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Abstract

Background In line with WHO guidelines for the implementation of public health prevention plans targeted

at the impacts of high temperatures, a heat wave definition temperature (Tthreshold) was calculated for 182 so-
called"isoclimatic zones” (IZ) in Spain. As the dependent variable for determining this Tthreshold, we analysed daily
all-cause mortality data (ICD-10: AO0-R99) for each IZ across the period 2009-2018. The independent variable used
was the mean value of the maximum daily temperature of the summer months recorded at meteorological observa-
tories in each IZ. We used Box—Jenkins models to ascertain mortality anomalies, and scatterplots to link these anoma-
lies to the temperatures at which they occurred, thereby determining the Tthreshold for each IZ. We then calculated
how many heat waves had occurred in each 1Z, as well as their intensity, and analysed their time trend over this
period.

Results The results showed that in 52.5% of the IZ, the percentile of the maximum temperatures series of the sum-
mer months to which Tthreshold corresponded was below the 95th percentile of the meteorological heat wave
definition in Spain: indeed, it only coincided in 30.7% of cases. The geographical distribution of these percentiles
displayed great heterogeneity as a consequence of the local factors that influence the temperature—mortality rela-
tionship. The trend in the number of heat waves analysed indicated an overall increase in Spain at a rate of 3.9 heat
waves per decade, and a similar rise in mean annual intensity of 9.5 °C/decade. These time-trend values were higher
than those yielded by analysing the trend in meteorological heat waves based on the 95th percentile.

Conclusions The results obtained in this study indicate the need to use a heat wave definition based on epide-
miological temperature—mortality studies, rather than on values based on meteorological percentiles. This could be
minimising estimated health impacts in analyses of future impacts attributable to heat.
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Introduction

Within the current climate change context, the fight
against the health impacts of temperatures—which
are increasingly higher and translate as more frequent,
more intense and more extensive heat waves [1-6]—is a
priority for public health services. Protecting the health
of the most vulnerable groups from the effects of heat
has led to numerous studies being undertaken at an
international level with the aim of enabling their results
to be efficiently incorporated into prevention plans, both
in terms of identifying special vulnerability groups and in
terms of greater geographical specificity [7-11].

From a meteorological or climatic point of view,
a general definition of heat waves are periods of
temperature above a predetermined threshold lasting two
or more consecutive days. These thresholds are usually
identified from the 95th percentile [12]. Other definitions
use different thresholds, such as other percentiles [13,
14] or other lengths, such as three or more days [15]. In
addition to the different combinations mentioned, there
are a series of thermal comfort index. Truly, heat waves
impact on health are the results of various meteorological
components, such as, atmospheric temperature,
humidity, air speed and solar radiation [16, 17].

There are multiple local factors, not only climatic,
but also of a social and demographic nature, such as
population structure, public and private infrastructures,
available health services, socio-economic level and
many others, which may modify the impact of extreme
temperatures on population health and decisively
influence adaptation processes [18—21]. Omitting to take
into account the impact and influence that such local-
level factors may have on heat-attributable mortality,
as well as the intensity of the temperature itself, is
omitting to address all the pertinent scientific evidence
comprehensively.

In 2015, the Spanish Ministry of Health, Social
Services and Equality (Ministerio de Sanidad Servicios
Sociales e Igualdad) updated the country’s High
Temperature Prevention Plan that is activated every
summer, by setting heat wave thresholds based on
mortality impact [22], rather than relying exclusively on
meteorological-type thresholds. This plan is based on
the existence of a specific maximum daily temperature
at a provincial level which, when exceeded, triggers the
public health high temperature warning system. Yet,
in the search for prevention plan efficiency, very few
studies have addressed the problem of the impact of
extreme temperatures at a level below that of province,
when it is known that within a given administrative
structure defined as “province’, there are different types
of climatological conditions and, moreover, that the way
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these develop within the current climate context can
differ widely.

There is a pilot study conducted in Madrid [23, 24],
in which, instead of considering the impact of a single
temperature at a provincial level, the impact on mortality
is calculated by defining 3 so-called “isoclimatic zones”
(IZ) within a single province. These zones are already
predefined by the State Meteorology Agency (Agencia
Estatal de Meteorologia/AEMET) in its regionalisation
of Spanish state territory and are known as Meteoalert
zones (geographical zones made up of territorial areas
which are uniform in terms of the climate pattern of
different meteorological variables contained within
a given province for weather forecast purposes). The
results obtained from this analysis yielded excellent
results from the standpoint of public health management,
firstly in terms of the number of alerts generated, and
secondly in terms of the ensuing impact. In other words,
it resulted in a decrease both in the number of alerts and
in the number of possible heat-attributable deaths and
emergency hospital admissions.

In Spain, the first studies conducted considering
emergency hospital admissions related to heat waves
showed a lower incidence than in mortality data for
all causes [25]. However, recent studies that look into
specific causes, indicate that there is a relationship
between the daily maximum temperature during heat
waves and emergency hospital admissions due to
neurological diseases [26, 27] and emergency hospital
admissions for mental and kidney diseases [28].
Moreover, an association between heat waves and the
number of premature births have been detected [29].

In the reference literature, it is not usual to find a
great amount of scientific evidence at this level of
geographical specificity which would serve to evaluate
the improvement in heat wave prevention plans. In an
area like southern Europe, where extreme meteorological
phenomena are becoming more intense with every
summer [30], it is of great interest to assess tools that
improve the functioning of such plans. If zoning by
established isoclimatic temperatures coincides with
health alerts in heat waves episodes, the prevention of
related impacts will also be more efficient when it comes
to communicating to the public and health professionals.
Issuing heat warning alerts solely when these are required
on the basis of the evidence contributes to greater
credibility of prevention efforts.

The aim of this study was therefore: firstly, to ascertain
the temperatures used for the heat wave definition,
and by extension, for activation of high temperature
prevention plans for the different IZ defined by AEMET’s
meteorological observatories countrywide; and secondly,
to evaluate how the number and intensity of heat waves
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have evolved over a representative time horizon from
the stance of public health impacts, rather than being
exclusively based on analysis from a climatological point
of view.

Methods

We conducted an ecological-longitudinal
epidemiological time series study. The time series
analysed covered the period 1 January 2009 to 31
December 2018. The sampling units analysed were the
IZ into which all Spanish territory is regionalised. These
are zones determined by AEMET for weather forecast
purposes and are thus considered isothermal regions
[31], i.e. territorial areas that are uniform in terms of
daily temperature patterns. The methodology described
below was repeated for each of these zones.

