
Nat. Hazards Earth Syst. Sci., 8, 1217–1228, 2008
www.nat-hazards-earth-syst-sci.net/8/1217/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.

Natural Hazards
and Earth

System Sciences

A review of wave climate and prediction along the Spanish
Mediterranean coast

A. Sánchez-Arcilla1, D. Gonźalez-Marco1, and R. Bolaños2

1Laboratori d’Enginyeria Marı́tima (LIM/UPC), Universitat Polit̀ecnica de Catalunya, Barcelona, Spain
2Proudman Oceanographic Laboratory (POL), Natural Environment Research Council, Liverpool, UK

Received: 7 May 2008 – Revised: 1 August 2008 – Accepted: 2 August 2008 – Published: 13 November 2008

Abstract. This paper reviews the characterization of wave
storms along the Spanish/Catalan Mediterranean coast. It
considers the “physical” and “statistical” description of wave
parameters and how they are affected by the prevailing
meteo patterns and the sharp gradients in orography and
bathymetry. The available field data and numerically sim-
ulated wave fields are discussed from this perspective. The
resulting limits in accuracy and predictability are illustrated
with specific examples. This allows deriving some conclu-
sions for both short-term operational predictions and a long-
term climatic assessment.

1 Introduction

Wave climate is of paramount importance for coastal and off-
shore activities. It also plays a key role in determining coastal
and naval hazards and in the associated management deci-
sions. This is particularly true for coastal stretches such as
the Spanish Mediterranean where the number of uses and re-
sources supported by a limited territory require an accurate
prediction of meteo-oceanographic conditions and climatic
variability.

The NW Mediterranean climate is, however, difficult to
forecast for time-horizons above 3 days. This is due to sharp
gradients in space and time (see e.g. Bolaños et al., 2006)
associated to mountain chains like the Pirinees or the Alps
and to the abrupt coastal orography. The wind channelling
due to river valleys and the abundance of submarine canyons
plus a continental shelf with variable widths further illustrate
this issue.
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Within the last decades the NW Mediterranean has experi-
enced severe storm events characterised by (comparatively to
other periods) large waves and winds. This has encouraged
the interest of scientists, managers and stakeholders alike on
such episodic events (Puig et al., 2001; Grémere et al., 2003;
Skliris et al., 2004; Ǵomez et al., 2005) and their effects on
physical, ecological and economic variables.

The short duration wind-storms, with veering winds and
short fetches plus the shadow effect of islands and coastal
capes pose a serious scientific and practical challenge which
leads to “errors” in met-oceanographic conditions well in
excess of those found for open sea domains (Cavaleri and
Bertotti, 2003, 2004).

These “errors” limit the predictability to a few days and
complicate the assessment of climatic trends and variability,
which because of the relative short time-series of instrumen-
tal observations available, require hind-casted fields with an
accuracy level not easy to achieve with present technology.

In summary, the characterization of wave storms in the
NW Mediterranean, which follow the torrential pattern of
meteo conditions (Ǵomez et al., 2005), is still achieved with
significant levels of uncertainty. This affects operational pre-
dictions but also the long-term and extreme probabilistic dis-
tributions of wave variables. This paper will consider the
“physical” and “statistical” characterization of wave condi-
tions along the Northern Spanish Mediterranean coast. The
emphasis will be on the meteo-oceanographic work done at
the first author’s institution together with the Catalan Me-
teorological Service. The main features of the considered
coastal stretch (the Catalan coast) will be presented in Sect. 2.
The driving meteo patterns will be treated in Sect. 3.

Available field observations, from the local and central
Government networks will be summarized in Sect. 4. The
characterization, in physical and statistical terms, of episodic
storm events will be the core of Sect. 5. Section 6 will briefly
consider the implications for wave forecasting.
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Fig. 1. The Catalan coast in the NW Mediterranean (black circle)
and the maximum fetch for the prevailing wave storm direction.

Fig. 2. Catalan coast and location of all buoys belonging to both
networks, the XIOM (Catalan Regional Government) and Puertos
del Estado (Spanish Government).

The implications of such storms and their associated uncer-
tainties will be discussed in Sect. 7. The focus will be on
coastal implications and how the hydro-morphodynamic in-
teractions condition wave predictions. The paper will end
(Sect. 8) with some conclusions for both short-term opera-
tional predictions and long-term climatic assessment.

2 Study area

The Catalan coast (see Figs. 1 and 2) is located in the NW
Mediterranean, south of the Pirinees. The Catalan Sea,
bounded by this coast and the Balearic islands (Fig. 2) lies
below the Alps and the southern coast of France. The lo-
cal topography exerts a significant control over wind climate
which is characterised by low to medium average winds.

