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Summary
Background Heat and cold are established environmental risk factors for human health. However, mapping the 
related health burden is a difficult task due to the complexity of the associations and the differences in vulnerability 
and demographic distributions. In this study, we did a comprehensive mortality impact assessment due to heat and 
cold in European urban areas, considering geographical differences and age-specific risks.

Methods We included urban areas across Europe between Jan 1, 2000, and Dec 12, 2019, using the Urban Audit 
dataset of Eurostat and adults aged 20 years and older living in these areas. Data were extracted from Eurostat, the 
Multi-country Multi-city Collaborative Research Network, Moderate Resolution Imaging Spectroradiometer, and 
Copernicus. We applied a three-stage method to estimate risks of temperature continuously across the age and space 
dimensions, identifying patterns of vulnerability on the basis of city-specific characteristics and demographic 
structures. These risks were used to derive minimum mortality temperatures and related percentiles and raw and 
standardised excess mortality rates for heat and cold aggregated at various geographical levels.

Findings Across the 854 urban areas in Europe, we estimated an annual excess of 130 228 (empirical 95% CI 
115 893–143 929) deaths attributed to cold and 13 589 (11 530–15 475)) attributed to heat. These corresponded to 
age-standardised rates of 83 (empirical 95% CI 74–92) and 9 (7–10) deaths per 100 000 person-years. Results differed 
across Europe and age groups, with the highest effects in eastern European cities for both cold and heat.

Interpretation Maps of mortality risks and excess deaths indicate geographical differences, such as a north–south 
gradient and increased vulnerability in eastern Europe, as well as local variations due to urban characteristics. The 
modelling framework and results are crucial for the design of national and local health and climate policies and for 
projecting the effects of cold and heat under future climatic and socioeconomic scenarios.
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Introduction
Heat and cold are now established health risk factors, 
with several studies reporting important mortality effects 
in populations around the world.1–3 The associated health 
burden is expected to increase with climate change, 
especially under the most extreme scenarios of global 
warming.4,5 However, robust estimates of excess mortality 
in the current and future periods are still challenging to 
obtain due to the numerous factors influencing 
vulnerability to heat and cold, including climatic, 
environmental, and socioeconomic conditions.6 These 
factors represent the main drivers of variation in 
mortality risks, which have been shown to differ 
geographically and across age groups.

Cities are particularly affected by environmental 
stressors and potential impacts of climate change.7 
Around 40% of the EU population lives in cities of at 
least 50 000 inhabitants8 and the urban population 
experiences overall higher levels of temperature stress, 

particularly heat.9,10 In addition, European cities vary in 
socioeconomic, environmental, and climatic conditions, 
and it is reasonable to expect that these differences lead 
to high variation in vulnerability to temperature-related 
risks. Better knowledge of the city-level mortality effects 
of climate change-related stressors is crucial for the 
design and implementation of adaptation policies.

Few European-wide assessments of the mortality 
burden related to temperature have been published. 
Martínez-Solanas and colleagues5 estimated the Europe-
wide risk of both heat and cold at the regional level, 
whereas other studies have provided evidence at the local 
level, focusing on specific European countries11–14 or 
regions.15 Other assessments have included the European 
region in global evaluations.2 Although some consistent 
results emerge from these analyses, such as an overall 
north–south gradient and increased risks of heat in more 
urbanised areas, there are also disparities in the reported 
estimates.

http://crossmark.crossref.org/dialog/?doi=10.1016/S2542-5196(23)00023-2&domain=pdf
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Differences in risks and related burdens can be partly 
attributed to the geographical scale of the studies. 
Previous assessments have focused either on large-scale 
analyses that do not fully represent local vulnerabilities 
in urban populations or were based on data with higher 
resolution but with little geographical scope. Most of the 
evidence is also limited to western European countries, 
with Scandinavia and eastern Europe less represented.16,17 
Another important limitation is the absence of 
consideration for demographic differences, whereby the 
differential risks across age groups reported in the 
literature can lead to variation in estimated mortality 
effects.3 In addition, previous analyses have not 
considered other characteristics that can modify the 
vulnerability to heat and cold, such as location-specific 
socioeconomic and environmental variables. These 
shortcomings pose important limits to the design and 
implementation of effective public health and climate 
adaptation strategies.

The objective of the present study is to provide 
a comprehensive and consistent assessment of the 
current mortality burden associated with non-optimal 
temperature across most European cities, characteris
ing differences in risks due to local distributions of 
vulnerability factors and demographic distributions. 
We take advantage of a large dataset of daily time series 
of mortality and temperature to derive exposure–
response relationships and excess mortality in 854 cities 
across Europe. The assessment is based on an advanced 
modelling framework that allows an in-depth explo
ration of geographical differences with the provision 
of age-specific risks and age-standardised effects to 

facilitate the comparison across locations and countries. 
The model and results can be applied for projections in 
future climatic conditions, accounting for shifts in the 
age distribution and various socioeconomic scenarios, 
and eventually be used to design adaptation policies.

