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Ground-level ozone (0,) is aharmful air pollutant formed in the atmosphere
by the interaction between sunlight and precursor gases. Exposure to

current O, levels in Europe is amajor source of premature mortality from

air pollution. However, mitigation actions have been mainly designed and
implemented at the national and regional scales, lacking acomprehensive
assessment of the geographic sources of O, pollution and its associated
healthimpacts. Here we quantify both national and imported contributions
to O, and their related mortality burden across 813 contiguous regionsin

35 European countries, representing about 530 million people. Imported

O, contributed to 88.3% of all O5-attributable deaths (intercountry range
83-100%). The greatest share of imported O, had its origins outside the study
domain (thatis, hemispheric sources), which was responsible for 56.7% of
total O;-attributable mortality (range 42.5-87.2%). It was concluded that
achieving the air-quality guidelines set out by the World Health Organization
and avoiding the health impacts of O, require not only the implementation of
national or coordinated pan-European actions but also global strategies.

Ground-level ozone (O;) is a harmful air pollutant formed in the
troposphere by the interaction between sunlight and precursor
gases, mainly nitrogen oxides (NO,) and volatile organic compounds
(VOCs), from natural and anthropogenic sources. High ambient O,
levels are observed especially during the warm season, and these are
associated witharange of adverse respiratory health outcomes such as
aggravation of asthma, chronic obstructive pulmonary disease, lower
lung function and infections, leading in the most severe cases to
hospitalization and death'™>.

Exposureto current O;levelsin Europe isamajor source of prema-
ture mortality from air pollution, especially in summer, and itsimpact
hasincreased over time due to the effect of rising temperatures on O,
concentrations*’. However, according to the European Environmental
Agency (EEA)*, >95% of the population in Europe remains exposed to O,
levels that exceed the air-quality guidelines (daily maximum 8-h aver-
age of 100 pg m=) set out by the World Health Organization (WHO)?,
within the context of accelerated urbanization and demographicaging
thatincreases the background health risks of exposed populations.

The health impacts of O, and generally of any air pollutant, are,
however, far from being a local issue”®. O, concentrations in a given
location greatly depend on the tropospheric transport of the pollu-
tant itself, or that of its precursors, from far-distant sources®'’. For
instance, a study" in south-western Europe showed that imported O,
isthelargest contributor to ground-level O, concentrations, account-
ing for 46-68% of daily surface levels. This emphasizes the need for
coordinated actions among countries to reduce O; concentrations
and healthimpacts, given that no effective strategy may be developed
without international agreement on air pollution reduction.

Several studies have estimated the mortality burden attributable
to tropospheric O, in different settings*'*™, but a continent-wide
assessment of the contribution of O, pollution by geographical source
is still lacking. In the present study we quantify the health impacts of
transboundary-transported O, (daily maximum 8-haverage) in Europe.
Our focusisonthe transboundary health effects of O; due toits ability
to persist over long distancesin the free troposphere during transport,
in contrast to its precursors such as NO, that have shorter lifetimes.
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Fig.1| 0, levels and associated mortality during the warm season (May-September), 2015-2017. a, Average daily mean 8-h maximum O, (ug m™). b, Mortality
(annual deaths per 1 million population) attributable to O,. a,b, Histograms depict both the color legend and the number of regions for each value.

This health impact assessment integrates air-quality modeling as a
source-apportionment method and exposure-response associations
characterizing the effects of O;on human mortality as astarting point
for the development of a coordinated agenda to effectively minimize
the health effects of air pollution over the continent.

Results

Descriptive statistics

Theresults of this Europe-wide study are presented at both the national
(35 countries) and subnational (813 regions) level. The average concen-
tration of O, across countries and the study period was 101.9 pg m™,
ranging from 76.7 pg m~in Finland t0 130.1 pg m~ in Malta (Supple-
mentary Table 1). As expected, the spatial distribution of O, is found
to be latitudinally oriented, with concentrations decreasing north-
wards, given that the warmer temperatures in the south favor the
formation of O,, especially in summer (Fig. 1a). The estimated num-
ber of deaths attributable to O, over the entire European domain
during the warm seasons of 2015-2017 was 114,447 (95% empirical
confidence interval (eCl) 76,539-152,108), resulting in an attribut-
able mortality rate of 72.0 (95% eCl 48.1-95.6) annual deaths per
1 million inhabitants. The highest mortality burdens are estimated
for those countries with the largest populations (Germany, Italy,
France, the UK, Spainand Poland; Supplementary Table 2) whereas the
highest mortality rates were in the south-eastern countries (Bulgaria,
Serbia, Croatia, Hungary, Greece and Romania; Fig. 1b and Supple-
mentary Table 3).

