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Abstract 

Introduction: Air pollution, specifically PM2.5
1, is one of the leading environmental 

causes of global mortality, with significant negative effects on health, particularly on 

cardiovascular morbidity and mortality.  

Aim: This study aimed to analyze PM2.5 levels in Portugal from 2003-2021, considering 

different regions, emission influences, and environmental areas, and to compare them 

with the EU AQD 20082 and WHO AQG3 2006/2021.  

Study Design: Data from the QualAr4 Portugal platform was obtained for each 

monitoring station, including levels of PM2.5, region, city, station, emission influence, and 

environment. The percentage of hourly exceedances of EU AQD and WHO AQG of 2006 

and 2021 was determined.  

Results: From 2003 to 2021, PM2.5 levels decreased, with significant differences 

between Lisbon Metropolitan Area and other regions (p≤0.05). There were national-level 

differences in 2015-2016 and 2019–2021, including lockdown months in 2020 and 2021 

(p≤0.05). Stations from urban and suburban areas, as well as traffic and background 

influence, showed higher significant PM2.5 levels when compared to other stations 

(p≤0.05). In 2021, atmospheric PM2.5 levels exceeded the EU AQD 2008 and WHO AQG 

2006 and 2021, ranging from 0.07% to 11.70%, to 0.3% to 37%, and 6% to 72%, 

respectively.  

Conclusion: Lisbon Metropolitan Area had differences among another regions. The flow 

of people due to restriction measures during COVID-195 pandemic caused a reduction 

in pollution by PM2.5. Urban areas and traffic had the highest WHO AQG 2021 

exceedance percentage. Despite environmental policies aiming to improve air quality, 

Portugal experienced periods of exceedance of references levels, making it challenging 

to meet the ongoing WHO AQD recommended limits. 

Keywords: Outdoor air pollution; Particulate matter; Air Quality; Portugal. 

 

Abbreviations: 

1. PM2.5 – Particulate Matter with less than 2.5 µm of diameters 

2. EU AQD – Air Quality Directive 2008/50/EC of the European Parliament 

3. WHO AQG - World Health Organization Global Air Quality Guidelines 

4. QualAR – Online Air Quality Database  

5. COVID-19 – Infectious disease caused by the SARS-CoV-2 virus 
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Resumo 

Introdução: A poluição do ar, especificamente por PM2.5
1, é uma das principais causas 

ambientais de mortalidade global, com efeitos significativos negativos na saúde, 

principalmente na morbidade e mortalidade cardiovascular.  

Objetivo: Este estudo teve como objetivos analisar os níveis de PM2.5 em Portugal de 

2003 a 2021, considerando diferentes regiões, influências de emissões e áreas 

ambientais, e comparar com a EU AQD2 2008 e as WHO AQG3 2006/2021.  

Desenho do estudo: Foram obtidos dados da plataforma QualAr4 Portugal para cada 

estação de monitorização, incluindo concentrações, região, cidade, estação, influência 

de emissões e tipo de ambiente. Foi determinada a percentagem de excedências da EU 

AQD 2008 e das WHO AQG de 2006 e 2021. 

Resultados: De 2003 a 2021, os níveis de PM2.5 diminuíram, com diferenças 

significativas entre a Área Metropolitana de Lisboa e outras regiões (p<0,05). A nível 

nacional foram observadas diferenças em 2015-2016 e 2019-2021, incluindo os meses 

de confinamento em 2020 e 2021 (p≤0,05). As estações em áreas urbanas e 

suburbanas, assim como a influência do tráfego e do fundo, apresentaram níveis 

elevados de PM2.5 em comparação com outras estações (p<0,05). Em 2021, os níveis 

atmosféricos de PM2.5 excederam os limites estabelecidos pelo EU AQD 2008 e o WHO 

AQG 2006 e 2021, variando de 0,07% a 11,70%, de 0,3% a 37% e de 6% a 72%, 

respetivamente.  

Conclusão: A Área Metropolitana de Lisboa apresentou diferenças em relação a outras 

regiões. O fluxo de pessoas como consequência das medidas restritivas durante a 

pandemia por COVID-195 provocou redução da poluição por PM2.5. As áreas urbanas e 

o tráfego tiveram uma elevada percentagem de excedência do WHO AQG 2021. Apesar 

das políticas ambientais para melhorar a qualidade do ar, Portugal enfrentou períodos 

de níveis acima do EU AQD, tornando desafiante alcançar os limites recomendados da 

WHO AQD 2021. 

Palavras-chave: Poluição do ar; Partículas Finas; Qualidade do Ar; Portugal. 

Abreviaturas: 

1. PM2.5 – Matéria Particulada de diâmetro inferior a 2,5 µm 

2. EU AQD – Diretiva 2008/50/EC da União Europeia sobre a Qualidade do Ar  

3. WHO AQG – Diretrizes de Qualidade do Ar Global da Organização Mundial da Saúde – OMS 

4. QualAR – Base de Dados Online sobre a Qualidade do Ar 

5. COVID-19 – Doenças infeciosas causadas pelo vírus da SARS-CoV2 
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1. Introduction 

The World Health Organization (WHO) estimates that 7 million deaths per year in the 

world are attributable to air pollution, with special emphasis on middle and low-income 

countries1. Therefore, air pollution is considered a serious threat to public health globally 

and is a significant risk factor for the occurrence of negatives outcomes and increasing 

mortality rates2,3.  

The increase in PM2.5 (particles with aerodynamic diameter ≤ 2.5 µm) has been 

associated in several studies with hospitalization and death, and it has been found that 

reducing it by 3.9 μg/m3 could prevent almost 8,000 hospital admissions each year in 

some countries2,4,5. In addition, studies show that air pollution is associated with 

increased risk of hospitalization rates for congestive heart failure, especially in cases of 

ischemic heart disease triggered by air pollution6. In addition, air pollution was the fourth 

most important risk factor for mortality, leading to more deaths than high LDL cholesterol, 

high body mass index, physical inactivity, or alcohol consumption. Worldwide, nearly 

20% of cardiovascular disease deaths were attributable to air pollution7.  

