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Abstract. This paper examines the effect of extreme sum-Key words. Meteorology and atmosphere dynamics (Mete-
mer temperatures on daily mortality in two large cities of orology and atmosphere dynamics)
Iberia: Lisbon (Portugal) and Madrid (Spain). Daily mortal-
ity and meteorological variables are analysed using the same
methodology based on Box-Jenkins models. Results reved |niroduction
that in both cases there is a triggering effect on mortality
when maximum daily temperature exceeds a given threshol@lassically, mortality has been considered as an indicator of
(34 Cin Lisbon and 36C in Madrid). The impact of most population health. Various studies in different countries in-
intense heat events is very similar for both cities, with signifi- dicate seasonal behaviour of daily mortality as a function
cant mortality values occurring up to 3 days after the temper-of diverse environmental variables, especially temperature
ature threshold has been surpassed. This impact is measur@dontero et al., 1997; Alberdi et al., 1998; Keatinge et al.,
as the percentual increase of mortality associated taani- 2000), in a V-shape relationship (Kunst et al., 1998e5et
crease above the threshold temperature. In this respect, Lis., 1995). When specific causes of mortality are taken into
bon shows a higher impact, 31%, as compared with Madridaccount it is found that increased winter and summer mor-
at 21%. The difference can be attributed to demographic andality are mostly due to cardiovascular diseases, especially in
socio-economic factors. Furthermore, the longer life span ofthe elderly (Pan et al., 1995; Alberdi andeR, 1997). This is
Iberian women is critical to explain why, in both cities, fe- coherent with the underlying biological mechanisms (Pan et
males are more susceptible than males to heat effects, withl., 1995), which show that thermal susceptibility increases
an almost double mortality impact value. with advancing age. Reduced thermoregulatory responses
The analysis of Sea Level Pressure (SLP), 500 hPa geop@nd less sensitive thermal perception may blunt thermoreg-
tential height and temperature fields reveals that, despite beslatory behaviour during heat stress, which might in turn ag-
ing relatively close to each other, Lisbon and Madrid havegravate cardiovascular disease risks factors and trigger events
relatively different synoptic circulation anomalies associatedsuch as thrombosis, strokes or Cardio Vascular Accidents.
with their respective extreme summer temperature days. Thdluch interest has been focused on the study of the health
SLP field reveals higher anomalies for Lisbon, but extend-impact produced by extreme temperature events. Thus, in
ing over a smaller area. Extreme values in Madrid seem tgecent years there have been an increasing number of studies
require a more western location of the Azores High, embrac-dealing with the mortality associated with intense heat events
ing a greater area over Europe, even if it is not as deep as fofe.g. Smoyer (1998), Nakai et al., 1999; Ungar (1999); Des-
Lisbon. The origin of the hot and dry air masses that usuallysai (2002); Daz et al., 2002a, 2002b; Davis et al., 2003).
lead to extreme heat days in both cities is located in NortherrReaders looking for an updated review of methodologies and
Africa. However, while Madrid maxima require wind blow- results are referred to Laschewski and Jendritzky (2002) and
ing directly from the south, transporting heat from South- to Koppe et al., 2004. Results obtained by most of these au-
ern Spain and Northern Africa, Lisbon maxima occur underthors agree on two key issues: a) the heat impact occurs at
more easterly conditions, when Northern African air flows very short term, with the increased mortality lagging the heat
over the central Iberian plateau, which had been previouslywvave by 1 to 3 days, b) people older than 65 are the most
heated. sensitive to extreme heat wave episodes.
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Global mean temperature has risen around GQ.6ver the The characterization of the synoptic patterns involved in
last 100 years (IPCC 2001) and this increase has been sharptite occurrence of mortality events is especially relevant be-
over the continents and milder over the oceans. Furthereause atmospheric circulation indices at the synoptic scale
more, over most continental landmasses, this warming haare nowadays well reproduced by regional circulation mod-
been asymmetrical, with trends of minimum night tempera-els and thus can be satisfactory used as forecast tools. In
ture being consistently of a higher magnitude than the trendsact, an adequate real-time forecasting scheme, either sta-
of daily maximum temperature (Karl et al., 1993). A re- tistical or dynamical in nature, is the most useful tool to
cent pan-European project (European Climate Assessmenprevent the increased health risks of extreme heat episodes.
ECA) has shown evidence of changes in the frequency of exHowever, the role of local meteorological factors (e.g. sea
treme temperatures during the second part of the 20th Cerbreezes, topography, nearby lakes or mountains) is far from
tury (Klein-Tank et al., 2002; Frich et al., 2002). Results being completely understood, thus a better understanding of
obtained for the Iberian Peninsula confirm a steep increas¢hese factors could yield the development of better downscal-
of the minimum temperature and a smaller but, neverthelessng schemes which would provide an increment on the qual-
important raise of the maximum temperature (Santos et al.ity of forecasts.