0, levels and associated premature mortality

Figure 2 and Supplementary Tables 1and 2 show the contribution to
0, concentrations and attributable deaths for each country analyzed
according to the source of origin of O, and its precursor emissions:
(1) national, (2) the 34 other European countries, (3) other countries
inside the study domain, (4) ocean and seainside the study domainand
(5) outside the study domain (that is, hemispheric sources). Imported
(that is, non-national) O, is associated with 88.3% of all attributable

deaths, ranging from 83.0% in Italy to 100% in Liechtenstein. The great-
est share of transported O, had its origin outside the study domain,
whichwasassociated with 56.7% of total attributable mortality, ranging
from 42.5% in Malta to 87.2% in Iceland. Moreover, imported O, from
the 34 other European countries also had a substantial attributable
mortality impact (20.9%; intercountry range 5.1-40.0%) across the
countries analyzed, whereas maritime transport contribution (7.2%;
range 0-24.1%) was noticeable in smaller southern European countries
such as Malta (24.1%) and Cyprus (14.0%). Results for the 813 regions
are additionally provided in Supplementary Tables 4-6.

Country-to-country O,-attributable mortality contribution
The matrix of attributable mortality due to imported-exported O,
among the 35 European countries included in the analysis is depicted
in Fig. 3. The most industrialized and populated countries are the
major contributors to mortality attributable to transported trans-
boundary O,, especially France (4,003 deaths during the warm season
(May-September) of 2015-2017) and Germany (3,260 deaths). For
instance, O, originating from France has a substantial impact on
mortality in neighboring countries including Luxembourg (32.3%
of O,-attributable deaths), Switzerland (29.3%), Belgium (24.4%),
Liechtenstein (20.2%), Spain (16.8%) and Germany (16.3%). O,
originating from Germany also substantially impacts mortality in
neighboring countries including Luxembourg (24.2% of deaths), the
Czech Republic (Czechia, 23.3%), the Netherlands (21.5%), Denmark
(20.3%), Austria (19.9%), Belgium (17.8%) and Poland (17.2%).

Figure 4 shows regional maps of mortality caused by the major
exporting countries, namely Germany, France, the UK, Italy, Spain
and Poland. These maps emphasize the importance of the prevail-
ing large-scale winds in the mid-latitudes (that is, the westerlies),
which characterize an eastward plume of deaths attributable to
transboundary-transported O;. Consequently, the south-western
European countries are less affected by the health effects of
transboundary-transported O,. Thus Spain (53.7%), France (47.1%) and
Portugal (46.2%) are the countries with the largest attributable mortality
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Fig.2|0;levels and associated mortality according to O, emission sourcesin 35 European countries, 2015-2017. a, Average daily mean 8-h maximum O, (ug m™).
b, Mortality attributable to O, (annual deaths per 1 million population). Horizontal bars represent 95% eCl of overall O;-attributable mortality (that is, the sum of the

five contribution sources).

duetonational O;production (Fig.3) and the smallestimported:exported
ratio of attributable deaths (Fig. 5).

Sensitivity analysis

The mortality estimates reported are based on the whole range of O,
exposures. We performed a sensitivity analysis to evaluate the effect
of a safe threshold at 70 pg m3, in which (1) the exposure-response
function between O, and mortality was centered at 70 pg m~ and
(2) days when O, concentrations were <70 pg m~> were excluded
(thatis, days <70 pg m~ are not harmful and health effects start to
increase log-linearly beyond this threshold). Specifically, the number
of deaths was reduced by a factor of nearly three, resulting in 36,523
(95% eCl 24,382-48,633) attributable deaths during the warm
months (May-September) of2015-2017 or, in other words, 23.0 (95% eCl
15.3-30.6) annual deaths per 1 million inhabitants (Extended Data
Fig. 1). However, the apportionment of mortality according to O,-
attributed sources (that is, countries) changed minimally (Extended
DataFigs.2and 3).

