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In the Iberian Peninsula the raise of temperatures has been notable from mid-1970s to
mid-2000s, especially in spring and summer. This study analyses spatial and temporal
relationships between extreme temperatures and atmospheric circulation types (CTs) defined
over the Iberian Peninsula (IP) in these seasons. Station series (29) of maximum and minimum
temperature are considered, starting from 1905 until 2006. The CTs (9 for spring and 8 for
summer) are derived by a cluster method applied to daily mean SLP grids covering the period
1850–2003. Changes in the seasonal frequency of extreme temperatures and of CTs are
analysed. Subsequently, the CTs are examined for their effectiveness in leading to moderately
extreme temperatures (at each location) using an index that measures the contribution to
extreme days with respect to the contribution to non-extreme days. Correlation between
regional extreme series and CTs frequency is also tested.
In spring, the decrease in cold nights, which is notable in the 1970s onwards, can be partially
attributable to a downtrend in the frequency of Northerly flow. High frequency of Anticyclone
in North Iberia in the 1980s and 1990s has contributed to an increase in warm days in West
and North stations. To the SE quadrant of the IP, a great part of warm days is related to
south-westerly flow, (both) presenting a higher frequency in the 1950s and the 1960s.
In summer warm nights increased remarkably to the SE and SW, and may be in part related to
uptrends in Iberian thermal low pattern (1950–2003) and North Atlantic Anticyclone
(1850–2003) respectively. Warm days have increased remarkably to the NE especially in the
1990s and 2000s, but this is not found to be related to changes in CTs' frequency.
Furthermore, the existence of within type changes (variations in Tmax, Tmin and extreme
indices within the CTs) points to the identification of other physical factors operating on
inter-annual to multidecadal time scales. Thus, the consideration of Sea Surface Temperature
(SST) of the East Atlantic Ocean and Iberian soil moisture conditions (by means of a drought
index) helps to explain the evolution of extreme temperatures.

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

The summer heatwaves of 2003 and 2010 broke records for
intensity, duration and extension of high temperatures respec-
tively inWest (Schar et al., 2004) and East Europe (Barriopedro
et al., 2011). From a long-term perspective, greenhouse
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warming has very likely influenced temperatures and in-
creased temperature variability in Europe (ibid.), leading in
general to more frequent and hitter warm extremes and to an
attenuation of cold events (e.g., Moberg et al., 2006). Given that
atmospheric dynamics is the main driver of regional climate
changes at mid-latitudes (e.g., Jacobeit et al., 2003; Xoplaki et
al., 2003), it is essential to analyse whether circulation patterns
have also changed in frequency favouring a shift towards
warmer conditions. Thus, it is necessary to discover to what
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extent fluctuations in extreme temperatures can be explained
by circulation variability, e.g., in terms of circulation indices
(Slonosky et al., 2001; Cattiaux et al., 2010), or circulation types
(Domonkos et al., 2003; Maheras et al., 2006 for Eastern
Mediterranean). And at the same time, it is crucial to find out
whether the link between surface circulation and climate is
affected by other factors (shown for Europe by Küttel et al.,
2010; Jones and Lister, 2009), e.g., by anthropogenic global
warming. Hence, even if dynamic conditions leading to
extreme temperatures probably remain the same, they fail to
capture the amplitude of recent European anomalous seasons
(Cattiaux et al., 2010, 2011).

Understanding the mechanisms influencing extreme
temperatures in the long-term is essential for Mediterra-
nean regions, characterized by a large natural variability and
vulnerability to extreme conditions. The Iberian Peninsula
(IP) is highly affected by the general circulation of the
atmosphere. It is situated in the mid-latitude belt with a
predominance of westerly circulation which brings both
subtropical and polar (both maritime and continental) air
masses, and it stands as a transitional zone between wet and
dry climates (northwest to southeast gradient). Iberian
climate is also under the influence of the Atlantic Ocean
and the Mediterranean Sea as sources of water and heat
exchange, and important land-atmosphere processes at the
regional scale (e.g., Jerez et al., 2010, 2012). Therefore,
temperatures in the IP present a great spatial variability, and
geographical (regional and/or local) factors play an impor-
tant role in conjunction with the direction, intensity,
temperature and moisture of the atmospheric flow (e.g.,
Rasilla, 2003; Rasilla et al., 2010).

North-Atlantic atmospheric dynamics is a main factor
controlling European land temperatures and cold and hot
events (Cassou et al., 2005). A comprehensive work by
Della-Marta et al. (2007) found that large-scale circulation
forcing can account up to a 35% of Western Europe summer
heat-waves variability from 1880 to 2003. They found that the
statistical skill substantially improved by considering Sea
Surface Temperatures (hereafter SSTs) and soil moisture
conditions (via precipitation). Thus, added to atmospheric
dynamics, the influence of SSTs (Rodriguez-Puebla et al., 2010;
Feudale and Shukla, 2010), soil moisture anomalies and other
radiative effects (aerosols, clouds, GHG) are usually necessary
to fully explain extremely anomalous temperatures (Ferranti
and Viterbo, 2005; Barriopedro et al., 2011; Cattiaux et al.,
2010). A soil moisture deficit limits evaporation and increases
sensible heat flux, raising air temperatures, this coupling being
important in transitional areas between wet and dry climates
(Seneviratne et al., 2010; El Kenawy et al., 2011a; Jerez et al.,
2010, 2012). Also drought conditions in the Mediterranean
area may propagate and favour hot events further north (e.g.,
Zampieri et al., 2009). Additionally, land temperatures as well
as SST anomalies influence atmospheric pressure conditions.
For example, warm land conditions in summer over Iberia
favour the generation of thermal lows.

Extreme temperatures in the IP have agricultural, environ-
mental and human impacts and risks. Very low temperatures in
spring have implications for energy consumption, ecosystems
and agriculture (for example, frosts in spring damage to crops
sprouts, such as grapes and olives). Extreme high temperature
in early spring also damage crops and may result in enhanced
sensitivity of plants to later cold spells (Domonkos et al. 2003).
The impacts of high night-time temperatures are greater in
summer, e.g., may enhance human stress and mortality. In
summer the occurrence of high daytime temperatures has the
greatest impact both on environment (e.g, fire hazards, Trigo
et al., 2006) and human health (García-Herrera et al., 2005).

Focusing on long-term temperature changes in Spain,
Brunet et al. (2007) found increases in warm extremes and
decreases in cold extremes during the last century; more-
over, they found that, for the recent period 1973–2005, both
maximum (Tmax) and minimum (Tmin) temperatures have
risen quickly and at similar rates (0.51 vs. 0.47 °C/decade),
mainly due to spring and summer warming. For Portugal, the
increase in extreme temperatures in 1976–2006 is also more
remarkable in spring and summer (Ramos et al., 2011b).
Using high spatial resolution for the NE Spanish quadrant
(128 observatories) in 1960–2006, El Kenawy et al. (2011a)
also found larger trends in spring and summer. El Kenawy et
al. (2011b) reported more significant (annual) changes for
warm than cold extremes, with the coastal areas along the
Mediterranean Sea and the Cantabrian Sea (Biscay gulf)
experiencing a stronger warming than inland areas. Also on
an annual scale for 1950–2006, Rodriguez-Puebla et al.
(2010) reported increasing trends in warm days, more
pronounced to NE and SW of the IP, and a decrease in cold
nights.

Iberian extreme temperatures have been related to north-
ern hemisphere teleconnection patterns (Rodriguez-Puebla et
al., 2010; Fernández-Montes and Rodrigo, 2011; El Kenawy et
al., 2011a,b), such as the Scandinavian Pattern (Barnston and
Livezey, 1987). However, in synoptic climatology a variety of
classification methods (Huth et al., 2008) provide atmospheric
circulation types (CTs)which can be analysed in their frequency
and associated surface climate variables. CTs as averages of
many individual daily pressure fields, besides offering a clear
dynamical interpretation, usually represents well the surface
meteorology, such as frontal temperature and precipitation
changes (Philipp et al., 2007; Rasilla, 2003; Esteban et al., 2009).
A number of studies have reported changes in CTs for the IP. For
the period 1960–2001, Esteban et al. (2006) obtained signifi-
cant trends in patterns of high frequency in summer and spring
months, like a downtrend in patterns with northerly flow in
Western Europe. For NW Iberia, Lorenzo et al. (2011) found
uptrends in the frequency of cyclonic and south-westerly types
in summer for the period 1948–2008, and uptrends (down-
trends) in south-westerly (northerly) flow in spring over the
period 1978–2008.

