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Abstract: The World Health Organization estimates that every year air pollution kills seven million
people worldwide. As it is expected that climate change will affect future air quality patterns, the full
understanding of the links between air pollution and climate change, and how they affect human
health, are challenges for future research. In this scope, a methodology to assess the air quality
impacts on health was developed. The WRF-CAMx modelling framework was applied for the
medium-term future climate (considering the SSP2-4.5 scenario) and for the recent past (considered as
baseline). Following the WHO recommendations, mortality health indicators were used to estimate
the health impacts of long-term exposures. For that, the Aveiro Region, in Portugal, was considered
as a case study. Future climate results indicate the occurrence of higher temperatures, and lower total
precipitation. Despite that, improvements in the main pollutants’ concentrations, and consequently in
the reduction of the related premature deaths are foreseen, mainly due to the reduction of pollutants
emissions imposed by the European legislation for the upcoming years. The applied approach
constitutes an added value in this research field, being crucial to anticipate the effects of climate
change on air quality and evaluate their impacts on human health.

Keywords: SSP (Shared Socio-economic Pathway) scenarios; air quality; WRF-CAMx; numerical
modelling; urban areas; health impact assessment; premature deaths

1. Introduction

Nowadays, air pollution and climate change are two of the biggest environmental and
health threats, with increasing concern among people worldwide [1], being expected to
continue for the next decades [2]. More than 70% of the European Union (EU) population
live in urban areas [3], where economic activities cause high levels of air pollution [4].
Citizens’ exposure to air pollutants, like particulate matter with a diameter of 10 microns or
less (PM10) and with a diameter of 2.5 microns or less (PM2.5), nitrogen dioxide (NO2), and
ozone (O3), has been threatening human health. The EU Air Quality Directive (Directive
2008/50/EC [5]) aims to protect health, vegetation, and natural ecosystems, through the
definition of limit and target values for those air pollutants, among others. In 2020, less
than 1% of the EU urban population lived in zones with PM2.5 and NO2 concentrations
above the EU limit values, while 12% of citizens were exposed to O3, and 11% to PM10
levels above EU standards [4]. However, when considering the new 2021 World Health
Organization (WHO) air quality recommendations [6], in 2020, the EU urban population
exposure raised to 96% for PM2.5, 89% for NO2, 71% for PM10, and 93% for O3 [4]. These
data have become more relevant since the EU Clean Air Programme [7] and the European
Green Deal [8] proposed a revision of the ambient air quality directives, aiming to closely
align the EU air quality standards with the WHO recommendations [4]. The WHO estimates
that every year, ambient air pollution kills around 4.2 million people worldwide, due to
stroke, heart disease, lung cancer, lower respiratory infections, and chronic obstructive
pulmonary disease [9]. In 2019, in the EU alone, the estimated premature deaths attributable
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to long-term exposure to PM2.5, NO2, and O3, concentrations were around 307,000, 40,400,
and 16,800, respectively [10].

As air pollution is strongly dependent on meteorological conditions [11,12], it is sensi-
tive to climate change. According to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) [13], it is expected that climate change will have complex
effects on chemistry, transport, and the deposition of local air pollutants. IPCC also refers
to urban areas as the ones that must respond to climate change risks [13,14], mostly due to
the complex interactions between social, economic, and environmental stressors [15–17].
Indeed, climate change impacts in urban areas have recently become an important and
urgent research topic. [18]. The full understanding of the links between climate change and
air pollution in urban areas, and how they affect human health, are nowadays research
challenges. Moreover, future emission scenarios should be considered due to their higher
impact on air quality patterns, in line with the European Green Deal and the EU Clean
Air Programme.

In the light of the above, the main aim of this work is to assess air pollution effects
on human health at urban scale in the future, considering a given climate change scenario,
through the application of a numerical modelling system, and using the Aveiro Region, in
central Portugal, as a case study. This work will focus on the medium-term future (around
2050), following the Portuguese Roadmap for Carbon Neutrality in 2050 [19], under which
Portugal has committed to prevent the increase of the global average temperature to well
below 2 ◦C above pre-industrial levels, and to make efforts to limit the increase to 1.5 ◦C, in
line with the Paris Agreement.

The Aveiro Region is located in the central part of Portugal, close to the Atlantic
Ocean, with an area of 1693 km2 and around 370,000 inhabitants. The Aveiro Region
includes 11 municipalities, which are distinguished by their geography, economy, activ-
ity sectors, and population density [17,20]. The major economic sector of the region is
the manufacturing industry, accounting for 50% of the region’s income [21], followed by
tourism, and services [20]. The most industrialized municipalities are typically located
along the coast, closer to one of the most important seaports in Portugal. Rural municipali-
ties, where agriculture plays an important role, are mainly situated in the inland parts of
the region [22]. According to the Köppen climate classification [23], the Aveiro Region is
classified as a warm-summer Mediterranean climate (Csb). Despite the climate and the
open landscape characteristic of many municipalities in the Aveiro Region, which favour
pollutants dispersion, PM and NO2 exceedances occur occasionally in some areas of the
region [17,20].

