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Abstract The west Iberian coast isaffected by various
storms developedin the North Atlantic Ocean. For this
reason, an accurate prediction of thesea stateconditions
is very important to manage the protection of the
harbours and population living in the coastal cities. In
recent years computing power has increased significantly,
which has allowed the improvement of the numerical
models. The wave models have undergone the same
evolution, which makesthemanimportant tool for the
most accurate prediction of the wave conditions. In this
study, the wave predictions on the west Iberiancoast are
performed with the SWAN model. Simulations are
performed in winter 2013-2014 when various storms
affectedallthe European coasts. It iswell known that in
the simulation of extreme wave events someerrors may
occur. Altimeter measurements are used to correct the
errorsthat appearedin the simulation results. By using
these measurements together with regression methods, it
was possible to improvethe significant wave height fields
simulated with the SWAN model in each point of the
computational domain of the target area. This
improvement is indicated by thestatistical parameters
calculated by comparing the simulated significant heights
with buoy measurements.

Keywords: SWAN, West Iberian coast, hindcast wave
data, correction, regression methods.

1. Introduction

Nowadays numerical models representaneffective tool
to predict accurate sea state conditions at various levels,
from oceanic to local scale (Cavaleri et al., 2018).
However, inaccuracies continue to exist in the results
obtained with wave models dueto various factors. These
can be induced by the inevitable errors existing in the
input data used to forcethe model, such as wind fields
(Rusu etal.,2008) or boundary conditions (Butunoiu and
Rusu, 2021). The model's physical parameterizations may
also have their contribution (see Akpinar et al., 2016),
especially whenextreme events are present (Rusu, 2016).

Accurate wave predictions are important to have
informationabout the sea state conditions forshort- and
long-term applications, such as maritime transport
(Guedes Soaresand Teixeira, 2001), coastal protection
(Rusu and Guedes Soares, 2011), and offshore activities
(Oneaetal., 2017; Ribeiro etal., 2020). Various methods,
from sophisticated data assimilation schemes (e.g.,
Saulteretal.,2020)to simple error correction based on
linear regression (Rusu and Guedes Soares, 2014), canbe
applied to correct the wave parameters delivered by
numerical models and provide the users with reliable
information

In the operational wave forecasting systems real-time
measurements provided by buoys or satellites are
necessary forthe data assimilationschemes applied to
generateananalysis field asaccurately as possible, used
then asa first guess for the next simulations. On the other
hand, error correction approaches can be also
implemented independently of the model simulations
(Marzban et al., 2006). In such cases, wave fields as
resulted from simulations are updated based on the
differences betweenthe simulated and observed wave
parameters in various points over the computational
domain.

The west Iberian coast, the target area of this study, is
usually affected in the wintertime by various storms
developed in the North Atlantic Ocean. For this reason, to
have reliable informationaboutthe sea state conditions
(especially in the case of extreme events) and their
evolutionhelp to choose the bestmeasures to protect the
people thatlive in the vicinity of the coastal area, as well
asto choosethe best traffic management measures from
the areas adjacent to the ports. The economy of Portugal,
a country with the largestcoast on the western side of the
Iberian Peninsula, is closely related to the marine
environment by activities such as maritime traffic or
fishing. Recently, based on wave parameters forecasts, a
methodology was developed for easieridentification of
the areas in which the fishingactivities can be put at risk
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due to weather conditions (Rusu and Guedes Soares,
2014).

Through the efforts of various research centres and
Portuguese institutions, operational systems for wave
prediction have been implemented in the target area
(Silva et al., 2009; Guedes Soares et al., 2011), at the
same time studies on improving wave prediction have
been also carried out (Rusuet al.,2005; Goncalveset al,
2015). In line with the continuous concerns of improving
the results obtained by simulations with wave models, in
the present study a simple but efficient methodology is
presented. Throughthis, the results obtainedby Rusu et
al. (2018) on the west Iberian coastatthe first level of the
SWAN (Simulating Waves Nearshore, Booij etal., 1999)
modelimplementation canbe improved.

2. Wave modelsimulations
2.1.Wave modelling system

The sea state conditions in the area covering the entire
western coasts of the Iberian Peninsulawere simulated
with the SWAN model implementedin a computational
domain with geographical limits 2°S, 80°N, 90°W, 33°E
and a spatial resolution of 0.5° (Rusu et al., 2018), as
illustrated in Figure 1. The boundary conditions used to
force the SWAN model were provided by the WAM
model (Guntherand Behrens, 2012) driven by wind fields
from the National Centers for Environmental Predictions
(NCEP), Climate Forecast System Reanalysis version 2
(CFSR, Sahaetal., 2014).
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Figure 1. The west Iberian computational domain
considered for SWAN modelsimulations and the buoy
positions.

The samewind fields with 6 hoursand 0.5° temporaland
spatial resolutions, respectively, were used for regional
simulations. Thesimulations considered in this study are
performed from the 1% of December2013to the 31°' of
January 2014, a periodwhenthe western I berian coast
was affected several times by unusually high waves
generated by various extreme storms developed in the
North Atlantic Ocean.

2.2.Validation of the results

To evaluate the accuracy of the wave parameters obtained
asoutput (with a temporal resolution of 3 hours) from
SWAN, comparisons with in-situ measurements are
further made. The positions of fivebuoys deployed on the
western Iberian coast, in deep and shallow water, are
illustrated in Figure 1 and theyare denoted from B1 until
B5 starting from the northernmost position. Thus, the
position of B1 (Cabo Silleiro) is in deep waterat9.43° W/
42.12°N, while the next threebuoysare in the proximity
of the mostimportant Portuguese harbours as Leix0es
(B2-8.983°W/41.316°N, 83mwater depth), Lisbon (B3-
9.386°W/38.624°N, at about 33m depth)and Sines (B4 -
8.93°W/37.92°N at approximately 97m depth),
respectively. In the southern Portuguese coastisthe fifth
buoy B5 (Faro, 7.898°W/36.905°N) atabout93m depth.

