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H I G H L I G H T S

• PM2.5 concentrations over Europe were used to perform a health impact assessment during the 1990–2015 period.

• Population weighted PM2.5 concentrations were predicted to have declined by 0.8 µg m−3 y−1 on average.

• The number of premature deaths due to exposure to PM2.5 was predicted to have declined during the 1990–2015 period.

• The variability in the predicted number of premature deaths was higher in the 1990s compared to the 2000s.
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A B S T R A C T

Several datasets of PM2.5 concentrations over Europe during the 1990–2015 period, were used to calculate
health impacts from chronic exposure to total particle matter below 2.5 μm (i.e. PM2.5). The datasets used in the
analysis include the European Topic Centre on Air Pollution and Climate Change Mitigation (ETC/ACM), the
Copernicus Atmospheric Monitoring Service (CAMS), the Global Burden of Disease (GBD), the World Health
Organization (WHO) as well as the EURODELTA-Trends (EDT) multi-model reanalysis developed specifically for
Europe.

The exposure to ambient PM2.5 concentrations was calculated as population weighted annual average PM2.5

concentrations by country. The calculated exposure to PM2.5 was later used as input in the health impact as-
sessment (HIA) Alpha-RiskPoll (ARP) tool to retrieve the total number of premature deaths.

Our results indicate a substantial reduction in the number of premature deaths from PM2.5 exposure in Europe
over the 1990–2010 period, between nearly 30 and 50%. Putting all the data-sets together, even if they do not
cover the whole period, a decrease of even around 60% is observed between 1990 and 2015. For the countries
included in this study, the estimated number of premature deaths from PM2.5 in 1990 was found to be around
960 000 (median of all the available datasets), whereas in 2015 it was found to be around 445 000. However, the
variability in the estimated premature deaths from the different PM2.5 datasets was found to be large during the
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early 90s (around a factor of 2). For the latest years of the investigated period (2005 onwards), where a relatively
flat trend in the PM2.5 exposure was observed, the differences between the different datasets were smaller.

Even though our results indicate a reduction in the number of premature deaths from chronic exposure to
PM2.5, the numbers remain considerable in 2015, underlining the need to continue improving air quality in the
future.

1. Introduction

Particulate matter (PM) induces negative effects on human health
(Cohen et al., 2017; Crippa et al., 2019; Im et al., 2018; Pope and
Dockery, 2006; WHO, 2013a). Particles with an aerodynamic diameter
below 2.5 μm (i.e. PM2.5), mainly arise from various anthropogenic
sources (i.e. combustion processes) as well as from the conversion of
high volatile biogenic organic compounds (BVOCs) in the particle phase
after oxidation with various atmospheric oxidants (e.g. OH, O3 and
NO3). Especially in this size range and in the sub-micron range (i.e.
PM1), the capacity of particles to penetrate deeper in the various sec-
tions of the lung and in the alveoli regions, is highly enhanced, which
poses serious threats for human health. Numerous epidemiological
studies have indicated a significant dependence between exposure to
particle matter concentrations and number of deaths related to re-
spiratory diseases (Atkinson et al., 2015). In Europe, short-term epi-
demiological studies, e.g. the APHEA-2 (Air pollution and Health: a
European Approach) provided first information on daily mortality in-
crease related to PM10. The study included about 43 million individuals
in 29 cities in Europe which were followed for more than 5 years in the
beginning of the 90s. Results indicated an increase of about 0.6% in the
all-cause daily mortality for a 10 μgm−3 increase in PM10 concentra-
tions. The numbers of hospital admissions were also reported using
information from 38 million people in 8 European cities, followed over
3–9 years during the first half of the 1990s. Asthma and chronic ob-
structive pulmonary disease (COPD) were found to increase by 1% for
each 10 μgm−3 increase in PM10 concentrations, whereas hospital ad-
missions for cardiovascular diseases (CVD) were found to increase by
0.5% for each 10 μgm−3 in PM10 concentrations, among people older
than 65 years (Atkinson et al., 2001).

One of the main complications in investigating the health impact of
fine particles is represented by their complex nature (Seinfeld and
Pandis, 2012). The extent of the cumulative health effect of PM2.5 (Xing
et al., 2016) depend on the type of sources, the chemical composition as
well as the physical properties of PM. Previous studies showed that
vehicle traffic can significantly increase exposure and health risks, de-
pending on the type of road and other factors such as meteorology and
vehicle mix (Zhang and Batterman, 2013). Indeed, several epidemio-
logical studies take the distance from major roads as a proxy for PM
exposure (Volk et al., 2011). More recent epidemiological studies in-
dicated that wildfire smoke is significantly associated with risk of re-
spiratory morbidity (Liu et al., 2015). In a more recent study of Liu
et al. (2017), an increase of 7.2% in the risk of respiratory hospital
admissions was found during days with intense contribution of wildfire
to PM2.5 compared to days with no wildfire smoke activities. Moreover,
recent laboratory experiments performed using state-of-the-art smog
chamber facilities, indicated that cells deaths may occur when they are
exposed to particles from wood combustion, along with DNA damage
(Krapf et al., 2017).

Various studies have used Chemical Transport Model (CTM) output
for conducting health impact assessments. Brandt et al. (2013) devel-
oped an integrated model system, EVA (Economic Valuation of Air
pollution) to investigate the health-related economic cost for specific
emission sources. Their study indicates that the major contributors to
health-related cost associated with air pollution arise from power pro-
duction, agriculture, road traffic, and nonindustrial domestic combus-
tion, including wood combustions (Brandt et al., 2013). More recently,
Solazzo et al. (2018) used simulated PM2.5 and ozone concentration

