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Projections of temperature-attributable mortality in Europe:
a time series analysis of 147 contiguous regions in
16 countries

Erica Martinez-Solanas*, Marcos Quijal-Zamorano*, Hicham Achebak, Desislava Petrova, Jean-Marie Robine, Frangois R Herrmann, Xavier Rodd,
Joan Ballester

Summary

Background Europe has emerged as a major climate change hotspot, both in terms of an increase in seasonal averages
and climate extremes. Projections of temperature-attributable mortality, however, have not been comprehensively
reported for an extensive part of the continent. Therefore, we aim to estimate the future effect of climate change on
temperature-attributable mortality across Europe.

Methods We did a time series analysis study. We derived temperature-mortality associations by collecting daily
temperature and all-cause mortality records of both urban and rural areas for the observational period between
1998 and 2012 from 147 regions in 16 European countries. We estimated the location-specific temperature-mortality
relationships by using standard time series quasi-Poisson regression in conjunction with a distributed lag non-linear
model. These associations were used to transform the daily temperature simulations from the climate models in the
historical period (1971-2005) and scenario period (2006-2099) into projections of temperature-attributable mortality.
We combined the resulting risk functions with daily time series of future temperatures simulated by four climate
models (ie, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROCS5) under three greenhouse gas emission
scenarios (ie, Representative Concentration Pathway [RCP]2.6, RCP6.0, and RCPS8.5), providing projections of future
mortality attributable fraction due to moderate and extreme cold and heat temperatures.

Findings Overall, 7-17% (95% CI 5-81-8-50) of deaths registered in the observational period were attributed to non-
optimal temperatures, cold being more harmful than heat by a factor of ten (6-51% [95% CI 5-14-7-80] vs 0-65%
[0-40-0-89]), and with large regional differences across countries—eg, ranging from 4-85% (95% CI 3-75-6-00) in
Germany to 9-87% (8-53-11-19) in Italy. The projection of temperature anomalies by RCP scenario depicts a
progressive increase in temperatures, more exacerbated in the high-emission scenario RCP8.5 (4-54°C by 2070-2099)
than in RCP6.0 (2-89°C) and RCP2.6 (1-67°C). This increase in temperatures was transformed into attributable
fraction. Projections consistently indicated that the increase in heat attributable fraction will start to exceed the
reduction of cold attributable fraction in the second half of the 21st century, especially in the Mediterranean and in
the higher emission scenarios. The comparison between scenarios highlighted the important role of mitigation,
given that the total attributable fraction will only remain stable in RCP2.6, whereas the total attributable fraction will
rapidly start to increase in RCP6.0 by the end of the century and in RCP8.5 already by the middle of the century.

Interpretation The increase in heat attributable fraction will start to exceed the reduction of cold attributable fraction
in the second half of the 21st century. This finding highlights the importance of implementing mitigation policies.
These measures would be especially beneficial in the Mediterranean, where the high vulnerability to heat will lead to
an imbalance between the decreasing cold and increasing heat-attributable mortality.

Funding None.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND
4.0 license.

Introduction

The increase in the concentration of anthropogenic
greenhouse gases in the atmosphere has led to a detectable
planetary warming since the mid-20th century! The
general rise in temperatures and the associated increase
in the intensity, frequency, and duration of heatwaves
are expected to have a direct contribution on human
mortality>> Most studies project an increase in heat-
attributable deaths and a concurrent decrease in
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cold-attributable mortality under different scenarios of
greenhouse gas emissions, resulting in a positive or
negative long-term net effect depending on the location
and magnitude of the warming.* However, the variation in
heat-attributable mortality is subject to large sources of
uncertainty, especially regarding the capacity of societies
to adapt to warmer conditions.** Indeed, reductions in
mortality risk and burden associated with heat have been
documented over the past decades in many locations
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Research in context

Evidence before this study

Several studies have shown the effect of projected warming
on future temperature-attributable mortality in Europe.
Previous results indicate a general increase in attributable
deaths due to heat and a decrease in attributable deaths
due to cold, under different greenhouse gas emission
scenarios. However, these studies are limited to the urban
population from a subset of European countries, which
limits the scope of the spatial description of the future
projections in temperature-attributable mortality across
the continent.

