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1. Project description and objectives

Exploring the climate variability and the projection of pide future climate changes at the regional
scale entails the search of strategies which properly iestihhe complex interaction between synoptic
atmospheric circulation and local features, like topobyapegetation, land-sea interactions, etc. However,
the evaluation of the downscaling methodologies, thatrgiteto cover the gap between the information
provided byGC M, and the reliable estimations required at the regional scale be still considered a
challenge since the applications of such techniques in megipns remain yet unexplored (Wilby et al.
1998; Hanssen-Bauer et al. 2003; Wood et al. 2004; Hayloek @006; Schmidli et al. 2006; Meehl et al.
2007).

The surface wind field is subjected to a high spatial and @sgooral variability since it can be con-
sidered as a local response to the synoptic forcing, andnihesent feature of the wind not only yields an
additional difficulty to its diagnosis and prediction bus@lprovides the subject with a valuable scientific
interest. The analysis of the wind speed variability at tiffeidnt timescales involves practical applications
which range from the short term wind forecasts to the clinogiical wind variability changes assessment
(Marzban and Stump 1998; Darby 2005; Yan et al. 2006; Zhaatj 2006). In addition, recently a special
attention has been paid to the wind energy development iry megyions of the world as an alternative and
clean energy resource (Celik 2003; Faulin et al. 2006).

The basis of the project relies on the identification of pgaesassociations between the large scale
atmospheric circulation and the local wind field and alsowifired power generated in a region within the
Iberian Peninsula at monthly timescale. Thus, the preserit i focused on the application of a statistical
downscaling technique which has proven adequate skill éadlipting other variables like precipitation or
temperature (Gonzalez-Rouco et al. 2000; Xoplaki et a83a(b) using information from the large scale
circulation. Additionally, the predictability of the remnal wind field can be further assessed by analyzing
the associated uncertainties that arise from the large scfilence and also those related to the various
methodological aspects. The combination of both sourcasadrtainty provides a more reliable estimation
of the wind field variability over the area. Moreover, a spéemphasis will be given to the assessment of the
long term variations of wind and wind power over the regiomider to infer the most important features
of the variability at interannual and decadal timescalesvel$ as the evaluation of potential anomalous
periods or possible long term trends. This will be done byhanirag the wind and wind power climatology
reconstructions for the last 350 years.

Although previous evaluations of wind related variablethatregional scale have been carried out for



different areas in the world (Kaas et al. 1996; Bogardi andyslsovszky 1996; Pryor and Schoof 2005;
Pryor et al. 2005; Najac et al. 2009) the statistical apgraHche present study is applied for the first time
on wind related variables. One of the more interesting aspafcthis work is the study area, a region of
complex terrain in the northeastern Iberian Peninsuladbastitutes an ideal frame to testing downscaling
methodologies. In addition for this specific exercise, wpmiver production observations are available
thus allowing for an estimation of the predictability of noreteorological variables that can be put in the
context of ecosystem oriented studies. There are someestadgessing the climatic evolution of the wind
field in several regions applying a certain emphasis in thi@tians of the energy carried in the wind as
representative of the wind power (Pryor and Schoof 2005 Rsial. 2005). However, there are no previous
works assessing the power production spatial and tempanability at different timescales and its relation
with the synoptic circulation based on the use of real ostptitvind farm turbines as in this study. Finally,
the evaluation of the associated methodological uncdigairconstitutes an additional feature of the case
study contributing to the uniqueness of the project sineeatfsessment of the methodological uncertainty

in the context of a statistical downscaling technique isaxténsively explored yet in the scientific literature.

