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1.1. Atmospheric aerosols 

 

Aerosols are defined as relatively stable suspensions of solid or liquid particles in a 

gas [Finlayson-Pitts and Pitts, 2000]. Thus, the atmospheric aerosols include both the 

particles present in the atmosphere and the air within which the particles reside. 

However, while this is the rigorous definition of atmospheric aerosols, one should 

note that in atmospheric research, the term aerosols is often used to denote just the 

particles. Therefore, throughout this thesis, the terms “aerosols”, “particles” and 

“particulate matter” are used interchangeably. 

 

Since about two decades, a continuously growing attention is being paid to 

atmospheric aerosols because of their role in climate and atmospheric chemistry 

[Andreae and Crutzen, 1997; Pöschl, 2005] and their effects on human and animal 

health and welfare [Turpin, 1999]. The atmospheric aerosols scatter and absorb visible 

radiation, thereby reducing visibility. They affect the Earth’s climate both directly (by 

scattering and absorbing radiation) and indirectly (by serving as nuclei for cloud 

formation and by modifying the optical properties and lifetime of clouds). They 

provide sites for surface chemistry and condensed-phase chemistry to take place in the 

atmosphere [Tie et al., 2005]. A growing number of epidemiological studies have also 

indicated statistical associations between increased health risks (excess morbidity and 

mortality) and exposure to aerosols, both for short-term, high-level exposures and for 

prolonged, chronic exposures to lower concentrations [Dockery et al., 1993; Dockery 

and Pope, 1994; Air Quality Criteria for Particulate Matter, 1996; 2004; Namdeo and 

Bell, 2005]. Moreover, atmospheric aerosols play an important role in the spreading 

of biological organisms, reproductive materials, and pathogens (pollen, bacteria, 

spores, viruses, etc.) and they can cause or enhance respiratory, cardiovascular, 

infectious, and allergic diseases [Finlayson-Pitts and Pitts, 1997; Hinds, 1999; 

Finlayson-Pitts and Pitts, 2000]. 

 

1.1.1. Atmospheric cycling of aerosols 

 

Atmospheric aerosols are formed, evolve, and are eventually removed within the 

general circulation of the atmosphere. Figure 1.1 outlines the main stages of the life 

cycle for atmospheric aerosols. 
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Figure 1.1. Main stages of the life cycle for atmospheric aerosols. [Taken from 

Pöschl, 2005]. 

 

Depending on their origin, atmospheric aerosols can be classified as primary or 

secondary. Primary aerosols are directly emitted as liquids or solids from their sources 

or are formed from the condensation of high-temperature vapours, such as those 

emitted during combustion processes. They include materials such as wind-blown soil 

dust, sea salt, road dust, mechanically generated particles and combustion generated 

particles such as fly ash and soot. The concentration of primary particles in the 

atmosphere depends on their emission rate, transport and dispersion, and removal rate. 

Secondary aerosols, on the other hand, are formed by gas-to-particle conversion 

reactions within the atmosphere. The particle formation processes include nucleation 

of particles from low-vapour pressure gases emitted from sources or formed within 

the atmosphere by chemical reactions, condensation of low-vapour pressure gases on 

existing particles, and coagulation of particles. Most atmospheric sulphate particles 

are formed from atmospheric oxidation of sulphur dioxide and are thus secondary. 

Also atmospheric nitrate is essentially secondary (formed from NOx, with NOx, = NO 

+ NO2). A substantial fraction of the organic aerosol is also attributed to secondary 

processes [Gray et al., 1986; Pickle et al., 1990; Mylonas et al., 1991; Turpin and 

Huntzicker, 1991; Hildemann et al., 1994a; 1994b]. Secondary aerosol formation can 

depend on the concentration of non-aerosol forming gaseous reactive species such as 

ozone, hydroxyl radicals, or hydrogen peroxide, on atmospheric conditions including 

solar radiation, temperature, and ambient relative humidity, and the interactions of 

precursor gases and pre-existing particles within cloud or fog droplets [McMurry and 

Wilson, 1983; Hoppel and Frick, 1990; Meng and Seinfeld, 1994]. As a result, it is 
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Table 1.1. Global emission estimates for major aerosol types in the 1980s (sulphate 

and nitrates are assumed to occur as ammonium salts).a 

 
Source 
 
 

Estimated flux (in 
millions tons per year) 

Particle size 
category 
 

Natural    
    
Primary    

Soil dust (mineral aerosol) 1500  mainly coarse 
Sea-salt 1300  Coarse 
Volcanic dust 33  Coarse 
Primary organic aerosols (marine and 
     continental) 50  Coarse 

    
Secondary    

Sulphates from biogenic gases (mainly DMS)  90  Fine 
Sulphates from volcanic SO2 12  Fine 
Nitrates from NOx (lightning, soil microbes) 22  mainly coarse 
Organic matter from biogenic gases 55  Fine 

    
Subtotal for natural sources 3062   
    
Anthropogenic    
    
Primary    

Dust from fossil fuel burning, cement 
     manufacturing, metallurgy, waste 
     incineration, etc. 

100  coarse and fine 

Soot (black carbon) from fossil fuels (coal, oil) 8  Fine 
Soot from biomass combustion (forest and 
     savanna fires, agricultural burning, 
     fuelwood) 

5  Fine 

Biomass burning (without soot) 80  Fine 
    
Secondary     

Sulphates form SO2 (mainly from coal and oil 
     burning) 140  Fine 

Nitrates from NOx (fossil fuel and biomass 
     combustion) 36  mainly coarse 

Organic matter from anthropogenic gases 5  Fine 
    
Subtotal for anthropogenic sources  374   
    
Total 3436   

 
aTaken from Maenhaut [1996a]. A similar table, based on Kiehl and Rodhe [1995], 
can be found in Seinfeld and Pandis [1998]. 
 

considerably more difficult to relate ambient concentrations of secondary species to 

sources of precursor emissions than it is to identify the sources of primary particles. 

Depending on the geographical location and the particle generation processes 
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involved, both primary and secondary aerosol generation can be significant. Global 

emission estimates for major aerosol types and their sources are shown in Table 1.1. 

 

Atmospheric aerosols originate from a variety of natural and anthropogenic sources. 

Anthropogenic refers to particulate matter which is directly emitted or formed from 

precursors which are emitted as a result of human activity. Both anthropogenic and 

natural aerosols can occur from either primary or secondary processes. Primary 

anthropogenic sources include fossil fuel combustion, industrial and agricultural 

activities, man-made biomass burning, road dust and so on. Secondary anthropogenic 

particulate material can be generated photochemically from anthropogenic SO2, NOx, 

or organic gases. Primary natural sources include wind blown dust from soil 

undisturbed by man, sea salt, natural forest or savanna fires, and biogenic sources 

such as pollen, mould spores, leaf waxes, and fragments from plants [Simoneit and 

Mazurek, 1982]. In addition, plants emit photochemically reactive gaseous species 

such as terpenes [Lamb et al., 1987]. In the presence of ozone or hydroxyl radicals 

they react to form secondary organic particles [Kamens et al., 1981; Pandis et al., 

1991; 1993]. On a global scale the natural sources contribute the most, but regional 

variations in the man-made pollution can change this significantly in certain areas, 

especially in the northern hemisphere [Seinfeld and Pandis, 1998]. 

 

Atmospheric aerosols undergo various physical and chemical interactions and 

transformations (atmospheric aging), that is, changes in particle number, size, 

structure, and composition (coagulation, restructuring, gas uptake, chemical reaction). 

For example, smaller particles (nucleation mode and Aitken mode particles) may 

grow into larger ones (accumulation mode particles) by Brownian coagulation and by 

condensation onto them of products from gas-phase or multi-phase reactions. The 

existing accumulation mode particles may also grow by condensation processes. The 

elements that are present in mineral dust particles may be converted into a more 

soluble form (for example Al) or may be converted to a different oxidation state (such 

as Fe). One particularly efficient particle aging occurs in clouds or fogs, which are 

formed by condensation of water vapour on pre-existing aerosol particles (cloud 

condensation nuclei and ice nuclei, CCN and IN). After the clouds evaporate, 

modified aerosol particles are released from the evaporating cloud droplets or ice 
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crystals. On average, clouds pass through 10 condensation and evaporation cycles 

before they eventually rain out [Maenhaut, 1996a]. 

 

Aerosols are eventually removed from the atmosphere by a variety of processes. 

Whereas the number of particles and their surface area can be reduced by coagulation 

processes within the atmosphere, the removal of aerosol mass occurs by volatilisation 

or by transfer to the Earth’s surface. The transfer is brought about mainly by direct 

uptake at the surface (dry deposition) or by precipitation (wet deposition). Dry 

deposition is the result of gravitational settling and impaction and is especially 

important for larger particles. Wet deposition occurs through rain-out of CCN or 

through scavenging of particles by falling droplets which is called wash-out 

[Maenhaut, 1996a]. Wet deposition is the major removal process for particles in the 

accumulation mode size range. 

 

The rate of formation, transformation, and removal, in combination with the chemical 

and physical properties of aerosols and meteorological conditions, determine the 

characteristic residence time of aerosols. The life time of aerosols in the atmosphere 

ranges from hours to weeks. 

 

1.1.2. Size and size distribution of atmospheric aerosols 

 

1.1.2.1. Particle diameter 

 

Aerosols are usually referred to as having a radius or a diameter, implying they are 

spherical. However, most aerosols in the atmosphere have irregular shapes for which 

geometrical radii and diameters are not meaningful. In practice, the size of such 

irregularly shaped aerosols is often expressed by an equivalent diameter. One of most 

commonly used equivalent diameters is the aerodynamic diameter, which is defined 

as the diameter of a spherical particle with unit density (1 g cm-3), having a settling 

velocity equal to that of the particle in question [Finlayson-Pitts and Pitts, 2000]. This 

equivalent diameter is particularly useful for estimating the dry deposition velocity of 

the particles and for assessing how far the particles can penetrate into the various 

regions of the respiratory system. All size selective sampling devices, occupational 

health size cuts, and regulatory size cuts make use of or are based on the aerodynamic 
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diameter. Throughout this thesis, the term diameter is used with the understanding 

that it is the aerodynamic diameter of the particle unless stated otherwise. 

 

1.1.2.2. Aerosol size distribution 

 

Aerosol size, as described by its aerodynamic diameter, is an important parameter in 

determining the properties, effects, and fate of atmospheric particles. The atmospheric 

deposition rate of the particles and, therefore, their residence time in the atmosphere 

are a strong function of the diameter [Air Quality Criteria for Particulate Matter, 

2004]. Particle diameters also influence the deposition patterns of particles within the 

lungs [Hetland et al., 2004]. It is also known that light extinction or attenuation (sum 

of light scattering and absorption) depend, among other things (e.g., chemical 

composition of aerosol particles), on the particle size [Mészáros, 1999]. Therefore, the 

effects of atmospheric particles on visibility, the radiative balance, and climate are 

also influenced by the size of the particles. 

 
Atmospheric aerosols have diameters ranging from a few nanometers to 100 

micrometers. The lower end of the size range is not sharply defined as there is no 

accepted criterion at which a cluster of molecules becomes a particle. The upper end 

corresponds to the size of fine drizzle or very fine sand which is too large to remain 

suspended for any significant period [Finlayson-Pitts and Pitts, 2000]. Over this vast 

size range, the properties of aerosols and their associated effects on visibility, climate, 

health, and welfare vary substantially. Due to the fact that size plays such an 

important role, in order to better characterise aerosols, it is important to know the size 

distribution of important particle properties (e.g., number, surface area, volume or 

mass). Since atmospheric particles cover several orders of magnitude in particle size, 

size distributions often are expressed in terms of the logarithm of the particle diameter 

on the x-axis and the measured concentration difference per logarithmic increment in 

particle diameter on the y-axis. Figure 1.2 shows an idealised volume size distribution 

as an example. A linear scale is used in the y-axis, so that the volume of particles in a 

specific size range is proportional to the corresponding area under the curve. 
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Figure 1.2. Idealised size distribution that might be observed in traffic, showing 

fine and coarse particles and the nucleation, Aitken, and accumulation 

modes that comprise fine particles. Also shown are the major formation 

and growth mechanisms of the four modes of atmospheric particles. 

[Taken from Air Quality Criteria for Particulate Matter, 2004]. 

 

1.1.2.3. Modal classification 

 

Based on the analysis of over 1,000 different particle size distributions over several 

physical metrics (number, surface, and volume or mass) measured at various locations 

in the United States, Whitby [1978] suggested that atmospheric aerosols usually occur 

in specific size groupings (modes) that are different in their origins and properties, 

and that the entire size distribution of aerosols could be characterised well by a 

trimodal model consisting of three additive log-normal distributions, namely “nuclei 

mode”, “accumulation mode” and “coarse mode”. 
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As the technology for measuring small particles has improved, aerosol scientists now 

often subdivide the nuclei mode further into a nucleation mode and an Aitken mode. 

In short, the aerosols now are frequently treated in terms of four modes based on their 

particle diameter (Dp); including the “nucleation mode” (Dp<0.01 µm), the “Aitken 

mode” (0.01 µm<Dp<0.1 µm), the “accumulation mode” (0.1 µm<Dp<1.0 µm) and 

the “coarse mode” (Dp>1.0 µm) [Raes et al., 2000]. An idealised distribution showing 

all four modes is depicted in Figure 1.2, which also shows the major formation and 

growth mechanisms for each one. Nucleation mode particles are newly formed 

particles arising through homogeneous nucleation of gas-phase precursors. They 

normally have a very short atmospheric residence time due to coagulation and 

condensation, and often only can be observed in the immediate vicinity of their 

sources or during active nucleation events. Aitken mode particles may result from 

growth (coagulation or condensation) of nucleation mode particles or from nucleation 

from higher concentrations of precursors, as well as from primary emissions from 

high temperature combustion [Ondov and Wexler, 1998], which is not shown in 

Figure 1.2. The Aitken mode aerosols are also recently formed particles that are still 

actively undergoing coagulation, and therefore they do not have a long residence time 

either. As to the accumulation mode particles, some of them are primary (e.g., from 

high temperature combustion like Aitken mode particles) and some of them are 

secondary that have grown from smaller particles mainly by condensation and cloud 

processing. The accumulation mode particles have a longer lifetime than both smaller 

and larger particles, therefore they can travel very long distances and they are also the 

most important ones in terms of aerosol radiative forcing (RF). The coarse mode 

aerosols are usually produced by mechanical processes such as grinding, wind 

dispersal, or erosion. As a result, they are generally fairly large and are removed 

relatively rapidly by gravitational settling. 

 

It needs to be noted that the size distribution may vary across locations, conditions, 

and time due to differences in sources, atmospheric conditions, topography, aging of 

the aerosol, and removal processes. The boundaries between the different modes are 

not constant, as physical and chemical processes may modify the shape of the aerosol 

modes during atmospheric transport. Special attention has to be given to the boundary 

between the accumulation mode and the coarse mode; there is often an overlap 
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between both and the minimum diameter segregating the two modes may vary 

between 1.0 µm and 3.0 µm [Seinfeld and Pandis, 1998]. 

 

It also needs to be noted that the volume size distribution shown in Figure 1.2 is an 

idealised one. In reality, all four modes are often not present simultaneously [Mäkelä 

et al., 1997]. There is relatively low mass in the nucleation and Aitken modes; besides, 

these two modes grow rapidly into accumulation mode particles, so they are not 

commonly observed as separate modes in volume or mass size distributions except in 

the immediate vicinity of their sources or during active nucleation events. On the 

other hand, in the number size distribution the coarse mode is rarely seen. In other 

words, most of the particles are quite small, smaller than 0.1 µm; whereas most of the 

particle volume or mass (mass is proportional to volume times density) is found in the 

particles > 0.1 µm. 

 

1.1.2.4. Fine mode and coarse mode particles 

 

Traditionally, in the modal classification, the nucleation mode, Aitken mode, and 

accumulation mode particles are often taken together and defined as fine mode 

particles (Figure 1.2), in particular when dealing with mass size distributions. 

Therefore, it is common to divide the atmospheric aerosols into two particle size 

categories, fine mode particles and coarse mode particles. As mentioned earlier, there 

is an overlap between the accumulation mode and the coarse mode in the size range 

between 1.0 µm and 3.0 µm, i.e., the minimum diameter segregating the fine and 

coarse mode particles may vary between 1.0 µm and 3.0 µm. Although there is now 

an overwhelming amount of evidence that there are often more than two modes in the 

mass or volume distribution, the distinction between fine and coarse modes is still of 

fundamental importance to any discussion of aerosol physics, chemistry, measurement, 

or aerosol air quality standards [Whitby, 1978]. Fine mode and coarse mode particles 

differ not only in size but also in formation mechanisms, sources, removal, and 

chemical, physical, and biological properties [Wilson and Suh, 1997, Table 1.2]. They 

also differ in concentration-exposure relationships, dosimetry (deposition and 

retention in the respiratory system), toxicity, and health effects as observed in 

epidemiologic studies [Air Quality Criteria for Particulate Matter, 2004]. Thus, it is 

desirable to measure fine and coarse mode aerosols separately in order to properly 



Chapter 1: Introduction 

12 

Table 1.2. Comparison of ambient particles: fine and coarse mode particles.a 

 
 Fine mode  
 Nucleation +Aitken mode Accumulation mode Coarse mode 
Formation 
Processes: 

Combustion, high-temperature 
processes, and atmospheric reactions 

Break-up of large 
solids/droplets 

    
Formed by: Nucleation 

Condensation 
Coagulation 

Condensation 
Coagulation 
Reactions of gases in or on 
   particles 
Evaporation of fog and cloud 
   droplets in which gases 
   have dissolved and reacted 

Mechanical disruption 
   (crushing, grinding, abrasion 
   of surfaces) 
Evaporation of sprays 
Suspension of dusts 
Reactions of gases in or on 
   Particles 

    
Composed 
of: 

Sulphate 
Elemental carbon 
Metal compounds 
Organic compounds with 
   very low saturation 
   vapour pressure at 
   ambient temperature 

Sulphate, nitrate, 
   ammonium, and 
   hydrogen ions 
Elemental carbon 
Large variety of organic 
   compounds 
Metals: compounds of Pb, 
   Cd, V, Ni, Cu, Zn, Mn, 
   Fe, etc 
Particle-bound water 

Suspended soil or street dust 
Fly ash from uncontrolled 
   combustion of coal, oil, 
   and wood 
Nitrates/chlorides/sulphates 
   from HNO3/HCl/SO2 
   reactions with coarse 
   particles 
Oxides of crustal elements 
   (Si, Al, Ti, Fe) 
CaCO3, CaSO4, NaCl, sea salt 
Pollen, mould, fungal spores 
Plant and animal fragments 
Tire, brake pad, and road 
   wear debris 

    
Solubility: Probably less soluble than 

   accumulation mode 
Largely soluble, 
   hygroscopic, and 
   deliquescent 

Largely insoluble and non 
   Hygroscopic 

    
Sources: Combustion 

Atmospheric transformation 
   of SO2 and some organic 
   compounds 
High temperature processes 

Combustion of coal, oil, 
   gasoline, diesel fuel, 
   wood 
Atmospheric transformation 
   products of NOx, SO2, and 
   organic compounds, 
   including biogenic 
   organic species (e.g., 
   terpenes) 
High-temperature processes, 
   smelters, steel mills, etc 

Resuspension of industrial 
   dust and soil tracked onto 
   roads and streets 
Suspension from disturbed 
   soil (e.g., farming, mining, 
   unpaved roads) 
Construction and demolition 
Uncontrolled coal and oil 
   combustion 
Ocean spray 
Biological sources 

    
Atmospheric 
half-life: 

Minutes to hours Days to weeks Minutes to hours 

    
Removal 
processes: 

Grows into accumulation 
   mode 
Diffuses to rain drops 

Forms cloud droplets and 
   rains out 
Dry deposition 

Dry deposition by fallout 
Scavenging by falling rain 
   drops 

    
Travel 
distance: 

<1 to 10s of km 100s to 1000s of km <1 to 10s of km (small size tail, 
   100s to 1000s in dust storms) 

 
aTaken from Air quality criteria for particulate matter [2004], where it was adapted 
from Wilson and Suh [1997]. 
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allocate health effects to either fine or coarse particles and to correctly determine 

sources by receptor modelling approaches. Furthermore, for both the climatic and 

health effects, fine mode aerosols are of primary importance. In the past two decades 

many studies have therefore concentrated on the fine mode particles. 

 

1.1.2.5. Size-selective sampling 

 

Size-selective sampling refers to the collection of particles below or within a specified 

aerodynamic size range. The main objective of size-selective sampling is to collect 

and measure particle size fractions with some special significance (e.g., health, 

visibility, source apportionment, etc.), to measure mass size distributions, or to collect 

size-segregated particles for chemical analysis. Dichotomous samplers split the 

particles into smaller and larger size fractions that may be collected on separate filters. 

Cascade impactors use multiple size cuts and separate the aerosol in several size 

fractions, which can be analysed for mass or chemical composition. Filter samplers 

equipped with size-selective inlets are also used. In any size selective sampling, the 

size fractions are not sharply cut. They are usually specified by the 50% cut-point size 

(d50-value); when dealing with samplers with size-selective inlets one usually talks of 

“PMx”, where x refers to the upper 50 percent cut-point of x µm aerodynamic 

diameter for the collected particles (thus to the 50% cut of the inlet) [Code of Federal 

Regulations, 2001a; 2001b; 2001c]. It means that some particles larger than x µm and 

that not all particles <x µm are collected in PMx. Despite this, in many papers the 

term of PMx is often simply referred to as the particles with aerodynamic diameter ≤x 

µm. This definition is somewhat misleading as it suggests that the cut-point is a step 

function with 100% collection efficiency for particles smaller than x µm and of 0% 

collection efficiency for particles larger than x µm [Wilson et al., 2002]. 

