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Abstract Given the inconsistencies of wind gust trends under the widespread decline in near-surface
wind speed (stilling), our study aimed to assess trends of observed daily peak wind gusts (DPWG) across
Spain and Portugal for 1961–2014 by analyzing trends of (i) the frequency (90th percentile) and (ii) the
magnitude (wind speed maxima) of DPWG. Wind gust series were homogenized on a daily basis, using
MM5-simulated series as reference, resulting in 80 suitable station-based data sets. The average DPWG 90th
percentile frequency declined by �1.49 d decade�1 (p< 0.05) annually. This showed marked seasonal
differences: decreasing in winter (�0.75 d decade�1; p< 0.05) and increasing in summer (+0.18 d decade�1;
p> 0.10). A negligible trend was calculated for the annual magnitude of DPWG (�0.005m s�1 decade�1;
p> 0.10), with distinct seasonality: declining in winter (�0.168m s�1 decade�1; p< 0.10) and increasing in
summer (+0.130m s�1 decade�1; p< 0.05). Combined, these results reveal less frequent and declining DPWG
during the cold semester (November–April) and more frequent and increasing DPWG during the warm
semester (May–October). Large-scale atmospheric changes such as the North Atlantic Oscillation Index
(negative correlations ~�0.4–�0.6; p< 0.05) and the Jenkinson and Collison scheme (positive correlations
mainly with Westerly regime: ~+0.5–0.6; p< 0.05) partly account for the decadal fluctuations of both
frequency and magnitude of DPWG, particularly in winter. However, the North Atlantic Oscillation index-
DPWG relationships are smaller in spring, summer, and autumn (~�0.1–�0.2; p> 0.10), especially for the
frequency, suggesting the role of local-to-mesoscale drivers.

1. Introduction

Most studies dealing with climate variability of near-surface wind speed analyzed long-term trends from daily
mean wind speed [McVicar et al., 2012]. Overall, these investigations have reported a widespread decline in
measured near-surface wind speed (termed “global stilling”) [Roderick et al., 2007] in many locations (espe-
cially midlatitudes regions) such the United States [Pryor et al., 2009], China [Guo et al., 2011], Australia
[McVicar et al., 2008], Czech Republic [Brázdil et al., 2009], and Iberian Peninsula [Azorin-Molina et al., 2014]
(see McVicar et al. [2012] for a comprehensive review). Under this terrestrial stilling the study of daily peak
wind gust (hereafter DPWG) speed has only receivedminimal attention during the last two decades. The state
of scientific knowledge regarding changes in wind gusts and storminess from anemometer observations on
multidecadal time scales is not conclusive. Table 1 reviews the few studies of long-term trends of wind speed
extremes (not only DPWG) from anemometer observations for comparison purposes with the current study
based on observations (listed #20 in Table 1). This shows that a majority of studies exhibit declining trends in
wind speed extremes (11 studies; i.e., 55%), broadly in agreement with “stilling”; however, another 45% of
studies reviewed report increasing or nontrending trends in wind speed extremes (see Table 1).

In view of (i) the minimal number of studies reporting long-term changes from observed DPWG over land; (ii)
the overall inconclusive nature DPWG trends observed from anemometers; and (iii) the substantial societal
and environmental impact of this natural hazard (e.g., for human safety, maritime and aviation activities,
engineering and insurance applications, and energy production), additional trend assessments, and studies
that assess these trends from a large-scale atmospheric circulation perspective are needed to increase our
understanding of wind extremes [Vose et al., 2014]. The principal objective of this study is to determine, for
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the first time, DPWG trends across the Iberian Peninsula (henceforth denoted by IP, covering Spain and
Portugal). Our secondary objective focused on investigating the possible impact of the North Atlantic
Oscillation index and the Jenkinson and Collison weather-typing classification on the observed variability
of DPWG. Over this midlatitude region, the majority of extreme wind gust episodes are associated with extra-
tropical cyclones during the cold season (November–April) [Font-Tullot, 2000] and with deepmesoscale thun-
derstorms (e.g., downbursts and rare tornadic activity) during the warm season (May–October) [Azorin-Molina
et al., 2015]. The complex topography of the IP also enhances the occurrence of severe damage wind events
[Ayala-Carcedo and Olcina-Cantos, 2002], particularly in high mountainous summits and also on densely
populated coastal areas [Martin-Vide and Olcina-Cantos, 2001].

2. Data, Homogenization, and Trend Analyses
2.1. Observed Daily Peak Wind Gusts

The World Meteorological Organization [WMO, 2008] (see chapter 5) defines gustiness as the turbulent
fluctuations of wind speed. The observed DPWG data sets (in m s�1), the highest single fluctuation of wind
speed recorded in 24 h, were supplied by the Spanish Meteorological Agency (AEMET) and the Portuguese
Sea and Atmosphere Institute (IPMA) and measured by anemograph and anemometer devices as reported
[Azorin-Molina et al., 2014]. The wind processing and recording systems of AEMET and IPMA comply with
WMO requirements to compute daily extreme wind speed fluctuations, establishing the gust duration (i.e.,
measure of the duration of the observed peak gust) in ~3 s [WMO, 1987], from 0000 to 2400 h UTC.

The current availability of meteorological stations measuring DPWG is high across the IP: Spain (900 stations)
and Portugal (16 stations). However, the length of most of these DPWG data series, particularly for Spain, is
too short for trend analysis [Weatherhead et al., 1998]. Therefore, stations were selected for use to provide
a balance between (i) time series length, (ii) number of stations, and (iii) minimal disruptions due to relocation
or replacement of traditional by new automatic weather stations. This selection resulted in 80 (73 for Spain
and 7 for Portugal) long-term DPWG data series covering 54 years (1961–2014). All selected stations are
first-order meteorological stations, i.e., well-exposed sites such as, e.g., airports, which ensure less immediate
proximal environmental changes. All selected stations were subject to homogenization.