CTs usually provide a good characterization of precipita-
tion in Iberia (among others, Goodess and Jones, 2002; Trigo
and DaCamara, 2000; Lorenzo et al., 2008). Other meteoro-
logical applications comprise e.g., lightning activity (Ramos
et al., 2011a) or fire hazards (Rasilla et al., 2010). A few
studies have also analysed temperatures-CTs relationship for
the IP. Thus, links between European CTs and stations mean
temperature (Tmean) anomalies are partially described by
Jones and Lister (2009), who compared three 30-year periods
in 1911–2000 and found increases of Tmean in all seasons
except autumn. Focussed on changes in 100 weather types
for two sub-periods in the second half of 20th century,
Bermejo and Ancell (2009) found increases of Tmax and
Tmin in Spain within most types. However, the cited works
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did not analyse which synoptic circulations patterns are most
conducive to temperature extremes.

Naturally, composites of atmospheric circulation fields from
dates with extreme temperatures provide the best character-
ization of anomalous synoptic circulation, as did García-Herrera
et al. (2005) for summer hot events at Lisbon and Madrid in
1958–1997. But then the analysis has to be focussed on one or
few stations and temperature information of the remaining
days and stations is missed.

The present study develops objective circulation classifica-
tions for the IP for spring and summer (all days) and applies
them for first time in connection with Tmax and Tmin extreme
indices for the whole IP (29 stations). The aim is to find out
which changes in extreme temperatures are related to overall
circulation changes. A motivation is that higher trends in
extreme temperatures both in Portugal (Ramos et al., 2011b)
and Spain (Brunet et al., 2007; El Kenawy et al., 2011a) have
been detected within these seasons. A similar study was
previously performed for winter (Fernández-Montes et al.,
2012). The specific objectives are:

1) To study spatiotemporal variations in the occurrence of
extreme temperatures that have a greater impact, i.e., warm
days and cold nights in spring and warm days and nights in
summer (for the shared period from 1947 to 2006).

2) To analyse long-term fluctuations (1850–2003) in char-
acteristic atmospheric circulation types (CTs) in spring
and summer over the Iberian Peninsula.

3) To identify the CTs most conducive to local extreme
temperatures, and relate changes in extreme tempera-
tures to changes in the frequency of those CTs.

4) To analyse within-type changes (Beck et al., 2007;
Jacobeit et al., 2009) in mean temperatures and frequen-
cy of extremes. The presence of within-type signals
could lead us to the identification of low-frequency
physical mechanisms relevant for extreme tempera-
tures, e.g., long-term memory factors such as SST or soil
moisture anomalies (Seneviratne et al, 2010).

Section 2 describes the data, the methods for deriving the
circulation types and for relating them to extreme temper-
atures. In Section 3 the results are presented. In Section 4 a
discussion is presented and in Section 5 the most important
conclusions from the work are highlighted.

2. Data and methods

2.1. Station temperature series and extreme indices

The database consists of long-term series of daily Tmin and
Tmax for 29 stations across the Iberian Peninsula (see Table 1;
Fig 1). This database presents a reasonably good spatial coverage.
Table 1 shows the period of the series considered for the present
work, with 23 stations covering the period 1905–2006. Most
series come from the databases of Spanish Daily Adjusted
Temperature series (SDATS), whose sources and homogeneity
procedures are described by Brunet et al (2006, 2007). These
data have undergone quality control (QC) and homogenization
at the daily scale by following procedures similar to those
described by the World Meteorological Organization/ World
Climate Data Monitoring Programme Guidance on the develop-
ment of daily adjusted temperature data sets (Brunet et al.,
2008). Four series (PE, BR, L, and PO) from ECAD (Klein Tank
et al., 2002; Klok and Klein Tank, 2009) have been added.

A simple additional QC was applied to the whole database
by means of Rclimdex software (“http://cccma.seos.uvic.ca/
ETCCDMI/RClimDex/rclimdex.r”) to detect possible digitaliz-
ing or instrumental errors such as a) Daily Tmax below Tmin
(no errors) and b) extreme values (“outliers”) in Tmax and
Tmin. The outliers are daily values that fall out of a region
defined by the user, in our case, 4 times the Standard
Deviation (STD) of the sample. In these cases we investigated
(searching in newspapers, checking historical SLP maps)
whether they likely refer to real registered extreme-values.
Therefore we finally did not remove these potential outliers if
we found corroborating documentary evidence.

The completeness was tested for all the series in a seasonal
scale. The criterion applied by Moberg et al (2006) was taken:

- First each 3-month season (spring and summer for this
work) is considered complete if there is no more than 3
missing days per season.

- Then each 20-year block from 1905 to 2006was checked to
have at least 10 complete years according to the rule above.

All stations are complete with more than 15 complete
seasons per block. Considering overall missing data, the
series with more missing values in spring (summer) are
Albacete with around 9.2% (8.5%) of missing values in its
whole period, Pamplona with 8.2% (9%), Huesca with 7.4%
(6.4%), Valencia with 7% (6.3%) and Barcelona with 4.9
(5.4%). The rest of stations have less than 5% of missing days.

Daily extreme temperature indices are percentile-based,
similar to indices defined by the Expert Team on Climate
Change Detection, Monitoring and Indices (ETCCDMI, http://
cccma.seos.uvic.ca/ETCCDMI/), which allow for comparison
among different regions. We analyse the following indices:

- Cold nights (TN10p), as days on which Tmin falls below
the station specific daily 10th percentile value of the
reference period 1971–2000.

- Warm nights (TN90p), as days on which Tmin exceeds
the station specific daily 90th percentile value of the
reference period 1971–2000.

- Warm days (TX90p), as days on which Tmax exceeds the
station specific daily 90th percentile value of the reference
period 1971–2000.

Daily percentiles are defined by means of an 11-days
window to account for the annual cycle of temperature. These
defined indices are a compromise between Tmean 90th
percentile –smoother than Tmax and Tmin 90th percentiles –

and higher thresholds (e.g., 95th percentile) which could make
the statistical method less robust since very few extremes could
occur. The same indices have beenused in several studies, e.g., in
the Iberian Peninsula by Brunet et al. (2007), Rodriguez-Puebla
et al. (2010), Ramos et al. (2011b), El Kenawy et al. (2011b).

2.2. Circulation data and classification method

We have used daily reconstructions of mean sea level
pressure (SLP) from the Emulate project (European and North
Atlantic daily to MULtidecadal climATE variability). The devel-
opment and quality features of Emulate reconstructions are
described in Ansel et al. (2006). They are built from a variety of

http://cccma.seos.uvic.ca/ETCCDMI/RClimDex/rclimdex.r
http://cccma.seos.uvic.ca/ETCCDMI/RClimDex/rclimdex.r
http://cccma.seos.uvic.ca/ETCCDMI/
http://cccma.seos.uvic.ca/ETCCDMI/


Table 1
Description of station series of daily maximum and minimum temperatures, latitude (LAT, in decimal degrees), longitude (LON, decimal degrees), altitude (ALT,
in meters above mean sea level), period of the complete series and source of the data.