Also, in Europe, air pollution is considered the greatest environmental risk, and 

according to the European Environment Agency8, 307.000 premature deaths were 

attributed to chronic exposure to PM2.5, in 2021. In Portugal, particularly, 3.8% of deaths 

in the year 2017 were attributed to this pollutant, with the main health effects being 

ischemic heart disease (6.8%), stroke (4.4%), lung cancer (5.6%) and chronic obstructive 

pulmonary disease (22.6%)9.  

Besides the damage to public health, PM2.5 emissions have significant economic 

impacts, such as the number of hospitalizations, which reduces productivity, because to 

the lost workdays8,10,11, as well as the associated medical costs. Air pollution is the 

leading cause of stroke, cancer and diabetes in the EU, costing authorities an estimated 

€300-853 billion annually. New Air Quality standards cost less than 0.1% of Gross 

Domestic Product (GDP) and are at least seven times more effective, with total annual 

benefits estimated at between €42 billion and €121 billion in 2030, with annual costs less 

than €6 billion12. 

Considering the available scientific evidence of PM2.5 health effects13–17, in 2021, the 

WHO reviewed the Air Quality Guidelines (WHO AQG) and proposed the levels of PM2.5 

to be below than 5 µg/m3 for the annual average and 15 µg/m3 for the 24-hour average18. 

Efforts have been developed in Europe to design policies that meet the WHO 
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recommendations, such as the Zero Pollution Action Plan aiming to reduce the number 

of premature deaths due to exposure to PM2.5 by 55% by 2030, as compared to 200517. 

Additionally, the Directive 2008/50/EC of the European Parliament and of the Council of 

21 May 200819 on ambient air quality and cleaner air for Europe (EU AQD 2008) is 

currently under review to better align with the WHO recommendations20.  

The main objective of this study is to analyze the concentrations of PM2.5 in Portugal 

between 2003 and 2021, in different regions (NUTS II), by emission influence and 

environmental areas, and to compare the air monitoring data with the EU AQD 2008 and 

the WHO AQG 2006 and 2021. This study was part of the project PMCardImpact, “The 

health and economic impact of PM2.5-related cardiovascular diseases in Portugal”, 

funded by Foundation for Science and Technology (EXPL/SAU-PUB/0944/2017) and 

corresponded to the first aim of the project achieved. The contents of the present 

dissertation in what regards the sections Methodology, Results and Discussion, are part 

of a submission in the journal Heliyon (section Environment), currently under review. 
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2. Literature Review 

 

2.1. Air Quality and Alignment with the Sustainable Development Goals (SDGs) 

Air quality is a critical topic for achieving the Sustainable Development Goals 

(SDGs) of the United Nations' 2030 Agenda due to air pollution being a global problem 

to impacts human health and the environment21. The SDGs are a set of 17 global goals 

established in 2015 by the UN, aimed at eradicating poverty, protecting the planet, and 

promoting prosperity for all22. 

The main SDGs linked to air pollution are Health and Well-being (SDG 3), 

Affordable and Clean Energy (SDG 7), Sustainable Cities and Communities (SDG 11), 

Climate Action (SDG 13), and Life on Land (SDG 15)23. These goals indicate that 

reducing the emission of pollutants, particularly PM2.5, are crucial for improving 

population health and can be achieved through various strategies, such as implementing 

clean energy sources (wind, solar, and hydropower) and promoting24. 

 Another criterion that can be adopted is promoting the substitution of fossil fuels 

to use of public transportation, cycling, and walking to reduce pollutant emissions from 

fuel-powered vehicles25. For this, raising awareness among the population about the 

effects of air pollution on health and the environment is of great importance in fostering 

more sustainable practices and promoting a healthier environment23,24. 

Putting in place stricter limits for emissions from industries also significantly 

supports the reduction of PM2.5 emissions, associated with increased incentives for 

sustainable production and consumption practices, as well as improved waste 

management26,27. Besides, the concern to create in Europe and legislation transposition 

to other countries shows a align to a world well-been going by according to the SDGs, 

despite different challenges and impacts28. 
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2.2 Exposure to PM2.5 and health effects  

PM2.5 are considered one of the most harmful pollutants to health, occupying the sixth 

ranking among all the risk factors leading to premature death in the world10, and the 

biggest cause of premature death and disease and the major environmental health risk 

in Europe29.  

According to the World Health Organization (WHO), air pollution is responsible for 

about 7 million premature deaths worldwide every year. PM2.5 in particular is responsible 

for about 4.2 million of these deaths30. Therefore, exposure to PM2.5 particles increases 

hospitalizations5, emergency department visits, and absenteeism from schools31 and 

offices, especially in those with illnesses, the elderly, and children32. 

Fine particles known as PM2.5, which are small enough to be inhaled into the lungs, 

are one of the leading causes associated with a range of health problems7,33. 

Epidemiological studies have linked serious health effects to particles as small as 2.5 

microns in diameter, and exposure to air pollution is a leading cause of respiratory, such 

as cough, breathing, emphysema, pneumonia, lung cancer and chronic respirations 

infections34,35. In patients diagnosed with cardiac diseases, PM2.5 can cause the 

exacerbation of pre-existing pulmonary, anxious, headaches, allergies, eye, noise and 

throat irritation and cardiovascular diseases36–38. PM2.5 easily escapes from the nostrils 

and penetrates deep into the bronchi and alveoli39,40, corroding the wall of the lung 

alveoli41,42 , being responsible for pneumonia and bronchitis43. 

