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ABSTRACT: A classification of daily surface wind fields over the Comunidad Foral de Navarra (CFN) region (northeastern
Iberian Peninsula (IP)) into wind pattern (WP) types is performed. Daily wind data measured at 41 meteorological stations
are employed to represent the surface wind field. Two methodologies are used to develop the classification, one based on the
spatial and the other on the temporal similarity. Both methodologies produce comparable results yielding six robust wind
patterns. The detected wind field types are season dependent, thereby revealing an annual cycle evolution. The patterns with
northwestern circulations are dominant (60.9%) followed by the southeastern ones (30.5%), showing the strong influence
of the orography over surface circulations, since valleys in the region are directed mainly along the NW–SE direction.
A sea level pressure (SLP) map pattern classification is also performed to evaluate the connections between the synoptic
circulations and the surface flows. Eight pressure patterns (PPs) were identified and related to the surface WPs already
formed. The associations found were clear enough to understand the forcing mechanism of the different WPs. The
ageostrophic balance and the pressure gradient along the valleys seem to successfully describe the general characteristics
of the surface circulations over the study region.
The behaviour of some atmospheric parameters such as temperature, relative humidity, global radiation and precipitation,
which help to describe the atmospheric state associated with each surface circulation type, is also described. They show
different advective regimes, and in particular the cold and dry northwestern strong wind locally known as Cierzo and the
warm and moist southeastern wind known as Bochorno are recognized. A WP responsible for precipitation episodes of
high intensity in the northern region of the CFN is also recognized. Copyright  2008 Royal Meteorological Society
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1.

Introduction

Understanding the behaviour of the surface wind field
can be attained through the identification of wind patterns (WPs) that characterize local circulations. Such an
approach is of some relevance in different contexts. For
instance, in air quality studies it has been illustrated that
while some patterns can transport pollutants into a region,
others bring clear air, thereby affecting the concentrations
of visibility-reducing aerosols (Green et al. 1992; Banta
et al. 1999) or toxic air pollutants (Darby 2005). In the
field of renewable energy, knowledge of WPs is particularly important for modelling the efficiency and operation
of the energy conversion systems such as solar devices
or ventilation designs (Gomez-Muñoz and Porta-Gándara
2002) and especially for wind energy applications (Palutikof et al., 1987). The strongest winds over a region
usually present some privileged directions (Zurański and
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Ciencias Fı́sicas, Avd. Complutense s/n, 28040 Madrid, Spain.
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Jaśpińka 1996), and for this reason a WP classification
can help to understand which flow directions or WPs can
potentially produce extreme wind episodes. For instance,
knowledge of the regional WPs is also relevant for assessing potentially risky meteorological situations (Thuillier
1987). Interactions of wind with water surfaces are controlled by the WPs. Different WPs can induce upwelling
or downwelling (Bakun and Agostini 2001; Torres et al.
2003) or can change the evaporation regime (Verburg and
Hecky 2003).
The structure of the WPs is strongly associated with
regional climate variability (Conil and Hall 2006). In
the case of the Iberian Peninsula (IP), the surface
circulation is controlled by the semi-permanent subtropical high pressure centre over the Azores islands
(Zimmerschied 1949). In winter, it is usually centred at
lower latitudes and therefore the whole IP is affected
by zonal circulations from the west combined with
the perturbations originated by the polar front (Font
2000). In summer, the subtropical high-pressure centre
expands towards higher latitudes, blocking the western
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Figure 1. Geographical features of the IP are displayed in the left panel, whereas the regional details of the CFN are represented in the right
panel. Shading shows the orography, and the political boundaries are highlighted by lines. The location of the meteorological stations within the
CFN is represented with circles on the right panel (See Table I for specific station description).

circulations over the peninsula except in the northern
region. In addition, the relative displacements and the
intensity of this semi-permanent subtropical high allow
a variety of air masses with distinct physical properties
to influence the circulation over the IP at regional and
local scales. Polar continental air masses from the semipermanent Siberian High, tropical continental air masses
from the semi-permanent Sahara Low, Arctic and Polar
maritime air masses coming through the north and northwest of the peninsula and subtropical or tropical maritime
air masses coming from the west or southwest are some
of the well-known synoptic flows that affect the IP (Font
2000). Additionally, an air mass remaining long enough
over the Mediterranean Sea can potentially enlarge its
water content and thereby move towards the IP penetrating from the east or southeast. The interaction of the large
variety of air masses with trajectories intercepting the IP
and a particular complex topography (Figure 1) produce
a range of differentiated regional climates.
The Comunidad Foral de Navarra (CFN, Figure 1)
regional climate presents an important contrast between
the north and the south since the orography and the
specific interactions with the different air masses induce
rather unlike physical conditions to the flow. The northern
part is exposed to mild and moist air from the Atlantic
Ocean during the whole year (Garcı́a and Reija 1994),
while the southern part is dominated by the presence of
the Ebro Valley, whose bounding ridges isolate it from the
Copyright  2008 Royal Meteorological Society

Atlantic circulations and give rise to a dry region where
winds are channelled and intensified (Biel and Garcı́a
1962). Northwestern cold dry winds blowing down-valley
are known as Cierzo and southeastern warm moist winds
blowing up-valley as Bochorno (Garcı́a 1985).
Identifying the synoptic circulation patterns associated with the typical surface wind circulation patterns
can therefore help to understand the mechanisms forcing
regional atmospheric variability. Several manual classifications of the synoptic fields over the IP have been
already performed (Soler 1977; Linés 1981; Guardans
and Palomino 1995; Font 2000). However, manual classifications are based on the experience of the meteorologist and therefore present a certain degree of subjectivity, which can be mitigated by employing automated
procedures (Yarnal 1993; Yarnal et al. 2001). Different
methods that can help to address this question can be
found in the literature. Jenkinson and Collison (1977)
developed an automated sea level pressure (SLP) mappattern classification based on direction and vorticity
indices of the geostrophic flow in an attempt to reproduce previous results from a manual classification over
the British islands (Lamb 1972). The same methodology was applied to other locations (Linderson 2001)
including the IP (Trigo and DaCamara 2000; Spellman
2000), but some deficiencies on the methodology have
been pointed out for this particular region (Martı́n-Vide
Int. J. Climatol. 29: 501–525 (2009)
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Table I. Code of the meteorological station as in Figure 1, name, longitude, latitude, altitude, sensor height and installation date
(dd/mm/yy).
Num.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Name

Long. (° )

Lat. (° )

Alt. (m)

Height (m)

Inst. date

Aguilar de Codés
Aoiz-Agoitz
Aralar
Arangoiti
Arazuri
Bardenas-barranco salado
Bardenas-loma negra
Bardenas-Nstra Sra. del Yugo
Bardenas-polı́gono de tiro
Beortegi
Cadreita-Riegos
Cadreita-INM
Carcastillo
Carrascal
Doneztebe
Perdón
Estella-Lizarra
Etxarri-Aranatz
Getadar
Gorramendi
Ilundain
Isaba
Lekaroz
Lumbier-Ilumberri
Montes del Cierzo
Oskotz
Pamplona-Larrabide
Pamplona-Noain
Remendia-Salazar
Roncesvalles-Orreaga
Sartaguda-Riegos
Sartaguda-INM
Tafalla
Traibuenas
Trinidad de Iturgoien
Tudela
Ujué
Urbasa
Valdega
Villanueva del Yerri
Yesa

−2.394
−1.369
−1.963
−1.194
−1.702
−1.654
−1.375
−1.582
−1.473
−1.434
−1.717
−1.710
−1.463
−1.660
−1.660
−1.709
−2.028
−2.057
−1.457
−1.432
−1.529
−0.923
−1.545
−1.275
−1.652
−1.756
−1.638
−1.639
−1.184
−1.325
−2.050
−2.051
−1.676
−1.614
−1.975
−1.608
−1.510
−2.175
−2.172
−1.949
−1.190

42.614
42.792
42.954
42.646
42.801
42.265
42.071
42.206
42.200
42.796
42.209
42.208
42.372
42.683
43.132
42.733
42.676
42.910
42.605
43.220
42.777
42.864
43.144
42.668
42.133
42.956
42.810
42.769
42.879
43.009
42.363
42.366
42.522
42.363
42.819
42.057
42.513
42.853
42.657
42.736
42.618

