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1 | INTRODUCTION

During 2020, even though the world energy demand
decreased by 4.5%, global consumption of renewable
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Abstract

Renewable energy has a key role to play in the transition towards a low-carbon soci-
ety. Despite its importance, relatively little attention has been focused on the crucial
impact of weather and climate on energy demand and supply, or the generation or
operational planning of renewable technologies. In particular, to improve the oper-
ation and longer-term planning of renewables, it is essential to consider seasonal
and subseasonal weather forecasting. Unfortunately, reports that focus on these
issues are not common in scientific literature. This paper presents a systematic
review of the seasonal forecasting of wind and wind power for the Iberian Peninsula
and the Canary Islands, a region leading the world in the development of renewable
energies (particularly wind) and thus an important illustration in global terms. To
this end, we consider the scientific literature published over the last 13 years (2008-
2021). An initial search of this literature produced 14,293 documents, but our
review suggests that only around 0.2% are actually relevant to our purposes. The
results show that the teleconnection patterns (North Atlantic Oscillation [NAO],
East Atlantic [EA] and Scandinavian [SCAND]) and the stratosphere are impor-
tant sources of predictability of winds in the Iberian Peninsula. We conclude that
the existing literature in this crucial area is very limited, which points to the need
for increased research efforts, that could lead to great returns. Moreover, the
approach and methods developed here could be applied to other areas for which
systematic reviews might be either useful or necessary.

KEYWORDS

Iberian Peninsula, seasonal forecast, systematic review, wind power

energy increased by more than 9% compared to 2019
(BP, 2021). In 2017-2020 the capacity of renewable
energy had increased by 28% and in 2020 the
renewable energy share of electricity capacity was 36%
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(International Renewable Energy Agency, 2021). This
trend has been guided by the need to move away from an
energy model based on fossil fuels to one with a limited
carbon footprint to tackle the problem of global climate
change. Renewable energy has a central role to play in
the transition towards a low-carbon society. Thus, many
countries have been investing in R&D and deployment of
renewables over the last few decades. At the same time,
limited attention has been devoted to the crucial effects
of weather and climate due to their impact on demand
and supply, as far as the generation and operational plan-
ning or renewable energy are concerned. One of the tech-
nologies to have experienced a major boost over the last
few decades has been that of wind energy. Europe
installed 14.7 GW of new power capacity in 2020 and
now has 220 GW of wind power capacity. Wind power
covered 16% of the electricity demand of the European
Union (EU+UK) in 2020. Spain is second only to Ger-
many, with an installed capacity of 27 GW, and Portugal
has an installed capacity of 5 GW. Spain and
Portugal represent 4.37% of the installed capacity in wind
power around the world, and the Iberian Peninsula
(IP) thus makes a significant contribution in this area
(Komusanac et al., 2021). During 2020, 22% of the aver-
age annual electricity demand in Spain was met by wind
power, and for Portugal the figure was 25% (Komusanac
et al., 2021). Weather and climate forecasting for wind as
applied to wind power has seen an increased relevance
over the last few years in this region. The TSO
(Transmission System Operator, for Spain Red Eléctrica
Espafiola) now considers wind generation to be a core
part of the daily power supply rather than simply an
additional source (Government of Spain, 2015).

The rapid growth of wind power over the last few
years, coupled with the expectation of the future develop-
ment of the EU to comply with the terms of the Paris
Agreement (United Nations, 2015), now makes it neces-
sary to improve the capacity of the various climate ser-
vices in use across the EU. This is the goal of several
recent efforts (Goodess et al., 2019). Among these, accu-
rate weather forecasting is of the outmost importance in
making the appropriate geographical selection of the
areas to be exploited, to decide which wind farms could
increase their capacity, or to identify the proper operating
conditions for power production. This is of great rele-
vance given the spatiotemporal variability inherent in the
production of renewable energy linked to climate and
weather, and the problems associated with energy storage
related to the use of this resource.

Wind forecasting for energy generation and the opera-
tion of power systems is mainly focused on the immediate
short-term of seconds to minutes, the short-term of hours to
two days, and the medium term of 2-7days (Foley
et al., 2012). Therefore, the resulting information is only of

value for short-term decision-making. When it comes to the
long-term planning of renewables, with the aim of planning
maintenance regimes (Wen-Yeau, 2014), it is necessary to
consider seasonal and subseasonal weather forecasts. There-
fore, for forecasting power production, meteorological and
climate models are critical. Despite the extensive develop-
ment of these fields over the last decades, significant gaps
persist in the application of meteorological and climate
models in the energy sector in terms of our knowledge and
understanding of these areas (Afiel, 2015).