2.2. Homogenization of Daily Peak Wind Gusts

Taking into account the advantages of the robust homogenization proposed by Azorin-Molina et al. [2014],
we used the Pennsylvania State University/National Center for Atmospheric Research mesoscale model
MM5 [Grell et al., 1994] to create reference series to homogenize the observed raw DPWG data set. Due to
the ability of the MM5 to reproduce wind regimes and variability [e.g., Pryor et al., 2009; Jerez et al., 2012],
these simulated series were used to detect and correct substantial mean shifts. Causes of break points in wind
speed series have been extensively reported [Pryor et al., 2009], with shifts produced by station relocations
and/or anemometer height changes being particularly important [Wan et al., 2010]. Hourly MM5 wind speed
fields were retrieved at 10m height at each station (i.e., interpolated from the nearest 10 km horizontal grid
cells). As simulated, MM5 reference series were only available hourly; therefore, the simulated DPWG series
were created taking the maximum hourly wind speed recorded in 24 h (from 0000 to 2400 h UTC). Even with
this constraint, the histogram displayed in Figure 1 shows a good statistical agreement between the simu-
lated and the observed DPWG series, with Pearson’s correlation coefficients (R) dominating in the categories
of R 0.6–0.7 (46.3%) and R 0.7–0.8 (36.3%). For a detailed description of the setup, configuration, and parame-
terization of the MM5 model [see Jerez et al., 2013; Azorin-Molina et al., 2014; Lorente-Plazas et al., 2015].

Prior to initiating the homogenization against MM5 series, the observed raw DPWG series passed basic
AEMET and IPMA quality controls to remove aberrant data due to digitalization [Aguilar et al., 2003].
Moreover, we reconstructed observed DPWG series at 10 Spanish and 6 Portuguese stations that were
relocated or replaced by automatic weather stations by concatenating the old and new series (the join dates
were used to check for breaks). Once the observed DPWG data series passed the organizational quality
control and reconstruction tasks, we applied the homogenization method implemented in the R package
CLIMATOL version 2.2 (http://www.climatol.eu/, last accessed 1 November 2015), which uses the well-
established relative Alexandersson’s standard normal homogeneity test (SNHT) [Alexandersson, 1986] to
detect sudden break points. This test is applied on differences between every single observed series and
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the simulated MM5 reference series, both in standardized form, in two ways (i) on stepped time windows to
minimize the possible masking effects of multiple breaks and (ii) on the whole series. In each stage, series
are successively split by the most significant break point in an iterative process until no SNHT value higher than
a prescribed threshold remains, and all missing data are in filled using the standardized reference data at the
end of the process. Our implemented homogenization procedure for wind speed data represents an improve-
ment over previous versions of CLIMATOL achieved during the Committee on Science and Technology (COST)
Action ES0601 and focused on homogenizing daily air temperature and precipitation series (advances in homo-
genization methods and integrated approach—HOME) [Venema et al., 2012], and its skills are comparable to
those of other good homogenization packages [Guijarro, 2011]. The homogenization of DPWG does not adopt
the same steps applied by Azorin-Molina et al. [2014] and was performed directly on the daily series because a
first exploratory homogenization of monthly aggregated values and further interpolation of monthly correc-
tions to daily data did not yield good results. CLIMATOL provides a default threshold value of SNHT=25 to split
the series into two at the shift point. This is a conservative value compared to confidence limits found in the
literature [e.g., Khaliq and Ouarda, 2007], to avoid errors in the process, but users may set their preferred limits.
In fact, former experiences suggest that SNHT thresholds may be different depending on the variability of the
series, which in turn is linked to the climatic element and time resolution analyzed. Therefore, users are advised
to perform a first exploratory analysis with CLIMATOL and use the provided SNHT histograms to help choosing
an appropriate value to discriminate inhomogeneous series. This is really the case when homogenizing daily
values where, due to their lower noise/signal ratio, usual SNHT confidence limits would result in an exaggerated
number of breaks. In this study, the exploratory analysis of the DPWG series moved us to choose SNHT thresh-
olds of 150 and 500 for the overlapping windows and whole series applications, respectively.

Figure 2 provides four examples of the detection of noticeable breakpoints in the DPWG anomaly series by
means of the SNHT test. To summarize, we detected and corrected 87 significant breaks, although two of
them did not yield a homogeneous subperiod because of their small size and were just removed from their
parent series. The effective 85 breaks corresponded to 53 series (31 series with 1 break, 13 series with 2
breaks, 8 series with 3 breaks, and 1 series with 4 breaks), and therefore, 27 out of the 80 series were found
homogeneous. All 80 series were adjusted from their longest homogeneous subperiod for assessing long-
term IP DPWG trends for 1961–2014. Figure 3 shows the location of the 80 homogenized stations across
the IP, and the supporting information Table S1 describes their characteristics.

2.3. Atmospheric Circulation: NAOI and Jenkinson and Collison Scheme

With the secondary objective of assessing the influence of large-scale atmospheric circulation on the
observed variability of DPWG, the North Atlantic Oscillation index (NAOI) and the automatic circulation-
typing scheme of Jenkinson and Collison (JC) were chosen.

Figure 1. (a) Relative frequency histogram of the Pearson’s correlation coefficients between the observed and simulated
DPWG at the 80 homogenized stations; (b) scatterplot of observed versus simulated DPWG in Zaragoza (#25 in Table
S1), with a residual standard error of 3.52m s�1, and R2 of 0.52.
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The NAOI drives much of the climate variability across the IP [e.g., Vicente-Serrano and Trigo, 2011, and the
references therein] and partly the observed fluctuations in severe storms in Europe [e.g., Ulbrich and
Christoph, 1999; Alexander et al., 2005]. Here we used the NAOI defined by Jones et al. [1997] as the difference
of normalized sea level pressure between Southwest IP (Gibraltar) and Southwest Iceland (Reykjavik) as

Figure 3. Terrain map of the IP showing the complex topography and location (for numbers see Table S1) of the 80
homogenized stations across the IP (except the Spanish station of Melilla—number 80, located in North Africa).

Figure 2. Examples of breakpoint detection (red dashed line with the SNHT value) by applying the SNHT test at four DPWG
time series for 1961–2014. Numbers after the station names refer to the station number provided in Figure 3 and Table S1.
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obtained from the Climatic Research Unit at http://www.cru.uea.ac.uk/cru/data/nao/ (last accessed 1
November 2015) using station-derived pressure series.

