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Motivation
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Reliability of structures/vessels in intermediate and shallow water depths.

SHOALING ZONESURF ZONEBEACH

Structure Flood/Harbour Coastal protection Wind Energy

ZONE OFFSHORE

Oil & Gas

WAVE PROPAGATION

Wave Shoaling/Nonlinear 
transformations

Wave Breaking Offshore
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Theory

Nature of waves: random, multiple frequencies, amplitudes, directions. 
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Why statistics?

Regular waves Random waves
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Outline

1. Context
2. Experimental results
3. Numerical modelling
4. Real-time prediction using CNN
5. Conclusions
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Predictions of extreme waves in the coastal zone
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Test cases
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Rationale of parametric investigation

Effect of 
offshore 

steepness

Effect of
bed slope

Effect of
bathymetry

𝑆௣ = 0.01

𝑆௣ = 0.02

𝑆௣ = 0.03

Timeseries segment

Variance spectrum

Wave generation: Karmpadakis & Swan (2020).
Each sea-state has >=20,000 waves. 

Karmpadakis and Swan, JPO (2020)



Imperial College London

Experimental Setup
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Coastal Flume

 L=22m, W=0.6m, d=0.4-0.8m
 Active & passive absorption
 Piston-type wave paddle
 Froude scaling ௦

 Optimised active and passive 
absorption
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Experimental Setup
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4 different bed slopes
• Flat
• 1/50
• 1/30
• 1/15

40-80 wave gauges in 
each experiment
• 2m resolution in 

field scale

Total of 
• 115 sea-states
• approx. 2m waves 

per location

Bellos & Karmpadakis, DMPCO (2023)
Bellos, Karmpadakis & Swan, ICCE Proceedings  (2024)
Bellos, Karmpadakis & Swan, JFM(2025-under review)
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Wave evolution
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Challenges in modelling

Evolution of integral statistics with 90% CIs

𝐻௦ Skewness Kurtosis
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Wave statistics

• 𝑝 reduces:
 𝑐 increases

• Wave breaking:
 𝑐 reduces in the tail of the 

distributions

• Tail changes:
 Changes progressively earlier as 𝑝

increases

The distributions eventually
converge and then once again start to 
increase
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Effect of Bathymetry 
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Wave statistics

• Spatial evolution for Q=10-3

• ௖ ௖଴ and 𝑠 0 separately

• Increase:
 Nonlinear amplifications

& wave shoaling

• Decrease:
 Breaking dissipation

The evolution ratio has important 
implications for the definition of 
design waves.
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Effect of Bathymetry 
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Numerical results
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Can SWASH recover these statistics?

• Numerical reproduction of 
experimental results using SWASH 
(Zijlema, 2011).

• Reduced equations relevant to 2D 
problem.

• Phase –resolving, non-hydrostatic.
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Al Khalili, Karmpadakis, Christou & Bellos, Coastal Eng (2025)
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Numerical results
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Comparison to experiments

Experimental data
Numerical data

Slope 1/50

Al Khalili, Karmpadakis, Christou & Bellos, Coastal Eng (2025)
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Numerical results
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Comparison to experiments

Experimental data
Numerical data

Slope 1/50

𝑺𝒑 = 𝟎. 𝟎𝟏

𝑺𝒑 = 𝟎. 𝟎𝟓

𝑺𝒑 = 𝟎. 𝟎𝟑

𝑺𝒑 = 𝟎. 𝟎𝟔

𝑘௣𝑑 = 0.69

Al Khalili, Karmpadakis, Christou & Bellos, Coastal Eng (2025)
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Wave evolution

𝑝 reduces  nonlinearity increases:
• Crest-trough asymmetry
• Higher and sharper crests
• Shallower and broader troughs
• Transfer of energy to super/sub 

harmonics
• Wave breaking:

 Energy dissipation
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Challenges in modelling
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Interplay:
• Nonlinear wave-wave interactions
• Dispersion
• Wave breaking
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Wave evolution

 Take a short measurement of 
offshore

 Predict onshore

 Examine and compare the accuracy of 
different methods.
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Problem statement

 Incorporate limitations by the 
prediction zone
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Wave evolution
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Physics-based modelling and NN
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Wave evolution
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Physics-based modelling and NN
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Wave evolution
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UNET predictions
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Wave evolution
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Effect of depth on predictions
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Wave evolution
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Crest predictions

 Predict 2,000 ௖ for 3 ௣ in advance

 Overall, very good predictive capacity

 Some challenges in the largest crests

 Significantly reduced std compared to 
other methods
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Wave evolution
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Overall performance

 Networks trained on 
different spectra 
provide similar 
accuracy

 Considerations for 
dispersion
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Wave evolution
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Overall performance

 Generalisation to different 
spectral shapes

 Errors at least 5 times 
smaller than other methods



Conclusions
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Real-time prediction of waves in the coastal zone.
Use of new extensive experimental/numerical dataset

NNs learn to a high degree of accuracy the propagation between 2 points

UNETs generalise well to unseen spectra

Challenges remain for extreme events
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Wave evolution
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Overall performance

Higher Loss & 
overfitting:

 Higher steepness 

 Shallower depths