2. Results of the work

a. Analysis of the large scale influence and relations with thewsface wind field over the Northeast of

the Iberian Peninsula

Navarra, in the northeastern Spain (Fig. 1), is a region toicete orography surrounded by two large
mountain ranges, the Pyrenees and Cantabrian systemsvdttis noting the presence of the Ebro Valley,
that channels and accelerates the surface flow. The wind sieservations were recorded at 29 meteoro-
logical stations for a 14 years period from 1992 to 2005 édiex et al. 2008a,b). In addition, observational
data from 3 wind farms (squares in Fig. 1) were also used mghidy. These measurements consist of
hourly wind speed and wind power production records spantiiroughout 1999 and 2003 in the longest
case. Further details on the wind farm data can be found ini&&ustamante et al. (2008, 2009).

The method applied is the canonical correlation analysiSA); a multivariate statistical technique
that isolates the associations between the predictor aatigheand variables that are optimally correlated
(Hotelling 1935, 1936; Bretherton et al. 1992) on the EORgep The analysis is performed with the wind
speed components (zonal and meridional) as predictand fldl allows for taking the directionality of
the flow into account when searching for the relations betvtiere surface and the large scale circulation. A

reference case is presented (variations of this initialipedf the model will be shown later in the sensitivity
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FIG. 1. Location of the 29 meteorological stations (white dasll the 3 wind farms (black squares)

providing the wind and wind power data.

analysis) where an equal numberio® F; (4) for the predictand and the predictor variables werdnmeth
Regarding the last, a combination of two large scale fieldsrtdrom the ERA-40 reanalysis and analysis
from the ECMWEF forecast model were employed to represengltitgal circulation: the 850 hPa geopoten-
tial height,¢s50, and the 500-850 hPa thermal thickneBs;o_s50. The analysis is limited to a geographical
area including the western North Atlantic area, the IbeRaninsula, the British Isles, the westernmost part
of the European continent and part of the Mediterranean arba coherent regional wind and synoptic
patterns were analysed through the two first canonical metiésh are then used to build up the regression
model for the estimation of the predictand (Kaas et al. 19%&re, for brevity, we present only the first
pattern. The first CCA pair of maps (CCA1) account for &2B2%) of the variance of the large scale pre-
dictor (predictand). They are represented in Figs. 2a arrégiectively, together with their amplitude time
series (Fig. 2c). The first large scale canonical pattermctiep dipole structure with positive anomalies
over the Atlantic region, at the western side of the IberianiRsula. Negative anomalies are located over
the northeast of the British Isles, centred over the Scaw@in Peninsula. The simultaneous CCA1 pattern
for the regional wind components, present a NW-SE anomalaus which can be related to the so-called
"Cierzd, a very well known wind in the area (de Pedraza 1985). Thius,contribution to the pressure
gradient between the two anomaly centers favours this pnadmt direction of the geostrophic wind field
over the region. At the surface, the presence of the Ebre@yalong a NW-SE axis through the region
induces a strong channeling effect (Figure 2b). The charatit pattern obtained is then the combination

of the synoptic structure modulated by the orographic cordiion of the area under study. It is possible



to appreciate a very good agreement between the serieshil@gthe temporal evolution of both, predictor

and predictand canonical patterns (correlation 0.87).
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FiG. 2. Canonical spatial patterns and amplitude time seriglseofirst CCA mode (CCAL):&) predictor
(large scale) CCAL pattern, shaded is #hgy hPa and curves represent thg,_sso hPa (positive solid and
negative dashed)b] predictand (local wind) CCAL pattern ang) formalised time series of the CCAL for

predictor (blue) and predictand (green).