The effect of particles on the human body depends on the duration and concentration 

of exposure44. Particulate matter tends to carry toxic substances with them due to their 

smaller diameter and increased surface area45. Studies indicate that prolonged exposure 

to these air pollutants may lead to increased negative health outcomes, such as 

penetration to the respiratory system16, cornea and conjunctiva, malignant effects15, 

cerebrovascular diseases (CVD)46, chronic obstructive pulmonary disease (COPD)39, as 

well as mortality and morbidity in populations35,47. It is recognized that outcomes will be 

influenced by individuals' current health condition, age or genetic factors, duration of 

exposure, levels of exposure, and influences from different types of emissions25,48–50.   

In relation to cerebrovascular diseases, PM2.5 can cross the blood-brain barrier, 

which is responsible for protecting the brain from harmful substances present in oxidative 

stress, leading to endothelial dysfunction, impairing the inner lining of blood vessels. This 
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vascular dysfunction can increase the risk of blood clot formation and, consequently, 

stroke and other forms of cerebrovascular disease (CVD)47. Large cohort studies from 

both high- and low-income settings show increased cardiovascular disease incidence 

and mortality in association with particulate matter levels 41,51. In addition, exposure to 

PM2.5 can increase blood pressure, another important risk factor for CVD52. Elevated 

blood pressure damages the cerebral arteries, can lead to stroke or cerebral 

hemorrhage, and increases risk of atherosclerosis3,53.  

A study analyzed data from 114 epidemiological studies and concluded that short 

and long-term exposure to PM2.5 was significantly associated with an increased risk of 

cardiovascular diseases, including ischemic heart disease, stroke, and peripheral arterial 

disease21,48,54. The study also showed that exposure to this pollutant was associated with 

a reduction in life expectancy in various populations. This evidence agreed with others 

showing that exposure to PM2.5 is associated with a significant reduction in endothelial 

function, which is considered an important marker of cardiovascular health42,55. 

Endothelial dysfunction is a change in the function of endothelial cells that can occur in 

response to inflammation, oxidative stress, and other conditions. This can contribute to 

the development of cardiovascular diseases, as these cells are responsible for regulating 

blood flow and blood pressure33.  

PM2.5 exposure is a significant risk factor for health outcomes in Europe as well. 

A study conducted in 41 European countries concluded that exposure to this pollutant 

was associated with a significant increase in the risk of death from pulmonary and 

cardiovascular diseases in all evaluated locations56. 

 

2.3. Measures in places to control PM2.5 emissions 

Due to the severe health consequences, many countries worldwide have taken 

measures to control the emission of PM in the environment, particularly PM2.5, 

recognizing the health risks associated with this pollution. China has adopted measures 

to reduce air pollution with the aim of improving public health. These policies include 

emission limits for industries, programs for replacing old vehicles, and changes in the 

characteristics of fossil fuels used53,57. The United States, through the Environmental 

Protection Agency (EPA), has established national air quality standards for PM2.5 and 

has worked with States to implement programs for reducing pollutants21,45.  
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The European Union (EU) has set ambitious goals to improve air quality, which 

includes policies that determine emission limits for vehicles and industries58. The main 

goal of the directive is to improve ambient air quality in Europe, protect human health, 

and contribute to cleaner air for Europe as a whole. Considering the health effects 

triggered by pollution in Europe, the European Union has established maximum limits for 

PM2.5 concentration in ambient air. According to the legislation, the annual average 

concentration of PM2.5 should not exceed 25 micrograms per cubic meter (μg/m3), and 

the daily average concentration not cited19, as showed in Table 1.  

 

Table 1. Recommended and legislated atmospheric levels for particulate matter in ambient air, 

respectively, from WHO AQG 2006 and 202118, and EU Directive 2008/50.19 

 

 

Most European countries have adopted measures to control PM2.5 emissions. An 

example is Poland, which has high levels of pollution due to its heavy reliance on fossil 

fuels for industrial activity and a significant coal industry58. Other European countries that 

have not yet effectively implemented air pollutant reduction measures are Bulgaria, 

Kosovo, and Bosnia and Herzegovina, which are also heavily dependent on fossil fuels 

and face challenges in modernizing their energy production infrastructure to reduce 

emissions59. 

It is important to emphasize that air pollution is a global problem and reducing 

PM2.5 exposure can help prevent various diseases, mobility, and mortality. Furthermore, 

the implementation of public policies to improve air quality is a crucial measure to protect 

the health of populations. Therefore, to reduce emissions, the European Union has 

implemented several measures, including legislation on vehicle emissions, reduction of 

emissions from coal power plants, and promotion of renewable energy sources. 

Currently, European Union countries are required to present air quality plans to reduce 

air pollution56. 

In Portugal, the air quality is monitored by the Portuguese Environment Agency 

(APA), which has an extensive network of monitoring stations throughout the country. 
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These stations use advanced technology to measure concentrations of PM2.5 and other 

air pollutants. Data is regularly shared with the public and authorities to improve air 

quality. Accurate measurement of PM2.5 particles is essential to protect human health, 

as high concentrations of PM2.5 particles are associated with various adverse effects 

mentioned above. Identifying problem areas and implementing corrective actions are key 

to protecting public health in Portugal. Is this way, APA develop an essential role in the 

coordination and management of air quality in Portugal. Its main functions include 

establishing norms and regulations for air quality, overseeing the implementation of the 

monitoring system, disseminating information to the public and coordinating cooperation 

with other entities to improve air quality and protect the health of the population. 

 The air quality policy in relation to fine particles in Portugal has gone through a 

timeline of development and transposition over the years. Initially, the country adopted 

internal measures to monitor and control the concentration of these particles in the air, 

seeking to protect the health of the population. With the advancement of environmental 

legislation in the European Union, Portugal has followed this path establishing guidelines 

and transposing regulations.  