731
530
1393
1353
396
300
646
472
295
580
268
268
340
560
138
1024
480
507
710
1071
542
843
182
484
310
562
450
461
1047
940
310
310
415
312
1222
295
826
890
469
498
489

10
10
10
10
2
2
10
10
10
10
2
10
10
10
10
10
10
10
10
10
10
10
10
2
10
10
10
10
10
10
2
10
10
2
10
10
10
10
2
10
10

01/03/92
01/03/92
01/03/92
01/01/92
04/02/00
01/03/98
01/03/92
01/01/92
01/05/97
01/05/97
01/03/98
01/03/92
01/03/92
01/01/92
01/06/99
01/03/92
01/03/92
01/03/92
01/05/00
01/05/92
01/03/92
01/07/92
01/03/92
05/05/00
01/07/98
01/03/99
01/01/97
01/04/92
01/10/01
01/03/92
01/03/98
01/03/92
01/03/92
14/04/99
01/01/92
01/03/92
01/01/92
01/10/01
01/05/01
01/01/98
01/03/92

2001). Other automated map-pattern classification methods widely employed are the correlation-based methodologies of Lund (1963) and Kirchhofer (1974). These
procedures seem to classify the upper air pressure levels more satisfactorily than the low atmosphere ones,
where the present work is focused, since the former fields
are smoother (El-Kadi and Smithson 1992). Willmott
(1987) recommended the use of alternative classification methodologies such as eigenvector techniques. This
idea is also supported by Huth (1996), who compared
the correlation-based techniques of Lund (1963) and
Kirchhofer (1974) against multivariate methods, finding
better results with the latter. The eigenvector techniques
have been successfully applied in a variety of cases
Copyright  2008 Royal Meteorological Society

(Davis and Kalkstein 1990; Kidson 1994; Esteban et al.
2006) including studies centred in the IP (Zhang et al.
1997; Romero et al. 1999c).
In this work, a WP classification of surface wind flows
over the CFN is performed in order to analyse the prevailing circulations and their relation to local climate.
Two different automated approaches have been analysed.
The first methodology performs the classification according to the spatial similarity of the wind fields (Kaufmann
and Whiteman 1999), while the second one is based on
their temporal variability (Green et al. 1993). The use of
two methodologies allows for a later evaluation of results
and a comparison between them, which contributes to the
robustness of the WP classification obtained.
Int. J. Climatol. 29: 501–525 (2009)
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A surface wind climatology is provided through some
further insight into the main features of the estimated
WPs such as the magnitude and direction of winds, their
annual cycle, frequency, etc. The regional climate variability associated with the different advective properties
of the surface circulations are in addition evaluated. This
will be accomplished by relating the resulting WPs to
other surface meteorological variables, i.e. temperature,
humidity, global radiation and precipitation.
In addition, the synoptic fields governing the lowatmosphere circulation over the IP are subjected to a
classification process in order to understand the forcing mechanisms that give rise to the already identified wind circulations and are therefore responsible for
regional atmospheric variability. An automated classification based on eigenvector techniques is adopted here
(Romero et al. 1999c) owing to its advantages over the
correlation-based techniques (Willmott 1987; Huth 1996).
The SLP and the geopotential height at 850 hPa are the
variables tested.
This paper is organized as follows. The next section
describes the data used in the study. Section 3 describes
the methodology employed in the classification procedures and Section 4 presents and discusses the results.
Finally, a summary and some conclusions are provided
in Section 5.

2.

Data

The location of the CFN in the northeast of the IP is
highlighted in Figure 1. The orography of the region
shows a variety of features broadly limited by two large
mountain systems: the Iberian System in the south of
the CFN and the Pyrenees in the north, which merge
westwards with the foothills of the Cantabrian Mountains.
Between them, the Ebro Valley crosses the region from
northwest to southeast towards the Mediterranean. A
closer look at the CFN (see zoomed area in Figure 1)
reveals a rather complex array of smaller mountain
systems and valleys. The north is dominated by the
Pyrenees with the large Bidasoa mountain lines or the
smaller ridges of Abodi, Uztarroz, San Miguel, Zariquieta
and Leyre. To simplify, the latter will be referred to as
the northern mountains. The western and northwestern
boundaries are outflanked by the Aralar mountain lines
as well as the Urbasa, Santiago and Andı́a which will
be hereafter labelled as the western mountains, unless
treated specifically. The central and eastern side of the
CFN is punctuated with the mountain systems of Izco,
San Pedro and the Ujué Peak, which will be referred
to as the eastern mountains. Finally, the south of the
CFN is dominated by the lower lands of the Ebro Valley.
Virtually parallel to the Ebro valley, smaller valleys
line up in a NW–SE direction south of the northern
mountains. Similarly, several of the mountain systems
and valleys west and east of the eastern mountains favour
wind channelling in the NW–SE and N–S directions
(Jiménez et al. 2008).
Copyright  2008 Royal Meteorological Society

A total of 41 weather stations with wind measurements
available from the CFN Network were considered for the
case study (Figure 1, Table I). Wind speed and direction
measurements were recorded as an integrated average
each 10 or 30 min interval. The dataset comprises the
period from 1 January 1992 to 7 October 2005, although
in some cases the length of the time series does not cover
the whole period. The possible effect that higher percentages of missing data at the beginning of the period can
have on the classification will be addressed in Section 3.
A quality control procedure was imposed on the observations by applying several tests similar to those referred
to in the literature (Meek and Hatfield 1994; DeGaetano
1997; Graybeal 2006). In particular, several checks were
applied with the aim of removing manipulation errors,
out-of-range records and abnormally high and low variations in measurements, which ensure temporal consistency, as well as assessing the long-term variability of
the time series (manuscript in preparation). Thermally
driven diurnal circulations such as mountain valley winds
or sea/land breezes are filtered out in the classification in
order to isolate the wind field behaviour that is potentially
related to the large-scale circulation. With this aim, the
zonal and meridional components were calculated from
the quality-controlled wind speed and direction measurements and then averaged daily. The resulting daily wind
fields are used to perform the classification.
Data from the European Center for Medium Range
Weather Forecast (ECMWF) were employed to perform
the synoptic classification. Gridded analysis data from
the ERA-40 project (Simmons and Gibson 2000; Uppala
et al. 2005) covering the dates from 1 January 1992 to
31 August 2002 were used. The remaining observational
period (until 7 October 2005) was completed with the
operational analysis data from the ECMWF. The spatial
resolution of both grids is 1° latitude × 1° longitude. The
purpose of this analysis is to relate the resulting synoptic
classification with the daily surface WPs previously
calculated. Thus, data at 12 : 00 coordinated universal
time (UTC) were selected to represent each day. The
alternative case of using daily averaged from the available
reanalysis at 00 : 00, 06 : 00, 12 : 00 and 18 : 00 UTC grids
was also evaluated and similar results were achieved.

3.

Methodologies

The next subsections describe the methodologies adopted
to perform both the wind field and synoptic classifications.
3.1.

