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Abstract The variability and predictability of the surface
wind field at the regional scale is explored over a complex
terrain region in the northeastern Iberian Peninsula by
means of a downscaling technique based on Canonical
Correlation Analysis. More than a decade of observations
(1992-2005) allows for calibrating and validating a sta-
tistical method that elicits the main associations between
the large scale atmospheric circulation over the North
Atlantic and Mediterranean areas and the regional wind
field. In an initial step the downscaling model is designed
by selecting parameter values from practise. To a large
extent, the variability of the wind at monthly timescales is
found to be governed by the large scale circulation modu-
lated by the particular orographic features of the area. The
sensitivity of the downscaling methodology to the selection
of the model parameter values is explored, in a second step,
by performing a systematic sampling of the parameters
space, avoiding a heuristic selection. This provides a metric
for the uncertainty associated with the various possible
model configurations. The uncertainties associated with
the model configuration are considerably dependent on the
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spatial variability of the wind. While the sampling of the
parameters space in the model set up moderately impact
estimations during the calibration period, the regional wind
variability is very sensitive to the parameters selection at
longer timescales. This fact illustrates that downscaling
exercises based on a single configuration of parameters
should be interpreted with extreme caution. The down-
scaling model is used to extend the estimations several
centuries to the past using long datasets of sea level pres-
sure, thereby illustrating the large temporal variability of
the regional wind field from interannual to multicentennial
timescales. The analysis does not evidence long term trends
throughout the twentieth century, however anomalous
episodes of high/low wind speeds are identified.

Keywords Wind - Statistical downscaling - Spatial and
temporal variability - Sensitivity - Past reconstruction

1 Introduction

The surface wind field can be loosely considered a local
response to the large scale circulation. However, such a
response also includes and is sometimes overridden by the
effect of orography and a variety of factors such as vege-
tation, land-sea interactions or other thermally-driven
phenomena (Bianco et al. 2006). This combination of large
and smaller scale forcings imposes a high spatial as well as
temporal variability on the surface wind field (Simpson
1994). The large variability and the vectorial nature of this
variable do not only introduce additional complexity to its
diagnosis and prediction, but they also provide the topic
with a valuable scientific interest. The analysis and pre-
diction of the wind field variability at different timescales
comprise practical applications that range from the short
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term wind forecasting to the assessment of climatological
wind variability changes: storms forecasting (Powell et al.
1991), air pollution (Jakobs et al. 1995) and surface
roughness studies (Grimenes and Thue-Hansen 2004),
structures design related to extreme wind events (Zhang
et al. 2006) or wave field evaluation (Caires and Sterl
2004). Beside those relevant to society applications, in the
context of renewable energies, special attention is being
paid to the wind power prediction at short timescales
(Kariniotakis et al. 2004) as well as the medium/long term
wind predictability evaluation applied to the resource
assessment (Pryor et al. 2006, 2009).

The improved understanding of the regional/local wind
variability and its relation to the large scale atmospheric
circulation, greatly benefits applications targeting at wind
related variables prediction. Assessments of climate vari-
ability at the regional scale are mainly based on the
application of downscaling approaches that employ large
scale atmospheric circulation information to obtain esti-
mations of variables at the regional/local scale by identi-
fying the main statistical associations between the spatial
scales (statistical downscaling) or using limited area
models (dynamical downscaling). The large scale atmo-
spheric state is provided by gridded observations (Zorita
et al. 1992; Zorita and von Storch 1999), reanalysis data
(Xoplaki et al. 2003a, 2004) or general circulation model
(GCM) outputs (Lenderink et al. 2007).

The statistical downscaling consists in training a statis-
tical model making use of the empirical relationships
observed between the local variables, predictands and the
large scale atmospheric variables, predictors (Gonzélez-
Rouco et al. 2000; Xoplaki et al. 2004; Busuioc et al.
2008). In the context of wind field related studies, Kaas
et al. (1996) identified the connection between SLP/SST
patterns and the local wind field in winter over Scandinavia
and Pryor and Schoof (2005) and Pryor et al. (2005b)
proposed an empirical downscaling using the outputs of a
set of GCMs and estimated variations of the parameters of
a typical wind probability distribution at the regional scale
in northern Europe. In turn, the dynamical downscaling is
based on the use of regional circulation models (RCMs)
that solve the fundamental equations of the atmosphere
yielding finer time-space simulations (Hong and Kalnay
2000; Conil and Hall 2006). Some examples in the context
of wind field analysis are those of Pryor et al. (2005a) that
studied the implications of the long term wind variability
for the wind energy resources over northern Europe using
RCMs and Jiménez et al. (2010b) who evaluated the ability
of a RCM to identify subregions with similar wind
behaviour, previously found with observations from the
same area in the northeast of the Iberian Peninsula (IP).
Some studies focused on the regional scale also employ a
combination of both strategies (de Rooy and Kok 2004).
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Besides, an extended application of the downscaling
techniques consists in forcing the dynamical or statistical
model with large scale fields obtained from future climate
change GCM projections (Denman et al. 2007).

However, the transfer of information between spatial
scales involves many sources of uncertainty that propagate
from the global to the regional scale in the downscaling
exercises (Mitchell and Hulme, 1999; Schwierz et al.
2006). In the context of future climate projections, the
uncertainties associated with the radiative forcing are
accounted for by considering a variety of climate change
scenarios (Nakicenovic et al. 2000; Denman et al. 2007)
and by the use of a suite of GCMs to represent the
intermodel variability. Pryor et al. (2006) studied the
possible changes of surface winds in northern Europe
through the downscaling of several GCM simulations
under different scenarios. Najac et al. (2009) applied a
statistical downscaling to a multi GCMs ensemble and
estimated future changes of the wind field over France in a
particular future climate scenario. The uncertainty asso-
ciated with the use of a specific model for the downscaling
step can also be addressed. In the case of RCMs, the effect
of changes in the discretization of the equations of motion
or the different parametrizations can imply changes that
contribute to the uncertainty in the simulated regional
field. Experiments that explore the sensitivity of the model
to variations in the physics (Zhang and Zheng 2004) or to
changes in the initial conditions (Weisse and Feser 2003)
are designed to provide a measure of this type of uncer-
tainty. In the case of statistical methods, the effect of
applying different methodologies can also be examined
(Zorita and von Storch 1999; Matulla et al. 2003; Maurer
and Hidalgo 2007). Even in the case of using one specific
downscaling method, uncertainties arise from a number of
somewhat subjective decisions taken in the design of the
statistical model. Usually such decisions are founded on
good practise and lead to skillful estimations of the target
regional variables (Hanssen-Bauer et al. 2005). However,
introducing changes in the model configuration by
changing parameter values, spatial domains, etc., would
produce somewhat modified, though still skillful, estima-
tions. Even in the case of methods that provide pro-
babilistic estimations of the regional targets (Fernandez
et al. 2007; Furrer et al. 2007; Dibike et al. 2008) there
are additionally unquantified uncertainties stemming from
specific decisions in the model set up. These additional
uncertainties are difficult to estimate, but they can at least
be explored considering a variety of configuration designs
in the downscaling approach. This path illustrates the
sensitivity to changes in the model configuration, what can
be regarded as a methodological variability or metho-
dological uncertainty. Interesting works in this context
are carried out by Huth (2000, 2004) who investigated
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the sensitivity of local downscaled temperatures in Central
Europe to changes in the predictor variables. Nevertheless,
this type of studies are rather uncommon in the case
of wind related variables, thus an exploration of the
methodological sensitivity of statistically downscaled
wind field seems pertinent. Furthermore, the uncertainty
may also arrive from potential inaccuracies of the GCMs
or reanalysis as they provide the large scale information
that feeds the downscaling models. For this reason, it is
also interesting to explore the uncertainty that is associated
with the use of different datasets as boundary and initial
conditions in the case of the dynamical downscaling
(Koukidis and Berg 2009) or as predictors if dealing
with statistical models. Notwithstanding the evaluation
of the different sources of uncertainty affecting the
regional scale is an issue under development (Denman
et al. 2007).