2002). Furthermore, the concentration of population in large  The main aims of this paper are twofold: a) to examine the
urban areas such as Lisbon and Madrid, with its urban heagffect of Extremely Hot Days (EHD) on mortality in Lisbon
island effect, is likely to further exacerbate the health impactand Madrid, and b) to characterize the meteorological factors
of such temperature increases. Climate change communitshat lead to an increase in summer heat-related mortality for
awareness to changes of summer heatwaves gained particbeth Iberian cities. Previous studies for Iberia have analysed
lar “momentum” with the catastrophic heatwave observed inthe association between mortality and extreme temperatures
the summer of 2003 in Europe. While the whole summerin both cities, but with different methodologies; Box-Jenkins
of 2003 was characterised by warm weather throughout Eufor Madrid (Diaz et al., 2002a) and a simple empirical model
rope (Luterbacher et al., 2004; Sotet al., 2004), it was the  for Lisbon, (Dessai, 2002). This precluded a direct compari-
relatively short-lived heatwave that occurred during the firstson of the results. The simultaneous analysis presented here
fortnight of August 2003 that had a major impact in exces- should be beneficial to detect the differences due to the local
sive mortality rates throughout western Europe, particularlymeteorology and social variables, by using the same method-
in France (Grynszpan, 2004). ology applied to similar meteorological and mortality series.

Lisbon, the capital of Portugal (10.4 million inhabitants), Furthermore, it should be stressed that none of the previously
is located at the mouth of the Tagus River, and its metropoli-mentioned works has analysed the synoptic atmospheric cir-
tan area encloses approximately 2 million people; its climateculation characteristics that led to an EHD in Lisbon. On the
is usually mild in the winter and warm in the summer, modu- other hand, the only work that has looked at atmospheric cir-
lated by the nearby presence of the Atlantic Ocean. Madrid issulation leading to EHD in Madrid (Gaiz et al., 2002) lacks
the capital of Spain (40 million inhabitants) and is located atthe comprehensive multivariable approach presented here.
the very center of the Iberian Peninsula. Madrid’'s metropoli-  Data and the methodology are briefly introduced in Sect. 2.
tan area encloses approximately 3 million people and its cli-Then, Sect. 3 characterises the health impact of EHDs in both
mate is more continental than Lisbon, with frequent hot sum-Madrid and Lisbon using a Box-Jenkins methodology. Sec-
mer days and cold winter nights. tion 4 describes in great detail the similarities and the dif-

Most of the previously mentioned studies analyse theferences of the atmospheric synoptic patterns responsible for
temperature-mortality relationship through the application of EHD in Lisbon and Madrid. Finally, a discussion and some
different statistical models. However, few of these works in- conclusions are outlined in Sect. 5.
vestigate in depth the atmospheric large-scale circulation that
leads to such extreme conditions over specific regions of the
globe. In recent years, one of the most promising method?2 Data and methods
ologies has focused on the establishment of robust links be-
tween different air-mass types or atmospheric weather situAmong the different methodologies available to evaluate the
ations, and the associated effects on human health at a lochkalth impact of environmental variables, two techniques
or regional scale. Most applications were developed for sitestand out as those most commonly used: generalised addi-
located in the USA (Kalkstein, 1991; Kalkstein and Smoyer, tive models (Kelsall et al., 1997) and Box-Jenkins models
1993; Greene and Kalkstein, 1996), including a warning sys{Box et al., 1994). A recent study shows that both of them
tem for the Philadelphia area (Kalkstein et al., 1996). Similarproduce similar results when the considered populations fol-
approaches have now been adapted to other regions, such sv normal distributions (Tolas et al., 2001). Box-Jenkins
England (McGregor et al., 1999) and Australia (Guest et al.,or ARIMA models present the additional advantage that they
1999). Previous work for the Iberian Peninsula (Garet  can provide the results expressed as the absolute increase
al., 2002) has looked at specific synoptic conditions leadingof mortality associated with an increase in temperature of
to Extremely Hot Days (EHD) in the area of Madrid, Spain, 1° C. This may be more easily manageable than the relative
revealing that stagnation episodes and southern fluxes are thisks given by the additive models. Basically, these Box-
most relevant patterns. Jenkins or ARIMA models take into account the history of
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the modelled series through autorregresive (AR) and moving 1. sea level pressure (hereafter SLP),
average (MA) terms. The external variables can be intro-
duced linearly at varying lags and dealing with different si-
multaneous effects, thus enabling an effective identification 3. 850 hPa level temperature,
of the individual role associated with each specific predictor.

When analysing the association between extreme tem- 4. Mmaximum and minimum air temperature at 2m (here-
perature and mortality, it must be noted that the mortality ~ after Tmaxand Tmin),
seasonal cycle is probably not associated with temperature g
(Lasheweski and Jendritzky, 2002; Davis et al., 2004). In
order to remove the spurious signal from the seasonal cy- 6. precipitation rate.

cle both series have been fitted to an ARMA model, ARMA It must be remembered that. thouah based on observational
(2,0,2). The residuals have then been correlated at differ- u ' U9 vati

ent time-lags. The significant values, after applying a Chi_data, the reanalysis data is also dependent upon the skill and

square test (Makridakis et al., 1983), will show which mor- reliability of the particular forecast model used. In the case

tality peaks are associated with high temperature events. @: NCEP/NCAR reanalysis, Kalnay et al. (1996) categorise

. L . the reliance on the model of different types of variables.
more detailed description of the methodology followed in According to these authors variables such as SLP. 500 hPa
this paper can be found iniz et al. (1999). Ing u varl u '