This work, easily applicable to other case studies, will fulfil the need for further studies
that assess the future climate effects on air quality, with a high-resolution level, to support
the identification of early climate and air pollution adaptation strategies. Additionally,
several scientific communities, policymakers, and citizens, may benefit from the advances
in the coordination between climate change, air quality, and health impact assessments for
urban areas.

2. Data and Methods

This section presents the data and methodology used in this work, which can be
divided in two parts, namely: (i) the WRF-CAMx modelling framework applied to assess
the medium-term future climate and its impacts on air quality over the Aveiro Region
(Section 2.1); and (ii) the health impact assessment (Section 2.2), based on WHO recommen-
dations and considering the CAMx outputs.

2.1. Climate and Air Quality Modelling

To assess the future climate and air quality patterns in the study area, the WRF—
Weather Research and Forecasting Model [24] together with the CAMx—Comprehensive
Air Quality Model with Extensions [25] modelling framework was applied. These models



Sustainability 2022, 14, 14309 3 of 25

have been widely used to assess air pollution in different case studies worldwide, and more
specifically in Portugal, with reliable and realistic results [12,17,26,27].

Three nested domains with increasing resolution at a downscaling ratio of five were
used, with the outermost domain of 30 km horizontal resolution centred over the Iberian
Peninsula, and the innermost domain of 1.2 km horizontal resolution, with 75 × 75 hori-
zontal grid cells, focusing on the Aveiro Region (Figure 1).
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Figure 1. WRF-CAMx modelling system domains with 30 (D1—within the black rectangle), 6 (D2—
within the blue square) and 1.2 (D3—within the red square) km resolution; and the location of the
air quality monitoring stations (black points; EST: Estarreja—industrial background; ILH: Ílhavo—
suburban background; and FRN: Fornelo do Monte—rural background).

The WRF model was forced by the Max Planck Institute for Meteorology Earth Sys-
tem Model version 1.2 (MPI-ESM1.2-HR) [28], with 0.938◦ horizontal resolution and 95
vertical levels. Other works [29,30] show that MPI-ESM is considered one of the best
global models to predict the climate in Europe. Previous studies [30–32] also evaluated
the use of MPI-ESM data as WRF forcing, thus ensuring the confidence in this model
configuration for climate studies. The WRF physical configuration, selected based on previ-
ous studies [12,27,30,33,34], was as follows: microphysics—WRF Single-Moment 6-class
scheme [35]; longwave and shortwave radiation—RRTMG [36]; surface layer—MM5 [37];
land surface—Noah [38]; planetary boundary layer—YSU [39]; cumulus—Grell-Freitas [40];
and sea surface temperature 6-hourly update. To keep the WRF downscaling consistent
with the large-scale atmospheric dynamics of the forcing data, spectral nudging was used in
the outermost domain for atmospheric waves larger than 1000 km in latitude and longitude.

The modelling system was applied for two years, one statistically representative of
the recent past (2014), considered as a baseline, and the other statistically representative
of the medium-term future climate (2055). As one of the objectives of this work is to
focus on urban areas with a high-resolution level, the selection of representative years was
a compromise to guarantee WRF-CAMx outputs with high spatial resolutions, avoiding
excessively high computational efforts. Based on previous studies methodologies [12,34,41],
the selection of the representative years was supported by a climatological analysis of every
year of the periods 1995–2014 (for the recent past) and 2046–2065 (for the medium-term
future), provided by coarser simulations, and compared with the average of each period, to
find the year with the lowest climate anomaly. This analysis was performed for temperature,
precipitation, wind direction, and solar radiation, as they are considered by the scientific
community as fundamental for describing the climate [13] and are particularly important
in air pollutants transport and deposition [42–45]. For the medium-term future climate,
the new SSP2-4.5 (Shared Socio-Economic Pathway) scenario [46] was applied. As stated
by Riahi et al. [47], SSP2-4.5 is part of the “middle of the road” socio-economic pathway,
considering medium challenges for both climate change adaptation and mitigation and
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a “medium pollution control” scenario, with a nominal 4.5 W·m−2 radiative forcing level
by 2100.

The CAMx initial and boundary (every 6 h) conditions for the outermost domain
were provided by the Community Atmosphere Model with Chemistry (CAM-Chem [48])
global chemical model, with 0.9◦ × 1.25◦ spatial resolution. For the recent past climate,
anthropogenic emissions were taken from the EMEP (European Monitoring and Evaluation
Programme) emission inventory [49] and were spatially disaggregated according to the
methodology described in Ferreira et al. [26] and speciated into the Carbon Bond 6 (CB6)
chemical mechanism species considered in the CAMx simulation [50]. For the medium-
term future climate, emissions were estimated by adapting the methodology defined by
Sá et al. [51] and considering the emission projections from the Portuguese roadmap for
carbon neutrality [19], in line with the SSP2-4.5 scenario considered in the WRF simulation.
According to this methodology, medium-term future climate emissions, when compared
to the recent past, show an average emission reduction of approximately 33% for PM10,
38% for PM2.5, 68% for NOx, 27% for NMVOC, 70% for CO, 15% for NH3 and 35% for
SOx. Note that these are average emission reductions for all source activities despite the
emission projections foreseeing an increase for some activity sectors (e.g., NMVOC and
PM10 in industrial combustion and processes sector, CO and NMVOC in agriculture, see
Figure A1 of Appendix A).

