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ABBREVIATIONS 

 

BC  Black carbon 

BLPI  Berner low pressure impactor 

CPC  Condensation particle counter 

D50  50% aerodynamic cut-off diameter 

Da  Aerodynamic diameter 

Dp  Particle diameter 

DA  Dicarboxylic acids 

DMA  Differential mobility analyzer 

DOS  Dioctyl sebacate 

E(Dp)  Collection efficiency 

EC  Elemental carbon 

ED-XRF Energy dispersive X-ray fluorescence 

FID  Flame ionisation detector 

GSD  Geometric standard deviation 

HULIS  Humic-like substances 

HVCI  High volume cascade impactor 

I(Dp)  Electrometer current 

IC  Ion chromatograph 

ICP/MS Inductively-coupled plasma mass spectrometer 

LC/MS Liquid chromatograph mass spectrometer 

MMAD Mass median aerodynamic diameter 

Nss-SO4
2- Non-sea-salt sulphate 

OC  Organic carbon 

OE  Other elements (definition on page XX) 

PAH  Polycyclic aromatic hydrocarbon 

PMx  Particulate matter with an aerodynamic diameter smaller than x µm 

PMx-y  Particulate matter with an aerodynamic diameter between x and y µm 

POM  Particulate organic matter 

PTFE  Polytetrafluoroethylene 
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PUF  Polyurethane foam 

RH  Relative humidity 

SD  Standard deviation 

ΣMA  Sum of monosaccharide anhydrides (levoglucosan+galactosan+mannosan) 

SOA  Secondary organic aerosol 

SS  Sea salt 

TC  Total carbon 

TOA  Thermal-optical analyser 

UFCPC Ultrafine Condensation Particle Counter 

UM  Unidentified matter 

VI  Virtual impactor 

WIS  Water-insoluble soil 

WSOC  Water-soluble organic carbon 

WSS  Water-soluble soil 
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 1. INTRODUCTION 

 

Polluted air has been associated with harmful health effects for decades. Well-documented 

air pollution episodes occurred in the Meuse Valley of Belgium in December 1930 and in 

London in December 1952. These episodes have been connected to 63 and 4000 excess 

deaths, respectively, and significant morbidity during the days of high pollution. After the 

London smog episode, the action taken to reduce emissions, including the use of better 

combustion technology, cleaner fuels and combustion after-treatment, as well as the 

construction of higher stacks in power plants and industries, have dramatically improved 

urban air quality. Nevertheless, recent epidemiological studies have consistently associated 

the current, much lower mass concentrations of urban air thoracic particles (PM10; particle 

diameter (Dp) < 10 µm) with a whole variety of morbidity as well as excess mortality among 

susceptible population groups such as asthmatic subjects, elderly cardiorespiratory patients 

and children (WHO, 2003; Anderson et al., 2004; USEPA, 2004). 

 

Urban air PM10 is a highly complex mixture of different-sized solid and liquid particles 

orginating from a large variety of anthropogenic and natural sources. Epidemiological studies 

have most often given stronger exposure-response relationships for mortality and morbidity 

outcomes in association with fine particles (PM2.5; Dp < 2.5 µm) than with PM10 (WHO, 

2003; USEPA, 2004). However, in a recent meta-analysis, urban air coarse thoracic particles  

(PM10-2.5; 2.5 µm < Dp < 10 µm) have been associated more strongly than PM2.5 with 

respiratory hospital admissions (Brunekreef and Forsberg, 2005). Ultrafine particles (Dp < 

0.1 µm) have been suggested to pose a great risk to human health due to their high number 

concentration in urban environments and ability to penetrate from the lung alveoli into the 

blood circulation (Delfino et al. 2005). 

 

There is increasing evidence that particulate mass concentration may not be the most 

appropriate exposure parameter for the assessment of health effects of atmospheric pollution 

(Forsberg et al., 2005). For instance, the exposure-response relationships of PM10 in Europe 

have been stronger per unit of mass concentration for cardiovascular mortality and hospital 

admissions in southern cities with higher photochemical pollution and for respiratory 
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mortality in eastern cities (Atkinson et al., 2001; Samoli et al., 2005). Moreover, there have 

been stronger-than-average exposure-response relationships of PM10 and PM2.5 with 

mortality, and with a whole variety of morbidity and functional outcomes among cardio-

respiratory patients and children, in association with combustion-derived particles from local 

traffic (Laden et al., 2000; Hoek et al., 2002; Penttinen et al. 2006, Lanki et al. 2006), local 

coal combustion (Laden et al., 2000; Clancy et al., 2002) and a poorly-controlled steel mill 

(Pope et al., 1991). With the exception of the Utah Valley steel mill case (Ghio 2004), there 

have been only a few experimental studies that show that an observed epidemiological 

heterogeneity is due to the differences in chemical and toxic characteristics of ambient air 

particles.  

 

Health studies and ambient air regulators also need to consider various PM characteristics, 

such as size-segregated mass and number concentration, particle morphology and chemical 

speciation as alternative or supplementary exposure parameters for particulate mass in health 

effect assessment. Adverse health effects reported by epidemiological studies motivate the 

public perceptions and legal actions that result in new regulations concerning ambient air and 

emission source particles. Current air quality standards all over the world are based on PM10 

and PM2.5 mass concentrations, but there is a shortage of legislation based on chemical 

constituent concentrations. However, toxicological studies may eventually identify specific 

categories of ambient PM that need stricter control to protect public health. There have been 

only a few studies comparing the chemical and toxic properties of urban air coarse, fine and 

ultrafine particles, or addressing the issue of regional, seasonal and source-related 

heterogeneities in the toxic properties of these particles. This kind of study may give new 

insight into the interpretation of current epidemiological findings and support the 

development of better-targetted abatement and monitoring strategies. 

 

The PAMCHAR project (www.pamchar.org) is being conducted in 2002-2007 with EU and 

national funding to provide an in-depth chemical and toxicological characterisation of coarse, 

fine and ultrafine particulate samples collected at six urban sites across Europe. The 7-week 

field campaigns were chosen to represent different source environments and seasons of 

http://www.pamchar.org/
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public health interest. The study results presented in this thesis offer a cornerstone for the 

ongoing toxicological studies of the project. 

 

 

2. OBJECTIVES OF THE STUDY 

 

The purpose of this thesis was to evaluate a high volume cascade impactor (HVCI) for the 

collection of particulate matter for physicochemical and toxicological studies, and to make an 

in-depth chemical and source characterisation of samples collected during different pollution 

situations. The more specific aims were: 

• to perform a laboratory and field calibration for several HVCI stages and to choose the 

most appropriate HVCI configuration for subsequent sampling (Paper I) 

• to compare the mass and chemical composition of size-segregated particulate samples 

collected with high and low volume impactors (Paper II) 

• to determine the chemical composition and to compare the major sources of ambient PM2.5 

and PM2.5-10 in different pollution situations across Europe (Paper III, V and VI) 

• to investigate the seasonal variations in concentration and sources of urban air organic and 

black carbon in Helsinki (Paper IV) 

• to characterise the impact of long-range transported wildfire smoke on particulate pollution 

in Helsinki (Paper VI) 
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3. THEORETICAL BACKGROUND 

 

3.1. Particulate matter in urban environments 

Aerosol is a suspended mixture of solid or liquid particles in a gas. The term ‘particulate 

matter’ refers to the either solid or liquid particles that will be the focus of this study. Particle 

size is the most important parameter for the characterization of aerosol behaviour. In the 

measurement of number concentration, particle size segregation is often based on the 

electrical mobility, whereas in the measurement of mass concentration the segregation is 

mostly based on aerodynamic diameter. The aerodynamic diameter is defined as the diameter 

of a unit density sphere (ρp=1 g cm-3) having a terminal velocity equal to that of the given 

particle. Atmospheric particulate matter is commonly divided into ultrafine, fine and coarse 

particle size fractions, which refer to particles with an aerodynamic diameter smaller than 0.1 

µm or 2.5 µm or in the range of 2.5-10 µm, respectively. These particulate size ranges are 

labelled PM0.1, PM2.5 and PM2.5-10, respectively. 

 

Depending on the aerosol properties and meteorological conditions, the residence time of 

aerosol particles in the atmosphere ranges from hours to weeks. Although anthropogenic 

sources of atmospheric particles are globally smaller producers of aerosol particles than 

natural sources, they are strongly concentrated in the industrialized regions. The horizontal 

distribution of aerosol concentrations in urban areas varies over a large range, depending on 

the proximity of emission sources as well as on atmospheric stability and the mixing height 

(Finlayson-Pitts and Pitts, 2000).  

 

3.1.1. Size distributions 

The particle size distribution of urban aerosol is a dynamic mixture, since it is a sum of 

aerosols from various sources with different size distributions. The particle mass size 

distribution data are usually presented in terms of four modes: the nucleation (Dp < 0.01 µm), 

Aitken (Dp < 0.1 µm), accumulation (0.1 µm < Dp < 1.0 µm) and coarse (Dp > 1.0 µm) 

particle modes (Finlayson-Pitts and Pitts, 2000). Each mode has different main sources, 

formation mechanisms and chemical composition; typical and usually different modal 

structures are displayed for urban (Figure 1), rural and remote areas. The size distribution is 
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modified in the atmosphere by the processes of new particle formation (gas-to-particle 

conversion and photochemical reactions), growth (coagulation and condensation), 

evaporation and removal (diffusion, settling, impaction, washout and rainout) (Hinds, 1999). 

Coagulation, i.e., the collision and adhesion of aerosol particles, results in a decrease in 

number concentration and an increase in particle size. Condensation and its reverse process, 

evaporation, change the size, mass and chemical composition of airborne particles. 

 

The ultrafine particles, i.e., nucleation mode plus Aitken mode, consist of primary 

combustion particles emitted directly into the atmosphere and particles formed in the 

atmosphere by gas-to-particle conversion. Because of their high number concentration, 

especially near their sources, these particles coagulate rapidly with each other and in 

 

 
Figure 1. Schematic mass size distribution of particulate matter in an urban environment. 
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particular with the accumulation mode particles. Ultrafine particles can also grow by 

condensation of vapour on their surface, or by cloud processing during transport from source 

areas. Since ultrafine particles end up in the accumulation mode, most of them have a short 

lifetime in the atmosphere, varying from minutes to hours. Ultrafine particles may serve as 

nuclei for the formation of cloud droplets and may subsequently be removed from the 

atmosphere as rain droplets. 

 

The accumulation mode includes combustion particles, smog particles and grown Aitken-

mode particles, as mentioned above. Smog particles are formed in the atmosphere by the 

photochemical reactions of volatile organic compounds and oxides of nitrogen in the 

presence of strong sunlight. As their name suggests, accumulation-mode particles accumulate 

in this mode because of weak removal mechanisms. Particles can be removed from the 

atmosphere by rain-out or wash-out, but their coagulation rate is too slow to reach the coarse-

particle mode. There is a clear overlap between the Aitken and accumulation modes, which 

together with the nucleation mode constitute fine particles. Sometimes the particles in this 

size range may display two modes, with mass median aerodynamic diameters (MMAD) of 

0.2-0.3 µm and 0.5-0.8 µm (John et al., 1990; Hering et al., 1997; Pakkanen et al., 2003). 

Accumulation-mode particles account for most of the visibility impairment in the dry 

atmosphere. 

