the diffusion of
vorticity due to viscosity.
Generally, water is considered as a weakly viscous fluid. In the vicinity of free
surfaces and solid boundaries (the sea bottom), the thickness of the vortical layer is

o(v 1/2). Hence, it will be assumed that the vortical part of the flow is confined to
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a thin boundary layer of thickness that is small compared to the other scales of the
problem, so viscous effects are dropped from the equations.

We can consider that water waves have been generated from a fluid that was ini-
tially at rest—that is, from an irrotational motion. When the fluid is incompressible
and inviscid, and external forces derive from a potential, the Kelvin-Lagrange the-
orem states that the motion remains irrotational. Hence, |®| = 0 and the velocity U
derives from a potential ¢ (X,Y,Z,T) such that

U=V¢. 2.12)

Under the hypotheses of irrotational motion and inviscid fluid, Egs. (2.4) and
(2.10) become, respectively
A9 =0 (2.13)

and

ou 1 1
87+ V(0?) = —EVP+g. (2.14)

Substituting V¢ for U in Eq. (2.14) gives

¢ B
V<8T+ Vo - V¢+p> g=0 (2.15)

Noting that g = (0,0, —g)" so that g = V(—gZ), the previous equation takes the
following form

99
\Y% ~Vo-V Z | =0. 2.16
(8T+ 0- ¢+p+8) (2.16)
Integration with respect to space variables yields the Bernoulli equation
8¢+ V¢ V¢+P+Z C(T). (2.17)
oT P § '

The time dependent function C(T') can be incorporated into the potential ¢ by
the following transformation

T
¢_>¢+/c(z;)d§. 2.18)
0
Thus, Eq. (2.17) is rewritten as follows:
% Voot rgz=0 (2.19)
oT p § '

To solve the Laplace equation (2.13), conditions on boundaries are needed.
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2.1.2 Boundary Conditions

The fluid domain that is considered is bounded by two kinds of boundaries: the
interface, which separates the air from the water; and the wetted surface of an im-
penetrable solid (the sea bottom, for instance). The air-sea interface is assumed to
be a free surface whose equation is given by

S(X,Y,Z,T)=0. (2.20)

The kinematic boundary condition states that the normal velocity of the surface
is equal to the normal velocity of the fluid at the surface. The normal velocity of the
surface is

1 a8
Vi=——s== 2.21
and the normal velocity of the fluid is
U,=n-U. (2.22)

where n = VS/|VS]| is the unit vector normal to the surface.
The mathematical expression of the kinematic boundary condition is therefore

Vi = Un. (2.23)

Hence,
3—;+U~VS:O, (2.24)
% =0. (2.25)

Equation (2.25) means that a fluid particle located on the free surface will remain
on it.
An alternative form of the surface equation is

S(X,Y,Z,T)=n(X,Y,T)—Z=0, (2.26)

where 1(X,Y,T) represents the free surface elevation measured from Z = 0. Thus,
Eq. (2.25) takes the form
an  9n  9n

SpHUsy tVay ~W=0 on Z=n 2.27)

or, equivalently

an  dopdn dopdn J¢ B
87‘1'8787“!‘&787—87—0 on Z=n. (2.28)
Equations (2.23), (2.25) and (2.28) correspond to different forms of the kinematic

boundary condition.
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Since 1 and ¢ are both unknown on the free surface, a second boundary condi-
tion is needed: the dynamic boundary condition. This condition is derived from the
Bernoulli equation (2.19). When surface tension is neglected, the pressure P in the
fluid on the free surface is equal to the atmospheric pressure P,. Hence, the Bernoulli
equation (2.19) on the free surface takes the form

9

5 2V¢ V¢+p+gz 0 on Z=n. (2.29)

The atmospheric pressure P, is chosen as reference and we can set P, equal to
zero without loss of generality. Hence,

9

> 2V¢ Vo+gZ=0 on Z=n. (2.30)

