
FREAK WAVES IN RANDOM SEAS AND FREAK WAVES IN RANDOM SEAS AND 
STREAKS IN CHANNEL FLOWS :STREAKS IN CHANNEL FLOWS :

FREAK WAVES IN RANDOM SEAS AND FREAK WAVES IN RANDOM SEAS AND 
STREAKS IN CHANNEL FLOWS :STREAKS IN CHANNEL FLOWS :STREAKS IN CHANNEL FLOWS : STREAKS IN CHANNEL FLOWS : 

POSSIBLE STOCHASTIC SIMILARITIESPOSSIBLE STOCHASTIC SIMILARITIES
STREAKS IN CHANNEL FLOWS : STREAKS IN CHANNEL FLOWS : 

POSSIBLE STOCHASTIC SIMILARITIESPOSSIBLE STOCHASTIC SIMILARITIES

Francesco FedeleFrancesco Fedele
D t f M h i l E i i U i it f V tD t f M h i l E i i U i it f V tDept. of Mechanical Engineering University of Vermont Dept. of Mechanical Engineering University of Vermont 

Burlington, Vermont USABurlington, Vermont USA



OutlineOutline
••EXTREMEEXTREME EVENTSEVENTS ININ GAUSSIANGAUSSIAN SEASSEAS

••LINEARLINEAR COHERENTCOHERENT STRUCTURESTRUCTURE :: THETHE WAVEWAVE GROUPGROUP••LINEARLINEAR COHERENTCOHERENT STRUCTURESTRUCTURE :: THETHE WAVEWAVE GROUPGROUP

••WEAKLYWEAKLY NONLINEARNONLINEAR EFFECTSEFFECTS
••NONLINEARNONLINEAR EVOLUTIONEVOLUTION OFOF THETHE LINEARLINEAR WAVEWAVE GROUPGROUP

•• INTERMITTENCYINTERMITTENCY ANDAND INITIALINITIAL STAGESTAGE OFOF FREAKFREAK WAVESWAVES

•• STRONGSTRONG NONLINEARNONLINEAR EFFECTSEFFECTS
QUASIQUASI SOLITONICSOLITONIC TURBULENCETURBULENCE (FREAK(FREAK WAVES)WAVES)••QUASIQUASI--SOLITONICSOLITONIC TURBULENCETURBULENCE (FREAK(FREAK WAVES)WAVES)

•• FUTUREFUTURE RESEARCHRESEARCH::
•• AREARE STREAKSSTREAKS SIMILARSIMILAR TOTO FREAKFREAK WAVESWAVES ??•• AREARE STREAKSSTREAKS SIMILARSIMILAR TOTO FREAKFREAK WAVESWAVES ??



Freak waves, rogue waves and giant waves Freak waves, rogue waves and giant waves 
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Stokes Equations for regular wavesStokes Equations for regular waves
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Gaussian seasGaussian seas

( ) ( )∑
=

++=
N

j
jjjj txkatx

1
cos, εωη

[ ]πε 2,0inrandomuniformlyj

E(ω)

∑ +<<=
j

jj dadE ωωωωωω 2

2
1)(

ωω ωω+d+dωω

E(ω) dω

ωω

j2

ωω ωω+d+dωω ωω

∫
∞

=+=
0

0000 cos)(),(),()( ωωωηηψ dTETtxtxT

Stationarity             Ergodicity            Gaussianity Stationarity             Ergodicity            Gaussianity 

0



Typical wave spectra from Mediterranean sea*Typical wave spectra from Mediterranean sea*
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*from *from Boccotti P.  Boccotti P.  Wave MechanicsWave Mechanics 2000 Elsevier2000 Elsevier
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NECESSARY AND SUFFICIENT CONDITIONS  TO  HAVE A HIGH WAVENECESSARY AND SUFFICIENT CONDITIONS  TO  HAVE A HIGH WAVE
*Theory of quasi*Theory of quasi--determinism,determinism, Boccotti P.  Boccotti P.  Wave MechanicsWave Mechanics 2000 Elsevier2000 Elsevier
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What happens in the neighborhood of a point x0

SpaceSpace--time domain analysis*time domain analysis*

( )

if a large crest followed by large trough are
recorded in time at x0 ?
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Necessary and sufficient conditions for the occurrence of two high wave crests

Time domain analysis: successive wave crests*Time domain analysis: successive wave crests*