fields from 12 chemical transport models in the framework of the third
phase of the Air Quality Model Evaluation International Initiative
(AQMEII (Galmarini et al., 2017)) to calculate the impact of air pollu-
tion on premature deaths and crop yields over Europe for the year
2010. Their analysis showed a mean number of premature deaths due
to exposure to PM2.5 and ozone of approximately 370 000 (Solazzo
et al., 2018). Im et al. (2018) investigated the health effect of total
PM2.5 for the year 2010 in the framework of the third phase of the
AQMEII3 model inter-comparison exercise. The Economic Valuation of
Air Pollution system was used to calculate the health impact of different
pollutants (e.g. O3 and PM2.5) with exposure-response coefficients from
various sources. The ensemble of all the participating models indicated
around 390 000 ± 100 000 deaths for Europe (30°W-60°E, 25–70°N) in
the year 2010 due to exposure to PM2.5. Moreover, their study sug-
gested that a total number of 47 000 premature deaths could be avoided
with a 20% reduction of anthropogenic emissions in Europe. However,
model results differed by up to a factor of 3 for the European results (12
models participated in the exercise). Cohen et al. (2017) investigated
the global burden of disease (GBD) attributable to air pollution during
the 1990–2015 periods. The analysis was conducted at different scales,
i.e. global, regional and country levels. Resolved aerosol optical depth
(AOD) fields retrieved from satellites were combined with chemical
transport models, surface PM observations and geographical informa-
tion to estimate the population exposure to PM2.5 at a 0.1×0.1° re-
solution in 5 years steps. Different integrated dose-response functions
for various causes of deaths were implemented based on risk estimates
from different studies. Their results indicated that in 2015, about 4.2
million deaths were caused by long-term exposure to PM2.5 which
correspond to about 7.6% of the total global mortality risk due to this
factor. Moreover, a decrease in the global rates of mortality between
1990 and 2015 was estimated because of the improved air quality
conditions, but an increase in the absolute number of attributable
deaths was predicted mainly because of the increased air pollution
especially in China and India. In addition, burning of solid fuel was
found to be the major cause of mortality in low-income and middle-
income countries. Similarly, Lelieveld et al. (2015), used a global at-
mospheric chemistry model to investigate the contribution of various
emissions sources to premature mortality for the year 2010. The study
indicated that outdoor pollution (mainly PM2.5), led to about 3.3 mil-
lion premature deaths in the world, depending on the assumptions
about particle toxicity, therefore making a substantial contribution to
the health impact (Lelieveld et al., 2015).

Anthropogenic emissions have largely declined in Europe over the
recent decades thanks to the switch to low-sulfur fuels (e.g. natural
gas), the introduction of desulphurization as well as the new EURO
standard for passenger cars. Tørseth et al. (2012) investigated trends of
PM10 and PM2.5 at 24 and 13 EMEP sites, respectively. Their study
indicated average reductions of 18% and 27% of PM10 and PM2.5

concentrations over the 2000–2009 period.
While previous studies have investigated long term health impact

assessment of total PM2.5 at global scale (Brauer et al., 2016; Cohen
et al., 2017), in this study we provide novel information on the total
number of premature deaths due to exposure to PM2.5 with a specific
focus on the European domain. We used available PM2.5 estimates for
Europe from the European Topic Centre on Air Pollution and Climate
Change Mitigation (ETC/ACM) as well as the regional component of the
Copernicus Atmospheric Monitoring Service (CAMS) which mainly
covered specific years in the 2000s (Marécal et al., 2015). In addition,
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the novel multi-model EURODELTA-Trends (EDT) exercise, which built
upon the establishment of the Convention on Long Range Trans-
boundary Air Pollution (CLRTAP) in 1979, provided 21 years of con-
tinuous PM2.5 concentrations over Europe from the year 1990, and with
“real” year-to-year meteorological input data (Colette et al., 2017a).
The EDT dataset was used to calculate the exposure to PM2.5 as well as
the number of premature deaths associated with it. Its estimates were
compared with PM2.5 exposure and premature deaths retrieved from
the other datasets (e.g. including GBD).

The paper is organized as follows: In Section 2 information re-
garding the methods and data used for the study are reported. In Sec-
tion 2.1 an overview of the different datasets of PM2.5 concentrations
available for Europe during the 1990–2015 period is presented. Section
2.2 describes the population data and natural deaths data used in the
health impact assessment tool. Section 2.3 describes the methodology
used for the health impact assessment. Results and discussions are
presented in section 3 and section 4, respectively.

2. Methods

2.1. Overview of the different PM2.5 datasets

Four different datasets of PM2.5 concentration fields available for
Europe were used in this study to quantify the health impacts of total
PM2.5:

- The European Topic Centre on Air Pollution and Climate Change
Mitigation (ETC/ACM) provided PM2.5 concentrations using the
regression – interpolation – merging mapping methodology
(Horálek et al., 2016), i.e. a kriging method, to interpolate the re-
gression residuals of in-situ surface PM measurements from the Air
Quality e-reporting database with the concentrations calculated by
the EMEP MSC-W model (at 50 km resolution) and other supple-
mentary data. Due to the limited availability of PM2.5 measurements
in Europe, PM10 observations at urban, sub-urban and rural areas
were also used to derive PM2.5 concentrations using a multi-para-
meter linear model (Denby et al., 2011). ETC/ACM PM2.5 con-
centrations estimates were made available for the years 2005, 2007,
2008 and 2010 through to 2015. The years 2006 and 2009 were not
included in this analysis because ETC/ACM data were not available
for those years. In addition, from the year 2013 onwards, a different
population data source, i.e. Geostat 2011, was used for the mapping,
instead of the JRC population data. Therefore, the ETC/ACM data
source was adjusted using the Geostat population estimates to make
the data consistent for all the available years.

- The EURODELTA-Trends (EDT) project provided modeled air
quality trends for Europe for the 1990–2010 period (Colette et al.,
2017a). Five state-of-the-art chemical transport models, i.e. CHI-
MERE, EMEP MSC-W, LOTOS-EUROS, MATCH and MINNI, per-
formed simulations of air pollution in Europe for the 21-years period
using common anthropogenic emission inventories from IIASA's
GAINS model (Klimont et al., 2017). Model simulations were per-
formed at 0.25°× 0.4° latitude and longitude resolution, which
corresponds to about 25 km in the European domain. For this study,
the outputs of the different models were corrected using data fusion
techniques, i.e. kriging, by means of daily PM2.5 and PM10 mea-
surements available at urban, suburban and rural sites from the Air
Quality e-reporting database. Kriging consist of a linear weighted
combination of the measured PM2.5 and PM10 values that deploys
spatial autocorrelation among the data to retrieve the weights and
uses the ensemble of EDT models as the external drift in the kriging.
Under suitable assumptions on the priors, such techniques provides
the optimal linear unbiased prediction of the intermediate values
(Cressie, 1990). Only three models, CHIMERE (Mailler et al., 2017;
Menut et al., 2013), EMEP MSC-W (Simpson et al., 2012) and
LOTOS-EUROS (Manders et al., 2017; Sauter et al., 2012; Schaap

et al., 2008) were used to perform the data fusion since output from
the remaining models were not available at the time the kriging was
performed. In addition, since no PM observations are available prior
to 2000 and PM2.5 measurements started even later, the fusion of
EDT models output with observations was done for the 2000–2010
and 2008–2010 periods, for PM10 and PM2.5, respectively. The re-
quirement for the data fusion procedure was that the original
modeled relative trend is conserved, though the absolute values are
adjusted. Therefore, to perform data fusion for the entire periods,
the ensemble median of raw modeled PM2.5 fields (available for
1990–2010) was scaled using the ratio between the ensemble
median of raw modeled PM2.5 and the kriging of the model en-
semble with PM2.5 measurements during the 2008–2010 period. The
retrieved ratio was then applied to every model participating in the
EDT ensemble. Those corrections are spatially dependent and ap-
plied on the model grid as they are built with respect to the kriged
analysis of observations.

