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Abstract This study analyses for the first time observed surface mean wind speed (SWS) and gusts over
the Iberian Peninsula (IP) in the frequency domain for 1961-2019, with the goal of exploring sources of
predictability in the interannual and decadal scales. The main result is the high significant correlation between
surface winds and the stratospheric polar vortex for periods close to 1 year with a time lag of about 2-3 months
with respect to the antiphase, that is, a negative correlation in which the polar vortex modulates winds in the
region. Furthermore, we found that the SWS and gusts are decoupled for periods between 9 and 11 years with
a marked seasonal dependence in its intensity. Finally, we detected discrepancies between the spectra shown by
surface winds from observations and ERAS5-Land reanalysis, suggesting that simulated data do not accurately
reproduce the variability of surface wind speeds.

Plain Language Summary In the climate system, there are oscillations that are repeated with
specific time periods over time; the best known example is the El Nifio-Southern Oscillation, which affects
much of the world's climate. In this study, we apply a spectral analysis to: (a) characterize the spectrum of
near-surface mean wind speed and gusts in the Iberian Peninsula; (b) relate the oscillations of both wind
variables with those of other parameters of the climate system; and, (c) identify sources of predictability. The
most outstanding result is the high significant correlation between the mean wind speed and gusts with the
stratospheric polar vortex with a time lag of about 2—3 months. This means that with an anomalously weak
(strong) polar vortex we might expect strong (weak) surface winds 2—3 months later. This study has direct
socioeconomic and environmental implications for for example, wind energy production, agriculture and
hydrology, pollutant dispersion, among others, as it could predict interannual- to decadal-scales wind speed
behavior in the region.

1. Introduction

Although near-surface wind speed and gusts have not been studied as much as air temperature or precipitation
in the context of climate change (IPCC, 2021), in recent years numerous studies have analyzed winds in the
time domain, calculating their trends and correlations with different climate indices at different spatio-temporal
scales (e.g., McVicar et al., 2012; Wu et al., 2018); this has also been the case for the Iberian Peninsula (IP,
Azorin-Molina et al., 2014, 2016; Utrabo-Carazo et al., 2022). However, to the authors' knowledge, there is
only one study in the scientific literature that analyses surface wind speed in the frequency domain (Naizghi &
Ouarda, 2017) despite all the insights that can be gained from a spectral analysis approach (Grinsted et al., 2004).
The study of surface winds is of great socioeconomic and environmental importance for a large number of areas,
with special emphasis on the production of electrical power (Liu et al., 2022). In 2019, the installed electricity
capacity of wind power corresponded to approximately 25% of the total for the IP (European Commission and
Directorate-General for Energy, 2021). Therefore, the ability to predict surface winds, thus, the production of this
kind of energy is essential as the principal force for decarbonization (Wu et al., 2021).

The characteristics of the spectrum of the variable to be considered allow us to recognize whether it is possible the
existence of sources of predictability or if, on the contrary, its behavior is chaotic (Serykh & Sonechkin, 2019).
Furthermore, techniques based on wavelets can be used to locate the main oscillations in time, allowing us to recog-
nize non-stationary behavior (Grinsted et al., 2004). These techniques have been successfully applied to differ-
ent climatic variables such as precipitation or air temperature (e.g., Penalba & Vargas, 2004; Polanco-Martinez
et al., 2020). As mentioned above, spectral analysis has only been applied once to surface winds in United
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Arab Emirates (Naizghi & Ouarda, 2017), revealing its potential for the study of surface wind variability. Being
non-linear and non-stationary, wavelet. allow to retrieve more features than classical linear analysis, such as
trends or Pearson correlation (Mares et al., 2021).

