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1 Introduction 

1.1 Motivation 

Epidemiological studies have consistently shown an association between the incidence of 

cardiovascular and respiratory diseases and air pollution. The main goals of the study 

described in the present thesis are to characterise the air quality in Portugal, with a special 

focus on Lisbon, and to estimate the health risks associated with exposure to atmospheric 

pollution. Monitoring data from the Portuguese air quality network are used to investigate 

the spatio-temporal behaviour of air pollutants (AP) and to analyse their relationships. 

Particular emphasis is on particulate matter (PM), since, on the one hand, it is a constituent 

less studied than traditional gaseous pollutants and, on the other hand, PM has recently been 

classified as carcinogenic to humans (Group 1). 

Within the thesis, various models are adjusted to air pollution time series in order to have 

reasonable spatial and temporal short-term outcomes. A biomonitoring survey of Lisbon is 

carried out to obtain a spatial screening of atmospheric pollution. Considering the 

uncertainties in judging health effects of AP and given the fact that this kind of investigation 

is rather inexistent in Portugal, a study is carried out using time series regression models for 

the entire patient population, and for subgroups, admitted to hospital emergencies for 

cardiorespiratory illness in Lisbon, during the 2006-2008 period. The thesis is to yield 

information that supports measures for stricter control at (emission) sources, whether by 

transport policies or regulatory changes, which in turn should decrease the concentrations of 

the main atmospheric pollutants and reduce morbidities. 

For this purpose, the thesis addresses 3 primary goals: 

1) Characterisation of air pollution in Portugal with a special focus on PM (mainland and 

islands); 

2) Use of biomonitors to assess air pollution in large geographical areas, with a focus on 

Lisbon; 

3) New methodologies to evaluate air quality in terms of its associations with diseases, with 

a focus on Lisbon. 

The following paragraphs of Chapter 1 summarise issues in air pollutants and health effects, 

the air quality in Portugal and Lisbon, the biomonitoring approach in assessing air pollution, 

and gives a brief design and set-up of the thesis. 



Chapter 1 – Introduction 

2 

1.2 Air Pollutants and Health Effects 

Most sources of outdoor air pollution are related to economic activities, such as industry, 

transport, energy and agriculture, as well as some domestic household activities like heating. 

This situation is well beyond the control of individuals and demand action by national and 

international policymakers in sectors like transport, energy waste management, buildings and 

agriculture. 

The air is cleaner today than it has been the last two decades–policy actions and international 

co-operation have reduced air pollution significantly. For example, sulphur dioxide 

emissions–the main cause of acid rain–have been cut by more than 80-90%, as stated by the 

European Commission’s work on "Cleaner air for all”, but more action is needed to make 

further progress as fine particles and ground-level ozone (O3) still create serious health 

problems, and emissions continue to harm many natural environments. The same work 

suggests that, as a result, 420000 Europeans died prematurely from air pollution in 2010 and 

6000 in Portugal in 2012. 

Although the present study is focused on the 2006-2008 period, outdoor air pollution in both 

urban and rural areas was estimated to cause 3.7 million premature deaths worldwide per 

year, still in 2012 (WHO 2015); this mortality is due to exposure to small particulate matter 

of 10 microns or less in diameter (PM10), which causes stroke, cardiovascular diseases, lung 

cancer, and both chronic and acute respiratory diseases, including asthma. (WHO 2015) 

estimates that some 80% of outdoor air pollution-related premature deaths were due to 

ischaemic heart disease and strokes, while 14% of deaths were due to chronic obstructive 

pulmonary disease or acute lower respiratory infections; and 6% of deaths were due to lung 

cancer. 

There are many examples of successful policies in transport, urban planning, power 

generation and industry that cut air pollution: 1) for industry and other economic sectors-

clean technologies that reduce smokestack emissions, improved management of urban and 

agricultural waste, including capture of methane emitted from waste sites as an alternative to 

incineration (for use as biogas); 2) for transport-shifting to clean modes of power generation, 

prioritising rapid urban transit, walking and cycling networks in cities as well as rail 

interurban freight and passenger travel, shifting to cleaner heavy duty diesel vehicles and 

low-emissions vehicles and fuels, including fuels with reduced sulphur content; 3) for urban 

planning-improving the energy efficiency of buildings and making cities more compact, and 

thus energy efficient; 4) for power generation-increased use of low-emission fuels and 

renewable combustion-free power sources (like solar, wind or hydropower) and co-

generation of heat and power, and distributed energy generation (e.g. mini-grids and rooftop 

solar power generation); 5) for municipal and agricultural waste management-strategies for 

waste reduction, waste separation, recycling and reuse or waste reprocessing, as well as 
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improved methods of biological waste management such as anaerobic waste digestion to 

produce biogas, low cost alternatives to the open incineration of solid waste; where 

incineration is unavoidable, then combustion technologies with strict emission controls are 

critical. 

PM affects more people than any other pollutant. The major components of PM are organic 

carbon, sulphates, nitrates, ammonia, sodium chloride, black carbon, mineral dust and water. 

The most health-damaging particles are those with a diameter of 10 microns or less (PM10), 

which can penetrate and lodge deep inside the lungs. Chronic exposure to particles 

contributes to the risk of developing cardiovascular and respiratory diseases, as well as lung 

cancer. 

Air quality measurements are typically reported in terms of daily or annual mean 

concentrations of PM10 per cubic meter of air volume (m3). Routine air quality measurements 

typically describe such PM concentrations in terms of micrograms per cubic meter (μg/m3). 

When sufficiently sensitive measurement tools are available, concentrations of fine particles 

(PM2.5 or smaller) are also reported. 

There is a close quantitative relationship between exposure to high concentrations of small 

particulates (PM10 and PM2.5) and increased mortality or morbidity, both daily and over time. 

Conversely, when concentrations of fine particulates are reduced, related mortality will also 

go down–presuming other factors remain the same. This allows policymakers to project the 

population health improvements that could be expected if particulate air pollution is reduced. 

Small particulate pollution have health impacts even at very low concentrations–indeed no 

threshold has been identified below which no damage to health is observed. 

Therefore, the World Health Organisation (WHO) Air Quality Guideline (AQG), published 

in 2005, aimed to achieve the lowest concentrations of PM possible. The European Member 

States are required to draw up plans to guarantee compliance with the defined limit values 

set by the Air Quality Council Directive 2008/50/EC for PM but also other AP. Table 1.2.1 

summarizes air quality standards according to European legislation and WHO AQG for 

PM10, PM2.5, O3, carbon oxide (CO), nitrogen oxides (NOx), nitrogen dioxide (NO2) and 

sulphur dioxide (SO2). 

If table 1.2.1 interim targets were to be achieved, significant reductions in risks for acute and 

chronic health effects from air pollution can be expected. Progress towards the guideline 

values, however, should be the ultimate objective. 

The effects of PM on health occur at levels of exposure currently being experienced by many 

people both in urban and rural areas and in developed and developing countries (WHO 

2014a)– although exposures in many fast-developing cities today are often far higher than in 

developed cities of comparable size. 
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Table 1.2.1 – Air quality standards according to European legislation and WHO AQG for PM and AP. 

  
Air Quality Directive 

(2008/50/EC) 
WHO AQG 

PM10 

Annual mean Limit value: 40 µg/m3 20 µg/m3 

24h-mean 

Limit value: 50 µg/m3 (not to be 

exceeded on more than 35 times per 

year) 

50 µg/m3 

PM2.5 
Annual mean Target value: 25 µg/m3 10 µg/m3 

24h-mean  25 µg/m3 

O3 

8-hour mean  100 μg/m3 

Maximum daily 

8-hour mean 

Target value: 120 μg/m3 (not to be 

exceeded on more than 25 times per 

year averaged over three years) 

 

CO 
maximum daily eight 

hour mean 
Limit value: 10 mg/m3 10 mg/m3 

NOx 

annual limit value for 

the protection of 

vegetation 

 30 μg/m3 

NO2 

Annual mean Limit value: 40 μg/m3 40 μg/m3 

1-hour mean 

Limit value: 200 μg/m3 (not to be 

exceeded more than 18 times per 

year) 

200 μg/m3 

SO2 

24-hour mean 
Limit value: 125 μg/m3 (not to be 

exceeded more than 3 times per year) 
20 μg/m3 

1-hour mean 

Limit value: 350 μg/m3 (not to be 

exceeded more than 24 times per 

year) 

 

10-minutes mean  500 µg/m3 

WHO AQG estimate that reducing annual average of PM10 concentrations from levels of 70 

μg/m3, common in many developing cities, to the WHO AQG level of 20 μg/m3, could reduce 

air pollution-related deaths by around 15%. However, even in the European Union, where 

PM concentrations in many cities do comply with guideline levels, it is estimated that average 

life expectancy is 8.6 months lower than it would otherwise be, due to PM exposures from 

human sources (WHO 2014a). There are serious risks to health not only from exposure to 

PM, but also from exposure to O3, NO2 and SO2. As with PM, concentrations are often high 

in the urban areas of low-and middle-income countries. Ozone is a major factor in asthma 

morbidity and mortality, while NO2 and SO2 can also play a role in asthma, bronchial 

symptoms, lung inflammation and reduced lung function. 
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The recommended O3 limit in the 2005 WHO AQG was reduced from the previous level of 

120 µg/m3 based on recent conclusive associations between daily mortality and lower O3 

concentrations. Ozone at ground level–not to be confused with the O3 layer in the upper 

atmosphere–is one of the major constituents of photochemical smog. It is formed by the 

reaction with sunlight (photochemical reaction) of pollutants such as NOx from vehicle and 

industry emissions and volatile organic compounds (VOCs) emitted by vehicles, solvents and 

industry. As a result, the highest levels of O3 pollution occur during periods of sunny weather. 

Excessive O3 in the air harm human health, as it can cause breathing problems, trigger 

asthma, reduce lung function and cause lung diseases. In Europe it is currently one of the AP 

of most concern. Several European studies have reported that the daily mortality rises by 

0.3% and that for heart diseases by 0.4%, per 10 µg/m3 increase in O3 exposure. 

Carbon monoxide is a gas produced by the incomplete combustion of fossil fuels and 

biofuels. The introduction of catalytic converters in road transport reduced substantially what 

was once a significant source of CO emissions. Day traffic patterns determine different 

carbon monoxide concentrations. Urban areas, typically during rush hour at traffic locations, 

present the highest CO levels. EEA (2014) refers that the CO emission reduction in the 2003–

2012 period was 32 % in the 28 European Member States (EU-28) and 27 % in the member 

countries of the European Environment Agency (EEA-33)1. In 2012, Europe's main CO 

source was commercial, institutional and household fuel combustion, responsible for 44 % 

of total EU-28 countries CO emissions, which rose by 9 %, in the period from 2003 to 2012. 

The transport sector, which was once the main emitter of CO, present a significant lower 

value of its CO emissions (61 % from 2003 to 2012), due to the application of the Air Quality 

Council Directive 2008/50/EC. In contrast to the situation for the NO2 annual limit value, 

high concentration levels of CO are few and not widespread. EEA 2014 shows that, with 

exception for rural stations, where concentrations are very low and close to the detection 

limit, average CO concentrations have diminished at all monitoring station types. Over the 

last decade, the CO daily 8-hour maximum concentrations reduced, on average, to 

approximately one third in Europe. These reductions are in accordance with the reported 

reduction in total emissions. EEA 2014, based on the available measurements, concluded that 

the European population's exposure to CO ambient concentrations above the limit value is 

very localized and infrequent, and is limited to very few areas near traffic and industry and it 

may lead to heart disease and damage to the nervous system; it can also cause headache and 

fatigue. 

                                                           

1 EEA-33 member countries (the EU Member States Belgium, Bulgaria, the Czech Republic, Denmark, Germany, 

Estonia, Ireland, Greece, Spain, France, Croatia, Italy, Cyprus, Latvia, Lithuania, Luxembourg, Hungary, Malta, the 

Netherlands, Austria, Poland, Portugal, Romania, Slovenia, Slovakia, Finland, Sweden and the United Kingdom, 

plus the remaining five EEA member countries, Iceland, Liechtenstein, Norway, Switzerland and Turkey). 
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Nitrogen oxides (NO) are a family of gases collectively known as NOx. EEA 2014 summarize 

that NOx emissions and the subsequent deposition of nitrogen contribute to both 

eutrophication and acidification of ecosystems, which is a bigger problem than the exposure 

to NOx ambient concentrations. Contributes to the formation of O3, with associated climate 

effects. It also contributes to the formation of nitrate particles, cooling the atmosphere and 

can lead to damage to buildings. 

As an air pollutant, NO2 has several correlated activities. According to WHO 2014a, short-

term concentrations exceeding 200 μg/m3, it is a toxic gas which causes significant 

inflammation of the airways. Nitrogen dioxide is the main source of nitrate aerosols, which 

form an important fraction of PM2.5 and, in the presence of ultraviolet light, of O3. The major 

sources of anthropogenic emissions of NO2 are combustion processes (heating, power 

generation, and engines in vehicles and ships). Epidemiological studies have shown that 

symptoms of bronchitis in asthmatic children increase in association with long-term exposure 

to NO2. Reduced lung function growth is also linked to NO2 at concentrations currently 

measured (or observed) in cities of Europe and North America (WHO 2014a). 

WHO’s work on “Ambient (outdoor) air quality and health” (WHO 313 2014) indicate that 

a proportion of people with asthma experience changes in pulmonary function and respiratory 

symptoms after periods of exposure to SO2 as short as 10 minutes. The WHO AQG revision 

in 2005 of the 24-hour guideline for SO2 concentrations from 125 to 20 μg/m3 was based on 

the following considerations: 1) health effects are now known to be associated with much 

lower levels of SO2 than previously believed; 2) a greater degree of protection is needed. 

Although the causality of the effects of low concentrations of SO2 is still uncertain, reducing 

SO2 concentrations is likely to decrease exposure to co-pollutants. According to WHO 2014a, 

SO2 is a colourless gas with a sharp odour. It is produced from the burning of fossil fuels 

(coal and oil) and the smelting of mineral ores that contain sulphur. The main anthropogenic 

source of SO2 is the burning of sulphur-containing fossil fuels for domestic heating, power 

generation and motor vehicles. Sulphur dioxide can affect the respiratory system and the 

functions of the lungs, and causes irritation of the eyes. Inflammation of the respiratory tract 

causes coughing, mucus secretion, aggravation of asthma and chronic bronchitis and makes 

people more prone to infections of the respiratory tract. Hospital admissions (HA) for cardiac 

disease and mortality increase on days with higher SO2 levels. When SO2 combines with 

water, it forms sulphuric acid; this is the main component of acid rain, which is a cause of 

deforestation (WHO 2014a). 

EEA (2014) argues that to minimise air pollution and its impacts, action at international, 

European Commission’s, national, regional and local levels is required. The national and 

subnational authorities are very important actors in implementing European legislation. 

Moreover, these authorities can adopt additional measures to further protect their populations 

and the environment. 



Chapter 1 – Introduction 

7 

WHO’s work on "Measuring health gains from sustainable development" has proposed air 

pollution indicators as a marker of progress for development goals related to sustainable 

development in cities and the energy sector and assists Member States in sharing information 

on successful approaches, on methods of exposure assessment and monitoring of health 

impacts of pollution. 

1.3 Air Quality in Portugal 

1.3.1 Preamble 

In recent decades, Europe has improved the air quality. Emissions of many air pollutants 

were controlled and reduced successfully, converging to meet the World Health Organization 

(WHO), Air Quality Guidelines (AQG) and the Air Quality Directive (2008/50/EC) limit 

values. The European Directive was transposed into the national ruling in the form of Decree-

Law n.º 102/2010, of September 23th. A set of actions settled in four pillars were defined: 1) 

improvement of evaluation processes of air quality; 2) geo-referenced and stored information 

with transparency criterion; 3) information availability in almost real time and simplified 

reporting ; 4) improvement measures of air quality and verification of indicators. 

Despite the implemented strategies, several studies and reports (e.g. EEA 2015) show that 

many cities are still exposed to air pollutants in harmful levels, and that the most dangerous 

pollutants are fine particles, ozone and nitrogen dioxide. Nevertheless, comparing with the 

rest of Europe, Portugal is among those with lower PM concentrations, below the European 

average (EEA 2015). 

As referred previously in section 1.2 of this thesis, the Air Quality Council Directive 

2008/50/EC and WHO AQG recommend monitoring PM, O3, CO, NOx, NO2 and SO2 for 

sustainable ambient air quality assessment and management. Nevertheless, in Portugal, 

particularly in Lisbon, the priority strategy is to mitigate PM. Several studies show that PM 

still need special attention due to high concentrations, especially in urban (traffic) and 

industrial areas (Ramos et al. 2016). SO2 and CO concentrations have been decreasing to 

levels that are not a threat to human health (e.g. Cruz et al. 2014). The present preliminary 

study was performed to accomplish a spatial distribution of PM10, PM2.5, NO2 and O3 

concentrations and to compare their concentrations with the Air Quality Directive 

(2008/50/EC) and WHO AQG, for the period of 2006-2008. 

1.3.2 Data Treatment 

The data used throughout the present thesis were supplied by the Air Quality Monitoring 

Network (QualAr) of the Portuguese Environment Agency (APA), which provides hourly 

data of the main atmospheric pollutants, such as PM, NO2 and O3 . The database for all 
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monitoring stations was processed according to the following criteria: 1) Concerning the 

temporal variability, year by year (2006, 2007 and 2008); 2) type of influence (background, 

industrial and traffic); 3) type of environment (Oporto and Lisbon-urban and industrial areas, 

Remaining Areas–rural areas and Islands); 4) geographical perspective: Coastline, Mainland 

and Islands. Figure 1.3.1 shows the differences between types of studied areas, namely 

Coastline/Mainland/Islands and Oporto/Lisbon/Remaining Areas. The analysis of variance 

of four different ways of aggregating data was performed by nonparametrics statistics for a 

significance level of 0.050. The Kruskal–Wallis test was used for multiple independent 

groups, whilst the Mann–Whitney test was applied to binary independent groups. All the tests 

were conducted using the statistical software and data analysis in Excel – XLSTAT, 2013 

version. Maps were done using the software ArcGis 9.3. Air mass trajectories were performed 

by Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model. Annual 

means were calculated using Excel. 

1.3.3 PM10 

The Kruskal–Wallis test was applied to each PM10 annual mean concentration data set. The 

results demonstrated a significantly statistic p-value = 0.00 for four different ways of 

aggregating data (Figure 1.3.2) that prove that these new data groups were different from 

each other. The Mann–Whitney test was applied to compare PM10 concentrations in the 

different pair groups that are possible to obtain: 1) type of influence (background, industrial 

and traffic), all had a significantly different statistic value (p = 0.00), except for industrial vs 

traffic (p = 0.28); 2) type of environment (Oporto, Lisbon, Remaining Areas and Islands) had 

a significantly statistic under p-value of 0.05 for Oporto vs Remaining Areas, Oporto vs 

Islands, Lisbon vs Remaining Areas and Lisbon vs Island, but the results are not statistically 

different for Oporto vs Lisbon (p = 0.34) and Remaining Areas vs Islands (p = 0.16); 3) 

geographical perspective had a significantly different statistic value with p = 0.00 in Coastline 

vs Mainland and Coastline vs Islands. The result was not statistically different in Mainland 

and Islands (p = 0.27); 4) the temporal variability, year by year, had a significantly different 

statistic value with p=0.00 in 2006 vs 2008 and 2007 vs 2008, only 2006 vs 2007 was not 

statistically different (p = 0.87). 

Concerning the temporal variability, year by year, the PM10 mean concentrations showed a 

decreasing trend from 2006 to 2008, as other works demonstrated (e.g. Alves et al. 2010b; 

Sarmento et al. 2009; Almeida et al. 2014; Cruz et al. 2014). 

Considering the type of influence (background, industrial and traffic), traffic areas present 

higher PM10 mean concentrations, followed by industrial areas, whilst the lowest values were 

registered in background areas. 
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Figure 1.3.1 – Air quality monitoring stations the Portuguese Air Quality Network (QualAr from APA) according 

to each type of influence. 
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Figure 1.3.2 - Mean PM10 concentrations in each cluster and p-value obtained from the Kruskal–Wallis test in each 

data set. 

According to the type of environment, Oporto and Lisbon-urban and industrial areas–

presented the highest PM10 mean concentrations compared with remaining areas. Islands 

registered the lowest PM10 mean concentrations, probably due to the influence of clean air 

masses over the Atlantic. The high population density and industrial areas concentrated in 

the Portuguese coast justify the higher PM10 mean concentrations (Cachorro et al. 2006, Cruz 

et al. 2016 in press). 

Some exceedances to the EU limit values and WHO AQG were observed for the annual mean 

concentrations of PM10 in some of the monitoring stations(mainland and islands), as shown 

in Figures 1.3.3 and 1.3.4. 

Figure 1.3.3 and 1.3.4 show that, regarding PM10 concentrations: 1) in 2006, 21% of the 

monitoring stations exceeded the PM10 limit value (40 g/m3). In 2007 and 2008 this 

percentage decreased to 13% and 3%, respectively; 2) Only Circular Sul, in 2007, surpassed 

the concentration of 50 g/m3 for PM10. This monitoring station is influenced by traffic. 

The daily time trend of PM10 hourly mean was studied for each type of influence (Figure 

1.3.5). Traffic and industrial sites show a typical variability (e.g. Vecchi et al. 2007; 
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Balakrishnaiah et al. 2011, Carvalho and Prior 1994), with peaks between 10:00 and 13:00 

and between 21:00 to 24:00. Often, industrial areas take longer to decrease PM10 

concentrations during the night period than traffic areas (Vecchi et al. 2007; Balakrishnaiah 

et al. 2011; Carvalho and Prior 1994). Traffic areas present higher PM10 concentrations than 

industrial areas after 21:00. Background areas present smooth daily variability compared 

with the other two types of influence. This behaviour is typical, as shown in several studies 

(e.g. Almeida et al. 2011). 

The time trends for PM10 daily mean concentrations, during the period of study, are shown 

in Figure 1.3.6, for each type of influence: traffic, industrial and background. The highest 

values were registered in traffic influenced areas. 

During the studied period, were identified also the days with PM10 mean concentrations 

higher than the daily limit value (50 g/m3)2 in more than 50% of the monitoring stations of 

Portugal (mainland and islands). 

Air mass trajectories, given by Hybrid Single Particle Lagrangian Integrated Trajectory 

model (HYSPIT) developed by NOAA’s Air Resources Laboratory (Draxler et al. 2014), 

were computed for four days whose PM10 mean concentrations were significantly higher than 

those stipulated by the European legislation, in more than 80% of the monitoring stations, 

during the studied period (Figure 1.3.7). There are periods that clearly present simultaneously 

the highest concentrations for the majority of the national stations. The transport of maritime 

air mass is usually associated with cleaner air masses from the Atlantic Ocean and with better 

dispersion conditions of pollutants coming from industrial areas (Almeida et al. 2013b). 

Nevertheless, high concentrations of AP can be registered under adverse meteorological 

conditions and low dispersion conditions. This fact can be associated with the transport of 

Saharan dust or polluted air masses from the West or Southwest of the Iberian Peninsula 

(Rodríguez et al. 2001). However, high concentrations were also observed for other types of 

air mass trajectories. In several regions, atmospheric dynamics present specific 

characteristics that may also cause high levels of PM as a result of the air mass recirculation 

processes under local and regional cycles. For example, in Spain, Saharan dust outbreaks 

from long range transport processes have been found to play a key role on the observed levels 

and exceedances (Querol et al. 2008; Querol et al. 2009; Jiménez et al. 2010; Díaz et al. 2012; 

Querol et al. 2014; Notario et al. 2014), at least in rural and urban background stations. 

Besides the reduction of PM10 in some sampling stations, more mitigation strategies should 

be applied in order to reduce the PM levels in Portugal. These strategies should focus on 

traffic and industrial emissions. 

                                                           

2 set by the Air Quality Directive (2008/50/EC). 
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Figure 1.3.5 - Hourly PM10 mean concentrations in the studied cluster (type of influence), for a 24 hours period. 

 

 
Figure 1.3.6 - Daily PM10 concentrations during the 3 years of the studied period in each cluster (type of 

influence). 
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28 May 2006 

Exceedances – 87% 

 

29 May 2006 

Exceedances – 84% 

 

22 December 2007 

Exceedances – 84% 

 

15 February 2008 

Exceedances – 84% 

 

  

Figure 1.3.7 - Air mass trajectories in days for which the limit value of 50 µg/m3 for PM10 was exceeded 

simultaneously in more than 80% of the monitoring stations. 

The present study focused on Lisbon because several studies indicate that it is the urban area 

most densely populated in Portugal with relevant peaks of pollution (Cachorro et al. 2006; 

Alves et al. 2010, Almeida et al. 2011). Lisbon is the capital of Portugal, it is the largest city 

of the country and it is also the westernmost capital in mainland Europe. 

In Lisbon, PM10 concentrations (Figure 1.3.8) exceeded the annual limit value (40 g/m3) set 

by the Air Quality Directive (2008/50/EC), in 40 % of stations, in 2006, and 20% of the 

stations, in 2007 and 2008. It was verified that: 1) the monitoring stations are located in the 



Chapter 1 – Introduction 

15 

centre of Lisbon, near important streets; 2) PM2.5 concentrations did not exceed the limit 

value (25 g/m3) established by Air Quality Directive. 

Figure 1.3.8 shows the spatial distribution of monitoring stations of Lisbon and the PM10 

annual mean concentrations. 

 

Figure 1.3.8 – Spatial distribution of PM10 concentrations in Lisbon. 
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1.3.4 PM2.5 

PM2.5 concentrations were aggregated according to temporal variability, year by year, type 

of influence and environment, as it was done to PM10. The results are in Figure 1.3.9. 

 

Figure 1.3.9 - Mean PM2.5 concentrations in each cluster and p-value obtained from the Kruskal–Wallis test for 
each data set. 