Fig. 3. Directional wave distributions along the Catalan coast. The
radial axis indicates frequencies of occurrence. The upper left rose
corresponds to the southern-most position. We go then towards the
north in an anti-clock wise rotation, with the upper right figure cor-
responding to the northern-most position.

However some events (synoptic ones) are responsible for
strong winds and gales in the Catalan and Balearic Seas.

The directional distribution of waves along the coast
(Fig. 3) show a predominance of NW and N wave condi-
tions at the southern and northern sections of the coast. The
central part of the coast is dominated by E and S wave con-
ditions. The largest waves come from the E or E-NE, where
the largest fetches and stronger winds coincide.

The resulting wave fields show the gradients in wind fields
due to topographic constraints and the short duration events
associated to the meteorology of the area (see next sec-
tion). These wave fields are further modified by the irregular
bathymetry of the zone where submarine canyons, islands
and capes produce “unexpected” variations in wave record-
ings a few kilometers apart (González-Marco et al., 2004).

These meteo-oceanographic factors act on a highly
squeezed coast, bounded by a coastal mountain range and in-
tersecting rivers (the city of Barcelona in between two such
rivers is a good example), which requires a prediction of
wave conditions along the coast at a level well above what
is offered by the present state-of-art.
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Fig. 4. Catalan coast showing orography in grey scale and bathy-
metric contours. The arrows indicate submarine canyons (and thus,
regions of sharp bathymetry gradients).

3 Meteo-oceanographic patterns

The meteorological patterns over the NW Mediterranean ex-
hibit sharp gradients associated to the topographic control
on synoptic fluxes (Wallen, 1970; Martin-Vide and Olcina,
2001). This area, covering from−5◦ E to 16◦ E longitude
and from 35◦ N to 44◦ N latitude (Fig. 1) is located between
Spain, Southern France, Italy and Gibraltar/Northern Africa.

The orographic control plus an important cyclogenesis
tendency result in a torrential climate both for wind and wave
conditions (Ǵomez et al., 2005).

The predominant winds come from the North and North-
west, primarily during December and January. Southerly
and Easterly winds are also important particularly during the
months of February, March, April and November (Del Amo,
2000).

At the Catalan coast (Fig. 4b), as it was mentioned be-
fore, the local topography exerts a significant control over the
wind climate which is characterised by low average winds.
However some events, especially synoptic ones, are respon-
sible for strong winds and gales in the Catalan Sea. In gen-
eral, four predominant wind directions can be found in this
area: NE, E, SW and NW. The maximum velocities have
been recorded from Eastern winds in agreement with storm
conditions associated with cyclonic activity over the NW
Mediterranean (Del Amo, 2000). A particular region within
this coast is the Ebre Delta (Fig. 4b), where NW winds fun-
nelled through the Ebre river valley are the most typical.
These offshore winds result in a fetch and duration limited
wave climate where eastern waves have a maximum fetch
below approximately 700 km. As a result of this, only rela-
tively small waves should be expected.

The predominant wind and wave directions vary along
the coast, showing clearly the topographic control. When
comparing (Fig. 5) the directional distributions of wind and

Fig. 5. Rose diagrams showing:(a) 10 m wind speed and direc-
tions at the Ebre Delta meteo-station (1997–2002).(b) Mean sig-
nificant wave heights and directions off the Ebre Delta position
(1995–2002). Both refer to incoming directions (after Bolaños et
al., 2007).

waves off the Ebre Delta coast (the southern most station
in Fig. 2) it is apparent that the largest number of observa-
tions occur from the North–Northwest, although large wind
speeds can also be found for East and South events. There-
fore, the typical local wave climate shows a predominance
of NW conditions, with significant East and South storms.
These storms show a large variability in wind fields and tend
to develop a large amount of bimodal spectra due to the co-
existence of sea and swell waves (Bolaños et al., 2007).

It should also be mentioned that sea/swell definitions de-
part from open sea conditions. Swell waves (i.e. waves
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Fig. 6. Synoptic representation of a NW Mediterranean wave storm during its main evolution stages (after Bolaños et al., 2007).

outside the generation area) start at periods of about 7 s and
seldom ago above 12 s. Garcı́a et al. (1993) found that swell,
with criteria ofε<0.3 andHs/L<0.01 (narrow spectrum and
not very steep waves,) would be unlikely to occur along the
Ebre Delta coast where most of the observed storm spectra
were broad banded (ε4≈0.7−0.8), in which HS stands for
significant wave heightL is the wave length associated to the
spectral peak and the spectral widthε4 is defined by

ε4 =

[
1 −

(
m2

2

/
m0M4

)]1/2
(1)

Mn =

∫
∞

0
f nE∂f (2)

Typical wave storms can be illustrated by the sequence of
meteorological patterns shown in Fig. 6 (after Bolaños et al.,
2007). This sequence corresponds to the November 2001
storm, one of the most devastating ones along the Catalan
coast, with significant damages to coastal/harbour infrastruc-
tures and neighbouring beaches. On 10 November 2001, a
low pressure system appeared over the NW Mediterranean
while a high pressure centre was located in the NE Atlantic.
On 11 November pressure gradients increased producing the
first storm peak. Subsequently, the system relaxed until the
15th when another low pressure system was generated over
the NW Mediterranean. This produced the second storm
peak recorded by the buoys.

