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•Processes affecting waves

•Waves and storminess
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Cartoon showing the 

waves at different 
stages of their 
development. Parts 
a) and b) show the 
beginning and the 

end of wave 
generation during a 
storm; c) e d) the 
beginning and end of 
wave dispersion as 

they travel across the 
ocean, e) dissipation 
due to  wave 
breaking  at the coast



Wind speed (upper panel ) 

and significant wave height

(lower panel) during the 

period 3-12 October 1992. 

Data source:Topex-

Poseidon (NASA-CNES) 

and Jet Propulsion

Laboratory. 



Synoptic patterns 

associated with extreme 

significant wave height in 

different regions of the 

Mediterranean Sea: a) 

Tyrrenian b) Adriatic c) 

Balearic d) Ionian e) 

Levantine basin (from 

Lionello et al. 2006)

Cyclones and ocean waves



A deterministic approach to wind wave 
evolution on oceanic scale is clearly unpractical
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From the Fourier component of the surface elevation

The wave spectrum is defined as

So that

and

Significant wave height is a measure of the observed 
height and of the wave energy



Winslow Homer (1836-1910): 
“The Woodlock”, 

Boston Fine Arts Museums

Wave models are grouped in 0+3 generations:

- generation 0: “Tables” for SWH and fp

- generation 1: growth of the spectrum up to a saturation 
level

Spectrum: distribution of energy  as function of 
frequency and direction

- generation 2: Parametric spectral shape which describes 
overshoot  and growth of frequencies that do not receive 
energy directly from the wind

- generation 3: parameterization of physical processes 
responsible for the evolution of the spectrum

WAM (Wave Model), WAMDI Group, 
JPO, 1987



- generation 0:
“Tables” for SWH and fp





- generation 1:
growth of the spectrum up to a saturation level 





- generazione 2:
Parametric spectral shape which describes overshoot  
and growth of frequencies that do not receive energy 
directly from the wind

JONSWAP
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Local Variation of the spectrum F

Divergence of the energy flux

Source function Sin: Wind input

Snl:nonlinear interactions

Sds:dissipation

Sbf:bottom friction

- Generation 3: parameterization of physical processes 
responsible for the evolution of the spectrum





Which tools are available for evaluating SWH climate trends

Wave buoys

Satellite observations

Unfortunately time series are too sparse (and actually rather short)

Good coverage, but time series are too short



Reconstruction based on numerical simulations

Annual Maxima based on ERA 40
(1958-2001) wind fields

Quality of results is critically depending on wind fields

Adapted from Lionello et al 2007
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correlazione ERA 40-T213 = .88
correlazione ERA 40-RON = .84
correlazione RON-T213     = .86

correlazion ERA 40 – SAT = .72

Model validation

Buoys

Satellite
Adapted from Lionello and Sanna 2005



.Panel a) Comparison between monthly average SWH for WAM-ERA40 (black), 

WW3-ERA40 (pink) modelling configuration and satellite data (red). 
Panel b): same as panel a), except it shows the dimensionless index. 
Panel c) Same as panel a), except it shows the model results with HIPOCAS 
forcing. 
Panel d) Same as panel c), except it shows the model results with HIPOCAS 

forcing (green and blue line for WAM and WW3 models, respectively). 
Values in meters (y-axis), calendar months on the x axis. 

a) b) c) d)

From Galati et al, 2008



0.710.910.290.960.311.34WW3-HIPOC

0.610.880.230.650.311.34WW3-ERA40

0.680.900.290.960.311.34WAM-HIPOC

0.610.870.210.640.311.34WAM-ERA40

CorrelationCorrelation
Standard
Deviation

Model
Average

Standard
Deviation

Satellite
Average

Model-Wind

DIMENSIONLESS
INDEXAVERAGE SWH

Average SWH and dimensionless index for each configuration and for satellite 
data, their standard deviation and correlation (SWH values in meters).

Adapted from Galati et al, 2008



Scatter plot for the modeling configurations

WW3-HIPOCASWW3-ERA40

WAM-HIPOCASWAM-ERA40
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obs obs From Galati et al, 2008



Present trends



Tendenze dell’attività ciclonica
nella seconda metà del 20o secolo

WINTER
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Mean SWH: present trends

From Lionello and Sanna 2005



Annual cycle (calendar months on the x-axis) of the correlation between monthly average 
SWH field and teleconnection pattern indexes. Only NAO, EA, EP/NP, EA/WR, SCA are 

shown. Other patterns have smaller and less relevant correlation values. Thick  bars denote 
value significant at the 95% confidence level. The two panels refer to the western (top) and 
eastern (bottom) part of the Mediterranean.