Methods
Selection of representative cities
We defined a comprehensive list of European cities 
using the Urban Audit dataset of Eurostat.18 This 
database includes data of 870 European urban areas 
exceeding 50 000 inhabitants, based on the degree 
of urbanisation methodology.19 From this list of cities, 
we excluded remote overseas locations with very 
different climates from France, Spain, Portugal, and 
Reykjavik (Iceland)—eg, Azores and Canary Islands. 
The final sample included 854 cities from 30 countries 
(27 countires in the EU and Norway, Switzerland, and 
the UK).

For a selection of 232 cities, we were able to retrieve 
observed daily counts of mortality for all causes or non-
accidental causes (International Classification of 
Diseases [ICD]-9 codes 0–799 and ICD-10 codes A00-R99) 
in overlapping periods from the database of the Multi-
country Multi-city (MCC) Collaborative Research 
Network.1,4 The available MCC cities cover the various 
regions and climates represented in the Urban Audit 
dataset. Daily mortality data were available as both all-age 
and age-specific series, with age groups differing between 
countries (appendix pp 3–6).

Additionally, we retrieved annual vital statistics for all 
854 cities from the dataset of Eurostat.20 These data were 
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Research in context

Evidence before this study
The mortality risks and effects related to non-optimal 
temperature are widely studied topics with evidence provided 
for many countries in Europe. We searched PubMed, Web of 
Science, and Google Scholar for mortality impact assessments 
in Europe, whether included in global studies or restricted to 
smaller parts of the continent, using the search terms 
“temperature” AND “mortality” AND “impact”, for articles 
published between Jan 1, 2010, and Dec 31, 2021, in English. 
Our search revealed that a handful of global studies included a 
small number of European cities in their assessment, had 
aggregated evidence at the national or regional level, or, for 
studies of a small-area level, were restricted to single countries. 
In particular, studies have focused almost exclusively on 
western European countries compared with Scandinavian or 
eastern locations. Finally, and more importantly, no study has 
accounted for demographic differences across Europe.

Added value of this study
This Europe-wide assessment provides risk estimates and 
mortality impact assessment related to both heat and cold 

across a representative selection of urban areas, namely 
854 European cities, including several regions with little 
previous evidence, such as Scandinavia and eastern Europe. 
Additionally, estimates of this study account for an extensive 
list of city-level socioeconomic, climatic, and environmental 
characteristics to represent differences in vulnerability across 
countries and regions. This study also fully integrates age as 
a risk modifier and provides age-standardised excess mortality 
estimates to account for demographic differences.

Implications of all the available evidence
The results and maps provided in this study offer 
a comprehensive picture of the mortality impact of 
non-optimal temperature across Europe, characterising 
geographical differences in vulnerability among urban 
populations across the continent. This evidence is valuable to 
policy makers to protect the most vulnerable populations and 
identify strategies to design effective adaptation policies. The 
proposed modelling framework provides a blueprint for the 
projection of non-optimal temperature-related mortality under 
various climate and socioeconomic scenarios.

See Online for appendix
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available at various nested levels of the Nomenclature of 
Territorial Units for Statistics (NUTS). Specifically, we 
collected crude death rates and the demographic 
structure from the corresponding NUTS3 level, and life 
expectancy from the NUTS2 level, by 5-year age groups. 
This information was used to reconstruct predicted city-
level daily mortality counts and the average age of death 
for selected age groups in the period 2000–20.

We extracted daily series of mean air temperature at 
2 m from the ground for each of the 854 cities for the 
period 1990–2019 from the fifth generation of European 
Reanalysis (ERA5)-Land dataset.21 ERA5-Land represents 
one of the most advanced climate reanalysis products 
and offers land-surface data on a global grid with 
a resolution of approximately 9 km. The ERA5-Land 
database was found to provide a satisfactory proxy to 
station-based series.22,23 Temperature series were created 
by averaging the grid cells-specific series with centroids 
within the spatial boundaries of each city.

We also collected several city-specific variables to 
differentiate patterns of vulnerability across urban 
populations within Europe. These variables were 
gathered from multiple sources and represent various 
socioeconomic, environmental, topographical, and 
infrastructural characteristics. Similarly to mortality 
and population data, the variables were defined by 
averaging all available values in 2000–20. Specifically, 
we collected information on 22 characteristics 
(described in appendix pp 7–9). Total population, the 
proportion of population aged older than 65 years, 
population density, and the proportion of single-person 
households were extracted directly from the Urban 
Audit dataset. Other variables unavailable at the city 
level were gathered at higher administrative levels. 
Gross domestic product was assigned from the 
corresponding NUTS3. Other factors including life 
expectancy at birth, unemployment rate, education 
level, deprivation rate, and hospital bed rates were 
collected at NUTS2. In addition, we derived some 
variables from remote sensing satellite measurements 
and global reanalysis datasets, including the normalised 
difference vegetation index from the moderate 
resolution imaging spectroradiometer instrument 
onboard Terra and Aqua US National Aeronautics and 
Space Administration satellites,24 and we derived 
variables for fine particulate matter (PM2·5) and nitrogen 
dioxide (NO2) concentrations from the Atmospheric 
Composition Analysis Group website.25 Land cover 
characteristics were retrieved from the Copernicus 
Pan-European High Resolution Layers, including char
acteristics for imperviousness, tree cover density, 
grassland, water and wetness, and small woody 
features. Similarly to the temperature data, we extracted 
and averaged all pixels with centroids within the city 
boundaries. Finally, we derived mean and range annual 
temperature directly from the temperature series 
described in the previous section.