Literature reviews are often useful for obtaining a global
and objective perspective of a given subject. Systematic
reviews are not common in the geosciences, but are regularly
applied in other scientific disciplines. An example of a sys-
tematic literature review in geosciences is a recent study of
big data for solar photovoltaic electricity generation forecast-
ing (de Freitas Viscondi and Alves-Souza, 2019). This is
especially important in fields in which these reviews can
lend support to strategic decision-making, for example,
when this decision-making is related to climate services.
One recent review was aimed at mapping the global land-
scape of research on climate services (Larosa and
Mysiak, 2019). In the UK, the Met Office commissioned a
literature review of weather- and climate-related sensitiv-
ities and risks for an energy system highly geared towards
renewable (Dawkins, 2019). This review was compiled by
the National Infrastructure Commission (NIC) in sup-
port of the work of the EU Commission on low-carbon
energy generation, to provide recommendations made in
the NIC Assessment.

Given all the issues described above, the objective of
the present study is to analyse the existing literature sys-
tematically, and to provide a broad picture of the state-of-
the-art in wind and wind power forecasting at seasonal
and subseasonal scales for the IP and the Canary Islands
(CI). The final goal of this study is to provide a concise
review of the state of the art, useful to make decisions
from the knowledge for the point of medium-range and
long-term planning of wind power farms.

The remainder of this paper organized as follows.
First we describe the methodology we use; then we pre-
sent our results, followed by discussion, before offering
some key conclusions from this work.

2 | METHODS

The term “Systematic” is synonymous with the idea of
following a rigorous methodology. Therefore, our first
step was to design a search methodology compliant with
the requirements of comprehensiveness, precision and
reproducibility (Sturm and Sunyaev, 2017). A properly
systematic literature review cannot be considered to be
biased because it cannot contain any subjective views.
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The literature reviewed here was obtained from scien-
tific sources available on the internet, and our review was
based on search strings that we considered to be repre-
sentative of the topic at hand. A search string is the com-
bination of characters, numbers and symbols inserted by
a user into a search engine to find results that reflect the
terms of the search. A search of this kind returned several
papers that matched the search criteria. Our main source
of literature was Google Scholar (Google, 2021). We used
Google Scholar because it has been argued to be the opti-
mal choice (Falagas et al., 2008) compare with PubMed
(US National Library of Medicine National Institutes of
Health, 2020), Scopus (Elsevier, 2020) and Web of Sci-
ence (Clarivate Analytics, 2020).

To prove our preceding point, we selected two data-
bases: Google Scholar and Scopus, and applied the same
search string to both. As shown in Table 1, Google
Scholar is more effective than Scopus because it returns a
more comprehensive set of results. Google Scholar
offered results that include scientific papers, reports,
books and doctoral dissertations (search as of September
18, 2018).

A string is a sum of two or more search terms; for exam-
ple, for this research “Iberian Peninsula” is a search term
and “forecast”+“Iberian Peninsula” is a search string. Google
Scholar offers some particular benefits for improving any sea-
rch. The search terms were applied to obtain results that con-
tained exact terms only, to avoid less relevant results that
showed some other variation of the same words. In our case,
to increase the degree of restriction we used “+” to concate-
nate different terms in the search string, “‘or” to include other
search terms that met our criteria and “-” to exclude terms
that were not of interest. In this systematic review, we con-
sidered results for the period 2008-2020. Although improve-
ments in seasonal forecast over the recent years are a key
reason to focus our study initially for the last 10 years, proba-
bly it is more accurate to say that in fact is also relevant for

TABLE 1 Comparison of the number of results for the same
search for SCOPUS and Google Scholar

Google
Search strings SCOPUS  Scholar
Wind power seasonal forecast 102 63,500
Wind power seasonal forecast Iberian 0 2,020
peninsula
Wind seasonal forecast 916 141,000
Wind power seasonal forecast Iberian 0 389
peninsula NAO
Wind seasonal forecast Iberian 0 797
peninsula NAO

stakeholders, as the more recent periods offer more useful
information for planning.

