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Abstract
Heat-health warning systems and action plans, referred to as heat prevention plans (HPPs), are
key public health interventions aimed at reducing heat-related mortality. Despite their import-
ance, prior assessments of their effectiveness have yielded inconsistent results. The objective of this
study is to systematically assess the effectiveness of HPPs in reducing heat-related mortality risk
across Europe. We analysed daily mortality and mean temperature data from 102 locations in 14
European countries between 1990 and 2019. Using data from national experts, we identified the
year of HPP implementation and categorised their development class. A three-stage analysis was
conducted: (1) quasi-Poisson time series models were used to estimate location-specific warm-
season exposure-response functions in 3 year subperiods; (2) mixed-effect meta-regression mod-
els with multilevel longitudinal structures were employed to quantify changes in pooled exposure-
response functions due to HPP implementation, adjusted for long-term trends in heat-related
mortality risks; and (3) the heat-related excess mortality due to HPP was calculated by comparing
factual (with HPP) and counterfactual (without HPP) scenarios. Estimates are reported by coun-
try, region, and HPP class. HPP implementation was associated with a 25.2% [95% CI: 19.8% to
31.9%] reduction in excess deaths attributable to extreme heat, corresponding to 1.8 [95% CI: 1.3–
2.4] avoided deaths annually per 100 000 inhabitants. This equates to an estimated 14 551 [95%
CI: 10 118–19 072] total deaths avoided across all study locations following HPP implementa-
tion. No significant differences in HPP effectiveness were observed by European region or HPP
class. Our findings provide robust evidence that HPPs substantially reduce heat-related mortality
across Europe, accounting for temporal changes and geographical differences in risks. These results
emphasise the importance of monitoring and evaluating HPPs to enhance adaptation to a warm-
ing climate.

1. Introduction

Europe is the fastest warming continent and has
experienced an increase in extreme weather phenom-
ena in the past two decades (EEA 2024). Intense heat
waves occurred in South-Western Europe in 2003,
in Eastern Europe and Russia in 2010, and across
the whole continent in 2022 (Barriopedro et al 2011,
Lhotka and Kyselý 2022, Ballester et al 2023, EEA-
European Environment Agency 2024). Such events
are likely to become a regular phenomenon in mid-
latitudes by the end of the 21st century (CCAG 2024),
and pose a high risk to human health.

Heat prevention plans (HPPs), including policies
such as heat early warning systems and heat-health
action plans, are universally considered key public
health interventions to reduce health impacts of heat
(Toloo et al 2013, McGregor et al 2015, Casanueva
et al 2019). While widespread and adopted in many
countries, evidence on the effectiveness of HPPs in
reducing heat-related health risks is still limited. So
far, most studies analysed the effect of HPP imple-
mentation in a single location by a simple comparison

of the heat-related mortality risk before and after the
HPP implementation (Dwyer et al 2022). Only a few
studies investigated beneficial effects of HPPs in mul-
tiple locations with inconsistent findings across cities
and regions (De’ Donato et al 2015,Martínez-Solanas
and Basagaña 2019, Ragettli et al 2024). For example,
a study comparing the temperature-mortality rela-
tionships in nine European cities before and after the
major 2003 heatwave revealed reduced heat-related
mortality risk in Rome and Paris, which implemen-
ted HPPs after 2003, but also in Athens, which did
not (De’ Donato et al 2015). In contrast, other cit-
ies that implemented HPPs after 2003 (e.g. Budapest,
Valencia, London) did not see any significant reduc-
tions in heat-related mortality. Similarly, two studies
from the US received inconclusive results in the bene-
ficial effects of heat alerts issued by the US National
Weather Service (Weinberger et al 2017, 2021).

A factor complicating the evaluation of HPP
beneficial effects is the temporal and geographical
variation in mortality risks due to the underly-
ing changes in vulnerability (Boeckmann and Rohn
2014) and uneven occurrence of major heat wave
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events across the continent (Lhotka and Kyselý 2022).
Trends in vulnerability may result from demographic
changes, other policy interventions or autonom-
ous adaptation to a changing climate. Previous
studies have identified a long-term weakening of
heat-attributable mortality risk in the past century
(Sheridan and Allen 2018), despite warming trends
in most regions of the world. However, the declining
trend in the heat-attributable risk has slowed down or
even reversed inmost recent years, in spite of ongoing
socioeconomic development and increasing imple-
mentation of HPPs (Pascal et al 2021, Urban et al
2022). In addition, there is limited knowledge of the
comparative effectiveness of HPPs in different loc-
ations and with different level of development (Ebi
2019, Dwyer et al 2022). So far, only one study invest-
igated the reduction effect of HPPs with account-
ing for the level of their development, revealing
stronger mortality reductions in provinces with more
advanced HPPs, though some regions with robust
plans still reported increases in heat-attributable
mortality (Martínez-Solanas and Basagaña 2019).