The JC scheme has been successfully applied as a “gale” indicator to study storminess in the UK [Jenkinson
and Collison, 1977; Donat et al., 2010] and more specifically to assess the relationship between climate vari-
ables and atmospheric circulation over the IP [e.g., Azorin-Molina et al., 2011, and the references therein].
The JC method is based on objective rules concerning the calculation of seven equations or circulation
indices. The objective rules compute the geostrophic wind and vorticity to determine the weather types
(see below): equation (1) is the surface westerly component; equation (2) is the surface southerly component;
equation (3) is the computation of the surface geostrophic wind; equation (4) is the wind direction; equation
(5) is the westerly vorticity; equation (6) is the southerly vorticity; and equation (7) is the total vorticity (for
details see Azorin-Molina et al. [2011]). The synoptic catalog identifies 27 weather types grouped into four
categories (i) directional flow types (N, NE, E, SE, S, SW, W, and NW); (ii) anticyclonic (A) and cyclonic (C) types
related to the rotation of the atmosphere; (iii) hybrid types (AN, ANE, AE, ASE, AS, ASW, AW, ANW, CN, CNE, CE,
CSE, CS, CSW, CW, and CNW); and (iv) the unclassified type (UD). We extended the original grid basis of
Spellman [2000] to classify the UD type, and therefore, 26 weather types were used here.

2.4. Trend Analysis

We analyzed the spatiotemporal trends of two peak wind gust parameters (i) the frequency of DPWG
exceeding the 90th percentile of the entire 19,723 days (54 years from 1961 to 2014) population at each
station and (ii) the magnitude (maximum wind speed) of DPWG. Therefore, the 80 single homogenized
DPWG data series were converted into two series. First, when in the series the days in the highest DPWG
decile, i.e., those exceeding the 90th percentile [Vose et al., 2014], were determined at each station on an
annual, seasonal and monthly basis independently. For instance, we found the 90th percentile of DPWG
for all summers for 1961–2014 and then count the number of summer days in each year exceeding this
percentile. Second, daily wind speed maxima data were averaged to annual, seasonal and monthly mean
DPWG (in m s�1) for each station. We analyzed long-term trends of the frequency and magnitude of
DPWG at annual, seasonal, and monthly time steps for each station and averaged for three regional series
comprised of (i) 80 (All IP), (ii) 73 (Spain), and (iii) 7 (Portugal) stations. Seasonal statistics comprises the fol-
lowing months: winter (December–February (DJF)), spring (March–May (MAM)), summer (June–August
(JJA)), and autumn (September–November (SON)).

The sign and magnitude of changes in the frequency and magnitude of DPWG for 54 years (1961–2014) are
expressed in days per decade (ddecade�1) and meters per second per decade (m s�1 decade�1), respectively.
This is achieved by performing linear regression analysis to calculate the slope between the series of time (inde-
pendent variable or X axis) and at annual, seasonal, andmonthly time steps (i) the number of days in the highest
decile and (ii) wind speedmaxima (in turn, as the dependent variable or Y axis). Additionally, a 15 years Gaussian
low-pass filter to highlight decadal variability was plotted. To quantify the degree of change of long-term trends
of the frequency and magnitude of DPWG, a multistep statistical approach was employed consisting of (i)
1month lag autocorrelation coefficient [von Storch, 1995] since significant autocorrelations may increase the
probability of detecting a statistically significant trend, (ii) applying the nonparametric correlation coefficient
of Mann-Kendall’s tau-b [Kendall and Gibbons, 1990] to report the statistical significance of the linear trends
by, (iii) expressing significant trends at three p level thresholds (significant at p< 0.05, significant at p< 0.10,
and not significant at p< 0.10) as suggested by McVicar et al. [2010] to consider trends from a “process and
importance” perspective, and (iv) to evaluate field significance (at the three abovementioned confidence levels)
of the significant trends [Livezey and Chen, 1983;Wilks, 2006] in order to detect whether the number of stations
with significant trends have occurred by chance [Dadaser-Celik and Cengiz, 2014]. Lastly, at annual, seasonal and
monthly time scales the impact of NAOI and JC weather types on the temporal variability of the mean number
of DPWG exceeding the 90th percentile (frequency) and the mean DPWG (magnitude) for the three regional
series, was measured by the Pearson’s correlation coefficient (R).

3. Results

Sections 3.1 to 3.3 address our primary objective of assessing DPWG trends across the IP, and sections 3.4 and 3.5
relate to our secondary objective of quantifying the impact of large-scale atmospheric circulation (NAO and
JC weather types) on the observed DPWG trends.
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3.1. Climatology of DPWG

The spatial climatology of the homogenized DPWG data set across the IP is shown in Figure 4 by reporting
three statistical parameters (i.e., maximum, mean, and standard deviation) for each of the 80 stations at
annual and seasonal scales during 1961–2014. Additionally, box-and-whisker plots shown in Figure 5 sum-
marize the intra-annual variation of DPWG (supporting information Figure S1 shows monthly plots).
Annually, maximum DPWG have primarily been recorded over the northwestern and western IP, i.e., those
areas which aremore exposed to Atlantic extratropical cyclones with strong winds. Over this region, the high-
est DPWG was measured in San Sebastian (station number 21) at 51.9m s�1, followed by 51.5m s�1 in Leon
(station number 35), and 46.4m s�1 in Santander (station number 17). There are other isolated regions show-
ing extreme DPWG, such as the mountainous Navacerrada station (station number 44; 49.4m s�1) in the

Central System range, or the Vandellos sta-
tion (station number 33; 45.8m s�1) located
at the mouth of the Ebro river valley in the
Mediterranean, i.e., where northwesterly
winds are channeled. In Portugal (i.e., wes-
tern IP), the highest DPWG was measured
in Faro (station number 3) with 43.7m s�1.
The areas where maximum DPWG are small
correspond to some inland stations or loca-
tions with particular topographic features
(e.g., leeward side of prevailing winds) that
weaken extreme winds: e.g., Ciudad Real
(station number 62) 28.9m s�1, Murcia (sta-
tion number 73) 28.6m s�1, and Ourense
(station number 13) 25m s�1. Figure 4 (top
row) shows that seasonally the spatial distri-
bution of maximum DPWG resembles the
annual analysis for winter, spring, and
autumn, whereas in summer this maximum
DPWG is primarily located in eastern IP.

Figure 5. Annual and seasonal box-and-whisker plots of DPWG for all
80 homogenized series for 1961–2014. The mean (red line), the
median (black line), the 25th and 75th percentile range (boxes), the
10th and 90th percentiles (whiskers), and the 5th and 95th percen-
tiles (blue dots) are represented. Monthly box-and-whisker plots are
shown in the supporting information Figure S1.

Figure 4. Annual and seasonal spatial distribution of the maximum, mean, and standard deviation (in m s�1) of DPWG for all 80 homogenized stations for 1961–2014.
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According to the climatology (Figure 4) and the box-and-whisker plots (Figure 5 and supporting information
Figure S1 for monthly plots), winter registered the strongest wind extreme episodes, followed by spring and
autumn, with summer being the season when maximum wind gust events were weakest.