The observed changes in surface wind speed are mainly driven by internal decadal ocean—atmosphere oscillations
(Zeng et al., 2019), making the spectral techniques employed here a powerful tool for characterizing these rela-
tionships. In the climate system, there are oscillations that are well-known to influence weather and climate, such
as the North Atlantic Oscillation (NAO, Vicente-Serrano & Trigo, 2011), the Western Mediterranean Oscillation
(WeMO, Martin-Vide & Lopez-Bustins, 2006) or the El Nifio-Southern Oscillation (ENSO, Rodriguez-Fonseca
et al., 2016), to name but a few. Therefore, it could be possible that these oscillations are used as sources of
interannual- to decadal-scales wind speed predictability. Furthermore, the stratospheric polar vortex has a high
impact on the European climate in autumn, winter and spring (e.g., Smith et al., 2018). Extreme vortex events
such as sudden stratospheric warmings (SSW) that occur with a certain periodicity cause noticeable effects on the
weather in our study region (e.g., Ayarzagiiena et al., 2018).

Up to now, the attribution of the processes behind the near-surface mean wind speed (SWS) and daily peak wind
gust (DPWG) variability and change is challenging, as well as its inherent predictability. Therefore, the overall
aim of this research is to apply for the first time in the IP these time-frequency analysis to observed SWS and
DPWG. More specifically, particular objectives are:

1. To estimate the power spectral density of the near-SWS and DPWGs.

2. To explore possible sources of predictability for both wind variables through wavelet analysis, estimating its
correlation and time lag with a set of modes of climate variability.

3. To compare between surface wind spectra from observed data and from a reanalysis.

Section 2 covers a description of the data and methods used; Section 3 presents the results; Section 4 discusses
the principal findings against the state-of-the-art; and, lastly, Section 5 highlights the principal conclusions and
future perspectives of this research.

2. Data and Methods
2.1. Data

The near-surface wind data (~10 m above the ground) correspond to two quality controlled and homogenized
wind datasets described in Utrabo-Carazo et al. (2022); one for the monthly SWS and the other for the DPWG.
Both observed wind series contain 87 meteorological stations across the IP (covering Spain and Portugal; Figure
S1 in Supporting Information S1), comprising the 59-yr 1961-2019 period. The DPWG is defined as the maxi-
mum wind speed recorded as a 3-s mean over 24 hr, while SWS is the daily mean wind speed. Here we computed
monthly anomaly series for SWS and DPWG with respect to the 1981-2010 period.

The zonal component of wind at 60°N and at the 10 hPa level (hereinafter Polar vortex) is selected from the ERAS
reanalysis (available online at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/eraS; last accessed
30 January 2023). It is chosen as a representation of the state of the polar vortex (Charlton & Polvani, 2007).
Again, the monthly anomaly series is computed.

In this study, ocean-atmosphere oscillations are represented by three climate indices: (a) the Nifio 3.4 SST Index (Nifio
3.4) is retrieved from the National Oceanic and Atmospheric Administration (NOAA; available online at https:/psl.
noaa.gov/gcos_wgsp/Timeseries/Nino34; last accessed 30 January 2023), it is chosen due to the influence of ENSO
on the North Atlantic region (Rodriguez-Fonseca et al., 2016; Taschetto et al., 2020); (b) the NAO index (NAOj;
available online at https://crudata.uea.ac.uk/cru/data/nao/; last accessed 30 January 2023); and (c) the Western Medi-
terranean Oscillation index (WeMOi; available online at http://www.ub.edu/gc/es/wemo/; last accessed 30 January
2023). NAOi and WeMOi are chosen due to their proven high significant correlation with both SWS and DPWG over
the IP, negative for NAOi and positive for WeMOi (Azorin-Molina et al., 2014, 2016; Utrabo-Carazo et al., 2022).

Finally, since reanalyzes fail to accurately reproduce the change and variability of near-surface wind speed (Ramon
et al., 2019), we evaluate whether the spectra of one of them differs from the observed data, which would imply that
it indeed exhibits different climate variability. We use the u and v components of the 10 m wind averaged over the
entire IP (i.e., approximately, from 9.5°W to 3.3°E and from 36.0°N to 43.8°N) of the ERAS5-Land reanalysis data set
(Muiioz Sabater, 2021) to compare the near-surface wind speed wavelet spectra from observed versus reanalysis data-
sets, as well as the wavelet coherence (WC) with other climate parameters. ERAS at 31 km has been assessed as the
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best reanalysis in reproducing near-surface wind speed (Ramon et al., 2019). Due to the higher resolution of ERA5-
Land at 9 km, we expect a better representation of near-surface wind speed and therefore has been chosen in this study.