The transposition of European Union directives into national legislation has been 

a key step in the implementation of specific policies to control fine particles, including 

PM2.5. These measures aim to ensure compliance with established air quality standards, 

as well as to promote continuous monitoring actions, dissemination of information and 

collaboration with other entities to improve air quality in Portugal. 
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3. Hypothesis 

 

The main hypothesis of this work is that the levels of fine particulate matter (PM2.5) 

decrease over the years in Portugal, with statistically significant differences observed 

across different regions from 2003 to 2021.  

Thus, the second hypothesis is that Portugal have kept PM2.5 levels within the 

parameters allowed by current European Union legislation (2008/50EC) but has had 

challenges in keeping up with the levels recommended by the AQG WHO. 
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4. Objectives 

 

4.1. Main objective: 

 

The main objective of this work is to analyze the concentrations trends of PM2.5 

in Portugal between 2003 and 2021, in different regions (NUTS II), by emission influence 

and environmental areas, and compared with the guidelines defined by the WHO and in 

the current legislation at the European Union. 

 

4.2. Specific objectives: 

 

• To analyze available data in Portugal regarding air monitoring parameters and 

develop a dedicated database in Excel;  

• To collect air monitoring data from the monitoring platform QualAr for the years 

2003-2021; 

• To analyze differences of atmospheric levels of PM2.5 by environmental areas 

and by emission influence by NUTS II;  

• To analyze differences of atmospheric levels of PM2.5 during different restriction 

periods due to COVID-19 in Portugal; 

• To determine the exceedance of atmospheric levels of PM2.5 in 2021, considering 

WHO AQG guidelines and European Union directive for PM2.5.  
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5. Methodology 

 

5.1. Study design 

 This is a descriptive observational and ecological study. 

 

5.2. Study Area 

The study area is Portugal, a country with highly heterogeneous environments, 

and it was considered the levels of PM2.5 by areas according to the division proposed by 

the Statistical Territorial Units Nomenclature (NUTS), at NUTS II level, which divides the 

country into seven regions: North, Center, Lisbon Metropolitan Area, Alentejo, Algarve, 

Azores and Madeira Autonomous Region, as showed in the Figure 160. 

 

 

Figure 1. Map of location in the NUTS II subdivision of the regions used for air quality 

monitoring data. Map obtained from division from INE. 

 

According to European Parliament and the Council Regulation nº 1059/200356, 

the division by these seven regions indicate the statistical areas and sub-regions into 

which the Portuguese territory is split.  

 



11 

 

 

5.3. Air Monitoring Database of PM2.5 

This study developed a population-level analysis of PM2.5 levels in Portugal, by 

NUTS II, using concentration values obtained from the online database Informação sobre 

Qualidade do Ar (QualAr) from the Portuguese Environment Agency (APA), reported 

between January 2003 and December 2021.  

The database QualAr provides hourly levels of different pollutants. The 

monitoring stations are classified according to the environmental area they are located 

(urban, suburban, and rural) and emission influence (traffic, industrial, and environment).  

The daily average (24-hour) concentrations of PM2.5 were calculated based on 

the hourly observed values at the stations. The annual average of PM2.5 was estimated 

based on the concentrations of each station, using the previous 365 days. The study 

design is described in Figure 2. 

 

 

Figure 2. Study Design Flow Chart. 
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The Ambient Air Quality Directive19 sets, for compliance purposes, the objective 

of a minimum data capture of 90 % for monitoring stations. For this assessment purposes 

and in line with previous publications coverage of 75 % allows more stations to be 

considered without a significant increase in monitoring uncertainties59. Thus, to ensure 

the uniformity of the results, only data obtained with a minimum reporting percentage of 

75% were used in this study. The monitoring stations were distributed across the seven 

regions and covered 72 registered cities in total.  

For the year 2021, it was calculated the exceedance of the reference values of 

Air Quality Directive and WHO Air Quality Guidelines. The PM2.5 exceedance values were 

calculated hourly during the year for the 30 stations considered on a qualitative basis, 

excluding the stations without levels registered. 

 

5.4. Statistical analysis 

The descriptive analysis of all variables was performed, considering exposure 

results expressed as mean, median, maximum and percentiles for quantitative variables. 

The distributions were subjected to the Shapiro-Wilk normality test and Kurtosis. Non-

parametric tests were considered due to the non-normal distribution of the sample. Data 

were described by NUTS II, environmental area, and emission influence. Kruskal-Wallis 

test and Mann-Whitney U test were used for independents samples, and Friedman and 

Wilcoxon tests were used for paired samples. The software used was Statistical Package 

for Social Science (SPSS) version 28. It considered the statistically significant 

differences between the groups and different years, with a significant level of 5% (p-value 

≤ 0.05). 

 

5.5 Spatial analysis 

The locations of the stations within each region were identified and managed in 

the QGIS software version 3.16.0 (2019). For the maps of location and spatial distribution 

of exposure levels to PM2.5, shapefiles with format obtained from the European 

Environment Agency (EEA) website and executed in QGIS version 3.16.0 (2019) 

software were used, following the WGS84 system with EPSG: 4326 reference code, 

which adds Greenwich as the starting point for longitude (0°). The maps were assigned 

a color intensity gradient according to the atmospheric levels of PM2.5 for each region 

evaluated, drawing a comparison between data obtained in 2009 and 2019 (ten-year 
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interval for the period pre-COVID 19 pandemic). The legend of the maps considered the 

average annual limit values according to the current EU Air Quality Directive (25 μg/m3), 

WHO Air Quality Guidelines 2006 (10 μg/m3) and WHO Air Quality Guidelines 2021 (5 

μg/m3). 

 

6. Results and Discussion 

 

6.1. Characteristics of the eligible air monitoring data in Portugal   

A total of 188 eligible air monitoring data considered. We obtained the results of 

seven monitoring stations, considered at least ≥75% of the registers. These registers 

were obtained from the seven stations as the main criterion for evaluating PM2.5 

concentrations, between 2003 and 2021, and represented approximately 14% of the total 

records in the period. The distribution by environmental influence was 61.2% urban, 

19.9% suburban and 18.9% rural, and by emission influence was 61.7% background, 

29.1% traffic and 9.2% industrial (Figure 3). 

