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Abstract The aim of the study is to classify the synoptic
sequences associated with excess mortality during the warm
season in the Barcelona metropolitan area. To achieve this
purpose, we undertook a principal sequence pattern analysis
that incorporates different atmospheric levels, in an attempt at
identifying the main features that account for dynamic and
thermodynamic atmospheric processes. The sequence length
was determined by the short-term displacement between temperature and mortality. To detect this lag, we applied the crosscorrelation function to the residuals obtained from the modelling of the daily temperature and mortality series of summer.
These residuals were estimated by means of an autoregressive
integrated moving average (ARIMA) model. A 7-day sequence emerged as the basic temporal unit for evaluating the
synoptic background that triggers the temperature related to
excess mortality in the Barcelona metropolitan area. The
principal sequence pattern analysis distinguished three main
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synoptic patterns: two dynamic configurations produced by
southern fluxes related to an Atlantic low, which can be
associated with heat waves recorded in southern Europe, and
a third pattern identified by a stagnation situation associated
with the persistence of a blocking anticyclone over Europe,
related to heat waves recorded in northern and central western
Europe.
Keywords Cross-correlation function . ARIMA model .
Principal sequence pattern analysis . Barcelona
metropolitan area

Introduction
The effects on health (particularly on mortality) of extremely
warm episodes are immediate or may occur a few days after
exceptional heat events. A large number of studies conducted
in different countries and cities have shown that the highest
summer temperatures can cause an abrupt increase in mortality (Stafoggia et al. 2006; Bell et al. 2008; McMichael et al.
2008; Michelozzi et al. 2010). Since climate change scenarios
for the twenty-first century project an increase in the average
global temperature of around 2 °C, there is an obvious need to
analyse the direct and indirect consequences for health of
these episodes, not only because of their unquestionable scientific interest, but also in order to provide public administrations with the data and information needed to avoid or minimize their impact (Kalkstein 1993).
The variability of extremely warm events is governed
mainly by atmospheric circulation. The persistence of certain
synoptic patterns can cause positive surface temperature
anomalies that can affect large areas over long periods of time
(Kyselý 2007). Indeed, several studies have analysed and
classified the synoptic types that trigger exceptionally high
temperatures employing methodological approaches
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developed either subjectively (day-to-day classification:
García-Herrera et al. 2005) or objectively (multivariate analysis techniques: Della-Marta et al. 2007; Kyselý and Huth
2008). Moreover, the temperature increase depends on the
evolution of certain atmospheric processes such as the advection of a warm air mass over an area (dynamic processes) or
the heating of air in the lower atmospheric levels as a result of
anticyclonic subsidence related to certain configurations (the
stagnation of the synoptic situation). Therefore, an awareness
of the synoptic background is crucial for understanding the
evolution in the atmospheric processes that characterize these
episodes. Analyses of the synoptic history can be undertaken
using a multivariable classification of the synoptic sequences
related to the main atmospheric parameters, with an hourly or
daily resolution. Methodologically, this classification is supported as a variant of principal component analysis (PCA) and
is known as principal sequence pattern analysis (PSPA:
Compagnucci et al. 2001; Escobar et al. 2004; Jacobeit et al.
2006; Esteban 2008; Philipp 2009; Aran et al. 2011a).
The purpose of this paper is to define the synoptic sequence
patterns associated with excess mortality attributable to the
temperature during the warm season in the Barcelona
metropolitan area. As it has been previously commented,
other authors have studied the relation between heat and
mortality. Moreover, Xu et al. (2013) focus the study in
Barcelona. However, a new novelty approach based on synoptic sequences as a triggering mechanism on mortality by
heat wave is proposed in this paper.
The main details of the data and methodology are presented
in “Data and methods.” Daily series of minimum temperature
and mortality recorded during the months of June, July and
August (JJA period) are been used. It should be borne in mind
that only a slight decrease in temperature during the nights of
this warmest season (a fall that is captured by the daily
minimum temperature) may be as or more aggressive than
the maximum temperature reached during the day (Kalkstein
1993). A first step before applying the PSPA technology is to
define the sequence length. This is determined by the shortterm displacement between temperature and mortality. To
detect this lag, the cross-correlation function (CCF) has been
applied. This type of analysis has been used in several studies
to determine the lag between excess daily mortality and several environmental variables, including air pollution
(Campbell and Tobías 2000), atmospheric pressure
(González et al. 2001), and temperature (Díaz et al. 2006;
Hu et al. 2008). Once the sequence length had been determined, we applied the PSPA to the sequence database in order
to determine the main synoptic patterns. In “Results,” the
results and the main features of synoptic patterns related to
excess mortality in the Barcelona metropolitan area are
shown. In “Discussion,” a discussion focused on a careful
examination of the sequence synoptic patterns is carried out.
Finally, the main conclusions are shown in “Conclusions.”
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Data and methods
Data
The mortality database comprises the daily deaths recorded
among the resident population over the age of 65 (female and
male) registered on the census of the Barcelona metropolitan
area and attributable to organic causes during the summer
months for the period 1990–2006. These data were obtained
from the Mortality Registry, provided by the Information and
Research Service of the Health Department of the Generalitat
de Catalunya. The daily minimum temperatures were obtained from the observations taken at the Fabra Observatory, for
the JJA period between 1990 and 2006. This observatory is
located on the southern slopes of the Collserola mountain
range (municipality of Barcelona), at an elevation of 412 m
above sea level. This temperature database was chosen, despite lying outside the Barcelona conurbation and among
many other series available for the Barcelona metropolitan
area, owing to the great reliability and consistency of the data.
To obtain the main sequence patterns associated with excess mortality due to temperature during JJA period in the
Barcelona metropolitan area, we used the grid data taken from
the 20th Century Reanalysis project V2 (Compo et al. 2011;
20CRP). This dataset covers the period from 1871 to 2008
with a horizontal spatial resolution of 2°. The classification is
applied to sea level pressure (SLP) anomalies, temperature
anomalies at 850 hPa (T850) and geopotential anomalies at
500 hPa (Z500), for the JJA period. The data are shown with
the grid points in the rows and the sequences in the columns
(see Table 1), with a matrix configuration in T-Mode
(Compagnucci et al. 2001). The sequence, delimited for an
n-day length, is identified by the sequence key (D), which is
the last day in the sequence and is determined from those days
when the daily mortality in the Barcelona metropolitan area
exceeded the 95th percentile.
Finally, to assess the relationship between the synoptic
patterns and surface thermal conditions, we used the temperature measurements from 119 automatic weather stations
managed by the Meteorological Service of Catalonia for the
period 2000–2008.
Methods
An analytic method for estimating sequence length
The sequence length is determined by the short-term displacement between minimum temperature and mortality, both registered during the warm season. This displacement or lag is
calculated by means of the CCF, applied to the residuals
obtained by implementing an autoregressive integrated moving average (ARIMA(p,d,q)) model to the daily series of
minimum temperature and mortality (Miron et al. 2012).
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Table 1 Data matrix used in the
PSPA, where x[i]j represents SLP,
T850 and Z500 anomalies,
varying on the n grid points ([i])
and for each of the m sequences
(j). The matrix structure is in
T-Mode (adapted from Philipp
2009)
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Atm. level

