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Abstract

Aside from climatic factors, the impact of heat waves on mortality depends on the demographic and socio-economic structure of
the population as well as variables relating to local housing. Hence, this study’s main aim was to ascertain whether there might be
a differential impact of heat waves on daily mortality by area of residence. The study is a time-series analysis (2000-2009) of
daily mortality and minimum and maximum daily temperatures (°C) in five geographical areas of the Madrid region. The impact
of such waves on heat-related mortality due to natural causes (ICD-10: A00- R99), circulatory causes (ICD-10: 100-199) and
respiratory causes (ICD-10: J00-J99) was obtained by calculating the relative risk (RR) and attributable risk (AR), using GLM
models with the Poisson link and controlling for trend, seasonalities and the autoregressive nature of the series. Furthermore, we
also evaluated other external variables, such as the percentage of the population aged over 65 years and the percentage of old
housing. No heat-related mortality threshold temperature with statistical significance was detected in the northern and eastern
areas. While the threshold temperatures in the central and southern areas were very similar and close to the 90th percentile, the
threshold in the western area corresponded to the 97th percentile. Attributable mortality proved to be highest in the central area
with 85 heat wave-related deaths per annum. External factors found to influence the impact of heat on mortality in Madrid were
the size of the population aged over 65 years and the age of residential housing. Demographic structure and the percentage of old
housing play a key role in modulating the impact of heat waves. This study concludes that the areas in which heat acts earliest are
those having a higher degree of population ageing.
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Introduction

Globally, the planet’s temperature has risen by 0.60 °C over the
course of the twentieth century. (Nicholls and Lavery 1996). In
2003, record maximum temperatures were registered across
Europe (Schér et al. 2004; Diaz et al. 2005; Martinez et al.
2004), which coincided with episodes of high pollution and
posed a serious threat to the population at risk (Lee and
Sheridan 2018)—fundamentally the age segment over 65 years
(Diaz and Linares 2008; Takeda et al. 2016; Ma et al. 2017; Diaz
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etal. 2002; Jimenez et al. 2011)—causing an increase in mortality
of historic proportions (Robine et al. 2008,Martinez et al. 2004).

Aside from factors of a purely climatic nature, the impact of
heat on mortality is modulated by socio-economic, demograph-
ic, environmental and temperature-adaptation variables
(Alberdi et al. 1998; Barrett 2015; Khaw 1995; Gosling et al.
2009; Konkel 2014; Guo et al. 2014). Moreover, these factors
are not static but, like extreme temperatures and heat waves in
particular, tend to vary over time. In this respect, an increase is
expected in the frequency and intensity of future heat waves,
boosted by the heat island effect, with intense effects in south-
em Europe (IPCC 2013, Fernandez et al. 2016, Li et al. 2015,
Linares et al. 2017, Santos and de Lara 2008), accompanied by
a prolongation of summer months and a late, abrupt onset of
winter (Brunetti et al. 2000; WHO 2008; Byford 2014).

In the face of an increase in extreme meteorological phenom-
ena, adaptation strategies are clearly crucial in minimising the
health impact of heat waves; and in the context of such adapta-
tion strategies, heat wave prevention plans are showing them-
selves to be effective (Diaz et al. 2018; Mayrhuber et al. 2018).
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The heat wave prevention plan currently in force in Spain
takes these differences into account at a provincial level, by
calculating the temperature above which a heat wave is defined
for each province (Diaz et al. 2015a, b), rather than assuming a
constant percentile across the board. Despite this significant
advance, however, there are different climatic regions within
each province, something that calls for the implementation of
prevention plans on a scale that is smaller than the provincial,
an example being the plan proposed for Madrid (Carmona et al.
2017), based on the definition of existing different isoclimatic
areas. Evidently, it is not the climatic component alone which
must be considered. Extreme-temperature adaptation strategies
must be pursued at a local level. Factors such as the existence of
adequate home infrastructures (Sanz et al. 2016; Bittner et al.
2014), green areas (Xu et al. 2013), energy poverty, income
level (Sanz et al. 2016) and even the intensity of the heat island
effect (Wilby et al. 2011) can modify the impact of high tem-
peratures on daily mortality.

This study was thus an exploratory, ecological, retrospec-
tive study, whose main aim was to ascertain whether there
might be a different mortality behaviour pattern between sur-
rounding towns and the city centre in response to extremely
high-temperature events.