 

1.1.2.6. Separation of fine mode and coarse mode particles 

 

Due to the overlap in the size distributions of the fine and coarse modes for ambient 

particles, and the fact that inlets do not have perfectly sharp cut-points, no sampling 

device will provide a correct separation between the two modes. Setting a limiting 

diameter for separate fine and coarse mode particles is essentially a matter of 

convention. Based on the availability of a dichotomous sampler with a separation size 
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of 2.5 µm, Miller et al. [1979] recommended 2.5 µm as the cut-point between fine 

mode and coarse mode particles. Due to the wide use of this cut-point, PM2.5 

(particles collected by a sampler with an upper 50% cut-point of 2.5 µm and a specific, 

fairly sharp, penetration curve) is frequently referred to as “fine” particles, while 

PM10-2.5 is called “coarse” aerosol. It needs to be noted that “fine” aerosol (PM2.5) 

is actually only an indicator of fine mode particles (because it contains some coarse 

mode particles) and PM10-2.5 is an indicator of the thoracic component of coarse 

mode particles. 

 

In order to avoid confusion, following the suggestion by Wilson et al. [2002], in this 

thesis the term mode is used with fine and coarse when it is desired to specify the 

distribution of fine mode particles or coarse mode particles as shown in Figure 1.2. 

When talking about the particles collected in the various size ranges of size-selecting 

devices, we will use the term size fraction. Furthermore, the PM2.5 size fraction will 

be denoted as the “fine size fraction” or “fine aerosols” and the PM10-2.5 size 

fraction will be denoted as the “coarse size fraction” or “coarse aerosols”. 

 

1.1.3. Chemical composition of atmospheric aerosols 

 

Aerosols are a complex mixture of many different chemical species originating from a 

variety of sources. Their chemical composition is determined by their sources and 

subsequent transformation while airborne, and is temporally and spatially highly 

variable. Aerosols from specific sources can fall into a characteristic size range and, 

therefore, the composition of the particles generally varies with size [Finlayson-Pitts 

and Pitts, 2000]. For example, sulphate arises primarily as a secondary component 

from atmospheric oxidation of SO2 and is mainly found in the fine size fraction, while 

soil dust or other crustal matter is mainly present in the coarse size fraction and rich in 

elements such as aluminium, silicon, iron, and calcium. In general, the dominant 

chemical components (in PM10) of continental atmospheric aerosols are sulphate, 

nitrate, ammonium, carbonaceous matter (organic matter and elemental or black 

carbon), sea salt, crustal matter, and water. In addition to these, small amounts of trace 

elements are present [Maenhaut et al., 2002a]. In the industrial world, anthropogenic 

sulphate tended to make up most of the fine aerosol mass, but reductions in SO2 

emissions had the effect that carbonaceous aerosols have become equally or more 
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important and account for 30-60% of the total fine particulate matter mass [e.g., Chow 

et al., 1996; Maenhaut et al., 2002b; Viana et al., 2007a]. Over forested equatorial and 

tropical regions, such as the Amazon basin, carbonaceous aerosols may even account 

for up to 90% of the aerosol mass [Andreae and Crutzen, 1997]. Despite their 

importance, our knowledge on carbonaceous aerosols is rather poor, particularly when 

compared to that on inorganic aerosol components, such as sulphate and crustal matter 

[Jacobson et al., 2000; Turpin et al., 2000]. These latter authors and several others 

[e.g., Cass, 1998; Hoffmann, 1999] called therefore for increased research on the 

characterisation, formation, and sources of carbonaceous aerosols. 

 

1.2. Carbonaceous aerosols 

 

1.2.1. Major carbonaceous aerosol components and their sources 

 

Carbonaceous aerosols or the carbonaceous component of atmospheric aerosols 

consist, on the one hand, of a very wide variety of organic compounds, which are 

generally denoted by the generic term organic aerosol (OA) or particulate organic 

matter (POM or OM), whereby the carbon associated with this component is referred 

to as organic carbon (OC), and, on the other hand, of elemental carbon (EC). 

Depending upon the analytical method used or upon the researcher, EC is also 

denoted as soot or black carbon (BC). Furthermore, additional quantities of aerosol 

carbon, which are often referred to as inorganic carbon (IC), may exist as carbonates 

(e.g., CaCO3) or CO2 adsorbed onto the surface of particulate matter [Appel et al., 

1989; Clarke and Karani, 1992]. As IC is mainly present in the coarse size fraction 

and normally constitutes only a marginal fraction of the total amount of carbon in 

aerosols, it is often neglected. Consequently, the total carbon content (TC) of aerosols 

is often defined as the sum of OC and EC (TC = OC + EC). It needs to be noted that 

the separation between the OC and EC fractions of carbonaceous matter is method-

dependent since the two fractions cannot be unambiguously separated from each other 

by any of the available analytical methods. A detailed discussion on this issue is given 

below in section 1.2.2.1.3 and Chapter 3. 

 

EC has a chemical structure similar to impure graphite. It is essentially a primary 

pollutant, emitted directly into the atmosphere predominantly during the incomplete 
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combustion of various carbonaceous fuels. On a global scale, the most important 

sources of EC are fossil fuel combustion and biomass burning [Gelencsér, 2004]. Of 

these two source types, fossil fuel combustion is the dominant one in Europe and in 

the continental mid-latitude northern hemisphere. Among the fossil fuel combustion 

sources, automotive emission from diesel engines is the most important one in these 

areas; it has been estimated that the corresponding contribution of diesel emission to 

EC concentrations in Western Europe is 70-90% [Hamilton and Mansfield, 1991]. EC 

therefore has been used as a tracer for fossil fuel combustion especially for traffic 

emission in studies carried out in these areas. In tropical and equatorial regions, on the 

other hand, EC is predominantly produced by various forms of biomass burning 

(savanna fires, forest fires, agricultural waste burning, and domestic biofuel burning). 

It has been estimated that more than 80% of the global biomass burning occurs in 

tropical regions [Andreae, 1991; Hao and Liu, 1994]. Among the various forms of 

biomass burning, the most important ones are the burning of savanna in Africa and 

South America, where the burning is carried out to stimulate grass growth, and the 

burning of tropical forests in South America and South-East Asia, where the burning 

is carried out for clearing the forests and converting the land into agricultural land or 

industrial areas. 

 

Depending on their origin, the OA components can be classified as primary and 

secondary, whereby the primary organic aerosol (POA) components are directly 

emitted into the atmosphere in the particulate form or as semi-volatile vapours, which 

are condensable under atmospheric conditions. The main sources of POA are biomass 

burning, fossil fuel combustion (industry, domestic, traffic), and wind-driven or traffic 

related suspension of soil and road dust, biological materials (plant and animal debris, 

microorganisms, pollen, spores, etc.), and spray from the sea or other water surfaces 

with dissolved organic compounds [O’Dowd et al., 2004]. Secondary organic aerosol 

(SOA) is formed by chemical reaction and gas-to-particle conversion of volatile 

precursors in the atmosphere. The SOA precursors can be both anthropogenic and 

biogenic. Current knowledge of precursor emissions and the aerosol formation 

potential of the individual precursors suggest that SOA formation from biogenic 

precursors dominates [Andersson-Sköld and Simpson, 2001]. The most common 

biogenic precursors are C10 and C15 terpenoids [Griffin et al., 1999], whereas aromatic 

compounds dominate the SOA formation of the anthropogenic emissions [Odum et al., 
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1997]. Claeys et al. [2004a; 2004b] discovered that secondary organic aerosols are 

also formed through photo-oxidation of isoprene, which accounts for about half of the 

total natural emissions of volatile organic compounds (VOCs) [Guenther et al., 1995]. 

This discovery discounted the long accepted theory that only hydrocarbons with more 

than six carbon atoms contribute to the formation of SOA. The relative contributions 

of POA and SOA to OA depend on the local and regional types of emissions as well 

as on the meteorological and atmospheric chemical conditions in the area and upwind 

of it. On a global scale, based on several studies, Gelencsér [2004] concluded that in 

the majority of the troposphere SOA should dominate organic aerosol mass and 

number concentrations. 

 

One of the reasons for our deficiency in knowledge on the carbonaceous aerosols lies 

in the complexity and nature of organic aerosols. As mentioned above, the organic 

aerosol component is an aggregate of hundreds if not thousands of individual organic 

compounds with widely varying chemical and physical properties. Their 

concentrations cannot be determined by a single analytical technique. Extraction 

followed by gas chromatography and mass spectrometry (GC/MS) is a proven method 

for characterising individual organics, but it typically resolves only around 10-20% of 

the organic mass into specific compounds [Rogge et al., 1993; Kubátová et al., 2000]. 

As an alternative and at the same time also a complement to detailed molecular 

characterisation, common and highly recommended methods for chemical 

characterisation of carbonaceous aerosols involve measuring OC and EC or BC by 

carbon analysis methods. In these types of methods the organic aerosol is addressed as 

a whole, without intention of organic speciation. The quantitative information derived 

from this type of analysis (OC, EC or BC, and TC) is rather element-specific instead 

of compound-specific, but it will provide a general understanding on the importance 

and characteristics of carbonaceous aerosols in various environments and it 

complements the information on the inorganic aerosol species obtained by other 

methods. Furthermore, after accounting for the mass of additional inorganic elements, 

these quantities can be readily incorporated into aerosol mass chemical closure 

[Maenhaut and Claeys, 2007]. The information on OC and EC is also highly relevant 

for assessing the climate effects of atmospheric aerosols as the two components have 

very different radiative properties (see section 1.2.4.2). 
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1.2.2. Chemical characterisation of carbonaceous aerosols 

 

1.2.2.1. Methods for the determination of the main carbonaceous aerosol 

components (OC and EC or BC) 

 

A variety of methods have been applied throughout the world for the determination of 

particulate OC and EC or BC. These methods can be generally classified into two 

broad categories: optical methods and thermal methods, whereby the latter include 

simple thermal methods and thermal-optical methods. Optical methods normally can 

only measure BC, whereas in the thermal methods one can directly determine both 

OC and EC. 

 

1.2.2.1.1. OC/EC determination 

 

Thermal methods for the determination of particulate OC and EC were introduced in 

the mid-1970s [Chow et al., 1993; Schmid et al., 2001]. In these types of methods, the 

carbonaceous matter on a filter substrate is made to evolve through a programmed 

progressive heating in a controlled atmosphere. The evolved carbon gas is then 

converted to carbon dioxide, which can be detected directly or be converted into 

methane for a more sensitive detection. Since EC is much more thermally refractory 

than OC, it is released only by oxidation and is thereby separated from OC. In simple 

thermal methods, the separation between OC and EC is achieved by means of 

difference in temperature and/or by changing the analysis atmosphere. However, it is 

known that some organic compounds pyrolyze, i.e., they form an EC-like black char 

during the thermal analysis [Cadle et al., 1980; 1983; Chow et al., 1993]. If not 

accounted for, this artifact may lead to overestimation of the EC and underestimation 

of the OC in thermal methods, as the pyrolytically generated EC (PC) is incorrectly 

accounted as EC. One strategy to cope with the charring problem is implemented in 

the thermal-optical analysis, which has been proposed as a more accurate method to 

discriminate between OC and EC, and thus to obtain a more appropriate OC/EC split 

[Schmid et al., 2001]. 

 

Thermal-optical methods were developed in the 1980s [Johnson et al., 1981; 

Huntzicker et al., 1982; Turpin et al., 1990], and have been adapted in different 
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versions for the quantification of particulate OC and EC. In the thermal-optical 

method, the correction for pyrolysis is made by continuously monitoring the 

reflectance and/or transmittance of light by/through the filter sample throughout the 

analysis cycle. The reflectance and transmittance, which are largely influenced by the 

presence of light absorbing EC, decrease as pyrolysis takes place and increase as PC 

and EC are combusted during the latter part of the analysis. The point at which the 

light transmittance/reflectance of the filter reaches the same value as at the start of the 

analysis is defined as the split point between OC and EC. The carbon that evolves 

prior to the split point is defined as OC and the carbon that evolves after the split point 

is called EC. Turpin et al. [1990] and Yang and Yu [2002] indicated that this optical 

charring correction is based on the following assumptions 1) the PC and the original 

EC have the same specific extinction coefficient or 2) the pyrolytically generated EC 

is removed before the original EC. Since neither assumption is likely to always be 

valid, there is an inherent bias in either direction in the OC/EC split [Yang and Yu, 

2002]. Furthermore, it needs to be noted that several studies have indicated that the 

Thermal-Optical Reflectance (TOR) and Thermal-Optical Transmittance (TOT) 

charring corrections are not the same, owing to charring of organic vapours adsorbed 

within the quartz fibre filter [Chow et al., 2004; Chen et al., 2004]. It was 

hypothesized that the reflection correction method is less sensitive to this within filter 

charring, causing undercorrection and erroneously high EC values. Consequently, 

TOT values are likely to be more correct [Gelencsér, 2004]. 

 

1.2.2.1.2. BC determination 

 

EC can be also measured by optical methods which take advantage of the strong 

absorption of the visible radiation by EC. EC absorbs light due to conduction 

electrons associated with the graphitic structure. EC measured in optical methods is 

normally referred to as BC. Although optical methods cannot directly measure OC, in 

some studies (e.g., the method used by AIHL (the Air and Industrial Hygiene 

Laboratory of the California Department of Health Services) in the comparison study 

of Countess [1990]), the BC results derived from optical methods are subtracted from 

TC data derived from a separate total carbon analysis (e.g., by thermochemical 

oxidation analysis or evolved gas analysis (EGA)), and the difference between TC and 

BC is then used as OC. A number of optical methods have been developed to measure 
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aerosol BC; they include the British Smoke Shade method [ISO 9835, 1993], the 

integrating plate method (IPM) [Lin et al., 1973], the integrating sphere method (IS) 

[Heintzenberg, 1982], the aethalometer [Hansen et al., 1984], and the multi-angle 

absorption photometer (MAAP) [Petzold and Schönlinner, 2004]. All the optical 

methods are non-specific and must be calibrated with a BC standard of known optical 

properties. However, in most parts of the troposphere, atmospheric BC may be 

derived from all kinds of different sources, has different structures and compositions, 

and its absorption properties may be different from place to place, and not the same to 

those of the BC standard used in the instrument calibration. For example, the Aerosol 

Characterization Experiment conducted near the coast of Asia (ACE-Asia) reported 

mass absorption cross sections for carbonaceous particles varying from 5 to 25 m2/g 

[Huebert et al., 2003; Quinn et al., 2004]. Therefore, optical methods are subject to 

substantial uncertainties. Furthermore, the most commonly used optical methods are 

filter-based methods; they are biased by aerosol and filter light scattering and filter 

loadings effects. Studies have shown that scattering does affect transmitted light 

[Hitzenberger, 1993; Horvath, 1993; Petzold et al., 1997; Bond et al., 1999]. Also, 

absorption by particles collected on a filter is increased above that of the same 

particles in suspension, because multiple scattering by the filter allows more than one 

chance for a photon to be absorbed. The enhancement depends on the filter type 

because of differences in filter scattering and particle embedding [Bond et al., 1999; 

Arnott et al., 2005]. Moreover, the common optical methods attribute all light 

absorption by aerosol particles to BC. The presence of other light absorbing material 

will lead to an overestimation of the BC concentration [Bond and Bergstrom, 2006; 

Reisinger et al., 2007]. 

 

1.2.2.1.3. Method dependence of OC/EC or BC 

 

The chemical analysis of particulate OC and EC or BC is affected by many problems 

related to both sampling and analysis. The problems for sampling will be discussed 

later in section 1.2.3. The biggest challenge for OC and EC or BC analysis is properly 

discriminating between OC and EC or BC. Despite intensive efforts during the past 20 

years, no generally accepted standard method exists to measure particulate OC and 

EC or BC. Due to the fact that no standard reference material exists, which can 

properly represent the particulate OC and EC in real atmospheric conditions, it is not 
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currently possible to evaluate the accuracy for OC/EC determination. The 

comparability and precision of methods can be tested by intercomparison studies. 

Dozens of intermethod and interlaboratory comparison studies have been conducted 

in the past twenty years; in these studies good agreement was normally found for TC 

among different thermal methods, whereas BC or EC concentrations among different 

thermal and optical methods were found to differ by up to a factor of 7; with a 

difference of a factor of 2 being common [Watson et al., 2005]. For this reason, 

OC/EC or BC methods are considered operational, in the sense that the method itself 

defines the analyte. Besides the artifacts associated with analysis methods, which have 

been mentioned above (e.g., charring artifact in OC/EC analysis, scattering effects and 

filter loading effects associated with BC measurements), the main reason for the 

inconsistency between different methods lies in the inherent uncertainty in the 

division of OC and EC or BC within TC, which is due to the smooth transition 

between the two in any of their properties. As discussed above, distinguishing EC or 

BC from OC is based on differences in their thermal and optical properties. As 

illustrated in Figure 1.3, however, there is no sharp boundary but a continuous 

decrease of thermochemical refractory properties and specific optical adsorption 

going from graphite-like structures to non refractory and colourless organic 

compounds, respectively [Pöschl., 2005]. Depending on the applied thermal or optical 

methods (temperature program, absorption wavelength, etc), EC and BC 

measurements also include the carbon content of coloured and refractory organic 

compounds, which can lead to substantially different results and strongly limits the 

comparability and suitability of BC, EC and OC data. Furthermore, although both EC 

and BC define a similar fraction of the carbonaceous aerosol and are supposed to be 

comparable, they are derived from different methods based on different principles. 

Therefore they are not equivalent. 
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Figure 1.3. Optical and thermochemical classification and molecular structure of 

black carbon (BC), elemental carbon (EC), and organic carbon (OC = 

TC - BC or TC - EC), with TC denoting total carbon. Depending on the 

method of analysis, different amounts of carbon from refractory and 

coloured organic compounds are included in OC and BC or EC. [Taken 

from Pöschl, 2005]. 

 

1.2.2.2. Chemical characterisation of OC 

 

1.2.2.2.1. Solubility classification of OC 

 

A sensible intermediate way of characterising organic aerosols in between the 

relatively simple measurement of OC and the complex full characterisation at the 

molecular level is to measure water-soluble OC (WSOC) and water-insoluble OC 

(WINSOC), and to separate each into a number of main classes, for which the major 

functional groups are characterised [Decesari et al., 2000]. Knowledge on the WSOC 

and WINSOC is important for a number of reasons: Firstly, the WSOC influences the 

ability of ambient aerosols to act as CCN [Novakov and Corrigan, 1996], and it is 

involved in the aqueous phase chemistry in fogs and clouds. Secondly, a more 

detailed knowledge concerning the constituents of the WSOC and WINSOC fractions, 

including their chemical and physical properties, will help clarifying if any negative 

health effects can be associated with these carbonaceous subfractions. Finally, the 

knowledge on WSOC and WINSOC can be used in assessing the sources of the OC 
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and the extent of its atmospheric processing. Aged OC and SOA, which are 

oxygenated, are more water-soluble than fresh primary OC, which is more 

hydrogenated. 

 

1.2.2.2.2. Organic speciation 

 

Although a complete molecular speciation of organic aerosols is impossible at present, 

a technique like GC/MS proved (and still proves) to be very valuable to obtain 

information on specific targeted compounds, including potentially toxic compounds 

and important source tracers or both. In addition to the GC/MS methodology, other 

methods can be used or have been proposed for detailed specification of organic 

aerosols. Low-molecular weight organic acids and other water-soluble organics can be 

measured by ion chromatography [e.g., Li and Winchester, 1993; Jaffrezo et al., 1998], 

ion-exclusion high-performance liquid chromatography [e.g., Schkolnik et al., 2005], 

capillary electrophoresis [e.g., Dabek-Zlotorzynska et al., 2001], and even by GC and 

GC/MS after appropriate derivatisation [Kawamura, 1993]. In recent years, liquid 

chromatography/mass spectrometry (LC/MS) is increasingly used for measuring polar 

organic compounds in atmospheric aerosol samples [Glasius et al., 2000; Römpp et al., 

2006; Iinuma et al., 2007]. 

 

1.2.3. Sampling of carbonaceous aerosols 

 

Most common methods for the sampling and chemical analysis of atmospheric 

aerosols involve collection of the particles on a filter (membrane or fibre filter). The 

choice of the filter is generally determined by the components to be measured and by 

the type of analysis to be done. For the collection of carbonaceous aerosol, especially 

for subsequent determination of the carbon content by thermal analysis, quartz fibre 

filters are the preferred filtration medium. Attributes that make quartz fibre filters 

suitable for this purpose include their thermal stability, high particle collection 

efficiency, rigidity, low carbon blank levels, and relatively low cost. It is well-known, 

though, that sampling with quartz fibre filters is prone to both positive and negative 

artifacts that may give rise to substantial errors in the measurement of organic 

aerosols [Turpin et al., 2000]. Adsorption of gas-phase organic vapours and semi-

volatile organic compounds on the sampling filter or the particulate matter already 
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collected on the filter cause an overestimation of the particulate phase concentration 

of OC and is thus responsible for a positive sampling artifact. On the other hand, 

evaporation of collected semi-volatile organic compounds during sampling may also 

occur and this will give rise to an underestimation of the particulate phase 

concentration of OC and thus lead to a negative sampling artifact. The sampling 

artifacts are not well understood and therefore inhibit attempts to accurately assess the 

organic aerosol concentration [Turpin et al., 2000; Mader et al., 2003]. Furthermore, 

in the course of the sampling the already collected particulate matter may react with 

oxidising gaseous compounds (such as O3 or NOx) that are present in the air and pass 

through the filter and this might change the chemical composition of the collected 

aerosol. Little research has been done on this type of artifact, but it is clear that it may 

affect the concentrations of certain individual organic compounds (e.g., humic like 

substances (HULIS)) [Salma et al., 2007; Krivácsy et al., 2008]. Furthermore, the 

reactions with the oxidising gases may give rise to additional negative artifacts for OC 

if they produce more volatile species [Peters and Seifert, 1980]. 