The storm evolution could also be studied from the co-
existing time-series of wind and wave data. This exercise
has been done for the wave buoy off the Ebre Delta coast and
for a number of meteorological stations deployed at or near
the Delta (in-land stations). The rest of wave buoys record-
ing along the Catalan coast have also been considered. The

most severe storm featured strong winds of up to 18 m/s mea-
sured at the Ebre Delta. Significant wave heights reached 6 m
at this location and about 4.5 m were recorded by the other
buoys. Along the coast the buoys recorded two peaks of sig-
nificant wave height (Hs) with a gap of 4 days in between.
Mean periods (TZ=

√
m0/m2) up to 9 s were registered and

the wave direction had a main Eastern component. A classi-
fication of the recorded spectra has already been performed
considering the number of spectral peaks, predominance of
sea or swell and the existence of a sea peak with one or more
swell peaks (Bolãnos et al., 2005).

4 Available data

The Catalan Coast is one of the most heavily instrumented
coastal areas along the Spanish Mediterranean which al-
lows obtaining good estimations of the wave climate char-
acteristics. Along the 700 km of Catalan Coast, there are
9 buoys deployed at different depths (ranging from 35 to
1200 m depth), belonging to two different networks, the
XIOM network (belonging to the Catalan regional Govern-
ment) (Bolãnos et al., 2008) and the Puertos del Estado net-
work (belonging to the Spanish Government). Most of the
analysis will be carried out with data from the first net-
work although a number of inter-comparisons will be also
included.

The XIOM network (Xarxa d’Instrumentacío
Oceanogr̀afica I Meteorol̀ogica) for oceanographic and
coastal meteorological measurements is owned by the
Catalan autonomous government. In terms of oceanographic
instruments, the XIOM network is composed by 4 wave
buoys deployed along the Catalan Coast (see Fig. 2) at
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Table 1. Summary of the main deployment characteristics from the two wave buoy networks along the Catalan (Spanish Mediterranean)
Coast.

Buoy Type Start date Depth (m) Available Data 

Cap Tortosa Directional 1990 60 Wave Statistics and Directional 

Spectra 

Llobregat Scalar / Directional 1984 45 Wave statistics and Directional 

Spectra 

Tordera Scalar / Directional 1984 75 Wave statistics and Directional 

Spectra 

 

X 

I 

O 

M 

Roses Scalar 1992 45 Wave statistics and Spectra 

Tarragona I Scalar 1992 35 Wave statistics and Spectra 

Tarragona II Directional 2006 672 Wave statistics and Directional 

Spectra 

Coast_Barcelona Directional 2004 68 Wave statistics and Directional 

Spectra 

Palamos Scalar 1988 90 Wave statistics and Spectra 

P  E 

U  S 

E  T 

R  A 

T  D 

O  O 

S  A 
Begur Directional 2001 1200 Wave statistics and Directional 

Spectra 

 

depths ranging from 45 to 75 m depth. This network, which
is used for operational wave and meteorological purposes,
starts in 1984 when two scalar buoys were deployed in front
of the most vulnerable regions close to Barcelona (Llobregat
delta) and Blanes (Tordera delta). In 1990, the constant
retreat of the coastline at the Ebre Delta (the main deltaic
formation in the Mediterranean Spanish Coast) motivates the
deployment of a directional buoy in this region (in front of
the Tortosa Cape). Finally, in 1992 a scalar wave buoy was
deployed in the Roses bay. In 2004 the Llobregat buoy was
replaced by a directional one, as well as the Tordera buoy in
2007. Figure 2 shows the actual position of these buoys, and
Table 1 describes their main characteristics and available
data. A more detailed description of the XIOM network can
be found in Bolãnos et al. (2008).

The Puertos del Estado network, also for oceanographic
and coastal meteorological measurements, is owned by the
Spanish Ministry of Public Works of the Spanish Govern-
ment. At the Catalan coast (see Fig. 2) it has two deep water
buoys: Tarragona II (672 m depth starting in August 2006)
and Begur (1200 m depth, starting in March 2001) recording
conventional ocean and atmospheric variables (wave spectra,
wind velocity, direction, atmospheric pressure, current speed

and direction). There are also, in this network, three coastal
wave buoys: Tarragona I (35 m depth, starting in 1992),
CoastBarcelona (68 m depth, starting in March 2004) and
Palamos (90 m depth starting in 1988). Table 1 summarises
their main characteristics and data available.