- The regional component Copernicus Atmospheric Monitoring
Service (CAMS) provided yearly PM2.5 concentration fields calcu-
lated with several CTMs: CHIMERE (CHIa), EMEP MSC-W (EMPa),
EURAD (RIUa), LOTOS-EUROS (KNMa), MATCH (SMHa), MOCAGE
(MFMa) and SILAM (FMIa) including either data assimilation or
data fusion techniques. Available PM measurements from the Air
quality e-reporting database are used to improve the model outputs,
with different techniques for the participating models. These are
either Ensemble Kalman Filter, 3DVar, or optimal interpolation re-
lying on kriging with an external drift (Marécal et al., 2015). Only
two-third of the available PM measurements were used in the data
assimilation or data fusion process to improve model performance
(as the remaining data are used for evaluation purposes), making
the CAMS products quite different from the other datasets presented
here. The list of the models available in the CAMS products included
in the regional CAMS-VRA (Validated analysis, i.e. using validated
in-situ measurement) for the year 2014 are: CHIMERE, EMEP MSC-
W, EURAD, LOTOS-EUROS, MATCH and SILAM. For the year 2015
the CHIMERE, EMEP MSC-W, EURAD, LOTOS-EUROS, MATCH,
MOCAGE and SILAM data were used.

- The Global Burden of Disease (GBD) study provides global con-
centration fields of PM2.5 at 0.1°× 0.1° of longitude and latitude
resolution (Brauer et al., 2016; Shaddick et al., 2018). The GBD13
dataset adopts similar procedures as used in the GBD10 dataset (van
Donkelaar et al., 2010) to retrieve the PM2.5 concentrations in-
cluding new satellite-based estimates of PM2.5 for the 1998–2012
period. The near surface PM2.5 concentrations are retrieved by ap-
plying the relationship of PM2.5 to AOD simulated by the GEOS-
Chem model. The instruments used for the PM2.5 estimates include
the MODIS, MISR and SeaWiFS satellites as well as vertical profile
information from the CALIOP satellite instrument. These sets of
estimates were used to estimate the PM2.5 concentrations for 2000,
2005, 2010 and 2011. For the year 1995 and 1990, the ratio be-
tween the GEOS-Chem model simulations for the year 2005 and the
year of interest was used (with anthropogenic emission from the
EDGAR dataset). In addition, simulations from the TM5-FASST
model (Fast Scenario Screening Tool) were also included for the year
1990, 2000 and 2010 using emission estimates from the ECLIPSE
v4a inventory. PM2.5 measurements were collected for the
2010–2013 period from the same sources as in the GBD10 dataset
and estimated from the PM2.5 to PM10 ratio when not available (and
excluding industrial and roadside sites when possible). A regression
calibration approach, using the mean of satellite-based data (inter-
polated with the GEOS-Chem model), TM5-FASST simulations and
available measurements, was used to correct the final global esti-
mate of PM2.5 concentrations at 0.1°× 0.1° grid-cell resolution
using a single global calibration function. Finally, The GDB15 da-
taset further expanded the methods and datasets used in GBD13
with additional air quality measurements and novel estimation
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algorithms (Shaddick et al., 2018). In particular, the TM5 simula-
tions were not included in the re-analysis, and the calibration
functions can vary spatially using a Bayesian Hierarchical Model
(Shaddick et al., 2018). The estimated global population weighted
mean concentrations of PM2.5 were made available at
11 km×11 km resolution.

2.2. Population data

In order to retrieve the population weighted exposure to PM2.5

concentrations, supplemented Geostat 2011 population density data
provided by the ETC/ACM were used (Horálek et al., 2016). For specific
countries for which population density was not available in the Geostat
2011 dataset, the data was complemented with other sources of po-
pulation density: the JRC (Joint Research Centre) population data at a
resolution of 100m×100m (Gallego, 2010) and the population den-
sity data from the ORNL LandScan Global Population dataset. The latter
provided population density estimates at 30×30 arcsecs resolution
and it is based on population data for the year 2008 provided by the
Geographic Studies Branch, US Bureau of Census. The ORNL data was
re-projected from its original WGS 1984 30×30 arcsecs grids into the
Geostat 2011 reference projection, i.e. ETRS89-LAEA5210 at 1×1 km
resolution by EEA.

2.3. Health impact assessment: methodology

The quantification of health impacts was carried out with INERIS’
version of the health impact assessment (HIA) tool Alpha-RiskPoll
(ARP; developed by EMRC, and described in Schucht et al. (2015). ARP
is regularly used in European Policy analyses such as the CAFE (Clean
Air For Europe) program. The methods for benefits assessment used in
ARP were first developed under the EC funded ExternE project (Ex-
ternal cost of Energy) suite during the 1990s. These methods are ex-
tensively documented in Holland et al. (2005a,b,c, 2011) and Hurley
et al. (2005). They have been applied since the end of the 1990s to cost-
benefit assessments of EC and UNECE policies and are regularly and
thoroughly reviewed (Krupnick et al., 2005; WHO, 2013a, 2013b).

The current version of the model relies on the methodology update
as recommended by the WHO/Europe HRAPIE (Health Risks of Air
Pollution in Europe) project (WHO, 2013a, 2013b). Its implementation
in ARP is described in Holland (2014a,b). HRAPIE recommendations
applied in ARP are the Concentration-Response Functions (CRFs)
linking levels of pollutant exposure to a set of specific health endpoints
(amongst which mortality and different morbidity impacts). The health
endpoint “mortality due to chronic exposure to PM2.5” is calculated for
the age-group above 30 years based on the recommended Relative Risk
(RR) of 1.062 for a 10 μgm−3 increase of PM2.5 (95% confidence in-
terval is 1.040–1.083) (ETC/ACM, 2017). Mortality effects are calcu-
lated for all-cause (natural) mortality, as linear functions and in

Fig. 1. Annual national average population weighted PM2.5 concentration (μg m−3), i.e. exposure to PM2.5, as predicted by EDT (model ensemble), GBD13, GBD15,
ETC-ACM and CAMS-VRA (model ensemble) datasets in 1990, 1995, 2000, 2005, 2010 and 2015. Grey maps indicate years for which the corresponding dataset is not
available. Units are in μg m−3.
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response to a one-year pulse change without lag and without any
threshold for PM2.5 concentrations. Studies on long-term exposure give
no evidence of a specific threshold, and epidemiological studies for the
pollutants such as PM2.5 have not provided direct evidence of the ex-
istence of such thresholds at the population level; but whether such
threshold does apply for at least the pollutant considered in this study,
is currently under debate (WHO, 2013a, 2013b). Also, various Eur-
opean studies of short-term exposure that have comprehensively in-
vestigated concentration–response functions have not revealed sig-
nificant differences compared to the linear functions, and for ambient
levels of PM2.5 observed in Europe (WHO, 2013a, 2013b). Following
current scientific advice, all particulate matter is treated as equally
harmful, irrespective of source and chemical composition since a pre-
cise quantification of the health effects of individual PM components is
not possible according to current knowledge (COMEAP, 2015; Miller
et al., 2011; WHO, 2007, 2013b). In the present study, only one health
endpoint is quantified: the mortality from chronic (long-term) exposure
to PM2.5, expressed in premature deaths per year. The present health
outcomes are coherent with those described in de Leeuw and Horálek,
2016 and in the EEA's Air Quality in Europe reports (EEA, 2018). In-
deed, these studies equally apply the HRAPIE methodology.

