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Abstract

Wildfires expose populations to increased morbidity and mortality due to increased air pollutant concentrations. Data included
burned area, particulate matter (PM19, PMa2.5), carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), temperature,
relative humidity, wind-speed, aerosol optical depth (AOD) and mortality rates due to Circulatory System Disease (CSD), Res-
piratory System Disease (RSD), Pneumonia (PNEU), Chronic Obstructive Pulmonary Disease (COPD), and Asthma (ASMA).
Only the months of the 2011-2020 wildfire season (June-July-August-September-October) with burned area greater than 1000 ha
were considered. Multivariate statistical methods were used to reduce the dimensionality of the data to create two fire-pollution-
meteorology indices (PBI, API), which allow us to understand how the combination of these variables affect cardio-respiratory
mortality. Cluster analysis applied to PBI-API-Mortality divided the data into two Clusters. Cluster 1 included the months
with lower temperatures, higher relative humidity, and high PMjo, PM2 5, and NO2 concentrations. Cluster 2 included the
months with more extreme weather conditions such as higher temperatures, lower relative humidity, larger forest fires, high
PMig, PM25, O3, and CO concentrations, and high AOD. The two clusters were subjected to linear regression analysis to
better understand the relationship between mortality and the PBI and API indices. The results showed statistically significant
(p-value < 0.05) correlation (r) in Cluster 1 between RSDxPBI (rgrsp = 0.539), PNEUXPBI (rpxgu = 0.644). Cluster 2 showed
statistically significant correlations between RSDxPBI (rgrsp = 0.464), PNEUxPBI (rpngu = 0.442), COPDxPBI (rcopp =
0.456), CSDxAPI (rcsp = 0.705), RSDxAPI (rgsp = 0.716), PNEUXAPI (rpngu = 0.493), COPDxAPI (rpngy = 0.619).

Date PM10_Obs PM10_Obs PM10_Obs PM25_0Obs PM25_0Ob:x
Jun-11 21.23 21.23 21.23 7.51 7.51
Jul-11 20.16 20.16 20.16 7.34 7.34
Aug-11 18.32 18.32 18.32 6.81 6.81
Sep-11 20.99 20.99 20.99 7.52 7.52
Oct-11 36.62 36.62 36.62 14.48 14.48
Jun-12 17.25 17.25 17.25 6.25 6.25
Jul-12 19.32 19.32 19.32 7.07 7.07
Aug-12 16.61 16.61 16.61 5.43 5.43
Sep-12 23.32 23.32 23.32 8.28 8.28
Jun-13 16.33 16.33 16.33 8.55 8.55
Jul-13 20.64 20.64 20.64 10.76 10.76



Date PM10_Obs PM10_Obs PM10_Obs PM25_0Obs PM25_0Ob:x

Aug-13 23.64 23.64 23.64 10.54 10.54
Sep-13 23.78 23.78 23.78 10.92 10.92
Jun-14 15.86 15.86 15.86 6.57 6.57
Jul-14 16.47 16.47 16.47 7.44 7.44
Aug-14 13.71 13.71 13.71 5.57 5.57
Sep-14 15.24 15.24 15.24 6.12 6.12
Jun-15 19.99 19.99 19.99 10.12 10.12
Jul-15 15.27 15.27 15.27 7.81 7.81
Aug-15 16.3 16.3 16.3 8.28 8.28
Sep-15 17.38 17.38 17.38 8.46 8.46
Oct-15 17.27 17.27 17.27 7.89 7.89
Jul-16 19.78 19.78 19.78 7.59 7.59
Aug-16 25.06 25.06 25.06 10.04 10.04
Sep-16 18.89 18.89 18.89 7.22 7.22
Oct-16 19.74 19.74 19.74 7.62 7.62
Jun-17 21.1 21.1 21.1 10.14 10.14
Jul-17 15.07 15.07 15.07 8.31 8.31
Aug-17 17.72 17.72 17.72 10.69 10.69
Sep-17 15.16 15.16 15.16 8.08 8.08
Oct-17 27.43 27.43 27.43 14.15 14.15
Aug-18 23.09 23.09 23.09 11.63 11.63
Sep-18 20.82 20.82 20.82 11.37 11.37
Oct-18 17.46 17.46 17.46 8.17 8.17
Jun-19 11.84 11.84 11.84 4.64 4.64
Jul-19 17.8 17.8 17.8 8.03 8.03
Aug-19 14.46 14.46 14.46 6.06 6.06
Sep-19 18.28 18.28 18.28 7.38 7.38
Jun-20 12.43 12.43 12.43 5.32 5.32
Jul-20 19.22 19.22 19.22 8.57 8.57
Aug-20 12.63 12.63 12.63 4.55 4.55
Sep-20 16.89 16.89 16.89 6.48 6.48
Oct-20 13.6 13.6 13.6 5.16 5.16
WHO_NO2 WHO_NO2 TEMP _Obs TEMP _Obs TEMP _Obs RH_Obs
0 0 19.98 19.98 19.98 61.26
0 0 21.12 21.12 21.12 60.50
0 0 21.80 21.80 21.80 63.02
4 4 20.29 20.29 20.29 64.36
6 6 18.06 18.06 18.06 60.01
1 1 19.66 19.66 19.66 65.36
0 0 21.32 21.32 21.32 58.57
0 0 21.70 21.70 21.70 61.03
1 1 20.74 20.74 20.74 60.95
0 0 19.25 19.25 19.25 59.53
0 0 23.25 23.25 23.25 58.62
0 0 23.31 23.31 23.31 54.58
0 0 21.19 21.19 21.19 61.41
0 0 19.13 19.13 19.13 65.29
0 0 21.25 21.25 21.25 64.72
0 0 21.18 21.18 21.18 63.90
0 0 19.69 19.69 19.69 77.34



Date PM10_Obs PM10_Obs PM10_Obs PM25_0Obs PM25_0Ob:x
0 0 21.61 21.61 21.61 58.02

0 0 23.05 23.05 23.05 59.90

0 0 21.76 21.76 21.76 61.28

1 1 18.71 18.71 18.71 65.00

3 3 16.15 16.15 16.15 79.03

0 0 24.06 24.06 24.06 54.03

0 0 23.88 23.88 23.88 52.66

0 0 20.89 20.89 20.89 60.48

1 1 16.72 16.72 16.72 74.12

0 0 22.13 22.13 22.13 59.44

0 0 22.60 22.60 22.60 57.72

0 0 22.79 22.79 22.79 55.01

0 0 19.52 19.52 19.52 60.12

10 10 19.04 19.04 19.04 57.12

1 1 24.23 24.23 24.23 53.56

1 1 22.53 22.53 22.53 60.21

5 ) 16.03 16.03 16.03 67.44

0 0 17.97 17.97 17.97 64.84

0 0 21.71 21.71 21.71 64.87

0 0 22.04 22.04 22.04 62.41

0 0 20.35 20.35 20.35 62.22

0 0 18.9 18.9 18.9 67.93

0 0 24.7 24.7 24.7 54.34

0 0 22.07 22.07 22.07 62.67

0 0 20.61 20.61 20.61 62.48

0 0 14.77 14.77 14.77 75.22
BC_AOD_CAMs BC_AOD_CAMs BC_AOD_CAMs Dust_. AOD_CAMs Dust_ AOD_CAMs Dust_AOL
9.99E-03 9.99E-03 9.99E-03 1.78E-02 1.78E-02 1.78E-02
8.32E-03 8.32E-03 8.32E-03 1.31E-02 1.31E-02 1.31E-02
5.65E-03 5.65E-03 5.65E-03 4.99E-02 4.99E-02 4.99E-02
7.13E-03 7.13E-03 7.13E-03 5.88E-03 5.88E-03 5.88E-03
1.09E-02 1.09E-02 1.09E-02 5.35E-03 5.35E-03 5.35E-03
8.51E-03 8.51E-03 8.51E-03 5.10E-02 5.10E-02 5.10E-02
7.70E-03 7.70E-03 7.70E-03 1.16E-02 1.16E-02 1.16E-02
5.52E-03 5.52E-03 5.52E-03 2.11E-02 2.11E-02 2.11E-02
1.04E-02 1.04E-02 1.04E-02 1.02E-02 1.02E-02 1.02E-02
9.52E-03 9.52E-03 9.52E-03 3.99E-03 3.99E-03 3.99E-03
1.79E-02 1.79E-02 1.79E-02 1.66E-02 1.66E-02 1.66E-02
1.73E-02 1.73E-02 1.73E-02 9.84E-03 9.84E-03 9.84E-03
1.05E-02 1.05E-02 1.05E-02 3.79E-03 3.79E-03 3.79E-03
6.37E-03 6.37E-03 6.37E-03 7.17E-03 7.17E-03 7.17E-03
7.52E-03 7.52E-03 7.52E-03 8.81E-03 8.81E-03 8.81E-03
7.40E-03 7.40E-03 7.40E-03 7.69E-03 7.69E-03 7.69E-03
4.93E-03 4.93E-03 4.93E-03 5.61E-03 5.61E-03 5.61E-03
8.27E-03 8.27E-03 8.27E-03 2.03E-02 2.03E-02 2.03E-02
8.43E-03 8.43E-03 8.43E-03 1.49E-02 1.49E-02 1.49E-02
6.55E-03 6.55E-03 6.55E-03 1.91E-02 1.91E-02 1.91E-02
6.55E-03 6.55E-03 6.55E-03 1.74E-03 1.74E-03 1.74E-03
2.57TE-03 2.57E-03 2.57TE-03 7.72E-03 7.72E-03 7.72E-03
5.26E-03 5.26E-03 5.26E-03 2.22E-02 2.22E-02 2.22E-02



