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Abstract. This paper reviews the characterization of wave Within the last decades the NW Mediterranean has experi-
storms along the Spanish/Catalan Mediterranean coast. knced severe storm events characterised by (comparatively to
considers the “physical” and “statistical” description of wave other periods) large waves and winds. This has encouraged
parameters and how they are affected by the prevailinghe interest of scientists, managers and stakeholders alike on
meteo patterns and the sharp gradients in orography anduch episodic events (Puig et al., 2001é@ere et al., 2003;
bathymetry. The available field data and numerically sim-Skliris et al., 2004; @mez et al., 2005) and their effects on
ulated wave fields are discussed from this perspective. Th@hysical, ecological and economic variables.
resulting limits in accuracy and predictability are illustrated The short duration wind-storms, with veering winds and
with specific examples. This allows deriving some conclu- short fetches plus the shadow effect of islands and coastal
sions for both short-term operational predictions and a long-capes pose a serious scientific and practical challenge which
term climatic assessment. leads to “errors” in met-oceanographic conditions well in
excess of those found for open sea domains (Cavaleri and
Bertotti, 2003, 2004).
1 Introduction These “errors” limit the predictability to a few days and
complicate the assessment of climatic trends and variability,
Wave climate is of paramount importance for coastal and off-which because of the relative short time-series of instrumen-
shore activities. It also plays a key role in determining coastaltal observations available, require hind-casted fields with an
and naval hazards and in the associated management de@ccuracy level not easy to achieve with present technology.
sions. This is particularly true for coastal stretches such as In summary, the characterization of wave storms in the
the Spanish Mediterranean where the number of uses and ré§W Mediterranean, which follow the torrential pattern of
sources supported by a limited territory require an accuraténeteo conditions (Gmez et al., 2005), is still achieved with
prediction of meteo-oceanographic conditions and climaticsignificant levels of uncertainty. This affects operational pre-
variability. dictions but also the long-term and extreme probabilistic dis-
The NW Mediterranean climate is, however, difficult to tributions of wave variables. This paper will consider the
forecast for time-horizons above 3 days. This is due to sharpphysical” and “statistical” characterization of wave condi-
gradients in space and time (see e.g. Boket al., 2006) tions along the Northern Spanish Mediterranean coast. The
associated to mountain chains like the Pirinees or the Alpgmphasis will be on the meteo-oceanographic work done at
and to the abrupt coastal orography. The wind channellingthe first author’s institution together with the Catalan Me-
due to river valleys and the abundance of submarine canyontgorological Service. The main features of the considered
plus a continental shelf with variable widths further illustrate coastal stretch (the Catalan coast) will be presented in Sect. 2.
this issue. 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
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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.
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o Fig. 3. Directional wave distributions along the Catalan coast. The

Bogur 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.
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However some events (synoptic ones) are responsible for
Taragona o e 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-
Fig. 2. Catalan coast and location of all buoys belonging to both tions at the southern and northern sections of the coast. The
networks, the XIOM (Catalan Regional Government) and Puertoscentral part of the coast is dominated by E and S wave con-
del Estado (Spanish Government). 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
The implications of such storms and their associated uncerdue to topographic constraints and the short duration events
tainties will be discussed in Sect. 7. The focus will be onassociated to the meteorology of the area (see next sec-
coastal implications and how the hydro-morphodynamic in-tion). These wave fields are further modified by the irregular
teractions condition wave predictions. The paper will endbathymetry of the zone where submarine canyons, islands
(Sect. 8) with some conclusions for both short-term opera-and capes produce “unexpected” variations in wave record-

tional predictions and long-term climatic assessment. ings a few kilometers apart (Goalez-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

The Catalan coast (see Figs. 1 and 2) is located in the nNwyyave conditions along the coast at a level well above what
Mediterranean, south of the Pirinees. The Catalan SedS ©ffered by the present state-of-art.

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.