The Kruskal–Wallis test was applied to each PM2.5 annual mean concentration data set. The 

results demonstrated a significantly statistic value for all different ways of aggregating data 

with p-value < 0.05 (Figure 1.3.9). The Mann–Whitney test was also applied to compare 

PM2.5 concentrations for the different pair groups that was possible to obtain: 1) type of 

influence, all had a significantly different statistic value (p = 0.00), except for industrial vs 

traffic (p = 0.25); 2) type of environment had a significantly different statistic value (p-value 

< 0.05) for Lisbon vs Remaining Areas, Lisbon vs Islands and Remaining Areas vs Islands, 

but the results were not statistically different in Oporto vs Lisbon (p = 0.52), Oporto vs 

Remaining Areas (p = 0.48) and Oporto vs Islands (p = 0.16); 3) geographical perspective 

had a significantly different statistic value (p = 0.00) for Coastline vs Mainland and Coastline 

vs Islands. The result was not statistically different for Mainland compared to Islands (p = 

0.69); 4) the temporal variability, year by year, had a significantly different statistic value (p-

B
ac

kg
ro

un
d

In
du

st
ri

al

T
ra

ff
ic --

C
oa

st
li

ne

M
ai

nl
an

d

Is
la

nd --

O
po

rt
o

L
is

bo
n

R
em

ai
ni

ng
 A

re
as

Is
la

nd --

20
06

20
07

20
08

0

10

20

30
p=0.03p=0.02p=0.00

 

[P
M

2
.5
] 

(
g
/m

3
)

p=0.00



Chapter 1 – Introduction 

17 

value < 0.05) in 2006 vs 2008 and 2007 and 2008, only 2006 vs 2007 was not statistically 

different (p = 0.91). 

The results obtained for PM2.5 were a little different than the ones obtained for PM10 in type 

of environment in Oporto vs Remaining Areas and Oporto vs Islands. Probably the number 

of PM2.5 data was too small and thus less representative compared to the much larger database 

of PM10 concentrations for the same groups. 

Regarding temporal variability, it is possible to observe that all PM2.5 concentrations were 

below 20 g/m3 and that there was a decreasing of concentrations in 2008. Of the three types 

of influence, only industrial presented higher PM2.5 concentrations, while the lowest was 

background, as expected. Oporto presented higher PM2.5 concentrations than Lisbon, 

followed by the remaining areas and islands with lower values. Coastline presented higher 

PM2.5 concentrations, as Oporto and Lisbon are located at seaside. Mainland and islands 

presented similar concentrations. 

Figure 1.3.10 indicates that, regarding PM2.5 concentrations: 1) All monitoring stations 

presented concentrations below 25 g/m3 in all studied years; 2) In 2006, except in 

Vermoim–North of mainland Portugal and Estarreja-Centre of mainland Portugal, all the 

stations presented concentrations lower than 20 g/m3. Vermoim is a monitoring station 

influenced by traffic and Estarreja by industries; 3) In 2007, only Vermoim and Estarreja still 

presented concentrations higher than 20 g/m3; 4) In 2008, there was a decrease of the 

concentrations and the target value to 2020 was not exceeded in any stations. 

 
Figure 1.3.10 - Annual Mean PM2.5 concentrations for the years of 2006, 2007 and 2008. 

1.3.5 NO2 

Similarly to PM, NO2 concentrations were analysed considering temporal variability, type of 

influence and environment and the results are shown in figure 1.3.11. 
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Figure 1.3.11 - Mean NO2 concentrations in each cluster and p-value obtained from the Kruskal–Wallis test for 

each data set. 

The Kruskal-Wallis test was applied to each NO2 annual mean concentration data set. The 

results demonstrated a significantly different statistic value for all different ways of 

aggregating data with p-value = 0.00 (Figure 1.3.11), except the temporal variability 

(p=0.67). The Mann-Whitney test was also applied to the different pair groups that were 

possible to obtain. The results were: 1) type of influence, all had a significantly different 

statistic value (p = 0.00), except for background vs industrial (p = 0.08); 2) type of 

environment had a significantly different statistic value with p-value = 0.00 for Oporto vs 

Remaining Areas and Lisbon vs Remaining Areas, while the pairs were not statistically 

different for Oporto vs Lisbon (p = 0.27), Oporto vs Islands (p = 0.16), Lisbon vs Islands (p 

= 0.08) and Remaining Areas vs Islands (p = 0.99); 3) geographical perspective had a 

significantly different statistic value with p = 0.00 for Coastline vs Mainland. The result was 

not statistically different for Coastline vs Islands (p = 0.26) and Mainland vs Islands (p = 

0.69); 4) the temporal variability, year by year, had not a significantly different statistic value 

for any pair. NO2 concentrations do not present significant variability or decreasing trend, as 

it happened for PM concentrations, year by year. 
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The highest NO2 concentrations were associated with traffic, as expected. Background 

presented higher concentrations in industrial areas, probably influenced by the road network,  

in addition to combustion processes in some plants. Coastline, including Lisbon and Oporto, 

presented the highest concentrations. Although in the islands concentrations were higher than 

in mainland, both were clearly below 40 g/m3, the annual mean proposed by the WHO AQG 

and Air Quality Directive (2008/50/EC). 

Figure 1.3.12 shows the time trend of NO2 concentrations, year by year, and the comparison 

with the WHO AQG and Air Quality Directive (2008/50/EC). The EU limit value (40 g/m3) 

was surpassed in 13% of the monitoring stations in Portugal (mainland and islands). Figure 

1.3.13 shows that only 10% of the monitoring stations exceeded more than 18 times per year 

the limit value (200 g/m3). The highest NO2 concentrations were found in the monitoring 

stations with traffic influence, which accounted for 84% of all monitoring stations that 

surpassed the limit value. The other 16% were background monitoring stations located in 

North Coastline and Centre (Lisbon). 
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1.3.6 O3 

Ozone concentrations data were also aggregated according to temporal variability, type of 

influence and environment. The results are shown in figure 1.3.14. 

 
Figure 1.3.14 - 8-hour mean O3 concentrations in each cluster and p-value obtained from the Mann-Whitney test in 

each data set. 

The Kruskal–Wallis test was applied to each O3 8h mean concentration data set. The results 

demonstrated a significantly different statistic value for all groups (p = 0.00) except for the 

temporal variability group (p = 0.57) (Figure 1.3.14). The Mann–Whitney test was also 

applied to the different paired groups that were possible to obtain and the results were: 1) 

type of environment-Oporto vs Lisbon (p = 0.00), Oporto vs Remaining Areas (p = 0.00), 

Oporto vs Islands (p = 0.03), Lisbon vs Remaining Areas (p = 0.01) presented a significantly 

different statistic value, but Lisbon vs Islands (p = 0.40) and Remaining Areas vs Islands (p 

= 0.89) did not; 2) geographical perspective-significantly different statistic value for 

Coastline vs Islands (p = 0.00), whereas Coastline vs Islands (p = 0.79) and Mainland vs 

Islands (p = 0.79) did not reveal a significantly different statistic value; 4) the temporal 

variability, year by year, had not a significantly different statistic value in any paired group. 
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Ozone concentrations vary with several factors that are linked in a complex way: 1) NOx 

emissions; 2) VOCs; 3) CH4 in lower quantities; 4) CO; 5) meteorological factors like sun 

radiation and temperature that regulate processes of O3 photochemical production and 

destruction; 6) factors with influence on vertical and horizontal transport of this pollutant and 

its precursors from place to place (Fowler et al., 2008; Guicherit and Roemer, 2000). 

All O3 concentrations were low, showing a decreasing trend from 2006 to 2008. The lowest 

values were registered at traffic sites, followed by industrial and background stations. 

Coastline presents lower O3 concentrations than islands and mainland, respectively. Oporto 

and Lisbon present lower values than the remaining areas. The O3 concentrations in urban 

areas (Oporto and Lisbon) presented lowest than rural areas. Ozone is a pollutant of both 

rural and urban areas and it is possible to find higher ozone concentrations in some rural 

areas. This can be explained for two reasons: 1) in city centres, some pollutants, like nitric 

oxide or alkenes remove ozone from the air; 2) VOCs vary in their degree of reactivity in a 

way that photochemical reactions that lead to ozone formation may take hours to operate. 

During the time taken to create ozone urban plume of precursor pollutants may have drifted 

many tens of kilometres downwind of cities, increasing rural ozone concentrations there by 

as much as 70 ppb (140 g/m3). Ozone may continue to be created hundreds of kilometres 

downwind of major cities during daylight hours. 

Concerning O3, the 8-hour mean never surpassed 100 µg/m3 per year, the limit value 

established by WHO AQG (Figure 1.3.15) in any monitoring station. 

Air Quality Directive (2008/50/EC) sets a target value for O3: the maximum daily eight-hour 

mean may not exceed 120 µg/m3 on more than 25 days per calendar year averaged over three 

years. Figure 1.3.16 shows that 23% of the monitoring stations did not fulfil this criterion. 

Among these stations, 13% were influenced by traffic and 87% were background monitoring 

sites. 

In spite of the effort in reducing O3 precursor emissions, these will probably continue in line 

with economic development and the rise of world population. Natural source emissions will 

mostly be influenced by climate and land use changes, while the increase of energy needs, 

transport, nutritional and non-nutritional items and other resources will influence emissions 

from human activities. Nevertheless, it is expected that legal actions and new emission 

production and control technologies will contribute to go against the relation between O3 and 

the economic development (Fowler et al. 2008; Meehl et al. 2007; Olivier et al. 2005). 
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1.3.7 Outcomes 

The study revealed that high concentrations of PM10 and PM2.5 were registered in the coastal 

region, where the main urban and industry areas are located in Portugal. NO2 concentrations 

were associated with traffic essentially in Coastline, also where the main road network is 

implemented. O3 concentrations are in general low, regardless the temporal variability, the 

type of influence and environment. 

Oporto presented higher PM10 and PM2.5 concentrations than Lisbon, mostly correlated with 

the traffic pattern in the city, suggesting that Oporto air quality is strongly influenced by the 

traffic emissions but other sources should also be considered, namely the high concentrations 

of sea salts included in PM10 measurements, related to the coastal localization of Oporto. 

Lisbon is the urban (traffic/industrial) area chosen in this work because it presented many AP 

concentrations higher than WHO AQG and Air Quality Directive (2008/50/EC) propose. It 

is reasonably covered with air quality monitoring stations, providing long term datasets, and 

it is the capital of Portugal, where the largest fringe of the Portuguese population lives. 

The classifications are made according to the type of influence and environment of 

monitoring stations from Air Quality Monitoring Network (QualAr) of the Portuguese 

Environment Agency (APA). Nowadays some of the monitoring stations have an inadequate 

classification. 

Air pollution levels in Portugal, comparing with the rest of Europe, are not that high, but they 

are still a matter of concern considering health effects. Considering all AP referred in the 

Directive and WHO APG, PM are still the ones to be a target of mitigation strategies, mainly 

in urban areas (influenced by traffic and industries) where there is a higher population 

density, increasing the probability of exposure to pollution. 

Other pollutants to be dealt with in chapters 5 and 6 (CO, NO, SO2) are not discussed in 1.3 

because their concentrations were observed to be very low in Portugal (mainland and islands) 

compared to the EU legislation. Their values will be shown in those chapters. 

1.4 Lichen Biomonitoring of Air Pollution 

Monitoring air pollution is difficult for several reasons (Nimis et al. 2000; Wolterbeek 2002) 

namely the large number of potentially dangerous substances released into the atmosphere, 

the difficulty in estimating their synergic and antagonic effects, the large spatial and temporal 

variations of pollution, the high costs of measurement instruments and because of that few 

places where biomonitoring stations can be installed. So, along with the traditional 

instrumental monitoring, biomonitoring techniques allow for the mapping of pollution effects 

over wide areas with a high sampling density (Almeida et al. 2012; Wolterbeek et al. 2002) 

and study the time trend concentrations (Frati et al. 2005). Long term biomonitoring can be 
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useful in determining tendencies and correlations of the main chemical elements present in 

the atmosphere. It is important to have in mind that it is possible to biomonitor a vast area, 

in which there is no conventional air quality network and assess the contribution of human 

activities to air pollution. For that reason, lichen biomonitoring can be useful in assessing the 

risks for human health, and can be a powerful tool for environmental planning (Brunialti and 

Frati 2007). In fact, the use of live organisms as an environmental stability indicator has been 

widely recognised in the past. In the last decades, several plants, animals, moss, fungus and 

bacteria have been used as bioindicators and biomonitors in air, soil and water pollution 

studies (Freitas et al. 1997; Wolterbeek 2002; Batzias and Siontorou 2007). The terms 

bioindicator and biomonitor should not be used indistinctively. While the term bioindicator 

refers to organisms that present a different response to the different pollution exposition 

levels, the term biomonitor is related to bioindicators and bioacumulators (Garty 2001). 

Lichens are some of the most important long term biomonitors (Wolterbeek 2002, Batzias 

and Siontorou 2007) and can be used as sensitive indicators to estimate pollutants biological 

effects, measuring the alive organisms of a population according with pollution levels or as 

cumulative organisms of pollutant chemical elements, using concentrations levels measured 

in a very small part of the lichen. It is also possible to consider the bark where the lichen is 

attached as a biomonitor (Wolterbeek 2002) to assess the atmospheric levels. 

Another aspect related to the atmospheric pollution levels is the electric conductivity of the 

extract obtained when the lichen is put under water, which was described as the most sensitive 

parameter to determine the response of these organisms to the environmental stress (Mulgrew 

and Williams 2000). The importance of lichens as bioindicators and biomonitors is related to 

its abundance, not only in distant areas, but also in areas close to pollutant sources, where the 

variety of the response of the different species to pollution provides detailed variation 

patterns, even with low pollution levels (Batzias and Siontorou 2007). The possibility of 

using bioindicators to assess regional patterns of ecosystems impact was legislated in 

Portugal through the Decree-Law n.º 351/2007 of 23 October. Most lichens are constituted 

by a fungus and a microscope algae that appear to be a single organism in a symbiotic 

association. Lichens do not have roots and absorb nearly all air nutrients. Measuring a vast 

sample of pollutants allows the assessment of the source profiles and to study if a pollutant 

or an emission profile can be related to a human health effect for which it is responsible 

(Sarmento et al. 2008). Multi-elementary analysis techniques are usually applied on these 

studies. In environmental biomonitoring of chemical elements, nuclear techniques are usually 

seen as very useful to analyse large quantities of samples (Freitas et al. 2000; Smodis 2007), 

as solid samples do not need to be transformed in solutions and sensibility, precision and 

accuracy are adequate to the quantity of the available sample to the analysis. 

The Instrumental Neutron Activation Analysis (INAA) and all its variations allow the 

quantification of all the chemical elements that are important to the atmospheric 
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biomonitoring (Ventura et al. 2007). Some of the most important actors of global change, as 

climate, pollution and eutrophication are factors that influence lichen communities and they 

respond to them in only a few years and lichen physiology in few weeks (Brown 1985). Since 

the nineteenth century, people have been using lichen community composition and species 

frequency for biomonitoring purposes (Godinho et al. 2008; Marques 2008). It is possible to 

obtain useful information on the status of the environment and its changes over time and 

space, by analysing lichens, as they are amongst the most sensitive organisms to 

environmental changes. In particular, species composition may be a suitable indicator for 

climate and landuse effects as well. Further interpretation of lichen diversity requires careful 

data analysis for providing affirmative results related to ambient air quality. There are other 

ecological factors, like tree species, forest structure and microclimatic conditions that can 

influence lichen communities (Brown 1985; Giordani and Brunialti 2015). 

Newly developed physiological methods allow us to assess lichen’s response to the rapidly 

changing environmental conditions (Upreti et al. 2015). A trustable base for the development 

of environmental policies can be achieved by connecting physiological mechanisms, 

functional diversity and ecological impacts. 

1.5 Thesis outline 

The first step of this study was to characterise PM10, PM2.5, NO2 and O3, as the pollutants of 

concern in Portugal (mainland and islands). The IARC, which is part of the WHO, has 

recently considered that PM is the most dangerous air pollutant. It has been classified as a 

carcinogenic contaminant. On the other hand, while traditional gaseous pollutants in Portugal 

have received considerable attention over the last years (Barros et al. 2015; Borrego et al. 

2015; Carvalho et al. 2010; Monteiro et al. 2007), atmospheric particulate matter has been 

much less studied. The data used were provided by the Portuguese Environmental Agency 

(APA) for a 3-year period (2006-2008). Although there are 78 monitoring stations in 

Portugal, only 11 measure simultaneously PM10 and PM2.5. Paired values are necessary to 

apply wavelet analysis (Percival and Walden 2006) in order to build a variance/covariance 

profile of the studied monitoring stations across time scales with direct connection with the 

main periodicities observed in PM2.5 and PM10 time series. 

The study then focused in Lisbon. Five main reasons justify the selection of this geographical 

area: 1) together with some industrial sites, it is the region with highest pollution levels; 2) it 

is the capital and largest city of the country, where the largest fringe of the Portuguese 

population live; 3) contrary to what is observed in the 2nd largest metropolitan area (Oporto), 

Lisbon is reasonably covered with air quality monitoring stations, providing long term 

datasets; 4) there are more available databases regarding HA; 5) the monitoring stations to 

be considered in this study are in municipalities whose population is served by the hospitals 
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where the HA data were collected. It is the westernmost large city located in Europe and the 

only one along the Atlantic coast (Almeida et al. 2013b), with a population of 564 657 

inhabitants, according to Census 2001 provided by Instituto Nacional de Estatística (INE) in 

Portugal. In the city, traffic is the main source of atmospheric pollution (Almeida et al. 2009a, 

b). Industries include textiles, chemicals, steel, oil, cement, sugar refining, shipbuilding, soap 

and flour production (Almeida et al. 2007, 2013a; Farinha et al. 2004a). Due to the 

geographic position of Lisbon and to the dominant western wind regime, influenced by the 

presence of the semi-permanent Azores high-pressure and the Icelandic low-pressure systems 

over the North Atlantic Ocean, the expected high levels of pollutants are uncommon. The 

transport of maritime air mass is usually associated with cleaner air masses from the Atlantic 

Ocean and with better dispersion conditions of pollutants coming from the industrial areas 

(Almeida et al. 2013b). Nevertheless, high concentrations of AP can be registered under 

adverse meteorological conditions, low dispersion conditions and thermic inversions. 

Lisbon is committed in the improvement of air quality with mitigation measures regarding 

air pollution concentrations. Political programmes of the Lisbon City Hall have this goal, 

namely: 1) Low Emission Zones (LEZ), which prohibit the circulation of vehicles prior to 

1996 and 2000 in the city centre; 2) Renovation of the municipal vehicle fleet with the 

acquisition of “cleaner” vehicles; 3) promoting public transport; 4) parking management with 

fees; 5) creating bike paths; 6) creating pedestrians circuits; 7) urban traffic management. 

To complete this study, a biomonitoring survey was carried out aiming at allowing to enlarge 

the density of the monitored area, regarding atmospheric pollution. Bark and lichen, brought 

from clean areas, were transplanted and exposed in Lisbon to inter-compare their response 

effectiveness to atmospheric pollution levels. 

Finally, associations between pollutants and the probability of occurrence of diseases were 

studied, using two different, but complementary, statistical methods. The first one OLS 

enabled to define the best way of aggregating data and to define the best temporal scale. The 

second one COM-Poisson generalises the Poisson distribution by adding a parameter to 

model overdispersion and underdispersion, allowing for time trends of morbidity to detect 

the long-term effects of common levels of air pollution and/or meteorological parameters. 

Figure 1.5.1 shows the scheme of the design of this thesis. 
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Figure 1.5.1 - Scheme of the thesis. 
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Chapter 2 includes the evaluation of PM10 and PM2.5 levels measured by the air quality 

monitoring station (mainland and islands) belonging to the APA. The databases contributed 

to assess the contribution of the main emission sources or processes affecting the PM levels 

and their diurnal and seasonal profiles. Back-trajectories were simulated by using the Hybrid 

Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) developed by NOAA’s 

Air Resources Laboratory (Draxler et al. 2014) and their influence on PM levels was 

discussed. This chapter also aims at providing a variance/covariance profile of a set of 11 

monitoring stations measuring simultaneously PM10 and PM2.5 hourly concentrations. 

Chapter 3 describes the creation of a database corresponding to the concentration of 30 

chemical elements present in lichens collected outdoor at 22 elementary schools of Lisbon-

city from January 2008 to May 2008 and from June 2008 to October 2008. This permitted 

the drawing of maps portraying the outdoor spatial distribution of 30 chemical elements in 

lichens as a result of transplanting from unpolluted to air polluted areas. 

Chapter 4 shows the emission source profiles of chemical elements using biomonitoring. The 

selected lichen and bark were respectively, Parmotrema bangii and Criptomeira Japonica, 

picked up from a pollution-free atmosphere of Azores, which were then placed in the 

courtyards of 22 elementary schools of Lisbon. 

Chapter 5 analyses the associations between AP and HA in Lisbon, for cardiac diseases, 

circulatory and respiratory diseases, compiled by ages: < 15; 15-64; ≥ 64 years old, using 

OLS regression. 

Chapter 6 focuses on the COM-Poisson distribution that is used to assess the magnitude of 

the association between hospital admission counts, air pollutant concentrations and 

temperature and relative humidity. 
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2 A Wavelet-based Approach Applied to Suspended 

Particulate Matter Times Series in Portugal 

Based on article of the same title: 

Cruz AMJ, Alves C, Gouveia S, Scotto MG, Freitas MC, Wolterbeek HT 

Air Qual. Atmos. Health, January 2016. 
DOI: 10.1007/s11869-016-0393-4 

2.1 Abstract 

This study intends to analyse the particulate matter (PM) levels in Portugal (mainland and 

islands) throughout a 3-year period. Although a decreasing trend has been observed, the 

WHO guidelines for the PM10 and PM2.5 annual mean concentrations have been exceeded in 

all monitoring stations. Most inland urban, rural and suburban sites follow a pronounced 

seasonal variation with much higher values in winter than in summer. Lower levels and a 

weak seasonal variability were registered in the two urban background stations of Madeira 

island, which are permanently under the influence of clean air masses over the Atlantic. 

Receiving long range transported pollution, rural stations located in mountain sites, presented 

an opposite seasonal pattern, with higher levels in summer. Diurnal profiles were also 

analysed and compared between stations. A mining process was also carried out, consisting 

in the application of multi-scale wavelet transforms, data pattern identification using cluster 

analysis, and examination of the contribution to the total variance/covariance of the time 

series per wavelet scale for all stations. Groups of stations exhibiting similar 

variance/covariance profiles were identified. One group contains urban and rural stations 

with diurnal and daily time scales. Urban background stations located in the island of Madeira 

constitute another cluster, corresponding to higher wavelet scales (lower periodicity 

phenomena). One traffic station in the Oporto metropolitan area was grouped with a 

suburban/industrial station of central Portugal, suggesting the need for reclassification in 

what concerns the type of environmental influence. 

2.2 Introduction 

In spite of all strategies and policies to improve air quality in Europe, particulate matter (PM) 

concentrations remain an issue of concern considering human health effects (Solomon et al. 

2012; EEA 2014; Schachter et al. 2015). In 2013, reports from the International Agency for 

Research on Cancer (IARC), which is part of the World Health Organisation (WHO), have 

recognised that outdoor air pollution may be classified as a carcinogenic agent. Among the 

criteria air pollutants, PM was considered to have the highest carcinogenic risk, being 

responsible for the increased incidence of lung cancer. Recent studies (e.g. Brook et al. 2010; 
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WHO 2014) demonstrate that air pollution, and principally PM, plays a much stronger role 

in cardiovascular illness and premature deaths than previously thought. Although PM 

concentrations in many EU cities do not surpass the guideline levels, the average life 

expectancy is not as high as it would be predictable because of PM exposure. Even with PM2.5 

levels lower than the current annual WHO air quality guideline level (10 μg/m3), recent long-

term studies (e.g. Hoek et al. 2013; WHO 2014; Chung et al. 2015) still show associations 

between PM and mortality. It has been estimated that a decrease of the annual average 

particulate matter (PM10) levels of 70 μg/m3, which are frequent in many growing cities of 

developing countries, to the WHO guideline level of 20 μg/m3, could signify a 15% decrease 

in mortality due to atmospheric pollution (WHO 2014). Mitigation measures applied to PM 

pollution are also effective in reducing concentrations of greenhouse gases and other 

contributors to the global warming (e.g. soot), since many of the emission sources are 

common. 

Traffic exhaust emissions have long been considered as the main PM source (Charron et al. 

2007; Oliveira et al. 2010; Andrade et al. 2012; Pant and Harrison 2013; Keuken et al. 2013; 

Kimbrough et al. 2013; Mirante et al. 2014), but recent studies show that non-exhaust 

emissions from road traffic (Thorpe and Harrison 2008; Harrison et al. 2012; Pant and 

Harrison 2013; Amato et al. 2014), biomass burning and cooking (Allan et al. 2010; Alves 

et al. 2012; Gonçalves et al. 2012; Mohr et al. 2012) are also key sources of this pollutant. 

While control technologies have led to substantial reductions in exhaust emissions, non-

exhaust and non-traffic emissions remain the same. In many regions, atmospheric dynamics, 

mainly related to local and regional air mass recirculation processes, may contribute to high 

levels of PM. For example, in Spain, long range transport of Saharan dust have been found 

to play a key role on the observed levels and exceedances (Querol et al. 2008; Querol et al. 

2009; Jiménez et al. 2010; Díaz et al. 2012; Querol et al. 2014; Notario et al. 2014), especially 

in rural and urban background stations. 

The European Member States are required to draw up plans to guarantee compliance with 

the limit values set by the Air Quality Council Directive 2008/50/EC. However, the current 

policy efforts, at both European and national levels, have not reached the expected results. A 

number of studies demonstrated that the limit values are exceeded in Portugal (Khan et al. 

2007; Lage et al. 2014), although PM10 and PM2.5 concentrations reflect a decreasing trend, 

probably resulting from more efficient environmental technologies applied in industries and 

vehicles, together with a fall of the economic activities due to the financial crisis. 

Nevertheless, as shown by estimates of the health impacts associated with exposure to air 

pollution, despite substantial improvements in recent decades, Portugal is still far from 

attaining levels of air quality to ensure adequate public health and environmental protection 

(Alves et al. 2010b; Sarmento et al. 2009; Almeida et al. 2014; Cruz et al. 2014). 
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Given the growing evidence of increased mortality and morbidity upon exposure to PM, Cruz 

et al. (2014) evaluated the relationships between air pollutant levels and hospital admissions 

due to cardiac, respiratory and circulatory diseases in Lisbon, by Ordinary Least Squares 

Linear Regression, between 2006–2008. The results of this study showed significant positive 

associations between PM10 and PM2.5 and circulatory diseases for ages ranging from 15 to 64 

and respiratory diseases for ages below 15. The present study intends to expand the 

evaluation of the PM levels, recorded in the same period, to the entire Portuguese territory 

and to classify monitoring stations, measuring simultaneously PM10 and PM2.5, via 

homogeneous clusters in an attempt of identifying spatial patterns and similarities in pollution 

or atmospheric dynamics. By providing variance/covariance profiles of a set of monitoring 

stations, it is possible to incorporate these profiles in a wavelet decomposition-based 

clustering algorithm in order to point out groups of stations exhibiting similar profiles. 