When looking at the mean DPWG (Figure 4, middle row) some interesting features are found. Overall, mean
annual DPWG is 10.2m s�1, with spring (10.8m s�1) the windiest season, followed by winter (10.4m s�1),
summer (9.9m s�1), and autumn (9.7m s�1). Spatially, the areas where high mean DPWG is observed are very
similar to the maximum maps (Figure 4, top row). Annually, the highest mean DPWG is recorded in Tarifa
(Strait of Gibraltar; station number 67) with 14.7m s�1 due to the channeling of westerlies/easterlies in all
seasons. Other areas of highmean DPWG are coincidental to where maximumwind extremes were recorded:
i.e., San Sebastian 13.9m s�1 (Bay of Biscay), Vandellos 13.4m s�1 (mouth of the Ebro river valley), and moun-
tainous stations such as Navacerrada and Penhas Doradas (station number 6) with 12.4m s�1. In contrast, the
lowest mean DPWG values were registered in Ciudad Real with 7.9m s�1 and Ourense with 7.6m s�1, both
inland stations protected against synoptic winds and/or with weak local wind circulations.

Lastly, the spatiotemporal variability of DPWG is illustrated by the standard deviations (Figure 4, bottom row),
and the interquartile range (25th and 75th percentiles) shown in the box-and-whisker plots (Figure 5 and sup-
porting information Figure S1 for monthly plots). Winter displays the highest interquartile range (7.0ms�1),
denoting the high variability of DPWG because of the switching between strong winds and anticyclonic calm
conditions [Font-Tullot, 2000; Martin-Vide and Olcina-Cantos, 2001]. Spring and autumn show a moderate inter-
quartile range (5.3m s�1), whereas summer presents the lowest range (3.9ms�1). These seasonal differences are
clearly seen in the standard deviation analysis (Figure 4, bottom row), where Vandellos (7.5ms�1) and San
Sebastian (7.2ms�1) are the two stations with the highest standard deviations annually and seasonally.

A particular feature of DPWG statistics shown in Figure 4, 5 and supplementary Figure S1 is that
seasons/months with the highest DPWG (e.g., winter) do not correspond to the seasons/months with the
highest average of DPWG (e.g., spring); this is because the frequency and intensity of weather patterns asso-
ciated with strong wind gusts (e.g., westerly winds) vary throughout the year.

3.2. Long-Term Spatiotemporal Trends in the Frequency of Extreme DPWG

Table 2 summarizes annual and seasonal trends of themean number of days exceeding the 90th percentile of
DPWG for all stations for 1961–2014. Annually, we found a statistically significant (at p< 0.05) declining trend
in the occurrence of extreme wind gusts, with a reduction of �1.49 d decade�1 averaged across all 80
stations. Seasonally, this decreasing trend in the frequency of DPWG was prominent in winter, spring, and
autumn, whereas an increasing trend was encountered in summer. For instance, the strongest downward
trend of extreme wind gust episodes occurred in winter with �0.73 d decade�1 (significant at p< 0.05),
followed by spring with �0.50 d decade�1 (significant at p< 0.05), and autumn with �0.39 d decade�1

(significant at p< 0.10). In contrast, we found a slightly increase (but not statistically significant at p< 0.10)
in the frequency of DPWG in summer of +0.18 d decade�1 (Table 2).

Figure 6 displays annual and seasonal temporal variability of the mean number of days exceeding the 90th
percentile recorded over 19,723 days (54 years from 1961 to 2014) averaged over the Spanish (73 stations)
and Portuguese (7 stations) series separately. Note that both regional series present similar temporal
variability as shown by the 15 years Gaussian low-pass filter, displaying a strong consistency by being

Table 2. Annual and Seasonal Trends in the Mean Frequency of DPWG Exceeding the 90th Percentile (d decade�1) andMeanMagnitude DPWG (m s�1 decade�1)
for All 80 Stations, Spain (73 Stations) and Portugal (7 Stations) for 1961–2014a

Mean Frequency DPWG Trends (d decade�1) Mean Magnitude DPWG Trends (m s�1 decade�1)

Periods All stations Spain Portugal All stations Spain Portugal

Annual (�1.49) (�1.55) �0.79 �0.005 0.003 (�0.091)
Winter (DJF) (�0.73) (�0.76) �0.40 �0.168 �0.168 �0.168
Spring (MAM) (�0.50) (�0.52) �0.24 �0.015 �0.008 (�0.092)
Summer (JJA) 0.18 0.20 �0.13 (0.130) (0.148) �0.045
Autumn (SON) �0.39 (�0.43) 0.03 0.035 0.041 �0.040

aStatistically significant trends were defined as those p< 0.10 (in bold) and p< 0.05 (in bold and in parenthesis).
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significantly (at p< 0.05) correlated with R values of 0.53 annually (Figure 6a), 0.84 in winter (Figure 6b), 0.74
in spring (Figure 6c), 0.49 in summer (Figure 6d), and 0.60 in autumn (Figure 6e); confirming the robustness
and quality of the daily homogenization performed on the raw DPWG data sets provided by the two National
Weather Services. Annually, the declining trend in the frequency of extreme DPWG events (i.e., the highest
10% of observed winds in the entire 54 year population) is ~2 times higher in magnitude for Spain
(�1.55 d decade�1; significant at p< 0.05) than for Portugal (�0.79 d decade�1; not significant at p< 0.10).
Long-term variability shown by the 15 years Gaussian low-pass filters can be divided into three trend periods
(i) weak increase from 1961 to 1980; (ii) pronounced decline from 1980 to 1998; and (iii) slight increase of the
occurrence of DPWG episodes from 1998 to 2014. Seasonally, Spain showed the abovementioned long-term
trend pattern with decreasing tendencies in winter (�0.76 d decade�1; significant at p< 0.05), spring
(�0.52 d decade�1; significant at p< 0.05), and autumn (�0.43 d decade�1; significant at p< 0.05), and
increasing in summer (+0.20 d decade�1; significant at p< 0.10) over the 54 year record. Portugal also

Figure 6. Mean annual and seasonal number of days exceeding the 54 year 90th percentile for Spain (red dotted line) and
Portugal (blue solid line) from 1961 to 2014. The 15 years Gaussian low-pass filter is also shown with a black dashed line for
Spain and with a black solid line for Portugal. Monthly plots are shown in the supporting information Figure S2. The
Pearson’s correlation coefficient (R) and the coefficient of determination (R2) are also reported.
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displayed declining trends in winter (�0.40 d decade�1), spring (�0.24 d decade�1), and also in summer
(�0.13 d decade�1), whereas a very weak increasing trend was observed in autumn (+0.03 d decade�1); all
these trends were not being statistically significant at p< 0.10. The supporting information Figure S2 and
Table S2 show the monthly long-term trends in the frequency of extreme DPWG.