Added value of this study

One of the strengths of this study is the use of a unique,
format-homogeneous, 15-year mortality dataset for

147 contiguous regions in 16 European countries, including
deaths from both urban and rural areas. The broad
geographical coverage of our European domain gives an

across the globe, mainly in developed countries, despite
the already observed warming and the ageing of societies.”"
Europe has emerged as a major climate change hotspot,
both in terms of an increase in seasonal averages and
climate extremes." The temperature increase in this
region has occurred at a rate faster than in any other
continent in recent decades, with 2020 being the warmest
year on record at more than 1-6°C above the period
between 1981 and 2010.” Record-breaking temperatures
such as those recorded during summer 2003, which are
representative of the future summer conditions in the
region,’ had an unprecedented impact on mortality across
the continent, causing more than 70000 premature
deaths in Europe alone.” However, the distribution of
the incidence was not spatially homogeneous. Although
temperature anomalies were, for example, twice as large
in France as in Spain, the largest relative excess of
mortality occurred in Spain, showing the different degree
of vulnerability of the European societies to anomalously
warm summer temperatures.’ Therefore, in this study, we
aim to estimate the future effect of climate change on
temperature-attributable mortality across Europe.

Methods

Study design and definition of periods

We did a time series analysis study. We used daily
temperature and mortality records in the observational
period (1998-2012) to derive temperature-mortality
associations. These associations were used to transform
the daily temperature simulations from the climate
models in the historical period (1971-2005) and scenario
period (2006-2099) into projections of temperature-
attributable mortality. We calculated the changes in
temperature and temperature-attributable mortality
by comparing differences between the 30-year
reference (1976-2005), mid-century (2035-2064), and

opportunity to estimate the effects and spatial distribution
of rising temperatures in the continent.

Implications of all the available evidence

Our projections indicate a generalised reduction in cold-
attributable mortality and an increase in heat-attributable
mortality. However, although cold-attributable mortality was
relatively homogeneous among regions, heat-attributable
mortality was higher in the Mediterranean, and especially by
the end of the 21st century and under Representative
Concentration Pathway [RCP]8.5. The comparison between
scenarios highlighted the important role of mitigation, given
that temperature-attributable mortality will only remain
stable in RCP2.6, whereas temperature-attributable mortality
will rapidly start to increase in RCP6.0 by the end of the
century and in RCP8.5 already by the middle of the century.
Evidence from this study could inform scenario-based
climate change mitigation strategies in Europe.

end-of-the-century (2070-2099) periods. All periods
include data from all months—ie, from Jan 1 to Dec 31.

Mortality data

We used a daily mortality database that was spatio-
temporally homogeneous, with nearly 60 million counts of
deaths. The daily mortality counts consisted of all-
cause mortality for the observational period (ie, between
1998 and 2012) from 147 contiguous regions (mainly
NUTS?2, ie, second level of the Nomenclature of Territorial
Units for Statistics) in 16 European countries representing
an urban and rural population of about 420 million people
(appendix p 3).** These countries are Austria (n=9 regions),
Belgium (n=11), Croatia (n=2), Czech Republic (n=8),
Denmark (n=1), France (n=22), Germany (n=16),
Italy (n=21), Luxembourg (n=1), the Netherlands (n=1),
Poland (n=16), Portugal (n=>5), Slovenia (n=1), Spain (n=16),
Switzerland (n=7) and the UK (n=10 regions in
England and Wales only).

The method used to collect death counts was equivalent
in all the countries; therefore, the dataset does not present
data quality differences that could produce significant
biases in time or across national or regional borders. The
dataset had no missing values. Further details are provided
in the appendix (p 2) and previously published studies.**

Temperature data

Daily high-resolution gridded observations (0-25°x0-25°)
of daily mean 2-meter temperature were derived from
E-OBS (version 14.0). Time series of daily mean 2-meter
temperature for the historical and scenario periods were
derived from the second phase of the Inter-Sectoral
Impact Model Intercomparison Project (ISIMIP2b),” and
bias-corrected with respect to the E-OBS data in the
observational period by using an additive scaling
method.®** We included data from four climate
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models—namely, GFDL-ESM2M, HadGEM2-ES, IPSL-
CMSA-LR, and MIROC5—and three greenhouse gas
emission scenarios (Representative Concentration
Pathway [RCP]2.6, RCP6.0, and RCP8.5). Both sources of
gridded temperature data were transformed into regional
estimates by spatially averaging the gridded data within
each region.