City and age-specific risk estimation
The mortality impact assessment was based on an 
advanced three-stage modelling framework. Full modelling 
and computational details are provided in the appendix 
(p 10). In the first stage, we estimated temperature-related 
risks in the subset of 232 cities with observed daily 
mortality data through a quasi-Poisson regression model. 
Exposure-response functions (ERFs) between temperature 
and mortality accounting for non-linearity and lagged 
effects were specified with a distributed lag non-linear 
model,26 using a parameterisation previously applied in 
other multi-country analyses.1 The model also included 
indicator terms for the day of the week and a natural spline 

Number of 
cities

Cities in 
Multi-country 
Multi-city 
Collaborative 
Research 
Network

Population Annual 
deaths

Mean temperature 
(IQR) in Celsius (°C)

Northern Europe

Denmark 4 0 1 211 882 10 719 9·1 (3·9 to 14·3)

Estonia 3 3 (100%) 565 429 6100 6·4 (-0·2 to 13·9)

Finland 9 1 (11%) 1 903 948 16 312 5·1 (-1·3 to 12·8)

Ireland 5 1 (20%) 1 489 041 9162 10·2 (7·2 to 13·6)

Latvia 10 0 1 098 034 15 893 7·4 (0·9 to 14·6)

Lithuania 6 0 1 316 515 17 917 7·8 (1·1 to 15·0)

Norway 4 1 (25%) 1 098 188 7542 5·5 (0·4 to 11·2)

Sweden 14 3 (21%) 3 726 071 30 938 7·4 (1·3 to 13·8)

UK 135 103 (76%) 35 643 424 301 742 9·9 (6·0 to 13·9)

Western Europe

Austria 6 0 2 454 346 21 943 8·7 (1·8 to 15·2)

Belgium 15 0 3 251 039 31 134 10·7 (6·0 to 15·5)

France 72 18 (25%) 24 360 709 194 887 12·1 (7·2 to 16·8)

Germany 127 12 (9%) 28 937 024 310 577 10·0 (4·3 to 15·5)

Luxembourg 1 0 91 239 647 9·7 (4·3 to 14·9)

Netherlands 47 5 (11%) 7 387 464 63 222 10·7 (6·0 to 15·4)

Switzerland 12 8 (67%) 2 506 596 20 025 9·1 (2·9 to 14·8)

Eastern Europe

Bulgaria 18 0 3 232 248 46 878 11·8 (4·5 to 19·0)

Czechia 18 3 (17%) 3 172 388 33 165 9·0 (2·4 to 15·4)

Hungary 19 0 3 499 014 45 490 11·5 (4·1 to 18·6)

Poland 68 0 12 999 552 144 574 9·1 (2·5 to 15·8)

Romania 35 8 (23%) 7 627 652 100 534 10·8 (3·0 to 18·3)

Slovakia 8 0 1 122 490 10 912 9·4 (2·0 to 16·3)

Southern Europe

Croatia 7 0 1 390 152 16 410 13·0 (6·8 to 19·4)

Cyprus 3 3 (100%) 599 105 4085 20·3 (13·9 to 26·4)

Greece 14 1 (7%) 4 296 023 45 581 15·7 (9·5 to 22·1)

Italy 87 16 (18%) 21 359 668 221 951 14·6 (8·8 to 20·4)

Malta 1 0 214 150 1627 19·3 (14·8 to 23·8)

Portugal 14 2 (14%) 4 384 586 43 230 15·2 (11·4 to 19·1)

Slovenia 2 0 390 653 3531 10·4 (3·6 to 16·8)

Spain 90 44 (49%) 22 386 394 201 859 15·3 (10·2 to 20·3)

Total 854 232 (27%) 203 715 024 1 978 587 10·8 (5·0 to 16·8)

Table 1: Descriptive statistics of selected cities by country
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of time with 7 degrees of freedom per year to control for 
time-varying confounders. We excluded data for August, 
2003, from the model because results were sensitive to the 
exceptional mortality effect related to the European heat 
wave in some locations.

In each city, the model is fitted on multiple age-specific 
series, when available, or otherwise on the single all-age 
mortality data. Age groups, varying across countries (see 
appendix p 5), were merged when needed to ensure 
a minimum total death count of 5000 to avoid con
vergence issues in the first-stage regression.27 Therefore, 
we obtained 577 age-specific sets of estimates across the 
232 cities. We then extracted the reduced coefficients 
representing the overall cumulative ERFs for each city 
and age group.28

In the second stage, we first pooled all the 577 ERF 
coefficients in a repeated-measure multivariate meta-
regression model, with city-level random effects assigned 
to multiple age-specific observations.29 The model 
included smooth terms to represent age effects and 
composite vulnerability terms to capture geographical 
differences in temperature-related mortality risks, in 

addition to indicators for the four cardinal regions 
in Europe.30

To model age differences, we first attributed a specific 
value to each city-specific age group. This value 
corresponded to the average age of death computed 
using 5-year age-specific death rates. We created 
a continuous age variable, which was included as a 
linear term in the meta-regression model. The 
composite vulnerability terms were created through 
partial least-squares (PLS)31 reduction of the 22 city-
specific characteristics. The PLS procedure allowed us 
to combine information from a high number of highly 
correlated variables to define a lower number of 
uncorrelated components that can easily be integrated 
within the meta-analysis framework to disentangle 
geographical differences in risk. We eventually included 
the first five PLS components following a selection 
based on minimising the Akaike information criterion 
of the meta-regression model. In addition, we captured 
spatial differences in ERFs not explained by city 
characteristics by interpolating residuals from the meta-
regression using ordinary kriging.32 This procedure 
created a continuous spatial field of local differentials in 
vulnerability (appendix pp 20–23).