For the rigid boundary, we have S(X,Y,Z) =Z+D(X,Y) =0, thusZ=—D(X,Y)
is the equation of the sea bottom and Eq. (2.28) takes the form

209D 99 ID ¢

oxax Tograoy toz =0 on Z=-DXY). (2.31)

Although the Laplace equation is a linear partial differential equation, the dif-
ficulty in solving water wave problems arises from the nonlinearity of kinematic
and dynamic boundary conditions. Furthermore, these equations apply on a surface
that is unknown a priori. To summarize, the water wave problem reduces to solve
the system of equations consisting of the Laplace equation (2.13), kinematic bound-
ary condition (2.28), dynamic boundary condition (2.30) and sea bottom condition
(2.31), with initial and boundary values for ¢ and 7.

2.1.3 Linearization: Equations for Small Amplitude Waves

As emphasized in the previous section, we need values of the partial derivatives of
the potential ¢ on a surface 1 that is unknown a priori. To solve the water wave
equations, a free surface known a priori will be introduced through the linearization
of the problem, which corresponds to an approximation of the nonlinear problem.
The nonlinearity of Eq. (2.30) is due to the presence of the convective term of
the momentum equation, namely (U-V)U. Let us consider the simple example of
a two-dimensional (2D) fluid motion. For waves propagating along the X direction,
we consider the X—momentum equation and thus the corresponding nonlinear term
is UdU /dX + VAU /IY. Let us compare the first term to the linear term JU /dT
of the momentum equation. Let A, 7,, and A be the characteristic amplitude, period
and wavelength of waves on the free surface, respectively. During a specific period,
the fluid particles suffer displacements of order A. The corresponding fluid velocity
and horizontal velocity gradient are then approximately A/7), and A/T,A. Hence,
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and

U A
wO(Ts)

The linearization condition can, therefore, be written as

U aU
U< | << |zz=|—A<< L.
‘ X ‘ ‘ aT ‘ -

The condition for linearization of the equations is that the amplitude is small
against the wavelength. Using A = 27r/K, where K is the wavenumber, the previous

equation yields to the condition
e=AK << 1, (2.32)

where € is the linearization parameter. Physically, this parameter is the wave steep-
ness.

The water wave equations, which are nonlinear, can be transformed into a se-
quence of linear problems by using a perturbation procedure. Let us assume the
following perturbation expansions in the parameter € for the unknowns ¢ and n
(i.e., Mei 1983 or Johnson 1997)

=

O (XY, ZT)=Y "6, (X,Y,Z,T), (2.33)

n=1

nX,y,T)=7 &n,(X,Y,T). (2.34)
n=1

The temporal and spatial derivatives of the velocity potential ¢, which occur in
the free surface conditions (2.28) and (2.30), are expanded in the Taylor series about
the still water level Z = 0:

9¢

E(Xayvz:an):Z

n" J" (d¢
or

e > (X,Y,Z=0,T), (2.35)

where r may represent temporal or spatial variables.
Substituting expansions (2.33), (2.34) and (2.35) into Egs. (2.13), (2.28), (2.30),
(2.31), and collecting the coefficients of the first power of &, one finds

AP =0,—-D < Z <0, (2.36)

an AP _
a—T—g—Z_O on Z=0, (2.37)
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201

oT

961 9D 991 dD Iy

09X 90X " 9y oY ' 9Z

For small amplitude water waves € << 1, we can ignore the terms of order O(€")

with n > 1 in the expansions of (2.33), (2.34). Hence, the velocity potential and free
surface elevation are approximated as

+gm=0 on Z=0, (2.38)

=0 on Z=-D. (2.39)

0 (XY, Z,T)=¢e¢, (2.40)

nX.,Y,T)=¢en. (2.41)

The corresponding linear system of equations to be solved is

A —0,—D < Z <0, (2.42)
an 99 _
T ey 0 on Z=0, (2.43)
¢ _
8T+gn 0 on Z=0, (2.44)
d¢ dD 8¢8D+8£:0 on Z——D. (2.45)

