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ARTICLE INFO ABSTRACT

Keywords: This study analyses quality controlled and homogenized near-surface wind speed series (SWS) at 87 meteoro-
Surface Wind speed logical stations distributed across Spain and Portugal for 1961-2019. Multidecadal variability analysis of both
Wind gusts

mean and gusts SWS confirms for the first time in the region the cessation of the stilling (decline of SWS) and a
possible weak reversal phenomenon (increase in SWS) in the last decades, varying its onset from 1999 to 2018,
depending on the season and variable. Different atmospheric circulation drivers are evaluated to explain the
stilling and reversal phenomena. Among the chosen teleconnection indices, the Western Mediterranean Oscillation
index (WeMOi) is the one that presents the highest (positive) correlation with SWS, although the correlation
(negative) with the North Atlantic Oscillation index and the Mediterranean Oscillation index in winter is also
statistically significant (p < 0.05). Results show that the interannual variability of the WeMOi could exert a
strong influence on both the stilling and reversal phenomena, as it displays statistically significant negative trends
for 1961-2010 and positive ones (non-significant) for 2010-2019, in agreement with the observed SWS trends.
The use of the Jenkinson and Collison weather type classification reveals the marked influence of certain weather
types in modulating SWS changes (i.e., west, northwest, and anticyclonic types). We proposed the increase in
atmospheric thermal stability and the northward shift of the jet stream as principal causes of the stilling phe-
nomenon in this region. Our results improve our understanding of wind changes, and highlight the importance of
regional assessments to discern their socioeconomic and environmental impacts.
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1. Introduction great uncertainty in the response of atmospheric circulation to a

warming climate from both a theoretical and observational point of view

The effects of climate change on variables such as air temperature or
precipitation have been extensively studied in recent decades (IPCC,
2013). However, less attention has been paid to near-surface wind speed
(SWS) despite its socioeconomic and environmental impacts on a wide
array of spheres, such as wind power industry (Tian et al., 2019; Zeng
et al,, 2019), evapotranspiration processes (McVicar et al., 2012a,
2012b), marine food chains (Kahru et al., 2010), air quality (Wu et al.,
2018) and wind-related disasters (He et al., 2021), among many others.

Until the last two decades, scientists were sceptical about SWS
changes due to several issues (Azorin-Molina et al., 2014), mainly
related to the low quality and inhomogeneities of wind data derived
from e.g., changes in anemometer type, anemometer height or station
relocations, which makes the analysis of trends and variability a chal-
lenging task (Pryor et al., 2009; Wan et al., 2010). Furthermore, there is

(Shepherd, 2014). As the SWS is mainly controlled by internal decadal
ocean-atmosphere oscillations (Zeng et al., 2019), the attribution of its
climate variability and changes is complex; this also explains the
inability of the state-of-the-art models to accurately simulate SWS, since
internal variability introduces uncertainties into the simulations per-
formed by these models (Sun et al., 2018; Deser, 2020). This is verified
through the inconsistencies between the observational data and those
obtained by atmospheric reanalysis and climate simulations (Torralba
et al., 2017; Deng et al., 2021; Molina et al., 2021), particularly in areas
of complex topography (Ramon et al., 2019; Wohland et al., 2019).
Observational data analysis revealed a general decline in SWS in
continental regions of the mid- and tropical-latitudes for 1978-2010
(Zeng et al., 2019), such as: Australia (McVicar et al., 2008), contiguous
US (Pryor et al., 2009), Canada (Wan et al., 2010), China (Guo et al.,
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2011; Zhang et al., 2020), Korea (Kim and Paik, 2015), Spain and
Portugal (Azorin-Molina et al., 2014; Lorente-Plazas et al., 2015; Azorin-
Molina et al., 2016), Sweden (Minola et al., 2016) and Saudi Arabia
(Azorin-Molina et al., 2018b); being this decline more pronounced for
stronger winds (Vautard et al., 2010) and at higher elevations (McVicar
et al., 2010). This was termed as the stilling phenomenon by Roderick
et al. (2007) and quantified in —0.140ms 'dec! (McVicar et al.,
2012a). On the contrary, SWS has increased at high latitudes (i.e., >65°;
McVicar et al., 2012a) and on ocean surfaces (Young and Ribal, 2019)
during that same period. McVicar et al. (2012a) and Wu et al. (2018)
conducted a comprehensive global review in this matter.

Plausible hypothesis discussed in the literature for the stilling phe-
nomenon include:

e Increased surface roughness (Vautard et al., 2010; Wever, 2012;
Zhang et al., 2019), either through vegetation growth (Zeng et al.,
2018), land use changes (Li et al., 2019) or urbanization (Hou et al.,
2013).

Decadal ocean-atmosphere oscillations, caused by the internal vari-
ability of the climate system (e.g., Zeng et al., 2019).

Instrumental artifacts related to the loss of cup anemometer perfor-
mance because of e.g., wear and tear with the mass addition of dirt to
the cups and the internal bearings; rotor damage due to severe
storms; and failure at the opto-electronic output signal system
(Azorin-Molina et al., 2018a).

According to recent studies, the interruption of the stilling with a
recovery of SWS, a phenomenon known as reversal, has occurred since
the ~2010s at the regional scale e.g.: Sweeden (Minola et al., 2021b),
China (Li et al., 2018; Zha et al., 2019; Zhang and Wang, 2020; Ge et al.,
2021), Korea (Kim and Paik, 2015) and Saudi Arabia (Azorin-Molina
et al., 2018b), and at the global scale, with an average increase in wind
speed of +0.240ms 'dec™! (Zeng et al., 2019). All these recent in-
vestigations pointed out that internal decadal ocean-atmosphere oscil-
lations are the dominant drivers of SWS changes compared to Earth’s
greening (Zeng et al., 2018). However, it is not possible to rule out that
the rest of the causes mentioned above have a non-negligible contribu-
tion to both the stilling and the reversal phenomena (Minola et al.,
2021b), or that their importance could even vary regionally.

Since current in-situ wind observations are not particularly long
(mainly since the ~1960s onwards), the study of internal climate vari-
ability of winds becomes especially challenging. Therein lies the novelty
of this work, as it compiles, homogenizes, and analyses the largest wind
speed and gust dataset available for the Iberian Peninsula (IP),
combining climate records from Spain and Portugal.

The overall goal of this research is to revisit previous studies in the IP
on monthly mean wind speed (Azorin-Molina et al., 2014) and daily
peak wind gusts (Azorin-Molina et al., 2016), updating them to the 59-yr
1961-2019 period. According to the state-of-the-art, this is one of the
longest assessment of trends and multi-decadal variability in observed
SWS (McVicar et al., 2012a; Wu et al., 2018), also evaluating changes in
both mean and extreme winds at the same time.

More specifically, particular objectives of this study are:

1. To determine for the first time the cease of the stilling and the
beginning of the reversal in the IP over the last decade(s), identifying
its onset year and its magnitude.