We used these models as predictive tools to extrapolate 
age and city-specific ERFs for the full set of 854 cities. 
The point estimates and associated variance or 
covariance matrix of the ERF coefficients were computed 
as the sum of the predictions from the meta-regression 
model, given specific age values and observed 
characteristics reduced to PLS components, plus 
deviations defined by the kriging field. From ERFs, we 
reported relative risks at the first and 99th percentiles as 
well as the minimum mortality percentile (MMP) and 
minimum mortality temperature  (MMT). Uncertainty 
in MMT and MMP was assessed following a previously 
used method.33

Mortality impact assessment
In this final stage, we used the framework described to 
predict ERFs for five age groups (20–44, 45–64, 65–74, 
75–84, and ≥85 years) for each of the 854 cities. Data for 
people younger than 20 years were excluded from the 
impact assessment due to low availability and high 
uncertainty of data in the youngest age groups. We also 
predicted the city-specific average age of death within 
each age group, which was computed from crude death 
rates and life expectancy at 85 years for the oldest age 
group. For each city and age group, we then computed 
the excess number of deaths due to heat and cold 
separately using a standard method.34 These numbers 
were then divided by the total population to compute 
the contribution of each age group to the excess deaths. 
To compare the impact across locations with potentially 
different demographic distributions, we then computed 
standardised death rates as follows: the excess number 
of deaths was first divided by the population to obtain 

Figure 1: Overall age effect in the predicted risk
(A) Pooled overall cumulative exposure–response relationship predicted at 
several ages. (B) MMP versus age. Filled ribbons represent several degrees of CIs. 
MMP=minimum mortality percentiles.
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age-specific excess death rates, which were then 
combined in standardised death rates computed for 
each city (using the European standard population of 
2013 as a reference).

Uncertainty in excess deaths and rates was quantified 
as empirical CIs using Monte Carlo simulations, 
adapting a previously proposed method to account for 
the dependencies related to the pooling of city-specific 
risks.34 Specifically, we did 1000 Monte Carlo iterations 
by sampling directly from the estimated coefficients 
and associated variance and covariance matrix of 
the meta-regression model and then the residuals 
of the kriging procedure. Details are provided in the 
appendix (p 24).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing 
of the report.

Results
Descriptive statistics aggregated at the country level are 
shown in table 1, including the subset of 232 MCC cities 
with observed mortality series used to estimate the risk 
associations (appendix p 6). The assessment covered 
a population of over 200 million inhabitants of cities in 
the 30 countries. Luxembourg is the smallest country 
with a single city representing 91 239 people, whereas 
the UK had the largest representation with 135 cities 
and more than 35 million people. The mortality impact 

assessment included almost 2 million deaths occurring 
annually across the 854 cities. The countries represent 
diverse climates within Europe, with mean temperatures 
ranging from 5·1°C (IQR –1·3 to 12·8) in Finland to 
20·3°C (13·9 to 26·4) in Cyprus.

The pooled exposure–response associations for different 
ages, representing average temperature-related mortality 
relative risks (RR) across Europe and represented as 
temperature percentiles using the European average 
temperature distribution, are shown in Figure 1A. The 
curves show the common reversed-J shape, with 
a moderately high MMP and the mortality risk increasing 
for both colder and hotter temperatures. The shapes 
of the curves were very similar for ages 65 and older, 
with the curves becoming steeper as age increases. 
Specifically, the cold-related RRs estimated at the first 
percentile versus the MMP varied from 1·22 (95% CI 
1·17–1·26) for people aged 65 years to 1·36 (1·32–1·40) 
for people aged 85 years. The heat-related RR at the 
99th percentile raised from 1·21 (1·16–1·26) for people 
aged 65 years to 1·27 (1·22–1·32) for people aged 85 years. 
The curve predicted for people aged 45 years was 
much flatter than for those aged 65 years and older, with 
a lower MMP and a slight decrease of risk of exposure to 
extreme cold but still a risk associated with heat. The 
change of MMP with age is shown in figure 1b, which 
suggests an increasing trend in MMP until it reaches 
the 90th temperature percentile at age 65 years. The 
uncertainty in MMP at younger ages reflects the lower 
statistical power in these age bands.
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A comparison of the age-specific risks associated with 
cold and heat in the capital city of each country is 
displayed in figure 2, which shows the RRs at the 
first and 99th percentile versus the MMT computed for 
five different age groups. The cold-related RR increases 
with age and is slightly higher in northern and southern 

countries than in western and eastern countries. High 
risks for the age group 85 years and older were estimated 
in London (UK; RR of 2·06 [95% CI 1·81–2·34]), Dublin 
(Ireland; 1·73 [1·66–1·80]), and Valletta (Malta; 1·70 
[1·52–1·91]). Heat-related RRs also showed an increasing 
trend by age and were generally lower in the northern 