Wavelets-based clustering of air quality monitoring sites in Portugal have been successfully 

applied to ozone and nitrogen oxides (Gouveia et al. 2015), but not to PM levels. This 

mathematical tool helps to choose the most representative stations in each area for later use 

in epidemiological studies. Air quality monitoring sites are classified according to “Type of 

area” (urban, suburban, rural) and/or “Type of station” (traffic, industrial, background). 

When performing air quality evaluations at macro-scales, it is frequent to choose one type of 

area or one type of station to represent an entire region. However, it is recommended to 

develop or refine other selection schemes which reflect not only geographical characteristics 

and the most influencing sources, but also intra-diurnal, daily or longer cycles due to regional 

atmospheric circulation patterns. Statistical techniques, such as clustering analysis, also 

identify sites whose classification needs revision according to the type of environment 

influence. 

2.3 Methodology 

2.3.1 Air Quality Data and Monitoring Stations 

Data collected from eleven Portuguese monitoring stations (Figure 2.3.1), during a 3-year 

period (2006-2008) were provided by the Portuguese Environmental Agency (APA), through 

the QualAr air quality databases, available at www.qualar.com (Table 2.3.1). Monitoring 

stations are classified by APA, following criteria proposed by the European Environmental 

Agency (EEA), as rural remote area (natural background), rural regional area (rural 

background), rural near-city area (suburban background), suburban, urban background, urban 

traffic and industrial area. The data quality control is based on common methods and criteria 

for diagnosing and assessing the ambient air quality in Member States (Council Directive 

2008/50/EC). 
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Figure 2.3.1 – Spatial location and classification (environment and influence) of the air quality monitoring 

stations. 

The air quality data used in this work consists of 11 pairs of PM10 and PM2.5 hourly series. 

Only stations with data collection efficiency ≥ 75% have been considered. 

Table 2.3.1 – Stations from the Portuguese air quality monitoring network (www.qualar.com), with data coverage 

higher than 75%. 

Monitoring station Code Environment Influence Geographical 

Coordinates: WGS84 

Altitude 

(m) Lat. Long. 

Estarreja/Teixugueira TEI Suburban industrial 40°45´24´

´ 

-8°34´2´´ 20 

Olivais OLI Urban background 38°46´08´

´ 

-9°06´29´´ 32 

Entrecampos ENT Urban traffic 38º44´55´

´ 

-9º08´56´´ 86 

Quinta Magnólia QMAG Urban background 32º38´30´

´ 

-16º55´15´´ 0 

Chamusca CHA Rural 

Regional 

background 39º21´09´

´ 

-8º27´58´´ 143 

Fundão FUN Rural 

Regional 

background 40º13´59´

´ 

-7º18´07´´ 473 

Vermoim VER Urban traffic 41º14´08´

´ 

-8º37´07´´ 90 

São Gonçalo SG Urban background 32º38´59´

´ 

-16º55´06´´ 0 

Senhora do Minho SMIN Rural background 41º48´08´

´ 

-8º41´38´´ 777 

Lamas de Olo OLO Rural 

Regional 

background 41º22´´17

´´ 

-7º47´27´´ 1086 

Ervedeira ERV Rural 

Regional 

background 39º55´26´

´ 

-8º53´30´´ 60 

Note: Classification schemes for Air Quality Stations, covered by the Exchange of Information Decision 

and the Implementing Decision for Reporting (2011/850/EU), refer to two different spatial scales: 

1. “Type of area” or “Environment” (urban, suburban, rural) refers to the environment on a scale of several 

kilometers; 

2. “Type of station” or “Influence” (traffic, industrial, background) refers to the impact (or absence) of 

near-by emissions. 

http://www.qualar.com/
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2.3.2 Air Mass Trajectories 

The Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPIT) developed by 

NOAA’s Air Resources Laboratory (Draxler et al. 2014) that uses meteorological data from 

GDAS (Global Data Analysis System) was used to simulate back-trajectories. Ninety two 

hours (four days) backward trajectories arriving at distinct hours at every monitoring station 

were calculated individually, using different heights, for each one of the 1096 days of the 

study period. Air trajectories were then clustered. Each cluster is formed by similar 

trajectories and represents a possible pattern of air-mass movement over the studied area. 

HYSPLIT has a module for applying cluster techniques based the Total Spatial Variation 

(TSV) between different formed clusters and on the spatial variance (SPVAR) between each 

cluster component (Draxler et al. 2014). 

2.3.3 Wavelet Analysis 

In the current study, discrete wavelet analysis (Percival and Walden 2006) was applied in 

order to build a variance/covariance profile of the studied monitoring stations across time 

scales with direct connection with the main periodicities observed in PM2.5 and PM10 time 

series. Afterwards, the individual profiles were used to identify groups of similar stations and 

to investigate the classification (environment and influence) of the monitoring sites by a 

Wavelet decomposition-based Clustering (WdC). This type of analysis follows a two steps 

strategy: 1) wavelet decomposition by Maximal Overlap Discrete Wavelet Transform 

(MODWT) is applied to the PM2.5 and PM10 time series in order to identify the most pertinent 

scales regarding variability and joint variability to each station; 2) application of WdC 

method for grouping the monitoring stations regarding the similarity of their profiles. This 

method is fully described in Gouveia et al. (2015). MODWT is the base of an additive 

decomposition of a time series Xt (t = 1, …, T) in two: Dj with wavelet coefficients for the 

pass-band filtering scales 
1

2
j

j



  and SJ with scaling coefficients for the remaining parcel 

of the decomposition. 

1

J

t j J

j

X D S


   [Equation 2.3-1] 

The wavelet coefficients Dj are associated with frequencies in the interval 
1

1 2 ,1 2
j j    and 

scale j captures dynamics in the time interval 
12 ,2j j   , with SJ associated with all scales 

above. The stochastic process with the MODWT filter δj,l associated with the scale j, is given 

by: 
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The time independent MODWT wavelet variance at scale j is: 

   2

,: X

X j j tV W   [Equation 2.3-3] 

The wavelet analysis decomposes the variance of Xt across wavelet scales: 

   2

1

t X j

j

V X  




 [Equation 2.3-4] 

The covariance between two stochastic processes Xt and Yt can be decomposed similarly, 

being XY  the covariance between 
,

X

j tW  and 
,

Y

j tW  wavelet scales: 

   
1

,t t XY j

j

Cov X Y  




 [Equation 2.3-5] 

The scale-by-scale wavelet variance/covariance quantification can be rearranged: 

 
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[Equation 2.3-6] 

 jC   is estimated through the unbiased empirical counterpart of its components, being 

1j jM T L    the number of wavelet coefficients excluding the boundary coefficients: 
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   


 

   [Equation 2.3-7] 

The least asymmetric (LA) filter is used to obtain an adequate decomposition and estimation, 

and for better visualisation purposes. The number of scales J is restricted to the length of the 

time series (T) and the filter width (L), resulting in J ≤ 11 (analysis includes annual 

periodicity). 

The PM10 and PM2.5 time series were previously normalised, with variance corresponding to 

the respective percentage of Xt variance. 

The clustering procedure uses a dissimilarity measure and a group linkage criterion (Everitt 

et al. 2011). The dissimilarity matrix (dW) compares pairwise objects i and i', based on their 

wavelet variance/covariance matrices, using the distance measure (D’Urso et al. 2014): 

      
1 2

2 2

, ' 0.5 , ' 0.5 , 'w wv wcd i i d i i d i i           [Equation 2.3-8] 
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taking into account sum of the squared differences between both objects across scales, in 

terms of wavelet variance (term dw) and in terms of wavelet covariance (term dwc). 

The procedure creates a dendrogram, in which different group linkage criteria were 

considered, choosing those maximising the dendrogram’s goodness-of-fit, measured by the 

cophenetic correlation coefficient (Everitt et al. 2011). 

2.4 Results and Discussion 

2.4.1 PM Mass Concentrations 

Table 2.4.1 shows the mean concentrations of PM10 and PM2.5 (μg/m3) and number of 

exceedances according with the defined limit values set by the Air Quality Council Directive 

2008/50/EC. In general, PM10 and PM2.5 concentrations decreased from 2006 to 2008 as has 

occurred in other countries (Baldasano et al. 2003; Aldabe et al. 2011; Wang et al. 2012). It 

has been reported that emissions of primary PM10 and PM2.5 decreased by 14% and 16% 

respectively in the EU-27 between 2002 and 2011 (Guerreiro et al. 2014). The reductions in 

the same period for the EEA-32 member countries were 9% for PM10 and 16% for PM2.5. 

Throughout the monitoring period, only Entrecampos (ENT), classified as a traffic station, 

exceeded in 2006 the PM10 limit value of 40 µg/m3 set by the Council Directive 2008/50/EC. 

All the other monitoring stations registered annual means below the limit value. However, 

the PM10 daily limit value (50 µg/m3) was surpassed in 5, 4 and 1 stations out of 11 more 

than 35 times in 2006, 2007 and 2008, respectively. These stations are located in urban areas, 

with industrial and traffic influence. The highest annual values were recorded in 

Estarreja/Teixugueira (TEI) and VER, although these stations have not exceeded the legal 

limit. TEI is located in the region of Estarreja, where since the middle of the XX century it 

has settled one of the largest complexes of food and chemical industries in Portugal. VER 

belongs to the air quality network of the Oporto Metropolitan Area. Despite the fact that this 

station is classified as urban traffic, it is likely under the influence of strong emission sources, 

such as the Oporto international airport, the huge oil refinery of Petrogal, and the large and 

rather grubby commercial harbour of Leixões, among others. 

The PM2.5 annual mean concentrations in all monitoring stations were lower than 25 µg/m3, 

the target value that came into force on 1th January 2015. The target value for 2015 of 20 

μg/m3, reviewed in 2013 by the European Commission to protect human health, in 

background rural and urban areas, has been generally reached. The exceptions are TEI and 

VER, which are classified as industrial and traffic monitoring stations, respectively. 
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The WHO guidelines for the PM10 and PM2.5 annual mean concentrations are 20 µg/m3 and 

10 µg/m3, respectively. These guidelines were exceeded in all monitoring sites, although the 

percentage of stations surpassing the WHO recommended values decreased along the years: 

82%, 64% and 45% in 2006, 2007 and 2008, respectively, for PM10, and 82%, 73% and 27%, 

in the case of PM2.5. 

Table 2.4.1 – Annual mean concentrations of PM10 and PM2.5 (µg/m3) and number of exceedances according to the 
limit values set by the Air Quality Council Directive 2008/50/EC: (a) the PM10 24-hour limit value of 50 µg/m3 

must not be exceeded more than 35 times per year; (b) the PM2.5 target value (annual mean) is 25 µg/m3 since 

2010. 

(a)  (b) 

PM10 2006 2007 2008  
PM2.5 

Annual mean 

TEI 
Annual mean 35.5 37.9 32.3  2006 2007 2008 

Exceedances 75 78 40  TEI 24.7 23.9 16.3 

OLI 
Annual mean 30.7 28.0 23.7  OLI 13.9 15.3 11.3 

Exceedances 47 20 13  ENT 18.5 17.0 12.3 

ENT 
Annual mean 40.5 36.9 30.2  QMAG 7.6 9.7 6.8 

Exceedances 81 68 19  CHA 11.0 11.2 7.7 

QMAG 
Annual mean 35.1 33.5 26.0  FUN 10.4 8.4 5.7 

Exceedances 36 41 19  VER 22.0 21.3 7.8 

CHA 
Annual mean 22.6 20.0 16.1  SG 9.2 9.9 7.5 

Exceedances 16 1 1  SMIN 11.0 10.6 8.4 

FUN 
Annual mean 21.8 14.9 11.6  OLO 10.9 10.7 4.0 

Exceedances 14 1 0  ERV 14.4 11.3 8.7 

VER 
Annual mean 37.7 39.0 25.8      

Exceedances 86 87 28      

SG 
Annual mean 20.0 22.8 19.7      

Exceedances 17 17 9      

SMIN 
Annual mean 14.4 16.1 14.2      

Exceedances 4 2 4      

OLO 
Annual mean 26.0 19.4 15.6      

Exceedances 16 2 4      

ERV 
Annual mean 25.5 25.4 15.5      

Exceedances 23 17 4      

PM concentrations follow a pronounced seasonal variation (Figure 2.4.1) with much higher 

values in winter than in summer. Higher PM levels in winter can be attributed to increased 

emitting activities (e.g. residential heating) together with more stable atmospheric conditions, 

leading to poor dispersion. This seasonality is, at least in part, also explained by a greater 

partitioning of secondary compounds (e.g. nitrates) in the aerosol phase during colder periods 

(Donahue et al. 2006). FUN and Lamas de OLO (OLO), two high altitude mountain stations, 

represent exceptions. These two sites are particularly known by the extremely high ozone 
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levels during summer (e.g. Carvalho et al. 2010) and the intense photochemically-driven 

secondary formation of aerosols (e.g. Alves et al. 2010a) from biogenic volatile organic 

compounds (VOCs), which react with anthropogenic gaseous precursors from long range 

transport. As can be seen for OLO (Figure 2.4.2), these sites are influenced by a cluster of air 

mass trajectories that originates in the Bay of Biscay, following a northeast transport pathway 

from the north of the Iberian Peninsula or through the centre of the Iberian Peninsula, which 

likely contributes to the influx of more pollution. The mountain stations are also influenced 

by a north flow regime from the region of Galicia, which brings NOx emissions from several 

thermal power plants located in that Spanish region. The highest concentrations are 

concurrently registered under the influence of air masses from the neighbour country or 

passing by the metropolitan area of Oporto, while the lowest correspond to periods in which 

air masses originate in the NE Atlantic. 

(a) (b) 

 

Figure 2.4.1 – Seasonal concentrations: (a) PM10; (b) PM2.5. Each box is determined by the 25th and 75th percentiles 
and the whiskers are determined by 5th and 95th percentiles. 

The lowest PM2.5 levels and a weak seasonal variability were registered in the two urban 

background stations of Madeira Island (Quinta Magnólia-QMAG and São Gonçalo-SG). 

Clean air masses over the Atlantic (Figure 2.4.3) and a very mild climate justify this 

observation. Regardless of the cluster, concentrations do not vary much, and only a slight 

increase is observed for trajectories closer to the Portuguese and African coast. However, 

these island stations do not register the lowest PM10 levels. Due to the strong Atlantic 

influence, relatively high levels of sea salt particles are expected, which dominate the coarse 

mode. On the other hand, in winter, sporadic African dust outbreaks reach the island 

(Cachorro et al. 2006). The dominance of coarse particles is expressed by high annual 

PM10/PM2.5 ratios, which reached values up to 4.6 in QMAG. 

As observed for background stations, the lowest PM concentrations at traffic and industrial 

sites, such as ENT (Figure A1) and TEI (Figure A2), respectively, were registered under the 
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influence of westerly and northerly Atlantic flows, while higher values are attained when air 

masses follow a northeast transport pathway from the north or through the centre of the 

Iberian Peninsula. These continental air masses bring aged aerosol pollution, which joint the 

freshly emitted or formed particles from local sources. 

 

Figure 2.4.2 – Clusters of air backward trajectories and PM levels for OLO. 
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Figure 2.4.3 – Clusters of air backward trajectories and PM levels for QMAG. 

In general, an increase in both PM10 and PM2.5 concentrations are observed in the early 

evening (Figures 2.4.4 and 2.4.5). During night-time the wind speed is generally slower and 

the nocturnal boundary layer shallower, decreasing the dispersion of pollutants. This causes 

the confinement of aerosols and manifest as an increase of concentrations in the early night 

period. As night advances, there is a substantial decrease in aerosol generation, while 

particles tend to settle to the ground by gravity, resulting in a decrease of concentrations in 

the early morning hours. Similar nocturnal behaviour has been reported for many other 

regions (Vecchi et al. 2007; Balakrishnaiah et al. 2011). It should be noted, however, that in 

mainland Portugal, in wintertime, residential biomass burning may represent a very 

significant emission source contributing to the enhancement of PM levels in the early evening 

(Gonçalves et al. 2012). An early morning rush hour peak is well established in the diurnal 

profiles of traffic sites, such as ENT. A decrease of concentrations in the early afternoon is 
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observed, especially at coastline stations. This may be a “cleansing” effect of sea breezes, a 

frequent mesoscale phenomenon that develops during the late morning and early afternoon 

(Carvalho and Prior 1994). 

 

Figure 2.4.4 – Daily variability of PM10 concentrations. 
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Figure 2.4.5 – Daily variability of PM2.5 concentrations. 
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2.4.2 Wavelets 

The distance function is given by dw(i,i’) where the smaller is dw(i,i’) the closer are the 

stations in terms of variance/covariance profile. Figure 2.4.6 presents dendrograms where 

stations with closer profiles stay together. 

  
Figure 2.4.6 – Dendrogram showing the hierarchical clustering of the monitoring stations (average link criteria). 

The classification is based on the distance metric d that is a weighted combination of the variance profile dwv and 
covariance profile dwc: (a) the weight is 0.5 in variance and 0.5 in covariance; (b) the weight is 1 in variance and 0 

in covariance. 

Depending on the weights in variance and covariance, the dendrograms clearly distinguishes 

three or four groups of similar monitoring stations. The island urban background stations, 

QMAG and SG, are always merged into the same group. TEI (industrial station) and 

Vermoim (VER) (urban traffic station) are embedded in another cluster. It should be recalled 

that the highest PM concentrations have been registered in these two stations and that VER 

is under the influence of intense emission sources (e.g. oil refinery, commercial harbour, 

etc.), which gives it a more industrial character. Thus, this latter station should probably be 

categorised as a suburban industrial or, in alternative, be relocated if the goal is to capture 

effectively urban traffic emissions. Another cluster is formed by the rural stations of 

Chamusca (CHA), Ervedeira (ERV), Fundão (FUN) and Senhora do Minho (SMN) and by 

the two urban stations of Lisbon (ENT and Olivais-OLI). These two are the stations that have 

the most similar variance/covariance profiles among all. Depending on the weights in 

variance and covariance, OLO may be included in this group or come alone. Dissimilarities 

between rural stations increase with increasing geographical distance to Lisbon. 

Each wavelet scale corresponds to a certain time scale, where scale τj captures the dynamics 

over intervals with duration from 2^j to 2^(j+1) time units, as described by Gouveia et al. 

(2015). The rural sites of CHA, ERV, FUN, OLO and Senhora do Minho (SMIN), as well 

the urban monitoring stations of OLI and ENT, present a j = 4 scale that contains 

variance/covariance associated with phenomena with a time duration between 2^4 and 2^5 

units (Figure 2.4.7). This represents physical phenomena with duration between 16 and 32 
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hours, which include the daily cycles typical of PM10 and PM2.5 (Figures 2.4.4 and 2.4.5). In 

the same way, TEI and VER also seem to have a clear daily cycle (j = 4). QMAG and SG 

present relevant variance/covariance in higher wavelet scales (j = 5, 6, 7, 8, 9) that correspond 

to lower periodicity phenomena, between 32 and 1024 hours, which include a weekly and a 

monthly variation. This suggests that Madeira island is under the influence of meteorological 

and circulation phenomena over the Atlantic having seasonal and subseasonal time scales, 

such as changes in the trade winds associated with the Azorean high and the Intertropical 

Convergence Zone (Cropper 2013). These phenomena will probably have reflexes on PM 

levels that override the diurnal cycle of emission sources, contributing to very smooth daily 

concentration profiles (Figures 2.4.4 and 2.4.5). 

 
Figure 2.4.7 – Mosaic plot representing the contribution to the total variance/covariance of the time series per 

wavelet scale for all stations (darker colours indicate higher absolute values). 

Figure 2.4.7c shows that PM10 and PM2.5 are positively associated for all the clusters and for 

all scales. The best association was obtained for TEI and VER, suggesting common emission 

sources or formation processes. The similarity between these two stations raises again the 

possibility of misclassification of VER. These stations started monitoring in the early 1990s 

and urban and industrial areas have greatly expanded since then. It is necessary to update the 

classification of monitoring stations according to the type of environmental influence. 

2.5 Conclusions 

Three-year data sets of simultaneous measurements of PM10 and PM2.5 in different mainland 

and insular air quality stations in Portugal were analysed in this study. Although a decreasing 

trend in concentrations has been observed, the WHO guidelines were surpassed in all 

monitoring sites. The highest levels were registered in stations classified as “urban traffic” 

or “suburban industrial”. This means that additional abatement measures should be adopted, 

including restrictions to the circulation of heavy vehicles, street washing, incentives to the 

replacement of traditional woodstoves and fireplaces by certified residential combustion 

equipment or by gas central heating, creation of low-emission zones in city centres, 

implementation of no-drive days based on license numbers, adoption of the best available 

technologies by industries, etc. 
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In addition to local sources, meteorology and long range circulation patterns also influence 

the seasonal and daily concentration profiles. Clean air masses from the Atlantic and mild 

year-round temperatures contribute to relatively low concentrations and to very smooth daily 

and seasonal variation profiles in urban background stations of Madeira island. Contrary to 

that observed in other mainland stations, high altitude mountain sites present higher summer 

concentrations, probably due to enhanced formation of secondary aerosol arising from 

photochemical reactions between biogenic compounds and anthropogenic precursors 

transported from the north or through the centre of the Iberian Peninsula or from the 

metropolitan area of Oporto. 

The variance/covariance profiles were embedded in a wavelet decomposition-based 

clustering algorithm to identify groups of monitoring sites exhibiting similar profiles, thus 

representing the same type of area or station. Insular stations, which were grouped into the 

same cluster, presented relevant variance/covariance in higher wavelet scales that correspond 

to lower periodicity phenomena (weekly and monthly variation). The cluster composed of 

rural stations and the urban sites of Lisbon revealed wavelet scales corresponding to the daily 

cycles. The urban traffic site of VER was clustered with an industrial station, showing 

significant variance/covariance for time scales also encompassing the daily cycle. Thus, VER 

probably needs revision in what respects its classification according to the type of 

environment and influence. Together with other criteria or methods, this data mining process 

can help government agencies in air pollution management. 

2.6 Appendix 

Additional information concerning the monitoring stations, such as ENT (Figure A1) and 

TEI (Figure A2), respectively. 
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3 Spatial Mapping of the City of Lisbon using 

Biomonitors 

Based on article of same title: 

Cruz AMJ, Freitas MC, Canha N, Verburg TG, Almeida SM, Wolterbeek HT 

Int. J. of Environment and Health (2012) Vol.6, No.1:1 – 17. 

DOI: 10.1504/IJENVH.2012.046852 

3.1 Abstract 

Biomonitoring is used to study the performance of a single air sampler as representing air 

elemental concentrations in Lisbon. A database of chemical elements’ concentrations was 

obtained by analysing exposed lichens and bark, hung on courtyards trees of 22 Lisbon basic 

schools from January to May 2008 and June to October 2008 (winter and summer 

campaigns). Electric conductivity was also measured in lichens, as a sensitive indicator of 

lichen vitality and, indirectly, of air pollution. This work also enabled evaluation of stress 

effects in lichens as a result of transplanting from unpolluted to air-polluted areas, the 

adaptation of transplanted biomonitors into new meteorological and physical-chemical 

conditions, and the comparison of performance of both biomonitors. 

3.2 Introduction 

Almeida et al. (2007) concluded that it is essential to understand the distribution of pollutants 

in larger geographical boundaries to analyse the spatial representativeness of the 

measurements provided from one single sampling station. If the data of the latter are used to 

estimate an entire city population exposure, the potential health effect of individual 

particulate matter species with low station-to-station correlation would be underestimated or 

overestimated compared to the species that have high station-to-station correlation. The use 

of biomonitors to evaluate spatially large geographical areas is now a well-established 

method (Marques 2008). 

The extraordinary capability of some lichen species to grow at large geographical areas and 

to accumulate chemical elements far above their need, rank them among the best 

bioindicators of air pollution. Biomonitors could be advantageously used to apportion the 

distribution of element concentrations in such large areas (Farinha et al. 2004b). 

Electric conductivity was pointed out as the most sensitive parameter for physiological 

response of lichens to environmental stress, when compared to Normalized Difference 

Vegetation Index (NDVI) and chlorophyll degradation, being also related to the whole lichen 

and not to just the photobiont as are many other parameters (Marques et al. 2005). 
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Parmotrema bangii is used in this work because previous studies indicated it as an adequate 

choice in biomonitoring studies (Vieira et al. 2007). Cryptomeria japonica is also an 

alternative to epiphytic lichens for air-monitoring purposes (Freitas et al. 2003). The main 

implicit assumption in these studies is that the P. bangii and C. japonica response behaviour 

can be compared throughout the whole investigated area, irrespective of variances in ambient 

conditions (Pacheco and Freitas 2004). 

In this work, P. bangii epyphitic lichen and C. japonica tree bark were transplanted from 

Azores to 22 school courtyards of Lisbon, from January to May 2008 (winter campaign) and 

from June to October 2008 (summer campaign). 

3.3 Methodology 

3.3.1 Sampling and Chemical Analysis 

Parmotrema bangii was collected from Criptomeria japonica in São Miguel, Azores islands 

(WGS84: N37º47'25,6'';W25º38'12,8''; elevation: 261 m). For the summer campaign, the 

time between the collection of the biomonitors and its exposure was about eight days, 

including 3-4 days for the transport and 3-4 days for the laboratory preparation. For the winter 

campaign, the time between sampling and exposure was around three weeks. 

In the laboratory, the samples were cut in pieces of around 6 cm x 6 cm, composed of the 

lichen over the bark; the sets were air-dried for 24 h and hung in school courtyard trees using 

nylon strings. Each courtyard of the 22 Lisbon schools had four sets exposed. Figure 3.3.1 

shows the distribution of the selected Lisbon schools. 

Ten unexposed samples of either lichen or bark, in each of the campaigns, were kept for 

measuring the initial conditions prior to exposure. 

Table 3.3.1 shows the number of prepared samples, the number of selected schools and the 

number of samples collected after exposure. At the exposure end of experiments, some 

replicates could not be found (due to cutting of the tree branches, vandalism, fall, etc.). 