Variables

The dependent variable used was the daily death count
due to natural causes (International Classification of
Diseases, 10th edition (ICD-10): A00-R99) in a given 1Z
[32]. These data were supplied by the National Statistics
Institute (Instituto Nacional de Estadistica/INE) on
a municipal scale for all the country’s towns, under a
confidential microdata assignment agreement.

The independent variable was maximum daily
temperature during summer months (June to
September). This variable was chosen because it exhibits
the best statistical behaviour with summer mortality
[33, 34]. The daily maximum temperature used was
the average of the mean of the data recorded by each
meteorological observatory in each IZ. The data were
provided by AEMET.

Some IZ were excluded due to having excess missing
values in their temperature records (>10% missing
values). In cases where this proportion was smaller,
the relevant missing values were imputed by linear
interpolation or by linear model prediction controlled
for seasonality, depending on whether there were isolated
missing observations or longer gaps.

Determination of the heat wave threshold temperature

of each isoclimatic zones (1Z)

To determine which temperature should be considered
the heat wave threshold in each 1Z, we performed an
epidemiological analysis of the mortality—temperature
association, as recommended by the WHO [35]. The
methodology used has been patented by the Carlos III
Institute of Health [36] and is the methodology used by
the Ministry of Health to set the threshold temperatures
for activation the National Preventive Action Plan against
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the effects of excess temperature on health [22]. Indeed,
there are many papers in the literature that describe this
methodology [24, 37—39] which consist in:

1) Box—Jenkins models based on Autoregressive
Integrated Moving Average (ARIMA) family models
[40—44] were fitted for the daily mortality series of
each IZ, controlled for the variables of seasonality
and trend.

2) The fit of these models represents the expected
behaviour of the mortality series, based solely on
the history of the series. Then, anomalous mortality
values due to unconsidered external variables, such
as temperature, will result in a poor model fit, and
lead to an increase in the residuals of the model
(difference between expected and predicted values).
These residuals of the Box—Jenkins models for daily
mortality of the summer months (June—September)
which will be the subject of representation and
analysis [45].

3) In particular, we seek to locate whether some
temperatures values are statistically associated
values with abnormally high mortality residuals.
This indicates the association between temperature
and abnormally high manifestations of summer
mortality, which are unforeseeable based on the usual
behaviour of mortality time series.

These temperature points associated with mortality
anomalies are established with the aid of graphs. In these,
the model residuals are plotted on the Y-axis, and the
maximum daily temperature on the X-axis. A horizontal
line marks the upper limit of the 95% confidence interval
of the mean errors of the model.

Given that the impact of temperature on mortality
takes place in the short term [33, 45], the moving averages
of the maximum daily temperature were calculated for
the three days preceding each observation [46].

Thereafter, the mean model error was calculated
for temperature ranges of i+1 °C, where i represents
each degree Celsius included in the range of observed
maximum temperatures [24, 46].

We calculated the mean model error for two-degree
temperature intervals, which cover the entire interval
of temperatures of the series and overlap. These mean
residual of mortality values by temperature intervals were
then plotted as mentioned.

An example of this heat-wave definition threshold
temperature (Tthreshold) can be seen in Fig. 1, the value
showed corresponding to the Madrid-Metropolitan and
Henares 1Z.

Once these heat wave threshold temperatures have
been determined, to compare values between 1Z we
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Fig. 1 Scatterplot of mortality residuals and daily maximum temperature of the isoclimatic zone: Metropolitan-Madrid and Henares

therefore transposed them to threshold temperature
percentiles [24, 33]. In some IZ, the threshold
temperature of extreme heat was not detected,
probably due to the low mortality count in those zones.
In such cases, the IZ’s maximum daily temperature
corresponding to the threshold percentile established for
the province was chosen as the threshold temperature
[22]. In any case where there was no percentile at a
provincial level, the temperature situated at the 95th
percentile of the relevant IZ was used.

For the methodology described in this section, the
following two software packages were used: the free
R.4.3.0. software environment to process and debug the
databases and determine the threshold temperatures; and
the basic IBM SPSS Statistics 29.0.0.0. software package
to fit the ARIMA models.

Characterisation of the number, mean intensity and annual
intensity of heat waves

The following variables were calculated to know and
analyse their time trend in the period 2009-2018.

The number of hot days (Num): is the number of days,
for each year on which Theat is>0. i.e. the number of
days on which Tthreshold is exceeded for each IZ (based
on the established Tthreshold calculated above).

The variable Theat was defined as follows:

Theat =0 if Tmax < Tthreshold

Theat = Tmax — Tthreshold if Tmax > Tthreshold,

where Tmax is the maximum daily temperature of each
1Z region.

The mean intensity (Intmean) of the heat waves
occurring in each year: defined as the summatory of
Theat value (°C) / Num(day).

The total intensity of heat waves (Intotal) occurring
in each year: defined as the summatory of Theat in each
year (°C).

Time trend in the number (Num), mean intensity (Intmean)
and total intensity of heat waves (Intotal)

Based on each of the annual values of the previously
calculated parameters, their linear fit was plotted. The
slope of this line represents the increase per year in each
of the above values, such that positive values of the slope
will represent an upward trend in that parameter, and
negative values will indicate a downward trend in that
indicator across time.

Results

Additional file 1: Table S1 of the supplementary
material shows the descriptive statistics of mortality
and maximum daily temperature for each of the IZ
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Fig. 2 Map of threshold temperatures for the different isoclimatic zones of Spain

considered. Of the total of 182 IZ established by AEMET,
application of the exclusion criteria described in the
Methodology section meant that Tthreshold was only
determined in 162.

Figure 2 shows the Tthreshold for each of the exist-
ing IZ in Spain for which it was calculated. These values
ranged from a maximum daily temperature of 23.9 °C
corresponding to Asturia’s Western Coastal Strip (Lito-
ral Occidental) to 40.4 °C for the Cordoba Countryside
(Campinia Cordobesa), a difference of 16.5 °C.

For the purpose of being able to compare the Tthresh-
old to the maximum daily temperatures recorded in
each place, we established to which percentile a specific
Tthreshold corresponded with respect to the maximum
daily temperatures of the summer months of the period
considered. Figure 3 shows these percentiles, which
ranged from the 72nd percentile corresponding to the
Alicante South Coastal Strip (Litoral Sur) to the 98th
percentile corresponding to the Castellon North Coastal
Strip (Litoral Norte) and La Mancha-Cuenca region
(La Mancha Conquense), as well as Las Palmas de Gran
Canaria and Santa Cruz de Tenerife. Using the 95th per-
centile corresponding to the meteorological heat wave
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definition in the case of the Alicante South Coastal Strip
would mean that, each year, the Heat Wave Prevention
Plan would not be activated on 23% of days, with the pos-
sible ensuing impact on the health of the population.