Mortality has been computed as the number of daily deathgeomt(:"mi"’II height and 850 hPa temperature correspond_ to
occurring in Madrid and Lisbon between 1986 and 1997observed variables that were analysed by the model, while

from June to September, both inclusive. The considere recipitation _rate IS most dependen?upon the forecast model,
u - . . . thus susceptible to model systematic errors and must be used
causes were “organic” (all mortality causes excluding acci-

dents) included under the codes ICD9 1-799. The residen‘tf}:'th precaution. Nevertheless, it is necessary to bear in mind

) ; ._that all the large-scale atmospheric circulation analyses per-
population of both metropolitan areas has not changed Slg@)rmed in this?:)aperwere basF:ad on the use of anorr?aly c[c))m—

nificantly during these 12 years, so results are represented . . o .
in terms of raw mortality as performed in previous works posnes (mean field removed), thus filtering considerably the

for this two cities (Dessai, 20028z et al., 2002a), since impact of model inadequacies on our results (Trigo et al.,

the interest lies in evaluating the absolute impact. However2004)' I . . .
' The definition of what constitutes an EHD day will avoid

there are no significant differences when we apply the Sam?he use of absolute threshold values, such as the common
methodology to standardised rates (not shown). The mete-, !

definition of any day with Fax>30° C or Tmax>35° C. Here,
HD will be selected on a local basis, taking into account the
emperature-mortality relationships for each city and also the

2. 500 hPa geopotential height,

zonal and meridional wind components at 10 m,

orological variables included in the models are daily max-
imum, minimum and average temperatures. Station-base

meteorological variables were obtained from the Retiro Ob-characteristics of the corresponding localg distribution
servatory in Madrid and from the Instituto Gé&ito D. Luis P 9 a :

in Lisbon. It should be emphasised that both meteorologi—m particular, an EHD will be defined as any day with gak

cal stations are located near the city centres (Table 1) anaalue above the 95 percentile value ghak for that partic-

that these data have been used extensively in several previoéi'slf;ar station (see next section for details). The computation
. L : . . of these 95 thresholds and consequently the EHD sequences
interdisciplinary studies, taking advantage of their long and

consistent records, as well as data control procedures (e.cl;"."lljb?lpgeégor%%i ;W";ﬁ’ tt?e I'rSt tltmlet with the Sh?rt g?h
Dessai 2002; Diaz et al., 2002a). iodo — or the heat-mortality assessment and then

To obtain a comprehensive, multivariable characterisation\év't:otrt]s: Clﬁgf]aecrteﬁggggnoj t%sgai_rtlhgrgnlrfsi;:i]r? l?r:gf\-;giree
of the atmospheric circulation associated with the extreme ynop : 9

temperatures, NCEP/NCAR reanalysis data (Kalnay et al.,n.Ot using a heatwave definition, usually based on the inten-

1996) for the summer season (June and September), for thsélty and/or duration of consecutive number of days above a

period 1958-1997 has been used. In order to identify thecertam threshold. If we had been restricted to only those

) . events with more than three or five days, it would have lim-
most favorable synoptic conditions to EHD, several surface, o >
ynop ited the application of the above-mentioned ARIMA mod-

low- and mid-tropospheric meteorological variables were . . : . o
Posp 9 els. In this sense this work focuses its attention on describing

considered. Anomaly fields of surface or low troposphere ™. :
. : . the impact of higher than usual temperatures, regardless of
climate variables are then computed and interpreted based . .
hether they occur in a sequence or as isolated events. Thus,

on large-scale physical mechanisms, such as the advectivi

anomalous mean flow (characterised by the 500 hPa geopé— € term heatwave will be only employed here whenever our

tential height and the surface wind) or the radiative balancereSUItS are compared with those obtained by other authors

associated with anomalous cloud cover (Trigo et al., 2004).that have effectively used heatwave definition.
Despite the relative small size of Iberia we have opted to ex-

tract a large window (30W—15"E and 30 N—60°N) that 3 Mortality versus extreme temperatures

includes most of Western Europe, part of Northern Africa

and a large sector of the Northern Atlantic ocean. The meteAll the analysis developed in this section is based on data for

orological data used consist of time series of daily values ofithe short period that spans between 1986 and 1997. The as-
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Table 1. Summary of main characteristics of data used from Lisbon and Madrid. Comparison of different variables between Madrid and

Lisbon.
Madrid Lisbon
Population considered (Census of 1991) 3.0 million people 2.0 million people
Latitude/Longitude/Altitude A1’/ 3°67'/665m 3843’ /9°08'/ 77 m
Meteorological Station used Retiro (city center) Instituto de Geofisica D.Luis (city center)
Short Period 1986-1997 1986-1997
Temperature Threshold (95 percentile for short period) 36.4 33.6
Long Period 1958-1997 1958-1997
Temperature Threshold (95 percentile for long period) 35.7 334
Most frequent duration of EHD spells/(Maximum duration)  1-2 days (11 days) 1-2 days (6 days)
Table 2. Temperature impact for both cities.
Madrid Lisbon
Lags with significant correlations  Both genders: 0,1,2,3( maximum effect 1)  Both genders: 0,1,2,3 (maximum effect 1)
Males: 0,1,3 (maximum effect 1) Males: 0,1,2 (maximum effect 1)
Females: 0,1,2,3 (maximum effect 1) Females: 0,1,2,3 (maximum effect 1)
Percentage of increase Both genders: 21,5 % Both genders: 31,3 %
of mortality for 1° C increase Males: 15,9 % Males: 21,7 %
above temperature threshold Females: 27,6 % Females: 40,9 %