2. To deepen into the relation between atmospheric circulation changes
and observed SWS trends in a mid-latitude region.

Section 2 covers a description of the data and analysis 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 this research.
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2. Data and methods
2.1. Observed wind speed data

Two observational datasets covering the 59-yr 1961-2019 period are
used in this study: one corresponding to the monthly mean near-surface
wind speed (SWS) and the other to the daily peak wind gust (DPWG).
The datasets include records from 87 meteorological stations (77 in
Spain and 10 in Portugal) distributed across the IP along with the
Balearic Islands and Melilla (Fig. 1; Table S1 in Supplementary mate-
rial). This means an increase of 11 and 7 stations with respect to the
previous studies by Azorin-Molina et al. (2014) and Azorin-Molina et al.
(2016), respectively. These datasets were supplied by the Spanish
Meteorological Agency (AEMET) and the Portuguese Sea and Atmo-
sphere Institute (IPMA). Azorin-Molina et al. (2014) already described
the anemometer types used to measure SWS and DPWG. Along with
these reported wind instruments, we noticed in the weather mainte-
nance notes at AEMET the replacement of the SEAC SV5 anemometer
with the Thies ultrasonic 2D and Thies first class anemometers in the
automatic weather stations during the last two decades.

Both AEMET and IPMA measure DPWG as the maximum wind speed
recorded as a 3-s mean over 24 h (WMO, 1987), while SWS is estimated
from daily mean wind speed data averaged from standard 10-min mean
observations at 07:00, 13:00, and 18:00 UTC by AEMET; and from
hourly mean wind speed data when an automatic weather station (AWS)
is used and from daily wind run data (i.e., the total distance of the travel
wind over 24 h) from 09:00 to 09:00 UTC by IPMA. Months with less
than 26 days of observations are rejected and set as missing. More
detailed information for observed SWS and DPWG can be found in
Azorin-Molina et al. (2014) and Azorin-Molina et al. (2016),
respectively.

2.2. Quality control and homogenization

As mentioned above, changes in the location or height of the ane-
mometers, as well as their wear, can introduce spurious shifts in the
wind series. To remove non-climatic artifacts, a robust quality control
and homogenization process is carried out through the R package Cli-
matol (available online at https://CRAN.R-project.org/package=climat
ol; last accessed December 16, 2021). This homogenization approach is
similar to the one applied in the wind studies by Azorin-Molina et al.
(2016, 2018b) and Zhang et al. (2020).

Elevation (m a.s.l)
0 200 400 600 800 1000 1200 1400 1600 1800

45°N |

Latitude
N
i
z

“., BALEARIC ISLANDS
A2 \

2 55 MEDITERRANEAN
I SEATT
W <.
200 km . u oy
}—’—I. o MELILLA et
35°N Mol By rra A LBATHNNCE S
10°W 5oW o
Longitude

Fig. 1. Measurement locations of near-surface mean wind speed (SWS) and

daily peak wind gust (DPWG) observations.
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First, all series are normalised dividing them by their mean value of
the entire period (i.e., 1961-2019). Then, every single data in each series
is estimated as an average of its nearest neighbours and the difference
between the estimated and observed value is computed. If this difference
exceeds a prescribed threshold, the corresponding value is discarded.
The Standard Normal Homogeneity Test (SNHT; Alexandersson, 1986)
is applied to the series of differences obtained; when the maximum
SNHT value of the series exceeds a predefined threshold, the series is
split. The process is applied iteratively until no value that exceeds both
established thresholds is detected. Thresholds are chosen from the
observation of the histograms of the maximum values of SNHT and of
standardized anomalies. If there is no metadata available, a high
threshold is chosen to avoid rejecting real extreme values, especially for
DPWG. This is done at the cost of risking the presence of spurious
extreme values.

Finally, the missing values were filled in with a weighted average of
the four nearest observational values (in normalised form) available at
each time step, assigning to each one a weight inversely proportional to
the distance to the station considered. Climatol generated a homoge-
nized and complete SWS and DPWG series, which is mandatory before
assessing long-term wind speed changes (Azorin-Molina et al., 2014). A
detailed example of the breakpoint detection and homogenization
adopted in this research can be found in Azorin-Molina et al. (2018b, see
Fig. 2 therein). In summary, this approach corrected 775 and 608
breakpoints for SWS and DPWG, respectively, and selected as homoge-
neous wind speed data from the original 87 wind series (77 in Spain and
10 in Portugal) as shown in Fig. 1 and Table S1 for 1961-2019.

2.3. Atmospheric circulation: teleconnection indices, weather types and
computed parameters

To quantify the influence of atmospheric circulation changes on the
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observed SWS and DPWG, the following parameters are used:

The indices of three modes of climate variability: the North Atlantic
Oscillation (NAO), the Mediterranean Oscillation (MO) and the Western
Mediterranean Oscillation (WeMO) (Fig. 2). They were selected because
they are responsible for much of the climate variability in the IP (Pal-
utikov, 2003; Martin-Vide and Lopez-Bustins, 2006; Vicente-Serrano
and Trigo, 2011). More specifically, Azorin-Molina et al. (2014) and
Azorin-Molina et al. (2016) also examined their influence on wind speed
variability for the same study area.

Two NAO indices are employed in order to add robustness to the
results. The NAOi provided by the National Oceanic and Atmospheric
Administration (NOAA, available online at https://www.cpc.ncep.noaa.
gov/products/precip/CWIlink/pna/nao.shtml; last accessed December
16, 2021) is obtained by applying a Rotated Principal Component
Analysis technique to monthly standardized 500-mb geopotential height
anomalies (Barnston and Livezey, 1987). A second NAOi provided by the
Climate Research Unit (CRU; available online at https://crudata.uea.ac.
uk/cru/data/nao/; last accessed December 16, 2021) is defined as the
difference between the normalised sea level pressure over Gibraltar
(36.1°'N-5.3°'W) and the normalised sea level pressure over Reykjavik
(64.1°N-21.9°W) (Jones et al., 1997).

The MOi is provided by the CRU (available online at https://crudata.
uea.ac.uk/cru/data/moi/; last accessed December 16, 2021). It is
defined as the difference between the normalised sea level pressure over
Gibraltar (36.1°N-5.3°'W) and the normalised sea level pressure over Lod
Airport (32.0°N-34.5°E) in Israel (Palutikov, 2003). It is proposed as a
consequence of the dipole behaviour observed in the atmosphere in the
region between the eastern and western Mediterranean basins (Criado-
Aldeabuena and Soto-Navarro, 2013).

The WeMOi (available online at http://www.ub.edu/gc/es/wemo/;
last accessed December 16, 2021) is calculated as the difference between
the previously normalised sea level atmospheric pressures of the
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Fig. 2. (a) Transects of the teleconnection indices used in this work. Time series of (b) NAO index, (c) MO index and (d) WeMO index. The 10-year Gaussian low-pass
filter is shown with a dotted thicker line to illustrate the multidecadal variability.
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barometric dipole San Fernando (Spain, 36.5°N-6.2°W) and Padua (Italy,
45.4°'N-11.9°E). The WeMOi was conceived because the precipitation in
the east of the IP is weakly connected with the NAOi (Martin-Vide and
Lopez-Bustins, 2006); this index is chosen since this could also be the
case for the near-surface wind speed.