In general, in 85 IZ (52.5% of IZ) the heat wave
definition threshold was below the 95th percentile and
in 16.7% it was above the 95th percentile. The percentile
corresponding to the Tthreshold only coincided with the
meteorological heat wave definition in 30.7% of the zones
(47 regions).

With respect to the time trend in the number of heat
waves as per the epidemiological heat wave definition, in
Spain as a whole there was a mean increase of 3.9 heat
wave days across the decade analysed. The mean intensity
of each heat wave day rose by 0.3 °C/heat wave day and
the annual intensity rose by 9.5 °C. All these increases
were statistically significant at p <0.05.

Table 1 shows the overall results for the 17
Autonomous Regions and Spain as a whole, along with
the situation of each Autonomous Region. From this it
will be seen that the pattern was similar to that described
for Spain as a whole, with a rise in the trends of the 3
parameters analysed, except in the Balearic Isles, Canary
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Fig. 3 Percentiles to which the threshold temperatures of each isoclimatic zone correspond in relation to the maximum temperatures series

for the summer months of the period 2009-2018

Islands, and the Murcia and Navarre Regions where the
three trends moved downward. In the Valencian Region
and La Rioja, there was no increase in mean heat wave
intensity but there was a rise in the number of days and
annual intensity of heat waves.

The greatest variation in the number of heat wave
days was observed in Castile-La Mancha, in which there
were 10 more heat waves at the beginning of the decade
than at the end. In terms of mean heat wave intensity, it
was in Extremadura where heat waves were an average
of 1.5 °C more intense by the end of the decade than at
the beginning. When it came to the highest cumulative
heat wave intensity in one year, Asturias was where the
greatest variations were registered, with an increase of as
much as 20 °C in mean annual intensity.

Figure 4a shows the pattern of decadal variation in heat
wave days. From this map, it can be seen that, in gen-
eral, the greatest increases were seen in inland areas. The
same can be observed in Fig. 4b with regard to mean heat
wave intensity, with the Balearic and Canary Islands and
Spain’s Levante region being the areas where this rise was

least pronounced. Annual heat wave intensity displayed
an even more uneven pattern, as can be seen from Fig. 4c.

Discussion

Based on current scientific knowledge, it is evident that
the impact which heat waves have on population health
is modulated by numerous factors that go beyond the
values reached by maximum daily temperature, includ-
ing the intensity of a given heat wave, [47]. Such factors
not only cover socio-economic aspects, e.g. income level
[48], but also include the demographic characteristics of
the population and its vulnerability [26, 49, 50]. To cite
just some of these local factors of influence, they would
include the rural or urban nature of each place (n=16),
the frequency with which it is or is not subjected to heat
waves [24], the presence of urban infrastructures with
or without green areas [51], and the quality of housing
[52-54]. Accordingly, it is not logical for the temperature
used to define a heat wave from a health standpoint to be
based solely on a fixed percentile for all places in a geo-
graphical setting, a value that does not take into account
the factors considered above. This is the reason why the
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Table 1 Variations across the decade 2009-2018 in the number of days, mean intensity and annual intensity of heat waves, with a

breakdown by the different Autonomous Regions of Spain

Number of Decadal trend in Num Decadal trend in Intmean [mean Decadal trend in Intotal
isoclimatic regions [number of hot days] (days) heat wave intensity] (°C/day) [annual heat wave intensity]
Q)

Andalusia 28 6° 0.4° 12.9°
Aragon 9 2 0.0 53

Asturias 4 7° 04° 20.0°
Balearic Isles 7 -4 -02 -21

Canary Islands 10 -3¢ —1.5° —46

Cantabria 4 3? 0.5° 154
Castile & Ledn 19 48 0.8° 12.0°
Castile-La Mancha 15 10° 0.8 15.7¢
Catalonia 15 7° 0.2° 11.9°
Valencian Region 11 2° -03 432
Extremadura 8 52 1.5° 18.1°
Galicia 13 42 0.9° 16.0°
Madrid 3 1.3° 1.2¢ 1.1°
Murcia 5 -19 -06° -64°
Navarre 4 -0.1 -03 -15

Basque Country 5 0.1 0.0 3.8°
La Rioja 2 34 -02 11.6°
Spain as a whole 162 39 03 9.5

Situation of the different Autonomous Regions in Spain

2 Statistically significant increases/decreases

WHO clearly calls for the involvement of these factors at
a local level when it comes to implementing prevention
plans: “Threshold levels should be based on health risks
and not only on meteorological conditions’[18].

The results of this study undertaken for Spain show
that in 52.6% of cases, the percentile of the maximum
temperature series of the summer months to which
Tthreshold corresponds, lies below the 95th percentile,
i.e. the percentile corresponding to the meteorological
heat wave definition. Using this latter percentile would
mean not activating the heat wave prevention plan when
it is in fact required in more than half of the IZ in Spain,
with the ensuing impact on mortality, something that
could be prevented by activating the prevention plan in
question [12]. In contrast, for regions with percentiles
above the 95th percentile, using the latter as the trigger
would mean activating prevention plans when they are
not necessary [55, 56].

This study also signals an important advance in terms
of implementation of prevention plans [22], consisting of
reducing the provincial scale to an IZ scale. This advance
makes it possible, in some cases, to have as many as 5
geographic zones per province, which in turn makes
it possible to take into account the local factors that, in
great measure, determine the different impacts on heat
wave mortality [18].

A study undertaken for the Province of Madrid [57],
which used thresholds for geographical zones smaller
than a province to compare avoidable mortality across
the period 2000-2009, concluded that 73 deaths could
have been prevented in this period (95% CI 73-08) and
that issuing unnecessary public health warnings could
have been avoided on 570 occasions.

Furthermore, studies were conducted with the aim of
estimating the health impact of temperatures based on
fixed percentiles [12, 33] or so-called extreme heat [58,
59]. From our point of view, using a fixed percentile may
lead to a situation where the temperature that represents
this percentile does not correspond with the occurrence
of a heat wave, whereas in other places the same
percentile may well respond to temperatures far above
the heat wave definition, which would include biases in
the results obtained.

The finding of an increase in the number of heat wave
days and a rise in mean heat wave intensity in Spain
from a health standpoint is consistent with studies which
report an increase in the number of days of extreme
meteorological events with important health effects, in
northern and southern Europe alike, and which even go
so far as to estimate that phenomena with a high health
impact, such as the 2003 heat wave that caused an excess
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Fig. 4 Time trend in heat waves in days, intensity and annual intensity across the period 2009-2018
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of 70,000 deaths across Europe [60], may become twice as
frequent [61].