2.2. Methods

Here we apply two different approaches to characterize the parameters defined above in the frequency domain:
(a) the power spectral density is obtained through the multitaper method (Thomson, 1982) using the MATLAB
toolbox “jLab” (available online at http://jmlilly.net/software.html; last accessed 30 January 2023). This tech-
nique better estimates the spectrum compared to the conventional Fourier analysis since multiple independent
estimates of the spectrum are obtained from the same sample (Bronez, 1992; Percival & Walden, 1993). We
choose the seven lowest-order Slepian orthogonal tapers of length 708 (total number of months in the series) and
time-bandwidth product seven to calculate the multitaper power spectrum density. For comparison, we will also
calculate the Fourier power spectrum as well as the theoretical noise spectrum (considering red noise) with a
significance level of 0.95. For both spectral estimations the data will be detrended and normalized by its standard
deviation; and (b) the wavelet analysis is performed through the MATLAB toolbox “Cross wavelet and WC”
(available online at https://github.com/grinsted/wavelet-coherence; last accessed 30 January 2023). We chose the
Morlet wavelet with six as the dimensionless frequency as the mother wavelet, 2 months as the starting scale, 12
sub-octaves per octave and 84 as the total number of scales. More information about the meaning of these elec-
tions can be found at Torrence and Compo (1998), Grinsted et al. (2004), and Naizghi and Ouarda (2017). We will
compute: (a) the Continuous Wavelet transform (CWT) of each variable defined above, and (b) the WC between
the wind variables and the rest of the parameters. The definition of the cone of influence (COI), a region where
edge effects cannot be ignored, and of the test to estimate the statistical significance of the wavelet power against
a red noise spectrum can be found at Grinsted et al. (2004). Red noise is characteristic of weather signals, it has a
higher spectral density at low frequencies than at high frequencies indicating a high autocorrelation, unlike white
noise where the power is equally distributed at all frequencies (Gilman et al., 1963). The power represented in the
CWT figures is normalized by the variance of the parameter considered and is therefore dimensionless, so that
the different spectra can be compared. The arrows in the WC analysis indicate the relative phase between the two
variables to be analyzed, which in turn is related to the time lag between them. In the case of a cause and effect
mechanism, we would expect the arrows to point in the same direction throughout the time series for a given
period. When estimating the time lag we must be cautious; for example, arrows pointing to the right could indicate
that both signals are in phase or that there is 180° with respect to the antiphase, and so on. Therefore, additional
information about the underlying mechanisms is needed to accurately determine the time lag from the phase
arrows. For a specific period, the time lag can be approximated as the phase angle times the period divided by two
times 7. For more information about wavelet analysis see Torrence and Compo (1998) and the references therein.

3. Results
3.1. Power Spectral Density

Figure 1 shows the power spectral density calculated for all the parameters defined in Section 2.1, both from the
Fast Fourier Transform and multitaper method. It can be seen the red noise which is characteristic of climate
signals, with the power increasing as the frequency goes down, being more prominent in the Nifio 3.4 spectrum.
In all cases, it is discernible a transition from a continuous spectrum for periods of less than a year approximately,
to a spectrum that tends to be more discrete for longer periods. At the low-frequency part of the spectrum, signif-
icant regions for both NAOi and WeMOi appear in periods longer than 8 years, with the significant region for El
Nifio3.4 occurring between 1 and 6 years. However, for the polar vortex no region is significant except for the
seasonal cycle. The significant region at the lower frequency end for the SWS and DPWG anomalies could be
associated with trends that have not been eliminated by the linear detrend.