The Jenkinson and Collison scheme (hereinafter JC; Jenkinson and
Collison, 1977) has been successfully applied in the IP before (e.g,
Azorin-Molina et al., 2016, and the references therein). It consists of
assigning a synoptic weather type to each day based on seven circulation
variables calculated from sea level pressure data. These types can be
divided into: (i) directional flow types (N, NE, E, SE, S, SW, W, and NW);
(ii) anticyclonic (A) and cyclonic (C) types; and (iii) hybrid types (AN,
ANE, AE, ASE, AS, ASW, AW, ANW, CN, CNE, CE, CSE, CS, CSW, CW,
and CNW). A more detailed description of the application of this method
to the IP can be found in Azorin-Molina et al. (2011).

The methodology adopted was to calculate the number of days that a
certain weather type occurred at the monthly, seasonal, and annual
scale. In other words, we computed a time series for each weather type
with its frequency (in days) of occurrence. Both the trends of each
weather type and their correlations with the wind parameters defined in
section 2.4 were calculated.

Four atmospheric parameters are calculated from the European
Centre for Medium-Range Weather Forecasts reanalysis v5 (ERAS5;
Hersbach et al., 2019a, 2019b; Bell et al., 2020a, 2020b), in order to
quantify atmospheric circulation changes in the study region that could
influence the observed trends in SWS and DPWG. A similar procedure
was applied in recent studies for explaining changes in DPWG in China
(Zhang et al., 2020) and in Australia (Azorin-Molina et al., 2021). The
source variables of these parameters are: the air temperature and dew
point temperature at 500, 700 and 850hpa levels, the zonal (u) and
meridional (v) components of wind at 850 and 1000hpa, the surface
pressure and the geopotential at 850 hpa.

The four atmospheric parameters employed are: Pressure Gradient
(PG), A index (A), Vertical Wind Shear (VWS) and Geostrophic Wind
(V).

To assess how a change in the position or strength of the Hadley and
Ferrel cells (Zurita-Gotor and Alvarez Zapatero, 2018) could have
affected the observed SWS and DPWG changes, the spatial-average PG is
computed between two regions that roughly correspond to the
descending branch of the Hadley cell and the ascending one of the Ferrel
cell. Both regions are in the longitudinal band of 25°W-15°E, but one is
located at low latitude (LL; i.e., 27.5°-32.5°N) and the other at high
latitude (HL; i.e., 57.5°-62.5°N). The PG is calculated as follows:

(Z:'I:lPHLi - E?:lPLLl')

PG = , m
n

where n is the total number of longitude grid points and PHL; and PLL;
are the near-surface air pressure on each longitude in the HL and LL,
respectively. Grid points are regularly distributed along meridians and
their number is latitude-independent.

The A index (A) gives an approximate measure of atmospheric
thermal stability (Zhang et al., 2013). It is computed as:

A = (Tsso — Tso0) — [(Tsso — Tdsso) + (Tro0 — Tdro0) + (Tsoo — Tdsoo) ], 2

where T and Td are the air temperature and dew-point temperature,
respectively, in Kelvin. The subscripts indicate the 500hPa, 700hPa and
850hPa levels.

The Vertical Wind Shear (VWS) is used in the anaysis due to its
relationship with surface roughness (Stull, 1988) and with the vertical
transport of atmospheric momentum. It is defined as:

VWS = \/(Usso = Uiono)” + (Vaso = Viow)”, 3

where U and V denote the zonal and meridional components of wind (in
ms 1), respectively. Again, the subscripts indicate the 850hPa and
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1000hPa levels.

The Geostrophic Wind (V) is selected as it is the main component of
wind, especially in the extratropics, as the mid-latitude IP. It is calcu-
lated as follows:

1 AH

Ve = TFAd @

where, f is the Coriolis frequency (s™!) and AH is the geopotential dif-
ference (m? s’z) at 850hpa with respect to a distance Ad (m).

2.4. Statistical methods

We analyse trends and correlations of three near-surface wind pa-
rameters: (a) the monthly mean SWS anomaly; (b) the monthly mean
DPWG anomaly; and (c) the number of days in which the value of DPWG
exceeds the 90™ percentile of the series considered (foo(DPWG)).
Anomalies are computed as deviations from the 1981-2010 climato-
logical mean. Calculations are made at the station level and over an
aggregated average series. In addition, the calculation is made on three
different time scales: annual, monthly, and standard boreal seasons
(winter, December, January, and February; spring, March, April, and
May; summer, June, July, and August; and autumn, September, October,
and November).

Subsequently, to determine the cease of the stilling and the possible
beginning of the reversal phenomenon, an adjustment to a piecewise
linear regression model (Muggeo, 2003, https://cran.r-project.org/we
b/packages/segmented/index.html; last accessed December 16, 2021)
is applied to the three wind parameters mentioned above. The break-
points at which the trends change its magnitude in the last decades are
classified into three categories according to their statistical significance
obtained from a Score test (Muggeo, 2016): significant at a = 0.05,
significant at @ = 0.10 and not significant at « = 0.10.

The non-parametric Mann-Kendall’s tau-b test (Kendall and Gibbons,
1990) is used to determine the statistical significance of the trends be-
tween the breakpoints detected by the regression model and for the
whole 1961-2019 period. This test is modified to account for autocor-
relation in the data (Hamed and Rao, 1998). Two levels of statistical
significance are applied: @ = 0.05 and @ = 0.10, helping readers to
evaluate wind speed trends from a “process and importance” perspec-
tive, instead of only a “statistically significant” perspective (Weather-
head et al., 1998; Nicholls, 2001; Azorin-Molina et al., 2014). The trends
are calculated using linear regression and its magnitude is expressed in
meter per second per decade (ms 'dec™!) for the SWS and DPWG
anomalies or in days per decade (daysdec™?) for the events exceeding
the 90th percentile.

For a more comprehensive study of the calculated trends, a running
trend analysis (e.g., Brunetti et al., 2010) is applied to accurately
determine the onset and persistence of wind trends. The time windows
width ranges from 10 years up to the length of the whole series (59
years).

The relationship between the SWS and DPWG parameters and the
teleconnection indices or the JC scheme is quantified through the
Spearman’s rank correlation coefficient. The statistical significance of
this correlation is assessed at the significance level of @ = 0.05.