Date PM10_Obs PM10_Obs PM10_Obs PM25_0Obs PM25_0Ob:x
1.69E-02 1.69E-02 1.69E-02 2.03E-02 2.03E-02 2.03E-02
6.10E-03 6.10E-03 6.10E-03 1.69E-02 1.69E-02 1.69E-02
4.44E-03 4.44E-03 4.44E-03 1.02E-02 1.02E-02 1.02E-02
1.12E-02 1.12E-02 1.12E-02 3.77E-02 3.77TE-02 3.77E-02
5.88E-03 5.88E-03 5.88E-03 2.61E-02 2.61E-02 2.61E-02
1.10E-02 1.10E-02 1.10E-02 1.86E-02 1.86E-02 1.86E-02
1.04E-02 1.04E-02 1.04E-02 7.27E-03 7.27E-03 7.27TE-03
2.78E-02 2.78E-02 2.78E-02 2.95E-02 2.95E-02 2.95E-02
1.20E-02 1.20E-02 1.20E-02 5.85E-02 5.85E-02 5.85E-02
9.88E-03 9.88E-03 9.88E-03 1.29E-02 1.29E-02 1.29E-02
3.23E-03 3.23E-03 3.23E-03 1.06E-02 1.06E-02 1.06E-02
5.85E-03 5.85E-03 5.85E-03 6.02E-03 6.02E-03 6.02E-03
7.79E-03 7.79E-03 7.79E-03 2.79E-02 2.79E-02 2.79E-02
6.34E-03 6.34E-03 6.34E-03 4.85E-03 4.85E-03 4.85E-03
5.25E-03 5.25E-03 5.25E-03 2.75E-02 2.75E-02 2.75E-02
5.00E-03 5.00E-03 5.00E-03 8.68E-03 8.68E-03 8.68E-03
3.36E-03 3.36E-03 3.36E-03 3.07E-02 3.07E-02 3.07E-02
3.49E-03 3.49E-03 3.49E-03 9.51E-03 9.51E-03 9.51E-03
9.22E-03 9.22E-03 9.22E-03 9.82E-03 9.82E-03 9.82E-03
7.46E-03 7.46E-03 7.46E-03 1.67E-03 1.67E-03 1.67E-03
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Fire-Pollutant-Atmosphere Components and Its Impact on Mortality in Portugal During
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Key Points:
e The combination of variables related to fire-pollutant-meteorology components through

PCA efficiently helps to understand how these combined hazards affect cardio-respiratory
mortality rates.

e Months with higher temperatures, lower relative humidity, larger wildfires, higher PM;o,
PM:zs, NO2 and Os concentrations near the surface, presented higher cardiorespiratory
mortality rates.

e Months inside the wildfire season with stable atmospheric conditions and cleaner air,

presented lower cardiorespiratory mortality rates.
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Abstract

Wildfires expose populations to increased morbidity and mortality due to increased air
pollutant concentrations. Data included burned area, particulate matter PMio and PM> s, carbon
monoxide (CO), nitrogen dioxide (NO2), ozone (O3), temperature, relative humidity, wind speed,
aerosol optical depth (AOD) and mortality rates due to Circulatory System Disease (CSD),
Respiratory System Disease (RSD), Pneumonia (PNEU), Chronic Obstructive Pulmonary Disease
(COPD), and Asthma (ASMA). Only the months of the 2011-2020 wildfire season (June-July-
August-September-October) with a burned area greater than 1000 ha were considered.
Multivariate statistical methods were used to reduce the dimensionality of the data to create two
fire-pollution-meteorology indices (PBI and API), which allow us to understand how the
combination of these variables affect cardiorespiratory mortality rate. Cluster analysis applied to
PBI-API-Mortality divided the data into two Clusters. Cluster 1 included the months with lower
temperatures, higher relative humidity, and high PMo, PM> s, and NO> concentrations. Cluster 2
included the months with more extreme weather conditions such as higher temperatures, lower
relative humidity, larger forest fires, high PMo, PM 5, O3, and CO concentrations, and high AOD.
The two clusters were subjected to linear regression analysis to better understand the relationship
between mortality and the PBI and API indices. The results showed a statistically significant (p-
value < 0.05) correlation (r) in Cluster 1 between RSDxPBI (rrsp = 0.539) and PNEUXPBI (rpnEU
= (0.644). Cluster 2 showed statistically significant correlations between RSDxPBI (rrsp = 0.464),
PNEUXPBI (rpneu = 0.442), COPDxXPBI (rcopp = 0.456), CSDXAPI (rcsp = 0.705), RSDXAPI (rcsp
=0.716), PNEUXAPI (rpngu = 0.493), and COPDxXAPI (rpneu = 0.619). With climate change, the
combined hazards of the Fire-Pollutant-Atmosphere Components are likely to have greater impact
on health outcomes in the future.

Keywords: Air quality, Cluster analysis, Linear regression, Principal component analysis, Health
impact.

Plain Language Summary

The association between five cause-specific cardiorespiratory mortality and Pollutant-
Atmospheric variables during wildfire seasons in Portugal were investigated. To this end, data of
ambient atmospheric pollutants, meteorological variables, burned area, and mortality were used
for exposure assessment. Through multivariate statistical methods it was found that in months with
low-relative humidity, high-temperature, high-pollutions concentrations and high-wildfire
activities, the incidence of cardiorespiratory mortality was higher. Aiming to enhance the
knowledge on the effects of fire-pollutants-meteorological variables on health outcome, this study
evaluates how the combination of multiple hazards impact on the country’s population mortality
during the fire seasons of 2011 to 2020.
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1 Introduction

Exposure to poor air quality increases morbidity and mortality contributing significantly to
the global burden of disease (Cohen et al., 2017). Air pollution - both household and ambient -
remains responsible for 6.7 million deaths in 2019 (Fuller et al., 2022). In Europe, air pollution is
the largest environmental risk and has a significant impact on the health of the European population
(EEA, 2020). A significant proportion of premature deaths in Europe could be avoided annually if
air pollution concentrations were reduced, particularly below World Health Organization (WHO)
guidelines (Khomenko et al., 2021).

In Europe, important sources of air pollution are emissions from transportation, domestic
heating, energy production, and industrial combustion (Malico et al., 2017), although emissions
from wildfires during the fire season can significantly degrade air quality, as well as impact climate
in different ways (Cattani et al., 2006; Santos et al., 2008). Wildfires emit large amounts of air
pollutants that can be transported far from the source of origin affecting the air quality and human
health (Janssen et al., 2012; Youssouf et al., 2014; Hua et al., 2014; Bowman et al., 2017,
Machado-Silva et al., 2020; Augusto et al., 2020; Requia et al., 2021; Duarte et al., 2021; Tarin-
Carrasco et al., 2021). Nevertheless, the combination of extreme drought and heat waves has been
identified as a crucial factor for the occurrence of wildfires in Mediterranean forests and
scrublands, leading to significant socioeconomic impacts (Ruffault et al., 2020) such as burn
timber, make recreation and tourism unappealing, and affect agricultural production. Heat stress
(high-temperature driven hazards) and wildfires are often considered highly correlated hazards, as
extreme temperatures play a key role in both events (Vitolo et al., 2019; Sutanto et al., 2020).

On the other hand, emissions from wildfires can exacerbate the effects of heat stress on the
human body, particularly in the cardiovascular and respiratory systems (Finlay et al., 2012).
Primary emissions from wildfires that degrade air quality include particulate matter (PMa.s and
PMyy), black carbon (BC), and gaseous substances such as carbon monoxide (CO), methane (CHs),
nitrous oxide (N20), and other combustion pollutants (Urbanski et al., 2008). Air pollution from
biomass burning also contributes to the formation of secondary pollutants such as polycyclic
aromatic hydrocarbons (PAHs) and volatile organic compounds (VOCs), as well as ozone (O3)
formed by the photoreaction of nitrous oxides (NOx) in the atmosphere (Jaffe et al., 2012).

Climate has a strong influence on global wildfire activity, with the frequency and intensity
of wildfires increasing in many regions due to climate change (Moritz et al., 2014; Jolly et al.,
2015; Couto et al., 2022). Wildfires occur at the intersection of dry weather, available biomass fuel
and ignition sources (Moritz et al., 2005). According to Abatzoglou and Kolden (2013), weather
conditions are the most important factors in regional fire extent. Meteorological variables such as
temperature, relative humidity, precipitation, and wind speed independently influence the rate and
intensity of wildfire spread. On the other hand, the coincidence of multiple weather extremes, such
as the simultaneous occurrence of hot, dry, and windy conditions, results in more severe fires
(Flannigan and Harrington, 1988; Couto et al., 2020). Several studies suggest that the coincidence
of drought and high temperatures promotes larger fires in southern Europe (Viegas and Viegas,
1994; Pereira et al., 2005; Pereira et al., 2011; Pausas, 2004; Pausas, 2008; Chuvieco et al., 2009;
Turco et al., 2013; Trigo et al., 2016; Turco et al., 2017; Turco et al., 2018; Turco et al., 2019). A
better understanding of the impacts of climate change and extreme weather events on burned area
development is critical for assessing regional vulnerabilities and mitigating their impacts (Turco
etal., 2019).

Regarding the health effects of the exposure to wildfire smoke, epidemiologic studies
showed an association between the exposure to wildfire smoke and the respiratory morbidity, with



108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139

140

141
142
143
144
145
146
147
148
149
150

manuscript submitted to AGU journal - GeoHealth

increasing evidence of an association with all-cause mortality (Reid et al., 2016). Pollutants from
wildfires are a risk factor for adverse cardiovascular outcomes, particularly in vulnerable
populations such as the elderly, pregnant women, and those of low socioeconomic status (Chen et
al., 2021). Young and healthy individuals may also develop biological responses, including
systemic inflammation and vascular activation (Chen et al., 2021). In Europe, several studies have
been conducted on the health effects of population exposure to wildfire smoke (Hanninen et al.,
2009; Youssouf et al., 2014; Foustini et al., 2015; Linares et al., 2018; Augusto et al., 2020;
European Commission, 2020; Chas-Amil et al., 2020; Oliveira et al., 2020; Tarin-Carrasco et al.,
2021; Brito et al., 2021; Barbosa et al., 2022). In all these works, different methods were used to
show the importance of wildfires in Europe during the fire season as a public health problem.

Because Portugal is a highly fire-prone region due to existing vegetation and favorable
weather conditions, further epidemiological studies on smoke exposure are essential. On the other
hand, air pollution released by wildfires can be transported over long distances (Sicard et al., 2019;
Osborne et al., 2019; Baars et al., 2019; Salgueiro et al., 2021), putting multiple populations at
risk. In addition, wildfires in Portugal have a significant impact on air quality throughout Europe
(Augusto et al., 2020; Tarin-Carrasco et al., 2021; Turco et al., 2019). Another important factor is
that Portugal has an increasing elderly population - a group more prone to developing health
problems and more vulnerable to weather extremes and the effects of climate change - and a
decreasing younger population, according to INE (2022).