XX 'Y Y Iz

2.1.4 Dispersion Relation

For the sake of simplicity, the bottom elevation, D, is considered to be constant.
Hence, Eq. (2.45) becomes:

57 =0 on Z=-D. (2.46)

We look for a 2D periodic solution of the linear system of Egs. (2.42), (2.43),
(2.44) and (2.46) that admits the following velocity potential:

¢ (X,Z,T)=Bcosh[K (Z+D)]sin(KX —QT), (2.47)

where B is a constant and Q and K are the cyclic frequency and wave number,
respectively. This form automatically satisfies the Laplace equation (2.42) and the
bottom condition (2.46). Substituting (2.47) into the dynamical condition (2.44),
one obtains

nX,T)= ? cosh (KD)cos (KX — QT). (2.48)

Let

A= Bo cosh(KD). (2.49)
g
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Hence,
n(X,T)=Acos (KX —QT), (2.50)

and the potential can be rewritten as follows:

Agcosh[K(Z+D)] .
XZ,T)= = ————F—— KX —QT). 2.51
02T = G ) @51)
The linear dispersion relation is obtained by stating that the velocity potential
(2.51) and the free surface elevation (2.50) correspond to nontrivial solutions satis-
fying the kinematic boundary condition (2.43),

Q? = gKtanh (KD). (2.52)

The frequency € is given as a function of K in Fig. 2.2. Equations (2.50) and
(2.51) represent 2D gravity waves of permanent form propagating with a constant
phase velocity on water of uniform depth.

Equation (2.52) links the frequency € to the wave number, K. The phase velocity

is given by
Q
Con == 1 /%tanh (KD). (2.53)

Since Cp'(K) # 0,VK # 0, the gravity water waves are dispersive. This is an im-
portant property of water waves, which means that waves of different wave numbers
propagate at different phase velocities. Nevertheless, a stronger condition introduced
by Whitham (1974) to define dispersive waves is VK : Q"(K) # 0.

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

KD

Fig. 2.2 Water wave dispersion relation curve as normalized frequency versus dimensionless water
depth. The long wave velocity is defined as Cry = (gD)l/ 2
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Fig. 2.3 Phase (dotted line) and group (solid line) velocity dependencies (Cp;, and Cg, are normal-
ized by Cr) versus the dimensionless depth. Note logarithmic scale of the abscissa

The group velocity is defined as

Qg

C = —_—— —
0K T 2Q

[tanh (KD) + KD (1 —tanh®KD)] . (2.54)
In the shallow water limit KD — 0, the group and phase velocities become equal
and Cpj, = Cyr — Cpw,Crw = (gD)"/?; this means that the waves become nondis-
persive. The velocities Cp, and Cy, are given in Fig. 2.3 as functions of the dimen-
sionless depth KD.
The 3D plane wave solution is given by the following formulas:

n(X,T)=Acos(K-X—-QT) (2.55)

and
Agcosh|[|K|(Z+D)] .
XZT)=—=——""""F"""= K- X-QT 2.56
OXZD =4 —osn(kip) o ) (220
where K is the wave vector and X = (X,Y)’. The corresponding linear dispersion

relation is
Q? = g|K|tanh (K| D). (2.57)

Once the velocity potential ¢ is known, it is easy to calculate the velocity field
U=V¢(X,Z,T). The velocity components are

_ AgKx cosh|[|K|(Z +D)]

U
Q cosh (|K| D)

cos (K- X—QT), (2.58)
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_ AgKy cosh[[K|(Z+D)]

Vv
Q cosh (K| D)

cos (K- X—QT), (2.59)

_ Ag|K] sinh [[K](Z + D)]

w
Q cosh (|K|D)

sin(K-X—QT), (2.60)

where Kx and Ky are the X— and Y- components of K, respectively. The pressure
P(X; Z; T) is obtained from the Bernoulli equation (2.19).
For infinite depth D — oo, the bottom condition becomes

