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Abstract. This work investigates historical variation and  The North Atlantic Ocean has been the focus of a num-
trends in storm climate for the South Portugal region, usingber of studies aimed at assessing storm climate trends, with
data from wave buoy measurements and from modelling, fothe majority focused on the northern part of the ocean. Most
the period 1952 to 2009. Several storm parameters (annualf the studies point towards an increase in storminess and in
number of storms; annual number of days with storms; animean significant wave height between 1953 and 2009 (Ba-
nual maximum and mean individual storm duration and an-con and Carter, 1991; Wang and Swail, 2001; Alexander et
nual 99.8th percentile of significant wave height) were usedal., 2005; Grigorieva and Gulev, 2006; Dodet et al., 2010),
to analyse: (1) historical storminess trends; (2) storm paramas well as in cyclonic activity (Serreze et al., 1997; Geng and
eter variability and relationships; and (3) historical stormi- Sugi, 2001; Gulev et al., 2001; Wang et al., 2006). There
ness and its relationship to the North Atlantic Oscillation are exceptions to these estimates, such as the cases of Dolan
(NAO). No statistically significant linear increase or decreaseet al. (1989), WASA (1998), and Ferreira et al. (2009), who
was found in any of the storm parameters over the period otoncluded that there has been no significant trend in the level
interest. The main pattern of storm characteristics and exeof storminess between 1942 and 2009. However, there is a
treme wave heights is an oscillatory variability with intensity clear cyclic behaviour of storminess and wave height vari-
peaks every 7-8yr, and the magnitude of recent variationgbility, on a decadal timescale (WASA, 1998).

is comparable with that of variations observed in the earlier The central and southern latitudes of the North Atlantic
parts of the record. In addition, the results reveal that thehave been less well studied than the northern parts and, in
NAO index is able to explain only a small percentage of thegeneral, the estimates of storm and wave climates for these
variation in storm wave height, suggesting that more locallatitudes have been derived from larger scale studies of the
factors may be of importance in controlling storminess in thisentire North Atlantic. Despite the different periods of anal-
region. ysis, most of these studies indicate a similar pattern in the
multi-decadal variability in extreme and mean significant
wave heights. The pattern indicates that the northern part
of the North Atlantic presents a trend of increasing stormi-
ness and mean significant wave height, and that the mid

The most dramatic and long-lasting meteorological impactsa”d southern latitudes sh_ow a decreaging trend (Kushnir et
on many coasts are those resulting from storms (SchwartZl-» 1997; Wang and Swail, 2000; Swail et al., 2000; Wang
2005). Due to its impact on socioeconomic structures and€t @l 2003; Dodet et al., 2010). Although such larger-
in some cases, on human life, a storm climate attracts publi§calé studies are useful in order to produce a more com-
attention and presents problems for coastal managers whBrehensive interpretation of the overall pattern of variabil-

need to understand the potential risk as a basis for decisiority In storminess, site-specific studies are required, particu-
making. larly in locations where the specific site characteristics (e.g.

local wind forcing and coastal physiography) can produce
divergent trends. As an example, the European-funded Mi-
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OFaro Wave Buoy
Portugal Latitude: 36°54'17'N

Longitude: 07°53'54"W
Depth: 93 m

Fig. 1. The study area, including the location of the Faro buoy (the same as the simulated wave model point) and the wave rose distribution
for the measured data.

analyses from several European regions. The main concluthe middle latitudes of the North Atlantic, near the southern
sion derived from that study is that a clear trend of changecoast of Portugal (Fig. 1). The measured data and validated
in storminess at a European-wide level is not evident. Themodelled data were joined to create a wave dataset covering
results reveal a wide variability in trends between differenta period of 57 yr from January 1952 to December 2009.
coastal regions (Ferreira et al., 2009).

The south of Portugal is a region sheltered from the most2.1  Measured data and wave climate
dominant and important swell source, the North Atlantic.