Wind field classification

In order to accomplish the classification of the daily wind
fields into WPs, two strategies were explored. The first
one groups wind fields according to their spatial similarity, and the second one classifies them depending on their
temporal variability. Both methodologies employ cluster analysis (CA, Anderberg 1973) to obtain the WPs,
but only the latter applies principal component analysis
Int. J. Climatol. 29: 501–525 (2009)
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(PCA, Preisendorfer 1988; von Storch and Zwiers 1999)
to isolate the main modes of variation. The use of two
methodologies not only allows a comparison between
different techniques but also helps to discriminate the
suitable number of clusters (WPs) in the resulting classification.
Missing values can possibly generate instability in a
CA classification procedure (Kaufmann and Whiteman
1999) as well as produce adverse effects in a multivariate analysis such as PCA (Bärring 1988). The observational dataset employed in this work presents some
gaps due to failures in the data acquiring process and
also to the lack of measurements at the beginning of
some time series (see Section 2). To mitigate the possible adverse effects that these missing values could cause
during the classification, a reduced dataset is created with
the best 36 stations in terms of the number of available observations (discarding stations 6, 22, 23, 30 and
36). Additionally, only those days with more than 90%
of measurements within the 36 remaining stations were
selected (1354 days). The spatial similarity and the temporal variability classification methods are then applied to
this reduced dataset, obtaining two independent preliminary classifications. Through the comparison of both the
results obtained, the suitable number of clusters (WPs) is
more robustly established and thus the degree of subjectivity reduced. Furthermore, such a comparison allows
the selection of the most appropriate methodology to
be employed in the final classification in which each
day from the complete dataset is assigned to the most
similar WP obtained in the preliminary classification.
This implementation of two consecutive classifications
was first proposed by Kaufmann and Whiteman (1999)
in order to reduce the influence of the missing values.
The final classification of daily wind fields from the
complete dataset leans on the WPs obtained from the
reduced dataset. Each WP is represented by a class centre
or centroid defined as the mean field of all the elements in the cluster. The daily fields were compared
to each centroid and assigned to a WP accordingly
on the basis of a similarity measure. Since the original centroids are defined only over the 36 initial sites,
a meaningful representation of data over these 36 stations was required for each daily field in the complete
dataset to be assigned to a WP. Thus, only fields with
a minimum data availability of 50% within the reference subset of 36 stations were considered. This decision is rather subjective and is based on previous works
(Kaufmann and Whiteman 1999); it represents a compromise between the desirable classification of all the
daily wind fields and the uncertainty associated with
the presence of missing data. The measure of similarity defined to compare class centres and daily wind
fields (Equation 1) will be introduced in the next subsection.
A brief description of the two methodologies used
to estimate the preliminary wind field classifications is
presented in the following subsections.
Copyright  2008 Royal Meteorological Society

3.1.1. Classification based on spatial similarity
This automated classification was developed by Weber
and Kaufmann (1995) and improved by Kaufmann and
Weber (1996) and Kaufmann and Whiteman (1999). Kastendeuch and Kaufmann (1997) employed this methodology to obtain hourly summer flow patterns in a region
over France at different spatial scales. On the basis of the
previous classification of Kaufmann and Weber (1996)
over the Alpine region, Weber (1998) obtained a six-year
climatology of WPs. A similar study was performed by
Weber and Furger (2001) over Switzerland.
Since this approach performs the classification with
CA, it requires the definition of a measure of similarity
(dAB , distance) between two arbitrary wind fields corresponding to any given days A and B:
dAB

NAB
1
1 
=
[(ũAj − ũBj )2 + (ṽAj − ṽBj )2 ] 2
NAB j =1

(1)

dAB is the average of the Euclidean distances at every
site calculated over the NAB zonal (ũ) and meridional
(ṽ) wind components available at both days A and B.
The tilde over the components denotes that they are
normalized to reduce potential local and temporal biases
on the calculation of distances: first, the components are
normalized by the time-averaged wind speed at each site
to prevent an over-weighting of particularly windy sites
(Weber and Kaufmann 1995); second, each resulting daily
wind component is normalized by the spatial-averaged
wind speed over all available stations to ensure that wind
fields that differ by an overall scaling factor are grouped
together (Kaufmann and Whiteman 1999).
Once the similarity measure has been defined, a
clustering technique (Anderberg 1973) must be applied.
A two-step clustering procedure (Kaufmann and Weber
1996) is employed owing to its advantages over the
single-step algorithms (Milligan 1980). In the first step,
a hierarchical clustering procedure finds the number of
WPs to be formed, which are used as an initial seed
for the second step, in which a non-hierarchical method
reorders the objects completing the classification.
Ideally, the classification should not depend on the
cluster method employed but in practice results can
be sensitive to the method selection (Kalkstein et al.
1987). A possible selection of the suitable method to
be applied should be based on the specific purposes of
the classification. In this case, initial values that serve as
centroids for the second CA step must be determined.
It is a desirable property that such centroids or seed
values do not present an excess (scarcity) of days which
could lead to an over (under) representation. Thus, a
reasonable choice would be a method that tends to
form clusters with similar sizes. The Ward’s hierarchical
algorithm (Ward 1963) fulfills this property (Kalkstein
et al. 1987). However, this method is developed for
Euclidean distances, which is not exactly the case under
consideration (see Equation 1). Weber and Kaufmann
(1995) compared different hierarchical methods for a
Int. J. Climatol. 29: 501–525 (2009)
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wind field classification adopting the distance defined
by Equation 1. They found some advantages in the
Complete Linkage algorithm (Johnson 1967) over the rest
of the methods tested. Therefore, this was the clustering
procedure selected for the first step.
The second step is a non-hierarchical algorithm similar
to the k-means (Anderberg 1973) but with a variation
consisting in the assignment of fields found to be difficult
to classify into a special group of indeterminate wind
fields (Kaufmann and Weber 1996). This is implemented
by defining a threshold value, dlimit , for the similarity
measure (Equation 1). If the distance of a particular wind
field exceeds this value to all centroids, that daily field
will be assigned to the special group. The elements of
this group will not be used to recalculate the centroids in
the subsequent reassignment with the k-means algorithm.
The choice of dlimit is a heuristic decision, which
depends on particular characteristics of the wind datasets.
Typical values for dlimit are below but close to 1 (Kaufmann and Weber 1996; Kaufmann and Whiteman 1999).
The value selected here for the present classification after
an exploratory analysis is dlimit = 0.7. Additional comments concerning this decision will be made in Section 4.
For further details on this wind field classification
procedure, the reader is referred to Weber and Kaufmann
(1995), Kaufmann and Weber (1996) and Kaufmann and
Whiteman (1999).
3.1.2. Classification based on temporal variability
The second automated strategy classifies wind fields into
WPs according to their temporal variance. A vectorial PCA is applied to the correlation matrix as a first
step (T-mode; see Richman (1986)). In this decomposition, the principal components (scores) contain the spatial variation of the temporal eigenvectors (Green et al.
1993). Hence, the typical CA of the eigenvector components (loads) yields groups with similar spatial patterns
(Romero et al. 1999a). Such an approach can be considered equivalent to a CA applied to S-mode loads which
produces areas of similar temporal characteristics (Bonell
and Sumner 1992; Fovell and Fovell 1993; Romero et al.
1999b; Jiménez et al. 2008).
Owing to the vectorial nature of the wind, a scalar
PCA can be applied to its components (Barnett 1977)
or a vectorial PCA to the wind vector. The latter
analysis can be attempted from two different approaches:
a real vectorial PCA (Ludwig et al. 2004; Jiménez
et al. 2008) or a complex vectorial PCA (Hardy 1977;
Hardy and Walton 1978; Horel 1984). In comparison
to the scalar PCA, the vectorial PCA presents the
advantage that the relationship between components is
not necessarily lost during the analysis (Klink and
Willmott 1989). Furthermore, the real vectorial PCA is
more effective than the complex one in discriminating the
flows corresponding to different temporal/spatial scales
that are orthogonal and has been reported to deliver better
results (Kaihatu et al. 1998). For these reasons, the real
vectorial PCA was selected for this study. The number
Copyright  2008 Royal Meteorological Society