2.2. Health Impacts Assessment

The effects of PM2.5, NO2, and O3 long-term exposure on mortality have been re-
ported in several epidemiological and toxicological studies [52]. Several studies [53–55]
indicate that the exposure to PM2.5 is associated with damaged lung function, systemic
inflammation and alteration of the electrical processes of the heart, as well as a causal asso-
ciation with cardiovascular and cardiorespiratory mortality. The associations of long-term
NO2 with respiratory and cardiovascular mortality, with effects on natural and cause-
specific mortality, are similar to those estimated for PM2.5, according to several cohort
studies [52,56–58]. Regarding O3 long-term exposure, several cohort analysis suggested
an effect on respiratory or cardiorespiratory mortality, especially in people with potential
predisposing conditions [56,59,60]. For these pollutants, following the approach usually
applied in the EEA (European Environment Agency) annual health assessments, described
in Soares et al. [61], mortality health outcomes were analysed since it is the most serious
health impact and the one with the most robust scientific evidence [62]. For O3, mortality
due to respiratory diseases was considered, while for PM2.5 and NO2, all-cause (natural)
mortality was considered, both at ages above 30 years. The health outputs were traduced in
the number of premature deaths, for the population affected by air pollution living within
the study area. According to the WHO [63], the health impact assessment can be performed
in three major steps, namely: (i) population exposure assessment; (ii) health risk estimation;
and (iii) uncertainty calculation. Figure 2 shows the health impact assessment scheme, with
an example for PM2.5, long-term exposure, all-cause (natural) mortality, using WHO 2013
methodology and hypothetical concentration and population values.
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Figure 2. Health impact assessment scheme. Example for PM2.5, long-term exposure, all-cause
(natural) mortality, using WHO 2013 methodology (adapted from [62]).

The main objective of the first step, the population exposure assessment, is to cross
gridded pollutant concentration maps with gridded population data, at the same spatial
resolution, resulting in a map with the population exposed, by grid cell, to the selected
pollutant. For that, in the present work, the following data were used:

• CAMx surface concentrations results for PM2.5, NO2, and O3, by grid cell, for each
period analysed (steps 1a and 1b in Figure 2 scheme);

• Most recent population data stratified by age and sex, from Census 2021, by the
Portuguese national institute for statistics (INE) [64], for the recent past, and INE
projection for 2050 [65] for the future, spatially disaggregated according to the CAMx
grid (step 1c in Figure 2 scheme).
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In the second step, health risk estimation, relative risk data from epidemiological
studies and incidence mortality statistics are used, together with the population exposed
from step 1, to assess the number of premature deaths, by grid cell, as shown in steps 2a
to 2d in Figure 2 scheme. To apply it to the current case study, the following input data
were used:

• Portuguese annual total number of deaths broken down by age, cohort and sex, from
the European mortality database [48] (step 2c in Figure 2 scheme);

• Baseline concentration (C0) and concentration-response functions (CRF) were used for
the estimation of the relative risk (RR) (2a and 2b from Figure 2 scheme) as follows:

RR = eβ·(Ci−C0)

where Ci is the concentration level the population is exposed to in grid cell i and β is the
coefficient of the CRF. Assuming an exponential behaviour, β can be estimated based on
the CRF:

CRF/UC = eβ·UC

where CRF applied are described in Table 1 and UC = 10 µg·m−3.
For that, due to the recent update of the WHO air quality guidelines, two different

methodologies were used: (i) the so-called WHO 2013, according to the recommendations
of HRAPIE [66] and REVIHAAP [52] projects, considering CRF from Jerrett et al. [67]
for O3 and from Hoek et al. [68] for PM2.5 and NO2; and (ii) the so called WHO 2021,
according to the recommendations of new WHO air quality guidelines [6], considering
CRF from Chen and Hoek [69] for PM2.5 and Huangfu and Atkinson [70] for O3 and NO2.
Table 1 presents detailed information on the CRF used, as well as a source of mortality
data and C0. From Table 1, major differences between the WHO 2013 and the WHO 2021
CRF methodologies can be found for mortality health outcomes associated with PM2.5
and NO2 long-term exposure. For PM2.5, WHO 2021 considers a higher relative risk than
WHO 2013. According to the WHO 2021 methodology, an increase in 10 µg·m−3 of PM2.5
is associated with an 8% increase in total mortality [68], while in WHO 2013 the increase
in total mortality was only 6.2% [69]. However, WHO 2021 assumes a PM2.5 baseline
concentration of 5 µg·m−3, below which no health effects are expected, while WHO 2013
assumes expected health effects no matter the magnitude of PM2.5 concentrations. For
NO2 the opposite happens, with a decrease in the relative risk from 5.5% [68] in WHO 2013
to 2% [70] in WHO 2021, and the assumption that lower concentrations (above 10 µg·m−3,
rather than above 20 µg·m−3 in WHO 2013) may have health impacts. The new baseline
concentrations were determined by the WHO [6], using the average of the five lowest 5th
percentile levels measured in five selected studies for PM2.5 [71–75] and NO2 [76–80].

