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INTRODUCTION

Europe has suffered several extreme weather events which were responsible for
considerable ecological and economic losses in the last few decades. In Southern Europe,
droughts are one of the most frequent extreme weather events, causing severe damages
and various fatalities. The main goal of this study is to determine the role of Circulation
Weather Types (CWT) on spatial and temporal variability of droughts by means of the
multi-scalar Standardized Precipitation Evapotranspiration Index (SPEI). This study aims
also to identify the main CWTs associated with winter and summer droughts over different
regions of Iberian Peninsula. During the period between 1950 and 2012, the most frequent
CWTs were found to be the Anticyclonic (A), Cyclonic (C), North (N) and Northeast (NE)
types. The trend analysis for winter season shows a clear increase of frequency CWTs
associated to dry events (A, East and Southeast) and a decrease of frequency of C and
northern types while in summer a clear decrease of NE is observed. The spatial patterns
of correlation between SPEI and CWT show large patterns of negative correlations with
winter frequencies of A and eastern weather types, while the reverse occurs with C and
western types. This feature is highlighted on a regional approach. The NE type presents
negative correlations in Central, Northwestern and Southwestern regions during winter
and positive correlations in Eastern region during summer. In opposition, the West type
presents positive correlations in all regions (except Eastern region) during winter and does
not present significant correlations during summer. In general, the predominant CWT
associated to winter or summer drought conditions differs greatly between regions. The
winter droughts are associated mainly with high frequency of E types and low frequency
of W types for all areas, while the summer drought in eastern sectors are linked with low
frequency of C type, as well as the western regions are related with the N type.

Keywords: circulation weather types, Iberian Peninsula, Standardized Precipitation Evapotranspiration Index
(SPEI), winter and summer droughts, spatial scale

etal., 2010). In Southern Europe, in particular in the IP, droughts

In the last decade, Europe has experienced multiple extreme
weather (EW) events (Hov et al., 2013), such as the devastat-
ing floods in Central Europe in 2002 (Sdnchez et al.,, 2004)
and 2013 (Grams et al., 2014) and the severe droughts that hit
the Iberian Peninsula (IP) in 2004/2005 (Garcia-Herrera et al.,
2007) and 2011/2012 (Trigo et al., 2013) and western Russia
and Ukraine in 2010 (Sanchez et al., 2004; Hov et al., 2013).
Unprecedented mega heat waves have also struck Western Europe
in 2003 (Garcia-Herrera et al., 2007) and Russia/Eastern Europe
in 2010 (Barriopedro et al., 2011).

Despite their profound impact in the biosphere, and in built-
up areas and transport networks, floods and heatwaves are usually
phenomena of relative short duration, lasting in the order of a
few days to a few weeks. On the contrary, droughts are char-
acterized by much longer time scales, typically spanning from
few months to several years, as the mega droughts of Australia
(Delworth and Zeng, 2014) and southwestern USA (Woodhouse

are one of the most frequent EW events (Hov et al., 2013), having
negative impacts on agriculture (Vicente-Serrano and Loépez-
Moreno, 2006), hydroelectric power production (Garcia-Herrera
et al., 2007; Trigo et al., 2013), water resources (Vicente-Serrano
and Lopez-Moreno, 2006), vegetation activity (Gouveia et al.,
2009), net primary production (Bastos et al., 2014), forest grow-
ing (Martinez-Villalta et al., 2008) and risk of forest fires (Pausas,
2004).

According to the SREX report on extremes (IPCC, 2012), there
are still large uncertainties regarding observed global-scale trends
in droughts with no statistically significant changes in observed
drought conditions in Europe, except for the Mediterranean
region. Despite some contradictory results obtained with differ-
ent GCMs (Scaife et al., 2012), there are several studies confirming
that drought frequency is increasing in the Mediterranean basin
(Seneviratne et al., 2006; Sousa et al., 2011; Hoerling et al., 2012),
in particular over the IP (Xoplaki et al., 2012; Trigo et al., 2013).
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The occurrence of intense droughts in the IP is strongly associated
to its precipitation regime, which is characterized by an intense
interannual and decadal variability (Garcia-Herrera et al., 2007;
Trigo et al., 2013). Taking into account that the largest concen-
tration of rainfall in the IP occurs between October and March
(Trigo and DaCamara, 2000; Garcia-Herrera et al., 2007), all
major droughts in the IP are therefore characterized by a rain-
fall shortage during several winter months (Garcia-Herrera et al.,
2007; Trigo et al., 2013). Even though precipitation is the main
conditioning factor for the occurrence of drought events, temper-
ature has also been identified in several studies as an important
factor explaining recent trends in water resources (e.g., Vicente-
Serrano et al., 2011, 2014; Schubert et al., 2014). Thus, warming
processes may have a negative effect on the availability of surface
water resources, mostly driven by higher evapotranspiration rates
(Vicente-Serrano et al., 2011).

Drought events and their associated impacts have been sys-
tematically studied during the last years, namely in the con-
text of future climate change scenarios. Some types of EW are
expected to become more frequent and severe, enhancing the
exposure and vulnerability of ecosystems and humans (IPCC,
2014). Moreover, the IP as part of the Mediterranean basin,
corresponds to one of the most sensitive areas to current and
future climate change, stressing its role as a climate change “hot
spot” (Giorgi, 2006; Giorgi and Lionello, 2008), with some of
the changes reflecting already an anthropogenic signal (Hoerling
etal., 2012; Trigo et al., 2013). Furthermore, most climate change
scenarios present a relative consensual evolution of the climate
for the Mediterranean, pointing toward a concurrent decrease
in precipitation and increase in temperature in Southern Europe
(Giorgi, 2006; Giorgi and Lionello, 2008) including more sum-
mer heatwaves (Fischer and Schir, 2010). This combined effect
of less rainfall and higher temperatures is bound to increase the
frequency, magnitude and severity of drought episodes (Vicente-
Serrano et al., 2011, 2014). Therefore, it is crucial to understand
the spatial and temporal variability of droughts, especially within
the framework of future warming scenarios (IPCC, 2014) and risk
assessment (IPCC, 2012).