 

 

Figure 3. Geographic distribution of eligible air monitoring data. Data represents distribution by 

NUTS II, according to INE. 
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Despite the exclusion of registries, similarities were observed between the 

eligible and non-eligible stations, mainly in relation to the number of records related to 

each area and influence, confirming the robustness of the dataset. Regarding the non-

eligible monitoring stations due to registrations <75% (n=1172), they presented the 

following proportional distribution: 53% urban stations, 14% suburban stations, and 11% 

rural stations (environmental influence), and 75% of background, 15% of traffic, and 10% 

of industrial influence (emission influence). 

 

6.2. Trends of atmospheric levels of PM2.5 over 2003-2021 in Portugal 

Figure 4 shows that, over the years 2003-2021, the number of air monitoring data 

with registries with at least 75% has progressively increased, thus representing an effort 

at national level to increment the air monitoring data available, as a response to the 

implementation of European air quality policies. It is also observed that, globally for 

Portugal, the mean levels of PM2.5 have been decreasing throughout the years. 

 

 

Figure 4. Air monitoring data considering atmospheric levels of PM2.5 (μg/m3) (primary Y-axis) 

and number of eligible stations (n) (secondary Y-axis) in Portugal, in the period 2003-2021. Data 

represents yearly mean values collected from QualAr. 

 

Over the years (2003-2021) it is perceived an increment in air monitoring and 

control measures for PM2.5 as a response to the implementation of European air quality 

policies. This resulted in a reduction of PM2.5 average levels over the years. 
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The European Environment Agency (EEA) yearly-reports on air quality in Europe, 

which include data on PM2.5 levels across the EU Member States, showing that Portugal 

has implemented air quality, control, and monitoring strategies53. The most recent EEA 

report for 2021 indicates that PM2.5 levels across the EU have been gradually declining 

in recent years, and Portugal follows this trend61. Other authors have previously referred 

this reduction trend of atmospheric pollutants in Portugal over the years9,62.  

Driving factors like the Ambient Air Quality and Clean Air for Europe Directive 

2008/50/EC (currently under review)19, Directive 2016/2284 on the reduction of national 

emissions26, the Paris Agreement61, the European Green Deal63 and the Zero Pollution 

Action Plan64, have been of utmost importance for promoting the decrease of air pollution 

in Portugal, such as the levels of PM2.5.  

In addition, Portugal has invested in energy efficiency programs to reduce energy 

consumption in buildings and the transportation sector, such as the creation of a National 

Hydrogen Strategy65. Moreover, in 2020, about 60% of the electricity produced in 

Portugal came from renewable sources such as solar, wind, and hydropower66.  

However, the atmospheric levels of PM2.5 over the years are variable as 

demonstrated by the monitoring results. The heterogeneity of concentrations 

demonstrates that different areas and different emissions must have specific and 

dedicated policies and be continuously monitored.  

Table 2 shows the mean and median levels of PM2.5 through the years for 

Portugal by NUTS II regions.  
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Table 2. Atmospheric levels of PM2.5 (μg/m3), in Portugal, in the period 2003—2021, by NUTS II regions, according to data obtained from 

QualAr. Results presented as mean (median) atmospheric levels of PM2.5. 

Year Portugal North a Center 

Area 

Metropolitan 

Lisbon a 

Alentejo a 

 

Algarve a Azores a Madeira a 

2003 9.96 (8.00) 
   

9.96 (8.00)  
   

2004 2.82 (2.00) 2.82 (2.00) 
   

 
   

2005 22.44 (15.89) 27.15 (18.00) 23.35 (17.67) 
 

14.97 (12.00)  
   

2006 14.63 (10.83) 14.59 (10.33) 16.45 (11.33) 
  

 
  

12.84(11.00) 

2007 13.00 (10.12) 14.24 (11.00) 14.51 (11.00) 
 

11.17 (10.00)  
  

9.80 (8.50) 

2008 8.71 (6.83) 6.72 (4.00) 10.14 (7.00) 
 

9.72 (8.00)  
  

8.93 (8.33) 

2009 9.38 (7.25) 8.95 (4.50) 10.98 (8.50) 
 

9.61(8.00)  
  

8.52 (8.00) 

2010 9.44 (7.58) 8.44 (4.50) 9.34 (6.50) 
 

12.89 (11.00)  
  

9.03 (8.33) 

2011 9.52 (6.66) 5.55 (3.00) 13.21 (9.00) 
 

9.94 (8.00)  
   

2012 8.70 (6.11) 5.07 (2.67) 12.46 (8.67) 
 

8.54 (7.00)  
   

2013 7.61 (4.16) 4.7 (1.00) 9.92 (6.67) 
 

8.42 (7.00)  
 

2.68(2.00) 
 

2014 7.87 (6.25) 7.11 (5.00) 7.42 (4.67) 8.83 (6.67) 9.48 (6.67)  7.93 (6.50) 2.92 (8.00) 
 

2015 10.60 (7.96)* 
 

9.24 (6.00) 12.78 (10.54) 9.19(7.67)  9.28 (7.65) 
  

2016 7.56 (5.96)* 
 

6.70 (5.00) 10.52 (8.87) 7.69 (6.13)  6.85 (5.00) 8.79(8.00) 3.03 (2.80) 

2017 8.51 (6.94) 
 

6.06 (4.50) 11.38 (9.23) 8.23 (6.50)  8.30 (6.50) 
 

5.84 (8.00) 

2018 8.19 (5.16) 
 

7.19 (6.00) 11.35 (9.45) 6.88 (6.00)  
  

4.99 (4.35) 

2019 6.82 (4.53)* 
 

7.56 (5.50) 9.22 (6.72) 5.38 (4.70)  
 

3.44(2.90) 3.94 (2.85) 

2020 6.95 (5.07)* 
 

5.99 (4.33) 9.89 (8.13) 5.68 (4.50)  
  

4.30(3.33) 

2021 6.53 (4.29)* 
 

9.10 (6.25) 8.02 (6.06) 5.75 (5.00)  3.98 (3.33) 2.50(2.00) 4.55(3.13) 

a Statistically significant differences considering results for each region by all years, p ≤ 0.05.  

