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Hourly and 12 km horizontal resolution wind
fields simulated by the WRF model (Weather
Research and Forecasting model) have been used to
force the WAM model (WAve prediction Model),
for a wave hindcast run in the southeastern Bay of
Biscay. Three-hourly boundary conditions (defined
by directional wave spectra) were provided by the
WAVEWATCH III model, run by NOAA. The year
2009 was selected to analyse the performance of
both wind and wave models in determining the
parameters needed to estimate the wave energy
resource. Model results were compared with
available observations of six ocean-meteorological
stations located in the area of interest. The WRF
model was able to reproduce the time evolution of
the offshore wind fields with a reasonable accuracy
(a mean value of r2>0.6). However, close to the
coastline, the analysis suggests that a higherhorizontal resolution configuration would be a more
appropriate tool to estimate winds. Regarding the
WAM model, the significant wave height, Hs, and
the mean period, Tm02, were the wave parameters to
show a statistically better agreement with the
observations in deep and intermediate waters. Here,
r2 was higher than 0.9 and 0.7 for Hs and Tm02,
respectively. The analysis of the results points out
that the wave model output errors increase in
nearshore areas.

1.

Introduction

Beyond the range of few hours, weather forecasts are
based on the use of numerical weather prediction
models. Such models solve numerically the physical
equations describing the atmospheric motions and
processes. They are usually divided into two major
categories: global circulation models (GCMs) and
limited area models (LAMs). GCMs have a global
coverage but a coarse horizontal resolution, imposed by
the limited computational resource. The task of
describing the weather evolution with greater local
accuracy is usually pursued by LAMs, which integrate
the model equations only on a limited geographical
domain. LAMs require the availability of boundary
conditions, which prescribe the time evolution of the
prognostic variables along the outer part of the
integration domain. Boundary conditions are extracted
from meteorological fields forecasted by means of
lower resolution GCMs or, in some cases, by coarser
resolution LAMs. The application of high-resolution
models provides a better representation of the smallscale forcing due to topographic features, and of the
dynamics and physics affecting the smaller scales,
producing a physically consistent downscaling of the
larger scale forecasts.
Outputs of weather prediction models, such as wind,
air temperature, precipitation and solar radiation, can
be used to force other models, such as hydrodynamic
and wave models. The capability to produce accurate
1
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centres to provide the wave forecast at global as well as
at local scale. The spatial domain for the southeastern
Bay of Biscay configuration used in this work extends
from 43.2º N to 48º N and from 4.5º W to 1º W, with a
1.6 km horizontal resolution. The WAM model is
forced by the wind fields obtained by the WRF model.
The conditions applied to the open boundary of the
WAM grid are provided by the WAVEWATCH III
model, run by NOAA (National Oceanic and
Atmospheric Administration) using products of NCEP
as input. WAVEWATCH III [5-6] is a third generation
wave model developed at NOAA/NCEP in the spirit of
the WAM model. The boundary conditions provided by
NOAA contain three-hourly directional wave spectra
predicted where the Gascogne buoy (station 62001,
owned and maintained by UK Met Office in
cooperation with Meteo France) is located, at 45.2º N 5º W. These conditions are historical reference outputs
of the global 1 x 1.25 degree model.

estimations of the sea state is an important issue in
terms of socio-economic impact in coastal areas with
intense human activity. This is not a simple task when
the area of interest is characterised by a complex
orography and/or a rough coastline, as the skill of
meteorological models in terms of wind field
forecasting near the ground is significantly reduced in
such regions. The use of a model grid with the highest
possible resolution, compatible with the available
computational resource, improves the model
representation of the topography and thus enhances the
quality of the weather forecasts and those obtained by
other models fed by meteorological input. The main
objective of this contribution is the one-way coupling
of a meteorological model with a wave model for the
estimation of the wave energy resource in the
southeastern Bay of Biscay. The meteorological model
provides gridded wind fields to force the wave model.
The model results have been compared with the
observations of several ocean-meteorological stations
located in the area of interest, in order to analyse the
performance of both wind and wave models. The
influence of wind on the prediction of sea waves during
stormy conditions has also been analysed. Estimations
of wave energy resource at the projected Basque test
site facility (bimep - Biscay Marine Energy Platform)
have been obtained for the year 2009.

2.