After the calibration of the method, the cross-validatisagess allows for obtaining wind field estima-
tion series for the whole observational period by extractrsingle monthly observation and using the rest
of available months to obtain the corresponding estimatilbus using the linear relation found between
predictors and predictand during the calibration peridais process is repeated subsequently for the whole
time series. To a good degree the estimations present tahmmrcordance with the observations. The
correlations between the spatially averaged estimatiodso#servations are 0.78 and 0.82 for the zonal
and meridional wind components respectively. As expedastimations are better for the meridional wind
component since this wind component evidences a more deistimbehavior than the zonal one, this fact
is mainly due to the constraints imposed to the flow by the tography of the region and the presence
of the Ebro Valley. Regarding the variance of estimatioradii@s are to some extent underestimated with

respect to observations. This loss of variance is inheretite methodology applied since the CCA does



not enhance the variance of the predictand field. Instea@w maximizes the correlation between the

two sets of variables sacrificing the explained varianceathecase (von Storch and Zwiers 1999).

b. Evaluation of the uncertainties associated to the methodobical variance and to the large scale

predictor fields influence

An evaluation of the uncertainties associated with theorsi wind field estimations was conducted.
First an assessment of the methodological sensitivity msidered. The approach consists in allowing a
certain degree of variability in each one of the parametsat has to be defined in the model set up. The
uncertainty associated with the large scale atmosphetualation is also taken into account by employing
various datasets to provide the predictor or large scale ifdbrmation.

The parametera priori defined in the model that can be varied to explore the metbgdal variance
are a) the size of the large scale domain, where differentioviis covering from smaller areas over the
region under study to larger windows over the North Atlaatiea have been defined; b) the ERA-40 field
selected as predictor: several dynamical and thermalblagaand/or combinations of 2 or 3 of them were
explored; c) the number of EOFs and CCAs retained for theyaisshnd d) the number of steps considered
during the cross-validation process.

The large sample obtained when all parameters are allowedryojointly (aprox. 63.000) is divided
in ten groups of equal frequency, so that the deciles areesepted for the regional time series in Figs.
3a and 3b (zonal and meridional wind components, respégtit@egether with the observations (black),
the reference estimate (gray) and the maximum and minimuoesgdashed-dotted orange). It is worth
to note that the uncertainty areas maintain the variabilftthe observations during the whole calibration
period (1992-2005), pointing out the robustness of the oulogy in estimating the wind field since it
evidences that the performance of the model is not largebemigant of the configuration selected. As
expected, the uncertainty area and its variability aloregdalibration period is larger in the case of the
meridional component (Fig. 3b). It is interesting to obsetlvat most of observations are confined within
the uncertainty intervals thus, providing additional retmess to the procedure. In the case of the zonal

(meridional) component a ¥6(9%) of the observations fall out of the area.
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FIG. 3. Top: Deciles distribution (degraded orange area) vagipect to the median of the regional (spatially
averaged) time series) is the zonal and) is the meridional wind component together with the obsiraa
(black), the reference case estimate (gray) and the maxiamehminimum values (dashed-dotted orange).
Bottom: Regional residual (estimations minus observa)itime series for the zonat)(and meridional d)

wind components.

The distributions of the deciles of the residuals (estioretiminus observations) are represented in
Figs. 3c and 3d for the zonal and meridional wind componemspectively, for a brief insight at the
temporal variation of the errors. It can be observed for lfptimal and meridional) series that there are no
significant trends so the variance of residuals is consiangahe calibration period. The structure of the
residual series, each one with its corresponding levelsig@rce, is noisy and still resembles the variability
of the observations . Thus, as the residuals represent tierpof the observations variance that is not
explained by the model this points out to a robustness’ efrtiodel in the sense that, if the model is not
able to reproduce the variability of the observed value gaoetime steps whatever is the combination of
parameters selected, the model will under/overestimadeséniance.

To have an insight at the possible impacts concerning ¥amigtn the datasets that act as large scale
predictors, two comparable experiments were considenecne case the SLP field from the ECMWF
reanalysis and analysis is used as single predictor alfptiia rest of parameters to vary, namely the large

scale domain size, the number of retained EOFs/CCAs andati@in steps. On the other hand, the SLP



