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Contesto:
Sicurezza Marittima e Cambiamento Climatico

• La sicurezza delle strutture a mare è una delle maggiori preoccupazioni delle imprese
di navigazione ed off-shore.

• E’ riconosciuta l’importanza di includere negli standard progettuali la conoscenza
stato dell’arte in ambito marino (onde, livello, correnti,…).

• Massima attenzione è rivolta agli eventi estremi (di progetto) e alla loro relazione
con il riscaldamento globale.

• Recenti incidenti marini hanno evidenziato l’importanza di valutare miglioramenti
della conoscenza dei fenomeni e degli standard progettuali.

 In questo senso un aumento della conoscenza delle onde estreme e del loro
rapporto con il cambiamento climatico previsto è cruciale per l’aggiornamento dei
carichi (“onda di progetto”) cui le strutture a mare devono / dovranno resistere.
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Onde estreme (“Freak Waves”)

• Onde “molto” alte (fino a 20-30 m) rispetto a
quelle medie della mareggiata

• Localizzate nello spazio e nel tempo

@ piattaforma “Acqua Alta”

@ Piattaforma Draupner (Mare del Nord)
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Wall of Water!

“… a great wall of water – it looked as if we were going 
into the White Cliffs of Dover!”

(La nave da crociera Queen Elizabeth II incontrò nel nord
Atlantico nel 1995 una freak wave alta circa 30 m)

• “We were in a storm and the tanker was running before the sea.
This amazing wave came from the aft and broke over the deck. I
didn’t see it until it was alongside the vessel but it was special,
much bigger than the others. It took us by surprise. I never saw
one again.”

• Philippe Lijour, first mate of the oil tanker Esso Languedoc,
describing the huge wave (20 m high) that slammed into the ship
off the east coast of South Africa in 1980

• Rogue waves are often preceded by a deep trough”
(New Scientist, 2001)
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L’incidente della Voyager
• On 14 February 2005 the passenger cruiser

“Voyager” with about 800 people on board
was on route between Tunis (Tunisia) and
Barcelona (Spain), when it came across a
severe mistral storm. In particular, at about
08:00 UTC the ship was struck by one or more
major waves

• … shattered window(s) in the upper control
room led to flooding of the general control
system and brought all the engines to a halt.

(Bertotti and Cavaleri, 2008)
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Marine Safety

Posizione delle 22 navi affondate a seguito dello scontro con una freak wave tra il
1969 e il 1994. (copyright C. Kharif and E. Pelinovsky, 2003).
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Onde Estreme: a puzzling problem

Dalla Teoria alla Pratica … L’onda di progetto

• Non-linearità
• Interferenze
• Risonanza
• Interazione
• Space-Time 
• …

• Osservazione
• Previsione
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Onda di progetto…e se il clima (ondoso) cambiasse?
Questioni chiave

• La probabilità di occorrenza degli eventi estremi aumenterà in futuro?
• Quali zone saranno maggiormente interessate?
• Quanto il cambiamento climatico avrà effetto sul traffico navale e sulla

progettazione delle navi e delle strutture a mare?
• Le regole e gli standard per le strutture off-shore devono essere

aggiornati?

© Det Norske Veritas AS. All rights reserved. 
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DNVR&I Position Papers (DNV web-site) and 
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http://www.dnv.com/resources/position_papers/impact_climate_change_tanker_design.asp  
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Climate Change and Variability 

IPCC (2007), IPCC (2011) 

Temperature (A1B, B1, A2) 

Sea water level (A1B scenario) 

 Ice 

 

 

 

 

 

Wind (poleward shift of storm tracks, 
intensity)   

Waves (average increased by 8 to 10 cm 
per decade) 

For the first time with little uncertainty, a consensus 
has been reached within the science community 
on the anthropogenic causes of the global 
warming. 

 Key issue: regional climate prediction, average values 
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Il “clima ondoso” sta cambiando?