Given the difficulties to objectively identify the onset and
end of a drought, and to quantify drought severity, a consid-
erable amount of studies were undertaken in recent years with
the aim of developing new drought indicators (e.g., Wells et al.,
2004; Vicente-Serrano et al., 2010a,b). Drought analysis and
monitoring have been conducted traditionally using either the
Palmer Drought Severity Index (PDSI), based on a soil water bal-
ance equation (Palmer, 1965), or the Standardized Precipitation
Index (SPI), based on a probabilistic approach to precipitation
(McKee et al., 1993). However, the original PDSI has noto-
rious problems when used outside USA plains (Wells et al,
2004). This caveat triggered the development of new formula-
tions to adapt the PDSI, namely the so called self-calibrated PDSI
(scPDSI) that was used successfully to assess droughts over the
Mediterranean region (Wells et al., 2004; Sousa et al.,, 2011).
Vicente-Serrano et al. (2010a) proposed a climatic drought index,
the Standardized Precipitation Evapotranspiration Index (SPEI),
based on the simultaneous use of precipitation and temperature
fields. This new index also holds the advantage of combining a
multi-scalar character with the capacity to include the effects of

temperature variability on drought assessment (Vicente-Serrano
et al., 2010a). The application of multi-scalar indices to the high-
resolution datasets allows identifying whether the IP is in hydric
stress and also whether drought and desertification is installed.
Traditionally, local risk management strategies focus only on
short-term climatic events without considering long-term cli-
mate changes (IPCC, 2012). The use of indices which account
for different variables and time-scales in their formulation (e.g.,
SPEI) will fill this gap, especially for applications involving future
climate scenarios (Vicente-Serrano et al., 2010a,b, 2011).

Droughts in Europe are closely connected to anomalies of the
atmospheric circulation and to circulation features (e.g., Garcia-
Herrera et al., 2007; Pfahl, 2014), thus the influence of synoptic
atmospheric circulation on the frequency, intensity, severity and
the onset and end of drought should be look upon carefully, espe-
cially within the framework of future warming scenarios and risk
assessment.

The last two decades have witnessed a growing development
and application of automated classifications of regional atmo-
spheric circulation patterns, often entitled Circulation Weather
Type (CWT) classification. CWTs are a fairly simple method to
describe atmospheric circulation variability (Huth et al., 2008;
Beck and Philipp, 2010), providing a discrete characterization
of the atmospheric conditions for a specific given region. These
weather patterns or CWTs result from the automated examination
of synoptic weather data [e.g., sea level pressure (SLP) or geopo-
tential height at 500 hPa (HGT500)], usually on regular gridded
fields (Huth et al., 2008; Beck and Philipp, 2010). Most classifica-
tion procedures are based on the application of statistical selection
rules or on the determination of physical parameters related with
the prevailing atmospheric circulation pattern (Yarnal, 1993; Beck
and Philipp, 2010). CWTs have been widely used and the focus
tends to be threesome: (i) climatic variability, including trends
and extreme years, (ii) environmental and (iii) weather driven
natural hazards. Typically, applications to the Iberian Peninsula
concentrate on climatic trends (Paredes et al., 2006; Lorenzo et al.,
2008), on drought events (Trigo and DaCamara, 2000; Vicente-
Serrano and Lépez-Moreno, 2006; Garcia-Herrera et al., 2007),
on very wet years (Vicente-Serrano et al., 2011) or to assess
the changes in present and future CWTs frequency (Lorenzo
et al., 2011). In particular, several authors have applied different
methodologies to study the influence of weather-type frequency
on precipitation in Iberia using different datasets and periods
of study (e.g., Trigo and DaCamara, 2000; Santos et al., 2005;
Lorenzo et al., 2008; Cortesi et al., 2013). However, to the best
of our knowledge, there is no application for the entire Iberian
Peninsula including an analysis of the relationship between the
CWT frequencies and the intensity, as well as, the spatial dif-
ferences of droughts with detailed spatial scales for winter and
summer.

The present study’s main objectives are to determine the role
of CWTs on spatial and temporal variability of droughts allow-
ing to better identify the atmospheric processes associated to
severe drought in the Iberian Peninsula. This aim is met through
the following specific objectives: (1) to identify the influence of
CWTs occurrences on spatial and temporal variability of droughts
using the multi-scalar drought index (SPEI) for the study of his-
torical droughts and (2) to identify the main CWTs associated
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with winter and summer droughts and (3) to identify the main
CWTs associated with drought over different regions of Iberian
Peninsula.

DATA AND METHODS

CIRCULATION WEATHER TYPE CLASSIFICATION

Classification procedures based on the determination of CWTs
and their applications to environmental analysis have been used
frequently in recent decades (e.g., Trigo and DaCamara, 2000;
Demuzere et al., 2009; Ramos et al., 2011; Russo et al., 2014). The
CWTs are able to capture the multivariate information given by
an input dataset, e.g., time series of daily pressure fields, into a
univariate time series of type membership, i.e., to a classification
catalog (Philipp et al., 2010). Most classification procedures are
based on the application of statistical selection rules (e.g., clus-
ter analysis and regression trees) but can also be based on the
determination of physical parameters related with the prevail-
ing atmospheric circulation pattern. Traditionally, classification
procedures have been divided into manual and automated classi-
fications (e.g., Yarnal, 1993). Alternatively, subjective vs. objec-
tive procedures or even hybrid methods have been established
(Philipp et al., 2010). For additional information on differ-
ent CWTs classification procedures and applications throughout
Europe please see also Huth et al. (2008); Beck and Philipp (2010)
and Philipp et al. (2010).