After exposure, bark was separated from lichen in all replicates, both cleaned from dust, leaf 

debris, fungus contamination and degraded material, rinsed three times for 5 s in double 

distilled water (Garty et al. 2001; Godinho et al. 2004), freeze-dried and ground in TeflonTM 

(balls and capsules) mills under liquid nitrogen. After homogenisation, pellets of 250-300 mg 

were prepared and put into polyethylene vials for neutron irradiation. Each vial contained up 

to ten pellets. 
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Figure 3.3.1 – Location of the 22 Lisbon schools where bark and lichens were exposed in winter and in summer 

campaigns. 

Table 3.3.1 – Number of prepared samples, selected schools and samples collected after exposure in winter and 

summer campaigns. 

Campaign 

Number of studied 

schools  

Number of prepared 

samples 

Number of collected 

samples  

Total 

Collection of 

Effective 

biomonitor 

Parmotrema 
bangii  

Criptomeria 
japonica  

Total  
Parmotrema 

bangii  
Criptomeria 

japonica  
Total 

Winter 22 14 88 88 176 41 38 79 

Summer 22 20 88 88 176 66 60 126 

Elemental chemical content was determined by Instrumental Neutron Activation Analysis 

(INAA). The samples were irradiated at the Portuguese Research Reactor (RPI; ITN-

Sacavém). The long (7 h) irradiations were performed at a thermal neutron flux of 2.88x1012 

n.cm–2.s–1. Gamma-spectra of the irradiated samples were acquired with high-resolution, 

hyperpure-Ge detectors, after 4 days and 4 weeks with a counting time of 2 h and 3.5 h, 

respectively. The samples were analysed by the k0-standardized neutron activation analysis 

(De Corte 1987; Freitas and Martinho 1989; De Corte et al. 1993) using 0.1% Au–Al discs 

were as comparators. 

Quality control was asserted by analysing certified reference materials IAEA-336. Deviations 

from certified values were generally within 1–15%, except for Sb, which exceeded this range 

(Vieira et al. 2007). 
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Lichen samples of 100 mg each were immersed in 10 ml double-distilled water for 60 min to 

determine the lichen vitality (Godinho et al. 2004). The electric conductivity of the water 

before and after the lichen immersion was measured with an electric conductivity meter 

(Mettler Toledo). 

3.3.2 Meteorological data and data processing 

Lisbon meteorological data (pressure, humidity, temperature and wind direction) was 

measured by Gago Coutinho meteorological station (N38°46'; W9°08') and supplied by the 

Portuguese Meteorological Institute. 

Student’s t-tests, Z-tests and Pearson correlations were applied to the data. All statistical tests 

were performed using Microsoft Excel and a 95% significance level was chosen. 

Frequency distribution of wind direction normalized to a total of 100 per season followed a 

radar diagram using a Excel software. Chemical elements spatial distribution mapping used 

ArcGis 9.2 software. 

3.4 Results and Discussion 

3.4.1 Conductivity 

Statistically significant difference (p = 0.00) in humidity and temperature parameters 

between winter (73%; 140C) and summer (67%; 200C), were registered, with a warmer and 

drier period in summer. Figure 3.4.1 shows the distribution of wind predominant directions 

during the studied periods. Summer has wind predominance from WNW and NNW; in 

winter, two main directions dominate: WNW and ENE. 

Conductivity is related with the health/vitality of lichens. Larger conductivity means higher 

number of damaged cell membranes and, consequently, a lower level of lichen vitality. 

Concerning the unexposed lichens, no statistically significant difference between lichen 

conductivity in winter and summer (14±12 and 28±11 mS/(mg.cm), respectively) was found 

(p = 0.2). This means that both Azores lichen sets were part of the same population and that 

the eight days and three weeks between sampling and exposure did not affect differently the 

unexposed lichens. 

The spatial distribution of lichen conductivity at the end of the winter and summer campaigns 

for 12 locations in Lisbon (Figure 3.4.2) show variability between the two campaigns and 

variability across the studied area. Conductivity was significantly higher at the end of summer 

than at the end of winter (p = 0.00), which is explained by the significantly lower humidity 

and higher temperatures in summer (see above). The lichens’ stress during summer months 



Chapter 3 – Assessment of the main pollution sources of Lisbon area using transplanted 

biomonitors (bark and lichen) 

51 

has been observed before in Portugal (Reis 2001; Freitas and Pacheco, 2004; Marques et al. 

2005; Godinho et al. 2008; Marques 2008). Furthermore, in winter exposed and unexposed 

lichens showed significant differences (p = 0.00), while in summer no differentiation was 

observed (p = 0.14). It is then concluded that, in Lisbon, conductivity is suitable for studying 

spatial differentiation of air pollution in winter, but not in summer. 

Comparing Figures 3.4.1 and 3.4.2, it may be concluded that: 1) during the summer 

campaign, the humidity comes from WNW/NNW where the Atlantic Ocean is. It would be 

expected that the lichens positioned over that direction might have lower conductivity; this 

is actually observed. The lichens positioned towards east present higher conductivity; 2) the 

lichens exposed during winter had humidity the whole period and the conductivity is low at 

all sites when compared with the summer period. 

 
Figure 3.4.1 – Frequency of wind direction normalized to a total of 100 per season, in Lisbon city, 2008. 
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Figure 3.4.2 – Conductivity spatial distribution obtained in lichens at the end of the winter and summer campaigns. 

3.4.2 Chemical Elements 

In order to verify eventual element release or accumulation in bark and lichen, the 

(exposed/unexposed) concentration ratios was calculated at the end of the campaigns, the 

results are presented in Tables 3.4.1 and 3.4.2. 

In bark, the concentration of the elements Br, Co, Hf, Rb, Sb increased significantly during 

winter campaign. Rb, Sb, Zn showed a significant accumulation during summer. It may be 

concluded that sources with Rb and Sb are present the whole year. Br ratios were significantly 

different at the end of the two campaigns, with higher element accumulation during the winter 

season. 

Concerning the lichen samples, significant accumulation of the elements Ce, Co, Eu, Fe, Sb, 

Sm, Sc, and Zn during the summer campaign is observed. Sb shows a significant 

accumulation in both campaigns, indicating a Sb source the whole year as concluded above 

for bark. Zn in bark and lichens was behaving identically during summer. Sb and Zn are 

indicative sources of traffic (Nriagu 1989; Sternbeck et al. 2002; Almeida et al. 2009). 

Sodium concentrations showed a significant release during winter. Leaching of Na in lichens 

by rainfall is a known fact (Reis 2001; Reis et al. 2002). Between campaigns, there are 

significant differences in accumulation for the elements Ce, Fe, Sb, and Sc, with higher 

values during summer campaign; mostly they are soil-related and soil dust is more 

resuspended in summer than in winter. 
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Table 3.4.1 – Average (exposed/unexposed) concentration ratios in bark at the end of the winter and summer 

campaigns. Comparison between exposed and unexposed values (same campaign) and between campaign ratios. 

 Bark 

 Winter Summer Winter-Summer 

 N Aver Stdev P Z-test N Aver Stdev P Z-test P t-test 

Br 12 1.97 0.33 0.00 15 1.07 0.22 0.75 0.02 

Ce 12 3.15 1.25 0.08 15 2.90 1.34 0.16 0.83 

Co 12 5.27 1.92 0.03 15 2.30 0.88 0.14 0.07 

Cr 11 3.42 1.46 0.10 15 4.17 2.23 0.15 0.65 

Eu 12 0.67 0.32 0.31 15 2.40 1.38 0.31 0.10 

Fe 12 2.65 1.15 0.15 15 3.05 1.61 0.20 0.74 

Hf 12 4.20 1.52 0.04 15 3.27 2.23 0.31 0.58 

La 12 2.32 0.89 0.14 15 2.16 0.88 0.19 0.84 

Na 12 1.04 0.18 0.83 15 0.77 0.17 0.18 0.14 

Rb 9 2.43 0.66 0.03 14 3.01 0.92 0.03 0.42 

Sb 12 4.59 1.79 0.05 15 3.04 1.00 0.04 0.26 

Sc 12 3.59 1.56 0.10 15 3.06 1.82 0.26 0.72 

Sm 12 3.64 1.53 0.08 15 3.00 1.35 0.14 0.62 

Sr 11 1.47 0.31 0.13 14 2.04 1.00 0.30 0.40 

Zn 12 3.48 1.44 0.08 15 2.96 0.90 0.03 0.63 

Note: Values significantly different at 95% level (p value) are in bold. 

Table 3.4.2 - Average (exposed/unexposed) concentration ratios in lichen at the end of the winter and summer 

campaigns. Comparison between exposed and unexposed values (same campaign) and between campaign ratios. 

 Lichen 
 Winter Summer Winter-Summer 

 N Aver Stdev P Z-test N Aver Stdev P Z-test P t-test 

Br 14 0.70 0.16 0.06 15 0.84 0.23 0.47 0.44 
Ce 14 1.01 0.21 0.96 15 1.65 0.30 0.03 0.04 

Co 14 1.46 0.27 0.09 15 1.73 0.28 0.01 0.29 
Cr 14 0.88 0.35 0.74 15 1.25 0.28 0.38 0.23 

Eu 14 1.10 0.28 0.73 15 1.75 0.33 0.02 0.06 
Fe 14 1.46 0.30 0.12 15 2.33 0.41 0.00 0.04 

Hf 14 0.78 0.17 0.19 15 1.30 0.29 0.30 0.06 

La 14 0.80 0.16 0.22 15 1.20 0.25 0.41 0.08 
Na 14 0.66 0.14 0.01 15 0.72 0.16 0.08 0.64 

Rb 14 0.93 0.22 0.74 15 1.61 0.46 0.19 0.08 
Sb 14 3.39 0.93 0.01 15 7.22 1.38 0.00 0.02 

Sc 14 1.13 0.24 0.60 15 2.01 0.40 0.01 0.03 
Sm 14 1.12 0.24 0.63 15 1.74 0.37 0.05 0.07 

Sr 8 0.89 0.28 0.69 14 1.52 0.85 0.54 0.29 

Zn 14 3.55 5.50 0.64 15 2.93 0.33 0.00 0.85 
Note: Values significantly different at 95% level (p value) are in bold. 

To check whether there is a significant relationship between the element concentrations in 

exposed bark and lichen, Pearson’s correlation coefficients were calculated for both 

campaigns. The results are shown in Table 3.4.3. A positive and statistically significant 
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correlation between the concentrations of Ce, Eu, Fe, La, Na, Sm, during winter was found. 

These are essentially elements related to natural sources: soil and sea. During the summer 

campaign, none of the relationships were statistically significant, most probably due to the 

lichen damage during that season as demonstrated by the high conductivity values, as 

discussed above. 

Figures 3.4.3 and 3.4.4 show the concentrations of a few chemical elements in bark and lichen 

at the end of the campaigns. The first conclusion from visualisation is that bark accumulates 

more than lichen in absolute terms. In general, higher values of bark correspond to higher 

values of lichen. 

Figure 3.4.3 relates soil-related elements; their patterns are very similar indicating same 

source. Since they result from soil resuspension, it is expected that they are higher in summer 

than in winter and that they increase with the wind direction. This occurs more in bark than 

in lichen. 

Figure 3.4.4 shows the chemical elements related to traffic/industry and sea-spray. Bark was 

less sensitive to Na while lichen was less sensitive to Zn. The highest concentrations of Na 

are in NNE directions, related to winter directions. 

Table 3.4.3 - Calculated correlation (R) between element concentrations in exposed bark and lichen at the end of 

the campaigns. 

  Winter Summer 

  N R P value N R P value 

Br 12 0.19 0.56 14 0.10 0.74 

Ce 12 0.75 0.01 14 -0.20 0.49 

Co 12 -0.04 0.89 14 0.17 0.57 

Cr 11 0.48 0.14 14 0.28 0.34 

Eu 12 0.75 0.00 14 0.00 1.00 

Fe 12 0.61 0.03 14 0.14 0.64 

Hf 12 0.54 0.07 14 0.01 0.96 

La 12 0.76 0.00 14 -0.14 0.63 

Na 12 0.58 0.05 14 -0.12 0.69 

Rb 9 0.20 0.62 13 -0.19 0.55 

Sb 12 0.33 0.29 14 0.39 0.17 

Sc 12 0.56 0.06 14 0.15 0.61 

Sm 12 0.77 0.00 14 -0.16 0.57 

Sr 5 -0.08 0.90 12 0.09 0.79 

Zn 11 0.32 0.34 14 0.29 0.31 

Note: Significant correlations (p value) at 95% confidence level are given in bold 
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Figure 3.4.3 – Concentrations of Sc, Hf and Fe in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city. 
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Figure 3.4.3 – Concentrations of Sc, Hf and Fe in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city (continued). 
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Figure 3.4.3 – Concentrations of Sc, Hf and Fe in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city (continued). 
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Figure 3.4.4 – Concentrations of Na, Sb and Zn in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city. 
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Figure 3.4.4 – Concentrations of Na, Sb and Zn in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city (continued). 
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Figure 3.4.4 – Concentrations of Na, Sb and Zn in bark and lichens exposed during winter and summer campaigns, 

over the wind direction map of Lisbon city (continued). 
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3.5 Conclusions 

Electric conductivity measured in lichens give a spatial response in winter and not in summer. 

Bark and lichen responded similarly towards Sb and Zn availability, chemical elements 

related to traffic. There is an excellent correlation between exposed bark and lichen 

concentrations of natural sources at the end of the winter campaign. This is not observed in 

summer, neither other correlation, most probably due to lichen damage by lack of humidity 

and higher temperatures. The spatial distribution of elemental concentrations in bark presents 

more broadened ranges than the ones for lichens, showing that bark exposure in polluted 

urban areas might be more adequate than lichens to get responses. 
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4 Response of Exposed Bark and Exposed Lichen to 

an Urban Area 

Based on article of same title: 

Cruz AMJ, Freitas MC, Verburg TG, Canha, N, Wolterbeek HT 

Proc. Radiochim. Acta (2011) Vol.1, Issue 1: 363-369. 

DOI 10.1524/rcpr.2011.0064 

4.1 Abstract 

The aim of this study is to understand emission sources of chemical elements using 

biomonitoring as a tool. The selected lichen and bark were respectively Parmotrema bangii 

and Criptomeria japonica, sampled in the pollution-free atmosphere of Azores (Sao Miguel 

island), Portugal, and were exposed in the courtyards of 22 basic schools of Lisbon. The 

exposure was from January to May 2008 and from June to October 2008 (designated through 

the text as winter and summer respectively). The chemical element concentrations were 

determined by INAA. Conductivity of the lichen samples was measured. Monte Carlo Target 

Transformed Factor Analysis (MCTTFA) was applied to winter/summer bark/lichen exposed 

datasets. Arsenic emission sources, soil with anthropogenic contamination, a Se source, 

traffic, industry, and a sea contribution, were identified. In lichens, a physiological source 

based on the conductivity values was found. The spatial study showed contribution of sources 

to specific school positioning. Conductivity values were high in summer in locations as 

international Lisbon airport and downtown. Lisbon is spatially influenced by marine air mass 

transportation. It is concluded that one air sampler in Lisbon might be enough to define the 

emission sources under which they are influenced. 

4.2 Introduction 

Biomonitoring studies using lichens to measure their pollutant-specific response are 

commonly used to indicate geographical variances in trace-element air pollution because they 

depend mainly on the input of the atmospheric mineral nutrients (Marques 2008). Lichens 

could be advantageously used to apportion the distribution of element concentrations in big 

areas (Farinha et al. 2004b). A key lichen parameter is the lichen physiological vitality, 

sometimes analysed by determination of the lichen membrane permeability. Although there 

are several experimental procedures to test the impact of environmental pollution on lichen 

vitality, measuring either the conductivity or the K+ content of a leachate with an appropriate 

electrode is the easiest way of monitoring the membrane integrity (Marques et al. 2005). 

Electric conductivity of lichen was pointed out as the most sensitive parameter for its 

physiological response to environmental stress, when compared to the normalized difference 
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vegetation index and chlorophyll degradation. Bark has equally been used as biomonitor and 

a few publications confirm its good performance when compared to lichens (Chiarenzelli et 

al. 2001; Freitas et al. 2006a, b). 

The presence of chemical elements in biomonitors may depend on several inputs, namely 

from local and long-range air pollution, natural cycling processes (airborne sea-salt, volcanic 

sources, biogenic emissions from marine and terrestrial environments), throughfall/stemflow 

leaching from vascular plants into epiphytic organisms, and mineral particles, mainly wind-

blown soil dusts (Bargagli 1998; Rahn et al. 1999; Vieira et al. 2007; Pacheco et al. 2009). 

Epiphytic Parmotrema bangii was used in this study because it is an adequate choice for 

further lichen-based (Vieira et al. 2007, 2004, 2006). Cryptomeria japonica, the tree from 

where Parmotrema bangii was collected, is also an alternative to epiphytic lichens for air-

monitoring purposes as concluded in previous studies (Freitas et al. 2003; Pacheco et al. 

2008, 2009). Using these two biomonitors we aim to get answers to the following questions: 

1) how conductivity can be a measure of pollution through Lisbon city when compared to the 

elemental concentrations, 2) how bark compare with lichen, 3) which sources are visualized 

by the biomonitors, 4) how representative is a unique air sampler in Lisbon. 

4.3 Methodology 

Samples of the lichen species Parmotrema bangii were collected from Criptomeria japonica 

trunks (Japanese cedar trees) in São Miguel, in the Azores islands 

(N37º47'25,6'';W25º38'12,8''; elevation: 261 m), in January and May 2008. All bark and 

samples collected in January, and more than 50% of those collected in May, were from the 

same tree; these samples are designated in this study by unexposed lichen samples and 

unexposed bark samples, respectively. The periods between sampling in the Azores and 

exposure in Lisbon were 2 and 3 weeks, in winter and summer campaigns respectively. 

On arrival from Azores, the samples were distributed in 98 pieces of bark with the lichen 

over them. Ten of these pieces were kept in the laboratory, unexposed to Lisbon air pollution 

to estimate the baseline of bark and lichen samples, and they were immediately processed as 

explained below. The other pieces were exposed to Lisbon air pollution by suspending them 

with a nylon string from the trees of the courtyards of 22 elementary school in Lisbon (figure 

4.3.1), four replicates in each courtyard, in a total of 88 pieces. The pieces were exposed from 

January to May 2008 (designated by winter or winter campaign) and from June to October 

2008 (designated by summer or summer campaign), because it is known from other 

publications that air pollutants may be different and may have different sources in the 

considered periods (Almeida et al. 2005; Freitas et al. 2009a). At the end of the winter 

campaign, 41 lichen samples and 38 bark samples could be recovered from 14 schools; at the 



Chapter 4 – Behaviour of bark and lichen biomonitors in Lisbon 

65 

end of the summer campaign, 66 lichen samples and 60 bark samples could be recovered 

from 20 schools. 

 

Figure 4.3.1 – Location of the Lisbon schools where bark and lichens were exposed in winter and in summer 

campaigns. 

The unexposed and exposed lichens were separated from the exposed barks; both were 

cleaned from dust, leaf debris, fungus contamination and degraded material. Then they were 

rinsed three times for 5 s, in 18 MΩ water (Garty et al. 2001; Godinho, et al. 2004), freeze-

dried, and ground by vibration inside PTFE capsules under liquid nitrogen. Pellets of around 

250 mg were prepared. 

The chemical content was determined by Instrumental Neutron Activation Analysis (INAA). 

The pellets were irradiated during 5 h in the Portuguese Research Reactor (RPI) at a thermal 

neutron flux of about 3x1012 cm–2 s–1. Gamma-spectra of the irradiated samples were acquired 

with high-resolution hyperpure germanium detectors, after 4 days and 4 weeks. A comparator 

–an Al-0.1% Au disc–was irradiated together with the samples and measured for application 

of the k0-INAA methodology (De Corte et al. 1987; Freitas et al. 1989). More details of the 

analytical procedure may be found in (Vieira et al. 2004; Freitas et al. 2006a, b; Pacheco et 

al. 2009). 

Quality control was asserted by analysing 9 subsamples of the certified reference material 

IAEA-336 lichen following similar procedures to the ones described for the bark and lichen 

samples. 
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The electric conductivity was measured in unexposed and exposed lichens. The electric 

conductivity of the 18 MΩ water was measured before each lichen conductivity measurement 

– blank value. Lichen samples of about 100 mg, 24 h air dried material, were immersed in 10 

ml 18 MΩ water for 60 min following the procedure described in (Godinho et al. 2004), and 

the conductivity was measured with an electric conductivity meter (Mettler Toledo). All 

results were subtracted from the blank values. 

Meteorological data during the exposure periods were 73.4±15.1% (humidity) and 

14.0±3.2ºC (temperature) and 66.9±16.3% (humidity) and 20.2±3.5ºC (temperature for the 

winter and summer campaigns respectively. The temperature and the humidity values of the 

two campaigns are significantly different at 95% confidence level (P = 0.000). 

4.4 Results and Discussion 

The mean of the conductivity values obtained in the 10 unexposed samples was 0.14±0.12 

mS/m.g and 0.28±0.11 mSm-1.g-1 in winter and summer respectively. These values were of 

the order of magnitude of the ones obtained in (Godinho et al. 2004) in Flavoparmelia 

caperata collected at Tomar region (mainland Portugal), considered an unpolluted area. The 

lichen conductivity averages were higher during the summer than during the winter, as might 

be expected because of the warmth in summer (Freitas et al. 2004; Marques 2008). However, 

the difference was not statistically significant at 95% confidence level (P = 0.203). Therefore, 

it may be considered that the lichen vitality at the start of both campaigns was identical. The 

conductivity mean values after exposure were 0.071±0.025 mS/m.g and 0.32±0.17 mS/m.g, 

in winter and summer respectively. The averages were considered statistically different (P = 

0.000), meaning that the lichen vitality was influenced by the exposure as concluded before 

by other authors (Freitas et al. 2004; Godinho et al. 2004). 

Figure 4.4.1 shows the ratio of the mean values obtained in this work for the reference 

material IAEA-336 lichen and its certified values. Results are within ±22% of agreement 

with the certified values. Taking into account the uncertainties, all values are in good 

agreement, therefore the quality of the analytical procedure was assured. 

Table 4.4.1 shows the mean and its standard deviation of selected chemical elements 

determined by INAA in unexposed samples, and exposed samples in both campaigns. To 

check whether there are significant differences in the element concentrations between the 

campaigns, an unpaired Student´s t-test (independent samples) was conducted and the results 

are shown in Table 4.4.1, as well. 
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Figure 4.4.1 – Ratio between the mean of 9 replicates obtained in this work for IAEA-336 lichen reference 

material and its reported certified values. Ratio uncertainties include both the ones of the mean values and the 
certified values, and are at 95% confidence level. No informative or certified value is reported for Hf. 

In unexposed lichens, the ones coming from Azores island, statistically significant 

differences (95%) were found between the concentrations of Cr, Hf, La, and Na, obtained in 

summer and winter. These elements are usually soil-related; Na is also a marine component 

when there is close proximity of oceans (Nriagu et al. 1989; Almeida et al. 2009) which is 

the case. For all of them, the concentrations were higher in winter than summer, meaning 

larger uptake during winter. According to other publications (Almeida et al. 2005; Freitas et 

al. 2009a), the soil resuspension by traffic is higher in winter than summer. 

 

Table 4.4.1 - Chemical element’s mean concentration and standard deviation in unexposed and exposed (all 
schools as a set) bark and lichen samples, calculated for winter and summer campaigns. Statistical differentiation 

between summer and winter is presented by the P value, obtained using an unpaired Student’s t-test. Significant 

different concentrations at 95% confidence level are given in bold. 

 Unexposed 

 Bark Lichen 

 Winter Summer  Winter Summer  

Element Aver. St. Dev. Aver. St. Dev. P value Aver. St. Dev. Aver. St. Dev. P value 

Na 800 100 1086 31 0.009 1678 84 1310 110 0.010 

Sc 0.040 0.008 0.067 0.002 0.006 0.37 0.02 0.19 0.16 0.132 

Cr 0.40 0.07 0.50 0.08 0.186 6.0 0.4 3.0 1.2 0.016 

Fe 279 178 333 15 0.630 1089 54 642 562 0.243 

Co 0.05 0.04 0.125 0.007 0.038 0.34 0.02 0.27 0.07 0.204 

Zn 3.8 1.4 5.22 0.48 0.177 21.7 1.7 13 12 0.286 

Se 0.15 0.04 0.107 0.008 0.166 -- -- 0.4 0.1 -- 

Sb 0.04 0.04 0.067 0.004 0.351 0.08 0.03 0.03 0.03 0.067 

La 0.64 0.18 0.79 0.04 0.232 2.7 0.1 1.8 0.2 0.002 

Hf 0.021 0.008 0.043 0.003 0.010 0.38 0.05 0.20 0.01 0.004 

Tb 0.0100 0.0009 0.009 0.001 0.514 -- -- -- -- -- 

Yb 0.014 0.002 0.020 0.003 0.067 -- -- -- -- -- 
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Table 4.4.1 - Chemical element’s mean concentration and standard deviation in unexposed and exposed (all 
schools as a set) bark and lichen samples, calculated for winter and summer campaigns. Statistical differentiation 

between summer and winter is presented by the P value, obtained using an unpaired Student’s t-test. Significant 

different concentrations at 95% confidence level are given in bold (continued). 

Exposed 

 Bark Lichen 

 Winter Summer  Winter Summer  

Element Aver. St. Dev. Aver. St. Dev. P value Aver. St. Dev. Aver. St. Dev. P value 

Na 831 147 840 183 0.946 1100 231 941 208 0.720 

Sc 0.14 0.06 0.2 0.1 0.359 0.42 0.09 0.38 0.08 0.872 

Cr 1.4 0.6 2.1 1.1 0.030 5.3 2.1 3.8 0.8 0.048 

Fe 741 322 1020 536 0.342 1590 322 1490 260 0.875 

Co 0.26 0.09 0.3 0.1 0.675 0.49 0.09 0.46 0.07 0.398 

Zn 13.1 5.4 15.5 4.7 0.548 45 10 39.0 4.4 0.060 

Se 0.35 0.15 0.4 0.1 0.752 0.65 0.12 0.62 0.09 0.613 

Sb 0.20 0.08 0.21 0.07 0.834 0.28 0.08 0.19 0.04 0.031 

La 1.5 0.6 1.7 0.7 0.480 2.1 0.4 2.2 0.4 0.526 

Hf 0.09 0.03 0.14 0.10 0.128 0.30 0.06 0.27 0.06 0.712 

Tb 0.02 0.01 0.02 0.01 0.962 0.03 0.01 0.03 0.01 0.544 

Yb 0.04 0.02 0.05 0.02 0.627 0.08 0.02 0.07 0.02 0.832 

Furthermore, larger entrances of sea spray are observed during winter as compared to summer 

(Vieira, et al. 2004; Almeida et al. 2005). Selenium, Tb, and Yb in the unexposed bark 

samples were below the detection limit of INAA. Statistically significant differences (95%) 

of elements concentrations between summer and winter were found for Co, Hf, Na, Sc. The 

concentrations of Co and Sc were higher in summer than in winter, while the one of Hf was 

higher in winter than in summer (similar result to unexposed lichen); the Na concentrations 

in lichen were higher in summer than in winter while in bark it was the other way around. 