The spatial distribution of the 80 station-based trends (i.e., sign, magnitude of change, and statistical signifi-
cance) is shown in Figure 7 and summarized in Table 3a. Annually (Figure 7a), there is a clear dominance of
declining trends (71.3% of stations; with 59.6% being significant at p< 0.05) in the frequency of extremewind
gusts exceeding the 90th percentile over the entire 54 year population. Seasonally, this decreasing trend
pattern also dominates, particularly in winter (80.0%; 46.9% significant at p< 0.05, Figure 7b) and spring
(81.3%; 40.0% significant at p< 0.05, Figure 7c), with the percentages being slightly lower in autumn
(67.5%; 50.0% significant at p< 0.05, Figure 7e). It is noteworthy to highlight that the strongest declining
trends are located in windy areas, such as, e.g., the Cantabrian coast, and particularly the Ebro river valley
(e.g., in spring, the windiest season there), or the Mediterranean coast. The exception to this widespread
declining pattern occurs in summer (Figure 7d) with the majority of stations showing increasing trends
(53.8%; 48.8% significant at p< 0.05); these are located along the Mediterranean coast, some inland stations,

Figure 7. Spatial distribution of the sign, magnitude of trend (d decade�1), and significance (blue and red filled triangles
are significant at p< 0.05; light blue and orange filled triangles are significant at p< 0.10; and nonfilled triangles are not
significant at p< 0.10) of annual and seasonal number of days exceeding the 54 year 90th DPWG percentile trends for 80
stations for 1961–2014.
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and the Cantabrian coast (Bay of Biscay). This intra-annual pattern is clearly discernible in the monthly maps
shown in Figure 8, and the statistical summary provided in the supporting information Table S3a.

3.3. Long-Term Spatiotemporal Trends in the Magnitude of DPWG

Annually, while we observed a statistically significant decline in the frequency of extreme wind gusts, the
magnitude of the DPWG trend was small (�0.005m s�1 decade�1; not significant at p< 0.10) for all 80
stations during 1961–2014 (Table 2). Seasonally, the significant tendency of decreasing frequency of extreme
wind gust episodes in winter was accompanied by a decline in its magnitude (�0.168m s�1 decade�1; signif-
icant at p< 0.10). However, we found that the significant decreasing trend in the frequency of DPWG in
spring and autumn is not associated with a significant loss of their magnitude; e.g., the mean velocity of
DPWG only slightly decreased in spring (�0.015m s�1 decade�1; not significant at p< 0.10) and on the con-
trary weakly increased in autumn (+0.035m s�1 decade�1; not significant at p< 0.10). For this latter season,

Figure 8. As in Figure 7, but for monthly plots.

Table 3. Relative Percentage of Stations With Significant (at p< 0.05 and p< 0.10) and Nonsignificant (at p< 0.10) Negative and Positive Trends in (a) the 90th
Percentile of DPWG and (b) Magnitude of DPWG Annually and Seasonally for 1961–2014 for 80 Stations Across the IPa

Negative Negative p< 0.05 Negative p< 0.10 Negative p> 0.10 Positive Positive p< 0.05 Positive p< 0.10 Positive p> 0.10

(a) Frequency
Annual 71.2 59.6 64.9 35.1 28.8 43.5 47.8 52.2
Winter (DJF) 80.0 46.9 59.4 40.6 20.0 25.0 37.5 62.5
Spring (MAM) 81.2 40.0 46.2 53.8 18.8 33.3 46.7 53.3
Summer (JJA) 46.2 35.1 43.2 56.8 53.8 48.8 53.5 46.5
Autumn (SON) 67.5 50.0 61.1 38.9 32.5 23.1 23.1 76.9

(b) Magnitude
Annual 47.5 42.1 13.2 44.7 52.5 28.6 7.1 64.3
Winter (DJF) 83.8 43.3 7.5 49.3 16.3 7.7 15.4 76.9
Spring (MAM) 53.8 32.6 4.7 62.8 46.3 24.3 8.1 67.6
Summer (JJA) 18.8 33.3 6.7 60.0 81.3 63.1 0.0 36.9
Autumn (SON) 37.5 40.0 3.3 56.7 62.5 26.0 14.0 60.0

aFor the three p level thresholds, relative frequencies are calculatedwith respect to the total number of stations showing negative or positive tendencies. Spatial
distributions are shown in Figure 7 for frequency trends and Figure 10 for magnitude trends.
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this means less frequent but higher magnitude DPWG events. Lastly, the increasing trend in the frequency of
DPWG in summer was accompanied by a significant increase in the magnitude of extreme wind gust epi-
sodes (+0.130m s�1 decade�1; significant at p< 0.05).

The annual and seasonal variability in the magnitude of DPWG over the Spanish (73 stations) and Portuguese
(7 stations) series for 1961–2014 is shown in Figure 9. As the frequency series displayed in Figure 6, both
regional series show, except for summer, a statistically significant (at p< 0.05) relationship with R values of
0.57 annually (Figure 9a), 0.90 in winter (Figure 9b), 0.75 in spring (Figure 9c), 0.18 in summer (Figure 9d),
and 0.73 in autumn (Figure 9e). Annually, while the Portuguese series (average for 7 stations) showed a
declining trend in the magnitude (�0.091m s�1 decade�1; significant at p< 0.05) in accordance with the
negative trend detected in the frequency of extreme wind gusts, we found no trend (albeit only a slightly
positive of +0.003m s�1 decade�1; not significant at p< 0.10) in the magnitude of DPWG for the Spanish ser-
ies (average for 73 stations), which contrasts with the significant negative tendency in the frequency of extreme