Total and age class specific population data relies on the UN's World
Population Prospects, 2017 Revision. Information on mortality (all-age
natural deaths, and 30 + years natural deaths) were extracted (and
calculated) from the WHO Mortality Database (ICD-9 and ICD-10
classification, March and October 2017 updates, respectively). Age
class information is not spatialized within countries: for a given
country, the age distribution is assumed to be the same in all grid cells.
For countries where population or mortality data were not available,
gap filling was performed by using data from the latest available year.
Furthermore, Andorra, Monaco and San Marino, are altogether ex-
cluded from the present study because they are not part of the Alpha-
RiskPoll country list. For Kosovo, the same exposure, baseline mortality
and age distribution data as for Serbia are used. However, the total

number of deaths attributed to PM2.5 is split according to the relative
population of Serbia and Kosovo under UNSCR 1244/99. For
Lichtenstein, exposure estimates are available (for all data sets except
for GBD13 and GBD15) but mortality and population data are limited.
For this country we hence used the baseline mortality and age dis-
tribution of Austria, and mortality incidence data was scaled according
to the population of Lichtenstein. The final list of countries taken from
the single PM2.5 concentration datasets as well as those used for the
calculation of the total number of premature deaths is reported in Table
S1.

3. Results and discussion

3.1. Exposure to PM2.5

Fig. 1 shows the national annual average population weighted PM2.5

concentrations, i.e. exposure to PM2.5, as predicted by the different
datasets for six years for which multiple datasets were available, i.e.
1990, 1995, 2000, 2005, 2010 and 2015. High variability in the ex-
posure to PM2.5 is visible especially during the early years of the period
analyzed, i.e. the 90s, and especially between the EURODELTA-Trends
(EDT) and the GBD15 datasets. In 1990, the models that participated in
the EURODELTA-Trends exercise indicated an annual average popula-
tion weighted PM2.5 concentration between 29 and 37 μgm−3, de-
pending on model in the cluster (see section 2.3 for details on the
available countries included in this analysis) whereas estimates were
lower for the GBD13 and GBD15 datasets, i.e. around 27 and
20 μgm−3, respectively (Table S2). The differences in predicted ex-
posure for year of 1990, were in general higher in the central and
eastern part of Europe especially for the EDT and GDB15 datasets
(Fig. 1 and Table S2).

Fig. 2 shows the comparison in the predicted PM2.5 exposure from
all the datasets for the years 1990, 1995, 2000, 2005, 2010 and 2015.
In all years, most points (i.e. population weighted means in specific

Fig. 2. Comparisons of the exposure to PM2.5 (μg m−3) between the different datasets (i.e. GBD13, GBD15, EDT, ETC-ACM and CAMS) for the 1990, 1995, 2000,
2005, 2010 and 2015 years. The black lines indicate the 1:2 and 2:1 line.

G. Ciarelli, et al. Atmospheric Environment: X 3 (2019) 100032

5



countries) were reproduced between the 1:2 line with larger variation
in predictions in Macedonia and Bosnia-Herzegovina (i.e. points around
30–40 μgm−3 in the year 2010). In general, the EDT dataset correlated
spatially (country by country) better with the GBD13 than the GBD15
datasets, with coefficients of determination (R2) between 0.47 and 0.6
for GBD13 and between 0.27 and 0.42 for the GBD15 comparisons. In
2015, comparisons between the GBD15, CAMS and ETC-ACM revealed
that most of the points were also reproduced within a factor of 2. Larger
discrepancies were again found for Bosnia-Herzegovina (i.e. points
around 40–50 μgm−3 in the year 2015).

Fig. 3 shows the variation (i.e. standard deviation) for all the
countries where PM2.5 exposure data were available for the years 1990,
1995, 2000, 2005, 2010 and 2015. Differences in the calculated ex-
posure to PM2.5 were between 5 and 10 μgm−3 in 1990 for most of the
countries, whereas they were reduced in the more recent years, i.e.
mostly well below 5 μgm−3 in 2010 and 2015 and with most of the
datasets predicting similar values of exposure to PM2.5 for the total of
all the countries (Table S3 and Table S4). The latter was mainly at-
tributed to the reduced uncertainty in the emission inventories used by
the different chemical transport models and to the availability of PM2.5

Fig. 3. The variability (standard deviation) in population weighted PM2.5 concentrations (μg m−3), i.e. exposure to PM2.5, in 1990, 1995, 2000, 2005, 2010 and 2015
(from the top to the bottom) among the different sources of model data for all the available countries (indicated with their ISO codes).
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observations in more recent years to perform the bias corrections.
Fig. 4 reports the exposure to PM2.5 calculated over the 1990–2015

period, using all the datasets available in each year and for all the
considered countries. A downward trend is clearly seen in all data sets,
but to a varying extent. The analysis is complicated by the fact that
different data sets cover different periods of time (see section 2.1). We
first analyzed the trend in exposure to PM2.5 between 1990 and 2010,

because of the availability of three data sets over the whole period.
Indeed, the GBD13 and GBD15 datasets overlap with five years of the
EDT analysis (i.e. 1990, 1995, 2000, 2005 and 2010). Exposure to
PM2.5 was estimated to have declined by about 50%, 40% and 28% in
the EDT ensemble median, GBD13 and GBD15 datasets, respectively,
which corresponds to a difference of about a factor of nearly 2 for all
the countries included in the analysis (Table 1). Thus, the EDT derived
trend is larger than the GDB one, and especially than GBD15. Possible
reasons for this will be discussed in the next section. In addition, we
aimed at estimating a trend covering the whole period 1990–2015. For
this, we derived a linear trend of the median of all the available datasets
(Table 1), each EDT model counting individually. Such a procedure is
justified, if errors in individual data sets are decorrelated between
different years. Even if this is a strong hypothesis, it is probably partly
true. For instance, emissions are certainly much more uncertain in the
90's than in more recent years. For GDB data sets, much less data were
available in the 90's and the method is different for these years. Our
alternative method yields a PM2.5 exposure decline of 60% for the
1990–2015 period. It also can be noted that mainly from the year 2005
onwards, almost no trends in exposure to PM2.5 are observed in most of
the datasets (Fig. 4).