Days

Grid point

Sequence 1

Sequence 2

Sequence m

SLP

D-6

Grid [1]
Grid [n]
Grid 1
Grid [n]
Grid [1]

x[1]1D-6(SLP)
x[n]1D-6(SLP)
x[1]1D-0(SLP)
x[n]1D-0(SLP)
x[1]1D-6(T850)

x[1]2D-6(SLP)
x[n]2D-6(SLP)
x[1]2D-0(SLP)
x[n]2D-0(SLP)
x[1]2D-6(T850)

x[1]mD-6(SLP)
x[n]mD-6(SLP)
x[1]mD-0(SLP)
x[n]mD-0(SLP)
x[1]mD-6(T850)

Grid [n]
Grid [1]
Grid [n]
Grid [1]
Grid [n]
Grid [1]
Grid [n]

x[n]1D-6(T850)
x[1]1D-0(T850)
x[n]1D-0(T850)
x[1]1D-6(Z500)
x[n]1D-6(Z500)
x[1]1D-0(Z500)
x[n]1D-0(Z500)

x[n]2D-6(T850)
x[1]2D-0(T850)
x[n]2D-0(T850)
x[1]2D-6(Z500)
x[n]2D-6(Z500)
x[1]2D-0(Z500)
x[n]2D-0(Z500)

x[n]mD-6(T850)
x[1]mD-0(T850)
x[n]mD-0(T850)
x[1]mD-6(Z500)
x[n]mD-6(Z500)
x[1]mD-0(Z500)
x[n]mD-0(Z500)

