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Introduction

� Much work has been done on investigating how extreme (`freak') waves occur in the
ocean, what are the preconditions in terms of wave spectra, wind conditions, etc., and
how extreme single waves may be formed from the (weakly) nonlinear evolution of wave
groups.

� In this presentation I will concentrate on thestronglynonlinear behaviour of steep waves.



(Foto: NOAA)



Oljerigg

[Kent-Eivin Austevoll, fraTransocean Arctic, 2006,
http://www.fiskeri.no/Video/Storm.htm ]



� I fjor: Skagerrak, 20. januar 2007
(http://web3.aftenbladet.no/lokalt/article401110.ece ) :

Color Lines ferje «Prinsesse Ragnhild» lå sent i går kveld med vinden i
Nordsjøen og �kk reparert de to vinduene i konferanseavdelingen forut i båten.
Det var ei kraftig bølge som slo over båten og knuste vinduene. Restaurant- og
konferanseavdelingen er stengt ombord.
–Vannet fosset inn og ned trappene på �ere dekk. Veldig mangeom bord synes det
var ubehagelig – og enkelte barn ropte at de trodde vi skulle drukne.
Konferanseavdelingen er nå full av vann, forteller Petter Toftøy-Andersen til
Aftenbladet.no.



The Draupner wave (Data: Statoil)



(Data: Statoil)



� According to Sverre Haver, Statoil:

The extreme pattern of this wave event is its asymmetry aboutthe still water
level. The crest height reaches about 18.5m above still water level. For the actual
area, the crest height occurring with an annual probabilityof 10� 4 (i.e.
10 000-year crest height) was at that time estimated to be 19.5m. This means that
the crest event was not beyond design parameters, but we did not expect such a
wave to occur for a signi�cant wave height of 12 m. None of our basic engineering
approaches suggest the possibility of such a crest height for a 12 m sea state.



What we need to take account of in extreme wave geometry?

Capillary forces: No (length scale too large)

Air density: No, unless strong wind forcing

Vorticity: Not usually (diffuses in from interface)

Water depth: If less than wavelength=(2p)

Focusing, standing waves:Perhaps



Hva skjer når bølger blir store?

� Hvis væskestrømningen ervirvelfri:

– for periodiske bølger i dyptvann som så vidt bryter blir amplitude� bølgetall� 0.42
(bølgehøyde/bølgelengde� 0.142

– vinkelen i bølgekammen blir 120 grader

– observert av matematikeren G. G. Stokes i modten av 1800-årene ved «Giant's
Causeway» i Nord-Irland

– Longuet-Higginsbenyttet seg av de tilnærmede løsningene «pendelmodellen»og
«sekskanttransformasjonen»

– En båt med kjøl som ligger parallelt med bølgekammen kan vippes over
(Longuet-Higgins 1986):



(Longuet-Higgins, J. Fluid Mech. 173:683–707)



� Note that in the pendulum and hexagon transformation approximations for highest
non-breaking waves:

– the crest height above mean water level is approximately twothirds of the wave height

– the depth of the wave trough is approximately one third of thewave height

– so there isno problemgetting a 2:1 crest-to-trough vertical asymmetry!



Effect of vertically-sheared current

� Waves no longer irrotational (vorticity6= 0)

� Shear in the direction of wave propagation reduces the maximum wave height possible
for non-breaking waves (Dubreil-Jacotin; M. Banner & O.M. Phillips; G. Forristall).

� Experimental con�rmation by Yao & Wu 2005

� Shear in the opposite direction increases maximum possiblewave steepess

� Extreme example,akmax = 1 for Gerstner's exact solution (1804).

� Possible if wind blowing against waves



(Yao & Wu, Phys. Fluids 2005)



(Yao & Wu, Phys. Fluids 2005)



(Yao & Wu, Phys. Fluids 2005)



� Og så kan bølgene bryte:



R. L. Miller 1957 in Beach
& Nearshore Sedimentation
ed. Davis & Ethington, cited
in Longuet-Higgins JFM
1982



(Perlin & He,Phys. Fluids1996)



(Grue & Jensen,Eur. J. Mech. B 2006)



(Longuet-Higgins & Dommermuth,J. Fluid Mech. 1997)



Kvasistasjonær strømning i en brytende bølgekam

� Fellestrekk for brytende bølgekammer: stagnasjonspunkt og vannstråle

� Konform avbildning i det komplekse planet (Jenkins, J. Fluid Mech. 1994)

� Sitter på en «Stokes corner �ow»

� Valgfritt målestokk: lengde- og hastighetsskalaene øker med vann�uks i strålen (2/3- og
1/3-potens)

� Liten skala: «spilling breaker». Stor skala: «plunging breaker»
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Brytende bølgekam fra Jenkins 1994 JFM og voksende instabilitet fra Jillians (1989) og
Longuet-Higgins & Cleaver (1994).



Beslektede strømninger

Strømninger med fri over�ate og tyngdeakselerasjon

� Sluser

� Tekanner

� : : :



Dias et al., Phys. Fluids (1988), «Flows over rectangular weirs»



Vanden-Broeck & Keller, Phys. Fluids (1986), «Pouring �ows»

(Dette arbeidet, som kan forklare hvorfor tekanner ikke alltid fungerer, �kk en humoristisk
«Ignobel-pris» i 1999!)



Fluid accelerations

� Acceleration in Stokes corner �ow is 0:5g.

� Max. acceleration in loop underneath wave crest jet is somewhat over 5g (Dommermuth
et al. 1988; Jenkins 1994).

� Longuet-Higgins (1994) determined, from a `fractal' modelof small waves riding on
larger waves, that:

– The maximum (downward) acceleration at a wave crest is 0:5g

– The maximum (upward) acceleration at a wave trough isunlimited.

� The loop under a wave crest (where there is a large acceleration) may be thought of as a
kind of wave trough.



(Longuet-Higgins JPO 1994)



`Exotic' breaking crest forms

� More unusual wave crest shapes have been reported

� May occur in connexion with strong wave refraction and wave–current interaction

� Experimental study by Bredmose et al. 2003

� Narrow glass wave tank subjected to horizontal or vertical motion, using the Earthquake
Shaking Table Facility of the University of Bristol



(Bredmose et al. JFM 2003)



(Bredmose et al. JFM 2003)



(Bredmose et al. JFM 2003)



(Bredmose et al. JFM 2003)



(Lukomsky & Gandzha,Nonlin. Proc. Geophys.2003)



3-dimensional effects

� Breaking wave geometry is affected by wave directional spreading and focusing

� (Fochesato et al. 2007): `An overturning rogue wave can havedifferent properties
depending on whether it is in the focusing or defocusing phase at breaking onset. The
maximum focusing angle and the water depth largely control this situation.'

� Horizontal velocity near the crest may be twice as large as in2D waves.



(Fochesato et al., Wave Motion 2007)



(Fochesato et al., Wave Motion 2007)



Summary/conclusion

� In this presentation I have covered various aspects of the geometry and dynamics of
extreme (steep and breaking) waves

� A crest height : trough depth ratio of 2:1 will be typical

� The wave breaking limit may depend on the vertical shear of the near-surface mean �ow.

� A typical large breaking wave will have a jet emerging from the crest, a `wall of water'
behind the jet, and maximum �uid acceleration of over 5g

� The amount of �uid in the crest jet increases with the geometrical scale of the crest

� More untypical and exotic breaking crest geometry may occurin connexion with standing
waves, focusing etc.