From the stance of the meteorological heat wave
definition, from 1975 to 2019, heat waves in Spain
increased at a rate of 3 days per decade [62]. This result
would indicate that heat waves with a health impact,
on which this study is focused, are growing at a higher
rate (3.9 days/decade) than are meteorological heat
waves, though the time periods of analysis are different.
In addition, the increase of 9.5 °C/decade in annual
mean heat wave intensity found by us is higher than
the increase of 6 °C/decade reported by other studies
based on the meteorological heat wave definition [63].
This may probably be due to the fact that most of the
heat waves in Spain from a health standpoint are below
the 95th percentile of the meteorological heat wave
definition, thus making them more numerous and more
intense. It would therefore seem that heat waves based
on the health definition are increasing at a higher rate,
both in frequency and intensity, than are meteorological
heat waves, at least in Spain. Should these results be
confirmed elsewhere, then studies based on the time
trend in extreme temperatures established on the basis
of meteorological percentiles could be minimising the
consequences which extreme heat might have on human
health.

The results of Fig. 4, taken together with those listed in
Table 1, clearly show the wide geographical heterogeneity
that exists in Spain. Whereas in some places, the trend
found in the 3 parameters analysed in the heat wave
time trend is clearly rising, in others, the exact opposite
is the case. These results are in line with those reported
by other studies conducted in Spain [41] on the future
impacts of heat waves on mortality across the period
2021-2050 [64]. The places envisaged by this study as
having no heat waves with a mortality impact, even under
an RCP8.5 emission scenario, are Murcia, Santa Cruz de
Tenerife, Las Palmas and the Balearic Isles, which are the
very same zones in which no rising trend in the number
of heat waves was detected by us.

The heterogeneity found, both in the percentiles to
which the Tthresholds correspond, and in the time trend
of their duration and intensity, is linked to the differing
vulnerability to heat which exists in Spanish regions and
is marked by the different income levels, housing quality,
heat-wave frequency in each place, population pyramid,
and rural or urban nature of these regions [19], and which
underscores the need to establish heat wave prevention
plans on a scale smaller than provincial, as was done
here. Furthermore, the results found here should be
considered essential when it comes to prioritising the
geographical zones in which planning is required for the
adoption of measures targeted at reducing vulnerability
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to high temperatures [65] and enhancing adaptation to
heat waves [20].

As indicated in the methodology section, the daily
maximum temperature used is obtained as the average
of the mean daily maximum temperatures of each
meteorological observatory in each IZ. This value is
the best measure of the real exposure of the population
to maximum temperatures, then the possible lack of
homogeneity, such as, the elevation of the observatory
or other geographical factors such as, land cover have
not been taken into account. The bias that can occur
when using the data thus determined, as a measure
of population exposure, is the so-called Berkson-type
measurement error [66] and is inherent to ecological
studies such as the one conducted here.

It is evident that there are other meteorological factors
that can also affect daily mortality in addition to the
daily maximum temperatures, such as humidity [67, 68]
or the daily minimum temperature [69, 70], which have
not been considered in this study. However, it must
be taken into account that this is an analysis that will
serve as a basis for creating a Prevention Plan in Public
Health with implications at a practical level. This means
having to go from 52 daily maximum temperatures [22]
to 182 across the territory, obtained from more than
1100 meteorological observatories. Including more
meteorological variables such as, relative humidity or
minimum daily temperature, would in practice make
data handling and subsequent implementation very
complicated.

Although the analysis conducted here represents
an improvement for the High Temperature Plan of
the Ministry of Health [22], is evident with greater
geographic disaggregation, that the values of the
threshold temperatures obtained here are very consistent
with those of the current Plan, both quantitatively and
qualitatively. For example, in both cases, the lowest heat
wave definition temperatures occur in the Cantabrian
area with temperatures around 26 °C. Similarly, the
highest values of heat wave definition temperature occur
in Andalusia with values close to a maximum daily
temperature of 40 °C. In the Balearic Island the threshold
temperatures are close to 33 °C, which is consistent with
the data at the Provincial level, the same occurs with
the Canary Island with values, in both cases, heat wave
definition temperatures are between 33 and 34 °C.

Conclusions

The results obtained in this study show that the
respective heat wave definitions arrived at from a
health stance (through the mortality impact) and
from a meteorological stance are different, since
they correspond to different concepts. While the
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meteorological definition is obtained as a percentile
of a climatological series (95th percentile), the health-
based definition is obtained as the maximum daily
temperature above which mortality rises statistically
significantly; and though the recorded temperatures
obviously exert an influence, other factors also
intervene, which means that on most occasions the two
definitions will not coincide. The greater number of
places in which the health-based heat-wave definition
threshold temperature is below the 95th percentile
means that the time trend in the number of heat wave
days and the mean annual intensity of such heat waves
are higher than those of meteorological heat waves,
something that could be minimising estimated health
impacts as a result of using the meteorological rather
than the health-based definition when addressing
future impacts attributable to heat.

Moreover, the heterogeneity in the behaviour, both
of the percentiles to which health-based heat wave
temperatures correspond and their different time
trends, is a result of the effect that local factors have
on mortality. This clear effect of local factors renders it
necessary for a scale smaller than provincial to be used
for activation of high temperature prevention plans.
This will result in a reduction in heat wave-attributable
mortality and a decrease in the number of warning
alerts that are activated every year as a consequence of
high temperatures in Spain.

Abbreviations

AEMET State Meteorology Agency

ARIMA Autoregressive Integrated Moving Average
INE National Statistics Institute

Intmean  Mean intensity of the heat waves

Intotal The total intensity of heat waves

V4 Isoclimatic Zones

Num The number of heat waves

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512302-024-00917-6.

Additional file 1: Table S1. Descriptive statistics of the daily maximum
temperature and daily mortality for each isoclimatic zone across the
period 2009-2018. 'Mortality (counts per day): mean daily mortality due
to natural causes (ICD-10-ES: AO0-R99). “Tmax (°C): Mean daily maximum
temperature.

Acknowledgements

Acknowledgements and funding The authors would like to express their
gratitude for the following grants from the Carlos Ill Institute of Health
(Instituto de Salud Carlos I1I/ISCIIT) for the ENPY 304/20, and ENPY 436/21
projects.

Disclaimer

This paper reports independent results and research. The views expressed
are those of the authors and not necessarily those of the Carlos IIl Institute of
Health (Instituto de Salud Carlos IIl).