In our search, the filter was used with the search
terms “neural networks” and “short term.” “Neural net-
works” and “short term” were selected because it has
been proved that the research in neural networks is not a
good analytic tool for the seasonal forecast (Salcedo-Sanz
et al., 2009; Swiatek and Dutka, 2015) and short-term
results are not relevant in seasonal and subseasonal fore-
cast (Zhang et al., 2014). Therefore, not removing these
results from the search would result in a large number of
works to check mostly irrelevant for this review. In this
study, we used four strings to obtain four different groups
of results: wind power forecasting and wind forecasting,
each one for the IP and the CI. The four strings and the
target of each string are shown in Table 2.

For each result, according to the previous criteria, we
obtain a list of links with the search results of Google
Scholar. In this list, Google Scholar indicates what of
them are books. Books are discarded from this review
and not downloaded since we consider that the primary
source of cutting edge scientific evidence in the field is in
other formats: papers, technical reports or theses. After
that, we download every link obtained, in most cases, it
corresponded to a document in PDF format. The number
of the documents downloaded for each search string is
shown in Table 2.

We compiled in a list (including titles and links) all
the documents that we avoided to download: It includes
the documents whose link does not allow download
(e.g., corrupted files and broken links) and the books.

It also happened that some of the downloaded docu-
ments were duplicates. In such cases they were removed
to avoid redundancy. Next, every document was screened
using software developed ad hoc, called ReadPdf, that let
us in to classify automatically the files downloaded based
on several criteria explained below. “Readpdf’ is
implemented in Java (Schildt, 2014) under General Pub-
lic License version 3 (GNU, 2007) assuring high stan-
dards of scientific computational reproducibility
(Afiel, 2011; Afiel, 2017). This code is included as supple-
mentary electronic material and is available via Git
repository (https://gitlab.com/mgrodriguez3/readpdf). A
“readme” file is included with detailed information on
what the program does, and the steps to follow to run it.

ReadPDF performs a complete, fast and accurate
reading of a series of keywords from each of the docu-
ments analysed. In our case, we use it to discard papers
that are “false positives.” For example, they deal with the
region of interest, but they are focused on a different
topic. For our work the keywords selected were: aerosol,
NO,, Australia, Malaysia, Britain, rainfall, wind and dust.
These words have been selected based on preliminary

[T
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TABLE 2 Identifier of the search string, target and number of results obtained

Number

of string Search string

1 “Wind power”+“‘seasonal”+“forecast”+“Iberian
peninsula” OR “Spain” OR “Portugal”- “neural
networks”-“short term”

2 “Wind power”+“seasonal”+*“forecast”+“Canary
Islands” - “neural networks” -“short term”

3 “Wind”+“seasonal”+*“forecast”+“Iberian
peninsula” OR “Spain” OR “Portugal” -“neural
networks” -“short term”

4 “Wind”+“seasonal”+“forecast”+“Canary

29 ¢ 95 ¢c

Islands”-“neural networks”-“short term”

screening of several documents. For example, in many
cases, wind and solar power are studied together; therefore,
we separated the two terms in our searches to avoid to dis-
card relevant works. Dust, aerosol and NO, were selected to
discard literature focused on the study of aerosols and pol-
luting particles. Rainfall was discarded because the works
dealing with it did not provide relevant information on
wind power. We also found many studies of wind forecast-
ing focused on Malaysia and Australia but clearly they are
not relevant to our region of interest.

Applying these filters, they allowed us to classify all
documents analysed and documents focused on wind
and wind power into three categories: accepted, dis-
carded and corrupted. For it, a series of checks were car-
ried out that allowed categorizing each file in its
corresponding category:

« Documents containing aerosol, NO,, Australia, Britain
or Malaysia are discarded.

« Documents containing rainfall but not wind are
discarded.

» Documents that contain dust but do not contain wind
are discarded.

« Documents with a format distinct to PDF are classified
as corrupted. Also, documents are classified in this cat-
egory when it does not observe the basic structure of
a PDF.

» The remainder documents pass the previous filters suc-
cessfully, and therefore are classified as accepted.

It should be noted that in the analysis of each file by
Readpdyf, the list of references is not taken into account to
avoid that keywords from cited works cause the removal of
a document that is relevant for our systematic review.