 

The coarse-particle mode comprises windblown dust, large sea salt particles from sea spray 

and mechanically-generated anthropogenic particles, as well as biogenic particles. Because of 

their large size, coarse particles are readily removed by settling or impaction on surfaces, so 

their residence time in the atmosphere is only from hours to days. The dividing line between 

coarse and fine particles is the saddle-like point between 1 and 3 µm. The  

PM2.5-10 typically accounts for 20-50% of the urban PM10 mass (Brook et al., 1997; Keywood 

et al., 1999; Dingenen et al., 2004; Querol et al., 2004), but this contribution may increase 

considerably under certain conditions, e.g., a resuspended road dust episode during 

springtime in Northern cities (e.g. Hosiokangas et al., 2004) or Sahara dust episodes (e.g. 

Koçak et al., 2004) over a large area.  
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The number concentration of atmospheric particles is commonly expressed as particle 

number per cubic centimetre (#/cm3), and may vary from a few tens of particles per cm3 in 

natural background areas to hundreds of thousands of particles per cm3 in heavily-polluted 

urban areas. The particles in the nucleation and Aitken modes contribute >95% to the total 

number of PM10 in urban environments. On the other hand, since the particle mass of the 

smallest size ranges is slight, the PM10 mass is associated almost exclusively with the 

accumulation and coarse particle modes (Figure 1). The PM10 mass varies typically in the 

range of 20-200 µg m-3 in urban areas. In contrast, the largest part of the particle surface area 

is frequently accounted for by the accumulation mode particles in the size range 0.1-0.5 µm. 

The particle surface area in urban environments varies from a few to several hundreds of µm2 

cm-3. 

 

3.1.2. Sources 

Atmospheric aerosol particles can be divided into two classes according to their formation 

mechanisms: primary particles have been emitted directly from sources into the atmosphere, 

whereas secondary particles are those produced in the atmosphere (Seinfeld and Pandis, 

1998). The contributions of sources are dependent on the geographical location, season and 

meteorology. In the following, the major sources are presented for urban atmospheric 

particles. 

 

Primary sources. The primary aerosol particles in urban air originate from a wide variety of 

sources, which can be classified according to the particle size. The main sources of fine 

particles are different combustion processes, including diesel and gasoline vehicles, biomass 

burning, industrial activities, energy production and various special activities such as New 

Year’s fireworks. Coarse particles are emitted from different mechanical processes; the main 

sources are soil-related dust, sea salt and biogenic particles including bacteria, fungal spores 

and pollen. In general, primary fine particles in the urban atmosphere result mainly from 

anthropogenic activities, whereas both the natural and anthropogenic sources make a 

significant contribution to the primary coarse particles present in urban air. 
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Secondary sources. A significant fraction of the particulate mass in the atmosphere is formed 

through gas-to-particle conversion. The gases producing secondary particles originate from 

both natural and anthropogenic sources. Secondary particulate matter can be classified into 

three parts: sulphur-containing compounds, nitrogen-containing compounds and organic 

compounds. This subject is dealt with in sections 3.2.1. and 3.2.2. 

 

Mathematical models are useful tools for tracking emissions from different sources, for 

simulating their atmospheric transport and transformation, and for estimating their 

contribution to concentrations at a given location, i.e., a receptor. The receptor models 

attempt to relate the measured particulate concentrations at a given site backward to the 

emission sources responsible. Two common receptor models are the chemical mass balance 

model and the multivariate model. The former model combines the chemical and physical 

characteristics of particles measured at the sources and the receptors to quantify the source 

contributions to the measurement site. This model requires that the chemical composition of 

emissions from significant sources, i.e., source profiles (Houck, 1991), are known (Watson et 

al., 1991; Chow et al., 1992; EPA, 2004; Christensen and Gunst, 2004). If the source profiles 

are not available, the multivariate models are available as alternative tools. Multivariate 

models require a number of particulate samples (>30) to be collected and analyzed for 

several elements (Henry, 1991). The resulting data will probably include information on the 

signatures of the sources affecting the location. A principal component analysis is perhaps 

the most commonly-used method, which as such gives information on the origin of chemical 

groups and produces a data-base for various factor analyses (Henry, 1991). 

 

3.2. Chemical mass closure 

The gravimetrically-measured particulate mass is reconstructed from the sum of analysed or 

estimated chemical components. This method, called a chemical mass closure, has been used 

for assessment of the adequacy of selected chemical parameters and the accuracy of 

analytical methods, as well as for determination of the relative contribution of different 

components and sources to the fine and coarse particulate mass. 
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The chemical composition of fine and coarse particles differ substantially from each other. 

Since the mass transfer between fine and coarse particles is negligible, these size fractions 

exist in the atmosphere as two chemically-distinct aerosols. Fine particles in the urban 

environment are acidic or neutral (Kerminen et al., 2001) and contain most of the sulphates, 

ammonium compounds, organic compounds, elemental carbon, toxic metals, and aerosol-

bound water in the atmosphere (Rees et al., 2004; Pakkanen et al., 2001b; Graney et al., 

2004; Götschi et al., 2005; Hueglin et al., 2005; Heal et al., 2005). Correspondingly, coarse 

particles are alkaline or neutral (Kerminen et al., 2001) and contain most of the soil-related 

materials, large sea salt particles and vegetation debris (Putaud et al., 2004; Pakkanen et al., 

2001b). The main chemical components of particulate matter in the urban atmosphere are 

described in the following subsections. 

 

3.2.1. Carbonaceous matter 

The carbonaceous compounds make up a major fraction of urban particulate matter. This 

fraction consists of thousands of different compounds, including n-alkanes, n-alkanoic acids, 

diterpenoid acids, polycyclic aromatic compounds, dicarboxylic acids, amino acids and 

nitrophenols (Saxena and Hildemann, 1996; Li et al., 2006). However, only a small part of 

the particulate carbonaceous fraction has been able to be identified, and there is particularly a 

lack of information on polar organic aerosol components. The presence of semi-volatile, 

condensable, multiphase or polar organic compounds complicates the collection and analysis 

of organic particulate matter. Although a substantial part of carbonaceous compounds may 

not have been identified, the subfractions of total carbon (TC) have been able to be analysed 

as elemental carbon (EC) and total organic carbon (OC); the latter has further been divided 

into water-soluble organic carbon (WSOC) and water-insoluble organic carbon, or into 

primary and secondary organic aerosol (SOA). 

 

EC, also called black carbon (BC), has a chemical structure similar to impure graphite and is 

formed during the incomplete combustion. EC has been analysed by a thermal method, that 

may overestimate the EC concentration due to the pyrolysis of OC. This overestimation is 

taken into account by measuring the transmittance of laser light through the sample filter 

during the heating in the thermal-optical analysis (Birch and Cary, 1996). OC is heated in a 
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thermal or thermal-optical method and its carbon content is determined as CO2 or CH4 

depending on the selected method. However, the original organic compounds in the sample 

are also composed of other elements, such as hydrogen, oxygen and nitrogen, that may make 

a substantial contribution to the total particulate mass of organic compounds. To get a good 

estimate of the total particulate mass of organic compounds for the chemical mass closure 

study, the analysed OC has to be multiplied by a factor that represents the ratio of the average 

organic molecular weight (POM) to organic carbon weight (OC). The factor POM/OC 

depends on the origin of the organic matter and the sampling site; its value has been 

suggested to be 1.4 (Russell, 2003; Saxena and Hildemann, 1996; Turpin et al., 2000) or 1.6 

(Turpin and Lim, 2001) for an urban aerosol. Since the primary organic compounds go 

through various oxidation processes in the atmosphere, the factor has been suggested to be as 

high as 2.1 (1.9-2.3) for aged (nonurban) aerosol and 2.2-2.6 for an aerosol heavily impacted 

by wood (Saxena and Hildemann, 1996; Turpin et al., 2000). In addition, Turpin and Lim 

(2001) suggested that a factor of 1.3 is a good estimate for the “less water-soluble” organic 

fraction, while a factor of 3.2 is appropriate for the “more water-soluble” organic fraction. 

 

Secondary organic aerosol (SOA) is formed in the atmosphere by the mass transfer to the 

aerosol phase of low-vapour-pressure products of the oxidation of organic gases (Jacobson et 

al., 2000) and by yet largely unknown heterogeneous pathways (Jacobson et al., 2000; 

Kalberer et al., 2004; Böge et al., 2006). The gaseous organics are oxidized by O3 or radicals 

such as OH· and NO3· (Jacobson et al., 2000; Atkinson and Arey, 2003). Some of these 

products have low volatilities and condense on the available particles. The contribution of 

primary OC and SOA can vary greatly, depending on the proximity and strength of the 

sources, the photochemical activity and the age of the aerosol. Under favourable conditions 

and close to the major primary sources, OC can be solely primary in origin. However, there 

is no direct analysis method to quantify the contribution of primary and secondary sources. 

One of the estimation methods is to use the EC as a tracer of primary OC (Turpin and 

Huntzicker, 1995; Castro et al., 1999; Dan et al., 2004). This method assumes that because 

EC and primary OC often have same sources, there is a representative OC-to-EC ratio for the 

primary aerosol. If the measured ambient ratio exceeds that of the primary sources, the 

additional OC can be considered to be SOA. A weakness of this method is that the OC-to-EC 
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ratio may vary depending on the source, and the primary ratio will therefore be influenced by 

meteorology, diurnal and seasonal emission variations and local sources. Other methods used 

for the estimate of SOA include the determination of carbon isotopic composition (14C/12C) 

and the application of models describing the emission, dispersion and chemical 

transformation of gaseous and particulate OC (Castro et al., 1999; Strader et al., 1999; Yu et 

al., 2004). 

 

WSOC consists mainly of SOA (Szidat et al., 2004), and has been shown to comprise 20-

70% organic matter (Saxena and Hildemann, 1996). Humic-like substances (HULIS) 

contribute 15-60% to the WSOC of fine particles but less than that of coarse particles 

(Graber and Rudich, 2006). WSOC is an interesting fraction since it contributes to the ability 

of particles to act as cloud condensation nuclei (Novakov and Corrigan, 1996) and to take 

part in the almost unknown liquid-phase chemistry of wet aerosol and clouds (Decesari et al., 

2001). In addition, the contribution of WSOC to adverse health effects in respiratory tracks is 

largely unknown. Decesari et al. (2001) and Fuzzi et al. (2001) have shown that the three 

classes of neutral compounds, mono-/dicarboxylic acids and polycarboxylic acids account 

together for approximately 90% of WSOC. 

 

3.2.2. Secondary inorganic ions 

The formation of secondary particulate matter in various size ranges by chemical reactions in 

the atmosphere occurs primarily by four mechanisms: homogeneous nucleation, 

heterogeneous condensation, surface reactions and in-cloud processes. Sulphate, nitrate and 

ammonium in the particulate phase are known as secondary inorganic ions, since they are 

mainly formed from their precursor gases (SO2, NOx and NH3) through gas-to-particle 

conversion. 

 

Sulphur-containing gases such as SO2, H2S, CS2, COS, CH3SCH3 and CH3SSCH3 are 

released from both natural and anthropogenic sources. The reaction pathway of non-SO2 

gases is similar to that of SO2 after they have first oxidized to SO2. The rate of SO2 oxidation 

depends on i.a. the presence of the aqueous phase and the concentration of oxidants (H2O2, 

O3 and OH·; Rodhe, 1999; Seinfeld and Pandis, 1998). To estimate the concentration of 
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secondary SO4
2-, the primary emissions in the form of sea salt have to be extracted from the 

measured SO4
2- on the basis of Na+ and a standard sea water composition (Brewer, 1975). 

Sulphate in the particulate phase appears predominantly in the form of NH4HSO4, (NH4)2SO4 

or H2SO4, but it may be associated with some other counter cations such as K+ in fine 

particles or Ca2+ in coarse particles. The major anthropogenic sources of sulphur are fuel 

combustion and industrial activities, whereas less important natural sources are the marine 

biosphere and volcanoes (Rodhe, 1999). 