STATION ALIAS LAT(°N) LON(°E) ALT (m.a.s.I.) PERIOD SOURCE

ALBACETE AB 39,0 −1,9 699 1905–2006 SDATS
ALICANTE A 38,4 −0,5 82 1905–2006 SDATS
BADAJOZ BA 38,9 −6,8 185 1905–2006 SDATS
BARCELONA B 41,4 2,1 420 1905–2006 SDATS
BURGOS BU 42,4 −3,6 881 1905–2006 SDATS
CADIZ CA 36,5 −6,2 30 1905–2006 SDATS
CIUDAD REAL CR 39,0 −3,9 627 1905–2006 SDATS
CORUNA LC 43,4 −8,4 67 1905–2006 SDATS
GRANADA GR 37,1 −3,6 685 1905–2006 SDATS
HUELVA HV 37,3 −6,9 19 1905–2006 SDATS
HUESCA H 42,1 −0,3 541 1905–2006 SDATS
LISBOA L 38,7 −9,2 77 1905–2006 ECAD
MADRID M 40,4 −3,7 679 1905–2006 SDATS
MALAGA MA 36,7 −4,5 7 1905–2006 SDATS
MURCIA MU 38,0 −1,1 57 1905–2006 SDATS
PERPIGNAN PE 42,7 2,9 430 1905–2006 ECAD
SALAMANCA SA 40,9 −5,5 790 1905–2006 SDATS
SEVILLA SE 37,4 −5,9 31 1905–2006 SDATS
SORIA SO 41,8 −2,5 1083 1905–2006 SDATS
TORTOSA TO 40,8 0,5 50 1905–2006 SDATS
VALENCIA V 39,5 −0,4 11 1905–2006 SDATS
VALLADOLID VA 41,6 −4,8 691 1905–2006 SDATS
ZARAGOZA Z 41,7 −1,0 245 1905–2006 SDATS
PAMPLONA PA 42,8 −1,6 452 1922–2006 SDATS
SAN SEBASTiAN SS 43,3 −2,0 252 1928–2006 SDATS
LEON LE 42,6 −5,6 911 1938–2006 AEMET
BRAGANCA BR 41,8 −6,7 690 1941–2006 ECAD
PORTO P0 41,1 −8,6 93 1941–2006 ECAD
BILBAO BI 43,3 −2,9 35 1947–2006 AEMET
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data sources, including 86 land and island station series, marine
data and daily gridded products from other sources. The spatial
resolution of the grids is 5°. We made use of the complete
available period 1850–2003, to obtain classifications of atmo-
spheric circulation extended as far as possible into the past.
Besides, the larger the statistical sample, the higher the
confidence in the classification scheme. Circulation types (CTs)
Fig 1. Station database, daily Tmax a
were therefore defined for the period 1850–2003 in termsof SLP
for a domain centred in the Iberian Peninsula (grids were
extracted for the area 30°N-50°N and 30°W-20°E) which
includes 55 grid points. SLP Emulate data explain over 90% of
the variability of SLP from ERA-40 (1959–2001) Reanalysis
pressure data (ECMWF) in most of our domain, with a weaker
reconstruction skill over Northern Africa.
nd Tmin series (see Table 1).



Fig. 2. Left panel: Loading factors at each station for each Empirical Orthogonal Function (EOF) derived from a rotated PCA in s-mode applied to the 29 TN10p
series (cold nights) in 1947–2006 (explained variability in brackets). Right panel: Normalized time series of the PC scores (black bars) and 11-year moving
averages (red line). For spring (MAM).
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Fig. 3. As Fig 2 but applied to TX90p series (warm days) in 1947–2006 (explained variability in brackets). For spring (MAM).
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Fig. 4. As Fig 2 but applied to TX90p series (warm days) in 1947–2006 (explained variability in brackets). For summer (JJA).
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Classifications (CTs)were obtained using a non-hierarchical
Simulated Annealing andDiversified Randomization Clustering
(SANDRA) method, described in detail by Philipp et al (2007).
The algorithm is based on conventional k-means cluster
analysis (CA) but differs in the ability to approximate the final
classification to the global optimum. Non-hierarchical cluster

image of Fig.�4


Fig. 5. As Fig 2 but applied to TN90p series (warm nights) in 1947–2006 (explained variability in brackets). For summer (JJA).
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analyses (such as k-means or SANDRA) require an a priori
determination of the number of clusters. This decision was
reached here by the Dominance criterion (Philipp et al., 2007):
the same SLP grids are initially decomposed into principal
components (PCs) using t-mode Varimax-Rotated Principal
component Analysis (PCA) (Preisendorfer, 1988) and the
number of independent PCs is taken as the number of clusters.
The criterion provided 9 classes for spring (March to May,
MAM) and 8 classes for summer (June to August, JJA).

AMann–Kendall (M–K) non-parametric test (Kendall, 1938)
was used to detect trends in the frequency of each CT,
considering the whole period 1850–2003 and the sub periods
1950–2003 and 1970–2003. In case of significant trends forM–K
test (p-valueb0.05), a linear regression by least squares was
performed, assessing trend-to-noise ratio tests to estimate its
significance. Additionally, normalized series of cumulative
anomalies of the temporal frequency were built (Philipp et al.,
2007). They allow the identification of periods with predomi-
nant positive or negative anomalies of each CT frequency.

2.3. Sea surface temperatures and soil moisture anomalies

Additionally we have used information about well-known
physical factors that influence summer and spring extreme
temperatures (see Section 1):

Seasonal anomalies of East Atlantic SST from 1860 to 2010
have beenbuilt. Monthly SSTs (2.0 lat×2.0 long)were acquired
from the ERSST.v3 dataset (Extended Reconstruction Sea
Surface Temperatures — Smith et al., 2008) and averaged for
each 3-month season. We use East Atlantic domain as did
Hertig and Jacobeit (2010) and Sousa et al. (2011).

Seasonal soil moisture information is taken in terms of
percentage of Iberian areawith very dry and verywet conditions,
as proposed by van der Schrier et al. (2006), using the index
scPDSI (self-calibrated Palmer Drought Severity Index- Wells
et al., 2004; Sousa et al., 2011). The area considered for Iberia
does not include the northern region (Sousa et al., 2011).

We will use a shorter period (1947–2000), shared by all
variables (extreme series, CTs, SST and drought index) for the
calculation of correlation coefficients (see Section 4.2).

2.4. Methods to relate temperature extremes to circulation types

1) To quantify which CTs are conducive to extreme temper-
atures (andwith what effectiveness), the index EF (Jacobeit
et al., 2009; Fernández-Montes et al., 2012) is defined for
each CT and station. The period 1950–2003 (4968 days
both for spring and summer), shared by all stations, is taken
for this analysis. The index EF for a given CT and station is
the ratio of percentage of extreme days at the station that
take place under the CT (from total extreme days at the
stations) to percentage of non-extremedays in the CT (from
total non-extreme days at the station). When the index is
significantly above 1, the CT is considered as conducive to
extreme temperature at the station, since the contribution of
the CT to the total number of extremes is significantly higher
than its contribution to non-extreme days. The value of the
Fig. 6. a) Centroids patterns of the SLP clusters (hPa, scale in the bottom) or CTs for sp
(bar charts, left axis) as well as normalized cumulative anomalies of the frequency
index is computed at 1% of significance level by a Monte-
Carlo resampling of 1000 series (each of them with
4968 days).

2) Once those CTs that are significantly conducive to extremes
have been identified, a further step is to establish whether
the contribution and the character of the CT for extremes are
stable or not. Therefore, we analyse the temporal variations
in the relationships between CTs and extreme temperatures
(taking as long station series as possible, from 1905). As
justified in Jacobeit et al. (2003) and Beck et al. (2007), the
use of 31-year moving averages (m.a.) is appropriate for
studying such low-frequency variations. Two indices are
analysed: the contribution of a CT to the total number of
extremes (extremes in the CT/ total extremes at the station)
along with the extreme potential or character of the CT
(extremes in the CT/total occurrence of the CT). A stable
extreme character of the CTs would give confidence about
the underlying dynamic causes of extreme temperatures. In
contrast, a non-stable extreme character of the CTs could
lead to the identification of other forcings influencing on
decadal to multidecadal time scales.

3) To summarize changes of temperature within the CTs we
assess trends in Tmax and Tmin (averaged from 23 station
series in 1905–2003, Table 1) within all the 9 spring and
8 summer CTs.