(a)

Model setup and field data

The meteorological forecasting system considered in
the present study is maintained by MeteoGalicia (the
regional meteorological agency of Galicia). This is
based on the application of the non-hydrostatic WRF
model (Weather Research and Forecasting model),
developed in a cooperative effort coordinated by
NCAR (National Center for Atmospheric Research). A
description of the modelling system WRF may be
found in [1]. Following the nesting technique, two
domains have been implemented by MeteoGalicia for
the area of interest (see Fig. 1). The coarser domain
covers part of the Atlantic Ocean and the SW Europe,
with a 36 km horizontal resolution, whilst the inner
domain covers the Iberian Peninsula and the Bay of
Biscay, with a 12 km horizontal resolution. Threehourly and 0.5º horizontal resolution analysis/forecasts
of the GFS model (Global Forecast System), run by
NCEP (National Centers for Environmental
Prediction), are used as initial and boundary conditions
for the coarser resolution domain. For the inner grid,
the boundary conditions are provided by the results
obtained from the coarser grid.
Regarding the wave modelling, we use the WAM
model (WAve prediction Model), developed by a group
of scientists from different countries around the world
[2-3-4]. WAM is a third generation wind-wave model
developed during the 1980s, which solves the energy
balance equation. The model simulates the 2D wave
spectral evolution, considering energy input by wind,
energy dissipation by whitecapping, non-linear wavewave interactions and bottom friction. The model is
presently used by most of the main meteorological

(b)

Figure 1: Domains for the WRF model: (a) Atlantic Ocean
and SW Europe, with a 36 km horizontal resolution; and (b)
Iberian Peninsula and Bay of Biscay, with a 12 km horizontal
resolution.

A simulation for the year 2009 was carried out in
order to analyse the accuracy of the wind (eastward and
northward components, Uw and Vw, respectively) and
the main wave parameters (significant wave height, Hs,
mean direction, θm, and mean and peak periods, Tm02
and Tp, respectively) obtained by the models at 1-h
intervals. The model results were compared with the
observations of five ocean-meteorological buoys
(Bilbao-Vizcaya, Matxitxako, Donostia, bimep, and
Bilbao) and a coastal station (at the mouth of Pasaia
harbour) located in the area of interest. Station
locations and characteristics are shown and described
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in Fig. 2 and Table 1, respectively. Bilbao-Vizcaya and
Bilbao buoys are owned and maintained by Puertos del
Estado, and Matxitxako, Donostia and Pasaia stations
by Dirección de Meteorología y Climatología (Basque
Government). Bimep buoy is maintained by EVE (Ente
Vasco de la Energía). Bilbao-Vizcaya, Matxitxako and
Donostia buoys are located offshore (between 450 and
600 m water depth), whilst Bilbao and bimep buoys are
located at a distance between 2 and 4 km from the
coast.
The most extreme wave conditions during the
analysed period occurred on 23-24 January 2009, when
a deep extra-tropical cyclone “Klaus”, consequence of
an explosive cyclogenesis, crossed over the Bay of
Biscay from west to east. The deepening and
intensification of a surface low-pressure (with a fall of
to 20 mb) occurred in less than 24 hours. This deep
low-pressure, with 970 mb at sea level, swept quickly
(moving at around 60 km h-1) across southern France in
the early morning of 24 January; it reached the
Mediterranean in the early afternoon. There was a very
strong pressure gradient in the southeastern corner of
the Bay of Biscay, generating strong westnorthwesterly winds (> 100 km h-1). As the low centre
translated eastwards over the Bay, the significant and
maximum wave heights increased rapidly along the
Basque Country coast (> 13 and 20 m, respectively) as
measured by the offshore ocean-meteorological buoys.

3.

Results

Both WRF and WAM model outputs have been
extracted at the grid point nearest to the position of
each ocean-meteorological station. Scatter plots of
available measurements versus model outputs at the
station locations have been drawn to obtain the linear
correlation for the variables being studied and
determine how well predicted values reflect measured
data (see bimep station case in Fig. 3). Determination
coefficients, r2, obtained for the year 2009 following a
linear regression analysis (with a level of significance
of 0.1%), are summarised in Table 2, where empty cells
mean unavailable observations.

Figure 2: Locations of the ocean-meteorological stations in
the southeastern Bay of Biscay.
Station

Location
(geographical
coordinates)

BilbaoVizcaya

43º 37.8’ N
3º 2.4’ W
43º 37.9’ N
2º 41.6’ W
43º 33.8’ N
2º 1.4’ W
43º 28.1’ N
2º 53.1’ W
43º 23.9’ N
3º 7.9’ W
43º 20.3’ N
1º 55.5’ W

Matxitxako
Donostia
bimep
Bilbao
Pasaia

Mean
water
depth
(m)
600
450
550
80
53
24

Start
date
(month,
year)
August,
1990
January,
2007
January,
2007
March,
2009
March,
2004
August,
2001

Sampling
rate
(min)

Figure 3: Scatter plots and linear regressions of the measured
versus predicted variables at the bimep station location, for
the year 2009.

