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The purpose of this work is to obtain daily mean wind speed and wind gust estimations by
means of the analog model. To do this, three data sets have been used: daily 1000 hPa geopo-
tential height field over the North Atlantic, observational daily mean wind speed and observa-
tional daily gust wind speeds in Spain. Previously to the analog method, a Principal Component
Analysis is used to reduce the dimensionality of the large-scale atmospheric database. Here,
the analog method is based on finding in the historic geopotential height data base, a PC subset
of large-scale atmospheric patterns that are the most similar to a large-scale atmospheric pat-
tern used as input. In the algorithm process of the analog model, two Euclidean metrics in two
different distances used as weighting functions are defined and analyzed for finding the best
analogs. Thus, similar atmospheric situations to any particular atmospheric situation to be
modeled have been determined and from them, several and different wind fields have been es-
timated, to characterize the wind fields in Spain. Several deterministic and probabilistic results
are shown. Results of bias, spatial correlations and root mean squared errors between the es-
timated and observational wind fields are displayed, evaluating the model skilful for predicting
mean wind and gusts. The probabilistic results are shown by means of Brier Skill Scores, rank
histograms and reliability diagrams. The procedure used in this paper to find analogs, reducing
previously the dimensionality of the large-scale atmospheric data and obtaining PCs, has been
revealed as a good technique to find similar patterns to any particular one.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decades, the world is seeing a progressive
increase of interest on using sustainable and clean renewable
energies. Wind energy is seen today as a proven useful tech-
nology and many efforts are leading to use high potential
wind energy resources. In that sense, the scope of several re-
search projects have been forecasting, modeling and wind
data assimilating for a safe large-scale wind power integra-
tion in order to finally be utilized by the end-users. Within
tmósfera, Facultad de
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the European Project SafeWind, several methods have been
proposed in order to analyze the overall wind energy situa-
tion over an area of interest by spatial–temporal analyses of
meteorological and wind power measurements. The final
analysis could subsequently then be used for nowcasting
wind power over thewhole area, and for data assimilation pur-
poses (in order to update and improve wind power predic-
tions) for better understanding the spatial–temporal
characteristics of prediction errors, or for issuing “global”
warnings related to expected accuracy of weather and wind
power forecasts over the area considered. In particular, the pro-
ject analyses the atmospheric circulation patterns, particularly
those dealing with atmospheric patterns conducive to risky
meteorological situations related to extreme wind events,
that are especially important for wind energy applications
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(Palutikof et al., 1987; Thuillier, 1987; Zuranski and Jaspinka,
1996).

Multivariate techniques have been revealed as good
methods to obtain the most significant variability atmospher-
ic patterns as well the relationships between large-scale
fields and observational data (Wilby, et al., 1998; Xoplaki et
al. 2003a, b, 2004; Vrac et al., 2007; Paul et al., 2008;
Busuioc et al., 2008; Li and Smith, 2009). In the Iberian Penin-
sula, several techniques have been used for analyzing the re-
lationships between surface atmospheric circulation patterns
and precipitation or temperature (Corte-Real et al., 1998;
Trigo and DaCamara, 2000; Luna et al., 2001; Valero et al.,
2004; Martín et al., 2004; Martín et al., 2006; Martín et al.,
2010; García-Ortega et al., 2011). Signal processing tech-
niques and other methods have been also used for obtaining
the most significant variability modes of the Iberian precipi-
tation (Martín et al., 2001, 2004; Mosmann et al., 2004;
Morata et al., 2006; Sotillo et al., 2006, Aznar et al., 2010).
However, these techniques have been insufficiently applied
to wind variables. Martín et al. (2011a, 2011b) have analyzed
the springtime relationships between large-scale variability
patterns and wind gusts and wind speeds in Spain, identifying
the main atmospheric circulation patterns linked to wind gust
and wind speed anomaly configurations. Pascual et al. (2010)
have started to analyze the wintertime daily surface wind
speed in Spain by means of principal components using obser-
vations, highlighting the Spanish wind speed behavior in the
main modes of variability. Relationships between the large-
scale atmospheric modes and the observational local wind
speeds are also studied in terms of the cumulated frequency
values of wind speed associated with the extreme scores of
the obtained large-scale modes, to underline those large-scale
atmospheric patterns more dominant in the wind field in
Spain.

