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ABSTRACT

Nowadays, the rise in the global temperatures are a source of apprehension, particularly in the
Mediterranean region, where Spain is witnessing notable consequences for its population. Predictions
for the end of the XXI century reveal a persistent increase in air temperatures along with an increment
of extreme episodes. Abnormal heat, once considered an ’environmental accident’, is now a serious
public unease. The study aims to measure the impact of heat waves on mortality by age and sex over
45 years across Spanish provinces.

Here we leverage daily individual mortality data from the National Institute of Statistics and air
temperature estimates from the ERAS5 global reanalysis. We also use the historical settlement data as
a proxy for population distribution from 1975 onward. To estimate the main and added effects of heat
waves we fit a quasi-Poisson time-series regression model using a distributed lag non-linear model
with 10 days of lag, controlling for trends and day of the week.

This analysis examines 15.8 million deaths in Spain from 1975 to 2019. Over this period, we
anticipate a shift in the temperature-mortality relationship, indicating a gradual flattening of the
response curve and overall reduction in temperature-related mortality. We expect a more pronounced
decrease in cold-related risks compared to heat-related ones, with latitudinal variations. Heat wave
incidence is steadily increasing, with a positive effect on mortality, albeit smaller than the primary
temperature effect. This heat wave effect is expected to vary as function of the heat wave type,
location and demographic strata.
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1 Introduction

The health effects of exposure to non-optimal ambient temperatures have been extensively studied |Guo et al.|[2014],
Gasparrini et al.|[2015]],/Song et al.|[2017]]. This subject has garnered attention from not only the scientific community
but also healthcare experts and policymakers. The concerning increase of global temperatures has raised significant
apprehension regarding the potential exacerbation of adverse health effects due to heightened and progressively extreme
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temperature exposures/IPCC| [2021]]. The southern Mediterranean region is becoming a major hotspot due to the
persistent warming of the air temperatures |Vicedo-Cabrera et al.| In particular, Spain is now one of the countries most
impacted by increasing temperatures and heat waves. The progressive increase in the average annual and seasonal
values of air temperatures in Spain is presented in all the projections used for the period 2081-2100 IPCC]| [2021]. For
maximum temperatures, the rise in the annual scale is predicted to be between 2.0°C and 3.4°C under the RCP4.5
scenario, while for the minimum temperatures the expected increment ranges from 1.7°C to 2.9°C under the same
intermediate pathway |Amblar Francés et al.|[2017]]

Abnormal heat was a well known threat for human health for many decades, though it was mostly treated as an
‘environmental accident’ without any implications at the governmental level and for public policies until recently. A
serious public concern related to the adverse health effects of the emerging heat wave phenomena starts to gradually
arise from the end of the 1980-s as more evidence comes in. The 2003 heat wave resulted in a burst of scientific
literature of diverse disciplines as the detrimental outcomes represented an undeniable piece of evidence. However,
long-term studies of heat waves based on the individual mortality data at the regional scale in Spain are still rare Linares
et al.| [2015]], Miron et al.|[[2015]], |deCastro et al. [2011]].

Present study endeavors to quantify the added effects of heat wave exposure on mortality by age and sex during the
period of 45 years in Spain at the provincial level. Moreover, we aim to explore the temporal evolution in these effects
and variations in the spatial patterns.

2 Methods

2.1 Data collection

All data collected in the present study cover the Iberian Peninsula and Balearic Islands between Jan 1, 1975 and Dec
31, 2019. The original temporal and spatial resolution of datasets used in this study differed, therefore we employed a
series of procedures in order to create a unified dataset where the units of choice are days (time-wise) and provinces
(space-wise).

2.1.1 Environment

* Temperature of air at 2m above the surface of land, sea or inland waters. Daily mean, maximum and
minimum temperature from the ERAS reanalysis [[Hersbach et al., 2020] was used to estimate exposure
indicators. ERAS is the fifth generation ECMWF reanalysis for the global climate and weather from 1940
onwards and provides hourly values of a large number of atmospheric, ocean-wave and land-surface variables
globally, with a 0.25° x0.25° horizontal resolution (approximately 25x25km).

* Historical settlement data. As a proxy for human distribution in space we leveraged the cadastral data with
rich thematic property attribution, such as building usage and construction year [Uhl et al.|[2023]]. These data
comes as gridded surfaces, describing the evolution of human settlements in Spain from 1900 to 2020, at
100 m spatial and 5-year temporal resolution. In the present study we included the surfaces representing the
measures of building density from 1960 to 2020.