 

Besides filter samplers, cascade impactors are often used for the collection of 

carbonaceous aerosols, as they allow one to measure the detailed mass size 

distribution of the OC and EC and of the various constituents in the OC [McMurry 

and Zhang, 1989; Maenhaut et al., 2002b]. Impactor sampling is generally free of 

adsorption artifacts, as commonly used substrates such as aluminium foils do not have 

an adsorption capacity for gaseous organic species. On the other hand, other artifacts 

may occur in cascade impactor sampling. In order to avoid contamination from 

organic grease or oil, ungreased impaction foils are normally used for carbonaceous 

aerosol sampling and this may give rise to particle bounce-off and thus biases in the 

mass size distribution towards the smaller particle sizes [Pak et al., 1992]. In addition, 

in most cascade impactors there is a substantial pressure drop across the impactor 

stages for the finest size fractions and this may lead to volatilisation and thus a 

negative sampling artifact [Gelencsér, 2004]. 

 

1.2.4. The climate effects of carbonaceous aerosols 

 

Carbonaceous aerosols, as a major component of atmospheric aerosols, play an 

important role in the environmental effects of aerosols. Both OC and EC have been 
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associated with natural and anthropogenic air pollution, reduced visibility, climate 

modulation, material and ecosystem damage, and adverse health effects. In recent 

years, the importance of carbonaceous aerosols to global radiative forcing has been 

stressed in a number of important papers and commentaries [Hansen et al., 2000; 

Andreae and Merlet, 2001; Penner et al., 2001; Jacobson, 2001; 2002]. OC has been 

shown to have a negative net radiative forcing, while EC has been proposed as 

possibly the second (or third) most important greenhouse species after CO2 (and 

methane) [Hansen et al., 2000; Jacobson, 2001; 2002] with a positive net radiative 

forcing of as much as 0.5 W m-2, although this view has been challenged by Penner et 

al. [2003]. 

 

1.2.4.1. Radiative forcing 

 

Radiative forcing is a concept used for quantitative comparison of the strength of 

different human and natural agents in causing climate change [IPCC, 2007]. It is 

usually quantified as the ‘rate of energy change per unit area of the globe as measured 

at the top of the atmosphere’, and is expressed in units of ‘Watts per square meter’. 

When radiative forcing from a factor or group of factors is evaluated as positive, the 

energy of the Earth-atmosphere system will ultimately increase, leading to a warming 

of the system. In contrast, for a negative radiative forcing, the energy will ultimately 

decrease, leading to a cooling of the system. The radiative forcing effects of aerosols 

on the climate system are generally divided in direct and indirect effects. The direct 

effects result from backscattering and absorption of solar and terrestrial radiation by 

the aerosol particles themselves, whereas the indirect effects arise from the impact of 

aerosol particles (in particular CCN) on the optical properties, amounts, and lifetimes 

of clouds [IPCC, 2007]. 

 

1.2.4.2. Direct effect of carbonaceous aerosols 

 

For carbonaceous aerosols, the long-wave direct RF is not important because the 

majority of carbonaceous aerosols are in the fine size fraction and the long-wave 

direct RF is only substantial if the aerosol particles are large and occur in considerable 

concentrations at higher altitudes [e.g., Tegen et al., 1996]. Although observational 

evidence suggests that some organic aerosol compounds may weakly absorb solar 
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radiation [e.g., Bond et al., 1999; Jacobson, 1999; Bond, 2001; Ramanathan et al., 

2007], in general, organic aerosols are believed to contribute essentially only to 

scattering. They scatter solar radiation and therefore have a net cooling effect on the 

climate [Myhre and Nielsen, 2004]. Elemental carbon (EC or BC), however, is the 

dominant light adsorbing species in the atmosphere, it strongly absorbs the solar 

radiation and warms the atmosphere. The global annual mean direct RFs for 

particulate organic matter and EC, as estimated in the Global Aerosol Model 

Intercomparison (AeroCom) are -0.16 ± 0.10 W m-2 and +0.29 ± 0.15 W m-2, 

respectively [Schulz et al., 2006; IPCC, 2007]. It needs to be noted that considerable 

uncertainties exist in the modelling of the climate effects of carbonaceous aerosols. 

One of the major reasons for these uncertainties is due to our poor understanding of 

carbonaceous aerosols (especially the organic aerosols). Clearly, additional data on 

carbonaceous aerosols must be provided to better estimate changes in the Earth’s 

climate system. 

 

1.2.4.3. Indirect climate effects of carbonaceous aerosols 

 

The indirect effects of aerosols result from their CCN and IN activity, through which 

aerosols change the optical properties, droplet sizes, and the life cycle of clouds. The 

indirect effects of aerosols on warm clouds are usually divided into two basic 

categories: the first indirect effect and the second indirect effect. The first indirect 

effect, also called Twomey effect or cloud albedo effect [Twomey, 1977], refers to the 

fact that, for the same mass of water in an air mass, an increase in aerosol particles 

will lead to the formation of more numerous and smaller cloud droplets; this will 

result in brighter clouds that reflect more solar energy back into space. The IPCC 

Third Assessment Report concluded that the first indirect effect of anthropogenic 

aerosol particles amounts to 0 to −2 W m−2 in the global mean [Ramaswamy et al., 

2001]. More but smaller cloud droplets reduce the precipitation efficiency and 

therefore enhance the cloud lifetime and hence the cloud reflectivity, which is referred 

to as the cloud lifetime or second indirect effect [Albrecht, 1989]. This effect is 

estimated to be roughly as large as the Twomey effect. Both the first and second 

indirect effects lead to an increase in the solar energy reflected back to space, and thus 

a net cooling of climate. 
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Although standard cloud nucleation theory is based on an assumption that CCN are 

composed of highly soluble inorganic salts, there are many highly and slightly soluble 

organic compounds that also can be cloud active [Kulmala et al., 1996]. Novakov and 

Penner [1993] and Rivera-Carpio et al. [1996] demonstrated that organic carbon is an 

equally effective nucleus for the formation of cloud droplets as sulphate particles are; 

Novakov and Corrigan [1996] reported that water-soluble organic aerosols from 

smouldering biomass burning are able to form CCN without being associated with 

sulphates or other inorganic compounds; and Hegg et al. [1997] and Novakov et al. 

[1997a] reported measurements of aerosols on the east coast and mid-Atlantic coast of 

the U.S. and both studies indicated that carbon aerosols contribute more than sulphate 

to the extinction of solar radiation in the atmosphere in some locations. Despite this 

increasing evidence and the fact that the water-soluble fraction of organic aerosols can 

be larger than that of sulphate [e.g., Li and Winchester, 1993; Zappoli et al., 1999], 

our understanding of the ability of organic aerosols to act as CCN is relatively poor; 

the interactions of organic species with water vapour are largely unknown. 

 
In addition to warm clouds, ice clouds and mixed phase clouds may also be affected 

indirectly by aerosols. Unlike CCN, IN are generally formed by insoluble particles. 

Laboratory and field experiments [Gorbunov et al., 2001; DeMott et al., 2003] have 

yielded evidence that elemental carbon particles may act as contact ice nuclei. 

Lohmann [2002] suggests that if, in addition to mineral dust, a fraction of the 

hydrophilic soot aerosol particles is assumed to act as contact ice nuclei at 

temperatures between 0 °C and −35 °C, then increases in aerosol concentration from 

pre-industrial times to present-day pose a new indirect effect, a “glaciation indirect 

effect”, on mixed-phase clouds. Increases in IN can result in more frequent glaciation 

of super-cooled clouds and increase the amount of precipitation via the ice phase, 

which could decrease the global mean cloud cover leading to more absorption of solar 

radiation within the Earth-atmosphere system. The magnitude of this effect is still 

unclear, but it is a positive radiative forcing and may at least partially offset the 

indirect aerosol effect from warm clouds. Furthermore, the EC particles generated 

from aviation were suggested to be able to serve as efficient heterogeneous IN, which 

may have a significant impact on cirrus cloudiness and cirrus microphysical properties 

[Ström and Ohlsson, 1998; Hendricks et al., 2004]. However, no estimates are yet 
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available for the global or regional RF changes caused by the effect of aviation 

aerosol on background cloudiness. 

 

1.2.4.4. Semi-direct effects and surface albedo effect of EC 

 

A new mechanism by which aerosols can impact clouds emerged from observations 

above the northern Indian Ocean and over the Amazon Basin [Ackerman et al., 2000; 

Koren et al., 2004]. Absorbing aerosols, particularly elemental carbon particles, can 

absorb substantial amounts of solar radiation, and tend to warm the atmosphere at 

least in regions with high surface albedo. This effect can be amplified if absorption of 

solar radiation of these aerosol particles occurs within cloud droplets [Chýlek et al., 

1996]. The resulting increase in temperature reduces the relative humidity and may 

increase the evaporation of clouds. The reduced cloud cover and cloud optical depth 

will in turn further amplify warming of the Earth-atmosphere system. Furthermore, it 

has been suggested that atmospheric warming caused by soot particles could lead to a 

reduced vertical temperature gradient in the atmosphere leading to a decrease in 

evaporation and subsequent cloud formation [Hansen et al., 1997; Ackerman et al., 

2000]. Even though this effect is a consequence of the direct effect of absorbing 

aerosols, it changes cloud properties in response to these aerosols and therefore this 

effect is called semi-direct effect or cloud burning effect. 

 

Additionally, elemental carbon from aerosols eventually condenses out of the 

atmosphere and may settle on ice and snow, significantly increasing the amount of 

sunlight that is absorbed. Researchers have recently found that the influence of black 

carbon on temperature and the melting of snow are three times greater than that of 

CO2 in Arctic regions [Flanner et al., 2007]. Jacobson [2004] estimated that EC 

absorption on snow and sea ice increased globally average near-surface temperatures 

(over a 10-years simulation) by 0.06 K. An estimate for the EC on snow RF of +0.10 

± 0.10 W m-2 was given by Forster et al. [2007] in the IPCC 2007 report. The 

uncertainty in the estimation of the surface albedo effect of EC is substantial due to 

uncertainties in the fact whether EC and snow particles are internally or externally 

mixed, in BC and snow particle shapes and sizes, in voids within EC particles, and in 

the EC imaginary refractive index. 
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1.3. Motivations and outline of this thesis 

 

Considering the above description of our knowledge on carbonaceous aerosols, and 

their importance for a wide range of geophysical and environmental problems, 

ranging from local issues (e.g., human health) to global scale (e.g., climate change), 

the work conducted in this thesis had the following objectives: (1) to develop 

improved methods for better discrimination between OC and EC; (2) to deploy 

improved collection procedures for carbonaceous aerosols, whereby the sampling 

artifacts are better controlled or can be corrected for; (3) to employ the already 

existing and newly developed samplers (including devices with high size resolution) 

and analytical methods for detailed carbonaceous aerosol characterisation studies in 

Belgium and at urban and forested sites in Europe and (4) in tropical/equatorial and 

oceanic regions, i.e., in the Brazilian Amazon basin, in the tropical Atlantic Ocean, 

and at an island site in the Indian Ocean. 

 

Accordingly, in this thesis after reviewing the background knowledge on 

carbonaceous aerosols and their environmental importance (Chapter 1) and 

experimental techniques and methods used in this study (Chapter 2), the development 

of improved methods for better discrimination between OC and EC using the TOT 

technique is presented in Chapter 3. Special attention was paid to the transit time from 

the laser to the flame ionisation detector (FID), a parameter which often seems to be 

neglected by TOT users. The effect of different temperature programs was examined 

for pure compounds of OC and EC, for mixtures thereof, and for samples from widely 

different origins. Results from an interlaboratory comparison of our TOT method with 

other measurement methods for OC/EC or BC in use in Europe are also presented in 

Chapter 3. Chapter 4 investigates improved collection procedures, whereby the 

sampling artifacts are better controlled or can be corrected for. These procedures 

included the use of tandem quartz fibre filter setup (with front and back filters, Q1Q2), 

of a two-port sampling train (with parallel deployment of a quartz fibre filter holder, 

Q1, and of a sampler with sequential front Teflon filter and back-up quartz fibre filter, 

TQ3), and of a tandem quartz fibre filter setup that was preceded with a diffusion 

denuder for VOCs and important gaseous inorganic oxidants (O3, NO2), (DQ1Q2). 

The tandem quartz fibre filter setup has been applied to carbonaceous aerosol 

collections in most of our campaigns since 2002; the importance of positive artifacts 
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for OC in various campaigns at different locations, as assessed by the tandem filter 

system, is also presented in Chapter 4. Chapter 5 reports the PM2.5 OC, EC, and 

WSOC concentrations, as derived from a high-volume dichotomous sampler (HVDS), 

in 9 campaigns at 5 different sampling sites in Europe. The EC/TC ratios and 

WSOC/OC ratios in the different campaigns are examined and compared. The 

importance of the positive sampling artifacts for WSOC in different campaigns was 

assessed by the tandem filter approach. The emphasis of Chapter 5 is focused on 

WSOC. In Chapter 6, some results from our carbonaceous aerosol studies in Belgium 

are presented and discussed, including the results obtained from 4 intensive 

campaigns at the Ghent site (section 6.2), from a one-year study at Uccle (section 6.3), 

and our contribution to the Chemkar project of the Flemish Environment Agency 

(VMM) (section 6.4). Chapter 7 gives the results from 4 carbonaceous aerosol studies 

in other European countries. Section 7.2 presents the results for a kerbside site in 

Budapest, Hungary, in 2002 and section 7.3 the results from two summer campaigns 

(2003 and 2006) at a forested (regional background) site in rural Hungary. Section 7.4 

gives the results for a forested site (SMEAR II station) in Hyytiälä, Finland, during 

2007 summer and in section 7.5 particulate mass (PM), OC and EC results for two 

urban background sites in Prague are presented and discussed. In Chapter 8, results 

from a detailed carbonaceous aerosol characterisation during the SMOCC 2002 

campaign in the Amazon region are given. Atmospheric concentrations for the aerosol 

mass derived from different filter media are evaluated, OC and EC concentrations 

obtained by the tandem filter subtraction method derived from both low-volume and 

high-volume samplers are presented, discussed, and utilised further for estimating the 

abundance of the OM and the carbonaceous aerosol in biomass burning aerosols; the 

atmospheric concentration of WSOC and contribution of WSOC to the OC in the 

PM2.5 size fraction of HVDS samples are given. At the end of Chapter 8 an attempt 

was made to determine the size distribution of carbonaceous aerosols in biomass 

burning aerosols by measuring the TC concentration for selected MOUDI samples 

during the dry period of the SMOCC 2002 campaign. In Chapter 9, results are 

presented from the characterisation of carbonaceous aerosols in the marine 

environment within the framework of the project “Organics over the Ocean 

Modifying Particles in both Hemispheres” (OOMPH). The mass concentrations of OC, 

EC, TC, and WSOC obtained during a cruise in the northern hemisphere are reported 

in section 9.2, while section 9.3 focuses on results from Amsterdam Island in the 
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southern Indian Ocean. In Chapter 10, the performance of the Sunset Laboratory 

semi-continuous OCEC aerosol carbon analyzer is assessed for three forest 

environments in Europe; high time resolution OC and EC data for the three sites are 

presented and discussed. Finally in Chapter 11 the conclusions of this thesis are 

presented. 
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2.1. Aerosol collection devices 

 

In this work, a wide variety of filter-based samplers and cascade impactors were 

employed at different sampling sites in order to collect carbonaceous aerosol samples 

for bulk chemical analysis, but those actually used at a given site depended on the 

logistical support, on the type of measurement, on the subsequent analyses, and on the 

co-operating institutions. The filter-based sampling devices included low-volume 

samplers with a Gent PM10 inlet [Hopke et al., 1997] or a Rupprecht & Patashnick 

PM2.5 inlet (PM10 samplers, PM2.5 samplers), a medium-volume sampler without 

inlet (PMtotal sampler), and high-volume dichotomous samplers [Solomon et al., 

1983]. As cascade impactors we used the 12-stage, 11-L/min small deposit area low 

pressure impactor [Maenhaut et al., 1996a], and the 10-stage rotating microorifice 

uniform deposit impactor [Marple et al., 1991]. 

 

2.1.1. Low-volume samplers (PM2.5 samplers and PM10 samplers) 

 

In most sampling campaigns of this work, several low-volume filter samplers were 

used in parallel to collect the aerosol particles. These low-volume samplers are 

operated at a flow rate of 17 L/min and use filters of 47-mm diameter; the face 

velocity for the low-volume samplers is 22 cm/s. Among them, filter holders (with 

either PM2.5 inlet or Gent PM10 inlet) with two quartz fibre filters in series (front and 

back) were used for carbonaceous aerosol collection. The quartz fibre filters were pre-

fired Whatman QM-A filters; all pre-firing of filters and aluminium foils (used as 

sampling substrates in the MOUDI impactor, which will be explained in section 2.1.4) 

was done by heating the collection substrates for 24 h in an oven at 550 °C; the 

purpose of this pre-firing was to remove organic contaminants. The front filters were 

supposed to collect 100% of the particulate matter. The purpose of the back filter was 

to assess and/or correct for the positive sampling artifact (in undenuded samplers) or 

negative artifacts (in a denuded sampler), for which the details will be given in section 

4.1. 

 

In addition to the low-volume samplers with quartz fibre filters, in some sampling 

campaigns PM2.5 and PM10 aerosol samples were also collected on single Nuclepore 

polycarbonate filters (pore size 0.4 µm). In some other campaigns, two “Gent” type 
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PM10 stacked filter unit (SFU) samplers were used for aerosol collection. One of 

these had a coarse (Apiezon coated) and fine Nuclepore polycarbonate filter (pore 

sizes 8 and 0.4 µm, respectively) placed in series, and the other a coarse Nuclepore 

filter (pore size: 8 µm) and a Gelman Teflo filter (pore size: 2 µm) in series. At a flow 

rate of 17 L/min, the coarse filter of the SFU samplers collects the particles with an 

aerodynamic diameter (AD) between 2.0 and 10 µm, while the fine filter collects the 

size fraction <2.0 µm AD. Although the purpose of these samplings was not for 

subsequent carbon analysis, the PM data derived from these filters were used in this 

work. 

 

2.1.2. Medium-volume samplers (PMtotal sampler) 

 

In addition to the low-volume samplers, one medium-volume sampler (PMtotal) was 

used in most of the campaigns of this work. The PMtotal sampler is also a filter holder 

with two 47-mm diameter quartz fibre filters in series, but it has no inlet. It collects 

the total suspended particles (TSP) at a flow rate of 120-130 L/min. The face velocity 

for the PMtotal is 156 cm/s. The quartz fibre filters used in it were pre-fired Whatman 

QM-A filters. The purpose of the back filter was to assess the positive artifact. 

 

2.1.3. High-volume dichotomous samplers 

 

In this work, a high-volume dichotomous sampler (HVDS) [Solomon et al., 1983] was 

used at most of the sampling sites. This sampler allows the collection of particles in 

separate fine (<2.5 µm AD) and coarse (>2.5 µm AD) size fractions. The face velocity 

for the fine size fraction filter is around 86 cm/s for a flow rate of about 300 L/min. 

Double 102-mm diameter Gelman Pall quartz fibre filters (type 2500 QAT-UP), 

which had been pre-fired, were used for both the fine and coarse size fractions. The 

purpose of the double filters (front and back) was to assess the importance of positive 

artifacts in the carbonaceous aerosol collection. It needs to be indicated that due to the 

fact that the separation between coarse and fine particles in the HVDS is based on 

virtual impaction, a fraction of the fine particles (around 10%) ends up on the coarse 

size fraction filter and a correction for this has to be applied [Dzubay, 1977]. 
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2.1.4. Microorifice uniform deposit impactor 

 

In most sampling campaigns, a 10-stage microorifice uniform deposit impactor 

(MOUDI) [Marple et al., 1991], which operates at a flow rate of 30 L/min, was used 

in parallel with the other sampling devices. The calibrated cut-points (d50-values) for 

the inlet and 10 stages of the MOUDI are 18, 9.9, 6.2, 3.1, 1.8, 1.0, 0.603, 0.301, 

0.164, 0.094, and 0.053 µm AD [Maenhaut et al., 2002b]. As collection surfaces in 

the impaction stages pre-fired 37-mm diameter aluminium foils (4 mg cm-2) were 

used. The MOUDI was equipped with a back-up filter stage, which contained pre-

fired double 37-mm diameter Whatman QM-A quartz fibre filters. The back-up filter 

stage collects the aerosols smaller than 0.053 µm AD. 

 

2.1.5. Small deposit area low pressure impactor 

 

The other cascade impactor was a 12-stage small deposit area low pressure impactor 

(SDI), operating at a flow rate of 11 L/min. Upstream of the device was an inlet with a 

cut-point (d50-value) of 15 µm AD. At UGent SDI samples were normally collected 

on thin Kimfol polycarbonate films which were used for elemental analysis by 

particle-induced X-ray emission spectrometry (PIXE) [Maenhaut et al., 1996a; 2002b]. 

The experimental cut-points (d50-values) for the 12 stages of the SDI for these films 

are 8.50, 4.08, 2.68, 1.66, 1.06, 0.796, 0.591, 0.343, 0.231, 0.153, 0.086, and 0.045 

µm AD [Maenhaut et al., 2002b]. In order to perform carbon analysis, 20-mm 

diameter pre-fired Pall quartz fibre filters were used as collection substances in this 

work. Because of the fibrous nature of these impaction surfaces, the cut-points differ 

from those with Kimfol polycarbonate impaction films. The Finnish Meteorological 

Institute performed a calibration for the SDI with the Pall quartz fibre filter substrates 

[Saarikoski et al., 2008] and obtained the following d50 cut-points (in µm AD): 6.7, 

3.3, 2.0, 1.3, 0.88, 0.61, 0.45, 0.28, 0.145, 0.063, 0.037, and 0.009. 

 

Besides the collection devices mentioned above, other sampling devices were used by 

co-operating institutions in some sampling campaigns for collecting samples that were 

analysed in this work. For example, during a cruise in the tropical Atlantic (in the 

northern hemisphere) within the project OOMPH, a 3-stage high-volume cascade 

impactor [Baker, 2004], which operated at a flow rate of 1 m3/min, was used for 
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aerosol collection. As this sampler was only used in one individual campaign, it will 

be discussed in section 9.2, where the results from that study will be presented. 