The improvement of meteorological forecasts of wind by
means of dynamic modeling has been progressing by means
of limited area models or ensemble prediction systems in
other research projects (ANEMOS, ANEMOS.plus). However,
this methodology bears high computational costs. In order
to overcome this problem, the analog method for predicting
time series can be used (Lorenz, 1969). With this method,
local prediction models are obtained finding in a set of histor-
ic data similar situations to a particular situation (Hastie et
al., 2001; Fernandez and Saenz, 2003; Fraedrich et al.,
2003). This technique has been implemented for both climat-
ic anomaly predictions (Zorita and von Storch, 1999; Wilby
and Wigley, 1997) and short-range prediction (Dool van
den, 1989), revealing as an alternative to other more complex
models with high computational cost. In the framework of
the European Project SafeWind, the authors have been devel-
oping several works based on multivariate methodologies for
obtaining atmospheric situations analog to a situation associ-
ated with extreme winds (Pascual et al., 2010). One of the
final purposes of this European Project is to develop a statis-
tical downscaling model (ANPAF: ANalog PAttern Finder) for
diagnosing large-scale atmospheric circulation patterns and
subsequently estimating extreme wind probabilities. In the
present paper, from an atmospheric circulation pattern set
obtained by multivariate methodology applied to a large-
scale atmospheric circulation field, estimations of wind fields
are obtained by means of the analogs methodology.
The present study is focused on obtaining wind speed and
wind gust estimations in Spain by means of the analog meth-
odology applied to large-scale atmospheric data. To do this, a
principal component analysis is previously applied to the at-
mospheric circulation field in order to reduce the dimension-
ality of the large-scale atmospheric data. The multivariate
techniques have been successfully used by the authors
(Martín et al., 2004; Sotillo et al., 2006; Morata et al., 2006;
Morata et al., 2008; Valero et al., 2009; Martín et al., 2011a,
2011b) in other studies to gain a better insight into the seasonal
relation between large-scale circulation anomalies and regional
variable fluctuations, giving evidence of the influence of several
North Atlantic teleconnection patterns of low-frequency on the
variability of the regional variables in the Western Mediterra-
nean area.

Once the large-scale atmospheric statistical modes have
been obtained by means of multivariate techniques, the ana-
log method is applied. In the algorithm process of any analog
model, a weighting function that considers the similitude be-
tween any given situation and the past situations is needed.
To take into account this similitude measurement, there
have been several strategies to be considered (Cofiño, 2004;
Sordo, 2006; Zhu et al., 2011), taking into account the com-
putational capacity. In the present work, several distance
functions based on the principal component scores have
been proposed and analyzed. These distance functions are
used to find the most similar atmospheric situations to a
given atmospheric situation used as input in the analog
model. Once the most similar patterns have been found, the
final estimations can be made by using different approaches:
using a simply analog, averaged analogs or neural networks
(Fraedrich and Rückert, 1998; Zorita and von Storch, 1999;
Cofiño, 2004; Gutierrez et al., 2004). In approaches where
more than one analog are used, the number of analogs in-
cluded for giving an estimation has an important relevance
on the results, as analogs should make up a robust statistical
set. Here, a sensitivity analysis has been done in order to se-
lect the optimum number of analogs that minimizes the
model errors. On the other hand, the obtained analog set
might include more useful statistical information as it can
be the expected variability of the estimations. A statistical
study of the analog values must therefore provide a distribu-
tion of the expected values. At this point, some statistical
probabilistic tools, such as rank histograms, reliability diagrams
and probabilistic skill scores, are used in order to assess the skill
of the model for estimating probability density functions.

The study is organized as follows. A brief description of the
data sets and thediversemethods applied to the original datasets
is given in Section 2, proposing as well the distance functions to
be used to find analogs. Sections 3 and 4 are devoted to analyze
the analog results for both the large-scale atmospheric field and
the Spanish mean wind speed and wind gust, in terms of some
deterministic and probabilistic tools. The summary and discus-
sion of the main results are drawn in Section 5.

2. Data and methods

Several data sets have been used in this study: daily
1000 hPa geopotential height at 12:00 UTC (Z1000), daily
mean wind speed (MWS) data and daily wind gust (WGU)
data over Spain during all the year distributed in the four
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seasons: winter (DJF), autumn (SON), spring (MAM) and
summer (JJA). Z1000 data are a product of the ERA40 Reana-
lysis (Gibson et al., 1997; Simmons and Gibson, 2000). The
Z1000 data are given on a 1.2°×1.2° latitude×longitude
grid, spanning a 20° N to 60° N of latitude and from 51.5°
W to 15.5° E of longitude. Thus, 1995 spatial nodes or grid
points are considered. The WGU data used in this paper con-
sists of 73 time series of daily gusts and the MWS data con-
sists of time series of daily mean wind speed from 23 sites
in Spain. These wind data come from in-situ measurements of
the stationnetwork of the SpanishMeteorological Service (Agen-
cia Estatal de Meteorología, AEMET) and the spatial distribution
of stations is displayed in Fig. 1. Both the observational and rea-
nalysis data bases present different time coverages (WGU and
MWS from 1933 to 2008, ERA40 Reanalysis from 1957 to
2002). However, taking into account the observational data qual-
ity and themethodology employed in this paper, the three data-
sets finally cover the common period from 1971 to 2002.