Fig. 5 shows the spatial distribution of the linear trends in exposure
to PM2.5 as predicted between 1990 and 2010, using the GBD13, GBD15
and EDT datasets, and between 1990 and 2015 using the median of all

Fig. 4. Population weighted PM2.5 concentrations (μg m−3), i.e. exposure to
PM2.5, as modeled by all the available datasets for the 1990–2015 period (total
of all the available countries).

Table 1
Linear relative and absolute trends in population weighted PM2.5 concentrations, i.e. exposure to PM2.5, as modeled by the EDT, GBD13 and GBD15 datasets for the
1990–2010 period and as modeled by the median of all the datasets (referred to as ALL) for the 1990–2015 period.

Countries EDT (%) GBD13 (%) GBD15 (%) ALL (%) EDT (μg m−3 y−1) GBD13 (μg m−3 y−1) GBD15 (μg m−3 y−1) ALL* (μg m−3 y−1)

Albania −44.7 −26.2 −21.7 −47.3 −0.6 −0.3 −0.2 −0.5
Andorra −38.1 −64.2 0.0 −60.3 −0.4 −0.8 0.0 −0.6
Austria −52.8 −47.2 −22.0 −65.3 −1.0 −0.7 −0.2 −1.0
Belgium −54.1 −36.1 −20.6 −68.7 −1.1 −0.5 −0.2 −1.1
Bos. & Her. −46.5 −31.5 −19.4 −44.0 −0.7 −0.3 −0.4 −0.5
Bulgaria −50.5 −25.6 −45.9 −38.1 −0.8 −0.3 −0.9 −0.4
Croatia −50.9 −41.2 −27.8 −59.0 −0.9 −0.6 −0.3 −0.8
Cyprus −30.6 −29.0 −5.1 −24.2 −0.4 −0.5 0.0 −0.2
Czech Repu. −58.6 −50.6 −50.6 −65.1 −1.2 −0.8 −0.8 −1.1
Denmark −49.6 −46.2 −25.0 −65.7 −0.7 −0.5 −0.2 −0.7
Estonia −46.3 −15.8 −33.3 −51.3 −0.3 −0.1 −0.2 −0.3
Finland −38.3 −24.2 −10.5 −47.2 −0.2 −0.1 0.0 −0.2
France −48.7 −39.0 −14.5 −61.5 −0.8 −0.5 −0.1 −0.8
Germany −59.7 −49.8 −19.8 −69.1 −1.0 −0.7 −0.2 −1.0
Greece −37.5 −29.5 −9.5 −42.6 −0.5 −0.4 −0.1 −0.5
Hungary −60.7 −44.1 −42.8 −65.3 −1.3 −0.7 −0.7 −1.1
Iceland −25.1 −17.0 0.0 −26.8 −0.1 0.0 0.0 −0.1
Ireland −47.0 −44.3 −18.5 −61.5 −0.4 −0.4 −0.1 −0.5
Italy −47.5 −35.0 −24.2 −57.4 −0.9 −0.6 −0.2 −0.9
Latvia −47.4 −28.0 −43.3 −55.9 −0.5 −0.2 −0.6 −0.5
Liechtenstein −50.4 – – −64.5 −0.7 – – −0.7
Lithuania −48.5 −37.3 −42.6 −55.1 −0.6 −0.3 −0.6 −0.6
Luxembourg −55.1 −58.4 −20.6 −67.0 −0.9 −1.1 −0.2 −0.9
Macedonia −38.0 −35.4 −39.0 −12.1 −0.5 −0.5 −0.9 −0.1
Malta −38.7 −29.6 0.0 −49.0 −0.5 −0.4 0.0 −0.6
Monaco −45.2 – – −60.6 −0.8 – – −0.9
Montenegro −37.9 −35.4 −16.5 −35.4 −0.5 −0.3 −0.2 −0.3
Netherlands −55.5 −45.2 −21.7 −68.9 −1.0 −0.7 −0.2 −1.0
Norway −40.7 −32.7 −18.5 −53.2 −0.3 −0.2 −0.1 −0.3
Poland −49.1 −43.3 −45.3 −56.3 −1.1 −0.6 −0.9 −1.0
Portugal −45.6 −27.1 −7.8 −53.1 −0.5 −0.2 0.0 −0.4
Romania −53.7 −38.9 −45.3 −55.0 −0.9 −0.5 −0.7 −0.7
San Marino −46.8 – – −58.4 −0.8 – – −0.8
Serbia −42.4 −36.6 −22.6 −43.7 −0.7 −0.3 −0.3 −0.5
Slovakia −58.9 −52.1 −45.3 −66.7 −1.3 −0.8 −0.7 −1.2
Slovenia −49.8 −39.3 −36.2 −61.9 −0.9 −0.4 −0.4 −0.9
Spain −34.2 −27.2 0.0 −45.4 −0.4 −0.3 0.0 −0.4
Sweden −43.6 −31.6 −29.4 −62.3 −0.4 −0.2 −0.1 −0.5
Switzerland −50.5 −31.5 −15.9 −62.3 −0.8 −0.4 −0.1 −0.8
Unit. King. −47.9 −46.6 −21.6 −60.8 −0.6 −0.5 −0.2 −0.6
All countries −50.4 −40.4 −28.2 −59.9 −0.8 −0.5 −0.3 −0.8

(*) Calculated using the median of the EDT, GBD13, GBD15, ETC-ACM and CAMS datasets.

G. Ciarelli, et al. Atmospheric Environment: X 3 (2019) 100032

7



available datasets. In general, the EDT datasets predicted larger re-
ductions in exposure to PM2.5 during the 1990–2010 period compared
to the GBD13 and especially to the GBD15 datasets. For the latter, the
estimated relative reductions were closer to those estimated by the EDT
dataset in some of the eastern European countries (Fig. 5 and Table 1),
whereas discrepancies were particularly remarkable (up to a factor of
3–5) in Switzerland, Cyprus, Germany, Finland, France, Greece and
Portugal. The median of all the available datasets for the 1990–2015
period indicated that exposure to PM2.5 has declined by about 12–69%
with larger reductions predicted in e.g. Germany and Netherlands and
Belgium, and lower reductions predicted in eastern European countries
such as Bulgaria, Montenegro and Macedonia (Fig. 5 and Table 1).