Besides the long travel distance involved, storms generategkecorded three-hourly values of significant wave height
in the North Atlantic have to circumvent the southern Por- gy 'mean peak periodr(), and mean wave directiom)
tuguese continental shelf to reach the coast. These factofgere gathered from Faro buoy°&354’ W ; 36°547" N),
contribute to an important dissipation of storm energy andwhich is located off Cape Santa Maria at approximately 93 m
wave height, which can consequently introduce different patwater depth (Fig. 1). The measured data for the 14 yr period
terns into storm variability. The local storm wave climate is yere collected and used to validate hindcast model results.
also influenced from the southeast by stormy waves origi- 5 (ose diagram based on the 14yr of measurements
nating in the Gibraltar Strait region (Levante storms). These(Fig' 1) shows that the wave climate of this region is char-

aforementioned sitg—specific gharacteristips gnd their possiz iarized by prevailing dominant smooth and moderate sea
ble effect on stormmes; prov.|de .the.motn{auo'n for the dfe'states and by the occurrence of two different types of storms
velopment of a detailed investigation into historical trends in_ ;115 from the southwest (SW — 70% of storm occur-
storm wave climate for the south of Portugal. This investi- rences) and storms from the southeast (SE — 30 % of storm
gation uses both modelling efforts and wave buoy measurebccurrences).

ments to assess changes in storminess, and compares the re: . S '
sults with those of previous studies. In addition, the relation- The storm threshold for this region is definedrés> 3 m

ship between historical storminess and variation in the NAOEEeeaSrS]znZ? tﬂgder?tliisi 4138(;)n\:\gggr:ﬁznigrrfjs?xgsﬂrfe;he
index is determined, in an effort to understand the ability of S y P

this index to explain the pattern of storms in South Portugal the standard deviation of the respective dataset. The mini-
‘mum time duration above the storm threshold to be consid-

ered a storm is 3 h and the individualization of storm events
2  Wave dataset was made through an independence criterion defined as when

30h elapsed between consecutierecords (Twan, 1988;
Wave data used in this study were obtained from two distinctMorton et al., 1997; Dorsch et al., 2008) over 3m (the storm
sources covering different periods: for the period May 1995threshold for the region). The largest waves are from the SW,
to December 2009, measured data were obtained from a dgenerated by deep atmospheric low pressure systems whose
rectional wave buoy (Faro buoy, from the Portuguese Hydro-paths are more southerly than usual. The typi¢aburing
graphical Institute — IH); and for the period January 1952 SW storms is around 4 m and in general these storms occur
to February 1994, modelled data were obtained from a reimore than once a year; however, there are events that can
gional model hindcast implemented for the present purposereachHs~ 7 m. These SW storms occur mainly during the
Both series have an identical geographical origin located inwinter (December—March).
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SE storms occur when a strong “Levante” (strong Mediter—Table 1. Model validation results (1995-2006).
ranean easterly wind) is blowing from Gibraltar Strait. In
contrast to the SW storms, which are related to synoptic
scales, SE storms are mainly due to mesoscale atmospheric

Storm characteristics

patterns. These patterns involve the Azores high extending Measured ~ Model Prediction
over the Iberian Peninsula and North Africa while there is a parameters (%)
pronounced low over northern Africa, thus generating a sur- Number of 91 85 93%
face pressure gradient over the Strait that gives rise to strong storms

winds and stormy waves (Dorman et al., 1995). These storms Number of 163 149 91%

occur mainly between October and May and typically with  days with
Hs < 4m. The maximunmHs recorded during SE storms is storms