Excess deaths (cold Excess deaths (heat) Attributable fraction 
(%; cold)

Attributable 
fraction (%; heat)

Excess death 
rates (per 
100 000 person-
years; cold)

Excess death 
rates (per 
100 000 
person-
years; heat)

Standardised 
excess death 
rates (per 
100 000 person-
years; cold)

Standardised 
excess death 
rates (per 
100 000 
person-
years; heat)

Northern Europe

Denmark 884 (715 to 1054) 28 (15 to 40) 8·24 (6·66 to 9·82) 0·26 (0·14 to 0·37) 96 (78 to 115) 3 (2 to 4) 108 (87 to 128) 3 (2 to 5)

Estonia 516 (338 to 683) 21 (6 to 36) 8·48 (5·55 to 11·22) 0·34 (0·09 to 0·59) 117 (77 to 155) 5 (1 to 8) 124 (81 to 163) 5 (1 to 9)

Finland 1452 (1020 to 1874) 45 (15 to 72) 8·94 (6·28 to 11·53) 0·28 (0·09 to 0·44) 99 (70 to 128) 3 (1 to 5) 106 (75 to 137) 3 (1 to 5)

Ireland 1134 (981 to 1285) 6 (0 to 11) 12·47 (10·79 to 14·13) 0·06 (0·00 to 0·13) 104 (90 to 118) 1 (0 to 1) 149 (130 to 169) 1 (0 to 2)

Latvia 1525 (963 to 2060) 105 (9 to 195) 9·65 (6·10 to 13·04) 0·66 (0·06 to 1·24) 174 (110 to 236) 12 (1 to 22) 173 (109 to 234) 12 (1 to 22)

Lithuania 1696 (978 to 2356) 117 (–7 to 230) 9·52 (5·49 to 13·23) 0·66 (–0·04 to 1·29) 164 (95 to 228) 11 (–1 to 22) 168 (97 to 233) 12 (–1 to 23)

Norway 679 (479 to 892) 18 (5 to 29) 9·34 (6·59 to 12·26) 0·24 (0·06 to 0·39) 82 (58 to 107) 2 (1 to 3) 107 (76 to 139) 3 (1 to 4)

Sweden 2599 (2062 to 3187) 83 (48 to 117) 8·46 (6·71 to 10·38) 0·27 (0·16 to 0·38) 93 (73 to 114) 3 (2 to 4) 97 (77 to 118) 3 (2 to 4)

UK 28 342 (24 842 to 31 954) 488 (337 to 627) 9·48 (8·31 to 10·68) 0·16 (0·11 to 0·21) 107 (94 to 120) 2 (1 to 2) 121 (106 to 137) 2 (1 to 3)

Total 38 828 (33 925 to 43 675) 910 (597 to 1216) 9·41 (8·22 to 10·58) 0·22 (0·14 to 0·29) 108 (94 to 121) 3 (2 to 3) 121 (106 to 137) 3 (2 to 4)

Western Europe

Austria 967 (529 to 1377) 150 (108 to 187) 4·43 (2·42 to 6·31) 0·69 (0·49 to 0·86) 50 (27 to 71) 8 (6 to 10) 55 (30 to 79) 8 (6 to 11)

Belgium 1277 (818 to 1770) 155 (119 to 188) 4·14 (2·65 to 5·74) 0·50 (0·39 to 0·61) 52 (33 to 72) 6 (5 to 8) 52 (33 to 72) 6 (5 to 8)

France 10 531 (7798 to 13 303) 897 (719 to 1071) 5·45 (4·04 to 6·89) 0·46 (0·37 to 0·55) 59 (43 to 74) 5 (4 to 6) 55 (40 to 70) 5 (4 to 6)

Germany 12 108 (8340 to 16 199) 2015 (1600 to 2361) 3·92 (2·70 to 5·24) 0·65 (0·52 to 0·76) 52 (36 to 69) 9 (7 to 10) 49 (34 to 66) 8 (7 to 10)

Luxembourg 27 (12 to 40) 4 (3 to 4) 4·12 (1·93 to 6·24) 0·55 (0·39 to 0·68) 38 (18 to 57) 5 (4 to 6) 49 (23 to 73) 6 (4 to 8)

Netherlands 2070 (722 to 3236) 344 (235 to 453) 3·30 (1·15 to 5·16) 0·55 (0·37 to 0·72) 37 (13 to 57) 6 (4 to 8) 42 (15 to 65) 6 (5 to 8)

Switzerland 812 (316 to 1265) 140 (101 to 172) 4·09 (1·59 to 6·37) 0·70 (0·51 to 0·87) 41 (16 to 64) 7 (5 to 9) 42 (16 to 65) 7 (5 to 9)

Total 27 792 (20 899 to 35 444) 3703 (2980 to 4293) 4·35 (3·27 to 5·55) 0·58 (0·47 to 0·67) 52 (39 to 66) 7 (6 to 8) 51 (38 to 65) 7 (5 to 8)