Table 1. CRF used according to the WHO 2013 [52,66] and WHO 2021 [6] recommendations.

Pollutant
RR per 10 µg·m−3

(95% CI)
Baseline

Concentration (C0)
Source of

Mortality Data
Health

Outcome
WHO 2013 WHO 2021 WHO 2013 WHO 2021

PM2.5,
annual mean

1.062 (1.040; 1.083),
in [68]

1.08 (1.06; 1.09),
in [69] >0 µg·m−3 >5 µg·m−3 European mortality

database in [81],
ICD-10: A-R

Mortality,
all-cause (natural),

age 30+ yearsNO2,
annual mean

1.055 (1.031; 1.080),
in [68]

1.02 (1.01; 1.04),
in [70] >20 µg·m−3 >10 µg·m−3

O3,
SOMO35 1

1.014 (1.005; 1.024),
in [67]

1.01 (1.00; 1.02),
in [70] >70 µg·m−3 >70 µg·m−3

European mortality
database in [81],
ICD-10: J00-J99

Mortality,
respiratory

diseases,
age 30+ years

1 Summer months (April–September), average of daily maximum 8-h mean over 35 ppb.



Sustainability 2022, 14, 14309 7 of 25

The contribution of a risk factor to a premature death can be estimated by means of
population attributable fraction (PAF), that can be calculated from the RR, for every grid
cell i, as follows:

PAF = (RR − 1)/RR

Thus, the premature deaths (PD) can be estimated from PAF, assuming the baseline
incidence as the crude death rates by age a and sex s (CDRa,s) and the population at grid
cell i (popi), as follows:

PD = ∑
a,s

CDRa,s·popi·PAF

In step three, the uncertainty associated with the health risk estimation is calculated.
Most of the uncertainty is related to the CRF used, since it derives from the assumptions
made in epidemiological studies that take into account other confounding factors that
can also have an impact on mortality (e.g., smoking, diet, lifestyle) [63]. Thus, following
the EEA approach [61], the uncertainty is calculated using a 95% confidence interval,
indicating that there is a 95% probability that the true value lies in the range defined by
the interval. Finally, after the population exposure assessment, the health risk estimation
and the uncertainty calculation, the total mortality due to PM2.5, NO2 and O3 long-term
exposure was assessed.

Additionally, following the EEA approach [61], the years of life lost (YLL) indicator
was also estimated as a mortality-related health outcome. YLL is defined as the years
of potential life loss due to premature death. It is an estimate of the average number of
years that a person would have lived if the person would not have died prematurely. YLL
considers the age at which death occurs and is greater for deaths at a younger age and
lower for deaths at an older age [82]. It gives, therefore, more nuanced information than
the number of PD alone. YLL is determined by relating PD with life expectancy (LE) by sex
s and age a, for every grid cell i:

YLL = ∑a,s LEa,s·PD

where LEa,s is the average time a person is expected to live, based on the year of their birth,
their current age and sex (available in Census 2021 [64]).

3. Results and Discussion

This section presents the analysis and discussion of the obtained results for climate
and air quality (Section 3.1), and for the health impact assessment (Section 3.2), for the
reference and medium-term future.

3.1. Climate and Air Quality Modelling

For both climate and air quality assessment, results obtained for the medium-term
future climate were compared with the results for the recent past. The comparison was
made for the following periods: (i) annual; (ii) spring (March to May); (iii) summer (June to
August); (iv) autumn (September to November); and (v) winter (December to February).

For the climate change assessment, mean temperature and total precipitation were
analysed. Figure 3 shows the annual average of mean temperature and total precipitation,
for the medium-term future climate, recent past climate, and the difference between them.
Seasonal results can be found in Appendix A, in Figures A2 and A3.
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Figure 3. Annual mean temperature and total precipitation, for the medium-term future climate
(2055), recent past climate (2014) and the difference between them (2055–2014).