sociation between mortality and daily maximum, minimum between extreme temperature and mortality is first character-
and average temperatures was evaluated by applying ARIMAzed through the dispersion diagram, which can be seen in
models. This preliminary analysis allowed for the identifi- Fig. 1. The solid line corresponds to a minsce method, with
cation of daily maximum temperature {3 as the thermal 50% of the points and 3-iteration adjustment, as included in
variable more closely associated with mortality in both cities. the Statistical package SPSS 10.0. (Pardo and Ruiz, 2002).
Minimum temperature also showed a significant association, This diagram represents, in a similar way to that provided
but with lower values than those obtained fapak (—0.17 by Davis et al. (2003), the daily mortality anomalies (com-
vs. —0.12 values for the correlation coefficients betweenputed as a % of the averaged daily value) versus the daily
daily mortality and Tnax and Tmin, respectively) for Madrid.  Tnax Values. It is evident that both cities exhibit a very simi-
Similar values were obtained for Lisbon. Table 2 summa-lar behaviour, with a steeper slope when a certain threshold is
rizes the most relevant results obtained for the associatiosurpassed. A simple visual inspection of Fig. 1 reveals that,
between mortality and extreme temperatures. As in previin both cases, there is a higher effect when maximum daily
ous works for Madrid (az et al., 2002) and Lisbon (Dessai, temperature exceeds a given threshold thaf i€ Bower in
2002), the use of additional meteorological variables (e.g.Lisbon (~34° C) than in Madrid £36° C) due to the prox-
Tmin» Tmax—Tmin, relative humidity) does not add more in- imity of Lisbon to the Atlantic Ocean, as compared with the
formation to the temperature-mortality analysis, possibly ascontinental location of Madrid. Furthermore, for both cities
a consequence of the very high values of cross-covariabilitythe threshold corresponds, roughly, to the 95 percentile of the
between these variables. We have also obtained scatter digkaily maximum temperature series (Table 1) represented by
grams for Ty at Madrid and Lisbon (not shown). However, the vertical line in Fig. 1. Thus, based on these empirical re-
these figures do not indicate any clear threshold. In fact, unsults we have included as an EHD all those days that verify
like Tmax, Only the very upper values of the,h distribu- values of Thax above the 95 percentile threshold, and for the
tion are associated with high mortality. Thus, it seems thatconsidered period. The validity of this threshold is reinforced
Tmin Might play a significant role during particularly severe when total mortality is computed separately for the EHD and
(and rare) heatwaves, but not during those less severe (arfdr the rest of the days (Table 2). Thus, in Madrid average
more frequent) Extreme Hot Days (EHD) events. The factdaily mortality during EHDs is 93.7, while it is only 78.5 for
that the impact of L, is constrained to a limited number the non-EHDs, the difference being significant atQo05 af-

of days could then easily explain why the variablginlis ter a t-test and mostly attributable to women (47.7 vs. 37.5
consistently (Lisbon and Madrid) considered not significantdeaths).

in any of the developed statistical models. The relationship



R. Garéa-Herrera et al.: Extreme summer temperatures in Iberia 243

10 Daily maximum temperature (°C)

130 4 4
5 101 Lisbon 1986-1997. Summer.
.‘_Iﬂ 110 4 200
= 1004 *
X
S ol
=)

80.
5 0
S ©

o
2> 601 Perc 95 % * [t
g = :
€ [
o Qo
S 404 +1L + N [S
c + g
8 %01 . + o+t
J o+ e+ 4 + * +
01 i R T |

18 20 22 24 26 28 30 32 34 36 38 40 4

Maximum temperature (°C)

140
130 4 . .
) Daily maximum temperature (°C)
S 1204
e} .
g 107 Madrid 1986-1997. Summer
. 1004
g 140
< 904
% +
80 4 .
£ 120
70 4
S Perc 95%
> 01 +F » 1007
= >
g 501 + + -g
§ 404 + + S g0
o
+
c J 4 o
g 30 + o ! 8 604
s 204 + o +F + + €
+ + + Tt / S
104+ PR PR S, %{3@ Z
o+ + PR R REC R L +#i#t 40 4
20 22 24 26 28 30 32 34 3Bl 3B 40 4
20 1
Maximum temperature (°C)
OI