Figure 9. Annual and seasonal mean wind speed of DPWG for Spain (red dotted line) and Portugal (blue solid line) from
1961 to 2014. The 15 years Gaussian low-pass filter is also shown with a black dashed line for Spain and with a black
solid line for Portugal. Monthly plots are shown in the supporting information Figure S3. The Pearson’s correlation coeffi-
cient (R) and the coefficient of determination (R2) are also reported.
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wind events. More specifically, this resultant weakening long-term trend is due to the increase in themagnitude
(and frequency) of wind gusts observed since ~1998. Seasonally, winter exhibited an overall and equal decline in
themagnitude of DPWG for both the Spanish and Portuguese 54 year series (�0.168ms�1 decade�1; significant
at p< 0.10), even though increases were observed in the last decade. In spring, no trend or weakly negative was
detected in Spain (�0.008ms�1 decade�1; not significant at p< 0.10), whereas Portugal showed a decline in
magnitude of wind extreme events (�0.092ms�1 decade�1; significant at p< 0.05). For the remaining seasons
(i.e., autumn and summer), Spain showed increases of the magnitude of DPWG events, particularly in summer
(+0.148ms�1 decade�1; significant at p< 0.05) and with lesser statistically significance in autumn
(+0.041ms�1 decade�1; not significant at p< 0.10); while Portugal displayed decreasing trends in summer
(�0.045ms�1 decade�1) and autumn (�0.040ms�1 decade�1), neither significant at p< 0.10. The supporting
information Figure S3 and Table S2 show the monthly long-term trends in the magnitude of DPWG, essentially
replicating these seasonal findings with greater temporal granularity.

In Figure 10 and Table 3b the annual and seasonal spatial distribution and relative frequency statistics,
respectively, of the 80 station-based trends of the mean of DPWG (magnitude) are provided. Annually
(Figure 10a), there is not a consistent trend detected, with near half of the stations each showing decreasing

Figure 10. Spatial distribution of the sign, magnitude of trend (d decade�1), and significance (blue and red filled triangles
are significant at p< 0.05; light blue and orange filled triangles are significant at p< 0.10; and nonfilled triangles are not
significant at p< 0.10) of trends in annual and seasonal mean DPWG for 80 stations for 1961–2014.
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(47.5%; being 42.1% significant at p< 0.05) and increasing (52.5%; being 28.6% significant at p< 0.05) trends.
Seasonally, the magnitude of DPWGmarkedly declined for a high percentage of stations in winter (83.8%; being
43.3% significant at p< 0.05; Figure 10b), which means, according to the trends in the 90th percentile, less fre-
quent and lower magnitude DPWG across the IP. In spring (Figure 10c), there was a reduction of these negative
trends (53.8%; being 32.6% significant at p< 0.05), mostly occurring over the northern and eastern IP (e.g.,
Cantabrian coast, the Ebro river valley, and the Mediterranean coast), whereas positive trends (46.2%; being
24.3% significant at p< 0.05) dominated across the southern IP. Moreover, the increasing trend in the frequency
of DPWG is also detected in the magnitude of wind gusts in summer (Figure 10d), with a significant dominance
of positive trends (81.3%; being 63.1% significant at p< 0.05). Lastly, no clear pattern was detected in autumn
(Figure 10e), even though positive trends in themagnitude of DPWGdominated (62.5%; being 26.0% significant
at p< 0.05). This seasonal pattern is markedly reinforced in the monthly maps and statistics shown in the sup-
plementary Figure 11 and Table S3b, respectively, where negative trends in themagnitude of DPWGdominated
from November to April and positive trends from May to October are seen.

3.4. The North Atlantic Oscillation

Annual and seasonal Pearson’s correlation coefficients (R) shown in Table 4 (monthly statistics are provided in
Table S4) indicate that the NAOI exerted its major influence on the decadal variability of DPWG in winter. This

Figure 11. As in Figure 10, but for monthly plots.

Table 4. Annual and Seasonal Trends of NAOI (Values Are Expressed as Standardized Sea Level Pressure Difference) and for All 80 Stations Across Spain and
Portugal for 1961–2014 the Pearson’s Correlation Coefficients Between: (i) the Mean Number of DPWG Exceeding the 90th Percentile and NAOI and (ii) the
Mean Magnitude DPWG and NAOIa

Mean Frequency DPWG (R-Pearson) Mean Magnitude DPWG (R-Pearson)

Periods NAOI All stations Spain Portugal All stations Spain Portugal

Annual �0.065 0.07 0.08 �0.09 �0.22 �0.23 �0.10
Winter (DJF) 0.146 (�0.47) (�0.45) (�0.56) (�0.55) (�0.53) (�0.61)
Spring (MAM) �0.032 �0.16 �0.15 �0.27 �0.17 �0.18 �0.06
Summer (JJA) (�0.197) �0.13 �0.12 �0.12 (�0.33) (�0.33) �0.12
Autumn (SON) (�0.194) �0.06 �0.03 �0.26 (�0.32) (�0.31) (�0.33)

aStatistically significant correlations were defined as those p< 0.10 (in bold) and p< 0.05 (in bold and in parenthesis).
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statistically significant relationship (p< 0.05) is negative for the mean number of DPWG exceeding the 90th
percentile (R of �0.47 for all stations, �0.45 for Spain, and �0.56 for Portugal), being a bit greater for the
mean magnitude DPWG (R of�0.55 for all stations,�0.53 for Spain, and�0.61 for Portugal). These show that
negative phases of the NAOI, linked to the formation (and/or passing) of low-pressure systems over the IP and
a strong blocking anticyclone in the North Atlantic region, drive large-sale synoptic winds and, therefore, has
a strong influence on DPWG characteristics. The slightly higher R values found between NAOI and mean
magnitude DPWG, when compared to that between NAOI and the mean number of DPWG exceeding the
90th percentile, is because mean daily wind gusts better represent the influence of atmospheric dynamics
when only looking at the highest magnitude wind gust episodes. This is clearly discernible for the remaining
time scales, i.e., annual, spring, summer, and autumn. For instance, whereas the relationship between NAOI
and the mean number of DPWG exceeding the 90th percentile is very weak, with the exception of a statisti-
cally significant relationship (p< 0.10) for Portugal in spring (R of �0.27) and autumn (R of �0.26), the mean
magnitude DPWG shows a stronger influence of this atmospheric teleconnection pattern. Annually, statisti-
cally significant relationships (p< 0.10) are found for all stations (R of �0.22) and Spain (R of �0.23),
becoming significant at p< 0.05 in summer (R of �0.33 for all stations and Spain) and autumn (R of �0.32
for all stations, �0.31 for Spain, and �0.33 for Portugal). The NAOI influence on variability of DPWG in spring
is weakly negative but not statistically significant (p< 0.10). When assessing the long-term trends of this
large-scale circulation mode (see Table 4; monthly statistics in Table S4), we found a positive but not
significant (p< 0.10) decadal trend of the winter NAOI (+0.146), which might be driving the less frequent
and intense DPWG observed across the IP. In contrast, negative and statistically significant (p< 0.05) trends
of summer (�0.197) and autumn (�0.194) NAOI might partly explain the more frequent and higher
magnitude DPWG detected in both these seasons.