Page 10 of 12

Author contributions

Authors’ contributions JAL-B: Epidemiological study design. Providing and
Analysis of data; Elaboration and revision of the manuscript. PA Providing

and Analysis of data; Elaboration and revision of the manuscript. MAN-M
Providing and Analysis of data; Elaboration and revision of the manuscript.

1JM Epidemiological study design. Elaboration and revision of the manuscript.
FB: Epidemiological study design. Elaboration and revision of the manuscript.
JD: Original idea of the study. Study design; Elaboration and revision of the
manuscript. CL: Original idea of the study. Study design; Elaboration and
revision of the manuscript. All authors read and approved the final manuscript.

Availability of data and materials
Itis an ecological analysis so the study does not involve human subjects.

Declarations

Ethics approval and consent to participate
This study works with aggregate data, therefore there are no individual data.
Therefore, the consent to participate is not applicable.

Consent for publication
This study works with aggregate data, therefore there are no individual data.
Therefore, the consent to publish is not applicable.

Competing interests

The researchers declare that they have no conflicts of interest that would
compromise the independence of this research work. The views expressed by
the authors do not necessarily coincide with those of the institutions whose
affiliation is indicated at the beginning of this article.

Author details

!Climate Change, Health and Urban Environment Reference Unit, National
School of Public Health, Carlos IIl Institute of Health, Madrid, Spain. *Hospital
Universitrio Severo Ochoa, Madrid, Spain. *Castile-La Mancha Regional Health
Authority, Toledo, Spain. “Rey Juan Carlos University, Madrid, Spain. °State
Meteorology Agency (Agencia Estatal de Meteorologia/AEMET), Madrid, Spain.

Received: 28 February 2024 Accepted: 17 April 2024
Published online: 24 April 2024

References

1. IPCC (2023) La accién climatica urgente puede garantizar un futuro habit-
able para todos. Geneve.

2. Gil-Alana LA, Sauci L (2019) Temperatures across Europe: evidence of
time trends. Clim Change 157(3-4):355-364. https://doi.org/10.1007/
$10584-019-02568-6

3. Wibig J (2017) Heat waves in Poland in the period 1951-2015: trends,
patterns and driving factors. Meteorol Hydrol Water Manage 6(1):1-10.
https://doi.org/10.26491/mhwm/78420

4. YuS,Yan Z, Freychet N, Li Z (2020) Trends in summer heatwaves in central
Asia from 1917 to 2016: association with large-scale atmospheric circula-
tion patterns. Int J Climatol 40(1):115-127. https://doi.org/10.1002/joc.
6197

5. Cox DTC, Maclean IMD, Gardner AS, Gaston KJ (2020) Global variation in
diurnal asymmetry in temperature, cloud cover, specific humidity and
precipitation and its association with leaf area index. Global Change Biol
12(26):7099-7111. https://doi.org/10.1111/gcb.15336

6. Paredes-Fortuny L, Khodayar S (2023) Understanding the Magnification
of Heatwaves over Spain: relevant changes in the most extreme events.
Weather Climate Extre 42:100631. https://doi.org/10.1016/j.wace.2023.
100631

7. EPA (2023) Climate Change and Heat Islands. https://www.epa.gov/heati
slands/climate-change-and-heat-islands. Accessed 26 Feb 2024.

8. Williams S, Venugopal K, Nitschke M, Nairn J, Fawcett R, Beattie C et al
(2018) Regional morbidity and mortality during heatwaves in South
Australia. Int J Biometeorol 10(62):1911-1926. https://doi.org/10.1007/
500484-018-1593-4


https://doi.org/10.1186/s12302-024-00917-6
https://doi.org/10.1186/s12302-024-00917-6
https://doi.org/10.1007/s10584-019-02568-6
https://doi.org/10.1007/s10584-019-02568-6
https://doi.org/10.26491/mhwm/78420
https://doi.org/10.1002/joc.6197
https://doi.org/10.1002/joc.6197
https://doi.org/10.1111/gcb.15336
https://doi.org/10.1016/j.wace.2023.100631
https://doi.org/10.1016/j.wace.2023.100631
https://www.epa.gov/heatislands/climate-change-and-heat-islands
https://www.epa.gov/heatislands/climate-change-and-heat-islands
https://doi.org/10.1007/s00484-018-1593-4
https://doi.org/10.1007/s00484-018-1593-4

Lépez-Bueno et al. Environmental Sciences Europe

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2024) 36:83

Steul K, Schade M, Heudorf U (2018) Mortality during heatwaves
2003-2015 in Frankfurt-Main—the 2003 heatwave and its implications. Int
JHyg Environ Health 221(1):81-86. https://doi.org/10.1016/.ijheh.2017.
10.005

Sheridan SC, Allen MJ (2018) Temporal trends in human vulnerability to
excessive heat. Environ Res Lett 13(4):43001. https://doi.org/10.1088/
1748-9326/aab214

. Ruiz-Pdez R, Diaz J, Lépez-Bueno JA, Navas MA, Mirdn 1J, Martinez GS,

Luna MY, Linares C (2023) Does the meteorological origin of heat waves
influence their impact on health? A 6-year morbidity and mortality study
in Madrid (Spain). Sci Total Environ 855:158900. https://doi.org/10.1016/j.
scitotenv.2022.158900

Tobias A, Zuza |, Armstrong B, Gasparrini A, Linares C, Diaz J (2012) Mortal-
ity on extreme heat days using official thresholds in Spain: a multi-city
time series analysis. BMC Public Health 12:133. https://doi.org/10.1186/
1471-2458-12-133

Son JY, Lee JT, Brooke Anderson G, Bell ML (2012) The impact of heat
waves on mortality in seven major cities in Korea. Environ Health Per-
spect 120:566-571

D'lppoliti D et al (2010) The impact of heat waves on mortality in 9 Euro-
pean cities: results from the EuroHEAT project. Environ Health 9:37

Saha MV, Davis RE, Hondula DM (2014) Mortality displacement as a func-
tion of heat event strength in 7 us cities. Am J Epidemiol 179:467-474
D'Ambrosio Alfano FR, Malchaire J, Palella Bl, Riccio G (2014) WBGT index
revisited after 60 years of use. Ann Occup Hyg 58:955-970

Heo S, Bell ML (2019) Heat waves in South Korea: differences of heat
wave characteristics by thermal indices. J Expo Sci Environ Epidemiol
29:790-805. https://doi.org/10.1038/541370-018-0076-3