This work aims at analysing the statistical downscaling
relationships between the large scale atmospheric circu-
lation and the local wind field in a region located in the
northeastern IP. Almost fourteen years of monthly
observations are used to calibrate a statistical model that
isolates the most important circulation patterns for the
wind field at regional scales. The model applied is based
on the Canonical Correlation Analysis (CCA). A specific
selection of parameters in the design of the model is used
to explore the variability of the regional wind field. In
order to further assess the uncertainties associated with
the regional estimates, the effect of variations of the
model parameters is explored providing insight into the
methodological sensitivity. The parameters involved in
the model configuration that are investigated in this step
are, for instance, the size of the geographical domain of
the large scale predictors or the number of canonical
modes retained for the analysis. The uncertainty that
arises from the use of different datasets as large scale
predictors (reanalysis data, observations or climate field
reconstructions) is also evaluated. The combination of
both sources of uncertainty will provide a more reliable
estimation of the wind field variability. An additional
benefit of obtaining a measure of the uncertainties that
arise in the downscaling step implies that in subsequent
stages of the work they could be compared to those
derived from the use of different GCMs in future climate
change projections or those coming from the use of dif-
ferent scenarios. In such conditions a representation of the
full cascade of uncertainties involved in future regional
climate projections would be feasible.

The understanding of the mechanisms responsible for
the temporal variations of the regional wind at interdecadal
and centennial timescales is hampered by the limited
temporal length of the observational series since usually
short periods are used for calibrating and validating

models. For this reason wind estimations and their asso-
ciated uncertainty are downscaled several centuries back-
ward using available datasets of large scale predictor
variables. The long term variability of the regional wind is
interpreted in terms of the variations in sign and intensity
of the main modes of the atmospheric circulation affecting
the regional wind that were found during the calibration
period. This exercise provides a broader perspective of the
regional wind variability in observations that may be of use
in the context of comparison with climate change down-
scaling exercises.

The downscaling methodology applied herein (Sect. 3)
is focused on a region in the northeast of the IP (Sect. 2),
thereby providing the possibility of assessing not only the
role of large scale circulation forcings but also the non
negligible influence of regional/local factors. A reference
configuration of the downscaling model is fixed to analyse
its skill and the modes of coupled large to regional scale
variability (Sect. 4) The sensitivity of changes in the ref-
erence configuration is explored in Sect. 5 and used to
extent our knowledge of the wind variability in the region
several centuries back using a set of available large scale
predictors (Sect. 6) The results described in the following
sections have therefore implications for the understanding
of regional wind variability, the design of the downscaling
strategies and the understanding of the associated uncer-
tainties. This last feature can be of particular value appli-
cations within the context of downscaling of climate
change scenarios projections. This work offers the reader
new perspectives, that to the knowledge of the authors, are
not documented in the literature.

2 Data
2.1 Large scale predictors

Six gridded (2.5° latitude x 2.5° longitude) variables over
the North Atlantic region and Europe are used as predictor
fields for the CCA exercise: sea level pressure (SLP), 850
and 500 hPa geopotential heights (¢gso and ¢sgg), 10-m
height zonal (U10) and meridional (V10) wind components
and 500-850 hPa thickness data (Zsq_gs0). Monthly mean
values are calculated from the original 6-h resolution time
series. Data are taken from the ERA-40 reanalysis of the
European Center for Medium-Range Weather Forecast
(ECMWF; Uppala et al. 2005) from 1992 to 2002. Ana-
lyses from the ECMWF global model outputs are also used
to complete the whole period of observations (2002-2005);
for the sake of simplicity this database will be referred to as
the ERA-40 fields from now on. The strategy of combining
both ERA-40 and the ECMWF datasets has been used
previously in other studies as in Fisher et al. (2007) or in

@ Springer



144 E. Garcia-Bustamante et al.: North Atlantic circulation and wind in the Iberian Peninsula

Jiménez et al. (2010b). Jiménez et al. (2010b) performed a
numerical simulation of the wind field using both datasets
as initial and boundary conditions over the same target
region and period. No evidences of inhomogeneities due to
the use of the two forcing datasets were found, thus, it
appears reasonable to use the same set up to overcome the
lack of reanalysis data after 2002.

For two additional exercises that (1) explore the
uncertainty related to the use of different datasets as large
scale predictors (Sect. 5.2) and (2) provide a wind field past
reconstruction (Sect. 6), only one variable, the SLP from
different sources with longer temporal coverage, is used.
The datasets employed in these two parts of the work are:
(a) monthly SLP observations from 1899 to 2005 from the
National Center for Atmospheric Research (NCAR; Tren-
berth and Paolino 1980); (b) an observational dataset pro-
vided by the Hadley Centre consisting of historical gridded
monthly mean SLPs (HadSLP2) for the period 1850-2004
(Allan and Ansell 2006); and (c) a SLP proxy-based
reconstruction from 1659 by Luterbacher et al (2002). This
reconstruction is limited to a spatial domain ranging from
30°W to 40°E in longitude and from 30°N to 70°N in
latitude. The information regarding the large scale predic-
tors used in this work is summarized in Table 1.

2.2 Observed wind field: predictand

The area under study is the Comunidad Foral de Navarra
(CFN) in the NE of the IP, a small region of intricate
orography surrounded by two large mountain ranges, the
Pyrenees and the Cantabrian systems. Many other smaller
geographical features give rise to a complex landscape of
the region (Fig. 1). It is worth noting the presence of the
Ebro Valley, which is bounded by the Pyrenees and the
Iberian mountain ranges and spreads out to the south fol-
lowing a NW-SE axis. These orographic elements will
evidence a strong impact on the behaviour and predict-
ability of the wind field.

The wind observations over the CFN were measured at
29 meteorological stations from January 1992 to Septem-
ber 2005. Their geographical distribution is represented in
Fig. 1. The original measurements were subject to quality

control analyses (Jiménez et al. 2008b, 2010a). In addition,
observational data from 3 wind farms in the CFN (squares
in Fig. 1) are also used for this study. These wind series
span throughout the period between June 1999 and May
2003, for the longest series. Their inclusion in the analysis
is interesting to illustrate the influence of the orography by
comparing these wind farm records obtained at the hub
height (between 30 and 40 m) and usually at the top of a
hill with the wind measured at the rest of stations, located
closer to the surface (at 10 m and a few of them at 2 m, see
caption in Fig. 1). These datasets have been already used in
other studies that explored the variability of the wind field
in the region (Jiménez et al. 2008a, 2008b) and the relation
to wind power production at the wind farm locations
(Garcia-Bustamante et al. 2008, 2009).