The analog methodology has been widely used in the cli-
matic anomaly predictions (Zorita and von Storch, 1999;
Wilby and Wigley, 1997) and in the short-range prediction
(Barnett and Preinsendorfer, 1978; Dool van den, 1994;
Fernandez and Saenz, 2003), though its use has been as a
prognostic and diagnosis tool. Concerning forecasting, the
analog method has been used in predicting tropical cyclone
tracks by means of ensembles (Sievers et al., 2000;
Fraedrich et al., 2003). The idea is based on the comparison
between the field of an input variable and the other input
variable to determine the most similar among them. Here
Z1000 is used both as input as historical field with which to
be compared. Because of the great amount in the freedom de-
grees of any large-scale atmospheric field it is needed to use
long datasets, presenting thus such methodology this disad-
vantage. However, many freedom degrees can be considered
as associated to noise. To reduce the inherent noise in the
data, these have been previously subjected to a smoothing
process.
Fig. 1. The Iberian Peninsula with its orography detailed with the mean wind speed
corresponds to longitude, positive (negative) for East (West).
In order to use the significant information in the analog
method, a principal component analysis (PCA) was previ-
ously applied to the Z1000 data base (Preisendorfer, 1998;
Joliffe, 1986). The PCA has been proven to be a reliable meth-
od for data reduction and for examining the variance struc-
ture. Let F(n×p) be a m-dimensional matrix of n
independent observations expressed as anomalies and p
random elements; in our case, F represents the anomalies
of the Z1000 field. The objective of the PCA is to find uncorre-
lated linear combinations of different variables explaining
maximum variance; thus, the purpose is to find a unit-length
direction u=(u1,…, up)T such that Fu present maximum vari-
ability. The covariance matrix of F data is diagonalized in order
to find the eigenvectors uk. The corresponding eigenvalue λk2

gives a measure of the variance of the data taken into account
the direction uk. The projection of the anomaly field F onto
the kth uk=(uk1, …, ukp)T, is the kth Principal Component
(PC) whose elements are given by

stk ¼
Xp

j¼1

f tjukj ð1Þ

In literature, the eigenvectors u are also known as PC
loadings and the principal components are known as ampli-
tudes, PC time series or scores. In this paper, we use the ter-
minology with loadings and scores. Eq. (1) is mainly useful
when one want to use the PCA as a method for data dimen-
sionality reduction; this is attained by truncating the above
sum,

s
0

tk ¼
Xr
j¼1

f tjukj ð2Þ

where r (rbp) is the number of retained PCs, avoiding some
part of variability not contained in the retained first patterns
and supposed as noise.
stations in red crosses and the wind gust stations in black crosses. The x-axis
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Taking into account all this process, a decomposition of
the input field on the vectorial space obtained from the mul-
tivariate analysis of a large-scale atmospheric field is made.
Thus, stk corresponds to the whole set of scores of the historic
(in our case the Z1000 field from 1971 to 2007) large-scale
atmospheric field and s′tk represents the corresponding trun-
cated scores obtained by Eq. (2). With this methodology, the
number of degrees of freedomhas been reduced and significant
information in the atmospheric field can be extracted.

The analog method is based on finding, within a historic
data base, a set of large-scale atmospheric patterns which
are the most similar to a large-scale atmospheric pattern
used as input. In the algorithm process of any analog model
it is needed a weighting function that considers the simili-
tude of a situation to the past situations. In the present
work, several distance functions have been studied and pro-
posed based on the use of the multivariate method. These
kinds of techniques allow reducing the dimensionality in
finding analogs, maximizing the explaining variance in the
data bases. Here, the input pattern is projected onto the loading
kth uk=(uk1,…, ukp)T, using the Eq. (2) and giving an input es-
timated score,⌢sk. From the⌢sk, two distance functions are de-
fined taking into account the scores stk and s′tk. The scores stk
and s′tk are used as elements of a metric that provide a distance
between two different fields, giving information about the sim-
ilarity between them. Here, two Euclidean metrics are defined
to be used in the ANPAF analog model:

dt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr
j¼1

λj sjt−⌢sj
� �2

vuut ð3Þ

d
0

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xr
j¼1

λj s
0
jt−⌢sj

� �2

vuut ð4Þ

where λj is included in the distance function in order to weight
the variability of the different retained PCs. The search of ana-
log patterns is based on finding a time t that minimizes such
distances in the PCA space. In the next section, results associat-
ed with the distances are shown.