60
Station
60

Bilbao-Vizcaya
Matxitxako
Donostia
bimep
Bilbao
Pasaia

60
60
60

r2
Hs
0.92
0.92
0.92
0.92
0.92
0.76

Tm02
0.71
0.74
0.70
0.75
0.69
0.61

Tp
0.55
0.51
0.55
0.53
0.59
----

θm
0.47
0.53
0.43
0.60
0.49
----

Uw
0.77
0.73
---0.72
---0.43

Vw
0.62
0.60
---0.53
---0.41

Table 2: Determination coefficients, r2, for the linear
regressions (with a level of significance of 0.1%) of the
measured versus predicted variables at the oceanmeteorological stations located in the southeastern Bay of
Biscay, for the year 2009. Hs: significant wave height; Tm02:
mean period; Tp: peak period; θm: mean direction; and Uw and
Vw: eastward and northward wind components, respectively.
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Table 1: Description of the ocean-meteorological stations
located in the southeastern Bay of Biscay (for locations, see
Fig. 2).
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generation), the WAM model only propagates the wave
field imposed on the open boundary, decreasing Hs
from deep to shallow waters, as it can see for the
Bilbao station case. The orange coloured area in this
figure shows the wind effect on Hs. The peaks of Hs
predicted with the WAM model at the Matxitxako buoy
between 06:00 and 10:00 GMT on 24 January were 9 m
(without winds), and 13.8 m (using hourly winds).

For the year 2009, the WRF model was able to
reproduce the time evolution of the offshore winds with
a reasonable accuracy. Here, r2 values for Uw and Vw
were between 0.53 and 0.77, indicating moderate
agreement between measurements (at 3 m height above
sea level) and predicted values (at 10 m height). At the
Donostia station, wind direction data were unavailable
and the linear regression was obtained using wind
speed data. In this case, a moderate correlation with the
model output (r2=0.63) was found. At all the stations,
the agreement was higher for Uw, whilst the correlation
for Vw decreased towards the coast. At the Pasaia
station (where wind data were collected at 16 m height
above sea level), r2 for both Uw and Vw decreased to
around 0.4. This is probably a consequence of the
model resolution that smoothes the wind field and
determines, of course, a significant loss of small scale
details in nearshore areas. This effect is more
noticeable at the Pasaia station, which is located at the
foot of a cliff (see Fig. 2). This suggests that a higherhorizontal resolution configuration (of at least 1 km)
would be more appropriate to accurately estimate
winds in the coastal area. This could resolve better the
very rough topography of the region, responsible for
wind channelling effects at the Pasaia station location,
improving substantially the prediction of the wind field.
Regarding the WAM model outputs, similar
tendencies to the ones showed by the WRF model have
been obtained. In deep and intermediate waters (> 50 m
depth), r2 for Hs was 0.92, whilst at the Pasaia coastal
station decreased to 0.76. For wave periods, r2 ranged
between 0.61 and 0.75 for Tm02, and between 0.51 and
0.59 for Tp. For θm, r2 was between 0.43 and 0.60. The
wave parameters computed by using the spectral
moments (m0 and m2), Hs and Tm02, showed higher
correlation than Tp (for which the wave spectrum
attains its maximum) and θm. At all the stations, both Tp
and θm showed a high variability, which is due to the
fact that most of the time combined sea states have
occurred. High frequency wind sea and low frequency
swell with similar energy and from different directions
is a common case in the area of interest. This results in
jumps in the measured values of these variables. These
jumps were not simultaneous with those simulated by
the WAM model for the year 2009. Hs was the
parameter which showed the best agreement between
the measured and predicted values, even near the coast
(at the Pasaia station), where the WRF model did not
accurately predict the wind.
The influence of wind on the prediction of sea waves
has been analysed during the extra-tropical cyclone
“Klaus” occurred on 23-24 January 2009. Two
simulations were carried out with the WAM model for
this event: (1) without winds; and (2) with hourly
winds. The results of Hs predicted and observed at the
Matxitxako, Donostia and Bilbao stations, together
with the global model output (provided by NOAA) at
the Gascogne station location, are shown in Fig. 4. This
figure illustrates how a favourable wind increases Hs,
improving the quality of the predictions especially
during the peak of the storm. Without winds (no wave

(a)

(b)

(c)