5 Wave conditions

5.1 Mean wave climate

The Catalan coast, located in the NW Mediterranean has thus
some special features that determine the wave climate:

– Short fetches. The presence of the Balearic Islands, Sar-
dinia, Corsica and even Sicily reduces fetch. The maxi-
mum fetch is about 600 km from the East

– Shadow effect for waves from the South and East due to
the Balearic islands

– Complex bathymetry with deep canyons close to the
coast

– High wind field variability in time and space

www.nat-hazards-earth-syst-sci.net/8/1217/2008/ Nat. Hazards Earth Syst. Sci., 8, 1217–1228, 2008
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Table 2. Results of the extreme analysis, in terms of return periods,
of the XIOM wave buoy data (after Bolaños et al., 2008).

Return Period (years)
XIOM Buoys 5 10 25 50 100 500

Cap Tortosa –Hs (m) 4.6 5.1 5.7 6.1 6.6 7.6
Llobregat –Hs (m) 4.0 4.3 4.8 5.1 5.4 6.1
Tordera –Hs (m) 4.5 5.0 5.5 5.9 6.3 7.2
Roses –Hs (m) 5.3 6.0 6.9 7.5 8.1 9.5

– Wave calms during the summer and energetic storms
from October to May.

These conditions induce a complex wave climate, which can
be described as “Torrential”. By this concept we mean a pre-
dominance of “impulsive” and discontinuous wave storms
comparatively much more energetic than adjacent calm pe-
riods which occur most of the time (in this sense it would
be the equivalent of torrential rains in meteorology or torren-
tial creeks in geography). Wave storms along this coast are
limited due to short fetches of less than 600 km and storm
durations of an average less than 24 h, plus complex topo-
bathymetric features. This results in mixed sea states formed
by wave trains with more than one mean direction and more
than one peak frequency with a yearly average between 0.6
(Roses) and 0.8 (Cap Tortosa) meters for the coastal loca-
tions and above 1 m for deeper water (more exposed) buoys
(e.g. Begur or Tarragona II locations, see Fig. 2). The av-
erage number of storms per year also varies from about 5
for the coastal buoys to more than 10 for the exposed buoys
(including the Cap Tortosa buoy, which is highly influenced
by land winds). The relatively small number of storms reg-
istered hinders the assessment of extreme events which fea-
ture, nevertheless, storm peaks withHs between 5 and 7 m
(Gómez Aguar et al., 2005). These energetic events are con-
centrated in two periods, namely during October–December
and March–April. The recommended threshold value for the
significant wave height (to define the storm events consid-
ered in the statistics) goes from 1.5 m to 2.0 m (e.g. Puertos
del Estado, 1994).

As it has been mentioned, Fig. 3 shows a rose diagram of
the Tortosa, Llobregat, Tordera and Begur Buoys. It is evi-
dent the relevance of the NW component at Tortosa, which
turns into a N component at Begur, while in Llobregat and
Tordera waves are limited to the E and S sectors. These sec-
tors, here and throughout the paper, refer always to the direc-
tion from which the waves are coming, as it is usually done
in wave studies.

5.2 Extreme wave climate

For an extreme analysis it is necessary to make some assump-
tions regarding storm events such as whether storms come

from a single population (homogeneity), no climate change
trends are present and the events are independent. For the
definition of an independent storm event it is necessary a cri-
terium of minimum significant wave height, interval without
data, period with data below the minimum significant wave
height and minimum duration. To derive an extreme sam-
ple the peaks over a threshold (POT), separated by four days
or more (to achieve a certain degree of statistical indepen-
dence), have been selected. The criteria to define a storm
sample have, thus, been i) the distance between storm (con-
secutive) down-crossing and up-crossing being larger than
four days, ii) the eventual periods below the threshold level
being smaller than six hours. For the strongest events their
association to a single low-pressure centre was also consid-
ered. The resulting sample showed a differential behaviour
in terms of wave height and wave period and storm duration
when considering the main three sectors of wave incidence
(East, South and North-West). This suggest a directional-
based analysis to improve the homogeneity of the resulting
sub-samples. This exercise could not be completed with the
available time series due to the small number of storms left
in each directional sector.

The resulting “scalar” (i.e. for all directions) sample fre-
quencies have been fitted to Gumbel, Frechet and Weibull
distributions using a variety of techniques to estimate the
corresponding parameters (method of moments, maximum
likelihood and least squares). For the least squares method
a number of plotting position formulae have been tested
(Gómez Aguar et al., 2005). The confidence interval was
determined using bootstrap simulations and standard recom-
mendations for wave analyses (e.g. PIANC). The resulting
best fit extreme distribution forHs is the Weibull PDF. It is
usually written within the maritime engineering community
as:

F(Hs) = 1 − exp

[
−

Hs− A

B

]C

whereA is the location or position parameter,B is the scale
parameter andC the shape parameter.