D
T850

D-6
D

Z500

D-6
D

The use of the residuals is necessary in order to eliminate any
seasonal influence in the estimation of the correlation coefficient between the time series. Furthermore, the inherent autocorrelation in the stationary series requires prior modelling
using these stochastic models.
To compute the CCF, note that the displacement in the
series should be applied to the daily minimum temperature
data, given that the purpose of our analysis is to assess the
thermal background influences on mortality. This means statistically significant lag times (at the 95 % confidence level)
are those that determine the number of delays between summer temperatures and excess mortality. The critical thresholds
have been calculated assuming that the variance of the crosscorrelation coefficient under the null hypothesis of zero correlation is approximately 1/n where n is the length of the
series. These coefficients are asymptotically normal, so approximate critical values (at the 95 % confidence level) are ±2/
√n. Thus, the n-day sequence length used in the synoptic
classification is defined using the number of negative (related
to the thermal background) and statistically significant lag
times.

To achieve this objective, we applied a PSPA in T-Mode to
the original data (described in Table 1), using the correlation
matrix (Compagnucci et al. 2001; Huth et al. 2008), the scree
test to extract the most relevant components (Cattell 1966) and
orthogonal Varimax rotation to satisfy the orthogonality condition of the model (Richman 1986). The analysis was conducted for the domain from 30°N to 70°N and from 30°W to
30°E, for the period 1990–2006. This period encompasses
both the daily databases of mortality in Barcelona (used to
determine the sequence key) and the synoptic maps of 20CRP.
Finally, in order to exploit the temporal potentiality offered
by the 20CRP, the correlation coefficient was calculated between each of the patterns obtained from the PSPA (conducted
for the period 1990–2006) and each of the n-day sequences
extracted from the 20CRP for the JJA period. The final
patterns (extending from 1871 to 2008) are the composites
constructed with the n-day sequences presenting a correlation
coefficient greater than 0.65 related to, at least, one pattern.
Note that this threshold was chosen subjectively, but the
correlation coefficient was sufficiently high to find a good
relationship between the PSPA patterns and the 20CRP sequences. If a sequence was associated with more than one
PSPA pattern, that sequence was discarded.

Synoptic sequence classification
The methodological approach is based on a multivariate analysis applied to n-day sequences to obtain a catalogue of
synoptic patterns. The analysis integrates different atmospheric levels with the purpose of understanding the main features
that account for the dynamic and thermodynamic atmospheric
processes. The need for this has been recognized in previous
studies (Sioutas and Floucas 2003; Houssos et al. 2008).
Moreover, we applied this integrated approach to the synoptic
classification of individual days in relation to severe weather
phenomena (Aran et al. 2011b; Peña et al. 2011).

Results
Length sequence for application with principal sequence
pattern analysis
For the daily minimum temperature, the parameters that best
fitted the ARIMA(p,d,q) model were p=1, d=0 and q=2,
respectively. This parameterization was also applied when
modelling daily mortality. The corresponding residuals were

Author's personal copy
438

Int J Biometeorol (2015) 59:435–446

Fig. 1 CCF between the daily
minima temperature from the
Fabra Observatory and the
number of daily deaths
attributable to organic causes
among registered residents (of
both sexes and over the age of 65)
in the Barcelona metropolitan
area in the period 1990–2006.
Horizontal dashed lines show the
95 % confidence level

obtained for both variables. This process eliminates, firstly,
the probable autocorrelation of the original variables and,
secondly, the cyclical components inherent in both series.
The CCF was calculated between both residuals (Fig. 1).
The sequence length was determined according to the CCF,
taking into account the significant lag times, i.e. those that
were above (for positive correlation coefficients) or below (for
negative correlation coefficients) the 95 % confidence level,
delimited in Fig. 1 by the two dashed lines. There were seven
statistically significant lags with positive correlation coefficients between days −6 and 0. Thus, the sequence was defined
by the sequence key (D, see Table 1) plus the 6 days prior to
this date. In summary, a 7-day sequence emerged as the basic
temporal unit for evaluating the thermal background affecting
mortality in the Barcelona metropolitan area. Consequently,
the PSPA employed this sequence length to compute the
principal sequence patterns.
Principal sequence patterns related to excess mortality
in the Barcelona metropolitan area
A total of 36 sequences were related to excess mortality (daily
mortality above the 95th percentile of the mortality series) for
the period 1990–2006. The application of the PSPA to these
sequences revealed three principal synoptic patterns, accounting for 45 % of the total variance. There would be noted that
the difference in the impact on excess mortality between the
three patterns is negligible. In this way, for the first pattern that
explains the 17 % of the total variance and involves 14 days in
the period 1990–2006, the average mortality is 48 (±10)
deaths by day. For the second pattern that accounts for the
16 % of the total variance and includes 14 days, the average
mortality is 51 (±12) deaths by day. The third pattern with
8 days in the period 1990–2006 explains the 12 % of the total
variance, and the average mortality is 51 (±10) deaths by day.