The analog methodology has been applied to the Z1000
field in order to find several analogs to a particular Z1000
input pattern taking into account the abovedescribed dis-
tances. The ANPAF analog method used in this paper can be
Fig. 3. Illustration of the Z1000 field e
mainly illustrated in the diagram of Fig. 2. In Fig. 2, an input
field score of the Z1000, ⌢sk, is compared with the different
scores (stk and s′tk) of the several obtained PCs of the Z1000
field, by means of distance functions (dt and d′t), in order to
find the most similar scores throughout the historic scores
time record. The procedure is crossvalidated, finding differ-
ent analogs for a Z1000 input day and repeating the process
for all the historic time record. Thus, a set of Z1000 analogs
can be obtained. In the next section, results associated with
errors in obtaining the analogs are shown. Once the close
scores have been obtained, their corresponding dates present
associated wind fields that finally can give an estimated wind
field in Spain. Wind estimation can be made by using differ-
ent criterions: a simply analog, averaged analogs, neural net-
works, … (Zorita and von Storch, 1999; Cofiño, 2004;
Gutierrez et al., 2004). Here, the wind field obtained from
the analog methodology has been estimated by using arith-
metical means of several analogs. Additionally, a wind prob-
abilistic estimation is also proposed.

3. Evaluation of analog searching: Z1000 estimation

Using all the procedures abovedescribed, similar atmo-
spheric situations to a particular input situation to be mod-
eled are determined, and thus, different wind fields derived
from the observational daily MWS and WGU are obtained
to characterize and estimate the wind field in Spain. The re-
sults associated with the analog methodology applied to the
Z1000 field are shown. As it is described in the methodology
section, the PCs are proposed to adequately represent the
original dataset variation without loss of significant informa-
tion. The PCA has been seasonally applied to the Z1000 field;
although the analog methodology is also seasonally applied,
the results are evaluated for the entire year. After doing sev-
eral tests in the whole analog process and following the Kai-
ser's rule with 1.0 as threshold (Kaiser, 1960), from the
original variables the fifteen leading PCs, cumulating more
than 80% of the total variance of the daily Z1000 original
field in each season, are retained and considered for the ana-
log procedure. Fig. 3 illustrates this part of the analog process.
Consequently, an input Z1000 score ⌢sk corresponding to a
Z1000 pattern is compared with the different Z1000 scores,
stk and s′tk, by means of the distance functions, dt and d′t,
and a set of analogs, At and A′t, are found. These analog At's
stimation by analog searching.

image of Fig.�3


Fig. 4. RMSE values of the Z1000 estimation versus distance thresholds applying the different distances, dt (blue continuous line) and d′t (red dashed line).
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consist of a subset of the original Z1000 field. From such sub-
set, the averaged analog Z1000 field, ~Z1000, is obtained.

A sensitivity study of the two distance functions has been
done in order to select the best analogs of a given Z1000 field,
and finally to estimate the wind fields over Spain. The differ-
ence between the stk and s′tk time series is quite small; in fact,
the correlation between the stk and s′tk is around 0.9. Never-
theless, root mean squared errors (rmse) calculated between
the ~Z1000 field and the input Z1000 field, are derived by
means of the metrics in the two distance functions. In order
to analyze the results obtained from the twodistance functions,
two strategies have been used: distance threshold and fixed
analog number.

Fig. 4 shows remarkable differences associated with the
results of two distances. If distance thresholds are
Fig. 5. Missing analogs versus distance thresholds for the different
considered, it is also worth to note the differences between
dt and d′t as the distance thresholds vary. Clearly the rmses
related to the distance dt present higher values than those as-
sociated with the distance d′t, being the minimum error of
6.12 hPa and having a d′t distance threshold of 18. Assuming
that the use of a large threshold value is associatedwith a huge
quantity of analogs (in fact, for a threshold value of 50, more
than 3000 analogs are found), the analog results for such
thresholds can correspond to the climatological estimations.
Therefore, the analog methodology improves the climatologi-
cal skill. However, if the distance thresholds are used, particular
atmospheric situations could not have associated any analog
and so, the methodology cannot give any result. As the thresh-
old diminishes, lesser number of analogs is found and the pos-
sibility of obtaining missing results increases (Fig. 5). In fact,
distances, dt (blue continuous line) and d′t (red dashed line).

image of Fig.�4
image of Fig.�5


Fig. 6. RMSE values of the Z1000 estimation versus analog number applying different distances, dt (blue continuous line) and d′t (red dashed line).
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the thresholds minimizing the rmses (Fig. 4) correspond to
missing results (Fig. 5) of 0.26% and 1.11% for dt and d′t,
respectively.