Eastern Europe

Bulgaria 4045 (3092 to 4911) 378 (200 to 563) 8·70 (6·65 to 10·56) 0·81 (0·43 to 1·21) 156 (119 to 189) 15 (8 to 22) 175 (135 to 212) 16 (9 to 24)

Czechia 2462 (1604 to 3276) 164 (90 to 230) 7·46 (4·86 to 9·92) 0·50 (0·27 to 0·70) 98 (64 to 130) 6 (4 to 9) 115 (76 to 151) 8 (4 to 11)

Hungary 3788 (2849 to 4672) 309 (157 to 469) 8·37 (6·30 to 10·32) 0·68 (0·35 to 1·04) 135 (102 to 166) 11 (6 to 17) 147 (111 to 181) 12 (6 to 18)

Poland 11 209 (8096 to 14 214) 907 (502 to 1287) 7·82 (5·65 to 9·91) 0·63 (0·35 to 0·90) 108 (78 to 137) 9 (5 to 12) 122 (88 to 154) 10 (5 to 14)

Romania 9591 (7557 to 11 473) 857 (485 to 1227) 9·63 (7·58 to 11·52) 0·86 (0·49 to 1·23) 160 (126 to 191) 14 (8 to 20) 185 (146 to 220) 16 (9 to 23)

Slovakia 849 (604 to 1076) 74 (39 to 111) 7·86 (5·58 to 9·95) 0·68 (0·36 to 1·03) 97 (69 to 123) 8 (4 to 13) 134 (96 to 169) 11 (6 to 17)

Total 31 944 (24 731 to 38 884) 2688 (1579 to 3820) 8·44 (6·53 to 10·27) 0·71 (0·42 to 1·01) 127 (98 to 154) 11 (6 to 15) 145 (113 to 176) 12 (7 to 17)

Southern Europe

Croatia 1142 (774 to 1483) 293 (212 to 363) 7·05 (4·77 to 9·15) 1·81 (1·31 to 2·24) 104 (70 to 135) 27 (19 to 33) 112 (76 to 145) 28 (20 to 35)

Cyprus 321 (234 to 407) 49 (31 to 66) 7·92 (5·77 to 10·02) 1·22 (0·76 to 1·63) 70 (51 to 89) 11 (7 to 14) 98 (72 to 124) 15 (9 to 20)

Greece 3132 (2315 to 3913) 507 (337 to 663) 6·90 (5·10 to 8·62) 1·12 (0·74 to 1·46) 92 (68 to 115) 15 (10 to 20) 86 (64 to 108) 14 (9 to 18)

Italy 13 885 (10 465 to 17 220) 3259 (2498 to 3936) 6·28 (4·74 to 7·79) 1·47 (1·13 to 1·78) 81 (61 to 100) 19 (15 to 23) 68 (52 to 85) 16 (12 to 20)

Malta 120 (87 to 150) 25 (16 to 33) 7·44 (5·40 to 9·33) 1·54 (1·02 to 2·04) 70 (51 to 88) 15 (10 to 19) 88 (64 to 110) 18 (12 to 24)

Portugal 2798 (2121 to 3436) 344 (254 to 440) 6·51 (4·93 to 7·99) 0·80 (0·59 to 1·02) 81 (61 to 99) 10 (7 to 13) 78 (59 to 96) 10 (7 to 12)

Slovenia 172 (95 to 251) 48 (32 to 64) 4·90 (2·70 to 7·15) 1·38 (0·90 to 1·83) 56 (31 to 81) 16 (10 to 21) 60 (33 to 87) 17 (11 to 22)

Spain 10 095 (6771 to 13 354) 1762 (1253 to 2282) 5·02 (3·37 to 6·65) 0·88 (0·62 to 1·14) 57 (38 to 75) 10 (7 to 13) 53 (35 to 70) 9 (7 to 12)

Total 31 664 (23 635 to 39 580) 6288 (4770 to 7649) 5·91 (4·41 to 7·39) 1·17 (0·89 to 1·43) 72 (54 to 90) 14 (11 to 17) 66 (49 to 82) 13 (10 to 16)

Total

Total 130 228 (115 893 to 
143 929)

13 589 (11 530 to 
15 475)

6·63 (5·90 to 7·32) 0·69 (0·59 to 0·79) 82 (73 to 91) 9 (7 to 10) 83 (74 to 92) 9 (7 to 10)

Table 2: Country-level annual excess number of deaths, attributable fractions, and raw and age-standardised rates for cold and heat for the population aged 20 years and older
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region. The city with the highest heat-related RRs across 
all ages was Paris (France), with a RR of 1·60 (1·42–1·80) 
for the age group 85 years and older.