Despite using state-of-the-art methodology such
as quasi-Poisson time series regression or difference-
in-differences quasi experimental study design
(Dwyer et al 2022), the main limitation of most
studies is that they did not consider these underly-
ing trends in heat-related mortality risks. The aim
of this study is to provide a comprehensive assess-
ment of the ability of HPPs to prevent heat-related
mortality across Europe. The study benefits from
the partnership between two consortia, the Multi-
Country Multi-City (MCC) Collaborative Research
Network and the COST Action PROCLIAS, allowing
the collection of a large database including daily time
series data for temperature and mortality as well as a
detailed classification of HPPs in selected countries.
The analysis is based on state-of-the-art epidemiolo-
gical methods, with the application of a three-stage
analysis using a multilevel and longitudinal design
that allows separating effects of HPPs from underly-
ing regional variations in mortality risks. This setting
allows us to take into account a wide array of climatic
conditions and long periods after the implementation
of the HPPs.

2. Data andmethod

2.1. Mortality and temperature data
We obtained daily death counts and daily mean tem-
perature data in European locations available via
theMCCNetwork (http://mccstudy.lshtm.ac.uk/), an
international collaboration of research teams pro-
ducing epidemiological evidence on the association
between environmental stressors, climate change, and
health across the globe (Gasparrini et al 2024). For
Europe, the MCC Network has gathered data from

ca. 280 locations in 19 countries. The current ana-
lysis was restricted to 102 locations in 14 European
countries divided into four regions (i.e. four United
Nations’ M49 geographical subregions) with avail-
able data on HPPs implementation (figure 1(a)).
Differently from the M49 classification, Belgrade,
Serbia, was considered Eastern Europe for the pur-
pose of this study due to its socioeconomic and
climatological proximity to this region. Mortality
data spanned the period from 1990 to 2019, whilst
the exact timespans differed for individual countries
(figure S1, in supplementary material). For each loc-
ation, mortality is represented by daily counts for
all causes, or for non-external causes (International
Classification of Diseases (ICD-10): A0–R99). Daily
mean temperature data from weather stations repres-
entative of the selected cities were collected by MCC
partners from the respective national weather services
(table S1).

2.2. HPPs
To assess the effectiveness of national policies to
reduce heat-related mortality across Europe, we
developed a catalogue of HPPs as part of the COST
Action PROCLIAS in collaboration with national
experts. The process relied on information collec-
ted in previously published studies (Casanueva et al
2019, Vanderplanken et al 2020, Dwyer et al 2022)
as well as national documents available through
the online portals Climate-ADAPT and Global
Heat Health Information Network. The catalogue
provides information for 34 European countries or
regions, which werematched with theMCC locations
(figure S2).

A HPP score was produced building upon the
WMO/WHO’s Guidance on warning-system devel-
opment (table S2) (McGregor et al 2015) and the
methodology proposed by (Martínez-Solanas and
Basagaña 2019). Briefly, we defined a total score as
the number of actions implemented within 8 core ele-
ments, assigning for each action included in the HPP
points between 0 and 2 depending on their import-
ance in preventing heat-related deaths. These weights
were based on an expert elicitation event (https://
proclias.eu/news/elicitation-ws-prague-23), where 22
international experts from the field of atmospheric
sciences and/or public health evaluated the import-
ance of individual actions. More details on the HPP
score development is provided in Section S2 in the
Supplementary Material.

2.3. Statistical analysis
All statistical analysis was conducted in the R software
(version 4.4.0), using packages dlnm, mixmeta, and
lmtest. The analysis was conducted using a three-stage
multilevel longitudinal design to control for spatial
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Figure 1. (a) Cities included in the study, (b) year of heat prevention plan implementation (HPP start) in each country.

and temporal confounding (Sera et al 2019, 2020).
Each stage is described separately below.