In order to avoid the handicap related to the missing re-
sults that shows the use of a distance threshold, a different
approach based on a fixed number of analogs is proposed
(Fig. 6). It is evident the difference between the results asso-
ciated with the two distances. While the rmses related to the
distance dt range between 6.7 and 7.3 hPa, the corresponding
ones of the distance d′t vary up to 6.5 hPa, highlighting the
Fig. 7. RMSE values of the Z1000 estima
better skill of the latter distance in representing the input
Z1000 field. The rmses maintain high values for a number
of analogs lesser than 5, being remarkable the growing of
the errors as the selected analog number is increasing. Al-
though the most favorable number of analogs to be used is
found between 5 and 10, it will be suitable to use more
than 10 analogs that lesser than 5 ones, because the larger er-
rors in the latter case. Fig. 6 simply shows the rmse results up
to 30 analogs; however, the growing of errors has been also
estimated for a high number of analog, showing a slight
tion versus time record of Z1000.

image of Fig.�6
image of Fig.�7


Fig. 8. Spatial distributions of: (a) bias (gpm), (b) rmse (gpm) and (c) correlation between the averaged Z1000 field obtained from the analog method, ~Z1000, and
the input Z1000 field.
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growing. Understanding and assuming the rmse of a big
quantity of analogs like the climatological error, it is again
clear that the method improves the climatological skill.
Therefore, the used distance to select the Z1000 analogs cor-
responds to the d′t (Fig. 6) and the best number of analogs to
be used is found between 5 and 10.

Additionally, rmse values between ~Z1000 and the input
Z1000 field were obtained for the time period of the Z1000
field (Fig. 7). It can be noted the decrease of the errors as
the time record increases, corresponding less errors to the
Z1000 maximum length. Therefore, it is important the extent
of the time series in this analog methodology. The higher the
time record, the lower the model errors.

Some additional deterministic results have been also de-
rived from the ~Z1000 and the input Z1000 field (Fig. 8). Spa-
tial distribution of bias presents, in general, low spatial values
over all Z1000 spatial domain, being moderately remarkable
the positive bias over the part of Europe (France, Germany
and the Western Mediterranean area) and the negative one
over the North Atlantic zone (Fig. 8a). The former values indi-
cate overestimation of the method in calculating the analogs
while the latter ones can be associated to the matched esti-
mation of the North Atlantic Oscillation, NAO (Barnston and
Livezey, 1997) by the methodology. Nevertheless, both posi-
tive and negative values are very small with an averaged spa-
tial bias of 0.05 hPa, pointing that the analog ~Z1000
reproduces realistically the input Z1000. Spatial rmse values
(Fig. 8b) depict a gradient, showing the low values located
in the southern Z1000 domain and the large values in the
northern area. An averaged spatial rmse of 2.67 hPa over
the Z1000 area has been also derived. Finally, point-to-point
correlations between the input Z1000 field and the averaged
~Z1000 have been also calculated (Fig. 8c). There are remark-
able the high correlation values over all the domain, being
the spatial correlation averaged over the Z1000 area of 0.92.
These high values indicate the good skill of the method in de-
termining the analogs.

From the obtained results, it can be concluded that the
procedure used in this paper to find analogs, reducing previ-
ously via PCA the dimensionality of the large-scale atmo-
spheric data has been revealed as a good technique to find
similar patterns to a particular one. As a result, similar atmo-
spheric situations to any particular atmospheric situation to
be modeled have been determined and from them, several
Fig. 9. Illustration of the wind field e
and different wind fields (MWS and MGU) have been
obtained and averaged to characterize and provide estimated
wind fields in Spain.

4. Evaluation of MWS and WGU analog estimations

Once the Z1000 analogs throughout the time have been
obtained, their corresponding dates present associated wind
fields that finally allow us that an averaged estimated Span-
ish wind field can be obtained (Fig. 9). Here, both estimated
wind variables (MWS and MGU) have been analyzed, taking
into account both deterministic and probabilistic tools that
assessing the accuracy and skill of the wind estimations.

Like in the Z1000 case and once the metric d′t has been se-
lected, the procedure is replicated to the wind field taking
into account the fixed analog approach. Averaged wind fields
for both wind variables are estimated. As in Fig. 6 for Z1000,
rmse values calculated between the averaged estimated
wind data obtained from analogs and observational wind
data are derived. The number of analogs for estimating the
wind field in the ANPAF model has been also analyzed (not
shown), finally obtaining 15 analogs as the optimum number.