Vo —0asZ — —oo, 2.61)

and the corresponding 2D gravity waves of permanent form propagating with a con-
stant phase velocity are given by Eq. (2.50) and

0 (X,Z,T)= % exp (KZ)sin (KX — QT) (2.62)

with
Q% = gK. (2.63)

2.2 Statistical Description

The second approach to studying waves is statistical. Water waves, of course, obey
physical laws. They all, in principle, may be taken into account in a deterministic
model, and therefore this model will be able (theoretically) to describe wave dynam-
ics. In practice, this approach fails due to incomplete information about the initial
state of the fluid, complexity of the physics, and growing fluctuations (this means
that small perturbations with time may result in very different dynamics). Gener-
ally, the system of equations suffers from sensitive dependence on initial conditions.
This feature is met in chaotic and turbulent systems. We know from our everyday
experience that sea waves behave irregularly and unpredictably in even rather short
time scales, although they show some periodicity. So, the dynamic system Ocean
manifests random wave dynamics. Therefore, at certain sea conditions (significant
wave height, wave age, winds, currents, etc.), different realizations (concerning the
wave elevation — they are functions 1n(X, 7)) of sea waves are equally possible
and may be considered as the object of investigation. The collection of realizations
{n;(X, T)} (integer subscript j counts them) builds an ensemble. In that way, the
sea surface at one moment of time 7 in one point Xg is represented by random
functions numbered by the index j: n;(Xo,7y) with some statistical properties. This
approach is referred to as stochastic and is aimed at a statistical description of sea
wave dynamics.
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The ultimate goal here is to describe and foresee the dynamics of certain real-
izations on the basis of the dynamics of averaged statistical characteristics. This
approach is currently the center of attention of both theorists and experts, especially
in the fields of ocean and atmospheric research; it is widely used in ocean enge-
neering. To obtain the time-dependence of statistical properties, one may perform
stochastic simulations—i.e., to use deterministic models to compute a number of
randomly chosen realizations (Monte Carlo simulations). Thus, one takes the posi-
tion that the simulation of a sufficiently large but finite number of realizations repre-
sents the evolution of the whole ensemble in a statistical sense. The other approach
is to compose and study models for direct computation of the evolution of statis-
tical wave parameters. This is aimed at the theories that deal with spectral kinetic
equations.

2.2.1 The Rayleigh Probability

Let us consider the surface displacement 1(X, 7')—a function of space and time. Its
autocorrelation function is defined as

RX,T,r,7)=EMNX,T) -n(X+r,T+1)], (2.64)

where E[-] denotes statistical averaging over the ensemble of realizations 1;(X, T):

.
E[n(X,T)-n(X+r,T+T)]:Al]lg;ﬁan(X,T)-nj(X+r,T+r). (2.65)
j=1

In practice, N is finite, but it should be sufficiently large to provide a good esti-
mate of the limit (2.65). Averaging over an ensemble is convenient for reproducible
laboratory experimental conditions, but not the real ocean, where waves do not
repeat themselves. For natural observations, a long time series is split into many
shorter samples—"‘realizations”—that are used for averaging. This approach needs
the random process to be stationary (i.e., its statistical properties do not depend on
time). If these two ways of averaging result in the same statistics, the process is
called ergodic. Although it is impossible to prove the ergodicity property for water
waves via direct natural experiments, it is commonly invoked for the study of waves
on the sea surface.

The statistical stationarity and statistical homogeneity in space imply that the
autocorrelation function does not depend on X and 7: R = R(r, 7).

Averaging (2.64) may be also rewritten in terms of the probability function as

R(r,7)= /nmzf(m,nz,r,r)dmdm (2.66)

where f is the two-point probability density function defined as
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azF (711 , 2,1, T)

2.67
anidn (267

f(n17712,13 T) =

and the distribution function F measures probability such that n(X, 7)) and (X +
r, T + 1) do not exceed n; and 1, respectively.