Stage 1
First, we used a distributed lag nonlinear model
(DLNM) with quasi-Poisson parametrisation
(Gasparrini 2014), to estimate the temperature-
mortality association in the five warmest months of
the year (May–September, typically the season when
HPPs are activated) for each location. The regression
was fitted separately in three-year subperiods (from
1990–1992–2017–2019, figure S1). Daily mean tem-
perature was chosen as the exposure variable, consist-
ently with previous large-scale assessments (Masselot
et al 2023). The model specification and paramet-
risation were based on previous studies focusing on
the warm season (Gasparrini et al 2015, Sera et al
2020). Briefly, an interaction term between a nat-
ural cubic spline with four degrees of freedom for
day of the season and year indicator was used to
control for inter- and intra-seasonal variations in
mortality data. In addition, we included a categorical
variable for day of the week to control for a weekly
cycle. The temperature-mortality relationship was
modelled with a cross-basis function, using a quad-
ratic B-spline with two internal knots placed at the
50th and 90th percentile of the full-period location-
specific temperature distribution and a natural cubic
spline with two internal knots equally distributed on
a logarithmic scale over 10 d of lags to control for
the lagged effects of heat and a short-term mortality
displacement. The overall exposure-response func-
tion was then reduced into a one-dimensional overall
cumulative exposure-response curve, which expresses

the location-specific relative risk (RR) of mortality
compared to the subperiod- and location-specific
minimum mortality temperature (MMT; Tobías
et al 2021).

Stage 2
In the second stage, coefficients representing the
reduced subperiod- and location-specific exposure-
response functions were pooled in a multivariate
mixed-effect meta-regressionmodel with amultilevel
longitudinal structure (Sera et al 2019). Six versions
of the second-stagemeta-regressionmodel were com-
pared to test specific aspects of heat-mortality associ-
ations and the effect of HPP implementation. Details
of the models and their comparison are described in
Section S3. The main model (Model 3) included i) an
indicator for the presence of HPP, defined as 0 if its
implementation occurred earlier or in the first year of
the subperiod in which the HPP started, and 1 other-
wise, and ii) an interaction term between Region (one
of the four regions defined in figure 1) and (a) lin-
ear term (Time) for the middle of the subperiod, to
control for region-specific long-term changes in heat-
related mortality risks. The model included also ran-
dom effects for intercept and time at city level, allow-
ing differential baseline and trend in heat-related
risk. Model 3 was further extended by using interac-
tion terms with the HPP indicator to investigate dif-
ferential effects of HPP implementation by Region
(Model 4) and HPP score (Model 5), with the lat-
ter stratified in three groups (HPPclass). The estim-
ation was carried out using a maximum-likelihood
estimator and a diagonal structure of the random-
effect (co)variance matrix. Statistical significance of

4



Environ. Res. Lett. 20 (2025) 124071 A Urban et al

the fixed-effect interactions was tested by a likelihood
ratio test (LRT) (Sera et al 2019).

Stage 3
In the third stage, we derived best linear unbiased pre-
dictions (BLUPs) from the meta-regression model
to obtain improved location-specific estimates of
exposure-response functions for each subperiod
(Sera et al 2019). BLUPs were estimated by adding
the residual random-effect part to fixed-effect pre-
dictions from the second-stage model, allowing
them to be defined for two scenarios—factual and
counterfactual. In the factual scenario, the HPP indic-
ator corresponded to the observed pattern, while
in the counterfactual scenario, the HPP indicator
was set to 0 for all the subperiods. We then calcu-
lated the heat-attributable fraction of deaths (HAF)
(Gasparrini and Leone 2014) in each location and
each subperiod of the post-implementation period
under the two scenarios. Since most HPPs have been
designed to protect the population from extreme
heat, we computed the HAF as the temperature-
related percentage of deaths on days hotter than
the 95th percentile of the location-specific sum-
mer temperature distribution over the whole study
period. Finally, HAFs were used to calculate annual
heat-attributable death rates per 100 000 inhabitants
(HADs), using population estimates in each location
for 2015 from EUROSTAT.