The present study is focused on the most windy months,
when the links between the atmospheric circulation and the
regional wind field are stronger. In autumn and winter the
surface pressure gradient over the Ebro Valley is intensified
and stronger winds are associated with an intense cold air
advection from the Atlantic area (de Pedraza 1985; Jiménez
et al. 2008a). For this reason an extended winter season
covering September to March is used in this analysis.

The climatology of the wind field in the region is
described in the following paragraphs. Observed mean
wind module (solid curves) and wind components (vectors)
are represented in Fig. 2. The mean flow in the CFN is
from NW to SE and it is channeled from the northern
valleys along the Ebro Valley (Jiménez et al. 2008a). This
is a characteristic cold and dry wind pattern in the CFN
region known as Cierzo. The flow in the opposite direction
(SE to NW) is known as Bochorno, resulting from the
advection of moist and warmer air from the Mediterranean.
The dashed lines in Fig. 2 show the standard deviation of
the wind module. As it is shown, the spatial variations of
wind and its deviation are coincident to a good degree,
which is a typical feature of positively defined variables
like precipitation (Xoplaki et al. 2004). It is worth noting
that some locations at the north and centre of the region
reveal a higher mean wind than the rest of the sites. Some
of these sites correspond to the wind farms, located at
higher elevations with anemometers at around 40 m a.g.1.,

Table 1 Characteristics of the datasets employed as large scale predictors: source and data type, variables considered within the dataset, period

used for the analyses and spatial resolution (° lat. x ° lon.)

Source Type Variables Period (years) Spat. res.
ERA-40 Reanalysis/analysis SLP,¢g50.500,UV10,Zs00_g50 1957-2005 2.5° x 2.5°
NCAR Observations SLP 1899-2005 5° x 5°
HadSLP2 Observations SLP 1850-2004 5° x 5°
Luterbacher et al. (2002) Reconstruction SLP 1650-1999 5° x 5°
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Fig. 2 Observed mean zonal and meridional wind components
(vectors) and wind module (red solid contours). Dashed contours
show the spatial variations of the wind module standard deviation

less influenced by smaller scale orographic features. Two
of the wind farms show a more NE-SW flow in agreement
with the mean direction at the surrounding stations while
the other, more northerly located, presents a more SE-NW
direction. In fact, the northern area in the CFN is exposed
to a different large scale circulation regime than the central
and southern sections of the region under study (Jiménez
et al. 2008b).

Fig. 3 Regional zonal (green) and meridional (blue) wind compo-
nents and wind module (red) throughout the whole observational
period. The corresponding 3 years moving average is also represented

The spatially averaged, hereafter the regional, time
series of the zonal and meridional observed wind compo-
nents and wind module are represented in Fig. 3. It can be
appreciated that, for the wind components, series present
opposite sign throughout the whole period. Their correla-
tion value is —0.77. This suggests a conservation of the
surface momentum between both wind components at
these timescales (Jiménez et al. 2008b). Changes in the
wind module (Fig. 3) present substantial intra and inter-
annual variability which could be of great interest, e.g, in
the context of wind energy assessment.

3 Downscaling methodology

The statistical method applied in this study is based on
CCA. This is a multivariate statistical technique that
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isolates linear associations between sets of predictor and
predictand variables that are optimally correlated (Hotell-
ing 1935, 1936; Glahn 1968; Levine 1977). The original
data are projected onto their principal components (PCs) to
remove noise and reduce the number of degrees of free-
dom. The methodology is further described in von Storch
and Zwiers (1999).

Before calibrating the model, the annual cycle is
removed by subtracting the monthly climatological mean
to obtain anomaly fields. Time series were also detrended
applying a linear least square fit in order to ensure the long-
term stationarity (Xoplaki et al. 2003b). In order to account
for the latitudinal distortions, anomalies from the large
scale fields were weighted at each grid point by multiplying
by the square root of the latitude to consider the decreasing
size of grid boxes with the variations in grid box size with
latitude (North et al. 1982b). Additionally the time series
were standardized (dividing by their standard deviation).
Both predictor fields were combined to perform a joint
EOF analysis. The size of the matrices allowed for man-
aging the problem in a single step. Eventually, the same
number of modes from both predictor EOFs were retained,
as they accounted for a similar amount of explained vari-
ance, for the posterior combined CCA (Preisendorfer 1988;
von Storch and Zwiers 1999).

A certain combination of the model parameters was
selected in a first step of the analysis. This selection does
not correspond to the optimal case, although it generates
reasonable estimates of the wind field. This selection, prior
to the sensitivity analysis, represents a standard situation
(thereafter called reference case) to illustrate the potential
of the methodology and allows for understanding the
emergent associations between predictors and predictands.
The choice of parameters for this reference case is exposed
in Sect. 4.1. However, variations in this selection and their
influence on the results will be explored in the sensitivity
analysis in Sect. 5.

After the design of the downscaling model, its skill is
verified using a crossvalidation approach. This allows to
reduce a possible overfitting of data by the model (Barnett
and Preisendorfer 1987). The crossvalidation is a resamplig
technique in which a small number of data is dismissed and
the model is trained with the retained data subset. The
removed values are then estimated with the calibrated
model. This procedure is repeated recursively by sampling
subsets of the same length along the entire observational
record in order to obtain a full set of independent estimates
that are compared afterwards to the original observations
(Michaelsen 1987). Further details on the size of the
sampling subsets are given in the following sections.

The actual extended winter season dataset analysed
herein is composed of 91 monthly wind observations at
each site (14 years x 7 months/year) and thus hardly
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spans more than a decade. It can be argued this is a limi-
tation for the analysis and should not be forgotten in the
interpretation of results since the model is calibrated
making use of intraseasonal to decadal cross-covariances
and it is assumed to reproduce wind variability at multi-
decadal and even centennial timescales. This assumption is
however not alien to downscaling approaches where the
best use of available data has led in some analysis to cal-
ibrate models based on comparatively short decadal
records (Huth 2002, 2004; Gerstengarbe and Werner 2008)
or, in a more typical approach, to use multidecadal long
records to estimate variability on centennial and longer
timescales (e.g., Gonzalez-Rouco et al. 2000; Xoplaki
et al. 2003a). On the other hand, the afore mentioned
crossvalidation approach contributes to ensure the robust-
ness of the statistical relationships and reduces possible
overfitting of data (Barnett and Preisendorfer 1987).

To evaluate the predicting skill of the method, the cor-
relation coefficient (p) and the Brier Skill Score (f) have
been used in this work. p yields a measure of the temporal
concordance between the observations and estimations. f3
provides a measure of the variance of observations that is
accounted for by the model. This coefficient is defined as
p=1- [SzES/Szog], were SzES represents the variance of
the estimations error and 5203 is the observations variance,
provided that the climatology is selected as reference value
to evaluate the error. In such conditions f = O represents a
prediction not better than climatology. If the estimations
error variance is similar to that of the observations a
positive f3 is obtained (the better the prediction, the closer
to 1).

4 Wind estimations in the CFN: the reference case

In this section results from the calibration of the statistical
downscaling model are presented (Sect. 4.1) and evaluated
(Sect. 4.2). This will serve as a reference configuration
hereafter. Monthly zonal (west—east) and meridional
(north—south) components of the wind are employed as
predictand fields.