F(nlan%rar) :P(Tl (XaT) < m |"7 (X+rvT+T) < le) (268)

Functions F and f do not depend on X and T if the field is both statistically
homogeneous in space and stationary.

The probability distribution function or probability density function defines the
statistical properties of the random field. To simplify the analysis of the statistics,
integral parameters are often used. The nth statistical moment is defined as

=

o =E" = [ 0"f (m)an. (2.69)

—o0

where f is the probability density function for 1. Due to the normalization of the
probability density function,
to = 1. (2.70)

The centered moments are defined as
wi=Eln - = [-p''fman. p=m. @D

Only few low-order statistical moments have specific names due to their great
importance in statistics. The first statistical moment p in this instance is the mean
water level. The variance 7 is equal to the second central moment

o =us =E [(n-w)’, 2.72)

and o is the standard deviation. The skewness 7y and kurtosis k are defined through

u

v="53 (2.73)
and X

g

K= (2.74)

The skewness is usually used to estimate the vertical asymmetry of the sea sur-
face elevation, whereas the kurtosis corresponds to the peakedness of the distribu-
tion when compared with the normal distribution (see Massel 1996).

The Central Limit Theorem proves that a superposition

n=>3yn, (2.75)
7
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of statistically independent! variables 7 ; with mean values u; and variances (712
results in the Gaussian probability density

1 (n—p)’
= —_ 2.76
)= —— expl e 2.76)
with mean
n=3u @.77)
J
and variance
c’=Yo;. (2.78)
J

For Gaussian statistics, the skewness and kurtosis are Y = 0 and k¥ = 3, respec-
tively.
Linear superposition of random periodic waves

n(X,T) =Y Aycos(K,X—Q,T +6,) (2.79)

is a natural representation of sea waves. Here, amplitudes A, obey some probability
distribution, and frequencies €2, and wave vectors K,, are dependent according to
the dispersion relation; the wave phases 6, are supposed to be uniformly distributed
on the interval [0, 27]. In this approximation, the surface elevation is described by
the Gaussian statistics (2.76).

Let us now consider the linear superposition (2.79) of statistically independent
Gaussian processes with variances ¢2. In the narrow-band assumption, the field may
be represented in the following form

N = |B|cos (KX —Q.T + @) (2.80)

where B = |B|exp(i@) is a slowly varying function of X and 7', and o is rapidly
decaying when values K, (or €2,) are not close to K, (or €, respectively). In this
limit, the distribution for the linear wave amplitude |B| is described by the Rayleigh
function (Massel 1996)

B B
f(\B\)Zlg‘eXP <—|202> 2.81)

In the limit of small bandwidth, the wave height is twice the envelope, H = 2|B
and therefore

)

2
f(H>4HeXP( - ) (2.82)

o2 802

! Two random variables are statistically independent if their joint probability density function may
be factorized: f(x,y) = fi(x)- £,().



2.2 Statistical Description 47

and the probability that the wave height exceeds the value H (the exceedance prob-
ability) is
H2

PH)=1—-F(H)= —— . 2.83

() =1 F () =exp (o3 ) 83

In Chap. 1, we introduced the significant wave height, which is the mean value

of one-third of the highest waves. According to this definition and formula (2.82),
the significant wave height is defined as (Massel 1996)

3 7 H?

= - — €eX
4 402
ov8In3

H

H2
p (—w> dH ~ 4.0040. (2.84)

Integral (2.84) may be expressed through the error function (see Massel 1996).
Usually a simplified relation is used, H; = 40. Hence, formula (2.83) may be written
in the convenient form

HZ
P(H) = exp ( 2HY2> (2.85)
that helps to easily estimate the probability of high waves. For instance, a freak
wave (H > 2H;) should appear once among about 3,000 waves. For a typical sea
wave period of 10s, this gives the estimation that one should meet a freak wave
every 8-9 h. In a Gaussian sea, a wave exceeding three times the significant height
may occur once in 20 years.