[ ]
Cap Tortosa

2 Study area
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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).
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The meteorological patterns over the NW Mediterranean ex- gp-
hibit sharp gradients associated to the topographic control 604
on synoptic fluxes (Wallen, 1970; Martin-Vide and Olcina,
2001). This area, covering from5° E to 16 E longitude 40
and from 35 N to 44 N latitude (Fig. 1) is located between  20+-f=
Spain, Southern France, Italy and Gibraltar/Northern Africa. '

The orographic control plus an important cyclogenesis
tendency resultin a torrential climate both for wind and wave
conditions (®mez 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 thefig- 5. Rose diagrams showinga) 10m wind speed and direc-
wind climate which is characterised by low average winds.1ons at the Ebre Delta meteo-station (1997-20Q).Mean sig-
However some events, especially synoptic ones, are respo lificant wave heights and d_|rect|o_ns ofr th(_e Ebre Delta position

. . g 1995-2002). Both refer to incoming directions (after Bula et
sible for strong winds and gales in the Catalan Sea. In geny, 2007).
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 Waves off the Ebre Delta coast (the southern most station
Mediterranean (Del Amo, 2000). A particular region within in Fig. 2) it is apparent that the largest number of observa-
this coast is the Ebre Delta (Fig. 4b), where NW winds fun- tions occur from the North—Northwest, although large wind
nelled through the Ebre river valley are the most typical. SPeeds can also be found for East and South events. There-
These offshore winds result in a fetch and duration limitedfore, the typical local wave climate shows a predominance
wave Climate Where eastern waves have a maximum fetclﬁ)f NW Conditions, with Signiﬁcant East and South storms.
below approximately 700km. As a result of thiS, 0n|y rela- These storms show a |al’ge Var|ab|l|ty in wind fields and tend
tively small waves should be expected. to _develop a large amount of bimodal spectra due to the co-

The predominant wind and wave directions vary along €Xistence of sea and swell waves (Buwa et al., 2007).
the coast, showing clearly the topographic control. When It should also be mentioned that sea/swell definitions de-
comparing (Fig. 5) the directional distributions of wind and part from open sea conditions. Swell waves (i.e. waves

3 Meteo-oceanographic patterns
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Fig. 6. Synoptic representation of a NW Mediterranean wave storm during its main evolution stages (aftesigslal., 2007).
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outside the generation area) start at periods of about 7 s anghost severe storm featured strong winds of up to 18 m/s mea-
seldom ago above 12 s. Gaet al. (1993) found that swell, sured at the Ebre Delta. Significant wave heights reached 6 m
with criteria ofe <0.3 andHs/L<0.01 (harrow spectrum and at this location and about 4.5 m were recorded by the other
not very steep waves,) would be unlikely to occur along thebuoys. Along the coast the buoys recorded two peaks of sig-
Ebre Delta coast where most of the observed storm spectraificant wave heightHs) with a gap of 4 days in between.

were broad banded:{~0.7—0.8), in which Hs stands for Mean periods {z=+/mo/mz2) up to 9s were registered and

significant wave height is the wave length associated to the the wave direction had a main Eastern component. A classi-

spectral peak and the spectral widthis defined by fication of the recorded spectra has already been performed
12 considering the number of spectral peaks, predominance of
g4 = [1 - (m%/m0M4):| (1) sea or swell and the existence of a sea peak with one or more

swell peaks (Bolaos et al., 2005).

oo

anf fTEQdf (2)

0 4 Available data
Typical wave storms can be illustrated by the sequence of
meteorological patterns shown in Fig. 6 (after Balaetal., The Catalan Coast is one of the most heavily instrumented
2007). This sequence corresponds to the November 200¢oastal areas along the Spanish Mediterranean which al-
storm, one of the most devastating ones along the Catalalows obtaining good estimations of the wave climate char-
coast, with significant damages to coastal/harbour infrastrucacteristics. Along the 700 km of Catalan Coast, there are
tures and neighbouring beaches. On 10 November 2001, & buoys deployed at different depths (ranging from 35 to
low pressure system appeared over the NW Mediterranea200 m depth), belonging to two different networks, the
while a high pressure centre was located in the NE Atlantic.XIOM network (belonging to the Catalan regional Govern-
On 11 November pressure gradients increased producing theent) (Boldios et al., 2008) and the Puertos del Estado net-
first storm peak. Subsequently, the system relaxed until thavork (belonging to the Spanish Government). Most of the
15th when another low pressure system was generated ov@nalysis will be carried out with data from the first net-
the NW Mediterranean. This produced the second stornwork although a number of inter-comparisons will be also
peak recorded by the buoys. included.