WHO Europe (2021). Heat and health in the WHO European Region:
updated evidence for effective prevention. https://iriswho.int/bitstream/
handle/10665/339462/9789289055406-eng.pdf?sequence=1
Lépez-Bueno JA, Navas-Martin MA, Diaz J, Mirdn 1, Luna MY, Sanchez-
Martinez G, Culqui D, Linares C (2022) Analysis of vulnerability to heat in
rural and urban areas in Spain: What factors explain heat’s geographic
behavior? Environ Res 207:112213. https://doi.org/10.1016/j.envres.2021.
112213

Navas-Martin MA, Lopez-Bueno JA, Diaz J, Follos F, Vellon JM, Mirén 1J,
Luna MY, Sdnchez-Martinez G, Culqui D, Linares C (2022) Effects of local
factors on adaptation to heat in Spain (1983-2018). Environ Res. https://
doi.org/10.1016/j.envres.2022.112784.209(2022)112784

Navas-Martin MA, Ovalle-Perandones MA, Lopez-Bueno JA, Diaz J, Linares
C, Sdnchez-Martinez G (2024) Population adaptation to heat as seen
through the temperature-mortality relationship, in the context of the
impact of global warming on health: a scoping review. Sci Total Environ
908:168441. https://doi.org/10.1016/].scitotenv.2023.168441

Minsan. (2023). Plan Nacional de Actuaciones Preventivas por Altas Tem-
peraturas. In: Ministerio de Sanidad. https://www.sanidad.gob.es/ciuda
danos/saludAmbLaboral/planAltasTemp/2023/Plan_nacional_actua
ciones_preventivas.htm. Accessed 26 Feb 2024

Lopez-Bueno JA, Diaz J, Linares C (2019) Differences in the impact of
heat waves according to urban and peri-urban factors in Madrid. Int J
Biometeorol 63:371-380. https://doi.org/10.1007/500484-019-01670-9
Lépez-Bueno JA, Navas-Martin MA, Linares C et al (2021) Analysis of

the impact of heat waves on daily mortality in urban and rural areas in
Madrid. Environ Res 195:110892. https://doi.org/10.1016/j.envres.2021.
110892

Linares C, Diaz J (2008) Impact of high temperatures on hospital
admissions: comparative analysis with previous studies about mortality
(Madrid). Eur J Public Health 18:318-322. https://doi.org/10.1093/eurpub/
ckm108

Linares C, Martinez-Martin P, Rodriguez-Blazquez C, Forjaz MJ, Carmona
R, Diaz J (2016) Effect of heat wave son morbidity and mortality due to
Parkinson’s disease in Madrid: a time-series analysis. Environ Int 89:1-6.
https://doi.org/10.1016/j.envint.2016.01.017

Culqui DR, Linares C, Carmona R, Ortiz C, Diaz J (2017) Short-term associa-
tion between environmental factors and emergency hospital admissions
due to Alzheimer's disease in Madrid. Sci Total Environ 592:451-457.
https://doi.org/10.1016/j.scitotenv.2017.03.089

Lépez-Bueno JA, Diaz J, Padron-Monedero A, Navas Martin MA, Linares C
(2023) Short-term impact of extreme temperatures, relative humidity and
air pollution on emergency hospital admissions due to kidney disease

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 11 of 12

and kidney-related conditions in the Greater Madrid area (Spain). Sci Total
Environ 903:166646. https://doi.org/10.1016/j.scitotenv.2023.166646
ArroyoV, Diaz J, Ortiz C, Carmona R, Sdez M, Linares C (2016) Short term
effect of air pollution, noise and heat waves on preterm births in Madrid
(Spain). Environ Res 145:162-168. https://doi.org/10.1016/j.envres.2015.
11.034

MedECC (2020) Climate and Environmental Change in the Mediterranean
Basin - Current Situation and Risks for the Future: 1st Mediterranean
Assessment Report. Barcelona.

Roldéan Garcia E, Gdmez Barrera M, Rosa Pino Otin M, et al (2011) Deter-
minacion de zonas isotérmicas y seleccion de estaciones meteoroldgicas
representativas en Aragon como base para la estimacion del impacto

del cambio climatico sobre la posible relacién entre mortalidad y
temperatura. Revista espafola de salud publica, ISSN-e 2173-9110, ISSN
1135-5727,Vol 85,No 6, 2011, pags 603-610 85:603-610

Gobierno de Espafna eCIET0ES. Edicién electronica de la CIE-10-ES. In:
Ministerio de Sanidad. https://eciemaps.mscbs.gob.es/ecieMaps/brows
er/metabuscadorhtml. Accessed 26 Feb 2024

Guo'Y, Gasparrini A, Armstrong BG et al (2017) Heat wave and mortality:

a multicountry, multicommunity study. Environ Health Perspect 125:27.
https://doi.org/10.1289/EHP1026/SUPPL_FILE/EHP1026.SMCONTENTS.
508.PDF

Diaz-Jimenez J, Carmona-Alferez R, Linares-Gil C (2015) Temperaturas
umbrales de disparo de la mortalidad atribuible al calor en Espana en el
periodo 2000-2009. Instituto de Salud Carlos Il (ISCIII). Escuela Nacional
de Sanidad (ENS), Madrid

WHO Regional Office for Europe (2021) Heat and health in the WHO Euro-
pean Region: updated evidence for effective prevention. Copenhagen
Diaz J, Lopez-Bueno JA, Linares C (2023) Determinacién de los umbrales
epidemioldgicos de temperatura de definicion de ola de calory de ola
de frio basados en la mortalidad diaria poblacional

Diaz J, Carmona R, Mirén 1J et al (2015) Comparison of the effects of
extreme temperatures on daily mortality in Madrid (Spain), by age group:
the need for a cold wave prevention plan. Environ Res 143:186-191.
https://doi.org/10.1016/J.ENVRES.2015.10.018

Linares C, Sénchez R, Mirdn 1, Diaz J (2015) Has there been a decrease

in mortality due to heat waves in Spain? Find Multicity Case Study.
12:153-163. https://doi.org/10.1080/1943815X.2015.1062032

Linares C, Mirén 1J, Montero JC et al (2014) The time trend temperature-
mortality as a factor of uncertainty analysis of impacts of future heat
waves. Environ Health Perspect. https://doi.org/10.1289/EHP.1308042
Lopez-Bueno JA, Diaz J, Follos F et al (2021) Evolution of the threshold
temperature definition of a heat wave vs. evolution of the minimum mor-
tality temperature: a case study in Spain during the 1983-2018 period.
Environ Sci Eur 33:101. https://doi.org/10.1186/512302-021-00542-7
Miron 1J, Linares C, Montero JC et al (2015) Changes in cause-specific
mortality during heat waves in central Spain, 1975-2008. Int J Biomete-
orol 59:1213-1222. https://doi.org/10.1007/500484-014-0933-2