 

2.2. Bulk chemical analysis 

 

The bulk analyses of the aerosol samples included determination of the PM, of OC 

and EC and/or BC, of major water-soluble inorganic species (sulphate, nitrate, 

ammonium) and some water-soluble organic compounds (e.g., methanesulphonic acid 

(MSA), low molecular weight (MW) organic acids), of major, minor, and trace 

elements, and of selected higher MW organic compounds. Various techniques and 

methods were used in our research group to measure the various species and elements. 

They include gravimetry (for the PM), a simple light reflectance technique (for BC), a 

TOT technique (for OC, EC, and TC), a Total Organic Carbon (TOC) analyzer (for 

WSOC), a Solid Sampling Module (SSM) with the TOC analyzer (for TC on 

aluminium foils), ion chromatography (for water-soluble inorganic and organic 

species), PIXE (for measuring major, minor, and trace elements), and instrumental 

neutron activation analysis (INAA, also for measuring major, minor, and trace 

elements). Since the focus in the current work is on carbonaceous aerosols, only the 

techniques and methods which relate to the PM and carbon are described below. More 

details on the other techniques can be found in Maenhaut [1996b] and Maenhaut et al. 

[2002a; 2004a]. 

 

2.2.1. Gravimetric PM measurement 

 

Gravimetric PM measurements were performed for the Nuclepore polycarbonate, 

Gelman Teflo, and Whatman QM-A filters and for the aluminium foils of the MOUDI. 

The PM was obtained from weighing the collection substrates (field blanks and actual 

samples) before and after sampling with a Mettler-Toledo microbalance model MT5 

(sensitivity 1 µg). The weighings were done at 20 °C and 50% relative humidity and 

the filters were pre-equilibrated at these conditions for at least 24 h. The uncertainty 

(in µg) on the net mass of a filter sample from PM determinations was derived from 

repeated weighing of blank and exposed filters on several days. The uncertainty (1 

standard deviation) for PM determination is estimated to be 3 µg for the MOUDI 

aluminium foils, 5 µg for the 47-mm diameter Nuclepore polycarbonate and Gelman 
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Teflo filters, and 30 µg for the 47-mm diameter Whatman QM-A quartz fibre filters 

[Maenhaut et al., 2003; Hitzenberger et al., 2004; Viana et al., 2006a]. 

 

2.2.2. Thermal-optical transmission technique 

 

For the measurement of OC and EC in this work, use was made of the TOT technique, 

thereby employing two thermal-optical carbon analyzers (TOT instruments) from 

Sunset Laboratory (OR, U.S.A.). The first instrument (A) was acquired in 1997 and 

the second one (B) in 2002. These instruments are designed for measuring OC, EC, 

and TC (= OC + EC) in aerosol samples that are collected on quartz fibre filters. 

Powdered solid samples or liquids can also be analysed by the technique after 

depositing a fraction of the sample on a quartz fibre filter punch. The schematic 

diagram of our TOT instrument is shown in Figure 2.1. Normally, a standard sized 

punch (1.5 or 1.0 cm2) is made from the previously collected quartz fibre filter sample 

and placed in the quartz sample oven of the instrument. During the analysis, the 

sample oven (front oven) is heated up stepwise according to a preset temperature 

program. The thermally removed carbon components are then catalytically oxidised to 

CO2 in a manganese dioxide (MnO2) oxidizer (860 °C), reduced to CH4 in an Ni-

firebrick methanator (500 °C) in the presence of H2, and quantified as CH4 by an FID. 

Correction for the PC or char that forms during the first phase of the analysis (in pure 

He) is made by continuously monitoring the transmittance of light (wavelength of 670 

nm) from a pulsed diode laser (He-Ne) which is passed through the filter punch. The 

atmosphere (carrier gas stream) during the analysis is selected by the switching valve 

(V1). Pure He is used during the first phase of analysis; a 2% O2 - 98% He mixture is 

used during the second phase (more details are given later in this section). At the end 

of each analysis run, a known quantity of methane (from a fixed volume calibration 

loop) is injected into the system through the valve (V2) as an internal standard. Thus, 

each sample is internally referenced to the internal standard comprising a fixed mass 

of methane gas. This essentially cancels out small variations in gas flows (and thus 

sensitivity) over the course of an analysis session. 
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Figure 2.1. Schematic diagram of the thermal-optical transmission (TOT) 

instrument of Sunset Laboratory (V = valve). 
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Figure 2.2. Thermogram obtained by TOT analysis with the UGent standard 

temperature program (ST) for a HVDS quartz fibre filter sample (fine 

size fraction) collected at Ghent. It needs to be noted that the internal 

calibration peak is not shown. 
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With the TOT instruments use is made of two software programs, namely the 

instrument program and the calculation program. The instrument program sets up and 

maintains control of the system during operation according to the preset parameter file 

(temperature program or temperature protocol), and stores the raw data (output signals 

from the FID, laser detector, thermalcouples, and flow sensors) into a text format 

output file for subsequent calculation of the results. The instrument program also 

displays the thermogram for the analysed sample; this includes the time signals of the 

front oven temperature, the laser transmittance, and the FID detector. After the 

analysis of a series of samples, the calculation program is run to obtain quantitative 

data (in µg C per cm2 of filter) for OC, EC, and TC. The calculation program makes 

thereby use of a parameter file, which contains (1) a calibration constant with the 

mass of C in the calibration loop and (2) the transit time from the laser to the FID; the 

latter is the time lag between the detection of the transmitted laser signal and the 

arrival of the evolved carbon components at the FID detector. The calibration constant 

is obtained from a multi-point external standard calibration with known amounts of C; 

the transit time from the laser to the FID is experimentally determined, as will be 

described in section 3.2. The calculation program automatically calculates OC, EC, 

and TC, and these values, as well as other pertinent data, are saved in to a spreadsheet 

format text file for further calculations (i.e., blank correction and conversion from µg 

C per cm2 of filter to µg C per m3 of air passed through the filter sample). 

 

An example of a TOT thermogram is shown in Figure 2.2. This thermogram was 

obtained with our standard temperature program (ST) for a HVDS fine size fraction 

filter sample collected at Ghent. As illustrated in Figure 2.2, the analysis proceeds 

essentially in two phases. In the first one, the organic carbon compounds are 

volatilised (desorbed) from the sample in a pure He atmosphere while the front oven 

temperature is stepped to a high value (900 °C for the ST program). In the second 

phase, when the O2 - He mixture enters the oven, the PC and the original EC are 

oxidised; at the same time a concurrent increase in light transmittance through the 

filter occurs. Correction for the PC or char contribution to the apparent EC is 

accomplished by identifying the time at which the light transmittance reaches its 

initial value. This point is defined as the ‘split’ between OC and EC. Carbon evolved 

prior to the split is considered as OC and carbon volatilised after the split is 

considered as EC. TC is determined as sum of OC and EC. The uncertainty in the OC, 
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EC, and TC measurement is provided for every individual filter sample by the 

calculation program. The uncertainty is made up of a constant part (which is 0.2 µg 

C/cm2 for OC and EC and 0.3 µg C/cm2 for TC) and of a variable part which amounts 

to 5% of the OC, EC or TC mass loading. 

 

As mentioned above, the calibration constant or the mass of carbon in the calibration 

loop is an essential parameter in the calculations. It is dependent on the volume of the 

loop and on the CH4 concentration in the gas cylinder with helium/methane mixture 

used with the instrument. For TOT instruments, the calibration constant is obtained 

using a multi-point external standard calibration, and this parameter is often stable for 

many months. For quality assurance, the stability of this parameter and the 

performance of the instrument are checked by the analysis of a control standard (thus, 

a single point external calibration) every six samples on each analysis day, and by 

periodically running a multi-point external calibrations (once per year). Because a 

standard for OC and EC in carbonaceous aerosol samples is not currently available, 

two pure OC standard solutions were used in this work for instrument calibration. The 

two solutions were a sucrose standard solution (4.463 µg C/µL) and an EDTA 

standard solution (4.8 µg C/µL). The sucrose standard solution is prepared by 

dissolving pro analysi sucrose (C12H22O11, E. Merck, Darmstadt, Germany) in high-

purity reagent water (Millipore Simplicity 185, TOC <5 ppb, 18.2 MΩ-cm at 25 °C). 

The EDTA standard solution is prepared by dissolving pro analysi Ethylenedinitrilo 

tetraacetic acid disodium salt dihydrate (C10H14N2Na2O8·2H2O, E. Merck, Darmstadt, 

Germany) in Millipore Simplicity water. Both standard solutions are stored in airtight 

containers at a temperature of 2-4 °C, and are changed every 2 months. The control 

standard is prepared by applying 15 µL of sucrose standard solution to a 1.5 cm2 

quartz fibre filter punch, which yield 44.63 µg C/cm2. Prior to application of the 

standard solution, the filter punch is cleaned in the TOT instrument to remove 

possible carbon contamination. Two sets of multi-point external calibrations were 

used in this work. The lower range multi-point calibration includes 6 data points. 

They are prepared by applying 1, 3, 6, 9, 12, and 15 µL of sucrose standard solution to 

1.5 cm2 pre-cleaned filter punches, which yields 2.98, 8.93, 17.85, 26.78, 35.70, and 

44.63 µg C/cm2. The higher range multi-point calibration also includes 6 points. They 

are prepared by applying 5, 15, 25, 35, 45, and 60 µL of EDTA standard solution to 

1.5 cm2 pre-cleaned filter punches, which yield 16, 48, 80, 112, 144, and 
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176 µg C/cm2. According to the acceptance criteria in the TOT instrument manual 

[OCEC Instrument Manual, 2000], the response carbon values from the analysis of a 

control standard and each external calibration set should be within 95% of the 

calculated values based on the standard solution volume, otherwise remedial actions 

(e.g., check of the system, update the calibration constant) have to be taken. In 

addition to external calibration, the instrument blank value which is the response 

carbon value for running previously run filters without re-opening the oven is checked 

everyday before the analysis of real samples. The analysis of real samples is only 

allowed to be carried out when the instrument blank value is lower than 0.2 µg C/cm2. 

 

2.2.3. Total Organic Carbon analyzer 

 

Two types of carbon can dissolve in water: WSOC and water-soluble inorganic 

carbon (WSIC). Collectively, the two forms of carbon are referred to as water-soluble 

total carbon (WSTC) and the relationship between them is expressed as WSOC = 

WSTC - WSIC. In the current work, WSOC is determined using a commercial TOC 

analyzer (TOC-V CPH, Shimadzu). A two-step procedure consisting of measuring 

WSTC and WSIC is thereby applied. The schematic diagram of our TOC instrument 

is shown in Figure 2.3. For WSTC analysis, the liquid sample is dispensed as a stream 

of liquid into a combustion tube filled with a high sensitivity catalyst and heated to 

680 °C. The sample is burned in the combustion tube and, therefore, the WSTC 

components in the sample are converted to carbon dioxide. Carrier gas (O2), which 

flows at a rate of 150 mL/min to the combustion tube, carries the products from the 

combustion tube to an electronic dehumidifier, where the gas is cooled and 

dehydrated. The carrier gas then carries the products through a halogen scrubber to 

remove chlorine and other halogens. Finally, the carrier gas delivers the sample 

products to the cell of a non-dispersive infrared (NDIR) gas analyzer, where the 

carbon dioxide is measured. For WSIC analysis, the liquid sample is injected into the 

IC reaction vessel, where the sample is acidified with phosphoric acid to obtain a pH 

less than 3. The WSIC contents in the sample are converted to carbon dioxide, which 

is volatilised by the sparging process and detected by the NDIR. WSOC is then 

calculated as the difference between WSTC and WSIC. 
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Figure 2.3. Schematic diagram of the TOC instrument. 

 

In order to convert the NDIR output peak area to the carbon concentration of the 

sample, calibration curve equations, which express the relationship between peak area 

and WSTC (or WSIC) concentration, are generated by analysing various 

concentrations of a WSTC or WSIC standard solution. In this work, the TOC 

instrument is calibrated for both WSTC and WSIC using a six point (range: 2.0 ppm 

C to 50 ppm C) calibration every week. Control standards of 5 ppm C for both WSTC 

and WSIC are analysed every day before and after the sample analysis cycle to check 

the performance of the instrument. The WSTC calibration standards and control 

standards are prepared from potassium hydrogen phthalate (KHP, C8H5KO4) (Reagent 

grade, UCB, Leuven, Belgium). WSIC calibration and control standards are prepared 

from sodium hydrogen carbonate and sodium carbonate (Reagent grade, UCB, 

Leuven, Belgium). The stock solutions are stored in airtight containers at a 

temperature of 2-4 °C. The 1000 ppm C stock solutions are changed every 2 months 

and the 100 ppm C stock solutions are changed every week. 

 

For WSOC measurement of real samples, filter punches of 1 or 1.5 cm2 are placed in 

a 15 mL polystyrene tube, 5 or 10 mL high-purity reagent water (Millipore Simplicity 

185, TOC <5 ppb, 18.2 MΩ-cm at 25 °C) is added, then the tube is manually shaken 
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during 5 min. After standing still for 30 min, filter debris and suspended insoluble 

particles are removed from the water extract by filtration through a syringe filter 

(polyvinylidene fluoride (PVDF) 0.2 µm pore size). The analysis of the filtered water 

extract is performed within 2 hours after the manual shaking extraction. For analysis 

with auto injection, most of the sample is used in rinsing and the actual injection 

volume is only a small fraction (≈1%) of the sample [Yang et al., 2003]. Therefore, 

we preferred to use manual injection in this work, and the injection volume for both 

WSTC and WSIC is 150 µL. At least 3 replicated injections are made for each 

analysis. The limit of detection (LOD) of the method is calculated after Yang et al. 

[2003] using the following equation: 

 

CL = k Sb1 / S 

 

where CL is the LOD; k is a constant related to the confidence level and is set to 3 

[Miller and Miller, 1993]; Sb1 is the standard deviation of five measurements of blank 

water extracts; and S is the slope of the calibration curve. The TOC method for 

WSOC is determined to have an LOD of 0.20 µg C/mL for 150 µL of injected water 

extract out of a 5 mL solution. 
 

A TOC system invariably contains substances in the instrument flow lines that 

produce peaks in the NDIR signal. These peaks are referred to as blank values or 

system blank values, and are present even for water samples containing absolutely no 

carbon. These peaks particularly affect the accuracy of the high-sensitivity TC 

measurements. In this work the magnitude of the blank peaks was frequently checked 

by performing blank check procedures during the night (not in the period from 10 

December 2004 to 24 June 2006, when a bug in the updated software (TOC control V 

1.06) led to a disfunction of blank check procedure). The analysis of real samples is 

only allowed to be carried out when the system blank value in the blank check 

procedure is small and stable. As this blank value is normally less than one tenth of 

the water blank, no correction of this system blank was done in this work. 
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2.2.4. Solid Sample Module 

 

For measurement of TC in samples collected on aluminium substrates (i.e., MOUDI 

impaction foils), use was made of a Shimadzu SSM-5000A Solid Sample Module for 

the TOC analyzer series TOC-V. The SSM-5000A is a special accessory for the TOC 

analyzer which combines with it to create a TOC Solid Sample Analysis System 

capable of analysing TC and IC in solid samples. For the TC measurement, the 

sample is placed in a ceramic boat and inserted into a TC combustion tube, which is 

half filled with an oxidation catalyst and heated to 900 °C. The sample is combusted 

in a pure oxygen atmosphere in the combustion tube, and the TC components in the 

sample are converted to CO2 which is subsequently measured using a NDIR detector. 

For the IC measurement, the sample is acidified by phosphoric acid in a ceramic boat 

to obtain a pH less than 2. Immediately after the injection of acid, the sample is 

inserted into the IC reaction tube which is heated to 200 °C. The CO2 generated from 

acidification of the IC component in the sample is then measured using the NDIR 

detector. In this method, TC and IC are reported as µg C. 

 

In order to perform high sensitivity measurements, which are needed for aerosol 

samples, two special accessories were used in this work for the SSM-5000A. One is a 

“cell switching valve” which enables the SSM to use the 200-mm TOC-V high 

sensitivity NDIR cell instead of the 1-mm low sensitivity cell, which is the standard 

cell for the SSM. The other special accessory is a “TC measurement sensitivity 

switching valve”, which can improve the sensitivity of the measurement by shortening 

the gas flow line for TC measurements (thereby shortcutting the IC part of the SSM, 

which is connected in series with the TC part in standard operation). It needs to be 

noted that this unit has no effect on the IC measurement. According to the Shimadzu 

manual, after applying the cell switching valve, the lower detection limit for TC is 

about 1 µg C. 

 

The SSM is calibrated every two weeks using a series of external standards. Single 

control standards (44.63 µg C) are analysed at the beginning and end of each analysis 

day to assess the performance of the instrument. The calibration and check standards 

are prepared by applying different volumes of standard carbon solutions on a pre-fired 

quartz fibre filter punch (1.5 cm2) using a precision syringe. The standard solutions 
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used for TC are two different concentration solutions of PHK (100 ppm C and 1000 

ppm C, which are stock solutions for the TOC WSTC calibration standards) and a 

sucrose solution (4.463 µg C/µL, which is the control standard solution for TOT). The 

IC standard solution was a buffer solution of sodium bicarbonate and sodium 

carbonate (100 ppm C, which is the stock solution for the TOC WSIC calibration 

standard). For the analysis of real aerosol samples, a filter punch of 1.5 or 1 cm2 was 

used for HVDS quartz fibre filter samples. For MOUDI samples, typically one quarter 

of the aluminium foil was used for the TC analysis. IC analysis was not performed for 

the latter samples because the aluminium foil reacts with the IC reaction acid solution, 

which leaves some residue on the sample boat that cannot be removed easily. 

 

The reasons for using the SSM instead of the TOT instrument for measuring carbon in 

the MOUDI samples were: (1) Aluminium foils leave a deposit on the inner surface of 

the quartz sample oven of our TOT instrument, which obscures the laser light path 

and therefore shortens the life time of the quartz sample oven; (2) The laser light 

cannot pass through the aluminium foil, and since the separation between EC and OC 

relies on the use of the transmitted laser signal, this separation becomes impossible; 

consequently, the TOT method can only give TC data for aluminium foils, so that the 

advantage of TOT over the SSM is lost for MOUDI samples; (3) Comparisons 

between TOT and SSM analyses showed that both techniques give comparable TC 

results for aerosol samples. 

 

In order to compare the SSM and TOT techniques, PM2.5 aerosol samples collected 

on Gelman Pall quartz fibre filters (type 2500 QAT-UP) were analysed by both 

techniques. These PM2.5 samples were collected with a HVDS in the Ghent 2004 

winter campaign, and they included 28 actual samples and 5 field blanks. The 

comparison of the blank-corrected TC results for the actual samples, as derived from 

SSM and TOT, is shown in Figure 2.4; the TOT results are assigned to the X-axis and 

the SSM results to the Y-axis. Three different regression lines are shown in the figure: 

the black regression line is the ordinary least squares linear regression line of y on x, 

the red line is the simulation for the orthogonal regression line (or total least squares 

regression line), and the blue line is the simulation of the ordinary least squares 

regression line of x on y. The orthogonal regression analysis was done using 

GraphPad Prism 5 for Windows Trial version 5.02 (www.graphpad.com). 
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Figure 2.4. Comparison of the TC results derived from TOT and SSM for PM2.5 

HVDS samples from the Ghent 2004 winter campaign. 

 

The ordinary regression is the most widely used regression; it assumes that the 

uncertainties in one variable (normally x) are negligible and that all uncertainties are 

associated with the other variable (y). By definition, the ordinary regression line is 

that which minimises the sum of the squares of the y residuals only, S = ∑ (yi-Yi)2, 

where Yi are the observed y data points and yi are the points lying on the regression 

line. As has been pointed out by numerous researchers over the years [e.g., Deming, 

1943; Barker and Diana, 1974; Cornbleet and Gochman, 1979; Macdonald and 

Thompson, 1992; Bruzzone and Moreno, 1998], the ordinary regression does not 

provide an unbiased best fit line when both the x and y variables have inherent 

uncertainties. Furthermore, it is important to note that the ordinary linear regression 

line of y on x is not same as the line of regression of x on y (except when r = 1 

exactly). The squared correlation coefficients (R2 values) of these two regressions are 

identical, though. 

 

The orthogonal regression, as one of the alternatives to ordinary regression, attempts 

to minimise the sum of the squares of the perpendicular distances between the data 

points and the regression line, S = ∑ [(xi-Xi)2 + (yi-Yi)2], where Xi and Yi are again 
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the observed data points and xi and yi are the adjusted points lying on the resulting 

regression line. It is clear that the orthogonal regression is more suitable than the 

ordinary regression for comparing two different analytical methods, as it takes into 

account the uncertainties in both methods. However, it also needs to be indicated that 

orthogonal regression is not perfect, as it assumes that the uncertainties in both the x 

and y variables are similar, which often may not be the case, and all data points are 

given the same weights, which may also not be justified. 

 

With regard to the comparison of TC from SSM and TOT in Figure 2.4, it seems that 

the two analysis methods show very good agreement. All three regression lines have 

slopes very close to 1, and the squared correlation coefficients for the two ordinary 

linear regression lines are also very high (R2 = 0.97). All three regression lines 

indicate that there is a negative offset for SSM TC when TOT TC equals zero. 

Although the reasons for the offset are unclear, we suspect that some semi-volatile 

organic compounds are lost from the sample during the SSM measurement. In the 

latter, a sample waits in sample change position for 2-3 min before analysis in order to 

avoid the interference from atmospheric CO2. During this period, heat may be 

transmitted from the TC oven to the sample boat and this may cause some organic 

compounds to evaporate and to be carried away by the carrier gas. 