Fig. 1. (a) Daily mortality anomalies (anomalies0) versus daily %o %o %0 %o 7o o o o Yo o Vo %o %o %o o
maximum temperatures for Lisbon. The solid line corresponds to
a minsce method with 50% of the points and 3 iterations adjust-Fig. 2. Histograms of summer (JJAS),%, for Lisbon (upper pan-
ment. The corresponding 95 percentilggk value for Lisbon is  nel) and Madrid (lower pannel) for the short 1986-1997 period.
also representedb) Daily mortality anomalies versus daily max-
imum temperatures for Madrid. The solid line corresponds to a
minsce method with 50% of the points and 3 iterations adjustment.
The corresponding 95 percentilgndx value for Madrid is also rep-  more accustomed to temperatures betweerC3and 38 C
resented. than in Lisbon. We believe that the similarity of both curves
in Fig. 1, above the triggering threshold, is very important,
as it could be associated with the intrinsic capacity for pop-
For Lisbon the results are qualitatively similar with 60.0 ulations to accommodate for specific local conditions. The
deaths for EHDs and 50.3 for non-EHDs (difference is sig-increase in deaths above this threshold is associated with a
nificant at p<0.05), women being responsible for 60% of the failure in the thermal acclimation mechanisms (Khaw, 1995).
difference. For this temperature-mortality study the analysisThis effect is also suggested by Fig. 3, which shows the im-
has to be restricted to the 1986—1997 period because thogeact associated with the EHD, depending on their order of
are the years with available data for both Lisbon and Madrid.appearance within a given season. It can be seen that the first
Nevertheless, the nfax distributions are rather different, as event of the season has the highest EHD impact, reflecting
can be seen in Fig. 2. The Madrid distribution is skewed tothe well-known fact (Daz et al., 2002a) that first heat events
the right while Lisbon’s corresponding distribution is skewed in the summer have a greater impact on the more susceptible
to the left. So there is not a simple shift in the same un-individuals. The remaining and healthier population is then
derlying distribution when we move from Lisbon to Madrid. less impacted by the next events. It must be emphasized (not
While the difference, between both cities, in the mean isshown) that the incidence of EHDs occurs mostly as isolated
2.5° C the corresponding difference in the median is muchevents, with the majority of the EHD spells lasting one or

larger, almost 3.7C. Thus people in Madrid are really much two consecutive days (72% in Madrid and 75% in Lisbon).
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50 sociated with a 1C increase above the threshold. Demo-
graphic factors are the main explanation for these figures, as
the longer life span of both Spanish and Portuguese women
implicate for both cities many more women than men. This
is because women older than 65 years are the more suscep-
tible group to pathologies associated with extreme tempera-
tures (Pan et al., 1995; Alberdi and Diaz, 1997). In Lisbon
(Madrid), they account for 7.8% (12.8%) of the total popula-
tion, while men older than 65 years account for just 5.7% in
Lisbon (and 5.0 in Madrid), according to the 1991 census.

*  Madrid

—= 4 Synoptic patterns

o Lisbon

Percent increase of average daily mortality
3

The main purpose of this section is to identify and charac-
Order appearance EHD terize the synoptic patterns associated with summer (JJAS)
] ] ) ] _ EHDin Lisbon and Madrid for the “longer” period that spans
Fig. 3. Dally percent increase above the average mortality for Lis- o yeen 1958 and 1997. Again, the identification of EHD is
pon (dashed) and Madrid (solid) asso.c'a.ted with an EHD, OIeIC)endbased on station data for each city, while the characteriza-
ing on thg EHD order of appearance within the same season, for thﬁon of the typical EHD configuratioyn is achieved with the
short period 1986-1997. NCEP/NCAR reanalysis data set. We use the 40-year period
(1958-1997) of NCEP/NCAR reanalysis of summer data in

2 order to attain more robust results than those we could ob-
201 tain if we had opted for the “short” period (1986-1997) used
2 in the previous section. Despite the lack of mortality data to
T 161 cover this 40-year period, we decided to maintain the thresh-
5 144 old rationale, i.e. that the vast majority of heat-related ex-
S 1 cessive deaths occur above the 95 threshold in both Lisbon
% 104 and Madrid. Thus, the EHD days were selected after com-
- puting the 95 percentile value ofkx for this longer period
S N and for both cities. Although very similar, the 95 triggering
< . threshold for both cities is slightly different from those ob-
B usson tained with the shorter period. The 95 percentile threshold
i' I A0RD for the longer time series corresponds to 3&4or Lisbon
“T1980 1982 1984 1986 1983 1990 1992 1994 1996 1998 and 35.7 C for Madrid. For both cities, an EHD annual se-
1981 1983 1985 1987 1989 1991 1993 1995 1997 ries was generated and these are represented in Fig. 4. It can

be seen that they present a very different evolution, with the
Lisbon series showing higher frequencies in the first part of
Fig. 4. Annual frequencies of EHDs for Lisbon (light columns) and the period, while Madrid shows higher values for the second
Madrid (dark columns) for the longer periods of 1958-1997. part. In fact, the correlation between them is r=0.53, signif-
icant (p<0.05), but not as high as would be expected due to
their proximity. This is also evident when we analyse the
The longest duration observed is 11 days for Madrid and 6value of Ryp (Madrid/Lisbon) that corresponds to the con-
days for Lisbon, for the 11-year period considered (Table 1).ditional probability of an EHD in Lisbon, given that an EHD
The monthly distribution (not shown) shows some has occurred on the same day in Madrid. In fact, the attained
differences, generally EHD spells appear more concentrateslalue for this statistic is justgyp (Madrid/Lisbon)=0.19.
in the peak summer months of July and August in Madrid This value is rather low and suggests a heavy influence of
(90% of the total EHDs) than in Lisbon (75%). For both regional and local factors; the analysis below further illus-
cities, the temperature impact is significant up to 3 days aftetrates this point.
an EHD has occurred, as evident in Table 2, with the maxi- The composite analysis (Figs. 5-8) is based on averages
mum occurring after one day, as would be expected due to thebtained with these sets of 244 cases and their differences to
underlying biological mechanisms (Pan et al., 1995). Morethe summer averages computed with the full 4880 days. We
differences arise when the temperature effect is quantifiechave made an effort to provide simultaneous representation
(last row in Table 2), with Lisbon presenting a higher mortal- of different fields in a way that facilitates the interpretation of
ity impact, which could be attributed to socio-economic fac- climate impact anomalies based on dynamical fields, such as
tors. Interestingly, the impact of EHD is especially relevant those provided by the corresponding 5% composite of SLP,
among women, with almost a 41% mortality increase as-500 hPa geopotential height or the surface wind.