<6m. Wave Height

2.2 Model data r2 RMS
(Measured vs Model)  (Measured — Model)

The historical wave climate for the Faro buoy’s location was g9 sth 0.77 0.42m

hindcasted with the third-generation spectral wave model Percentile
WAVEWATCH IlI (hereinafter referred to as WW3) (Tol-
man, 2009) in its version V3.14. The parameterization se-
lected for the study is th d ibed and validated in Ard-_, . . . - o
r?tfirsetg: (280%)3) y1s the one described and validated in Ar statistical indicators: coefficient of determinatiorf) and
: : . N root mean squared error (RMSE) of the fit. Other compar-
In order to accurately simulate the wave field in the Gulf of . .
: : ; isons between model and measurements were made using
Cadiz, a one-way nesting strategy was adopted. This semi- . : Lo
o e . - =~ other storm parameters investigated in this study namely, the
enclosed basin is episodically dominated by fetch-limited :
: . . annual number of storms, the annual number of days with
wind seas, due to its location partly sheltered from NW and

. storms, and the annual 99. ercentile .
NNW ocean swells and the presence of local winds, such as ) 8Hg P tisoa) -
the Levante. A fine resolution grid nested in a coarser one The comparisons of the first two storm characteristics (an-

was therefore required in order to more accurately take intdU@l number of storms, annual number of days with storms)
account the effects of the wind and the local topography. TheVere evaluated through a prediction parameter, which repre-
regional model of Dodet et al. (2010), corresponding to 2 0.5 sents the percentage of _events that were correctly pred|c_ted
resolution coarse grid covering the North Atlantic Ocean and?Y the model. The quality of the extreme wave percentile
forced with the NCEP/NCAR reanalysis wind fields (Kalnay (Hsoag) was assessed through iffecoefficient from the lin-

et al., 1996) was used to generate wave spectra along thear fitting between the model and measured data. The.RMSE
boundaries of a finer 0.05esolution grid extending from between measured and model extreme wave percentiles was

10° W to & W in longitude and from 35N to 3& N in lat- also calculated to indicate the average mismatch between
itude. In addition to this spectral forcing, the model was each result obtained from the measurements and the model
fed with hourly high-resolution (0% wind fields, generated data. The correlation between model data and coincident

from the HIPOCAS project (Feser et al., 2001, Weisse et al. Méasurements from Faro buoy indicates thatARemodel
2009). The spectral grid uses 24 regularly spaced direction&eSUlts presenta good agreement for the majority of the com-
and extends from 0.041 Hz to 0.41 Hz with 25 exponentially Pared data (Fig. 2a), with arf of 0.74 and a fit RMSE of
spaced frequencies. 36cm.

A 54-yr simulation was performed for the period 1952 to  Comparisons of the annual number of storms and of the
2006 and provided 3-hourly time-series of mean wave paj:mnual number of days with storms also present a good agree-
rameters at the specific location of the Faro buoy (Fig. 1). Inment between model and measurements, with the prediction
order to deal with the very large subsequent computationaParameter having values above 90 % (Table 1; Fig. 2b and
cost, the Message Passing Interface (MPI) version of Ww3). These results also show that in both cases the model un-
was used on a 268 processors Fujitsu-Siemens PC-clusteferestimates the measurements. The comparison using the
The whole simulation was split into six 10-yr runs, each of €xtreme wave height percentilé/{gas) shows the same or-

them running on 20 processors within 30 h. der of quality, presenting? of 0.77 and RMSE between
model data and measurements of 0.42m (Table 1). Through
2.3 Model data validation these results, itis also possible to verify that the model seems

to slightly overestimate (by20 %) the predicted values of

Model results were validated through comparisons with co-fs9ag compared to the measurements (Fig. 2d).
incident measurements from Faro buoy. A linear correlation The two datasets (measured and modelled) were combined
of the entire coincidentis data was analysed through two by concatenating the modelled data to the measured dataset
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Fig. 2. Model validation results(A) linear regression between model and measured (B}asomparison of the annual number of storms
between model and measureme®); comparison of the annual number of days with storms between model and measuréd)erom-
parison of annual 99.8 percentile between model and measurements.

to create a single dataset covering the period January 195&most all the years the calculated wave heights were above
to December 2009. The presented modelling strategy wathe storm threshold (3 m).