Discussion

This study presents an integrated, continent-wide analysis of mortal-
ity burden due to transported transboundary O, in Europe. We found
thatonly a smallfraction of O;-attributable deaths was due to national
sources (11.7%). The largest mortality burden was, instead, associated
with hemispheric O, transported from outside the European domain
(56.7%). Moreover, the contribution of other European countries to
each of the countries analyzed also had a substantial impact on mor-
tality (20.9%). In some coastal regions and smaller countries in the
Mediterranean, the contribution of maritime emissions on mortality
was considerable.

The findings of our study have implications for air-quality and
public health policies across Europe. Thus far, mitigation efforts have
primarily focused on national and regional scales, lacking a compre-
hensive, transboundary assessment of pollution sources and their
associated mortality. Future research should refine the present study
by analyzing the contribution to mortality of the different economic
sectors or activities, by country, to transported transboundary O,
(for example, energy, industry, transportation, residential and agri-
culture). This characterization of health impacts by type of emission
would shed additional light on the interventions required in key stra-
tegic economic sectors to improve air quality and drive new health
policies, which would need to be designed and implemented at the EU
level and beyond in light of our results. The contribution of maritime
emissions to O; levels and associated attributable mortality in Medi-
terranean countries such as Malta, Greece and Cyprus, where their
contribution is similar to or even larger than national contributions,
indicates the need to implement a nitrogen emission control area to
help reduce NO, emissions, as previously done in the North Sea and
Baltic Sea®. Given the large non-national contributions to average
0, in each location, our results should not be interpreted by local
air-quality authorities as a justification for local inaction. Typically,
during the highest O, episodes, local contributions to O, canincrease
substantially and local mitigation actions can contribute considerably
tothereductionininstances where the 120 pg m=daily 8-h maximum
target value and 180 pg m~hourly information threshold set by the EU
Air Quality Directive have been exceeded®. In addition, local mitiga-
tion strategies are the key towards reducing the export of O;to other
regions and countries.

The present study highlights the need for a systematic quan-
tification of national and remote contributions to air pollution
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Countries where pollution was produced

Fig.3| Country-to-country O;-attributable mortality contribution in Europe,
2015-2017. Each grid cell of the matrix shows the AF (%) ina country (row) due

to O, produced in another country (column). The diagonal represents mortality
caused by national (that is, non-imported) O,. The number of attributable deaths

that occurred in each country is shown on the right, and thus the sum of the grid
cellsinarowis always equal to 100% while the number of attributable deaths
caused by each county is shown at the top. Country abbreviations used here are
givenin Methods.

concentrations, and their associated health impacts, as an essential
step before the elaboration of mitigation plans, especially inregard to
air pollutants such as O, that are easily transported across borders. Our
methodology allowed us to determine that the abatement strategies
used to reduce O, pollution, and the related health impacts, are to a
large degree compromised by the long-range atmospheric transport
of Oyand, in particular, hemispheric contributions. Nonetheless, in a
globalized economy some of theimported pollution, and thus related
mortality burden, has its origin in highly industrialized areas in Asia
or North America. These goods and services, which are produced
remotely but consumed in Europe, would need to be imputed to the

respective European countries if we also accounted for the netimport-
export balance of goods, and not only that of air pollution concentra-
tions”™®. Our study findings would help to implement coordinated
pan-European and global strategies and thus achieve the air-quality
guidelines of the WHO?® to avoid premature deaths and other health
impacts such as hospitalizations and chronic diseases.