Necessary and sufficient conditions for the occurrence of two high wave crests 
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Corollary: joint probability successive wave crests*Corollary: joint probability successive wave crests*
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Monte Carlo Simulations 
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What happens in the neighborhood of a point x0

SpaceSpace--time domain analysistime domain analysis
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Linear wave group dynamicsLinear wave group dynamics
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Nonlinear evolution of the linear wave groupNonlinear evolution of the linear wave group
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Sufficient conditions to have an extreme crest*Sufficient conditions to have an extreme crest*

At  (x=0, t=0) we impose that all the 
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The narrow band limit*The narrow band limit*
The nonlinear Schrodinger (NLS) equationThe nonlinear Schrodinger (NLS) equation

Particular case of the Particular case of the 
ZAKHAROV EQUATIONZAKHAROV EQUATION
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MonteMonte--Carlo simulationsCarlo simulations
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QuasiQuasi--solitonic wave turbulence*solitonic wave turbulence*
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formation of coherent structures 
Due to modulation instability 

(phase locking) kk
dissipation inverse cascade by radiation

(phase locking) 

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

kks

formation of 
coherent structures 
due to phase locking

TRAVELLING WAVES 

due to phase locking

True Solitons    
(localized solitary wave)

Embedded 
solitons 

(local solitary wave 
with

Quasi-solitons  
(non-local solitary 

wave with

Self-similar 
Collapsing 

solitons

*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
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Future research: are streaks similar to freak waves ? Future research: are streaks similar to freak waves ? 

Similar underlying physical mechanism? 

?

•Freak waves •Streaks

•Occur on large
length scales and 

•Occur on small
length scales and 

time scales time scales 



From http://www-ah.wbmt.tudelft.nl/

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) 
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n

∑∑ +=+
rqp

rqpnpqr
rqp

qpnpqnn
n aaaTaaQai
dt
da *2* εεω

rqprqpdt ,,,,

( ) 022
2

2

=++
∂

+
∂ BAAiAiA β

A  streamwise
vorticity ( )

( ) 0

0

22
2

2

=++
∂

+
∂

++
∂

+
∂

BABiBiB

BAAi
x

i
t

δ

βvorticity 

B  streamwise 
velocity 
fl i ( ) 02 =++

∂
+

∂
BABi

x
i

t
δ

dxBA 22

⎟
⎟
⎞

⎜
⎜
⎛ ∂

+
∂

∫

fluctuations

bandwidths

( )
( ) ( ) timeinboundedKK

dxBA

dx
xx

tQquotientRayleigh BA

2
)(

22

22
Δ+Δ

≈
+

⎟
⎟
⎠

⎜
⎜
⎝ ∂

+
∂

=
∫

∫

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

COMPARE STREAK STATISTICS FROM DNS SIMULATIONS WITH THE NLS STATISTICSCOMPARE STREAK STATISTICS FROM DNS SIMULATIONS WITH THE NLS STATISTICS



ConclusionsConclusions

••WeaklyWeakly nonlinearnonlinear effectseffectsWeaklyWeakly nonlinearnonlinear effectseffects
••COHERENTCOHERENT STRUCTURESSTRUCTURES FORMEDFORMED DUEDUE TOTO MODULATIONMODULATION INSTABILITYINSTABILITY
OFOF AA LINEARLINEAR WAVEWAVE GROUPGROUP (PHASE(PHASE LOCKING)LOCKING)
••RECURRENTRECURRENT SOLUTIONSSOLUTIONS CANCAN OCCUROCCUR (slowly(slowly varyingvarying envelope)envelope)

SS lili ffff••StrongStrong nonlinearnonlinear effectseffects
••QUASIQUASI--SOLITONICSOLITONIC TURBULENCETURBULENCE (Freak(Freak waveswaves occur)occur)

••FutureFuture researchresearch••FutureFuture researchresearch
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Optimal Perturbations:  Maximum Energy GrowthOptimal Perturbations:  Maximum Energy Growth
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TIME DOMAIN : TIME DOMAIN : THE CONDITIONS  ARE SUFFICIENTTHE CONDITIONS  ARE SUFFICIENT
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TIME DOMAIN : TIME DOMAIN : THE CONDITIONS  ARE NECESSARYTHE CONDITIONS  ARE NECESSARY
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Corollary : joint probability of successive wave crestsCorollary : joint probability of successive wave crests
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