Year
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Top 5% composite Top 5% composite

30

a N -
-30 -25 -20 -15 -10

Fig. 5. Composites of 850 hPa temperature in shaded cofo@y,(of SLP (mb, light curve) and 500 hPa (gpm, bold curve) for the top 5%

of maximum summer temperature (a) Lisbon and(c) Madrid. All data correspond to the longer period between 1958 and 1997. The
corresponding top 5% anomaly composites, after removing the summer average, are repregentasbion and(d) Madrid. The 850 hPa
temperature anomaly field is represented only in those areas where such an anomaly is significant at the 5% level (or 95% confidence level
computed with a two-tailed t-test.

Results are shown in a standard format, i.e. each figurehat ought to be retained in any given situation (Wilks, 1995).
presents composites of different variables for the top 5% ofitis a common procedure to retain all variables until the total
maximum summer temperature in Lisbon and Madrid (pan-explained variance reaches a certain threshold, typically of
els a and c), and the corresponding top 5% anomaly comthe order of 80% or 90%. Another possibility is to retain all
posite after removing the summer average (panel b and dCs which individually account for more variation than the
Climate anomaly fields are represented only in those areaaverage variation in the original data set, i.e. to keep all PCs
where such anomaly is significant at the 5% level (or 95%with corresponding eigenvalues higher than unity (Kaiser's
confidence level) computed with a two-tailed t-test. We tookrule). Such empirical rules are, by their very nature, sub-
into consideration the existence of spatial autocorrelationective and can lead to different interpretations by different
when computing the degrees of freedom (dof), in order to ap-authors (Trigo and Palutikof, 2001). In the present analy-
ply correctly the t-test statistic. Here, dof were defined basedsis an objective rule was applied, based on what is hopefully
on the number of significant PCs retained, for each vari-a more reliable statistical approach. The objective “N rule”
able, after applying a Principal Component Analysis (PCA), divides the total variability into “signal” and “noise” compo-

a statistical tool frequently employed to compute the dof of nents (North et al., 1982; Preisendorfer, 1988). In this analy-
large-scale climatological fields. The PCA was applied tosis only the “signal” components are retained, i.e. those PCs
the correlation matrix of each climatic variable obtained for that are statistically significant at the 5% level. The num-
the entire 40-year period (summer months only) and over théer of PCs obtained that are statistically significant at the
window shown in Figs. 5-8. There is no single criterion that 5% level varies between five and eight, depending on the cli-
can be used to choose the number of principal componentmate variable. However, taking into account the difficulty in
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Fig. 6. Composite of Taxin shaded colour®(C) for (a) Lisbon, andc) Madrid. Contour lines and arrows show, respectively, the associated

SLP (mb) and 10 m height wind (m/s) fields. All data correspond to the longer period between 1958 and 1977. The corresponding top 5%
anomaly composites, after removing the summer average, are represetiigptisbon and(d). The Tmax anomaly field represented only

in those areas where such an anomaly is significant at the 5% level (or 95% confidence level) computed with a two-tailed t-test.

interpreting the synoptic characteristics of the modes aboveion is affected by a strong ridge with the flow presenting an
#5, the number of modes retained for the present study wasnportant meridional component. For Madrid, the anomalies
restricted to the first five PCs for all variables. Itis important are less intense, but extending over a larger area (Fig. 5c).
to mention that the use of empirical rules, such as retainingrhe ridge over lberia shows less sharp contours, but higher
all the modes with eigenvalues above one, implies more PCanomaly values, as suggested in Fig. 5d. It seems that ex-
being retained. Thus, the emphasis of the present section iseme values in Madrid require a more western location of
to characterise climate and dynamical patterns of the synopthe Azores high, embracing a greater area over Europe, even
tic atmospheric circulation which lead to EHD and to assesdf it is not as deep as for Lisbon.
how significantly different these patterns are from summer
climatology. Significant and highly symmetrical temperature anoma-
lies can be seen over Western Iberia, with the maximum
Figure 5 shows that, in Lisbon, the impact of the 5% com- (~6.5> C) on the western coast near Lisbon (Fig. 5b). The
posite on the 850 hPa temperature field is related to the correspatial extent of the 850 hPa temperature anomaly field can
sponding field of SLP and 500 hPa geopotential height. Thebe explained with the corresponding anomalous SLP field
usual summer configuration of the Azores high is enhanced(Fig. 5b). In fact, the SLP anomaly field presents a strong
extending further west and linking with the high pressure positive anomaly north of the Peninsula, with an exten-
system located in Western Mediterranean (Fig. 5a). Moresion into the Western Mediterranean, and a smaller, but
over, while mid-tropospheric circulation, represented by theimportant negative anomaly located between Portugal and
500 hPa geopotential high isolines configuration; at higherMorocco. Both synoptic features contribute to the advection
latitudes presents a zonal-flow configuration, the Iberian re-of warm and dry air from Northern Africa. Interestingly,
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Fig. 7. As Fig. 6 but for Tyin.

