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Modulational instability and extreme waves
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Freak Waves: Myths and Facts

Ship accidents data base
Five years (1995-1999) of ship accidents reported as being due to bad 
weather conditions (Lloyd's Marine Information Service were analysed) -
Toffoli et al. (2005)
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Extreme waves in opposing current
Refraction and directional focusing - a linear approach



Nonlinear wave dynamics over an opposing current 
gradient with a current-modified NLS

U > 0
(opposing)

U = 0 m/s

Stable wave train in a 
region of no current

Waves cross a current 
gradient ΔU and shrink 
& become steeper 

Wave are now unstable & freak wave grow

Few tens of 
wavelengths from 
current gradient



Laboratory obs.
(stable wave packets 
on adverse current 
gradients)



Objectives
Can an opposing current gradient trigger nonlinear dynamics 
in random wave fields that would otherwise be stable?

Can the current gradient increase the probability of 
occurrence for extreme/rogue waves?



Flume:
Tp = 0.8s (Lp = 1m, Cg = 0.63m/s)
Steepness kp Hs / 2 ~ 0.07

Basin:
Tp = 0.7s (Lp = 0.77m, Cg = 0.55m/s)
Steepness kp Hs / 2 ~ 0.07

JONSWAP Spec. with g = 3

U/cg from -0 to -0.4 

Laboratory experiments

BFI ~ 0.5



Current speed 

Along the tank

Cross tank

Vertical profile



Numerical model
Current modified Euler equation solved with HOS method: 
• nonlinearity up to 3rd order & 
• horizontal effects of wave-current interaction (increase of steepness)
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Numerical wave tank
Current modified Euler equation solved with HOS method: 
• nonlinearity up to 3rd order & 
• horizontal effects of wave-current interaction (increase of steepness)



Numerical & Experimental Tests

• Numerical and experimental tests ran with the same 
initial/input conditions

• 4 X 20 minutes times series with different random 
amplitudes and phases



Probability of
extremes: 
Kurtosis

A stable irregular wave 
fields switch into an 
unstable system



Probability of
extremes: 
Kurtosis

Model indicates that 
modulational instability 
develops, leading to more 
frequent extremes 



Probability of
extremes: 
Kurtosis

Directional effects in the 
basin (refraction, 
reflection and focusing) 
can strengthen 
nonlinearity (and kurtosis)



Conclusions

• An opposing current triggers 
modulational instability of 
otherwise stable wave 
packets

• Extreme (rogue) waves 
becomes more likely



Directional 
wave fields

Kurtosis
Wave Height Distribution 
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