Finally, magnitudes and statistical significance of the trends of the
atmospheric circulation parameters defined in Section 2.3 are computed
to relate them with those obtained in both the SWS and DPWG param-
eters. The units of these trends are dec™! for the teleconnection indices,
daysdec™! for the weather types, hPadec™! for the pressure gradient,
Kdec™! for the A index and ms ™' dec ™ for the geostrophic wind and the
vertical wind shear.


https://cran.r-project.org/web/packages/segmented/index.html;
https://cran.r-project.org/web/packages/segmented/index.html;

E. Utrabo-Carazo et al.
3. Results
3.1. The stilling and reversal phenomena across the IP

The decline in both SWS and DPWG during the second half of the 20"
century is clearly noticeable in all timescales (Fig. 3), revealing the
stilling phenomenon. The start of the most pronounced slowdown in
winds occurred around 1978, with values remaining approximately
constant or with a slight negative slope prior to that year. Fig. 3 also
shows a greater inter-annual wind variability in winter than in summer,
especially for monthly mean anomalies of both SWS and DPWG.

According to our results, the interruption of the stilling and a possible
beginning of a weak reversal phenomenon occurred in the IP. However,
the year of detection of the cessation of the stilling is not clearly deter-
mined, as it varies considerably among seasons and the three wind pa-
rameters (Table 1). For instance, it varied from as early as 1999 for SWS
anomalies and foo(DPWG) in winter, to 2018 for the three wind pa-
rameters in autumn. In summer, we did not detect any significant
reversal and the stilling dominated until 2019. At the annual scale, we
detect the onset year of the reversal close to 2007, being these break-
points significant (p < 0.05) for SWS anomalies and foo(DPWG). Since
the year reported by Zeng et al. (2019) as the beginning of the global
reversal is 2010, trends before and after this year have been calculated
for comparison purposes.

Considering the entire period 1961-2019, the three wind parameters
show significant (p < 0.05) negative trends for all seasons and at the
annual scale (Table 2). When we focus on the period prior to 2010, the
statistically significant negative trends remain for the three parameters
on the annual scale and in winter, being stronger for the latter. For the
rest of seasons, spring showed significant (p < 0.05) negative trends for
SWS and DPWG anomalies and a not significant (p < 0.10) negative one
for fgo(DPWG); in summer and autumn, the decline for SWS anomalies
and foo(DPWG) is significant (p < 0.05) and of lesser significance (p <
0.10) for DPWG anomalies. Conversely, the trends are not significant (p

Annual

Winter (DJF)

Spring (MAM)
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Table 1

Annual and seasonal breakpoint years of (a) monthly mean SWS anomaly, (b)
monthly mean DPWG anomaly and (c¢) number of days exceeding the 90th
DPWG percentile (foo(DPWG)) for the IP. Statistically significant breakpoints are
shown in boldface for p < 0.05 and in italic for p < 0.10.

(@ (b) ©
Annual 2007 2006 2006
Winter (DJF) 1999 2000 1999
Spring (MAM) 2003 2011 2015
Summer (JJA) - — —
Autumn (SON) 2018 2018 2018

Table 2

Annual and seasonal trends of (a) monthly mean SWS anomaly (in ms! dec’l),
(b) monthly mean DPWG anomaly (in ms tdec™!) and (c) foo(DPWG) (in day-
sdec™?) for the IP for 1961-2019, 1961-2010 and 2010-2019. Statistically
significant trends are shown in boldface for p < 0.05 and in italic for p < 0.10.

(a) (b) (©
Annual 1961-2019 —0.15 —0.15 —5.46
1961-2010 —0.15 —0.16 —6.46
2010-2019 -+0.04 -0.01 +7.82
Winter (DJF) 1961-2019 —0.19 —0.28 —1.51
1961-2010 —0.20 —0.33 —1.83
2010-2019 —0.06 —0.59 -0.73
Spring (MAM) 1961-2019 —0.18 —-0.17 —1.44
1961-2010 —0.19 —0.21 -1.80
2010-2019 +0.21 +0.63 +7.94
Summer (JJA) 1961-2019 —0.11 —0.06 —1.32
1961-2010 —0.10 —0.05 —1.23
2010-2019 —0.03 -0.11 —-0.30
Autumn (SON) 1961-2019 —0.11 —0.09 —-1.26
1961-2010 —0.10 —0.06 —-1.20
2010-2019 -+0.05 -+0.02 -1.45
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Fig. 3. Time series of (a) monthly mean SWS anomaly (in ms 1), (b) monthly mean DPWG anomaly (in ms 1) and (¢) number of days exceeding the 90th DPWG
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< 0.10) for 2010-2019. This is because of the quite short time-period
and the high inter-annual variability. However, these trends are gener-
ally positive, or at least closer to zero when compared to the previous
1961-2010 period. These results suggest a break in the stilling and a
possible occurrence of the reversal in the IP.

Analogous results to annual and seasonal scale are reported on a
monthly scale (Table S2; Figs. S1-S3 in Supplementary material). In fact,
trends are negative and statistically significant (p < 0.05) for almost
every month and variable for the 1961-2019 and 1961-2010 periods,
while trends are weaker or even become positive for 2010-2019. The
reversal is not detected in July, August, and September.

The running trends analysis confirms the stilling phenomenon during
the second half of the 20" century (Fig. 4). The reversal is also detected
in winter and weakly observed in spring for window lengths <15-20
years, although these positive trends are not significant at p < 0.05. It is
worth mentioning that since the minimum time window is 10 years, if
the reversal phenomenon has begun in the last decade, it will not appear
fully represented in this analysis, this occurs e.g., in autumn. For window
lengths of approximately 30 years or more, no positive trends are
observed, which confirms the fact that the reversal would have occurred
in recent decades and that it would be preceded by the stilling phe-
nomenon. In addition, it is also remarkable the positive trends observed
around 1970s in time windows of ~10-15 years, which reflects the
marked inter-annual variability of winds as previous reversal cycles
already occurred in the past.

Negative and statistically significant trends (p < 0.05) dominated
across the IP in all seasons for 1961-2019 (Fig. 5); the reversal phe-
nomenon is masked here as the spatial trends are computed for the
entire study period. Only the northeast of the IP displays some statisti-
cally significant (p < 0.05) positive trends for DPWG anomalies in
summer or non-significant trends in spring. Overall, the strongest
magnitude of the declines occurs in winter and spring for SWS and

Spring (MAM)
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DPWG anomalies, while the foo(DPWG) shows a weak intra-annual
variability. DPWG anomalies generally show a greater decline than
SWS anomalies, which confirms that the stilling is more noticiable for
stronger winds.

At the annual scale, larger magnitudes for foo(DPWG) trends were
expected compared to seasonal statistics due to the wider time range.
For the same reason, annual and seasonal trends are greater than the
monthly ones (Fig. S6 in Supplementary material). At this monthly scale,
greatest decreases for the three wind variables occur for the winter and
spring months, being smaller in the summer and autumn months
(Figs. S4-S6 in Supplementary material). DPWG trends show great
variability in the autumn months, alternating positive and negative
trends throughout the territory, being mostly non-significant (Fig. S5 in
Supplementary material).