The storm evolution could also be studied from the co- The XIOM network Karxa d’Instrumentad@
existing time-series of wind and wave data. This exerciseOceanogafica | Meteorobgica for oceanographic and
has been done for the wave buoy off the Ebre Delta coast andoastal meteorological measurements is owned by the
for a number of meteorological stations deployed at or neatCatalan autonomous government. In terms of oceanographic
the Delta (in-land stations). The rest of wave buoys record-instruments, the XIOM network is composed by 4 wave
ing along the Catalan coast have also been considered. THauoys 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
X Cap Tortosa Directional 1990 60 Wave Statistics and Directional
| Spectra
0 Llobregat Scalar / Directional 1984 45 Wave statistics and Directional
Spectra
M
Tordera Scalar / Directional 1984 75 Wave statistics and Directional
Spectra
Roses Scalar 1992 45 Wave statistics and Spectra
PE Tarragona | Scalar 1992 35 Wave statistics and Spectra
us Tarragona Il Directional 2006 672 Wave statistics and Directional
ET Spectra
R A Coast_Barcelona Directional 2004 68 Wave statistics and Directional
Spectra
TD
Palamos Scalar 1988 90 Wave statistics and Spectra
OO0
Begur Directional 2001 1200 Wave statistics and Directional
S A Spectra

depths ranging from 45 to 75 m depth. This network, which and direction). There are also, in this network, three coastal
is used for operational wave and meteorological purposeswave buoys: Tarragona | (35m depth, starting in 1992),
starts in 1984 when two scalar buoys were deployed in frontCoastBarcelona (68 m depth, starting in March 2004) and
of the most vulnerable regions close to Barcelona (LIobregafalamos (90 m depth starting in 1988). Table 1 summarises
delta) and Blanes (Tordera delta). In 1990, the constantheir main characteristics and data available.

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 WA 4 Mean wave climate
deployed in the Roses bay. In 2004 the Llobregat buoy was ™’

replaced by a directional one, as well as the Tordera buoy ifrhg catalan coast, located in the NW Mediterranean has thus
2007. Figure 2 shows the actual position of these buoys, andyme special features that determine the wave climate:
Table 1 describes their main characteristics and available

data. A more detailed description of the XIOM network can  — Short fetches. The presence of the Balearic Islands, Sar-

be found in Bol&os et al. (2008). dinia, Corsica and even Sicily reduces fetch. The maxi-
The Puertos del Estado network, also for oceanographic ~ mum fetch is about 600 km from the East

and coastal meteorological measurements, is owned by the

Spanish Ministry of Public Works of the Spanish Govern- — Shadow effect for waves from the South and East due to

ment. At the Catalan coast (see Fig. 2) it has two deep water ~ the Balearic islands

buoys: Tarragona Il (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 — High wind field variability in time and space

Wave conditions

— Complex bathymetry with deep canyons close to the
coast

www.nat-hazards-earth-syst-sci.net/8/1217/2008/ Nat. Hazards Earth Syst. Sci., 8 228 2008
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Table 2. Results of the extreme analysis, in terms of return periods,from a single population (homogene|ty): no climate change
of the XIOM wave buoy data (after Bdias et al., 2008). 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

Return Period (years)

XIOM Buoys 5 10 25 50 100 500 daf[a, period vyit_h data beloyv the minimum significant wave
height and minimum duration. To derive an extreme sam-
Cap Tortosa Hs(m) 46 51 57 61 66 76 ple the peaks over a threshold (POT), separated by four days
#gzggafH?(sré;n) j'g g'g g'g g; g'g (75; or more (to achieve a certain degree of statistical indepen-
Roses Hs (m) 53 60 69 75 81 95 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