field from three additional datasets are employed: the obdeCAR SLP (Trenberth and Paolino 1980)
from 1899 to 2005, the Hadley Centre historical SLP (Allad &msell 2006) and the reconstructed SLP
for the North Atlantic area from 1659 to 2000 by Luterbacheasle (2002). Similarly every parameter
can be varied. These experiments were conducted only focake of the SLP predictor to provide a
common frame in which the two different cases (single andimobel) could be compared. Once all the
CCA experiments are accomplished, two deciles distribstare obtained (the ensembles of estimations are
spatially averaged to provide the regional time series hadléeciles distribution with respect to the central
value are then calculated for each case). It is possible dtysa for instance the differences or residuals
between these two distributions. The analysis revealddalttaough a certain influence in the uncertainty
due to the use of the large scale predictors coming fromréiftedatasets has been found, the differences to

the case when using only the ECMWF reanalysis and analy&is fiesre not large.

c. Reconstruction of the past centuries wind and wind power clnatology

The assessment of the past climate at the regional scalercadgan additional understanding of the
natural and forced levels of climate variability in the m@mgiunder study for a wide range of timescales,
ranging from intra- to inter-annual or decadal timescal€ke set of experiments of the single and multi
model exercise were used to obtain the long term past estimsaif the wind field. Regression models were
calculated using the canonical patterns obtained in thé@qre steps. With them, past projections of the
wind were calculated employing as predictor fields the atéa information for a) the last five decades fields
from ERA-40 reanalysis, 1957-2002 and the analysis of tleeadipnal ECMWF global modetécone,q40),

b) the information regarding the paXi*” century is provided by the NCAR observed Slidpr,cqr), €)
the period from 1850-2004 the Hadley Centre historical Sl42 wiso used to obtain the reconstruction
reconpqq2 and finally, d) Luterbacher et al. (2002) SLP reconstrucpoovides the wind speed estimates
back to thel7*" century ¢econruers). The reconstructed series of the regional wind are reptedein
Figs. 4a and 4b for the zonal and meridional componentseotisply. The associated uncertainties related

to all the possible variations of parameters entering thdehaere also projected and represented.
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Fic. 4. Wind climatology reconstruction and its associatedenainty for the zonald) and meridional
(b) wind components respectively. In gray the deciles wittpees to the the median distribution of the
uncertainty are represented, red series are the obs&rsatiark blue series stands faicon.,q.40, green is
reconpeqr, light blue representsecony, g0 and violets is-econ 1,4, iN the reference case as in the example

showed with the wind estimations in the second section.

Series in Fig. 4 that correspond to the reference experiaein the first section, show a reasonable
agreement between them in their corresponding overlaggnigds and also during the calibration period.
Thereconerp S€ries shows the larger variance. This fact is due to thimdigieriod of calibration in this
latter case, since the reconstruction finishes in 1999¢eThex some periods with anomalous higher wind
velocities as for instance in the second half of & and 18" centuries. Previous works address inter-
estingly an increase of wind extremes during the colderopeof the Little Ice Age and especially during
the Maunder Minimum (1640-1715) apparently due to a soutthwhift of the storm tracks approximately
between20° and35°N (Raible et al. 2007). However, no significant trends candumd in the whole re-

construction period. Despite the former, it is apparentpilesence of a certain tendency of the zonal wind



component towards positive values and the correspondimdetey to the negative ones in the case of the
meridional component from the second half of #&"* century till the present. This can be interpreted as a
strengthening of the first mode of circulation found durihg talibration analysis (Fig. 2a) which represents
intensification of northwesterly winds. This reinforcerhehthe meridional circulations was also found by
Davis et al. (1996). The reconstructed climatology as wetha projected uncertainty anomalies reveal the
presence of intra- to inter-annual and decadal variabllityan be said that the variability of the uncertainty
projections remain in reasonable levels of variance coathty those of the reference reconstructions. It
is worth to mention that in the case of the longest reconstmicreconr ., ) the reference experiment
showed in Fig. 4 falls close to the extremity of the uncettamtistribution. The reasons for this biased

behaviour are still not clear and it is being explored at gmés

d. Application of the downscaling approach to the case of the wid power production

A similar analysis as in the case of the wind components walieabto the wind power production.