The differences between the medium-term future climate and the recent past climate
for the annual mean temperature, show an increase in future temperature between 1 and
2 ◦C, with lower differences estimated closer to the coastline and in the lower altitude
areas. For the annual total precipitation, a decrease of up to 40% is expected in some
areas of the region. Over the coastline, no differences are projected in total precipitation
and an increase, between 10 and 20%, is predicted over some parts of the Atlantic Ocean.
Notwithstanding, in agreement with what has been shown in other studies [13], a trend
toward reduced precipitation in the medium-term future is clear. This precipitation trend,
together with the higher temperatures projected, will lead to drier conditions, as has been
already observed in southern Europe countries [83]. Regarding the seasonal analysis, the
results show different variations. The highest temperature differences are projected for the
summer, where the mean temperature can increase up to 4 ◦C, and the lowest differences
are projected for autumn, with some parts of the study region for which differences are
not expected. Moreover, for none of the seasons, is a temperature decrease expected in the
future. Differences in precipitation also exhibit several variations across the seasons. For
summer and autumn, a precipitation reduction of around 80% and 45%, respectively, is
expected in almost the entire study region. However, in winter and spring, the precipitation
decrease projected for the medium-term future is only foreseen for the inland regions of the
domain, with an expected increase over the Atlantic Ocean and coastal areas. These results
are in line with previous studies [12,27,30,33,84], which also project higher temperatures
and lower total precipitation, even though they are applied to other case studies, using
different climate change scenarios, and/or considering distinct future periods. Greater
warming over land will change key features of water cycle, affecting the precipitation
variability [13]. According to other studies [13,85], it is expected a precipitation increase
over high latitudes and oceans, and a decrease over large parts of the subtropics in response
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to greenhouse gas-induced warming. Thus, coastal areas will be the zones with the smaller
changes, as it is where the climate change signals change the sign [84]. The projected
decrease in precipitation over land, amplified by the high evapotranspiration related to
strong warming, could also lead to more frequent and intense periods of drought [33,83,85].

These future climate patterns will have complex effects on chemical reactions, trans-
port, dispersion, and the deposition of air pollutants [43]. Temperature affects the chemical
reaction rates as well as the dispersion and deposition of chemical compounds [44,45].
The precipitation washout also plays an important role in removing pollutants from the
atmosphere, by wet deposition [86,87]. Figure 4 shows the annual average concentration
of NO2, PM10, and PM2.5, and the annual average concentration of the maximum daily
8 h mean O3, for the medium-term future climate, recent past climate, and the difference
between them. Seasonal results can be found in Appendix A, in Figures A4–A7.
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For both periods analysed, medium-term future and recent past climate, all pollutants
show similar spatial patterns, but with different magnitudes of the concentrations. The
differences between the medium-term future climate and the recent past climate, result in a
decrease in the annual average concentration of NO2, PM10, and PM2.5 up to 10, 4, and
3 µg·m−3, respectively. For the medium-term future climate, the differences in the annual
average concentration of the maximum daily 8 h mean O3 show decreases (up to 4 µg·m−3)
and increases (up to 10 µg·m−3), depending on the area. When analysed seasonally, O3
shows variations along the seasons, while the remaining pollutants maintain a similar
behaviour to the annual one. For NO2, major differences are found in the same areas where
higher concentration values are obtained for the recent past, namely: (i) in the north of
the domain, where part of the Porto metropolitan area (the second largest urban area in
Portugal) is located, and that influences Aveiro Region air quality due to the pollutants
transport by the north/northwest dominant winds; and (ii) in a small area in the south, the
site of one of the major cement factories in Portugal. The 68% of NOx emission reduction
projected for the future, mostly related to transportation, industry and energy sectors (see
Figure A1 of Appendix A), will lead to this reduction in the NO2 concentrations. In contrast,
in the locations with higher NO2 concentration reductions, an air quality deterioration
due to O3 pollution will be expected, due to the reduction of NOx values, but also due
to the projected temperature increase, favouring photochemical phenomena. Concerning
PM10 and PM2.5 results, higher concentrations were estimated over the most industrialized
areas of the Aveiro Region, where major concentration reductions are also projected for the
future. Although a decrease in total precipitation is expected in the Aveiro Region, which
could lead to an increase in both PM10 and PM2.5 concentrations [86,87], this does not
happen due to the reduction of the future PM emissions considered. These results are in
line with previous studies applied for Portuguese case studies, e.g., [88–90], as well as for
other countries/regions e.g., [91–93]. Similarly to what was verified in the current study,
Sá et al. [90] recorded a decrease of the NO2 (around 15%), and an increase of O3 (up to
3%) annual mean concentrations in Portuguese coastal regions. Lacressonnière et al. [91]
projected a decrease in PM1o and NOx annual mean concentration, around 2.1 µg·m−3 for
both pollutants, and an increase, up to 21.6 µg·m−3, for O3, for continental Europe in 2030.

For the medium-term future, the projected decrease in NO2, PM10, and PM2.5 annual
concentrations will ensure that the limit values imposed by the European Union Air Quality
Directive [5] will not be exceeded. For the same period, despite the projected increase
in the maximum daily 8 h mean O3 concentrations, they will also be below the defined
target values for the protection of human health. However, if the new WHO air quality
guidelines [6] are considered, the future annual concentration of PM2.5 and maximum daily
8 h mean O3 will be above the recommended air quality guideline levels (5 and 60 µg·m−3,
respectively), in some areas of the Aveiro Region.
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To give an insight into the accuracy of the presented results, the CAMx performance
was evaluated through the application of performance statistics, based on the moni-
tored NO2, O3, and PM10 concentrations during 2014, from the Air Quality e-Reporting
database [94], for the three air quality monitoring stations identified in Figure 1. In general,
the CAMx tends to underestimate NO2 and PM10 concentrations, while O3 concentrations
tend to be overestimated. However, according to the FAIRMODE guidelines [95], the
obtained results fulfil the modelling quality objective, defined as the minimum level of
quality to be achieved by a model for policy use. For a detailed quantitative analysis of the
CAMx performance, see Appendix A, Table A1.