This work aims at evaluating the main interactions between the fire-pollutant-meteorology
components and the mortality in Portugal during the annual wildfire season from 2011 to 2020.
To this end, the effects of the PMig, PM25, CO, NO,, O3, temperature, relative humidity, wind
speed, burned area, and aerosol optical depth (AOD) on mortality rates due to Circulatory System
Disease (CSD), Respiratory System Disease (RSD), Pneumonia (PNEU), Chronic Obstructive
Pulmonary Disease (COPD), and Asthma (ASMA) are investigated using multivariate statistical
methods. Because small wildfires do not have a significant effect on mortality rates (Analitis et
al., 2012), only the fire season months (June, July, August, September, and October) with a burned
area greater than 1000 ha were considered in this study. With the objective of increasing the
knowledge of the effects of fire, pollutants, and meteorological variables on health outcome, this
study examines how the combination of several hazards affects the mortality of the country's
population during the 2011-2020 fire season.

2 Materials and Methods

2.1. Study area

Portugal is located in southwestern Europe, on the Iberian Peninsula, facing the Atlantic
Ocean on its west and south coasts (Figure 1), in the transition zone between subtropical and mid-
latitude climates. The study site was strategically chosen due to spatiotemporal climate variability,
as the population and ecosystems frequently suffer from intense natural hazards such as droughts,
heat waves, and wildfires, which tend to become more intense and frequent under climate change
(Turco et al., 2019). Continental Portugal has a temperate Mediterranean hot summer climate (Csa)
in the south and a Mediterranean mild summer climate (Csb) in much of the north, with a small
area with a mid-latitude steppe (BSk) climate. Figure 1 also shows the distribution of population
density (inhabitants/km?) in Portugal and the background air quality (PT_QualAR) stations as well
as meteorological (PT_METEO IPMA) stations used in this work. The population density is
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higher in the northern and central coastal areas of Portugal (INE, 2021), where the QualAR and
IPMA meteorology stations are most frequently located. All the data used on this work are in
Supporting Information S1.

Viana'do Castelo
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Figure 1: Location of Portugal in Western Iberia and the location of the 18 Portuguese continental
administrative regions (districts). The map shows the distribution of population density
(inhabitants/km?) for each district. Data sources: INE - Annual estimates of resident population for
2021. The map also displays the background air quality (PT_QualAR) and meteorological
(PT_METEO _IPMA) stations used in this work.
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2.2. Burned area, air pollution and meteorological data

The burned area (Burned Area; ha) data were obtained from the Portuguese Institute of
Nature and Forest Conservation (https://www.icnf.pt/). These data correspond to monthly data
taken from 2011 to 2020 in Continental Portugal. The burned area is obtained based on ground
and satellite measurements according to the detailed information on the date and time of ignition
and extinction of fire events (Pereira et al., 2011) and assessment of changes in fire regime due to
different climate and fire management activities (Parente et al., 2016; 2019).

Air pollution data were obtained from the online air quality database (QualAR) of the
Portuguese Environmental Agency (APA; https://qualar.apambiente.pt). The QualAR air pollution
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database also contains information on the type of station based on their locations (urban, suburban,
and rural) and the type of emission impact (background, transport, and industrial), according to
the Commission Decision 2001/752/ EC of October 17, 2001, (APA, 2008). The background
stations are in geographic areas far from the influence of transportation routes, industrial areas, or
other anthropogenic sources, making them a good tool for assessing wildfire impacts. The air
quality network APA monitors pollutant concentrations in accordance with the requirements of
European legislation (European Directive 2008/50/ EC of May 21, 2008).

Data used here refer to PM1o, PM2s5, CO, O3, and NO; hourly concentrations measured at
41 background stations distributed over Portugal (see red triangles in Figure 1) from 2011 to 2020.
From the hourly data, the daily and monthly mean concentrations were calculated. The national
monthly mean concentrations of PM1o, PM» 5, CO, O3, and NO; were used as five variables named
PM10 Obs, PM25 Obs, CO Obs, O3 Obs, and NO2_Obs for multivariate statistical analysis. To
note that there are some gaps in the QualAR network registered data for PMo, PM2 5, CO, O3, and
NO; since ambient air monitoring procedures were varied over the years (2011-2020). Only APA
validated data from monitoring stations reporting more than 75% of valid data of all possible data
per year were considered.

The daily mean concentrations of PMjo, PM2s, and NO, were used to calculate the
number of times that PMio, PM> s, and NO» exceeded the daily WHO (2021) global air quality
guidelines 2021 (15 pg/m? 24-hour average for PMa s, 45 pg/m? 24-hour average for PMo, and 25
ng/m? 24-hour average for NO»). Daily exceedances of the WHO guidelines for PMio, PM2 s, and
NO> were counted monthly and included as three variables named WHO PM10, WHO PM25,
and WHO_NO2 for multivariate statistical analysis.

Meteorological data on temperature (TEMP_Obs), relative humidity (RH_Obs), and wind
speed (WS_Obs) from 43 meteorological stations in mainland Portugal (green triangles in Figure
1), were provided by the Portuguese Institute of the Sea and Atmosphere (IPMA; www.ipma.pt/)
for the period between 2011 and 2020.

Another important source of data for this work was the European Center for Medium-
Range Weather Forecasts (ECMWF). The ECMWF operates services related to meteorology and
atmospheric composition and the data are available through the Copernicus Atmosphere
Monitoring Service (CAMS; https://ads.atmosphere.copernicus.eu) on behalf of the European
Union, including those provided by the CAMS-Reanalysis. The CAMS-Reanalysis combines
models with in-situ and remote sensing observations through data assimilation techniques. In this
work, the CAMS-Reanalysis monthly averages of the aerosol optical depth at 550 nm
(AOD_CAMs), black carbon aerosol optical depth at 550 nm (BC_AOD_CAMs) and dust aerosol
optical depth at 550 nm (Dust. AOD_CAMs) were used. Aerosol optical depth (AOD) is a widely
used parameter derived from satellite-based observations and defined as the integration of aerosol
extinction into the total atmospheric column (Jiand et al., 2021). The data were obtained with a
spatial resolution of 0.75° (~80 km) over Portugal for the period between 2011 and 2020. A
validation of the CAMS global reanalysis can be found in Inness et al. (2019).

2.3. Health and population data

Monthly national mortality data for Portugal were provided by the National Institute of
Statistics (INE) (INE; https://www.ine.pt/). These data refer to mortality from a specific cause in
2011-2020, based on the use of administrative data for statistical purposes from the Integrated
System for Civil Registration and Identification (SIRIC) and the Information System for Death
Certificates (SICO). Standardized mortality rates (per 100 000 inhabitants - all ages) were selected
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according to the International Classification of Diseases, version 10 (ICD-10): Circulatory System
Diseases (CSD) (ICD-10: 100-199); Respiratory System Diseases (RSD) (ICD-10: J00-J99);
Pneumonia (PNEU) (ICD-10: J12-J18); Chronic Obstructive Pulmonary Disease (COPD) (ICD-
10: J40-J44);, and Asthma (ASMA) (ICD-10: J45-J46). Because most data exhibit seasonal
variation, monthly data were used to examine within-year variability in environmental health data,
focusing on the fire season in Portugal (June to October) for the period between 2011 and 2020.
Since the monthly national mortality data from INE were not available by region or Nomenclature
of Territorial Units for Statistics (NUTS), the used data corresponds to the entire mainland
Portugal.

2.4. Statistical analyses

The impact of fires and meteorological, pollutant and atmospheric variables on the
mortality rate was examined using intra-annual analyzes over the 10-year period 2011-2020. The
standardized anomalies (Z) method was used to ensure that the different variables were weighted
equally in the statistical analysis. Accordingly, the monthly values of each variable (X) are used
to calculate their respective long term sample mean (X) and standard deviation (s), and
standardized anomalies (Z) for each month are then plotted as in equation (/):

Z = (1)

The strength of the relationships between fire and atmospheric variables during the fire
season in Portugal was assessed by a multivariate approach called Principal Component Analysis
(PCA) based on the correlation matrix. Pearson correlation () measures a linear dependence
between two variables. It is a parametric correlation test because it depends on the distribution of
the data. Correlation test was used to evaluate the association between the variables. For the
Pearson correlation, the variables should be normally distributed. Other assumptions include
linearity and homoscedasticity. Linearity assumes a straight-line relationship between each of the
two variables and homoscedasticity assumes that data is equally distributed about the regression
line. To compare the p-value against a predefined significance level, one defines the maximum
probability of rejecting the null hypothesis when in fact it is true (typically 5% or 1%), the tolerated
error or significance level. Pearson’s correlation coefficient was considered for p-value < 0.05.

The aim of PCA was to reduce the dimensionality of data. Dataset reduction was achieved
by finding linear combinations (principal components) of the original variables that account for as
much as possible of the original total variance. The PCA was applied to monthly fire data
(Burned Area), air quality variables (PM10_Obs, PM25 Obs, CO_Obs, O3 Obs, NO2 Obs,
WHO PM10, WHO PM25, WHO NO2, AOD CAMs, BC AOD CAMs and
Dust AOD CAMs) and meteorological variables (TEMP_Obs, RH Obs and WS Obs) to
construct two PCs spatio-temporal pollutant-atmosphere interaction index called Pollutant-
Burning Interaction (PBI) and Atmospheric-Pollutant Interaction (API). PCA transformed the
actual correlated fire-pollutant-meteorological variables into a new set of orthogonal and
uncorrelated components.

The classification of PBI and API indices was performed using K-means cluster analysis.
In this regard, after performing the K-means cluster on PBI-API, the data were separated into two
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groups so that the samples within the same group are as similar as possible and the two different
groups (clusters) are as different as possible in their composition.

Finally, the two clusters were individually subjected to a linear regression procedure to
examine the statistical relationship between the independent variables (PBI and API) and the
dependent variables (CSD, RSD; PNEU; COPD; ASMA). Linear regression was applied
separately for each dependent variable and the response variable (PBI and API) in each group. The
collinearity of the variables was examined using Pearson’s correlation test. Significant differences
in scores between groups were tested at the p-value < 0.05 level unless otherwise noted.