able to generate a historical wave dataset of comparable qual- | ong-term (57 yr) trends were calculated through the fit of
ity to previous studies of wave hindcasting for the Atlantic 3 jinear regression of the storm parameters (annual number of
Ocean (e.g. Swalil et al.,, 2000), and for the same area ffondtorms; annual number of days with storms; maximum and
the HIPOCAS project (Pilar et al., 2008). mean annual individual storm durations; and anriajgs)

on time (years). From each fit, the signal of the trend (pos-
itive or negative regression slope) and the yearly rate (value
of regression slope) were calculated for each storm param-
eter. The statistical significance of each result was inferred

The duration and frequency of storms were investigatedWith respect to the 0.01 and 0.05 levels, using the Pearson

through the calculation of the annual number of days with COrrelation coefficient.
storms and the annual number of storms for the entire dataset. For three storm parameters (annual number of storms, an-
Storm duration characteristics were also assessed througtual number of days with storms, and annié#bgs), the

the calculation of the maximum and mean annual individualpattern of variation was also analysed by smoothing the an-
storm event durations. nual values using a 3-point moving average and fitting a sum

Storm wave heights were analysed through the computaof sine fgnctions to each §et of moving average values to pro-
tion of the annuaHsgqs. Many previous investigations (e.g. vide a visual _repre_sentanon of the smoothed data. To com-
Wang and Swail, 2000; Matulla et al., 2007) use the 99th perpute the rela_t|onsh|ps between the smoothed s'_torm parame-
centile to assess extreme wave height variability. However!€'s, the moving averaged datasets were normalized (between
in this study, a preliminary analysis of the entire dataset indi-0 and 1).
cated that in some years the annual percentage of occurrence Quantification of the relationships between all the storm
of storms is below 0.5 %, which means that to properly char-parameters was made through linear regression using the raw
acterize the annual variability of storm occurrence, a higherdata for each pair of parameters. Correlation significance lev-
percentile is required. After some testing with different per- els were inferred with respect to the 0.01 and 0.05 levels, us-
centiles, it was found that thHsggg Wwas the best percentile ing the Pearson correlation coefficient. The North Atlantic
with which to characterize annual storm variability, since for Oscillation (NAO) index was the parameter most commonly

3 Analysis of historical storminess
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Table 2. Storm parameters and extreme wave height percentile trends.

Parameter RZ  Trend

Annual number of storms 0.008 0.01; 0.8 (stornzyrtotal)

Annual number of days with storms 0.005 0.03; 1.45 (days with storryotal)
Annual maximum storm duration  —0.002 —0.003; 0.2 (days yr?; total)

Annual mean storm duration 0.0001 0.0003; 0.02 (daydytotal)

Hsgag —0.01 —0.005;—0.27 (myrL; total)

used to explain phases of enhanced and reduced storminefEable 2). Therefore, none of the storm and wave parameters
along European Atlantic coastlines (Kushnir et al., 1997;shows a significant linear trend when assessed over the entire
Wang et al., 2003; Lozano et al., 2004; Matulla et al. 2007;computed period.

Dodet et al., 2010). Positive values of the index can be gener-

ally associated with more storms approaching Northern Eu4.2  Storm parameters: variability and relationships

rope, while stormy conditions in Southern Europe would be

attributed to negative index values. The correlation betweenT he year with the maximum number of storms was 1963 and
the NAO index (monthly averaged difference of normalized the minimum 1954 (Fig. 3a). Results also show that the pe-
sea level pressure (SLP) between Lisbon and Stykkishol¥iod 1952 to 1965, despite these storm frequency maximum
mur/Reykjavik; Hurrell, 1995) and storm wave heights was and minimum, was a very stable period with a yearly av-
explored using four datasets and two different comparisonserage of 5 storms (Fig. 3a). The period between 1973 and
(1) annual mean NAO index vs. Annulkggg; Smoothed an- 1988, despite some positive peaks, presented the lowest an-

nual mean NAO index vs. Smoothed annibgg; (2) Win- nual average number of storms, with many years having less
ter mean NAO index vs. WinteHsgqs; Smoothed winter  than 3 storms (Fig. 3a). From 1989 until 2005, the smoothed
mean NAO index vs. Smoothed wintBggsg. line indicates a well-defined sinusoidal behaviour of storm