3.5. Jenkinson and Collison Weather Types

As summarized in Table 5, annually, both the frequency and magnitude of DPWG, respectively, show the
highest positive statistically significant relationship (i.e., weather types enhancing more frequent and intense
wind gusts) for the W regime (R 0.49 and 0.50, p< 0.05), whereas the most negative R (i.e., weather patterns
inhibiting wind gusts) occurred for the CE (�0.25; p< 0.10) and ASE (�0.41; p< 0.05) synoptic patterns.
Seasonally, the W type also shows the highest positive significant relationship in winter (R 0.57 and 0.59;
p< 0.05), whereas the lowest correlation is found for the A and ASE synoptic types. In spring, the highest
positive and statistically significant relationships differ between the frequency of DPWG where the W type
still dominating (R 0.59; p< 0.05) and the magnitude of DPWG with the N regime (R 0.54; p< 0.05) driving
wind gust variability; in contrast, the most negative correlation coefficients are found for the SE type. In
summer, the frequency and magnitude of DPWG is positively linked to the W (R 0.35; p< 0.05) and NW
(R 0.25; p< 0.10) regimes, respectively, whereas weakly negative relationships are found for E and N weather
types. Lastly, in autumn, the N (R 0.39; p< 0.05) and W (R 0.49; p< 0.05) weather types are the most positively
correlated with DPWG, and the E and S regimes exhibit the most negative relationships. At monthly basis, the
frequency (Figure 12a) and magnitude (Figure 12b) of wind gusts are positively and statistically significantly
(p< 0.05) correlated with NW, W, SW, and N (i.e., directional weather types) denoting that extreme wind gust
variability is driven by Atlantic large-scale synoptic flows, particularly during the cold semester (November–
April). On the contrary, the frequency and magnitude of wind gusts is statistically significantly (p< 0.05)

Table 5. Most Positive and Negative Annual and Seasonal Pearson’s Correlation Coefficients (R) and the Corresponding Jenkinson and Collison (JC) Regime for the
Relationship Between the Mean Number of DPWG Exceeding the 90th Percentile and the Frequency Series of 26 Jenkinson and Collison Weather Types for All
Stations for 1961–2014a

Mean Frequency DPWG Mean Magnitude DPWG

Periods JC + R JC � R JC + R JC � R

Annual W (0.49) CE �0.25 W (0.50) ASE (�0.41)
Winter (DJF) W (0.57) A (�0.40) W (0.59) ASE (�0.45)
Spring (MAM) W (0.59) SE (�0.40) N (0.54) SE (�0.38)
Summer (JJA) W (0.35) E �0.17 NW 0.25 N �0.26
Autumn (SON) N (0.39) E (�0.48) W (0.49) S (�0.43)

aThe same for the mean magnitude DPWG. Significant correlations were defined as those p< 0.10 (in bold) and p< 0.05 (in bold and in parenthesis).
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inhibited under the A, ASE, CE, E, and SE
regimes, i.e., anticyclonic and directional
regimes from the Mediterranean region.
Lastly, the long-term trend (1961–2014)
of the major weather type (i.e., W as the
primary driver of DPWG variability)
indicates that this regime is the likely
cause of the declining trends of winter
and spring wind gusts (the occurrence of
the W regime declined �0.414 and
�0.201ddecade�1, respectively; not
significant at p< 0.10) and the increasing
tendency of DPWG in summer
and autumn (the W type increased
+0.128 and +0.287ddecade�1, respec-
tively; also the NW type increased
+0.374ddecade�1 in summer; not
significant at p< 0.10).

4. Discussion

This study revealed long-term trends
in the frequency and magnitude of
daily peak wind gusts (DPWG) using
homogenized anemometer observa-
tions from 80 stations across Spain
and Portugal for 1961–2014. Overall,
the annual frequency of DPWG
declined (�1.49 d decade�1), whereas
a negligible negative (in essence
nontrending) trend was observed in
the annual magnitude of DPWG
(�0.005m s�1 decade�1). More inter-
estingly, we detected a distinct seasonal
trend pattern with less frequent and
declining DPWG episodes during the
cold semester (November–April) and
more frequent and increasing DPWG
events during the warm semester
(May–October). This marked seasonal
monthly trend pattern suggests (i) a
decreasing in the frequency of large-
scale synoptic systems (e.g., extratropical
cyclones) with weaker wind speed max-
ima affecting the IP during the cold
semester and (ii) a strengthening of local
wind circulations and/or extreme winds
associated with deep mesoscale thun-

derstorms during the warm semester. A similar seasonal pattern characteristic of mean near-surface wind speed
trends for the same region has been reported [Azorin-Molina et al., 2014]. While consistent results between DPWG
trends andmean near-surface wind speed trends are reported for the IP several other studies performed in differ-
ent geographic regions detected differences in the reported trends by analyzing mean wind speed and wind
speed maxima [Klink, 1999; Vautard et al., 2010]. Our IP specific results agree with Cabalar-Fuentes [2005] for the
northwestern part of the IP. These findings (i.e., agreement of trends for the IP versus contradictory trends

Figure 12. Monthly Pearson’s correlation coefficients (R) between (a) the
number of days exceeding the 54 year 90th DPWG percentile (frequency),
and (b) the mean DPWG (magnitude) for the regional series, and the
frequency series of the 26 Jenkinson and Collison weather types for
1961–2014. White squares mask the R not statistically significant at p< 0.05
(small squares) and p< 0.10 (big squares). The sign + or� of R is also shown.
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reported elsewhere [Klink, 1999; Vautard et al., 2010] the latter having a focus on the entire northern hemisphere)
demonstrate that local-to-regional weather systems and teleconnections with synoptic features (e.g., NAOI) are
important to understanding wind dynamics for a study site the area of the IP.