Eventually, the changes in HAFs (relative dif-
ferences) and HADs (differences) between the
counterfactual and factual scenarios in the post-
implementation period were calculated to quantify
the protective effect of HPP implementation in terms
of the proportion of deaths avoided by HPP imple-
mentation in each country. To assess the impact of the
2003 heat wave on the results, we conducted the main
analysis (Model 3) excluding data from the summer
of 2003 as a sensitivity analysis.

The uncertainty of the HAF and HAD estimates,
along with their changes, was quantified by gener-
ating 1000 samples of the BLUP coefficients using
Monte Carlo simulations. The samples were gen-
erated assuming a multivariate normal distribution
of coefficients of the second-stage meta-regression
model (Masselot et al 2023). From these simula-
tions, 95% empirical confidence intervals (CIs) were
derived based on the empirical distribution of the
coefficients.

3. Results

Out of 34 countries and regions listed in the HPP
catalogue, data from 14 countries that provided suit-
able mortality as well as HPP data were included in
the final analysis. The HPP scores based on the expert
elicitation are shown in figure S2, with the UK and
Portugal scoring the highest, having implemented
actions across all core elements. Scandinavia (Sweden

and Finland) and central-Eastern Europe (Czechia
and Poland), on the other hand, scored the lowest due
to having heat alert systemswith no follow-up actions
(figure S3(a)). For further assessment, the HPPs were
stratified in three levels (HPP class 1–3), defined
as terciles of the maximum HPP score (table S3,
figure S3(b)).

The year of implementation was the key element
for analysing the impact of HPPs on heat-related
mortality (figure 1(b)). Figure S1 shows that themost
advanced HPPs (HPP class 3) were generally imple-
mented in Southern and Western Europe after the
2003 heat wave, while the HPPs in Northern Europe
(HPP class 1) were developed later as a response
to the 2010 Eastern European heat wave. In gen-
eral, less developed HPPs were found in Eastern and
Northern European countries compared to Southern
and Western Europe.

3.1. Trends in heat-related mortality
The comparison of the various specifications of
the meta-analytical model indicates strong evid-
ence for differential trends across regions (table S4).
Therefore, the results from Model 3 are reported
here. Figure 2 shows trends in the overall RR of
temperature-related mortality at the 99th percent-
ile of temperature distribution compared to the
subperiod- and region-specific MMT (RR99). The
results indicate decreasing trends in RRs in popula-
tions of Southern (change in RR99 from 2.03 [95%
CI: 1.84–2.25] in the first subperiod (1990–1992) to
1.48 [95%CI: 1.32–1.66] in the last one (2017–2019))
andWestern Europe (1.58 [95%CI: 1.47–1.69] to 1.34
[95% CI: 1.24–1.44]). On the contrary, increasing
trends in heat-related riskswere observed inNorthern
(1.09 [95% CI: 0.98–1.22] to 1.32 [95% CI: 1.17–
1.48]) and Eastern Europe (1.27 [95% CI: 1.13–1.42]
to 1.45 [1.31–1.60]).

Figure 3 presents the difference in the pooled
estimates of overall ERFs for the four regions pre-
dicted in 2015 under the two scenarios, namely
without (counterfactual) and with (factual) HPP
being implemented. These estimates are adjusted for
regional temporal trends presented in figure 2, in
addition to city-level deviations. Model 3 revealed
strong evidence of an overall protective effect of HPP
implementation according to LRT (p < 0.001) (table
S4). On average, HPP implementation was associated
with a reduction of RR99 from 1.41 [95% CI: 1.35–
1.46] in the counterfactual to 1.27 [95%CI: 1.22–1.31]
in the factual scenario (table S5). While the differ-
ences in RR99 were similar in all regions (in line with
Model 3 settings), a comparison of the 95%CIs indic-
ates that the reduction was most evident in Western
Europe with RR99 = 1.36 [95% CI: 1.28–1.45] for the
counterfactual and 1.23 [95% CI: 1.16; 1.29] for the
factual scenario.

The analysis of differential effects of HPPs across
regions (Model 4) seemed to suggest a larger decrease
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Figure 2. Trends in the overall relative risk of temperature-related mortality at the 99th percentile of May–September daily mean
temperature distribution (RR99) in the four regions considered in the study (figure 1(a)).