*Statistically significant differences considering yearly mean results for each region by year, p ≤ 0.05. 

Data represents yearly mean (median) values of PM2.5 (µg/m3) collected from QualAr.  
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The annual mean levels of PM2.5 observed in the present study showed several 

fluctuations over the years and regions. Statistically significant differences were found 

between Lisbon Metropolitan Area, and the other regions of the North, Algarve, Alentejo, 

Madeira and Azores (p<0.05).  

The levels in the Lisbon Metropolitan Area are justified by the fact that it is an 

urban area with a high population density, and with intense emissions due to human 

activities and mobility. In addition, in other studies9,67 there were also fluctuations in the 

mean levels by different emissions sources and environmental area, in Portugal. Thus, 

the civil construction services and traffic flow presented higher impact, as also 

highlighted in study from Zhao et al.11, where it was concluded that the impacts of urban 

size and form varied by city size and geographical location. This emphasizes the need 

of investments in green space, green routes, and outdoor recreational areas, for a more 

sustainable mobility management, as referred by Reche et al68. 

Figure 5 showed the spatial changes over time in different NUTS II regions, 

represented as a Kernel map, where it is observed a transition and reduction in air 

pollution over 2009 and 2019 (ten years after the first year), being considered normal 

periods of PM2.5 emissions in Portugal, and before COVID pandemic. The Figure 5 

showed atmospheric levels by NUTS II for the year 2009 (North, Center, Alentejo, 

Madeira) and the year 2019 (Center, Lisbon Metropolitan Area, Alentejo, Azores, 

Madeira) considering an average central point in each region.  

    a)                                                                    b) 

 

 

                                                                

               

Figure 5. Kernel map showing the yearly-mean levels of PM2.5 (μg/m3) for each NUTS II, for the year 

2009 (a), 2019 (b), in Portugal, according to data obtained from QualAr.  
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The heat maps allow visualizing this reduction for the regions Center, Alentejo 

and Madeira showing that, within the country, efforts to achieve a better air quality are 

producing results that can be beneficial to environment and population health. For the 

other regions, data were only available for one of the years considered (Table 1). The 

anthropogenic emissions of air pollutants are the key drivers behind atmospheric levels 

of PM and other atmospheric pollutants. In 2009, just the Center region showed levels 

of PM2.5 above 10 μg/m3 (Figure 3, a). The map (b) shows that, in 2019, all regions kept 

levels below 10 μg/m3 (Figure 3, b), as can be verified by the intensity of coloring on the 

maps that corresponds to the average concentration values. 

Regarding the years, at the national level, there were statistically significant 

differences between 2015 - 2016 and 2019 - 2021 (p≤0.05). Also, the year 2005 marked 

the highest average emission of PM2.5 recorded (Figure 5, a), as well as shown in Table 

1.   

For the years 2020 and 2021, there were statistically significant differences 

between the months of lockdowns (March, April, May of 2020) and of restrictions 

(January, February, March of 2021), when compared with similar periods of the years 

2017, 2018 and 2019(p≤0.05). As mentioned by Heydari et50,69, these periods showed a 

reduction in traffic-related emissions when compared to 2019, attributed to the adoption 

of “stay at home” policies due to the COVID-19 pandemic. Due to the COVID-19 

pandemic restriction and lockdown imposed worldwide, air quality data improved in many 

European cities14, thus demonstrating well the importance of traffic as an emission 

source. 
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6.3. Comparation of atmospheric levels of PM2.5 with EU Air Quality Directive (2008) 

and WHO Air Quality Guidelines (2006 and 2021) 

Figure 6 showed the distribution of mean atmospheric levels of PM2.5 considering 

the environment area and the emission influence, and the comparison with the limits of 

EU Air Quality Directive 2008 (25 µg/m3), WHO AQG 2006 (10 µg/m3) and WHO AQG 

2021 (5 µg/m3) for PM2.5. The decreasing trend of mean levels of PM2.5 through the years 

for the different environmental areas and emission influences is demonstrated.  

 

 

 

 

 

 

 

Figure 6. Mean levels of PM2.5, by environmental area (urban, suburban and rural) (a) and 

emission influence (industrial, traffic, background) (b) in Portugal, in the period 2003–2021. Data 

represents yearly mean values collected from QualAr. Limits of EU Air Quality Directive (25 

μg/m3), WHO Air Quality Guidelines 2006 (10 μg/m3) and WHO Air Quality Guidelines 2021 (5 

μg/m3) for PM2.5 are included as dashed lines. 

 

Urban and suburban areas presented statistically significant higher levels of 

PM2.5 when compared to rural areas (p<0.05). These areas are influenced by human 

activities, being confirmed by the higher levels of PM2.5 registered by stations of traffic 

influence when compared with background and industrial influence (p<0.05). The study 

by Błaszczak et al70  was conducted in Poland and showed the same differences namely 

that, in general, urban and suburban stations present higher concentrations of PM2.5 than 

rural stations.
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Between 2019 and 2020, the reduction in PM2.5 levels was observed in urban 

areas while an increase was observed in suburban and rural areas. This modification 

could be justified by COVID-19 pandemic and by people moving to rural areas. 

Consequently, urban zones experienced higher reductions than rural zones, a pattern 

also observed in other countries71. Moreover, the oscillations in different areas can be 

explained by the positioning of the monitoring stations, which may be closer to industries 

or other sources of pollution, as well as may have been influenced by dust winds or even 

fires in the period considered72. 