Only the significant wave heights (Hs) recorded by all
these buoys are used for comparisons with the same wave
parameter resulted from SWAN simulations. The
measurements from B3 cover only thefirst three weeks in
December (with some gaps for the storm conditions)
while forthe other fourbuoystheyare available for the
entire period considered. Allthe measurements used in
this study have a time step of 3 hours. Some statistical
parameters usually used for comparisons between
simulated and measured wave parametersare comp uted
and presented in Table 1 (the same notation as in the
previous studies is used, e.g., Rusu et al., 2018). A
positive Bias indicates an overestimation of the
measurements by simulations. The same issuggested by
the value ofthe symmetric slope S >1.

Table 1. Statistical results for thesignificantwave height
atthe five buoys.

Buoy Bias RMSE Sl r S N

Bl -0.32 0.65 0.16 096 1.07 496

B2 -0.07 0.59 0.17 094 1.01 410

B3 0.73 0.93 049 9.11 139 150

B4 0.20 0.51 0.17 095 1.04 496

BS -0.11 0.26 0.20 092 0.93 496

Direct comparisons between the measured and simulated
Hs show a good correlation of them, with more
pronounced differences especially in storm conditions
(see Figure 2 forB1 and B4). Takinginto consideration
the importance of a reliable prediction of the sea state
conditions in general, but mainly of the extreme
conditions which are also the mostdangerous, we tried to
find simple and efficient methods to correct them
independently of the simulation with the SWAN model.
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3. Correction of the simulation results

3.1. Descriptionof the correction method

In order to make a consistent correction of the Hs fields,
measurements thatcover the entire domain arenecessary
to be compared with simulations. Altimeter
measurements from three missions (JASON 2, Cryosat 2
and SARAL) are available forthe period considered and
they are distributed by AVISO (Archiving, Validation
and Interpretation of Satellite Oceanographic data).
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Figure 2. Graphical comparison between Hs registered at

B1 (top panel) and B4 (bottom panel) buoys and the
results of the SWAN simulations for the time interval
2013/12/01h00 -2014/01/31h21.
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To correct the Hs field simulatedby SWAN, a recursive
SCM (successive correction method) algorithm is
implemented at each point of the computational grid.
Thus,toapply thecorrectionto thewaves predicted in
day d, a linear regression is applied (the detailed
theoretical background of this method is presented in
Soukissianand Kechris, 2007; Rusuand Guedes Soares,

Entries
15

2014)usingthe ensemble of the altimeter measurements
and the corresponding predictions in the previous t = 20
days. The regression parameters (aand b,) are estimated
by using the Ordinary Least-Square (OLS) method for
each day:

SR (-8 (y-3)
I (x-%)? (1)
wherey is the predicted Hs, x is the measured Hs, x and y
denotethe meanvalues of the variables xandy, n is the
valid number of measurements on the t-days period
considered. The regression parametersare then used to

correct the predicted Hs values at day d.

Itshould be alsomentionedthatfora day d,ineach grid
pointwe haveHsvaluesevery 3 hours (8 values/day).
For all these Hs values of the day, the same regression
parametersareusedin the correction process.

bd: and ad=}_]—bdj,

3.2.Results

Afterthe implementation of thealgorithm presented in
the previous section, the corrected Hs fields are obtained.
In orderto compare these new values of Hs with the buoy
measurements, the corrected fields are spatially
interpolated (bilinear interpolations) to the locations of
the five in-situ measurements. The Hs time series
(corrected values vs measurements) are then compared,
and the corresponding statistical parameters computed are
givenin Table 2 foreachbuoy.

The good effectof thecorrectionmethod is also observed

from the scatter diagrams presented in Figure 3, where
with SWANc are denoted the corrected SWAN values.

Table 2. Statistical results for the corrected significant
wave height at thefive buoys.
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Buoy Bias RMSE Sl r S N
Bl 0.02 0.56 0.13 096 0.99 496
B2 -0.12 0.60 0.17 094 095 410
B3 0.67 0.83 044 911 120 150
B4 0.06 0.50 0.17 095 098 496
B5 -0.05 0.23 0.18 092 096 496
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Figure 3. Hsscatterdiagrams, SWAN resultsand SWANc against measurementsat B1 (a andc)and B4 (b and d) buoys.
The solid lines denote the perfect fit to the modelled and observed values andthe dashed lines represent the best-fit slope

The comparison between the statistical parameters from
Tables1and?2 indicatesa smallimprovement in terms
of Bias, RMSE and Sl after correction, while the
correlation coefficients maintain the same values. A

more consistent improvement is observed in the caseof
the symmetric slope (S). Initially, this parameter had
values higherthan 1 forallbuoys, while afterapplying
the correctiononly for B3 sucha value ismaintained.
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4. Conclusions

In the present study a linear regression method to
improve the simulated sea state conditions was
proposedandevaluated. The correction methodapplied
to the SWAN simulations on the west Iberian coast for
storm conditions show goodresults.

The improvement is indicated by the statistical
parameters calculated by comparingthesimulated and
corrected significant heights with five buoy
measurements. In this way more reliable wave
predictionsare provided by the wave modelling system
and thisaccuracy enhancement is particularly important
forthe extreme storm events.
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