Once it has been applied the methodology detailed in
“Synoptic sequence classification” for the period 1871–
2008, a total of 537 sequences presented a correlation coefficient greater than 0.65 in relation to the patterns calculated
from the PSPA. These sequences remain classified as follows:
the first pattern comprised 157 sequences, the second included
295 sequences, and the third pattern was composed of 85
sequences. The correlation coefficients between the original
patterns (period 1990–2006) and the projected patterns (period 1871–2008) are 0.965 for the first pattern and 0.936 for the
second and third patterns. We can assume that the degree of
similarity between the original and the projected patterns is
very high and, thus, the synoptic configurations presented in
the study are built for the projected period. The final patterns
of synoptic sequences and surface minimum temperature
anomalies in Catalonia were the composites built from the
sequences belonging to each of these patterns (Figs. 2 and 3).
The three patterns show a common synoptic configuration
characterized by an area of negative anomalies over the
Atlantic, which was present in the three atmospheric levels
analysed. This area of negative anomalies was a response to a
trough in the middle levels of the troposphere and to a low
pressure area at the surface level. The configuration produces
a warm air advection over Europe, the intensity of which

Fig. 2 a North Atlantic low (NAL). Composite estimated from the
sequences identified in the period 1871–2008 that have a correlation
coefficient greater than 0.65 with the first principal component
calculated from the PSPA. The correlation coefficient between the NAL
pattern and the first PSPA pattern is 0.965. A1 SLP anomalies (in hPa), A2
temperature anomalies at the level of 850 hPa (in °C) and A3 geopotential
height anomalies at the level of 500 hPa (in metres). b As a but for Central
Atlantic low (CAL). The correlation coefficient between the CAL pattern
and the second PSPA pattern is 0.936. c As a but for blocking pattern
(BL). The correlation coefficient between the BL pattern and the third
PSPA pattern is 0.936
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Fig. 3 a Daily minimum temperature anomalies calculated from the sequences identified in the NAL pattern for the period 2000–2008 in Catalonia. b
As a but for CAL pattern. c As a but for BL pattern

varied according to the size and location of the trough and the
low pressure area. Thus, over large parts of western Europe,
positive anomalies were observed in the three atmospheric
levels analysed, reflecting the presence of an anticyclonic
ridge in the middle levels of the troposphere. The principal
features of the patterns are detailed below.
a. Synoptic sequence pattern 1: north Atlantic low (NAL:
Fig. 2a). This pattern is characterized by the Atlantic
depression to the west of the British Isles, south of
Iceland, producing a warm air advection from the southwest to the northeast over central Europe, most notably in
the easternmost part of the continent. The area of the
Iberian Peninsula that is most affected is the centre and
northwest quadrant, which presents a temperature anomaly at the 850-hPa geopotential level above +2.5 °C for the
entire sequence.
b. Synoptic sequence pattern 2: central Atlantic low (CAL:
Fig. 2b). The synoptic configuration of this pattern is
characterized by a displacement of the Atlantic low in
southwestward direction, advecting warm air from the
lower latitudes to Europe. The configuration is enhanced

in northern Europe by the presence of strong anticyclonic
conditions over this area. Positive temperature anomalies
at the 850-hPa level extend in a south-north direction,
affecting central and northern areas of the continent. The
area of the Iberian Peninsula that is most affected is the
northern section, which presents thermal anomalies above
+2.5 °C between the sequence days D-3 and D.
c. Synoptic sequence pattern 3: blocking pattern (BL:
Fig. 2c). This pattern shows a long-lived, blocking anticyclonic ridge over western Europe, with the Atlantic low
located to the southwest of the Iberian Peninsula, producing a weak warm air advection from the southeast to the
northwest over Southern Europe. This is followed by the
stagnation of the configuration due to the strong anticyclonic conditions in northern Europe. Positive temperature anomalies at the 850-hPa level primarily affect the
westernmost part of the European continent. These anomalies are particularly intense in France, the British Isles
and the northwest of the Iberian Peninsula, with values
above +3 °C during the 7 days of the sequence in these
areas. The situation is highly persistent, intensifying the
high-pressure centre from sequence day D-5 with the
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action centres remaining unchanged throughout the period, although there is a slight shift to the northwest during
the course of the days.
Thus, based on the results outlined above, we can assume
that the principal sequence patterns related to excess mortality
in the Barcelona metropolitan area are associated with those
episodes characterized by extremely warm conditions in
Europe.