This distribution corresponds to a small number of rela-
tively energetic events (corresponding to a semi-enclosed sea
domain such as the NW Mediterranean). The threshold se-
lected for defining a storm was 2 m. It results in a poor char-
acterization of the upper tail with e.g. anHs of 10 m (95%
confidence limit) for a return period of 300 years in Cap Tor-
tosa (see Fig. 7 red lines). The maximumHsever recorded at
this location, during an interval of 18 years, was 5.95 m. Ta-
ble 2 (after Bolãnos et al., 2008) shows the resulting extreme
analysis for the XIOM buoys in terms of the return period.
The data show that the northern and southern (Tortosa and
Rosas) locations are the ones presenting higher waves while
the central part shows lower wave heights.

The extreme analysis forHs can be also obtained apply-
ing the Bayesian Generalized Pareto Estimation (BGPE) ap-
proach. The BGPE method shows a narrower confidence
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interval. This method assumes that the peaks over a threshold
fit a Generalized Pareto Distribution (GPD), which includes
the Weibull, Frechet and Gumbel distributions as particular
cases. The BGPE (Egozcue and Tolosana-Delgado, 2002)
includes also prior information regarding the studied phe-
nomenon. It may be based on physical knowledge, expert
and professional experience, data from similar situations, etc.
Typical examples of prior information used are:

– An improbable event size to be considered and its max-
imum frequency

– A characteristic event size and its maximum frequency

– A certainly attainable event size

This information is independent of the used data set and rep-
resents the “knowledge” before data acquisition. It is useful
to reduce the uncertainty of the estimation delimiting the ad-
missible domain of the Bayesian parameters.

Using as an example the Cap Tortosa buoy position, for
establishing bounds in the proposed Bayesian approach, the
prior information used is:

– An improbable storm peak “event size” and its maxi-
mum frequency were taken as 12 m and 10−5, respec-
tively, derived as anHsclose to the double of the maxi-
mum peak ever recorded and requiring wind speeds ex-
tremely unlikely.

– A characteristic event size ofHs=2.7 m and its maxi-
mum frequency off =0.4 derived from the available sta-
tistical analyses of wind and wave fields.

– A certainly attainable storm peak ofHs=6.5 m slightly
above those actually recorded or numerically generated.

This information represents the prior available knowledge
and may be derived from a complementary data set from the
same wave buoy or from another one deployed at a point
with “similar” wave climate. Although in part subjective, this
prior information substantially reduces the uncertainty of the
estimation, delimiting the admissible domain of Bayesian pa-
rameters. The obtained reduction in uncertainty is also con-
sistent with available knowledge and observations on the lo-
cal wave climate and its impact on coastal infrastructures. A
comparison between both, the Classic and the Bayesian ap-
proaches can be seen in Fig. 7 (after Bolaños et al., 2008).
This figure illustrates that the Bayesian approach reduces the
values ofHs and the interval bounds, especially the upper
one.

6 Wave forecasting

Operational wave forecasting in the NW Mediterranean re-
quires a wind prediction system. The Meteorological Service

Fig. 7. Comparison of extreme distributions obtained with both ap-
proaches, the classic (red lines) and the BGPE (blue lines). Dashed
lines represent the 90% confidence interval limits.

of Catalonia has implemented the MASS (Mesoescale At-
mospheric Simulation System) (Codina et al., 1997; MESO,
1994) model to produce weather forecasts in the Catalan re-
gion. The model is based on a set of partial differential
equations expressing the conservation of momentum, energy
and mass. The model incorporates a high resolution Black-
adar type planetary boundary layer parameterisation and de-
tailed surface energy and moisture budget that include the
parameterisation of surface hydrology and evaporation. The
MASS model is a 3-dimensional hydrostatic primitive equa-
tions mesoscale model which is run with a horizontal grid
resolution of 55 km covering the Mediterranean. A nesting
strategy is applied for the Iberian peninsula with a resolution
of 15 km. This code is used as a general operational mete-
orological tool and as a tool to predict wind fields that are
later used as an input for wave and current models (Sánchez-
Arcilla et al., 2002; Bolãnos et al., 2008).

