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Motivation
Probabilistic design and risk assessment: 

Coastal structures à progressive failure Flooding and beach erosion à resilience 

modes 
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State of Art – Extreme analysis
• Statistical characterization à Return period
• Need to consider different variables and their dependence à joint 

distributions and temporal dependence
• Consideration of the storm’s evolution 

Solari & van Gelder (2011)
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State of Art – Storm Evolution
Borgman (1969) – Need to take into account the different maritime 
variables and their evolution
• Equivalent Triangular Storm ETS (Boccotti; 2000)
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• Equivalent Triangular Storm ETS (Boccotti; 2000)
• Equivalent Power Storm EPS (Fedele & Arena; 2010)
• Equivalent Magnitude Storm EMS & Equivalent Number of Waves 

Storm EWS (Martin-Hidalgo et al.; 2014)
• Other geometric shapes (ROM 1.0-09 Recommendations for the 

Project Design and Construction of Breakwaters; 2009)

State of Art – Storm Evolution
Borgman (1969) – Need to take into account the different maritime 
variables and their evolution
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• Equivalent Triangular Storm ETS (Boccotti; 2000)
• Equivalent Power Storm EPS (Fedele & Arena; 2010)
• Equivalent Magnitude Storm EMS & Equivalent Number of Waves 

Storm EWS (Martin-Hidalgo et al.; 2014)
• Other geometric shapes (ROM 1.0-09 Recommendations for the 

Project Design and Construction of Breakwaters; 2009)

State of Art – Storm Evolution
Borgman (1969) – Need to take into account the different maritime 
variables and their evolution

Need to develop methodologies for storms’ simulation and their evolution 
(HUMOR 2001-2003;  Solari & Losada, 2018) 
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Methodology to simulate long time series of extreme 
events including several maritime variables and their 

evolution reproducing real and irregular storms
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Methodology
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Case study
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Data from SIMAR 2041080 (Puertos del Estado)
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a) Storm definition

• Significant wave height Hs > Hs,u
• Peak period Tp
• Mean wave direction 𝜃
• Duration D
• Interarrival times I
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Clayton copula

a) Storm definition
b) Distribution functions

i. Copula model: D, I
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a) Storm definition
b) Distribution functions

i. Copula model: D, I
ii. Marginal distributions: 

Hs, Tp, 𝜃
c) Temporal dependence:

VAR model
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a) Storm definition
b) Distribution functions

i. Copula model: D, I
ii. Marginal distributions: 

Hs, Tp, 𝜃
c) Temporal dependence:

VAR model
d) Independent storms simulation

• Non-stationary marginal distributions
• VAR model

à Simulation of continuous events
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a) Storm definition
b) Distribution functions

i. Copula model: D, I
ii. Marginal distributions: 

Hs, Tp, 𝜃
c) Temporal dependence:

VAR model
d) Independent storms simulation

• Non-stationary marginal distributions
• VAR model

à Simulation of continuous events
à Threshold definition Hs,u’
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a) Storm definition
b) Distribution functions

i. Copula model: D, I
ii. Marginal distributions: 

Hs, Tp, 𝜃
c) Temporal dependence:

VAR model
d) Independent storms simulation

• Non-stationary marginal distributions
• VAR model

à Simulation of continuous events
à Threshold definition Hs,u’

Simulation of 
independent storms
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a) Storm definition
b) Distribution functions

i. Copula model: D, I
ii. Marginal distributions: 

Hs, Tp, 𝜃
c) Temporal dependence:

VAR model
d) Independent storms simulation
e) Storm’s time series simulation

• Simulation of independent events
• Copula model D-I

à Storms’ time series simulation
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üGoodness of fit of the non-stationary distribution functions à
improved with the use of mixed distribution functions

ü Includes the temporal dependence and inter-dependence of different 
maritime variables

ü Improved reproduction of the storm evolution
üEfficient methodology to perform long time series simulations of 

extreme events à Uncertainty analysis
üEnables a probabilistic approach for structure design and damage 

evolution à Folgueras et al, 2018.
üFuture work: use of climate change projections data and introduce 

SLR



○ ○ ○ Introduction ○ Objective ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ Methodology & results ○ Conclusions References

A MULTIVARIATE STATISTICAL MODEL TO SIMULATE STORM EVOLUTION 23

• Boccotti (2000)  Wave Mechanics for Ocean Engineering
• Borgman L.E. (1969). Ocean wave simulation for engineering design. Proc. ASCE Journal of Waterways 

and Harbours Division, 95, 557–83
• Fedele, F., Arena, F., Fedele, F., & Arena, F. (2010). Long-Term Statistics and Extreme Waves of Sea 

Storms. Journal of Physical Oceanography, 40(5), 1106–1117. 
• HUMOR: Human interaction with large scale coastal morphological evolution EVK3-CT-2000-00037. 

(2001-2003)
• Li, F., van Gelder, P. H. A. J. M., Ranasinghe, R., Callaghan, D. P., & Jongejan, R. B. (2014). 

Probabilistic modelling of extreme storms along the Dutch coast. Coastal Engineering, 86, 1–13. 
• Lin-Ye, J., Garcia-Leon, M., Gracia, V., & Sanchez-Arcilla, A. (2016). A multivariate statistical model of 

extreme events: An application to the Catalan coast. Coastal Engineering, 117, 138–156. 
• Martín-Hidalgo, M., Martín-Soldevilla, M. J., Negro, V., Aberturas, P., & López-Gutiérrez, J. S. (2014). 

Storm evolution characterization for analysing stone armour damage progression. Coastal Engineering, 85, 
1–11. 

• ROM 1.0-09 Recommendations for the project design and construction of breakwaters, 2009. (Part I: 
calculation and project factors. climate agents) Puertos del Estado. 

• Solari & Losada. (2018). Simulation of sea storms including multivariate storm evolution. ICCE 2018.
• Solari, S., & van Gelder, P. (2011). On the use of Vector Autoregressive (VAR) and Regime Switching 

VAR models for the simulation of sea and wind state parameters. Marine Technology and Engineering.



Thank you for your attention

aliraloarca@ugr.es

gdfa.ugr.es

This research was supported by the project AQUACLEW and the research group TEP-209 (Junta de
Andalucía). Project AQUACLEW is part of ERA4CS, an ERA-NET initiated by JPI Climate, and
funded by MINECO (ES), ANR (FR) with co-funding by the European Union (Grant 690462).