4) Whereas patterns derived from a PCA permit the develop-
ment of regression models (e.g., Fernández-Montes and
Rodrigo, 2011), the CTs derived from a cluster analysis are
not orthogonal and indicate dependence between them
(not shown). Thus, for an estimation of the relationship
between interannual oscillations in the frequency of
extremes and in the CTs frequency (as well as to anomalies
of SSTs and percentage of dry/wet area, see Section 2.3) a
simple Spearman rank correlation test is applied.
3. Results

3.1. Changes in extreme temperature indices (1947–2006)

To describe the fluctuations of cold nights and warm days
(warm nights and days) for spring (summer) and to identify
homogenous regions and change points we perform a rotated
PCA on s-mode (Preisendorfer, 1988), as did Brunet et al.
(2007) in the regionalization of seasonal Tmax, Tmin and
annual extreme indices. For each of the four indices, the 29
station extreme series from 1947 to 2006 are reduced into
empirical orthogonal functions (EOFs) which score series
represent the evolution of the variables (time-plot) for the
corresponding region (identified by high loading factors at
the stations in the maps) (Figs. 2–5).

In the following, we describe these changes in the seasonal
frequency of extreme temperatures. Later we will search for
correlations between these regional time series and CTs fre-
quency (in Section 3.3).

According to Fig. 2, in spring the frequency of cold nights
(TN10p) do not show pronounced changes for the first principal
component (EOF1, representing NE region with the lowest
ring (MAM) season; b) Seasonal frequencies (days) of the clusters are shown
(red, right axis).
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loading factors towards South Iberia). EOF2 (representingW/SW
region) and EOF4 (Central North) exhibit increasing occurrence
of cold nights until the mid-1970s and a decrease thereafter. By
contrast, cold nights decrease throughout the whole period for
EOF3 (representing SE region, but also loaded heavily onto BI
station). The decrease appear more striking from the mid-1970s
onwards. This is coherentwith Brunet et al. (2007)whoobtained
increase in spring Tmin in 1973–2005, more pronounced for SE
regional series.

Fig. 3 shows the PCA applied to spring warm days (TX90p).
Increases are identified in the late 1980s to early 2000s for EOF1,
which identifies central and westernmost Iberia (all stations
with loading factors between 0.6 and 0.9) and accounts for a 43%
of total variability in the index. The second principal component,
EOF2, identifies the East-Mediterranean region, which shows
increases in warm days throughout the whole period (with high
occurrence in the 2000s). The EOF3, representing central South
region, exhibits a great frequency ofwarmdays in the 1950s and
1960s, and less frequency in the next 3 decades. EOF4 is loaded
towards northeast Cantabrian stations and shows a decrease in
warm days from 1947 to mid-1970s and increase thereafter.
EOF5 present the highest loadings at Atlantic stations such as LC
and PO; also PE station present a high loadingwhich is explained
by the important Atlantic influence on this station (Fig. 1). Time
score series of EOF5 exhibits (as EOF3 does) higher TX90p
frequency in the 1950s-1960s and (as EOF1) in the 1990s with
negative anomalies in between.

Regional patterns of summerwarmdays (TX90p) are shown
in Fig. 4. The EOF1, which accounts for 28.6 % of the total
variability, identifies the NE/E region and shows a clear uptrend
in warm days from mid 1970s, more remarkable in the last
decade. EOF2 (central-southern region) and EOF4 (stations in
the Mediterranean and Cantabrian coasts) also show increases
in the 1980s onwards. EOF3 identifies Atlantic andwesternmost
region and exhibits the highest interannual variability without
pronounced changes (but a slightly lower frequency of warm
days from around 1970 to 1980).

According to Fig. 5, the frequency ofwarmnights (TN90p) in
summer exhibits a clear increase in the1990s for the EOF1,with
the highest loadings over easternmost Iberia, but also notably
influence by other stations (e.g., PO). Meanwhile for EOF4, with
high loading factors identifying a SW/W region, an equivalent
change occurs earlier (around mid-1980s). For EOF2 (NW
region) warm nights were more frequent in the 1950s and
1960s, and less frequent in the 1970s and 1980s. A similar (but
smoother) behaviour is observed for EOF5 (representing north-
easternmost stations, i.e., B and PE), with peaks of warm nights
frequency observed in the 1950s and 1990s to 2000s. Finally,
EOF3, loaded towards NE inland and high altitude stations, do
not exhibit any pronounced changes in warm nights.

3.2. Circulation types: brief description, variability and trends

We have classified daily SLP grids from 1850 to 2003,
including a total of 14,168 days (×55 grid points) for each
3-month season. Fig. 6a (Fig. 7a) shows the derived 9 (8) SLP
centroids derived from the cluster method for spring (sum-
mer): in the SLP scale, in hPa, the highest values are in red/
orange and the lowest in blue colours. Figs. 6b and 7b display
the temporal frequency (days) of the CTs in each year (black
bar-charts, left axis) in 1850–2003. The normalized series of
cumulative anomalies of the frequency are shown in red. The
presence of trends in the frequency for the whole period was
tested by means of M–K and trend-to-noise tests (Tables 2, 3).

3.2.1. Spring
Fig. 6a shows the derived CTs for spring. In CT1 and CT8,

high pressure is observed over Western France and Northern
Iberian Peninsula, with prevailing easterly winds over Iberia.
Northerly types are CT3, with extended Azores Anticyclone in
the North-Atlantic (NA) and CT5, with a steep gradient
between the Azores High and low pressure in the Mediter-
ranean. More westerly zonal circulations occur in CT9 (W-SW
flow, Icelandic low shifted to south), CT6 (SW flow over NW
Iberia) and CT7 (low pressure over Western France, with
prevailing NW flow). CT2 is characterized by a slight south-
shift of the Azores High, with NW flow over North Iberia.
Finally CT4 depicts a weak Azores High and NA low pressure;
hence a NW stream over North-western Africa favours
cyclogenesis in the lee of Atlas Mountain (Sahara low)
which is frequent in spring (Trigo et al, 1999).

For 1850–2003, the M–K test detected significant (p-value
b0.05) negative trends in the frequency of clusters 4, 7, and 9
(westerly types), and a positive trend for cluster 3 (North
Atlantic Anticyclone). Trends for the shorter period 1950–2003
are also significant in a few cases: a positive trend in CT7 and
negative trend in CT9. From 1970 to 2003, significant down-
trends (uptrends) are found for CT5 (CT9).

3.2.2. Summer
In summer (Fig. 7a), Azores High is observed in all the SLP

centroids, though with different intensity and extension: An
anticyclone bridge is observed in CT1, the anticyclone is more
intense in CT5, CT7 and CT2 and it is more extended to West
France in CT4, 5 and 6. CT3 and CT8 depict a low pressure,
respectively to Northern France and East Atlantic. A thermal
low is observed in Northern Africa in all the CTs. The relative
low pressure in South/East Spain in the CTs 4 and 7 is also
very likely linked to heat troughs development.

The Mann–Kendall test (Table 3) detected significant
(p-valueb0.05) negative trends over 1850–2003 in CTs 1, 6,
and 8, and positive trends for CT 5 and 7. Themost pronounced
positive trend is detected for CT5 (deep Azores anticyclone
extended to West France) and negative trend in cluster 8 (low
pressure in NA). It is worthy highlighting the increasing
frequencies of the thermal low-related CTs: CT4 (1950–2003),
and CT7 (in 1910s onwards, Fig 7b). Finally, over 1970–2003, a
significant positive trend in CT8 frequency was detected.
During the hot summer of 2003 (the last year in our
classification), the most frequent types were CT1 (25 days),
CT2 (19 days), CT4 (16), and CT8 (12).

In general, a high inter-annual variability of CTs frequency is
observed in both seasons (Fig 6b, Fig 7b). Thus, Tables 2 and 3
show the great sensitivity of the trends to the period analysed
(1850–2003, 1950–2003, 1970–2003) and none of the CTs
shows any significant linear uninterrupted trend.