Wind-wave models are very sensitive to wind field varia-
tions which results in one of the main sources of error in wave
forecasts. This is particularly true for the NW Mediterranean,
which presents short fetches and duration limited events,
leading to larger wave model errors compared with the open
ocean case (Cavaleri and Bertotti, 2003, 2004). This is due to
the large gradients and variability present in the wind/wave
fields which lead to situations of veering winds. It is common
in this area to have eastern or southern winds with co-existing
north-west winds which “appear” in the records at periods
when the first component slackens. The E/S winds blow from
the sea and have comparatively much longer fetches than the
NW winds which blow from land (the coast has an approx-
imate NE–SW orientation) and have thus a very short fetch.
This results in more robust predictions for eastern and south-
ern waves while the accuracy rapidly degrades for NW waves
close to the coast (where the buoys are deployed). For this

www.nat-hazards-earth-syst-sci.net/8/1217/2008/ Nat. Hazards Earth Syst. Sci., 8, 1217–1228, 2008
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Table 3. Errors in Hs predictions from the Catalan operational
WAM (2000–2006) and for different forecast horizons. Units are
in cm and the horizons in hours. Postitive values indicate model
overestimation. Observe that the small bias value results from a
compensation of positive and negative errors.

Hs Blanes Rosas

Horizon +12 +24 +36 +12 +24 +36
Bias –0.52 2.6 4 –1.38 0.08 –0.39
RMSE 51 66 73 39 39.6 51.6
Scattering 0.68 0.87 0.97 0.6 0.62 0.8

Tortosa Llobregat

Bias –7.5 –5.36 –3.9 2.1 3.9 5.9
RMSE 37 56 57 36 35.5 54
Scattering 0.46 0.69 0.71 0.48 0.47 0.72

reason, Bolãnos et al. (2007) performed an evaluation of the
modelled wind fields by a comparison to wind measurements
(meteorological stations and satellite data) and their perfor-
mance when simulating extreme wave events. For most of
the coastal validation points the model predicted higher wind
speeds than measured. Regarding wind direction, the model
does not present large discrepances, although considerable
differences with recorded data are found during some spe-
cific dates. There is a positive bias in the model, probably
due to the local orography not resolved by the atmospheric
code. The large scatter in the data shows that errors are not
simply systematic and might vary under different environ-
mental conditions. The negative bias of winds from MASS
compared with QuikSCAT and the positive bias when com-
paring them with coastal stations have been linked to the ef-
fect of local (hundred of meters) orography on coastal sta-
tions which are missed by wind models. These errors, likely
due to poor estimates of surface roughness over land (poorly
resolved orography) and sea, get worse within the land sea
border.

The wave forecast system at the Catalan coast is based on
the WAM-P model (Monbailu et al., 2000). It runs twice
daily with a forecasting horizon of 36 h and a wind field in-
put every 6 h. The geographical grid covers latitudes 34◦ N
to 45◦ N and longitudes 5◦ W to 18◦ E and a resolution of
1/6◦ (18 km approximately). The model is set to 24 direc-
tions and 25 frequencies. WAM-P is a widely known spec-
tral wave model that solves the transport equation (WAMDI
group, 1988; Komen et al., 1994) without any limitation on
the wave energy spectral form. The main processes consid-
ered in this type of models are wind input, dissipation and
non-linear wave interactions.

Bolaños et al. (2007) used WAM-P at the north-western
Mediterranean to support the evaluation of two wind mod-
els when predicting severe wave storms. The analysed wave

Table 4. Errors in Tz predictions from the Catalan operational
WAM (2000–2006) and for different forecast horizons. Units are in
seconds and the horizons in hours. Postitive values indicate model
overestimation.

Tz Blanes Rosas

Horizon +12 +24 +36 +12 +24 +36
Bias 0.69 0.82 0.85 0.78 0.85 0.82
RMSE 1.2 1.33 1.33 1.31 1.37 1.33
Scattering 0.3 0.32 0.32 0.35 0.36 0.35

Tortosa Llobregat

Bias 0.97 1.12 1.13 0.61 0.74 0.78
RMSE 1.32 1.46 1.47 1.11 1.18 1.20
Scaterring 0.35 0.39 0.39 0.26 0.28 0.28

events show that the NW Mediterranean, in spite of its lim-
ited fetch, is able to generate harmful storms. The prediction
of such storms near the coast is a tough challenge for op-
erational oceanography. The wind interaction with local to-
pography, the sharply varying fields, the resulting sea-swell
interaction and the influence of the land-sea border explain
this situation.