From Lionello and Galati 2007



January: correlation of EA-WR index with SLP and SWH, (a) and (b) panel, respectively. In the 
color filled areas the correlation is significant at the 95% confidence level. Panels (c) and (d) 
composites of SWH (meters) during months with the 9 most high and low values of the EA-WR 
index, respectively.

From Lionello and Galati 2007



January: correlation of EA index with SLP and SWH, (a) and (b) panel, respectively. In the color 
filled areas the correlation is significant at the 95% confidence level. Panels (c) and (d) 
composites of SWH (meters) during months with the 9 most high and low values of the EA index, 
respectively.

From Lionello and Galati 2007



Climate change



Global climate simulations

Regional climate simulations

Dedicated models

Wave fields

Hadley Centre HadAMH

ICTP RegCM

WAM

Wave fields



RegCM experiment design

• Global Model: Hadley Centre 
HadAMH
– Dx = 1.25 lat x 1.875 lon

– SST from HadCM3 run

– Coupled sulfur model

• Regional model: ICTP RegCM
– Dx = 50 km

– SST, GHG and sulfate from 
HadAMH

– aerosol effects

• Simulation periods

– 1961-1990 : Reference run

– 2071-2100 : Scenario run

• Scenarios: A2, B2

Giorgi, F., X. Bi and J.S. Pal , 2004 a and b



Results are  based on 30-year long simulations of the wind-wave field 
in the Mediterranean Sea carried out with the WAM model. 

Wave fields have been computed for 2071-2100 period of the A2, B2 
emission scenarios and for 1961-1990 period of the present climate 
(REF). 

The wave model has been forced by the wind field computed by the
RegCM regional climate model at a 50km resolution



REF simulation: Comparison between satellite data and model results. Annual 
cycles are plotted separately for each decade of the simulation. Vertical bars 
show the standard deviation. Values in meters.

From Lionello et al 2008



Annual average SWH field (metres),

1st EOF 2nd EOF

EOFs are 
normalized with
their maximum
absolute value

From Lionello et al 2008



average SWH of REF, A2 and B2 
scenario simulations

mean annual

cycle; vertical

bars show the 

monthly standard 

deviation (in 

meters)

single monthly values (in metres). Mann-Whitney test: ranks)

From Lionello et al 2008



Annual cycle of monthly average values of first (upper panel) and second
(lower panel) principal components for REF, A2 and B2 a simulations. Vertical 
bars show the standard deviation. Values in metres.

1st PC

2nd PC



SEASONAL MEAN SWH FIELDS



SWH (REF) SWH: A2-REF

U* : A2-REFSLP: A2-REF

WINTER
From Lionello et al 2008



SWH (REF) SWH: A2-REF

U* : A2-REFSLP: A2-REF

SPRING



Figure 7: same as fig.6 except that it refers to summer. Note the thick lie denoting the 0
level in the top-right and bottom-right panels.

SWH (REF) SWH: A2-REF

U* : A2-REFSLP: A2-REF

SUMMER



Figure 8: same as fig.6 except that it refers to autumn.

SWH (REF) SWH: A2-REF

U* : A2-REFSLP: A2-REF

autumn



SWH (REF) SWH: A2-REF

U* : A2-REFSLP: A2-REF

SWH: B2-REF
From Lionello et al 2008



During winter, in the second half of the 20th century, an overall decrease of 
cyclone activity has been observed in winter over the  Mediterranean Sea.
Generally this has produced  lower mean SWH in winter and  lower extremes

Regional interactions are complex and they cannot be explained by a single 
large scale TLC, so that several mid-latitude patterns are linked to the SWH field 
in the Mediterranean, especially for the cold season and the western part.

The decreasing mean SWH  trend is projected to continue in future climate, 

More simulations of future wave climate are needed to get an ensemble of 
simulations and to increase confidence on projections and assign a  range of 
confidence to the results. High resolution simulations are needed to get a better 
dynamical basis for the estimate of the extremes.

synthesis
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