Therefore, ReadPdf allows quick and unambiguous
filtering to obtain the final results for this systematic
review. Then, all the files in the corrupted category were

Number
of results
Studies about seasonal wind power forecasting for 1,326
the Iberian Peninsula
Studies about seasonal wind power forecasting for 119
the Canary Islands
Studies about seasonal wind forecasting for the 9,560
Iberian Peninsula
Studies about seasonal wind forecasting for the 709

Canary Islands

reviewed manually to classify them into one of the other
two categories. At this point, the scientific literature of
the accepted category underwent full-text review to
obtain the final results.

3 | RESULTS

The application of the methodology resulted in an initial
set of 14,293 documents (the sum of the documents that
we download and those that we avoid downloading).
From those, after applying all the filters as explained pre-
viously, we obtained 37 documents of which 13 were
duplicates. Therefore, in the end just 24 documents
(roughly 0.2% of the initial set) were considered relevant
to this systematic review. Of these, 23 were scientific
papers and one was a MSc thesis.

We avoided downloading 2,579 documents. 1,711 cor-
respond to books, 80 are theses, 673 are papers and
115 are links to broken webpages, not-scientific docu-
ments or web pages in a language other than English. We
have checked the titles of the 80 theses and 673 papers.
When the title revealed that a document could be rele-
vant for our review, we looked for it and checked its con-
tent. As a result, we had into account seven additional
papers. However, all of them were discarded too as they
did not provide useful information.

A total of 11,714 downloaded documents have been
analysed and classified using Readpdf. For the string
1 (1,326 documents), ReadPdf discarded 548 of them and
34 were manually reviewed. After that 14 documents
met all the requirements. Equally for the string 2 (119 doc-
uments), ReadPdf discarded 50 of them, and 5 were man-
ually reviewed. After that, no document met all the
specifications that were sought. For the string 3 (9,560
documents), ReadPDF has dropped 5,263 files. Subse-
quently, 296 documents have been manually reviewed,
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obtaining 23 files that meet all the specifications that
were sought. Finally, for the string 4 (709 documents)
ReadPdf discarded 407 of them and 20 were manually
reviewed. Again, no document met all the specifications
that were sought (see Figure 1). Those documents dis-
carded manually after passing the ReadPDF filter corre-
spond to false positives. They were automatically selected
because they meet the search strings and criteria but
actually do not contain relevant information for this
review.

4 | GLOBAL PICTURE OF THE
STATE-OF-THE-ART

In 17 of the works reviewed, seasonal wind forecasting
was considered (Table 3), and a further seven related to
seasonal wind power forecasting (Table 4). Only seven
papers were focused on the CI (Table 3). To determine
how many corresponded to each region, we considered
studies carried out in our region of interest or on other
wider regions that included it. We also found four papers
in which specific subregions of the IP were considered
(Figure 2).

The results obtained include references to several dif-
ferent methodologies for evaluating the seasonal forecast-
ing of wind and wind power. To get a global view and to
classify the information in a way that was relevant and
easy to understand, we decided to classify the results
according to these methodologies. We thus divided these
into Climatic Patterns, Statistical Models, Regional
Models, and Stratosphere (Table 5) as discussed in the
subsections below.

5 | CLIMATIC PATTERNS

In this section, we consider patterns of climate variabil-
ity. Such patterns are useful from the point of view of
stakeholders because they allow classifying meteorologi-
cal situations that involve similar behaviour of different
variables, among them wind. The predictability of these
patterns at seasonal and subseasonal scales is limited;
however, it is worthwhile compared to a total lack of
information. Because of it, research on them related to
winds and for application the wind power sector has been
extensive from multiple points of view, for example, Bur-
ningham and French (2013), Couto et al. (2015), Correia
et al. (2017), Cradden et al. (2017), Grams et al. (2017)
and Zubiate et al. (2017). Indeed, some models have
shown a reasonable skill in forecasting some of these pat-
terns. For example, Lledo et al. (2020) analysed the meth-
odology to produce a seasonal forecast of four patterns:

Google Scholar

String1, String 2, String3, and String4

filtering years from 2008 to 2020

String1: 1326
String2: 119
String3: 9560
String4: 709

ReadPdf

Discarded Accepted Corrupted
String1: 548
String2: 50
String3: 263
String4: 407

String1: 744 String1: 34
String2: 64 String2: 15
String3: 4001 String3: 293
String4: 282 Stringd: 20

Manual reading

Final results

String1: 14
String2: 0
String3: 23
Stringd: 0

FIGURE 1
strings 1, 2, 3 and 4. “Manual reading” means reading the selected

Search strategy and number of results obtained for

scientific literature [Colour figure can be viewed at
wileyonlinelibrary.com]