the corresponding anomaly field for the 500 hPa geopotentiaspite their small magnitude. On the contrary, the relatively
height only presents the positive anomaly located north of thehigh anomaly value observed in the south-eastern corner of
Peninsula (Fig. 5b). Nevertheless, such a result is consisterihe Peninsula is considered not significantly different from
with the typical summer lows that develop over or near thethe summer average, possibly due to high variability. For
Iberian Peninsula in the summer; most of these lows are verMadrid, Tmax anomalies exhibit a more western location over
shallow and do not develop into the middle/high tropospherecentral Iberia and more extended over North Africa, indicat-
(Trigo et al., 2002). For Madrid, the 850 hPa temperatureing the higher influence on the African conditions on Madrid
anomaly field is, again, slightly more intense and coveringextremes (Fig. 6¢). The anomaly surface wind field is in good
a wider area (Fig. 5d), being located more westwards anggreement with the corresponding SLP anomaly fields, con-
covering most of Iberia. Nevertheless, the key aspects linkfirming the origin of the intense heat advection from North-
ing dynamical mechanisms and associated low tropospherern Africa and across the central Iberian plains towards the
climate anomalies are similar, to those described for Lisbonwestern coast where Lisbon is located (Fig. 6b), or corre-
(Garda et al., 2002). spondingly, a more meridional character, from North Africa

i i < 50 ) and Southern Iberia onto Madrid (Fig. 6d). It is worth noting
As expected, the impact of the Lisbon’s 5% composite 0Ny 4+ the wind anomalies for Madrid are much smaller than

.NCEP Tmax field, although impressive over western _Iberia, those for Lisbon. This is important and confirms that many
is considerably less symmetrical than the one obtal_ned fo'iEHD in Madrid are observed either during weak southerly
the 850 hPa temperatyre. In.fact, theak anomaly field wind conditions or even stagnation episodes (@agt al.,

presents a large maximum higher thahGBover westem  5445) oy the contrary most EHD days in Lisbon are as-
Iberia (Fig. 6a), where the 5% composite temperatures cai,cjateq with relatively strong winds from Spain and an in-
reach 40C (Fig. 6b). Significant dlfferenc-es can be Seen o ification of Azores Anticyclone, including its southward
throughout most of Western Europe extending from southern, ;14 branch. Moreover, both wind fields exhibit some

UK to Morocco. Interestingly, anomaly grids situated Over ,qsirophic nature, responsible for the change in direction
the Atlantic Ocean are also considered to be significant, de-
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Fig. 8. Composite of precipitation rate in shaded colour (mm/day). @drLisbon and(c) Madrid. Contour lines show the associated
temperature rangenfax-Tmin field (° C), at 2-m height. The corresponding top 5% anomaly composites, after removing the summer average,
are represented in b) Lisbon and). The precipitation rate anomaly field is represented only in those areas where such an anomaly is
significant at the 5% level (or 95% confidence level) computed with a two-tailed t-test.