Discussion
Seven-day sequence as the basic temporal unit for evaluating
the thermal background related to excess mortality
in the Barcelona metropolitan area
The mortality displacement effect in relation to temperature
plays an important role. Heat-related mortality is better correlated when we consider n-day lag after the daily maximum
temperature has been reached than when we consider the
unlagged relationship (Kyselý 2004). Furthermore, various
studies have highlighted that the time lag between an episode
of high minimum temperature in summer and its potential
impact on mortality is greater than the time lag related to an
episode of extreme maximum temperatures, given that in the
latter instance, the effects on mortality are more immediate
(Kunst et al. 1993; Laschewski and Jendritzky 2002). In our
study, this delayed effect was analysed from within a methodological framework based on an analysis of time signals in
the time domain, specifically, the CCF.
The relationship between the two variables (Fig. 1) presents statistically significant positive correlation coefficients
between time lags 0 and −6. Positive coefficients indicate that
a higher temperature leads to an increase in mortality. Time
lags −1 and 0 present the highest correlation coefficients,
indicating an immediate response between the two variables.
However, statistically significant lag times are recognized
from lag −6, initiating a long 7-day cycle with positive correlation coefficients. Thus, it should be noted that the CCF also
reveals the importance of persistence in the impact of summer
minimum temperatures on excess mortality, and a 7-day sequence emerged as the basic temporal unit for evaluating the
thermal background affecting mortality in the Barcelona metropolitan area.
The land-sea interaction explains the persistence revealed
by the CCF. Summer days in the Barcelona metropolitan area
are quite humid due to the high moisture levels transported
from the Mediterranean Sea. As such, we need to consider the
potential role of positive air moisture anomalies in the enhancement of the intensity and persistence of hot episodes in
summer and its influence on excess mortality. These high
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levels of air humidity can prevent a break in the high temperatures accumulated during the day. This means that the human
organism is unable to recover during the night-time hours,
resulting in constant attrition due to a lack of corporal cooling.
It is for this reason that the correlation coefficients observed in
the CCF increase over time, reaching maximum values in lags
−1 and 0. This captures the fact that people tend to die a few
days after the hot episode has started, particularly those in
poor health. Thus, the daily minimum temperature has a
greater influence on excess mortality due to heat in the
Barcelona metropolitan area. Similar results were found by
Kalkstein (1993) and Williams et al. (2012) for the USA and
Adelaide (South Australia), respectively. These studies show
that a slight decrease in daily minimum temperatures and the
persistence of anomalies well above normal values during
heat episodes may be more damaging to health than the
maximum temperatures reached during the episodes.
Sequence synoptic patterns associated with excess mortality
in the Barcelona metropolitan area
Various studies have identified two main summertime atmospheric circulation patterns in association with Europe’s heat
waves (Xoplaki et al. 2003; Cassou et al. 2005; Della-Marta
et al. 2007). The first, known as blocking, is associated with
the heat waves registered in northern and central western
Europe and is related to anticyclonic blockings presenting an
anomalous high-pressure system over Scandinavia and central
western Europe (Della-Marta et al. 2007). This pattern is
characterized by a horizontal modification of the advections.
This, in turn, leads to a warming of the atmospheric surface
levels due to adiabatic heating by subsidence, which enhances
solar radiative warming (Carril et al. 2008). The second pattern, known as Atlantic low, is defined by a deep anomalous
trough over the Atlantic Ocean, with positive temperature and
geopotential anomalies that extend northeastward from the
Iberian Peninsula to the Baltic Sea over the European continent (Cassou et al. 2005). This pattern is associated with the
heat waves registered in the Iberian Peninsula (Della-Marta
et al. 2007). In the case of Spain, two synoptic configurations
have been reported as leading to extremely high temperatures
in central Iberia (García-Herrera et al. 2005). The first pattern
is associated with southern fluxes transporting warm air from
North Africa owing to a trough over the Atlantic and a highpressure ridge centred on the Iberian Peninsula. The second
pattern is related to a stagnation configuration over Iberia
resulting from the concurrence of two factors: the Atlantic
surface high, displaced northeast from its habitual position,
and an upper level ridge oriented from southwest to northeast
over western Europe.
In our study, it should be stressed that the PSPA was applied
to 7-day sequences with a sequence key (D) defined by those
days in which the daily mortality in the Barcelona
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Fig. 4