 

At continental sites, nitrate appears mainly in the form of semi-volatile ammonium nitrate in 

fine particles. This depends on the availability of ammonia, which first neutralizes sulphuric 

acid to form ammonium sulphate; the remaining ammonia may then undergo the following 

reaction: 

 

HNO3 (g) + NH3 (g) ↔ NH4NO3 (s)       (1) 

 

The gas-particle partitioning of nitrate depends strongly on the abundance of its precursor 

gases, as well as on the prevailing ambient conditions (Ansari and Pandis, 1998). Under 

conditions, in which ammonia limits the formation of nitrate, a decrease in sulphate 

concentration may lead to an increase in nitrate concentration (Ansari and Pandis, 1998; 

West et al., 1999). In near marine areas, nitrate also appears as sodium nitrate in coarse 

particles (Pakkanen et al., 1996; Pio and Lopes, 1998). The reaction between nitrate and sea 

salt is covered in the next section. In addition, the nitrate in coarse particles can result from 

the reaction of gaseous nitric acid with soil-related carbonate compounds (e.g. Pakkanen, 

1996; Song and Carmichael, 1999; Zhuang et al., 1999). The main sources of nitrogen oxides 

are fossil fuel combustion, soil microbial activity, biomass burning and lightning discharges 

(Lee et al., 1997; Levy et al., 1999). 

 

Acidic aerosol particles readily absorb gaseous ammonia from the surrounding air, as a result 

of which ammonium salts such as NH4HSO4, (NH4)2SO4 and NH4NO3 are formed in the 

particles. In addition, particulate NH4NO3 can form from gases according to the reaction 

above. Global NH3 emissions are dominated by human activities related to food production, 
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which together constitute 70 % of the total emissions. The main sources are the excretions of 

domestic animals, synthetic nitrogen fertilizers, oceans and biomass burning (Bouwman et 

al., 1997). 

 

3.2.3. Sea salt 

The oceans are globally the most significant particulate source. Wave action entrains air in 

the water. As the bubbles rise, dissolved organics may become adsorbed on them. On 

reaching the surface the bubbles burst, ejecting small droplets into the air. The generated 

particles are called either jet or film drops according to their production mechanisms. The 

particle size of these drops ranges from 0.1 to 100 µm in aerodynamic diameter (Finlayson-

Pitts and Pitts, 2000). 

 

The highest sea salt concentration in an urban environment has been reported from locations 

close to the sea coast (Pakkanen et al., 2001b; Putaud et al., 2004), but the concentration 

decreases rapidly with increasing distance from the coastal line (Pakkanen et al., 2001b). The 

inorganic composition of sea water is remarkably constant (Brewer, 1975). These ions appear 

as NaCl, KCl, CaSO4 and (NH4)2SO4. Some gases released from the oceans, such as dimethyl 

sulphide, NH3 and certain iodine-containing compounds, can act as precursors in gas-to-

particle conversion. The sea salt concentration in the atmosphere is usually estimated from 

the measured Na+ and a standard sea water composition (Brewer, 1975): 

 

[Sea salt] = 3.248 x [Na+]        (2) 

 

The Cl- is a less reliable estimate for sea salt, since the chloride of a sea salt particle has been 

observed in many measurements in coastal areas to be replaced by nitrate or sulphate 

(Pakkanen et al., 1996; Kerminen et al., 1998; Pio and Lopes, 1998): 

 

NaCl(s) + HNO3(g) → NaNO3(s) + HCl(g)      (3) 

2 NaCl + H2SO4(g) → Na2SO4 (s) + 2 HCl(g)     (4) 
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3.2.4. Crustal material 

Crustal particles are introduced into the atmosphere either naturally by wind, or by traffic. 

Soil-related material occurs predominantly in the coarse particulate range, being one of the 

main components in this size fraction (e.g. Pakkanen et al., 1996; Pakkanen et al., 2001b; 

Kupiainen et al., 2005). Soil-related material consists mainly of silicon, calcium, iron, 

aluminium, potassium and titanium compounds; additionally, road dust can be heavily 

enriched in the elements associated with vehicular emissions, e.g. Cu, Zn and Pb (Swietlicki 

et al., 1996). However, a universal composition for this particulate fraction cannot be 

presented, unlike the case of the sea salt particle in the previous section. The chemical 

composition and the ratio of main elements are dependent on the origin of the suspended 

particles (Krueger et al., 2004). In several chemical mass closure studies (Brook et al., 1997; 

Pakkanen et al., 2001b; Harrison et al., 2003), the soil-related elements are regarded as 

oxides. Nevertheless, this assumption may lead to a substantial underestimation of soil-

related material in those locations, where such minerals as calcite (CaCO3) and dolomite 

(CaMg(CO3)2) are abundant in the surface soil. Carbonate-containing minerals in the 

atmosphere can react with nitric or sulphuric acids to form Ca(NO3)2 or CaSO4 (Pakkanen, 

1996; Song and Carmichael, 1999; Zhuang et al., 1999; Krueger et al., 2004). 

 

3.2.5. Trace metals 

Trace elements present in atmospheric aerosol particles originate from a number of different 

sources, but in general fuel combustion and certain industrial processes are the main 

contributors. With regard to the combustion processes, metals are emitted either as vapour or 

solids. Volatile metals such as mercury and selenium are predominantly emitted as vapour, 

whereas metals such as cadmium and lead are emitted both as vapour and condensed onto 

ash particles. Additionally, metals like chromium do not vaporise, and are therefore emitted 

only in ash particles (NAEI, 2003). 

 

The concentrations of trace metals in the urban atmosphere are usually at levels of ng m-3, 

rarely exceeding a few hundreds of ng m-3. The trace metals together account for a few 

percent or less of the PM2.5 and PM2.5-10 mass. This is an interesting fraction, since some of 

the components may be a good tracer for a particular emission source, but also because some 
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trace elements are known to be toxic or carcinogenic. The water-soluble metal compounds 

have been shown to have a more direct link to adverse health effects than the total metal 

concentration, due to their high potential for bioavailability (Graney et al., 2004). 

 

3.2.6. Aerosol-bound water 

Water is an important component of atmospheric aerosol. Since the absorption of water 

increases particle size, it has an impact on the light scattering by, and the residence time of, 

atmospheric particles. In addition, water may change the chemical composition of particles 

by providing a medium for heterogeneous chemical reactions and by influencing the 

partitioning of semivolatile compounds between the gas and particle phases (Ansari and 

Pandis, 2000). 

 

The water content in ambient aerosol depends on the chemical composition of the particles, 

as well as on ambient temperature and relative humidity. The hygroscopic behaviour of 

abundant inorganic compounds in the particulate phase may display hysteresis. This means 

that their hydration and dehydration have different patterns, so that the deliquescence point is 

at a higher RH than the corresponding crystallization point (Seinfeld and Pandis, 1998). For 

instance, the deliquescence point of ammonium sulphate is at about RH 80% (at 25°C), 

whereas its crystallization point is at a substantially lower RH, about 35-40% (Khlystov et 

al., 2005). The corresponding points at 21°C are 62% and 32% for NH4NO3, and 76% and 

47% for NaCl (Lee and Hsu, 2000). If the samples are weighed at an RH of 50%, the water 

content of the particles depends on which side the stabilization RH is approached from. 

Additionally, certain minerals and organic compounds present in the sample may affect the 

deliquescence or crystallization points of inorganic compounds (Khlystov et al., 2005). Due 

to the difficulty of predicting the amount of aerosol-bound water in given atmospheric 

conditions, the aerosol-bound water is usually included in the unidentified matter of a 

chemical mass closure study, i.e., the difference between the gravimetric mass and the sum of 

the determined chemical components. Since the fine particles consist of more hygroscopic 

compounds than the coarse ones, their water content is more substantial than that of the 

coarse particles. 
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The water content displays a diurnal variation, peaking at night time due to increased RH. In 

addition, it exhibits a seasonal variation, peaking with the particulate acidity (Khlystov et al., 

2005; Rees et al., 2004). Model calculations for Europe have shown that aerosol-bound water 

constitutes 20-35% of annual mean PM10 and PM2.5 concentrations at 50% RH and 20°C 

(Tsyro, 2005). In Taiwan, Tsai and Kuo (2005) arrived at the equal values (22-36% of PM2.5 

mass at 60% RH and 25°C) by an experimental method. Hueglin et al. (2005) obtained 

somewhat smaller estimates with their model calculations for samples collected in five 

different locations in Switzerland: 10.6% for PM10 and 13-23% for PM2.5 at 50% RH and 

22°C. These independent studies show that aerosol-bound water is a substantial component 

in PM2.5 and PM10 when the particulate mass is measured at 50% RH. 

 

3.3. Signatures of specific sources 

In a number of studies, the chemical composition of aerosol particles has been related to their 

source. Because the relative amounts of trace elements vary for coal-fuelled compared to oil-

fuelled power plants, for example, it has been suggested that certain components or their 

ratios may serve as signatures for particular sources. EC may be directly emitted from the 

combustion of fossil fuels or/and biomass. It is often regarded as a tracer of local traffic 

(Song et al, 2001). Several studies have associated Cu and Zn emissions with traffic and 

metal industries (Pakkanen et al., 2001b; Heal et al., 2005; Lim et al., 2005; Song et al., 

2001). In the absence of a local metal industry influence, As can be used as a tracer of coal 

combustion (NAEI, 2003), and Ni and V as tracers of fuel oil combustion (Song et al., 2001; 

Kavouras et al., 2001). Levoglucosan is known as a good tracer of incomplete biomass 

combustion (Simoneit et al., 1999). The small dicarboxylic acids (DA; sum of oxalate, 

malonate and succinate) are mostly produced in photochemical reactions of anthropogenic 

organic pollutants in the urban atmosphere (Kawamura and Ikushima, 1993) but they can 

also be primary emissions from motor-vehicle engines (Yao et al., 2004). Sodium has been 

used as a tracer of sea salt particles; in this respect, it is a better tracer than chlorine that is 

depleted from the particulate phase in the atmosphere (Reactions 3 and 4). 
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3.4 Health aspects related to PM chemical composition 

The health effects of particulate matter have been explored in both epidemiological and 

toxicological studies. Epidemiology is the science that studies the factors that determine or 

influence the frequency or distribution of disease and other health-related events and their 

causes in a defined human population (Dorland’s 1988). 

 

Toxicology is the science that studies poisons, their actions, their detection and the treatment 

of the conditions produced by them (Dorland’s 1988). Numerous toxicological studies have 

investigated the toxicity of various emission sources (e.g., diesel exhaust) and model (e.g., 

quartz, carbon black, titanium oxide) particles. There are relatively few toxicological studies 

focussing on the role of sources and physicochemical characteristics in adverse health 

outcomes induced by outdoor air particles. The purpose of toxicological studies is to produce 

supportive evidence for the epidemiological findings on the organ-specific mechanisms of 

action (biological plausibility), as well as provide additional information on the responsible 

sources and physicochemical characteristics of the particulate matter causing the effects. 

Toxicological studies can be made by exposing human or animal lungs or cultured target 

cells (e.g. macrophages, respiratory epithelial cells) to particulate matter either by inhalation, 

or by instillation in an aqueous medium. Inhalation exposure can be made by concentration 

of the actual outdoor particulate mixture, whereas instillation requires previously-collected 

particulate samples (Costa et al. 2006). In inhalation exposure, there is no advance control 

over the condition or dose to which the humans, animals or cultured cells are exposed. 

Advance particle collection and the instillation method is therefore the only realistic way of 

investigating the relationship of the sources and chemical composition of size-segregated 

particulate matter to toxic activities (e.g. inflammation, cytotoxicity, genotoxicity). Both 

instillation and inhalation methods have given virtually similar results on particulate-induced 

inflammatory toxicity (Costa et al., 2006). 