The different behaviour towards soil and sea-spray related elements indicates that the 

differences at the start of exposure, either for lichen or bark, must be taken into account in 

the discussion of the results of exposed samples. All the other elements were not statistically 

different in the two sampling periods. 

Table 4.4.2 shows the mean and standard deviation for the same set of chemical elements in 

exposed lichen and exposed bark during the campaigns. The latter showed significant 

differences (95%) between summer and winter for Cr with higher concentrations during 

summer. Since this element presented statistically identical values at exposure start, it may 

be concluded that Cr was uptaken in both winter and summer, and more during the latter–it 

is concluded that one Cr source influences Lisbon the whole year although with higher 

intensity during summer. The elements Co, Hf, Na, Sc whose concentrations in bark were 

different at the start, turned out equal at the end of the exposures. It is then concluded that 

these elements are in sources which influence Lisbon. As for the lichen samples, there were 



Chapter 4 – Behaviour of bark and lichen biomonitors in Lisbon 

69 

statistically significant differences (95%) between summer and winter campaigns in the 

concentrations of Cr and Sb, with lower levels during summer. A conclusion that can be taken 

here is that Cr is an element for which bark and lichen respond differently, since the Cr uptake 

in bark was higher in summer while in lichen was lower. Concerning Sb, related to traffic in 

Lisbon (Sternbeck et al. 2002; Almeida et al. 2009; Freitas et al. 2009a), it is expected that 

values are lower in summer because the traffic is drastically reduced due to the end of the 

school year (most of the parents use private cars as transport just because they need to take 

their children to school, otherwise they use public transportation) and the commuter summer 

vacation period (Freitas et al. 2009a). 

For lichen, ratios between averages in winter and summer were higher than unity (winter > 

summer) for Co, Cr, Fe, Hf, Na, Sb, Sc, Se, Tb, Yb, Zn. For bark, ratios larger than unity 

were not found in any of the elements, this is, most of the elements showed higher 

concentrations in summer. 

When the ratios (exposed/unexposed) are considered, a P z-score test applied to lichen results 

showed that statistically significant differences (95%) were found for Na (<1), Sb and Zn 

(both >1) in winter, and Co, Fe, Sb, Sc, Se, Zn (all >1) in summer. This means that 1) the 

lichen samples lost Na which is understandable because they came from a more enriched Na 

environment (one small island in the middle of North Atlantic Ocean); this release after 

accumulation was also observed in (Godinho et al. 2011) in an experiment where lichens 

were exposed to a polluted area and later to an unpolluted environment; 2) they uptook Sb 

and Zn from vehicles tiers wear out; 3) they uptook Co, Fe, Sc from soil particles and soil 

resuspension; 4) uptook Sb, Se, Zn from industrial areas (Freitas et al. 2005; Almeida et al. 

2007; Farinha et al. 2009a). If the ratios (exposed/unexposed) in winter and summer are 

compared (P t-test, 95%), only Fe, Sb, and Sc (all higher in summer than winter) are 

statistically different, maybe indicating Sahara dust (Almeida et al. 2005). 

For bark, statistically significant differences (P z-score test, 95%) between exposed and 

unexposed means were found for Co, Hf, Sb (all >1) in winter, and Sb, Se, and Zn (all >1) in 

summer. When summer and winter campaigns are compared, statistically significant 

differences (P t-test. 95%) were not found for any of the elements. Different responses of 

bark and lichen are therefore obtained, when the average of the values is considered. Similar 

differences were pointed out previously (Kuik et al. 1993; Farinha et al. 2009; Pacheco et al. 

2009). 

To check whether there is a significant relationship between the elemental concentrations in 

exposed bark and lichen, Pearson correlations were calculated for both campaigns (not 

shown). Positive and statistically significant correlations (95%) between the elemental 

concentrations of exposed lichen and exposed bark were found during winter for Fe (r = 0.61, 



Chapter 4 – Behaviour of bark and lichen biomonitors in Lisbon 

70 

p = 0.034), La (r = 0.76, p = 0.004), Na (r = 0.58, p = 0.048), and Yb (r = 0.74, p = 0.006)–

all might be considered natural source related (marine and soil), and no correlations were 

observed with the summer data. 

Pearson correlations were also calculated between conductivity determined in exposed lichen 

and its elemental concentrations. Only Tb (r = -0.56, p = 0.037) and Yb (r = -0.56, p = 0.040) 

determined in winter showed statistically significant correlations (95%). No explanation was 

found for the selective preference to these two elements. 

MCTTFA factor analysis was applied to winter and summer bark and lichen exposed 

datasets. The most significant element (the pilot element) in a factor is marked with P. 

MCTTFA (Kuik et al. 1993; Pacheco et al. 2004) approach consists of: 1) the data set is first 

transformed into standardized variables which are assumed to be a linear sum of factors 

(emission sources); 2) a unique contribution, specific for each individual sampling site is 

calculated depending of coefficients designated by loadings of the factors, representing the 

correlation of elements with factors, and of coefficients symbolizing the contribution of 

factors to samples; 3) the target transformation is an iterative method to satisfy the condition 

that the loadings should not contain negative values; 4) the uncertainties in the obtained 

loadings are estimated using a Monte Carlo approach. In order to choose the optimal number 

of factors for both bark and lichen, use was made of the number of factor identification 

conflicts (FIC) (Kuik et al. 1993; Pacheco et al. 2004). In case of bark an increase of FIC can 

be observed at 5 factors (data not shown). For lichen the FIC show a sharp rise at 6 factors. 

Therefore respectively 4 and 5 factors were chosen as the optimal number of factors to be 

used. 

The mean values contributions (%) to total element occurrence calculated for bark and lichen 

on both campaigns are presented in Table 4.4.2. With the bark dataset, 4 factors were 

obtained. Soil with some anthropogenic contamination (Co, Cr, Fe, Hf-pilot element, Na, La, 

Sb, Sc, Se) was identified by factor 1. Factor 2 indicates an anthropogenic source with Zn as 

pilot element, Sb, Co, and also soil-related Cr, Fe, Hf, La, Sc. These elements are associated 

with different sources namely coal combustion, cement production, incineration (Nriagu et 

al. 1989) and traffic (mainly tires and brakes’ wear out, rather than combustion processes) 

(Sternbeck et al. 2002). The association between Zn and Sb with vehicles and the importance 

of this source in the centre of Lisbon has been demonstrated before (Almeida et al. 2005; 

Freitas et al. 2009a). A Se source, containing also Co, Fe, Hf, La, Sb, Sc, was identified in 

Factor 3. In the north of Lisbon, Se contents 1000 higher in PM10 and PM2.5 were registered 

in 2001, compared with Se concentrations measured in other urban and industrialized areas 

of Portugal (0.5-1 ng/m3) (Freitas et al. 2005). Factor 4 represents the sea contribution, with 

high factor loading for Na (pilot element), and also Co, Fe, Hf, La, Sc, Se. 
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Table 4.4.2 - Mean values contributions (%) of the factors (obtained by MCTTFA) to total element occurrence 
calculated for bark and lichen in both campaigns. Elements with significant positive loadings are marked: + means 

95% < P < 99%, * means P > 99%. The most significant element (the pilot element) in a factor is marked with P. 

Bark 

 Factor 1 Factor 2 Factor 3 Factor 4 Total 

Na 0.03* 0.00 0.04+ 0.32P 0.39 

Sc 0.28* 0.25* 0.32* 0.32* 1.17 

Cr 0.27* 0.29* 0.00 0.00 0.56 

Fe 0.25* 0.30* 0.34* 0.23* 1.12 

Co 0.13* 0.48* 0.08* 0.22* 0.91 

Zn 0.00 0.84P 0.00 0.04 0.89 

Se 0.08* 0.00 0.54P 0.25* 0.87 

Sb 0.06* 0.59* 0.31* 0.00 0.97 

La 0.17* 0.13* 0.36* 0.08* 0.75 

Hf 0.33P 0.38* 0.14* 0.41* 1.26 

Lichen 

 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Total 

Na 0.55* 0.01 0.00 0.02 0.41P 0.98 

Sc 0.97* 0.04* 0.00 0.02+ 0.10* 1.13 

Cr 0.61* 0.51P 0.00 0.09+ 0.01 1.22 

Fe 0.88P 0.03* 0.00 0.05* 0.05* 1.01 

Co 0.58* 0.00 0.00 0.16* 0.01 0.75 

Zn 0.03 0.23* 0.00 0.00 0.05+ 0.31 

Se 0.55* 0.00 0.00 0.03+ 0.01 0.59 

Sb 0.00 0.21* 0.00 0.74P 0.11+ 1.05 

La 0.75* 0.00 0.00 0.05* 0.00 0.80 

Hf 1.03* 0.05* 0.00 0.00 0.13* 1.21 

Conductivity 0.00 0.00 1.00P 0.00 0.00 1.00 

Figure 4.4.2 shows the factor values calculated for bark for both winter and summer 

campaigns, by school site (C1…C22). No significant differences (using a paired Student’s t-

test, 95%) were found between campaigns. 

Figure 4.4.3 shows the factor values calculated for lichen for both winter and summer 

campaigns, by school site (L1…L22). A significant difference (using a paired Student’s t-

test) was found for factor 3 only with higher factor values in summer. When the circles which 

represent winter campaign values or the squares which represent summer campaign values 

are not shown, that means lost sample. 
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Figure 4.4.2 – Contribution of each sampling site to the Factors F1, F2, F3, F4 obtained by MCTTFA, using bark 

as biomonitor exposed in summer and winter periods. C1, …, C22 refer the bark samples exposed in Lisbon 
school sites 1, …, 22. 

Higher element contributions for Factor 1 (Figure 4.4.2) were by traffic from schools 7, 10, 

13, 14, and 19. Schools 7, 10, 13, and 14 are near the busy road Eixo Norte-Sul, which crosses 

Lisbon from north to south to distribute more efficiently the traffic through the city; school 

19 is near Avenida da Liberdade, the main via to downtown area. It was expected similarity 

between contributions of schools 18 and 19, because of their closeness but this was not 

observed, maybe due to specific school characteristics of the courtyards where bark was 

exposed. School 18 is inside a building, surrounded by compact buildings area (it is the only 

one with these characteristics among the studied ones). Factor 2 is similar for all studied area 

in winter and summer. Lisbon is then a large urban area with an anthropogenic source 

influencing the whole area. This may indicate traffic as the main source in Factor 2. School 

20 is a site with Se source identified in Factor 3. It is situated (see Figure 4.3.1) near an 

industrial area in the north of Lisbon. In this case, there is a local source with higher 

contribution in winter when the industrial sources are more active, thus emitting higher levels 

of Se. The schools with higher contribution to Factor 4 are the same as in Factor 1, also with 

higher contribution in summer than in winter. These schools are positioned from north to 

south (see Figure 4.3.1) and Na is carried in sea-spray brought by the northern winds 

(predominant direction in summer). With the lichen dataset (Table 4.4.2), the number of 

factors given by MCTTFA was 5, one more than for bark due to conductivity. Except for the 

physiological source, the factors given by lichen dataset do not differ from the ones by bark. 

Soil source was identified in Factor 1 which is associated to Fe – pilot element, Co, Cr, Hf, 

La, Na, Sc, Se; traffic was identified in Factor 2 which is associated with Cr – pilot element, 
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Fe, Hf, Sb, Sc, Zn. Conductivity, a physiological source, was identified in Factor 3. A Se 

source was identified in Factor 4, with Se as a pilot element, and Co, Fe, La. Factor 5 

represents the sea contribution, with Na as pilot element, and Fe, Hf, Sc. A significant 

difference (using a paired Student’s t-test, 95%) was found for factor 3 with higher factor 

values in summer. This result shows that lichens in summer presented less vitality (higher 

conductivity) than in winter. This may be due to the higher temperature and lower humidity 

(Marques et al. 2005), and probably not to air pollution. The most significant element 

contribution to Factor 1 (Figure 4.4.2) was Fe. Table 4.4.1 shows that Fe increased from 

summer to winter for both bark and lichen. Bark and lichen can absorb Fe in the same 

conditions (Pacheco et al. 2009). In soils with different Fe concentrations, lichen has the same 

Fe enrichment, whereas bark can take different Fe concentrations (Kuik et al. 1993). This 

explains why different bark locations present different Fe absorption and the same locations 

present the same Fe uptake by lichens. Pacheco et al. 2002 verified that bark and lichen 

absorbed Fe in the same conditions, and that there was a good correlation between Fe 

absorption by bark or by lichen. Godinho et al. 2011 observed elemental enrichments of 

factors during lichen exposure to contaminated areas and their loss during sequent exposure 

to clean areas. This explains Fe concentrations growth from the unexposed samples to 

exposed samples. The spatial distribution of schools shows that factor 2 is traffic 

contaminated soil resuspension School 1 (see Figure 4.3.1) is near 2ª Circular (the main 

internal Lisbon surrounding via) and also near an industrial area in the North of Lisbon. 

School 4 (see Figure 4.3.1) is near Avenida Infante D. Henrique (main road along the Tagus 

river) and the industrial area of the North of Lisbon. School 3 might have presented a 

differentiation too because it was located close to schools 1 and 4; however, this 

differentiation was not observed probably because school 3 is located away from the higher 

traffic roads and avenues, surrounded by buildings. Seasonal differentiation was observed 

with higher values in winter. The activity of factories and intensity of traffic on those roads 

is higher in winter leading to seasonal differentiation. Freitas et al. 2009b) verified that all 

the soil resuspension elements have higher levels in the atmosphere during the winter. The 

conductivity of exposed lichens was higher in schools 1 and 18 in summer. School 1 is near 

the international airport of Lisbon, therefore lichen conductivity is higher during summer 

probably due to the increased air traffic during this season. School 18 is located not far from 

downtown, surrounded by buildings, making it a confined space where chemical element 

concentrations and climatic conditions cannot vary much. Selenium (Factor 4) concentrations 

are higher in winter (see Table 4.4.2), increases from the unexposed to the exposed lichens 

and decreases from winter to summer (see Table 4.4.1). School 11 shows the highest 

contribution to Factor 4; it is close to Tagus river and the influence may be from south-

western winds which bring Se from the Atlantic Ocean. All the other schools present 

equivalent contributions which are most probably caused by the Se source at the northern 

industrial area (Freitas et al. 2005). 
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Figure 4.4.3 – Contribution of each sampling site to the Factors F1, F2, F3, F4 obtained by MCTTFA, using lichen 
as biomonitors exposed in summer and winter periods. L1, …, L22 refer the lichen samples exposed at Lisbon 

school sites 1, …, 22. 

4.5 Conclusions 

In this work we conclude that lichen conductivity can be a measure of different 

meteorological conditions but it was not demonstrated that it might be a measure of air 

pollution. Conductivity was found to be correlated with Tb and Yb in winter, very few 

elements to proof the good performance of conductivity vs the elemental concentrations. 

Bark and lichen, when averages were considered, had mostly different responses even 

sometimes reversed; however both gave the same information on emission sources in Lisbon. 

The visualized sources relate soil, traffic, Se source and sea spray; however they are not pure, 

they show contamination of the natural sources by the anthropogenic and the other way 

around. Considering the kind of study done, it can be said that one aerosol sampler in Lisbon 

might be enough to define the emission sources. 
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5.1 Abstract 

Ambient air pollution is recognised as one of the potential environmental risk factors causing 

health hazards to the exposed population, demonstrated in numerous previous studies. 

Several longitudinal, ecological and epidemiological studies have shown associations 

between outdoor levels of outdoor atmospheric pollutants and adverse health effects, 

especially associated with respiratory and cardiovascular hospital admissions (HA). The aim 

of this work is to assess the influence of atmospheric pollutants over the HA in Lisbon, by 

Ordinary Least Squares Linear Regression. The pollutants (CO, NO, NO2, SO2, O3, PM10 and 

PM2.5) were obtained from 13 monitoring stations of the Portuguese Environmental Agency, 

which provide hourly observations. Hospital admission data were collected from the Central 

Administration of the Health System (ACSS) and were compiled by age: < 15, 15-64, ≥ 64 

years old. The study period was 2006-2008. Results showed significant positive associations 

between: 1) the pollutants CO, NO, NO2, SO2, PM10 and PM2.5 and circulatory diseases for 

ages between 15 and 64 years (0.5% HA increase with 10 µg/m3 NO increase) and above 64 

years (1.0% stroke admission increase with 10 µg/m3 NO2 increase); 2) the pollutants CO, 

NO, NO2, SO2, PM10 and PM2.5 and respiratory diseases for ages below 15 years (up to 1.9% 

HA increase with 10 µg/m3 pollutant increase); 3) the pollutants NO, NO2 and SO2 and 

respiratory diseases for ages above 64 years (1.3% HA increase with 10 µg/m3 CO increase). 

5.2 Introduction 

Links between air pollution, especially atmospheric particles and sulphur dioxide (SO2), and 

the number of hospital admissions (HA) have been established in studies in North America 

(Burnett 1997; Lipfert 1997; Middleton et al. 2008; Pope et al. 2004, 2008; Roemer et al. 

1998; Zanobetti and Schwartz 2005; Wilson et al. 2004), South America (Lumley and 

Sheppard 2000; Roberts 2005), Asia (Cameron and Trivedi 1998; Luvsan et al. 2012), 

Australia (Hansen et al. 2012) and Europe (Almeida et al. 2014, Alves et al. 2010b, Freitas 

et al. 2010, Pablo Dávila et al. 2013, Pascal et al. 2013, Neuberger 2007 and Ayres-Sampaio 

et al. 2014). However, still many efforts to clarify pollution-health associations are necessary, 
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including the separation of the short-term and long-term health effects of individual air 

pollutants (AP) and those of complex pollutant mixtures. Additionally, more research is 

needed to infer specific regional links between air pollution and adverse health effects. As 

the composition of the air pollution mixture differs between locations, the health risks 

associated with the pollutant of interest may vary over time and space (Almeida et al. 2011; 

Shin et al. 2008). 

Recent studies, in Spain, demonstrate that the levels of the finest PM fractions are important 

risk factors for daily cardiovascular mortality (Maté et al. 2010; Pérez et al. 2012) and 

increase the number of HA (Linares and Díaz 2010; Linares et al. 2010). Including HA in 

studies related to the short term effects of air pollution on human health is particularly 

valuable since such studies may refer to large parts of the population and, consequently, 

constitute the most direct way of accessing the cardio-respiratory health burdens imposed by 

the complex air pollution mixtures to the exposed communities (Delfino et al. 2009). 

According to this assumption, a lot of remarkable studies have been conducted in order to 

define the association among one or more pollutants and the number of daily HA (Atkinson 

et al. 2001; Kan and Chen. 2004; Katsouyanni et al. 2001; Moshammer et al. 1987, 2006; 

Morawska et al. 2002; Neuberger et al. 2007, 2013). Apart from particulates, ozone (O3) and 

a wider range of pollutants, including monoxide carbon (CO), nitrogen dioxide (NO2) and 

SO2, play a very significant role in the public health decline (Katsouyanni et al. 1997; 

McConnell et al. 2002). Furthermore, most models only estimate the short-run impact of air 

pollution and do not account for the possibility that a high number of HA on a certain day 

might be followed by an off-setting reduction in the number of HA spread over the following 

weeks and months (Maddison 2005). Recognising the importance of this issue, some 

researchers (Schwartz 2000a, 2001; Zeger et al. 1999) have thought to provide what they 

refer as ‘harvesting resistant’ estimates of the health effects of air pollution. The approach 

adopted by Schwartz (2001) involves analysing the association between 15 day moving 

averages of air pollution and mortality counts and HA. Adopting an alternative approach, 

Zanobetti et al. (2002) used polynomial lags to explore the short-term mortality displacement 

issue. Based on the above remarks, it is obvious that the question of how to best aggregate 

exposure and health variables over time and estimate the unique effect of single pollutants 

remains an open issue, given that there is a lot of speculation about the suitability of the 

applied methodologies, or the special conditions of the urban area under study. 

Time-series analysis usually performed linear regression when data are normally distributed 

and, more recently, Poisson regression. Usually models include only one pollutant. 

Additional covariates denote, on the one hand, temporal patterns in diseases (long-term 

trends, seasonality and weekday trends) and, on the other hand, meteorological indicators 

and seasonal indicators (Smith et al. 2000). Most time-series studies use days as the units of 

comparison which is the minimum time period for which hospitalisation data are recorded. 
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Such data usually contains very low counts of health events, it is thus very noisy and it is 

necessary to adjust for weekly averages as well as consider potential lag effects. The daily 

data may consist of the actual daily values of health and pollution or some form of average 

over a number of days. Some studies have modelled single day health events with exposure 

averages over multiple days (Lipfert 1993; Lumley and Sheppard 2000; Roberts 2005; 

Sarmento et al. 2009; Smith et al. 2000) and a minority has modelled the health events also 

as averages over multiple days, while preserving the days as units of comparison (Schwartz 

2000a,b). 

Recent epidemiological studies have consistently shown positive associations between low-

level exposure to AP and health outcomes. In Portugal, very few studies have analysed the 

acute effect of AP on public health (Almeida et al. 2011, 2014; Alves et al. 2010b; Freitas et 

al. 2009a). In this study, an attempt is made to find the short-term associations between HA 

for diseases: all circulatory, cardiac, ischaemic heart, stroke, all respiratory diseases, asthma, 

and AP: CO, nitrogen monoxide-NO, NO2, SO2, O3, particles with aerodynamic equivalent 

diameter of 10 µm-PM10 and particles with aerodynamic equivalent diameter of 2.5 µm-

PM2.5, in the area of Lisbon, Portugal, for a three year period, from 2006 to 2008. 

5.3 Data 

Lisbon is the capital and largest city of Portugal, with a population of 564 657 within its 

administrative boundaries on a land area of 84.8 km2. Lisbon is the westernmost large city 

located in Europe, as well as the westernmost capital city and the only one along the Atlantic 

coast (Almeida et al. 2010). The urban area of Lisbon extends beyond the administrative city 

limits and this study includes the neighbour municipalities of Loures, Odivelas, Amadora, 

Oeiras and Cascais, with a total area of 448 km2 and a resident population of 1 378 868 

inhabitants (average over 2006-2008) (Figure 4.3.1). 

The industrial area includes textiles, chemicals, steel, oil, cement, sugar refining, 

shipbuilding, soap and flour production (Almeida et al. 2007, Almeida et al. 2013a; Farinha 

et al. 2004a). In the city, traffic is the main source of atmospheric pollution (Almeida et al. 

2009a, b). Due to the geographic position of Lisbon and to the dominant western wind 

regime, influenced by the presence of the semi-permanent Azores high-pressure and the 

Icelandic low-pressure systems over the North Atlantic Ocean, the expected high levels of 

pollutants are uncommon. The transport of maritime air mass is usually associated with 

cleaner air masses from the Atlantic Ocean and with better dispersion conditions of pollutants 

coming from the industrial areas (Almeida et al. 2013b). Nevertheless, under adverse 

meteorological conditions, low dispersion conditions and thermic inversions, high 

concentrations of AP can be registered. 
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In this study, the measuring stations to be considered are in municipalities whose population 

is served by the hospitals where the HA data were collected. 

 
Figure 5.3.1 – The studied area: spatial distribution of the main hospitals and air quality monitoring stations. 

5.3.1 Air Pollutants  

Data on regulated AP (CO, NO, NO2, SO2, O3, PM10 and PM2.5) were obtained for all the 

monitoring urban stations in the studied area: in Loures, Odivelas, Cascais and Oeiras one 

station each, in Amadora two stations and Lisbon seven stations. All the stations are 

considered as background (areas not directly influenced by traffic) stations except for the one 

in Odivelas, Cascais and three in Lisbon with intense traffic. This monitoring network is 

assumed to represent the exposure of the population served by the 13 hospitals from which 

health data were collected. 

The data, provided by the Portuguese Environmental Agency (QUALAR network), consisted 

of hourly measurements, over the years 2006-2008. Daily averages were calculated for each 

pollutant in each of the 13 monitoring stations following the recommendations of Directive 

2008/50/CE of 21 May 2008. Daily values were calculated as the 24 hour-average for SO2, 

PM10, and PM2.5, as the daily 1 hour-maximum for NO, NO2 and as 1 hour-maximum of octo-

hourly moving averages for CO and O3. Daily values were calculated only when at least 75% 

of the hourly values on a particular day were non-missing. 
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The daily values of each pollutant were then averaged over the 13 monitoring stations as a 

criteria to obtain a daily single value of AP which may represent a daily pollutant measure 

for the whole studied area. 

5.3.2 Hospital Admissions 

The HA database was provided by the Central Administration of the Health System (ACSS). 

It consists of daily counts of hospitals admissions, over the years 2006-2008 in 13 public 

hospitals, all in Lisbon municipalities (Figure 5.3.1). In HA database it was observed that 

hospital admission counts tend to be lower on weekends as compared to working days, as 

already concluded by Sarmento et al. (2009), suggesting that either weekend admissions are 

registered on Mondays only or patients wait for Monday to go to hospital if the symptoms 

are not so severe or the number of doctors in hospital is reduced during weekend and people 

may wait to Monday to be assisted. This is visible in Figure 5.3.2 which shows a HA week 

study for the diseases under study from 2006-2008. 

Daily HA database were aggregated by age group (< 15, 15-64,  64 years old). These age 

groups were adopted for consistency with former studies in Portugal (Sarmento et al. 2009 

and Almeida et al. 2014). The studied causes of HA classified according to the World Health 

Organisation’s International Statistical Classification of Diseases by the, 9th Revision (ICD-

9) and 10th Revision (ICD-10) endorsed by the Forty-third World Health Assembly in May 

1990, came into use in WHO Member States since 1994 (WHO 2014b): all circulatory (ICD-

9: 390-459; ICD-10: I00-I99), cardiac (ICD-9: 390-429; ICD-10: I30-I52), ischaemic heart 

(ICD-9: 410-414; ICD-10: I20-I25), stroke (ICD-9: 430-438; ICD-10: I60-I69); all 

respiratory (ICD-9: 460-519; ICD-10: J00-J99), asthma (ICD-9: 493; ICD-10: J45). 