of modes of variation to be retained are determined with
the Scree test of Cattell (1966).
The CA of the loads is performed as in the previous methodology. In a first step, the Complete Linkage
method finds the appropriate number of groups and their
initial state values. In a second step, the modified k-means
method that allows for the assignment of dissimilar days
to a special group reorders the daily fields. However, a
slight modification with respect to the previous classification needs to be introduced. Since the eigenvectors
contain temporal information, their loads are scalars and
the similarity measure defined in Equation 1 cannot be
employed. Therefore, another distance of similarity must
be selected. This is done by replacing the previous distance (Equation 1) with the Euclidean distance.
Changing the measure of similarity involves a change
in the parameter dlimit employed by the modified k-means
algorithm. In order to produce comparable classifications,
dlimit is fixed in such a way that a similar number of
days to that in the previous classification is assigned to
the indeterminate group.
3.2. Synoptic classification
For the map-pattern synoptic classification, an
eigenvector-based methodology is selected. The procedure is similar to the wind field classification based on the
temporal variability, though in this case the scalar PCA is
employed. These types of methodologies have been successfully applied in different studies (Davis and Kalkstein
1990; Kidson 1994a; Zhang et al. 1997; Romero et al.
1999c; Esteban et al. 2006). The map-pattern classification employed here consists in a PCA followed by a CA
(Romero et al. 1999c). In a first step, a PCA is applied
to the correlation matrix (T-mode) of the selected synoptic variable; then, the most relevant principal modes are
retained with the Scree test of Cattell (1966), and finally,
a two-step CA methodology is applied to their loads to
generate the patterns.
Since the loads are scalars, the Euclidean distance is
again used as the similarity measure. This allows the
adoption of the Ward’s algorithm (Ward 1963), which is
appropriate to find the initial state values, for the first
step of the CA classification. The second step of the
CA is performed with the k-means algorithm completing
the methodology described, for instance, in Romero
et al. (1999c).
Therefore, the main difference between this classification and the wind field classification based on the temporal variability is the hierarchical algorithm employed
in the first step of the CA, Ward’s algorithm in the synoptic classification and Complete Linkage in the wind
field classification. Although technically it would be possible to employ the Ward’s algorithm in the classification
based on the temporal variability, the Complete Linkage
was selected to be in concordance with the wind field
classification based on the spatial similarity wherein the
Ward’s algorithm could not be employed (Sections 3a).
Since the purpose of the analysis is to relate the
resulting synoptic patterns to the surface WPs, synoptic
Int. J. Climatol. 29: 501–525 (2009)
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Figure 2. Normalized wind roses of daily wind fields classified as (a) WP1, (b) WP2, (c) WP3, (d) WP4 (e) WP5 and (f) WP6 after applying
the methodology based on the spatial similarity to the reduced dataset.

variables governing low atmosphere circulations such as
SLP and geopotential height at 850 hPa were tested using
several geographical windows with different sizes.
At this point it is worth commenting on the two
approaches to analyse the forcing mechanism of surface variables. They are referred to by Yarnal (1993)
as the circulation-to-environment classification and the
environment-to-circulation classification. In the first one,
a classification of the synoptic circulations is first performed and then related to the surface characteristics
of the selected variable (the surface circulations in the
present case). In the second approach, the classification
of the surface properties is first performed and then the
synoptic situation of the different surface patterns evaluated. Both approaches can be found in the literature
in relation to a classification of surface circulations into
Copyright  2008 Royal Meteorological Society

WPs and the analysis of their forcing synoptic patterns.
For example, Weber (1998) applied the circulation-toenvironment approach, and Pandžić and Likso (2005) the
environment-to-circulation method. In the first approach
the synoptic classification is independent of the environmental response, whereas in the second case the
synoptic classes are not independent of the regional
environment. The circulation-to-environment approach
is adopted here, performing the independent synoptic
classification as described in the previous paragraphs.
This decision was partially based on the benefits that
an independent classification of the synoptic circulations
provides in the causality of the emergent associations
with the surface patterns. In addition, the selection of
the circulation-to-environment approach was taken on
the basis of some previous works which did not find
Int. J. Climatol. 29: 501–525 (2009)
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a unique relationship between the synoptic classes and
the surface flow patterns such as the mentioned work
of Weber (1998) or the study of Conil and Hall (2006).
This suggests that the other possibility to employ the
environment-to-circulation approach might be somewhat
misleading since the averaged synoptic fields associated
with each WP could be a combination of quite different
structures. This seems to be related to the strong effects
that the orography produces over the large-scale circulations by modifying and channelling them and thereby
reducing the degrees of freedom of the surface flows; in
fact that is magnified in complex terrains as is the case
of the CFN (Weber and Kaufmann 1995).

4.
4.1.

Results and discussion
Wind pattern classification

The outcomes from both the spatial similarity and temporal variability methodologies are compared in order to
define the more appropriate number of WPs. The suitable number appears to be six patterns for the former
method and five for the latter. In the following subsections, results from the preliminary and final wind fields
classifications are presented and discussed.

Figure 3. Box and whiskers plots showing the distribution of the mean
wind speed field for each WP after applying the classification based on
spatial similarity to the reduced dataset. The dot indicates the median,
the lower bases of the boxes are the 25 percentiles and the upper
ones the 75 percentiles. The lower and upper whiskers indicate the
10 (lower) and 90 (upper) percentiles. X denotes the special group of
indeterminate wind fields.

4.1.1. Classification based on spatial similarity
The wind roses of the six WPs found by means of the
spatial similarity classification method are displayed in
Figure 2, and the distributions of the mean wind speed
fields corresponding to each pattern appear in Figure 3.
The strong influence of orography is evidenced, channelling surface circulations around the eastern mountains
and along the Ebro valley as well as along the valleys to
the south of the northern mountains. The first three patterns (i.e. WP1, WP2 and WP3 Figure 2(a–c)) present
northwestern circulations. WP1 and WP2 share some
spatial characteristics but several wind roses show differences associated with their orientation and width. The
wider wind roses in WP2 (Figure 2) could be related to
the weak forcing or moderate winds (Figure 3), which
produce a less defined prevailing wind direction. Further details of this feature will be discussed through its
relation with the synoptic circulation in Section 4b. WP3
also presents northwestern flows. This pattern would have
appeared combined with WP1 in the event that only
five patterns were allowed to be formed. In spite of the
similarity between both patterns, WP3 shows a more
zonal orientation of the wind roses than WP1. This is
especially visible at the northwestern stations. WP4 and
WP5 present southeastern flows (Figure 2(d) and (e)).
The main difference between them is that wind roses are
wider in WP4, particularly at the centre of the region,
associated with its weaker wind speed (Figure 3). Finally,
WP6 presents southwestern flows over most of the CFN
(Figure 2(f)).
Of the 1354 classifiable days that constitute the reduced
dataset, 18.8% are assigned to the special group of
Copyright  2008 Royal Meteorological Society

Figure 4. Explained variance of the leading PCA modes of the wind
data.

indeterminate wind fields. These daily fields present weak
wind speeds over the region (Figure 3), and therefore
the wind direction is less precisely defined leading to
large distance values with the rest of wind fields. These
weak daily wind fields can be associated with relatively
calm days or transitions between the WPs. If more fields
were classified in an attempt to reduce the number of
days belonging to the indeterminate group (increasing
dlimit ), it would result in an undesirable degradation of
the wind roses (not shown). This degradation especially
affects WP4 and WP6 where several wind roses show
various main directions. On the other hand, increasing
the number of classifiable wind fields by increasing dlimit
could potentially produce new WPs. However, when that
was done, the resulting patterns were essentially the
same as reported above with a similar degradation in
the wind roses (not shown). Nevertheless, the 18.8% of
Int. J. Climatol. 29: 501–525 (2009)
DOI: 10.1002/joc

509

NAVARRE WIND PATTERNS

(a)

(b)

43°

43°

42°

42°

(c)

(d)

43°

43°

42°

42°

(e)

43°

43°

42°

42°

Figure 5. Normalized wind roses of daily wind fields classified as (a) WP1 (b) WP2 (c) WP3, (d) WP4 and (e) WP5 after applying the
methodology based on the temporal variability to the reduced dataset.

days temporally located in the undetermined group will
be reassigned in the final classification.
4.1.2. Classification based on temporal variability
The second classification procedure applies PCA to
calculate the main modes of variation and then performs
the CA classification. The explained variance of the
leading PCA modes is shown in Figure 4. The first mode
explains more than 62% of the variance with a large
decrease for the subsequent modes. There is a break in
the slope which suggests four as a reasonable number of
modes to be retained. Therefore, the four principal main
modes that account for 87% of the total variance were
employed in the CA.
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Five WPs reveal qualitatively the best agreement with
the previous classification (Figure 5). The three northwestern WPs in that case (Figure 2(a–c)) are in good
agreement with the first three new WPs (Figure 5(a–c)).
In contrast, there is only one single pattern with southeastern flows in the present case (Figure 5(d)). This
pattern resembles the WP4 and WP5 of the previous
methodology (Figure 2(d) and (e)). Finally, the last WP
(Figure 5(e)) shows similarities with the previous WP6
(Figure 2(f)) though some wind roses present somewhat
more degraded main directions. The distributions of the
mean wind speed fields for each WP are in concordance with those obtained in the previous classification
(Figure 3), although there is less wind variability among
the WPs (not shown).
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Figure 6. Mean normalized wind vectors (centroids) of daily wind fields classified as (a) WP1 (b) WP2 (c) WP3, (d) WP4, (e) WP5 and (f) WP6
after applying the methodology based on the spatial similarity to the reduced dataset.