a Monthly frequency analyses for the sequences involved in each
of the three patterns. Seasonal frequencies for the period 1871–2008 and
the trend line for the sequences identified in the b NAL, c CAL and d BL
patterns

metropolitan area exceeded the 95th percentile. However, the
synoptic configurations of the three main patterns distinguished in the analysis were quite similar to synoptic modes
associated with the heat waves that affect Europe and central
Iberia. Thus, synoptic sequence pattern 1 (NAL) is associated
with the Atlantic low pattern; synoptic sequence pattern 2
(CAL) is related to both European patterns, i.e. southern
fluxes that mostly affect the south of Europe (Atlantic low)
and high pressures over northern Europe (blocking pattern)
and synoptic sequence pattern 3 is associated with the
blocking pattern as identified by a stagnation of the synoptic
configuration in relation to the persistence of a high-pressure
system over Europe. Furthermore, the NAL and CAL patterns
are associated with stagnation and southern flux patterns,
respectively, as defined by García-Herrera et al. (2005) for
central Iberia.
Thus, the excess mortality registered in the Barcelona
metropolitan area during the summer months is related to
atmospheric conditions that result in extremely high temperatures, involving synoptic patterns that cause heat waves both
in southern and central Europe (Atlantic low pattern) and in
northern and western Europe (blocking pattern). Finally, there
would be noted that the difference in the impact on excess
mortality between the three patterns is negligible as has already been indicated in the “Results” section.