 
Figure 5.3.2 - Weekly study of HA, for all diseases, from 2006 to 2008. 
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5.3.3 Methodology 

In an attempt to better understand the effect of the pollutants on HA for the different diseases, 

four different ways of aggregating atmospheric pollutants and hospital admission variables, 

were considered over time. Studies on human health effects usually use daily data; although, 

recent epidemiological studies have been using exposures in the form of moving averages, 

distributed lags or data aggregated over several days or even weeks (Schwartz 2000b; 

Sarmento et al. 2009). 

In this study, we followed the methodology applied by Sarmento et al. (2009) and Almeida 

et al. (2014). The AP and HA daily databases were joined in into one (DAY database-N 

equals 1096) and from it, we generated other three differently aggregated databases: 

WEEK (both AP an HA are expressed as 7-day averages). The number of observations is 

thus 7 times less than the number of observations in the DAY database (N reduced from 1096 

to 156); 

O&MA (HA are expressed with the original daily values, AP are expressed as a prior 7-day 

moving average, this is the seventh HA value connects with the average of the first seven AP 

values; the HA eighth value connects with the average of the AP seven values, from the 

second to the eight – moving average – from AP and so on. The number of observations is 

thus equal to the number of observations in the DAY database minus 6); 

MA&MA connects the average from the eight to the fourteenth HA values with the average 

from the first to the seventh AP value. The next value results from the average from the ninth 

to the fifteenth HA value with the average from the second to the eight AP value, and so on. 

The number of observations is thus equal to the number of observations in the DAY database 

minus 12. 

WEEK and MA&MA databases aimed to control the effect of weekday on HA, to mitigate 

the influence of potential peaks on the evaluation of associations, and to account for lagged 

health responses which was considered to be 7 days (Sarmento et al. 2009, Almeida et al. 

2014). 

Averages of 7 days were selected in agreement with Sarmento et al. (2009) and Almeida et 

al. (2014) because 7 days is still considered an acute time-scale for associations (WHO 1999; 

WHO 2006), and averages of 7 days in both AP and HA can adjust for biases arising from 

weekly fluctuations. 

To control the seasonal variability of AP data 12 dummy variables (one per month) were 

added. The dummy variables took either the zero value or the average value of the daily 

observations of each month (considering all the years). For instance, the dummy variable for 

January assumed the value of zero for all observations, except for January, for which the 

month averages were considered; the same applies for February, March and so on. 
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Weekend effects were over HA data were controlled, in models DAY and O&MA (not 

necessary in WEEK and MA&MA, because already week aggregated), by including a 

weekend dummy, zero on weekends and 1 on weekdays. 

Ordinary Least Squares Linear Regression (OLS) was applied to DAY, WEEK, O&MA and 

MA&MA databases and was performed with Excel 2007 and SPSS 17.0 software packages. 

In OLS, HA and AP were the dependent and independent variables, respectively. OLS was 

applied to be consistent with similar former studies in Portugal (Sarmento et al. 2009 and 

Almeida et al. 2014). 

Pearson correlation was applied to verify linearity of models following the requirements of 

OLS: 1) the normality of residuals was observed in these histograms; 2) the constant variance 

of residuals was checked using appropriate graph (scatter plot between standard and variable 

waste); 3) zero waste covariance was verified by the Durbin-Watson test. 

The associations obtained with OLS and Poisson regression for the WEEK database were 

compared. 

5.4 Results and Discussion 

All AP present a seasonal pattern with high winter levels and low summer levels, except O3 

(not shown). The summer higher values of O3 could be explained by the adequate weather 

conditions for its formation-sunlight, warm temperatures and high emission of precursor 

pollutants (nitrogen oxides and volatile organic compounds) lead to high levels of this 

atmospheric oxidant during the summer season (Karr et al. 2007; Alves et al. 2010b). 

The AP descriptive statistics is shown in Table 5.4.1. Comparing with the Europe Union air 

quality guidelines suggested in Directive 2008/50/EC, it is possible to verify that, over the 

period 2006-2008: 1) CO average annual concentration did not exceed the maximum daily 

8-h average (10 mg/m3); 2) NO2 and PM10 average annual concentrations exceeded the annual 

limit of 40 µg/m3; 3) SO2 concentrations were very low over the studied period as compared 

to the daily average legal value (125 µg/m3 – not to be exceeded more than 3 days per year); 

4) O3 concentrations were under the maximum of octo-hourly of 120 μg/m3 (not to be 

exceeded more than 25 days per year); 5) Daily averages of PM10 concentrations exceeded 

the limit value of 50 µg/m3 in 2006 (58 times) and 2007 (37 times), although PM10 

concentrations decreased to values under the daily limit established by the Directive; 6) PM2.5 

annual concentrations were under the annual limit established by the Directive (25 µg/m3). 

Comparing AP descriptive statistics with Alves et al. (2010b) in 1999-2004 for the same area, 

all AP decreased, except O3 and NO2; the standard deviations were in the same order of 

magnitude. Average and median values are similar indicating a reasonable normality of the 

data. Histograms are included in the Table 5.4.1. Differences between minima and maxima 

are quite large, as it is expected in AP values; consequently, standard deviations are high too. 
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Table 5.4.1 also shows the statistical values for winter and summer. Only summer and winter 

are shown because these seasons have the extreme climacteric conditions considering 

temperature and humidity. The seasonality is evident. 

Statistics for the daily HA in the studied area is presented in Table 5.4.2. Except for asthma, 

higher values were recorded for people ≥ 64 than for < 64 years old. For asthma, annual HA 

do not appear to vary much with age. Averages and medians are mostly different for 

circulatory and cardiac diseases, which show bimodal histograms. For these diseases, either 

there are very low HA values or very high HA values. This may already give an indication 

of high associations with AP peaks. Stroke and respiratory diseases are also bimodal but not 

so sharp as the previous ones. Ischaemic heart and asthma diseases may be considered 

normal. Table 5.4.2 also shows the statistical values for winter and summer. Seasonal 

variation appears to be evident. 

Table 5.4.3 shows the associations that were significant (p<0.05) at least for one model 

(DAY, WEEK, O&MA, MA&MA) after applying OLS, as well as their semi-elasticity, 

expressed in % of variation in HA per 10 µg/m3 increase in the atmospheric pollutants. They 

are 37 out of a total of 126 (6 HA × 3 age-groups × 7 AP) associations. It was observed that 

statistical significance and semi-elasticity were highly sensitive to the study design issues 

defined by the four models. 

According to Lipfert (1993, 1997), the semi-elasticity at the average of both atmospheric 

pollutant and hospital admission was calculated from the risk difference provided by the 

slope of the linear regression. The use of the semi-elasticity makes it easier to compare our 

results, obtained from a linear model, with those obtained from time-series studies using 

Poisson (Cameron and Trivedi 1998) and log-linear models, which use the Risk Ratio as the 

measure of effect. 

Comparing the results of OLS and Poisson for the WEEK database, we obtained similar 

results even considering that OLS get more associations than the Poisson regression. For 

instance, the increase of 10 µg/m3 in Lisbon of the PM10 was associated with an increase in 

circulatory diseases, for 15-64 years of the 0.6 % with OLS while Poisson was 1% and an 

increase in cardiac diseases, for 15-64 years, 0.7% and 1%, respectively. The increase of 10 

µg/m3 of the PM2.5 was associated with an increase in stroke diseases, over 64 years, is 

respectively 0.9% and 0.6% and an increase in cardiac diseases, for 15-64 years of the 0.6% 

and 0.3 %, respectively. Sarmento et al. (2009) has already concluded the same for O&MA 

and MA&MA databases. 

Comparing the models applied, more numerous statistically significant associations with 

MA&MA were observed, followed by the DAY models, decreasing to about half in WEEK 

and O&MA models. The fact that the WEEK model yields a lower number of significant 
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associations can simply be due to a much smaller number of observations (N = 156) than in 

all other models (N around 1096). 

The results in Table 5.4.3 indicate positive significant associations: 1) between CO, NO, NO2, 

SO2, PM10, PM2.5 and respiratory diseases for ages below 15 years; 2) CO and stroke and 

ischaemic above 64 years; NO and cardiac, circulatory, and ischaemic diseases for ages 

between 15 and 64 years; 3) cardiac, stroke, circulatory, ischaemic and respiratory above 64 

years; NO2 and ischaemic diseases for ages between 15 and 64 years and stroke, circulatory 

and respiratory diseases above 64 years; 4) SO2 and cardiac, circulatory and ischaemic 

diseases ages between 15 and 64 years and stroke, circulatory, ischaemic and respiratory 

diseases above 64 years; 5) PM10 and cardiac, stroke, circulatory and ischaemic diseases for 

ages between 15 and 64 years and stroke and ischaemic diseases above 64 years; 6) PM2.5 

and cardiac and circulatory diseases for ages between 15 and 64 years and stroke and 

ischaemic diseases above 64 years. 

The most relevant results (p = 0.000 and highest E(%)) in Lisbon were obtained in MA&MA 

model, in which the increase of 10 µg/m3 in NO2 and PM10 concentrations was associated 

with an increase in HA of about 1.9% due to respiratory causes, for individuals under 15 

years. 

The association between NO and HA due to respiratory diseases for individuals under 15 

years was significant for all applied models. Results showed that an increase of 10 µg/m3 in 

this pollutant concentration is associated with an increase in HA of 1.2%, 1.8%, 1.8% and 

0.9%, for the different models. This shows that roughly 1 to 2% effect might be supported. 

The significance of the associations between other AP and HA due to the different diseases 

depends of the applied model. 

Wong et al. (2002) used Poisson regression to compare HA and air quality between Hong 

Kong and London. They found that respiratory admissions (≥ 64 years of age) were related 

to NO2 and SO2 in both cities. Significant associations were also found between PM10 and 

SO2 for cardiac admissions. Wilson et al. (2004) concluded that air pollution has significant 

and remarkably similar effects in both cities, regardless of differences in social, lifestyle and 

environmental factors, suggesting that the association is casual. 

In Valencia (Spain), Ballester et al. 2001shown a rise in SO2 levels of 10 µg/m3 was 

significantly associated with an increment of 3.0% and 3.6% in the expected number of all 

cardiovascular and heart diseases admissions, respectively. A similar increase in NO2 was 

associated with an increment of 3.6% in the expected number of admissions for stroke 

diseases. 

Alves et al. (2010b) found that, in Lisbon, the risk for circulatory diseases increased by 0.8%, 

0.5% and 2.2% per 10 µg/m3 increase in NO2 for the under 15, 15-64 and over 64 age groups, 
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respectively. A 10 µg/m3 increase in the same atmospheric pollutant, increases the risk due 

to respiratory diseases for the < 15 and ≥ 64 age groups by 1.2% and 2.0%, respectively. The 

results obtained in Lisbon are in the same range of values reported by other studies carried 

out in the US and Europe. The association between PM10 and PM2.5 and the HA due to stroke 

and ischaemic diseases for individuals over 64 years was significant for all models. Results 

showed that an increase of 10 µg/m3 in PM10 is associated with an increase in that typology 

of HA between 0.7% and 1.0% for stroke and from 0.4% to 1.0% for ischaemic diseases; the 

same increment in PM2.5 is associated with an increase of that typology of HA that ranged 

between 0.3% and 0.9% for stroke and between 0.2% and 0.8% for ischaemic diseases. 

The studies reviewed here encompass a variety of methodologies to investigate the short-

term impact of atmospheric pollutants and public health. Each of the studies reported a 

significant association with at least one atmospheric pollutant. For respiratory admissions, 

Schwartz (1997) summarised a selection of US studies and reported increases in respiratory 

admissions of 1.3% for 10 µg/m3 increases in PM10. In 26 US communities, and for a 10 

µg/m3 increase in PM2.5 concentration, Zanobetti et al. (2009) found an increase of 2.07% in 

respiratory admissions. The United States Environmental Protection (US EPA) reviewed the 

evidence for health effects of particles, including admission time-series studies, and tabulated 

results from a large number of works. The US EPA reports that particle effects ranged from 

approximately 1% to 5% for 10 µg/m3 increases (Chapman et al. 1996). Results obtained for 

8 European cities within the APHEA project showed an increase in respiratory admissions 

of 0.9% for 10 µg/m3 increases in PM10, for individuals over 64 years (Atkinson et al. 2001). 

Wellenius et al. (2006) found in six US cities that a 10 µg/m3 increase in PM10 was associated 

with an increase of 0.72% in HA due to cardiac diseases. In Hong Kong, Hong et al. (2013) 

obtained, for an increase of 10 µg/m3 in PM2.5 levels, an increase of 1.86% in HA due to 

circulatory diseases. 

In Lisbon, no significant correlations between PM10 and HA due to respiratory diseases for 

individuals between 15 and 64 years and over 64 years was found in this study; in Setúbal 

(Almeida et al. 2014), the increase of 10 µg/m3 in PM10 was associated with an increase in 

HA of 1.6% for respiratory diseases for individuals under 15 years as observed in our study 

by the WEEK model. Our results point out 1.6 to 2.1%, for 10 µg/m3 increases of PM10 and 

1.3 to 1.6% for 10 µg/m3 increases of PM2.5. These increases are for below 15 years only (the 

significant one). 
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Table 5.4.1 - Summary statistics of AP daily average concentrations (µg/m3) for the period 2006-2008. 

Pollutant Year Average Median SD Min. Max. Histogram 

CO 

2006 522.82 420.55 303.29 213.64 2229.93 

 

winter/summer station 796.24 363.93 728.06 328.56 360.51 151.67 269.05 213.64 2229.93 1305.45 

2007 516.16 419.29 294.48 184.63 1688.17 

winter/summer station 810.30 311.36 744.37 288.01 328.92 83.05 309.62 184.63 1688.17 717.04 

2008 449.86 373.02 245.21 170.51 1549.73 

winter/summer station 677.46 282.03 635.17 267.80 277.53 62.00 274.66 170.51 1549.73 484.48 

2006-2008 496.24 401.78 283.79 170.51 2229.93 

winter/summer station 761.10 319.11 707.22 294.23 328.58 111.08 269.05 170.51 2229.93 1305.45 

NO 

2006 78.61 51.57 69.38 6.83 351.57 

 

winter/summer station 134.57 39.75 113.00 30.06 83.58 27.94 19.95 6.83 351.57 140.54 

2007 80.05 50.78 71.34 10.67 346.49 

winter/summer station 138.62 38.62 122.14 31.54 84.01 27.42 12.84 10.67 346.49 197.20 

2008 66.62 40.58 63.30 7.98 367.67 

winter/summer station 115.78 27.31 98.48 24.83 77.91 13.79 12.82 7.98 367.67 101.19 

2006-2008 75.08 46.40 68.29 6.83 367.67 

winter/summer station 129.62 35.22 112.85 28.55 82.25 24.55 12.82 6.83 367.67 197.20 

NO2 

2006 70.17 68.94 28.32 17.72 158.22 

 

winter/summer station 90.02 56.12 91.37 46.35 23.91 28.06 38.19 17.72 158.22 153.71 

2007 73.87 72.25 30.75 18.28 194.60 

winter/summer station 93.17 50.93 90.79 46.62 26.71 23.66 25.81 18.28 194.60 153.62 

2008 67.49 66.18 28.94 14.67 148.29 

winter/summer station 89.44 44.24 87.74 38.35 24.47 18.88 31.62 14.67 148.29 104.99 

2006-2008 70.51 69.32 29.44 14.67 194.60 

winter/summer station 90.87 50.43 90.67 42.50 25.04 24.26 25.81 14.67 194.60 153.71 

SO2 

2006 2.46 2.01 1.81 0.09 20.26 

 

winter/summer station 2.97 2.30 2.80 1.98 2.32 1.51 0.09 0.41 20.26 6.80 

2007 2.09 1.72 1.40 0.21 8.26 

winter/summer station 2.64 1.77 2.28 1.44 1.64 1.37 0.21 0.35 8.06 8.26 

2008 1.23 0.99 0.92 0.15 5.39 

winter/summer station 1.67 0.85 1.36 0.71 1.12 0.57 0.35 0.15 5.34 4.35 

2006-2008 1.93 1.48 1.51 0.09 20.26 

winter/summer station 2.42 1.64 1.94 1.12 1.84 1.36 0.09 0.15 20.26 8.26 

In histograms, x represents the daily averages AP concentrations and y their frequencies. SD: mean standard deviation. 
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Table 5.4.1 - Summary statistics of AP daily average concentrations (µg/m3) for the period 2006-2008 (continued). 

Pollutant Year Average Median SD Min. Max. Histogram 

O3 

2006 68.93 67.06 27.04 13.63 181.19 

 

winter/summer station 47.92 88.30 49.63 80.67 17.18 27.79 15.43 36.58 85.57 181.19 

2007 70.20 70.85 24.56 10.74 145.62 

winter/summer station 45.78 81.29 43.60 78.31 17.58 18.88 10.74 45.60 83.84 145.62 

2008 69.15 68.25 21.64 12.19 153.09 

winter/summer station 49.79 80.70 52.97 77.28 13.89 20.89 12.19 39.28 80.12 153.09 

2006-2008 69.43 68.30 24.49 10.74 181.19 

winter/summer station 47.84 83.43 49.57 78.37 16.33 23.04 10.74 36.58 85.57 181.19 

PM10 

2006 34.87 30.98 16.50 10.72 106.55 

 

winter/summer station 39.25 34.69 35.44 28.61 15.43 19.91 13.01 10.72 86.67 106.55 

2007 32.69 30.50 13.80 10.02 107.77 

winter/summer station 39.30 25.96 38.18 24.78 17.06 9.16 11.80 10.02 107.77 57.11 

2008 26.78 24.26 10.62 9.98 81.97 

winter/summer station 31.24 22.58 27.96 20.67 13.00 7.81 13.59 9.98 81.97 50.55 

2006-2008 31.44 27.90 14.25 9.98 107.77 

winter/summer station 36.58 27.74 32.90 24.20 15.67 14.34 11.80 9.98 107.77 106.55 

PM2.5 

2006 16.13 12.60 10.40 2.66 62.13 

 

winter/summer station 21.44 15.04 19.03 12.60 11.85 9.95 5.71 2.66 62.13 46.45 

2007 16.09 13.62 10.19 3.05 72.14 

winter/summer station 22.02 10.83 19.51 8.64 12.62 6.19 5.25 3.05 72.14 35.78 

2008 11.89 9.67 7.17 2.96 49.65 

winter/summer station 16.02 8.82 14.04 7.29 8.83 4.46 4.88 2.96 49.65 23.51 

2006-2008 14.70 11.79 9.57 2.66 72.14 

winter/summer station 19.82 11.56 16.83 8.85 11.51 7.67 4.88 2.66 72.14 46.45 

In histograms, x represents the daily averages AP concentrations and y their frequencies. SD: mean standard deviation. 
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Table 5.4.2 - Summary statistics of daily HA values for the period 2006-2008. 

 

  

Disease Age Year Count. Average Med. SD Min. Max. Histogram 

A
ll

 C
ir

cu
la

to
ry

 

all 

ages 

2006-2008 37622 11.44 6 13.72 0 75 

 

winter/summer 83 59 0.23 0.16 0 0 0.92 0.40 0 0 13 2 

< 15 
2006-2008 186 0.17 0 0.41 0 2 

winter/summer 61 59 0.17 0.16 0 0 0.42 0.40 0 0 2 2 

15-64 
2006-2008 9580 8.74 9 5.60 0 30 

winter/summer 3285 3059 9.10 8.29 9 9 6.01 5.16 0 0 28 23 

≥ 64 

2006-2008 27856 25.42 28 14.27 1 75 

winter/summer 

10026 8762 27.77 23.75 31 26 15.42 13.25 1 2 74 54 

C
a
rd

ia
c 

all 

ages 

2006-2008 23314 7.09 4 8.67 0 50 

 

winter/summer 49 38 0.13 0.10 0 0 0.67 0.32 0 0 10 2 

< 15 
2006-2008 115 0.10 0 0.32 0 2 

winter/summer 33 38 0.09 0.10 0 0 0.29 0.32 0 0 1 2 

15-64 
2006-2008 5902 5.39 5 3.67 0 21 

winter/summer 2080 1844 9.10 8.29 9 9 6.01 5.16 0 0 28 23 

≥ 64 

2006-2008 17297 15.78 17 9.21 0 50 

winter/summer 

6300 5381 17.45 14.58 18 15 10.03 8.35 0 0 48 34 

Is
ch

a
em

ic
 H

ea
rt

 

all 

ages 

2006-2008 12610 3.84 3 3.72 0 25 

 

winter/summer 545 464 1.50 1.26 1 1 1.45 1.25 0 0 7 6 

< 15 
2006-2008 1456 1.33 1 1.33 0 8 

winter/summer 535 464 1.48 1.26 1 1 1.44 1.25 0 0 7 6 

15-64 
2006-2008 3818 3.48 3 2.59 0 17 

winter/summer 1406 1160 3.89 3.14 4 3 2.83 2.36 0 0 17 11 

≥ 64 

2006-2008 7336 6.69 6 4.29 0 25 

winter/summer 

2756 2199 7.63 5.96 7 6 4.81 3.68 0 0 25 23 

S
tr

o
k

e 

all 

ages 

2006-2008 11477 3.49 1 4.62 0 27 

 

winter/summer 16 7 0.04 0.02 0 0 0.25 0.14 0 0 3 1 

< 15 
2006-2008 31 0.03 0 0.17 0 2 

winter/summer 12 7 0.03 0.02 0 0 0.19 0.14 0 0 2 1 

15-64 
2006-2008 2741 2.50 2 2.12 0 11 

winter/summer 919 921 2.55 2.50 2 2 2.22 2.01 0 0 9 9 

≥ 64 

2006-2008 8705 7.94 8 5.18 0 27 

winter/summer 

3097 2795 8.58 7.57 9 8 5.58 4.92 0 0 27 22 

A
ll

 R
es

p
ir

a
to

ry
 

all 

ages 

2006-2008 26180 7.96 5 8.65 0 55 

 

winter/summer 1778 667 4.88 1.81 4 1 3.50 1.67 0 0 18 9 

< 15 
2006-2008 3366 3.07 2 2.88 0 18 

winter/summer 1764 667 4.89 1.81 4 1 3.50 1.67 0 0 18 9 

15-64 
2006-2008 5734 5.23 5 4.10 0 24 

winter/summer 2327 1611 6.45 4.37 6 4 4.69 3.41 0 0 24 17 

≥ 64 

2006-2008 17080 15.58 15 10.48 0 55 

winter/summer 

7037 4569 19.49 12.38 19 13 12.42 7.45 0 0 54 31 



Chapter 5 – Atmospheric pollutants (AP) and hospital admissions (HA) aggregations 

88 

Table 5.4.2 - Summary statistics of daily HA values for the period 2006-2008 (continued). 

Disease Age  Year Count. Average Med SD Min. Max. Histogram 

A
st

h
m

a
 

all 

ages 

 
2006-2008 1046 0.32 0 0.63 0 4 

 

 
winter/summer 139 68 0.38 0.18 0 0 0.61 0.45 0 0 3 2 

< 15 

 
2006-2008 326 0.30 0 0.55 0 3 

 
winter/summer 139 68 0.39 0.18 0 0 0.61 0.45 0 0 3 2 

15-64 

 
2006-2008 430 0.39 0 0.69 0 4 

 
winter/summer 182 112 0.50 0.30 0 0 0.78 0.62 0 0 4 4 

≥ 64 

 
2006-2008 290 0.26 0 0.54 0 3 

 

winter/summer 

136 67 0.38 0.18 0 0 0.65 0.44 0 0 3 2 

In histograms, x represents HA values and y their frequencies. SD: mean standard deviation. 
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Table 5.4.3 - Statistically significant (p<0.05) positive relationships between AP and HA, at least in one of the four 
models (DAY, WEEK, O&MA, MA&MA). 

   DAY WEEK O&MA MA&MA DAY WEEK O&MA MA&MA 

Pollutant Disease Age p(B) E (%)* 

CO 

Stroke ≥ 64 - 0.045 - 0.000  0.919 - 0.940 

Ischaemic ≥ 64 - - 0.044 0.023 - - 1.167 0.450 

Respiratory < 15 - 0.031 0.003 0.000 - 2.104 2.390 1.311 

NO 

Cardiac 
15-64 0.006 - - - 0.639 - - - 

≥ 64 0.013 - - - 0.414 - - - 

Stroke ≥ 64 0.045 - 0.017 0.000 0.407 - 0.878 0.674 

Circulatory 
15-64 0.020    0.469 - - - 

≥ 64 0.011  0.045 0.000 0.377 - 0.543 0.277 

Ischaemic 
15-64 0.016 - - 0.009 0.655 - - 0.463 

≥ 64 0.026 - - 0.029 0.483 - - 0.291 

Respiratory 
< 15 0.000 0.007 0.001 0.000 1.264 1.756 1.786 0.924 

≥ 64 0.050 - - 0.010 0.361 - - 0.309 

NO2 

Stroke ≥ 64 0.016 - - 0.000 1.007 - - 0.862 

Circulatory ≥ 64 0.005 - - - 0.861 - - - 

Ischaemic 15-64 0.000 - - - 2.031 - - - 

Respiratory 
< 15 0.006 0.014 0.006 0.000 1.728 2.860 2.713 1.945 

≥ 64 0.006 - - 0.000 1.037 - - 0.847 

SO2 

Cardiac 15-64 0.019 - - 0.046 0.538 - - 0.212 

Stroke ≥ 64 0.037 0.010 - 0.000 0.416 0.607 - 0.428 

Circulatory 
15-64 - - - 0.000 - - - 0.320 

≥ 64 - 0.028 - - - 0.341 - - 

Ischaemic 15-64 0.017 0.016 0.002 0.000 0.638 0.918 1.174 0.881 

Ischaemic ≥ 64 0.006 0.002 0.001 0.000 0.580 0.878 0.964 0.639 

Respiratory 
< 15 0.002 0.002 0.003 0.000 0.900 1.557 1.267 0.913 

≥ 64    0.001 - - - 0.300 

PM10 

Cardiac 15-64 0.019 - - 0.009 0.877 - - 0.454 

Stroke 
15-64 - - - 0.002 - - - 0.769 

≥ 64 0.014 0.008 0.021 0.000 0.792 1.043 1.076 0.761 

Circulatory 15-64 0.047   0.000 0.640 - - 0.597 

Ischaemic 
15-64 0.002 0.021 0.044 0.009 1.374 1.478 1.264 0.582 

≥ 64 0.005 0.016 0.030 0.021 0.964 1.152 1.073 0.388 

Respiratory < 15 - 0.046 0.003 0.000 - 1.687 2.077 1.922 

PM2.5 

Cardiac 15-64 - - - 0.018 - - - 0.307 

Stroke ≥ 64 - 0.003 0.009 0.000 - 0.861 0.912 0.706 

Circulatory 15-64 - - - 0.006 - - - 0.308 

Ischaemic ≥ 64 - 0.019 - 0.043 - 0.833 - 0.255 

Respiratory < 15 - 0.039 0.002 0.000 - 1.291 1.585 1.195 

This table shows the statistical significance of the association (p) and semi-elasticity (E) in %. 