It is illustrative of a case of impact study where the aim isagsess the predictability of a variable that
is not meteorological but directly dependent on the evofutif the wind field and its variability and then,
requires reliable climatic information at the local or i@l spatial scales. The main purpose was to explore
the relation between the large scale circulation and thel\wmwer production in the region under study
at monthly timescales following a similar approach as ewgiioin the previous sections to analyse the
wind field variability. Garcia-Bustamante et al. (2009pwkd the existence of an empirical linear relation
between the wind speed and the wind power at monthly timest¢hatough an evaluation in which available
wind power data from several wind farms at the same regioménniortheastern Iberian Peninsula were
employed. They evidenced a linear behaviour between baisibles even though at shorter timescales the
expected relation between wind speed and wind power is clibie aim here was to test whether the linear
relation evidenced between the large scale circulationtlamdocal wind in the region can be extended to
the case of the monthly wind power production.

The first large scale canonical pattern (not shown) consisisnegative anomaly centre located west-
ward the British Isles. It resembles to a good degree thensigattern found in the case of the wind speed
analysis but with a certain displacement to Northwest. Tdreesponding local pattern shows a dipole with
positive anomalies in the northern part of the region andxtreg wind power production anomalies in the
centre. This is coherent with the wind speed pattern thabiildvhave been obtained if the analysis was
performed for the same period (1999-2003) and the same nuohlEEOFs/CCAs with the wind speed as

predictand, i.e., more windy conditions in the Northern &laithwestern areas and a decelerated flow in
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the centre of the region and along the Ebro Valley. The caabmiorrelation is 0.89. The validation was
accomplished as in the case of the wind velocity and thenythé power estimations for the period 1999-
2003 were obtained. It evidenced the presence of some ability for at least two of the wind farms
and a poor performance of ti3¢ location. However, the main hypothesis is substantiatevatof the
locations and this can be considered as indicative of afean$the linearity between the large scale and
the non-meteorological variable at monthly timescalesiwgamonthly wind velocity. Thus, the variability
of the wind power production over the region can be consitlaegoverned by the synoptic circulation and
this will prove some utility as shown below.

The estimation of wind power through a direct downscaling loa undertaken with some simple vari-
ants. An alternative technique consists of the downscalftiige wind field and afterwards the translation of
the wind estimation into wind power by using a transfer fiorcts the linear relation found between them.
It can be said that the variants employed did not produce egptional impact in the resulting estimations
nor it distorted the linear relation between wind speed amdiywower. In fact, the performance of each one
of the tested variants depended directly on the ability efdbwnscaling to reproduce the variability of the
observed wind power series.

In addition and similarly to the case of the wind speed, treeesome interesting questions related
to the long term variability of the wind power production, fas instance, whether they, wind speed and
power production maintain the linear relation at monthigaiscales. What can be said regarding the trends
or anomalous periods for this non-climatological vari&ble order to obtain some information regarding
these issues, a reconstruction of the wind power seriesdmsdalculated using the relation found between
the predictand at the three wind farms and the large scatalation during the calibration period (1999-
2003). As in the case of the wind, different sources of infation for the atmospheric circulation were
employed to project the past variability of the wind powepast periods with no longer available power

records.
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FIG. 5. Regional wind power climatology reconstructed timeéeserObservations are in red (wind module)
and gray (wind power), reconstructions using the ECMWF Sédhalysis and analysis are in dark blue
(wind module) and light blue (wind power). Similarly, reaructions using as large scale predictor the
NCAR/NCEP SLP are in black (wind module) and green (wind pabidn). All the series present a 2 year

moving average filter.