— Wave calms during the summer and energetic storms - . .
association to a single low-pressure centre was also consid-

from October to May. ; . . :

ered. The resulting sample showed a differential behaviour

These conditions induce a complex wave climate, which carll terms of wave height and wave period and storm duration

be described as “Torrential”. By this concept we mean a pre_vvhen considering the main three sectors of wave incidence

dominance of “impulsive” and discontinuous wave storms (E@st, South and North-West). This suggest a directional-
comparatively much more energetic than adjacent calm pePased analysis to improve the homogeneity of the resulting
fiods which occur most of the time (in this sense it would sub-samples. This exercise could not be completed with the

be the equivalent of torrential rains in meteorology or torren-2vailable time series due to the small number of storms left
tial creeks in geography). Wave storms along this coast ard ach directional sector.
limited due to short fetches of less than 600 km and storm

The resulting “scalar” (i.e. for all directions) sample fre-
durations of an average less than 24 h, plus complex topoguencies have been fitted to Gumbel, Frechet and Weibull
bathymetric features. This results in mixed sea states forme

gistributions using a variety of techniques to estimate the

by wave trains with more than one mean direction and morec0Tresponding parameters (method of moments, maximum
than one peak frequency with a yearly average between o 8kelihood and Ieagt squarg_s). For the least squares method
(Roses) and 0.8 (Cap Tortosa) meters for the coastal locg® number of plotting position formulae have been tested

tions and above 1 m for deeper water (more exposed) buongomez Aguar et al., 2005). The confidence interval was

(e.g. Begur or Tarragona Il locations, see Fig. 2). The av-determined using bootstrap simulations and standard recom-

erage number of storms per year also varies from about #nendations for wave analyses (e.g. PIANC). The resulting
for the coastal buoys to more than 10 for the exposed buoy8€st fit extreme distribution fdds is the Weibull PDF. It is
(including the Cap Tortosa buoy, which is highly influenced usually written within the maritime engineering community
by land winds). The relatively small number of storms reg- 25

istered hinders the assessment of extreme events which fea- Hs— A€

ture, nevertheless, storm peaks wiily between 5 and 7m F(H9 =1— exp[— }

(Gbmez Aguar et al., 2005). These energetic events are con- ) . . .

centrated in two periods, namely during October—DecembetVhere4 is the location or position parametdt.is the scale
and March—April. The recommended threshold value for theParameter and’ the shape parameter.

significant wave height (to define the storm events consid- This distrib_ution corresponds to_a small number of rela-
ered in the statistics) goes from 1.5m to 2.0m (e.g. Puertodively energetic events (corresponding to a semi-enclosed sea
del Estado, 1994). domain such as the NW Mediterranean). The threshold se-

As it has been mentioned, Fig. 3 shows a rose diagram ofécted for defining a storm was 2m. It results in a poor char-
the Tortosa, Llobregat, Tordera and Begur Buoys. It is evi-aCterization of the upper tail with e.g. &5 of 10m (95%

dent the relevance of the NW component at Tortosa, whicH-onfidence limit) for a return period of 300 years in Cap Tor-
turns into a N component at Begur, while in Llobregat and tosa (see Fig. 7 red lines). The maximttwever recorded at

Tordera waves are limited to the E and S sectors. These sefiS location, during an interval of 18 years, was 5.95m. Ta-

tors, here and throughout the paper, refer always to the direc?/€ 2 (after Bol@os etal., 2008) shows the resulting extreme

tion from which the waves are coming, as it is usually done@nalysis for the XIOM buoys in terms of the return period.
in wave studies. The data show that the northern and southern (Tortosa and

Rosas) locations are the ones presenting higher waves while
5.2 Extreme wave climate the central part shows lower wave heights.
The extreme analysis fdds can be also obtained apply-
For an extreme analysis it is necessary to make some assuming the Bayesian Generalized Pareto Estimation (BGPE) ap-
tions regarding storm events such as whether storms comproach. The BGPE method shows a narrower confidence
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interval. This method assumes that the peaks over a thresholi’ Return Period of Hs in Cap Tortosa
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:

_______
______
-
=

- .
- -
---------

S

Hs (m)

aanssssx=maTrele

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

—Bayesian

—Classic

— A characteristic event size and its maximum frequency

0 50 100 150 200 250 300

— A certainly attainable event size
years

This information is independent of the used data set and rep-. . N . .
ts the “k ledae” bef dat isiti Iti f IFlg. 7. Comparison of extreme distributions obtained with both ap-
resents the "knowle 99 elore a-a a(?QUISI |9n: . IS USEtU proaches, the classic (red lines) and the BGPE (blue lines). Dashed
to're(.:iuce the qncertalnty of the estimation delimiting the ad-j o represent the 90% confidence interval limits.
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: of Catalonia has implemented the MASS (Mesoescale At-

mospheric Simulation System) (Codina et al., 1997; MESO,
— An improbable storm peak “event size” and its maxi- 1994) model to produce weather forecasts in the Catalan re-

mum frequency were taken as 12 m and 3,0respec- gion. The model is based on a set of partial differential
tively, derived as ahis close to the double of the maxi- equations expressing the conservation of momentum, energy

mum peak ever recorded and requiring wind speeds ex@nd mass. The model incorporates a high resolution Black-
tremely unlikely. adar type planetary boundary layer parameterisation and de-

tailed surface energy and moisture budget that include the
— A characteristic event size ¢1s=2.7 m and its maxi- parameterisation of surface hydrology and evaporation. The
mum frequency off=0.4 derived from the available sta- MASS model is a 3-dimensional hydrostatic primitive equa-
tistical analyses of wind and wave fields. tions mesoscale model which is run with a horizontal grid
_ ) _ resolution of 55 km covering the Mediterranean. A nesting
— A certainly attainable storm peak bfs=6.5m slightly  strategy is applied for the Iberian peninsula with a resolution
above those actually recorded or numerically generatedef 15 km. This code is used as a general operational mete-

o , ) ) orological tool and as a tool to predict wind fields that are
This information represents the prior available knowledge|ater used as an input for wave and current modeisi(Bez-
and may be derived from a complementary data set from th%\rcilla etal., 2002; Boldos et al., 2008).

same wave buoy or from another one deployed at a point

with “similar” wave climate. Although in part subjective, this hich itsi fih . ¢ ,
prior information substantially reduces the uncertainty of thellons whic resu tsin oneo the main sources o errorin wave
forecasts. This is particularly true for the NW Mediterranean,

estimation, delimiting the admissible domain of Bayesian pa- hich ts short fetch d duration limited i
rameters. The obtained reduction in uncertainty is also conVNICN presents short Telches and duration iimited events,

sistent with available knowledge and observations on the |0_Iead|ng to Iarger V\:av_e m(;)gel frtrtprzocgéngggid Vﬁ}h the dopetn
cal wave climate and its impact on coastal infrastructures. pocean case (Cavaleri and Bertotti, ' )- This s due ta

comparison between both, the Classic and the Bayesian aéb? dlargﬁ_ gr:?dlznts gnd yar|ab|fllty present '(;] thlg wind/wave
proaches can be seen in Fig. 7 (after Bola et al., 2008). ne hf‘:’W Ic er? to situations o verelrlng vyw;j s: .tf:S common
This figure illustrates that the Bayesian approach reduces thi this area to have eastern or southern winds with co-existing

values ofHs and the interval bounds, especially the upper north-wes‘F winds which *appear” in the recor_ds at periods
one P y PP 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-
6 Wave forecasting imate NE-SW orientation) and have thus a very short fetch.