3.3. Spatiotemporal links between circulation types and extreme
temperature indices

In this section the incidence (in any) of the distinct CTs on
the local occurrence of moderate extreme temperature days/



Fig. 7. As in Fig. 6, but for summer season (JJA).
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Table 2
Trends in the frequency of spring (MAM) SLP-Clusters in 1850–2003 and more recent sub periods. Statistic of Mann–Kendall is shown in bold when trends are
significant (p-valueb0.05). Linear trend (days) refers to the magnitude in the whole period (154, 54, and 34 y respectively) and T/noise is the quotient between
linear trend and standard deviation. Linear trends do not reach the 5% of significance level in any case (no T/noise above 1.96).

Spring Cluster (CT) 1850–2003 1950–2003 1970–2003

Z(M-K) p-value trend t/noise Z(M-K) p-value trend t/noise Z(M-K) p-value trend t/noise

1 1.46 0.144 2.32 0.35 −0.23 0.822 −0.32 −0.05 −0.24 0.809 −0.07 −0.01
2 1.24 0.215 2.18 0.36 1.36 0.183 3.87 0.59 −0.83 0.405 −4.51 −0.61
3 3.18 0.001 6.08 0.76 −0.58 0.565 −1.17 −0.16 −1.83 0.068 −6.24 −0.84
4 −2.95 0.003 −6.08 −0.89 −0.03 0.976 0.54 0.09 1.54 0.125 5.70 0.90
5 0.48 0.631 1.41 0.21 0.48 0.646 1.32 0.18 −2.49 0.013 −10.5 −1.43
6 −1.06 0.291 −1.74 −0.30 −1.72 0.093 −5.80 −1.01 1.44 0.149 2.66 0.59
7 −2.30 0.021 −4.22 −0.70 2.14 0.039 4.53 0.95 0.15 0.878 0.30 0.06
8 0.59 0.554 2.40 0.35 1.77 0.085 5.16 0.69 1.76 0.078 8.00 1.09
9 −2.04 0.041 −2.34 −0.39 −2.45 0.019 −8.13 −1.33 2.70 0.007 4.67 0.95
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nights is shown by means of the index EF (see methods
Section 2.4). In the maps (Figs. 8a, 9a, 10a, 11a) the value of
the index has been interpolated (from the 29 stations) using
a simple algorithm with the inverse of the squared distance.
Naturally, only values at the stations are strictly valid. A black
line delimits the stations with index EF above 1, i.e., stations
with higher fraction of extreme days than of non-extreme
days due to the given CT (at 1% s.l.).

Additionally, to quantify the relationship between intera-
nnual changes in extreme temperatures (EOFs regional extreme
series, Section 3.1, Figs. 2–5) and seasonal CTs frequency,
correlation coefficients are presented in Table 4a–b. We also
indicate in this Table 4 the correlation coefficients between
extreme temperature series and East Atlantic SST and drought
index (Section 2.3), but they will be discussed in Section 4. To
calculate the correlations, a period common to all thementioned
variables was taken (1947–2000).

3.3.1. Spring CTs and cold nights/warm days
Fig. 8a displays the index EF for the CTs (SLP clusters in

Fig. 6a) that are involved in the local occurrence of cold
nights (TN10p) in spring. We observe the most widespread
incidence of CT3 and CT5, i.e., the most northerly types.
Fig. 9a shows the incidence of the clusters on warm days
(TX90p), being CT6 and CT8 the most important for mainland
Iberia.

In CT1 mostly clear sky conditions and cold advection
from the NE favour low minimum temperatures in the
Northeast quadrant of Iberia (only statistically significant at
BI and V, Fig 8a). In contrast, over SW Iberia the easterly flow
(from land) produce warmer than normal conditions, hence a
Table 3
As in Table 2, but for summer (JJA) season.

Summer Cluster (CT) 1850–2003 1950–2003

Z(M-K) p-value trend t/noise Z(M-K)

1 −3.25 0.001 −6.19 −0.98 1.66
2 0.90 0.370 1.09 0.18 0.14
3 −1.07 0.286 −1.99 −0.32 −0.94
4 1.85 0.064 3.47 0.51 2.94
5 5.20 0.000 10.43 1.33 −0.42
6 −2.29 0.22 −4.11 −0.70 −0.19
7 2.97 0.003 4.40 0.78 −0.93
8 −4.34 0.000 −7.08 −1.12 −0.74
negative correlation (rho=−0.34, Table 4a) exists between
CT1 and cold nights/EOF 2 (Fig 2). During day time, similarly,
the easterly advection favours warm days over western
stations (Fig 9a) and the high pressure in France promotes
high insolation and calm winds in Northernmost Iberia. The
prevailing E/NE component of flow (from the Mediterranean
Sea) causes moderate maximum temperatures in the East.

CT2 is connected to warm days in the SE/Mediterranean
region (Fig 9a), because the Azores High is quite extended over
West Iberia, involving a well-established northwest inland
flow over these areas. In contrast, cool conditions are expected
in the North and West Iberia, as indeed supported by the
negative correlations (Table 4a, EOF4 and EOF5-Fig 3).

CT3 is characterised by northerly circulation due to an
extended and intense Azores High and lower pressure towards
the Mediterranean Sea. It causes cold nights over mainland
Iberia (Fig 8a) except for someAtlantic andEbro Valley stations.
Concordantly, a significant positive correlation (rho=0.28) is
found between cold nights in the SE region (EOF3, Fig. 2) and
the frequency of this CT (Table 4a).

CT5 centroid pattern indicates strong northerly advection
(i.e., of Artic air masses), given the steep pressure gradient
between the Azores High and low pressure in the Mediterra-
nean. Hence cold conditions are generalized for this CT, with a
strongest link at NW and NE stations. Thus, regional series of
cold nights representing North region (see EOF1 in Fig. 2) are
positively correlated (rho=0.40)with the frequency of this CT
(Table 4a).

The SW flow in CT6 introduces warm air from lower
latitudes, linked to warm days for a large number of stations
(index EF>1, Fig. 9a). The greatest incidence is on Northern
1970–2003

p-value trend t/noise Z(M-K) p-value trend t/noise

0.104 4.11 0.80 1.21 0.228 4.38 0.88
0.887 −0.37 −0.06 −0.08 0.939 −0.40 −0.06
0.354 −4.19 −0.66 1.13 0.257 1.46 0.26
0.004 7.87 1.06 1.72 0.085 6.88 0.95
0.681 −1.83 −0.22 −1.93 0.054 −8.9 −1.06
0.852 −0.57 −0.10 −0.42 0.672 −2.03 −0.37
0.362 −2.37 −0.37 −1.86 0.063 −6.44 −1.02
0.476 −2.64 −0.55 2.46 0.14 5.06 1.23



Fig. 8. a) Index EF (see legend in first map and definition in method section) for spring clusters (Cl) or CTs significantly conducive to the occurrence of cold nights
(TminbTmin10th). b) The percentage of extreme days within-type respect to the overall frequency of the CT is plotted (in red, right axis, named extreme potential
or extreme character of the CT in the text) alongside the percentage of extreme days within the CT with respect to total observed extremes (in blue, left axis, named
contribution of the CT).
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Fig. 9. As in Fig. 8, but for spring occurrence of warm days.
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stations, linked to the downslope effect (Rasilla et al., 2010)
andwarmingof the air throughout Iberian Plateau. Hence there
are positive correlations between this CT and warm days in
Central/NW Iberia (EOF1, Fig. 3), South (EOF3) and North
(EOF4) and negative with Mediterranean region (EOF2)
(Table 4a).
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Fig. 10. As in Fig. 9 and Fig. 8, but for summer occurrence of warm days.
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CT7 depicts a pressure gradient between southern
displaced Azores Anticyclone and low pressure system in
North Iberia/Western France, yielding NW flow. Hence
Atlantic locations (LC, L), exposed to stronger NW winds,
are prone to cold nights under this CT (Fig. 8a). Consistently,
temporal changes in cold nights forWest Iberia (EOF2 in Fig. 2)
are correlated with the frequency of this CT (Table 4a). The
incidence of CT7 on warm days is limited to Mediterranean
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Fig. 11. As in Fig. 8, but for summer occurrence of warm nights.
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Table 4
Correlation coefficients (period 1947–2000) between normalized regional extreme series (rows, fromSection 3.1) and anomalies of CTs frequency (Section 3.2), EA SST
and soil moisture conditions (Section 2.3). Values in bold are significant at 5% level (p-valueb0.05) and * marked values significant at 10% level (p-valueb0.1).
Correlation coefficients at p-value>0.1 are not shown, a) for spring (MAM) and b) for summer (JJA) CN= Cold Nights, WD=Warm days, WN= Warm Nights.