In the present work, we applied an automated version of the
Lamb circulation type’s methodology. This classification of atmo-
spheric circulation into CWTs was first developed for the British
Isles by Lamb (1972) and, later on, it was improved for an objec-
tive automated classification by Jenkinson and Collison (1977).
This automated methodology was later applied for different areas
in the Iberian Peninsula (e.g., Trigo and DaCamara, 2000; Paredes
et al., 2006; Garcia-Herrera et al., 2007; Dominguez-Castro et al.,
2014; Russo et al,, 2014). In this work, prevailing CWTs at
regional scale where determined using the simple Geostrophic
approximation according to the methodology proposed by Trigo
and DaCamara (2000). Following the referred approach, 26 CWTs
are initially identified (10 pure, 8 anticyclonic hybrids and 8
cyclonic hybrids). However, in order to obtain a more struc-
tured and statistically representative analyses, the 26 CWTs are
reassembled in just 10 classes, not including any undefined class.
This was achieved by simply assuming that each of the 16 hybrid
types contributes with a weight of 0.5 into the corresponding
pure directional and cyclonic/anticyclonic type monthly frequen-
cies (e.g., one case hybrid like the CE is included as 0.5 in C and
0.5 in E types). This assemblage results on that only 10 distinct
CWTs are considered from now on, eight of which are driven by
the direction of the flow (NE, E, SE, S, SW, W, NW, and N) and
two further classes dominated by the shear vorticity (cyclonic C
or anticyclonic A). A short description for the observed SLP fea-
tures of each type, as well as the description of this methodology
including the simplification from 26 to 10 classes may be found
in Trigo and DaCamara (2000).

The daily CWT for the 1950-2012 periods were computed
based on Trigo and DaCamara (2000) approach by means of
the daily sea level pressure (SLP) on a 2.5° latitude-longitude
grid retrieved from the NCEP/NCAR reanalysis data (Kistler

et al., 2001). Afterwards, the corresponding monthly frequen-
cies were computed based on the daily classification. The year
was divided in two extended winter (October—-March) and sum-
mer (April-September) seasons that will be considered for the
analysis.

DROUGHT ASSESSMENT

As mentioned before the application of multi-scalar indices will
allow to identify if the IP is in hydric stress and also if drought
is installed. In order to quantify the evolution of drought for the
IP the recently developed SPEI (Vicente-Serrano et al., 2010b) was
applied. Choice of SPEI among other drought indices was because
SPEI is not only more accurate than the standard precipitation-
based indices (such as SPI and PDSI), but also more sensitive
to global warming (Vicente-Serrano et al., 2010a); it has also
shown to be better associated with hydrological drought in Iberia
than SPI or PDSI (Vicente-Serrano et al., 2014). Additionally,
SPEI is a standardized measure that is comparable among sea-
sons, enabling the estimation of the duration, magnitude and
intensity of drought. The water balance is included in the com-
putation of SPEI by means of the calculation of the difference
between monthly precipitation (Figure1B) and the potential
evapotranspiration (Figure 1C).

The SPEI was computed using the Climatic Research Unit
(CRU) TS3.21 High Resolution Gridded Data of Month-by-
month Variation in Climate dataset (available online at http://
badc.nerc.ac.uk/data/cru/), with a spatial resolution of 0.5
degrees and for the period 1950-2012. The study region of
IP corresponds to a square of 30 x 30 grid boxes (Figure 1B).
We computed the Potential Evapotranspiration (PET), using the
Hargreaves equation (Hargreaves and Samani, 1985) and the log-
logistic probability distribution. This formulation allows a very
good fit to the series of differences between precipitation and PET
(Vicente-Serrano et al., 2010b), and using monthly averages of
daily maximum and minimum temperature data (Figures 1D,E)
and also monthly precipitation records. The parameters were
estimated by means of the L-moment method.

One of the main advantages of SPEI is that it can be deter-
mined for different time scales, which is very useful for moni-
toring drought impacts on natural and socioeconomic systems
(Vicente-Serrano et al., 2010b). Detailed explanation on the
meaning of the different drought time scales can be found in
Vicente-Serrano et al. (2010a) and Vicente-Serrano et al. (2010b).
In the present study, the 6-month time scale was used.

DROUGHT SPATIAL AND TEMPORAL PATTERNS

The precipitation regime in the IP is characterized by high tempo-
ral and spatial variability (Lionello, 2012), with the former being
related to the intense seasonal cycle and inter-annual variabil-
ity and the latter driven by the marked topography (Figure 1A).
Previous studies (e.g., Vicente-Serrano and Lopez-Moreno, 2006)
on drought characteristics suggest that it is possible to effectively
quantify the hydrological variability over a certain region in terms
of the combined monthly temperature and precipitation variabil-
ity. In order to determine SPEI‘s general patterns of temporal
evolution, a PCA was applied to the SPEI determined over IP for
the 1950-2012 period.
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FIGURE 1 | Elevation (A), annual mean accumulated precipitation (B), annual mean PET (C) minimum (D) and maximum temperature (E) in the
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To encapsulate the main spatio-temporal patterns of droughts
in the study area, we used a PCA in S-mode (Serrano et al,
1999). The S-mode allows the determination of regions in
which the structure of evolution of droughts is very simi-
lar and we have used the gridded values of SPEI as vari-
ables and years as cases. The retained principal components
were rotated to redistribute the explained variance, using the

Varimax method (Wilks, 2006). For each season we selected
4 PCs that explains about 80% of the variance (Table3). A
cluster analysis was then applied to the eight selected EOFs,
representing the variability of the entire year. The cluster-
ing method used is the standard k-means clustering algo-
rithm leading to the identification of six spatial clusters, that
can be associated with the main homogeneous regions over
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Iberia, as obtained by Vicente-Serrano using SPI 6 months
(Vicente-Serrano, 2006).