In this study we estimated a much higher premature mortality
burden from O, than that carried out by the EEA for the 35 countries
analyzed. For example, in 2015 the EEA” quantified an average of
32.6 deaths per 1 million population using annual data and assuming
a higher mortality risk per 1 pg m=increase in O,. Instead, our study,
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Fig. 4| 0;-attributable mortality caused by major O, precursor-emitting countries, 2015-2017. a-f, Estimates are expressed as annual deaths per 1 million
population: Germany (a); France (b); UK (c); Italy (d); Spain (e); and Poland (f).
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Fig. 5| Ratio of national to imported O;-attributable deaths, 2015-2017. The histogram depicts both the color legend and the number of regions for each ratio,
withalarge number of regions whereimported O, deaths predominated over those nationally generated. Theimported fraction refers toimports from the 34 other

European countries.

based on warm-season data only (May-September), and assuming
alower mortality risk value, elevated this number to 74.5 deaths per
1millioninhabitants. This difference may, in part, be due to the fact that
the EEA does not account for the potential health effects of ambient
0,<70 pg m>,because when we adopt this assumption in our analysis
we estimate a lower O,-attributable mortality rate (25.3 deaths per
1million) than that reported by the EEA (32.6 deaths per 1 million).
However, given that the current scientific evidenceisinsufficient to set
asafethreshold (thatis, alevel below which O, has no effect on mortal-
ity)>'®, the EEA data may be underestimating the actual impact of O,.
Moreover, another methodological factor that might also contribute
to differences in these estimates is that the EEA assumes a constant
level of baseline mortality over each country while we use the actual
number of deaths in each European region.

One of the strengths of this study is the use of a unique and
format-homogeneous mortality dataset for 813 contiguous regions
in 35 European countries, including deaths in both urban and rural
areas. The large geographical coverage and high spatial resolution
of our dataset allowed detailed characterization of the effects of
O, on all-cause mortality across the whole continent. Another
strength of this study is the use of a source-apportionment method to
quantify the contributions of O, from specific geographic locations.

However, our study also had some limitations that must be
acknowledged. First, its estimates consider only acute effects on

mortality but the possibility of chronic effects cannot be ruled out
despite the inconsistent evidence to date'°. Second, as is common
in large-scale health-impact assessments™®"?, we assumed a fixed
association between O; and mortality for all countries, given that
country-orregion-specific associations were not yet available. The risk
of death from O, might, however, vary markedly between one popula-
tion and another depending on underlying health, demographic and
socioeconomic characteristics, which is a potential source of bias for
reported estimates. Third, we did not consider the years of life lost
(YLL) as an additional health outcome because our mortality data
were not available according to individual age. Note that the calcula-
tion of YLL involves totaling deaths occurring at each individual age
and multiplying this by the number of remaining years of life up to
aselected age limit (usually life expectancy). Moreover, short-term
exposure-response functions between O, and YLL reported in the
literature were based on Chinese data only and therefore they were
not representative of the European context. Fourth, we were not able
to estimate the economic cost associated with O,-attributable deaths.
Fifth, we were not able to propagate the uncertainty of the air pollution
models to health impacts?. Finally, while source-apportionment meth-
ods avoid the limitations associated with typical sensitivity analysis
methods?, these are not devoid of uncertainties. Future studies may
attempt to apply other source-apportionment schemes with each
having its own specificities and limitations®.
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Climate warming will reinforce conditions conducive to the for-
mation of tropospheric O; in the future, because the photochemical
mechanisms of O, formation are favored during heatwaves and periods
of high solar radiation. This is indeed the dominant factor leading to
the projected increase in O; concentrations that might aggravate the
associated healthimpacts®. However, the effect of climate warming is
notlimitedto O, formation—italsoinfluences the emissions of chemical
compoundsthat are O, precursors, such as VOCs of biotic origin (that
is, emitted by vegetation), which could counteract the efforts devoted
to the reduction of the emissions of anthropogenic NO, and VOCs.
Therefore, the fight against climate change is key to improvement in
air quality and, inturn, a key element to consider in future studies for
the design and implementation of long-term, long-lasting policies to
be discussed at the continental, hemispheric and global scales.

In conclusion, achieving the air-quality guidelines set out by
the WHO and avoiding premature deaths and other types of health
impacts of O, require not only theimplementation of national or coor-
dinated pan-European actions, but also global strategies. Quantitative
approaches directly linking local health impacts to O, contributions
from different geographical regions are key to the design and imple-
mentation of such coordinated and tailored mitigation strategies.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

To develop our methodological framework for this large-scale health-
impact assessment we combined data on O, concentrations, popula-
tion numbers and mortality records, together with the exposure-
response associations modeling the effects of O, on human mortality.