3.2. Relationship between near-surface wind speed and atmospheric
circulation

Table 3 shows the correlation between the three teleconnection
indices and the three wind parameters for the IP. WeMOi exhibits the
highest (positive) correlation at all scales, except for winter, where the
negative correlations with NAOi and MOi are higher in absolute value
than the positive ones computed for this index. All correlations with the
WeMOi are statistically significant (p < 0.05) with the exception of
summer for foo(DPWG). Correlations at annual and spring scales stand
out, reaching values higher than +0.60. Looking at the spatial distri-
bution (Fig. 6), positive and statistically significant (p < 0.05) correla-
tions dominate in most of the stations, with the southwest of the
peninsula being practically the only area where statistically significant
negative correlations appear. Similar results are found on a monthly
scale (Figs. S17-S19 in Supplementary material). Table 4 shows the
trend of the three indices for the three periods considered. Regarding
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Fig. 5. Annual and seasonal spatial distribution of the sign, statistical significance and magnitude of trends of (a) monthly mean SWS anomaly (in ms ! dec’l), (b)
monthly mean DPWG anomaly (in ms tdec™) and (c) foo(DPWG) (in daysdec’l) for the homogenized series of the 87 stations for 1961-2019. Blue and red filled
triangles are significant at p < 0.05; cyan and magenta filled triangles are significant at p < 0.10; and non-filled triangles are non-significant at p < 0.10. Different

scales have been used for each variable in order to appreciate trends.

Table 3
Annual and seasonal Spearman’s rank correlation coefficients between the three
teleconnection pattern indices used and (a) monthly mean SWS anomaly, (b)
monthly mean DPWG anomaly and (c) foo(DPWG) for 1961-2019. Statistically
significant Spearman’s rank correlation coefficients are shown in boldface for p
< 0.05.

(a) (b) ©
Annual NAOi ~0.07 ~0.09 ~0.02
MOi 0.00 ~0.05 —0.01
WeMOi +0.66 +0.50 +0.58
Winter (DJF) NAOi —0.42 —0.47 —0.34
MOi —0.47 —0.51 —0.42
WeMOi +0.31 +0.35 +0.33
Spring (MAM) NAOi —0.14 ~0.20 —0.15
MOi +0.18 +0.03 +0.11
WeMOi +0.66 +0.61 +0.64
Summer (JJA) NAOi +0.13 ~0.06 +0.01
MOi +0.19 +0.12 +0.32
WeMOi +0.33 +0.17 +0.25
Autumn (SON) NAOi +0.02 ~0.23 +0.01
MOi +0.03 ~0.19 ~0.03
WeMOi +0.37 +0.27 +0.33

WeMOi, a decrease is observed on all time scales for the periods
1961-2010 and 1961-2019, in most cases statistically significant (p <
0.05). Around 2010, trends changed and became positive, although
these are not statistically significant. This trend behaviour is most pro-
nounced in spring, is diluted on an annual scale and does not happen in
summer.

Given that the time series of the NAOi extracted from the CRU and
NOAA practically overlap (Fig. 2(b)), and since the results achieved are
very similar for both indices, here we only present the results from the
CRU index (results from NOAA can be found in the supplementary
material; Figs. S7-S10 and Tables S3-S6). The highest correlation be-
tween the NAOi and the three wind parameters occurs in winter, being
negative and significant (p < 0.05) and reaching values up to —0.50. No
other significant correlations are found in the other seasons or at the

annual scale (Table 3). Almost all stations show a statistically significant
(p < 0.05) negative correlation between NAOi and the three wind pa-
rameters in winter (Figs. 7 and S7 in Supplementary material). For the
rest of the seasons, the correlations are of smaller magnitude and fewer
stations show statistical significance, with summer showing the highest
number of positive correlations, especially in June (Figs. S8-S13 in
Supplementary material). On an annual scale, there is no correlation.
The trends observed in the NAOi series show a lower statistical signifi-
cance compared to those of the WeMOi (Table 4), probably due to the
higher interannual variability of the NAOi (Fig. 2). The only statistically
significant at p < 0.05 trends are in spring and summer for the
1961-2010 period. In winter, the statistically significant (p < 0.10)
positive trend in the 1961-2019 period would be consistent and could be
related to the observed decrease in the wind parameters for the same
period.

The correlations between MOi and wind parameters follow a similar
pattern to that observed for NAOi (Table 3), being negative and statis-
tically significant (p < 0.05) in winter, of lesser magnitude and signifi-
cance in the rest of the seasons and closed to zero at the annual scale.
This pattern remains the same when considering the spatial distribution
of the correlations (Fig. 8 and S14-S16 in Supplementary material).
However, it is worth mentioning a difference between these two indices,
observed both in the spatial distribution (Figs. 7 and 8) and for the IP as
a whole (Table 3); while for NAOi negative correlations are dominant in
spring and summer, in the case of MOi the sign is reversed. MOi trends
are generally smaller compared to those of the other two indices
(Table 4), there is a significant (p < 0.05) slight decline in spring and
summer for 1961-2019 and 1961-2010, which is maintained on an
annual scale for the second period. As well as for NAOI, a statistically
significant (p < 0.10) positive trend appears in winter for 1961-2019.

Fig. 9 shows the correlation between the frequency of occurrence of
each weather type of the JC scheme and each wind parameter on a
monthly scale. The weather types that present the highest positive and
statistically significant (p < 0.05) correlations are the W and NW types,
for all months except in July and August. On the contrary, the stable A
circulations weaken winds and showed the highest negative correlations
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Table 4

Annual and seasonal trends (in dec 1) of the (a) NAO index from CRU, (b) MO
index and (c¢) WeMO index for 1961-2019, 1961-2010 and 2010-2019. Statis-
tically significant trends are shown in boldface for p < 0.05 and in italic for p <

0.10.
(a) (b) ©
Annual 1961-2019 -0.01 —0.01 —-0.16
1961-2010 -0.11 —0.01 —0.15
2010-2019 +1.76 +0.17 +0.44
Winter (DJF) 1961-2019 +0.19 +0.04 —0.04
1961-2010 +0.09 +0.01 —0.13
2010-2019 +3.33 +0.65 +0.16
Spring (MAM) 1961-2019 +0.05 —0.03 —-0.27
1961-2010 —0.05 —0.02 —0.27
2010-2019 +2.23 +0.15 +0.71
Summer (JJA) 1961-2019 —0.15 —0.02 —-0.17
1961-2010 —0.22 —0.02 -0.07
2010-2019 +1.82 -0.13 —0.05
Autumn (SON) 1961-2019 —0.14 —0.02 —-0.17
1961-2010 —0.23 —0.02 —0.14
2010-2019 +0.77 +0.27 -+0.90