 

The instillation method allows advance selection of the particulate samples and mass doses to 

be used in the study. A comparison of the toxic activities of particulate samples in different 

pollution situations is typically made on an equal mass basis for each size range, which 

emphasizes the importance of knowing the exact dose to which the human or animal airways 
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or cell cultures are exposed (Jalava et al. 2006a and 2006b; Happo et al., 2006). One 

technical challenge in toxicological studies on outdoor air particles has been the size-

segregated sample collection, since toxicological tests require a much larger particulate mass 

(tens to hundreds of milligrams) than most chemical analyses (tens to hundreds of 

micrograms). If relatively large amounts of particles can be collected in the coarse, fine and 

ultrafine size ranges, it is possible to test the same samples in multiple cell and animal test 

systems and provide a detailed toxicity profile (e.g. inflammation, cytotoxicity, genotoxicity) 

for the samples. For comparison with epidemiological studies and particulate characterisation 

studies, it is important that this kind of high volume sampler collects as representative 

particulate samples as possible when compared to the commonly-used low volume samplers. 

 

Equal doses of different chemical groups (chapter 3.2) are unlikely to have the same effect on 

the human body. Improved characterisation of particle sources provides data that are needed 

to relate the chemical speciation at receptor sites to the major sources. Controlled 

toxicological studies using exposure to physicochemically well-characterised ambient air 

particles are needed to develop a mechanistic understanding of how these highly-varying 

particulate mixtures affect the body. The following toxicological hypotheses related to the 

chemical composition of particulate matter have been summarized by Lighty et al. (2000) 

and USEPA (2004). 

 

Carbonaceous matter. There are several types of highly toxic organic compounds in the 

environment. Polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls and other 

organochlorine compounds have received the highest attention as pollutants that occur in the 

particulate phase. Volatile and semi-volatile organic chemicals associated with particles can 

act as irritants and allergens. Many aromatic compounds are suspected mutagens or 

carcinogens, and they may have acute effects. Pollen, spores and proteins are known 

allergens, whereas some components of bacteria and viruses are biologically-generated 

toxins. Elemental carbon causes tissue irritation and the release of toxic chemical 

intermediates from scavenger cells in laboratory studies. These particles also act as carriers 

for organic compounds that may have mutagenic, carcinogenic and irritant properties. A 

study of size-segregated urban particles showed that the mutagenic activity increased with 
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decreasing particle size, which is consistent with expectations for organic compounds 

condensed on submicron combustion particles (Lighty et al., 2000; USEPA, 2004). The 

European Union aims at reducing carcinogenic health risks of PAHs via a recent directive 

(2004/107/EY) that contains a target value for annual mean benzo[a]pyrene concentration in 

PM10 to be met by 2012. 

 

Secondary inorganic ions and sea salt. Soluble salts formed by ocean spray and by gas-to-

particle conversion are thought to be relatively benign, but they may influence the toxicity or 

bioavailability of other particulate components. Since secondary aerosols form a large part of 

the aerosol mass, they may be directly or indirectly implicated by epidemiological studies. 

Inhalation studies have shown toxic responses that are associated with the amount of acids 

delivered to respiratory surfaces. Because the atmospheric aerosols form a highly multi-

componental system, inorganic salts cannot be ruled out of health concerns. They may, for 

example, serve as a surface for the deposition and condensation of more harmful compounds 

(Lighty et al., 2000; USEPA, 2004). 

 

Soil-related material. Most crustal compounds do not appear very harmful to health. A 

number of studies suggest a minimal effect of PM2.5-10 on mortality, perhaps because coarse 

particles are often of crustal origin (USEPA, 2004). However, a recent meta-analysis has 

associated PM2.5-10 more strongly than PM2.5 with respiratory hospital admissions 

(Brunekreef and Forsberg, 2005). Some experimental studies on outdoor air particles (e.g. 

Salonen et al. 2004) have focused on the health effects of endotoxins (mostly in PM2.5-10), 

which are believed to play an important role in the development of organic-dust related 

diseases. 

 

Metals. Along with carbonaceous matter, metals appear to play a significant role in 

determining particulate health effects. The most interesting metals – notably the transition 

metals such as Fe, V, Cu, Ni, Cr, Cd, Zn and As – are ubiquitous constituents of particles 

derived from anthropogenic fossil fuel combustion. Transition metals act as catalysts in the 

formation of reactive oxygen species (ROS) and are associated with the activation of many 

biological processes (Lighty et al., 2000; USEPA, 2004). The European Union aims at 
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reducing carcinogenic health risks of As, Cd and Ni via a recent directive (2004/107/EY) that 

contains target values for annual mean concentrations of these elements in PM10 to be met 

by 2012. 

 

Source-specific effects. The relationship between mortality, morbidity, and concentrations of 

source-specific particulate matter is an area of increasing interest. If health effects can be 

linked to certain particular sources of air pollution, such information would prove useful for 

targeting control strategies. In the Harvard six-city study, significant associations were found 

between mortality and two key sources of pollution, i.e., traffic and coal combustion, with 

the largest specific effect for the traffic factor (Laden et al., 2000). 



 31

4. MATERIAL AND METHODS 

 

This chapter has been divided into six sections: sampling sites, sampling instruments, 

gravimetric analysis, chemical analysis, laboratory calibration setup and data analysis. 

 

4.1. Sampling sites 

The field sampling campaigns were conducted in six European cities: Helsinki, Duisburg, 

Prague, Amsterdam, Barcelona and Athens. There were three sampling sites in Helsinki, 

which were located 4 km north (Vallila; Papers I and IV), 8 km east (Herttoniemi; Paper VI) 

and 2 km north (Kallio; Papers II, III, V and VI) of the centre of Helsinki. The sampling site 

in other five cities has been described in detail in Paper V. The major emission sources of 

ambient particles and the duration of the field sampling campaigns are presented in Figure 2. 

The sampling sites were located in urban background areas and were influenced by a variable  

 

 
 

 Helsinki (60˚10’N, 24˚58’E) 
• Vallila: 17.7.2000-31.7.2001, 26.6.-24.9.2001 
• Herttoniemi: 23.8.-23.9.2002 
• Kallio: 21.3.−12.5.2003 
• Traffic, sea 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The sampling campaigns and background information on major local PM emission 
sources of the season in the six European cities. 
 

Amsterdam (52˚21’N, 4˚54’E) 
• 24.1.−13.3.2003 
• Traffic, sea 

Duisburg (51˚26’N, 6˚45’E) 
• 04.10.−21.11.2002 
• Traffic, metal industry 

Prague (50˚5’N, 14˚26’E) 
• 29.11.2002−16.1.2003 
• Traffic, residential heating with solid fuels 

Barcelona (41˚23’N, 2˚9’E) 
• 28.3.−19.5.2003 
• Traffic, metal industry, harbour, sea 

Athens (37˚58’N, 23˚43’E) 
• 2.6.−21.7.2003 
• Traffic 

Helsinki 

Amsterdam 
● 

Duisburg 
● Prague 

● 

Barcelona ● 

Athens 
● 

● 
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contribution of traffic depending on the density of short-haul motor vehicles and the site 

topography. 

 

The sampling duration was 3 + 4 days per week (Papers I-III, V and VI) except in Vallila 

during the first sampling campaign, when the sampling duration was 24h (Paper IV). The 

filters were usually exchanged between 10 and 12 a.m. The general protocol of the 

PAMCHAR field campaign necessitated the choice of these relatively long samplings due to 

a parallel sampling of large, size-fractionated particulate samples for toxicological studies. 

 

4.2. Sampling instruments 

 

4.2.1. High volume cascade impactor 

The high volume cascade impactor (HVCI) was developed for the collection of size-

segregated particulate matter for chemical and toxicological characterisation (Demokritou et 

al., 2002). It consists of four impactor stages and a backup filter assembly (Figure 3). The 

aluminum impaction plate of stage 1, designed to make an upper cutoff of aerosol particles at 

10 µm in aerodynamic diameter, is greased. However, instead of stage 1, an Andersen high 

volume PM10-inlet (Andersen G1200, Village of Cleves, OH, USA) was used during most 

field sampling periods of this study. The reasons for this will be discussed later in the text. 

Polyurethane foam (PUF) was used as the collection substrate in stage 2, stage 3 and stage 4. 

PUF has stable physical characteristics, a low chemical background after cleaning and the 

ability to collect a large amount of particles per surface area, which makes it highly useful for 

toxicological studies (Demokritou et al., 2002; Lee et al.; 2005). Particulate matter that was 

not captured by the impaction stages was collected on a backup glass-fibre filter (Munktell 

MGA, Munktell Filter AB, Grycksbo, Sweden). The total sampling flow rate of the HVCI 

was 850 l min-1. The pressure drop over stage 2 was used as an indicator of the volume flow 

rate through the HVCI. The total volume flow rate through the HVCI was determined using a 

calibrated orifice meter. Independently of this, the volume flow rate was also calculated from 

the flow velocity in the HVCI air intake channel, measured with an anemometer (Alnor 

GGA-65, Alnor Ltd, Finland). 

 



 33

 
Figure 3. Schematic cross-section of the HVCI. 

Stage 1 

Stage 2 

Stage 3 

Backup filter 

Stage 4 

 

 

4.2.2. Virtual impactor 

The virtual impactor (VI) used in this study had a D50 at 2.5 µm (Loo and Cork, 1988). 

Coarse particles (2.5 µm<Da<10 µm) with sufficient inertia are carried through a “virtual” 

surface with the minor flow, whereas fine particles (Da<2.5 µm) are divided between major 

and minor flows. Since a part (10%) of the fine particles are collected onto the coarse particle 

filter, the weighed coarse mass has to be corrected using the following equation: 

 

m[coarse] = m[coarse, weighed] – 0.1 x m[fine, weighed].    (5) 

 

The total sampling flow rate of the VI was 16.7 l min-1, of which the secondary flow was 

10%. The 10-µm upper cut-off of the coarse fraction was made with a size-selective inlet 

manufactured according to the design of Liu and Pui (1981). Polytetrafluoroethylene (PTFE) 
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filters with a 3-µm pore size (diameter 47 mm, type FS, Millipore, Ireland) and preheated 

quartz-fibre filters (Pallflex Tissuquartz 2500QAT-UP) were used for particle collection with 

the VI. 

 

4.2.3. Berner low pressure impactor 

The Berner low pressure impactor (BLPI) is a cascade impactor consisting of 10 impactor 

stages. The D50-values of the different stages are 0.035, 0.067, 0.093, 0.16, 0.32, 0.53, 0.94, 

1.8, 3.5 and 7.5 µm in particle aerodynamic diameter (Wang and John, 1988; Hillamo and 

Kauppinen, 1991). Aluminum foils, or aluminum foils covered with a polycarbonate foil, 

were used as the impaction substrate. The foils were coated with Apiezon L vacuum grease 

(Apiezon products, M&I Materials LTD, Manchester, England) for the minimization of 

particle bounce-off. In the BLPI, the upper cut-off was made at 13.5 µm with an inlet and a 

particle size preselector similar to the design of Liu and Pui (1981). The sampling flow rate 

of the BLPI was 25.4 l min-1. 