RESULTS AND DISCUSSION
CWT CHARACTERIZATION
As described in Section Drought assessment, the prevailing circu-
lation patterns were identified based on the large-scale standard
pressure fields and the relative frequency of each CWT averaged
for each month was then estimated for the period 1950-2012
(Figure 2). The anticyclonic (A) type is the most frequent cir-
culation pattern throughout the year, except for the summer
months of July and August, which are also highly influenced by
the northeast (NE), north (N) and east (E) circulation types. The
predominance of the A type is associated with the migration of
the Azores anticyclone toward the Iberian Peninsula (Tomads et al.,
2004). During summer, Portugal is usually under the influence
of the Azores anticyclone and while a frequent shallow thermal
depression can develop over the central Iberian Peninsula, the A
class appears as one of the most frequent CWT affecting Portugal
also during summer months (Ramos et al., 2011). The meridional
circulation types north (N) and south (S) present very distinct
behaviors; N is one of the predominant CWT, particularly during
spring and summer months, while S is rather minor, especially
from April to August. The directional CWTs with a southern com-
ponent (i.e., S, SE, SW) are the least frequent CWTs throughout
the majority of the year. Moreover, the NW and E circulation
types present relatively stable frequencies during most of the year.
Throughout the year, the relative frequency of C situations does
not change significantly reaching one relative peak in the spring.
The CWTs present an important range of temporal variabil-
ity behavior, with inter-annual and inter-decadal variance often
superimposed on longer trends. The moving average procedure
is a conventional approach for temporal change detection in cli-
matology, allowing for filtering the year-to-year variations and
revealing more persistent trends (De Luis et al., 2000). Thus,
prior to trend analysis, a moving average of 9 years was deter-
mined, decreasing the degrees of freedom of the series through
the reduction of the number of samples, reducing also the higher
frequency variability which can hide existing trends. The datasets

were smoothed using a 9-year moving average, as suggested by De
Luis et al. (2000) and Vicente-Serrano and Lépez-Moreno (2006).
Trends were then evaluated by means of Spearman’s rank corre-
lation (Figure 3). Figure 3 shows the frequency of the A, C, SW,
and NE weather types throughout the study period for winter and
summer seasons. The red line indicates a moving average for a 9
year window.

Previous works have shown that the most important CWTs
associated to the Iberian precipitation regime are C, W, and
SW that contribute to the highest fraction of winter, spring
and autumn precipitation (Trigo and DaCamara, 2000; Garcia-
Herrera et al., 2007). Figure 3 shows that some of winter CWTs
contributing to the highest fraction of winter, spring, and autumn
precipitation over Iberia are decreasing (e.g., types C and NE) and
those associated with stability are increasing (e.g., types A and E),
contributing positively to the intensification of more frequent
drought events.

These results are supported by Table 1 where the statistically
significant trends (o < 0.05) for the different CWTs in the Iberian
Peninsula (1950-2012) are presented. The winter season presents
a significant increasing trend in A and a significant decreas-
ing trend in NW, contrasting with summer where significant
increases can be observed for types C and NW and W (Table 1).
The decrease in NW in winter is also observed in the adjacent
classes N and W, although being not significant. A significant
decrease in NE and significant increases in neighboring types E
and SE are also observed in summer. Finally, the winter season
shows a significant increase in E type (Table 1).

Figure 4 shows the seasonal anomaly composites of pressure
(mb) at sea level (SLP) relative to four distinct CWTs, those
classified as C, A, SW, and NE. These seasonal anomaly com-
posites were obtained after removing the respective grand means
computed for the period 1950-2012 over each season: winter
(ONDJFM) and summer (AM]JJAS).

In winter the A weather type (Figure 4A) which shows a clear
increase in the frequency from 1950 to 2012 (Table 1), indi-
cates the influence of high pressures centered on the IP. On
the other hand the C (Figure 4B) and NE (Figure 4D) weather
types, characterized by a negative and statistically non-significant

100

80

60

40

20

Mean Monthly Frequency (%)

(2
=
<
>
=

J

FIGURE 2 | Mean monthly frequency (%) for the 10 CWT during the 1950-2012 period. The circulation patterns are labeled as follows: A, Anticyclonic; C,
Cyclonic; N, North; S, South; W, West; E, East; NW, Northwest; NE, Northeast; SW, Southwest and SE, Southeast.

J A S (0] N D
Month

I NE
BlE
SE
S
SW
mw
N
N
ElC
A

www.frontiersin.org

February 2015 | Volume 3 | Article 1 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Atmospheric_Science/archive