Material and methods

Determination of geographical areas and dependent
and independent variables

The study included towns situated within a radius of 30 km.
from the Puerta de Sol (Madrid city centre) having a popula-
tion of 10,000 inhabitants or more. These towns were classi-
fied by compass bearing into five groups, ‘north’, ‘south’,
‘east’ and ‘west’, with the fifth group, “centre”, being made
up of the city of Madrid (Fig. 1).

For each of the towns making up the respective groups, we
took daily mortality recorded from 1 January 2000 to 31
December 2009 as the dependent variable. This information
was obtained from microfiches containing death data supplied
under a data-loan agreement by the National Statistics Institute
(Instituto Nacional de Estadistica/INE) to the Carlos III
Institute of Health (Instituto de Salud Carlos III) (INE, 2018a,
b). Mortality was classified for each group according to the
International Classification of Diseases, 10th Revision (ICD-
10) as follows: deaths due to natural causes (ICD-10: A00-
R99), and within these, deaths due to respiratory causes (ICD-
10: J00-J99) and cardiovascular causes (ICD-10: 100-199).

The independent variables were the minimum and maxi-
mum daily temperature series, as measured at the observato-
ries of Tres Cantos (north), Barajas (east), Getafe (south),
Cuatro Vientos (west) and Retiro (centre). The observatories
representative of the respective areas were identified and the
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minimum and maximum daily temperature series were
furnished by the State Meteorological Agency (Agencia
Estatal de Meteorologia/AEMET).

Determination of daily mortality trigger threshold
temperatures

We determined the heat-related mortality threshold tempera-
ture (Tyresnola) fOr each area, since this represents the temper-
ature above which there is a statistically significant increase in
temperature-related mortality. This threshold was determined
with the aid of scatterplot diagrams showing mortality resid-
uals and minimum and maximum daily temperatures (grouped
by intervals). The residuals were obtained using ARIMA
modelling of the daily mortality series in each group (Kent
et al. 2014; Montero et al. 2010; Mir6n et al. 2006; Diaz et al.
2015a, b; Sanchez-Martinez et al. 2018).

Based on this Tiyreshold, for each group, we calculated the
variable T}, Which takes into account the fact that mini-
mum and maximum daily temperature differ from Tipesnola
in the following way in the case of the maximum (Diaz
et al. 2015b):

Theat = 0 si T'max < Tihreshold

T heat = T max_T threshold siT max > T threshold -

The advantage of calculating the T eshola for each
group is that, in addition to purely climatic factors, it also
includes factors of a local nature. Furthermore, such a
Tthresholda Will correspond to different percentiles of the
minimum and maximum daily temperature series at each
group’s designated observatory, and will thus be the right
temperature for ascertaining precisely when to define the
impact of a heat wave in any given area.

It is well known that the effect of heat may manifest itself
after some time has passed (Li et al. 2015), with the ability to
affect cardiovascular-cause mortality at a lag of as much as
3 days, and up to 5 days in the case of respiratory diseases
(Alberdi and Diaz 1997). We therefore included the lagged
variables Theat1, Theat2, Theat3, Theat4 and Theat5 for each
of the two definitions of Tireshold-

Modelling process

To quantify the impact of heat waves on daily mortality due to
natural, circulatory and respiratory causes, generalised linear
models (GLMs) with the Poisson link were fitted for each
Tihreshola Value in each group for the period from May to June,
with the T, variables being introduced at the corresponding
lags. The trend was controlled for by introducing a count vari-
able denominated nl, and defined as nl1 =1 for the first day of
the series, nl =2 for the second and so on. We controlled for
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Fig. 1 Location meteorological
observatories, according to zones,
used in the study
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seasonalities by introducing sine and cosine functions with four-
and three-monthly periodicities. Similarly, the autoregressive
nature of the series was controlled for by including first-order
autoregressive parameters in the various models.

To obtain the final models, we used the backward stepwise
method, retaining all variables with a p value <0.05, and to
select the final model, the Akaike and Bayesian information
criteria were also applied.

Lastly, the relative risks (RRs) were calculated using the
significant values of the relevant 7, estimators.