Health data

Weekly time series of all-cause mortality counts® for the warm season
(weeks18-39 (ISO8601)), corresponding approximately to the months
May-September, together with annual population estimates®, were
obtained for the period 2015-2017 from Eurostat. The mortality data-
set included 6,291,008 counts of death from 813 contiguous regions
(nomenclature of territorial units for statistics 1-3) representing about
530 million peoplein 35 countries: Albania (AL, n =12 regions), Austria
(AT, n=35),Belgium (BE, n=11), Bulgaria (BG, n = 28), Croatia(HR,n=1),
Cyprus (CY, n=1), Czechia (CZ, n=14), Denmark (DK, n=11), Estonia
(EE, n=5),Finland (FI,n=19), France (FR,n =96), Germany (DE, n = 38),
Greece (EL, n=50),Hungary (HU, n=20),Iceland (IS, n=2), Ireland (IE,
n=38),ltaly (IT,n=107), Latvia (LV, n = 6), Liechtenstein (LI, n = 1), Lithuania
(LT, n=10), Luxembourg (LU, n =1), Malta (MT, n = 1), Montenegro (ME,
n=1), the Netherlands (NL, n=12), Norway (NO, n=11), Poland (PL,
n=73),Portugal (PT, n=23), Romania (RO, n=42), Serbia (RS, n=25),
Slovakia (SK, n=8), Slovenia (SI, n =1), Spain (ES, n = 50), Sweden (SE,
n=21),Switzerland (CH, n=26) and UK (n = 41).

Air-quality modeling

The modeling experiment used to track O, and its precursor emissions
isbased on the CALIOPE air-quality system*?* developed at Barcelona
Supercomputing Center (BSC). The system is run at a horizontal grid
of 18 km? covering Europe and surrounding areas (Extended Data
Fig. 4), and it integrates several components: the WRF-ARW (v.3.6)
meteorological model®”, the HERMES (v.3) anthropogenic emissions
model*°, the MEGAN (v.2.0.4) biogenic emissions model® and the
CMAQ (v.5.0.2) chemical transport model*’. The WRF-ARW modelis fed
by meteorological initial and boundary conditions from ERA-Interim*
atmospheric reanalysis; the HERMES model uses regional anthropo-
genic emission datafrom CAMS-REG-AP, v.4.2 (ref. 34); and the CMAQ
model takes chemical boundary conditions (reactive gases and aero-
sols data) from the CAMS global analysis®. The MEGAN model uses
temperature and solar radiation from the WRF-ARW and specified
soil emission factors, plant leaf area index and plant functional type
to derive biogenic emissions.

Source apportionment of O,

Ozone is a secondary pollutant and currently there is a lack of obser-
vational methods available to discern its sources. However, chemical
transport models, while characterized by inherent uncertainties, offer
avaluable means to attribute O; concentration contributions to spe-
cific sources, be it by activity sector (for example, traffic or industry)
or geographical region. The predominant approach employed for
suchattributionis oftenreferred to asthe ‘brute force’ method, which
involves conducting a series of simulations where individual sources
are systematically reduced or deactivated, followed by acomparative
analysis against a baseline simulation encompassing all sources. How-
ever, brute force is not suitable for retrieval of source contributions
whenthe relationship between emissions and concentrationsis nonlin-
ear,asinthe case of 0,. Asecond approachinvolves tracking pollutants
throughout their lifetime using a tagging method within the chemical
transport models. This method quantifies the contribution of a sector
orregionto thetotal concentration of a pollutant while accounting for
nonlinear processes and mass conservation, aspects that provide more
realistic estimates compared with the brute force method. Here we used
the tagging approach within a regional air-quality modeling system
to quantify the contributions to ground-level O, within 35 European
countries, covering 813 contiguous regions with access to high-quality

mortality data (listed above). The tagging approach tracks both O;and
its precursors (NO,and VOCs) formed or emitted in each region all the
way through their life cycle in the atmosphere, including transport,
chemistry and deposition. Our study primarily focused on assessment
ofbothnational andimported O; contributions for each country. The
imported contributions for each country were further classified based
ontheir origin, including the individual contributions from the other
European countries considered in the analysis, neighboring countries,
maritime sources primarily associated with shipping in close proximity
to the European continent, and hemispheric sources.