Box GEP, Jenkins GM, Reinsel GC (1994) Time series analysis: forecasting
and control. Prentice Hall

Brockwell PJ, Davis RA (2016) Introduction to Time Series and Forecasting.
Springer, New York, New York. https://doi.org/10.1007/978-3-319-29854-2
Metcalfe AV, Cowpertwait PSP (2009) Introductory Time Series with R.
Intro Time Series R. https://doi.org/10.1007/978-0-387-88698-5

Chien LC, Guo'Y, Zhang K (2016) Spatiotemporal analysis of heat and heat
wave effects on elderly mortality in Texas, 2006-2011. Sci Total Environ
562:845-851. https://doi.org/10.1016/J.SCITOTENV.2016.04.042
Lopez-Bueno JA, Navas-Martin MA, Diaz J et al (2022) Population
vulnerability to extreme cold days in rural and urban municipalities in
ten provinces in Spain. Sci Total Environ 852:158165. https://doi.org/10.
1016/J.SCITOTENV.2022.158165

Diaz J, Linares C, Tobfas A (2006) Impact of extreme temperatures on daily
mortality in Madrid (Spain) among the 45-64 age-group. Int J Biomete-
orol 50:342-348. https://doi.org/10.1007/500484-006-0033-Z/TABLES/5
Lopez-Bueno JA, Diaz J, Sdnchez-Guevara C et al (2020) The impact of
heat waves on daily mortality in districts in Madrid: the effect of sociode-
mographic factors. Environ Res 190:109993. https://doi.org/10.1016/].
envres.2020.109993

Benmarhnia T, Deguen S, Kaufman JS, Smargiassi A (2015) Review article:
vulnerability to heat-related mortality: a systematic review, meta-analysis,


https://doi.org/10.1016/j.ijheh.2017.10.005
https://doi.org/10.1016/j.ijheh.2017.10.005
https://doi.org/10.1088/1748-9326/aab214
https://doi.org/10.1088/1748-9326/aab214
https://doi.org/10.1016/j.scitotenv.2022.158900
https://doi.org/10.1016/j.scitotenv.2022.158900
https://doi.org/10.1186/1471-2458-12-133
https://doi.org/10.1186/1471-2458-12-133
https://doi.org/10.1038/s41370-018-0076-3
https://iris.who.int/bitstream/handle/10665/339462/9789289055406-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/339462/9789289055406-eng.pdf?sequence=1
https://doi.org/10.1016/j.envres.2021.112213
https://doi.org/10.1016/j.envres.2021.112213
https://doi.org/10.1016/j.envres.2022.112784.209(2022)112784
https://doi.org/10.1016/j.envres.2022.112784.209(2022)112784
https://doi.org/10.1016/j.scitotenv.2023.168441
https://www.sanidad.gob.es/ciudadanos/saludAmbLaboral/planAltasTemp/2023/Plan_nacional_actuaciones_preventivas.htm
https://www.sanidad.gob.es/ciudadanos/saludAmbLaboral/planAltasTemp/2023/Plan_nacional_actuaciones_preventivas.htm
https://www.sanidad.gob.es/ciudadanos/saludAmbLaboral/planAltasTemp/2023/Plan_nacional_actuaciones_preventivas.htm
https://doi.org/10.1007/s00484-019-01670-9
https://doi.org/10.1016/j.envres.2021.110892
https://doi.org/10.1016/j.envres.2021.110892
https://doi.org/10.1093/eurpub/ckm108
https://doi.org/10.1093/eurpub/ckm108
https://doi.org/10.1016/j.envint.2016.01.017
https://doi.org/10.1016/j.scitotenv.2017.03.089
https://doi.org/10.1016/j.scitotenv.2023.166646
https://doi.org/10.1016/j.envres.2015.11.034
https://doi.org/10.1016/j.envres.2015.11.034
https://eciemaps.mscbs.gob.es/ecieMaps/browser/metabuscador.html
https://eciemaps.mscbs.gob.es/ecieMaps/browser/metabuscador.html
https://doi.org/10.1289/EHP1026/SUPPL_FILE/EHP1026.SMCONTENTS.508.PDF
https://doi.org/10.1289/EHP1026/SUPPL_FILE/EHP1026.SMCONTENTS.508.PDF
https://doi.org/10.1016/J.ENVRES.2015.10.018
https://doi.org/10.1080/1943815X.2015.1062032
https://doi.org/10.1289/EHP.1308042
https://doi.org/10.1186/s12302-021-00542-7
https://doi.org/10.1007/s00484-014-0933-2
https://doi.org/10.1007/978-3-319-29854-2
https://doi.org/10.1007/978-0-387-88698-5
https://doi.org/10.1016/J.SCITOTENV.2016.04.042
https://doi.org/10.1016/J.SCITOTENV.2022.158165
https://doi.org/10.1016/J.SCITOTENV.2022.158165
https://doi.org/10.1007/S00484-006-0033-Z/TABLES/5
https://doi.org/10.1016/j.envres.2020.109993
https://doi.org/10.1016/j.envres.2020.109993

Lépez-Bueno et al. Environmental Sciences Europe

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2024) 36:83

and meta-regression analysis. Epidemiology 26:781-793. https://doi.org/
10.1097/EDE.0000000000000375

WeiY, Wang Y, Lin CK et al (2019) Associations between seasonal
temperature and dementia-associated hospitalizations in New England.
Environ Int 126:228-233. https://doi.org/10.1016/J.ENVINT.2018.12.054
Bundle N, O'Connell E, O'Connor N, Bone A (2018) A public health needs
assessment for domestic indoor overheating. Public Health 161:147-153.
https://doi.org/10.1016/J.PUHE.2017.12.016

Buchin O, Hoelscher MT, Meier F et al (2016) Evaluation of the health-risk
reduction potential of countermeasures to urban heat islands. Energy
Build 114:27-37. https://doi.org/10.1016/J.ENBUILD.2015.06.038

Vellei M, Ramallo-Gonzalez AP, Coley D et al (2017) Overheating in vulner-
able and non-vulnerable households. Build Res Informat 45:102-118.
https://doi.org/10.1080/09613218.2016.1222190

Flouris AD, McGinn R, Poirier MP et al (2018) Screening criteria for
increased susceptibility to heat stress during work or leisure in hot envi-
ronments in healthy individuals aged 31-70 years. Temperature 5:86-99.
https://doi.org/10.1080/23328940.2017.1381800