3 Results and discussion

3.1. Burned area and air pollution

Figure 2(a) shows monthly Burned Area and exceedances of WHO PM10, WHO
_PM25, and WHO NO2 in Portuguese background stations from 2011 to 2020. Figure 2(a)-(c)
also illustrates the importance of fires in increasing air pollution concentrations, as the monthly
average PMjo, PM2 s, CO, O3 and NO> concentrations are higher in the months with larger burned
area, such as October 2011, August 2013, August 2016, and October 2017. On the other hand,
these months were characterized by favorable meteorological conditions for the development of
large wildfires, such as relative humidity below 55% (Figure 2(e)), high wind speeds (Figure
2(d)), and the availability of dry vegetation for burning across the country. The different spatial
distribution of wildfires together with the different weather conditions, may have contributed to
the higher concentrations of PMio, PM25 NOz and CO in 2011 compared to 2017. Besides wind
speed and direction greatly affect the dispersion and the local and regional transport of pollutants
in the atmosphere.

Figure 2(d) shows AOD CAMs, BC_AOD CAMs, and Dust AOD CAMs from the
global reanalysis ECMWF CAMS-Reanalysis. The correlation (p-value < 0.05) between
AOD_CAMs, BC_ AOD CAMs, and Dust AOD CAMs and PM> 5 (Figure 3) was 0.660, 0.690,
0.210, respectively. Although AOD represents the extinction integral of the total atmospheric
column due to aerosols, over a given area, it does not directly measure the magnitude of particulate
matter concentration, since the particles may be present at different atmospheric levels and not
necessarily near the Earth’s surface. Nevertheless, the observed air quality (PM2.5) impacts were
satisfactorily predicted in qualitative terms by the ECMWF CAMS-Reanalysis.
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Figure 2. Monthly averages of several variables, from 2011 to 2020, during the fire season (June
to October): (a) Burned Area, WHO PM10, WHO PM25 and WHO NO2 overpasses; (b)
PM10 Obs, PM25 Obs and CO_Obs concentration; (¢) O3 Obs and NO2 Obs concentrations;

(d) AOD CAMs, BC_ AOD CAMs, Dust AOD CAMs and WS Obs; and (e¢) RH _Obs and
TEMP_Obs.

3.2 Association between Fire-Pollutants-Meteorological components and mortality

The direct association between the variables fire-pollutant-meteorology and mortality is
shown in Table 1. A significance test was performed to derive a p-value for the correlation
coefficient between the variables by applying the function corr.test() (package psych; R software).
The null hypothesis states that the correlation coefficient from which the sample was drawn is
zero. The alternative hypothesis states that the correlation coefficient from which the sample was
drawn is non-zero. If the probability is less than the usual 5% (p-value < 0.05), the correlation
coefficient is called statistically significant. Table 1 shows statistically significant (p-value < 0.05)
positive correlation between RSD and PM10_Obs, PM25 Obs, CO_Obs, O3 Obs, WHO PM25,
AOD_CAMs and BC_AOD_CAMs ranging from 0.395 and 0.458. Statistically significant (p-
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value < 0.05) positive correlation between PNEU and the previous variables ranging from 0.384
and 0.566 according to Table 1. Table 1 also shows that the temperature and relative humidity
had a low correlation with CSD, RSD, PNEU, COPD, and ASMA, and not significant (p-value >
0.05), which may lead to a misinterpretation of the effects of these variables on mortality rates
during the summer period in Portugal. In this sense, by applying PCA to reduce the dimensionality
of the data and constructing spatiotemporal pollutant-atmosphere interaction indices, it is possible
to capture the relative contribution of each variable to the PCs and correlate them with health
outcome. The PCs are linear combinations of the fire-pollutant-meteorological data.
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Matrix between the different variables (* p-value < 0.05).

Correlation

Table 1

355

LOT0- 8010 +tLTO-  TZI0  x0ZE0-  GSTO- 8FF0- %88E0- 8TTO- «ISL0- 8H00 =SOF0- x0bt0- 6140~ 8600~ G100~ 00T0- 6ST0- [000 SO SM
—  %ELLO" #ITHO" #€LE€0-  x98F0"  #8LE0- 6500 8TEO- P10~ GIT0 x£0S0- €810- #8870~  x[0V0- TLIO 8TO0 €6T0- 98T0- 1900 S0 HA
—  LT0  «SEP0  [ZT0  P8TO  «68€0- PIO0  9ET0- 4ILEO0- +ELEO 9€00  TCZO  LTI0 €400 6000 6810 L6IO THOO- Sq0 dINAL
— 6IT0  4S6L°0 4970 #LPS0 €90 10T0 #0SE0 8€00- 10T0  40L§0  +ISHO 800~ 0TO0 6TTO LLTO 8P00 vaIy pauing
- €910 #SLS0 6000 8FI0 €000 0L00- LFOO 60C0-  LOZO  G9T'0 85000 8FI'0 0ITO 18TO THI0 SIAVD UOV ¥nd
— *6VL°0  %TIF0 %S0L0 8LTO0  €LTO0 %0TE0 #€87°0 8890  «bLSO  0F00- OFI0 x0SF0 %S6£0 6100~  SINVD OV Od
—  6PTO x9F90 96T0 6070 #S6E£0 xEEE0 #1990  xS8S0 €200 xGFEO x6TFO x0F0 SE00 SINVD OV
— %5790 «P8K0 «I8L0 6vT0- F6I0  #TTSO  x€¥SO €500 800 [ITO TOTO T900 TON OHM
—  x1890 «0PS0 L9100 «8LS0  xS980  «9€8°0 1000 S8TO #6VF0 #EEL0 0100 STINd OHM
—  «LTF0  FT00  66T0  xI€50  #T9L0 €00~ 6810 IITO €0TO 1600 OTINd OHA
—  L8T0- «8SE€0 8550 8860 TI00- 0I00 90T0 €0TO 0600 $q0 TON
—  #SLE0  #LEE0  SSTO 9100 %S9E0 «P8E0 xLIFO FLIO $40 €0
—  4P090  «I8S0 LLOO- 600 %9950 %TTHO S8LIO- S0 0D
— «0€8°0  SST'0- €8I0 x0LFO %8SH'0 9L0°0 $q0” STIND
—  SE00- 1810 «ITEO ESHO SLOO- Sq0 0TINA
—  «b€90 LPT0- 6010 %90V 0 VINSY
S0T0 %EFS0 %0FF 0 adodo
—  «PP80 650°0- NAN
— 1970 asa
— aso
—_ sqQ0° vy SWVO a SIWVD  SINVO zoN stind otng S0 S0 S90 $40 $a0
10 I jpyar poumg ov7isna aov og “qov OHM "OHM OHM 70y ~co ~0D ~SzINd —OIINd Ll

356



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

manuscript submitted to AGU journal - GeoHealth

The results of PCA are shown in Table 2 and Figure 3. These results show the explained
variance resulting from the fire-pollutant-meteorology variable data. According to the criterion of
the percentage of explained variance, the first two principal components explain more than 62%
of the variance in the dataset. In the PC1 composition, PM25 Obs, WHO_ PM25, PM10 Obs,
BC AOD CAMs, AOD_CAMs, Burned Area, WHO NO2, NO2 Obs, CO_Obs, and
WHO PM10 make the largest contribution as shown by the results in Table 2. These variables
account for more than 90% of the total explained variance in PCI1. By its nature, PC1 is more
strongly correlated with air pollutants emitted by wildfires during the fire season. For PC2, Table
2 shows that the variables contributing more than 90% to the total explained variance are
TEMP_Obs (23%), followed by RH_Obs (17.98%), NO2 Obs (13.56%), O3 Obs (10.91%),
WHO NO2 (10.51%), Dust AOD _CAMs (8.37%),and WS_Obs (6.44%). PC2 is more correlated
with months of higher temperature, lower relative humidity, higher ozone concentration near the
surface as well as lower NO> concentration.

Figure 3 shows the evaluation of each variable contribution for PC1 and PC2. The
representation quality of the variables on the factor map is referred to as cos’ (squared cosine,
squared coordinates). A high cos’ value indicates a good representation of the variable on the
principal component, while a low cos® value indicates that the variable is not perfectly represented
by the PCs. The closer a variable is to the correlation circle, the better its representation on the
factor map. The gradient colors of the cos? also indicate good or poor representation of the variable
in the correlation circle. Figure 3 shows that the fire (Burned Area) and pollutant variables
(PM25 Obs, WHO PM25, PMI10 Obs, BC AOD CAMs, AOD CAMs, Burned Area,
WHO NO2, NO2 Obs, CO_Obs, and WHO_PM10) are highly correlated variables and strongly
correlated with the PC1 (represented by the horizontal axis; p-value < 0.05). In PC2, the variables
with the highest correlation and statistically significant (p-value < 0.05) are TEMP_Obs, RH_Obs,
NO2 Obs, O3 Obs, WHO NO2, Dust AOD CAMs, and WS_Obs.

Thus, PC1 and PC2 are the components that best represent the data distribution, and the
scores are the projections of the data onto the principal components. In this sense, PC1 and PC2
scores are used as two pollutant-atmosphere interaction indices, where PC1 score represents the
Pollutant-Burning Interaction (PBI), because the pollutants and burned area were strongly
correlated and had a higher weight of PC1 formation. PC2 score represents the atmosphere-
pollutant interaction (API) index because meteorological variables, ozone and dust presented
higher weight than the pollutants in PC2 formation.
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402  Table 2: Correlations between the original variables and the first two principal components (PCs;
403 p-value <0.05) and the contributions of each variable to the PCs.