The mortality impacts, quantified as the excess number 
of deaths and fractions, as well as standardised rates for 
100 000 person-years, are reported in table 2. Across the 
30 countries, we estimated an annual average excess of 
130 228 (empirical 95% CI 115 893–143 929) deaths due to 
cold and 13 589 (11 530–15 475) due to heat, which amount 
to attributable fractions of 6·63% (5·90 to 7·32) and 
0·69% (0·59 to 0·79), respectively. When reported as 
standardised excess rates, these figures correspond 
to 83 (74 to 92) and 9 (7 to 10) excess deaths per 
100 000 person-years. Figure 3 shows the raw excess death 
rates broken down by age groups at the country level. For 
both cold and heat, the effect was larger for the oldest age 
group, with 36 (32 to 41) and 3 (3 to 4) excess deaths per 
100 000 person-years. This excess represented around 
44% of the total burden for cold and 38% for heat. In 
contrast, there was around one death per 100 000 person-
years in the youngest age group for cold, and less than 
one per 100 000 person-years for heat. The impact of cold 
is important everywhere, but is generally smaller in the 
western region and larger in the northern and eastern 
regions, with a maximum of 174 (110 to 236) raw excess 
deaths per 100 000 person-years due to cold in Latvia. 
There is wider heterogeneity in the effect of heat, which 
is low in the northern region, with the exception of 
Latvia and Lithuania, and much higher in the southern 
region, with a maximum of 27 (19 to 33) excess deaths per 
100 000 person-years in Croatia.

The full geographical distribution of temperature 
effects across the 854 cities is shown in figure 4. The 
MMP and MMT display an overall north–south gradient 
but in opposite directions, with the MMP smoothly 
decreasing and the MMT increasing as temperature 
distributions get hotter, although with local exceptions. 
The MMP ranges from the 64th percentile in Ferrol and 
Bilbao (Spain), with overall low values in Mediterranean 
Europe, to the 96th percentile in several cities within the 
UK and Ireland. The MMTs range from 14·5°C (empirical 
95% CI 14·1–15·0) in Aberdeen (UK) to 27·2°C 
(27·0–28·0) in Nicosia (Cyprus).

Cold and heat-related standardised excess death rates 
are shown in figure 4 at the city level and in table 2 at the 
country level. These standardised risk summaries 
account for demographic differences and provide a fairer 
geographical comparison than raw excess death rates. 
Cold-related standardised excess rates are important in 
the eastern-most countries as well as the UK and Ireland, 
with a maximum of 241 (empirical 95% CI 186–293) 
deaths per 100 000 person-years in Vidin (Bulgaria). 
Regarding heat-related effects, there was a clear 
northwest–southeast gradient, with relatively small 
standardised excess rates in Ireland and the UK, but 
large standardised excess rates in the southeastern 
countries. The highest heat-related standardised excess 

death rate was 41 (29–53) per 100 000 person-years in 
Osijek (Croatia). Heat-related standardised rates were 
similar in the eastern region compared with the southern 
region (see table 2), whereas excess deaths in figure 3 
were larger in southern countries (as the population was 
generally older). There was some suggestion of a slight 
coastal effects, with higher cold-related and lower heat-
related effects in locations close to the sea compared with 
their inland neighbours. All these patterns reflect 
contributions of city-level characteristics, combined in 
composite indices of vulnerability included in the 
second-stage meta-regression model (appendix pp 16–19).

Discussion
This study provides a comprehensive mortality impact 
assessment related to non-optimal temperatures in the 
urban population of Europe by evaluating risks and 
impacts in 854 cities across the continent. Results 
indicated large vulnerability differences between ages 
and low vulnerability to cold for younger ages, indicated 
by lower MMPs and a flatter exposure–response function 
at lower percentiles. The vulnerability to heat also 
increased with age, although the difference was less 
steep than it was for cold, suggesting that the effect of 
heat affected all ages more homogeneously. Overall, the 
population aged older than 85 years contributed around 
40% of the total mortality burden.
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Figure 3: Country-level cold (in blue) and heat (in red) annual raw death rates broken down by age group
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Standardising for age differences, we found substantial 
vulnerability differences between regions. In particular, 
there were increased impacts of both cold and heat in 
eastern Europe, with countries such as Croatia, Bulgaria, 
and Romania showing higher vulnerability than countries 
in western Europe. Excess mortality was generally lower 
in western Europe than in the other regions, including 
northern and southern Europe, except for a few very large 
cities such as London (UK) and Paris (France). Northern 
countries showed the lowest risks for heat but also 
relatively low vulnerability to cold given the much higher 
exposure to low temperatures, suggesting an adaptive 

capacity to rigid cold climates, especially when compared 
with countries in the eastern region. We also found 
impacts associated with heat in Mediterranean locations, 
although this impact was lower when age differentials 
were accounted for. Some within-country differences can 
also be noted, particularly in the MMT, linked to variations 
in the local climate and to urban heat island effects.

The disparities observed in vulnerability to heat and 
cold could be associated with a number of factors, 
including the local climate, urban heat island effects, 
access to health care, or land cover (eg, the accessibility of 
water or trees). Previous studies have found associations 

Figure 4: Maps of annual impacts of cold and heat on mortality across European cities
MMTs (A) and MMPs (B) predicted at age 65 years and standardised excess death rates for heat (C) and cold (D). MMP=minimum mortality percentiles. 
MMT=minimum mortality temperature.
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between vulnerability to heat and green areas, PM2·5, 
population density, or economic inequalities.6,35 The 
composite indices of vulnerability created in this study 
also suggest effect modification from the city size, 
proximity to water and green areas, and socioeconomic 
inequalities (appendix p 18). However, there is still little 
evidence on effect modifiers and this necessitates 
additional research.3 The highly complex interaction 
between various factors is not usually accounted for, and 
a method such as PLS does not allow drawing conclusions 
for individual factors.