Russo et al. CWTs influence on Iberian droughts

WINTER SUMMER
110 ' 110 v
A A
100 —A movav 100 — A movav
90 90
80- 80-
£ 70 \/\W/N\’\V\ £ 70
1] <]
3% 2
2 %0 2 %0 W
§ 40 § 40
30 30
20 20
10 10
1%50 1960 1970 1980 1990 2000 2010 1%50 1960 1970 1980 1990 2000 2010
Year Year
S0 S0
Cc c
45- w—C movav - 45- = C movav "
40 40
35- 35-
Ed »
:"w =30
-} -}
22 22
£ £
15- - 15-
10- - 10-
5 5
1%50 1960 1970 1980 1990 2000 2010 1%50 1960 1970 1980 1990 2000 2010
Year Year
S0 ' 0 .
sw sw
45- —SW movav - 45- = SW movav -
40 40
35- A
2 :35
3% 2
3 -—
] 22
£ X
£ £
z z
15+ - 15 4
10- - 10-
5 5 VA LA TNV TN
1%60 1960 1970 19%0 1990 2000 2010 1%50 1960 1970 19‘90 1990 2000 2010
Year Year
0 110
NE NE
45- = NE movav - 100 = NE movav
40 S0
» s ® =
=3 g
=} 1]
52 3 ]
z 2 40
15- - 2
10- : 20
5 10
%50 1960 1970 1980 1990 2000 2010 %50 1960 1970 1980 1990 2000 2010
Year Year
FIGURE 3 | Evolution of the frequency of different CWTs for winter (left panel) and summer (right panel). Red line indicates a moving average of 9 years.

Frontiers in Environmental Science | Atmospheric Science February 2015 | Volume 3 | Article 1| 6


http://www.frontiersin.org/Atmospheric_Science
http://www.frontiersin.org/Atmospheric_Science
http://www.frontiersin.org/Atmospheric_Science/archive

Russo et al.

CWTs influence on Iberian droughts

Table 1 | Trends in the different CWTs in the Iberian Peninsula (1950-2012).

Season A C NE E SE S SwW w NW N
Rho-Spearman Winter 0.30 —0.06 —-0.04 0.21 0.12 —0.01 0.12 -0.16 —-0.32 -0.13
Summer —0.08 0.28 —0.29 0.25 0.22 0.1 0.06 0.21 0.32 —0.05

The shaded CWTs have a statistically significant trend (a < 0.05).

A % WINTER

FIGURE 4 | Anomaly composites of pressure (colorbar; mb) at sea level (SLP) in days classified as A, C, SW, and NE. The anomaly fields are shown for

winter (A-D) and summer (E-H).
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trend in the frequency, show respectively low pressures centered
on the IP and a transition from strong high pressures over the
Atlantic region extending to the northwestern Iberia and low
pressures centered over northwestern Africa. The SW (Figure 4C)
weather type, which presents very low and non-significant trends,
indicates intense low pressures over the Atlantic and affecting
the IP.

In summer the patterns are similar, though less intense than
in winter. The C (Figure 4F) and SW (Figure 4G) weather types,
which also correspond to low relative pressures over the IP, show
an increase in the frequency during the analyzed period (Table 1),
while the NE (Figure 4H) weather type, which shows a clear neg-
ative and statistically significant trend in the frequency, still shows
a high pressure region over eastern Atlantic and northwestern
Iberia. Finally, the A weather type (Figure 4E), which presents low
and non-significant trends, indicates the influence of high relative
pressures centered on the IP.

SPATIAL REGIONALIZATION OF THE IBERIAN DROUGHTS

Having obtained all CWTs patterns and time series for the con-
sidered period, their possible associations with observed drought
patterns were investigated. This circulation-to-environmental
approach (Yarnal, 1993) should allow identifying clear links
between circulation and drought patterns. In order to reduce
the dimensionality of the problem we have applied a PCA to
the SPEI dataset from 1950 to 2012 over Iberia. A selection cri-
teria was used to determine how many principal components
should be retained. According to this criteria, one should retain
all the components that account for a minimum of 80% of
the cumulative temporal variability. Thus, we have selected four
principal components as they explain more than 80% of the
temporal variability of the SPEI (Table 2). Accordingly, the four
principal components account for 80.4% of the total explained
variance (EV) in the case of winter season and 82.6% in sum-
mer. Figure 5 shows the spatial distribution of the first four PC
loadings and it may be noted that the spatial patterns of the
four major leading components is similar for winter and sum-
mer, although they appear in a different order. Component 1
(55.4% of the EV) for winter and component 2 (12.8% of the EV)
for summer reflect the temporal evolution of the SPEI series in
the southwestern quadrant, which is influenced by the Atlantic
systems. Component 2 (12.1% of the EV) for winter and com-
ponent 4 (3.4% of the EV) for summer reflect the temporal

Table 2 | Results of principal component analysis for SPEI over Iberia
(1950-2012).

Components Winter Summer

Explained Accumulated Explained Accumulated

variance explained variance explained
(%) variance (%) (%) variance (%)
1 b5.4 55.4 57.8 578
2 12.1 66.5 12.8 70.6
3 10.1 76.6 8.5 79.1
4 3.8 80.4 3.4 82.6

evolution of droughts in the southeastern quadrant, correspond-
ing to the area between Spanish Central System mountain area
and the Mediterranean coastland. Component 3 for both win-
ter (10.1% of the EV) and summer (8.5% of the EV) repre-
sents the evolution in the northeastern quadrant, a transitional
region between the Pyrenees mountain area and the Spanish
Central System. Finally, component four for winter (3.8% of the
EV) represents the temporal evolution in northern IP, whereas
component 1 for summer (57.8% of the EV) reflects the evolu-
tion of SPEI in the northwestern quadrant, including the area
from the Atlantic to the central Iberia and part of the Pyrenees
mountains.

Results obtained suggest that the first and second compo-
nents, both for summer and winter, are representative of drought
evolution for a large spatial fraction of the Iberian Peninsula.