This results in more robust predictions for eastern and south-
Operational wave forecasting in the NW Mediterranean re-ern waves while the accuracy rapidly degrades for NW waves
quires a wind prediction system. The Meteorological Serviceclose to the coast (where the buoys are deployed). For this

Wind-wave models are very sensitive to wind field varia-

www.nat-hazards-earth-syst-sci.net/8/1217/2008/ Nat. Hazards Earth Syst. Sci., 8 228 2008
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Table 3. Errors inHs predictions from the Catalan operational Table 4. Errors in Tz predictions from the Catalan operational
WAM (2000-2006) and for different forecast horizons. Units are WAM (2000-2006) and for different forecast horizons. Units are in
in cm and the horizons in hours. Postitive values indicate modelseconds and the horizons in hours. Postitive values indicate model
overestimation. Observe that the small bias value results from averestimation.

compensation of positive and negative errors.

Hs Blanes Rosas Tz Blanes Rosas
Horizon +12 +24  +36  +12 +24  +36 Horizon +12  +24 +36 +12 +24 +36
Bias 052 26 4 -138 008 —039 Bias 069 082 085 078 085 0.82
RMSE 1 86 73 39 306 516 RMSE 12 133 133 131 137 1.33
Scaterng  0.68 087 097 06 062 08 Scattering 0.3 0.32 032 035 036 0.35
Tortosa Llobregat Tortosa Llobregat
Bias 25 536 39 21 39 59 Bias 097 112 113 061 074 o.;g
RMSE 37 56 57 36 356 &4 RMSE 132 146 147 1.121 1.1288 10. 0
Scattering 046  0.69 071 048 047 0.72 Scaterring  0.35 0.39 039 026 O :

reason, Bolos et al. (2007) performed an evaluation of the events show that the NW Mediterranean, in spite of its lim-
modelled wind fields by a comparison to wind measurementsted fetch, is able to generate harmful storms. The prediction
(meteorological stations and satellite data) and their perforof such storms near the coast is a tough challenge for op-
mance when simulating extreme wave events. For most okrational oceanography. The wind interaction with local to-
the coastal validation points the model predicted higher windpography, the sharply varying fields, the resulting sea-swell
speeds than measured. Regarding wind direction, the modéhteraction and the influence of the land-sea border explain
does not present large discrepances, although considerabikis situation.
differences with recorded data are found during some spe- Qperational validations of these models are being contin-
cific dates. There is a positive bias in the model, probably,oysly carried out using the XIOM wave-buoy network. In
due to the local orography not resolved by the atmospherigsg|aios et al. (2008) and Bdhas et al. (2003) some gen-
code. The large scatter in the data shows that errors are @y statistics of the system are presented. Table 3 shows
simply systematic and might vary under different environ- the «jymped" statistics of significant wave height for the
mental conditions. The negative bias of winds from MASS tour wave buoy locations and three forecast horizons of
compared with QUIkSCAT and the positive bias when com-the wave forecasting system. It is interesting to note the
paring them with coastal stations have been linked to the efyjtferent behaviour for the various forecast horizons. The
fect of local (hundred of meters) orography on coastal stagjanes location is the only one showing the “expected” be-
tions which are missed by wind models. These errors, likelyhayiour (i.e. decreasing quality with increasing forecast hori-
due to poor estimates of surface roughness over land (poorlyo) which agrees with its more “simple” geographical do-
resolved orography) and sea, get worse within the land segain, This domain is not affected by mistral (NW) winds as
border. is the case for the southern-most buoy (Tortosa). Moreover
The wave forecast system at the Catalan coast is based dhe spatial resolution of the model appears suitable for central
the WAM-P model (Monbailu et al., 2000). It runs twice locations such as Blanes, which is not the case for the north-
daily with a forecasting horizon of 36 h and a wind field in- ern catalan coast (Roses Bay) where the topographic irregu-
put every 6 h. The geographical grid covers latitudesN84 larities require much higher resolutions. The overall statistics
to 45 N and longitudes W to 18 E and a resolution of  do not show a clear patter of overestimation or underestima-
1/6° (18 km approximately). The model is set to 24 direc- tion, since errors vary from location to location showing the
tions and 25 frequencies. WAM-P is a widely known spec-importance of local effects.
tral wave model that solves the transport equation (WAMDI  Taple 4 shows the corresponing statistics of mean period
group, 1988; Komen et al., 1994) without any limitation on for the four wave buoy locations and three forecasting hori-
the wave energy spectral form. The main processes considsons, In contrast téis the mean period shows the expected
ered in this type of models are wind input, dissipation andyeduction of prediction quality with forecasting horizon, in-
non-linear wave interactions. creasing bias, RMSE and scatter. The Llobregat (central
Bolafos et al. (2007) used WAM-P at the north-western coast) location shows the best prediction for mean wave pe-
Mediterranean to support the evaluation of two wind mod-riod. In all cases the dominant pattern is a model overestima-
els when predicting severe wave storms. The analysed wavion more evident in the Tortosa (southern coast) buoy. This
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0.00