Considering the emission influence, statistically significantly differences were 

found for atmospheric levels of PM2.5 among stations (p<0.05), with traffic influence 

presenting the higher levels of PM2.5. Regarding traffic and background influences, other 

studies developed in Portugal demonstrated the significant relation between human 

activities and traffic and background emissions62,67.   

The decreasing of PM2.5 levels of traffic stations from 2003-2010 and from 2011 

onwards can be justified with the several policies that increased monitoring action, such 

as the EU Directive 2001/8 73 1 and the Industrial Emissions Directive 2010/75/EU26, 

implemented from 2014 onwards.  

As referred by Ferreira27, these Directives were drivers for the implementation of 

environmental protection policies, pushing industries to implement evaluation plans 

aiming to modify processes and reduce emissions. For the reduction of emissions of 

traffic influence, the implementation of Euro 6 in 2015 (aimed to limit the emission of 

polluting gases into the atmosphere produced by road vehicles, making the manufacture 

of diesel cars and trucks mandatory, and combining pollutant reduction systems) was a 

major advance.  

The decrease in traffic-related pollutant emissions was already observed in the 

period 2011-2015, probably related with the rejuvenation of the circulating cars, which 

has led to a reduction on the emissions, especially in urban and suburban areas since 

2016, although still insufficient to comply with the ongoing WHO AQG 2021 (Figure 6). 

When considering other EU countries, Bulgaria, Poland, Romania, and Croatia, 

a similar pattern was registered, with higher atmospheric levels of PM2.5 in urban areas74. 

In a global perspective and in line with the results obtained under the present study, the 

EEA Report 2021 showed that residential, commercial, and institutional energy 

consumption was the principal source of coarse particulate matter (PM10) and fine 
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particulate matter (PM2.5) in 201975. Road transport and industry were also significant 

sources for both pollutants, although, these concentrations have been decreasing by 

29% since 2005.  

A detailed description of levels of PM2.5 for the period considered (2003-2021) by 

environmental area and emission influence is presented as Attachments: Table S1, 

Table S2 e Table S3. A more detailed description of levels of PM2.5 by environmental 

area and emission influence in the eligible stations is presented in sequence of figures: 

Figure S4, Figure S5, and Figure S6. 

Portugal has presented air monitoring registries below the legislation established 

in the European Union since 2006. However, only in 2016 certain areas presented levels 

below the former WHO AQG recommendation for PM2.5 (10 µg/m3), and in 2021 the 

compliance with the current WHO recommended values for PM2.5 (5 µg/m3) still 

encompasses a great challenge. Figure 7 represents the exceedance (%) of the EU AQD 

2008 and WHO AQG of 2006 and 2021, for the hourly registers in Portugal for the year 

2021, disaggregated by environmental area and emission influence, and considering all 

monitoring stations (n=30). 

Figure 7 showed that atmospheric levels of PM2.5 in 2021 exceeded the permitted 

levels of EU Air Quality Directive 2008 and the recommended levels of WHO AQG 2006 

and 2021. Considering all monitoring stations, the exceedance ranged from 0.07% 

(Terena) to 11.70% (Estarreja), from 0.3% (Cerro) to 37% (Estarreja), and from 6% 

(Faial) to 72% (Mem Martins) when compared to the EU Air Quality Directive, WHO AQG 

2006 and WHO AQG 2021, respectively. The following stations presented an 

exceedance of WHO AQG 2021 above 70% of registries: Mem-Martins (urban and 

traffic), Alfragide and Mem-Martins (urban and background), and Monte Velho (rural and 

background). Results showed also that all stations registered atmospheric levels above 

25 μg/m3, except for Joaquim Magalhães Station and Cerro Station, urban and rural 

stations, respectively.  

 

 

 

 

 



22 

 

 

 

Figure 7. Percentage of hourly exceedance of PM2.5 of WHO air quality guidelines (2006 and 

2021) and of EU Air Quality Directive (2008) registered by monitoring stations (a), by 

environmental area (b), and emission influence (c), in 2021, Portugal. According to According to 

data obtained from QualAr*.  

*For this analysis, five stations were not considered due to the absence of registries for the year 2021. For 

this, four were urban and one was rural by environmental area and, by emission influence, four were 

background and one was traffic.  

 

Despite the efforts of environmental policies aimed at controlling and encouraging 

a society with better air quality, Portugal registered at some time points levels above the 

EU Air Quality Directive, being even more challenging to keep within the recommended 

limits of WHO Air Quality Guidelines (2006 and 2021). It should be also noted that several 

episodes of sand dust from North Africa affected the air quality in Portugal during the 

year 2021. Therefore, some of the exceedances registered might be due to unavoidable 

climatic events76. 

These results agree well with the ones presented in EEA 2023 report, where it is 

referred that 94% of the European population is exposed to atmospheric levels of PM2.5 
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above the recommended levels of WHO AQG 2021 and only 1% is exposed to 

atmospheric levels of PM2.5 above the levels of EU AQD 200877. Considering that 

exposure to PM2.5 is linked to adverse health effects, such as respiratory and 

cardiovascular diseases, and cancer, efforts should be considered to decrease the levels 

of atmospheric PM2.5
71.  

The concentrations of PM2.5 are a global issue, according to Yu et al.78, being one 

of the main pollutants causing several health outcomes. Several studies indicate that 

long-term exposure to PM2.5 is associated with an increase in the long-term risk of 

cardiopulmonary mortality by 6–13% per 10 µg/m3 of PM2.5
54,79,80. The exposure is 

ubiquitous and involuntary and there is no evidence of a safe level of exposure or a 

threshold below which no adverse health effects occur, therefore, increasing the 

significance of this risk factor20,81. 