Figure 6 shows the evolution of the four components obtained
from the PCA for winter (left panel) and summer (right panel).
The winter PC1 does not present a significant trend. However, the
temporal evolution of winter PCI, representative of SW Iberia,
allows identifying the main drought events in the region, namely
the 1975/76, 1981, and 1999 episodes. The summer PCI, repre-
sentative of the Northwestern IP, shows a sharp and statistically
significant decrease in SPEI values (Rho = —0.67, a < 0.05) start-
ing at the beginning of the 1980s, and also allows identifying
the 2005 intense drought. Although representative of different
areas, component 2 shows marked negative trends in both winter

WINTER

SUMMER

PC1

PC2

PC3

PC4 2

FIGURE 5 | First four PCA loadings for winter (left panel) and summer
(right panel).
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(Rho = —0.76) and summer (Rho = —0.82) particularly notice-
able between the 1970s until the 1990s. Component 3, represen-
tative of the Pyrenees area both for summer and winter, shows
slightly smaller negative trends for winter (Rho = —0.47) and

summer (Rho = —0.53) which are nevertheless statistically sig-
nificant (o < 0.05). Component 4 also shows negative trends for
winter (Rho = —0.57) and summer (Rho = —0.71), both statisti-
cally significant (o < 0.05) caused by a sustained and progressive
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decrease in the SPEI values since the decade of 1970s until the
1990s.

The negative SPEI trends account for an observed general
increase in droughts which agrees with precipitation trends in
other Mediterranean regions, namely in Spain (Vicente-Serrano
and Lépez-Moreno, 2006), Portugal (Trigo and DaCamara,
2000), and Italy (Brunetti et al., 2001; Ventura et al., 2002).
Some studies in the Mediterranean region have shown a general
negative trend in precipitation since the 1960s, which is related
to the increase in the succession of dry years (Vicente-Serrano
and Lopez-Moreno, 2006; Sousa et al., 2011). Our results are in
good agreement with the recent work of Vicente-Serrano et al.
(2014); using data from ground meteorological stations in the IP
to compute SPEI and SPI, the authors confirm that the drought
severity has increased in the past five decades, as a consequence of
greater atmospheric evaporative demand resulting from temper-
ature rise. They also pointed that this drought severity increase
is less intense in SW Iberia, namely in Lisbon, which is in
good agreement with the strong negative trends obtained for all
the principal components except for the winter PC1, that are
representative of the SW sector.

Using cluster analysis, the 8 EOFs of SPEI were aggregated
into six main homogeneous regions over the Iberian Peninsula
(Figure 7): the northwestern region (RNW), the northeastern
region (RNE), the central region (RC), the southwestern region
(RSW), the southeastern region (RSE) and the eastern region
(RE). This classification is especially useful since it summarizes
the information on the regionalisation of drought behavior in
the Iberian Peninsula and will be used to evaluate drought evo-
lution on each of the determined areas. Results are in accordance
with the ones obtained by other authors, using SPI 6 months
(Vicente-Serrano, 2006).

FIGURE 7 | Six main homogeneous regions over Iberia.

RELATIONSHIP BETWEEN THE CIRCULATION WEATHER TYPES AND
DROUGHT—THE CIRCULATION-TO-ENVIRONMENTAL APPROACH

In this section the influence of weather-type frequency on
drought spatial and temporal patterns is assessed. First, the
correlation matrices between each CWT and the PCs were
estimated for the Iberian Peninsula (Tables 3, 4). It should be
noted that the proposed methodology only accounts for linear
relationships although some of the relations could be non-linear.
Thus, we acknowledge that some of the results presented in these
tables should be considered within this context. Regions affected
by droughts are characterized by negative values of SPEI and
associated with lower (higher) than usual frequency of “wet”
CWTs, such as C (A). Therefore, as expected, all PCs present
negative and positive correlations with the frequency of A and
C weather types, respectively. The frequency of east weather
types (E, SE, NE) during winter shows negative correlations with
all PCs except for SE vs. PC2. A similar behavior is found for
summer, except for NE which presents very small positive values
of correlation with PCs 1 to 4. In opposition, the frequency of
west CWTs (W, SW, NW) shows positive correlations with all PCs
in winter and with PC1 in summer. Overall, the winter season
presents a larger number of statistically significant correlations (at
the 5% level) than summer. The obtained results are consistent
with the spatial fields of correlation between CWTs frequency
and SPEI time series for each grid point (Figure 8). Negative
correlations may be identified in a large part of the study area
of SPEI with the winter frequencies of A, N and eastern weather
types (E, SE, NE). Positive correlations are found in the case of
winter frequencies of C and western weather types (W, SW, NW).
Again, the winter fields present stronger correlations than those
of summer and a reverse of signs in the spatial patterns is also
conspicuous in some of the CWTs (N, NE, SW, and W) between
the two seasons. However, it should be noted the low monthly
frequency of some CWTs in summer, namely S, SW, and W.

The structure of some loadings presents similarities with the
correlation pattern obtained between several CWTs and sea-
sonal SPEI In particular, the winter loadings for component 1
(Figure 5, top left panel) agrees with spatial impacts of the west-
ern types (W, NW, SW). The structure of the winter loadings for
component 2 is similar to the correlation pattern between the fre-
quency of the C weather type and the winter SPEI (Figure 8A).
This behavior was also highlighted by Vicente-Serrano and
Lépez-Moreno (2006) for central Spain. Regarding the summer
season, the structure of the summer component 1 (top Figure 5,
right panel) agrees with spatial impacts of the N and NW types.
The structure of the summer loadings for component 4 is consis-
tent with the correlation pattern between the frequency of the C
weather type and the summer SPEI.

The information above is complemented by the regionalised
information on Tables 5, 6 where the median and interquartile
values of significant correlation values (a < 0.05) between the
CWT frequencies and the winter and summer SPEI for each
region of the Iberian Peninsula (Figure7) is presented. The
interquartile measure is used to evaluate the range of correlation
values within each region. Overall, these values present relatively
low inter-regional variability with the exceptions of the cases of
the NW type for the RNW area and for the W class for the RSW
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Table 3 | Correlation between the winter weather-type frequency and the PC.