0.94

1.36

1.00

WAM

0.26

0.59

0.99

1.00
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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 are&l* indicates the referendds

level to characterize the scenario and to calculate the corresponding
cumulative probabilities.

0 o Lo s 2 ; 4 4 . Climatic Hy WAM Buoy
H, (m) Scenarion (m) P(Hg<H*) P(H;<H¥*)
|—Buo} Waves — WAM Waves | Dead Calm 0.30 0.07 0.19
Average Calm 0.50 0.34 0.35
Fig. 8. Comparison of the probability distribution functions for the Yearly Calm 0.85 0.63 0.58
significant wave height off the Ebre Delta coast using measured Mild Storm 2.00 0.95 0.94
Max. Recorded 5.90 0.99 0.99

(buoy) data and numerically simulated (WAM) data.

could be related to the “errors” during mistral events which surements and simulations may lead to different distribution
produce high waves with low periods not so well predicted functions and, thus, to variations in the corresponding param-
by present models. eters.

The general sources of error for operational wave mod- As it has been mentioned above, the WAM model
elling along the Catalan coast have been discussed ifiiBsla (WAMDI Group, 1988) was adapted for real time forecasting
et al. (2004). Errors for low frequency swell at the buoy ap- along the Catalan coast. It was validated for the study area
peared to be mainly due to errors in the wind fields. showing a root-mean-square error of about 10-15% in the

The spatial resolution is a very important source of erroryearly average significant wave height predictions (Bok
that affects both wind and wave models. At the buoy lo- et al., 2004; Bol&os and &nchez-Arcilla, 2006), where the
cations there are some local features that have considerabjearly averagéis ranges between 0.75 and 1 m. This model
impact on wind patterns and, thus, also on waves. The wavgrovides wave fields every 6 h in terms of significant wave
model in our operational system is used with 6 h wind input. heightH;, peak period’,, and peak directiof. A compari-
This configuration leads to a proper time definition of severeson between the cumulative probability distribution function
(large duration) storms at the Catalan coast, but may lead téor the H; off the Ebre River Delta from the WAM model
information losses for NW storms which are characterizedfor the period 2002—2005, and the neighboring Cap Tortosa
by severe winds but with a mean duration of less than 24 Hbouoy measurements is shown in Fig. 8, including the corre-
with some cases of intense wind lasting only about 12h.  sponding Weibull parameters.

The occurrence of bimodal wave features may also have Figure 8 shows a clear pattern between predicted and mea-
different implications (Bol&os et al., 2005, 2006): the first sured waves. For small valuesHf (calm periods) the WAM
one is that, because of the spatial resolution, the local Nwmodel overestimates the significant wave height. However
wind that produced the second peak of spectra is not welfor values above 0.5 m, the WAM model underestimaigs
resolved. The second implication is related to momentumThis pattern is also illustrated in Table 5 in which a com-
transfer, where many authors have highlighted that undeparison of the cumulative probability for different meteo-
mixed wave-train conditions the drag coefficient may in- oceanographic conditions (calm, mild storm and maximum
crease appreciably. Additionally, Donelan (1987) and Mit- recorded value) is summarized.
suyasu and Yoshida (1989) have shown a different wave This behaviour in the offshore wave heights implies
growth rate in conditions of pre-existing swell. These condi- large uncertainties for evaluating the corresponding PDF
tions will produce errors on the predicted spectral shapes. nearshore. This is illustrated in Fig. 9, in which the cumu-
lative PDF ofHs at 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. Itis also assumed that
The wave climate described above, has been obtained usingaves are coming from the east and that the probabili#f,of
measured data. However, when observational data are natffshore remains constant through the propagation “space”,
available, numerical simulations must be used. This impliesand H; varies only due to the hydro-morphodynamic pro-
a larger degree of uncertainty, especially for a semi-enclosedesses acting during wave propagation.
sea such as the Mediterranean. The differences between mea-