 

4.3. Gravimetric analysis 

Gravimetric measurement encounters a challenge as interest moves to masses on a 

microgram scale. When the measured masses are very small, the relative humidity, 

temperature and pressure of the ambient air, as well as the firmness of the weighing table and 

the static charge of the sample, start to play significant roles. In this study, the PTFE filters 

were weighed with the same Mettler M3 -microbalance (Mettler Instrumente AG, Zurich, 

Switzerland; sensitivity 0.001 mg) before and after sampling. The samples were allowed to 

stabilize in the weighing room for 15-60 min before weighing, which was shown in separate 

experiments to be sufficient for both clean and loaded PTFE filters. A criterion for valid 

weighing was that duplicate mass readings were within 2 µg of each other. The relative 

humidity, temperature and pressure of the ambient air in the weighing room were recorded 

on each weighing day for the air buoyancy correction and the estimation of the water content 

of the collected particulate sample. The scale and reading of the microbalance were checked 

daily with internal and standard weights. The electrostatic charges of the filters were 

eliminated with a Po-210 radioactive source. 
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The PUF-strips and the backup filter of the HVCI were weighed with a Mettler 16H -balance 

(Mettler Instrumente AG, Zurich, Switzerland; sensitivity 0.05 mg) before and after the 

sampling period. After sampling, the PUF-strips and backup filter were allowed to stabilise 

for 24 hours in a desiccator (Paper I). In Paper II, the gravimetric procedure for the HVCI 

samples differed from that: The PUF stripes and glass fibre filters were weighed with a 

Mettler Toledo AG285 balance having a sensitivity of 0.01 mg. Frozen samples were 

allowed to acclimatize in the weighing room for 4 h in closed containers and for 16-18 h in 

open ones before the weighing. The electrostatic charges of the samples were eliminated with 

a high-voltage ionizer (HAUG Static Line ENSL, Leinfelden-Echterdingen, Germany). 

 

4.4. Chemical analysis 

The chemical composition of particulate matter is essential information for assessment of its 

sources and health effects. Five analytical techniques were used for the determination of a 

total of 45 components (Table 1). Brief descriptions of these five techniques will follow in 

subsequent subsections. 

 

4.4.1. Ion chromatograph 

Ion chromatography (IC) is one of the applications of liquid chromatography. The IC 

instrument consists of an eluent container, pump, sampling valve or loop, pre-column, 

analytical column, chemical or electrical suppressor and detector. The separation of the 

sample components is based on the interactions between the sample ions with both the 

stationary (i.e. analytical column) and mobile (i.e. eluent) phases. A basic eluent is chosen 

for anion analysis, whereas an acidic eluent is used in cation analysis. An ion suppressor is 

 

Table 1. The chemical analyses in this study. 

Instrument Analytes 
IC Anions: methanesulfonate (MSA), Cl-, NO3

-, succinate, malonate, SO4
2-, oxalate 

Cations: Na+, NH4
+, K+, Mg2+, Ca2+ 

ICP/MS Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V, Zn 

ED-XRF Al, Br, Ca, Cl, Cu, Fe, K, Mn, Ni, P, Pb, Rb, S, Si, Sr, Ti, V, Zn 

LC/MS Sum of levoglucosan, galactosan and mannosan (ΣMA) 

TOA Elemental carbon (EC), organic carbon (OC) 
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used between the analytical column and a detector for the neutralization of the mobile phase, 

which improves the sensitivity of the IC method. The conductivity detector used typically in 

the IC provides the advantage of universal ion detection. 

 

In this study, the anions and cations were analysed simultaneously using two Dionex DX500 

ICs (Dionex Corporation, Sunnyvale, USA). The filter pieces were wet with methanol and 

then extracted with deionised water (Millipore Alpha-Q) for 15 min (Teinilä et al., 2000). 

The identification of the compounds was based on the retention time in the IC column, while 

the quantification was made with the help of external standards. The uncertainties of IC 

analysis are mostly related to the accuracy of the analytical method, being of the order of 5-

10% for most of the ions (Kerminen et al., 2001). 

 

4.4.2. Inductively-coupled plasma mass spectrometer 

An inductively-coupled plasma mass spectrometer (ICP/MS) has been developed for 

simultaneous multi-elemental analysis. The ICP/MS instrument can be thought of as four 

main processes, i.e., sample introduction and nebulisation, ionisation by an argon plasma 

source, mass discrimination, and detection. Typically, the liquid sample is led into the ICP 

unit, where it is nebulised and then vaporized within the argon plasma. A portion of the 

sample mist mixed with argon gas is atomized and then ionized in the hot plasma. The 

sample ions then pass through an interface into a detection system. The interface is placed 

between the ICP and the MS to adjust the pressure, since the atomization/ionization occurs at 

atmospheric pressure, while the entire MS system must be kept in a vacuum. The MS is 

capable of providing both structural information and quantitative analysis. There are several 

different types of mass analysers. The quadrupole mass spectrometer consists of four parallel 

metal rods. By applying a combined DC and AC electrical potential to the rods, ions with a 

certain mass-to-charge ratio get through to a detector that is usually a channeltron electron 

multiplier. 

 

The water-soluble fraction of elements was analysed using the ICP/MS (Perkin Elmer Sciex 

Elan 6000, The Perkin-Elmer Corporation, Norwalk, USA). The PTFE filter pieces were 

extracted with 0.08 M HNO3 in an ultrasonic bath for 30 min, followed by a 2-day 
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stabilization of the solution at about 20°C in the analysis room (Pakkanen et al., 2001b). The 

uncertainty of the ICP/MS analysis is of the order of 20-35% for the water-soluble fraction of 

the elements. 

 

4.4.3. Energy dispersive x-ray fluorescence 

An energy dispersive X-ray fluorescence analysis (ED-XRF) occurs in the three phases of 

exciting, dispersing and detecting fluorescent radiation. The solid or non-volatile liquid 

sample is excited by radiating it with a beam of sufficiently-short-wavelength X-ray 

radiation, which results in the elements present emitting their characteristic fluorescence 

lines. The emitted X-ray radiation is directed into an energy-dispersive detector with pulse 

height discrimination; here the energy of the X-ray quanta is converted into electrical 

impulses or counts. 

 

The total elemental contents, including both the water-soluble and insoluble particulate 

fractions, were determined from the PTFE filter halves using the ED-XRF (Tracor Spectrace 

5000; Spolnik et al., 2004). It used a low-power Rh-anode X-ray tube (17.5 W). The 

characteristic X-ray radiation was detected by a Si(Li) detector. The measured intensities 

were converted into elemental concentrations by the application of the AXIL program 

(Analysis of X-ray spectra by a non-linear Iterative Least-squares) code (Vekemans et al., 

1994). The accuracy and precision of the present ED-XRF analysis are on average 14% and 

4%, respectively. These values depend on the actual element and its concentration. 

 

4.4.4. Liquid chromatograph mass spectrometer 

Liquid chromatography (LC) consists of the same components as the IC (section 4.4.1.), but 

there is no ion suppressor, and the stationary and mobile phases are different. The LC can be 

coupled with the ion trap MS. The ion trap technique resembles the quadrupole technique 

(section 4.4.2.), except that it consists of a ring electrode separating two hemispherical 

electrodes instead of the four rods. The sample molecules separated in the LC are first 

ionised using e.g. atmospheric pressure chemical ionisation or electrospray ionisation 

techniques. The ionised sample molecules are then led into an ion trap chamber, where the 
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accumulation and separation of ionised molecules occur. Finally, the ions are led into a 

detector according to their mass-to-charge ratios. 

 

The sum of three monosaccharide anhydrides (ΣMA = levoglucosan + galactosan + 

mannosan) was determined using the LC/MS (Agilent 1100 Series, Trap SL, Agilent 

Technologies, USA). The VI and BLPI samples were extracted with methanol and deionised 

water, respectively. The electrospray method was used in this study. The quantification of 

ΣMA was done using a standard addition method with four different standard concentrations. 

This was due to the strong influence of the sample matrix on the detector response. The 

uncertainty of this method is estimated at 30%. 

 

4.4.5. Thermal-optical carbon analyser 

A thermal-optical carbon analyser (TOA; Sunset Laboratory Inc., Oregon) consists of a 

sample oven, a laser light source with a photodiode detector, an oxidizer oven, a methanator 

and a flame ionisation detector (FID) (Birch and Cary, 1996). The analysis proceeded in two 

phases. In the first phase, the OC and carbonate carbon were volatilized in a pure helium 

atmosphere using four temperature steps. During the second phase of the analysis, the carbon 

remaining on the filter was heated in a mixture of oxygen and helium (1:49, V-%) using six 

temperature steps. The temperature program used in this study followed the well-known 

NIOSH program (e.g. Sciare et al., 2003) with minor modifications. A part of the OC 

pyrolysed into compounds resembling the EC during heating. An optical correction, i.e., a 

measurement of the transmittance of laser light through the filter, was applied for a 

separation of the pyrolysed OC from the EC. Since the OC pyrolysis decreases the 

transmittance value, the EC was determined as the fraction of carbon that comes out after the 

transmittance has reached its initial value. Volatilized compounds were carried from the 

sample oven to the oxidation oven where they were oxidized on the MnO2 surfaces into CO2. 

In the methanator, carbon dioxide was reduced (CO2 + 4 H2 → CH4 + 2 H2O) and finally 

CH4 was detected with the FID. The POM was obtained by summing up the four OC peaks 

and pyrolysed OC, and multiplying the sum by a factor of 1.4 (Turpin et al., 2000; Russell, 

2003). Since the sample is heated up to 900°C, the collection substrate must be thermally 
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stable, e.g., a quartz-fibre filter. The uncertainty of this method is estimated at 5% for OC 

and 15% EC. 

 

4.5. Laboratory calibration setup 

The impactor stages of the HVCI were calibrated with a monodisperse dioctyl sebacate 

(DOS, density 0.914 g cm-3) test aerosol. The primary aerosol of fine particles (0.07-1.7 µm) 

was generated from 0.002–2% solutions of DOS in 2-propanol using a Constant Output 

Atomizer (TSI Model 3068, St. Paul, Minnesota, USA). From the atomizer, the test aerosol 

was fed into an evaporation-condensation aerosol generator to obtain a narrower-sized 

distribution (Liu and Lee, 1975). Next, a Differential Mobility Analyzer (DMA, TSI Model 

3080, St. Paul, Minnesota, USA) was used to select the desired monodisperse particle size 

fraction from the primary aerosol. A Vibrating Orifice Aerosol Generator (TSI Model 3450, 

St. Paul, Minnesota, USA) was used for the generation of monodisperse coarse particles (0.7-

15 µm). 

 

The method used in this study for the measurement of the collection efficiency of an 

impactor stage has been described in detail by Hillamo and Kauppinen (1991). Briefly, the 

monodisperse aerosol particles, taken directly from the DMA (single-charged) or charged in 

a corona charger (multiple-charged) were fed into the HVCI, and the current caused by the 

collection of charged particles was measured with electrometers (Keithley 617 

Programmable Electrometer, Cleveland, OH, USA) from both the impactor stage under 

calibration and the successive stages. The collection efficiency E(Dp) was calculated for each 

particle diameter (Dp) using the following equation: 
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Here I1(Dp) is the electrometer current measured from the HVCI stage under calibration and 

I2(Dp) is the sum of currents measured from the next successive stages. For stage 4, I2(Dp) 

was measured from the backup filter. 
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For stage 4, the penetration efficiency of particles at Boltzmann charge equilibrium was also 

studied. A monodisperse aerosol was generated as described above, but after the DMA the 

particles were fed through a Kr-85 neutralizer. The particle number concentration was 

measured both above and below this stage using an Ultrafine Condensation Particle Counter 

(UFCPC, TSI Model 3025, St. Paul, Minnesota, USA) and a Condensation Particle Counter 

(CPC, TSI Model 3010, St. Paul, Minnesota, USA), respectively. 