A C NE E SE S sw w NwW N
PC1 -0.40 0.33 -0.47 -0.39 -0.12 0.19 0.56 0.61 0.21 -0.22
PC2 —-0.49 0.49 —-0.04 —0.01 0.05 0.07 0.13 0.04 0.13 —0.03
PC3 -0.29 0.47 -0.18 -0.39 -0.27 —0.06 0.06 0.25 0.43 0.21
PC4 —0.15 0.15 —0.26 —-0.52 —-0.51 —0.03 0.1 0.58 0.60 0.19
Bold values represent he correlations significant at 5% level.
Table 4 | As in Table 3, but for summer.

A C NE E SE S sSw w NwW N
PC1 —-0.30 0.10 0.08 —-0.29 —-0.35 —0.17 0.04 0.26 0.49 0.19
PC2 —0.28 0.24 0.17 —0.12 —-0.20 —0.06 0.01 —0.01 0.14 0.08
PC3 —0.07 0.25 0.1 —-0.24 —0.31 —0.22 —0.13 —0.06 0.28 0.05
PC4 —-0.29 0.45 0.23 —0.08 -0.35 —0.18 —-0.24 —0.21 0.19 0.08

FIGURE 8 | Correlation between the (A) winter and (B) summer SPEI and the frequencies of each CWT. Significant correlations correspond to R-values
higher than 0, 24 or lower than —0,24 (a < 0,05).
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Table 5 | Median values of correlation between the weather-type frequency and the winter SPEI in the Iberian Peninsula (1950-2012).

RNE RNW RC RE RSE RSW
A - - —0.31 (0.04) —0.32 (0.07) —0.32 (0.06) —0.28 (0.04)
C 0.27 (0) - - 0.30 (0.03) 0.32 (0.06) 0.37 (0.07)
NE - —0.32 (0.06) —0.30 (0.06) - —0.29 (0) —0.35 (0.09)
E —0.32 (0.06) —0.41 (0.07) —0.28 (0.02) - —0.28 (0.02) —0.32 (0.05)
SE —0.29 (0.10) —0.31 (0.10) —0.26 (0) - - -
S —0.27 (0.01) - - - - -
SW - 0.33 (0.08) 0.29 (0) - 0.29 (0) 0.35 (0.11)
W 0.35 (0.05) 0.56 (0.10) 0.38 (0.05) - 0.33 (0.05) 0.38 (0.17)
NW 0.35 (0.08) 0.42 (0.19) 0.31 (0.06) 0.34 (0.06) 0.25 (0.03) 0.27 (0)
N 0.31 (0.04) - - - - -
The interquartile range of the correlation values are represented between brackets.
Table 6 | As in Table 5, but for summer.

RNE RNW RC RE RSE RSW

A - - - —0.27 (0.03) —0.29 (0.03) -
C 0.32 (0.05) - 0.26 (0.04) 0.32 (0.07) 0.30 (0.04) -
NE - - 0.30 (0.03) 0.27 (0.03) 0.26 (0.002)
E —0.27 (0.02) - - —0.27 (0.02) - -
SE —0.28 (0.02) - - —0.26 (0.02) —0.26 (0) -
S _ _ _ _ _ _
SW —0.25 (0) - - —0.28 (0.03) - -
wW _ _ _ _
NW 0.35 (0.09) 0.27 (0.04) 0.27 (0.03) 0.28 (0.06) - -
N 0.29 (0.05) 0.37 (0.05) 0.32 (0.03) 0.26 (0.01) 0.26 (0) 0.32 (0.04)

area during winter. On the other hand Tables 5, 6 present rel-
atively small values of interquartile range, thus ensuring a high
level of consistency impact of each CWT on the SPEI field within
each region. The exceptions to these are the RNW and RSW
sectors that present higher average values of interquartile range
during winter than the rest of Iberia.

It should be noted that the above mentioned contrasting
behavior of NE and W classes between winter and summer
is also notorious at regional scale (Figure8). The NE type,
which presents statistically significant negative correlations with
SPEI values, particularly for RNW, RC and RSW regions during
winter (Table 5), has statistically significant positive correlations
to SPEI values in RE and RSE regions during summer (Table 6).
In opposition, the W type, which presents statistically significant
positive correlations to SPEI values in all regions except for RE
during winter (Table 5), has no statistically significant negative
correlations to SPEI for any Iberian region during summer.

CWTs associated to drought conditions depend on both region
and season (Tables 5, 6). In the case of RNE, droughts in winter
are associated to CWTs more (less) frequent than average of the
lower right (upper left) quadrant, i.e., E, SE, and S (W, NW, and
N) whereas in summer droughts are accompanied by a predomi-
nance of NW and C types. Winter droughts in RNW are related to
higher (lower) than normal frequency of eastern (western) types,
i.e.,, NE, E, and SE (SW, W, NW), whereas in RC they appear to

be related to more (less) frequent NE and A (W and NW) types.
Summer droughts are linked to a higher frequency of the N type
in both RNW and RC. Winter droughts in both RE and RSE are
related to more (less) frequent A (NW and C) types, whereas
those in RSW appear associated to higher (lower) than normal
frequencies of E and NE (C, W, and SW) types. Finally, summer
droughts are associated to lower than normal frequencies of C and
NE types in the case of both RE and RSE, and of N type in the case
of RSW.