Regarding winter values of the parameters, several authorgccurrence, with peaks in/around 1989, 1996, and 2001, and
suggest that the wave climate winter season corresponds f6oughs in/around 1993, 1999, and 2005.
the months between December and March (e.g. Bauer, 2001; The years with the maximum and minimum values of
Dodet et al., 2010). However, our preliminary tests indicatednumber of days with storms are coincident with the years
that March presents a very low percentage of storm occurthat were found for the maximum and minimum values for
rences. For this reason it was decided that the winter seasdfie annual number of storms, 1963 and 1954, respectively
for the present analysis should be between December angFig. 3b). Beyond this, the pattern of variability of number
February. of storm days was found to be very similar to that found for

The correlations for annual/winter periods between thethe annual number of storms. The sinusoidal behaviour for
NAO index andHsggg Were computed using the raw and the smoothed line between 1989 and 2005 is even more ap-
smoothed data, with the latter computed through a threeparent for the number of days with storms, since the troughs
point moving average of the raw data. between peaks are deeper (Fig. 3b). The troughs of these cy-

SE storms, due to their regional scale forcing (Dorman etcles seem to be in phase with the troughs found for the annual
al., 1995), cause a weakening of the correlations between theumber of storms (Fig. 3b).
NAO index andHsggg as preliminary tests indicated. For ~ The annual maximum individual storm duration presents
this reason, SE storms were excluded from this correlatior®2 maximum value in both 1958 and 1972 (6 days duration
analysis, and therefore the NAO analysis is valid only for Sweach — Fig. 3c). The maximum value of the annual mean in-
storms. The statistical significance of each correlation waglividual storm duration (three days) was in 1970 (Fig. 3c).
also analysed against the 0.01 and 0.05 significance levels. The minimum values of these storm parameters occur in

many years and for that reason they are not exhaustively de-
scribed in the text. Results also show that peaks of the an-

4 Results nual mean individual storm duration occur almost every time
there are peaks in the annual maximum individual storm du-
4.1 Historical storminess trends ration (Fig. 3c). During the period from 1952 to 1982, the

maximum individual storm duration exceeded four days only
Linear regression models relating each of the storm parameluring five years (1952, 1958, 1970, 1972, and 1981); while
eters and extreme wave height percentile to time are nofrom 1982 and on this value was exceeded twice (in 1998 and
statistically significant and have very loR-square values 2009) (Fig. 3c).

www.nat-hazards-earth-syst-sci.net/11/2407/2011/ Nat. Hazards Earth Syst. Sci., 1242407611
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Fig. 3. Variations in annual storm parameters and extreme wave height percentile. Lég¢rahnual number of storms (black bars),
moving average data (3 points — purple curve) and linear regression line (red(Byennual number of days with storms (black bars),
moving average data (3 points — blue curve) and linear regression line (red(lB)ednnual maximum individual storm duration (blue
curve), annual mean individual storm duration (green curve), annual maximum individual storm duration linear regression line (red line) and
annual mean individual storm duration linear regression line (brown I{B§)annualHsggg (black bars), moving average data (3 points —
brown curve) and linear regression line (red line).

S o o e s oS bes f o 98 The overlapping of the smoothed annual storm parameters
: % ° (Fig. 4) indicates that the annual number of storms and the
" A annual number of days with storms present very good agree-
| ment in terms of phase of variation. Both of these storm
? parameters follow a sinusoidal pattern of variation with time,
p showing a difference between peaks of about 7-8 yr (Fig. 4).
P Annual Hsggg Variations show small differences in phase
A 34 from the other two storm parameters, showing good agree-
ment in phase until the peak of 1963. Between 1965 and
1 1973 and between 1982 and 1987, the variations underwent
s 190196519 I Do lss 190 195 200 s 2000 phase deviations. The most recent years show an increase
of annual number of days with storms afifdggg trending