3.2. Continuous Wavelet Transform

The CWT of all variables are shown in Figure 2. The results for the SWS anomalies (a) and for the DPWG
anomalies (b) show quite similarity. The most powerful and statistically significant regions are located in periods
between 8 and 16 months, although there are non-significant regions with high relative power for longer peri-
ods. As for SWS and DPWG anomalies, (c) the Polar vortex concentrates all its significant power in the periods
between 8 and 16 months but unlike before, no other regions with high relative power are found. In contrast
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Figure 1. Power Spectral Density of detrended and normalized: (a) Surface mean wind speed anomalies, (b) daily peak wind gust anomalies, (c) Polar vortex, (d) Nifio
3.4, (e) North Atlantic Oscillation index and (f) Western Mediterranean Oscillation index. The red dotted line correspond to the theoretical red noise spectra, the gray

line correspond to the spectrum calculated from Fast Fourier Transform (FFT), the blue dash-dotted line correspond to the spectrum calculated from Multitaper method
and the light blue area correspond to the 95% confidence interval.
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Figure 2. Continuous Wavelet Transform of: (a) Surface mean wind speed anomalies, (b) daily peak wind gust anomalies, (c) Polar vortex, (d) Nifio 3.4, (e) North
Atlantic Oscillation index, and (f) Western Mediterranean Oscillation index. The thick black contour designates the significant regions against red noise (p < 0.05) and
the cones of influence (COI) where edge effects might distort the results are shown as a lighter shade.
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to these variables, (d) the Nifio 3.4 shows a high generalized power in all periods longer than approximately
12 months, with the statistically significant region between 12 and 64 months. Finally, the results for (e) the NAOi
and (f) the WeMOi show a greater temporal discontinuity, with the regions with the highest power gathered at
certain points in time. For the NAOI, there is a statistically significant region around 2011 with periods between
16 and 32 months, and a region with a period longer than 128 months starting around 1994. For the WeMOi, there
is a significant region for periods longer than 130 months, but the series is too short and most of it falls within the
COl, and there is also a significant region between 1994 and 2008 for periods close to 120 months.

3.3. Wavelet Coherence

Looking at the WC between both SWS (Figure 3) and DPWG (Figure S2 in Supporting Information S1) anomalies
and the rest of the parameters, the most outstanding result corresponds to the high correlation with the Polar vortex
for periods ranging from 8 to 16 months with an approximate relative phase of 60° for SWS and 80° for DPWG with
respect to the antiphase. This means that when the Polar vortex is weak, strong winds occur 2 months later for SWS
and 2.5 months later for DPWG across the IP; the opposite for strong Polar vortex events. Other signals among these
variables are found in the periods between 70 and 100 months, being significant and approximately in phase at the
beginning of the series between 1961 and 1981. Here we also find that SWS and DPWG are decoupled for periods
between 9 and 11 years, meaning that there is no correlation between them. For the rest of the periods, these variables
are coupled, which means that the correlation is significant, high and in phase, as expected for these two variables.
Moreover, the correlations between the wind variables and the rest of the climate indices (i.e., Nifio 3.4, NAOi, and
WeMOi) show a nearly non-stationary behavior, that is, the main statistically significant signals vary with time. In the
case of the NAOI, the correlation observed between 1991 and 2011 around the frequency of 64 months for both SWS
and DPWG anomalies is noteworthy. For the Nifio 3.4, the highest and significant correlations are found in two period
bands, 16-32 months and 64-100 approximately, and in two time periods, 1961-1976 and 2001-2019, with the
former being of greater magnitude for SWS anomalies and the latter for DPWG anomalies. A large part of these bands
are within the COlI, so their reliability is not too high. Finally, the correlations with the WeMOi are the most wide-
spread among these three modes of climate variability. They are distributed in patches between 8 and 128 months and
during the entire time interval. The region between 64 and 100 months from 2001 onwards stands out, which could
be related to that observed in the case of the Nifio 3.4, being again of greater extension for the DPWG anomalies.