Study of rogue waves in the framework of Gaussian statistics is already a tricky
task. But waves (especially extreme waves) in the real ocean are obviously non-
Gaussian due to various reasons: dissipation including wave breaking, insufficiently
narrow spectrum, and nonlinear effects. Because rogue waves are rare events, and
the sea state is persistently changing, the statistical stationarity condition also breaks
down.

Nonlinear effects contribute to bound corrections to the wave shape as well as
to the interaction between different harmonics, so periodic waves in superposition
(2.79) become correlated. Due to the nonlinearity, waves become asymmetric: the
crests are sharper and higher, while the troughs are flatter and shallower. The ap-
proximate bound nonlinear corrections may be taken into account with the help of
the perturbation technique. In the deep-water case, the second-order small steepness
(KA << 1) approximation gives

1
n(X,T)=Acos(KX — QT +6) + E1<A2cos [2(KX — QT +0)]. (2.86)

for a regular monochromatic (Stokes) wave.
Assuming that the linear wave amplitude preserves the Rayleigh distribution,
Formula (2.85) can be used to estimate the probability exceedance for wave crests

(Ner) and troughs (1;,) by
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8 (VIT2Kn—1)°
P(Ner>M) =exp <_I-12( Kzn ) ) (2.87)
and 5
8 (VI—2Kn-—1
P(Ny>m)=exp <HQ( Kzn ) > . (2.88)

Formulas (2.87) and (2.88) predict that extreme waves have larger crests than
troughs. We should note, however, that representation (2.86) does not lead to a
change of the crest-to-trough wave height at this level of accuracy.

Different types of modified distribution functions, taking into account weak non-
linear bound corrections, were developed in Tayfun (1980), Tung and Huang (1985),
and Mori and Yasuda (2002) and many others (see survey by Prevosto 2001); other
modifications of the Rayleigh distribution are being developed, as are empirical for-
mulas. Apparently, second-order statistical models turn out to be insufficient for
the adequate description of rogue waves (Bitner-Gregersen and Magnusson 2005,
Rosenthal 2005, Petrova et al. 2007). Nonlinear corrections of higher orders should
be taken into account (Creamer et al. 1989, Huang et al. 1983, Zhang et al. 1999);
these corrections may enhance the probability of high waves by ten (Prevosto and
Bouffandeau 2002) or even one hundred (Stansell 2004, Forristall 2005) times!
Since nonlinear properties of surface waves depend on depth, the depth is one more
parameter in the statistical model (see Massel 1996).

The considered theory is applied to one-point observations. Real needs and re-
cent 3D observations require development of a statistical model describing wave
probability over a specific area. Reduction from the point statistics is not trivial for
this purpose (Forristall 2005, Socquet-Juglard et al. 2005), and may be very impor-
tant. Thus, Forristall (2005) estimates that for the air gap under a fixed structure
with a deck 50 m x 50 m, the maximum wave crest is almost 20% higher than the
one expected at a single point.

The sea state is rather changeable; this results in failure of the condition of statis-
tical stationarity. Donelan and Magnusson (2005) and Miiller et al. (2005) show how
the probability of high waves grows in a mixed sea constituted by two wave trains.
Baxevani and Rychlik (2006) considered a Gaussian sea evolving in time and also
studied the effects of wave spreading. They report that the neglect of these effects
leads to an underestimation of the high wave probability.

2.2.2 Wave Spectra

The Fourier transform of the autocorrelation function R gives the wave spectrum

S(K,Q) = ! _ /R(r,r)~exp[i(Kr—QT)]drdT. (2.89)
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Here, K = (Kx,Ky) is the wave vector and Q is the frequency. The frequency
spectrum and wave vector spectrum (or two-dimensional wavenumber spectrum or
sp