Figure 3. Pooled exposure-response functions (ERF) of relative risk (RR) of temperature-related mortality across the four regions
under study, predicted in subperiod 2014–2016 for scenarios without (counterfactual) vs. with (factual) HPP being implemented.
The x-axis represents relative temperatures in percentiles of May–September daily mean temperature distribution, but rescaled
using the average distribution of absolute temperature across all locations. Vertical broken lines indicate the percentiles of min-
imum mortality temperature (grey) and 99th (red) percentiles of daily mean temperature distribution.

in the heat-relatedmortality risk in Southern Europe,
with RR99 of 1.61 [95% CI: 1.41–1.83] vs 1.39 [95%
CI: 1.27–1.52] for the counterfactual and factual scen-
arios, respectively, compared to Eastern Europe (RR

of 1.37 [95% CI: 1.23–1.53] vs 1.29 [95% CI: 1.19–
1.40]). However, LRT showed no statistical evidence
(p = 0.44) of a differential effect of HPP based on
Region (table S4).
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Figure 4. Heat-attributable fraction (HAF in %) of total May–September deaths per country before HPP implementation (pre-
implementation), after HPP implementation, but without the effect of HPPs (counterfactual), and after HPP implementation
with the effect of HPPs (factual). Error bars indicate 95% empirical confidence intervals calculated by Monte-Carlo simulations.

Similarly, Model 5 revealed limited evidence
(LRT p = 0.19) of differences in HPP imple-
mentation between the HPP classes (table S4).
Indeed, while the model confirms the protective
effect of any HPP implementation, small differences
were found between the types of HPPs (table S6).
Given the limited evidence of differential effects of
Region and HPPclass in Models 4 and 5, Model
3 was used further to provide estimates of the
changes in heat-attributable excess mortality with
HPP implementation.

3.2. Effects of HPP implementation on
heat-attributable excess mortality
Figure 4 shows variations in the mean HAF in indi-
vidual countries in the period before HPP imple-
mentation (pre-implementation), compared to the
period after HPP implementation under both the
counterfactual and factual scenarios (see figure S4 for
detailed temporal changes in HAFs over individual
subperiods). Across all the locations considered in
this study, implementation of HPPs was associated
with a 25.2% [95% CI: 19.8–31.9%] decrease in HAF
compared to the counterfactual scenario (table 1,

figure 5), which was equivalent to 1.8 [95% CI: 1.3–
2.4] annual deaths per 100 000 inhabitants avoided
due to HPPs. This implies that overall, 14 551 [95%
CI: 10 118–19 072] deaths were prevented in locations
of the study thanks to the implementation of HPPs.

Northern European countries were those with the
largest impact of HPP on HAFs, with an average
decrease in HAF of 33.2% [95% CI: 20.6–52.5%],
while Southern Europe revealed the smallest reduc-
tion (HAF decrease of 11.9% [6.9–16.6%], table 1).
However, the range of 95% CIs suggests a larger
uncertainty of the estimates for Northern and Eastern
Europe, likely related to the smaller number of loc-
ations considered in these regions (figure 5). This
was true especially for Sweden with HAF decrease
by 22.8% [95% CI: −30.8 to 68.6%] (an equival-
ent to annual 1.1 [95% CI: −2.1–4.9] avoided deaths
per 100 000 inhabitants). In the UK, on the other
hand, we observed the fourth largest and strong effect
of HPP implementation according to mean HAF
decrease (by 34.0% [95% CI: 19.5–55.8%]), although
the change in HAD was the same as in Sweden (1.1
[95% CI: 0.6–1.6]). A sensitivity analysis revealed
that even after excluding the summer of 2003 from
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Figure 5. Change in heat-attributable mortality fraction (quantified as a relative difference between the counterfactual and the
factual scenarios) per country associated with HPP implementation. Error bars indicate 95% empirical confidence intervals cal-
culated by Monte-Carlo simulations (see table 1).

the analysis, the implementation of HPPs was asso-
ciated with a weaker, but still evident reduction of
heat-attributable mortality by 15.2% [95% CI: 4.1–
23.7%] across all locations (figure S5).

4. Discussion

This study investigated the impact of HPP imple-
mentation on heat-related mortality across 102 loc-
ations in 14 European countries over 30 years.
Results show that HPPs were associated with a 25%
reduction in excess deaths attributable to extreme
heat (HAF) compared to the counterfactual scen-
ario without HPPs. This estimate accounted for dif-
ferential temporal variations in heat-related mortal-
ity risks observed in the four European regions. Yet,
counter to expectations, we found little evidence that

the protective effect of HPPs varied systematically by
region or by HPP class.