Correlation between Contribution of the
Variable Variables x PC variables (%)
PC1 PC2 PC1 PC2
PM10_Obs 0.896 -0.046 12.58 0.07
PM25 Obs 0.927 0.077 13.46 0.19
CO_Obs 0.609 -0.051 5.82 0.09
03 _Obs 0.271 0.576 1.15 10.91
NO2_Obs 0.625 -0.642 6.12 13.53
WHO_PM10 0.617 -0.258 5.96 2.19
WHO_PM25 0.925 -0.088 13.40 0.26
WHO_NO2 0.639 -0.566 6.40 10.51
TEMP_Obs 0.147 0.842 0.34 23.31
RH_Obs -0.454 -0.740 3.24 17.98
WS _Obs -0.524 0.443 431 6.44
Burned_Area 0.698 0.083 7.63 0.22
AOD_CAMs 0.738 0.359 8.53 4.24
BC_AOD_CAMs 0.810 0.227 10.27 1.70
Dust AOD CAMs 0.226 0.505 0.80 8.37
404
405
Correlation Circle, Variables x PC
1.0 :
08 E Dust /AOD_CAMs
e : ; 0.8
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407  Figure 3. Principal component analysis (PCA) for monthly data. Vectors indicate the contribution
408  of each variable fire-pollutant-meteorology to each PC1 and PC2. cos’ represents the quality of
409  the variables’ representation on the factor map.
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The monthly PBI, API, CSD, RSD, PNEU, COPD, and ASMA values were subjected to
a Box-Cox transformation so that the variables resemble a normal distribution. This assumption
allows confidence intervals to be constructed and hypothesis tests to be performed. Next, a K-
Means cluster analysis was applied to the PBI-API-Mortality data to divide the dataset into two
clusters, Cluster 1 and Cluster 2 (Figure 4(a)-(d)). Cluster 1 (Figure 4(a)-(b)) includes the months
inside the wildfire season with lower temperature, higher relative humidity, and higher NO;
concentration near the surface. Cluster 1 also includes months with high PMio and PMas
concentration. Cluster 2 (Figure 4(c)-4(d)), focuses mainly in the months of June, July, and
August. These months represent summer in Europe and include the periods with the most extreme
weather conditions, such as higher temperatures, lower relative humidity, larger forest fires, higher
PMio, PM> 5, O3, and CO concentrations near the surface, and high AOD.
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Figure 4. Intra-annual variability of standardized anomalies (Z-scores) of the variables
PM10 Obs, PM2.5 Obs, CO Obs, O3 Obs, NO2 Obs, WHO PM10, WHO_ PM25,
WHO _NO2, TEMP Obs, RH_Obs, WS Obs, Burned Area, AOD CAMs, BC_ AOD CAMs,
Dust AOD_CAMs from 2011 to 2020: (a) Cluster 1 and (b) Cluster 2.

The two clusters were subjected to linear regression analysis to better understand the
relationship between health outcomes (CSD; RSD; PNEU; COPD; ASMA) and pollutant-
atmosphere interaction and atmospheric-pollutant interaction indices (PBI and API). From 2011
to 2020, the average number of deaths due to cardiorespiratory diseases (CSD; RSD; PNEU;
COPD; ASMA) during the fire season in Portugal (June to October) was 7.15 (£0.5) deaths per
hundred thousand habitant and per month (Dth hd!' mh!). From 2011 to 2020, the mean number
of deaths due to CSD was 22.67 (£1.0) Dth hd"! mh™!, while the number of deaths due to RSD was
7.86 (+0.6) Dth hd' mh™', due to PNEU was 3.46 (+0.5) Dth hd" mh™!, due to COPD was 1.66
(£0.2) Dth hd"' mh™! and due to ASMA was 0.08 (£0.03) Dth hd"! mh™.

Figure 5(b)-(c) shows the relation between the different health outcomes and Pollutant-
Atmosphere Interaction index for cluster 1. A strong statistically significant (p-value < 0.05)
positive correlation was found between RSDxPBI (rrsp = 0.539) and PNEUXPBI (rpneu = 0.644),
while no statistically significant correlation was found between CSDxPBI, COPDxPBI and
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ASMAXPBI, as shown in Figure 5(a), 5(d) and 5(e). The pollutant-atmosphere interaction index
is highly correlated with PM19, PM2.s, CO, and NO2 concentrations, as well as with WHO PM10,

WHO PM25, and WHO NO2 exceedances during the 2011-2020 fire season. For Cluster 1, the
main cause of mortality due to RSD and PNEU can be associated with the high concentration of
pollutants near the surface. Long-term exposure to NO>, which is a toxic gas and a primary
pollutant precursor of Os in the troposphere (Andino-Enriquez et al., 2018; Bortoli et al., 2009), is
associated with hypertension, pulmonary dysfunction, and COPD (Lamichhane et al., 2018; Lyons
etal., 2020). NO; also increases the risk of developing viral infections (Jurado et al., 2020; Pacheco
et al., 2020). Augusto et al. (2020) showed that PMo released during the October 2017 megafires
in Portugal had a significant impact on natural and cardiorespiratory mortality on smoky days. For
each additional 10 pg/m* of PMo, there was a 0.89% increase (95% confidence interval, 0-1.77%)
in the number of natural deaths and a 2.34% increase (95% confidence interval, 0.99-3.66%) in
the number of cardiorespiratory deaths.
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Figure. 5. Linear regression analysis between health outcomes and Pollutant-Atmosphere
Interaction index PBI for Cluster 1: (a) CSDxPAI; (b) RSDxPAI (¢) PNEUXPAIL (d) COPDxPALI

(e) ASMAXPAL

Figure 6(a)-(e) shows the relation between the different health outcomes considered and
the Atmospheric-Pollutant Interaction index API for Cluster 1. In this case, the correlations

between mortality causes and pollutant-atmosphere

interaction (CSDxAPI,

RSDxAPI,

PNEUxAPI, COPDxAPI and ASMAXAPI) do not show statistically significance (p-value > 0.05).
API was most strongly related to lower temperature and higher relative humidity associated with

colder and wetter months in Cluster 1.
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Figure 6. Linear regression analysis between health outcomes and Atmospheric-Pollutant
Interaction index API for Cluster 1: (a) CSDxAPI, (b) RSDxAPI; (¢) PNEUxAPI; (d) COPDxAPI;

(e) ASMAXAPL
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The Cluster 2 mainly includes the months of June, July, and August, which are the
warmest months of the year and the months when most wildfires occur. Figures 7(b), 7(¢) and
7(d) show statistically significant (p-value < 0.05) positive correlations between RSDxPBI (rrsp
= 0.464), PNEUxPBI (rpneu = 0.442) and COPDxPBI (rcorp = 0.456). Higher pollutant
concentrations such as PMio, PM2s, CO, and NO,, along with large wildfires, low relative
humidity, and low wind speed, contributed most to RSD, PNEU, and COPD deaths. Figure 7(a)
and 7(e) shows not statistically significant (p-value > 0.05) relationship between CSDxPBI (rcsp
= 0.387) and ASMAXPBI (rasma = 0.125), although the correlation was positive. Nonetheless,
linear regression was used as a diagnostic method to identify cause-of-death patterns during the
fire season, suggesting that deaths due to CSD and ASMA also tend to increase due to extreme
atmospheric conditions associated with fire-pollutant meteorology.
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Figure 7. Linear regression analysis between health outcomes and and Pollutant-Atmosphere
Interaction index PBI for Cluster 2: (a) CSDxPALI, (b) RSDxPAI (¢) PNEUXPAI (d) COPDxAPI;
(e) ASMAXPAL

Figure 8(a)-(d) shows statistically significant (p-value < 0.05) correlations in Cluster 2
between CSDxAPI (rcsp = 0.705), RSDxXAPI (rcsp = 0.716), PNEUXAPI (reneu = 0.493), and
COPDXAPI (rpneu = 0.619). The results show that the extreme weather conditions associated with
high temperature, low relative humidity, high near-surface Os concentration, high
Dust AOD_CAMs, and high wind speed are strongly correlated with CSD, RSD, and COPD in
Cluster 2, which mainly include the months of June, July, and August. Figure 8(e) shows not
statistically significant (p-value > 0.05) correlations in Cluster 2 between ASMAXAPI (rasma =
0.364). However, the correlation was positive suggesting that asthma-related deaths also tended to
occur more frequently in these months.

Baccini et al. (2008), Lin et al. (2009), Lin et al. (2013), Yang et al. (2012), Vitolo et al.
(2019) reported the association between elevated temperature (heat stress) and adverse health
outcomes such as cardiovascular and respiratory diseases. This work shows that the combination
of smoke exposure from wildfires with heat stress due to high temperatures, low relative humidity,
and high O3 concentration near the surface can increase cardio-respiratory mortality and contribute
to an increase in overall disease burden. The API index has also been associated with dust aerosols.
Also dust aerosols play an important role in Europe due to dust storms from the Sahara Desert,
many of them considered extreme events (Valenzuela et al., 2017). Studies show that
cardiovascular hospitalizations increase after African dust storm episodes (Middleton et al., 2008;
Neophytou et al., 2013).
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Figure 8. Linear regression analysis between health outcomes and Atmospheric-Pollutant
Interaction index API for Cluster 2: (a) CSDxAPI, (b) RSDxAPI; (¢) PNEUxAPI; (d) COPDxAPI;

(e) ASMAXAPL

Vitolo et al. (2019) reiterate that multiple hazards affecting the same region
simultaneously can have significant impacts, as the consequences of one hazardous event are often
exacerbated by interaction with another. This suggests the need for spatiotemporal information
layers that identify hotspots of combined hazards (Vitolo et al., 2019). Here, we used multivariate
statistical methods to create two fire-pollutant meteorology indices (PAI and API) from different
environmental variables to understand how the combination of these variables affects mortality
rates from cardio-respiratory disease. The results show that reducing the dimensionality of the
database through PCA efficiently helps to understand how fire-pollutant meteorology indices can

affect mortality rates.
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4. Concluding remarks

A method combining fire, pollutant, and meteorological variables and using Principal
Component Analysis (PCA) is proposed here, to produce two indices: Pollutant-Atmosphere
Interaction (PBI) and Atmospheric-Pollutant Interaction (API). PAI better represents pollutants
and the burned area because these variables were highly correlated and had a higher weight in PC1
formation. API represented the meteorological variables, O3 and dust, as these variables were
highly correlated and had a higher weight in PC2 formation. The objective was to understand how
these two indices correlate with cardiorespiratory mortality rates due to CSD, RSD, PNEU, COPD,
and ASMA during the fire season (June-July-August-September-October) from 2011-2020.

The PBI-API-Mortality dataset was divided into two clusters labeled Cluster 1 and
Cluster 2, by applying K-Means cluster analysis. Cluster 1 included the months with lower
temperatures, higher relative humidity, and higher PMio, PM> 5, and O3 concentrations near the
surface. Cluster 2 includes the months with higher pollutant concentrations such as PMio, PM2 s,
CO, and NO; along with large forest fires, low relative humidity, and low wind speed. Cluster 2
also consists of the warmest months of the year and the months when most wildfires occur. The
two clusters were subjected to linear regression analysis to better understand the relationship
between health outcomes (CSD; RSD; PNEU; COPD; ASMA) and the PBI and API indices. The
results showed a consistent association between the fire-pollutant-meteorology indices and
cardiorespiratory mortality in Portugal during the wildfire season, specifically CSD, RSD, PNEU,
COPD and ASMA.