As in the previous methodology, the attempt to classify
more wind fields produces degradation in the wind roses.
If six WPs were generated to reproduce the previous
results, another pattern with northwestern circulations
very similar to the already existing ones would appear.
4.1.3. Final wind field classification
Both methodologies produce similar WPs when applied
to the reduced dataset (Figures 2 and 5). This suggests
that the identified WPs are robust, and on the basis of
this information the selection of a specific classification
is somewhat arbitrary. The main difference between them
is the isolation of an additional WP showing southeastern
Copyright  2008 Royal Meteorological Society

circulation (Figure 2(d) and (e)) with the approach based
on spatial similarity, which does not emerge with the
classification based on temporal variability, which shows
just a single WP with southeastern flows (Figure 5(d)).
The two southeastern patterns identified by the spatial
analysis (WP4 and WP5) present different intensities in
the surface circulations (Figure 3). Since it seems reasonable to employ the classification that provides more
information concerning the surface flows, the classes generated with the spatial similarity approach are the ones
selected for the final classification. It will be illustrated
further in that the southeastern WPs present differences
in their atmospheric states as well as a distinct appearance of frequency along the year associated with their
Int. J. Climatol. 29: 501–525 (2009)
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Figure 7. Mean wind vectors of daily wind fields classified as (a) WP1 (b) WP2 (c) WP3, (d) WP4, (e) WP5 and (f) WP6 after applying the
methodology based on the spatial similarity to the reduced dataset.

different main forcing synoptic patterns; these dissimilarities reinforce their treatment as independent patterns.
Figure 6 shows the mean normalized wind vectors (centroids) corresponding to each WP in the selected classification (Figure 2). Some additional features on local
and regional flows in addition to the mean directions
presented in Figure 2 are obtained, which also allow
understanding the differences between both southeastern circulation types. For instance, Figure 6(d) highlights
lower wind speed averages for WP4 in the western and
north of the eastern mountains than in WP5 (Figure 6(e)).
WP6 (Figure 6(f)) depicts lower wind speeds in the valley
than in the mountain regions.
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For a more realistic representation of the mean
behaviour corresponding to each WP, Figure 7 shows
the average wind vectors corresponding to all daily wind
fields in each WP. Since these patterns are not normalized, this allows considering the diverse ranges of
variability in the region. The circulation along the Ebro
Valley is enhanced in WP1 and WP3, as well as the winds
from the southeast in WP5. Some of these features, such
as the higher winds in WP5 compared to WP4, can be
easily related to the wind speed distribution for each WP
in Figure 3.
The resulting wind roses of the six WPs after assigning
all the wind fields within the full dataset (see sections 3a
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Figure 8. Normalized wind roses of daily wind fields classified as (a) WP1, (b) WP2, (c) WP3, (d) WP4, (e) WP5 and (f) WP6 using days from
the full dataset and the spatial similarity based WPs as centroids (Figure 7).

for methodological aspects) are displayed in Figure 8. A
total of 4050 days (approximately 11 years) are classified. The final appearance of the WPs is in good agreement with the patterns employed as centroids (Figure 2).
However, WP4 and especially WP6 show less unidirectional wind roses. The degradation resembles that of the
exploratory classification of wind fields from the indeterminate group (not shown). This fact suggests that the
wind rose degradation observed is more related to the
wind field dissimilarities than to the presence of missing
values in the full dataset. The stations 6, 23, 30 and 36
discarded in the reduced dataset present wind roses in
concordance with the main direction of the WPs flow.
Only the discarded station 22 (Figure 1) seems to present
a decoupling from the main regional flow probably due
to a local channelling.
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Some characteristics of the final WPs are displayed
in Table II. There main flow direction (NW–SE) accumulates a frequency of 60.9% in the northwestern sense
(WP1, WP2 and WP3) and 30.5% in the southeastern
one (WP4 and WP5). This corresponds well with the
main direction of the mountain ridges surrounding the
CFN (Figure 1); this fact shows the strong influence of
the orography on channelling the general winds. The only
WP with a circulation different from the NW–SE direction is WP6 with southwestern flows and a frequency of
8.5%.
WP1 is the most frequent and the one with the highest
wind velocity (Table II). The other northwestern patterns
(WP2 and WP3) show smaller wind speeds, especially
WP2 where the mean wind speed is almost 2 ms −1
weaker than in WP1. In the case of the southeastern
Int. J. Climatol. 29: 501–525 (2009)
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Figure 9. Mean anomalies of the wind vectors (a), wind speed (b), temperature (c), relative humidity (d) global radiation (e) and precipitation
(f) of days classified as WP1. Left panels for the ECMWF reanalysis/analysis data with solid (dashed) contour lines represent positive (negative)
anomalies. Right panels are for the observational data (circles). The radius of the circles is proportional to the magnitude of the anomalies,
whereas the color indicates the sign (dark for positive anomalies and white for negatives).

patterns, WP5 presents considerably higher wind speeds
than WP4. WP6, with a southwestern direction, shows
moderate winds.
In order to illustrate the atmospheric state related to
each WP, anomalies of the wind vector, wind speed,
temperature, relative humidity, global radiation and precipitation were calculated, and the mean anomaly field for

Table II. Final WP’s relative frequency, main direction of the
flow and mean of wind speed distributions (Figure 8).
Wind pattern
WP1
WP2
WP3
WP4
WP5
WP6

Frequency (%)

Main direction

Mean (m/s)

25.4
19.3
16.2
15.7
14.8
8.5

NW
NW
NW
SE
SE
SW

5.0
3.1
3.8
2.7
4.7
3.2
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days belonging to each WP is displayed in Figures 9–14.
The same analysis is undertaken with the data from
the ECMWF to compare them with observations, which
are also displayed in Figures 9–14. Anomalies were
computed by subtracting the corresponding long-term
monthly mean from the daily data within each month
in order to suppress the deterministic annual cycle and to
highlight relative deviations with respect to the mean climate. The mean anomaly wind vectors of the final WPs
are in agreement with the ECMWF data, which provides
an overview of the flow over the IP (Figures 9–14(a)). In
general, the advective properties of the WPs are different
and in most of the cases are in good concordance with the
analysis data. The specific advective properties of each
particular WP and the ability of the ECMWF analysis
data for reproducing them will be discussed in Section
4b and related to their forcing synoptic patterns.
The monthly frequency of every WP is represented in
Figure 15. Each WP appears preferentially in particular
months, which reveals the presence of an annual cycle.
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Figure 10. Same as Figure 9 but for days classified as WP2.

WP1 is present almost the whole year, but predominantly
from February to August. WP2 discloses its maximum
frequency of occurrence in summer and the minimum
during the winter, the opposite being true for WP3. WP4,
though more frequent from May to October, appears
during the whole year. Finally, WP5 and WP6 tend to
emerge during winter rather than in summer. This reveals
a seasonality in the surface circulations that ultimately is
attributed to the synoptic scale variability, which also will
be addressed in the next subsection.
4.2. Synoptic classification
The SLP fields over the IP were classified and related to
the surface circulations over the CFN in order to understand their forcing mechanisms. 850 hPa geopotential
fields were also considered and subjected to classification.
However, the most unequivocal relationships between the
mentioned synoptic fields and the surface circulations
(WPs) were found for the SLP and therefore results for
this variable are shown from here on.
The influence on the synoptic classification due to the
size of the geographical window was also evaluated. The
smallest window tested, which covers the IP as in the
Copyright  2008 Royal Meteorological Society

studies performed by Romero et al. (1999c) and Spellman
(2000) to obtain their synoptic classifications, produces
better results. The rest of the geographical extensions
considered cover larger areas and therefore are affected
by some large-scale circulation features that affect the
classification, degrading the relation between the pressure
patterns (PPs) and the regional WPs. Such an effect was
also noticed by Conil and Hall (2006).
The explained variance of the leading modes after
applying PCA to the SLP correlation matrix is displayed
in Figure 16. The slope breaks at number six, which
suggests that this is a reasonable number of modes to
be retained for the CA classification.
The emergent PPs after performing the CA are substantially different up to number eight. At this point, two
similar patterns appear. This suggests eight as an appropriate number of clusters to be retained, which is in good
concordance with the eight PPs found by the manual classification of Soler (1977) and the seven of Guardans and
Palomino (1995).
The mean anomaly fields of the resulting eight PPs are
displayed in Figure 17. The classification was performed
for a geographical window covering mainly the IP.
Int. J. Climatol. 29: 501–525 (2009)
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Figure 11. Same as Figure 9 but for days classified as WP3.