with SWS and DPWG, particularly from October to February when these
correlations are statistically significant (p < 0.05). In July and August,
no synoptic type shows significant correlation with the wind parame-
ters. The weather types with the highest correlation with the three wind
parameters on an annual and seasonal scale for the IP are presented in
Table 5. The highest correlations, both positive (type W) and negative
(type A), occur in winter, and all of them are statistically significant (p <
0.05). In autumn and spring, the statistical significance is maintained
but the values decrease; the maximum positive correlations alternate
between the W, N and NW types, while the maximum negative corre-
lations occur with the SE type in spring and with the E type in autumn. In
summer, the maximum negative correlations with the ASW and CSE
types maintain statistical significance, whereas the maximum negative
correlations with the CN and CW types lose it. In winter, the positive
correlations are greater in absolute value than the negative ones, being
the opposite for the rest of seasons. On an annual scale, the positive

correlation with the W type is not significant (p < 0.05) for SWS
anomalies but it is significant for DPWG anomalies and for foo(DPWG),
as is the case with the negative correlations with the A type. It is note-
worthy that the correlations with the parameters dependent on gusts,
DPWG anomalies and fgo(DPWG), are higher in absolute value compared
to those corresponding to the mean wind. Table 6 shows the trends of the
frequency of occurrence of each of the weather types that most correlate
with the wind parameters, which were determined in Table 5. The stilling
phenomenon on annual scale may be associated with a decrease of the W
type and an increase of the A type, even though weak statistical signif-
icance is found in these trends. Similar results are found in winter, in this
case with statistical significance (p < 0.05) for 1961-2019. In spring, the
statistically significant increase of the SE type in the 1961-2010 and
1961-2019 periods could be related to the stilling phenomenon, while
the significant increase of the W type for 2010-2019 could be associated
with the reversal phenomenon.

The HL-LL pressure gradient (PG; Eq. (1)) maintains a constant value
within its own interannual variability, so no statistically significant (p <
0.05 or p < 0.10) trends are observed on seasonal scale (Fig. 10). The
only exception would be winter for 1961-2019, where the negative and
significant (p < 0.05) observed trend could be related to the stilling
phenomenon. The decrease is maintained on an annual scale over the
same period, being significant at p < 0.10 in this case.

A trend analysis of the A index (Eq. (2)) shows a decrease across most
of the study region at the annual and seasonal scale for the three periods
analysed (Fig. 11). The decline is more pronounced in winter in all three
periods and of lesser magnitude for the rest of seasons, with positive
trends appearing in some regions of the peninsula in summer and
autumn for 2010-2019; in any case, trends are not significant (p < 0.05)
across the IP. At the annual scale, the negative tendencies are statisti-
cally significant (p < 0.05) for the entire IP during 1961-2019, for most
of it in the 1961-2010 period and not significant at any point of the
region for 2010-2019.

Both vertical wind shear (Eq. (3); Fig. 12) and geostrophic wind (Eq.
(4); Fig. 13) show similar patterns in the trends. In winter, they are
negative in the latitudinal range where the IP is located, as well as south
of it, and positive to the north, especially in the latitudinal range where
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Great Britain is situated. At the annual scale, the pattern is similar but

Fig. 8.

Same as Fig. 6 but for the MO index.

4. Discussion

smaller in magnitude. For the rest of seasons, the trends are of lesser

magnitude than in winter and the pattern observed in that season dis-
appears in most cases. If we focus on the IP, in most cases the trends are
negative, with positive values appearing in some small regions in spring
for 2010-2019 and in all periods for summer and autumn. In both pa-
rameters, most trends over the IP are not statistically significant (p <
0.05) in any of the periods analysed, whether on annual or seasonal

scale.

A spatiotemporal trend analysis of quality controlled and homoge-
nized near-surface wind speed (SWS) and daily peak wind gust (DPWG)
observations across the Iberian Peninsula (IP) has been revisited for
1961-2019, with the ultimate aim of identifying the recent reversal
phenomenon reported by Zeng et al. (2019) after decades of stilling
across this region (Azorin-Molina et al., 2014, 2016). At the same time,
an analysis of the influence of atmospheric circulation drivers on the
observed trends have been assessed.

Even though both the trends and correlations of wind parameters
with the teleconnection indices and the JC scheme are partly consistent
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Fig. 9. Monthly Spearman’s rank correlation coefficients between the 26 JC
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cant correlation at p < 0.05.

with the previous studies by Azorin-Molina et al. (2014, 2016), the
present work with longer anemometer time series has identified
important differences concerning the magnitude. These differences seem
related to the implementation of a slightly different approach in the
quality control and homogenization process, which impacts on the
resultant adjusted series (Brazdil et al., 2017). In addition, it should be
noted that the number of stations has slightly increased compared to
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Table 5

Maximum annual and seasonal Spearman’s rank correlation coefficients be-
tween the correspondant JC type and (a) monthly mean SWS anomaly, (b)
monthly mean DPWG anomaly and (c) foo(DPWG) for 1961-2019. Statistically
significant Spearman’s rank correlation coefficients are shown in boldface for p

< 0.05.

JC +R JC -R
Annual () w 0.30 A —-0.22
(b) w 0.35 A —0.38
(© w 0.35 A —0.30
Winter (DJF) (a) w 0.64 A —0.50
(b) w 0.72 A —0.55
(© w 0.72 A —0.46
Spring (MAM) () N 0.31 SE —0.39
(b) N 0.45 SE —0.46
() w 0.44 SE —0.49
Summer (JJA) (a) CN 0.11 ASW —0.31
(b) CW 0.27 ASW —0.28
(c) CwW 0.21 CSE —0.29
Autumn (SON) (a) NW 0.32 E —0.41
(b) NW 0.48 E —0.43
() NW 0.37 E —0.46

previous studies, as mentioned in Section 2.1. Although this issue
probably has less impact in the results, since the new stations are close to
those that were already in use, a denser stations network improves the
robustness of the conclusions. With all these in mind, the most
remarkable difference compared to the previous studies is that Azorin-
Molina et al. (2014, 2016) found a marked seasonality in the SWS and
DPWG trends, with a dominance of declining trends in winter-spring and
increasing ones in summer and autumn; with a noticeable monthly
transition for DPWG. This seasonal cycle is not observed here, except in
the NE of the IP. It is possible that the increase in winds detected over the
NE Iberian Peninsula is associated with the synoptic atmospheric re-
gimes only affecting this region, such as the Cierzo (Jiménez et al.,
2008), the Tramontana and the Mistral (Obermann-Hellhund et al.,
2018), so there would be no relation between this increase and the one
detected across the whole IP by Azorin-Molina et al. (2014, 2016). A
future assessment of wind changes from a regionalization approach
would strongly help to better understand the mechanisms explaining the
wind trends and variability.

The characteristics of the stilling phenomenon found in this work for
the IP are consistent with those reported in previous wind studies on a
global and regional scale. In fact, the negative trend of —0.15ms ' dec™!
reported in this work for SWS is in agreement with the range of down-
ward trends reviewed by McVicar et al. (2012a), ie., between
—0.09ms 'dec™! and —0.17ms 'dec™! depending on the threshold
value imposed to the regional studies for the number of stations and the
length of record. Furthermore, DPWG generally show a greater decline
than SWS in winter and spring, which confirms that the stilling is more
marked for strongest winds (Vautard et al., 2010). Lastly, the fact that
stilling began in the 1970s and was preceded by a period of weak trends
agrees with previous works (e.g., Zhang and Wang, 2020).