3.2. Discussion on the exposure to PM2.5

The observed differences in the predicted exposure to PM2.5 could
be mainly related to the different methodologies and the underlying
information used to retrieve the exposure in the studied years. The GBD
and EDT datasets use a different methodology to estimate the PM2.5

concentrations, especially in the early 1990s. In the GBD datasets si-
mulated AOD values from the GEOS-Chem model are used to estimate
surface level of PM2.5 concentrations in combination with satellite-
based measurements. Different anthropogenic emissions were used in
the GBD and EDT datasets. The GEOS-Chem model simulations were
based on the EDGAR emissions inventories whereas the EDT dataset is
based on the ECLIPSE emission inventory. Recent studies focusing on
Asia indicated that substantial differences could be found among the
two emission inventories (Saikawa et al., 2017) and the need to further
reconcile the differences among them. In addition, for the years 1990
and 1995, the concentrations were estimated by scaling the simulated
PM2.5 concentrations for 2005 using constant meteorological data. This
is not the case for the EDT dataset where “real” year-to-year meteor-
ology was used for each of the 21 years covered in the exercise. Finally,

the approach used to correct and calibrate the gridded concentrations
over the whole domain might also play an important role for estimating
the global (for GBD) and regional (for EDT) PM2.5 concentrations. The
EDT gridded dataset was corrected using the raw model output data
and the kriged analysis using available PM2.5 measurements (mainly
during the late 2000s) and applied to the whole 21-year simulation
period. The measurements were retrieved from the AQ e-reporting
database available for Europe. This approach differs from the one used
in GBD13 where global PM2.5 measurements (mainly between 2010 and
2013) were used to retrieve a single global calibration function that was
later applied to correct the gridded PM2.5 concentration fields, re-
gardless of the specific geographic region (e.g. Europe, Asia). Even
though several different calibration functions were tested for various
regions (i.e. using PM2.5 measurement belonging only to each specific
geographical area), a single global calibration function was chosen due
to the poor fit in some of the regions (Brauer et al., 2016). Nevertheless,
differences in the PM2.5 composition, and their trends, might sig-
nificantly differ depending of the specific geographical area. This might
help explaining the differences with the EDT dataset which was cor-
rected specifically with European measurements. Other discrepancies
between the two GBD datasets, i.e. GBD13 and GBD15, are likely due to
the updated correction algorithm deployed in the updated version of
the GBD dataset, i.e. GBD15. For the latter, global calibration functions
could vary spatially in the domain, but TM5 model simulations were
not included in the calibration process, contrary to GBD13.

Long-term measurements of PM2.5 concentrations dating back to
1990 are very scarce in Europe. Moreover, the trends of the individual
PM2.5 components, i.e. both inorganic and organic phase, is yet not well
understood due to the non-linear dependence of aerosol constituents on
its gas-phase precursors. Tørseth et al. (2012) presented a trend analysis
study for particulate sulfate, total nitrate (the sum of nitric acid and
particulate nitrate) and total ammonium (the sum of ammonia and
particulate ammonium) for the 1990–2009 period in Europe. Their

Fig. 5. Relative trends in country averaged population weighted PM2.5 concentrations, i.e. exposure to PM2.5, for the EDT, GBD13 and GBD15 datasets (1990–2010
period) and for the median of the EDT, GBD13, GBD15, ETC-ACM and CAMS-VRA dataset (referred to as ALL for the 1990–2015 period).
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analysis indicated a relative reduction of 56% in particulate sulfate
concentrations, 8% in total nitrate and 24% in total ammonium con-
centrations. More recently (Colette et al., 2016), reported a decrease of
about 65% in particulate sulfate concentrations between the
1990–2012 period. Even though those trends were calculated at few
specific sites, and only partly cover the PM2.5 species, such reductions
are at least not contradicting the one predicted by the EURODE-
LTA-Trends exercise (i.e. around 50% reduction in exposure to PM2.5

for the total of all the available countries). Ciarelli et al. (2019) showed
that for the 1990–2010 period, the models which participated in the
exercise could reproduce very well the observed trends in particulate
sulfate, which were predicted to have declined to a greater extent re-
spect to total nitrate and total ammonium concentrations, as also in-
dicated by the observations. PM10 measurement are too scare in the
1990s in Europe to allow for an evaluation, but looking at the
2000–2010 period, the EURODELTA-Trends ensemble was found to
capture well the overall decline with a 1.94%/yr average decline,
whereas the observed decline at Air Quality e-reporting was 1.87%/yr
(Colette et al., 2017b).

In the next section (section 3.3), the mortality trends (in terms of
number of premature deaths) are presented based on the exposure
analysis discussed in this section.

3.3. PM2.5 health impact assessment trends

Fig. 6 shows the predicted number of premature deaths for all the
datasets used in the study and for six specific years, i.e. 1990, 1995,
2000, 2005, 2010 and 2015. In line with the predicted exposure to
PM2.5, larger discrepancies between the datasets can be observed in the
early 1990s than in more recent years (i.e. 2010 and 2015), consistent
with the results for exposure to PM2.5 (see section 2.1 and previous
discussions in section 3.2). For the first analyzed year, i.e. 1990, health
impact calculations based on the GBD15 dataset indicated about

Fig. 6. Annual national average premature deaths due to exposure to PM2.5, as predicted by EDT (model ensemble), GBD13, GBD15, ETC-ACM and CAMS-VRA
datasets (model ensemble) in 1990, 1995, 2000, 2005, 2010 and 2015. Grey maps indicate years for which the corresponding dataset is not available. Units are
estimated national total premature deaths (in thousands).

Fig. 7. Trends in premature deaths (in thousands of deaths) due to exposure to
PM2.5 as predicted by all the available datasets for the 1990–2015 period (total
of all the available countries).
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622 000 premature deaths from chronic exposure to PM2.5 (re-
presenting the lowest estimate among all the datasets), whereas the
model estimates in the EURODELTA-Trends exercise lie between about
881 000 and 1 118 000 premature deaths (Fig. 7). For the same year,
the median of all the data sets indicated a total number of premature
deaths of 960 000 (total of all considered countries, Table 2). The three
countries with the highest total number of premature deaths according
to the calculations were Germany, Italy and Poland with 178 000,
121 000 and 94 000 premature deaths due to exposure to PM2.5, re-
spectively (Table 2). For the last available year of this study, i.e. 2015,
the total burden of premature deaths from chronic exposure to PM2.5

was found to be largely reduced compared to 1990, with a total number
of deaths for all the investigated countries of about 445 000 (median of
all the datasets available in 2015, Table 2). This is in line with the study
of Im et al. (2018) where around 390 000 ± 100 000 premature deaths
for Europe (30°W-60°E, 25–70°N) for the year 2010 due to exposure to
PM2.5 were predicted. Also, the gradient of premature deaths among the
different countries is comparable with the study performed by (Solazzo
et al., 2018) even though their estimates are slightly lower, likely be-
cause of a minimum threshold concentration of 5.8 μgm−3 used to
perform the HIA calculations.