Calculation of attributable mortality

Attributable mortality was calculated on the basis of the percent-
age of attributable risk (AR), i.e. the estimated proportion of
mortality which, for any given degree, is related to exposure to
Theat (Coughlin et al. 1996), and which is in turn is related to the
RR via the following expression (Coste and Spira 1991):

AR% = (RR-1) x 100/RR

Heat wave-related mortality throughout the period was cal-
culated as proposed by Tobias et al. 2015, namely, by multi-
plying the AR by total mortality broken down by group, and
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dividing this by 100. This figure is then divided by 10, the
number of years covered by the time series, to obtain the heat
wave-related mortality corresponding to an annual value.

Analysis of non-climatic variables

In addition, we analysed the population at risk and the age
of housing, i.e. predating 1980, to observe the existence of
patterns concordant with the threshold temperatures detect-
ed. The percentage of the population at risk was calculated
on the basis of data on the population segment aged over
65 years (INE 2018a, b) and the total population by town
(INE 2014). The percentage of old housing was calculated
using records with a breakdown by date of statistics on
housing conditions drawn up by the Madrid Regional
Statistics Institute (Instituto Regional de Estadistica
2006). To observe differences between groups, we used
Generalised Linear Mixed Models (GLMMs) that included
random effects associated with towns, taking the percent-
age of the population at risk and old housing as the depen-
dent variable, and the group to which the town was
assigned as the independent variable.

All analyses were performed using the SPSS 13 time-series
package, Stata 15 and R.
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Results

Table 1 shows the descriptive values of the variables used. In
general, all areas were climatically very similar. Closer exam-
ination shows that the maximum daily temperatures were less
extreme in Madrid than on the city outskirts, i.e. at least 1°
lower for the third quartile and 2° lower for the maximum
values. In contrast, minimum daily temperatures were some-
what warmer in central Madrid than in towns in the remaining
groups, with mean temperatures in the centre being 0.6° to
2.2 °C warmer than in the outlying areas.

Furthermore, the central area registered a mean of 53 to 64
deaths more per day than did the outskirts, 4 to 9 persons more
in the case of respiratory-cause mortality, and 14 to 17 more in
the case of circulatory-cause mortality.

By way of example, Fig. 2 shows the scatterplot diagrams
plotted with the maximum daily temperatures for the central,
southern and western areas, the only ones in which this thresh-
old temperature could be ascertained. If the minimum instead
of the maximum daily temperature is used, the results are very
similar, except in the case of the western area, where the

Table 1 Descriptive statistics of the variables analysed for the summer
months (June—September)

Min. 1Q  Median Mean 3Q Max.
North  Tmaximum 114 252 283 27.7  31.0 36.7
Tminimum 4.8 132 159 156 184 239
Natural 0 1 2 2 3 9
Respiratory 0 0 0 0 0 3
Circulatory 0 0 0 1 1 5

East Tmaximum 14.5 287 319 314 346 40.7
Tminimum 4.5 133 15.6 15.4 17.8 248

Natural 0 3 5 5 6 13
Respiratory 0 0 1 1 1 5
Circulatory 0 0 1 1 2 7
South  Tmaximum 144 284 31.6 31.0 342 406
Tminimum 54 154 180 17.5 19.8 254
Natural 2 10 13 13 15 29
Respiratory 0 1 1 2 2 7
Circulatory 0 2 3 4 5 10

West Tmaximum 14.7 284 31.6 31.1 344  40.6
Tminimum 5.6 150 174 17.0 19.4 255

Natural 0 2 3 3 4 13
Respiratory 0 0 0 0 1 4
Circulatory 0 0 1 1 2 7
Centre Tmaximum 13.7 273 305 299 331 386
Tminimum 7.4 156 179 176 20.0 25.0
Natural 38 59 65 66 72 105
Respiratory 1 7 9 9 11 29
Circulatory 6 15 18 18 21 37
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threshold temperature could only be determined using the
maximum, but not the minimum, daily temperature. These
threshold temperatures and the percentiles to which they cor-
respond in the minimum and maximum daily temperature
series are shown in Table 2.