However, the PPs are shown for a larger window for
a better representation of the synoptic features. The eight
PPs are essentially different and are consistent with those
found by other authors in previous SLP classifications
over the IP (Soler 1977; Guardans and Palomino 1995;
Zhang et al. 1997; Trigo and DaCamara 2000).
The monthly frequencies of occurrence of the PPs are
displayed in Figure 18. Some of the patterns show a
clear annual wave. For instance, PP4 and PP8 present
a maximum during summer, and PP3 and PP5 during
winter. In particular, a thermal low centred over the
IP, PP4, is recognized during the summer months.
This pattern appears in manual classifications (Soler
1977; Guardans and Palomino 1995), though it has been
reported that automated SLP classifications have usually
problems in its detection (Martı́n-Vide 2001).
4.2.1. Relationship between the synoptic scale
and surface circulations
The relative frequency of the PPs (Figure 17) is summarized in Table III (first column). The associations between
the WPs (Figure 8) and the synoptic patterns are also displayed in Table III (column 2–7). They are calculated by
dividing the number of days that a certain WP appears
Copyright  2008 Royal Meteorological Society

in each particular PP by the total number of days within
that PP. Therefore, it represents the conditional probability of the WPs given the occurrence of a particular PP.
Table III shows that several PPs present a high association with a specific WP. For instance, PP2 and PP5 are
strongly associated with WP3 (62%) and WP1 (76%),
respectively. Additionally, it is possible to find a situation
in which various WPs are generated by a particular PP
(e.g. PP7), or alternatively a certain WP can be produced
under several PPs (e.g. WP1).
The next paragraphs will briefly describe the resulting
PPs and their relationship with the WPs as well as their
advective properties. The discussion will be based on the
different physical properties, temperature and moisture,
of the air masses that affect the IP at different periods of
the year. For a clearer physical interpretation of the PPs
and their relationship with the WPs, the mean SLP and
the mean wind vectors at 10 m above ground level for
the days belonging to each PP are displayed in Figure 19.
PP1 presents positive SLP anomalies in the north
of the IP and negative anomalies in the northwest of
Africa (Figure 17(a)) as a consequence of the stationary Azores high-pressure centre displacement towards
Int. J. Climatol. 29: 501–525 (2009)
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Figure 12. Same as Figure 9 but for days classified as WP4.

Table III. (Figure 17) Relative frequency of PPs and their
associations with each WP (Figure 8). Associations greater than
0.20 appear in bold.
Frequency (%) WP1 WP2 WP3 WP4 WP5 WP6
PP1
PP2
PP3
PP4
PP5
PP6
PP7
PP8

16.7
16.5
15.2
12.9
10.8
10.0
9.6
8.2

0.50
0.18
0.01
0.27
0.76
0.03
0.13
0.13

0.38
0.02
0.01
0.48
0.09
0.15
0.16
0.35

0.03
0.62
0.05
0.01
0.14
0.02
0.21
0.04

0.08
0.02
0.15
0.15
0.01
0.43
0.22
0.40

0.01
0.02
0.52
0.06
0.00
0.36
0.11
0.07

0.00
0.14
0.26
0.01
0.00
0.01
0.17
0.01

western Europe (Figure 19(a)). This configuration contributes to the anti-cyclonic geostrophic circulations over
the CFN, which due to the ageostrophic balance displays
a northern component (Figure 19(a)). The resulting circulations are channelled by the mountain systems that
surround the CFN, producing northwestern circulations
on the Ebro Valley (Figure 19(a)). This structure reveals
the highest association with the northwestern WP1 (50%,
see Table III) configuration (Figure 9). The northwestern
Copyright  2008 Royal Meteorological Society

wind anomalies (Figure 9(a)) show slightly negative wind
speed anomalies in the northern part of the CFN, changing to positive towards the south and increasing their
values down the Ebro Valley (Figure 9(b)); the anomalies of the analysis data also increase their values along
the Ebro Valley but in lower magnitudes than the observational values. The observed wind speed intensification
is due to the higher positive anomalies in the headboard
of the Ebro Valley compared to those in the valley mouth
close to the Mediterranean Sea (Figure 17(a)). This configuration enhances the pressure gradient along the valley
and intensifies the winds (Garcı́a 1985). The northern
circulations (Figure 19(a)) introduce cold air into the
IP, giving rise to negative temperature anomalies over
the whole CFN and of higher magnitude in the north
than in the south adequately reproduced by the analysis
(Figure 9(c)). The advected air produces positive moisture anomalies as a consequence of its maritime origin,
which seem to be blocked by the northern, western and
eastern mountains leading to negative anomalies in the
south of the CFN (Figure 9(d)); the analysis data reproduce this structure, although, as expected, they underestimate the magnitude of the observations. The global
radiation anomalies show negative (positive) values in
Int. J. Climatol. 29: 501–525 (2009)
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Figure 13. Same as Figure 9 but for days classified as WP5.

the north (south), indicative of cloudiness (clearer skies)
in concordance with the analysis (Figure 9(e)). In spite of
the covered skies and positive moisture anomalies in the
north of the CFN (Figure 9(d) and (e)), the precipitation
anomalies show general negative values (Figure 9(f)),
which suggest that the plausible precipitation would be
of low intensity.
PP1 also shows important associations with WP2
(38%). This WP also presents northwestern wind anomalies over the CFN (Figure 10(a)) although of weaker
intensity than WP1 (Figure 9(a)) as shown also in
Figure 7(a) and (b). The prevailing association with WP1
or WP2 depends largely on the intensity and position of
the high-pressure centre. A more eastward displacement
or zonal orientation produces a blockage of the northern
circulations and therefore weaker wind speeds over the
CFN (Figure 19(a)), and higher associations with WP2
should be expected; whereas a westward displacement or
meridional orientation favours the northern circulations to
the CFN along the eastern side of the high-pressure centre
(Figure 19(a)) which should lead to higher associations
with WP1. In addition, a strengthening (weakening) of the
high-pressure centre would increase the pressure gradient
along the Ebro Valley and higher associations with WP1
Copyright  2008 Royal Meteorological Society

(WP2) would be expected. PP1 appears during the whole
year with its maximum of occurrence during March and
important frequencies during summer (Figure 18). This
is in concordance with the appearance of WP1 during
the whole year and the maximum frequency that WP2
displays during summer (Figure 15). A more detailed
explanation of the WP2 properties will be further introduced when discussing the PP4, which shows the highest
association with WP2 (Figure 15).
PP2 shows negative SLP anomalies in central Europe
and slightly positive ones over the Azores High
(Figure 17(b)), allowing northwestern flows over the IP
(Figure 19(b)). It displays a strong association with WP3
(62%). This WP presents northwestern wind anomalies
(Figure 11(a)) with negative wind speed anomalies over
the CFN especially in the region between the western
and eastern mountains, although some positive anomalies appear at mountain stations (Figure 11(b)). These
stations are exposed to northwestern circulations which
are dominant in this WP (Figure 11(a)). The wind speed
anomalies of the ECMWF data for this pattern reveals
high positive values over the sea near the CFN coast and
a sudden decrease down the Ebro Valley (Figure 11(b)).
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Figure 14. Same as Figure 9 but for days classified as WP6.

Figure 15. Monthly frequency of the six WPs shown in Figure 8.