 

4.6. Data analysis 

The MICRON code (Wolfenbarger and Seinfeld, 1990) was applied to invert the 10-stage 

BLPI raw data into continuous mass size distributions for the measured particulate mass and 

ions. To produce an accurate inversion, the procedure required information on the BLPI 

collection efficiency characteristics (Wang and John, 1988; Hillamo and Kauppinen, 1991) 

and on the errors related to the analysis. The mode parameters, including mass median 

aerodynamic diameter (MMAD), geometric standard deviation (GSD) and mode mass 

concentration, were obtained by a lognormal curve fitting (Winklmayr et al., 1990) to the 

MICRON inverted BLPI data. 

 

The PM2.5 and PM10-2.5 mass concentrations and their constituent concentrations are reported 

as arithmetic means with a standard deviation (SD) or range. The correlation between the 

different variables has been mostly depicted by Pearson’s r, but Spearman’s ranking 

correlation has been applied in Paper II. 

 

Table 2 shows how the masses in these chemical classes representing different PM sources 

were calculated for the chemical mass closure studies (Papers III and VI). The non-sea-salt 

sulphate (nss-SO4
2-) was calculated from the measured SO4

2-, Na+, and a standard sea water 

composition, and the two latter factors were also used for the estimation of the total sea salt 

(SS) concentration (Brewer, 1975). Si, Al, Ca, Fe and K are typical soil-related elements and 

appear predominantly as oxides (Brook et al., 1997). The soil-derived particle fraction was 

divided into a water-soluble portion of soil-derived compounds (WSS) and an insoluble 

portion of soil-derived compounds (WIS), because the various forms of chemical constituents  
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Table 2. The chemical components used in the mass closure studies. 

Component Abbreviation Formula 
Non-sea–salt sulphatea Nss-SO4

2- [Nss-SO4
2-]=[SO4

2-]-0.246 x [Na+] 
Nitrate NO3

-  
Ammonium NH4

+  
Sea salta SS [SS]=3.248 x [Na+] 
Water-soluble soilb WSS [WSS]=[Fe2O3]+[Al2O3]+[CaO]+[K2O] 
Water-insoluble soilc WIS [WIS]=[Fe2O3]+[SiO2]+[Al2O3]+[CaO]+[CaCO3] 

            +[K2O]-[WSS] 
Other elements OE [OE]=[As]+[Cd]+[Co]+[Cr]+[Cu]+[Ni]+[V] 

          +[Br]+[Mn]+[Pb]+[Rb]+[Se]+[Sr]+[Ti]+[Zn]
Phosphated PO4

3- [PO4
3-]=3.07 x [P] 

Dicarboxylic acidsd DA [DA]=[succinate]+[malonate]+[oxalate] 
Black carbond BC  
Elemental carbone EC  
Particulate organic mattere POM POM=1.4 x [OC] 
Unidentified matter UM [UM]=[PMx]-[Σ identified components of PMx] 
aBrewer (1975). 
bWSS is based on the IC and ICP/MS data. 
cWIS is based on the ED-XRF data with WSS subtraction. 
dApplied only in Paper VI. 
eApplied only in Paper III. 
 

 

may have different health impacts. The WSS masses were based on the soluble trace element 

analyses by the IC and ICP/MS, whereas the WIS masses were calculated by subtracting the 

soluble trace element concentrations from the corresponding total elemental concentrations 

analysed by the ED-XRF. The sum of other elements (OE; i.e., all the elements, excluding 

major soil and sea salt elements) represented mostly metals from a great diversity of sources 

(e.g., metal industry, coal and heavy oil combustion, abrasion of brakes, clutch, etc. in 

vehicles, minor soil elements in resuspended dust). The particulate organic matter (POM) 

content was obtained by multiplying the measured OC by a factor of 1.4 (Turpin et al., 2000; 

Russell, 2003), which roughly compensates the limitations of the present instruments, i.e., the 

thermal-optical carbon analyser that measures only the carbonaceous content of POM, 

excluding the other elements of organic compounds. The unidentified matter (UM) was 

obtained as the difference between the gravimetrically-measured aerosol mass and the 

reconstructed mass (i.e., the sum of quantified chemical components). 
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5. RESULTS AND DISCUSSION 

 

5.1. Validation of the high volume cascade impactor 

The HVCI system had to be recalibrated, since our earlier field studies had shown that the 

collected masses were not comparable with those from the well-known impactors. There was 

a discrepancy in both total and size-segregated PM masses. The calibration were performed 

at the laboratory of the Finnish Meteorological Institute, and the laboratory results were 

confirmed in field studies in Helsinki between June and September 2001 (Paper I). This 

validated sampling method was applied in the PAMCHAR-project field studies in six 

European cities (Paper II). 

 

5.1.1. Laboratory calibration 

The collection efficiency curves of the HVCI stages are shown in Figure 4. For stage 1 and 

stage 2, two different versions were available. The D50-values of the HVCI were 8.3 µm for 

stage 1-1, 10.5 µm for stage 1-2, 2.4 µm for stage 2-1, 1.6 µm for stage 2-2, 0.9 µm for stage 

3 and 0.2 µm for stage 4. These results differed from the design target values specified by the 

manufacturer for stage 1-1 (10 µm) and stage 2-2 (2.46 µm) as well as from the value for 

stage 4 (0.1 µm) measured by Demokritou et al. (2002). The measurements were performed 

using both PUF and plain aluminum plate as an impaction surface. The curves measured with 

the aluminum impaction plate were much steeper than those measured with PUF. The upper 

parts of the collection efficiency curves measured with the PUF-substrate and with aluminum 

plate were quite close to each other, while the lower parts were shifted to the left for the PUF 

substrate. This means that the collection efficiency of smaller particles is more effective on 

PUF than on the aluminum plate. This phenomenon has also been observed also in several 

previous studies (Wake and Brown, 1991; Vincent et al., 1993; Kavouras and Koutrakis, 

2001) and can be explained by the differences in particle deposition mechanisms between 

these two different surfaces. The major collection mechanism on hard and flat aluminum 

plate is inertial impaction, whereas the porous and inhomogeneous PUF substrate collects 

particles by impaction, interception and diffusion. 
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Figure 4. The collection efficiency as a function of aerodynamic particle diameter (Da) in the 
HVCI stages. Stages 1-1 and 1-2 were tested with aluminum impaction plate and stages 2-4 
with PUF (Paper I). 
 

The HVCI stage 4 was tested in the laboratory using several different methods to confirm 

that the measured collection efficiency curves were independent of the test procedure. First, 

monodisperse particles that were either multiple-charged or single-charged or neutralized to 

Boltzmann equilibrium were used in order to investigate the possible influence of charging 

level on the collection efficiency curve. However, independent of the test particle charge, the 

collection efficiency curves remained similar in shape and the D50-values were close to each 

other. Further, no measurable changes in the collection efficiency curve were seen when a 

particle-loaded (4-day urban air sampling) PUF-substrate was used instead of a clean 

substrate. Neither did a small increase in the HVCI air volume flow rate from 850 to 900 

litres/min significantly alter the collection efficiency curve in penetration experiments, in 

which the number concentration of particles at Boltzmann charge equilibrium was measured 

upstream and downstream of stage 4 with two CPC's. 
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5.1.2. Field tests 

A rest was made in field experiment of the performance of three different configurations of 

the HVCI system. The samples (N=15) were collected in parallel with a virtual impactor and 

a Berner low pressure impactor. While using stage 1-1 in the HVCI system, the low HVCI to 

VI ratios (0.40-0.53) for coarse particles agreed with the previous calibration result that 

indicated the D50 of this stage to be lower than the desired 10 µm. In addition, there may be 

other interferences reducing the collection efficiency of coarse particles. When stage 1-1 was 

replaced with an Andersen PM10-inlet, the HVCI to VI ratio of coarse particulate mass varied 

around one (0.72-1.25). Correspondingly, the fine particulate mass collected by the HVCI, 

i.e., the sum of the masses on stage 3, stage 4 and the backup filter, was consistent with that 

collected on the VI fine particle filter (HVCI/VI=1.01±0.13). 

 

An example of the mass size distribution measured simultaneously with the HVCI and the 

BLPI in the field is shown in Figure 5. In the left panel, the particulate mass concentrations 

of the HVCI were divided into four size fractions corresponding to the D50-values given by 

the manufacturer for stage 2-1, stage 3, and stage 4 (2.5, 1.0 and 0.1 µm). In the right panel,  
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Figure 5. The mass size distributions measured simultaneously in the field campaign with the 
HVCI and BLPI. The HVCI 50% cutoff diameters were based either on the calibration of 
Demokritou et al. (2002) (0.1 µm, 1.0 µm, 2.5 µm; left panel), or on the results from this 
study (0.2 µm, 0.9 µm, 2.4 µm; right panel). The upper size cutoff at 10 µm was made with a 
size-selective Andersen inlet (Paper I). 
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the division of the same mass concentrations was made according to the D50-values obtained 

in the present laboratory calibration (2.4, 0.9, and 0.2 µm). It is obvious that the latter HVCI 

mass size distribution agrees better with that of the BLPI. In this example, the 10-µm upper 

cutoff diameter was obtained using an Andersen high volume PM10 inlet. 

 

The HVCI performance was assessed during the 7-week sampling campaigns in different 

urban sites by comparing its results with those of the VIs and BLPI (Paper II). The coarse 

and fine particulate mass agreed within 10% with the low-volume reference method (i.e., 

VI), and the four-stage size distribution managed to exhibit the modal patterns of urban 

aerosol. The chemical composition of PM measured with the HVCI differed to some extent 

from that of the reference methods (i.e., VI and BLPI). The ionic contents of HVCI-PM2.5-10 

agreed well with those of VI-PM2.5-10, but the contents of water-soluble elements were 

somewhat underestimated by the HVCI (69% of reference). The agreement of HVCI-PM2.5 

ionic contents with those of VI-PM2.5 was generally not as good as it was for the ionic 

contents in the PM2.5-10 size range. Since the PM2.5 mass concentrations were nearly the same 

with both samplers, the non-existent correlation for SO4
2- and K+ was most likely due to 

losses that occurred in the methanol extraction of HVCI samples rather than in the sampling 

itself. Some of the ionic compounds (e.g. NH4SO4) may not be sufficiently soluble in 

methanol. In the PM0.2 size range, the mean (SD) HVCI-to-BLPI ratios for SO4
2-, K+ and 

NO3
- were 1.1 (0.5), 1.0 (0.6) and 2.6 (1.3).  
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5.2. Particulate matter in six European cities 

The 7-week sampling campaigns were carried out in six urban environments for the purpose 

of chemical and toxicological studies. Additionally, 1-year continuous measurements of OC 

and EC in PM2.5 and PM2.5-10 were conducted in Helsinki to provide a comprehensive data set 

on the concentrations and daily and seasonal variability. These results are presented in Paper 

IV. The mass concentrations and chemical composition of PM2.5 and PM2.5-10, as well as an 

assessment of their sources, are presented in the following sections. 

 

5.2.1. Mass concentrations and chemical composition of PM2.5 

The mean mass concentrations of PM2.5 and its chemical constituents during the 7-week 

campaigns are presented in Table 3. The mean PM2.5 mass concentrations varied between 8.3 

and 29.6 µg m-3. The highest concentration was measured in Prague during the winter, 

whereas the lowest was found in Helsinki during the spring. In Helsinki, these 7-week means 

were comparable with the annual mean PM2.5 mass concentration measured in 2001 (data 

from local authorities), while in Duisburg and Barcelona they were somewhat lower. 