3.2. Health Impact Assessment

Premature deaths, due to PM2.5, NO2, and O3 long-term exposure, for the mid-term
future climate, the recent past climate, and the difference between them, considering both
the WHO 2013 and the WHO 2021 CRF methodologies, are shown in Table 2.

Table 2. Premature deaths and YLL, due to PM2.5, NO2, and O3 long-term exposure, for the medium-
term future climate (2055), recent past climate (2014) and the difference between them (2055–2014),
considering both the WHO 2013 and the WHO 2021 CRF methodologies. Premature deaths and
YLL considering the 95% confidence interval are shown in brackets. Note that negative values mean
avoided premature deaths and YLL.

Pollutant Health
Outcome

WHO 2013 WHO 2021

Future Recent Past Difference Future Recent Past Difference

PM2.5,
annual
mean

Premature
deaths

3297
(1914; 4836)

6945
(3864; 9767)

−3648
(−1950; −4931)

93
(49; 109)

2234
(1579; 2546)

−2141
(−1530; −2437)

YLL 34,029
(19,124; 50,281)

73,823
(40,185; 105,728)

−39,794
(−21,061; −55,446)

891
(472; 1044)

22,699
(15,706; 26,260)

−21,808
(−15,234;
−25,216)

NO2,
annual
mean

Premature
deaths

0
(0; 0)

13
(6; 21)

−13
(−6; −21)

0
(0; 0)

241
(83; 560)

−241
(−83; −560)

YLL 0
(0; 0)

124
(58; 213)

−124
(−58; −213)

0
(0; 0)

2472
(794; 6113)

−2472
(−794; −6113)

O3,
SOMO35

Premature
deaths

0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

YLL 0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

0
(0; 0)

When considering the WHO 2013 CRF methodology, PM2.5 long-term exposure led
to 3297 (95% CI: 1914 to 48,369) and 6945 (95% CI: 3864 to 9767) premature deaths in the
medium-term future and recent past climate, respectively, representing around 53% of
premature deaths avoided in the future. These premature deaths represent 73,823 (95% CI:
40,185 to 105,728) YLL in the recent past climate and 34,029 (95% CI: 19,124 to 50,281) in
the medium-term future climate. For NO2, 13 premature deaths, with a 95% CI between
6 and 21, are estimated for the recent past climate, accounting for 124 YLL, with a 95%
CI between 58 and 213. For the future no premature deaths and YLL are expected. If the
WHO 2021 CRF methodology is considered, PM2.5 long-term exposure led to 93 (95%
CI: 49 to 109) premature deaths and 891 (95% CI: 472 to 1044) YLL in the medium-term
future, meaning around 96% of premature deaths and YLL avoided, when compared to
the recent past values. For NO2, 241 premature deaths and 2472 YLL are estimated in
the recent past climate, with a 95% CI between 83 and 560, and between 794 and 6113,
respectively, and, as for the WHO 2013 CRF methodology, no premature deaths and YLL
are expected for the future. For both CRF methodologies and periods considered, O3
long-term exposure will not result in premature deaths and YLL. Regardless of the CRF
methodology used, there will be a reduction in the number of premature deaths and the
associated YLL, related to PM2.5 and NO2 long-term exposure, due to the projected air
quality improvement for the medium-term future. However, premature deaths and YLL
will also continue to occur in the future, due to long-term exposure to PM2.5 pollution, even
if in a smaller number. From Table 2 it can be also concluded that the use of different CRF
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methodologies could substantially impact the estimated number of premature deaths and
YLL. When considering the WHO 2021 methodology, the changes in the relative risk and
baseline concentration used will impact the estimation of the health risk and, consequently
the number of premature deaths and YLL. For PM2.5, although there is an increase in the
relative risk, the reduction of the considered range concentrations from all to only above
5 µg·m−3, associated with the baseline concentration used, led to a reduction in the number
of premature deaths and the associated YLL. However, for NO2, the opposite is verified,
with an increase in premature deaths, and consequently on YLL, mainly due to the change
in the baseline concentration. Additionally, the confidence interval shows some changes,
with a smaller range between the lower and upper values, due to the changes in the lower
and upper relative risk considered.

To better understand where premature deaths are expected to occur, maps of mortality
due to NO2 and PM2.5 long-term exposure were also produced and are presented in
Figure 5. For the two periods and the CRF methodologies considered, O3 mortality maps
were not drawn as no premature deaths were obtained.

