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Introduction

Definition / criterion

𝑯

𝑯𝒔
> 𝟐 or

𝜂𝑐𝑟𝑒𝑠𝑡
𝐻𝑠

> 1.25

(𝐻𝑠: significant wave height)  
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Return Period – Wave height

102-year

104-year

106-year

108-year

Probability distribution



Non-equilibrium

sea-state
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Introduction

What causes freak wave formation ?

1. Geometrical focusing (current / bathymetry);

2. Space-time focusing (dispersion);

3. Modulational instability (unstable sidebands);

4. Non-equilibrium dynamics (uneven bottom).

What is Non-equilibrium dynamics (NED)  ?

What do we know about NED ?

1. Key features of non-equilibrium sea-state

• Non-Gaussian, Non-linear

• Higher freak wave probability

• Rapid spectral evolution

2. Parametric investigation of NED

• Relative water depth

• Steepness

• Wave direction

• Bottom profile

3. Theoretical development

• Deterministic theory (Li et al. 2021)

• Stochastic theory (Mendes et al. 2021)

The new equilibrium state and the 

equilibration process have not yet been studied.

New “equilibrium 

state”

Incident

“equilibrium 

state”

Dynamics change
Depth 

change
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Whispers3D: a fully nonlinear and dispersive potential model

1. Incompressible fluid;

2. Inviscid and irrotational flow;

3. Continuous water column;

4. Impermeable bottom.

𝜂𝑡 + 𝛻ℎ𝜂𝛻ℎ ෨𝜙 − ෥𝒘 1 + 𝛻ℎ𝜂
2 = 0,

෨𝜙𝑡+𝑔𝜂 +
1

2
𝛻ℎ ෨𝜙

2
−

1

2
෥𝒘𝟐 1 + 𝛻ℎ𝜂

2 = 0,

FSBCs reformulated using η(x, t) and ෨𝜙(x, t) ≡ 𝜙(x, z = η(x, t), t)

with ෥𝑤 : vertical velocity at the free surface 𝜙𝑧(x, z = η(x, t), t) ; 

Dirichlet-to-Neumann 

(DtN) problem

𝛻ℎ𝜂𝛻ℎ𝜙 + 𝜂𝑡 = 𝜙𝑧

𝜙𝑡 +
𝛻ℎ𝜙

2 + 𝜙𝑧
2

2
= −𝑔𝜂

𝜙𝑧 + 𝛻ℎℎ𝛻ℎ𝜙 = 0
Bottom boundary condition (BBC)

Laplace eq.: Δ𝜙 + 𝜙𝑧𝑧 = 0

Free surface boundary 

conditions (FSBCs)

Assumptions

Governing equations of potential theory 

Formulation of Zakharov

Validation with experiments in Trulsen et al. 2020, JFM
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Whispers3D: Validation in simulating NED

Black lines: measurements;    Red lines: simulations

Results are published in Zhang and Benoit 2021, JFM
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Whispers3D: Validation in simulating NED

Results are published in Zhang and Benoit 2021, JFM
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Set-up of the simulations: Long shallower region

100 m (~100 Lp) 

extension

L

Incident irregular waves (JONSWAP spectrum)

New bathymetry with extended shallower region
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Results and interpretation: Statistical parameter evolution

Bottom shape 

(a)

(b)

Remaining steady
Slowly 

varying

Rapidly

varying

(0 ~ 5) Lp2 (5 ~ 35) Lp2 ( > 35) Lp2

Short scale Long scale

1. Strong modulation of 

statistical moments 

happens in the short 

scale;

2. Steady Kurtosis < 3 in 

the new equilibrium 

state.

Results are published in Zhang et al. 2022, Coastal. Eng.
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Bottom shape 

(a)

(b)

Remaining steadySlowly 

varying

Rapidly

varying

(0 ~ 5) Lp2 (5 ~ 35) Lp2 ( > 35) Lp2

1. Strong modulation of 

spectral parameters

happens in the long 

scale;

2. Significant spectral 

broadening happens 

in the new equilibrium 

state.

Results and interpretation: Spectral parameter evolution

Short scale Long scale
Results are published in Zhang et al. 2022, Coastal. Eng.
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Long scale results: NED results in reduced freak wave probability

Results and interpretation: Wave height distribution

Short scale results: NED results in enhanced freak wave probability

Boccotti (2000)Empirical distri.

Unpublished
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Conclusion

➢ The NED takes effects in two spatial scales, a short scale O(Lp) and a relatively long scale O(10~102 Lp).

➢ In the short scale, strong modulation of statistical parameters, freak wave probability is intensified;

➢ In the long scale, the spectral shape undergoes significant broadening, freak wave probability is suppressed;

➢ The knowledge of the “scales” of the NED would help for the design of coastal structures.
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