In the reference case two ERA-40 fields (see Sect. 2.2),
¢gso and Zsoo_gso, are used as predictors as they provide a
dynamical and thermal description of the atmospheric
circulation. The analysis is limited to a geographical area
spanning from 35°N to 65°N and 40°W to 10°E. 4 predictor
EOFss are retained for the analysis, accounting for a 81.5%
of the total variance. The same number of EOF’s is con-
sidered for the predictand that account for a 90.2% of the
variance. 2 pairs of canonical modes are retained in the
design of the downscaling model. In the reference configu-
ration the size of the crossvalidation sampling subset is
one month. This selection does not necessarily correspond
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to the optimal case. The choice of model parameters is based
on a prior heuristic exploration of several model configu-
rations, as a previous step to the sensitivity analysis, to
gain some insight about the variance within estimates
due to changes in the model parameters. Thus, this con-
figuration was selected for illustration purposes and pro-
vides estimations in good agreement with observations. In
Sect. 5 variations of this reference configuration will be
explored.

4.1 Canonical patterns and series

The first pair of canonical patterns (CCAL1) is represented
in Fig. 4a, b for the predictor and predictand variables,
respectively, together with their amplitude time series or
canonical coordinates (Fig. 4c). The large scale pattern
(Fig. 4a, shaded for ¢gso and contours for Zsog_gs0) depicts
a dipole structure with positive anomalies over the North
Atlantic area, that reaches the west side of the IP. Negative
anomalies are located northeast of the British Isles, centred
over the Scandinavian Peninsula. The simultaneous CCA1
pattern for the predictand (regional wind) presents in its
positive phase a NW-SE wind anomaly pattern which can

be related to the well known regional ’Cierzo’. It should be
noticed that the reverse sign of the patterns is also possible
since it is determined by the sign of eigenvalues of the
cross-covariance matrix (von Storch and Zwiers, 1999).
Therefore, the negative phase of this mode presents con-
tributions to the flow from the SE with relatively warm and
moist air advection from the Mediterranean that can be
regarded as the typical *Bochorno’. The two patterns are
physically meaningful provided that the large scale mode
induces a pressure gradient that favours a NW-SE (SE-
NW) direction for the geostrophic wind. In addition, the
axis of the Ebro Valley, aligned with this NW-SE direction,
contributes with a strong channeling effect at the surface.
Thus, the local wind pattern arises as a result of the large
scale atmospheric structure modulated by the orographic
configuration of the CFN. This first mode accounts for 18%
(22%) of the total variance of the ¢gsq (Zs500_g50) predictor
field and around 36% of the total predictand variance (see
Table 2 for summarized information on correlations and
explained variances). The same large scale regime as found
here, that causes a partial blocking of the westerlies, has
been associated with the Mistral conditions (Buzzi et al.
2003; Burlando, 2009). Thus, this large scale pattern is

Fig. 4 Canonical patterns and

series of the first CCA mode

(CCA1). a Predictor patterns, ©
¢350 hPa (shaded) and ZSOO—SSO
hPa (contours); the explained
variance of the ¢850 (2500—850)
field is also indicated;

b predictand (local wind in the
CFN) pattern together with the
variance accounted for by this
mode; wind farms are
represented with white squares.
¢ Canonical series for predictor
(blue) and predictand (green)

20

-20

-40

Normalized time components

predictor
predictand 7
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Table 2 Canonical correlations and explained variances by the CCA
modes

Predictand
expl. var. (%)

Corr. $850/Z500-850
expl. var. (%)

CCAl 0.87
CCA2 0.86

18/22 36
30/13 36

broadly responsible for predominant meridional circula-
tions not only in the region under study, but also in wider
areas over the European continent.

The corresponding amplitude series for predictor and
predictand (Fig. 4c) present a canonical correlation of 0.87
and exhibit considerable intra and interannual variability
with extreme values at the end of 1995 and 1999. The
variability is higher till 2000 and slightly lower in the
following period. As this change in the regional wind
variance during the last period is also noticeable in the
predictor series, it can be attributed to changes in the large
scale circulation variability. The canonical series of the
local wind components presents a correlation of 0.92 and
—0.83 with the regional time series of the observed zonal
and meridional wind components (Fig. 3), respectively.
Thus, this first canonical mode describes the most impor-
tant changes in regional monthly wind variability for the
period studied.

The second pair of coupled patterns (CCA2) shares 30%
(13%) of variance of the ¢gs0 (Zs00_g50) field and 36% with
the regional wind or predictand. The canonical predictor
mode consists of a monopole pattern of negative anomalies
centred westward of the British Isles. This pattern in its
positive phase indicates a zonally eastward oriented geo-
strophic flow. The CCA2 wind pattern (Fig. 5b) shows a
configuration with a more zonal direction at most of the
windiest sites over the northern and centre part of the
region, that coincide with the wind farm locations. These
sites are more exposed to quasi-geostrophic circulations
and less affected by local scale phenomena. For the rest of
stations, the surface wind field displays a SE-NW direction
which is coherent with a deflection of the geostrophic wind
that tends to balance the horizontal pressure gradient and
helps to introduce southern surface flows in the valley
mouth. Hence, this mode in its positive (negative) phase
evidences contributions to the Bochorno (Cierzo). This
coupled mode shows a decisive impact of the orography,
contributing for instance to circulations that are prone to be
channeled along the Ebro valley due to the strong oro-
graphic constraint. It additionally evidences an important
influence of the large scale circulation since some stations
in central and northern CFN or the wind farm locations,
which are not subject to the channeling effect at the valley,
show a more zonal response to that mode. The correlation
between the CCA2 time components is 0.86 (see Table 2).
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They show large intensity contributions in 1993 and during
the period between 2000 and 2002 and also reveal a con-
siderable intra and interannual variability.

It is well worth to discuss the relation of the canonical
large scale modes with the main teleconnection patterns in
the Atlantic area. The Iberian Peninsula and especially the
CFN, is geographically located at the boundaries of the
storm track in the North Atlantic region and potential
fluctuations of the different modes over the climate of the
region can be expected (Seierstad et al. 2007). In Table 3,
the correlations between the first two canonical series of
the predictor fields and the indexes of the teleconnection
patterns are given (Barnston and Livezey, 1987)." Most of
the correlation values are significant at a 0.05 level (in
bold). However, the highest correlation with the CCAl
large scale pattern is found with the East Atlantic/Western
Russia mode (EA/WR; Burlando 2009). In the case of the
CCAZ2, the strongest relation is found for the East Atlantic
pattern (EA). The low correlation identified between the
canonical series and the NAO index points to the influence
of the orography on the wind fields that is responsible of
more meridional flows as suggested also in Fernandez and
Saenz (2003), that find comparable canonical modes in
their analysis of winter precipitation on the northern coast
of the Iberian Peninsula. Similar cases are also the
Tramontana and Mistral winds (Burlando 2009), that are
not favoured by NAO-like circulations but by large scale
modes connected with meridional flows, channeled and
accelerated along the natural mountainous pathways.