Estimation of temperature-mortality relationships

We first applied a standard time-series quasi-Poisson
regression in combination with a distributed lag non-
linear model*"* in each region to derive estimates of
region-specific  temperature-mortality  associations,
reported as relative risks (RRs). The equation is as
follows:

Log(E(Y))=intercept + S(time, 8 df per year) + dow + cb.

Y denotes the daily time series of mortality counts; E
corresponds to the expected value; S is a natural cubic
spline of time with 8 degrees of freedom (df) per year to
adjust for the seasonal and long-term trends; dow
corresponds to a categorical variable to control for the

day of the week; and cb is the cross-basis function
produced by the distributed lag non-linear model that
combines the exposure-response and lag-response
associations.* The exposure-response association was
modelled with a natural cubic spline, with three internal
knots placed at the 10th, 75th, and 90th percentiles of
the daily temperature distribution in the observational
period. The lag-response association was modelled with
three internal knots placed at equally spaced intervals
in the log scale, with a maximum lag of 21 days to
account for the long-delayed effects of cold temperatures
and short-term harvesting. The modelling choices were
tested in sensitivity analyses by varying the number of
knots in the exposure-response function, the number
of lag days, and the number of df per year used to
control for the seasonal and long-term trends
(appendix pp 7-9).

In the second stage, we did a multivariate multilevel
meta-analysis, modelling dependencies of regions
within countries through structured random effects.?*
The fitted meta-analytical model was also used to
derive the best linear unbiased predictions of the
temperature-mortality relationships and the minimum
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Figure 1: RR and attributable fraction in the observational period (1998-2012)

(A) Overall cumulative temperature-mortality relationship in Europe. The shaded area is the 95% CI. The RR was 1-27 (95% Cl 1-24-1-29) in the 1st percentile,
118 (1-16-1-20) for the 5th percentile, 1-05 (1-03-1-06) for the 95th percentile, and 1-19 (1-14-1-24) for the 99th percentile. (B) RR of death at the 1st percentile of
daily temperatures. (C) RR of death at the 99th percentile of daily temperatures. (D) Total attributable fraction. (E) Cold attributable fraction. (F) Heat attributable

fraction. RR=relative risk.
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Figure 2: Projections of temperature anomaly and attributable fraction by RCP scenario in Europe

(A) Annual mean temperature expressed as the anomaly with respect to the reference period (1976-2005).

(B) Attributable fraction corresponding to all temperatures. (C) Attributable fraction corresponding to cold
temperatures. (D) Attributable fraction corresponding to heat temperatures. Projections correspond to the average
of the four models. The shaded areas are the Cls to the range of the ensemble of models. The dashed black lines
correspond to the extrapolation of the linear trend in the reference period (1976-2005). RCP=Representative
Concentration Pathway.

mortality temperature in each region. The fraction of
deaths attributable to non-optimal temperatures (ie,
attributable fraction) in each region was calculated
following the methodology used in a previously
published model.* Continental and national attri-
butable fraction values were computed by integrating
the regional values. 95% Cls of attributable risk were
obtained empirically through 1000 Monte Carlo
simulations.

Cold and heat days were defined as the days with
temperatures lower or higher than the minimum
mortality temperature. These subsets of days were
further divided into extreme cold (cold days colder than
2.5 percentile in the observational period), moderate
cold (cold days warmer than 2.5 percentile), moderate
heat (heat days colder than 97-5 percentile), and extreme
heat (heat days warmer than 97-5 percentile). The
thresholds used to define moderate and extreme cold and
heat days were calculated during the observational
period, and applied to all the periods (observational,
historical, and scenario).

e449

Projections of temperature-attributable mortality
Similar to previous studies,*”* we used the mean annual
cycle of daily mortality in the observational period as the
baseline mortality in the historical and scenario periods.
We thus computed the projected attributable fraction in
each region by combining the fitted exposure-response
curves derived from the observational period with the
multi-model ensemble of bias-corrected daily tempera-
ture time series.” Projected attributable fraction values
were calculated as the average of the multi-model
ensemble. Projected attributable fractions Cls were
calculated as the range of the multi-model ensemble. The
attributable fraction projections were obtained under the
assumption of no adaptation or population changes.