Other deterministic results are also calculated for both
wind variables (Table 1). Biases for MWS and WGU between
the averaged wind obtained from the analog method and the
observational wind fields present small values. Moreover, the
absolute relative biases present values around 1.66% and
1.81% for WGU andMWS, respectively, indicating that the es-
timated analog wind reproduces pretty well the observation-
al wind. The values point to significant relationships, that is,
the input and the output data are strongly related. Therefore,
the input in the model (Z1000) involves enough information
in the output (Z1000) fields, and consequently in the wind
results. Although the rmse values are in general small, the re-
sults of MWS and WGU are not comparable between them,
because of the different range of variability of each variable.
On the other hand, the moderately high values of correlation
highlight the existent relationships between the input and
the output fields, there by emphasizing a degree of skill of
the method in estimating the MWS and the WGU at Spain.

From the deterministic point of view, different statistical
tools have been used, comparing the results of the MWS
and the WGU. On the other hand, the probabilistic perfor-
mance of wind estimations can be evaluated following the
stimation by analog searching.

image of Fig.�9


Fig. 10. Illustrations of the rank histogr

Table 1
Spatial averaged bias (ms−1), rmse (ms−1) and correlation obtained from
the estimated wind versus the observational data.

Bias rmse r

MWS −0.10 1.43 0.60
WGU −0.20 3.01 0.71
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difference between a forecasted probability distribution and
the observed probability distribution. Thus, several probabi-
listic verification results are also shown in addition to the de-
terministic verification.

A more detailed way of analyzing the analog wind spread
is to construct a rank histogram or the so called Talagrand di-
ams of: (a) MWS and (b) WGU.

image of Fig.�10


Fig. 11. Reliability diagrams of MWS (red dashed line) and WGU (blue continuous line) derived for different thresholds: (a) σ=0, (b) σ=0.5, (c) σ=1.0, (d)
σ=1.5, (e) σ=2.0 and (f) σ=2.5.
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agram (Talagrand et al., 1997). The Talagrand diagrams are
mainly used as verification tools in Ensemble Prediction Sys-
tems, EPS, and utilized to analyze the EPS spread (Hamill,
2001). In this paper, rank histograms are used for corroborat-
ing the final selected analogs. Understanding the number of
analogs as a statistical pool of similar atmospheric situations,
the rank histogram could be applied to assessing how the
number of analogs is representative of an input situation. In
this way, depending of the Talagrand diagram shape, the se-
lected number of analogs will be statistically significant and
characteristic of the input pattern. Briefly, in a perfect
model the verifying analysis is equally likely positioned
between any two ordered adjacent analogs, including cases
when the analysis lies outside the model range on either
side of the distribution. In general, as the diversity among
the analogs increases, there are more possibilities in captur-
ing the observed data. The forecast diversity is expressed by
the forecast spread. If the spread is too large, the forecast un-
certainty is also large, and then, the confidence diminishes.
The desirable situation is to have the smaller spread possible
with low outlier rate. In both cases, the Talagrand histogram
will have a concave shape instead of a ∪-shape, indicating
these non-uniform shapes under/over dispersion and bias.
In our case, a ∪-shape would be associated with very small
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number of analogs while a ∩-shape would indicate a used
large quantity of analogs. Generally, in a good forecast
model, all selected analogs should have an equal ability to
capture the observations, being thus the Talagrand diagram
flat. In our case, the MWS rank histogram (Fig. 10a) shows
a slightly ∩-shaped, indicating a large spread, with many ob-
servations falling between the extremes of the analog esti-
mations. Because of the asymmetric shape of the diagram
(with higher values of frequency between the 1 and 8 bins),
it can be noted that the analog model presents some under-
prediction of the MWS values. On the other hand, the WGU
rank histogram (Fig. 10b) depicts a general quite better be-
havior showing a flatter distribution than the MSW diagram.
Moreover, while the MWS diagram and the WGU show an
asymmetric shape more pronounced in its left side, i.e., for
the lower values, the WGU Talagrand presents a quasi-flat
shape corresponding to the higher values.

Because of the rank histogram can only evaluate the level
of consistency of the model, it must be used together with
other forecast tools in order to generate a more complete pic-
ture of the quality of the model performance; in conse-
quence, other scores that measure skill and reliability will
be additionally used. The reliability curve is a diagram
where the observed frequency is plotted against the forecast
probability. With the reliability diagram, the observed and
estimated probability density functions can be compared,
assessing the skill of the model in estimating the probabili-
ties. The best curve in the diagram is a line along the 45° di-
agonal; a deviation from the diagonal indicates conditional
bias: any deviation below the diagonal represents too high
forecast probabilities; on the contrary, points above diagonal
indicate forecast probabilities that are too low. In this paper,
reliability curves have been computed taking into account
several thresholds corresponding with the values of the
Fig. 12. Illustration of BSS values for different values
standard deviation, σ, of the original data, both MWS and
WGU. For all the thresholds, (Fig. 11), the reliability curves
deviate in general from the best line, being the model forecast
probability smaller than observed frequency. This situation in-
dicates underestimation of the observational wind frequencies
in both variables. Again, theWGU behavior is quite better than
theMWS one. It is worth noting the resemblance of the under-
estimation of the probabilistic values in all reliability diagrams
for all thresholds except for the small probabilistic values in
Fig. 11c–f, being remarkable the similarity up to probability
values of 20%. It points out that the ANPAF model reasonably
matches the observational and forecast data in such
frequencies.

