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*EXTREME EVENTS IN GAUSSIAN SEAS
LINEAR COHERENT STRUCTURE : THE WAVE GROUP

e WEAKL Y NONLINEAR EFFECTS
*NONLINEAR EVOLUTION OF THE LINEAR WAVE GROUP

® INTERMITTENCY AND INITIAL STAGE OF FREAK WAVES

e STRONG NONLINEAR EFFECTS
*QUASI-SOLITONIC TURBULENCE (FREAK WAVES)

e FUTURE RESEARCH:
e ARE STREAKS SIMILAR TO FREAK WAVES ?




Freak waves, rogue waves and giant waves

Nonlinear water waves Gaussian seas
and extreme waves




Rogue waves

Extreme waves
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Gaussian seas

N
n(x,t): Zaj COS(ij+a)jt+gj)

J=1

¢; uniformly random in 0,27]

E(w)

E(a))da):%Zaf. w<w;<o+do
j

/ E(w) dw
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w(T) = <77(x0,t0)77(x0,t0 +T)> = TE(a)) coswT dw

Stationarity Ergodicity Gaussianity
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Wind generated waves: basic concepts
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*from Boccotti P \Wave Mechanics 2000 Elsevier



Time domain analysis
NECESSARY AND SUFFICIENT CONDITIONS TO HAVE A HIGH WAVE

*Theory of quasi-determinism, Boccotti P Wave Mechanics 2000 Elsevier T*+o(HY)
|
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o Space-time domainanalysis®

What happens in the neighborhood of a point X,
If a large crest followed by large trough are
recorded in time at X, ?

vAY Chapter 10

_n(XO+X,tO+T)e(u,u+du)

Pr
conditioned to

| (X, t)) =H 2, U(Xo’to+T2*):_H/2_

H
— > ™
o)

Su—n,(x,+X,t,+T))

2
z

dominani
wave direction

*Boccotti P Wave Mechanics 2000 Elsevier . nJ/



Tim main analysis: ive wave Ccr =

Necessary and sufficient conditions for the occurrence of two high wave crests

n(ty) =h, 1t + Tz*) = h,

Autocovariance function t=0 t=T,"

w(T)= <77(x0,to)77(x0,t0 + T)> v 0.;
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* Fedele F,, Successive wave crests in a Gaussian sea, Probabilistic Eng. Mechanics 2005 (to appear)
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Corollary: joint probability successive wave crests®

YN A ALY,

1-k% =P~ 21— k?‘i 1-%2

Bivariate Weibull

p(B )=

Monte Carlo Simulations
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* Fedele F,, Successive wave crests in a Gaussian sea, Probabilistic Eng. Mechanics 2005 (to appear)



Space-time domain analysis

What happens in the neighborhood of a point X,
If two large successive wave crests are recorded in time at X, ?

_77(X0 +X,t,+T) e(u,u+du)
Pr

| conditioned to  1(Xy,t,) =h, n1(Xe,tg+T,)=h, |

@ W
(o2 (o2

O(u—n(x,+X,t,+T))

7. (X, T) = v (0)hy —hyy (Ty) W(X,T)+ w(0)h, —hy (T,)

2 *\ 2 2 *\ 2 T(X,T—T;)
v (0)—w(T,) w(0)-w(Ty)

SPACE-TIME covariance WX, T) = (n(xg,,)17(xo + X, 15+ T))






Nonlinear evolution of the linear wave group

B, (t)exp(ik, -x)+c.c.

1 10,
X,0)==> |
n(X,1) 722

dB,
dt

_ZZ npqr n+p q-r quBr

p.q,r

Quartet interaction

k,+k, =k, +k,

Conserved quantities : Hamiltonian , wave action and momentum

=X 0,8,08,()+ 21,8, B 08, 08,05,

npqr

M =3k, B, (1) B (1 A=Y B,(1)B, ()



Sufficient conditions to have an extreme crest®

At (x=0, t=0) we impose that all the
harmonic components are in phase

(focusing)
@, (0)=0 n=1...N
_ Constrained H,, = max iz o, B,(0)
optimization problem TS5\ 2g
t=0

t=-t0 .
(linear wave group) /\
' HNL
-/\ i .

x=0 X

Hamiltonian , wave action and momentum are conserved
Hy,=0+0)H, 1=4{B,0)})

*Fedele F. The occurrence of Extreme crests and the nonlinear wave-wave interaction in random seas,
PROCEEDINGS of XIV International Offshore and Polar Engineering Conference (ISOPE) Toulon, FRANCE may 23-28 2004
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Particular case of the
ZAKHAROV EQUATION
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*Fedele F. The occurrence of Extreme crests and the nonlinear wave-wave interaction in random seas,
PROCEEDINGS of XIV International Offshore and Polar Engineering Conference (ISOPE) Toulon, FRANCE may 23-28 2004
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Recurrent solutions™ & Intermittenc
oA "

o

J ‘A‘de

<const bounded in time

Rayleigh quotient Q(t) =

R - -k

~ \ SPECTRAL BANDWIDTH

Y kla, e

o(t) == —~AK*(t) bounded in time
a,(t)