Figure 4: Significant wave height, Hs, observed and
predicted during the extra-tropical cyclone “Klaus” occurred
on 23-24 January 2009: (a) Matxitxako station; (b) Donostia
station; and (c) Bilbao station. Two simulations were carried
out with the WAM model: (1) without winds; and (2) with
hourly winds. Global model output (provided by NOAA) at
the Gascogne station location is also shown.
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(a)

The use of hourly winds in the WAM model
demonstrates to realistically simulate the complicated
wave field observed during this event, which reached
Hs of 13.5 m at the Matxitxako and Donostia buoys.
The peaks of Hs in Fig. 4 are not properly synchronised
possibly due to the effect of using wave boundary
conditions every three hours. Over/underestimation of
Hs occurs when the wave boundary conditions and/or
the wind are not reproduced correctly. For the Bilbao
station case (buoy located in 53 m water depth), both
bathymetry and local wind contributed approximately
in the same degree during this extreme event. Also, it
can be seen that the model has more inertia close to the
peak of the storm as it integrates the sea state over a
whole hour against the 20 min period used by the
buoys. The analysis of the extra-tropical cyclone
“Klaus” demonstrates that for a realistic wave model
simulation the accuracy of the wind fields is a critical
factor.
The accumulated wave power flux spectra predicted
by the WAM model at the bimep station location, for
different periods of the year 2009, are shown in Fig. 5.
Each frequency - period/direction bin (25 frequencies x
24 directions) contains the wave power flux that lies
within the range of values that defines the bin. Wave
climate in the Bay of Biscay is usually described as
strongly seasonal, and especially in the southeastern
corner where swell from the NW quadrant combined
with local wind waves from the NE and NW quadrants
is the typical sea state. From Fig. 5, it can be seen that,
during the year 2009, 44% of the predicted annual
omnidirectional power flux at the bimep site
corresponded to the January-March period, whilst only
7% occurred during the summer. The most energetic
bin (5% of the power flux) in the annual distribution
corresponded to NW (315º) and a period of 14 s. This
energetic cell stayed approximately at the same
location during the winter (315º, 15 s), but it moved to
a more westerly and shorter period band during the
summer months (300º, 10 s). The distributions of the
power flux show that longer periods tended to a more
northern direction range as a result of the refraction
effects (bimep buoy is located in 80 m water depth),
whilst shorter periods covered a wider direction
distribution between NE and W, the sectors facing the
open sea.

(b)

(c)

4. Conclusions
Hourly and 12 km horizontal resolution wind fields
simulated by the WRF model (Weather Research and
Forecasting model) have been used to force the WAM
model (WAve prediction Model), for a wave hindcast
run in the southeastern Bay of Biscay. Three-hourly
boundary conditions (defined by directional wave
spectra) were provided by the WAVEWATCH III
model, run by NOAA. The year 2009 was selected to
analyse the performance of both wind and wave models
in determining the parameters needed to estimate the
wave energy resource. Model results were compared
with available observations of six ocean-meteorological
stations located in the area of interest.

Figure 5: Accumulated wave power flux spectra predicted by
the WAM model at the bimep station location, for different
periods of the year 2009: (a) January-March period; (b) JuneAugust period; and (c) January-December period. Contour
lines shown in the spectra are the following: 100, 1000, 2000
and 5000 kW h m-1.
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The results show that the WRF model was able to
reproduce the time evolution of the offshore wind fields
with a reasonable accuracy (a mean value of r2>0.6).
However, close to the coastline, the analysis suggests
that a higher-horizontal resolution configuration (of at
least 1 km, taking into account the characteristics of the
area of interest) would be a more appropriate tool to
estimate winds. The significant wave height, Hs, and
the mean period, Tm02, obtained by the WAM model
were the wave parameters to show a statistically better
agreement with the observations in deep and
intermediate waters. Here, r2 was higher than 0.9 and
0.7 for Hs and Tm02, respectively. The analysis of the
results points out that the wave model output errors
increase in nearshore areas. These results emphasise the
need to capture realistically the small scale details of
the wind regime for each specific area and to use
appropriate wave boundary conditions, in order to
determine with accuracy the main wave parameters
needed to estimate the wave energy resource.
Estimations of wave energy resource at the projected
Basque test site facility (bimep - Biscay Marine Energy
Platform) for the year 2009 show that the annual
omnidirectional power flux was around 258 MW h m-1;
44% of this power flux corresponded to the winter
period, whilst only 7% occurred during the summer
months. This contribution demonstrates the importance
of ocean-meteorological monitoring programmes to
obtain data for the validation and calibration of
meteorological and wave models, for a particular
location.
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