Fig. 7 reports the linear trends in premature deaths which, by
construction, are similar to those obtained for exposure to PM2.5: for the
1990–2010 period, the relative decline in the number of premature

deaths was found to be around 52%, 41% and 30% for the EDT, GBD13
and GBD15 datasets, respectively, corresponding to an absolute de-
clining rate of about 25 000 deaths y−1, 16 000 deaths y−1 and 9000
deaths y−1 (Table 3). Taking again the median of all the datasets in-
cluded in the analysis for the entire period (1990–2015) and for the
total of all the countries, a decline of about 60% is found, corresponding
to an absolute reduction rate of about 23 000 deaths y−1 (Fig. 7 and
Table 3). Finally, mainly from the year 2005 onwards, almost no trends
in the number of premature deaths due to exposure to PM2.5 were in-
dicated by most of the datasets (Fig. 7).

Recent health impact studies were performed with the GBD15 da-
tasets over the US domain. Zhang et al. (2018), compared the trends in
total number of deaths predicted using exposure calculated with the
WRF-CMAQ model and the one available in the GBD15 datasets for the
1990–2010 period. Even though the methodology to retrieve the
number of premature deaths attributable to exposure to PM2.5 largely
differs from the analysis presented here, their results also indicated a
relatively flat trend in the total number of deaths predicted with the
GBD15 dataset compared to the one predicted by the WRF-CMAQ
model over the 1990–2010 period (Zhang et al., 2018).

Fig. 8 shows the spatial distribution of the linear trends in pre-
mature deaths as retrieved for the 1990–2010 period, using the GBD13,
GBD15 and EDT datasets, and between 1990 and 2015 using the
median of all available datasets. In general, The EDT datasets indicated
larger reductions in the number of premature deaths during the
1990–2010 period compared to the GBD13 and especially to the GBD15
datasets. For the latter, the estimated relative reductions were closer in
some of the Eastern European countries (Fig. 8 and Table 3), whereas
discrepancies were higher in Switzerland, Cyprus, Finland, France,
Greece and Portugal. The median of all the available datasets for the
1990–2015 period indicated that the number of premature deaths have
declined by about 10–79% with larger reductions (above 70%) pre-
dicted in Lichtenstein, Denmark, the Czech Republic, Germany, Hun-
gary and Luxemburg, and lower relative reductions (below 30%) pre-
dicted in Greece, Bosnia-Herzegovina, Montenegro, Cyrus and Iceland
(Fig. 8 and Table 3). The increase in the total number of premature
deaths over Macedonia during 1990–2015 is mainly due to the rela-
tively low reduction in the exposure to PM2.5 predicted between 2010
and 2015 by all the available datasets combined with an increase in the
baseline mortality (not shown). For the GBD15 datasets the predicted
increases in premature deaths for some of the available countries, i.e.
Greece, Iceland, Malta and Spain, are mainly due to the absence of
trends, or very weak trends, in the exposure to PM2.5 (Table 1) and thus
the predicted premature deaths were driven by the variation in the
baseline mortality. We would like to notice that for some specific
countries such as Bosnia and Herzegovina or Serbia and Montenegro,
important gaps where found in terms of the mortality data (e.g. for
Bosnia and Herzegovina data were available only for 1990, 1991, 2011
and 2014, and mortality for intermediate years was estimated using the
latest available years) and the interpretation of the results for these
countries must be taken with care.

3.4. Comparisons with the baseline mortality

In this section the comparison of premature deaths due to exposure
to PM2.5 with the baseline mortality is discussed. The baseline mor-
tality, i.e. natural deaths for the age-group above 30 years, is used to
estimate the total number of premature deaths due to PM2.5 exposure
based on the dose response function described in section 2.3. Fig. S1
shows the total number of natural deaths for age-group above 30 years
as well as the contribution of premature deaths due to exposure to
PM2.5 to the base line mortality for all the countries included in the
analysis (apart from Kosovo and Lichtenstein) and for the EDT dataset
(1990–2010 period). The total number of natural deaths for age-group
above 30 years varies between about 4 670 000 and 4 890 000 and the
contribution of premature deaths due to exposure to PM2.5 was found to

Table 2
Premature deaths due to exposure to PM2.5 as median of all the datasets
available in 1990, 2010 and 2015.

Countries Median (1990) Median (2010) Median (2015)

Albania 2227 1060 1183
Austria 17 308 8191 6489
Belgium 20 895 11 417 7489
Bos. & Her. 5462 2979 4006
Bulgaria 21 713 12 054 11 016
Croatia 10 744 5694 5174
Cyprus 716 543 580
Czech Repu. 32 615 13 029 10 789
Denmark 8438 4131 2935
Estonia 969 815 668
Finland 3057 2236 1600
France 88 872 47 671 35 755
Germany 177 708 80 350 66 283
Greece 15 531 11 279 10 490
Hungary 37 468 15 064 12 906
Iceland 75 78 52
Ireland 3273 1529 945
Italy 120 622 71 517 65 811
Kosovo* 3958 2524 2583
Latvia 3341 2481 1604
Liechtenstein 48 29 23
Lithuania 4078 3811 2848
Luxembourg 794 331 271
Macedonia 2297 2104 2903
Malta 416 315 360
Montenegro 815 552 492
Netherlands 24 488 13 961 9992
Norway 3412 2050 1359
Poland 94 165 56 966 44 903
Portugal 11 486 5851 6789
Romania 52 426 27 377 27 688
Serbia* 15 673 9994 10 226
Slovakia 14 792 6823 5424
Slovenia 4017 2071 2161
Spain 40 940 28 064 31 060
Sweden 8326 4787 3091
Switzerland 10 785 5963 4952
Unit. King. 86 872 41 386 32 779
All countries 960 419 498 168 444 535

(*) The same exposure and baseline mortality are used for Serbia and Kosovo,
but mortality attributed to PM2.5 is split by using the relative population of
Serbia and Kosovo and with same population data for the years 1990 and 2015.
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be around 20 and 10% over the 1990–2010 period (Fig. S1).