Montero JC, Mirén 1, Criado JJ et al (2010) Comparison between two
methods of defining heat waves: A retrospective study in Castile-La Man-
cha (Spain). Sci Total Environ 408:1544-1550. https://doi.org/10.1016/..
SCITOTENV.2010.01.013

Montero JC, Miron IJ, Criado JJ et al (2013) Difficulties of defining the
term, "heat wave’, in public health. Int J Environ Health Res 23:377-379.
https://doi.org/10.1080/09603123.2012.733941

Carmona R, Linares C, Ortiz C et al (2017) Spatial variability in threshold
temperatures of heat wave mortality: impact assessment on prevention
plans. Int J Environ Health Res 27:463-475. https://doi.org/10.1080/09603
123.2017.1379056

Salvador C, Gullén P, Franco M, Vicedo-Cabrera AM (2023) Heat-related
first cardiovascular event incidence in the city of Madrid (Spain): vulnera-
bility assessment by demographic, socioeconomic, and health indicators.
Environ Res 226:115698. https://doi.org/10.1016/J.ENVRES.2023.115698
Quijal-Zamorano M, Martinez-Solanas E, Achebak H et al (2021) Seasonal-
ity reversal of temperature attributable mortality projections due to
previously unobserved extreme heat in Europe. Lancet Planet Health
5:e573-e575. https://doi.org/10.1016/52542-5196(21)00211-4

Robine JM, Cheung SLK, Le Roy S et al (2008) Death toll exceeded 70,000
in Europe during the summer of 2003. C R Biol 331:171-178. https://doi.
org/10.1016/J.CRVI.2007.12.001

Christidis N, Jones GS (2014) Stott PA (2014) Dramatically increasing
chance of extremely hot summers since the 2003 European heatwave.
Nat Climate Change 5(1):46-50. https://doi.org/10.1038/nclimate2468
Agencia Estatal de Meteorologia Informe sobre el estado del clima de
Espana. Accessed 26 Feb 2024

Lorenzo N, Diaz-Poso A, Royé D (2021) Heatwave intensity on the Iberian
Peninsula: future climate projections. Atmos Res 258:105655. https://doi.
org/10.1016/J. ATMOSRES.2021.105655

Diaz J, Sdez M, Carmona R, Mirén 1, Barceld MA, Luna MY, Linares C (2019)
Mortality attributable to high temperatures over the 2021-2050 and
2051-2100 time horizons in Spain: adaptation and economic estimate.
Environ Res 172:475-485. https://doi.org/10.1016/j.envres.2019.02.041
Lépez-Bueno JA, Navas-Martin MA, Diaz J et al (2021) Analysis of vulner-
ability to heat in rural and urban areas in Spain: What factors explain
Heat's geographic behavior? Environ Res. https://doi.org/10.1016/J.
ENVRES.2021.112213

Barcelé MA, Varga D, Tobfas A, Diaz J, Linares C, Sdez M (2016) Long term
effects of traffic noise on mortality in the city of Barcelona, 2004-2007.
Environ Res 147:193-206. https://doi.org/10.1016/j.envres.2016.02.010
Baldwin JW, Benmarhnia T, Ebi KL, Jay O, Lutsko NJ, Vanos JK (2023)
Humidity's role in heat-related health outcomes: a heated debate.
Environ Health Perspect 131(5):55001. https://doi.org/10.1289/EHP 11807
(Epub 2023 May 31)

Sun Z,Chen C, Yan M, ShiW, Wang J, Ban J, Sun Q, He MZ, Li T (2021) Heat
wave characteristics, mortality and effect modification by temperature
zones: a time-series study in 130 counties of China. Int J Epidemiol
49(6):1813-1822. https://doi.org/10.1093/ije/dyaa104

Cuerdo-Vilches T, Diaz J, Lépez-Bueno JA, Luna MY, Navas MA, Mirén 1J,
Linares C (2023) Impact of urban heat islands on morbidity and mortality
in heat waves: observational time series analysis of Spain'’s five cities. Sci

70.

Page 12 of 12

Total Environ 10(890):164412. https://doi.org/10.1016/j.scitotenv.2023.
164412

Royé D, Sera F, Tobias A, Lowe R, Gasparrini A, Pascal M, de ‘Donato F,
Nunes B, Teixeira JP (2021) Effects of hot nights on mortality in southern
Europe. Epidemiology 32(4):487-498. https://doi.org/10.1097/EDE.00000
00000001359

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1097/EDE.0000000000000375
https://doi.org/10.1097/EDE.0000000000000375
https://doi.org/10.1016/J.ENVINT.2018.12.054
https://doi.org/10.1016/J.PUHE.2017.12.016
https://doi.org/10.1016/J.ENBUILD.2015.06.038
https://doi.org/10.1080/09613218.2016.1222190
https://doi.org/10.1080/23328940.2017.1381800
https://doi.org/10.1016/J.SCITOTENV.2010.01.013
https://doi.org/10.1016/J.SCITOTENV.2010.01.013
https://doi.org/10.1080/09603123.2012.733941
https://doi.org/10.1080/09603123.2017.1379056
https://doi.org/10.1080/09603123.2017.1379056
https://doi.org/10.1016/J.ENVRES.2023.115698
https://doi.org/10.1016/S2542-5196(21)00211-4
https://doi.org/10.1016/J.CRVI.2007.12.001
https://doi.org/10.1016/J.CRVI.2007.12.001
https://doi.org/10.1038/nclimate2468
https://doi.org/10.1016/J.ATMOSRES.2021.105655
https://doi.org/10.1016/J.ATMOSRES.2021.105655
https://doi.org/10.1016/j.envres.2019.02.041
https://doi.org/10.1016/J.ENVRES.2021.112213
https://doi.org/10.1016/J.ENVRES.2021.112213
https://doi.org/10.1016/j.envres.2016.02.010
https://doi.org/10.1289/EHP11807
https://doi.org/10.1093/ije/dyaa104
https://doi.org/10.1016/j.scitotenv.2023.164412
https://doi.org/10.1016/j.scitotenv.2023.164412
https://doi.org/10.1097/EDE.0000000000001359
https://doi.org/10.1097/EDE.0000000000001359

	Determination of heat wave definition temperatures in Spain at an isoclimatic level: time trend of heat wave duration and intensity across the decade 2009–2018
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Methods
	Variables
	Determination of the heat wave threshold temperature of each isoclimatic zones (IZ)
	Characterisation of the number, mean intensity and annual intensity of heat waves
	Time trend in the number (Num), mean intensity (Intmean) and total intensity of heat waves (Intotal)

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