Table 3 shows the impact of heat waves by reference to RR,
AR and annual heat wave-related mortality. Although there
were no significant differences in RRs between areas experienc-
ing the effect of heat on mortality, the highest relative risks were
registered for the west, namely, the area that had a threshold
temperature corresponding to the highest percentile. These RRs
corresponded to ARs of 19.09% (5.34-30.84) for the western
area, 8.66% (1.45-15.34) for the central area and 13.65%
(3.37-22.84) for the southern area. Heat-related mortality was
higher in the centre and south, which are the most densely
populated areas. Despite the similarity of the RRs for the two
specific causes considered, heat-related mortality was neverthe-
less greater for circulatory than for respiratory causes.

The descriptive statistics of the external variables considered
(Table 4) show that the centre had a mean of 10 to 12% more
over-65-year-olds than did the outlying areas. Among the
groups of outlying towns, it was the south that had the most
aged population (mean of 9%), with persons over the age of 65
accounting for 12 to 13% of the population in towns having
most persons at risk. Lying at the opposite extreme was the
eastern area, with a mean over-65 population of 7%. Insofar
as the age of housing was concerned, the outskirts had approx-
imately 30% fewer pre-1980 dwellings than did the centre, with
the west of Madrid being the area with the lowest mean stock of
old housing (30.8%), and the south being the area with towns
having the highest stocks of such housing (40.8 to 52.6%).

Table 5 shows the results of the GLM models with random
effects, fitted for the percentage of population at risk and the
percentage of old housing. In the former case, significant dif-
ferences were found between the over-65-year-olds in the
northern versus the southern and central areas; in the latter
case, significant differences were found between the age of
housing in the northern and central areas.

Discussion

As will be seen from Table 1, at the upper extreme of the
maximum daily temperatures for Madrid city centre, temper-
atures are reached that are generally less elevated than those
on the city outskirts. When it comes to minimum daily tem-
peratures, however, the temperature in the central area of
Madrid is higher than that in the remaining areas, a finding
that goes to ratify the fact that, in cities, the heat-island effect
(Milojevic et al. 2016) is to be found in the minimum rather
than the maximum daily temperatures (Wilby et al. 2011).
Moreover, this heat-island effect is less pronounced than that
reported by other studies for the city of Madrid (Fernandez
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Fig. 2 Scatter-plot to calculate the threshold temperature according to zone
Table 2 Daily mortality threshold
temperatures and their respective Area Threshold temperature Threshold percentile Threshold temperature Threshold
percentiles according to Tmin (°C) Tmin Tmax (°C) percentile 7max
maximum daily temperature
(Tmax) and minimum daily North * * * *
temperature (7min), by East * * * *
geographical area analysed South 20 775 36 88.9
West * * 38 97.6
Centre 22 933 35 89.9

*Indicates that there was no statistically significant threshold temperature
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Table 3 Relative risks (RR),

attributable risks (AR) and attrib- Percentile  Area Cause of mortality ~ RR (95% CI) AR (95% CI) Attributable mortality
utable mortality by area and per- (95% CI)
centile of heat wave threshold
temperatures, in the summer Respiratory 1.12(1.03 1.21)  10.33(2.5317.50) 3(15)
months from 1 January 2000 to 31 Circulatory 110 (1.04 1.17) 922 (3.66 14.46)  5(29)
December 2009
97.5th West Natural 1.24 (1.06 1.45)  19.09 (5.3430.84) 1(02)
Respiratory * * *
Circulatory * #* *
89.9th Centre  Natural 1.09 (1.01 1.18)  8.66 (1.4515.34) 85 (14151)
Respiratory 1.07 (0.99 1.16)  6.96 (—0.7 14.05) 9 (0 19)
Circulatory 1.10(1.03 1.16)  8.81 (3.30 14.00) 24 (9 38)

*Indicates that heat had no statistically significant effect on mortality

et al. 2016). The fact that the contrast between temperatures is
not any greater is due to the fact that all the observatories and
towns included in this study were urban in nature (Consejeria
de Medio Ambiente de la CM 2006), whereas this effect has
traditionally been described in comparisons between urban
and outlying rural areas (Fernandez et al. 2016).

Table 2 shows that, whereas no temperature threshold was
detected in the western area when the minimum daily tempera-
ture was considered, it was detected when the maximum daily
temperature was used. This would indicate that maximum daily
temperatures are more closely linked to heat-related mortality
phenomena (Diaz et al. 2015b), and would account for the fact
that they enabled Tieshola to be detected in one more group than
did minimum daily temperatures. These results are in line with
those obtained by Guo et al. 2017 in a study covering 400 cities
in 19 countries, according to which mean or maximum daily
temperatures are better indicators than minimum daily tempera-
ture for evaluating the impact of heat on daily mortality.