7 Discussion
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: Table 6. Summary of the 3 Weibull parameters and the correspond-
08 ing correlation coefficient for the wave height distribution functions
~ shown in Fig. 9.
L 06
Vi X
g o4 Weibull Parameters
9
02 A B C r
0 Buoy offshore 0.00 094 136 1.00
0 0.25 0.5 0.75 1 1.25 L5 1.75 2 WAM offshore 0.26 059 099 1.00
H, (m) Buoy nearshore  0.00 0.47 3.99 0.93

WAM nearshore 0.00 0.46 4.88 0.97

— Buoy Waves (offshore) — — Buoy Waves (nearshore)
—— WAM Waves (offshore) WAM Waves (nearshore)

Fig. 9. Comparison of the significant wave height cumulative distri-
bution functions derived from buoy and numerically simulated data8 Conclusions
at offshore and 2.5 m depth conditions.
The considerations of former points show the inherent uncer-
tainty in the “physical” (wave generation/propagation) and
The propagation from deep waters to the evaluation point hastatistical characterization of wave conditions along Mediter-
been done using the LIMWAVE numerical model (Gatez-  ranean coasts.
Marco et al., 2004). The LIMWAVE is a phase-averaged The torrential-like climate of the Catalan Spanish coast
code based on the conservation of the wave action equatiom‘nits the pred|ctab|||ty of Operationa| forecasts and pre-
(for the wave height), the eikonal equation (for the phase in-cludes a “narrow” statistical estimation.

formation) and the irrotationality of the wave number vector The performed research combining numerical simulations,
equation (for the wave angle) as described in Ebersole (198%je|d observations and statistical analyses suggest a nesting
and Liu (1990) This model incorporates a depth-l|m|t9d sequence (using WAM and an energetic wave propagation
breaking dissipation according to Dally et al. (1985) for reg- model) which, as discussed in previous points, considers the
ular waves and according to Battjes and Janssen (1978) fappo-bathymetric gradients for the aspect ratio of the vari-
irregular waves. Bottom friction dissipation was calculated g5 grids. The existence of land-wind and double peaked
using the expression of Tolman (1992) based on a quadrati§pectra further reduce the accuracy of wave forecasts. The
friction law, with a friction factor proposed by Madsen et same applies to the short duration storm events typical of the
al. (1988), Nielsen (1992) or Madsen (1994) Mediterranean coast.

This model therefore reproduces the more relevant pro- Thjs limited predictability also affects the statistical char-
cesses affecting the wave propagation such as shoaling, regterization of wave parameters. The available data series
fraction, diffraction, dissipation due to bottom friction and (all shorter than 25 years) along the Spanish Mediterranean
depth induced breaking. The LIMWAVE model takes into coast require the supplement of hind-casted fields to obtain
account the directional randomness via an a priori decomporppust statistical estimates, particularly for extreme events.
sition, the uncoupled propagation and the subsequent lineag this context the use of semi-quantitative a priori “informa-
superposition starting from a Mitsuyasu directional spectrumijgn” allows using a Bayesian approach which has proved to
(Mitsuyasu et al., 1975). be more realistic and reliable than conventional probabilistic

Figure 9 and Table 6 show that the nearshbieval- techniques.
ues obtained by propagating the offshore WAM waves are || these considerations imply that due care should be
normally more narrowly distributed than “propagated” buoy taken when presenting forecasted fields or when recommend-
(measured) data. This is illustrated by the shape parametgpg statistical estimators. The level of uncertainty should al-

C, which is larger for WAM waves at the evaluation depth. ways be considered for the subsequent decision process.
However, the position and scale parameteendB are sim-
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