2.1.2 Population

* Mortality data. Individual anonymised mortality data were provided by the Spanish National Institute of
Statistics (INE) on special request in the form of microdata files. These data were further aggregated by day,
age, sex and province of registry of the individuals.

» Population data. The reference yearly data were retrieved from the official publicly available database on
population maintained by INE (INEBase).

2.2 Indicator of exposure to heat waves

Among different heat wave definitions in the literature Barriopedro et al.|[2023]], we followed a modification of the
one adopted by the Spanish Weather Service (AEMET), also similar to the warm spell duration index by [Alexander
et al.[[2006], which are calculated using a percentile-based threshold. AEMET issues a heat wave special alert when
there are 3 or more consecutive days with daily maximum temperature above the 95" climatological percentile in July
and August for the period 1971-2000 in more than 10% of the stations in the region. In this work, we included two
effects which can accentuate the negative impacts of heat stress. First, the effect of night-time heat by considering daily
minimum temperature together with daily maximum counterparts, since residents may not recover from the daytime
heat and suffer from sleep loss because populated areas often cannot cool down at night Oke et al.|[1991]. Secondly,
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we considered prolonged summer seasons for the percentile calculation, since summers tend to extend beyond July
and August in a climate change context. Thus, we consider a heat wave a spell of 3 or more days with daily maximum
and minimum temperatures above their 95 climatological percentiles calculated in June-September for the period
1981-2010. Heat waves are estimated for each ERAS grid box independently but only grid boxes with a minimum of
10% urban land cover are considered (hereafter urban grid boxes). A heat wave occurs in a province when at least 10%
of the urban grid boxes are under the effect of a heat wave.

2.3 Statistical analysis of temperature-mortality associations

We explore the association between heat waves and mortality spikes by disentangling temperature-related risk into
two components: a "primary effect" stemming from the independent influence of daily mean temperatures, and an
"added effect" arising from prolonged periods of elevated heat during heatwaves. The primary effect is quantified using
distributed lag nonlinear functions of temperature, which consider non-linear delayed consequences and short-term
harvesting (Gasparrini et al.| [2010], similarly to the approach suggested by Gasparrini et al. |Gasparrini and Armstrong
[2011]]. The added effect is defined using a simple binary indicator (explained in section[2.2) and subsequently as a
function of consecutive days within a heat wave and its intensity.

To evaluate changes in the mortality burden from heat waves, we split the study period into equal 10-year intervals. For
each period, we fit a quasi-Poisson time-series regression model Bhaskaran et al., where we control for seasonal and
long-term trends using a natural cubic spline of time with 10 degrees of freedom per year and indicator variables for the
day of the week. We use a natural cubic spline with three internal knots placed at the 10", 75! and 90*" percentiles
of the temperature distribution and the lag-response, up to 10 days, with a natural cubic spline with 3 internal knots
placed at equally spaced values in the log scale. These modelling choices are based on extensive previous work using an
overlapping data set and have been thoroughly tested by sensitivity analyses [Tobias et al.|[2021]], [Ihiguez et al.|[2021]].

The analysis is performed in R 4.2.0, and for the statistical modelling we use the dinm-package Gasparrini et al.|[2010].
Spatial operations with vector and raster data are executed in ArcGIS Pro 3.0.2.

3 Expected results

We analyse approximately 15.8 million of deaths registered in Spain between 1975 and 2019. During the selected time
window we expect to see a shift in the temperature-mortality association from a V-shape in the first decades of the
observation to a U-shape by the end of the period all across the provinces, thus revealing a progressive flattening of the
exposure-response curve. We also expect to observe an overall reduction in the mortality burden associated with the
temperatures. In particular, we anticipate more significant and rapid decline in the cold-related risks and attributable
fractions in comparison with the heat-related ones, with some latitudinal variations across the country.

On the other hand we witness a steady increase in the incidence of the heat wave episodes with time (Fig. [I]) all over
the country. We expect to see a positive added effect of heat wave o mortality, however this effect is suspected to be
smaller than the primary effect. Also, we anticipate to see the variations in the effect depending on the heat wave order,
duration, intensity, geographic location and demographic strata. The largest added effects are expected for the longest
and strongest heat waves in the elderly female population in the less accustomed to extreme heat areas.
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Figure 1: Heat wave episodes during extended summer periods registered in each province according to the custom criteria, by year.
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