We did all statistical analyses using R (version 4.0.4)
with the packages dlnm (version 2.4.2) and mixmeta
(version 1.1.0).

Role of the funding source

There was no funding source for this study. All authors
had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results

Figure 1A shows the pooled cumulative exposure-
response association for the whole ensemble of regions
over the observational period. The association corresponds
to an asymmetric V-shaped curve, with monotonically
increasing risks for temperatures colder and warmer than
the optimum temperature. For example, the risk of death
increases by 27% at the Ist percentile, 18% at the
5th percentile, 5% at the 95th percentile, and 19% at the
99th percentile of the daily temperature distribution, with
a much steeper slope for heat than for cold. Figure 1B
and C depict the regional RRs corresponding to the
1st and 99th percentiles of the daily temperature
distribution. The whole ensemble of regional RR curves
is shown in the appendix (pp 10-15). For cold tempera-
tures, the RRs are high and relatively homogeneous in
most of the domain, except in some regions in
the Mediterranean and central Europe (figure 1B).
Instead, large latitudinal differences are found for warm
temperatures, with the largest RRs in the Mediterranean
(figure 1C). Interestingly, we observed large discon-
tinuities for both cold and heat across national borders.
For example, for heat, we find an abrupt transition
between France and the neighbouring regions in Spain
and Italy. Overall, 7-17% (95% CI 5-81-8 - 50; figure 1D) of
the observed deaths are attributable to non-optimal
temperatures, approximately ten times higher for cold
than for heat (6-51% [95% CI 5-14-7-80] vs 0-65%
[0-40-0-89]; figure 1E and F; appendix p 4). The
attributable fraction due to all temperatures is largely
heterogeneous across countries, ranging from 4-85%
(95% CI 3-75-6-00) in Germany to 9-87% (8-53-11-19)
in Italy. In general, the spatial patterns of attributable
fraction resemble those of the RRs, with high and
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Figure 3: Attributable fraction anomalies by RCP scenario in the middle of the 21st century (2035-2064)
Anomalies are calculated as the average of the four models, and expressed with respect to the reference period (1976-2005). RCP=Representative Concentration Pathway.

relatively homogeneous cold-attributable mortality in
most of the domain, but higher heat-attributable mortality
in the Mediterranean compared with higher latitudes
(figure 1).

Figure 2A depicts the projection of temperature
anomalies by RCP scenario. It shows a progressive
increase in temperatures, more exacerbated in the
high-emission scenario RCP8.5 (4-54°C by 2070-2099)
than in RCP6.0 (2-89°C) and RCP2.6 (1-67°C; appendix
pp 5-6). This increase in temperatures is transformed
into attributable fraction values by means of the
regional non-linear cumulative-response associations
shown in the appendix (pp 10-15). As a result of the
warming, we observed a decrease in the number of cold
days and a complementary increase in the number of
heat days, which leads to a progressive decrease in cold

www.thelancet.com/planetary-health Vol 5 July 2021

attributable fraction and a progressive increase in heat
attributable fraction. More specifically for cold, we
found that the rather linear decline in RCPS8.5
approximately mimics the linear trend defined by the
reference period, whereas RCP2.6 and RCP6.0
approximately start to diverge from the linear trend at
around year 2040 (figure 2C). For heat, RCP6.0 is
instead the scenario that follows the linear trend
defined by the reference period, with a faster increase
in RCP8.5 and a slower growth in RCP2.6 (figure 2D).
The resulting evolution of the total attributable fraction,
which results from the combination of the cold and
heat components, indicates a plateau in RCP2.6
throughout the present century, but a rapid increase
starting in 2060 in RCP6.0 and in 2040 in RCP8.5
(figure 2B). Importantly, the total attributable fraction
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Figure 4: Attributable fraction anomalies by RCP scenario at the end of the 21st century (2070-2099)
Anomalies are calculated as the average of the four models, and expressed with respect to the reference period (1976-2005). RCP=Representative Concentration Pathway.

in all three scenarios exceed the evolution defined by
the linear trend in the historical period.