It is worth noting that there is a large dispersion in the years for
which a break in the stilling and an onset of the reversal is reported in the
literature, both at the annual and seasonal scale. This might be related
either to the calculation approach taken to identify the onset years, data
issues (length of records, network densities, quality control and ho-
mogenization protocols) or actual regional differences. In addition, the
fact that many parts of the world lack of an accurate study, prevents us
from identifying geographic patterns at a wider scale. Considering the
available studies, at the annual scale the years reported are: 2003 in
Korea (Kim and Paik, 2015), 2001 in Saudi Arabia (Azorin-Molina et al.,
2018b), 1992 in northwest China (Li et al., 2018), 2004 in the whole of
China (Zhang and Wang, 2020), and 2010 globally, being between 2002
and 2011 for the random sets of stations resampled (Zeng et al., 2019).
Most studies indicate the same onset year for the reversal on a seasonal
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Table 6
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Annual and seasonal trends (in daysdec™!) of the frequency of occurrence of the correspondant JC type obtained in Table 5 for 1961-2019, 1961-2010 and
2010-2019. Statistically significant trends are shown in boldface for p < 0.05 and in italic for p < 0.10.

JC T(4+R) JC T(-R) JC T(4+R) JC T(-R)
1961-2019 w —-0.36 A 1.33 - - - -
Annual 1961-2010 w —0.44 A 1.98 - - - -
2010-2019 w 2.18 A 10.79 - - - -
1961-2019 w —0.42 A 1.59 - - - -
Winter (DJF) 1961-2010 w —0.57 A 1.58 - - - -
2010-2019 w —5.27 A 16.12 - - - -
1961-2019 w —0.10 SE 0.79 N -0.11 - -
Spring (MAM) 1961-2010 w -0.27 SE 0.53 N -0.11 - -
2010-2019 w 4.55 SE —4.42 N 4.48 - -
1961-2019 CN —-0.10 ASW 0.06 cw —-0.01 CSE 0.11
Summer (JJA) 1961-2010 CN —0.15 ASW 0.06 cw 0.08 CSE 0.19
2010-2019 CN —0.24 ASW 0.00 cw 0.00 CSE 0.79
1961-2019 NwW —0.12 E 0.80 - - - -
Autumn (SON) 1961-2010 NW 0.09 E 0.82 - - - -
2010-2019 NW —0.06 E 7.76 - - - -

scale as on an annual scale; Zeng et al. (2019) is the only one to report
different years depending on the season, although they range from 2009
to 2010 so they are almost the same as on an annual scale. The break-
points found in this work are within the range of years reported by these
previous studies both at the annual and seasonal scale, although sea-
sonal differences were found. It is remarkable that the reversal did not
occur in summer in the IP, although e.g., Zha et al. (2019) also detected
this phenomenon only in certain seasons. In autumn, there is a limitation
in detecting the reversal as it occurs at the end of the series (2018), we
could be more certain of its occurrence with a longer period of obser-
vations. The increasing rate of mean annual surface wind speed obtained
by Zeng et al. (2019) worldwide for 2010-2017 is +0.24ms 'dec L.
This value would be within the confidence interval (¢ = 0.05) of the
trend calculated in this work for the annual mean wind speed anomaly
for 2010-2019. Nonetheless, the trend period is very short and will be
highly influenced by the inter-annual variability observed in the series,
thus preventing the trends from being significant. Therefore, it is
probably early to draw definitive conclusions and with a longer period
of observations we could be more certain of the occurrence of the
reversal phenomenon.

Given the significant positive correlation found between the wind
parameters and the WeMOi, the negative trend found for this index
before 2010 and the positive trend found after this year could be related
to the stilling and reversal phenomena, albeit more studies are needed to
attribute the physical processes behind. Additionally, the fact that the
WeMOi has a broadly higher correlation with the wind parameters than
the MOi might be due to the geographical complexity of the Mediter-
ranean basin that could produce a distinction between the climate
variability of its eastern fringe and the western one and could even
decouple them (e.g., Finné et al., 2019; Pisano et al., 2020). The ability of
the NAOi to explain climate variability in Europe, especially in winter, is
well known and has been extensively studied in the literature (e.g., Pinto
and Raible, 2012, and the references therein). However, a future use of
the winter NAO flavours proposed by Rousi et al. (2020) could shed light
on the mechanisms that may have triggered the stilling and reversal
phenomena in the European region, as they offer more information than
the typical NAO+ and NAO- classification.

When the influence of the Azores anticyclone reaches the IP calm
days occur in the region, which explains the negative correlation of type
A with wind parameters; at the same time, the positive correlations
found with W and NW types are reasonable due to the influence of the jet
stream that governs the atmospheric state in the study region (Garcia-
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Valero et al., 2012). Conversely, the weakening of the correlations be-
tween wind parameters and weather types in summer could be due to
the loss of strength of the synoptic atmospheric circulation (i.e., north-
ward displacement of westerlies) in favour of local to mesoscale phe-
nomena such as sea breezes and local winds across the IP (Azorin-Molina
etal., 2011), as previously discussed by Azorin-Molina et al. (2016). The
trends reported here for the weather type occurrences agree with pre-
vious studies. In particular, Otero et al. (2018) found an increase for
both type A and eastern types and a decrease in type W over southwest
Europe, and an increase in type W over northern and central Europe.
Three of the results achieved in this study could be explained by a
northward displacement of the eddy-driven jet (Barnes and Polvani,
2013) and could have had a direct influence on the stilling phenomenon.
These are: (i) the decrease and increase in the frequency of occurrence of
type W and A, respectively; (ii) the decrease of geostrophic winds and
the VWS in the latitudinal strip occupied by the IP; and (iii) the increase
of both atmospheric drivers in a strip north of it. In turn, this change in
the jet stream could be caused by the expansion of the tropics detected in
recent decades. This signal is robust and consistent across reanalyses and
climate models, its causes are very diverse and may even depend on the
metric considered (Davis and Birner, 2017). The internal variability of
the climate system seems to be the fundamental factor driving this
expansion, especially in the northern hemisphere (Grise et al., 2019);
mainly through changes in sea surface temperature (SST) patterns,
largely related to phenomena such as El Nino (ENSO) or the Pacific
Decadal Oscillation (PDO) (Mantsis et al., 2017). The expansion of the
tropics in recent decades would be associated with a pattern similar to
that obtained during La Nina and a negative PDO (Allen and Kovilakam,
2017), although to explain the expansion as a whole, coupled
atmosphere-ocean variability would not be sufficient and internal at-
mospheric variability would also have to be considered (Grise et al.,
2019). There are differences in the expansion between hemispheres in
terms of magnitude, seasonality, the physical mechanisms that trigger it,
and even differences in the zonal distribution of this expansion (Watt-
Meyer et al., 2019) that could explain the regional differences observed
in the stilling and reversal phenomena. Moreover, both the decrease in
VWS and the increase in the A index could be caused by an increase in
atmospheric stability in response to global warming, which would imply
a decrease in wind speed. This hypothesis has already been suggested in
previous works that have studied this variable at a regional level in
China (Zhang et al., 2020) and Australia (Azorin-Molina et al., 2021).
Increased surface roughness has been previously proposed as a possible
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Fig. 10. Time series of the surface pressure gradient parameter (denoted PG; in hPa) from 1961 to 2019. The 10-year Gaussian low-pass filter is shown with a black
dotted line to illustrate the multidecadal variability. A vertical dashed line shows the 2010 year. Decadal trends (in hPadec™") are also displayed in each plot for the
three periods considered; statistically significant trends are shown in boldface for p < 0.05 and in italic for p < 0.10.