The North Atlantic Oscillation (NAO) (Hurrel, 2003), East
Atlantic (EA) (Wallace and Gutzler, 1981), East Atlantic/
Western Russia (EAWR) (Lim, 2015) and Scandinavian pat-
tern (SCAND) (Barnston and Livezey, 1987). They showed
that these patterns can be simulated by some seasonal pre-
diction systems. Taking into account the results obtained
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TABLE 3
considered here following systematic search and review

List of studies on wind seasonal forecasting

Region N  References
Iberian 17 Martin et al. (2011a, 2011b), Katsafados
Peninsula et al. (2011), Chavez-Arroyo

et al. (2013), Montavez et al. (2014),
Landelius et al. (2016), Walz et al.
(2018), Scaife et al. (2014),
Scoccimarro et al. (2011), Jimenez

et al. (2010), Lledo et al. (2020),
Jimenez et al. (2008), Beerli et al.
(2019), Della-Marta et al. (2009), Pefia
et al., 2011, Biieler et al. (2020) and
Ramon et al. (2021)

Lledé et al. (2020), Chavez-Arroyo
et al. (2013), Landelius et al. (2016),
Scaife et al. (2014), Scoccimarro
et al. (2011), Biieler et al. (2020) and
Ramon et al. (2021)

Canary Islands 7

TABLE 4
considered here following systematic search and review

List of studies on wind power seasonal forecasting

Region N References
Iberian 7 Santos et al. (2015), Jerez et al. (2013),
Peninsula Ravestein et al. (2018), Beerli
et al. (2017), Santos-Alamillos
et al. (2014), Monteiro Correia (2015)
and Van der Wiel et al. (2019)
Canary 0
Islands

from the studies considered here, we find that for spring
(March-May) the variability of regional wind over the IP is
dominated by the Scandinavian pattern (SCAND)
(Barnston and Livezey, 1987), North Atlantic Oscillation
(NAO) (Hurrel, 2003) and East Atlantic (EA) (Wallace and
Gutzler, 1981) pattern (Martin et al., 2011a).

SCAND is linked to above-normal wind gusts over
the IP, and NAO is correlated with maximum wind
speeds in the area (Martin et al., 2011b).

EA explains winter wind storms in the north and
northwest of the IP and NAO explains these in other
areas. In regions where NAO dominates, simple use of
the forecast NAO can improve regional predictions of
winter storms (Scaife et al., 2014).

The relationship between the variability of wind
power and climate patterns was evaluated for Portugal in
an MSc thesis. Their influence on the wind power sys-
tems in this region was quantified. Over Portugal, NAO,
EA and SCAND dominate the seasonal variability of
wind power (Monteiro Correia, 2015).

An accurate prediction of the average wind speed and
wind velocity is possible using statistical-dynamical
downscaling of surface wind fields for long-term periods
through the use of empirical orthogonal functions
(EOFs) (Chavez-Arroyo et al., 2013). A particularly note-
worthy improvement of this methodology is the better
representation of temporal variability, which is 30% bet-
ter than the industry-standard method (Rife et al., 2013).

There exists a spatial balancing pattern between the
wind energy resources in the northeastern region of
Andalusia and the Gibraltar area. This pattern was found
in the annual and seasonal analysis, being more robust in
winter (Santos-Alamillos et al., 2014).

The optimal locations of wind farms in the IP are the
Ebro valley (northeast of the IP), coastal areas in
the southwest, and some mountain ranges in the north-
west (Jerez et al., 2013).

In the future (and under climate change) the NAO
will continue to be the main pattern driving wind power
variability for the IP (Ravestein et al., 2018).

Daily surface wind fields for the region of Navarra
can be classified into six different weather patterns. These
patterns show seasonal dependence. Therefore, it is possi-
ble to know in advance the behaviour of the wind
according to the season of the year. The northwestern
winds are the dominant pattern (60.9%) followed by the
southeastern circulations (30.5%). The location of the sta-
tionary subtropical high-pressure centre over the Azores
islands has a strong influence in the surface flows of this
region (Jiménez et al., 2008). The strong wind events in
Catalonia (northeast of the IP) can be classified into six
regional weather patterns. These events are characterized
by the presence of the Azores high over the west of
Europe cause the most of wind gust is in the northern
region from the northeast. However, when the Azores
high is located more in the south the most of winds gust
are from the northwest and the extreme winds affect the
whole region (Pena et al., 2011).