On a seasonal scale, the decoupling between SWS and DPWG tend to occur in the warm period of the year
(Figures S3-S10 in Supporting Information S1), starting in spring, being of greater magnitude in summer,
approaching coupling in autumn and both variables being fully coupled in winter. As expected, the correlation
with the NAOi increases in winter, being significant in most of the time series and in almost all periods. Another
noticeable seasonal result is the high significant correlation between DPWG and the Nifio3.4 in autumn for peri-
ods around 15 years; this result could indicate that the most extreme ENSO events, whose period is close to those
15 years, could have a great impact on the IP.

3.4. Differences With ERAS-Land Spectra

There are differences between the spectra of the observed data and those from the ERA5-Land reanalysis. In
general, the power spectral density is higher at all scales for the series from the reanalysis (Figure S11 in Support-
ing Information S1), indicating that the variability of this parameter differs between the observations and the
reanalysis, the latter being more predictable. The CWT does not show such a marked seasonal cycle in the case
of the reanalysis; moreover, it presents a statistically significant region at the beginning of the series in periods
around 32 months that does not appear in the observed data (Figure S12 in Supporting Information S1). The WC
(Figure 4) confirms these differences, there are large regions where there is no correlation between the wind
anomalies from the reanalysis and the SWS and DPWG from the observations, even with a slight time lag in some
cases. The correlation with the Polar vortex is also weaker and, in this case, the approximate relative phase is 130°
and the time lag is about 4 months. Both the correlation with the Nifio 3.4 and with the NAOi are also lower than
for the observations. The only correlation that is higher is with the WeMOi.

4. Discussion

A time-frequency analysis of observed SWS and DPWG has been applied for the first time in the IP and, as far
as we know, for the second time worldwide (Naizghi & Ouarda, 2017). The power spectral density and wavelet
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Figure 3. Wavelet coherence between surface mean wind speed (SWS) anomalies and: (a) daily peak wind gust anomalies, (b) Polar vortex, (c) Nifio 3.4, (d) North

Atlantic Oscillation index, and (e) Western Mediterranean Oscillation index. The thick black contour designates the significant regions against red noise (p < 0.05) and
the cones of influence (COI) where edge effects might distort the results are shown as a lighter shade. The relative phase relationship is shown as arrows, with in-phase
pointing right, anti-phase pointing left, and SWS anomalies leading the other variable by 90° pointing straight down.
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Figure 4. Wavelet coherence between surface mean wind speed (SWS) anomalies from ERAS-Land and: (a) SWS anomalies from observations, (b) daily peak wind
gust (DPWG) anomalies, (c¢) Polar vortex, (d) Nifio 3.4, (e) North Atlantic Oscillation index, and (f) Western Mediterranean Oscillation index. The thick black contour
designates the significant regions against red noise (p < 0.05) and the cones of influence (COI) where edge effects might distort the results are shown as a lighter
shade. The relative phase relationship is shown as arrows, with in-phase pointing right, anti-phase pointing left, and DPWG anomalies leading the other variable by 90°
pointing straight down.
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analysis are used here to obtain sources of predictability in the interannual- to decadal-scales. Previous studies
have focused on analyzing these variables in the time domain, obtaining that one of the main causes of the
observed changes is partly driven by internal ocean—atmosphere oscillations (e.g., Zeng et al., 2019). Therefore,
a next logical step on the assessment and attribution of wind changes was to study these oscillations by means
of spectral techniques, which provides a robust framework in which to characterize periodic signals (Dillon
et al., 2016; Wang & Dillon, 2014). It is necessary to have sufficiently long series in order to apply this kind of
analysis to the scales we are considering (Torrence & Compo, 1998). This is sometimes difficult for atmospheric
and climate sciences and even more for SWS and DPWG (Azorin-Molina et al., 2014), which would explain why
they have not been applied before.

Results of the spectral power density estimation reinforce the feasibility of obtaining predictability sources for
SWS and DPWG on scales longer than 1 year, when there is a transition from chaotic to quasi-periodic behavior.
This finding had already been explored for another set of climatic variables by Serykh and Sonechkin (2019).
The differences between the spectra of the selected variables indicate that some show greater periodicity than
others. For example, the stratospheric polar vortex forms every year in autumn and disappears in spring (Waugh
et al., 2017), so its annual signal is the largest of those analyzed. The highest power bands for the Nifio3.4 in the
CWT, between 1 and 6 years, match previous results (Hope et al., 2017).