 

The concentrations of the chemical constituents differed between the six cities and also 

between the sampling periods in each city (Table 3). However, some trends and patterns can 

be drawn from them. The mean mass concentrations of major components, i.e., POM, SO4
2-, 

NO3
-, NH4

+ and EC, mainly exceeded 1000 ng m-3. The POM was the largest component in 

all the cities, except in Barcelona. The means of other ions, ΣMA and some trace metals (Fe, 

Zn, Pb and Al) mainly varied in the range 20-350 ng m-3, while those of trace elements were 

mainly <10 ng m-3. The largest max-to-min ratios (>10) of the six-city means in PM2.5 were 

displayed by ΣMA, succinate, NO3
-, Ca2+, Cl-, As, V, Cr and Mn. The differences found 

between the six cities were most likely due to factors related to the season, local emission 

sources and geographical location. 

 

According to the chemical mass closure study (paper III), all the measured and estimated 

components together accounted for 79% or more of the PM2.5 mass in the six campaigns 

(Figure 6). The major components were carbonaceous compounds (POM + EC), secondary  
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Table 3. The 7-week means of soluble and total concentrations (ng m-3) of metals, ions and 
carbonaceous components in the fine particulate (PM2.5) samples of six European field 
campaigns. 

The horizontal bar (―) indicates that the analysis has not been done. The highest mean in each category is 
bolded. N=14, except for means close to limit of detection. When N<10, the mean is written in italics. 

 Duisburg Prague Amsterdam Helsinki Barcelona Athens 
PM2.5 14700 29600 25400 8300 20000 25300 
 Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. 
Al 16 44 14 65 11 42 13 57 12 55 20 62 
As 1.1 ― 4.0 ― 1.2 ― 0.37 ― 0.73 ― 0.60 ― 
Br ― 4.0 ― 5.4 ― 5.7 ― 2.6 ― 6.1 ― 3.8 
Ca 46 53 23 27 34 42 26 51 130 140 410 390 
Cd 0.43 ― 0.63 ― 0.39 ― 0.11 ― 0.34 ― 0.44 ― 
Cl 110 210 49 43 250 220 42 18 88 44 18 16 
Co 0.18 ― 0.052 ― 0.065 ― 0.050 ― 0.084 ― 0.048 ― 
Cr 0.93 3.7 0.18 0.20 0.35 0.31 0.14 0.35 0.46 0.95 0.36 0.18 
Cu 6.4 6.3 3.9 4.0 4.3 4.2 1.5 1.6 5.8 6.3 7.7 7.5 
EC ― 1200 ― 1400 ― 980 ― 680 ― 1500 ― 1600 
Fe 98 270 57 88 57 140 32 72 44 140 67 200 
K 110 110 230 230 79 130 59 71 110 110 120 94 
ΣMA 230 ― 1300 ― 360 ― 84 ― 47 ― 24 ― 
Malonate 9.8 ― 31 ― 10 ― 19 ― 39 ― 55 ― 
Mg 35 ― 7.2 ― 37 ― 15 ― 45 ― 33 ― 
Mn 9.9 14 3.1 3.2 3.2 3.4 1.5 1.3 3.4 3.1 4.6 5.3 
MSA 18 ― 21 ― 15 ― 41 ― 55 ― 58 ― 
Na 250 ― 86 ― 330 ― 120 ― 350 ― 100 ― 
NH4

+ 1200 ― 2200 ― 2000 ― 740 ― 1600 ― 2400 ― 
Ni 1.1 1.9 0.86 0.74 1.5 1.9 2.2 2.6 5.0 6.6 2.6 2.3 
NO3

- 2100 ― 2600 ― 5200 ― 400 ― 1400 ― 290 ― 
Oxalate 53 ― 92 ― 56 ― 79 ― 200 ― 240 ― 
P ― 35 ― 55 ― 51 ― 20 ― 33 ― 71 
Pb 23 27 22 36 13 17 3.2 5.7 16 19 16 19 
POM ― 4400 ― 16000 ― 5900 ― 3800 ― 4400 ― 8800 
Rb ― 0.90 ― 1.3 ― 1.1 ― 0.67 ― 1.3 ― 1.2 
SO4

2-/Sa 2700 820 5800 1400 3400 1200 2200 650 5100 1400 7900 1300 
Se ― 1.1 ― 0.60 ― 1.0 ― 0.080 ― 0.36 ― 0.25 
Si ― 76 ― 97 ― 75 ― 120 ― 150 ― 150 
Sr ― 0.80 ― 0.60 ― 0.75 ― 0.69 ― 1.1 ― 0.81 
Succinate 10 ― 32 ― 12 ― 24 ― 49 ― 180 ― 
Ti ― 8.9 ― 3.4 ― 1.9 ― 1.9 ― 2.2 ― 2.9 
V 2.0 1.1 1.9 1.6 4.5 5.5 6.0 5.7 19 18 9.8 7.2 
Zn 76 84 59 70 32 36 11 12 59 58 31 33 

aSoluble SO4
2- is based on the IC data, where the total elemental S is based on the ED-XRF data. 
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Figure 6. The relative contributions of nine chemical components to the PM2.5 and PM2.5-10 of 
the six sampling campaigns. Abbreviations on the x-axis: DUI=Duisburg-autumn, 
PRA=Prague-winter, AMS=Amsterdam-winter, HEL=Helsinki-spring, BAR=Barcelona-
spring and ATH=Athens-summer (Paper III). 
 

 

inorganic ions and sea salt. The remaining unidentified matter probably resulted from 

aerosol-bound water and systematic errors in chemical quantification. The contribution of 

aerosol-bound water depends on the abundance of hygroscopic aerosol in the samples, as 

well as on the relative humidity in the weighing room. The main source of systematic error is 

the OC multiplication factor. In this study, a factor of 1.4 was applied for all the samples, 

although it is known that the POM-to-OC ratio depends on the emission sources, atmospheric 

transport duration and meteorological conditions. A small systematic error may also occur in 

the OC-to-EC ratio when using the NIOSH method that determines a part of OC as 

EC.However, the total carbon content (TC=OC+EC) is reliably determined by this method 

(Schmid et al., 2001; Chow et al., 2001). 
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5.2.2. Mass concentrations and chemical composition of PM2.5-10 

The mean mass concentrations of PM2.5-10 and its chemical constituents during the 7-week 

campaigns are presented in Table 4. The mean PM2.5-10 mass concentrations varied between 

5.4 and 28.7 µg m-3. The highest mean PM2.5-10 concentration was measured in Athens during 

the summer, whereas the lowest value was in Prague during the winter. The sampling 

campaigns in Barcelona and Athens were conducted during warmer and drier seasons, 

leading to a high PM2.5-10 concentration (resuspension), whereas the sampling campaigns in 

Duisburg, Prague and Amsterdam were carried out during the ‘wet’ and cool seasons, 

favouring a low PM2.5-10 concentration (due to low resuspension). Road dust episodes, typical 

phenomena of springtime in Northern Europe, were the reason for the elevated PM2.5-10 in 

Helsinki (Kukkonen et al., 1999). 

 

The concentrations of the chemical constituents differed between the six cities. The chemical 

composition of coarse particles was clearly different from that of fine particles. The main 

components were related to soil (Ca, Si, Fe, Al and K) and sea salt (Na+, Cl – and Mg2+). 

Additionally, POM, NO3
- and SO4

2- had high concentrations in all six cities, being ≥1200 µg 

m-3, ≥300 µg m-3 and ≥150 µg m-3, respectively. The dominant crustal element was Fe in 

Duisburg and Amsterdam, Si in Prague and Helsinki, and Ca in Barcelona and in Athens. 

 

The identified chemical components accounted for 77-96% of the PM2.5-10 mass (Figure 6). 

The major components in PM2.5-10 were soil-derived compounds, carbonaceous compounds, 

sea salt and nitrate. The remaining UM, as in the case of PM2.5, probably comprised aerosol-

bound water as well as random and possibly systematic errors. However, due to the smaller 

amount of hygroscopic compounds in PM2.5-10, the contribution of aerosol-bound water is 

probably much smaller than in PM2.5. In addition to the fixed OC multiplication factor of 1.4, 

a systematic error may have arisen from an underestimation of the soil-derived particles. 

 



 50

Table 4. The 7-week means of soluble and total concentrations (ng m-3) of metals, ions and 
carbonaceous components in the coarse particles (PM2.5-10) of six European field campaigns. 

The horizontal bar (―) indicates that the analysis has not been done. The highest mean in each category is 
bolded. N=14, except for means close to limit of detection. When N<10, the mean is written in italics. 

 Duisburg Prague Amsterdam Helsinki Barcelona Athens 
PM2.5-10 7200 5400 8400 12800 26300 28700 
 Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. Sol. Tot. 
Al 34 75 82 250 33 86 180 630 140 520 180 410 
As 0.12 ― 0.91 ― 0.10 ― 0.095 ― 0.22 ― 0.35 ― 
Br ― 0.97 ― 0.27 ― 2.6 ― 0.59 ― 7.0 ― 1.3 
Ca 230 310 210 270 260 300 270 530 1700 2300 2500 5900 
Cd 0.094 ― 0.10 ― 0.038 ― 0.014 ― 0.075 ― 0.10 ― 
Cl 560 260 110 82 1500 1000 300 210 2500 1700 270 160 
Co 0.17 ― 0.060 ― 0.073 ― 0.15 ― 0.17 ― 0.19 ― 
Cr 0.64 11 0.28 0.93 0.43 1.5 0.71 1.9 0.64 2.3 1.6 3.3 
Cu 10 13 3.4 3.8 8.4 9.3 6.3 6.9 24 24 22 25 
EC ― 210 ― 260 ― 180 ― 200 ― 370 ― 280 
Fe 190 640 120 310 180 420 350 750 320 970 310 960 
K 35 58 14 79 45 66 16 280 92 350 52 290 
Malonate 2.1 ― 1.5 ― 3.4 ― 4.1 ― 18 ― 42 ― 
Mg 83 ― 11 ― 110 ― 25 ― 250 ― 81 ― 
Mn 11 17 3.7 4.7 4.6 5.8 5.1 9.9 8.9 15 11 16 
MSA 1.5 ― 0.65 ― 2.3 ― 2.4 ― 8.8 ― 3.8 ― 
Na 420 ― 94 ― 940 ― 250 ― 1800 ― 310 ― 
NH4

+ 69 ― 94 ― 220 ― 18 ― 58 ― 21 ― 
Ni 1.3 1.2 0.58 2.3 0.63 0.80 0.65 0.71 1.5 1.8 2.0 2.6 
NO3

- 850 ― 300 ― 1200 ― 390 ― 2700 ― 1600 ― 
Oxalate 7.2 ― 2.8 ― 9.5 ― 6.8 ― 26 ― 64 ― 
P ― 18 ― 13 ― 22 ― 11 ― 39 ― 130 
Pb 6.1 7.1 3.7 4.2 2.6 2.5 1.3 2.9 11 13 6.6 9.9 
POM ― 1800 ― 1300 ― 1200 ― 1800 ― 2300 ― 5000 
Rb ― 0.73 ― 0.98 ― 0.51 ― 1.4 ― 2.6 ― 1.7 
SO4

2-/Sa 350 120 300 145 630 200 150 57 980 330 450 140 
Se ― 0.13 ― 0.071 ― 0.099 ― 0.089 ― 0.17 ― 0.086
Si ― 270 ― 600 ― 320 ― 1900 ― 1400 ― 1200 
Sr ― 1.7 ― 1.6 ― 1.9 ― 2.4 ― 7.7 ― 5.5 
Succinate 2.4 ― 1.3 ― 2.8 ― 1.5 ― 8.7 ― 17 ― 
Ti ― 22 ― 28 ― 10 ― 49 ― 56 ― 53 
V 0.48 0.95 0.56 0.79 0.52 0.48 0.97 1.1 5.0 2.4 2.4 2.4 
Zn 46 70 16 12 15 14 9.8 11 46 44 17 23 

aSoluble SO4
2- is based on the IC data, where the total elemental S is based on the ED-XRF data. 
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5.2.3. Assessment of particle sources 

The temporal association between the concentrations of size-segregated PM mass 

concentration and chemical components in the sampling campaigns (14 periods for each city) 

was assessed to find out which emission sources and atmospheric processes made consistent 

contributions to the local PM2.5 and PM2.5-10 concentrations during the selected campaign 

periods (Paper III). There was highly variable correlation (r = -0.13−0.74) between the PM2.5 

and PM2.5-10 mass concentrations in any city. This may due to the fact that they originated 

from very different sources. 