In the region of the Ebro Valley (northeast of the IP),
the days with the Atlantic Ridge pattern (Vautard, 1990)
have higher than normal wind power production. Along
the west coast of the IP have an increase in average wind
power the days with the NAO pattern. The days with the
Scandinavian Blocking (Vautard, 1990) regime have
lower than normal wind power in the northwest coast of
the IP (Van der Wiel et al., 2019).

The strong Madden-Julian Oscillation (MJO) (Zhang,
2005) events have an impact on surface wind speed over
the IP and the CI during January, February and March. It
is possible to verify a positive wind speed anomaly in the
north of the IP and a negative wind speed anomaly in the
CI 15 days after phase 1 of the strong MJO event. Ten days
after phase 2 it shows a positive anomaly of wind speed in
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Number of papers obtained addressing seasonal prediction of wind (left) and wind power (right) by region in the IP and the

FIGURE 2

of Climatology

Seasonal Wind Power Forecast

2 3 45 6 7 8 91011121314151617

CI. Spain is shown divided into administrative “autonomous regions” because research tends to focus specifically on these. The CI are

included in the lower right-hand corner of each figure [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Classification of results according to
methodologies used

Methodologies N References

Climatic
patterns

13 Martin et al. (2011a, 2011b), Walz et al.
(2018), Scaife et al. (2014), Monteiro
Correia (2015), Chavez-Arroyo
et al. (2013), Santos-Alamillos
et al. (2014), Jerez et al. (2013),
Ravestein et al. (2018), Lledd
et al. (2020), Jimenez et al. (2008), van
der Wiel et al. (2019) and (Pena et
al. (2011)

Della-Marta et al. (2009) and Ramon
et al. (2021)

Landelius et al. (2016), Katsafados
et al. (2011), Jimenez et al. (2010),
Montavez et al. (2014), Santos
et al. (2015) and Scoccimarro
et al. (2011)

Beerli et al. (2017), Beerli et al. (2019)
and Biieler et al. (2020)

Statistical 2
models

Regional 6
models

Stratosphere 3

the north of the IP. Five days after phase 3 it shows a posi-
tive anomaly of wind speed in the east of the IP and the
CIL During the phase 4 it is reported a negative anomaly in
two small regions of the IP (the Ebro valley and the south-
east of the IP) and a positive anomaly in Gran Canaria and
Tenerife islands (Lledé and Doblas-Reyes, 2020).

6 | STATISTICAL MODELS
The 10-m wind from reanalysis should not be considered
as a useful tool to approach wind storms over Europe,
because their return periods show very low correlations,
at least for ERA-40 (Della-Marta et al., 2009).

Hybrid models (combination of climatic patterns
obtained from downscaling and statistical methods) show
mixed changes in predictability one and 2 months ahead
for near-surface wind speed compared to downscaled
forecasting of climatic patterns alone. Correlations of the
near-surface wind speed increase in the range of 0.2-0.4
for the south of the IP and the CI. On the other hand,
they can decrease up to 0.2 for the north of the IP
(Ramon et al., 2021).

7 | REGIONAL MODELS

2D downscaling and analysis of the 10-m wind provide
some detailed information for mountainous areas for
Europe (Hirlam Council, 2020). The increased wind
speeds reported in the analysis depend on a combination
of orographic and synoptic effects. It is found that “Dur-
ing the winter, there is more synoptic activity in north-
western Europe, and the synoptic activity is shifted
towards the southern and southeastern parts of Europe
during the summer.” In areas with high-terrain of the IP
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during the winter there is more synoptic activity than in
the summer. In the CI there is more synoptic activity
in the summer than in the winter (Landelius et al., 2016).

Wind speed forecasts using WRF (NCAR, 2020) for
the Mediterranean region overestimate the wind speed
by up to 1.5 m-s™' during the evening hours, while the
forecast error remains almost constant (2.5-3 m-s™') over
the entire time of the forecast. In the IP, only over the
central plain shows a moderate underestimation of
the surface wind speed, for the remaining regions of the
IP the model overestimates the surface wind speed. The
results suggest that autumn and winter are the seasons
that contribute the most to the systematic overestimation
(Katsafados et al., 2011).