Operational validations of these models are being contin-
uously carried out using the XIOM wave-buoy network. In
Bolaños et al. (2008) and Bolaños et al. (2003) some gen-
eral statistics of the system are presented. Table 3 shows
the “lumped” statistics of significant wave height for the
four wave buoy locations and three forecast horizons of
the wave forecasting system. It is interesting to note the
different behaviour for the various forecast horizons. The
Blanes location is the only one showing the “expected” be-
haviour (i.e. decreasing quality with increasing forecast hori-
zon) which agrees with its more “simple” geographical do-
main. This domain is not affected by mistral (NW) winds as
is the case for the southern-most buoy (Tortosa). Moreover
the spatial resolution of the model appears suitable for central
locations such as Blanes, which is not the case for the north-
ern catalan coast (Roses Bay) where the topographic irregu-
larities require much higher resolutions. The overall statistics
do not show a clear patter of overestimation or underestima-
tion, since errors vary from location to location showing the
importance of local effects.

Table 4 shows the corresponing statistics of mean period
for the four wave buoy locations and three forecasting hori-
zons. In contrast toHs the mean period shows the expected
reduction of prediction quality with forecasting horizon, in-
creasing bias, RMSE and scatter. The Llobregat (central
coast) location shows the best prediction for mean wave pe-
riod. In all cases the dominant pattern is a model overestima-
tion more evident in the Tortosa (southern coast) buoy. This
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Fig. 8. Comparison of the probability distribution functions for the
significant wave height off the Ebre Delta coast using measured
(buoy) data and numerically simulated (WAM) data.

could be related to the “errors” during mistral events which
produce high waves with low periods not so well predicted
by present models.

The general sources of error for operational wave mod-
elling along the Catalan coast have been discussed in Bolaños
et al. (2004). Errors for low frequency swell at the buoy ap-
peared to be mainly due to errors in the wind fields.

The spatial resolution is a very important source of error
that affects both wind and wave models. At the buoy lo-
cations there are some local features that have considerable
impact on wind patterns and, thus, also on waves. The wave
model in our operational system is used with 6 h wind input.
This configuration leads to a proper time definition of severe
(large duration) storms at the Catalan coast, but may lead to
information losses for NW storms which are characterized
by severe winds but with a mean duration of less than 24 h
with some cases of intense wind lasting only about 12 h.

The occurrence of bimodal wave features may also have
different implications (Bolãnos et al., 2005, 2006): the first
one is that, because of the spatial resolution, the local NW
wind that produced the second peak of spectra is not well
resolved. The second implication is related to momentum
transfer, where many authors have highlighted that under
mixed wave-train conditions the drag coefficient may in-
crease appreciably. Additionally, Donelan (1987) and Mit-
suyasu and Yoshida (1989) have shown a different wave
growth rate in conditions of pre-existing swell. These condi-
tions will produce errors on the predicted spectral shapes.

7 Discussion

The wave climate described above, has been obtained using
measured data. However, when observational data are not
available, numerical simulations must be used. This implies
a larger degree of uncertainty, especially for a semi-enclosed
sea such as the Mediterranean. The differences between mea-

Table 5. Summary of the comparison between cumulative proba-
bility for the significant wave height distribution derived from buoy
data and from numerically simulated (WAM) data. Calm conditions
have been taken at three levels while the mild storm conditions are
typical of those events for the area.H∗ indicates the referenceHs
level to characterize the scenario and to calculate the corresponding
cumulative probabilities.

Climatic Hs WAM Buoy
Scenarion (m) P(Hs≤H∗) P(Hs≤H∗)

Dead Calm 0.30 0.07 0.19
Average Calm 0.50 0.34 0.35
Yearly Calm 0.85 0.63 0.58
Mild Storm 2.00 0.95 0.94
Max. Recorded 5.90 0.99 0.99

surements and simulations may lead to different distribution
functions and, thus, to variations in the corresponding param-
eters.

As it has been mentioned above, the WAM model
(WAMDI Group, 1988) was adapted for real time forecasting
along the Catalan coast. It was validated for the study area
showing a root-mean-square error of about 10–15% in the
yearly average significant wave height predictions (Bolaños
et al., 2004; Bolãnos and Śanchez-Arcilla, 2006), where the
yearly averageHs ranges between 0.75 and 1 m. This model
provides wave fields every 6 h in terms of significant wave
heightHs , peak periodTp, and peak directionθ . A compari-
son between the cumulative probability distribution function
for the Hs off the Ebre River Delta from the WAM model
for the period 2002–2005, and the neighboring Cap Tortosa
buoy measurements is shown in Fig. 8, including the corre-
sponding Weibull parameters.

Figure 8 shows a clear pattern between predicted and mea-
sured waves. For small values ofHs (calm periods) the WAM
model overestimates the significant wave height. However
for values above 0.5 m, the WAM model underestimatesHs .
This pattern is also illustrated in Table 5 in which a com-
parison of the cumulative probability for different meteo-
oceanographic conditions (calm, mild storm and maximum
recorded value) is summarized.