a

Spring CT1 CT2 CT3 CT4 CT5 CT6 CT7 CT8 CT9 EA_SST %Dry Area

TN10p EOF1 0.40 −0.38
TN10p EOF2 −0.34 −0.34 0.36
TN10p EOF3 −0.29 0.28 0.24* −0.39
TN10p EOF4 0.33 −0.32

TX90p EOF1 0.30 0.40 −0.31 0.32
TX90p EOF2 −0.35 0.38 0.35 −0.25* 0.25*
TX90p EOF3 −0.26* 0.37 0.52 0.41
TX90p EOF4 −0.41 −0.31 0.26* −0.26* 0.29
TX90p EOF5 −0.29 −0.49 0.23* 0.28

b

Summer CT1 CT2 CT3 CT4 CT5 CT6 CT7 CT8 EA_SST %Dry Area %Wet Area

TN90p EOF1
TN90p EOF2 −0.29
TN90p EOF3 −0.24* −0.23*
TN90p EOF4 −0.23* 0.46 0.38
TN90p EOF5 0.27 0.27*

TX90p EOF1
TX90p EOF2 0.31 0.24* 0.36 −0.31
TX90p EOF3 −0.32 −0.41 0.39
TX90p EOF4 −0.49
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region (with a positive correlation, WD_EOF2), although only
significant at MA according to the index EF (not shown).

CT8. The anticyclone extended over the Iberian Peninsula is
related to clear sky conditions (and mostly calm winds) which
favour high daytime temperatures and cooling during the night.
In East Iberia the easterly flow creates cooler-than-normal
conditions, significant at Alicante (A) station (Fig. 8a). For other
5 stations (MA, MU, A, V, TO), index EF is between 0.8 and 1 (5
stations considered for temporal plot in Fig. 8b). CT8 is
conducive tomoderate warm days in the IP (with the exception
of SEMediterranean region, Fig. 9a) since the Anticyclone blocks
westerly and northerly flows and allows easterly circulation.
Hence there is a positive correlation between CT8 frequency and
regional series, especially for Central-West region (Table 4a,
EOF1 in Fig. 3).

CT9 gives rise to warm days in the SE and East Cantabrian
Coast (Fig. 9a). This is due to warm (and initially moist) SW
winds which favour warming (Föhn effect) downslope moun-
tain chains. Besides, to the SE quadrant the southerly advection
can be especially warm and dry if the air comes from Africa.
Indeed, a high correlation (rho=0.51) is found between CT9
frequency and regional warm days series representing South
Mediterranean region (Table 4, EOF3 in Fig. 3).

Fig. 8b shows the temporal variations of the extreme
(cold) behaviour of CT1, CT3, CT5, CT7 and CT8. The plotted
lines are the average series over the longest stations-series
(1905–2003) affected by each cluster, and STD of the series is
shown by moving bars. The contribution to the total number
of extremes (discontinuous blue line, left axis) is plotted
alongside the extreme potential or character of the CT (solid
red line, right axis), using 31-year m.a. (therefore, covering
the period 1920–1988). Except for northerly flow (CT5), the
remaining CTs exhibit a drop in their cold character around
1970 onwards. Within-type changes in warm days (Fig. 9b)
indicated slight variations in most types, with a generalized
increase in the last decade of 1980s. The causes of these
changes will be discussed in Section 4.

3.3.2. Summer CTs and warm days/ warm nights
Focusing on the index EF that links summer circulation

types to the occurrence of warm days (maps in Fig. 10a) and
warm nights (Fig. 11a):

In CT1, the Azores High and an anticyclone bridge in West
Europe inhibits the entry of air from the North Atlantic to
North Iberia. This situation is conducive to high temperatures
especially in northern and continental areas of Iberia
(Figs. 10a–11a). The less affected areas are Central Atlantic
and Mediterranean coasts where sea breezes prevail over
inland weak fluxes. In the period 1947–2003, warm days’
time series for central-south region (EOF2 in Fig. 4) and the
frequency of CT1 positively correlates (Table 4b).

In CT6 the Azores anticyclone is deeper and extends with a
ridge further towards Western Europe, blocking the displace-
ment of air from the Atlantic and, in contrast, favouring easterly
circulation. This gives rise to warm (day and night time)
conditions in most of the IP, especially to the NW (as supported
by values of indexEF>2, Figs. 10a, 11a). Hence regional
EOF3 series (representing west stations, Fig. 4) are positively
correlatedwith CT6 frequency (Table 4b). At continental stations
which do not reach so high index EF values for warm days (e.g.,
CR, GR) in both CT1 and CT6, warm nights occurrence becomes
non-significant, due to radiative losses during the night.

In CT5, as in CT6, flow fromE/NE arrives to Iberia, but Azores
High is more intense and extended, providing stronger
easterlies. Hence, the advection is cooler (than CT6) for
north-easternmost stations but connected to warm conditions



Table 5
Trends in average Tmax and Tmin within the CTs for the period 1905–2003 and two sub-periods a) For spring (MAM) and b) for summer (JJA). Mann–Kendall
derived trends significant at 5% level (p-value b0.05) are in bold; only sign of the trend is shown if 0.05bp-valueb0.5; null trends (p-value>0.5) are indicated by
“0”. Slopes of the trends (in °C/decade) are shown when linear fit is significant (t-test at 5% level).

Total period
1905–2003

First half
1905–1953

Second half
1954–2003

Tmax Tmin Tmax Tmin Tmax Tmin

a) Spring
CT1 + + 0 0 + 0.47 (±0.17)
CT2 0.17 (±0.07) + + + 0 0
CT3 0.20 (±0.08) + 0.78 (±0.26) + 0 0
CT4 + + 0 0 + 0.54 (±0.22)
CT5 0 0 + 0.37 (±0.18) + +
CT6 + + 0 0 0.70 (±0.29) +
CT7 + + + 0 0 −
CT8 + + 0 0 + +
CT9 0.29 (±0.09) 0.21 (±0.05) + 0 0.70 (±0.22) 0.61 (±0.16)

1905–2003 1905–1953 1954–2003

Tmax Tmin Tmax Tmin Tmax Tmin

b) Summer
CT1 0.20 (±0.06) + + 0 0.52 (±0.13) 0.41 (±0.09)
CT2 0.17 (±0.04) + 0.32 (±0.14) 0 0.39 (±0.11) 0.41 (±0.09)
CT3 + 0 0.35 (±0.17) 0 + +
CT4 0.14 (±0.05) 0.10 (±0.04) 0.45 (±0.16) 0 0.47 (±0.14) 0.50 (±0.11)
CT5 0.13 (±0.05) 0.10 (±0.04) 0.42 (±0.13) 0.23 (±0.10) 0 +
CT6 0.16 (±0.06 + + 0 0.46 (±0.19) 0.42 (±0.14)
CT7 0.15 (±0.07) + 0.50 (±0.14) + 0 +
CT8 0.43 (±0.10) + + 0 0.58 (±0.23) 0.58 (±0.16)

Trends in °C/decade.
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in Westernmost Iberian stations (Figs. 10a, 11a), since easterly
circulation from inland is much stronger than Atlantic breeze.

CT3, by contrast, favours the entrance of airmasses from the
North (due to the pressure gradient between Azores and
France), permitting cool or temperate summer temperatures in
mainland IP. However, the NW flow gives rise to warmer than
normal conditions to the SE quadrant (V,MA,MU, A) (Figs. 10a,
11a) where masses of air arrive warmer, having travelled over
the Iberian Peninsula. For warm nights the highest incidence is
at MA station (Fig 11a), i.e., probably because sea breeze
weakens during the night and land breeze reinforce this
northerly wind (known as Terralwind in Malaga).