(Young et al., 2011. Global Trends in Wind Speed and
Wave Height, Science)

MEDIA (1985,1991-2008) 99-percentile (1985,1991-2008)

“The present analysis does, however, indicate that over the past two
decades there has been a consistent trend toward increasing wind
speeds. For wave height, the results are more complex, with no clear
statistically significant trend for mean monthly values. At more extreme
conditions, there is a clear statistically significant trend of increasing
wave height at high latitudes and more neutral conditions in equatorial

regions.”

Vento

• Media e 99-perc. 
crescono.

• Estremi crescono più 
velocemente della 
media.

Onde

• Media: condizione
neutrale.

• 99-perc: trend positivo
alle alte latitudini.

 Trend anche nel
Mediterraneo
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Come cambierà il “clima ondoso”?

(Hemer et al., 2013. Projected changes in wave climate from a multi-model ensemble, Nature Climate Change)

NATURECLIMATECHANGEDOI: 10.1038/ NCLIMATE1791 LETTERS
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Figure 2 | Projected future changes in multi-model averaged significant wave height. a, Averaged multi-model annual significant wave height (HS, m) for

the time-slice representing present climate (⇠1979–2009). b–d, Averaged multi-model projected changes in annual (b), JFM (c) and JAS(d) mean HS for

the future time-slice (⇠2070–2100) relative to the present climate time-slice (⇠1979–2009) (% change). Stippling denotes areas where the magnitude of

the multi-model ensemble mean exceeds the inter-model standard deviation. Results for individual models are included in the Supplementary Information.

Table 1| Percentage area of global ocean where projected increase/ decrease isrobust within the multi-model ensemble.

Annual JFM JAS

Percentage area of

robust projected

increase

Percentage area of

robust projected

decrease

Percentage area of

robust projected

increase

Percentage area of

robust projected

decrease

Percentage area of

robust projected

increase

Percentage area of

robust projected

decrease

HS 7.1 25.8 4.9 38.5 8.8 8.4

TM 30.2 19.0 8.7 44.6 33.6 10.7

✓M 18.4 19.7 8.95 21.4 17.1 12.7

See Methods for definition used for robustness. Increase (decrease) in direction (✓M ) corresponds to clockwise (anti-clockwise) rotation.

strengthening of the westerlies17. Small areas of projected increase
in the tropical eastern Pacific Ocean are associated with an
increasing Southern Ocean swell component (substantiated by
increasing TM—see below). An agreed decrease in Hs across all
models is projected in all other ocean basins, particularly in the
subtropics. In the North Atlantic, this decrease spans all seasons,
generally consistent with projected wind changes in the Coupled
Model Intercomparison Project, Phase 3 (CMIP3; ref. 18) multi-
model data set9. In the boreal winter (JFM; Fig. 2c), the relative
area of projected decrease is enhanced (38.5% (4.9%) of oceans
show projected decrease (increase); Table1). In the austral winter
however (JAS; Fig. 2d), regions of projected decrease and increase
arecomparableat about 8% of theglobal ocean (Table1). A notable
region of agreed projected increase is observed in the southern
Pacific tradewind zone, consistent with projected strengthening of
easterly trade winds in the winter subtropics seen in the CMIP3
multi-model dataset19.

Although theareaof projected HS increaseisrelatively limited in
extent (to theSouthern Ocean), theprojected increase in TM over a
much larger area (30.2 % of the global ocean showsan increase in
annual mean TM ; Table1 and Fig. 3) showstheextended influence
of enhanced Southern Ocean wavegeneration propagating asswell
northwardsacrosstheglobal ocean. ThisSouthern Ocean influence
on TM is largeduring theaustral winter (33.6% of theglobal ocean
showsarobust projected increasein JASmean TM ; Table1), but not
during theboreal winter (44.6% of theglobal ocean showsarobust
projected decreasein JFM mean TM ; Table1).