Figures 3 and 4 show the projection anomalies of total,
cold, and heat attributable fraction by RCP scenario at
the middle and end of the 21st century. These spatial
patterns resemble again the maps of cold and heat RRs
and attributable fractions in the observational period
(figure 1). This resemblance is explained by the fact that
projections of attributable fraction are largely driven
by the observed regional differences in vulnerability
among regions. To a lower extent, the attributable
fraction anomalies are also explained by the different
rate of warming among regions (appendix pp 40-41).
For example, the large summer warming in the
Mediterranean explains why the heat attributable
fraction is expected to disproportionately increase in the

southern regions. Taking all these factors into account,
the total attributable fraction largely increases in the
south, and changes are relatively small in central Europe.
The spatial pattern of attributable fraction anomalies is
qualitatively similar in the mid-century and late-century
periods, but the magnitude of the changes is substantially
different.

Projections of cold and heat attributable fraction were
further subcategorised into moderate and extreme
temperatures (figure 5). The corresponding regional
projections are provided in the appendix (pp 42-59).
In the reference period, moderate cold accounts for most
of the cold attributable fraction, whereas moderate and
extreme heat attributable fraction are almost identical. In
all the considered RCP scenarios, extreme cold
attributable fraction is expected to decrease whereas
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Figure 5: Projections of attributable fraction by RCP scenario in Europe

The attributable fraction is shown for all, extreme cold, moderate cold, moderate heat, and extreme heat temperatures. Projections correspond to the average of the
four models. The shaded areas are Cls to the range of the ensemble of models. RCP=Representative Concentration Pathway.

moderate heat attributable fraction is expected to remain
relatively constant. However, projections indicate a very
large increase in extreme heat attributable fraction,
which would surpass the cold attributable fraction in
RCP8.5 by the end of the century (figure 5C).

Sensitivity analyses suggested that the results are
consistent and did not depend on modelling choices
(appendix pp 7-9).

Discussion
Our results show that 7-17% of the observed deaths in
Europe are attributed to non-optimal temperatures, cold
being more harmful than heat by a factor of ten, and
with large regional differences across countries. Our
projections indicate a generalised reduction in cold
attributable fraction and an increase in heat attributable
fraction. However, although cold attributable fraction
was relatively homogeneous among regions, heat attri-
butable fraction was clearly larger in the Mediterranean,
and especially by the end of the century and under
RCP8.5. The comparison between scenarios highlighted
the important role of mitigation, given that the total
attributable fraction will only remain stable in RCP2.6,
whereas it will rapidly start to increase in RCP6.0 by the
end of the 21st century, and in RCP8.5 already by the
middle of the 21st century.’” One of the strengths of our
study is the use of a unique, format-homogeneous,
15-year mortality dataset for 147 contiguous regions in
16 European countries, including deaths from both
urban and rural areas. The broad geographical coverage
of our European domain gives an opportunity to estimate
the effects and spatial distribution of rising temperatures
in the continent.

Although we estimated an overall negative net effect in
total attributable fraction by the middle of the century,
this effect was not the case for the end of the century,