Meridional wind variability for Navarra is more accu-
rately reproduced by WRF with a 2 km spatial resolution
than zonal wind variability. The simulated wind variabil-
ity for the Ebro valley, the mountain stations, and the
northern valleys are similar to observations; the temporal
variability is not well-reproduced in the central zone
(Jimenez et al., 2010).

MMS5 (Grell et al., 1994) reproduces wind variability
in the central plains of the IP better than for the Pirineos
mountains and the Mediterranean. The analysis of trends
shows a reduction in wind speed during the winter and
an increase in summer (Montavez et al., 2014).

Two papers contain descriptions of the use of regional
models of the seasonality of wind and wind power: The
highest values of daily mean wind power were found in
winter over northern and eastern Iberia, particularly at
high elevations and in coastal regions. Southern
Andalucia shows high wind power throughout the year,
whereas the Ebro valley and the central-western coast
shows high wind power in summer. The projections
show enhanced autumn wind power in southern
Andalucia (Santos et al., 2015).

The study of the seasonal trends in extreme events in
wind speed shows that over the land surface, there are no
substantial differences between winter and summer
(Scoccimarro et al., 2011).

8 | STRATOSPHERE

Exists a strong relationship between the lower strato-
spheric circulation for a month ahead and wind power
generation in Europe. This relationship is due to episodes
of troposphere-stratosphere coupling, which lead to pro-
longed periods with positive or negative NAO conditions.
In normal conditions, the results show that the predict-
ability is not higher than usual for the IP (Beerli
et al., 2017). However, the ECMWF subseasonal forecast
system shows forecast skill for the 10-m wind speed in

the IP following strong and weak stratospheric polar
events (Biieler et al., 2020).

The Scandinavian Trough (ScTr), the Greenland
Blocking regime (GL), the Zonal regime (ZO) and the
European Blocking Regime (Eu BL) (Vautard, 1990)
influence the studied regions. In winter (DJF), high wind
events in the IP (100-m wind speed greater than the 93%
percentile) are dominated by the ScTr during strong polar
vortex conditions. However, during weak and neutral
polar vortex conditions, they are dominated by the
GL. Low wind events (100-m wind speed lower than
the 7% percentile) are dominated by the ZO during strong
and neutral polar vortex conditions; however, in weak
polar vortex conditions, Eu BL is the dominating pattern
(Beerli and Grams, 2019).

9 | CONCLUSIONS

In this study, we performed a systematic review of the
scientific literature on the application to wind power pre-
diction of seasonal and subseasonal forecast for the IP
and the CI. We focused on research works published for
the years 2008-2021. We studied a total of 14,293 docu-
ments and filtered them both automatically and manu-
ally. This resulted in a total of 24 scientific documents
that were relevant for this review.

It must be noted that our methodology is conceived to
accomplish a systematic review without to leave apart exis-
ting relevant literature. The software tools here used for it
perform very well on this. But it is also that they do not pre-
vent the possibility that a few papers with some relevant
bits of information are left out. The reasons for it are prob-
lems with the format of the documents to analyse, their
indexing by search engines or keywords. In such a case, our
expertise and knowledge of the field are key. Notwithstand-
ing, the number of cases of not automatically included use-
ful works is minimum, and does not prevent reaching a
complete review of the state-of-the-art that contains all the
main ideas and relevant information in the field.

The main results from these works can be summa-
rized as follows:

As expected, NAO, EA and SCAND are the main pat-
terns that explain the variability in springtime in the
IP. SCAND is the most important pattern linked to
the wind speed anomaly in the springtime, followed by
NAO. The patterns that explain the winter wind storms
are EA in the north and northwest and NAO in the other
parts of the IP. For the Mediterranean region, NAO and
wind energy are correlated, with a coefficient of circa
—0.6. Besides, the Atlantic Ridge pattern has an influence
on the production of wind power in other regions of the
IP; however, it is secondary to others.
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Also, three studies relevant to this work were not cho-
sen by our search algorithms, because of several reasons
(mainly lack of discussion using the selected keywords):
Grams et al. (2017) reveal that the Atlantic Ridge is a pat-
tern related to positive wind anomalies in the northwest
of the IP. This is relevant because, during this regime,
Spain increases the mean wind power generation.
Zubiate et al. (2017) characterize the effect of the interac-
tion between the above mentioned three weather pat-
terns on the variations of wind speed. Their results
showed that the distribution of positive or negative
anomalies of wind speed into de the IP not only depend
on the phase of the NAO but for each NAO phase it is
necessary to assess the behaviour of the other patterns
(EA and SCAND). Torralba et al. (2021) find that there is
potential in the predictability of atmospheric circulation
patterns over the Euro-Atlantic sector for the wind power
sector. That said, there is a margin for improvement,
mainly from a better representation of the sea-level pres-
sure in the seasonal prediction systems.