We observed a statistically significant positive correlation in Cluster 1 between RSDxPBI
and PNEUXPBI, » > 0.50. Cluster 2 showed statistically significant positive correlations between
RSDxPBI, PNEUxPBI, and COPDxPBI, r > 0.40. Statistically significant correlations in Cluster
2 between CSDxAPI, RSDxAPI, PNEUXAPI, and COPDxAPI, » > 0.50. During months within
the wildfire season with stable atmospheric conditions and clean air (Cluster 1), the
cardiorespiratory mortality rates are lower.

With climate change, extreme weather events and uncontrolled wildfires tend to become
more frequent. Thus, morbidity and mortality tend to increase if mitigation measures are not taken.
A shared understanding of the health effects of fire, pollutants, and meteorology can help society
and decision makers to be better prepared for extreme weather events and ensure that health
services are able to mitigate public health consequences following a wildfire season.



583
584

585

586
587
588
589
590
591
592
593
594

595
596
597
598
599

600
601
602
603
604
605
606
607
608

609

610

611

612

613

614

615

616

617

manuscript submitted to AGU journal - GeoHealth

Declaration of competing interest
The authors declare no competing interests.

Data Availability Statement

The data for this study are publicly available online or must be requested from the appropriate
agencies. Observational data on surface air pollution were obtained from the online air quality
database = (QualAr) of the  Portuguese  Environmental Agency (APA) at
https://qualar.apambiente.pt). Mortality data for Portugal were provided by the National Institute
of Statistics (INE; https://www.ine.pt/). Meteorological data were provided by the Portuguese
Institute of Sea and Atmosphere (IPMA; https://www.ipma.pt/pt/index.html) and the burned area
data were provided by the Portuguese Institute of Nature and Forest Conservation (ICNF;
https://www.icnf.pt/). ECMWEF data are available through the Copernicus Atmosphere Monitoring
Service (CAMS; https://ads.atmosphere.copernicus.eu).

Acknowledgments

The work is funded by national funds through FCT - Fundagao para a Ciéncia e Tecnologia, I.P.,
in the framework of the ICT project with the references UIDB/04683/2020 and UIDP/04683/2020,
and by the CILIFO (0753 CILIFO 5 E), FIREPOCTEP (0756 FIREPOCTEP 6 E) and
TOMAQAPA (PTDC/CTAMET/29678/2017) projects.

Author contributions

Ediclé de Souza Fernandes Duarte: Conceptualization, Investigation, Methodology, Formal
analysis, Wrote the manuscript. Vanda Salgueiro: Conceptualization, Investigation, Methodology,
Writing - review & editing. Maria Jodo Costa: Conceptualization, Investigation, Methodology,
Writing - review & editing. Paulo Sérgio Lucio: Conceptualization, Investigation, Methodology,
Writing - review & editing. Daniele Bortoli: Investigation, Writing review & editing. Miguel
Potes: Investigation, Writing - review & editing. Rui Salgado: Investigation, Writing - review &
editing.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi...



618

619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

manuscript submitted to AGU journal - GeoHealth

References

Abatzoglou, John T., e Crystal A. Kolden. Relationships between Climate and Macroscale Area
Burned in the Western United States. International Journal of Wildland Fire 22, n. 7 (2013):
1003. https://doi.org/10.1071/WF13019.

Agéncia Portuguesa do Ambiente (APA), available at: https://qualar.apambiente.pt. (accessed
12.12.2021).

AGENCIA PORTUGUESA AMBIENTE (APA) [WWW Document], 2008. URL
https://apambiente.pt/ zdata/DAR/Evolucao_qualidade ar Portugal 2001 2005.pdf
(accessed 4.8.21).

Analitis, Antonis, loannis Georgiadis, e Klea Katsouyanni. Forest Fires Are Associated with
Elevated Mortality in a Dense Urban Setting. Occupational and Environmental Medicine 69,
n. 3 (margo de 2012): 158-62. http://dx.doi.org/10.1136/0em.2010.064238.

Augusto, Sofia, Nuno Ratola, Patricia Tarin-Carrasco, Pedro Jiménez-Guerrero, Marco Turco,
Marta Schuhmacher, Solange Costa, J.P. Teixeira, e Carla Costa. Population Exposure to
Particulate-Matter and Related Mortality Due to the Portuguese Wildfires in October 2017
Driven by Storm Ophelia. Environment International 144 (2020): 106056.
https://doi.org/10.1016/j.envint.2020.106056.

Andino-Enriquez et al., M.A. Andino-Enriquez, S.P. Hidalgo-Bonilla, L.A. Ladino. Comparison
of tropospheric ozone and nitrogen dioxide concentration levels in Ecuador and other latitudes

Rev. Bionat., 3 (2018), pp. 586-594, 2018. http://dx.doi.org/10.21931/RB/2018.03.02.5.

Baars, H., Ansmann, A., Ohneiser, K., Haarig, M., Engelmann, R., Althausen, D., Hanssen, 1.,
Gausa, M., Pietruczuk, A., Szkop, A., Stachlewska, 1.S., Wang, D., Reichardt, J., Skupin, A.,
Mattis, L., Trickl, T., Vogelmann, H., Navas-Guzman, F., Haefele, A., Acheson, K., Ruth, A.A.,
Tatarov, B., Miiller, D., Hu, Q., Podvin, T., Goloub, P., Veselovskii, 1., Pietras, C., Haeffelin,
M., Fr'eville, P., Sicard, M., Comer'on, A., Garcia, A.J.F., Men’endez, F.M., C ordoba-
Jabonero, C., Guerrero-Rascado, J.L., Alados-Arboledas, L., Bortoli, D., Costa, M.J., Dionisi,
D., Liberti, G.L., Wang, X., Sannino, A., Papagiannopoulos, N., Boselli, A., Mona, L.,
D’Amico, G., Romano, S., Perrone, M.R., Belegante, L., Nicolae, D., Grigorov, 1., Gialitaki,
A., Amiridis, V., Soupiona, O., Papayannis, A., Mamouri, R.E., Nisantzi, A., Heese, B., Hofer,
J., Schechner, Y.Y., Wandinger, U., Pappalardo, G., 2019. The unprecedented 2017-2018
stratospheric smoke event: decay phase and aerosol properties observed with the EARLINET.
Atmos. Chem. Phys. 19, 15183-15198. https://doi.org/10.5194/acp-19-15183-2019.

Baccini, Michela, Annibale Biggeri, Gabriele Accetta, Tom Kosatsky, Klea Katsouyanni, Antonis
Analitis, H Ross Anderson, et al. Heat Effects on Mortality in 15 European Cities.
Epidemiology 19, n. 5 (2008): 711-19. https://doi.org/10.1097/EDE.0b013e318176bfcd.

Barbosa, Joana V., Rafael A. O. Nunes, Maria C. M. Alvim-Ferraz, Fernando G. Martins, e Sofia
I. V. Sousa. Health and Economic Burden of the 2017 Portuguese Extreme Wildland Fires on
Children. International Journal of Environmental Research and Public Health 19, n. 1 (2022):
593. https://doi.org/10.3390/ijerph19010593.

Bortoli, D., A.M. Silva, M.J. Costa, A.F. Domingues, G. Giovanelli. Measurements of
stratospheric ozone and nitrogen dioxide at Evora, Portugal Int. J. Remote Sens., 30 (15-16)
(2009), pp. 4209-4226, https://doi.org/10.1080/01431160902822849.

Bowman, David M. J. S., Grant J. Williamson, John T. Abatzoglou, Crystal A. Kolden, Mark A.
Cochrane, e Alistair M. S. Smith. Human Exposure and Sensitivity to Globally Extreme




662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

manuscript submitted to AGU journal - GeoHealth

Wildfire Events. Nature Ecology &  Evolution 1, n. 3 (2017): 0058.
https://doi.org/10.1038/s41559-016-0058.

Brito, José, Alexandra Bernardo, Carlos Zagalo, e Luisa Lima Gongalves. Quantitative Analysis
of Air Pollution and Mortality in Portugal: Current Trends and Links Following Proposed
Biological Pathways. Science of The Total Environment 755 (2021): 142473.
https://doi.org/10.1016/j.scitotenv.2020.142473.

Cattani, E., M.J. Costa, F. Torricella, V. Levizzani, A.M. Silva. Influence of acrosol particles from
biomass burning on cloud microphysical properties and radiative forcing. Atmos. Res., 82
(2006), pp. 310-327, 10.1016/j.atmosres.2005.10.010.

Copernicus Atmosphere Monitoring Service (CAMS). https://ads.atmosphere.copernicus.eu)
(accessed 4.8.21).

Chas-Amil, Maria-Luisa, Eduardo Garcia-Martinez, ¢ Julia Touza. Iberian Peninsula October
2017 Wildfires: Burned Area and Population Exposure in Galicia (NW of Spain). International
Journal of Disaster Risk Reduction 48 (2020): 101623.
https://doi.org/10.1016/].ijdrr.2020.101623.

Chen, Hao, James M. Samet, Philip A. Bromberg, e Haiyan Tong. Cardiovascular Health Impacts
of Wildfire Smoke Exposure. Particle and Fibre Toxicology 18, n. 1 (2021): 2.
https://doi.org/10.1186/s12989-020-00394-8

Chuvieco, Emilio, ed. Earth observation of wildland fires in Mediterranean ecosystems.
Heidelberg; New York: Springer, 2009. ISBN : 978-90-481-9084-3.

Cohen, Aaron J, Michael Brauer, Richard Burnett, H Ross Anderson, Joseph Frostad, Kara Estep,
Kalpana Balakrishnan, et al. Estimates and 25-Year Trends of the Global Burden of Disease
Attributable to Ambient Air Pollution: An Analysis of Data from the Global Burden of
Diseases  Study  2015. The Lancet 389, n. 10082 (2017): 1907-18.
https://doi.org/10.1016/S0140-6736(17)30505-6.

Couto, Flavio Tiago; lakunin, Maksim; Salgado, Rui; Pinto, Paulo; Viegas, Tania; Pinty, Jean-
Pierre. "Lightning modelling for the research of forest fire ignition in Portugal". Atmospheric
Research 242 (2020): 104993. https://doi.org/10.1016/j.atmosres.2020.104993.

Couto, F.T.; Santos, F.L.M.; Campos, C.; Andrade, N.; Purificagdo, C.; Salgado, R. Is Portugal
Starting to Burn All Year Long? The Transboundary Fire in January 2022. Atmosphere 2022,
13, 1677. https://doi.org/10.3390/atmos13101677.