 

Fine particles. The POM concentration correlated highly with the PM2.5 concentration in five 

cities, excluding Barcelona (r=0.49), but still stressing the consistent nature of combustion 

source contributions (e.g. traffic, residential heating with solid fuels, energy and industrial 

plants) in urban environments. The NH4
+ concentration had a high correlation with the PM2.5 

concentration in all the six cities, and the NO3
- concentration did so during the autumn and 

winter campaigns in Duisburg, Prague and Amsterdam. The SO4
2- concentration correlated 

highly (r≥0.80) with the PM2.5 mass in Prague, Helsinki and Athens and reasonably well 

(r=0.63-0.66) in the other three campaigns also. Overall, these findings confirmed the 

consistent contribution of secondary inorganic ions to PM2.5 concentration in contrasting 

particulate air pollution situations. The water-soluble soil concentration in Duisburg and 

other elements (Table 2) in Athens correlated highly with the PM2.5 concentration, and both 

of them had high correlations in Prague, Amsterdam and Helsinki, suggesting the 

involvement of common emission sources (e.g., traffic, metal industry, residential heating 

with solid fuels) in these heterogeneous components. In addition, the concentration of 

unidentified matter had a high positive correlation (r=0.85), and the sea salt nearly as high a 

negative correlation (r=-0.76), with the PM2.5 concentration in Amsterdam. The former 

finding is difficult to explain, but the latter finding indicates the impact of cleaner oceanic air 

masses. Additionally, the source contributions to the POM of fine particles were estimated by 

comparing the source signature-to-POM ratios (Paper V). There were outstanding 

contributions from 1) traffic in Duisburg and Barcelona, 2) coal combustion in Prague, 

Duisburg, Amsterdam and Barcelona, 3) fuel oil combustion in Barcelona, Helsinki and 
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Amsterdam, 4) biomass combustion in Prague, Amsterdam and Duisburg and 5) secondary 

organic products in Barcelona, Athens and Helsinki. 

 

Coarse particles. The major sources of PM2.5-10 differed clearly from those of PM2.5 (Figure 

6). While the PM2.5 originated mainly from anthropogenic sources and gas-to-particle 

conversion, the PM2.5-10 was strongly impacted by the sum of natural and anthropogenic 

sources (soil-derived particles, sea salt and plant debris). The water-soluble soil 

concentration in Prague and Helsinki, and the concentrations of water-insoluble soil and 

other elements in Prague, Helsinki and Athens, correlated highly with the PM2.5-10 

concentration. In addition, the EC concentration in Prague, and the POM concentration in 

Prague and Helsinki, had high correlations with the PM2.5-10 concentration. In Duisburg, 

Amsterdam and Barcelona, none of the chemical components correlated highly with the 

PM2.5-10 concentration. These findings suggest that some common, consistent source like 

residential heating with solid fuels in Prague and traffic (direct combustion and abrasion 

emissions, resuspended road dust) in Helsinki and Athens largely explains the observed 

variations in seasonal PM2.5-10 concentration, whereas, in the other three cities, emissions 

from several independent local sources (e.g. traffic, industries, harbour, sea) have important 

impacts. 

 

5.3. Case study of long-range transported PM in Helsinki 

Long-range transported fine particles have been known to make a significant contribution 

(50-75%) to PM2.5 mass concentrations in central Helsinki (Pakkanen et al., 2001a; 

Karppinen et al., 2004). In paper VI, episodes of long-range transported particulate matter 

were specially investigated in a one-month sampling campaign at an urban background site 

in Helsinki (Herttoniemi). The mean PM2.5 mass concentrations of the sampling periods P2 

(August 26-29, 2002) and P5 (September 5-9, 2002) were 31.6 and 21.2 µg m-3, being 

considerably higher than those published in papers III or IV. Backward trajectories showed 

that the air masses originated partly from different areas during these two sampling periods. 

During P2, the air masses travelled over the Baltic countries, Belarus and the European part 

of Russia, whereas P5 was impacted by an air mass mixture originating in the Baltic 
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countries, Belarus and the European part of Russia, but also in northern Germany, southern 

Sweden and the Baltic Sea. 

 

Examination of the relatively large chemical dataset showed that the PM2.5 mass in P2 and P5 

had contributions from somewhat different sources. The strong impact of biomass 

combustion was found in P2, whereas P1 (August 23-26, 2006) and P5 contained aerosol 

mixtures suggesting major contributions from other emission sources. Strong increases in the 

concentrations of secondary inorganic ions as well as constituents representing the 

combustion of fossil fuel and industrial sources were typical of P5. 

 

The size distributions showed that the increased PM2.5 concentration in P2 and P5 resulted 

from an enlarged accumulation mode (Figure 7). The concentrations of biomass signatures 
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Figure 7. Mass size distributions in the BLPI samples of P1, P2 and P5 for oxalate, K+, ΣMA 
and PM mass in the upper row (left y-axis scale in ng m-3 for biomass signatures and right y-
axis scale in µg m-3 for PM mass), and for NO3

-, SO4
2- and NH4

+ in the lower row (Paper VI). 
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(i.e., levoglucosan, oxalate and potassium) in the accumulation mode were clearly increased 

in P2, whereas secondary aerosols and calcium had pronounced peaks in P5. The episodes 

had no significant impact on the Aitken mode. 

 

5.4. Chemical and source characteristics of particulate matter as input to health studies 

It is important for the development of cost-effective abatement strategies that the adverse 

health effects in human populations associated with different-sized particulate matter can 

also be linked to the sources. This has recently been done by statistical means in time-series 

studies conducted among asthmatic and coronary heart disease patients in Helsinki (Penttinen 

et al. 2006, Lanki et al. 2006). Toxicological studies have a crucial role in the production of 

direct supportive evidence for the epidemiological findings (Salonen et al. 2004; Jalava et al. 

2006). 

 

The HVCI sampling substrates were weighed, and the particles were extracted with methanol 

for the toxicological studies in animals and cell cultures. The methanol extracts of particles in 

each size range were pooled together for each campaign, and the PM0.2-1 and PM1-2.5 samples 

were combined. The pooled extracts were divided into a number of test tubes and the 

methanol was dried out. Sufficiently large amounts of ultrafine (PM0.2), fine (PM0.2-2.5) and 

coarse (PM2.5-10) particulate mass were thus obtained for the toxicological studies on 

cytotoxic, inflammatory and genotoxic end-points. The results of the dose-response studies 

are compared to the corresponding chemical data on a mass basis (µg/mg PM mass), while 

the relative toxic activities of size-segregated particulate matter can be compared between the 

different pollution situations on an equal mass basis and per cubic metre of air, as described 

by Jalava et al. (2006). The chemical data obtained from the HVCI samples (Paper II) are 

used as a primary characterisation of the exposure variable in these comparisons, since the 

experimental exposures are done using this material. 

 

The data from parallel, low-volume reference samplers (VI and BLPI) provide valuable 

additional information for the mass closure and source apportionment assessments, which 

provide a link from the toxicological findings to the particle sources. Due to pooling of the 

HVCI samples, important information on the variation of chemical component 



 55

concentrations is lost for the source characterization based on statistical methods. In addition, 

the different sample substrates used in three parallel VIs enabled a much larger variety of 

chemical analyses (e.g. TOA and ED-XRF) than what was possible for the PUF substrates of 

the HVCI. However, the chemical data based on the VI and BLPI samples (Papers III, V and 

VI) can only be used semi-quantitatively in the interpretation of the results of toxicological 

studies, since the chemical composition of fine and coarse particulate samples collected with 

the HVCI differed to some extent from the reference methods (Paper II). This implies that in 

future studies concerning toxicological responses in relation to chemical constituents, 

particularly those of fine particles, the chemical composition of the HVCI samples should be 

analysed and used as the quantitative reference. 
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6. CONCLUSIONS 

 

The laboratory and field calibration of several HVCI stages made it possible to select a 

proper HVCI configuration for the collection of airborne size-segregated particulate samples 

for chemical and toxicological studies. The coarse and fine particulate mass of the HVCI 

agreed within 10% with the low-volume reference method, and the four-stage size 

distribution managed to exhibit the modal patterns of urban aerosol. The chemical 

composition of the particulate matter measured with the HVCI differed to some extent from 

the reference methods. This implies that in future studies concerning toxicological responses 

in relation to chemical constituents, particularly those of fine particles, the chemical 

composition of the HVCI samples should be analyzed and used as a quantitative reference. 

The data from parallel, low-volume reference samplers provide valuable additional 

information for mass closure and source apportionment assessments.  

 

The mass concentrations of fine and coarse particles, measured in highly contrasting 

pollution situations in six European cities, could be reconstructed to a large extent with the 

help of harmonized particle sampling and analysis of the selected chemical constituents. The 

major components in the fine particle size range were carbonaceous compounds, secondary 

ions and sea salt, whereas those in the coarse particle size range were soil-derived 

compounds, carbonaceous compounds, sea salt and nitrate. All the measured and estimated 

components together accounted for 79-106% of fine particle mass and 77-96% of coarse 

particle mass. The remaining unidentified matter probably resulted from aerosol-bound water 

and possible systematic errors in the estimation of organic and crustal materials.  

 

Analysis of the temporal association between the size-segregated particulate mass and the 

corresponding chemical component concentrations in ambient air confirmed the consistent 

nature of the contributions to the fine particles from various local combustion sources such as 

traffic, residential heating with solid fuels and metal industry plants, and regional or long-

range transported aerosols. In addition, residential heating with solid fuels in the cold season, 

and traffic-derived abrasion particles and resuspended road dust as well as biological material 
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in the warm and dry seasons, are suggested to have major contributions to the coarse 

particles. 

 

The mass concentrations of organic and elemental carbon in the fine particles exhibited sharp 

day-to-day changes in Helsinki, but they or their mass concentrations did not exhibit strong 

seasonal variations. The concentrations of these two carbon fractions in the coarse particles 

were smaller than those in the fine particles. Correspondingly, no substantial seasonal 

variations were observed in their concentrations, except for the coarse organic carbon 

concentration during springtime. 

 

Two major long-range aerosol transport episodes were observed in Helsinki during August 

and September, 2002. They were caused by a transfer of air masses from wildfire areas in 

Russia, the Baltic countries and Belarus, as well as by some other anthropogenic sources in 

other countries. The biomass signatures increased especially in the accumulation mode of 

fine particles, whereas simultaneous secondary aerosols and calcium had pronounced peaks 

in the accumulation mode of the latter episode. 

 

Overall, the six European sampling campaigns of the PAMCHAR project were successful in 

capturing contrasting periods of particulate air pollution. The mean fine and coarse particle 

concentrations during the campaigns were often elevated above the seasonal average and 

exhibited different characteristics from each other with regard to particle mass size 

distribution, chemical composition, and contributing sources. Thus, the presented chemical 

and source analyses of size-segregated particulate samples provide highly useful background 

information for the toxicological cell and animal studies on source-exposure-effect 

relationships. 
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