The values of these threshold temperatures agree with those
obtained in the isoclimatic zoning performed by previous stud-
ies for the entire province of Madrid (Carmona et al. 2017). The
differences observed with respect to Carmona’s study are due to
the different areas considered and to the different location of the
temperature-monitoring observatories.

With respect to the relative risks shown in Table 3, it should
be noted that the differences among them are not statistically
significant, though the highest RRs were found in the west, an
arca where the threshold temperature of 38 °C corresponded to
the 97.5th percentile of the maximum daily temperature series.
This finding is in line with what has been reported by other
studies in Spain, in which high percentiles of the mortality
threshold temperature are associated with high RRs (Diaz
et al. 2015b). The higher mortality attributable to the city centre
is due to the fact that it is here where daily mortality is highest.

As for the specific causes of mortality, in accordance with
the relative risks, the impact of heat proved to be similar for
both causes of mortality considered, a result that agrees with
those obtained by other studies undertaken in Madrid (Alberdi
et al. 1998; Diaz et al. 2002, 2015b). As can be seen yet again
in Table 1, daily mortality due to circulatory causes is higher
than that due to respiratory causes, leading by extension to
heat-related mortality being higher for circulatory causes.

On analysing the Tiesholq Values and their percentiles in
Table 2 along with the results yielded by the analysis of non-
climatic variables in Table 4, a pattern emerges which helps one
understand how the impact of heat waves is being modulated in
the centre and outskirts of Madrid. One of the factors responsible
is the population aged over 65 years, which is the group most

Table 4 Population aged over

65 years, by geographical area, Variable Area Min. 1Q Median Mean 3Q Max
and percentage of pre-1980

housing Percentage of population North 0.06 0.06 0.08 0.08 0.09 0.11

at risk East 0.04 0.07 0.08 0.07 0.08 0.10

South 0.04 0.06 0.09 0.09 0.12 0.13

West 0.06 0.06 0.07 0.08 0.08 0.10

Centre 0.19 0.19 0.19 0.19 0.19 0.19

Percentage of pre-1980 North 4.9 314 354 319 38.1 44.5

housing East 6.6 304 316 311 369 419

South 6.8 25.5 34.5 31.6 40.8 52.6

West 18.0 24.8 28.8 30.8 39.1 46.1

Centre 65.1 65.1 65.1 65.1 65.1 65.1
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Table 5 Results of models for the
population aged over 65 years and

age of housing

Dependent variable Independent variables Estimator SD p value
Percentage of population North 0.078333 0.002206 0.0000
aged > 65 years East —0.004576 0.002994 0.1264
South 0.009219 0.003675 0.0121
West —0.002591 0.002769 0.3495

Centre 0.112778 0.002455 0.000

Percentage of pre-1980 North 31.940 4.555 0.000

housing East ~0.893 5.624 0.874

South —0.346 6.026 0.954

West -1.186 5.634 0.833

Centre 33.140 4.555 0.000

sensitive to the effects of heat (Takeda et al. 2016; Ma et al.
2017; Diaz et al. 2002; Jimenez et al. 2011; Montero et al.
2012; Diaz et al. 2015b). Table 2 shows that the areas where
the threshold temperatures lie in the lowest percentiles (south
and centre}—under the 90th percentile in both cases (88.9th and
89.9th respectively)—are where the population at risk is signif-
icantly larger than in the northern area of Madrid (Table 5). The
fact that these populations comprise a great proportion of the
populace sensitive to heat waves means that the temperatures
required for observing a statistically significant mortality thresh-
old are lower.

Moreover, these factors converge in the city centre, the area
having the single greatest component of old housing, a feature
that makes it significantly different from the northern area.
Although significant differences are not observed between
outlying areas vis-a-vis the north, the descriptive analysis
nonetheless shows that the outlying towns possessing stocks
of the oldest housing are to be found to the south of Madrid.
The relevance of this lies in the fact that the degree of home
conservation, housing-material quality, thermal insulation and
air conditioning and heating systems have been shown to play
a pivotal role in modulating the effects of heat and cold waves
(Sanz et al. 2016; Bittner et al. 2014).