4.1. Temporal changes in heat-related mortality
Studies have documented declining trends in heat-
related mortality risk during past decades, attributed
to positive socioeconomic development and health-
care improvements (Boeckmann and Rohn 2014,
Sheridan and Allen 2018). For instance, a global
study of 305 locations in 10 developed countries
revealed consistent reductions in heat-related mor-
tality in all regions, except for Australia and Brazil
(Vicedo-Cabrera et al 2018). However, more recent
data suggest abatement of the declining trends or even
increased heat-related mortality risks (Pascal et al
2021, Urban et al 2022, Ballester et al 2023). Our
results also reflect this trend, especially in locations
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Table 1. Relative differences in heat-attributable mortality fractions (HAF change) and absolute differences in heat-attributable deaths
per 100 000 inh. (HAD difference) between the counterfactual and the factual scenarios in the study countries, regions and HPP classes.
The values indicate the percentage of deaths and annual deaths per 100 000 inh., respectively, avoided by implementation of HPPs. The
values are based on effect estimates of Model 3. Numbers in the brackets indicate 95% empirical confidence intervals estimated by
Monte Carlo simulations.

Region Country HAF change (%)
HAD difference (annual
deaths per 100 000 inh.)

Northern Europe Finland −43.0 (−66.6;−28.3) −2.6 (−3.4;−1.9)
Sweden −22.8 (−68.6; 30.8) −1.1 (−4.9; 2.1)
UK −34.0 (−55.8;−19.5) −1.1 (−1.6;−0.6)

Eastern Europe Czechia −29.8 (−42.5;−20.6) −2.3 (−2.9;−1.7)
Poland −28.6 (−41.3;−20.0) −2.1 (−2.7;−1.5)
Romania −28.2 (−39.9;−19.8) −2.2 (−2.8;−1.6)
Serbia −31.8 (−47.4;−21.5) −4.3 (−5.5;−3.3)

Western Europe France −25.2 (−31.5;−19.1) −1.4 (−1.7;−1.0)
Germany −20.6 (−25.7;−15.8) −1.8 (−2.3;−1.4)
Netherlands −37.7 (−45.4;−29.6) −1.1 (−1.5;−0.7)
Switzerland −39.4 (−47.2;−31.5) −2.6 (−3.4;−1.9)

Southern Europe Italy −11.6 (−16.4;−6.7) −0.9 (−1.2;−0.5)
Portugal −10.0 (−13.3;−6.7) −1.2 (−1.6;−0.8)
Spain −15.3 (−23.0;−7.2) −0.8 (−1.2;−0.4)

Mean per region Northern Europe −33.2 (−52.5;−20.7) −1.6 (−2.9;−0.5)
Eastern Europe −29.6 (−42.8;−20.7) −2.8 (−3.5;−2.0)
Western Europe −29.2 (−34.8;−23.7) −1.7 (−2.2;−1.3)
Southern Europe −11.9 (−16.6;−6.9) −1.0 (−1.3;−0.6)

Overall mean −25.2 (−31.9;−19.8) −1.8 (−2.4;−1.3)

where the most recent mortality data were available
(i.e. for the subperiod 2017–2019). This suggests that
accelerated trends in increasing frequency and intens-
ity of heatwaves may challenge heat prevention and
adaptation measures in the whole of Europe (Pascal
et al 2021, Miranda et al 2023).

4.2. The effect of HPP implementation
Previous research suggested that HPPs may reduce
adverse health outcomes associated with heat,
although in some cases using indirect evidence and
with inconsistent findings. The epidemiological liter-
ature suggests that other factors, such as climate vari-
ability, demographic changes, physiological adapt-
ation, healthcare system improvements, and gen-
eral socio-economic development (Boeckmann and
Rohn 2014), play an important role and can gener-
ate temporal trends in heat vulnerability. Despite
the recognised importance of these factors, most
previous assessments of the effectiveness of HPPs
have not adjusted for underlying trends in heat vul-
nerability, nor have they considered temporal vari-
ations in temperature distribution. The longitud-
inal meta-regression used in this study enabled us to
adjust the impact of HPP implementation for both
overall trends in heat-related mortality related to
long-term changes in mortality data (e.g. population
aging) and spatio-temporal variations in temperat-
ure distribution (e.g. occurrence of major heat wave

events), and to reveal a beneficial effect of HPP imple-
mentation even in countries with increasing heat
vulnerability.