 

It also can be seen from Figure 2.4 that the three regression lines are quite similar 

when plotted. This is due to the high correlation between the two sets of data points, 

as mentioned above (R2 = 0.97). Actually, when doing for the various method 

comparisons in this thesis similar comparisons as shown in Figure 2.4, it was found 

that there was usually no large difference between the orthogonal and ordinary 

regression lines, except in one case when the correlation coefficient was extremely 

low. Taking into account that orthogonal regression analysis cannot easily be done 

with commonly available software such as Excel, orthogonal regression was only 

done in the case of Figure 2.4. Consequently, ordinary linear regression lines and their 

associated R2 values were used in the various method comparisons throughout this 

thesis. 
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2.3. In-situ measurement of aerosol characteristics 

 

The PM concentration and the OC and EC components of the PM are traditionally 

measured off-line after daily or separate day-time and night-time, time-integrated 

aerosol collection on filters. However, such measurements do not provide potentially 

useful information on the detailed variation of PM, OC, and EC during the day. Data 

provided on finer temporal scales can help to assess the variability of sources, ambient 

levels, and human exposure to PM and carbonaceous aerosols. The higher time 

resolution data for OC and EC could also be used for a better assessment of the 

contribution from secondary organic carbon (SOC) to the OC [Turpin and Huntzicker, 

1995; Lim and Turpin, 2002; Plaza et al., 2006]. Normally, this assessment is done 

from filter collections and by using EC as a tracer for primary OC [Castro et al.,1999; 

Viidanoja et al., 2002a; Salma et al., 2004; Aymoz et al., 2007; Schwarz et al., 2008]. 

Several instruments have been developed in the past to measure PM and carbonaceous 

aerosol in real time (in-situ continuous) or near real time (in-situ semi-continuous). 

The PM can be measured continuously with a vibration sensor (e.g., TEOM® sensor 

and Piezobalance®) or with the beta gauge method. The aethalometer [Hansen et al., 

1984] and the Particle Soot Absorption Photometer (PSAP) [Bond et al., 1999] 

measure aerosol BC in real time and are based on the optical attenuation of light by 

particulate matter collected on a quartz fibre filter. In recent years, two commercial 

semi-continuous OC/EC analyzers have become available, the Rupprecht & 

Patashnick (R&P, Albany, NY, U.S.A.) 5400 Ambient Particle Carbon Monitor (now 

not sold anymore) and the Sunset Laboratory (Forest Grove, OR, U.S.A.) semi-

continuous OCEC field analyzer, which perform thermal analyses of aerosols for OC 

and EC in situ. The in-situ instruments used in this work are described below. 

 

2.3.1. Tapered element oscillating microbalance 

 

An R&P tapered element oscillating microbalance (TEOM, model 1400A) was used 

in this work to measure PM concentrations in near real time. The TEOM® sensor, 

consists of a vibrating element, which is a hollow tapered quartz tube with a 

replaceable filter (made of Teflon-coated borosilicate glass) mounted on the narrow 

end. The wide end of the quartz tube is fixed and the filter end (narrow end) vibrates 

transversely at a few hundred hertz. The aerosol is drawn through the filter and along 
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the hollow quartz tube at a flow rate of 3 L/min. The accumulated particle mass 

collected on the filter decreases the resonant frequency of the vibrating element. The 

change in the oscillation frequency is sensed electronically every 2 seconds and 

converted to a near real time (5 min time resolution in our case) particle mass 

concentration in µg/m3. Our TEOM was equipped with a PM2.5 inlet which provides 

an upper size cut of 2.5 µm AD. In order to minimise the effects of changing ambient 

conditions, the sample stream was always pre-heated to 50 °C. It should be noted that 

the (standard) US-internal correction of 1.03 + 3 µg/m3 was applied by the built-in 

software in our TEOM. This means that the initial PM2.5 mass readings were 

multiplied by a factor of 1.03 and that, in addition, 3 µg/m3 was added. The (standard) 

US-internal correction is actually for PM10, whereas we always measured PM2.5 

mass with our TEOM. The use of the parameters 1.03 and 3 µg/m3 may therefore not 

be justified. This should be taken into consideration when comparing the PM2.5 mass 

data from our TEOM with the gravimetric PM2.5 mass from filter holders. 

 

2.3.2. Aethalometer 

 

A Magee Scientific aethalometer (tape-feeder model AE 14U) was used in this work 

to obtain aerosol BC from the measurement of the aerosol absorption coefficient (σa) 

[Hansen et al., 1984]. In the aethalometer, the transmission for “white” light or light 

of specific wavelength band (e.g., 880 nm) is measured for the aerosol-loaded filter 

and compared to that for a clean filter. The decrease in light transmission (i.e., the 

attenuation ATN = ln (T/T0), with T and T0 the transmissions through the loaded and 

clean filter, respectively) is a measure of the aerosol absorption coefficient σa. The 

concentration of BC on the filter can be derived from σa, using an estimate of the mass 

absorption efficiency (MAE, in m2/g) for BC. The MAE value is derived from 

laboratory and atmospheric tests and is specified by the manufacturer. The MAE 

value, however, varies with location, season, and source mixture [Liousse et al., 1993]. 

 

In our aethalometer, which is equipped with a PM2.5 sampling inlet, the aerosol is 

collected on a 0.5 cm2 spot of the quartz fibre filter tape at a flow rate of 4 L/min. Up 

to 2002, the instrument worked with white light, and the manufacturer’s MAE of 19 

m2/g was used to convert the light attenuation data into BC data. From 2002 on, a 

single wavelength light source (wavelength: 880 nm) was used, with MAE of 16.6 
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m2/g. Already during the very first measurements with the aethalometer it was 

observed that the original BC time series showed discontinuities (jumps) whenever 

the aethalometer filter tape moved from a loaded to a clean area. These discontinuities 

were removed by subjecting the BC data to an empirical correction, as used by Reid et 

al. [1998]. 

 

2.3.3. Semi-continuous, real-time carbon aerosol analysis instrument 

 

In this work, a semi-continuous, real-time carbon aerosol analysis (RT OCEC) 

instrument (Sunset Laboratory, Forest Grove, OR, U.S.A.) was deployed in several 

field campaigns in parallel with the aerosol samplers. This commercially available 

instrument is based on the in-situ carbon analyzer developed by Turpin et al. [1990], 

and it provides time-resolved OC/EC analyses on a semi-continuous basis with 

OC/EC results comparable to the NIOSH Method 5040 [Bae et al., 2004]. 

 

The instrument actually combines the sampling function of a conventional filter 

sampler with the analytical function of a thermal-optical carbon analyzer. The aerosol 

is collected on a small quartz fibre filter, which is mounted within the instrument, for 

a desired time period (often 48 min). Once this collection is completed, the OC/EC 

contents on the sample are analysed by the TOT technique. For the sampling, ambient 

air is drawn through a PM2.5 cyclone separator and passed through a parallel-plate 

diffusion denuder before passing through the filter. The aim of the denuder is to 

remove the VOCs from the incoming air stream and thus to eliminate positive artifacts 

in the collection of the OC on the sampling filter. Without elimination or correction 

for this positive artifact, particle phase OC concentrations would be substantially 

overestimated (see section 4.1.2.2). The denuder contains 15 strips (L×W: 20.3 cm × 

3.15 cm) of carbon-impregnated cellulose filters (Schleicher Schuell, Keene, NH, 

U.S.A.) spaced at 2 mm intervals inside an aluminium housing. The residence time of 

the sample air in the denuder is 0.19 s at a sampling flow rate of 7.8 L/min. The 

aerosol particles in the sampled air are collected downstream of the denuder on a 

round 1.15 cm2 quartz fibre filter (Tissuquartz 2500QAT-UP, Pallflex membrane 

filter) which is mounted in an oven inside the instrument; the face velocity across the 

filter is around 116 cm/s. A drawback of using a denuder upstream of the sampling 

filter is that it may give rise to negative artifacts. However, Arhami et al. [2006] have 
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indicated that the negative artifact in the denuder configuration of the Sunset semi-

continuous OCEC instrument is minor. 

 

After the sampling, the carbon contents collected on the quartz fibre filter are 

analysed by applying the same principle as the laboratory instrument from the same 

company, which was described in section 2.2.2. It makes use of a thermal-optical 

transmission technique to measure TC and to discriminate between thermal EC and 

thermal OC [Birch and Cary, 1996]. The temperature protocol (RTquartz) used in this 

work for the RT OCEC instrument is given in Table 2.1. It needs to be noted that a 

NDIR detector is used in the RT OCEC instrument instead of the FID used in the 

laboratory instruments. In addition to thermal EC and OC, the instrument also 

provides an optical determination of EC (OptEC), which is obtained from the 

transmitted laser light (660 nm) intensity through the sampling filter. This optical EC 

is subtracted from the thermally measured total carbon (TC = EC + OC) to determine 

a parameter known as optical OC (OptOC). 

 

Table 2.1. Temperature protocol (RTquartz) and purge gas conditions for the 

Sunset Laboratory semi-continuous OCEC field analyzer used in the 

current study. 

 

Step Gas Hold time (s) Temperature (°C) 
1 Helium 10 1  
2 Helium 80 600  
3 Helium 90 840  
4 Helium 35 0  
5 2%O2/98%He 30 550  
6 2%O2/98%He  110 850  
7 CalibrationOx 100 0  

 

In this work, the time resolution of the RT OCEC instrument or in other words the 

length of its operation cycle was varied between 1 hour, 2 hours, and 4 hours to 

account for the large variations in atmospheric concentrations. The carbon analysis 

always took 12 min of the operation cycle; so that the sampling durations were 48, 

108, and 228 min for 1 hour, 2 hours, and 4 hours operation cycle, respectively. 

Instrument blanks were measured every midnight by setting the program to collect for 
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zero minutes followed by carbon analysis. The sampling filter was changed about 

every 2 or 3 weeks before the build-up of refractory materials had any noticeable 

influence on the transmittance through the filter. External control standards were 

prepared by applying 10 µL of sucrose standard solution (4.463 µg C/µL, which is the 

control standard solution for the laboratory TOT instrument) to a 1.5 cm2 filter punch. 

Such control standards were analysed whenever the sampling filter was changed in 

order to check the performance of the instrument. 
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3.1. Introduction 

 

As mentioned in section 1.2.2.1.1, particulate OC and EC are commonly determined 

using thermal methods. Different thermal methods typically give comparable TC 

estimates but provide different partitions between OC and EC (OC/EC split); in other 

words the data on OC and EC concentrations are method specific and can differ 

widely [e.g., Countess, 1990; Lawson and Hering, 1990; Schmid et al., 2001; Currie 

et al., 2002; Fung et al., 2002; ten Brink et al., 2004; Watson et al., 2005]. 

Furthermore, for the same thermal method, the differentiation between OC and EC in 

aerosol samples was found to depend upon the operational parameters, and in 

particular upon the analysis temperature program (thermal protocol) [Chow et al., 

2001; Yang and Yu, 2002; Schauer et al., 2003; Chow et al., 2004; Subramanian et al., 

2006]. A variety of temperature programs are used in the analysis of aerosol samples. 

The programs are different with respect to temperature plateaus, residence time at 

each temperature plateau, temperature ramping rates, and/or analysis atmosphere. 

Unfortunately, in publications the temperature programs are not always well 

characterised or reported along with the analysis results, although this is critical when 

comparing the data with those of other studies [Watson et al., 2005]. With regard to 

thermal-optical methods, the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) thermal evolution protocol [Chow et al., 1993] and the 

National Institute of Occupational Safety and Health (NIOSH) thermal evolution 

protocol [NIOSH, 1996; 1999] are the most widely used thermal protocols. The 

differences between the IMPROVE and NIOSH protocols are that the maximum 

temperature in the first phase of the analysis (in pure He) is much lower in the former 

one and that TOR is used in the IMPROVE protocol versus TOT in the NIOSH 

protocol. Previous studies have demonstrated that changing the temperature protocol 

can alter the differentiation between OC and EC in thermal-optical analysis [Chow et 

al., 2001;Yang and Yu, 2002; Conny et al., 2003; Schauer et al., 2003; Chow et al., 

2004]. For example, Chow et al. [2001] compared the IMPROVE and NIOSH 

protocols on the same instrument, and found that the NIOSH EC was typically less 

than half the IMPROVE EC. While a number of hypotheses have been put forward to 

explain the observed differences in thermal-optical EC measured with different 

temperature protocols (NIOSH vs. IMPROVE), the underlying causes of the changes 

are not well understood. Yang and Yu [2002] indicated that changes in measured EC 
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with temperature protocol are related to the attenuation coefficients of PC and EC. It 

has been proposed that the effects of changing temperature protocol on the measured 

EC may be mitigated by using TOR as opposed to TOT to define the OC/EC split 

[Chow et al., 2004; Chen et al., 2004]. However, a more critical factor in explaining 

the variability in the measurements is the maximum temperature in the first phase of 

the analysis (in pure He) [Conny et al., 2003; Subramanian et al., 2006]. 

 

An additional challenge is that the effects of the temperature protocol on the 

differentiation between OC and EC can vary from sample to sample, presumably due 

to differences in sample composition [Schauer et al., 2003]. In recent years, HULIS in 

atmospheric aerosols have received a lot of attention [Graber and Rudich, 2006]. This 

organic material weakly absorbs visible light with stronger absorption at short 

wavelengths and is often denoted as “brown” carbon [Andreae and Gelencsér, 2006]. 

Brown carbon originates mainly from biomass fires [Mayol-Bracero et al., 2002] and 

chemical reactions in the atmosphere [Gelencsér et al., 2002; Limbeck et al., 2003]. 

Samples containing biomass smoke present more analytical difficulties in OC/EC 

determination than, e.g., traffic emissions, because, on one hand, Na+ and K+ (which 

are often enriched in biomass burning samples) can lower the combustion temperature 

of EC [Novakov and Corrigan, 1995] and, on the other hand, HULIS (brown carbon), 

are thermally rather stable, so that they evolve at higher temperatures than other OC 

[Mayol-Bracero et al., 2002; Andreae and Gelencsér, 2006] leading to interferences 

with the EC signal. 

 

In this Chapter, special attention is first paid to laser-FID transit time, which is an 

important parameter in setting the OC/EC split in the TOT technique, but often 

neglected by TOT users (section 3.2). In section 3.3 we examine the effect of different 

temperature protocols (particularly different maximum temperature in the first phase 

(in pure He)) on the OC/EC split defined by our TOT analysis. Both ambient aerosol 

samples of widely different origin and pure OC/EC compounds and mixtures of 

known compositions thereof were analysed by three different temperature programs 

with our two TOT instruments. In section 3.4, the influence of brown carbon on our 

TOT technique is examined within an intercomparison study under winter conditions 

in the urban area of Vienna; in this study most methods for EC and BC determination 

in use in Europe were compared. The results seem to suggest that our TOT method is 
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less sensitive to the presence of brown carbon in the particulate EC determination than 

the other methods. 

 

3.2. Determination of the laser-FID transit time 

 

The laser-FID transit time is the time required for the evolved carbon generated from 

a sample filter to reach the FID detector. In the second phase of the analysis (after the 

injection of oxygen), the laser signal responds immediately to the removal of PC 

and/or EC from the filter whereas the FID signal is delayed somewhat due to this 

laser-FID transit time. Due to the fact that the proper setting of the OC/EC split point 

requires both the laser and FID signals to be aligned, the value of this transit time 

must be known [Turpin et al., 1990]. As can be seen from the example shown in 

Figure 2.2, the OC/EC split point is often set on the EC peak in TOT analysis. A few 

seconds change in the laser-FID transit time value may cause a large difference in the 

measured EC value and consequently in the EC/TC ratio. Therefore, the stability of 

the transit time should be monitored. 

 

Table 3.1. Temperature program used for determination of the laser-FID transit 

time. 

 

Gas Hold time (s) Temp (°C) 
He 10  20  
He 60  615  
He 35  900  
He:O2 145  900  

 

For determination of the laser-FID transit time, a transit time test standard is prepared 

by pipetting 10 µL sucrose control standard solution (4.463 µg/µL) onto a pre-fired 

quartz fibre filter punch and subjecting this to the temperature program given in Table 

3.1. Figure 3.1 presents an example of a thermogram for a transit time test standard 

obtained with our instrument A. The laser transmittance decreases strongly during 

heating in pure He (first 105 seconds) because of charring. After oxygen is added the 

PC starts to oxidise and the laser transmittance returns very fast to the initial value 

whereas the FID response is somewhat delayed. If there would be no delay, the peak 
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of the FID signal (maximum evolution of PC) would correspond to the maximum 

change in transmittance. The laser-FID transit time is determined by plotting the 

second-to-second difference in absorbance (which is calculated from the laser 

transmittance) and the FID signal versus time (Figure 3.2) and counting the number of 

seconds between the peaks in the signal, in this case it is 11 s. 

 

In order to check the stability of the transit time in our two TOT instruments, transit 

time test standard samples are analysed twice daily since the year 2002 in our 

laboratory. Based on these year long databases, we found (1) that for each instrument, 

the transit time changed slowly with time; it remained stable for weeks, but not 

months, and (2) that replacement of instrument components often led to a substantial 

change in transit time, especially when replacing the quartz oven or the methanator 

tube. It is suspected that the change is caused by difference in catalyst density filling 

in different ovens or tubes. Therefore, although a default transit time is given by the 

manufacturer in the OC/EC calculation program, it is still necessary to check it 

periodically especially after a major replacement. In this work, for each series of 

samples the median transit time was calculated over the days that the sample series 

was analysed, and this median time was used in the calculation of OC and EC data for 

the sample series. 
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Figure 3.1. Thermogram obtained for a transit time test standard with our 

instrument A. 
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Figure 3.2. Laser-FID transit time determination: Plot of the second-to-second 

difference in absorbance (Delta Abs.) and the FID signal versus time. 

 

3.3. Sensitivity of OC/EC split to the analysis temperature program and 

the type of sample. 

 

3.3.1. Temperature programs and samples studied 

 

Three different TOT analysis temperature programs were used in this comparison 

exercise, i.e., the UGent “standard” program (ST), which was also used in the aerosol 

carbon round robin [Schmid et al., 2001], a program called NIOSH2 (N2), which is 

very similar to the ACE-Asia base case program of Schauer et al. [2003], and a 

program called ACE-Asia alternate3 (A3), which is identical to the one used by 

Schauer et al. [2003], and which is a proxy of the IMPROVE protocol. The detailed 

temperature steps for the three programs are given in Table 3.2. Examples of 

thermograms obtained by TOT analysis with the N2 and A3 temperature programs for 

a HVDS quartz fibre filter sample (fine size fraction) collected at Ghent are shown in 

Figure 3.3 and 3.4. The example for the ST temperature program was shown in Figure 

2.2. The three thermograms were obtained for sections from the same HVDS filter. 

The maximum temperatures during the first phase of the analysis for ST, N2, and A3 

are 900 °C, 870 °C, and 550 °C, respectively. The programs N2 and A3 differ only in 
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the temperatures used during the first phase (in pure He). The maximum temperature 

in the second phase in all three programs is 900 °C; however the temperature ramping 

in N2 and A3 is more progressive and slower than in ST. 

 

Table 3.2. Temperature programs used for TOT analysis. 

 

Ghent standard (ST) NIOSH2 program (N2) ACE-Asia alternate3 (A3) 
Gas 
 

Hold 
time (s) 

Temp 
(°C) 

Gas 
 

Hold 
time (s) 

Temp 
(°C) 

Gas 
 

Hold 
time (s) 

Temp 
(°C) 

He      60    250 He      60    310 He      60    120 
He      50    500 He      60    480 He      60    250 
He      60    650 He      60    615 He      60    450 
He    100    900 He      90    870 He      90    550 
He      50        0 He      40        0 He      45        0 
He        5    600 He:O2      45    550 He:O2      45    550 
He:O2      30    600 He:O2      45    625 He:O2      45    625 
He:O2      30    700 He:O2      45    700 He:O2      45    700 
He:O2      40    850 He:O2      45    775 He:O2      45    775 
He:O2      75    900 He:O2      45    850 He:O2      45    850 

  He:O2    120    900 He:O2    120    900 
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Figure 3.3. Thermogram obtained by TOT analysis with the NIOSH2 program (N2) 

for a HVDS quartz fibre filter sample (fine size fraction) collected at 

Ghent. 
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Figure 3.4. Thermogram obtained by TOT analysis with the ACE-Asia alternate3 

temperature program (A3) for a HVDS quartz fibre filter sample (fine 

size fraction) collected at Ghent. 

 

The aerosol samples used in this comparison exercise were urban samples from Ghent 

(3 series), Beijing (2 sites), and Fushun (an industrial town at about 500 km to the 

north-east of Beijing, China), rural samples from Hungary (K-puszta) and Austria, 

and samples that were taken at a pasture site in Amazonia during the dry (biomass 

burning) season; all these aerosol samples were collected on quartz fibre filters. 

 

The pure OC compound studied was hippuric acid (C6H5CONHCH2COOH), while 

the pure EC compounds were Elftex 124 (obtained from Prof. R. Hitzenberger, 

University of Vienna) and Flammruss 101 (Degussa); OC/EC mixture #1 was a 

mixture of hippuric acid and Elftex, with a nominal EC/TC ratio of 0.473 and 

mixture #2 was a mixture of hippuric acid and Flammruss, with a nominal EC/TC 

ratio of 0.397. 

 

3.3.2. Comparison of EC/TC ratios obtained with two TOT instruments 

 

The pure compounds of OC and EC and mixtures thereof were analysed by both 

instruments A and B using the three different temperature programs. Because of the 

limited filter size, some ambient aerosol samples were only analysed with one of the 
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two instruments and/or by only two of the three programs. The samples from Austria 

were only analysed with our instrument A, the samples from Beijing Site2 and Fushun 

were not analysed by ST and the samples from Ghent #1 and Ghent #3 were not 

analysed with program A3. The ranges for TC (with TC = OC + EC) and EC/TC, as 

obtained with program ST by instrument A for each of the 9 series of samples, are 

given in Table 3.3 (The data for Beijing Site2 and Fushun are from program N2 

instead of ST). 