4. Conclusions

In this study, trends in the total number of premature deaths from
chronic exposure to PM2.5 concentrations were calculated based on
different datasets of PM2.5 in Europe during the 1990–2015 period. The
new available EURODELTA-Trends dataset provided novel PM2.5 con-
centrations estimates over Europe for the 1990–2010 period, corrected
with data fusion technique based exclusively on European measure-
ments. In this paper, we have presented a detailed comparison with
other available datasets - GBD13 and GBD15 - to investigate the dif-
ferences in the number of premature deaths as estimated using the
different datasets. Even though the three datasets, i.e. EDT, GBD13 and
GBD15, indicated substantial reductions in both exposure to PM2.5 and
related number of premature deaths for the overall countries' totals,
large differences were observed for the absolute and relative reduc-
tions, especially at single country levels. The EDT datasets indicated
about 52% reduction in the number of premature deaths for the
countries’ total whereas the GBD13 and GBD15 showed lower relative
reductions rates, around 41% and 30%, respectively. Especially in the
year 1990, the differences in the predicted number of premature deaths
were found to be larger, i.e. around a factor of 2, compared to the final
years of the investigated periods, and in line with previous studies (Im
et al., 2018). Such discrepancies were mainly attributed to the different
methodologies used in the datasets to estimate the PM2.5 concentra-
tions, and in particular to: (i) the different chemical model, i.e. GEOS-

Chem, as well as anthropogenic emission inventory, i.e. EDGAR, used to
correct satellite-based PM2.5 estimates in the GBD datasets for the years
1990 and 1995, whereas the EDT dataset relies on the ECLIPSE an-
thropogenic emission datasets, (ii) the constant meteorological fields,
i.e. based on the year 2005, used for correcting the GBD satellite-based
estimates for the year 1990, whereas EDT used “real” year-to-year
meteorology, (iii) the single correction function based on global PM2.5

measurements that was used to correct the gridded PM2.5 concentra-
tions in the GBD13 datasets, whereas the EDT dataset was corrected
exclusively with European measurements and (iv) the exclusion of
chemical transport model simulation, i.e. TM5, from the GBD15 da-
taset.

Based on the linear trend of the median of all the available datasets,
our results indicate that over the whole period the total number of
premature deaths has declined by about 60%. This corresponds to an
absolute reduction rate of about 23 000 deaths y−1 for all the countries
included in the analysis. The total burden of premature deaths due to
exposure to PM2.5, and its relative reductions over the investigated
period, were particularly elevated for countries such as Germany,
Poland, Italy, France and the United Kingdom, i.e. ranging from 87 000
to 178 000 premature deaths in the year 1990 as median of all the
datasets available, and which were found to be largely reduced at the
end of the full investigated period, i.e. by between 53 and 71%.

In conclusion, the estimated reduction in the number of deaths due
to exposure to PM2.5 concentrations suggest that European legislation
towards air quality mitigation strategies was effective in lowering the
total burden of premature deaths related to PM2.5. However, after the

Table 3
Linear relative and absolute trends in premature deaths to the exposure to PM2.5, as predicted by the EDT, GBD13 and GBD15 datasets for the 1990–2010 period and
as predicted by the median of all the datasets (referred to as ALL) for the 1990–2015 period.

Countries EDT (%) GBD13 (%) GBD15 (%) ALL (%) EDT (deaths y−1) GBD13 (deaths y−1) GBD15 (deaths y−1) ALL (deaths y−1)

Albania −28.4 −22.1 −19.0 −43.9 −28 −17 −12 −35
Austria −58.7 −52.1 −28.6 −68.7 −500 −352 −122 −476
Belgium −56.2 −37.7 −22.5 −69.8 −656 −334 −130 −676
Bos. & Her. −45.5 −28.2 −15.5 −28.9 −107 −42 −54 −51
Bulgaria −47.8 −21.5 −42.4 −37.3 −482 −156 −554 −279
Croatia −47.7 −38.7 −24.7 −56.1 −231 −152 −81 −222
Cyprus −30.1 −28.9 −5.0 −18.3 −11 −16 −1 −5
Czech Repu. −66.5 −60.5 −60.6 −71.7 −971 −645 −714 −801
Denmark −56.2 −53.8 −35.0 −72.4 −260 −217 −79 −286
Estonia −40.5 −11.0 −27.7 −50.9 −26 −6 −13 −28
Finland −40.5 −25.7 −12.0 −45.9 −63 −37 −12 −60
France −49.3 −38.7 −14.1 −61.1 −2302 −1437 −284 −2305
Germany −64.0 −54.7 −26.3 −71.5 −5827 −3985 −1122 −5066
Greece −26.2 −16.5 6.8 −29.8 −202 −122 24 −182
Hungary −66.1 −49.1 −48.0 −71.3 −1133 −602 −673 −943
Iceland −15.4 −3.9 15.4 −10.1 −1 0 1 0
Ireland −56.0 −54.0 −32.6 −68.7 −99 −85 −33 −99
Italy −43.6 −29.7 −18.0 −52.6 −2549 −1559 −516 −2613
Kosovo −37.2 −30.8 −15.9 −39.1 −68 −34 −21 −57
Latvia −32.8 −7.9 −26.0 −48.4 −55 −8 −50 −70
Liechtenstein −47.7 – – −78.7 −1 – – −2
Lithuania −29.2 −9.5 −15.2 −39.5 −69 −15 −36 −78
Luxembourg −60.4 −63.0 −28.0 −70.5 −22 −26 −6 −21
Macedonia −9.6 −7.1 −10.6 32.6 −11 −8 −21 28
Malta −27.1 −17.6 16.4 −36.3 −6 −4 2 −7
Montenegro −29.0 −27.1 −5.3 −24.9 −11 −8 −2 −7
Netherlands −53.7 −42.2 −18.3 −67.2 −770 −495 −130 −794
Norway −48.1 −41.8 −29.3 −60.4 −92 −70 −42 −97
Poland −51.8 −44.5 −46.5 −56.8 −2425 −1359 −2014 −2077
Portugal −42.6 −22.8 −2.6 −51.1 −253 −110 −8 −245
Romania −51.4 −32.6 −39.2 −53.3 −1249 −586 −819 −1015
Serbia −37.2 −30.8 −15.9 −39.1 −270 −134 −84 −225
Slovakia −56.7 −50.0 −43.0 −65.9 −380 −218 −203 −349
Slovenia −50.4 −37.3 −34.1 −61.0 −100 −36 −41 −97
Spain −22.1 −14.5 17.5 −32.6 −456 −313 167 −561
Sweden −47.5 −36.3 −34.2 −65.8 −224 −134 −64 −273
Switzerland −51.6 −32.0 −16.3 −62.0 −276 −155 −36 −269
Unit. King. −56.9 −54.9 −33.5 −69.4 −2680 −2358 −961 −2719
All countries −52.0 −41.1 −29.8 −60.2 −24 863 −15 833 −8747 −23 238
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year 2005 onwards, the decrease slowed down considerably and almost
no trends in the number of premature deaths due to exposure to PM2.5

were indicated by most of the datasets. Health impacts from PM2.5 in
Europe remain considerable, with about 445 000 premature deaths in
2015 as indicated by the median of all the PM2.5 datasets used in this
study. Therefore, further efforts to reduce PM2.5 concentrations are
needed to lower the total burden of premature deaths. As more long-
term measurements, and CTMs simulations, of the individual PM2.5

components are becoming increasingly available, future health impact
studies will need to focus on the specific health effects of the individual
PM2.5 components, since not all the different chemical species, i.e. or-
ganic and inorganic constituents, might have the same toxicity, as as-
sumed in the present study. Another recognized focus is on the size
distribution within the PM2.5 fraction, since systematic measurements
of ultrafine particles mass and the total number of particles are still
scarce.
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