over Iberia from the SE-NW orientation of the SLP field to (mid afternoon) and #in occurs generally before sunrise.
the more zonal E-W orientation for Lisbon and more merid- Thus, during daytime enhanced solar short wave radiation
ional S-N for Madrid. A similar analysis was performed for further enhances the heating effect related to the advection
the minimum temperature {f,) and results are shown in of warm air, while during the night the strong clear sky emis-
Fig. 7. Naturally, all dynamical fields associated with the 5% sion of long wave radiation partially offsets that advection by
composite remain unchanged, in particular, SLP and windcooling the lower troposphere (Trigo et al., 2004). This result
fields represented in Fig. 6. However, the impact g, Ts implies an increase in the surface temperature range during
considerably different from the one described fa{F Not EHD events.
only is the magnitude of the impact smaller (notice the use
of different scales in }hax and Tyin composite and anomaly In fact, the temperature range field for the 5% composite
fie|ds), but also the Spatia| location does Change_ Infagh T reaches more than 2€ in Central Iberia, both for Lisbon
anomalies associated with the 5% composite for both citieind Madrid (Figs. 8a and c). However, it is over Western
are restricted to a smaller region in Southern Iberia (Figs. 7dCentral) Iberia, the same location as th@al maximum,
and d). Only over Northern Morocco is the magnitude of thethat the corresponding temperature range anomalous field
anomaly similar for both ffax and Tmin. It will be shown reaches its maximum value of & for Lisbon (Fig. 8b) and
later that differences betweenndy and Tnin fields during ~ Madrid (Fig. 8d). Thus, we can state that the discrepancy
EHD are associated with anomalously reduced precipitatiorP€tween the impact onrxand Tmin is related to the absence
(Fig. 8) and reduced cloud cover that are so characteristic off cloud cover over Iberia in most of these EHD episodes. If
anticyclonic circulation. that is the case, then it should be possible to associate the
lack of cloud cover with the absence of precipitation that
This important discrepancy between Figs. 6 and 7 is re-also characterises EHD (Figs. 8a and c). In fact, for both
lated to the fact that fhax is registered during daylight time cities, the impact on the precipitation rate is restricted to the
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western European region, from Morocco to Southern Eng-ues for both Fax and Tmin (20° C). However, this double
land, and its magnitude is most important in Northern Spaintemperature threshold heatwave definition does not apply to
and in France, regions where summer precipitation is, on avrelatively close countries, such as Greece, Malta or Turkey.
erage, significant. Finally, this combined analysis on daily The climatological analysis reveals that the patterns gen-
extreme temperatures provides evidence that EHD for theserating EHDs are very similar at synoptic scales, but with
two Iberian cities are characterized by stronger anomalies fodecisive differences at local scale. Thus, small changes in
Tmax than for Tmin. the location of the 500 hPa ridge or in the surface wind
anomalies are the key factors leading to the occurrence of
an EHD in a given city. However, while Madrid maxima
5 Discussion and conclusions require wind blowing directly from the south, transporting
heat from Southern Spain and Northern Africa, Lisbon max-
The use of the same analysis and variables for two differima occur under more easterly conditions, when Northern
ent cities has allowed one to identify the role played by African air flows over the central Iberian plateau, which had
some of the local variables in the association between exbeen previously heated. As evidenced in this paper these
treme meteorological conditions and mortality. This papersmall changes result in significant differences in the annual
reveals that those features that only depend on the underlyffrequency of EHD and in the dating of the EHD within the
ing biology show almost the same values for both cities. Thissame year. For Iberia, the typical air masses that provoke
common pattern can be summarized as followsaxlis the  most excessive deaths are very hot and dry, as they have their
most relevant variable, withnfi, playing a secondary role.  source over the desert and not over the ocean.
When Tnax surpasses a certain threshold, roughly the 95 per- These results can be applied for the real-time forecast of
centile of its local distribution, then the impact on mortality EHDs, since the current operational forecast of maximum
increases dramatically. The triggering effect could be assotemperatures is very accurate for a 1- to 3-day lead time.
ciated with failures in the adaptation mechanisms (CurreiroThus, the forecast of a value above the identified threshold
et al., 2002). This impact extends for up to 3 days after theshould provide enough time to trigger the implementation of
EHD has occurred, while its maximum effect is observed thesuitable prevention mechanisms, such as those recently de-
immediate day after. signed by the French authoritigstip://www.sante.gouv.fy/
Although local factors do not modify this basic pattern, Concern with heat events in Iberia is growing as a con-
it is shown here that they do influence the threshold value sequence of two factors: a) that the average, maximum and
which is highly dependent on location and climatology. In minimum temperature have risen in recent decades, and b)
fact, the triggering threshold differs°Z between coastal that most climate change studies suggest an increase of sum-
Lisbon and land-locked Madrid. Preliminary results for other mer EHD in the Mediterranean region. Climate change re-
important cities of Iberia located in warmer (Seville, Spain) sults should always be analysed with extra caution, due to
and colder (Porto, Portugal) regions present this interestinghe large range of uncertainties involved. Nevertheless, the
characteristic: while their respective 95 percentile vary con-Third Assessment Report of the International Panel on Cli-
siderably, the triggering effect on excessive deaths is similarmate Change (IPCC, 2001) clearly states that it is now widely
We argue that the similarity of the curves above the trigger-accepted that the global average temperature will increase
ing threshold could be associated with the intrinsic capacityover the next 100 years between°lCGland 5.8 C, depend-
for populations to accommodate for specific local conditions,ing on the greenhouse gases emission and associated socio-
as is shown in Naughton et al. (2002). The magnitude of theeconomic scenarios. There is also a generalised consensus
impact also reveals a high dependence on local variables. Ithat this increase will be larger over the continents than over
our case, the shape of the temperature distribution and ththe oceans (IPCC, 2001). Regional scenarios for the Mediter-
greater demographic weight of elderly women explain theranean region indicate a non-constant increase of tempera-
higher temperature impact. tures throughout the year (Trigo and Palutikof, 1999; San-
Our results are within the range obtained in previous stud4os et al., 2002). Noticeably, temperatures in summer should
ies, although a direct comparison is not always easy due teise more than in winter, further increasing the interseasonal
the use of different methodologies. Nevertheless, a recent rezycle amplitude. In particular, results obtained with the re-
view study (WHO, 2004) shows that, for the Mediterraneangional model of the Hadley Centre (forced with the IPCC
area, the threshold values fogdx may vary between 27C GGa2 scenario) for Lisbon indicate a large increase of sum-
for Turkey and 40 C for Malta. The time lag for the impact mer (JJAS) Fax from 28 C to roughly 34 C, with the fre-
on mortality is rather homogeneous, ranging from 1 day orquency of hot days (days withykx above 38 C) increasing
less in places like Malta, the Czech Republic or Serbia, upfrom the current figure of 5 to roughly 50 per year (Santos et
to 3 days in Greece. These values are compatible to thosal., 2002). Using these results, Dessai (2003) has estimated
found in this paper. Interestingly, the role of relative humid- future heat-related mortality for Lisbon. Under all scenarios
ity and Tmin shows a higher variability, thus in Turkey, the and assumptions employed mortality is expected to increase
definition of heat wave includes anlx threshold of 27C, considerably, though acclimatization will reduce the burden.
jointly with relative humidity higher than 40%. Similarly, (See WMO (2004) for a recent update on the different fac-
the heatwave definition for Serbia includes a threshold val-tors al local and global scales which have a significant role
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