www.thelancet.com/planetary-health Vol 5 July 2021

when the rise in heat attributable fraction is expected to
exceed the reduction in cold attributable fraction,
especially for those scenarios considering little or no
mitigation (RCP6.0 and RCP8.5). Our results are
comparable with those reported elsewhere.**** The
largest and most comparable study included data from
six European countries with similar results to ours, in
the sense that the rise in heat attributable fraction would
exceed the reduction of cold attributable fraction in
RCP8.5.* Other authors have compared projections
of temperature-attributable mortality under different
magnitudes of global warming in a multi-country
assessment® and in Germany.® They found similar
estimations of changes in cold and heat attributable
fraction, as well as a consistent increase in the net
attributable fraction effect in most European countries.
The attributable fraction projections are mainly
determined by the magnitude and timing of the warming
and the transformation of temperatures into attributable
fraction values by means of the exposure-response
associations. These associations are in turn characterised
by the position of the minimum mortality temperature
and the slopes of the curve in the cold and heat tails.
In the historical period, the decreasing trend in cold
attributable fraction is found to be larger than the
increasing trend in heat attributable fraction, resulting in
a decreasing trend in the total attributable fraction.
Assuming no adaptation, this decreasing trend in total
attributable fraction is mainly due to the warming shift
of the temperature distribution towards the minimum
mortality temperature, which by definition corresponds
to the point of the minimum RR, thus slowly reducing
the total attributable fraction. At higher warming levels,
however, other factors start to have an important role in
the opposite direction, such as the higher slope of the
exposure-response associations in the warm tail
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compared with the one in the cold tail. Thus, the total
attributable fraction starts to increase in RCP6.0 at
the end of the century, or in RCP8&.5 at the middle of the
century. This effect is explained by the fact that the
increase in heat attributable fraction due to the new heat
days exceeds the decrease in cold attributable fraction
due to the combination of two factors: the reduction in
the number of cold days and the increase in the frequency
of days with temperatures near the minimum mortality
temperature. This point of inflection due to the non-
linear transformation of temperatures into attributable
fraction values by means of the exposure-response asso-
ciations explains why the temperatures in the RCP6.0
and RCP8.5 scenarios approximately follow the linear
trend defined by the historical period, whereas the
corresponding total attributable fraction projections
quickly diverge from the linear trend and suddenly start
to increase during the second half of the century after a
transition plateau. We refer to Ballester and colleagues®
for a more in-depth discussion of these processes.

We decided to report the temperature and attributable
fraction anomalies as averages for 30-year periods,
contrary to previous epidemiological studies that used
shorter periods of 10 years.” The natural decadal
climate variability can partially mask or amplify the real
magnitude of the anthropogenic warming trends. Our
year-to-year projections of temperature and attributable
fraction actually show this natural decadal variability,
even when looking at the averages of the four models
(eg, see the anomalously warm temperature in RCP8.5
around 2076-2085). Thus, the use of 30-year periods in
our study avoids this kind of misleading effect, and
better allows to estimate the long-term trend of
temperature and attributable fraction. For this reason,
climate scientists use 30-year periods for the reference
and scenario periods, as recommended by the World
Meteorological Organization.”

This study has some limitations worth acknowledging.
First, our projections did not account for adaptation or
demographic changes, in line with similar previously
published studies.*** Projections based on idealised
scenarios of adaptation can only be occasionally found in
the literature.” However, there is a growing amount of
evidence pointing to adaptation processes already reducing
the vulnerability to cold and heat.*” If we assumed in the
projections the same rate of adaptation as in these studies,
we would expect a smaller decrease in cold attributable
fraction and a smaller increase in heat attributable fraction
compared with the results presented here. Second, we
showed the epidemiological confidence intervals for the
observational period, but we prioritised reporting the
spread of the multi-model ensemble in the projections to
show the same type of information for temperature and
attributable fraction. In general, we found smaller
uncertainties in the epidemiological associations
compared with the temperature spread of the multi-model
ensemble. We note that this range would be much larger if

we used the very large ensemble of climate models from
the Coupled Model Intercomparison Project initiative used
in the Intergovernmental Panel on Climate Change
reports. Third, daily mean temperature was used as the
only environmental exposure, and we did not consider
other parameters such as relative or absolute humidity.
Some studies have found little differences in the amount
of variability explained by the epidemiological models
when humidity is included.* At climate change timescales,
however, the European regions that will warm the most are
also the regions that will dry faster (eg, the Mediterranean).’
By contrast, from a physiological perspective, heat stress is
often thought of as a combination of high temperature and
high humidity. Therefore, an epidemiological model
driven by temperature alone, and thus ignoring an
eventual decrease in humidity, might overestimate the
future heat attributable fraction, especially in regions such
as the Mediterranean. A more in-depth discussion of these
factors is provided elsewhere,® where the contribution of
humidity to the projections of attributable mortality is
quantified.

In conclusion, our results show that the increase in
heat attributable fraction will start to exceed the reduction
of cold attributable fraction in the second half of the
21st century, especially in the Mediterranean and in the
higher emission scenarios. These findings highlight
the importance of implementing mitigation policies
across Europe. These measures would be especially
beneficial in the Mediterranean, where the increase in
the heat-attributable mortality is expected to be largely
sensitive to the pathway of greenhouse gas emissions.
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