The projected premature deaths associated with NO2 and PM2.5 show similar spa-
tial patterns for medium-term future climate and recent past climate, but with different
magnitudes of values. According to Figure 5, premature deaths are mostly obtained near
the coastline, where the population density is higher, with special relevance in the Porto
metropolitan area, in the north of the domain, but also highly industrialized areas, such
as the one in the Aveiro Region, where higher pollutant concentrations were previously
obtained. Regarding the effects of the CRF methodology used in the spatial distribution of
premature deaths, this is more evident for NO2. When using the WHO 2021 methodology,
with the reduction of the baseline concentration value, the relevance of NO2 concentrations
in urban areas is highlighted, as shown in Figure 5, where premature deaths are foreseen
in the Porto metropolitan area. The same is not true when the WHO 2013 methodology
is used. As already analysed in Table 2, regardless of the CRF methodology used, in the
medium-term future climate there will be a reduction in the number of premature deaths
related to both NO2 and PM2.5 long-term exposure.
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Note that negative values mean avoided premature deaths.

For the recent past climate, these results are in line with those obtained by EEA [96].
Although the reference and future years are different, as well as the climate change scenario
and the applied case study, the studies from Silva et al. [97], Partanen et al. [98], and Likhvar
et al. [99], also projected a decrease in the number of premature deaths due to air pollutants
long-term exposure, in the future.

4. Conclusions

In this work, the WRF-CAMx modelling system, followed by a health impact assess-
ment, was applied to the Aveiro Region urban area, in Central Portugal. Climate change
results for the medium-term future climate, when compared with the recent past climate,
project higher mean temperature and lower total precipitation for the Aveiro Region. De-
spite these results, general improvements in air quality are foreseen, with no exceedances to
the EU air quality limited values, mainly due to the reduction in future emissions imposed
by European legislation. Nonetheless, some concerns regarding PM2.5 and O3 concen-
trations remain when the new WHO air quality recommendation levels are considered.
Following the air quality trend, mortality due to pollutants’ long-term exposure will also
decrease, with only premature deaths related to PM2.5 pollution being expected, regardless
of the CRF methodology used (WHO 2013 or WHO 2021).

Although this joint analysis of climate change, air quality, and health impacts give
valuable information on these research fields, some limitations can be identified, and cau-
tion should be taken in using these results. As for all studies based on numerical modelling,
uncertainties resulting from the modelling formulations and parameterizations, the input
data (e.g., meteorology, emission inventories, population data), the CRF methodology, as
well as the spatial resolution used, can affect the model results accuracy and also the relia-
bility of the health impact assessment. Additionally, land use patterns will be influenced
by climate change, and will impact emissions and, consequently, air quality, thus land use
changes should be considered in future works.
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Moreover, this study allowed to conclude that the use of different CRF methodologies
in the health impact assessment could substantially impact the number of premature deaths.
This evidences the magnitude of uncertainty related to the estimation of health impacts of
air pollution and reinforces the need for an adequate awareness when communicating this
type of scientific results to stakeholders and the general population.

Notwithstanding, the methodology applied in this work constitutes an added value
in this research field, providing valuable information for policymakers and helping citi-
zens increase awareness about climate change, air pollution, and human health impacts.
Furthermore, both modelling and epidemiologist scientific communities may apply the
developed methodology in other areas and benefit from advances in the harmonization
between climate change, air quality, and health impact assessments for urban areas.
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Appendix A

Figure A1 shows the medium-term future emission projections from the Portuguese
roadmap for carbon neutrality [19], expressed in % of the 2014 total emission, for CO,
NMVOC, NH3, NOx, PM10, PM2.5, and SO2, by source activity.
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Figure A1. Medium-term future emission projections from the Portuguese roadmap for carbon
neutrality [19], expressed in % of the 2014 total emission, for CO, NMVOC, NH3, NOx, PM10,
PM2.5, and SO2, by source activity (SNAP1—energy industries; SNAP2—residential and commercial
combustion; SNAP 3&4- industrial combustion and processes; SNAP5—extraction and distribution
of fossil fuels; SNAP6—solvent use; SNAP7—road transport; SNAP8—non-road transport and other
mobile sources; SNAP9—waste treatment; and SNAP10—agriculture).
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Figure A2 shows the seasonal mean temperature, in ◦C, for the medium-term future
climate, recent past climate, and the difference between them.
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Figure A2. Seasonal average of mean temperature, in °C, for the medium-term future climate (2055), 
recent past climate (2014), and the difference between them (2055–2014). 
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Figure A2. Seasonal average of mean temperature, in ◦C, for the medium-term future climate (2055),
recent past climate (2014), and the difference between them (2055–2014).
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Figure A3 shows the seasonal total precipitation, for the medium-term future climate,
recent past climate, and the difference between them.
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Figure A4 shows seasonal average concentrations of NO2, for the medium-term future
climate, recent past climate, and the difference between them.
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Figure A4. Seasonal average concentrations of NO2, in µg∙m−3, for the medium-term future climate 
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Figure A4. Seasonal average concentrations of NO2, in µg·m−3, for the medium-term future climate
(2055), recent past climate (2014), and the difference between them (2055–2014). For future and recent
past maps, the maximum value of the colour scale represents the EU limit value (40 µg·m−3).
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Figure A5 shows seasonal average concentrations of the maximum daily 8 h mean O3,
for the medium-term future climate, recent past climate, and the difference between them.
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Figure A5. Seasonal average concentrations of the maximum daily 8 h mean O3, in µg·m−3, for
the medium-term future climate (2055), recent past climate (2014), and the difference between them
(2055–2014). For future and recent past maps, the maximum value of the colour scale represents the
EU target value (120 µg·m−3).