4.2 Validation of wind estimates

The estimated regional anomalies for the zonal and
meridional wind components and wind module are com-
pared to their observational counterparts in Fig. 6. The
correlations between the regional estimations and obser-
vations are 0.79 and 0.80 for the zonal and meridional
component, respectively and 0.70 for the wind module (all
correlations are significant at a 0.05 level). The lower
correlation of the wind module can be understood on the
basis of the non-linear transformations applied to obtain it
from the wind components together with the potential
accumulation of the errors from each component. The
higher variability of the meridional component becomes
evident again. It can be observed that the estimations show
also reduced variance with regard to the observations. This
loss of variance is inherent to the linear methodologies
(von Storch and Zwiers 1999).

The skill of the method at each station is evaluated
through the values of p and f represented in Fig. 7a—c.
This inspection allows for a validation of the procedure at

! http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml.
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Table 3 Correlation values between the two first canonical series and
the main teleconnection patterns over the Atlantic area: North
Atlantic Oscillation (NAO), East Atlantic Pattern (EA), East Atlantic/
Western Russian pattern (EA/WR) and the Scandinavian pattern
(SCAN)

NAO EA EA/WR SCAN
CCAl 0.16 0.28 —0.47 —0.32
CCA2 —0.24 0.46 0.20 0.27

Bold values are significant at 0.05 level

the local scale providing an overview of the predictability
depending on the specific location. The size of circles is
proportional to the correlation (p) value and the color is
related to the Brier skill score (f). At most of the loca-
tions the correlation values range from 0.85 to 0.50 for
both wind components. Also the Brier skill score shows a
reasonably good performance of the model in terms of the
variance error (values span the interval 0.72-0.30). A few
locations at the northern areas and some stations at the
mainland valleys show a decay of the skill in both their p
and f values. These stations are located in less windy
sites (Fig. 2) or in areas with more complex orography
that contributes to a decrease of the predictability.

Time (year)

Overall, the pattern is very similar for both components
but higher scores can be observed along the NW-SE axis
of the Ebro Valley for the meridional one. The main
differences between them are found in the northern and
the mountain stations, where the zonal component pre-
dictability is slightly deteriorated. The wind module as in
the case of the regionally averaged series shows also
slightly worse performance compared to the two wind
components.

The Taylor diagram (Taylor 2001) in Fig. 7d illustrates
the behavior of the regional estimations compared to the
performance of the wind estimates at each location. This is
a polar diagram where the angle is indicative of the cor-
relation value and the radial coordinate accounts for the
standard deviation between estimations and observations at
each location. Green (blue) points correspond to the zonal
(meridional) component of the wind for each site whereas
the red dots correspond to the wind module. It is worth
noting that the regional average time series (squares) tend
to outperform the cloud of points. The regional estimates
filter out many local effects that in some cases cannot be
well captured by the downscaling model and reinforce the
signal to noise ratio. This is especially the case of the
meridional component of the wind that is characterized by
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Fig. 6 Regional observed and estimated monthly zonal (a) and
meridional (b) wind components as well as wind module (¢) anomaly
time series

showing common variability in the whole region of study
(Jiménez et al. 2008b).

On the basis of the results above, hereafter, the discus-
sion of the method performance will be restricted to the
wind components.

5 Uncertainty analysis

In this section an evaluation of the uncertainties associated
with the statistical downscaling model is presented. The
methodological sensitivity is assessed in order to evaluate
to what extent a certain choice of parameters in the set up
of the experiment produces an impact in the estimations,
thus exploring the robustness of the downscaling strategy.
The approach consists in allowing a certain degree of
variability in each parameter that is important for the
model configuration. The sampling of the parameters space
is accomplished in two subsequent steps. First, variations in
each parameter with respect to the reference model are
allowed keeping the others fixed. This variation of
parameters generates a family of estimates that will allow
for an assessment of the spatial variability of the method
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Fig. 7 Correlation and Brier skill scores calculated between the wind
observations and estimations for a zonal, b meridional wind
component and ¢ wind module. d Taylor diagram for each wind
component (green is zonal and blue meridional) and for the wind
module (red) for each time series (points). The corresponding
regional (spatial average of all time series) scores are represented
with squares

sensitivity to changes in one specific parameter. Second, all
parameter values are systematically varied in a large
amount of model configurations that allow for any
parameter combination (see Table 4). By doing so the
temporal evolution of the method sensitivity will be
studied.

Table 4 Parameters of the model configuration and number of
options considered for each one

Parameter n° options
Predictor domain 9
Predictor field 25

n® EOFs/CCAs 31
Crossval. subset 9

Total n° experim. 1 param. varying 74

Total n° experim. all params. varying 62.775

The two last rows correspond to the total number of experiments (note
that the penultimate row is the result of the sum of the number of
options when a single parameter is allowed to vary and the last row
corresponds to the case where changes in all parameters are
combined)



E. Garcia-Bustamante et al.: North Atlantic circulation and wind in the Iberian Peninsula 151

The uncertainty derived from the large scale adds on top
of the cascade when evaluating the regional estimations of
climate variability. In this context, it is also interesting to
evaluate the impacts of using large scale predictors from
different datasets. The differences between datasets are
connected to their nature, for instance whether they are
observations, global model outputs or reconstruction data
or to the methodologies applied to obtain these datasets for
instance, the quality control procedures, their validation,
interpolation schemes, etc. This type of uncertainty is
explored in Sect. 5.2.

5.1 Methodological uncertainty

The parameters of the model configuration that are system-
atically sampled are: (a) the size of the large scale domain,
tested by using different windows that cover from smaller
areas over the target region to larger windows over the
northern Atlantic and Mediterranean areas; (b) the predictor
field, considered by examining several dynamical and ther-
mal variables and/or combinations of them; (c) the number
of EOFs and CCAs retained for the analysis and (d) the size
of the crossvalidation subsets, exploring cases where this
changes from 1 month to 4 years (28 months). The cross-
validation option is not a decisive parameter of the down-
scaling method since it does not affect the associations
between the large scale circulation and the regional wind.
However changes of the crossvalidation subset length should
not affect an assessment of the quality of estimates. Thus, it
is interesting to test the robustness of the validation process
to variations in the crossvalidation option. The number of
options for all parameters is summarized in Table 4.

Nine large scale windows (Fig. 8; plotted for illustration
over the ERA-40 SLP mean field) are analysed with the aim

Fig. 8 Different large scale
domains together with the mean
field of one of the predictor
variables (ERA-40 SLP)
considered for the sensitivity
analysis