Synoptic sequence pattern 1: NAL
The NAL pattern (Fig. 2a) accounts for approximately 17 %
of the atmospheric circulation variability related to excess
mortality due to heat in the Barcelona metropolitan area.
The pattern is defined by the Atlantic depression located to
the west of the British Isles, a feature that remains in this
position throughout the sequence. The synoptic configuration
produces a warm advection from the southwest to the northeast over central and eastern Europe. The temperature anomaly pattern at the 850-hPa level is related to the distribution of
heat waves in Europe described by Della-Marta et al. (2007),
with the areas affected by these episodes being the Iberian
Peninsula and central Europe. The synoptic configuration is
enhanced by the presence of an upper-level ridge oriented
from the southwest to the northeast that encompasses these
two areas. The distribution of the centres of action is very
similar to the stagnation pattern described by García-Herrera
et al. (2005) for central Iberia but with some slight differences:
the positive anomalies in the three atmospheric levels
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analysed are displaced to the northeast with respect to those
described by García-Herrera et al. (2005), where they affect
the north of the Mediterranean Sea and central Europe.
The daily minimum temperature anomalies were computed
from the sequences associated with this synoptic pattern. We
drew on data from the automatic weather stations managed by
the Meteorological Service of Catalonia for the period 2000–
2008. The results show that the anomalies present maximum
values in northwest Catalonia, decreasing in a north-south
direction (Fig. 3a). The average minimum temperature anomalies at the Fabra Observatory presented a range of variation
between +1.3 °C on D-6 and +3.2 °C on D, showing a
temperature increment according to the synoptic intensification during the sequence pattern.
The pattern shows a fairly balanced monthly distribution over the three summer months, although it is slightly
more common during June (Fig. 4a). The distribution of
sequences for the period 1871–2008 (Fig. 4b) presents a
principal cluster between 1988 and 2004 and a secondary
cluster for the period 1873 to 1893, while the pattern
was less common over the twentieth century, especially
during the first two decades. It should be noted that
between 1894 and 1920, the pattern was not found in
any single summer. The 1992 and 2003 summers
presented the highest frequencies. More specifically, the
NAL pattern presented the highest frequencies of the
three patterns analysed during the summer of 2003.
This is in keeping with the findings presented by
Cassou et al. (2005), who showed that June 2003 was
dominated by the Atlantic low pattern, which accounted
for 24 of the 25 days affected by this extremely warm
episode, while the first half of August was affected by
persistent blocking conditions. This finding was further
supported by Della-Marta et al. (2007), who claimed that
the principal attribute of the 2003 event in terms of sea
level pressure was the strong anomalous low pressure
located in the mid North Atlantic.
Thus, the NAL pattern presented a statistically significant
positive trend at the 5 % level with a p value of 0.023 (based
on an evaluation using the Mann-Kendall trend test), mainly
because of its strong presence during the final years of the
twentieth and the early years of the twenty-first centuries. This
trend is in line with the results presented by Philipp et al.
(2007), a study that explored long-term variability in atmospheric circulation (for the period 1850–2003), using a cluster
analysis to determine the principal patterns, and the impact of
these changes on long-term temperature variability in central
Europe. The associated mean temperature anomaly field related to cluster number 1 for the summer months is quite
similar to that of the NAL pattern outlined in Fig. 2a. Their
analysis showed that the evolution of the seasonal cluster
number 1 frequency increased during the period between
1850 and 2003.
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Synoptic sequence pattern 2: CAL
The CAL pattern (Fig. 2b) accounts for approximately 16 %
of the atmospheric circulation variability related to excess
mortality due to heat in the Barcelona metropolitan area.
The pattern is characterized by the Atlantic low shifted southward, advecting warm air over Europe. These positive temperature anomalies at the 850-hPa level are enhanced by the
presence of positive geopotential anomalies in northern
Europe, which is centred in Scandinavia. García-Herrera
et al. (2005) point out that the extremely high temperatures
related to this pattern arise when the pattern exceeds 5 days of
duration; thus, it presents a more stationary behaviour than
usual. This stagnation is associated with a larger ridge that
produces anticyclonic blocking in Europe. This results in the
greater persistence of the southern air advection over the
southern part of the European continent due to the perseverance of the Atlantic low.
The distribution of the minimum temperature anomalies in
Catalonia (Fig. 3b) in relation to this synoptic pattern increases
in a south-north direction with maximum values being recorded in central and northwestern areas. This spatial distribution
is very similar to the NAL pattern but less intense. The
temporal evolution of the average anomalies during the sequence at the Fabra Observatory ranged between +1.7 °C on
D-6 to +2.0 °C on D-2 and falling to +1.9 °C on D.
The monthly distribution (Fig. 4a) showed this pattern to be
most common in August. The temporal distribution of the
sequences (Fig. 4c) for the period 1871–2008 was fairly
balanced throughout the period. The pattern was most frequent during the last third of the nineteenth century and the
early years of the twentieth century, when the main cluster of
frequencies was observed, with a principal maximum in 1884.
A second cluster was recorded in the twenty-first century,
although with a lower magnitude than that of the earlier
period. Thus, the Mann-Kendall trend test showed a
nonstatistically significant negative trend at the 5 % level
(with a p value=0.332). This result is in line with those
presented by Philipp et al. (2007). The mean summer temperature anomaly field related to the atmospheric circulation
pattern presented by these authors and defined by cluster
number 5 is similar to the CAL pattern described in Fig. 4b,
showing that the evolution in seasonal cluster frequencies
decreased slightly between 1850 and 2003.
Synoptic sequence pattern 3: BL
The BL pattern accounts for approximately 12 % of the
atmospheric circulation variability related to excess mortality
due to heat in the Barcelona metropolitan area. The general
configuration (Fig. 2c) shows a weak Atlantic low located to
the southwest of the Iberian Peninsula, causing a slight southerly advection over southern Europe. The strong high
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geopotential anomalies in the middle atmospheric levels,
which cover the northeastern Atlantic European domain, deflect the extratropical frontal systems northward and suppress
the local convective instabilities, leading to weak winds in the
lower tropospheric levels, clear skies and the warming of the
lower atmospheric levels by a subsidence effect (Cassou et al.
2005). This pattern is associated with the positive phase of the
Summer North Atlantic Oscillation (Cassou et al. 2005; DellaMarta et al. 2007; Folland et al. 2009) and, according to DellaMarta et al. (2007), is correlated with the heat waves registered
in northern and central western Europe, although any
association with those that occurred in the Iberian Peninsula
is weak. Cassou et al. (2005) point out that the blocking
influence decreases progressively as we move closer to the
Mediterranean Sea, where the influence of the Atlantic low
pattern is more pronounced. Despite these considerations, in
our BL pattern, it should be noted that the unstable area over
the Mediterranean Sea, associated with the positive phase of
the Summer North Atlantic Oscillation (Folland et al. 2009;
Bladé et al. 2011) is displaced southward, and therefore, the
European high-pressure centre also includes the north of the
Mediterranean Sea, suppressing atmospheric instabilities in
these areas. Moreover, the synoptic configuration of sea level
pressure anomalies associated with the BL pattern computed
by the PSPA is very similar to the synoptic types that caused
the six major heat wave events in the UK over the last
150 years (Ansell et al. 2006). Thus, the distribution of minimum temperature anomalies in Catalonia shows that central
and northern areas are affected by this European pattern
(Fig. 3c). Although at the beginning of the sequence, the
anomalies in Catalonia are low, they exceed +3.0 °C from
the third day onwards. Furthermore, the average minimum
temperature anomalies at the Fabra Observatory are between +
0.9 °C on D-6 and +3.7 °C on D-1, decreasing to +3.3 °C on
D, revealing an intensification of temperature anomalies due
to a stagnation of the synoptic sequence.
The monthly distribution (Fig. 4a) shows July to be the
month when the pattern appears with greatest frequency. The
temporal distribution of frequencies related to the synoptic
pattern (Fig. 4d) indicates that it was fairly uniform in the
period between 1871 and 2008. Interestingly, no single year
was detected as presenting this pattern between 1969 and
1990, a period characterized by a negative phase in the
Summer North Atlantic Oscillation mode (Folland et al.
2009). Three clusters were detected in which the BL pattern
presented a high frequency: the first was between 1874 and
1881, the second between 1926 and 1953 and most notably,
the third was between 1995 and 2008. The Mann-Kendall
trend test showed a slightly positive trend but this was not
statistically significant at the 5 % level with a p value of 0.139.
This trend is in line with the results presented by Philipp et al.
(2007). The summer mean temperature anomaly field related
to the atmospheric circulation pattern for the European
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continent presented by these authors and defined by cluster
number 6 is quite similar to the BL pattern outlined in Fig. 2c.
Cluster number 6 shows that the evolution in seasonal cluster
frequencies increased slightly between 1850 and 2003.