Shoreline position is equally sensitive to directional changes
as to changes in wave height20. Projected anticlockwise rotations
of ✓M (Fig. 4) are predominantly located on the northern side of
the extratropical storm belts (westerly regions) in the Southern
Ocean, North Pacific and Atlantic basins(19.7%, 21.4% and 12.7%
of the global ocean in annual, JFM and JAS means, respectively).
These correspond with an increased southerly component of ✓M

NATURECLIMATECHANGE | VOL 3 | MAY 2013 | www.nature.com/ natureclimatechange 473

© 2013 Macmillan Publishers Limited. All rights reserved

Proiezioni 2070-2100 (Hs media)

• E’ previsto che il clima ondoso cambi durante questo
secolo.

• Proiezione di riduzione dell’altezza significativa media
nei mari globali.

• Alcune zone (oceani meridionali) saranno soggette a
incremento.

• Vi sono comunque delle incertezze.

• Nel Mare Mediterraneo, la riduzione (5 %) interesserà
tutte le stagioni
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PRESENTE FUTURO (2070-2100)

Hs (Tr = 30 anni)

Onda di progetto: Hmax

(Benetazzo et al., 2012. Wave climate of the Adriatic Sea: a future scenario
simulation, NHESS)

Proiezioni del “clima ondoso” estremo

(Wang et al., 2013. Changes in global ocean wave
heights as projected using multimodel CMIP5
simulations, Geophysical Research Letter)

Hs (Tr = 10 anni) - Variazione % nel 2080-2099

• Dipendenza dallo
scenario di emissione

• Incremento: Cile, Gulf
of Mexico, Canada,…

• Riduzione (2-4 %) nel
Mediterraneo
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THE CLIMATE SYSTEM is very complex and its mechanism is 

still not fully understood, however, observed and projected 

climate changes indicate that changes in metocean 

conditions can be expected which have impact on marine 

structure design. The results presented by IPCC are 

strongly dependent on an adopted scenario for emissions 

and concentration of CO2 and are affected by various types 

of uncertainties which need further investigation. Large 

regional, local and seasonal differences are reported. For 

wind and waves these uncertainties are less known than for 

sur face temperature and precipitation and they can not 

be ignored when impacts of climate change on design and 

operation of marine structures are discussed.

Observed and projected changes in waves and wind 

climate are expected to have the largest impact on marine 

structure design in comparison to other environmental 

phenomena. 

Changes in sea level combined with storm surge have little 

potential to affect ship design directly but may impact 

offshore and coastal installations, depending on how 

significant they are. Secondary effects, such as changes 

in sea level range, harbour depths and offloading heights 

may need to be taken into account. Expected increase of 

marine growth may increase loads on marine structures.

Increase of temperature and ice melting will affect sea 

transport in the Arctic regions and may also affect design 

of marine structures operating in the Arctic areas.

The IPCC Reports focus on temperature and precipitation 

and average global values. Extreme value estimates of wind 

and waves needed for design work may be more affected 

by climate changes than the average values but are not 

covered in sufficient details by IPCC. Further, publications 

on extreme wind and waves in a future climate are not 

written with the view of the designer. However, they do 

show that parameters like the 20-year return period or 

annual 99% percentile of significant wave height may 

increase by 0.5 – 1.0 m in certain locations (e.g. the east 

North Sea, the Norwegian Sea) but with uncertainties that 

are of the same size. The intensity of storms is linked to 

sea temperatures, and an increase of 0.5°C in tropical sea 

sur face temperatures can be correlated to an increase in 

maximum wind speeds of around 2-3 ms-1.  

In sum, although considerable uncertainty remains and 

there may be significant regional differences, current 

best estimates of observed and projected climate change 

indicate that in the coming decades it is likely that marine 

structures will experience higher environmental loads. 

  Conclusions  

Current best estimates of obser ved and projected 
climate change indicate that in the coming decades 
it is likely that marine structures will experience 
higher environmental loads.