4.3. The role of HPP class
To our knowledge, no study to date has provided
a comprehensive analysis of the beneficial effect
of HPPs across Europe, taking into account dif-
ferent characteristics of HPPs in individual coun-
tries and separating the effect of HPP implement-
ation from the underlying trends. A nation-wide
study in Spain found strongermortality reductions in
provinces with more advanced HPPs, though some
regions with robust plans still reported increases
in heat-attributable mortality (Martínez-Solanas and
Basagaña 2019). Our results revealed limited evid-
ence that more developed HPPs result in a stronger
protective effect. This may reflect large uncertainties
associated with the HPP data collection and eval-
uation. In each country, the effective operation of
individual HPP elements is subject to actual imple-
mentation at the regional and local scale, which is
influenced by various factors, such as the amount
of financial and human resources provided for HPP
implementation, the level of harmonization between
national and regional action plans, or the level of
involvement of local health and social institutions
(Martinez et al 2022). Although several studies eval-
uated the status of HPPs in Europe (Casanueva
et al 2019, Vanderplanken et al 2020, Dwyer et al
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2022), none of them were able to collect information
fully representative for the whole of Europe and all
regional levels due to difficulties with data collection
(Martinez et al 2022). Similarly, in this study we were
not able to compare the HPPs at the regional and
local level and verify if the actions declared at the
national level were really implemented in each loca-
tion. Therefore, the national HPP score may not fully
reflect the actual situation in each location.

Moreover, different political and socio-economic
conditions may influence the effectiveness of similar
HPP elements across countries, leading to variabil-
ity in estimated HAF decreases even among locations
with comparable HPP scores. As summers similar to
or even hotter than those of 2003, 2010 or 2022 are
expected to become more frequent in Europe in the
next decade, it is essential to intensify cross-border
exchange of the good practice in development and
implementation of HPPs, including a standardised
evaluation of national and regional HPPs and a lar-
ger focus on long-term adaptation measures (Pascal
et al 2021, Martinez et al 2022).

4.4. Limitations
Beside the challenges in HPP data collections, sev-
eral limitations of the study need to be acknow-
ledged. First, the analysis included data from a selec-
tion of cities in selected countries, excluding non-
urban areas, that may not be fully representative of
the four European regions. Second, temporal vari-
ations in heat-related mortality risks are modelled
with region-specific linear terms, which can fail to
capture more complex and local trends. Third, the
analysis does not directly control for seasonal beha-
vioural factors such as mass European-wide tourism
during the summer season. Given the character of
mortality data, which is defined by the place of res-
idence of each deceased, it is impossible to track these
patterns. In addition, the analysis does not address
local environmental quality status (e.g. air pollution)
aswell as it did not directly account for specific drivers
of heat adaptation such as air conditioning, which has
been previously found as associated with a reduction
in heat-related risks (Sera et al 2020), although it is
expected that its effects are incorporated into the tem-
poral trends.

5. Conclusion

This study provides the most comprehensive assess-
ment to date of the potential of HPPs for reducing
heat-related mortality in Europe. It systematically
explores the association between HPP implementa-
tion and heat-related mortality, employing state-of-
the-art epidemiological designs and statistical tech-
niques that account for temporal variations and geo-
graphical differences in heat-related mortality. This

robust evaluation highlights a significant association
between the implementation of HPPs and a 25%
reduction in heat-related mortality across 102 loca-
tions in 14 European countries.

While our findings indicate that HPPs are gen-
erally effective in reducing heat-related excess mor-
tality, challenges include limited access to accurate
information on HPPs in specific locations, incon-
sistent regional implementation, and difficulties in
trackingHPPupdates. Given the increasing frequency
and intensity of heatwaves in Europe, the findings
emphasise the importance of a nuanced understand-
ing of broader determinants of heat vulnerability.
Refining and unifying HPP evaluation metrics is
crucial to ensure a comprehensive assessment of
their effectiveness in preventing heat-related mortal-
ity across Europe.
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