Fig. 4. Normalised and smoothed annual storm parameters and® another peak. However, the annual number of storms is
Hsgqg. A sum of sin functions is fitted to each variable. trending to lower values (Fig. 4).
Linear regression was performed for all bivariate combi-
nations of storm parameters, with only the significant results
The maximum value of annualsgeg of ~ 6m was in  portrayed in Fig. 5. The highest correlation was obtained be-
1963, which coincides with the occurrence of the maximumtween the annual number of storms and annual number of
values for both the annual number of storms and annual numdays with storms (Fig. 5a) with arf of 0.82. This result
ber of days with storms (Fig. 3a and b). The minimum confirms the pattern observed in Fig. 4. There are also sig-
value of Hsggg Of 2.7m was in 1954 (Fig. 3d), which co- nificant correlations betweeHsggg and the annual number
incides with the occurrence of the minimum values for both of storms and days with storms (Fig. 5b and c¢). Another
the annual number of storms and annual number of days witksignificant correlation was also obtained between the annual
storms (Fig. 3a, b and d). maximum and the mean individual storm duration parame-
ters with anr? of 0.47 (Fig. 5d), although the precision of

Normalized values
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individual storm duration vs. annual mean individual storm durat{@&);annual maximum individual storm duration vs. annélbgg;

(F) annual maximum individual storm duration vs. Annual number of days with storms. * significapt 00.01; ** significant for

p <0.05.

the data (daily) limit the effe.ctlveness of this result. Both Table 3. NAO index and extreme wave height percentile correla-
the annual number of days with storms and the anfld@ds tions, using different periods (Annual, Winter).
present low but significant, correlations with annual maxi-

mum individ_ual stor_m duration, with values of of 0.34 and Dataset Annual NAG index vs.  Winter NAG index vs.
0.3, respectively (Fig. 5e and f). Annual Hs99.8 ¢2) Winter H599.8 ¢2)
4.3 Historical storminess and NAO Raw data —0.05 -0.18
Moving -0.12 —-0.37*
The correlations between the NAO index afgogg Show average
that different results are obtained for linear regression when (3 PoInts)

calculated for the two different datasets of annual data and =

winter data (Table 3). The correlation-Q.37) using the  Sonroantforr =00t
winter dataset is significant, whereas that using the annual
dataset is not. When the correlations are established wit
winter datasets, the results are better than with the annua
datasets (Table 3). The closer relationship is also seen wheg 1 Historical storminess trends
comparing Fig. 6a (annual) with Fig. 6b (winter). Winter ™
NAO index variations for the analysed period show a nega- . S . .
tive phase between the early 1950s and the beginning of th revious studies indicate that cyclonic activity and wave

1970s (Fig. 6). After this negative phase, the winter NAO eights in the northern part of the North Atlantic have been
index presénté a more sinusoidal behavi(;ur. For the sami creasing between 1953 and 2009 (Serreze etal., 1997; Gra-

periods, winterHsggg exhibits a variation pattern almost in- am ‘and Diaz, 2001, Qeng and Sugi, 2001; Gulev et al.,
verse to that of the winter NAO index (Fig. 6b). 20.01’ Wang et a!., 2006; Dodgt etal, 2010), and that wave
heights in the mid to lower latitudes of the North Atlantic
have been decreasing between 1942 and 2009 (Kushnir et
al., 1997; Wang and Swail, 2000; Swail et al., 2000; Wang
et al., 2003; Dodet et al., 2010). At a European level and

Discussion
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Fig. 6. NAO index versusHsggg uUsing annua(A) and winter(B) data.