The seasonal cycle is the strongest signal in both wind variables due to the extratropical location of the IP and
the influence of different atmospheric dynamics throughout the year. If we compare the wavelet spectra of the
wind variables for the IP with those for the United Arab Emirates (Naizghi & Ouarda, 2017), the annual cycle
is quite similar, however, the biannual periodicity is not observed in the IP. The WC spectra with the NAOi and
the Nifio3.4 are different for both, probably because its different location, which influence the correlations with
both teleconnection patterns. As mentioned in Section 3.3, the correlations are non-stationary with these indexes.
This result was previously found for WC between hydrological time series and the NAOi in Portugal (Neves
et al., 2019) and in the IP as a whole (Merino et al., 2015). In line with these findings, the relationship between
the NAOi and the SWS and DPWG in winter (Figures S3 and S7 in Supporting Information S1) is in antiphase
(i.e., arrows toward 180°), which might indicate a negative linear correlation in agreement with Utrabo-Carazo
et al. (2022). Likewise, for the Nifio3.4 index, previous results indicate that the impact of this climatic pattern
in Europe is non-linear and non-stationary for both air temperature (Martija-Diez et al., 2021) and precipitation
(Martija-Diez et al., 2022), showing a seasonal dependence in western Europe (Shaman, 2014). The only excep-
tion for a non-stationarity behavior found here occurred in autumn for the DPWG in periods longer than 8 years
when this signal lasted all 59 years of study. This could indicate that extreme ENSO events (Wang et al., 2017)
might produce a signal in the DPWG over the IP regardless of the previous conditions in the region.

The spectrum of the WC between the polar vortex and the two wind variables would agree with what we know
about SSW and their effects on the troposphere, since a SSW with a tropospheric signal would translate into
a negative NAO (Hall et al., 2021). This NAO phase negatively correlates with SWS and DPWG over the IP
(Utrabo-Carazo et al., 2022). The time it takes for the SSW signal to reach the troposphere varies from one
event to another, sometimes not occurring at all (Hall et al., 2021); the 2-3 months of time lag found here might
correspond to the average of all the events that occurred in the studied period. However, it is noteworthy that this
correlation at scales around the year was not found between NAOi and SWS and DPWG. Recent studies show
that although NAOIi is indeed sensitive to the state of the stratospheric polar vortex, this does not mean that we
should always expect a negative NAO after a SSW (Beerli & Grams, 2019; Charlton-Perez et al., 2018). This
would indicate that there are other mechanisms, besides the NAOi, by which the stratospheric polar vortex would
affect the surface wind speed over the IP.

The decoupling between the SWS and DPWG, since it occurs in the warm months and not in winter, could be
due to the different mechanisms behind extreme winds over the region (Gaya, 2011). On the one hand, in winter,
the synoptic scale is predominant, with cold fronts regularly passing, causing strong SWS and DPWG or days
dominated by blocking anticyclonic weather type with weak SWS and DPWG. On the other hand, in summer,
the atmospheric stability dominates but some extreme local to mesoscale events of short duration, such as down-
bursts (Bolgiani et al., 2020), can produce strong DPWG without this being reflected in the SWS. The different
mechanisms behind mean and extreme winds could explain the decoupling, but not the fact that they occur in
periods between 9 and 11 years. The unavailability of daily mean wind speed data limits the possibility of testing
this hypothesis. It is noteworthy to mention that here we analyzed time series of 59 years, which would only
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contain 5 complete cycles of oscillations with a period of 11 years. Therefore, the power associated with this
period could be due to chance and not to specific physical mechanisms. Furthermore, since the wavelets are
localized in time edge effects can distort the results, hence the inclusion of the COI, so that only oscillations
occurring in the middle of the series are taken into account here. Lastly, long periods in relatively short series
could be mistaken for trends, so the decoupling could be due to differences in magnitude between DPWG and
SWS trends (Utrabo-Carazo et al., 2022); although we have repeated the wavelet analyses eliminating the linear
trend (not shown) and the results are similar.