It was verified reduced levels of PM2.5 in 2021 when compared to 2020, especially 

in suburban areas and industrial emission82,83. The present study confirmed this trendin 

the recent years of 2020-2021.  

 The reduction of atmospheric pollutants by PM2.5 in Portugal is directly related to 

the achievement of the United Nations' Sustainable Development Goals (SDGs), 

especially SDG 3 (good health and well-being), SDG 13 (climate action) and SGD 15 

(life on land). Considering the above-mentioned causal associations with health 

outcomes, it is fundamental to develop all efforts to achieve the WHO targets and 

therefore contribute for the attainment of SDGs at a global level. Portugal, although being 

a country with a continuous record of decreasing levels of air pollutants, is not exempt 

from this challenge; the targets recommended by WHO in 2021 are ambitious and require 

continuous efforts. 

In view of this exemption, the implementation is crucial for directives to yield 

results, and concrete action plans involving society, companies, and governmental 

entities are essential for effective implementation. 
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6.4. Strengths and Limitations 

Results presented here with showed a detailed analysis of atmospheric levels of 

PM2.5 for Portugal during the last two decades. Although previous assessments were 

available, the present study included the years 2020-2021 where a different scenario of 

exposure was experienced due to the COVID-19 pandemic. In addition, the comparison 

of results before and after the implementation of important EU policies and legislative 

measures allows us to evaluate their effectiveness, being an important asset for 

regulators and policymakers. The results of this research will be made available to 

different stakeholders aiming to support policy decisions regarding air quality in Portugal. 

The present study considered only air monitoring data available for PM2.5, thus 

not including data estimated using conversion factors from levels of PM10. Although 

incurring data loss, this option was preferred to avoid data assumptions, decrease the 

associated uncertainty, and to allow presenting the real scenario provided by monitoring 

stations. In daddition, the characteristics of the eligible monitoring stations that were 

considered for this study were similar to the non-eligible stations, regarding 

environmental area and emission influence.   
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7. Conclusions 

It has been demonstrated for the period 2003-2021 that Portugal has 

implemented environmental policies which have been important to reduce atmospheric 

levels of PM2.5. Efforts have been made to guarantee that pollutant levels are below the 

mean levels established by the applicable EU Directives. However, the comparison of 

the registered atmospheric levels of PM2.5 with the WHO AQG 2021 recommended 

values highlights the challenge ahead and the need for further and continuous measures.  

This study highlighted some improvement opportunities for the atmospheric 

levels of PM2.5 in the light of environmental policies and legislative measures 

implemented in Portugal along these years. Also, a comparison with the new WHO AQG 

2021 is provided, thus highlighting   the   need   for   further   environmental   policies   to   

comply with the recommended values. 

In this study, it was considered for the first time, the period 2003-2021, including 

a detailed analysis of the period 2020-2021 to assess the possible influence of COVID-

19 related lockdowns. Additionally, the study analysed the fluctuations in PM2.5 levels 

across various regions, considering environmental factors and emission sources. 

Portugal has a proven good record of decreasing air pollution. Some measures 

are important to keep up in this path: implement cleaner and more efficient technologies 

in sectors such as transportation and industry; support electric vehicles and efficient 

public transportation systems and create adequate infrastructures to support these 

alternatives. Additionally, continuous monitoring of air quality is fundamental to assess 

human and environmental exposure to atmospheric pollutants and to evaluate the 

effectiveness of the policy measures implemented. The integrated and continuous efforts 

of all the stakeholders (e.g., academia, companies, policy makers) are of utmost 

importance for the persecution of improving human health and well-being through the 

decrease of the air pollution impact, as a relevant environmental determinant of health. 
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7.1. Recommendations for future research studies and public health intervention 

 

• This study was conceived as a first relevant step towards a comprehensive 

assessment that provides a complete understanding of the air quality situation in 

Portugal. Thus, it reflects on the possible risks to health due exceedance levels 

from PM2.5, and provides opportunities to relate negative outcomes with the 

appropriate dose response to assess disease burden and associated costs. 

• This study design can be applied to the other atmospheric pollutants, thus 

contributing to have a broader perspective for Portugal. 

• This study design can support to analysis of different periods, being able to 

evaluate situations of exceeding the limits allowed by the regulations and WHO 

recommendations. These data may be correlated with situations of emergency 

care, hospitalizations, deaths due to climatic events, due to sandstorms, floods 

or other natural disasters that are occurring more and more frequently due to 

climate change. 
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Figure S1. Concentrations of particulate matter (PM2.5) (mean) in Portugal, in the period 

2003–2021. Data represents average values collected from stations of the Air Quality 

Network of the Portuguese Environment Agency (QualAr). Limits of EU Air Quality 

Directive (25 μg/m3), WHO Air Quality Guidelines 2006 (10 μg/m3) and WHO Air Quality 

Guidelines 2021 (5 μg/m3) for PM2.5 are included as red lines. 
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Figure S2. Concentrations of particulate matter (PM2.5) (mean), by geographical area 

(urban, suburban and rural) and stations, in Portugal, in the period 2003–2021. Data 

represents average values collected from stations of the Air Quality Network of the 

Portuguese Environment Agency (QualAr). Limits of EU Air Quality Directive (25 μg/m3), 

WHO Air Quality Guidelines 2006 (10 μg/m3) and WHO Air Quality Guidelines 2021 (5 

μg/m3) for PM2.5 are included as red lines. 

 

Figure S3. Concentrations of particulate matter (PM2.5) (mean), by emission influence 

(background, traffic and industrial) and stations, in Portugal, in the period 2003–2021. 

Data represents average values collected from stations of the Air Quality Network of the 

Portuguese Environment Agency (QualAr). Limits of EU Air Quality Directive (25 μg/m3), 

WHO Air Quality Guidelines 2006 (10 μg/m3) and WHO Air Quality Guidelines 2021 (5 

μg/m3) for PM2.5 are included as red lines.
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