The contribution to ground-level O, (daily maximum 8-h average)
from each of the 35 countries in each location was obtained
using the integrated source-apportionment method implemented
within CMAQ in the CALIOPE system. The CMAQ-integrated source-
apportionment methodology is described in detail elsewhere®*”. The
source-apportionment method used here assumes that the formation
of O, within each locationis governed by either aNO,- or VOC-limited
chemical regime. This entails assigning all production to the precur-
sor that acts as the limiting factor. Depending on the regime, NO, or
VOC tracers associated with each tagged source are proportionally
attributed to the O; formed, and vice versa when O, is transformed
into other species. Determination of the chemical regime that con-
trols O, production is made according to the ratio H,0,:HNO,, where
aratio <0.35 designates a VOC-sensitive regime, and aratio >0.35 a
NO,-sensitive regime®. The simulation domain (Extended Data Fig. 4)
alsoincludes countries other thanthe 35 analyzed (non-EU-35), along
with ocean and sea, where both land and maritime emissions occur.
The method also provides the separate contribution of these two
emissionsources to O;concentrations along with the O; contribution
transported through the simulation domain boundaries, which mostly
accounts for remote hemispheric O; contributions. The modeling
experiment covered the extended summer season (May-September)
fortheyears 2015-2017,including 3 years of increases, with the robust-
ness of our results demonstrated by their accounting for interannual
variability in meteorological conditions. The selection of these 3 years
is limited to the availability of a consistent regional emission inven-
tory (CAMS-REG-AP, v.4.2). CAMS-REG-AP, v.4.2 is primarily based
on official national inventories reported with a 2-year time lag. The
lagged reporting deadlines, together with the time needed to produce
the CAMS-REG-AP inventory, implies that the final product typically
presents a time lag of 3-4 years from the present time. The contribu-
tionofthe 35 countries to total NO,and VOC anthropogenic emissions
during the years 2015-2017 has remained consistent when compared
with more recent years (2018-2021), and therefore the selected years
can be considered representative of more recent emission shares
when modeling imported and national O, contributions by country
(Extended DataFig. 5).

Statistical analysis
Health-impact assessment. The effect of O, on mortality was derived
fromthelargest available multicountry epidemiological study to date?,
whichreported astatistically significant, meta-analytic coefficient (5) of
thelog-linear exposure-response association between O, and all-cause
mortality of 0.00018 (95% C10.00012-0.00024) per 1 pg m>increase
in daily maximum 8-h average O,. Sensitivity analyses suggested
no evidence of nonlinearity in the exposure-response association?.
The health-impact assessment consisted of the following steps.
First, for each grid cell (x) and day (d) of the model simulations we
transformed the daily maximum 8-h average O (ug m) into the daily
mortality attributable fraction (AF(x,d)) according to

AF (x,d) = 1— exp(—f x O3(x,d)),

where Bisthe mortality risk per unitincrease in O;mentioned above™.
We used the entire range of O, because thereis no compelling evidence
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of a so-called safe threshold*’®. However, we performed a sensitivity
analysis to evaluate the effect of asafe threshold at 70 pg m=, excluding
days with 0, <70 pg m~and centering the association at 70 pg m=, as
commonly done in previous assessments**'*, including those by the
EEA*.Second, for eachgrid cell and week (w) we calculated the weekly
averages of AF (x,w). Third, for each European region (r) and week we
computed the population-weighted average of AF by considering
all continental grid cells of the region, using gridded population
counts at a horizontal 1-km? resolution for the year 2015 from the
Global Human Settlement Layer*°, We note that in the boundary grid
cells (that is, those representing more than one region), the popu-
lation considered was the only one of the corresponding region.
Fourth, for each region we transformed the weekly time series of
population-weighted AF into a weekly time series of mortality attri-
butable number (AN) according to

AN(r,w) = N(r,w) x AF(r,w),

where N(r,w) is the total number of deaths in the corresponding region
rand week w. The weekly time series of AN were apportioned accord-
ing to O;-attributed sources to the AF in each region. Moreover, we
estimated the 95% CI of weekly AN by assuming the upper and lower
range of the S coefficient of the log-linear exposure-response associa-
tionbetween O;and mortality. Finally, total AN during the warm season
(May-September) resulted from the sum of the weekly contributions,
and its ratio with the total population provided the O;-attributable
mortality rate.