through a group of independent regional analysis of severapercentile of significant wave height were investigated in that
storm parameters (duration, intensity, and frequency), Ferstudy for the entire North Atlantic region. The results from
reira et al. (2009) concluded that there is no general trendhe above-mentioned previous studies converge to a signifi-
(either increasing or decreasing) in storminess between 1948ant decreasing in all wave height indicators along the mid
and 20009. and lower latitudes of the North Atlantic, including the re-
The analysis of overall data trends in the present studygion of our study area. The present study also shows a neg-
reveals that none of the storm parameters analysed showative signal in the trend ofisggg, but with the absence of
a significant increase or decrease over the period of interstatistical significance.
est, which is in agreement with the findings of Ferreira et Two main differences between our study and previous in-
al. (2009). Presented results sometimes differ from othewestigations were the forcing of a high resolution wind field
previous studies (e.g. Kushnir et al., 1997; Wang and Swail(0.5°) from the HIPOCAS project and the inclusion of a high
2000; Swail et al., 2000; Wang et al., 2003; Dodet et al.,resolution (0.0%) nested grid covering the south of Portugal
2010), probably due to factors such as different modellingand Cadiz Gulf. Through the modelling strategy used, the
strategies used (e.g. resolution of wind fields and modelocal wave forcing was better reproduced than in previous
grids), different dataset lengths, and different wave heightstudies (Pilar et al., 2008), resulting in an improved historical
parameters analysed. For instance, Kushnir et al. (1997)vave dataset. In addition, the study used the higher resolu-
analysed monthly average significant wave heights using @on computational nested grid which allowed a more satis-
smaller hindcast dataset (only 10yr) with smaller (5 times)factory representation of wave propagation along this region.
grid resolution. Wang and Swail (2000), Swail et al. (2000), This point is important since the south of Portugal is physi-
and Wang et al. (2003) also used smaller wave field reso€ally sheltered from the main source of storm swell coming
lution and broader computational grids to generate a 40-yrfrom the North of the North Atlantic. The present study also
long (1958-1997) wave dataset. The generated dataset ahcludes measurements of wave heights (14 yr) to validate
lowed historical trends to be identified in the mean signifi- the hindcast and to complement the analysed dataset.
cant wave height, and the 90th and 99th height percentiles Another potential cause for differences in trends between
for the entire North Atlantic but doesn’t incorporate mea- this study and previous investigations are the wave height in-
surements at specific points. Dodet et al. (2010) used thelicators used. This study uses an annual wave height per-
same wind forcing as the present study and a computationatentile (99.8 %) that was chosen (based on measurements) in
grid with 0.5’ resolution to generate a 57-yr hindcast (1953—order to better characterize the wave heights above the storm
2009) wave dataset. The historical trends in the annual 90thhreshold (3 m) of the study region. Through the exploratory
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analysis of the entire dataset, it was possible to identify tha6.3 Storminess and the NAO
for some years, stormd{g > 3 m) accounted for less than

0.5% of the observed waves. This means that even a 99tResults from the correlations betweélggg and the NAO
percentile cannot be adequately used to assess the trendsioflex show that these two variables are correlated only when
the wave heights above the storm threshold and that perthe winter season datasets are used. This is in agreement with
centiles such as 90th are not representative of storm condBauer’s (2001) findings, which show that wave height is con-
tions. The prior knowledge of storm wave thresholds in eachsiderably better correlated with the winter NAO index than
study area contributes to define and use the most appropriatgith the annual (whole) dataset for the NAO index. How-
wave height percentile to characterise storms, which may noever, a significant (but low) correlation was found when the
always have been the case in previous investigations (generi@w data were smoothed through a moving average. These
for the entire North Atlantic, for instance). Therefore the results are in agreement with those of Dodet et al. (2010),
prior definition of a storm threshold is fundamental to the in which a similar correlation coefficient between the win-
development of a historical storminess analysis. The use ofer NAO index and winteHsgo was found for the same re-
different storm thresholds could mean the characterization ofjion. Our findings indicate that the NAO index explains only
different meteorological events which can even have no relaa small part of the{sggg Storm wave height variation in this
tion with a storm event. region. Matulla et al. (2007) have previously shown that the
NAO index is not very helpful in accounting for storminess in
central Europe. Alexandersson et al. (1998) also found that
the NAO index fails to explain storminess in NW Europe.