Additionally, the Brier Score (BS) and the Brier Skill Score
(BSS) are here used and derivedwith respect to the climatolog-
ical probability for different thresholds (Brier, 1950). The BS
shows that the goodness of the model performance, as mea-
sured by this score is very similar to the different thresholds.
The BSS proves that the model generates forecasts with better
skill than the climatology. The lower the Brier Score manifests
the better forecast; so, as much as the BSS tends to the unity,
better is the model skill. Thus, the BSS is typically defined as
the relative probability score compared with the probability
score of a reference forecast. In order to assess the accuracy
and skill of all obtained wind estimations from the analog
model, the BSS has been also derived in this paper for values
of the standard deviation of the original data, both MWS and
WGU. Thus, not only the model mean skill is analyzed, but
the estimated tails are also evaluated. The BS of reference,
BSref, used in this work corresponds to the climatological
value. The BSref has been obtained using the observational cli-
matological frequencies taking into account such thresholds.
The areal averaged BSSs for all selected thresholds show values
greater than zero and indicate that the forecasts improve the
of σ: red bars (MWS) and blue bars (WGU).

image of Fig.�12


Fig. 13. Spatial distributions of BSS for σ=0 of: (a) MWS and (b) WGU stations shown in Fig. 1.
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climatologic model. The BSSs for several σs show an asymmet-
ric shape (Fig. 12), being the best results associated with the
value of σ=0.5 in both cases, although the WGU result is bet-
ter than the MWS one. The analogs obtained from the ANPAF
Fig. 14. (a) Spatial patterns of the fifth wind speed PC. The positive (negative) corr
conditioned by the highest scores of the fifth MWS PC. (c) Positive composite
5 ms−1. Crosses indicate the MWS stations.
model shows the best results for σ values ranging between
0.5 and 1.5. For extreme values, associated with the
BSS≈0.12 for σ≥2, a gust range of 16–26 ms−1 is recorded,
spreading the high values over the Ebro Valley and the Gibral-
elations are solid (dashed). (b) Positive composite map of the Z1000 (gpm)
map of MWS (ms−1) with shaded areas highlighting values higher than

image of Fig.�13


53A. Pascual et al. / Atmospheric Research 108 (2012) 39–56

image of Fig.�14


54 A. Pascual et al. / Atmospheric Research 108 (2012) 39–56
tar Strait (≈93 km h−1). It is worth noting that for extreme
values, MWS and WGU, show similar behavior.

The BSSs for MWS and WGU are also derived for mean
values (Fig. 13) and for σ=0.5 (not shown) in each Spanish
station. The BSS spatial distribution is shown more clearly
in the WGU case than in the MWS one for both thresholds,
since the WGU database includes more stations than the
MWS dataset. The MWS BSS results (Fig. 13a) are again
worse than the corresponding WGU ones (Fig. 13b) in the
whole domain. For both thresholds, the BSS spatial distribu-
tion presents the best values (≈0.25) over Northern Iberia
(Fig. 13b), while the Spanish remainder stations show small
values. It means that the atmospheric situations coming
from the Atlantic Ocean are better to predict mean wind
and gusts in the Northern Peninsula. It is worth also to note
high WGU BSS values located over the Gibraltar Strait and
along the Ebro Valley zones, although smaller ones in the
MWS case. On the contrary, the worse BSS estimations are
mainly located on northern Catalonia for both σ=0.5 values
and for the mean values.

5. Conclusions and discussion

Daily mean wind speeds and wind gusts observed over
Spain have been estimated by means of an analog method.
Three data sets have been used: daily 1000 geopotential
height (Z1000) field over the North Atlantic and the observa-
tional daily mean wind speed (MWS) and gust wind speeds
(WGU) over Spain. In the framework of the European Project
SafeWind, a statistical downscaling model (ANPAF: ANalog
PAttern Finder) for diagnosing large-scale atmospheric circu-
lation patterns and subsequently estimating extreme wind
probabilities has been developed by the authors.

From the ANPAF model, similar atmospheric situations
were obtained and from them, several and different wind
fields (MWS and MGU) have been subsequently obtained
and averaged, characterizing and giving both Spanish esti-
mated wind fields. In order to assess the accuracy and skill
of the wind estimations, these fields have been analyzed by
means of both deterministic and probabilistic tools. Deter-
ministic results point to a reasonably method skilful in esti-
mating the MWS and the WGU fields in Spain. Concerning
some probabilistic tools, rank histograms, reliability curves
and skill scores have been used assessing the model skill in
estimating wind data.