*(For each 10 µg/m3 of AP a certain % of HA changes). 
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5.5 Conclusions 

In this study, we have studied potential AP and HA associations in Lisbon urban area, from 

2006 to 2008. AP values in this study presented higher values during winter than in summer, 

except O3 which was the other way around; these are expected observations. Only NO2 and 

PM10 exceeded the annual limit as given by Directive 2008/50/EC of European Union. AP 

averaged over the stations present normality in all cases; HA averaged over the hospitals are 

bimodal for the studied diseases, except asthma. 

Four models were applied using OLS, following previous studies, considering the databases 

day AP-day HA, day AP-week HA, week AP-day HA and week AP-week HA. The later was 

the one leading to a larger number of significant associations. The increase of HA with the 

increase of 10 µg/m3 in AP, given by the different models, are of the same order of 

magnitude; however the week-week models gave in general lower values, most probably due 

to the smoothing of both AP and HA data. The increases go up to 3%, considering all the 

models. It may be concluded that any of the models can be adopted, because they lead to 

similar conclusions. However, since the week-week models produces a larger number of 

associations might be suggested the use of this one. 

Three ranges of age were studied: < 15, between 15 and 64, ≥ 64. 

For < 15, all models showed significant associations between respiratory diseases and all AP 

except the day-day model for PM10 and PM2.5. For this age range, no more associations were 

found between AP and the other studied diseases. For the other age ranges, associations 

depended of the disease and the pollutant. 

For ≥ 64, similar associations as for other authors were found between respiratory diseases 

and NO2, SO2 and PM10. This age range is sensitive to all diseases associated with almost all 

pollutants. For stroke, 1% increase when NO2 increase of 10 µg/m3 was found in this work: 

other authors pointed out 3.6%. No association between PM10 and respiratory disease was 

observed, as other authors have found. 

For individuals between 15 and 64, HA due to cardiac, stroke, circulatory and ischaemic 

diseases are associated to most of the pollutants. No association was found between 

respiratory disease HA and AP. Also no association was found between NO2 and HA by 

circulatory diseases as pointed out by other authors as 0.5% increase in HA when the 

pollutant increase 10 µg/m3; this value was obtained in this work with NO. 

The followed methodology was validated by comparison, with comparison of some data with 

Poisson regression, and it was sustained by previous publications. 
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6 COM-Poisson Regression Applied to Hospital 

Admissions (Cardiac and Respiratory Diseases), 

Air pollutants and Meteorological Data in Lisbon 

Based on article of same title: 

Cruz AMJ, Scotto MG, Alves C, Freitas MC, Wolterbeek HT 

Submitted to Environ Sci. Pollut. Res., January 2016. 

6.1 Abstract 

Air pollutants are recognised as one of the potential environmental risk factors causing health 

hazards to the exposed population. This study aims to investigate associations between 

hospital admissions, air pollutants and meteorological data in Lisbon (Portugal), focusing on 

weekly databases, between 2006 and 2008. Hospital admissions of cardiac diseases, 

circulatory and respiratory diseases, aggregated into 3 age classes (<15; 15-64; >64 years 

old) were the responses. Air pollutants (CO, NO, NO2, SO2, O3, PM10 and PM2.5) and 

meteorological data (temperature and relative humidity) were the predictors variables. Since 

data exhibit under-dispersion, the Conway-Maxwell-Poisson distribution (COM-Poisson) 

was used to estimate the magnitude of the association between hospital admission counts, air 

pollutant concentrations and temperature and relative humidity. The most relevant statistical 

significant associations were obtained between: 1) circulatory diseases, in adults, and PM10, 

temperature and humidity simultaneously present in the atmosphere; 2) cardiac diseases, in 

adults, and PM10, temperature and humidity simultaneously present in the atmosphere; 3) 

ischaemic diseases, in elderly people, and PM10, temperature and humidity simultaneously 

present in the atmosphere; 4) respiratory diseases in elderly people, and PM10, PM2.5 and 

temperature simultaneously present in the atmosphere; 5) circulatory diseases in adults and 

PM10, PM2.5 and temperature simultaneously present in the atmosphere; 6) ischaemic 

diseases, in adults and PM10, PM2.5 and temperature simultaneously present in the 

atmosphere. 

6.2 Introduction 

Air pollution has been studied for many years because it poses a health risk in many regions 

worldwide, including developed countries (Ballester et al. 2006). Interest in this phenomenon 

is reflected by the high number of studies in several regions. Epidemiological studies, have 

consistently shown positive associations between hospital admissions and atmospheric 

particulate matter (particles with aerodynamic equivalent diameter of 10 and 2.5 µm-PM10 

and PM2.5, respectively), a wide range of other pollutants, including carbon monoxide (CO), 
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nitrogen oxide (NO), nitrogen dioxide (NO2) and sulphur dioxide (SO2), and weather 

conditions (temperature and relative humidity) in different continents: North America 

(Burnett 1997; Lipfert 1997; Middleton et al. 2008; Pope et al. 2004, 2008; Rodopoulou et 

al. 2014; Roemer et al. 1998; Wilson et al. 2004; Zanobetti and Schwartz 2005), South 

America (Lumley and Sheppard 2000; Roberts 2005), Asia (Cameron and Trivedi 1998; 

Hosseinpoor et al. 2005; Katsouyanni et al. 1997; Lin et al. 2013; Luvsan et al. 2012; 

McConnell et al. 2002; Qiu et al. 2013; Yu et al. 2013; Tao et al. 2014; Yang et al. 2015), 

Australia (Chen et al. 2007; Hansen et al. 2012) and Europe (Almeida et al. 2014; Alves et 

al. 2010b; Ayres-Sampaio et al. 2014, Freitas et al. 2010; Kalantzi et al. 2011; Linares and 

Díaz 2009, 2010; Neuberger 2007; Pablo Dávila et al. 2013; Pascal et al. 2013; Perez et al. 

2012). 

In Portugal, however, very few studies have assessed the acute effect of air pollutants on 

public health (Almeida et al. 2013a, 2014; Alves et al. 2010b; Cruz et al. 2014, Freitas et al. 

2009a; Sarmento et al. 2009; Vasconcelos et al. 2013). Both ambient air pollution and 

extreme temperatures are risk hazards for human health (Barnett 2007; Kan et al. 2008; Qian 

et al.; 2008, Romieu et al.; 2012, Tong et al.; 2012; Yang et al.; 2012). It is widely accepted 

that effects of air pollution and temperature on mortality may confound each other (Qian et 

al. 2008; Romieu et al. 2012; Wu et al. 2013; Yang et al. 2012). Studies examining acute 

health endpoints have reported the simultaneous effects of both weather variables and air 

pollutants on health. Ren et al. (2006) found that airborne particles significantly modified the 

effects of air temperature on respiratory and cardiovascular hospital admissions in Brisbane, 

Australia.  

Li et al. (2011) used time-series analysis to explore the modification effects of temperature 

on the association between PM10 and the cause-specific mortality for cardiovascular, 

respiratory, cardiopulmonary, stroke and ischemic heart diseases, as well as non-accidental 

mortality in Tianjin between 2007 and 2009. Results showed that the PM10 effects were 

stronger on high temperature level days than that on low temperature level days. This 

suggests that the modifying effects of the temperature should be considered when analysing 

health impacts of ambient PM10. Vasconcelos et al. (2013) investigated the effects of air 

temperature on acute myocardial infarction morbidity in the two most populated areas in 

Portugal (Oporto and Lisbon) and concluded that cold weather is associated with an increased 

risk of hospitalisations. These results demonstrated that cold weather is an important 

environmental hazard in Portugal, where low temperatures are generally under-rated 

compared to high temperatures during summer periods drawing attention to the negative 

effect that exposure to cold weather during winter can have on human health. 

Including hospital admissions in studies related to the short term effects of air pollution on 

human health is particularly valuable since such studies may refer to large parts of the 
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population even though, only a small portion of population is admitted to hospital; this 

criterion constitutes the most direct way of accessing the cardio-respiratory health burdens 

imposed by the complex air pollution mixtures to the exposed communities (Delfino et al. 

2009). According to this assumption, a lot of remarkable studies have been conducted in 

order to define the association between one or more pollutants and the number of daily 

hospital admissions (Atkinson et al. 2001; Kan and Chen 2004; Katsouyanni et al. 2001; 

Moshammer et al. 1987, 2006; Morawska et al. 2002, Neuberger et al. 2007, 2013). 

Multiple Poisson regression models constitute one of most widely used statistical techniques 

for analysing associations between hospital admissions and air pollutants. This is a powerful 

tool is since the relationships between the responses and the predictors are a straight-line, 

polynomial, or exponential. In many applications, however, the reliance on a defined 

mathematical function is difficult. Many phenomena do not have a relationship that can be 

easily defined (Terzi and Cengiz 2009). Real data are often over-or under-dispersed and, thus 

not conducive to Poisson regression. To tackle this problem, a regression model based on the 

Conway-Maxwell-Poisson (COM-Poisson) distribution provides a more suitable framework 

(Sellers and Shmueli 2010). 

Most time-series studies use days as the units of comparison, which is the minimum time 

period for which hospitalisation data are recorded. Some studies have modelled single day 

health events with exposure averages over multiple days (Lipfert 1993; Lumley and Sheppard 

2000; Roberts 2005; Sarmento et al. 2009; Smith et al. 2000) and a minority has modelled 

the health events also as averages over multiple days, while preserving the days as units of 

comparison (Schwartz 2000a,b). This study used weekly database because it has been 

previously found that this temporal cycle is the one leading to a larger number of significant 

associations (Cruz et al. 2014). 

Usually models include only one pollutant. Investigating multivariate relationships will 

enhance our understanding of the interaction between pollutants, as well as the human health 

effects related to these complex mixtures. Additional covariates denote, on the one hand, 

temporal patterns in diseases (long-term trends, seasonality and weekly trends) and, on the 

other hand, meteorological indicators and seasonal indicators (Chen et al. 2007; Katsouyanni 

1996, 2001; Samet et al. 1997; Smith et al. 2000; Walters et al. 1994). 

To elucidate the association between air pollutants and health effects on people attending 

emergency rooms in hospitals from Lisbon, from 2006 to 2008, a Conway-Maxwell-Poisson 

distribution (COM-Poisson) analysis was applied to weekly databases. Responses were all 

circulatory, cardiac, ischaemic heart, stroke and all respiratory diseases by three age groups 

(<15, 15-64; >64 years old). Air pollutants and meteorological variables, CO, NO, NO2, SO2, 

O3, PM10, PM2.5, temperature and relative humidity, were the predictors. This innovative 
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work will contribute to bridge a gap in what concerns simultaneous multiple associations 

between environmental parameters and health outcomes in a country where the scarcity of 

studies is still evident. 

6.3 Data 

6.3.1 Description of Study Area 

Lisbon is the westernmost large city located in Europe, as well as the westernmost capital 

city and the only one along the Atlantic coast (Almeida et al. 2013b). The studied urban area 

of Lisbon, with a total area of 448 km2, has a resident population of 1 378 868 inhabitants 

(average over 2006-2008) (Figure 6.3.1). In the city, traffic is the main source of atmospheric 

pollution (Almeida et al. 2009a,b). Industries includes textiles, chemicals, steel, oil, cement, 

sugar refining, shipbuilding, soap and flour production (Almeida et al. 2007, 2013a; Farinha 

et al. 2004a). Due to the geographic position of Lisbon and to the dominant western wind 

regime, influenced by the presence of the semi-permanent Azores high-pressure and the 

Icelandic low-pressure systems over the North Atlantic Ocean, the expected high levels of 

pollutants are uncommon. The transport of maritime air mass is usually associated with 

cleaner air masses from the Atlantic Ocean and with better dispersion conditions of pollutants 

coming from the industrial areas (Almeida et al. 2013b). Nevertheless, high concentrations 

of air pollutants (AP) can be registered under adverse meteorological conditions, low 

dispersion and thermic inversions. The monitoring stations to be considered in this study are 

in municipalities whose population is served by the health units where the hospital 

admissions data (HA) were collected. Information on the municipalities and resident 

population was obtained from the National Institute of Statistics of Portugal (INE). 

 
Figure 6.3.1 – Spatial distribution of the main hospitals and air quality monitoring stations. 
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6.3.2 Hospital Admissions 

The Central Administration of the Health System (ACSS) provided the HA databases, which 

consist of daily counts of hospital admissions, from 2006 to 2008, in 13 public hospitals from 

Lisbon (Figure 6.3.1). HA were arranged according to the World Health Organisation’s 

International Statistical Classification of Diseases (9th and 10th Revisions, ICD-9 and ICD-

10, respectively) endorsed by the Forty-third World Health Assembly in May 1990, which 

came into use in WHO Member States since 1994 (WHO 2014b): circulatory (ICD-9: 390-

459; ICD-10: I00-I99), cardiac (ICD-9: 390-429; ICD-10: I30-I52), ischaemic heart (ICD-9: 

410-414; ICD-10: I20-I25), stroke (ICD-9: 430-438; ICD-10: I60-I69) and all respiratory 

(ICD-9: 460-519; ICD-10: J00-J99) diseases. 

HA weekly databases were rounded to unit values to maintain counts for dependent variables. 

The criterion used in HA weekly databases has been used in former studies in Portugal 

(Almeida et al. 2014; Cruz et al. 2014; Sarmento et al. 2009). It consists in aggregating HA 

by age group (<15, 15-64, >64 years old). Sarmento et al. (2009) and Cruz et al. (2014) 

analysed the seasonal trends in the HA daily databases, during the period under study, and 

associated these trends with weather conditions. It was also observed that HA tend to be 

lower on weekends as compared to working days, suggesting that: 1) weekend health 

outcomes are only registered on Mondays, 2) patients wait for Monday to go to hospital if 

the symptoms are not so severe, or 3) the number of doctors in hospitals is reduced during 

weekend and people may wait to Monday to be assisted. 

6.3.3 Air Pollutants 

The AP concentrations (CO, NO, NO2, SO2, O3, PM10 and PM2.5) (in µg/m3) were obtained 

from 13 monitoring urban stations in the studied area of the Portuguese Environmental 

Agency (QualAr network). Three are considered background monitoring stations and the 

remaining are classified as urban, influenced by traffic. This monitoring network is assumed 

to represent the exposure of the population served by the 13 hospitals from which health data 

were collected. From the hourly data, daily averages were calculated for each pollutant in 

each of the 13 monitoring stations following the recommendations of the European 

Commission (Directive 2008/50/CE). Daily values were calculated as the 24 hour-average 

for SO2, PM10, and PM2.5, as the daily 1 hour-maximum for NO, NO2 and as 1 hour-maximum 

of octo-hourly moving averages for CO and O3. The condition to choose the monitoring 

station data to this study was that at least 75% of the hourly values on a particular day were 

non-missing. The COM-Poisson regression was applied using the weekly average of the 13 

monitoring stations of each AP. 
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6.3.4 Meteorological data 

The temperature (in degree Celsius) and relative humidity (in percentage) were downloaded 

from weather archive data (http://meteo.infospace.ru) from Lisboa/Gago Coutinho station, 

which provide hourly observations. Data from this meteorological station are widely used as 

representative of the entire metropolitan area. The hourly database was converted to a weekly 

database. 

6.4 Methodology 

6.4.1 Databases 

Epidemiological studies have been using exposures in the form of moving averages, 

distributed lags or data aggregated over several days or even weeks (Schwartz 2000b; 

Sarmento et al. 2009). 

In an attempt to better understand the effect of AP, temperature and relative humidity on HA 

for the cardiac, circulatory and respiratory diseases organised in three age groups, averages 

of 7 days were selected in agreement with Sarmento et al. (2009), Almeida et al. (2014) and 

Cruz et al. (2014), for the period from 2006 to 2008. Seven days is still considered an acute 

time-scale for associations (WHO 1999; WHO 2006). Averages of 7 days of both AP and 

HA can adjust for biases arising from weekly fluctuations, to mitigate the influence of 

potential peaks on the evaluation of associations, and to account for lagged health responses 

and autocorrelation at frequencies ≤ 7 days (part of their variability may be noise) (Sarmento 

et al. 2009, Cruz et al. 2014). HA weekly database were rounded to unit values. The diagnoses 

with only zero or one counts were excluded from this study: circulatory, cardiac, stroke and 

asthma in people under 15 years old; asthma in people between 15 and 64 years and elder 

than 64 years old. 

The averages of temperature and relative humidity were included in the model to adjust for 

the potential nonlinear confounding effects of weather conditions (Chen 2012). To smooth 

the temperature as confounder, HA, AP and meteorological databases were aggregated in 

winter and summer databases (N = 51 and N = 52, respectively), for the period of study. The 

winter database corresponds to months with temperatures lower than 16ºC, while the summer 

database includes months with temperatures higher than 16ºC. For each database only months 

with over 75% readings were considered. The winter database comprises November, 

December, January and February and to summer database encompasses May, June, July and 

August. 

Recorded variables usually present different unities, scales and ranges (Table 6.4.1). 
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Table 6.4.1 – Descriptive statistics for the variables. 

 PM10 PM2.5 SO2 NO NO2 CO O3 Temp. Humid. 

Min. 15 5 0.4 19 27 218 23 7 43 

1st Qu. 25 9 1 36 54 331 55 13 66 

Median 29 13 2 59 72 412 70 16 73 

Mean 31 15 2 75 70 495 70 16 73 

3rd Qu. 36 18 2 100 84 606 85 19 80 

Max. 73 46 7 225 150 1243 154 27 90 

Range 58 41 6 206 122 1026 131 20 47 

IC_0.05 11 9 1 64 30 276 30 7 13 

%IC 20 34 35 55 21 34 22 22 9 

In order to allow proper assessment of variable interdependencies and avoid suppressing their 

magnitude, any eventual distortion or scale effects, an initial transformation of sample i (1≤ 

i ≤,151) of variable j (1≤ j ≤,9), 
𝑖𝑗

, was performed for all i, j, using the transform 𝑥𝑖𝑗 =

𝑖𝑗−𝑚𝑗.

𝑀𝑗.−𝑚𝑗.
 , where 𝑥𝑖𝑗  is the value of 

𝑖𝑗
 scaled to the [0,1] interval and 𝑀𝑗. and 𝑚𝑗. are 

maximum and minimum values of the j-th variable, respectively. 

6.4.2 Modelling Approach 

Associations between HA and AP and meteorological data were performed with a generalised 

linear model (GLM) following the Conway-Maxwell-Poisson (COM-Poisson) distribution. 

HA are the dependent variables, whilst AP and meteorological data are both covariates. 

Scaled weekly mean data during 2006-2008 were performed. 

Usually, data used in these studies, present overdispersion (Alves et al. 2010b), but in the 

case of the present matrix, the variance of counts was less than the mean (under-dispersion) 

in all cases, except respiratory diseases, elderly. COM-Poisson distribution is used for 

modelling count data and presents useful, flexible and elegant characteristics in dealing with 

over or under-dispersion (Shmueli et al. 2005; Kadane et al. 2006; Guikema and Coffelt 

2008). This method is a two-parameter generalisation of the Poisson distribution that also 

includes, in special cases, the geometric distribution and in limit cases, the Bernoulli 

distribution. 

The COM-Poisson probability distribution function is given by: 

𝑃(𝑌 = 𝑦) =
𝜆𝑦

(𝑦!)𝑣𝑍(𝜆,𝑣)
 𝑦 = 0,1,2, … . ;  𝜆 > 0; 𝑣 ≥ 0[Equation 6.4-1] 

for a random variable Y, where 𝑍(𝜆, 𝑣) = ∑ 𝜆𝑠/(𝑠!)𝑣∞
𝑠=0  is a normalising constant; 𝜆 is a 

centering parameter and  is the dispersion parameter such that 𝑣 > 1 indicates under-

dispersion and 𝑣 < 1 indicates over dispersion. 
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Approximations for the first two central moments of the COM-Poisson distribution can be 

used (McCullagh and Nelder 1997; Shmueli et al. 2005): 

𝐸[𝑌] ≈ 𝜆1/𝜈 +
1

2𝜈
−

1

2
 and 𝑉𝑎𝑟[𝑌] ≈

1

𝜈
𝜆1/𝜈[Equation 6.4-2] 

These approximations must be used with caution since, in particular, they may not be accurate 

for 𝑣 > 1 or for 𝜆1/𝑣 < 10  (Shmueli et al. 2005). 

GLM models the relation between a response variable Y and a set of regressors X. In GLMs 

the dependence of the mean,  𝐸(𝑌), on the regressors is of the linear type 

𝑔(𝐸(𝑌)) = 𝛽0 + 𝛽1𝑋1 +  … + 𝛽𝑝𝑋𝑝[Equation 6.4-3] 

where g(𝐸(𝑌) ) is a known link function. 

The COM-Poisson regression model was developed from an ordinary Poisson regression, 

which can be viewed as a special case of a loglinear model taking the form of a Poisson 

regression (McCullagh and Nelder 1997). In this case the link function is log(𝜆), and, 

therefore, the model specializes into 

𝑙𝑜𝑔(𝜆) = 𝛽0 + 𝛽1𝑋1 + … +  𝛽𝑝𝑋𝑝[Equation 6.4-4] 

In this study the GLM model was used to explain the ocurrence of diseases caused by a 

combination of pollutants and atmospheric conditions. It was applied for all COM-Poisson 

distributions, except for Circ <15; Card >15, Str <15, Ast <15, Ast 15-64 and Ast >64, 

because these series almost only have 0 and 1 counts. 

Relative risk (RR) was calculated from simply division of the COM-Poisson coefficients by 

ν. This of a crude comparison reasonable to approach because E (Yν) = λ (Sellers and 

Shmueli 2010). In the COM-Poisson regression case, it is not use the first approach that 

compares conditional means directly, because the relationship between the conditional mean 

and the predictors is neither additive nor multiplicative and coefficients from a COM-Poisson 

regression model are on a different scale than those from an ordinary Poisson model. 

6.5 Results and Discussion 

6.5.1 Hospital Admissions 

As expected, the number of emergency room visits for people older than 64 years old was 

significantly higher than for the other age groups (Figure 6.5.1). Seasonality can be observed 

with higher number of admissions during the winter. A long term trend across the years could 

not be observed, so it is enough to control fluctuations associated with seasons and day of the 

week. 
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HA averaged over the hospitals are bimodal for the studied diseases. During weekends the 

HA counts decreased (Cruz et al. 2014). 

 

Figure 6.5.1 – Time trend of Hospital Admissions (HA). 

6.5.2  Air Pollutants 

The time series of AP weekly concentrations is shown in Figure 6.5.2. CO, NO and NO2 

present a seasonal pattern with high winter and low summer levels, except O3 that presents 

an antagonistic behaviour. The summer higher values of O3 could be explained by the 

adequate weather conditions for its formation. Sunlight, warm temperatures and high 

emission of precursor pollutants (nitrogen oxides and volatile organic compounds) lead to 

high levels of this atmospheric oxidant during the summer season (Alves et al. 2010b; Karr 

et al. 2007). PM10, PM2.5 and SO2 present smoothie seasonality. SO2 showed lower 
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concentrations than other AP, with a mean of 2.42 µg/m3 in winter and a lower value of 1.64 

µg/m3 in summer. 

 

Figure 6.5.2 – Air pollutants (AP) time-trend. 

6.5.3 Meteorological Data 

The time series of meteorological hourly data (Figure 6.5.3) shows, as expected, higher 

temperature values in summer than in winter, as well as higher relative humidity in winter 

and more fluctuations in summer. The average temperature (minimum-maximum) and 
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humidity (minimum-maximum) for winter and summer periods of hourly data were 11.84ºC 

(-0.10ºC to 24. 0ºC) and 20.0ºC (9.60ºC to 40, 0ºC), 78.5% (28.0% to 100%) and 20.0% 

(9.60% to 40.0%), respectively. 

 

Figure 6.5.3 - Time trend of Meteorological (temperature and relative humidity) daily database. 

6.5.4 COM-POISSON Regression 

The results of the approach of COM-Poisson are shown in Table 6.5.1. 

Respiratory diseases in all ages present statistical significant associations simultaneously 

with PM10 and temperature. The same association was founded in circulatory and cardiac 

diseases, in elderly people and just ischaemic diseases, in adults. 

Concerning circulatory and cardiac diseases in adults, statistical significant associations with 

PM10 temperature and humidity at the same time in atmosphere were observed, as well 

ischaemic diseases in elderly people. 

Humidity was only statistically correlated with ischaemic diseases, in childhood and stroke 

diseases in elderly people seems to be only correlated with temperature. When temperature 

was presented in a model, their coefficient () were always negative, these means that when 

increase temperature, the hospital admissions declined significantly. 

In Cruz et al. (2014) also presented positive statistical significant associations between PM10 

and respiratory in children, circulatory, cardiac and ischaemic diseases, in adults, although, 

with ischaemic diseases in elderly people. 
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Table 6.5.1 – Statistical significant relationships between HA and covariates AP and meteorological data obtained 

from COM-Poisson distribution. 

 Dispersion Coefficient () Standard error 

< 15 years old - Respiratory diseases 

Intercept  5.60 0.83 

x(PM10)  4.37 1.51 

x(Temp)  -6.65 0.89 

 3.45  0.40 

15-64 years old - Respiratory diseases 

Intercept  9.48 1.18 

x(PM10)  4.17 1.34 

x(Temp)  -4.53 0.66 

 4.41  0.51 

> 64 years old - Respiratory diseases 

Intercept  5.07 0.61 

x(PM10)  1.87 0.50 

x(Temp)  -1.77 0.25 

 1.67  0.19 

15-64 years old - Circulatory diseases 

Intercept  9.99 1.20 

x(PM10)  2.74 1.04 

x(Temp)  -1.04 0.36 

x(Humid)  0.86 0.38 

 4.68  0.53 

> 64 years old - Circulatory diseases 

Intercept  13.65 1.57 

x(PM10)  1.16 0.57 

x(Temp)  -1.65 0.26 

 4.07  0.46 

15-64 years old - Cardiac diseases 

Intercept  8.53 1.10 

x(PM10)  3.03 1.36 

x(Temp)  -1.34 0.47 

x(Humid)  1.19 0.51 

 5.20  0.60 
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Table 6.5.1 – Statistical significant relationships between HA and covariates AP and meteorological data obtained 

from COM-Poisson distribution (continued). 