The works that studied the regional weather patterns
for a specific region into the IP obtained good results.
However, the orography imposes severe limitations to
their validity. Even so, these results allow us to relate a
weather pattern with the maximum of wind speeds in the
region and the predominant wind direction into it. This
information can be very useful for the energy sector to
improve energy efficiency and yields of wind farms.

The stratosphere exhibits longer predictability time
scales than the troposphere, beyond 2 weeks for most of
the seasonal forecast models. Comparisons with nine
models conclude that, currently, the ECMWF model pre-
sents a very high skill regarding predictability in the
stratosphere and troposphere on subseasonal time scales
(Domeisen et al., 2020a). Also, results show that during
the boreal winter, the changes in the features of the
stratospheric polar vortex are an important source of pre-
dictability for wind and wind power in Europe. In partic-
ular, strong and weak stratospheric polar vortex events
can be linked with wind speeds at surface levels through
climatic patterns. Improvements in this field are evident
using hybrid models, although of limited application.

On the other hand, the impacts on the stratospheric
polar vortex of phenomena like El Nifio—Southern Oscil-
lation (ENSO) (Neelin et al, 1998), Quasi-Biennal
Oscillation (QBO) (Baldwin et al., 2001) and MJO can
have a role on seasonal predictability, as they affect
the European weather regimes. However, usually the
papers that studied these issues do not provide specific
information on surface wind or wind power for the
region of interest (Cassou, 2008; Domeisen et al., 2015)
and, therefore they have not been considered here. It is
also known that seasonal forecast models can represent

the weakening of the polar vortex depending on the
phase of the precursors like (QBO) ENSO and MIJO
(Domeisen et al., 2020b).

Other results in the study of seasonal forecast models
showed that the Monthly Predictor System obtained for
the S2S project ECMWF could predict the wind speed
2 weeks in advance in the IP (Soret et al., 2019). The skill
for surface wind using the ECMWF System4 prediction
system is modest in the IP but when looking at the wind
capacity factor shows a slight increase of skill in the
north of this region (Lledé et al., 2019). GloSea5 success-
fully reproduces the influence of the NAO on European
Climate, leading to skilful forecast of wind speed and
wind power (Clark et al., 2017).

Also, it seems clear that regional models allow us to
forecast the seasonal wind variability and seasonal wind
power for different regions in the IP. However, there is a
lack of studies in the literature covering the IP and the CI
in particular, and the only studies covering these islands
are designed for wider spatial domains. This is relevant
because energy supply in the CI relies heavily on wind
power, with 56 installed farms totalling 447 MW (Wind
Business Association, 2020) and a wind-pumped hydro-
power station, Gorona del Viento-El Hierro, which is a
ground-breaking system and unique in the world (Gorona
del Viento, 2021). There is no doubt that the energy secu-
rity demands better knowledge and more focused studies
of the wind resources for this region.

We are aware of ongoing efforts to improve the status
of seasonal and subseasonal forecasting such as SECLI-
FIRM (The Added Value of Seasonal Climate Forecasting
for Integrated Risk Assessment) (SECLI-FIRM, 2020).
Another projects are the S2S4E (S2S4E Project, 2020, p. 4)
and the Copernicus initiative (The C3S Energy Opera-
tional Service, 2020) which will create an operational
climate service in the seasonal and subseasonal forecast to
convert the findings in this area to actual application in
renewable energies (including wind power).

As a general conclusion, we believe that given the
relevance of wind power for future energy planning and
the exploitation of resources in the region, there is a lack
of studies (or at least of published literature) on seasonal
forecasting of wind and wind power for the IP and the
CI. Moreover, it seems that there are many good research
results on wind and its seasonal and subseasonal forecast.
Still, only a few seem to go a step beyond in the form of
knowledge transfer and research papers applied to the
needs of stakeholders. Given the central role of wind
power in current renewable energy capacities and in
future moves towards a low-carbon society, our results
suggest that increased efforts in this area could lead to
significant advances, which are both necessary and
feasible.
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