This could be interpreted as a consequence of the blocking effects originated by the Cantabrian Mountains and
the Pyrenees presence (Figure 1). Furthermore, the isobars run along the axis of the Ebro Valley (Figure 19(b)),
Copyright  2008 Royal Meteorological Society

Figure 16. Explained variance of the SLP leading PCA modes.

which produces a weak local pressure gradient; therefore winds are not intensified along the valley. This
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Figure 17. Mean anomaly SLP fields (contour lines) and mean anomaly wind vectors at 10 m above ground level for days classified as: PP1 (a),
PP2 (b), PP3 (c), PP4 (d), PP5 (e), PP6 (f), PP7 (g) and PP8 (h). The spatial window in which the classification is performed is also displayed
(interior rectangle).

WP3 involves large positive precipitation anomalies in
the northern part of the CFN which decrease towards
the south (Figure 11(f)). This structure is reproduced
by the analysis data, although the precipitation gradient
Copyright  2008 Royal Meteorological Society

is weaker and penetrates inside the Ebro Valley. As a
consequence, the relative humidity content in the atmosphere over the north of the CFN is larger than in the
south (Figure 11(c)). This gradient is also observed in the
Int. J. Climatol. 29: 501–525 (2009)
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analysis data, although it underestimates the magnitude.
In addition, the general negative global radiation anomalies in concordance with the analysis (Figure 11(e)) are an
indication of cloudiness. The anomaly temperature values are negative in both the observations and analysis
(Figure 11(c)). In the view of PP2 (Figure 19(b)), this
atmospheric state could be considered as the effect produced by an originally polar maritime air mass which in
its displacement along the Atlantic Ocean increases its
water content, producing precipitation when it rises up
the northern and western mountains of the CFN (Garcı́a
and Reija 1994). Therefore, the properties of this WP3
(Figure 11) are similar to those of WP1 (Figure 9) but the
higher zonal orientation of the flow introduces less colder
air, which allows larger water content; thus, it produces
higher precipitation amounts in the north of the CFN and
cloudiness and moisture penetrate deeper into the Ebro
Valley. PP2 appears during the whole year with less frequency during summer (Figure 18) in concordance with
the WP3 occurrence.
A strong negative anomaly centre in the northwest of
the IP dominates PP3 (Figure 17(c)). It represents the
low-pressure systems that intercept the IP coming from
the polar front (Figure 19(c)). They are more frequent in
late autumn and during winter, with a secondary maximum in spring (Figure 18). This can be considered as
a consequence of the lower latitudes that the Azores
High visits in winter, which allows perturbations from
the polar front to reach the IP more frequently (Zimmerschied 1949). PP3 typically generates Bochorno situations characterized by warm, moist winds blowing up the
Ebro Valley (Garcı́a 1985). It presents high associations
with WP5 (52%). This WP presents southeastern anomaly
winds (Figure 13(a)) due to the cyclonic circulations and
the ageostrophic balance towards the low-pressure centre. There is also an important pressure gradient along
the Ebro Valley which intensifies the southeastern circulations, and therefore the wind speed anomalies are

Figure 18. Monthly frequency of the eight PPs (Figure 17).
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positive (Figure 13(b)). The ECMWF wind speed anomalies show an increasing gradient up the Ebro Valley with
slight positive values over the CFN (Figure 13(b)). The
southeastern flow introduces warm, moist air from the
Mediterranean Sea which produces positive anomalies
of temperature and relative humidity in the Ebro Valley (Figure 13(c) and (d)). The temperatures are higher
and the air is drier at the north of the CFN because
of the Foehn effect associated with the eastern and
western mountains. This is reproduced by the analysis
data, although it is somewhat displaced with respect to
observations. The global radiation anomalies are negative (Figure 13(e)) and the precipitation anomalies positive (Figure 13(f)) except in the northern valleys of the
Pyrennes. It indicates the presence of cloudiness with
precipitation in the south of the CFN and clearer skies
in the north in concordance with the Foehn effect mentioned above. The highest positive precipitation anomalies appear at the western mountains probably due to the
mild, moist air forcefully lifted at the end of the Ebro
Valley. Both the global radiation and precipitation gradients along the CFN are reproduced by the analysis data
(Figure 13(e) and (f)). The maximum frequency that this
PP shows during the winter (Figure 18) involves a maximum frequency of occurrence of WP5 during this season
(Figure 15).
PP3 is also mainly responsible of WP6 (26%). This
WP shows southwestern wind anomalies over the CFN
(Figure 14(a)) in concordance with the cyclonic circulations displayed over the IP by PP3 (Figure 19(c)). The
flows present negative wind speed anomalies that are
stronger in the southeastern part of the CFN with a
similar structure observed in the analysis data although
without reaching negative values (Figure 14(a)). The negative anomalies seem to be a consequence of the blocking
effect produced by the Iberian system to the general flow.
The temperature anomalies present positive values over
the CFN possibly as a consequence of the Foehn effect
produced by the Iberian system (Figure 14(c)). This WP
shows a less organized relative humidity structure with
general negative anomalies in the region, but with sporadic locations with positive values (Figure 14(d)). The
global radiation anomalies are weak with positive values in the northwest of the CFN and negative in the
southwest (Figure 14(e)). The precipitation anomaly field
shows negative values with a few exceptions in the northern mountains (Figure 14(f)). This WP6 also displays its
maximum occurrence in winter (Figure 15) in concordance of the maximum frequency of occurrence of PP3
(Figure 18).
The associations of PP3 with WP5 are, however, more
frequent (52%) than WP6 (26%). The appearance of one
or the other could be explained in terms of the relative
intensity and position of the low-pressure system that
appears in PP3 (Figure 19(c)). If the location of the lowpressure system leads to a more southward geostrophic
flow over the IP, PP3 would produce higher associations
with the southeastern circulations of WP5 because of the
ageostropic balance which introduces the flow towards
Int. J. Climatol. 29: 501–525 (2009)
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Figure 19. Mean SLP (contour lines) and mean wind vectors at 10 m above ground level for days classified as (a) PP1, (b) PP2, (c) PP3, (d) PP4,
(e) PP5, (f) PP6, (g) PP7 and (h) PP8.

low pressures and thereby favouring the southeastern
circulations along the Ebro Valley (Figure 13(a)). The
circulations are intensified by the strong pressure gradient
along the valley, leading to the high winds shown by
WP5 (Figure 13(b)). If the low-pressure system location
leads to southwestern flows over the IP with sufficient
intensity to pass over the Iberian system, PP3 could
Copyright  2008 Royal Meteorological Society

produce southwestern circulations over the CFN as shown
in WP6 (Figure 14(a)). However, if the southwestern
circulations do not present sufficient intensity to pass over
the Iberian system, this situation could evolve in a manner
similar to the one described before leading to southeastern
circulations over the CFN and thus associations with
WP5. This interpretation is also in concordance with
Int. J. Climatol. 29: 501–525 (2009)
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the higher frequency of occurrence of the southeastern
circulations of WP5 over the southwestern ones of WP6
under this PP3.
PP4 presents negative anomalies centred at the IP and
in the north of Africa (Figure 17(d)). It corresponds to the
typical summer pattern (Figure 18) in which the Azores
high-pressure centre reaches higher latitudes and extends
towards central Europe (Figure 19(d)). These negative
anomalies are related to the thermal lows over the IP and
northern Africa originated by the strong ground heating
(Font 2000). The cyclonic circulations developed around
the IP thermal low favours the flow towards the interior
of the peninsula due to the ageostrophic balance (Font
2000). This tendency can be appreciated in the analysis data (Figure 19(d)). The resulting inland circulations
are channelled by the local CFN orography and therefore
this PP presents high associations with the northwestern
WP1 (27%) and WP2 (48%). The appearance of WP1
instead of WP2 would depend on the specific position
and intensity of the Azhores High as was pointed out in
relation to PP1. The highest associations are with WP2,
which shows weak northwestern wind anomalies over
the CFN (Figure 10(a)) and general negative wind speed
anomalies (Figure 10(b)). The analysis data reveals that
the low wind speed anomalies are a general characteristic of the flows over the whole IP (Figure 10(b)). The
northern component of the flow together with its maritime origin introduces slightly colder and moister air
than usual (Figure 10(c) and (d)) which is blocked by
the western and northern mountains. As a consequence,
the air is warmer and drier than usual over the central
(and especially southern) regions of the CFN. The temperature (moisture) anomalies of the analysis data show a
maximum (minimum) centred over the IP and a decrease
towards the coasts where near-zero values are reached.
This is in concordance with the temperature (moisture)
gradient along the CFN. The global radiation presents
positive anomalies over the CFN (Figure 10(e)), whereas
the ECMWF data again reveals that this is a characteristic over the whole IP, suggesting cloudless skies in
concordance with the negative anomalies of precipitation
(Figure 10(f)). Both characteristics are associated with a
subsidence inversion, which together with the low moisture air prevents the formation of clouds even if the radiation anomalies reach high values (Zimmerschied 1949).
This PP4 shows a clear maximum centred in summer
(Figure 18) as its associated WP2 (Figure 15).
PP5 shows negative anomalies over the Mediterranean Sea and positive in western Europe (Figure 17(e)).
This situation produces a certain meridional orientation of the Azores high-pressure centre, which introduces north–northwestern flows over the CFN due to
the ageostrophic balance (Figure 19(e)). This is the typical PP producing Cierzo winds, characterized by its cold
and dry strong northwestern circulations in the Ebro Valley (Garcı́a 1985). It shows a clear relationship with the
WP1 (76%). This WP1 and its associated atmospheric
state (Figure 9) were already discussed in relation to
Copyright  2008 Royal Meteorological Society