 Dispersion Coefficient () Standard error 

> 64 years old - Cardiac diseases 

Intercept  12.06 1.40 

x(PM10)  1.38 0.73 

x(Temp)  -2.11 0.34 

 4.12  0.47 

< 15 years old - Ischaemic diseases 

Intercept  1.99 1.17 

x(Humid)  2.64 1.12 

 7.29  0.90 

15-64 years old - Ischaemic diseases 

Intercept  7.71 1.08 

x(PM10)  4.80 1.71 

x(Temp)  -2.63 0.63 

 5.41  0.62 

> 64 Years old - Ischaemic diseases 

Intercept  9.23 1.15 

x(PM10)  2.78 1.20 

x(Temp)  -2.06 0.45 

x(Humid)  0.98 0.44 

 4.87  0.56 

> 64 Years old - Stroke diseases 

Intercept  14.69 1.74 

x(Temp)  -1.57 0.46 

 6.82  0.78 
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6.6 Conclusions 

In this study, statistical significant associations between hospital admissions and air 

pollutants and meteorological data of a Lisbon (Portugal) were obtained through the 

application of COM-Poisson regression. Results show relevant associations between 

circulatory, cardiac and ischaemic diseases, in adults and respiratory and ischaemic diseases 

in elderly people, and, jointly, particulate matter and weather variables. 

Europe has achieved great improvements in air quality over recent decades, but much more 

remains to be done. The described associations add that air pollution, even at low levels, and 

weather conditions promote cardiac, circulatory and respiratory diseases in exposed people. 

These results suggest that it is still necessary to invest in strategies and awareness to reduce 

levels of atmospheric pollutants in densely populated urban and industrial areas, to improve 

exposed people’s health. 

Further studies involving the same approach in other areas with high population density areas 

(e.g. Oporto) are warranted. 
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7 General Discussion 

This thesis presents several studies that characterise the outdoor air quality in Portugal and 

Islands, bark and lichen biomonitoring in Lisbon and the association between air pollutants 

(AP) and hospital admissions (HA) in this city, between 2006 and 2008. 

Throughout the monitoring period, legal limits were sometimes surpassed, in urban areas 

with industrial and traffic influence, indicating the need to adopt additional mitigation 

measures. Methodological approaches comprised mining techniques, wavelets and data 

clustering. The results suggest that the reclassification of some monitoring stations of 

atmospheric pollutants in Portugal is probably required. 

Statistical techniques were used such as Ordinary Least Square Linear Regression (OLS) and 

Conway-Maxwell-Poisson distribution (COM–Poisson), which demonstrated significant 

associations between AP and HA, for both children and elderly people. 

Lichens and barks were shown to be good biomonitors, as they allowed the identification of 

chemical elements and their sources in vast and dense areas. 

7.1 Overview 

Chapter 1 presents the thesis scheme, a brief introduction to air pollutants and a general 

overview and spatial distribution of PM10, PM2.5, NO2 and O3 in Portugal (mainland and 

islands). The spatial and temporal variability of PM concentrations need to be carefully 

studied to understand  possibilities for mitigation measures. The PM spatial distribution was 

also assessed in more detail in Lisbon, because this metropolitan area is the focus of chapters 

5 and 6, in which correlations between air pollution and emergency room admissions have 

been established. 

Chapter 2 provides a comparative analysis of the air quality in Portugal, focused on PM10 and 

PM2.5, using a wavelet based approach. The most relevant conclusion of the study is the 

suggestion of a reclassification of one traffic station in the Oporto metropolitan area that was 

grouped with a suburban/industrial station of central Portugal, considering the type of 

environmental influence. The PM source-clustering  suggest both source-combined impact 

at stations, and that more effort may be necessary  to clarify source-specific contributions 

(also shown in Chapter 3). 

Chapter 3 focused on the set-up of a spatial mapping of chemical elements in the atmosphere 

using biomonitoring as a tool. The selected lichen and bark were Parmotrema bangii and 

Criptomeria japonica respectively, sampled in the pollution-free Azores (Sao Miguel island), 
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Portugal, which were then exposed in the courtyards of 22 basic schools of Lisbon. The 

exposure period was from January to May 2008 and from June to October 2008 (indicated 

throughout the text as winter and summer, respectively). The chemical element 

concentrations were determined by Instrumental Neutron Activation Analysis (INAA). The 

conductivity of the lichen samples was measured to assess stress effects. Monte Carlo Target 

Transformed Factor Analysis (MCTTFA) was applied to winter/summer bark/lichen  

datasets.  Emission sources that were identified comprised soil with anthropogenic 

contamination, a Se source, traffic, industry, and a sea contribution. In lichens, a 

physiological factor was recognised. The spatial study showed variable contributions of 

sources in dependence of specific school locations. Conductivity values were high in summer 

in locations such as the international Lisbon airport and downtown Lisbon. Lisbon is spatially 

influenced by marine air mass transport. It was concluded that a single air sampler in Lisbon 

may be enough to define the emission sources and that lichen conductivity may be used as a 

measure of differential meteorological conditions; conductivity could not be demonstrated to 

reflect variable levels of  air pollution (see also Chapter 4). The visualised sources relate to 

soil, traffic, Se emission and sea spray; nevertheless, they are not pure: natural sources show 

up as mixed-up with anthropogenic sources and vive-versa. More study is needed to find out 

what a best-possible approach may be to reduce the mix-up of (emission) sources as showing 

up in MCTTFA factors.  

Chapter 4 aimed at the evaluation of  stress effects in lichens as a result of transplanting from 

unpolluted to air-polluted areas, the adaptation of transplanted biomonitors to new 

meteorological and physical-chemical conditions, and the comparison of the performance of 

both biomonitors. The selected lichen and bark were  Parmotrema bangii and Criptomeria 

japonica respectively, in the same studied area, in the same exposure period as indicated in 

Chapter 3. Bark and lichen, when outcome-averages were considered, had mostly different 

responses, but both gave the same information on emission sources in Lisbon. More study is 

needed to further investigate the differences between lichens and bark, with respect to both 

their baseline (background) element levels, the changes in levels after exposure, the dynamics 

in accumulation and release, and their sensitivities in indicating real changes in ambient 

environmental conditions.  

In Chapters 3 and 4, biomonitoring was used to assess the chemical elements present in the 

atmosphere during the period of study and to link them to their emission sources. The lichen 

vitality was also measured in order to understand the physiological response during the 

transplant period. Two campaigns (winter and summer) were carried out to assess 

seasonality. The biomonitor approach proved very useful for mapping the Lisbon area, and 

permitted monitoring at sites where it may be difficult to make use of conventional 

monitoring stations. The seasonality of lichen conductivity data, the relationship of 

conductivity with physiology, and the possible effect of physiology on lichen element 
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accumulative behaviour, however, makes that more study is needed the clarify the (possibly 

element-specific) conductivity relationships with lichen monitoring performance, this all 

notwithstanding the Chapter 3 data that suggest that lichen conductivity may be seen as more 

reflecting meteorological ambient conditions than be of effect on element accumulation. 

In Chapter 5 the effects of air quality on respiratory and circulatory diseases were assessed, 

using Ordinary Least Squares (OLS) regression. The studied area was Lisbon, the period 

considered was 2006-2008. The pollutants (CO, NO, NO2, SO2, O3, PM10 and PM2.5) were 

obtained from 13 monitoring stations, which provide hourly observations. Hospital 

admission data were compiled by age: < 15, 15-64,  ≥ 64 years old. Results showed 

significant positive associations between: 1) the pollutants CO, NO, NO2, SO2, PM10 and 

PM2.5 and circulatory diseases for ages between 15 and 64 years (0.5% HA increase with 10 

µg/m3 NO increase) and above 64 years (1.0% stroke HA increase with 10 µg/m3 NO2 

increase); 2) the pollutants CO, NO, NO2, SO2, PM10 and PM2.5 and respiratory diseases for 

ages below 15 years (up to 1.9% HA increase with 10 µg/m3 pollutant increase); 3) the 

pollutants NO, NO2 and SO2 and respiratory diseases for ages above 64 years (1.3% HA 

increase with 10 µg/m3 CO increase). One of the main issues for future study is the 

dependence of associations observed on the models that are used to track AP-HA 

correlations.  

In Chapter 6 the associations between air quality and hospital admissions in Lisbon were 

studied, using COM-Poisson regression. The most relevant statistical significant associations 

that showed-up were those between circulatory diseases, cardiac diseases, both in adults, and 

elderly people with ischaemic diseases, with PM10, temperature and humidity. Further 

statistically significant associations that were observed were associations between respiratory 

diseases in elderly people, circulatory diseases and ischaemic diseases, (the latter both in 

adults), and PM10, PM2.5 and temperature. In Chapter 6, the technique applied was used with 

the same database as in Chapter 5, to consolidate the results obtained with OLS data 

regression. 

7.2 Final Remarks 

This thesis underlines that the work of worldwide-and European organisations of 

environmental and health protection have had and will continue to play an important role in 

maintaining and increasing public awareness, in order to comply with legislation and 

recommendations to preserve the air quality and diminish exposure to pollution, thus 

preventing associated diseases. Nevertheless, there is still a lot of work to do to mitigate 

pollutant concentrations in the atmosphere. The implementation of environmental 

technologies in industry and the automotive sector is crucial, as is the replacement of raw 

material to less harmful products to the environment, investment in the right routing and 
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treatment of residues (solid, liquid and gaseous), certification of both biofuels and residential 

combustion appliances, etc. Bark and lichen biomonitoring may serve as an important 

assessment tool in environmental studies for the several advantages that they present. In fact, 

it is a passive and economic technique and allows monitoring in dense, vast, and both urban 

and remote study areas. 

The knowledge related to the relationships between pollutants and the probability of diseases 

is very relevant; however, new statistical techniques and mathematical models are needed to 

further substantiate the value of these modelled associations. Considering the new techniques 

applied in the present work on PM in Portugal, new classifications of the monitoring stations 

can be set up, implementing more precise accounting of their ambient surroundings. 

7.3 Future Research 

Biomonitoring studies, as presently carried out in e.g. Lisbon, as well as tracking possible 

associations between AP and HA, should be repeated and continued on a regular basis, to 

monitor changes possibly occurring in relation with the here-followed 2006-2008 period.  

Presently, Lisbon was selected as the city to be monitored: more cities should be included 

(e.g. Oporto), and also other urban (and remote) areas, to assess effect-variabilities related to 

the differences in environmental conditions: this could lead to a necessary country-wide 

monitoring strategy, based on which more dedicated mitigation measures may be defined by 

environmental and governmental agencies. 

Bringing this line of reasoning to a European or global level, it should be noted that Europe 

has achieved significant improvement in general air quality over recent decades, but much 

more remains to be done. The development and expression of even more ambitious goals for 

air quality requires the development and application of new (monitoring and mitigation) 

strategies. 
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List of Abbreviations 

Chapter 1 

PM – particulate matter 

PM10 – particulate matter of aerodynamic diameter 10 µm or less 

PM2.5 - particulate matter of aerodynamic diameter 2.5 µm or less 

WHO – World Health Organisation 

AQG – Air Quality Guideline 

CO – Carbon Monoxide 

NO – Nitrogen Oxide 

NOx – Monoxide Oxides 

NO2 – Nitrogen Dioxide 

O3 – Ozone 

SO2 – Sulphur Oxide 

VOCs - Volatile Organic Compounds 

EU – European Union 

EU-28 - the 28 EU Member States 

EEA - European Environment Agency 

INAA - Instrumental Neutron Activation Analysis 

OLS - Ordinary Least Square Linear Regression 

COM-Poisson - Conway-Maxwell-Poisson distribution 

IARC - International Agency for Research on Cancer 

APA - Portuguese Environmental Agency 

INE - Instituto Nacional de Estatística (INE) 

AP – Air Pollutants 

HA – Hospital Admission 

HYSPIT - Hybrid Single Particle Lagrangian Integrated Trajectory model 

MCTTFA - Monte Carlo Target Transformed Factor Analysis 
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Chapter 2 

PM – particulate matter 

PM10 – particulate matter of aerodynamic diameter 10 µm or less 

PM2.5 - particulate matter of aerodynamic diameter 2.5 µm or less 

WHO – World Health Organisation 

AQG – Air Quality Guideline 

NOx – Monoxide Oxides 

VOCs - volatile organic compounds 

EEA - European Environment Agency 

OLS - Ordinary Least Square Linear Regression 

IARC - International Agency for Research on Cancer 

APA - Portuguese Environmental Agency 

HYSPIT - Hybrid Single Particle Lagrangian Integrated Trajectory model 

GDAS – Global Data Analysis System 

TSV – Total Spatial Variation 

SPVAR – Spatial Variance 

WdC - Wavelet decomposition-based Clustering 

MODWT - Maximal Overlap Discrete Wavelet Transform 

LA – Least asymmetric 

NE – North-East 

Chapter 3 

NDVI - Normalised Difference Vegetation Index 

INAA - Instrumental Neutron Activation Analysis 

RPI – Portuguese Research Reactor 

WNW - West-northwest 

ENE - East-northeast 

NNW - North-northwest 



List of Abbreviations 

111 

NNE - North-northeast 

Br - Bromine 

Ce - Cerium 

Co - Cobalt 

Cr - Chromium 

Eu - Europium 

Fe - Iron 

Hf - Hafnium 

La - Lanthanum 

Na - Sodium 

Rb - Rubidium 

Sb - Antimony 

Sc – Scandium 

Sm - Samarium 

Sr - Strontium 

Zn - Zinc 

Chapter 4 

INAA - Instrumental Neutron Activation Analysis 

RPI – Portguese Research Reactor 

MCTTFA - Monte Carlo Target Transformed Factor Analysis 

Na - Sodium 

Sc - Scandium 

Cr - Chromium 

Fe - Iron 

Co - Cobalt 

Zn - Zinc 

Se - Selenium 
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Sb - Antimony 

La - Lanthanum 

Hf - Hafnium 

Tb - Terbium 

Yb - Ytterbium 

Chapter 5 

AP – Air Pollutants 

HA – Hospital Admission 

CO – Carbon Monoxide 

NO –  Nitrogen Oxide 

NO2 – Nitrogen Dioxide 

O3 – Ozone 

SO2 – Sulphur Oxide 

PM10 – particulate matter of aerodynamic diameter 10 µm or less 

PM2.5 - particulate matter of aerodynamic diameter 2.5 µm or less 

OLS - Ordinary Least Square Linear Regression 

APA - Portuguese Environmental Agency 

Health System Central Administration (ACSS) 

ICD – International Statistical Classification of Diseases 

Chapter 6 

AP – Air Pollutants 

HA – Hospital Admission 

PM10 – particulate matter of aerodynamic diameter 10 µm or less 

PM2.5 - particulate matter of aerodynamic diameter 2.5 µm or less 

CO – Carbon Monoxide 

NO – Nitrogen Oxide 

NO2 – Nitrogen Dioxide 
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O3 – Ozone 

SO2 – Sulphur Oxide 

OLS - Ordinary Least Square Linear Regression 

COM-Poisson - Conway-Maxwell-Poisson distribution 

Se – Selenium 

Tb - Terbium 

Yb - Ytterbium 

PM – particulate matter 

Chapter 7 

AP – Air Pollutants 

HA – Hospital Admission 

CO – Carbon Monoxide 

COM-Poisson - Conway-Maxwell-Poisson distribution 

NO – Monoxide Oxide 

NO2 – Nitrogen Dioxide 

O3 – Ozone 

PM – particulate matter 

PM10 – particulate matter of aerodynamic diameter 10 µm or less 

PM2.5 - particulate matter of aerodynamic diameter 2.5 µm or less 

SO2 – Sulphur Oxide 
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Summary 

The context of the study described in this thesis is the concern that exposure to environmental 

air pollution causes adverse health effects. The research focused on three main issues: 

1) Comparative analysis of the air quality in Portugal (mainland and islands); 

2) Biomonitoring of air pollution in Lisbon  

3) New methodologies to judge air quality in terms of its associations with disease. 

The data for these studies were supplied by the Air Quality Monitoring Network (QualAr) of 

the Portugese Environment Agency (APA) (air pollutants such as particulate matter (PM), 

ozone, nitrogen- and sulphur oxides, carbon monoxide),  were obtained by biomonitoring 

studies with both lichens and tree bark (a multitude of chemical elements, as obtained by 

Instrumental Neutron Activation Analysis (INAA)), and were provided by the Portuguese 

Central Administration of the Health System (ACSS) (Hospital Admissions (HA)).  

Chapter 1 summarises 1) some of the most important issues in air pollution in Portugal and 

particularly in Lisbon, 2) biomonitoring and epidemiology, and 3) presents the main issues 

of the thesis. Air quality in Portugal is not “as bad” as in many other regions of Europe, but 

it is still a matter of concern considering health effects. Lisbon was the city chosen to apply 

the various techniques, because Lisbon is the largest (urban) area, reasonably covered by 

monitoring stations and with the highest population density in Portugal. 

Chapter 2 presents a wavelet-based approach in analysing atmospheric PM time series (PM 

< 10 μm (PM10) and 2.5 μm (PM2.5) through the mainland of Portugal, including islands, 

measured by APA-QualAr. The databases were analysed to assess the contribution of  main 

emission sources and their diurnal profiles. Back-trajectories were simulated by using the 

Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPIT) developed by 

NOAA’s Air Resources Laboratory (Draxler et al. 2014) that uses meteorological data from 

GDAS (Global Data Analysis System). Chapter 2 further provides a variance/covariance 

profile of a set of 11 monitoring stations measuring simultaneously PM10 and PM2.5 hourly 

concentrations. Groups of stations of similar profiles were identified, one station (Oporto 

metropolitan area) is discussed as needing to be re-classified with respect to its ambient 

environmental impact. 

Chapter 3 addresses the Lisbon-city biomonitoring by lichens and tree bark (originally 

collected from Azores islands background areas), and describes the set-up of a data-base of 

30 chemical elements (INAA analysis), after exposure as  transplants  in the courtyards of 22 

elementary schools of Lisbon-city from January 2008 to May 2008 and from June 2008 to 

October 2008. This study permitted the spatial mapping of the distribution of the chemical 

elements. Furthermore, the Chapter’s focus was on lichen conductivity, which is a measure 



Summary 

134 

of the lichen’s physiological status quo. The underlying reasoning was that data 

comparability should be ensured during all exposure conditions. Transplanting did not have 

any effect on conductivity, but season appeared to have effect, as end-of-summer lichen 

transplants did show increased conductivity values.   

Chapter 4 presents emission source profiles, as obtained by applying Monte Carlo Target 

Transformed Factor Analysis (MCTTFA) to the element data from the biomonitoring. The 

selected lichen and bark were Parmotrema bangii and Criptomeira Japonica respectively, 

were picked up from pollution background sites in Azores and  placed in the courtyards of  

22 elementary schools of Lisbon. The results indicate that although element concentration 

averages differed for lichen and bark, they yield similar source profiles from MCTTFA. 

Chapter 5 shows the associations between atmospheric pollutants (AP) and the hospital 

admissions in Lisbon (HA), based on data from APA-QUALAR (AP data) and  ACSS (HA 

data), compiled over a 2006-2008 period, and aggregated by age-groups: < 15; 15-64; ≥ 64 

years old.  Data processing was by Ordinary Least Squares Linear Regression (OLS). HA 

increased up to 3 % per 10 µg.m-3 rise in AP, with variable age/disease-differentiated 

outcomes, also depending on the models used. 

Chapter 6 focuses on the Conway-Maxwell-Poisson distribution (COM-Poisson) that is used 

to assess the magnitude of the association between HA, air pollutants (CO, NO, NO2, SO2, 

O3, PM10 and PM2.5) and temperature and relative humidity. The results indicate relevant 

association between PM and weather variables and HA due to circulatory, cardiac and 

ischaemic diseases. 

Chapter 7 gives a general discussion, and conclusions from the thesis. 
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Samenvatting 

De context van de studie, beschreven in dit proefschrift, is de bezorgdheid dat blootstelling 

aan luchtverontreiniging  negatieve gezondheidseffecten veroorzaakt. Het proefschrift is 

gericht op drie belangrijke aandachtspunten: 

1) Vergelijkende analyse van de luchtkwaliteit in Portugal (vaste land en eilanden); 

2) Biomonitoring van de luchtkwaliteit in Lissabon; 

3) Nieuwe methodologieën om luchtkwaliteit te beoordelen in termen van de associatie met 

ziekte. 

De gegevens voor deze studies werden geleverd door de Air Quality Monitoring Network 

(QualAr) van het Portugese Milieuagentschap APA (luchtverontreinigingen zoals vaste 

deeltjes (PM), ozon, stikstof- en zwaveloxiden, koolmonoxide),  werden verkregen uit 

biomonitoring studies met zowel korstmos als boombast (een veelheid aan chemische 

elementen, zoals verkregen via Instrumentele Neutronen Activeringsanalyse (INAA), en 

werden beschikbaar gesteld door de Portugese Centrale Administratie van het 

Gezondheidssysteem (ACSS) (Ziekenhuisopnames (HA). 

Hoofdstuk 1 geeft een samenvatting van 1) enige van de meest belangrijke aandachtspunten 

ten aanzien van de luchtverontreiniging in Portugal en met name in Lissabon, 2) 

biomonitoring en epidemiologie, en 3) presenteert de belangrijkste aandachtspunten van het 

proefschrift. De luchtkwaliteit in Portugal is niet “zo slecht” als in vele andere regio’s in 

Europa, maar het is wel nog een reden tot zorg als gezondheidseffecten worden beschouwd. 

Lissabon is de stad die gekozen is om de diverse technieken toe te passen, omdat  Lissabon 

het grootste verstedelijkte gebied is, omdat het redelijk is gedekt met monitoring stations, en 

het de grootste bevolkingsdichtheid heeft in Portugal. 

Hoofstuk 2 geeft een wavelet-aanpak in het analyseren van atmosferische PM tijdseries (PM 

< 10 µm (PM10) en 2.5 µm (PM2.5)  door het vasteland van Portugal, de eilanden inbegrepen, 

zoals gemeten door QualAr. De databases werden geanalyseerd om de contributies te bepalen 

van de belangrijkste bronnen en hun dagelijkse profielen. Back-trajectories werden 

gesimuleerd via het gebruik van het Hybrid Single Particle Lagrangian Integrated Trajectory 

Model (HYSPIT), zoals ontwikkeld door NOAA’s Air Resources Laboratory (Draxler et al. 

2014), waarbij gebruik wordt gemaakt van meteorologische gegevens van het GDAS (Global 

Data Analysis System). Hoofdstuk 2 geeft verder een variantie/covariantie-profiel van een 

set van 11 monitoring stations waar simultane metingen werden gedaan aan PM10 en PM2.5 

uurs-concentraties. Groepen van stations met vergelijkbare profielen konden worden 

geïdentificeerd, en één station (Oporto stadsregio) is bediscussieerd in verband met een 

nodige re-classificatie in relatie tot de lokale omgevings-impact. 
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Hoofdstuk 3 richt zich op de biomonitoring van de stad Lissabon door korstmos en boombast 

(verzameld in achtergrondgebieden op de Azoren eilanden), en beschrijft de opzet van een 

database van 30 chemische elementen (INAA analyse), na blootstelling als transplanten in 

de binnenplaatsen van 22 lagere scholen in Lissabon, van Januari 2008 tot Mei 2008 en van 

Juni 2008 tot Oktober 2008. Deze studie maakte het ruimtelijk weergeven van de distributie 

van de chemische elementen mogelijk.  Het hoofdstuk was verder gericht op de conductiviteit 

van de korstmos, wat een maat is voor de fysiologische status quo van de korstmos. De 

redenering hierbij was dat de vergelijkbaarheid van data moest worden gewaarborgd voor 

alle expositiecondities. Transplanteren had geen effect op conductiviteit, maar het seizoen 

leek effect te hebben, omdat korstmossen aan het eind van de zomer verhoogde conductiviteit 

lieten zien. 

Hoofdstuk 4 presenteert emissiebronprofielen, zoals verkregen via Monte Carlo Target 

Transformed Factor Analysis (MCTTFA) van de elementgegevens van de biomonitoring. De 

geselecteerde korstmos en boombast waren respectievelijk Parmotrema bangii en 

Criptomeira Japonica, gemonsterd in verontreinigings-achtergrondgebieden op de Azoren, 

en geplaatst in de binnenplaatsen van 22 lagere scholen in Lissabon. De resultaten geven aan 

dat hoewel de gemiddelde elementconcentraties verschillend waren voor korstmos en 

boombast, ze beiden vergelijkbare bronprofielen opleverden vanuit MCTTFA. 

Hoofdstuk 5 geeft de associaties tussen atmosferische verontreinigingen (AP) en de 

ziekenhuisopnames (HA) in Lissabon, gebaseerd op data van APA-QualAr (AP data) en 

ACSS (HA data), gecompileerd voor een 2006-2008 periode, en geaggregeerd naar 

leeftijdsgroepen: < 15, 15-64, ≥ 64 jaar oud. Data verwerking werd uitgevoerd via Ordinary 

Least Squares Regression (OLS). HA nam toe tot op 3 % per toename met 10 µg.m-3 in AP, 

met variabele leeftijds/ziekte-gedifferentieerde uitkomsten, ook afhangend van het gebruikte 

model. 

Hoofdstuk 6 is gericht op de Conway-Maxwell-Poisson distributie (COM-Poisson), die is 

gebruikt om de omvang van de associatie tussen HA, luchtverontreinigingen (CO, NO, NO2, 

SO2, O3, PM10 en PM2.5), temperatuur en luchtvochtigheid vast te stellen. De resultaten geven 

associaties aan tussen PM en weer-variabelen en HA als gevolg van bloedsomloop-, hart- en 

ischaemische ziekten. 

Hoofdstuk 7 geeft een algemene discussie, en conclusies van het proefschrift.
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Figure A1 – Clusters of air backward trajectories and PM levels by cluster for ENT. 
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Figure A2 – Clusters of air backward trajectories and PM levels by cluster for TEI. 
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