cause of the stilling phenomenon (e.g., Vautard et al., 2010; Zeng et al.,
2018; Zhang et al., 2019). In this work, VWS has been analysed for its
relationship with surface roughness (Stull, 1988). An increase in surface
roughness would lead to an increase in VWS due to a decrease in surface
wind speed. However, the results show the opposite, this may be due to
the decrease in wind speed at high levels counteracting what is occur-
ring at low levels.

The study of the atmospheric circulation changes carried out in this
work identifies the WeMO as the most suitable mode of climate vari-
ability to have an impact over the reversal phenomenon in the IP. From
the analysis of the running trends, it seems that the reversal is part of the
internal variability of the surface winds, which agrees with the role

12

played by the ocean-atmosphere oscillations in modulating wind
changes as discussed by Zeng et al. (2019). Not having sufficiently long
series to observe these cycles would have caused them to go unnoticed.
This has recently been explored by Wohland et al. (2021), where it is
mentioned that the wind trends produced by the internal variability of
the climate system are one order of magnitude larger than those pro-
duced by forced changes. Nevertheless, the uncertainty is still large,
studies such as the one recently published by Zhang et al. (2021) claim
that simulations with only natural climate forcing agents do not accu-
rately capture the observed wind speed changes and therefore all forcing
simulations are needed, at least when the region under consideration is
northern China. The lack of long instrumental wind speed series beyond
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Fig. 11. Annual and seasonal trends (in Kdec™) of the A index for 1961-2019, 1961-2010 and 2010-2019. Black dots indicate significant trends at p < 0.05.
Different scales have been used for each period in order to appreciate trends.
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Fig. 12. Annual and seasonal trends (in ms 'dec 1) of the vertical wind shear (VWS) for 1961-2019, 1961-2010 and 2010-2019. Black dots indicate significant
trends at p < 0.05. Different scales have been used for each period in order to appreciate trends.
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Summer (JJA)

Fig. 13. Annual and seasonal trends (in ms~'dec ™) of the geostrophic wind for 1961-2019, 1961-2010 and 2010-2019. Black dots indicate significant trends at p
< 0.05. Different scales have been used for each period in order to appreciate trends.

the industrial era limits our ability to assess the contributions of natural
climate variability versus anthropogenic forcing on long-term changes in
wind speed, both past and future. Therefore, it is highly desirable to
extend the observational series beyond the 1960s to better attribute
historical changes in wind speed on centennial scales. In recent times,
2021 was a year of exceptional low winds (“wind drough”) in areas of
UK and the North Atlantic Ocean. Therefore, the cessation of the stilling
(or even reversal) could be a temporary event produced by the internal
climate variability (Zeng et al., 2019) that has been superimposed on a
negative trend of longer duration modulated by changes in the tem-
perature gradient (Zhang et al.,, 2021) induced by anthropogenic
greenhouse gas forcings (Deng et al., 2021, 2022). In fact, global surface
winds are projected to continue weakening during the 21st century
(Deng et al., 2021).

Even though the analysis included in this paper shed light over the
stilling and reversal phenomena in the IP, and consequently contribute to
generate a global picture, we should determine the influence of other
climate drivers on the observed SWS and DPWG for a better under-
standing of its changes. The processes to be explored could be the sur-
face roughness, the Atlantic Meridional Overturning Circulation
(AMOC) or El Nino-Southern Oscillation (ENSO). There is still not
enough knowledge about which have been the mechanisms that have
triggered the stilling and reversal phenomena, how long the latter will
last, what will be its magnitude or even if both phenomena will repeat as
a cycle. This would have great impact in the energy industry since it
would allow predicting the power generated by wind farms. Until
climate models and reanalyses can accurately represent the near-surface
wind speed and gusts (Minola et al., 2021a; Shen et al., 2021), analysis
of observational data such as the one carried out here will be essential.
They allow to determine the climatic evolution of winds and provide a
basis on which to test the hypotheses of the physical mechanisms that
are behind in a changing climate.

5. Conclusions

The principal findings of this research are:

The occurrence of the cesation of the stilling phenomenon and a
possible beginning of the reversal phenomenon in the last decades in
the IP is confirmed for the first time. Its onset year varies consider-
ably among seasons and across the three analysed wind parameters
(namely, monthly mean near-surface wind speed, SWS; daily peak
wind gust, DPWG; and number of days exceding the 90" DPWG
percentile), ranging from 1999 to 2018. It is worth mentioning that
at the annual scale this onset occurs in 2007 approximately for the
three variables studied; in summer, however, the reversal is not
detected for any of them. Regarding its magnitude, the reversal
period is still too short to gain statistically significant trends since the
influence of inter-annual variability on the result is large.

On annual scale, among the analysed teleconnection indices, WeMOi
is the most correlated with the three wind parameters (significant
positive correlation at p < 0.05). This finding remains for spring and
autumn. In winter, NAOi and MOi present higher correlations than
WeMOi, with a negative relationship. The stilling and reversal phe-
nomena over the IP could be related to the trends observed in the
WeMOi, since it has transitioned from decreasing during the
1961-2010 period to increasing in 20102019, especially in spring.
In summer, this index shows a negative trend in both periods, which
would be consistent with the continuation of the stilling phenomenon
in this season.

The correlations of the wind parameters with the frequency of
occurrence of each Jenkinson and Collison weather type yield
different results. In summer, the correlations are low in magnitude
since mesoscale phenomena dominate. For the rest of the year, and
especially in winter, relatively high positive and significant corre-
lations appear with the W and NW types due to the influence of the
jet stream, meanwhile relatively high negative and significant



E. Utrabo-Carazo et al.

correlations correspond to the A type since the Azores anticyclone
causes calm days in the region. The stilling phenomenon in winter
could be related to an increase in the frequency of the A type and a
decrease in the W type.

e Both an increase in atmospheric thermal stability (from the A-index
trends) and a northward shift of the jet stream (from the vertical
wind shear and geostrophic wind trends) could be behind the
possible causes of the stilling phenomenon. However, no clear ex-
planations have been found for the reversal phenomenon by using the
trends of the mentioned atmospheric parameters.
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