1006

of understanding and illustrating the effect of the spatial
domain on the estimations. The window corresponding to
the reference case is number 4 in this figure. Regarding the
predictor field(s) the variables considered are: SLP, ¢gso,
Ps00, the Zsog_gs0 and the UV10 fields (de Pedraza 1985)
together with all possible combinations of two or three of
these fields. The number of retained EOFs for the analysis
varies between 2 and 6. The maximum (6) was determined
by including all the statistically significant correlations
between the predictor and predictand principal components
(PCs). This can be seen in detail in Fig. 9a where the col-
oured matrix shows the correlation values between the first
six predictor and predictand PCs (significant correlations at
0.05 level are marked with a circle). For the minimum
number of EOFs a criterion based on the variance that the
leading EOFs account for is considered. This minimum is
determined by the presence of a breakpoint in the curves of
Fig. 9b (explained variance vs. number of EOFs/CCAs)
which is an indicator of the modes that should be included
in all the experiments since they contain the most significant
amount of explained variance. In the case of the predictor,
the minimum number of EOFs is 2. This implies a 57% of
explained variance. For the predictand the breakpoint
occurs also at the second EOF (almost a 80% of explained
variance). The selection of the number of EOFs can be also
done with more sophisticated methods although there is no
optimal criterion for it (Kaiser 1960; North et al. 1982a;
Preisendorfer 1988). In the case of the number of CCAs, the
maximum is imposed by the maximum number of EOFs
retained, since the number of CCA modes must be equal or
smaller than the smaller (predictor or predictand) number of
EOFs (Barnett and Preisendorfer 1987). Although the
maximum was 6 only the first four canonical patterns pre-
sented significant correlations. The minimum is set to 2 with
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Fig. 10 Top Methodological
sensitivity at each location in

zonal component

meridional component

the CFN for the zonal (a) and (a
meridional (b) wind component,
respectively. The size of
circumferences is related to the
methodological sensitivity
obtained in the first step of the ©
uncertainty analysis (only one
parameter is allowed to vary
at a time in the model). Colors
indicate what parameter
produces the largest

contribution to the sensitivity 0 ®
at each location (green ®
corresponds to the large scale

window, violet to the predictor -
field, blue is associated with the
varying number of EOFs/CCAs

retained and yellow corresponds

to the crossvalidation subset
size). Bottom: Sensitivity at
each location in the CEN vs. the
corresponding standard
deviation of the wind for the
zonal (¢) and meridional

(d) component
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the same criterion of explained variances (see Fig. 9b, note
that the explained variance of the predictor is that accounted
for by the two combined fields, ¢gsq and Zsgo_gso)- Thus, all
possible combinations (31) between the number of EOFs
and CCAs in the ranges commented are employed. The
crossvalidation time step parameter varies between 1 month
and four extended seasons (September to March) so 1-7
(equivalent to 1 year),14 (2 years) and 28 (4 years) months
are the crossvalidation subset sizes considered.
Considering the above possibilities, 74 realizations of
the model (see Table 4) are obtained. The spatial distri-
bution of the methodological variance is represented in
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Fig. 10a and b for the zonal and meridional wind compo-
nent, respectively. The size of the circles at every location
is related to the dispersion of the ensemble of estimations:
for each time step it is calculated as the difference between
the maximum and minimum estimated values and then
temporally averaged to obtain a single sensitivity value at
each site. It can be observed that the circles are larger in the
more windy places (the area of the Ebro Valley and the
highest mountain sites, see Fig. 2) that also correspond to
those locations where the wind speed variability is also
larger (Sect. 2.2). This is illustrated by plotting the sensi-
tivity at each location (size of circles in Fig. 10a, b) against
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Fig. 11 Top Deciles distribution of the regional estimations (orange)
with respect to the median for a the zonal and b the meridional wind
component together with the observations (black line), the reference
case estimate (gray line, see Sect. 4) and the maximum and minimum

the corresponding observed standard deviation of the wind
(Fig. 10c and d, zonal and meridional component, respec-
tively). A linear relationship between them is evident. This
leads to the conclusion that the larger the standard devia-
tion and thus, the variability of the wind at the specific
location, the larger is the sensitivity or associated uncer-
tainty. In these figures it is also evident that the meridional
wind component presents higher levels of variability, thus,
also a higher sensitivity, compared to the zonal one.

The respective influence of each model parameter has
been further analyzed by separating its individual contri-
bution to the spread of estimations. This is done by plotting
at each location circumferences with increasing size
according to the impact of each parameter in the total
uncertainty (Fig. 10a, b). A color code is needed to identify
the influence of the variable large scale window (green),
the change of predictor field (violet), the varying number of
retained EOFs/CCAs (blue) and the crossvalidation subset
option (yellow). At each site only the largest circumference
is filled with the corresponding color to help in the iden-
tification of the parameter that produces larger sensitivity.
It can be appreciated that in most parts of the region the
size of the large scale domain is responsible for generating
the largest uncertainties for the two wind components.
There are a few places, especially for the meridional
component, where the number of EOFs/CCAs patterns
included produce a larger contribution to the uncertainty.
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values (dashed orange line). Bottom Deciles distribution of the
regional residuals (estimations minus observations) for (c¢) the zonal
and (d) meridional wind component

However, it is also noticeable that the individual contri-
bution of each parameter is very similar in most of the sites
of the region (i.e., similar circumference size, see the
zoomed circle in Fig. 10c as an example). In this line, Huth
(2002) reported, that the performance of the different
predictors were comparable as long as thermal and
dynamic fields were included when applying similarly a
statistical downscaling approach to estimate daily tempera-
tures over Central Europe.

The interest is focused now in considering the combi-
nation of all possible parameter configurations in the
design of the experiments, i.e., the parameters described
above are allowed to vary jointly in this second step giving
rise to a considerably larger number of estimations (more
than 60,000, see Table 4). This complements the pre-
liminary methodological sensitivity evaluation in the pre-
vious step. The large ensemble obtained is divided in ten
groups of equal frequency (deciles) distributed around the
median. This is represented for the regional time series in
Fig. 11a and b (for the zonal and meridional wind com-
ponent, respectively) together with the observations (black
line), the reference estimate (gray, see Sect. 4) and the
maximum and minimum values (dashed orange line). It is
interesting to observe that, qualitatively, the uncertainty
area preserves the variability of the observations during the
whole period 1992-2005, pointing out the robustness of the
methodology in estimating the wind field. Thus, most of
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the observations are confined within the uncertainty inter-
vals. For illustration, it is shown in the horizontal axis a
square-symbol every time the observations exceed the
sensitivity area. In the case of the zonal (meridional)
component a 15% (9%) of the observations falls out of the
area. This percentages agree with the better predictability
of the meridional component as explained in Sect. 4.

Thus, the uncertainty represented in Fig. 11a, b evi-
dences that the performance of the model is not largely
dependent on the configuration selected and it can be
argued that the method is able to reproduce the main fea-
tures of the surface wind field over the region whatever the
selection of the model set up is. The reference estimate
maintains to a good degree a centered position within the
spread: i.e., the selection of parameters in this case does not
yield estimates biased to the tails of the distribution. This
suggests that the associations found between the global
circulation and the regional wind exposed through the
reference case in Sect. 4 are representative of the large
number of possible configurations considered in this part of
the experiment and also representative of the influence of
the synoptic circulation in the regional wind variability.

The deciles distribution of the residuals (estimations
minus observations) are shown in Fig. 11c, d for the zonal
(meridional) wind component, respectively, for a brief
insight into the temporal variation of the errors. No signif-
icant trends can be observed neither for the zonal nor the
meridional series, pointing that the variance of the residuals
is constant along the calibration period, as desired. The
structure of the residual series is noisy but still resembles the
variability of the observations. As the residuals represent
the portion of the observed variance not explained by the
model, this points out the existence of a tendency to under-
estimate the observations variance. A formal residual analysis
would include an evaluation of the residual autocorrelation,
probability distribution, etc. This is out of the scope of the
present study however, a formal treatment of the residuals can
be dealt with in future stages of the analysis.