Conclusions
The purpose of the study was to classify the synoptic sequences at different atmospheric levels associated with excess
mortality due to temperature during the summer season in the
Barcelona metropolitan area, using PSPA. The sequence
length was calculated using the CCF, applied to the residuals
obtained from the modelling of the daily minimum temperature and mortality series, by means of an ARIMA model,
taking into account significant lag times, i.e., those above
the 95 % confidence level. The results presented positive
correlation coefficients, indicating that higher temperatures
result in increased mortality. A 7-day sequence emerged as
the basic temporal unit for evaluating the synoptic background
influencing excess mortality due to heat in the Barcelona
metropolitan area.
PSPA was applied to 7-day sequences following a sequence
key (D) defined by the days on which the daily mortality in the
Barcelona metropolitan area exceeded the 95th percentile. The
analysis identified three main patterns with a general synoptic
configuration characterized by the presence of negative anomalies over the Atlantic at the three atmospheric levels analysed,
with southerly flows in the lower levels of the atmosphere that
transport hot air from North Africa, causing warm air advection over Europe. These three patterns are similar to the two
synoptic modes that have been related to heat waves in
Europe: the Atlantic low pattern and the blocking Pattern.
Synoptic sequence pattern 1, referred to as the North
Atlantic low (NAL), is associated with the Atlantic low pattern. Synoptic sequence pattern 2, referred to as the Central
Atlantic low (CAL), is related to both European patterns:
southern fluxes (Atlantic low) and high pressures over northern Europe (blocking pattern). These two configurations are
dynamic situations produced by southern fluxes and are connected with the heat waves recorded in the Iberian Peninsula.
Synoptic sequence pattern 3 is associated with a blocking
situation (BL) and is identified by a stagnation configuration
associated with the persistence of a high-pressure system over
Europe. This pattern is related to the heat waves recorded in
northern and central western Europe.
In consequence, the excess mortality recorded in the
Barcelona metropolitan area during the summer months can
be related to atmospheric conditions that produce extremely
high temperatures, involving synoptic patterns that cause heat
waves both in southern and central Europe (Atlantic low
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pattern) and in northern and western Europe (blocking
pattern).
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