The discrepancies found between the wavelet spectra for SWS observations and ERA5-Land reanalysis might be
due to the fact that the reanalyzes do not accurately reproduce wind observations (Ramon et al., 2019). It is also
noteworthy that the time lag with the polar vortex is different for both datasets, being greater in the case of the
reanalysis. Probably because the reanalysis is not correctly reproducing the SSWs or the arrival of its signal to
the troposphere. The complexity of SSWs produces uncertainty about the mechanisms behind this phenomenon
and their consequences in the troposphere (Hall et al., 2021). Therefore, it is expected that current models and
reanalyzes are not able to simulate with accuracy the effects of SSWs on surface weather, particularly for SWS
and DPWG (Baldwin et al., 2021).

The next steps on this research will be to analyze the influence of other phenomena such as the quasi-biennial
oscillation or the AMOC, and to determine the mechanisms that drive the relationships found here. Moreover,
the wavelet analysis techniques could be applied in a multivariate manner (Polanco-Martinez et al., 2020) or even
by applying bandpass filters to increase the signal-to-noise ratio at the desired frequencies (Mares et al., 2021).
Much longer time observed SWS and DPWG series will be needed to detect signals in the long term. Further-
more, it is also necessary to extend the analyses to other locations in the Northern Hemisphere to confirm these
results and examine possible variations in the influence of the polar vortex at different latitudes. In addition, since
wind speed is highly dependent on local scale phenomena, these analyses could be performed for each station
individually or by applying a clustering that classifies stations according to common dynamic characteristics.

The results found here could have great impact in air quality (Wu et al., 2018), fishing industry (Kahru et al., 2010),
and especially in the wind energy industry (Tian et al., 2019) since it might allow to predict the power generated
by wind farms in the region in the interannual- to decadal-scales. Finally, spectral analysis techniques can serve to
estimate wind climate conditions several months in advance, with adequate sampling frequency these techniques
could be of great applicability for seasonal and sub-seasonal wind forecasting (Lled¢ et al., 2019), as well as to
the study of extreme wind events such as wind droughts (Lled6 et al., 2018). This is crucial for decision makers
in order to reduce the socioeconomic and environmental implications of weak or strong wind conditions, and to
establish short-term adaptation to wind change and variability (He et al., 2021).

5. Conclusions

The main findings of this research can be summarized as follows: (a) The WC analysis found a high and signifi-
cant correlation between the stratospheric polar vortex and the near-SWS and DPWGs anomalies in periods close
to the year, with a time lag of two-three months with respect to the antiphase, that is the polar vortex correlates
negatively with surface winds. (b) There is a decoupling between SWS and DPWG anomalies for periods between
9 and 11 years and significant, high and in phase correlation for the rest of the periods; this decoupling disappears
in winter and it is stronger in summer. (c) There are differences in CWT and WC spectra between observed and
ERAS5-Land reanalysis surface winds; indicating that the SWS variability of the reanalysis is different from that
of the observations.

Data Availability Statement

The SWS and DPWG monthly anomaly series can be found at Utrabo-Carazo (2023) (https://doi.org/10.5281/
zenodo.7714008; last accessed 8 March 2023). The NAO index was retrieved from CRU (https://crudata.uea.
ac.uk/cru/data/nao/; last accessed 30 January 2023), the WeMO index was downloaded from the Climatology
Group of the University of Barcelona (http://www.ub.edu/gc/es/wemo/; last accessed 30 January 2023), the Nifio
3.4 index was downloaded from NOAA (https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34; last accessed 30
January 2023). ERAS5 and ERA5-Land Reanalysis data were downloaded from ECMWF (http://doi.org/10.24381/
cds.adbb2d47 and https://doi.org/10.24381/cds.68d2bb30; last accessed 8 March 2023).
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