Duarte, Ediclé de Souza Fernandes, Philipp Franke, Anne Caroline Lange, Elmar Friese, Fabio
Juliano da Silva Lopes, Jonatan Jodo da Silva, Jean Souza dos Reis, et al. Evaluation of
Atmospheric Aerosols in the Metropolitan Area of Sdo Paulo Simulated by the Regional
EURAD-IM Model on High-Resolution. Atmospheric Pollution Research 12,n. 2 (2021): 451—
69. https://doi.org/10.1016/j.apr.2020.12.006.

European Commission. Joint Research Centre. European Wildfire Danger and Vulnerability in a
Changing Climate: Towards Integrating Risk Dimensions : JRC PESETA 1V Project : Task 9
Forest Fires. LU: Publications Office, 2020. https://data.europa.cu/doi/10.2760/46951.

European Environment Agency (EEA). Healthy Environment, Healthy Lives: How the
Environment Influences Health and Well Being in Europe. LU: Publications Office, 2020.
https://data.europa.eu/doi/10.2800/53670.

Faustini, Annunziata, Ester R Alessandrini, Jorge Pey, Noemi Perez, Evangelia Samoli, Xavier
Querol, Ennio Cadum, et al. Short-Term Effects of Particulate Matter on Mortality during
Forest Fires in Southern Europe: Results of the MED-PARTICLES Project. Occupational and




707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751

manuscript submitted to AGU journal - GeoHealth

Environmental Medicine 72, n. 5 (2015): 323-29. https://doi.org/10.1136/0emed-2014-
102459.

Flannigan, M. D., e J. B. Harrington. A Study of the Relation of Meteorological Variables to
Monthly Provincial Area Burned by Wildfire in Canada (1953-80). Journal of Applied
Meteorology 27, n. 4 (1988): 441-52. https://doi.org/10.1175/1520-
0450(1988)027<0441:ASOTRO>2.0.CO:2.

Finlay SE, Moffat A, Gazzard R, Baker D, Murray V. Health impacts of wildfires. PLoS Curr.
2012 Nov 2;4:e41959951cce2c. PMID: 23145351; PMCID: PMC3492003. doi:
10.1371/41959951 cce2c.

Fuller, Richard, Philip J Landrigan, Kalpana Balakrishnan, Glynda Bathan, Stephan Bose-
O’Reilly, Michael Brauer, Jack Caravanos, et al. Pollution and Health: A Progress Update. The
Lancet Planetary Health, S2542519622000900 (2022). https://doi.org/10.1016/S2542-
5196(22)00090-0.

Hénninen, Otto O, Raimo O Salonen, Kimmo Koistinen, Timo Lanki, Lars Barregard, e Matti
Jantunen. Population Exposure to Fine Particles and Estimated Excess Mortality in Finland
from an East European Wildfire Episode. Journal of Exposure Science & Environmental
Epidemiology 19, n. 4 (2009): 414-22. https://doi.org/10.1038/jes.2008.31.

Hua, Jing, Yong Yin, Li Peng, Li Du, Fuhai Geng, e Liping Zhu. Acute Effects of Black Carbon
and PM2.5 on Children Asthma Admissions: A Time-Series Study in a Chinese City. Science
of The Total Environment 481 (2014): 433-38.
https://doi.org/10.1016/].scitotenv.2014.02.070.

Instituto Nacional de Estatistica - Boletim Mensal de Estatistica: abril de 2022. Lisboa: INE, 2022.
Available at www: <url:https://www.ine.pt/xurl/pub/280814238>. ISSN 0032-5082.
Accessed: 3.22.22.

Instituto Nacional de Estatistica. Resident population (N°) by Place of residence, Sex and Age
group; Decennial - INE, Population and Housing Census - 2021 Census
https://www.ine.pt/xportal/xmain?xpgid=ine_main&xpid=INE. Accessed: 3.20.22.

IPMA, 2017. Boletim Climatico Anual Portugal Continental 2017 [WWW Document].

https://www.ipma.pt/resources.www/docs/im.publicacoes/edicoes.online/20180323/
cHAXzjMhUzLfdgCRJIKG/cli_ 20171201 20171231 pcl aa co pt.pdf Accessed: 2.24.21.

Instituto Portugués do Mar e da Atmosfera (IPMA). https://www.ipma.pt/pt/index.html.
Accessed: 2.24.21.

Inness, Antje, Melanie Ades, Anna Agusti-Panareda, Jérome Barré, Anna Benedictow, Anne-
Marlene Blechschmidt, Juan Jose Dominguez, et al. The CAMS Reanalysis of Atmospheric
Composition. Atmospheric Chemistry and Physics 19, n. 6 (2019): 3515-56.
https://doi.org/10.5194/acp-19-3515-2019.

Jaffe, Daniel A., e Nicole L. Wigder. Ozone Production from Wildfires: A Critical Review.
Atmospheric Environment 51 (2012): 1-10. https://doi.org/10.1016/j.atmosenv.2011.11.063.

Janssen, Nicole AH, Gerlofs-Nijland, Miriam E, Lanki, Timo, Salonen, Raimo O, Cassee,
Flemming. et al. (2012). Health effects of black carbon. World Health Organization. Regional
Office for Europe. ISBN: 9789289002653. https://apps.who.int/iris/handle/10665/352615

Jolly, W. Matt, Mark A. Cochrane, Patrick H. Freeborn, Zachary A. Holden, Timothy J. Brown,
Grant J. Williamson, e David M. J. S. Bowman. Climate-Induced Variations in Global Wildfire
Danger from 1979 to 2013. Nature Communications 6, n. 1 (2015): 7537.
https://doi.org/10.1038/ncomms8537.




752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797

manuscript submitted to AGU journal - GeoHealth

Jurado, Xavier, Nicolas Reiminger, José Vazquez, Cédric Wemmert, Matthieu Dufresne, Nadege
Blond, e Jonathan Wertel. «Assessment of Mean Annual NO2 Concentration Based on a Partial
Dataset».  Atmospheric ~ Environment 221 (janeiro de  2020): 117087.
https://doi.org/10.1016/j.atmosenv.2019.117087.

Khomenko, Sasha, Marta Cirach, Evelise Pereira-Barboza, Natalie Mueller, Jose Barrera-Goémez,
David Rojas-Rueda, Kees de Hoogh, Gerard Hoek, e Mark Nieuwenhuijsen. Premature
Mortality Due to Air Pollution in European Cities: A Health Impact Assessment. The Lancet
Planetary Health 5,n. 3 (2021): e121-34. https://doi.org/10.1016/S2542-5196(20)30272-2.

Lamichhane, D.K.; Leem, J.H.; Kim, H.C. Associations between Ambient Particulate Matter and
Nitrogen Dioxide and Chronic Obstructive Pulmonary Diseases in Adults and Effect
Modification by Demographic and Lifestyle Factors. Int. J. Environ. Res. Public Health 2018,
15, 363. https://doi.org/10.3390/ijerph15020363.

Lin, Hualiang, Yonghui Zhang, Yanjun Xu, Xiaojun Xu, Tao Liu, Yuan Luo, Jianpeng Xiao, Wei
Wu, e Wenjun Ma. Temperature Changes between Neighboring Days and Mortality in
Summer: A Distributed Lag Non-Linear Time Series Analysis. Editado por Qinghua Sun. PLoS
ONE 8, n. 6 (2013): €66403. https://doi.org/10.1371/journal.pone.0066403.

Lin, Shao, Ming Luo, Randi J. Walker, Xiu Liu, Syni-An Hwang, ¢ Robert Chinery. Extreme
High Temperatures and Hospital Admissions for Respiratory and Cardiovascular Diseases.
Epidemiology 20, n. 5 (2009): 738—46. https://doi.org/10.1097/EDE.Ob013e3181ad5522.

Linares, C., R. Carmona, P. Salvador, e J. Diaz. Impact on Mortality of Biomass Combustion from
Wildfires in Spain: A Regional Analysis. Science of The Total Environment 622—623 (2018):
547-55. https://doi.org/10.1016/j.scitotenv.2017.11.321.

Lyons, Rick, Ruth Doherty, David Reay, e Simon Shackley. Legal but Lethal: Lessons from NO2
Related Mortality in a City Compliant with EU Limit Value. Atmospheric Pollution Research
11, n. 6 (junho de 2020): 43-50. https://doi.org/10.1016/j.apr.2020.02.016.

Machado-Silva, Fausto, Renata Libonati, Thiago Felipe Melo de Lima, Roberta Bittencourt
Peixoto, José Ricardo de Almeida Franga, Monica de Avelar Figueiredo Mafra Magalhaes,
Filippe Lemos Maia Santos, Julia Abrantes Rodrigues, e Carlos C. Da Camara. Drought and
Fires Influence the Respiratory Diseases Hospitalizations in the Amazon. Ecological
Indicators 109 (2020): 105817. https://doi.org/10.1016/j.ecolind.2019.105817.

Malico, I., Pereira, S.N. & Costa, M.J., (2017), Black carbon trends in southwestern Iberia in the
context of the financial and economic crisis. The role of bioenergy. Environ Sci Pollut Res, 24:
476. https://doi.org/10.1007/s11356-016-7805-8.

Middleton, N., Yiallouros, P., Kleanthous, S. et al. A 10-year time-series analysis of respiratory
and cardiovascular morbidity in Nicosia, Cyprus: the effect of short-term changes in air
pollution and dust storms. Environ Health 7, 39 (2008). https://doi.org/10.1186/1476-069X-7-
39.

Moritz, Max A., Enric Batllori, Ross A. Bradstock, A. Malcolm Gill, John Handmer, Paul F.
Hessburg, Justin Leonard, et al. Learning to Coexist with Wildfire. Nature 515, n. 7525 (2014):
58-66. https://doi.org/10.1038/nature13946.

Moritz, Max A., Marco E. Morais, Lora A. Summerell, J. M. Carlson, ¢ John Doyle. Wildfires,
Complexity, and Highly Optimized Tolerance. Proceedings of the National Academy of
Sciences 102, n. 50 (2005): 17912—17. https://doi.org/10.1073/pnas.0508985102.

Neophytou, Andreas M, Panayiotis Yiallouros, Brent A Coull, Savvas Kleanthous, Pavlos Pavlou,
Stelios Pashiardis, Douglas W Dockery, Petros Koutrakis, e Francine Laden. Particulate Matter
Concentrations during Desert Dust Outbreaks and Daily Mortality in Nicosia, Cyprus. Journal




798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843

manuscript submitted to AGU journal - GeoHealth

of Exposure Science & Environmental Epidemiology 23, n. 3 (2013): 275-80.
https://doi.org/10.1038/jes.2013.10.