 

Table 3.3. Ranges for TC and for the EC/TC ratio, as obtained with program ST on 

instrument A, for 9 series of aerosol filter samples (Note: The data for 

Beijing Site2 and Fushun are from program N2 instead of ST, as these 

two series were not analysed with program ST). 

 

  No. of       Range      Range 
Sample series samples   TC (µg/cm2) EC/TC ratio 
Ghent#1 6 39 – 67 0.12 – 0.30 
Ghent#2 26 13 – 100 0.11 – 0.34 
Ghent#3 10 15 – 52 0.10 – 0.35 
Beijing Site1 5 69 – 240 0.15 – 0.23 
Beijing Site2 10 18 – 100 0.066 – 0.16 
Fushun 10 48 – 180 0.089 – 0.48 
Hun/Ama#1 10 14 – 110 0.034 – 0.074
Hun/Ama#2 10 15 – 92 0.024 – 0.061
Austria 16 16 – 36 0.076 – 0.13 
 

After applying the determined laser-FID transit times for our two TOT instruments, 

fairly similar EC/TC ratios were obtained when analysing the same sample with the 

same temperature program on both instruments. The average ratios (EC/TC with 

instrument B)/(EC/TC with instrument A) for 8 series of samples and the three 

analysis programs used are shown in Figure 3.5. It can be seen that most average 

ratios deviate by less than 10% from 1.0, the exceptions are the 

Hungarian/Amazonian samples. These exceptions could be due to the fact that the 

EC/TC ratios for these samples were quite low, around 0.05 only (Table 3.3). The 

good agreement in EC/TC ratios between the two instruments indicates that both our 

instruments were working properly and are able to provide the same OC/EC split. 
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Figure 3.5. Average ratios (EC/TC with Instrument B)/(EC/TC with Instrument A), 

as obtained with the ST, N2, and A3 temperature programs, for 8 series 

of aerosol samples. 

 

3.3.3. Comparison of EC/TC ratios obtained with three different 

temperature programs 

 

The average ratios (EC/TC with N2)/(EC/TC with ST) and (EC/TC with A3)/(EC/TC 

with ST), as obtained with our instrument A for the 9 series of aerosol samples, are 

shown in Figure 3.6. It should be noted that for the samples from Beijing Site2 and 

Fushun, the ratios are for program N2 instead of ST; as already mentioned, these two 

series of samples were not analysed by ST. It can be seen from Figure 3.6 that the 

EC/TC ratios obtained with program N2 are only slightly larger (by 5-8%) than those 

obtained with program ST, while with program A3, the EC/TC ratios are 1.5 to 2 

times larger. In the study of Schauer et al. [2003], about 50% larger EC/TC ratios 

were obtained with program A3 than with the base case program for their ambient 

(urban) samples. These results indicate that (1) program A3 with the lowest maximum 

temperature in the first phase of the analysis gives a much larger EC/TC ratio than the 

other two programs; (2) despite the different temperature ramping in the second phase, 

the ST temperature program gives comparable results as N2. These results confirm 

that the EC/TC ratio obtained in TOT with automatic “split point setting” depends 

upon the temperature program used, particularly that in the first phase of the analysis 
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(in pure He) and that the highest EC/TC ratios are obtained for programs with the 

lowest maximum temperature in the first phase. 
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Figure 3.6. Average ratios (EC/TC with N2)/(EC/TC with ST) and (EC/TC with 

A3)/(EC/TC with ST), as obtained with the UGent TOT instrument A, 

for 9 series of aerosol samples. 

 

There have been disagreements in the literature on the chemical nature of the carbon 

fraction that evolves above 850 °C during the first phase of the analysis. In programs 

N2 and ST, this fraction was defined as OC. However, Chow et al. [2001; 2004; 2005] 

argue that this fraction of carbon is EC. Their supporting evidence is that the light 

transmission and/or reflectance increase during the 850 °C temperature step. Chow et 

al. [2001] suggest that the increasing light transmission and reflectance are due to the 

oxidation of EC by oxygen supplied by mineral oxides in the particle mixture on the 

filter. Therefore, applying a high-temperature program (e.g., ST and N2) will cause an 

underestimate of EC and an overestimate of OC. We observed indeed that the light 

transmittance increases during the maximum temperature step in the ST and N2 

programs for some samples, but this was the case for less than one third of all samples. 

However, there is not enough evidence to support that the increase for these samples 

is really caused by oxidation. An alternative explanation is given by Yu et al. [2002]. 

They suggest that the increasing transmittance is a result of the evolution of light-

absorbing intermediate OC products rather than the oxidation of EC. Furthermore, 

even if the light transmission increase during the first phase was indeed caused by 
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oxidation, just like in the second phase there is no way to distinguish between what 

was oxidised, PC or EC. And no matter what was oxidised, the increased transmission 

is accounted for in the TOT correction; the EC/TC split will not be affected anyway. 

Therefore, we can conclude that there is no evidence that high-temperature programs 

cause an underestimate of EC. The large difference between A3 and ST is therefore 

likely attributable to an overestimate of EC in A3. The higher EC in A3 may be due to 

OC not completely evolving or not pyrolyzing into PC in the first phase of the 

analysis due to the low maximum temperature. Previous research has demonstrated 

that certain types of OC such as wood smoke do not completely evolve or pyrolyze at 

low inert-mode temperatures [Novakov and Corrigan, 1995]. This is consistent with 

the conclusions of other studies [Conny et al., 2003; Schauer et al., 2003]. It is also in 

line with our results from the analysis of mixtures of pure OC and EC compounds, 

which is discussed later in this section. 
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Figure 3.7. Average monthly ratios (EC/TC with A3)/(EC/TC with ST), as 

obtained with the UGent TOT instrument A, for samples from rural 

Austria. 

 

It further appears that the difference between A3 and ST varies from site to site, and 

that the difference for the rural Austrian samples is clearly dependent upon the date of 

collection (and thus implicitly on the composition of the aerosol). As shown in Figure 

3.7, the average monthly ratio (EC/TC program A3)/(EC/TC program ST) is lowest 

for samples collected in April, and highest for samples from October. This suggests 
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that the composition of the sample has some effect on the difference between 

programs A3 and ST. 

 

3.3.4. EC/TC ratios for pure compounds of OC and EC and for mixtures 

thereof 

 

For the pure OC and EC compounds, the EC/TC ratios were very close to 0 and to 1, 

respectively, for each of the three analysis programs. The results for the mixtures of 

the pure compounds are presented in Table 3.4. For program N2 there was good 

agreement (within 5%) between the experimental and nominal EC/TC ratios, whereas 

for program A3, there was clearly a tendency to obtain higher EC/TC ratios than the 

nominal values. 

 

Table 3.4. Average ratios, relative to the nominal EC/TC ratios, for EC/TC as 

obtained with three analysis programs and instrument B for mixtures of 

pure OC and pure EC (N = 5 for each program). 

 

 
ST 

Mean ± std.dev. 
N2 

Mean ± std.dev. 
A3 

Mean ± std.dev. 
Mixture #1 0.84 ± 0.10 0.95 ± 0.07 1.11 ± 0.04 
Mixture #2 1.17 ± 0.04 0.99 ± 0.10 1.31 ± 0.06 

 

In summary, the comparison study confirms that the OC/EC split in TOT depends 

upon the temperature program used, particularly that in the first phase of the analysis 

(in pure He) and that the highest EC/TC ratios are obtained for program A3, which 

has the lowest maximum temperature in the first phase. This may be due to some 

particulate OC not completely evolving or not pyrolyzing into PC in the first phase of 

A3 because of the low maximum temperature. This is also confirmed by the results 

from the analysis of mixtures of pure compounds. Comparable results were obtained 

by the programs ST and N2 for aerosol filter samples from different origins. In this 

work, the program ST was used for the samples from the various field studies, 

discussed further in this thesis, as this program was used for the samples from the 

previous field studies in which UGent was involved in since instrument A was 

acquired [Maenhaut et al., 2004a; Maenhaut and Claeys, 2007]. The use of the same 
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program has the effect that the data of this study should be comparable to those of the 

earlier studies done at UGent. 

 

3.4. Interlaboratory comparison on the influence of brown carbon 

 

3.4.1. Introduction 

 

In order to further evaluate the performance of our TOT technique in the 

differentiation between OC and EC, we participated in an intercomparison study, 

which compared practically most methods for EC and BC determination in use in 

Europe. The sampling campaign for this study was carried out under winter conditions 

in 2006 in the urban area of Vienna. The methods involved in the study included four 

thermal methods, i.e., a two step thermal method (the so-called Cachier method) 

[Cachier et al., 1989], a thermal-optical method developed at the Technical University 

(TU) of Vienna (TOM-TU) [Schmid et al., 2001], and our TOT method using two 

different temperature programs (TOT-A3 and TOT-N2), and three optical methods, 

i.e., a light transmission method (LTM) [Hansen et al., 1984], the IS method 

[Hitzenberger et al., 1996], and the MAAP [Petzold and Schönlinner, 2004]. 

Importantly, a newly developed extension of the IS technique, which separated black 

and brown carbon, was used in this study to examine the effect of brown carbon on 

the comparability of the optical and thermal methods. We show here that the presence 

of specific winter time sources, such as domestic heating with wood combustion, 

leads to the occurrence of brown particulate material that can interfere considerably 

with current EC/OC or BC determination techniques. Practically all usually employed 

methods except our TOT methods overestimate EC or BC if the aerosol contains 

appreciable amounts of brown carbon. 

 

3.4.2. Experimental 

 

3.4.2.1. Site description 

 

The aerosol collections were performed at the roof laboratory of the Physics building 

of the University of Vienna, Austria, at 35 m above ground. The sampling site 

(48°13’17” N, 16°21’19”E) is situated in central Vienna (population 1.8 million) in a 
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densely built upon area heavily impacted by traffic. The site, however, does not 

receive direct traffic emissions because it is separated from the nearest road by ca. 100 

m of interconnected buildings and courtyards. The street directly below is used mainly 

for parking. Roof heights in this part of the city are rather homogeneous. The 

samplings were performed during the heating season; heating and non-heating seasons 

are historically used terms in some European countries to denote the periods when the 

central heating systems are respectively switched on and off. Only little direct 

influence from nearby chimneys was expected, because most of the buildings in the 

area are heated by district heating or natural gas. Diesel traffic is an important source 

of EC or BC in Vienna [Reisinger et al., 2007], and in winter time, space heating also 

contributes to the carbonaceous aerosol. In an earlier study [Caseiro et al., 2007] 

biomass burning was found to contribute 10% to PM10 in Vienna, and 15% of the 

PM10 emitted by biomass combustion was found to be EC. 

 

3.4.2.2. Sampling schedule 

 

The samplings were performed from 7 February to 15 March 2006, under late winter 

conditions. Daily average temperatures ranged from -7.7 °C to 6.2 °C and daily 

average relative humidity was between 56.5% and 90.5%. During this period, winds 

were mostly from the North to West sector. 

 

Three filter samplers were operated in parallel. Two were fitted with PM10 inlets and 

collected samples for thermal methods, one of the two PM10 samplers collected 

samples on Whatman QM-A quartz fibre filters for TOT methods, the other one 

collected samples on Pallflex Tissuquartz 2500QAT-UP filters for Cachier and TOM-

TU methods. The third filter sampler (collecting samples on polycarbonate filters for 

the IS method) was an open-face upside down filter holder. The MAAP instrument 

sampled through a horizontal 1.5 m vacuum tube without sampling head. As little EC 

(2.6%, [Hitzenberger et al., 2006a]) is found in the size fraction >2 µm at the site, the 

upper cut size of the samplers is unimportant. 

 

For all thermal methods, pre-fired filters were used. The filters used for the Cachier 

and TOM-TU methods had been pre-heated for 4 hours at a temperature of 450 °C to 

remove adsorbed carbonaceous material. After pre-heating, these filters were cooled 
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in an H2O-atmosphere. The filters used for TOT methods had been pre-fired for 24 

hours at 550 °C. All filters were kept at -18 °C except during handling, transport, and 

sampling. 

 

Sampling times for the filter-based methods were 24 hours with sample change 

nominally at 14:00 CET (i.e., 13:00 UTC). Because of different programming of one 

of the automatic sample changers, one set of filters (used for analysis with the TOT 

methods) was changed at 11:30 CET instead. The MAAP measured continuously with 

a time resolution of 1 min, so the data of this instrument were used to correct for the 

temporal offset of the sample changer. For the comparison with the off-line samples, 

the quasi continuous BC concentrations collected by the MAAP were converted to 24-

hour averages as described in Hitzenberger et al. [2006b]. 

 

Table 3.5. Overview of methods, codes, filters, and other characteristics for the 

Vienna intercomparison study. 

 

Method Code Filter type Upper cut size Wavelength 
Light transmission LTM Pallflex Tissuquartz 

   2500QAT-UP 
10 µm “white” 

Multi-angle 
   absorption 
   photometer 

MAAP Glass fibre Schleicher 
   & Schuell GF 10 

 630 nm 

Integrating sphere IS MSI Polycarbonate, 
   0.2 µm pore size 

80 µm 550 nm 

Two-step thermal Cachier Pallflex Tissuquartz 
   2500QAT-UP 

10 µm n. a. 

Thermal-optical TOM-TU Pallflex Tissuquartz 
   2500QAT-UP 

10 µm Charring corr.: 
   671 nm 

Thermal-optical, 
   NIOSH2 protocol 

TOT-N2 Whatman QM-A 
   Quartz fibre 

10 µm 670 nm 

Thermal-optical, 
   alternate3 protocol 

TOT-A3 Whatman QM-A 
   Quartz fibre 

10 µm 670 nm 

 
n. a.: not applicable 
 

3.4.2.3. Analysis methods for EC or BC 

 

Table 3.5 shows all methods, their specific properties, the codes used in the figures 

and discussion, as well as the filter materials. The principle of our TOT technique has 
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been described in section 2.2.2. Two different temperature programs, namely N2 

(TOT-N2) and A3 (TOT-A3), were used by us for the samples from this 

intercomparison study. The details about these two protocols have been given in 

section 3.3.1. For the other thermal and optical methods applied in this study, short 

descriptions of their principle are given below; more details can be found in the 

literature references given. 

 

Thermal methods 

 

Besides our two TOT thermal protocols, a two-step thermal method (Cachier) and the 

thermal-optical method from TU Vienna (TOM-TU) were used for measuring EC. 

 

In the two-step thermal method [Cachier et al., 1989] as used in this intercomparison, 

aliquots of loaded filters are heated for 2 hours in a pure O2 stream at 340 °C to 

remove OC. In the subsequent step, EC and carbonates are oxidised at 1000 °C 

(Cstep1). Carbonates are determined by heating aliquots of the filters for 1 h in a pure 

O2 stream at 460 °C; in this pre-heating step OC and EC are removed and the 

remaining carbonates are combusted at 1000 °C (Cstep2). Carbonate-corrected EC is 

calculated as the difference of the carbon-fractions obtained after the two heating 

steps: EC = Cstep1-Cstep2. It needs to be noted that this two-step method is a 

modified version of the Cachier method; in the original version [Cachier et al., 1989] 

carbonate correction for EC was done by the removal of carbonates by exposing the 

filters to HCl. 

 

In the thermal-optical method of TU Vienna [Schmid et al., 2001], aliquots of loaded 

filters are exposed to a constantly increasing temperature (20 °C/min) up to a 

maximum temperature of 800 °C in a pure O2 stream. A MnO2 catalyst (at 700 °C) 

converts all the evolved carbonaceous gases to CO2, which is detected by a NDIR 

detector. Charring of organic material is accounted for by monitoring the signal of a 

laser beam transmitted through the sample (wavelength: 671 nm). All CO2 detected 

after the transmitted light signal has reached its initial value is attributed to EC. 
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Optical methods 

 

BC was determined with three optical methods: LTM, MAAP, and IS. 

 

The LTM uses a white light source and a silicon photodiode detector to measure the 

light transmitted through a loaded filter and a clean reference filter. The attenuation 

signal is converted to BC concentration using an instrument factor of 19 m2/g. This 

setup corresponds to an “off-line” aethalometer [Hansen et al., 1984]. 

 

In the MAAP instrument [Petzold and Schönlinner, 2004], a filter sample is exposed 

to radiation (effective wavelength: 630 nm). Simultaneous measurements of 

transmitted and backscattered light at several detection angles in both forward and 

back hemispheres are used to calculate the absorption coefficient of the deposited 

aerosol with radiative transfer techniques. A conversion factor of 6.5 m2/g at 630 nm 

was used to obtain BC concentrations from the absorption coefficient. As was 

demonstrated during the Reno Aerosol Optical Study [Petzold et al., 2005], the 

MAAP technique requires no further correction of aerosol light scattering or filter 

loading effects. 

 

In the IS [Hitzenberger et al., 1996], a liquid sample (either a dissolved filter or small 

filter punches immersed in a liquid) is placed in an integrating sphere photometer. The 

decrease of light flux in the sphere (at 550 nm wavelength) is converted to µg BC 

using a calibration curve obtained with a commercial carbon black (Elftex 124, Cabot 

Corp.). The BC concentration measured with the IS method is therefore equivalent to 

the concentration of the test substance which would give the same IS signal. The BC 

data obtained from immersed sections of quartz fibre filters are labelled IS-TOM and 

IS-TOT, as they were obtained from sections of the quartz filter sets used for the 

TOM-TU and the TOT methods. These BC data were well correlated with those from 

the dissolved polycarbonate filters, denoted here as IS (R2 = 0.67 for IS-TOT and R2 = 

0.86 for IS-TOM; if one outlier each is removed, R2 = 0.84 and 0.88, respectively). 

The regression lines of BC concentrations (in µg/m3) are IS-TOT = 1.11*IS - 0.13 and 

IS-TOM = 1.38*IS - 0.52. 
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3.4.2.4. Estimation of brown carbon 

 

Originally, the basic assumption for converting the IS photometer signal to BC 

concentrations is that BC is the only light absorbing substance in the atmospheric 

aerosol, as airborne HULIS was generally recognised only in recent years. In a 

separate study [Wonaschütz et al., 2009] a procedure to estimate brown carbon 

concentrations was developed. Calibration curves were obtained at four wavelengths 

(405, 450, 550, and 650 nm) both for Elftex 124 (as a proxy for fresh combustion BC) 

and for a humic acid standard (Humic acid sodium salt, Acros Organics, # 68131-04-4) 

as a proxy for “brown carbon”. Using the different wavelength dependence of the 

calibration curves, an iterative procedure was applied to estimate the concentrations of 

brown and black carbon. The resulting (reduced) concentration of black carbon is 

labelled “BC-black” in contrast to BC, which stands for BC obtained in the usual way. 

The concentration of brown carbon is called “BC-brown”. This separation was 

performed for all filter types analysed by IS. Figure 3.10 contains the results obtained 

from the TOT filters. Again, any BC-brown concentration is actually the 

concentration of the humic acid standard causing the same absorption signal as the 

actual atmospheric brown carbon, whose optical properties are highly variable 

[Graber and Rudich, 2006]. 

 

3.4.3. Results and discussion 

 

3.4.3.1. EC and BC method intercomparison 

 

Figure 3.8 shows all EC and BC data, with the exception of BC-black and BC-brown. 

The general trend of EC or BC concentrations is similar, but significant differences 

exist between the methods. The MAAP method yielded the highest BC concentrations 

(Figure 3.8 top). The differences within the thermal methods (Figure 3.8 bottom) were 

also quite large. As there is no standard method, no data set can be labelled as the 

“correct data set”. The data obtained from each method were therefore averaged over 

the whole campaign and compared to the grand average of all data measured with all 

methods (Figure 3.9). There are clearly substantial differences between the method 

averages. 
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Thermal methods
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Figure 3.8. Top: BC concentrations obtained with optical methods in the Vienna 

intercomparison study. For the integrating sphere technique, 

concentrations obtained from dissolved polycarbonate filters (IS) and 

from the quartz fibre filters used for TOM-TU (IS-TOM) and for TOT 

(IS-TOT) are given. No correction for “brown carbon” was made in the 

IS concentrations. Bottom: EC concentrations obtained with the 

thermal methods. For the method codes, see Table 3.5. 
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Figure 3.9. Vienna intercomparison study: campaign averaged data for each 

method and grand average (right bar). The data for the IS method were 

not corrected for the influence of brown carbon. The error bars indicate 

one standard deviation. 

 

Table 3.6. Ratios of averages for the Vienna intercomparison study. Campaign 

averages for each method were divided by the grand average of all data 

collected during the campaign. 

 

Method Ratio to grand 
average 

LTM 1.10 
MAAP 1.43 
IS 0.96 
IS-TOM 1.01 
IS-TOT 0.91 
Cachier 1.12 
TOM-TU 1.18 
TOT-N2 0.52 
TOT-A3 0.78 

 

TOT-N2 yielded the lowest campaign average (1.37 µg/m³), while the MAAP method 

gave the highest average (3.73 µg/m³). The data obtained with the optical methods are 

all rather close to the grand average (except the MAAP data), and the thermal 
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methods also lie close to the grand average except the two TOT methods. Table 3.6 

gives the ratios of the method averages to the grand average of all data of the 

campaign. 

 

The TC concentrations obtained with the thermal methods were in good agreement. 

For TC obtained with the NIOSH2 temperature protocol, the regression line was 

TC(TOT-N2) = 0.94*TC(TOM-TU) + 0.92 and for those obtained with the A3 

protocol, TC(TOT-A3) = 0.90*TC(TOM-TU) + 0.84, with in both cases R2 = 0.92. 

The differences between the thermal methods were obviously not caused by aerosol 

inhomogenieties or sampling uncertainties. 

 

3.4.3.2. Influence of brown carbon 

 

Based on the data in section 3.4.3.1 only, one could conclude that all methods agree 

fairly well, with the exception of the TOT methods. Figure 3.8 bottom, however, has 

an interesting feature. On some days (or time periods spanning several days) the 

thermal methods agree rather well, but during other periods the differences are very 

marked. The days with the marked differences are days with low temperatures (e.g., 

during 23 - 27 February, 24-hour average temperatures dropped to -4 °C, while during 

4 - 8 March, the maximum daily average temperature was 8.3 °C). During cold 

episodes, the source strength of space heating increases. Using conventional BC or 

EC measurement techniques, however, the changes in carbonaceous aerosol 

characteristics cannot be traced. 