An important strength of our study was the provision 
of detailed impact estimates with unprecedented city 
coverage. In contrast to past assessments focusing 
solely on extreme heat,36,37 our analysis quantified risks 
across the whole spectrum of non-optimal temperatures. 
We provided local estimates of excess mortality in 
a representative sample of more than 800 cities across 
Europe, compared with previous regional or country-
level analyses,5,38 also extending the assessment to 
Scandinavia and eastern Europe. The characterisation 
of ERFs was based on the application of state-of-the-art 
statistical models to actual daily series of mortality and 
temperature, and not inferred from external data.38

Compared with other published mortality impact 
assessments,1,2,5,37,38 one of the most important advantages 
of this study is the provision of multiple risk measures, 
including standardised excess mortality rates. The stan
dardisation removes demographic differences across 
locations and countries, thus offering a homogeneous 
geographical comparison of mortality impacts. Indeed, 
the analysis confirms that age is an important risk factor, 
as shown by the comparison of age-specific pooled ERFs. 
Results show that the differences in population structures 
across locations noticeably alters the vulnerability picture. 
This finding was demonstrated, for instance, by the higher 
relative impact of heat found in eastern Europe once 
standardised excess rates were used as the risk measure.

More generally, this study benefited from other 
important methodological extensions of standard multi-
location analyses. The statistical framework was based 
on flexible techniques to define and pool complex 
temperature–mortality ERFs,26,29 applied in previous 
analyses.1,2 These methods can depict fine aspects of 
the associations, such as non-linear and lagged effects 
of heat and cold, and identify optimal temperatures. 
However, the modelling framework is extended here 
to characterise vulnerability differences between cities 
through several socioeconomic, infrastructural, and 
environmental characteristics of urban areas. Previous 
studies presented simple pooled relationships,5 analysed 
effect modification by single characteristics,6 or included 
a small set of location-specific factors2,38 that can be 
insufficient to capture differences in vulnerability to cold 
or heat. In contrast, we applied a novel methodology 
based on the PLS reduction of a long list of city-specific 
characteristics, allowing us to identify latent vulnerability 

patterns. Latent vulnerability patterns identified included 
the increased heat-related risk in large conurbations or 
differences in cold effects between Mediterranean and 
Atlantic coastal areas. Finally, we included an additional 
spatial component through a kriging procedure to 
capture residual spatial patterns that were not well 
represented by the composite vulnerability indicators.

Besides the quantification of current risks and impacts, 
this study provides a blueprint for the projection of 
future temperature-related health impacts under climate 
change scenarios. As climate change is expected to 
increase the burden of hot days and add unprecedented 
cold and heat events at high risks of causing deaths, 
these results allow for an accurate representation of the 
risks caused by changes in temperature.39 The integration 
of age and vulnerability characteristics directly into the 
modelling framework allows the extrapolation of ERFs 
tailored to potentially complex scenarios. These can 
include a combination of climatic, demographic, and 
socioeconomic pathways, and their comparison can 
offer quantitative evidence of the potential benefits of 
alternative adaptation strategies.

A number of limitations of our study must be 
acknowledged. This assessment was based on the 
geographical extrapolation of ERFs across European 
cities. Although their characterisation is based on a large 
subset of cities with actual daily series of temperature 
and mortality, we cannot exclude biased predictions, 
especially in less covered areas such as eastern Europe. 
Results in these areas can be quite variable depending on 
some modelling choices, such as the number of PLS 
components. In addition, the residual spatial patterns 
identified by the kriging procedure, although small when 
compared with the range of differences captured by the 
PLS components in the second-stage meta-regression, 
suggest that the predictive model does not fully 
characterise the differences in vulnerability to heat and 
cold across the cities. Additional research is needed to 
assess the methodology used in this study, improve 
second-stage risk extrapolation, and disentangle effect 
modification by individual characteristics.

There are other limitations regarding the modelling 
approach. First-stage estimates can be inaccurate in the 
presence of overall low counts of deaths.27 Therefore, we 
could not reliably estimate ERFs for people younger than 
20 years and we needed to quantify the effects of 
temperature over large age bands for these groups. In 
addition, the modelling framework provides averaged 
estimates of temperature-related risks and effects over 
the study period, without accounting for temporal 
changes previously reported40 or within-year seasonality 
in mortality. Finally, there are some limitations in the 
data. The information was collected from various sources 
with different geographical resolutions, and some 
city-specific variables were derived from regional 
(NUTS2) databases, which usually encompass several 
cities. The temperature data were extracted from the 
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ERA5-Land dataset and linked to city-specific mortality 
counts; however, we could not explore intra-city 
differences in exposure and vulnerability.

In conclusion, this study provides a detailed and 
comprehensive picture of cold and heat-related excess 
mortality in 854 cities across Europe, accounting for 
demographic and vulnerability differences. These results 
provide valuable information for policy makers to design 
national, regional, and local climate and public health 
policies, and represent a first important step towards 
accurate assessments of temperature-related health 
impacts under future climate scenarios and shared 
socioeconomic pathways for Europe.
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