PP1. The wind speed intensification in the Ebro Valley (Figure 9b) is a consequence of the strong pressure
gradient along the valley produced by the positive and
negative SLP anomaly centres (Figure 19(e)), whereas
the negative temperature anomalies are produced by the
meridional orientation of the Azores high-pressure centre which leads to advection of cold air from the north
(Figure 9(c)). The humidity and cloudiness are blocked
by the mountains north of the CFN leading to the dry
winds observed in the Ebro Valley (Figure 9(d)). PP5
appears during the whole year (Figure 18) in concordance
with the WP1 occurrence (Figure 15).
PP6 presents positive anomalies over eastern Europe
and negative anomalies over the position of the Azores
High (Figure 17(f)). It is associated with the backward
movement of the Azores high-pressure centre benefitting from the winter Siberian High (Figure 19(f)). It
appears with its maximum frequency in winter and
autumn, although it is more or less present during the
whole year (Figure 18). This PP can advect cold air
from the Siberian polar continental air mass but the
Pyrenees acts as a blocking barrier, and therefore such
northern flows are very infrequent (Table III). The highest associations are found with the southeastern circulations in WP4 (43%) and WP5 (36%), which advect
warm (Figures 12(c) and 13(c)) and moist (Figures 12(d)
and 13(d)) air from the Mediterranean Sea. The main difference between WP4 and WP5, apart from the wind
speed (Figures 12(b) and 13(b)), is the associated precipitation and global radiation. The WP4 precipitation
anomalies are slightly positive in the Ebro Valley and
negative in the rest of the CFN (Figure 12(f)), while WP5
shows a similar structure but with stronger positive precipitation anomalies which also affects the central areas
of the CFN (Figure 13(f)). Accordingly, the WP4 global
radiation anomalies are slightly negative over the Ebro
Valley, changing to positive in the western and eastern mountains (Figure 12(e)), and the WP5 anomalies
are negative except to the north of the northern mountains where they are slightly positive (Figure 13(e)). This
could be related to the WP5 being higher than WP4
wind speeds (Figures 12(b) and 13(b)), which transports
cloudiness with precipitation from the Mediterranean Sea
deeper inside the Ebro Valley.
PP7 reveals positive pressure anomalies over the IP,
which also extend towards central Europe and block the
perturbations coming from the polar front (Figure 17(g)).
It represents a NE extension of the Azores high-pressure
centre (Figure 19(g)). On one hand, this pattern can
introduce subtropical maritime air masses into the IP; on
the other, important low-pressure anomalies are located
in the northwest of the IP which could potentially affect
the northern regions and therefore the CFN. It does
not show a clear relationship with any WP (Table III).
This suggests that surface circulations are sensitive to
variations of the above-described combined structure, or
even that upper level circulations play a more important
role than the weak surface pressure gradient typical of
these anti-cyclonic situations. The highest associations
Int. J. Climatol. 29: 501–525 (2009)
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are found with WP3 (21%) and WP4 (22%). PP7 can
appear during the whole year although it is more frequent
in autumn and winter (Figure 18). The higher frequency
of this PP during winter could be related to the known
tendency of high pressures to develop over cold areas
due to its strong stability, as is the case with continents
during the winter season. However, this PP also appears
during summer, and a reason for this development seems
to be related to the presence of warm air at upper levels
over the IP which produces strong stability (Font 2000).
Finally, PP8 shows weak anomalies over the IP
with a positive centre over the Mediterranean Sea
(Figure 17(h)). This leads to a typical situation where the
Azores High blocks western circulations and with high
pressures over the Mediterranean Sea (Figure 19(h)).
Hence, generally weak pressure gradients appear over the
IP and in particular along the Ebro Valley, which results
in moderate wind speeds over the CFN. Thus, the most
important associations are found with WP2 (35%) and
WP4 (40%), with the weakest wind speeds (Table II).
These WPs present opposite surface flows. It could be
argued that the circulation sense of both WPs (NW for
WP2 and SE for WP4) is influenced by the relative intensity of the high-pressure centre over the Mediterranean
region with respect to the high pressures at the headboard
of the Ebro Valley. This PP is more frequent during summer (Figure 18) like WP2 and WP4, which also display
their maxima of occurrence in this season (Figure 15).

5.

Summary and conclusions

A classification of daily surface wind fields over the
CFN region in the north of the IP was performed. Two
methodologies, one based on the spatial similarity of
wind fields and the other on its temporal variance, were
used. Both methodologies produce similar WPs. The
classification based on the spatial similarity was selected
and a total of six WPs were identified (Figure 8). It
was found that the northwestern winds are the dominant
pattern, followed by the southeastern circulations. The
NW–SE is the main direction of the mountain ridges
that surround the CFN, and therefore it is evidence for
the strong influence of the orography effects over the
surface circulations.
To understand the CFN surface circulations’ influence
on its regional climate, temperature, relative humidity,
global radiation and precipitation patterns corresponding to each WP were also analysed. The WPs present
different advective regimes; in particular, the cold dry
Cierzo and the warm moist Bochorno were recognized.
A surface WP responsible for the high precipitation in
the northern part of the CFN was also recognized. A
comparison with the ECMWF reanalysis/analysis data
showed that it generally reproduces the main features of
the WP advective regimes. However, some discrepancies
in estimating the magnitude and the precise location of
the phenomenon were evidenced. This could be due to
the coarse resolution of the analysis data, which hampers
Copyright  2008 Royal Meteorological Society
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the representation of regional circulation details. A better
concordance with observations should be expected with
finer-resolution simulations, which would capture more
accurately the terrain characteristics of the CFN. Therefore, a comparison with local circulations from a limited
area model that allows finer horizontal resolutions is an
interesting topic for future research.
An SLP map-pattern classification was also performed.
Eight PPs were identified and related to the surface WPs.
Some clear associations between the PPs and the WPs
were recognized. Besides, cases in which several PPs
are responsible for a single WP and vice versa were
also found. A priori, it could be expected that different
PPs that produce the same WP could present different
advective regimes. In practice, it has been observed that
in such situations the synoptic patterns tend to present
very similar local advective anomalies. The relations
found between the synoptic and the regional circulations
were consistent enough to understand the basic forcing
mechanisms of the different WPs and their influence
on the CFN regional climate. The pressure gradients
along the Ebro Valley and the ageostrophic balance
seem to successfully describe the general characteristics
of the surface flows. A synoptic classification with
upper level information could lead to a more complete
comprehension of the forcing mechanisms. However,
such an exercise is out of the purview of the present
study, which just deals with the general connections
between the synoptic scale and the local circulations.
The strong influence of the stationary subtropical highpressure centre over the Azores islands in the CFN circulations has been shown. Its location at higher (lower)
latitudes blocks (allows) the penetration of perturbations
from the polar front, controlling the CFN surface flows
and their physical properties. A climate change scenario
in which this high-pressure centre varies its intensity
and/or position could plausibly modify the relative frequency of the WPs or create new ones, changing the
present advective regimes. Thus, the potential evolution
of the Azores subtropical high could reveal possible consequences for the CFN regional climate.
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