This behaviour in the offshore wave heights implies
large uncertainties for evaluating the corresponding PDF
nearshore. This is illustrated in Fig. 9, in which the cumu-
lative PDF ofHsat 2.5 m in front of the Ebre Delta is shown
for both the buoy waves and the WAM waves corresponding
to the conditions described in Table 5. The obtained Weibull
parameters are summarized in Table 6. It is also assumed that
waves are coming from the east and that the probability ofHs

offshore remains constant through the propagation “space”,
and Hs varies only due to the hydro-morphodynamic pro-
cesses acting during wave propagation.
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Fig. 9. Comparison of the significant wave height cumulative distri-
bution functions derived from buoy and numerically simulated data
at offshore and 2.5 m depth conditions.

The propagation from deep waters to the evaluation point has
been done using the LIMWAVE numerical model (González-
Marco et al., 2004). The LIMWAVE is a phase-averaged
code based on the conservation of the wave action equation
(for the wave height), the eikonal equation (for the phase in-
formation) and the irrotationality of the wave number vector
equation (for the wave angle) as described in Ebersole (1985)
and Liu (1990). This model incorporates a depth-limited
breaking dissipation according to Dally et al. (1985) for reg-
ular waves and according to Battjes and Janssen (1978) for
irregular waves. Bottom friction dissipation was calculated
using the expression of Tolman (1992) based on a quadratic
friction law, with a friction factor proposed by Madsen et
al. (1988), Nielsen (1992) or Madsen (1994).

This model therefore reproduces the more relevant pro-
cesses affecting the wave propagation such as shoaling, re-
fraction, diffraction, dissipation due to bottom friction and
depth induced breaking. The LIMWAVE model takes into
account the directional randomness via an a priori decompo-
sition, the uncoupled propagation and the subsequent linear
superposition starting from a Mitsuyasu directional spectrum
(Mitsuyasu et al., 1975).

Figure 9 and Table 6 show that the nearshoreHs val-
ues obtained by propagating the offshore WAM waves are
normally more narrowly distributed than “propagated” buoy
(measured) data. This is illustrated by the shape parameter
C, which is larger for WAM waves at the evaluation depth.
However, the position and scale parametersA andB are sim-
ilar. These results indicate that for a given probability level
the WAM-based simulations provide slightly larger values of
the wave height than those from buoy-based simulations.

These points should be carefully considered when select-
ing a modelling sequence for operational predictions or when
suggesting (recommending) a distribution function for wave
height under conditions like those of the Catalan coast.

Table 6. Summary of the 3 Weibull parameters and the correspond-
ing correlation coefficient for the wave height distribution functions
shown in Fig. 9.

Weibull Parameters

A B C r

Buoy offshore 0.00 0.94 1.36 1.00
WAM offshore 0.26 0.59 0.99 1.00
Buoy nearshore 0.00 0.47 3.99 0.93
WAM nearshore 0.00 0.46 4.88 0.97

8 Conclusions

The considerations of former points show the inherent uncer-
tainty in the “physical” (wave generation/propagation) and
statistical characterization of wave conditions along Mediter-
ranean coasts.

The torrential-like climate of the Catalan Spanish coast
limits the predictability of operational forecasts and pre-
cludes a “narrow” statistical estimation.

The performed research combining numerical simulations,
field observations and statistical analyses suggest a nesting
sequence (using WAM and an energetic wave propagation
model) which, as discussed in previous points, considers the
topo-bathymetric gradients for the aspect ratio of the vari-
ous grids. The existence of land-wind and double peaked
spectra further reduce the accuracy of wave forecasts. The
same applies to the short duration storm events typical of the
Mediterranean coast.

This limited predictability also affects the statistical char-
acterization of wave parameters. The available data series
(all shorter than 25 years) along the Spanish Mediterranean
coast require the supplement of hind-casted fields to obtain
robust statistical estimates, particularly for extreme events.
In this context the use of semi-quantitative a priori “informa-
tion” allows using a Bayesian approach which has proved to
be more realistic and reliable than conventional probabilistic
techniques.

All these considerations imply that due care should be
taken when presenting forecasted fields or when recommend-
ing statistical estimators. The level of uncertainty should al-
ways be considered for the subsequent decision process.
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MESO: MASS version 5.6 Reference Manual, MESO, Inc., 185
Jordan Rd., Troy, NY, 118 pp., 1994.

Mitsuyasu, H., Tasai, F., Suhara, T., Mizuno, S., Ohkusu, M.,
Honda, T., and Rikiishi, K.: Observations of the directional spec-
trum of ocean waves using a cloverleaf buoy, J. Phys. Oceanogr.,
5(4), 750–760, 1975.

Mitsuyasu, H. and Yoshida, Y.: Air-sea interactions under the ex-
istence of swell propagating against the wind, Bull. Res. Inst.
Appl. Mech., Kyushu Univ., 63, 47–71, 1989.
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