The gradual evolution from negative (winter-spring) to positive (summer-autumn) trends in the frequency and
magnitude of DPWG have not been previously reported in either hemisphere [McVicar et al., 2012]. Our attribu-
tion analysis revealed that the less frequent and declining DPWG observed in winter is partly connected with the
positive (yet not statistically significant at p< 0.10) trend experienced by the NAOI that is linked to an increase of
anthropogenic forcings (e.g., greenhouse gases) [Osborn, 2011]. The tendency of positive NAOI phases is asso-
ciated with a poleward shift of storms tracking across the Atlantic and the seasonal variations in the two poles
of the NAOI, the Azores High, and the Icelandic Low [Wang et al., 2011]. This stronger positive winter NAOI implies
weaker westerly winds over this midlatitude region (e.g., southern Europe) dominated by the subtropical Azores
high pressure belt but an increase of westerly and southwesterly winds associated with a steep pressure gradient
between the subtropics and high latitudes and a strong polar jet stream over northcentral European latitudes
[Yan et al., 2002; Smits et al., 2005]. In contrast, the negative and significant (at p< 0.05) trend of the NAOI in sum-
mer and autumnmight be partly explaining the more frequent and increasing DPWG events experienced across
the IP during the warm semester.Wang et al. [2011] described that in summer the IP lies in the southern periph-
ery of the Azores High, where African easterly waves are impelled, favoring tropical cyclonegenesis and stormier
summers. However, the NAOI-DPWG relationships found here are smaller in spring, summer, and autumn
(~�0.1–�0.2; p> 0.10), especially for the frequency, suggesting the hypothetical role of local-regional drivers
on the reported increasing trends. For example, Kim and Paik [2015] hypothesized that Asian increasing summer
wind speed is driven by intrusion of a warm air mass into the region (confirmed via increasing spatial variance in
surface temperature). Moreover, the influence of the NAOI on the frequency and magnitude of damaging wind
gusts has been previously discussed in two studies. First, Pirazzoli and Tomasin [2003] concluded that trends in
mean and annual maximum winds in the central Mediterranean region are weakly correlated with the NAOI,
being positively linkedwith air temperature. Second, Cusack [2013] concluded that about 20–30% of the variance
in storm frequency in northern coastal Europe is explained by the NAOI.

Additionally, our secondary attribution analysis, by means of the Jenkinson and Collison weather-typing clas-
sification, also revealed the influence of large-scale atmospheric circulation on DPWG decadal variability.
Among all 26 weather types, we found that the Westerly regime is the most positively and statistically signifi-
cant (p< 0.05) correlated with the variability of extreme wind gusts; this means that westerly winds are the
primary driver of the fastest wind speeds at most stations across Spain and Portugal. In accordance with this
finding, but for Central Europe,Donat et al. [2010] concluded that 80% of storm days over that region are con-
nected with westerly flows. Moreover, the long-term trends of DPWG are also consistent with the tendencies
shown by the frequency of the Westerly regime, which has declined and increased (both not statistically
significant at p< 0.10) during the cold and warm semesters, respectively. This reinforces our attribution
analyses that highlights that the decadal variability of DPWG likely arises from changes in large-scale atmo-
spheric circulation patterns as shown by the influence exerted by the NAOI and JC weather types, particularly
during the cold semester (winter). This is very important as most severe wind extremes which represent a
threat to human safety, maritime and aviation activities, and infrastructure, causing life and economic losses
[Della-Marta et al., 2009] are associated with large-scale synoptic disturbances in winter-spring seasons.

Vose et al. [2014] concluded that neither climate model projections nor our understanding of the physical
climate system leads to any conclusive answers regarding extratropical cyclone activity given current climate
change. For instance, the increasing trend in the frequency and magnitude of wind speed maxima during
the warm semester seems to be a more complex phenomenon as DPWG in this semester are commonly
weak-to-moderate winds associated with local-to-mesoscale processes across Spain and Portugal. Even though
the relatively weak correlation was found between DPWG variability with the NAOI and JC weather types in
summer and autumn, these positive DPWG trends likely reflect very complex interactions because wind speed
maxima aremostly driven by thermal and friction forces instead of large-scale pressure gradient differences dur-
ing these seasons [e.g., Azorin-Molina et al., 2011; Lorente-Plazas et al., 2015]. Lately, several studies [Jerez et al.,
2012; Azorin-Molina et al., 2014; Montávez et al., 2014] suggested that, for example, soil moisture depletion and
other physical mechanisms are reinforcing the Iberian thermal low and therefore could be the cause of
strengthening local wind circulations (e.g., sea breeze frontal passages) [Azorin-Molina et al., 2011] and wind
speed maxima during the warm semester. Changes in surface temperature may produce systematic changes
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in surface winds [Klink, 1999; Kim and Paik, 2015] and therefore a global warmingmay have impacted the regio-
nal wind climate [Yan et al., 2002]. In a global climate change scenario, the potential impact of increasing air
temperature patterns on the frequency, duration, and magnitude of gusty winds and associated disasters must
be further investigated. This requires looking at changes in both (i) large-scale atmospheric circulation patterns
(e.g., poleward expansion of the Hadley cell) [Lu et al., 2007] and (ii) local-to-mesoscale atmospheric
dynamics (e.g., land-sea thermal contrast) such trends in the intensity of sea breezes and local wind circula-
tions [Azorin-Molina et al., 2011]. Therefore, a future attribution study aimed at revealing the physical causes
behind the unexpected summer increases of both DPWG frequency and magnitude across the IP is required.

5. Conclusion

To summarize, the main findings of this long-term (1961–2014) trend study of daily peak wind gusts (DPWG)
from 80 stations located across Spain and Portugal are:

1. The annual frequency of DPWG (90th percentile) statistically declined �1.49 d decade�1 (p< 0.05)
displaying a noticeable seasonal pattern with a significant (p< 0.05) decreasing trend in winter
(�0.75 d decade�1) and an increasing but not significant (p< 0.10) trend in summer (+0.18 d decade�1).

2. The annual magnitude of DPWG (mean wind speed maxima) exhibited a slight declining trend
(�0.005m s�1 decade�1; not significant at p< 0.10) but with marked seasonal differences between signif-
icant declining trends in winter (�0.168m s�1 decade�1; p< 0.10) and increasing trends in summer
(+0.130m s�1 decade�1; p< 0.05).

3. Combining [1] and [2] reveals less frequent and declining DPWG during the cold semester (November–
April) and more frequent and increasing DPWG during the warm semester (May–October).

4. Attribution analyses with the North Atlantic Oscillation Index (negative correlations ~�0.4–�0.6; p< 0.05)
and the Jenkinson-Collison weather-typing classification (positive correlations mainly with Westerly
regime: ~0.5–0.6; p< 0.05) show that variability of large-scale circulation is mostly driving the reported
trends, particularly in winter. However, the NAOI-DPWG relationships are smaller in spring, summer,
and autumn (~�0.1–�0.2; p> 0.10), especially for the frequency.
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