The reconstruction, averaged over the three wind farmspiesented in Fig. 5. The observed power
time series were only extended backward till the beginninip@® 20th century, since the calibration period
was shorter compared to that of the wind speed. Thus, twerdiit datasets were employed for this aim,
the ECMWEF reanalysis and analysigsg and Zsq_s50 (1957-2005, light blue in Fig. 5) and the NCAR
SLP (from 1899 to 2005) in green. Although it seems that toesalegree the reconstruction from the
ECMWF datasets presents lower variance than that from NC&Rsét, there is a general good agreement
between both reconstructions and between the reconsimsaind the observations (in gray) in the overlap-
ping period. Additionally, the comparable reconstructidor the wind speed are represented in Fig. 5. All
the series are standardized to allow for a better comparikas evident from the graph that the linearity
between both variables is maintained along the whole réagri®n period (correlation values are 0.85 and
0.95 for the longer and shorter reconstructions, respaygjivBoth reveal no overall trends during the 100
year period of reconstruction, although a slight tendendgpdreased power production is apparent between
1960 and 1990 approximately, in agreement with what wasrebdén the wind components reconstruction
in the previous section (see Fig. 4). As in that case, intieigéntra and interannual can be appreciated
from Fig. 5. This type of exercise allows for understandimg ariability of the wind power production at a

certain region at longer timescales. Typically, only onanya observations is required to evaluate whether
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or not a specific location is suitable for exploiting the wisgergy resource. However, nor a single year
nor a few of them can offer sufficient information to make tleeidion of installing a wind farm since the
natural variability of the source can be large as evidenogdcansequently the production projected could

change significantly from one year to other.

3. Conclusions, future work and collaboration between bothnstitutes and

publications

The analysis of the wind field variability and predictalyildt the northern Iberian Peninsula is under-
taken by applying a statistical downscaling technique émiifly the main associations between the regional
predictand and the large scale circulation over the NortrAit area at monthly time scales. The coherent
modes of variability found highlight the strong influencetlod topography in the region in the regional wind
circulation. The wind field is represented as a linear coiimn of the leading synoptic patterns governing
the regional flow. The approach has proven skillful after parrson of observations and estimations during
the validation step.

The methodological variance has been evaluated by carogitgultiple experiments in which different
parameters in the model are systematically combined aneldvgielding a very large number of estimates.
The uncertainty that is associated to this part of the aimalgnains in the range of variability of the
observations. A full assessment of the uncertainty is piexviby considering the impact in estimations of
using different data sources as large scale predictors.rddwdts are illustrative of a discrete influence of
this type of uncertainty showing the largest influence inubger deciles of the estimates distribution. Thus,
the method applied appeared as a robust approach to estiveateonthly wind in this region.

The long term variability of the regional wind has been asseédy a regression-based approach fed
with the information from the large scale circulation in thiesence of observed measurements out of the
calibration period. No over all trends along the aprox. 38@rg wind reconstruction period, though some
signs of intra and interannual variability were found. Unamties were also projected backward to gain an
insight into the potential impact of using different datases synoptic circulation predictors.

As a climate-impact-oriented analysis, an insight in tHatien of the wind power produced in the
region for a period of 5 years (1999-2003) and the large soatellation was provided. Evidences of
synoptic circulations governing monthly variations of thied power production were found. This allowed
for the application of simple strategies to assess thea@atd temporal variability of the wind power over

the region under study.

13



The visit was extremely productive although not long enotagaccomplished all tasks proposed. In
the next months the two institutes will collaborate in thaleation of wind predictions based on future
simulations from general circulation models for té? century together with the corresponding uncertainty
projection associated with the downscaling step and thaesponding to the use of several global model
simulations in various future emission scenarios.

In the view of the results it is reasonable and interestingkfgore potential applications of the method-
ologies applied in different regions of the Mediterraneagether with a similar analysis of the wind field
and potential wind power resource variability in futurepstef the work.

This study will give rise to a paper that proximately will bgbsnitted to a peer reviewed journal. The

next phase described in the previous paragraph can be al$octis of another publication in the following

months.
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