2

n

IF ENERGY CONTENT OF SMALL SCALES IS SMALL
IT REMAINS SMALL FOR ALL THE TIME

ENERGY PERPETUALLY DISTRIBUTED BETWEEN
FINITE SET OF MODES - RECURRENT SOLUTIONS

BENJAMIN-FEIR INSTABILITY & FERMI-ULAM PASTA RECURRENCE

*Thyagaraja. Recurrent motions in certain continuum dynamical systems Physics of Fluids 22(11) 1979, pp. 2093-2096



Monte-Carlo simulations
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Quasi-solitonic wave turbulence®

z % = 0(k)a, + ||| 54 Gs6ipa30 (ky + iy — by — k ekl

A(x,1) = [ a, (£) exp(i k x)dk

formation of coherent structures
Due to modulation instability
(phase locking)

Sy ks X

inverse cascade by radiation dissipation
€ == = e === 2= == = k

direct cascade due to four-wave resonance
(nonlinear focusing )

TRAVELLING WAVES

Self-similar

formation of
coherent structures
due to phase locking

Quasi-solitons solitons -
True Solitons (non-local solitary (local solitary wave ngﬁfs:;g
(localized solitary wave) wave with with
hon-zero exponentially
tail-radiation) small tail )

*Cai, Majda, Laughlin & Tabak, Dispersive wave turbulence in one dimension PHYSICA D 152-153 (2001) 551-572
Zakharov, Dias & Pushkarev, One-dimensional wave turbulence Physics reports 398 (2004) 1-65



Future r rch: ar reaks similar to freak waves ?

Similar underlying physical mechanism?

?
eFreak waves eStreaks
eQccur on /arge eQccur on small
length scales and length scales and
time scales time scales




TW transients in ~ Exact Travelling

turbulent flow Wave sollutions

(experimental) (numerical Faisst & Eckhard, From http://www-ah.wbmt.tudelft.nl/
Wedin & Eerswell)
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Fabian Waleffe, Phys. Fluids, Vol. 9, pp. 883-900 (April 1997)

Hof, B., van Doorne, C.W.H., Westerweel, J., Nieuwstadt, F.T.M, Faisst, H, Eckhardt, B., Wedin, H., Kerswell, R.R., Waleffe, F.
Science 305, 1594 (2004)

Faisst, H. & Eckhardt, Phys. Rev. Lett. 91 224502 (2003)

Wedin, H. & Kerswell, R.R. J. Fluid Mech. 508 333 (2004)



Coupled NLS equations- a proposal
u(x,t)=¢y_a,(r)explik, -x]+O(e)

d l

a * 2 *
n ; J—
+iwa, =€) 0, aa,+e* > T aa.a,

dt p.q.r l P.q,r
A streamwise o4 %4 B
101 . . n2 2
+1 +if°|A| \4+B|=0
vorticity i B4 ( )
B streamwise
velocity 6B 0B . i B
fluctuations o +i Py +io \B\ (A+B)=O
o4l? loBl? bandwidths
_[ — | | |dx , )
ol o (AK, )] +(AK,)

Rayleigh quotient Q(t) = bounded in time

[l (sl 2

ENERGY PERPETUALLY DISTRIBUTED BETWEEN FINITE SET OF MODES
- RECURRENT SOLUTIONS ( BENJAMIN-FEIR TYPE INSTABILITY)

COMPARE STREAK STATISTICS FROM DNS SIMULATIONS WITH THE NLS STATISTICS



—Conclusions

e Weakly nonlinear effects
«COHERENT STRUCTURES FORMED DUE TO MODULATION INSTABILITY
OF A LINEAR WAVE GROUP (PHASE LOCKING)
*RECURRENT SOLUTIONS CAN OCCUR (slowly varying envelope)

e Strong nonlinear effects
*QUASI-SOLITONIC TURBULENCE (Freak waves occur)

e Future research
*SIMILARITIES BETWEEN STREAKS AND FREAK WAVES
sPOSSIBLE ENVELOPE EQUATIONS TO DESCRIBE INITIAL STAGE OF WEAKLY
NONLINEAR STREAK DYNAMICS DUE TO MODULATION INSTABILITY
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TIME DOMAIN : 7HE CONDITIONS ARE SUFFICIENT

hl hZ
+ 50w, 2w
(o} (o}

or 77(t0+T)e(u,u+du) N 5[u—nc(t0+T)]

conditioned to n(t,)=h, n(t,+7T,) =h,

n(o+7) =B RVEDWQ) o By B O g

@) wOf 1) w(0)




TIME DOMAIN : 7HE CONDITIONS ARE NECESSARY

EX (h,hy,7)

Expected number of local maxima of the surface displacement 7(z)
of amplitude #, which are followed by a local maximum with amplitude 4,
afteratimelag r

e (h, 1, T; )exp{— %K*&Z} (5r)c 0B, ,7)

EXS.C. (hl’ h2 ! T) =9

0 elsewhere




Corollary : joint probability of successive wave crests
P ) [ EX (o, )7
(,Bo ﬂl) 1+V/2W2 3 exp{_ By + B _21/;2:30181}/(_ B, +Sﬂ1)(_ 181+S182)
\/ 27“//21 Wz) 2(_l//2)
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Bivariate Weibull