In CT4, the heat low extended from Northern Africa to the
Southern half of Iberia and a weak subsidence of air (weak
Azores anticyclone) enables convection and formation of
clouds that permit relatively high nigh-time temperatures.
Most stations have an index EF between 0.8 and 1.5. The most
affected stations are those to the NW and to the SE. Indeed, the
highest average Tmin for thewhole IP is obtained under this CT
(not shown).Thepossible presence of clouds could explainwhy
the incidence on day-time temperatures does not arise.

CT8 depicts Icelandic low shift to the south and westerly
flow over the West Iberian façade. This pattern has a warm
influence over SE coast (Figs. 10a, 11b) although less than the
NW flow (CT3). Under this configuration the Cantabrian
Coast and Ebro Valley are also affected because of the SW
flow (downslope heating mechanism) (Figs. 10a, 11b).
Besides, the low pressure in the East Atlantic in CT8 provides
westerly instable flow with the probability of cloud develop-
ment to the North of Iberia.

Fig. 10b represents the within-type variations in warm
days (1920–1988), with mostly increases (red lines) in the
1930s to 1960s and the 1980s. In Fig. 11b a common feature
stands out (except for the northerly types CT7 and CT5):
there is an increase in the percentage of warm nights within
the clusters since the 1970s onwards. These results will be
analysed more in depth in next section.

4. Discussion

The circulation classifications provide an insight into the
SLP patterns more conducive to extreme temperatures for
different regions and locations, and permit an analysis of
fluctuations of extreme temperatures related to changes in
the CTs frequency and within-type changes.

4.1. Changes in extreme temperatures related to circulation changes

The changes found in extreme temperature indices
(Section 3.1) are consistent with previous studies, e.g., higher
uptrends in warm days over the SW Iberia, Mediterranean area
and North Spain have been identified on an annual scale by
Rodriguez-Puebla et al. (2010), Brunet et al. (2007) and El
Kenawy et al. (2011b). Moreover, our results add information
on the seasonal scale, e.g., the increase in warm days is more
notable over the NE (Ebro Valley) and South Iberia in summer
and over central-western regions and Cantabrian Coast in
spring (over the Mediterranean coast in both seasons). Trends
detected in the spring and summer frequency of the CTs over
the last two periods (1950–2003; 1970–2003) are in general
agreement with those reported using other CTs classifications
for Western Europe since the 1950s or the 1960s (Lorenzo et
al., 2011; Esteban et al., 2006; see Section 1).



Fig. 12. Pencentage (%) of Iberian area (defined in c) with very wet and dry conditions according to scPDSI drought index (Wells et al. 2001) for;. a) spring (MAM)
b) summer (JJA) c) Iberian domain considered (adapted from Sousa et al., 2011). See van der Schrier et al. (2006) for the definiton of very dry/wet conditions
according to scPDSI values.
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Therefore, we can highlight some concordant signals in
extreme temperature indices (Figs. 2 to 5) with respect to CTs
frequency changes (Figs. 6–7, Tables 2–3), whose links have
been exposed in previous Section 3.3 (Figs 8a–11a and Table 4):

- A decrease in the frequency of spring cold nights, which is
notable in the 1970s onwards in whole Iberia is partially
attributable to a downtrend in the frequency of northerly
flow in 1970–2003 (CT5 Fig. 8a; Table 2). This stands
especially for the Northern half (EOF1 in Fig. 2, Table 4a).

- An increase in springwarmdays inWest andNorth Iberia in
the 1990s (EOF5 and EOF1 in Fig. 3) is related to increased
frequencies of CT1 and, especially, CT8 (Fig. 6b, Fig. 9a).

- Spring warm days in the Southern Mediterranean region
(EOF3, Fig 3) are related to SW type (CT9 and CT6 – Fig. 9a;
Table 4a), with higher frequency in the 1950s and 1960s
and moderate positive trend from 1970 to 2003 (Table 2).

- The increase in spring warm days over NE Cantabrian coast
and EbroValley (EOF4, Fig. 3) is positively correlatedwith the
frequency of stagnant situations over the IP with relative low
pressure in North Atlantic region (therefore providing south
component in the flow), such as CT4 and CT6 (Table 4a). Also
warm conditions in this region are influenced by CT9
(Fig. 9a), but the steep increase in warm days around the
2000s (EOF4, Fig. 3) appear somehow decoupled from the
frequency of this CT (Fig. 9b, red line in CT9).

- The notable increase in summer warm days to the NE
(Fig. 4; EOF1) could be due to a high frequency of summer
types CT1 and CT8 (Fig. 10a), although this is not
supported by significant correlations (Table 4b).

- Increases in summerwarmnights are notable (Fig. 5): To the
SW (EOF4), they may be partially related to uptrends in
North Atlantic Anticyclone with easterly flow (1850–2003);
To the SE (EOF1), they are more related to Iberian thermal
low patterns such as CT4 (Fig. 7, Fig. 11a) which exhibits a
positive trend in 1950–2003 (Table 3). A further warming in
Iberiawould in fact lead to higher frequency of thermal lows,
as projected by Hoinka et al. (2007) and Jerez et al. (2012).

4.2. Within-type changes: identification of other physical forcings

Within-type changes in the percentage of extremes are
shown in Figs. 8b, 9b, 10b and 11b: A nearly constant extreme
character (red line) implies a long-term stable relationship
between CTs and extreme temperatures, and it would yield
confidence in the above exposed relationships. In contrast, the
existence of low-frequency within-type changes leads us to
identify periods and regions inwhichother physicalmechanisms
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Fig. 13. In green bars, seasonal East Atlantic (EA) SSTs anomalies for the
period 1860–2010 (red lines are 11-year moving averages). For a) spring
(MAM) and b) summer (JJA). c) EA SST domain, as in Sousa et al. (2011) and
Hertig and Jacobeit (2010). Data source: http://www.ncdc.noaa.gov/ersst/
(ERSST.v3b).
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have clearly modulated the temperature within the CTs. A
discussion of these results, and an overviewpresented in Table 5,
is provided in the following.

Table 5a–b summarizes changes in average Tmax and Tmin
within all the CTs for the whole period and two half-periods.
Overall there are fewer trends in spring (i.e., there is more
stability in the relationship circulation-temperature) than
summer, which makes sense because summer temperatures
aremost affected by other factors besides SLP (El Kenawy et al.,
2011a). In general uptrends in Tmax occurred throughout the
whole century (especially in summer), whereas in the first half
Tmin show fewer significant increases, in agreement with
averaged Spanish series and trends shown by Brunet et al.
(2007).
For 1954–2003, increases in summer Tmax and Tmin are
comparable (Table 5b). However, 3 out of 8 summer CTs do not
present significant changes in the second period 1954–2003
(CT3 and especially, CT5 and CT7, see Table 5b): they have in
common a northerly flow component (from NW to NE), which
can introduce cool air. The highest rates of warming are found
for CT1, CT4 and CT8. For spring, the most remarkable trend is
found within CT9, for the whole period, and especially in
1954–2003 (Tmax rate is 0.70±0.22 °C/decade, i.e, about
3.5 °C in the total period, as is for CT6). A great increase in the
frequency of warm days within CT9 (since mid-70s) is also
evident from Fig. 9b (bottom panel). Summer CT8 and spring
CT9 are the most “cyclonic” types, with W/SW flow compo-
nent. The highest warming within these south-westerly types
could reflect the importance both of heat advection processes
(such as from Subtropical Atlantic Ocean/ Northern Africa) and
of soil-atmosphere coupling throughout the Iberian plateau.

Therefore, the influence of SSTs on the variability of
temperature extremes in the Iberian Peninsula must be
considered (e.g., Della-Marta et al., 2007). During day-time
both in spring and summer the oceans act as heat storage.
When SST is very high then ocean surfacewill be able to absorb
less heat from the atmosphere, being less effective in its role of
attenuation of land temperatures. East Atlantic (EA) SSTs
anomalies for spring and summer are shown in Fig. 13a–b.
Internal variability of Atlantic Ocean caused a cold period in
1900 up to around 1930, followed by 30 years of relative
warmth and another cold phase from 1960 to 1990, with a
warming period since then (Ting et al., 2009). However, due to
anthropogenic forcing added to the internal variability, the last
raise in SSTs started earlier (Cattiaux et al., 2010), around the
mid-1970s for the EA domain (see Fig. 13a–c).