5.2 Single and multi-data experiments

To gain insight into the possible impacts of using different
datasets as large scale information entering the model, two
comparable experiments are considered. For them the SLP
is the single predictor since for some of the datasets this is
the only variable available. The rest of parameters is
allowed to vary freely as in the previous exercise. The first
experiment uses the SLP field from ERA-40 and involves a
total of 2511 model configurations. This will be referred
hereafter as the single-data experiment. In a second
experiment SLP fields from the following datasets were
employed (see Table 1): the observed NCAR SLP (Tren-
berth and Paolino 1980), the Hadley Centre historical SLP
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(Allan and Ansell, 2006) and the SLP reconstruction for the
North Atlantic area by Luterbacher et al. (2002). Similarly
every parameter, except for the predictor field is varied in
this second case implying a total of 5301 realizations. Note
that the Luterbacher et al. (2002) dataset allows only for 5
windows since the westernmost longitude is 30°. This
exercise will be referred to as the multi-data experiment
through which the effect of using different large scale data
resources can be assessed.

The deciles distributions of the ensemble of regional
estimates for the single- and multi-data experiments are
calculated to account for the sensitivity of estimations to
the use of different predictor datasets.

The differences between the two deciles distributions is
represented in Fig. 12. Differences for the zonal component
present a certain tendency to lower values at the second half
of the calibration period (1998-2005) compared to the levels
of variance of the first half. This is to a less degree also
apparent in the case of the meridional component. These
changes in the variance of the regional wind have been
already discussed in the view of the canonical series of the
previous section and they were attributed to changes in the
large scale circulation. Therefore it is apparent that all
datasets used capture a fluctuation in the variability of the
atmospheric circulation around this period. As aresult and in
agreement with what was hypothesized in Sect. 5.1, the
methodological uncertainties associated with the use of
different large scale predictors is larger at the beginning of
the observational period since the variability of the regional
wind field is also larger during the first years. A closer look at
the distribution (boxplots in Fig. 12b, d; blue for the single
and violet for the multi-data cases) evidences that these
differences are mainly localized in the upper deciles of the
distribution, especially the ninth decile. Then, most of the
residuals (approx. 80% of the estimations) are close to zero,
denoting that no large differences are found from the fact of
using different datasets as predictors. In addition, differences
between single-data percentile distribution (blue in Fig. 12b,
d) and the first case of including variations in all parameters
(green; recall that identically only ERA-40 but for more
predictor variables were used in the previous subsection) are
small since the 90% of values are similarly distributed for
both wind components. This supports the previous reasoning
of Sect. 5.1 where it was argued that the use of one predictor
or combinations of various of them did not cause a very
strong impact on the methodological uncertainty.

6 Wind field past variability: a wind climatology
reconstruction

The following paragraphs focus on the assessment of the
long term past variability, from interannual to decadal or
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Fig. 12 Left Multi-data minus single-data regional residual deciles
distribution. Right Frequency distribution for the first experiment
(variations of all parameters and ERA-40 predictors, Sect. 5.1, green),

centennial timescales, of the regional wind in the area
under study together with the estimation of the long term
uncertainties associated with the use of multiple model
configurations.

The statistical model derived in Sect. 4 allows for
obtaining wind speed estimates when no observations are
available out of the calibration period. Similarly, as in Sect.
5.2 regarding the multi-data exercise, the SLP from dif-
ferent datasets is used in the present case as single pre-
dictor, yielding past estimations with different temporal
coverage (recall Table 1). First, a reference past estimation
with each predictor dataset is calculated. For each refer-
ence experiment an equal selection of parameters, as the
one described in Sect. 4, is considered. Additionally, to
make all the experiments comparable the calibration period
is fixed to the years between 1992 and 1999, imposed by
the time span of the longest SLP dataset (Luterbacher et al.
(2002) reconstruction). Thus, the four reference recon-
structions differing in their corresponding length and pre-
dictor source are labeled as: R,,,40 for the last five decades,
R,,cq, for the 20th century, Ry, for the period 1850-2004
and Ry, for estimates back to the 17th century.

The reference reconstructions of the zonal and meridio-
nal regional wind component anomalies are shown in
Fig. 13a, b. The associated projected uncertainties related
to all possible variations of the model parameters (as in
Sect. 5.2, see Table 4) are also presented as deciles dis-
tributions in Fig. 13. Some general features of the recon-
structed series regarding the long term past variability can
be discussed. The meridional component presents also
larger variability compared to the zonal one. The negative

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

the single-data (blue) and the multi-data experiments. a and b are the
zonal and ¢ and d the meridional wind component

correlation between the two components also exists at
longer time scales as a consequence of the momentum
conservation discussed in Sect. 2.2 All reference recon-
structions in Fig. 13 show a good temporal concordance in
their corresponding overlapping periods and also during the
calibration period. It is interesting to observe that a slight
discrepancy between the reconstructions takes place in the
period from 1850 and 1900, where Ry, presents a certain
tendency to more negative (positive) anomalies for the
zonal (meridional) component compared to Rj,,,. This
fact suggests the existence of differences in the SLP fields
from each data source that were not evident during the
observational period (Sect. 5.2). A strengthening or
weakening of the large scale patterns in one dataset with
respect to the others can be responsible for certain dis-
crepancies between the wind estimates. This issue will be
further discussed latter in the present section. Another
possibility is that these discrepancies are caused by the
presence of certain inhomogeneities in the earlier years of
the HadSLP2 dataset due to differences in the density of
predictor data in the SLP reconstruction procedure (Allan
and Ansell 2006).

Higher anomalous wind velocities can be observed, for
instance, in the second half of the 17th and 20th centuries,
the first half of the 18th century, the beginning of the 20th
century and during the observational period. These larger
anomalies (marked with a dashed line in Fig. 13) are
especially noticeable in the meridional component of the
wind. Regarding the high anomalies during 17th century,
previous works address interestingly an increase of wind
extremes during the colder period of the Little Ice Age and
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especially during the Maunder Minimum (1640-1715)
apparently due to a southward shift of the storm tracks
between 20°N and 35°N (Raible et al. 2007). However, no
significant trends at multicentennial scales are found for the
whole reconstruction period. Despite the former, it is
apparent the presence of a certain tendency of the zonal
(meridional) wind component to positive (negative) values
during the second half of the 20th century till present. This
can be interpreted as a strengthening of the first canonical
mode (Figure 4a) connected with intensification of north-
westerly winds over the region. This reinforcement of the
meridional circulation was also found by Davis et al.
(1996) who detected a trend indicative of such intensifi-
cation over the eastern Atlantic and western Europe in the
second part of the 20th century while exploring the semi
permanent subtropical anticyclone and its spatial and
temporal variance structure. The reconstructed climatology
as well as the projected uncertainty anomalies (gray-
shadowed in Fig. 13a, b) reveal the presence of interannual
and decadal variability.

The deciles distribution of the uncertainty, similarly to
that of the calibration period (Fig. 11) is also represented in
Fig. 13a, b (gray shadowed). It can be said that the
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variability of the past projections of the uncertainty
remains in reasonable levels of variance compared to the
variance of the reference reconstructions. An insight into
the effect that each parameter produces in the long term
methodological uncertainty is also discussed. During the
observational period the relative importance of the differ-
ent parameters on the estimated wind was tested. Varia-
tions in the predictor field(s), the large scale window, etc.,
have evidenced a comparable influence in the uncertainty
(see Sect. 5.1). However, the question can be posed whe-
ther this argument can be considered plausible also for long
term variations, or on the contrary, at longer timescales,
any of the model parameters has a particular impact on the
estimations. To answer this question the estimations are
segregated by isolating all cases with a fixed parameter
value allowing variations in the rest of parameters of the
model configuration in order to investigate the specific
influence of each parameter in the reconstructed wind.
Only results concerning the number of canonical patterns
included in the downscaling model are illustrated (Fig. 14).
The uncertainties associated with the estimated wind
components have been separated according to the inclusion
(orange) or exclusion (gray) of the third and fourth
canonical modes. The first situation produces a visible bias
to positive (negative) zonal (meridional) anomalies in the
earlier years of the reconstruction, while the opposite is
true for the case with only two canonical modes (gray in
Fig. 14).