For the MWS rank histogram, large spread has been ob-
served, highlighting the presence of several observations lo-
cated between the extremes of the analog estimations. The
MWS Talagrand also shows an asymmetric shape, pointing
out some underprediction of the MWS values. The WGU
rank histogram has shown flatter distribution than the
MSW one, illustrating a general pretty better behavior. Reli-
ability curves have been also used for several thresholds cor-
responding with multiple values of the standard deviations of
the original data, deviating in the two wind variable cases
from the best line. There is underestimation of the observa-
tional wind frequencies in both variables. Again, theWGU be-
havior is quite better than the MWS one. For high threshold
values, the resemblance of the probability values up to fre-
quencies around 20% is noteworthy, highlighting that the
ANPAF model reasonably matches the observational and
forecast data in such low frequencies. Moreover, MWS and
WGU areal averaged BSSs have been obtained, evaluating
the model skill in its mean values and in its extreme range
for also several multiple values of σs. The BSSs for several
σs have shown an asymmetric shape, being the best results
for σ values ranging between 0.5 and 1.5 and the maxima
for σ=0.5. The WGU BSS result is better than the MWS
one. BSS values diminish for extreme values, although both
variables show similar behavior.

Additionally, the Spanish spatial distributions of the MWS
and WGU BSSs have been also derived for the σ=0 and 0.5.
While most of Spain shows small values for both thresholds,
the best BSS results have been located over North Spain,
stressing that the whole procedure is able to estimate the at-
mospheric situations coming from the Atlantic Ocean and
subsequently to predict reasonably mean winds and gusts
in the Northern Peninsula. Three are remarkable values
along the Ebro Valley and over the Gibraltar Strait area,
being more noticeable in the WGU since its dataset presents
a better spatial coverage than the MWS database. The moder-
ately high BSS values over the Gibraltar area indicate signifi-
cant relationships between the input (Z1000) and the output
(winds) fields. Pascual et al. (2010) have analyzed the win-
tertime linkage between the observed MWS over Spain and
the Z1000 through the PCA methodology. Five leading
modes for the wind dataset, explaining more than 66% of
the total variability, can be highlighted (Kaiser, 1960). In
the obtained MWS PC2 (not shown), there were two zones
showing a west–east isoline distribution, with the highest
negative loading values in western Atlantic Iberia and the
highest positive correlation values over some Mediterranean
areas, Catalonia and the Gibraltar Strait. However, it was in
the obtained MWS PC5 pattern (Fig. 14a) where the high cor-
relation values centered on the eastern Gibraltar Strait are re-
markable. Although the results are only shown for wintertime,
this MWS pattern has been also obtained for the remainder
seasons (not shown), underlining that the abovementioned
BSS nucleus located over the Strait is noteworthy. Martín et
al. (2011a) and Martín et al. (2011b) examined true relation-
ship between large-scale atmospheric field and wind gusts
through composite maps, giving an average atmospheric circu-
lation associated with coherent wind gust variability in Spain.
Here, in order to examine the atmospheric circulation features
associated with thewinter patterns of wind speed, a set of pos-
itive and negative composite plots of both Z1000 and MWS
have been also constructed from the dates associated with 5
and 95 percentiles of the scores of the time series obtained of
the PCA. Positive composite of the Z1000 field associated with
the dates corresponding to the 5% highest scores of the MWS
PC5 time series shows (Fig. 14b) a nucleus of high Z1000 values
situated southwest of Iberia,which promote airmass advection
over the south of Iberia. This atmospheric configuration favors
strong northernwinds over southern areas of Spain, in particu-
lar, in the Gibraltar Strait as can be seen in the corresponding
MSW composite (Fig. 14c). Therefore, such weather situations
coming from the Atlantic Ocean can be considered as a reason-
ably good input in the analog procedure to predict winds in the
Gibraltar Strait area.

It may be concluded that the process used in this paper to
find analogs, based on initially reducing the dimensionality of
the large-scale atmospheric data after obtaining PCs, and
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subsequently applying the ANPAF analog model, has been
revealed as a good technique to find similar atmospheric pat-
terns and from them, to estimate wind fields. Although the
analyses have shown that the model shows the best results
in the atmospheric field data, the wind results could be im-
proved with the use of statistical methods based on combining
predictive distributions from different sources. However, this
approach is beyond this paper, although works in these points
are in progress. It is also noteworthy to comment that the used
methodology does not present any constraint to be used in
other regions of the Earth, beyond the selection of the window
in the large-scale data in order to capture significant signals as-
sociated with the regional data.
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