Thus, low-frequency variations in the warm (and cold)
character of some circulation types (Fig. 8b to 11b) are
coincident with periods of strong anomalies in the EA SSTs: a
remarkable increasing warm character over 1930 to around
mid-1950s, and in the 1980s, is observed for prevailing
westerly types (CT2 and 6 in spring, Fig. 9b; CT3 and CT8,
summer Figs. 10–11b) coincident with positive EA SSTs
anomalies (Fig. 13a–b). Also CTs with prevailing easterly flow
(i.e., CT8 of spring and CT1, CT2, CT4 and CT6 of summer) show
increasedwarm character from1920 to 1950, decreasingwarm
character up to 1970s and increase since then, in agreement
with EA SSTs anomalies (note that the domain includes
Western Mediterranean, Fig. 13c). It is worth noting that, in
contrast, northerly flow types exhibit less pronounced
within-type change, such as for spring CT5 and CT3 (Fig. 8b,
red line; Table 5a) and summer CT5 and CT7 (Fig. 11b;
Table 5b). This is in agreement with a greater warming of the
Atlantic Ocean south than 45º N (Solomon et al., 2007).

Some correlations (Table 4a-b) between regional extreme
series (Figs. 2–5) and EA SST anomalies support this SST
influence. It has sense that they stand especially for coastal
regions and low lands in West Iberia opened to the Atlantic
influence. Thus, there is a significant positive correlationbetween
EA SST anomalies and summer warm nights in the SW Atlantic
region (EOF4 in Fig. 5) and NE Mediterranean (EOF5). Also for
spring warm days a positive correlation stands for the
Mediterranean south region (rho=0.41, EOF3 in Fig. 2) and
West/Atlantic region (rho=0.28, EOF5). During night time (in
spring, as in autumn and winter) the atmosphere mostly

image of Fig.�13
http://www.ncdc.noaa.gov/ersst/
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absorbs heat from the sea surface. Hence, a negative
association stands between cold nights series for the N/NE
and EA SST (rho=−0.38, EOF1 in Fig. 3). This agrees with
Rodriguez-Puebla et al. (2010) who found a significant
contribution of SSTs on the decrease of annual cold nights in
the IP.

In addition, as argued in Section 1, Tmax in transitional
climate zones is substantially influenced by soil moisture
availability. Therefore, it is natural that during periods of
intense droughts in the IP, such as in mid-1940s to mid-1950s,
mid 1980s, and remarkably the 1990s (see Fig. 12a–b), the
frequency of within-type warm days increases, for spring
(Fig. 9b, CT2 and CT6) and summer (Fig. 10b, CT1 and CT6).
This is also observed in some of the regional series of extreme
temperatures themselves (Figs. 3, 4). Indeed, there is a
significant correlation (rho=0.32, Table 4a) between Iberian
area with very dry conditions in spring (scPDSI_dry) and the
evolution of extreme warm days in the west-central part of
Iberia (EOF1 in Fig 3). For summer (Table 4b), there is a higher
significant correlation between the area with drought condi-
tions and warm days series for central-south region (EOF2,
rho=0.36) and warm nights for W/SW region (EOF4, rho=
0.38). This agrees with regional simulations for the IP which
have shown the primary influence of soil moisture on summer
temperatures, particularly in central parts (Jerez et al., 2010).

Finally, for both spring (Fig. 9b) and summer (Fig. 10b),
the number of warm days within the CTs increases
remarkably in the 1980s. Besides the mentioned factors,
this behaviour could be also influenced by changes in
insolation over the IP that are somehow independent of
changes in circulation. Indeed, some works have highlight-
ed the so-called periods of “dimming” (around 1950s to
1980s) and “brightening” (mid-1980s to mid-2000´s)
especially noticeable in spring and summer seasons for
the IP (Sanchez-Lorenzo et al., 2007, 2008, 2009). The cited
works attributed a large part of these changes in sunshine
duration to radiative effects of aerosols (whose concentra-
tions are reported to have been higher from 1950 to
mid-1980s) and also to increases in cloudiness in the 1950s
and 1960s. The latter is probably connected to circulation
changes, e.g., consistent with a higher frequency of
cyclonic types (summer-CT8 and spring-CT9) in those
decades (Fig. 7b, 6b).

This work provides information about Iberian CTs-extreme
temperatures relationships and low-frequency variations in
these links. It is important to note that to develop statistical
downscaling methods for daily extremes the usage of only a few
characteristic circulation types is insufficient, since such a
simplification reduces considerably both the day by day and
the interannual variance. Therefore, for modelling high frequen-
cy changes in extremes and in order to perform both future
projections and past reconstructions more synoptic detail is
needed, such asmethods based on circulation analogues (Brands
et al., 2011; Cattiaux et al., 2011). Also the consideration of upper
levels variability, e.g. 500 hPa geopotential heights – not
available with high confidence for the period analysed – would
probably improve the dynamic characterization (García-Herrera
et al., 2005; Maheras et al., 2006). As well, from interannual to
multidecadal time scales, the consideration of other predictors or
forcing factors (SSTs, soil moisture, solar radiation) is probably
necessary, even though they are somehow interconnected with
each other and related with atmospheric dynamics at different
scales.

5. Concluding remarks

The approach developed in this article takes the daily basis
for the relationship between characteristic circulation types
(CTs, 9 for spring and 8 for summer) and moderate extreme
temperature indices for 29 stations in the IP.

Long-term changes in CTs frequency (1850–2003) indi-
cate an uptrend in strong North Atlantic Anticyclone and
downtrends in patterns with North Atlantic low pressure
both in spring and summer.

Spatiotemporal variability in the seasonal occurrence of
moderately extreme temperatures in Iberia can be attributed to
some extent to changes in the frequency of the CTs. The notable
changes in the frequency of extreme temperatures observed
since the 1970s are consistent with some frequency changes in
the CTs from 1970 to 2003: For spring, a downtrend in the
frequency of northerly flow is related to less frequent cold
nights in West and North Iberia; increasing frequency of
south-westerly flow in this period (albeit less frequent than in
previous past decades) is connected to an increase in warm
days in the Southern half. As well, peaks of high frequency of
Anticyclone in North Iberia in the 1980s and 1990s contributed
to enhancing spring warm days to the north and west of Iberia.

In summer, a high frequency of the Anticyclone bridge (as
in summer 2003) and Iberian thermal low patterns (positive
trend over 1950–2003) have likely contributed to more
summer warm days and nights respectively.

Within-type changes in the extreme character of the CTs
have been analysed (1905–2003) in order to identify whether
other physical factors have a signal on decadal timescales.
Increases in Tmax, Tmin and warm extremes within most of the
types are found, except for patterns associated with N/NE flow.
Increases in thewarmcharacter ofmost of the types are detected
in the 1980s onwards, in agreement with a reported solar
“brightening” period in spring and summer in the IP. Further-
more, periods of warming/cooling of westerly and easterly CTs
generally coincide with observed periods of increasing/decreas-
ing East Atlantic (including Western Mediterranean) SSTs. The
SST modulation stands especially for coastal regions. Decades
with very dry conditions in Iberia (mid 1940s to 1950s, mid
1980s and 1990s) also correlate with increased frequency of
warm days, particularly for central and southwest Iberia.

Based on observational data, our analysis highlights for a
long-term perspective the importance of circulation changes
and sea-air-land interactions to extreme temperatures in
different regions of the Iberian Peninsula. The contribution of
atmospheric dynamics has been comprehensively analysed,
obtaining (as expected) a better characterization for spring
than summer extreme temperatures. The influence of long-term
memory physical factors (SST and dry soil conditions) on
regional extreme temperature series has been analysed visually
and by simple correlation tests, but it should be further studied,
e.g. by means of climate model simulations.
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