The third large scale canonical pattern (CCA3, not
shown) consists in a dipole with positive (negative)
anomalies over the eastern North Atlantic and a center of
opposite sign located to the north of the IP contributing to
NE-SW (SW-NE) wind anomalies in the region. This mode
is interesting for several reasons. On one hand, the ideal
atmospheric situation that generates the Cierzo conditions
consists of high surface pressures over England and low
ones over the Balearic islands and Italy (de Pedraza 1985),
as in the CCA3 large scale pattern in its positive phase.
However, the strength of the association of this pattern with
the regional wind in the northeastern IP is variable. While
small canonical correlations (0.2) and predictand explained
variances (5%) are found in the observational period
between 1992 and 2005, in the reconstruction exercises,
where the statistical model was calibrated between 1992
and 1999, the canonical correlation is 0.66 accounting for a
15% of predictand variance. A test on the sensitivity of the
estimations to changes in the calibration interval and length
along the observed period was conducted. No impacts were
detected due to the slight variations taking place in the
intensity of the associations between the local wind and the
large scale circulation modes within the observational
period. Nevertheless the strength of the large to local scale
associations may change depending on the time interval
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Fig. 14 Uncertainty showing the influence of the inclusion of the
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only two canonical patterns while orange stands for the cases
including the third and fourth patterns. The inset in the fop panel
corresponds to the projection on the third canonical series from the
middle of 17th century till present obtained using Luterbacher et al.
(2002) SLP reconstruction as predictor

considered because of low frequency changes in the modes
or in their relative weights (explained variances) through-
out the calibration period. This can potentially affect long
term estimations of the wind as illustrated in Fig. 14. Even
in the case of having relatively long records for calibration
(Kaas et al. 1996; Benestad, 2002; Xoplaki et al. 2003a)
there is no means of anticipating the occurrence of tem-
poral changes in the associations between the local and the
large scales out of the observational period and in fact, this
is usually catalogued as the main drawback of statistical
models.

An extended estimation of the large scale CCA3
canonical series, calculated applying a regression using
Luterbacher et al. (2002) SLP as predictor, is represented
in the inset in the top panel of Fig. 14. It is apparent the
presence of a tendency towards negative scores which is
indicative of a change in sign of the third large scale mode
(see Sect. 4.1). This tendency can be considered responsi-
ble for the reverse of sign in the past wind estimations
depending on the inclusion or not of the third canonical

mode, whose contribution to the regional wind is variable.
Thus, the apparently negligible impact of selecting a spe-
cific number of canonical patterns evidenced during the
calibration/validation period, turns out to be of importance
in the application of the downscaling model outside of the
calibration period. This fact highlights the need for
assessing and understanding of the uncertainties associated
to the methodology for obtaining downscaling estimates
and illustrates that estimations based on a single configu-
ration of the model must be interpreted with care.

7 Summary and conclusions

The analysis of the wind field variability and predictability
at the northern Iberian Peninsula is undertaken by applying
a statistical downscaling technique, the Canonical Corre-
lation Analysis, to identify the main associations between
the regional predictand and the large scale circulation over
the North Atlantic area at monthly time scales. To do so,
wind measurements from several locations in a complex
terrain area at the NE of the IP for the period between 1992
and 2005 have been used.

The two first canonical modes from a certain configu-
ration of the model have been shown as a reference
example where the predictor fields (¢gso and Zsoo_gs0) are
supplied by the ERA-40 reanalysis. The modes of vari-
ability found highlight the meridional component of the
flow as preferred direction of the regional wind together
with the strong influence of the surrounding orography as
the Ebro Valley, which serves as a natural channel that
accelerates the flow. The wind field is represented as a
linear combination of the leading synoptic patterns gov-
erning the regional circulation. The approach has proven
skillful after comparison of the estimations with the
observed wind during the crossvalidation process.

Results evidence a certain underestimation of the vari-
ance that can be attributed to the linear constraint imposed
by the method in the search of associations between the
regional and the synoptic circulations. Thus, there is space
for the study of alternative approaches that do not
emphasize the linearity in the methodology. In addition,
non-linear processes that resolve in shorter than monthly
timescales are filtered out here. They may also contribute
to some extent to the wind variability underestimation.
This calls for the investigation of these type of statistical
downscaling methods at, for instance, daily timescales, in
order to test their skill in reproducing higher frequency
wind variability.

The methodological sensitivity has been evaluated by
allowing individual variations of the model parameters
values. This exploration illustrates that the uncertainty
associated with the method depends on the variability of
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the wind at each specific location. In a second step multiple
experiments are carried out in which changes in the dif-
ferent parameters of the model configuration are system-
atically combined yielding a very large number of
estimates (more than 60,000). The uncertainty that is
associated to this part of the analysis remains in the range
of the variability of the observations and also shows a large
dependence on the wind field variance. A full assessment
of the uncertainty in the downscaling step is provided by
considering the influence in estimations of using different
data sources as large scale predictors namely, reanalysis,
observations as well as a proxy-based reconstruction. The
results are illustrative of a discrete influence of this type of
uncertainty showing the largest impacts in the upper
deciles of the estimates uncertainty distribution. However,
the type of large scale predictor introduces more uncer-
tainty which adds to that generated by the variation of the
parameters in the downscaling model. In view of the
uncertainty obtained, the statistical method appears as a
robust approach to estimate the monthly wind in this
region.

The long term past variability of the regional wind has
been assessed by a regression-based approach fed by the
information from the large scale circulation in the absence
of observed measurements out of the calibration period.
Different data sources are employed and the comparison
between the independent wind estimations revealed a good
agreement during the overlapping periods. No overall
trends along the approx. 350 years of wind reconstruction
are appreciated, though signs of considerable interannual
and interdecadal variability are found. Uncertainties were
also projected backward to gain insight into the degree of
dispersion of wind estimations in the past due to the
methodological variance and to illustrate the potential
impact of using different datasets as synoptic circulation
predictors. In this context, the long term variability of the
regional wind field revealed a special sensitivity to the
choice of the method configuration. Specifically, the pres-
ence of a trend found in the canonical series of one of the
modes produced clear tendencies of opposite sign in the
regional estimated wind, depending on the inclusion or not
of the third and fourth modes in the model. This type of
exercises allows for the assessment of fluctuations in the
regional wind and its main drivers at climatic scales which
could be of great value in the context of for instance, wind
power production sustainability.

The comparison among the different types of uncer-
tainty associated with regional wind estimates could rep-
resent a valuable exercise that can be extended for instance
to the context of future climate projections. This would
allow for the comparison of the uncertainties obtained in
the downscaling step to those associated to a changing of
the driving climate model output or the forcing scenario.
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