By virtue of its being an ecological study, one of this
study’s limitations is that the results are only valid at a popu-
lation level (ecological fallacy). Similarly, on being a retro-
spective study, these results could currently amount to an un-
derestimate of the real impact of heat waves given the trend in
climate and the impact that the economic crisis might have
had on access to air conditioning systems, home maintenance,
energy poverty or any other of the non-climatic variables that
modulate the impact of heat.

Among the factors that amplify the urban heat island effect
are household characteristics such as the age of buildings, res-
idence in the highest floor of a building, the presence of a
bedroom immediately beneath the roof (due to the concentra-
tion of heat that accumulates during the day and later irradiation
during the night) and lack of good thermal isolation
(Vandentorren et al. 2006). On the other hand, environmental

factors have been found such as proximity to green space, lo-
cations with water or the coast that mitigate the impact of heat
waves in urban places (after these variables are adjusted for
socio-economic factors) (Burkart et al. 2016). Combatting the
effects of heat islands in cities means adopting measures and
adaptation strategies, including increasing plant coverage inside
cities, increasing water covers and using fresh pavements.

In addition, this study is affected by the problem of discor-
dance between the geographical situation of the AEMET ob-
servatories and the areas where the impact of temperature was
analysed. Although relative humidity and atmospheric pres-
sure are known to modulate the effect of heat, these were not
controlled for, in view of their insignificant influence on the
temperature-mortality relationship reported by previous stud-
ies (Mirdn et al. 2006; Roldan et al. 2011). The lack of data
made it impossible to control for heat wave impact due to non-
climatic variables, such as socio-economic data or lifestyle.
Furthermore, no adjustment was made for sex or age range,
both of which could play an effect-modifier role (Vodonos
et al. 2015; Barcelo et al. 2016; Diaz et al. 2006).

In this study air pollution levels were not taken into account
because validated data were not available at this level of spatial
disaggregation. There have been few studies that address the
issue of synergy between meteorology and pollution and the
effects on health. Among the reported studies, most have inves-
tigated hot weather rather than cold weather. Some studies have
reported effects of temperature modified by pollutants, and
some have reported effects of pollutants modified by tempera-
ture. However, although the interaction was the same in statis-
tical terms, the results reported did not always allow compari-
sons of the magnitude of effects. Sartor et al. (Sartor et al. 1997)
and Diaz et al. (Diaz et al. 2002) reported synergy with ozone;
Parodi et al.(Parodi et al. 2005) and Ren et al. (Ren et al. 2006)
also reported synergy between temperature and ozone exposure
for effects on cardiovascular mortality. In a study in Germany,
Breitner et al. reported effect modification in the temperature—
mortality association by O; (Breitner et al. 2014).

However, the values of the ARs obtained in this study with
a heat wave definition based on threshold temperature are very
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similar to those obtained for the province of Madrid in a study
which was conducted for Spain as a whole (Diaz et al. 2015a)
with an AR of 6.7%, and did take air pollution into account.
This is in line with other studies which indicate that the fact of
taking or not taking air pollution into account in temperature-
mortality models does not change the trend in the results
found (Bobb et al. 2014; Carson et al. 2006). That said, how-
ever, the use of minimum daily temperature obtained at a
single observatory as an indicator of exposure for the entire
province poses a bias which will have to be considered in
future research (Carmona et al. 2017).

Strategies for combating climate change must be de-
signed from a stance of mitigation and adaptation. The
level of adaptation to heat waves is explained in large part
by six levels of intervention of adaptation, which include
individual, interpersonal, community, institutional, envi-
ronmental and public policy levels as can be observed in
the figure below. These adaptation interventions are capa-
ble of changing human physiology and behaviour and
affect the impact of high temperatures. The details of this
process are complex and not fully understood, but they
include changes in physiology (for example, increases in
central temperature), behaviour changes (for example,
time spent in fresh air, clothing, physical activity, healthy
lifestyles), improvements in health services and environ-
mental improvements (for example, thermal properties
and the nature of the built environment, including build-
ing design and city planning) (Guo et al. 2018).

This study highlights the fact that in adaptation strategies,
local factors play a highly important role which can effectively
modulate the impact of heat on mortality.
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