Evaluation of O; simulations. We used hourly observations of
ground-level O; concentrations from the Air Quality eReporting
database of the EEA to evaluate the quality of the modeled O; (over-
all daily maximum 8-h average) values by CALIOPE. Specifically, we
compared the modeled O, concentrations with observations pro-
vided by the EEA for rural background stations <1,000 m above sea
level, because the spatial representativeness of these stations is
comparable to CALIOPE spatial resolution. Only those days with
>75% availability of hourly observations were used to calculate the
observed O; and compare it with the modeled values. The results
of the evaluation showed good agreement between modeled
and observed O; concentrations (Supplementary Table 7), with a
Pearson correlation coefficient of 0.66 + 0.11, a normalized mean
bias of 5.49 + 9.25% and a normalized root mean squared error of
20.46 +5.7. Extended Data Fig. 6 shows the normalized mean bias in
each of the EEA stations used.

Inaddition to the traditional statistical indicators used for evalu-
ation of model performance, we followed the Guidance Document
on Modelling Quality Objectives and Benchmarking* established
by the Forum for Air Quality Modeling, which aims to promote and sup-
port the harmonized use of models and their applications under the
European Air Quality Directive (no.2008/50/EC). The Forum for Air
Quality Modeling proposes amodeling quality indicator (MQI) to assess
the reliability of air-quality models considering the measurement
uncertainty at each individual station. The MQl is defined as

MQI = r.m.s.e./(f X r.m.s.y),

where r.m.s.e. is the root mean squared error between the modeled
and observed pollutant concentrations, r.m.s.; is pollutant measure-
mentuncertainty and Sis set to 2, allowing the difference between the
modeled and observed concentration to be twice the measurement
uncertainty. MQI < 1indicates that the model error at aspecific station
is acceptable compared with the uncertainty of observations. When
90% of theindividual air-quality stations included in the model evalu-
ation assessment have MQI < 1, the air-quality model meets the model-
ing quality objective and can be considered reliable for air-quality

assessment within the framework of the European Air Quality Direc-
tive. The model used in this study complied with MQI <1in 100% of
ruralbackground stations <1,000 mabove sealevel inthe EEA dataset
(Supplementary Table 8).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Weekly deaths and population numbers can be freely downloaded
from Eurostat (https://ec.europa.eu/eurostat/cache/metadata/en/
demomwk_esms.htm; https://ec.europa.eu/eurostat/cache/metadata/
en/demo_r_gind3_esms.htm), and O, simulated values from the Zenodo
repository (https://doi.org/10.5281/zenodo.10606147)*.

Code availability

The CMAQ codeis available at https://github.com/USEPA/CMAQ, the
WRF-ARW code at https://github.com/wrf-model/WRF, the HERMESv3
code at https://earth.bsc.es/gitlab/es/hermesv3_gr and the MEGAN
code at https://bai.ess.uci.edu/megan/data-and-code/.
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Extended Data Fig. 1| O, attributable mortality rate during the warm season (May-September), 2015-2017. The mortality rate is expressed as annual deaths per
million population. Only days with average 8-hour maximum O, above 70 pg/m?were considered in this analysis. The histogram depicts both the color legend and the
number of regions for each value.
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Extended Data Fig. 2| O, associated mortality according to O, emission sources in 35 European countries, 2015-2017. Only days with average mean 8-hour
maximum O, above 70 pg/m?>were considered in this analysis. The horizontal bars represent the 95% empirical Cl of the overall O, attributable mortality (ie, the sum of

the five contribution sources).
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Extended Data Fig. 3| Country-to-country O, attributable mortality (ie, non-imported) O,. The number of attributable deaths that occurred in each
contribution in Europe, 2015-2017. Only days with average 8-hour maximum country isshown on the right, and thus the sum of the grid-cells in a row is always
0,above 70 pg/m?>were considered in this analysis. Each grid cell of the matrix equal to 100%, while the number of attributable deaths caused by each county is
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Extended Data Fig. 4 | Map of the study domain. The study domainincludes countries other than the 35 analysed countries (non-EU-35) along with the ocean and the
sea, where both land and maritime emissions occur.
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