13

The figures show that the overall trend is the same for all 

the ship types analysed. The probability of failure rises by 

around 50 % for each increase in significant wave height 

(Hs) by 0.5 m. If  significant wave height rises by 0.5 m 

then in order to maintain the reliability level the deck area 

must increase by some 3 %. However, if significant wave 

height is increased by 2.0 m, then the necessary increase 

in deck area is between 10 %  to 15 %. The largest increase 

is required for VLCC and the smallest for Product Tanker.

It should be noted that the calculated failure probabilities 

are nominal values, and should not be given a frequency 

of failure interpretation. The results are more useful on a 

comparative basis than as absolute values. In this context 

it should be noticed that the results presented here are 

for “net scantlings”, which is part of the explanation for 

relatively high failure probabilities. Gross scantling, which 

is the net scantling plus the corrosion addition, would 

reduce the failure probabilities by approximately one 

order of magnitude.

“If significant wave height 

is increased by 2.0 m, then 

the necessary increase in 

deck area is between 10 %  

to 15 %.”

Adattamento / Prevenzione
Problemi chiave

• I modelli delle onde estreme devono essere aggiornati per tenere conto di una non-stazionarietà del clima.
• Verifica dei carichi di progetto delle strutture esistenti … sono necessari degli upgrade / downgrade
• Nuovi criteri di progettazione
• Rivalutazione del rischio

5

 Potential impact  

 on design of  

 marine structures  

STRUCTURAL FAILURE of marine structures may result 

in loss of human life, severe environmental damage, 

and large economical consequences. Therefore marine 

structures must be designed with adequate safety and 

reliability, and their designs must be acceptable from an 

environmental and economical point of view. It should 

be based on the state-of-the-art metocean description. To 

ensure that the designs are sufficiently safe and reliable, 

rules are developed by authorities or other competent 

organisations, such as Classification Societies. These rules 

must then be adhered to by designers. 

The traditional format of Classification Societies’ Rules 

is mainly prescriptive, without any transparent link to an 

overall safety objective.  IMO (1997, 2001) has developed 

Guidelines for use of the Formal Safety Assessment (FSA) 

methodology in rule development which will provide 

risk-based goal–oriented regulations. FSA consists of five 

inter-linked steps given in Table 1. When per forming FSA 

for marine structures it is beneficial to apply Structural 

Reliability Analysis (SRA) in the risk assessment (step 

2)  and the cost-benefit assessment (step 4) . Using this 

methodology, state-of-the-art metocean descriptions can 

be explicitly included in the rulemaking process. 

The reliability methods (see Madsen et al (1986))  permit 

quantifying in a probabilistic way the uncertainties in the 

different parameters that govern the structural integrity. 

This allows reliability assessment of structural components 

or a structure. Further reliability-based design of a 

structural component (or a structure)  provides a means 

to satisfy target reliability with respect to specific modes 

of failure. 

Marine structure design will be affected by changes 
of sur face ocean temperature, wind, waves, sea 
water level and ice.

Table 1   

STEPS OF FORMAL SAFETY ASSESSMENT (FSA)

Steps In layman terminology Professional language

1 What might go wrong? Hazard Identification

2a How often or how likely? Frequencies or probabilities

2b How bad? Consequences

2c How to model? Risk =  
  Probability x Consequence

3 Can matters be improved? Identify risk  
  management options

4 What would it cost and how  Cost Benefit Evaluation 
 much better would it be? 

5 What actions are worthwhile Recommendation 
 to take?

IMO What action to take? Decision

… le onde di progetto stanno
“invecchiando” … 
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Take-Home message
• Il clima sta cambiando: è evidente (e percepibile) l’effetto sulla temperatura

dell’aria
• Ma anche gli mari stanno mutando

• Perturbazioni atmosferiche e mareggiate stanno modificandosi (intensità,
direzione, durata)

• Incertezze

• Alcune zone del pianeta saranno soggette a mareggiate (estreme) più intense
• Problema di sicurezza delle strutture esistenti e di progettazione di quelle

nuove
• Nel Mediterraneo le mareggiate “medie” ed “estreme” sono previste in

riduzione

• Necessaria una rivalutazione dei rischi / operatività