 

The picture changes when the separation of black and brown carbon [Wonaschütz et 

al., 2009] is performed. Figure 3.10 shows again the EC data obtained by the thermal 

methods, but this time BC-brown and BC-black (as derived from the TOT filters) are 

also included. On the days with the largest discrepancies, the BC-black is better 

comparable to the TOT data than to the other thermal methods. On these days, both 

the concentration and the contribution of brown carbon to the absorption signal were 

high. The ratio of brown carbon to black carbon was between 2.2 and 2.6 in the period 

23-27 February (compared to 1.9 during the period 3-10 March). This period was also 

the coldest of the whole campaign, so we do expect influence from space heating. 

Despite the small contribution of biomass to the total heating energy sector in Vienna 
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(2.8%), the background aerosol in contrast to the urban area is more influenced by 

biomass combustion. On the days with higher temperatures and lower influence of 

brown carbon, the TOT methods and the other thermal methods are much better 

comparable (within factors of less than 2). 
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Figure 3.10. EC concentrations obtained with the thermal methods compared to BC 

(“BC- black”, black full circles) obtained from the IS method after 

removal of the influence of “brown” carbon (“BC-brown”, brown full 

circles). Both types of BC data were obtained from the filters used for 

the TOT analyses. 

 

The discrepancy between the thermal methods is linked to the percentage of brown 

carbon in total light absorbing carbon (i.e., the ratio brown/(black + brown) measured 

with the IS method). Figure 3.11 shows the ratios of EC concentrations derived from 

the Cachier and the TOM-TU methods to the TOT-N2 as function of the % brown 

carbon. The ratios increase strongly with increasing brown carbon content of the 

aerosol. Further work is needed to investigate these trends. 

 

The results seem to indicate that practically all usually employed methods except the 

TOT methods overestimate EC or BC concentrations if the aerosol contains 

appreciable amounts of brown carbon. The TOT-N2 and TOT-A3 methods, on the 

other hand, yield the lowest EC concentrations at all times. The BC-black 

concentrations could be seen as more realistic representations of traffic and oil 
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Figure 3.11. Ratios of EC concentration derived from the Cachier and the TOM-TU 

methods to the TOT-N2 method as a function of the percentage of 

brown carbon in total light absorbing carbon (determined with the IS 

method). 

 

combustion derived BC, but again there is the question of calibration - carbon black as 

standard for traffic BC and humic acid as standard for brown carbon. If real world 

brown carbon has different wavelength dependent absorption properties, the 

separation procedure gives BC-black concentrations that could be too low or too high. 

At this point it is only safe to conclude that the TOT methods are less sensitive to the 

presence of brown carbon than the other methods (including the original uncorrected 

IS method), but whether this conclusion is sufficient as a basis for selecting any 

method to monitor air quality criteria is quite doubtful. Substantial research efforts are 

needed to fully characterise the thermal methods for samples containing aerosol 

produced by biomass combustion. 

 

Within the two TOT methods, systematically higher EC concentrations were found by 

TOT-A3 than by TOT-N2, which is consistent with the results found in section 3.3.3. 

Figure 3.12 shows how BC-black values determined by the IS method from immersed 

sections of quartz fibre filter sets used for TOT compare with EC values by TOT-N2 

and TOT-A3. The campaign average BC-black concentration (1.93 ± 0.62 µg/m3) 

determined by IS from immersed sections of quartz filter sets used for TOT is in good 

agreement with the average EC concentration from TOT-A3 (2.03 ± 1.22 µg/m3), and 
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higher than that from TOT-N2 method (1.37 ± 0.70 µg/m3). However, when we plot 

the individual EC TOT-A3 and TOT-N2 data versus the BC-black data (see Figure 

3.12), it appears that the situation is rather complex. The slope of the regression line 

of EC TOT-N2 on BC-black is much closer than 1.0 than the other regression line, but 

none of the two regression lines goes through the origin. The negative offset on the 

ordinate is quite substantial for both regression lines. 

 

TOT-N2
y = 1.08x - 0.72

R² = 0.93

TOT-A3
y = 1.83x - 1.50

R² = 0.87

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7
BC-black (µg/m³) 

E
C

 (µ
g/

m
³)

TOT-A3

TOT-N2

 
 

Figure 3.12. Correlation between EC from TOT methods (TOT-N2 and TOT-A3) 

and BC-black derived from the IS method on the TOT filters. 
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4.1. Introduction 

 

4.1.1. Artifacts associated with aerosol sampling using quartz fibre filters 

 

As mentioned in section 1.2.3, it is well known that sampling of carbonaceous 

aerosols using quartz fibre filters is prone to both positive and negative artifacts. 

However, because volatilisation (or evaporation) and adsorption processes are 

inherently coupled, it is not always clear whether the main artifact is adsorption or 

evaporation; as a consequence, several publications have been devoted to the subject. 

Based on their laboratory and field experiments, Turpin et al. [1994] suggested that 

OC present on a back-up quartz fibre filter in an undenuded filter sampler results 

mostly from the adsorption of native gaseous OC (VOCs) rather than from the 

adsorption of OC evaporated from particles collected on the front filter. In other 

words, the adsorption (positive artifact) prevails in an undenuded sampler setup. This 

idea was confirmed by several other studies [Turpin et al., 2000; Mader et al., 2001; 

2003; Subramanian et al., 2004]. 

 

The adsorption of gas-phase organics on sampling filters is conceptually similar to 

gas-particle partitioning with the filter acting as a model aerosol. Adsorption occurs to 

bring the ambient gas-phase concentrations into equilibrium with respect to the filter 

surface. Results from a constant source laboratory experiment [Turpin et al., 1994, 

Figure 5] indicated that the amount of gas-phase organics adsorbed on a quartz fibre 

filter approaches saturation after a certain sampling duration. In other terms, the 

equilibrium of gas-phase organics between the surface of a quartz fibre filter and the 

incoming air stream is achieved at this saturation point. After this saturation, as the 

PM loading increases linearly with sample duration, the magnitude of the positive 

artifact diminishes with continued sampling of carbonaceous particles. Therefore the 

positive artifact will be more important for short sampling times and/or low 

particulate OC mass concentrations [Appel et al., 1989]. Turpin et al. [2000] 

suggested that adsorption will introduce the greatest bias to the measurements made in 

remote locations, where particle concentrations are relatively small. In contrast, for 

longer sampling, the positive artifact can be negligible. Novakov et al. [2007] pointed 

out that the magnitude of the positive artifact tends to be smallest in (urban) areas 

where carbon particle concentrations are highest. It needs to be noted that the 
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equilibrium between the gas phase and the filter phase cannot be reached instantly. As 

shown in Figure 5 of Turpin et al. [1994], it can take a significant amount of time to 

reach equilibrium in the vicinity of a quartz fibre filter (at least 4 h in the experimental 

conditions used in that paper). Apart from the sampling duration and the gas-phase 

organic concentration, the amount of the artifact for OC that can be adsorbed by an 

individual quartz fibre filter also depends on various other sampling conditions (i.e., 

atmospheric temperature, quartz fibre filter adsorption capacity, air flow rate, 

composition of condensable compounds, the presence of other competing adsorbents 

and so on). On top of these, the apparent OC concentration on quartz fibre filters 

seems to depend on the face velocity (the volumetric flow rate divide by the exposed 

area of the filter). McDow and Huntzicker [1990] and Turpin et al. [1994] found that 

the gaseous adsorption of OC by the quartz fibre back filter in a quartz fibre back 

filter behind a Teflon front filter or in a quartz fibre back filter behind a quartz fibre 

front filter setup varied inversely with the face velocity. 

 

4.1.2. Approaches to correct for artifacts 

 

4.1.2.1. Correction for positive artifacts in an undenuded filter setup 

 

One relatively simple and well-established approach to correct for positive artifacts is 

(a) to use two quartz fibre filters in series (Q1Q2) in the sampler (the so-called tandem 

filter method) or (b) to resort to parallel samplings with one or two quartz fibre filters 

in one line (Q1 or Q1Q2) and a Teflon filter with a quartz fibre filter behind it (TQ3) 

in the other line (a so-called two-port sampling system). 

 

It is assumed in the tandem filter method (a) that the front filter (Q1) collects all the 

particulate matter and becomes saturated with gas-phase organics, whereas the back 

filter (Q2) collects only gas-phase organics and achieves saturation with the incoming 

air stream. In other terms, both the front and back quartz fibre filters establish perfect 

equilibrium with the gas phase. Since they are identical and face the same air stream, 

the front and back filter should adsorb the same type and amount of gas-phase 

organics. Therefore, the concentration of particulate OC can be calculated simply by 

subtracting the OC concentration measured on the back filter from that on the front 

filter. 
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One weakness of the tandem filter method is that accurate correction for positive 

artifacts can only be achieved after both filters reach saturation. As mentioned in 

section 4.1.1, it can take a significant amount of time to reach equilibrium between the 

gas phase and filter phase in the vicinity of a quartz fibre filter. So, the validity of the 

tandem filter approach depends on the sampling duration. Experiments by Kirchstetter 

et al. [2001] and Subramanian et al. [2004] have shown that for short sampling 

durations the amount of adsorbed OC on the back filter is lower than that adsorbed on 

the front filter because the quartz fibre filters did not reach equilibrium with the 

incoming air stream; this causes an underestimate in the positive artifacts and an 

overestimate of the particulate OC concentration. However, both publications also 

showed that the accuracy of the method improves with increased sampling time. 

 

In the two-port sampling system (b), it is assumed that the upstream Teflon filter (T) 

is inert and traps only the particulate matter without adsorbing any organic gases in 

the air stream; moreover, T has a specific surface area that is roughly five times 

smaller than that of quartz fibre filters [Turpin et al., 1994]. So the quartz fibre filter 

(Q3) behind T in the TQ3 line is exposed to the same gas-phase organics as the (front) 

quartz fibre filter (Q1) in the Q1 or Q1Q2 line did, providing a robust estimate of the 

positive artifact on Q1 regardless of sampling duration. Therefore, the concentration 

of particulate OC can be calculated by subtracting the OC concentration measured on 

the back filter behind the Teflon filter (Q3) from that on (front) quartz fibre filter (Q1) 

of the Q1 or Q1Q2 line. 

 

Which variant (a) or (b) provides the best estimate for positive artifacts has been 

debated for years. McDow and Huntzicker [1990], Turpin et al. [1994; 2000], and 

Kirchstetter et al. [2001] prefer the two-port sampling system (b). They believe that in 

the tandem filter method (a) gas-phase organics might not have reached equilibrium 

between the gas phase and the filter phase in the vicinity of the front filter in their 

sampling conditions and that method (a) may thus lead to underestimation of the 

positive artifacts. On the other hand, Appel et al. [1989] argued that the tandem filter 

method (a) is preferable because possible contamination from the Teflon filter may 

cause an overestimate of the positive artifact in two-port sampling system (b). In a 

later paper, Subramanian et al. [2004] concluded that the two-port sampling system (b) 

provides a consistent estimate of the positive artifact on the front quartz fibre filter 



Chapter 4: Improved collection procedures for carbonaceous aerosols 

86 

regardless of sample duration. However, it overestimates the positive artifact by 16-

20%, presumably due to volatilisation of organic material from the upstream Teflon 

filter. The tandem filter method (a) provides a robust estimate of the positive artifact 

on the front quartz fibre filter for longer sampling times (e.g., 24 h). It does not work 

for 4- or 6-h samples because both quartz fibre filters have not achieved equilibrium 

with the incoming air stream. 

 

It needs to be pointed out that for both the tandem filter method (a) and the two-port 

sampling system (b), the adsorption of gas-phase organics by the collected particulate 

matter and the evaporation of condensable organic compounds from that particulate 

matter on the front filter (negative artifact) were neglected. As a result, both 

approaches are subject to uncertainties. 

 

4.1.2.2. Correction for artifacts with a denuded system 

 

Another type of approach to correct for (or to eliminate) artifacts is to make use of 

denuder-based sampling methods, whereby a denuder, a filter, and an adsorbent bed 

(or a back filter) are placed in series. In the denuder approach use is made of the 

higher diffusion of gases compared to particles. The gas-phase organics are removed 

by diffusion to an adsorbent surface (polymer resins, activated carbon etc.) in the 

denuder and the particles are collected on a quartz fibre filter downstream of the 

denuder. A drawback to this approach is that removal of gas-phase organics disturbs 

the gas-particle equilibrium, driving volatilisation of semi-volatile organic compounds 

from the aerosol [Turpin et al., 2000]. To correct for this, an adsorbent bed (or a back-

up filter) for collecting these gases must be included downstream of the quartz fibre 

filter in a denuder-based setup. The “correct” particulate OC concentration is then 

expected to be the sum of organics on the filter and adsorbent bed (or back filter). 

Examples of particulate species for which the off-gassing artifacts may occur are 

polyaromatic hydrocarbons (PAHs) [Kamens and Coe, 1997; Strommen and Kamens, 

1999]. These artifacts depend upon the residence time of the air within the denuder. 

 

The denuder approach assumes that (1) the denuder removes all native gaseous OC, 

so that only particle-phase OC is present on the front quartz fibre filter, and any OC 

present on the adsorbent bed (or back filter) originates only from particles rather than 
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from denuder breakthrough; and (2) the gas collection efficiency of the adsorbent bed 

(or back filter) is 100%, so that all evaporated carbon is collected by them. The 

validity of the first assumption can be tested by measuring the collection efficiency of 

denuder. Regarding the second assumption, typically quartz fibre filters (Q), carbon-

impregnated cellulose (CIF), or carbon-impregnated glass fibre filters (CIG) are used 

as back-up filters in denuder-filter samplers. It has been reported that CIF collects 

gaseous OC with 80-100% efficiency [Eatough et al., 1993; Tang et al., 1994]; a 

similar efficiency was estimated for CIG by Mader et al. [2003]; the gas collection 

efficiency of Q is likely to be less than that of CIF. One drawback to using CIF or 

CIG as back filter in a denuder system is that both are not carbon free; special care has 

to be taken when analysing them using thermal methods. Normally, lower temperature 

programs are applied to measure the carbon content on CIF or CIG than that used for 

the Q front filter [Eatough et al., 1993; Mader et al., 2003; Subramanian et al., 2004], 

and their accuracy is questionable. Furthermore, CIG has often significantly higher 

OC filter blanks and these levels increase during storage. For example, results from an 

aircraft sampling showed that the OC field blanks for CIG were at least two times 

greater than the levels on the particle-loaded front quartz fibre filter, so that it was 

difficult to accurately evaluate possible evaporative losses of OC from the collected 

particles [Mader et al., 2003]. Q were used as back filters in denuder systems in 

several studies [Mader et al., 2003; Chow et al., 2006], but it has to be pointed out that 

since Q back filters do not collect gaseous OC with 100% efficiency, the particulate 

OC concentration obtained with such a system may be underestimated. 

 

Up to the year 2000 there was in Europe very little experience with either one of the 

various types of approaches mentioned above. The EUROTRAC-2 AEROSOL 

participants who concentrated on organic aerosol characterisation did not use either 

denuded or undenuded artifact correction approaches in their routine work [ten Brink 

et al., 1999]. In this work, both undenuded and denuded approaches were examined 

and/or applied in filter collections for carbonaceous aerosols. The tandem filter 

method (undenuded approach variant (a)) was routinely used throughout this work 

with all samplers that were deployed for subsequent analysis of carbonaceous species. 

The two-port sampling system (undenuded approach variant (b)) was examined 

during winter and summer sampling campaigns at Ghent, Belgium in 2001. Within an 

international co-operation with scientists from the Czech Republic, a dry annular 
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diffusion denuder [Mikuška et al., 2003] was developed in the course of 2002. Since 

then, this annular diffusion denuder has been applied in parallel with the tandem filter 

method system for the sampling of carbonaceous aerosols during several campaigns in 

different locations throughout Europe. In this Chapter, we present the results for these 

experiments. The aims were: (1) to assess the importance of gaseous adsorption 

(positive) artifacts in quartz fibre filter collections for organic aerosols by resorting to 

the tandem filter method in different campaigns; (2) to test the two-port sampling 

system approach and compare it with the tandem filter method during both winter and 

summer conditions at Ghent; (3) to perform field investigations on the performance of 

the diffusion denuder for the elimination of sampling artifacts for carbonaceous 

aerosols at various sites; and (4) to improve our collection procedures for 

carbonaceous aerosols, whereby the sampling artifacts are better controlled or can be 

corrected for. Special attention was paid to studying the extent of the positive artifacts 

as a function of aerosols loading, seasonal variation, sampling duration, face velocity, 

filter type, and difference in sampling sites. 

 

4.2. Methodology 

 

4.2.1. Two-port sampling system experiments 

 

The two-port sampling system was examined during winter and summer campaigns of 

2001 in Ghent. A detailed description of this sampling site will be given in section 

5.2.1. From 9 November 2000 until 30 January 2001 (Winter 2001) and from 28 May 

until 9 September 2001 (Summer 2001), 4 filter samplers were deployed in parallel at 

the site. Two of the samplers (G25Q1Q2 and G25TQ3) are low-volume PM2.5 

samplers (section 2.1.1). Two quartz fibre filters (Q1 and Q2) were used in series in 

G25Q1Q2, and a Teflon filter (T) followed by a quartz fibre filter (Q3) were used in 

G25TQ3. The other two samplers (GQ1Q2 and GTQ3Q4) were medium volume 

PMtotal filter holders (section 2.1.2). Similar to the two PM2.5 samplers two quartz 

fibre filters (Q1 and Q2) were used in series in GQ1Q2; in GTQ3Q4, however, the 

Teflon filter was followed by two quartz fibre filters (Q3 and Q4). All quartz fibre 

filters were pre-fired Whatman QM-A filters. The Teflon filters were Gelman Teflo 

filters of 2 µm pore size. The collection time was typically 48 h, with start in the 

morning. A total of 38 parallel collections were done in the winter campaign and 27 
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parallel collections in the summer campaign [Maenhaut et al., 2001]. It needs to be 

noted that in order to avoid tearing of the Teflon filters due to a high pressure drop 

resulting from high PM loadings, a 1/3 timer and 1/2 timer were used in the TQ3Q4 

PMtotal sampler in the winter and summer campaigns, respectively. By the use of the 

timers, the total length of the sampling interval (which was thus typically 48 h) was 

maintained, but the effective sampling time was reduced to one third or one half; the 

collections with the TQ3Q4 sampler actually consisted of repeated alternations of a 

short-time collection of typically 10 to 15 min with an interval of the double (or same) 

time period during which no sampling took place. 

 

4.2.2. Tandem filter method experiments 

 

Since 2002 onward, the tandem filter method has been routinely used with all 

samplers that were deployed for subsequent analysis of carbonaceous species during 

different campaigns at various sites. The names of these campaigns are listed in Table 

4.3. The detailed descriptions of most campaigns will be given in section 5.2.1, while 

the SMOCC 2002 campaign will be described in section 8.2.1. The information and 

results for the measurements in Prague will be given in section 7.5. For the other 

campaigns and sampling sites the results are given in this Chapter. We start here with 

a description of the sites and campaign, which are not described in later Chapters. 

 

Barcelona (41°23′N, 2°11′E, Spain): an urban background site in the city of 

Barcelona (1,508,805 inhabitants) [Viana et al., 2007b]. The monitoring station was 

located on the roof of the Institute of Earth Sciences ‘‘Jaume Almera’’. The building 

has two storeys and is found within the University campus at approximately 150 m 

distance from one of the city’s main traffic avenues, the Diagonal Avenue. Thus the 

main source of carbonaceous aerosols in this area is road traffic. Aerosols were 

sampled at this site from 27 July to 31 August 2004 (summer campaign) and from 16 

November to 15 December 2004 (winter campaign). Samples were collected on a 

daily basis over 24 h (including weekends) with nominal start time at 9-10 am (local 

time). Daily mean minimum and maximum temperatures were 20 and 30 ºC in the 

summer campaign and 9 and 14 ºC in the winter campaign. 
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Amsterdam (52°22′N, 4°54′E, The Netherlands): an urban traffic site in the city of 

Amsterdam (742,951 inhabitants) [Viana et al., 2007b]. The sampling site was located 

at an approximate distance of 5 m from one of the major highways of the city (A10 

ring road), in an air quality monitoring cabin belonging to the GGD Amsterdam (Air 

Quality Monitoring Network). The sampling instruments were located on the roof of 

the cabin, at 2-3 m above street level. The aerosols were collected at this site from 4 

July to 2 August 2005 (summer campaign) and from 9 January to 16 February 2006 

(winter campaign). Samples were collected on a daily basis over 24 h (including 

weekends) with nominal start time at 9-10 am (local time). Daily mean minimum and 

maximum temperatures were 14 and 21 ºC in the summer campaign and 1 and 6 ºC in 

the winter campaign in Amsterdam. 

 

Bílý Kříž (49°30′N, 18°32′E, Czech Republic): a forested site near the border with 

Slovakia. The campaign at Bílý Kříž lasted from 31 May until 12 July 2003, the 

collection time per sample was typically 48 hours (starting in the morning). In total, 

21 real samples and 8 field blanks were collected at this site. 

 

For the Ghent site, seven campaigns were conducted since 2002. The site description 

and information about Ghent 2003 winter, 2004 winter, 2005 winter, and 2004 

summer campaigns will be given in section 5.2.1. The Ghent 2002 summer campaign 

was conducted from 23 May until 24 June 2002. Daily mean temperature and mean 

maximum temperature during this period were 17.6 ºC and 22.1 ºC, respectively. The 

Ghent 2003 winter/spring campaign was carried out between 4 February and 16 April 

2003. The Ghent 2005 summer campaign lasted from 10 August until 23 September 

2005. Incidentally, tandem filters were also already used in the G25Q1Q2 and 

GQ1Q2 samplers in the two-port sampling system experiment in the Ghent 2001 

winter and summer campaigns, which were described in section 4.2.1. Therefore, the 

data from these two samplers in these two campaigns are also included in Table 4.3. 