Oliveira, Marta, Cristina Delerue-Matos, Maria Carmo Pereira, ¢ Simone Morais. Environmental
Particulate Matter Levels during 2017 Large Forest Fires and Megafires in the Center Region
of Portugal: A Public Health Concern? International Journal of Environmental Research and
Public Health 17, n. 3 (2020): 1032. https://doi.org/10.3390/ijerph17031032.

Osborne, Martin, Florent F. Malavelle, Mariana Adam, Joelle Buxmann, Jaqueline Sugier, Franco
Marenco, e Jim Haywood. «Saharan Dust and Biomass Burning Aerosols during Ex-Hurricane
Ophelia: Observations from the New UK Lidar and Sun-Photometer Network». Atmospheric
Chemistry and Physics 19, n. 6 (20 de margo de 2019): 3557-78. https://doi.org/10.5194/acp-
19-3557-2019.

Parente, J., M. Amraoui, I. Menezes, ¢ M.G. Pereira. Drought in Portugal: Current Regime,
Comparison of Indices and Impacts on Extreme Wildfires. Science of The Total Environment
685 (2019): 150-73. https://doi.org/10.1016/].scitotenv.2019.05.298.

Parente, Joana, Mario G. Pereira, ¢ Marj Tonini. Space-Time Clustering Analysis of Wildfires:
The Influence of Dataset Characteristics, Fire Prevention Policy Decisions, Weather and
Climate.  Science  of The  Total  Environment 559  (2016): 151-65.
https://doi.org/10.1016/].scitotenv.2016.03.129.

Pausas, Juli G. Changes in Fire and Climate in the Eastern Iberian Peninsula (Mediterranean
Basin). Climatic Change 63, n. 3 (2004): 337-50.
https://doi.org/10.1023/B:CLIM.0000018508.94901.9c.

Pausas, Juli G., Joan Llovet, Anselm Rodrigo, ¢ Ramon Vallejo. Are Wildfires a Disaster in the
Mediterranean Basin? - A Review. International Journal of Wildland Fire 17,n. 6 (2008): 713.
https://doi.org/10.1071/WF07151.

Pacheco, Henry, Stephanie Diaz-Lopez, Emilio Jarre, Henyerlin Pacheco, Williams Méndez, e
Ezequiel Zamora-Ledezma. NO2 Levels after the COVID-19 Lockdown in Ecuador: A Trade-
off between Environment and Human Health. Urban Climate 34 (dezembro de 2020): 100674.
https://doi.org/10.1016/j.uclim.2020.100674.

Pereira, M. G., B. D. Malamud, R. M. Trigo, e P. I. Alves. The History and Characteristics of the
1980-2005 Portuguese Rural Fire Database. Natural Hazards and Earth System Sciences 11,
n. 12 (2011): 3343-58. https://doi.org/10.5194/nhess-11-3343-2011.

Pereira, Mério G., Ricardo M. Trigo, Carlos C. da Camara, José M.C. Pereira, e Solange M. Leite.
Synoptic Patterns Associated with Large Summer Forest Fires in Portugal. Agricultural and
Forest Meteorology 129, n. 1-2 (2005): 11-25.
https://doi.org/10.1016/j.agrformet.2004.12.007.

Reid, Colleen E., Michael Brauer, Fay H. Johnston, Michael Jerrett, John R. Balmes, e Catherine
T. Elliott. Critical Review of Health Impacts of Wildfire Smoke Exposure. Environmental
Health Perspectives 124, n. 9 (2016): 1334-43. https://doi.org/10.1289/ehp.1409277.

Requia, Weeberb J., Heresh Amini, Rajarshi Mukherjee, Diane R. Gold, e Joel D. Schwartz.
Health Impacts of Wildfire-Related Air Pollution in Brazil: A Nationwide Study of More than
2 million Hospital Admissions between 2008 and 2018. Nature Communications 12, n. 1
(2021): 6555. https://doi.org/10.1038/s41467-021-26822-7.

Ruffault, Julien, Thomas Curt, Vincent Moron, Ricardo M. Trigo, Florent Mouillot, Nikos
Koutsias, Frangois Pimont, et al. «Increased Likelihood of Heat-Induced Large Wildfires in
the Mediterranean  Basin».  Scientific  Reports 10, n. 1 (2020): 13790.
https://doi.org/10.1038/s41598-020-70069-z.




844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

manuscript submitted to AGU journal - GeoHealth

Salgueiro, V., M. J. Costa, J. L. Guerrero-Rascado, F. T. Couto, D. Bortoli (2021):
Characterization of forest fire and Saharan desert dust aerosols over South-western Europe
using a multi-wavelength Raman lidar and Sun-photometer. Atmospheric Environment,
118346, https://doi.org/10.1016/j.atmosenv.2021.118346.

Santos, D., M.J. Costa, A.M. Silva. Direct SW aerosol radiative forcing over Portugal. Atmos.
Chem. Phys., 8 (2008), pp. 5771-5786, https://doi.org/10.5194/acp-8-5771-2008.

Sicard, M., Granados-Muiioz, M. J., Alados-Arboledas, L., Barragan, R., Bedoya-Velasquez, A.
E., Benavent-Oltra, J. A., Bortoli, D., Comeron, A., Cordoba-Jabonero, C., Costa, M. J., del
Aguila, A., Fernandez, A. J., Guerrero-Rascado, J. L., Jorba, O., Molero, F., Muifioz-Porcar,
C., Ortiz-Amezcua, P., Papagiannopoulos, N., Potes, M., Pujadas, M., Rocadenbosch, F.,
Rodriguez-Gomez, A., Roman, R., Salgado, R., Salgueiro, V., Sola, Y., and Yela, M.:
Ground/space, passive/active remote sensing observations coupled with particle dispersion
modelling to understand the inter-continental transport of wildfire smoke plumes, Remote
Sensing of the Environment, vol. 232 (2019). https://doi.org/10.1016/].rse.2019.111294.

Sutanto, Samuel Jonson, Claudia Vitolo, Claudia Di Napoli, Mirko D’Andrea, e Henny A.J. Van
Lanen. Heatwaves, Droughts, and Fires: Exploring Compound and Cascading Dry Hazards at
the Pan-European Scale. Environment International 134 (janeiro de 2020): 105276.
https://doi.org/10.1016/j.envint.2019.105276.

Tarin-Carrasco, Patricia, Sofia Augusto, Laura Palacios-Pefia, Nuno Ratola, e Pedro Jiménez-
Guerrero. Impact of Large Wildfires on PM&It;Sub&gt; 10&I1t;/Sub&gt; Levels and Human
Mortality in Portugal. Natural Hazards and Earth System Sciences 21, n. 9 (2021): 2867-80.
https://doi.org/10.5194/nhess-21-2867-2021.

Turco, Marco, Jost von Hardenberg, Amir AghaKouchak, Maria Carmen Llasat, Antonello
Provenzale, e Ricardo M. Trigo. On the Key Role of Droughts in the Dynamics of Summer
Fires in Mediterranean Europe. Scientific Reports 7, n. 1 (2017): 8l1.
https://doi.org/10.1038/s41598-017-00116-9.

Turco, Marco, Sonia Jerez, Sofia Augusto, Patricia Tarin-Carrasco, Nuno Ratola, Pedro Jiménez-
Guerrero, e Ricardo M. Trigo. Climate Drivers of the 2017 Devastating Fires in Portugal.
Scientific Reports 9,n. 1 (2019): 13886. https://doi.org/10.1038/s41598-019-50281-2.

Turco, Marco, Maria Carmen Llasat, Jost von Hardenberg, ¢ Antonello Provenzale. Impact of
Climate Variability on Summer Fires in a Mediterranean Environment (Northeastern Iberian
Peninsula). Climatic Change 116, n. 3—4 (2013): 665-78. https://doi.org/10.1007/s10584-012-
0505-6.

Turco, Marco, Juan José Rosa-Canovas, Joaquin Bedia, Sonia Jerez, Juan Pedro Montavez, Maria
Carmen Llasat, ¢ Antonello Provenzale. Exacerbated Fires in Mediterranean Europe Due to
Anthropogenic Warming Projected with Non-Stationary Climate-Fire Models. Nature
Communications 9, n. 1 (2018): 3821. https://doi.org/10.1038/s41467-018-06358-z.

Urbanski, Shawn P., Wei Min Hao, ¢ Stephen Baker. Chapter 4 Chemical Composition of
Wildland Fire Emissions. Em Developments in Environmental Science, 8:79—107. Elsevier,
2008. https://doi.org/10.1016/S1474-8177(08)00004-1.

Valenzuela, A., M.J. Costa, J.L. Guerrero-Rascado, D. Bortoli, F.J. Olmo. Solar and thermal
radiative effects during the 2011 extreme desert dust episode over Portugal. Atmos. Environ.,
148 (2017), pp. 16-29, https://doi.org/10.1016/j.atmosenv.2016.10.037.

Viegas, Dx, e Mt Viegas. A Relationship Between Rainfall and Burned Area for Portugal.
International Journal of Wildland Fire 4,n. 1 (1994): 11. https://doi.org/10.1071/WF9940011.




889
890
891
892
893
894
895
896
897
898
899
900
901

manuscript submitted to AGU journal - GeoHealth

Vitolo, Claudia, Claudia Di Napoli, Francesca Di Giuseppe, Hannah L. Cloke, e Florian
Pappenberger. Mapping Combined Wildfire and Heat Stress Hazards to Improve Evidence-
Based Decision Making.  Environment  International 127  (2019): 21-34.
https://doi.org/10.1016/j.envint.2019.03.008.

Yang, Jun, Chun-Quan Ou, Yan Ding, Ying-Xue Zhou, e Ping-Yan Chen. Daily Temperature and
Mortality: A Study of Distributed Lag Non-Linear Effect and Effect Modification in
Guangzhou. Environmental Health 11,n. 1 (2012): 63. https://doi.org/10.1186/1476-069X-11-
63.

Youssouf, H., C. Liousse, L. Roblou, E.M. Assamoi, R.O. Salonen, C. Maesano, S. Banerjee, ¢ .
Annesi-Maesano. Quantifying Wildfires Exposure for Investigating Health-Related Effects.
Atmospheric Environment 97 (2014): 239-51.
https://doi.org/10.1016/j.atmosenv.2014.07.041.