In order to understand how distinct synoptic conditions may
differently affect a specific given region, several meteorologi-
cal fields are evaluated for several CWTs. Thus, Figure 9 shows
anomaly composites of HGT at 500 hPa and temperature at 850
hPa as well as anomaly composites of SLP and relative humid-
ity at 850 hPa, both in days classified as W, N, SW, and NE, for
winter and summer seasons. For the sake of simplicity results are
only shown for the most relevant CWTs. The contrasting behav-
ior between winter and summer seasons over Iberia is particularly
evident (Figure 9, left panels) where the winter negative tempera-
ture anomalies associated with the N and NE CWTs disappear (N)
or even become positive (NE) in summer. Likewise, the winter
anomalies in the patterns of W and SW (positive) change to neg-
ative in summer. Since, in the case of the W and SW types, there
is no inversion on the pattern depicting the relative humidity
anomaly fields, these results suggest the overall importance of the
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FIGURE 9 | (left) Anomaly composites of HGT (contours; m) at 500 hPa
and temperature at 850 hPa (colorbar; °C) in days classified as W, N, SW,
and NE. Contour lines every 20 m; solid lines represent positive anomalies,
dashed lines represent negative anomalies and the zero contour is omitted. The
anomaly fields are shown for winter (top panel) and summer (bottom panel).

(right) Anomaly composites of pressure (contours; mb) at sea level (SLP) and
relative humidity at 850 hPa (colorbar; %) in days classified as W, N, SW, and
NE. Contour lines every 2 mb; solid lines represent positive anomalies, dashed
lines represent negative anomalies and the zero contour is omitted. The
anomaly fields are shown for winter (top panel) and summer (bottom panel).

temperature. Winter drought events have been shown above to
be associated to the occurrence of NE and N types and these are
characterized by negative temperature anomalies and positive rel-
ative humidity anomalies (Figure 9, top panel). On the contrary,
during summer these same CWTs are not associated to cold and
wet anomalies, with anomalous fields either disappearing (N) or
even reversing the signal (NE).

CONCLUSIONS AND FINAL REMARKS

Prevailing circulation patterns affecting the Iberian Peninsula
were identified following the methodology proposed by Trigo and
DaCamara (2000). The interannual variability of the 10 resulting
CWTs was determined over the period 19502012 and the num-
ber of days for each CWT and season for the same period was
accounted for. The impact of each CWT on drought regime was
studied on a monthly basis between 1950 and 2012. During this
period, the most frequent CWTs were found to be the anticyclonic
(A), the cyclonic (C), the north (N) and the northeast (NE) types,
accounting respectively for 30, 11, 9, and 12% of the days.

Drought is associated with synoptic circulation but also with
many other factors that are not taken into account in this work.
The influence of the atmospheric circulation on spatial and tem-
poral patterns of winter and summer droughts in the Iberian
Peninsula was analyzed by means of the SPEI as obtained using
the high resolution CRU TS3.21 gridded monthly data. The
potential evapotranspiration was computed using the Hargreaves
equation and the log-logistic probability distribution.

The trend analysis for winter season over the period between
1950 and 2012 shows a linear positive trend of CWTs associated
with dry events, such as A, E, SE, and SW and a decrease of fre-
quency of C and of the remaining weather types. On the other
hand, only the A, E and NW weather types present statistically
significant trends. During summer a clear decrease is observed for
NE. The A and N weather types present low and non-significant
trends and the remaining CWTs presents a clear increase.

The spatial variability of SPEI was analyzed using PCA and
four PCs were selected for each season, explaining about 80% of
the variance. The first PC, for both winter and summer, explains
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more than half of the variability. With exception of the win-
ter PC1, all the remaining components present a negative trend,
with higher Rho values (a < 0.05) for summer PC1, winter and
summer PC2 and summer PC4. The temporal evolution of SPEI
indicates a general negative trend, indicative of drier conditions
between 1950 and 2012, which is in agreement with the evolu-
tion in the Iberian Peninsula and in other Mediterranean regions
(Vicente-Serrano and Lépez-Moreno, 2006).

On the other hand droughts show an important spatial and
temporal variability within the study area, presenting six well-
defined patterns corresponding to the northwestern (RNW),
northeastern (RNE), central (RC), eastern (RE), southwestern
(RSW) and southeastern (RSE) regions. The correlation between
each CWT and the PCs were determined for the Iberian Peninsula
showing an opposite behavior for A and C weather types for both
seasons. The frequency of weather types with an eastern com-
ponent during winter months shows negative correlations with
all PCs, with exception of PC2. A similar behavior is found for
summer months, except for NE. In opposition, the frequency of
western CW'Ts shows positive correlations with PC1 and PC2 dur-
ing summer and with all PCs during winter. As expected, the
higher positive correlation values for PC1 are obtained with SW
and W types for winter and for with SE and NW types in summer.

The spatial patterns of correlation between SPEI and CWT
show negative correlations in a large part of the study area with
the winter frequencies of A and eastern weather types (E, SE,
NE), while the reverse occurs with the winter frequencies of C
and western weather types (W, SW, NW). The spatial patterns
of summer correlations present lower values for the majority of
the CWTs, showing particular differences between SPEI and the
NE and W influences during summer and winter. This feature is
highlighted during the regional analysis of the relation between
SPEI and CWTs. The NE type presents negative correlations with
SPEI in RNW, RC and RSW regions during winter and positive
correlations in RE, RSE, and RSW regions during summer. In
contrast, the W type presents positive correlations with SPEI val-
ues in all regions (except RE) during winter and non-significant
correlations during summer.

In general, the predominant CWT associated to winter or sum-
mer drought conditions differs greatly between regions. Over the
majority of the areas the winter droughts are associated with high
frequency of E types and low frequency of W types. RE and RSE
present also a high frequency of A type during winter and a low
frequency of C type. On the other hand the summer droughts of
eastern regions (RNE, RE, RSE) are usually associated with low
frequency of C type, while the western regions (RSW,RNW, RC)
are associated with the N type. The NE type is also frequent in RE
and RSE areas during winter.
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