The capacity of the NAO index to explain storminess
cross Europe varies spatially and according to the particular
period under consideration (see Matulla et al., 2007; Ferreira

5.2 Storm parameters: variability and relationships

The clearest pattern that can be observed in the storm Pa;
rameter results is the oscillatory behaviour that all param-

et?rs pfreITent (\;vgh ttlme r(]F|g].( 4).' _Years V\{'th peiﬁs 07f g'gh et al., 2009). However, the results obtained in this inves-
values Toflowed by trougns of minimum values with & /=0 yr tigation indicate that the NAO index is not able to explain

timescale are clearly identified (Fig. 4), and they are in agree- uch of the storm wave height variability for South Portu-

ment with patterns that have been observed in previous study, . : o :
. . I. Th I I ch .g. in-
ies (e.g. WASA, 1998; Matulla et al., 2007: Ferreira et al.,, 20" 1S IS probably due to regional characteristics (e.g. in

2009) ' quence_ from regional storms generated at the Gulf of Cadiz,

' sheltering from the North Atlantic stormy waves) that have

Detailed comparison of storm parameters variability be-an important influence on the definition of the annual storm
tween the present results and previous findings indicate thajave climate. This suggests that further research is needed

the decline in all storm parameters from the early 1960s 0y order to understand the driving factors of storm climate of

is in agreement with the findings of prior investigations (e.g.
Davis et al., 1993; WASA, 1998; Ferreira et al., 2009). Also,
as it was verified in previous studies (e.g. WASA, 1998; Fer-g Conclusions
reira et al., 2009), the magnitude of the variations are com-
parable throughout the time series. Thus, despite the clearhis study investigated historical variations and trends in
pattern of cyclic variations, the variability of the storm pa- storminess for the coast in the South of Portugal for the pe-
rameters has not changed significantly over time. This findriod 1952 to 2009 using both measured and modelled data.
ing suggests that the observed amounts of variation and thRlo statistically significant linear trend (either a decrease
cyclic behaviour may be expected to continue into the nealpr increase) was found for any of the storm characteristics
future. (wave height, storm duration, and number of storms) over the
The bivariate correlations between storm parameters inperiod of interest. The main pattern of historical storminess
dicate that storm frequency and duration are highly corre-variability is an oscillatory variability in storm parameters,
lated, with the annual number of storms and days with stormsvith peaks every 7-8 yr on average, with the magnitude and
presenting the strongest relationship. The correlations bestyle of variation found in recent years being similar to that
tween these two parameters and the storm duration paraniurther in the past. Years with a higher number of stormy
eters (maximum and mean storm duration) were, howevergdays generally have higher wave heights and higher maxi-
weak. Considering that the annual number of days withmum individual storm durations.
storms andHsggg are positively correlated, and that these  The results also reveal that the NAO index is able to ex-
two parameters have significant positive correlations with theplain only a small amount of the annual variability of storm
maximum individual storm duration, it seems that years withwave height or storm frequency in this region. Future work
a higher number of stormy days have a high probability of should include other climatic factors, in addition to the NAO
presenting higher energy peaks (hifhogg value) and, toa index, to explain the annual storminess variability in the
smaller extent, a higher maximum individual storm duration. South of Portugal, a setting in which local factors may prove
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to be the significant drivers of variation in storminess. A Geng, Q. and Sugi, M.: Variability of the North Atlantic cyclone
large set of regional studies such as the one detailed in this activity in winter analysed from NCEP-NCAR reanalysis data, J.
paper should be performed in order to obtain a wide represen- Climate, 14, 3863-3873, 2001.

tation of variation in storminess, and to identify the drivers of Graham, N. E. and Diaz, H. F.: Evidence for intensification of North
the variation, including a better understanding of local and Pacific winter cyclones since 1948, B. Am. Meteorol. Soc., 82,

. 1869-1893, 2001.
regional effects. Grigorieva, V. and Guley, S.: Extreme wind waves worldwide from
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