Figure A6 shows seasonal average concentrations of PM10, for the medium-term
future climate, recent past climate, and the difference between them.
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Figure A6. Seasonal average concentrations of PM10, in µg∙m−3, for the medium-term future climate 
(2055), recent past climate (2014), and the difference between them (2055–2014). For future and 
recent past maps, the maximum value of the colour scale represents the EU limit value (40 µg∙m−3). 
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Figure A6. Seasonal average concentrations of PM10, in µg·m−3, for the medium-term future climate
(2055), recent past climate (2014), and the difference between them (2055–2014). For future and recent
past maps, the maximum value of the colour scale represents the EU limit value (40 µg·m−3).

Figure A7 shows seasonal average concentrations of PM2.5, for the medium-term
future climate, recent past climate, and the difference between them.
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Figure A7. Seasonal average concentrations of PM2.5, in µg·m−3, for the medium-term future climate
(2055), recent past climate (2014), and the difference between them (2055–2014). For future and recent
past maps, the maximum value of the colour scale represents the EU limit value (25 µg·m−3).

To analyse the quantitative CAMx performance, the following statistical parameters
were used: (i) correlation coefficient; (ii) mean bias; (iii) mean error; (iv) index of agreement;
(v) root mean square error (RMSE); and (vi) modelling quality indicator (MQI), considering
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a deviation between modelled and measured concentrations as twice the measurement
uncertainty, as defined by Janssen and Thunis [95]. Table A1 summarize the values of the
CAMx performance statistics, for NO2, O3, and PM10.

Table A1. CAMx performance statistics for NO2 hourly concentrations, O3 8 h mean concentrations,
and PM10 daily mean concentrations, computed for the recent past climate (2014), for three air quality
monitoring stations (EST—Estarreja, industrial background; ILH—Ílhavo, suburban background;
and FRN—Fornelo do Monte, rural background).

NO2 O3 PM10

EST ILH FRN EST ILH FRN EST ILH FRN

Nrº Observations [%] 100 97 100 344 356 365 100 99 100
Correlation [-] 0.39 0.32 0.68 0.52 0.50 0.54 0.33 0.54 0.52
Mean Bias [µg·m−3] −1.56 −0.26 −0.72 1.72 2.50 3.22 −6.79 −1.10 −5.65
Mean Error [µg·m−3] 5.67 0.99 3.76 15.95 12.87 13.93 10.67 3.53 7.10
Index of Agreement [-] 0.62 0.64 0.89 0.70 0.68 0.68 0.73 0.64 0.48
RMSE [µg·m−3] 7.31 1.27 5.24 20.43 16.86 17.36 14.72 5.57 9.18
MQI [-] 0.35 0.07 0.26 0.26 0.21 0.22 0.90 0.93 0.86

For the three air quality stations, mean bias for NO2, O3 and PM10 range from −1.56
to −0.26 µg·m−3, from 1.72 to 3.22 µg·m−3, and from −6.79 to −1.10 µg·m−3, respectively,
showing a general underestimation of NO2 and PM10, and the overestimation of O3. Higher
RMSE are found for O3, with values up to 15.95 µg·m−3 and 20.43 µg·m−3, respectively.
Correlation and index of agreement for the three pollutants cover a range from 0.32 to
0.68. For the modelling quality indicator, values below 1 are obtained for all air quality
monitoring stations and pollutants. According to the FAIRMODE guidelines [95], 90th
percentile MQI values below 1 indicate that the modelling quality objective, defined as the
minimum level of quality to be achieved by a model for policy use, is fulfilled.

The CAMx performance can be attributed to different factors. Some studies [17,100,101]
stated that NO2 and PM10 underestimations could be explained by a potential overestima-
tion of the vertical mixing. Additionally, a potential underestimation/overestimation in the
emission inventory database could lead to the CAMx underestimation/overestimation [17,102].
Further, the CAMx performance could also be affected by the WRF meteorological fields.
As one of the objectives of this work is to compare future climate results with those of the
recent past, the same methodology had to be adopted for both periods. Thus, the WRF
simulation was forced by the climate model MPI-ESM and not with data from observa-
tions/reanalysis, which may affect the WRF performance, and consequently the CAMx
results. Nonetheless, other studies [30–32] evaluated the use of MPI-ESM data as WRF
forcing, obtaining a high level of confidence in this model configuration for climate studies.
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