 
In some campaigns listed in Table 4.3, PM2.5, PM10, and PMtotal filter samplers and 

HVDS were operated in parallel. However, as mentioned in section 2.1, it has to be 

noted that the face velocity through the filters in these 4 types of samplers is not the 

same. Also the filter types used were not the same. 
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4.2.3. Denuded approach 

 

In this work, the instrument setup for the denuded approach is a low-volume PM2.5 

sampler (section 2.1.1) with two pre-fired Whatman QM-A quartz fibre filters in 

series (DQ1 and DQ2), preceded by a dry annular diffusion denuder [Mikuška et al., 

2003]; the latter was placed between the PM2.5 inlet and the filter holder. The dry 

annular diffusion denuder used in this work (Figure 4.1) was developed in the course 

of 2002. It consists of two stainless steel tubes (each of 470 mm length x 60 mm I.D. 

x 63 mm O.D.) in which two tubes (with a diameter of 46 mm and 51 mm, 

respectively, length 450 mm) from copper wire net are coaxially placed to form an 

annulus. The space within the inner cupreous net and the space between the outer 

cupreous net and the stainless steel tube are filled up with relevant sorbent. The first 

half of the first stainless steel tube is filled with Na2SO3 on molecular sieve (23 cm 

long layer) which collects atmospheric oxidants such as NO2 and O3, while the second 

half of the first stainless steel tube and the whole second tube are filled with activated 

charcoal (the total length of the charcoal section is 68 cm) which removes gas-phase 

organic compounds. At a flow rate of 16.6 L/min, the collection efficiency of organic 

gaseous compounds and atmospheric oxidants in the annular diffusion denuder is 

better than 95%. Only small losses of aerosol particles (<3.6% in number 

concentration) were observed in the size range 0.12-2.26 µm [Mikuška et al., 2003]. It 

is estimated that newly prepared denuders, as used in the current work, retain that 

efficiency for several months, perhaps up to half a year or more. The residence time of 

the air in the annular diffusion denuder under the air flow rate of 17 L/min is 1.26 s. 

This value is greater than the suggested critical value of 0.2 s for avoiding particulate 

PAH off-gassing artifacts inside the annular denuder [Kamens and Coe, 1997; 

Strommen and Kamens, 1999]. Reduction of the residence time in the denuder 

decreases the amount of semi-volatile organic compounds desorbed from particles, 

but at the same time the collection efficiency for VOCs decreases and consequently 

positive artifacts may arise. In the denuded approach setup, the back-up quartz fibre 

filter (DQ2) is used as an adsorbent bed. As indicated in section 4.1.2.2, a back-up Q 

in a denuder-filter sampler may not collect gaseous OC with 100% efficiency, so that 

it is possible that some OC that evaporated from the particulate OC on the front filter 

was not collected by the back filter. This will result in an underestimate of the 



Chapter 4: Improved collection procedures for carbonaceous aerosols 

92 

particulate OC concentrations in the denuder system. However, it seems that this 

effect is not significant for our sampling conditions. In all campaigns, only very minor 

OC concentrations were found on the back filter of the denuded filter system. 

Furthermore, the percentage OC on the second filter, relative to the first filter, was in 

all campaigns smaller for the DQ1Q2 setup than for the Q1Q2 setup. Similar 

observations have been made by other researchers [Mader et al., 2001; 2003]. It 

indicates that the efficiency of our denuder system is high and that negative sampling 

artifacts are minimal. 

 

 
 

Figure 4.1. Diagram of the dry annular diffusion denuder used in this work. 

 

This annular denuder setup has been applied for the sampling of carbonaceous 

aerosols on quartz fibre filters during campaigns of typically one month each at the 

urban sites of Ghent (summer 2002; winter/spring 2003; summer 2004; summer and 

winter 2005), Barcelona (summer and winter 2004), and Amsterdam (summer 2005 

and winter 2006) as well as at the forested sites of K-puszta in Hungary (summer 

2003 and 2006), Bílý Kříž in the Czech Republic (summer 2003), and Hyytiälä in 
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Finland (summer 2007). The information about these campaigns has been given in 

section 4.2.2 or will be given in section 5.2.1 

 

4.2.4. Sample analysis 

 

For the Teflon and Whatman QM-A quartz fibre filters used in the various campaigns, 

the particulate mass was obtained from weighing each filter before and after sampling 

on a microbalance (section 2.2.1). All quartz fibre filters (including the Gelman Pall 

filters used in the HVDS) were analysed for OC and EC by the TOT technique [Birch 

and Cary, 1996], using a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the 

UGent ST protocol (section 3.3.1). 

 

4.3. Results and discussion 

 

4.3.1. Assessment of positive artifacts by a two-port sampling system 

 

The OC and PM data from the various filters for the PM2.5 and PMtotal samplers in 

the two-port sampling system approach experiment during the Ghent 2001 winter and 

summer campaigns are summarised in Tables 4.1 and 4.2, respectively. As seen from 

Table 4.1 for the PM2.5 samplers, in both campaigns higher median PM 

concentrations were found on the front filter (Q1) of G25Q1Q2 than that on front 

Teflon filter (T) of G25TQ3, while PM on the back filter (Q2) of G25Q1Q2 was 

lower than that on the back filter (Q3) of G25TQ3. Systematically higher OC 

concentrations were also found on the back filter (Q3) of G25TQ3 than on the back 

filter (Q2) of G25Q1Q2; with the median OC on Q3 nearly twice that on Q2 in both 

the winter and summer campaigns. Similar observations had been made for OC in 

several earlier studies with two-port sampling systems [Turpin et al., 2000; 

Kirchstetter et al., 2001; Subramanian et al., 2004]. According to Turpin et al. [2000], 

this is due to condensable organics that might not have reached equilibrium between 

the gas phase and the adsorbed phase in the vicinity of the Q1Q2 front filter. As 

mentioned in section 4.1.2.1, quartz fibre filters have a surface area roughly 5 times 

that of Teflon membrane filters, and therefore, it is expected that it takes considerably 

longer to reach equilibrium. If condensable organics had not yet reached equilibrium 

in the vicinity of the quartz front filter, the front filter would be depleting the 
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Table 4.1. Comparison of the PM and OC data from the various filters of two 

parallel PM2.5 samplers (G25Q1Q2 and G25TQ3) during 2001 winter 

and summer campaigns in Ghent. 

 

 Winter (Nov.-Jan.) Summer (Jun.-Sep.) 
Concentration in µg/m3  
 Median (min. - max.) Median (min. - max.) 
OC on Q1 6.0 (1.49-37) 3.5 (1.46-7.8) 
OC on Q2 0.46 (0.07-2.6) 0.61 (0.20-1.37) 
OC on Q3 0.83 (0.41-5.7) 1.12 (0.49-2.3) 
PM on Q1 29 (8.0-140) 18.6 (7.8-33) 
PM on T 25 (5.3-126) 15.8 (7.9-28) 
PM on Q2 2.6 (0.45-10.8) 3.1 (1.27-10.8) 
PM on Q3 3.0 (1.30-27) 4.4 (1.84-8.4) 
 
% on the back filter, relative to the front filter   
 Mean ± std.dev. Mean ± std.dev. 
OC for Q2/Q1 8.3 ± 3.3 16.7 ± 3.2 
OC for Q3/Q1 16.9 ± 7.3 33 ± 7.5 
PM for Q2/Q1 9.9 ± 4.6 18.6 ± 7.3 
PM for Q3/Q1 13.6 ± 8.0 24 ± 8.5 

 

concentration reaching the back-up filter. This would result in higher loadings on the 

TQ3 back filter than on the Q1Q2 back filter, as observed. According to Turpin et al. 

[2000], this logic suggests that a TQ3 back filter is a better estimate of adsorbed 

vapour on a quartz fibre filter than a Q1Q2 back filter. A possible alternative 

explanation for the higher OC mass on Q3 than on Q2 is that the volatilisation of 

semi-volatile compounds from the particulate phase (and thus the extent of negative 

artifacts) is greater from the Teflon filter than from the quartz fibre filter. 

Subramanian et al. [2004] suggested that the systematically higher OC on the quartz 

fibre filter behind an undenuded Teflon membrane filter than the OC on the quartz-

behind-quartz is due to self adsorption by the undenuded front quartz fibre filter of 

condensable OC lost from particles (i.e., part of the OC volatilised from the particles 

is adsorbed in the bottom part of the quartz front filter). The fact that the PM on T is 

lower than that on Q1 is consistent with such an explanation. If the greater OC mass 

on Q3 than on Q2 is indeed due to more loss of semi-volatile compounds from T, this 

would imply that subtracting the OC on Q3 from that on Q1 in order to arrive at 
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Table 4.2. Comparison of the PM and OC data from the various filters of two 

parallel PMtotal samplers (GQ1Q2 and GTQ3Q4) during 2001 winter 

and summer campaigns in Ghent.a 

 

 Winter (Nov.-Jan.) Summer (Jun.-Sep.) 
Concentration in µg/m3  
 Median (min. - max.) Median (min. - max.) 
OC on Q1 7.1 (1.75-45) 5.8 (2.3-10.3) 
OC on Q2 0.59 (0.12-3.3) 0.37 (0.22-0.98) 
OC on Q3 0.42 (0.11-2.1) 0.33 (0.18-0.66) 
OC on Q4 0.22 (0.10-1.37) 0.20 (0.10-0.46) 
PM on Q1 33 (9.5-168) 32 (15.0-59) 
PM on T 42 (9.4-198) 33 (17.8-58) 
PM on Q2 3.0 (0.11-16.0) 0.98 (0.59-12.1) 
PM on Q3 2.5 (0.66-10.5) 1.81 (0.74-5.4) 
PM on Q4 1.06 (0.74-10.9) 1.09 (0.40-4.1) 
 
% on the back filter, relative to the front filter  
 Mean ± std. dev. Mean ± std. dev. 
OC for Q2/Q1 7.8 ± 3.2 8.0 ± 2.9 
OC for Q3/Q1 6.4 ± 2.1 6.6 ± 1.5 
OC for Q4/Q1 3.6 ± 2.2 4.1 ± 1.9 
PM for Q2/Q1 9.9 ± 9.2 6.1 ± 6.8 
PM for Q3/Q1 8.3 ± 6.6 7.0 ± 3.2 
PM for Q4/Q1 5.3 ± 8.2 4.3 ± 3.7 

 
aA 1/3 timer and a 1/2 timer were used for the GTQ3Q4 sampler in the 2001 Ghent 
winter and summer campaigns, respectively. See text for details. 
 

corrected particulate-phase OC will lead to an overcorrection and thus to too low 

results. Compared with data from a denuded sampler, Subramanian et al. [2004] 

concluded that the quartz fibre filter behind Teflon filter overestimates the positive 

artifact by 16-20%. Results for the Fresno Supersite [Chow et al., 2006] also 

supported this conclusion. In our case, the higher OC on Q3 than on Q2 is most likely 

related to volatilisation of OC from the Teflon filters rather than to non-achieved 

equilibrium between gas phase and filters. As the sampling duration in this study was 

48 h, there should have been sufficient time for equilibrium to be reached on both the 

front and back filters. Subramanian et al. [2004] stated that equilibrium was not 
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reached in short-duration samples (4-6 h), but that it was reached for 24-h samples 

collected at a flow rate of 16.7 L/min. Furthermore, volatilisation (evaporation) of 

semi-volatile organics from the particle phase may be enhanced by the prolonged 

sampling time. 

 

Table 4.1 further shows that there are substantial seasonal differences in median OC 

and PM concentrations for the front filters (Q1 and T) with higher values in winter, 

whereas there are inverse and smaller seasonal differences for the back filters (Q2 and 

Q3). Subramanian et al. [2004] observed a similar seasonal variation for OC on quartz 

back filters in Pittsburgh. The higher concentrations on the back filters in summer 

suggest that even in absolute terms there was a higher positive artifact in summer than 

in winter, despite the higher PM and OC levels in winter. This is likely due to 

relatively higher concentrations of volatiles in the air during the warm summer than in 

the cold winter. The inverse seasonal differences for OC and PM between the front 

filters and back filters result in an even bigger seasonal difference for the positive 

artifacts on a relative basis. Higher back-to-front ratios were found in summer than in 

winter for OC and PM, especially for OC, for which the mean ratio in summer was 

twice that in winter (Table 4.1). This suggests that the positive artifact is more 

important in summer than in winter, especially for OC. 

 

Figure 4.2 shows scatter plots of the OC concentration on Q2 and Q3 with respect to 

the OC concentration on Q1. There is a direct relationship between the OC on the 

back-up filter (Q2 and Q3) and the OC on the front filter (Q1), as was also seen by 

Chow et al. [2006, Figure 10]. The direct relationship is probably simply indicative of 

the fact that as the concentration of particulate OC increases, so does the 

concentration of gas-phase OC; as the concentration of gas-phase OC increases, so 

does the adsorption of gas-phase OC on the back filter. Figure 4.2 further shows that 

the Q2/Q1 and Q3/Q1 ratios are larger in summer than in winter. This indicates that 

for collection of the same amount of particulate OC on the front filter, the back filter 

adsorbed more gas-phase OC in summer than in winter. Again, this may due to 

relatively higher concentrations of volatiles in the air during the warm summer than in 

the cold winter. Furthermore, a very good linear relationship (R2 = 0.88) was found in 

the summer campaign between OC on Q2 and Q1. This may indicate that the 

equilibrium of condensable OC between gas phase and Q2 has been achieved for the 
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Figure 4.2. Variation of the back-to-front OC ratio (Q2/Q1 and Q3/Q1) and the 

back filter OC concentration (Q2 and Q3) as a function of OC on Q1 

for the PM2.5 samplers in the 2001 Ghent winter and summer 

campaigns. 

 

48-h sampling in the summer campaign. If we assume that the OC collected on Q1 

represents essentially particulate OC and the OC on Q2 are adsorbed gas-phase 

organics, a good linear relationship between adsorbed OC on Q2 and particulate OC 

can only be achieved when two equilibria are reached. First, there has to be a 

equilibrium of gas-phase OC with particulate OC, which is supposed to be the case in 

normal atmospheric conditions. Secondly, there has to be an equilibrium for 

condensable OC between the gas phase and the filter phase. The linear relationship in 

Figure 4.2 indicates at least that the equilibrium between the incoming air stream and 

Q2 has been reached in the summer campaign. From Figure 4.2 we can also conclude 

that there is no evidence for a limited adsorption capacity of the quartz fibre filter, at 

least under our sampling conditions, since OC on both back filters (Q2 and Q3) 

continuously increases with particulate OC. A similar finding was obtained by Turpin 

et al. [2000, Figure 9]. 
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Scatter plots of the ratio of OC on the back filter to the front quartz fibre filter (Q2/Q1 

and Q3/Q1) with respect to the OC concentration on Q1 are also shown in Figure 4.2. 

There are weak inverse relationships between these ratios and OC on Q1, as was also 

seen by Subramanian et al. [2004] and Chow et al. [2006]. It was found in the latter 

papers that the inverse relationship between Q2/Q1 and Q1 was less distinct than that 

between Q3/Q1 and Q1. The same was found in our work, and in addition we found 

that the inverse relationship is clearer in winter than in summer, although this could be 

simply a result of a wider span of OC concentration range on Q1 in winter. 

 

Table 4.2 shows the results derived from the PMtotal samplers; as mentioned earlier, 

1/2 and 1/3 timers were used for the TQ3Q4 PMtotal sampler in summer and winter, 

respectively. The effect of this kind of operation on the artifacts is unknown. However, 

it is suspected that the quartz fibre filters (Q3 and Q4) behind the Teflon filter in the 

TQ3Q4 line never reached equilibrium with the incoming air flow due to the 

discontinuous short samplings. This hypothesis seems to be confirmed by the fact that 

less OC and PM were found on Q4 than on Q3, especially in winter. McDow and 

Huntzicker [1990] suggested that the lack of equality of the OC concentration on two 

quartz fibre filters behind a Teflon filter is evidence for the non-equilibrium nature of 

the filter adsorption process. In our case, it seems that the non-equilibrium was more 

severe in the winter campaign in which a 1/3 timer was used. It is surprising to see 

higher PM concentrations on the Teflon filter (T) than on the front quartz fibre filter 

(Q1) for the PMtotal samplers; besides, the difference was more severe in winter than 

in summer. Furthermore, unlike for the PM2.5 sampler, for the PMtotal sampler lower 

median OC concentrations were found on Q3 than on Q2 in the two campaigns. The 

same was found for the PM in the winter campaign; while an inverse trend was found 

in the summer campaign. These observations cannot be explained by sampling 

artifacts. They may be caused by the less accurate volume measurement in the TQ3Q4 

sampler by the use of a timer and by the fact that the two PMtotal samplers were not 

operated in real parallel. Another possible reason could be breakthrough of aerosol 

from the front quartz fibre filter (Q1) in the GQ1Q2 sampler, particularly in the winter 

campaign; several back filters (Q2) were greyish in the winter campaign. A 

breakthrough will result in an underestimate of the PM and OC on the front filter (Q1) 

and an overestimate of OC and PM on the back filter (Q2). The scatter plots for the 

OC concentration on Q2 and for the Q2/Q1 ratio with respect to OC on Q1 are shown 
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Figure 4.3. Variation of the back-to-front OC ratio (Q2/Q1) and the back filter OC 

concentration (Q2) as a function of OC on Q1 for the PMtotal samplers 

in the 2001 Ghent winter and summer campaigns. 

 

in Figure 4.3. Like for the PM2.5 sampler, in the summer campaign, the OC 

concentration on the back filter (Q2) is directly related to the OC on the front filter 

(Q1) and an inverse relationship holds between Q2/Q1 and OC on Q1. In contrast, no 

clear relationships were found in the winter campaign. This could be due to the 

contamination of the back filter (Q2) by the breakthrough aerosol from the front filter 

(Q1). 

 

Due to the fact the G25Q1Q2 and GQ1Q2 samplers were always operated in parallel, 

the air stream they faced should be the same. If we assume that the front filter in both 

samplers indeed trapped all particulate matter, the back-up filters in both samplers 

face the same type and concentration of gas-phase organics. But due to the different 

air flow rate in the two samplers (120-130 L/min in the PMtotal sampler versus 17 

L/min in the PM2.5 sampler), the face velocity in the PMtotal sampler was more than 

7 times that in the PM2.5 sampler (156 cm/s for the PMtotal sampler versus 22 cm/s 

for the PM2.5 sampler). McDow and Huntzicker [1990] found a substantial decrease 

in measured OC concentration with increasing face velocity for quartz fibre filters 

behind both Teflon and front quartz fibre filters. Therefore, one expects a higher OC 

concentration on the back-up filter (Q2 and Q3) in the PM2.5 sampler than in the 

PMtotal sampler. By comparing the data of Tables 4.1 and 4.2, we can see that this is 

true for nearly all OC concentrations on both back filters (Q2 and Q3), except for OC 

on Q2 in the winter campaign; similar trends were also found for the PM. In the 

winter campaign, comparable OC concentrations and a somewhat higher PM 
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concentration were found on Q2 for the PMtotal sampler than for the PM2.5 sampler. 

This could be due to the contamination of Q2 in the PMtotal sampler in winter, as 

mentioned above. 

 

In summary, in these two campaigns we found systematically higher OC 

concentrations on the quartz fibre filter (Q3) behind Teflon than that on the quartz 

fibre filter (Q2) behind quartz. The differences between summer and winter were 

larger than found by other researchers [Turpin et al., 2000; Kirchstetter et al., 2001; 

Subramanian et al., 2004]. It is unlikely that they were due to the non-equilibrium in 

the vicinity of Q2 in our sampling conditions. Taking into account that Teflon filters 

cannot be analysed using a thermal method and a double effort has to be made in 

sampling with a two-port sampling system compared to the tandem filter method, only 

the latter was routinely used throughout our work. 

 

4.3.2. Assessment of positive artifacts by a tandem filter method 

 

The mean percentages of OC on the back filter, relative to that on the front filter, in 

the tandem filter method setups for the different samplers in the various campaigns 

are given in Table 4.3. For the low-volume PM2.5 sampler, for which most data is 

available, the mean percentages range from 3.2 to 17.5%. With the exception of the 

Ghent 2004 summer campaign, at the urban sites (Ghent, Barcelona, Amsterdam) 

there is clearly a tendency for higher values during summer than during winter. As 

mentioned above, this seasonal difference is likely due to relatively higher gas-phase 

organic concentrations in summer (at higher temperatures) than in winter. 

Furthermore, high percentages are observed for the summer campaigns at the forested 

sites in the Czech Republic, Hungary, Belgium, and Finland (Bílý Kříž, K-puszta, 

Brasschaat, and Hyytiälä). This may be due to the high ambient temperature in these 

summer campaigns, but the relatively low particulate OC concentrations at some of 

these sites may also play a role. As mentioned above in section 4.1.1, several studies 

indicate that the extent of the positive artifact is expected to be higher at rural sites 

and smaller at urban sites. However, from Table 4.3, we can see no clear such trend in 

our work for data derived from PM2.5 filter holders. Further with regard to the PM2.5 

samplers, the back/front ratios for OC found in campaigns carried out at rural forested 

sites (Bílý Kříž, K-puszta, and Hyytiälä) are comparable to those found in summer 
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campaigns at urban sites. Nevertheless, it is very risky to compare the extent of the 

positive artifact between different sites since the positive artifacts in the collection of 

organic aerosols with quartz fibre filters depend on a myriad of factors as mentioned 

in section 4.1.1. 

 

Table 4.3. Percentage OC on the back quartz fibre filter, relative to the front quartz 

fibre filter, for 4 different samplers in various campaigns.a 

 

Campaign PM2.5 PM10 PMtotal       HVDS 
        (PM2.5) 
 Mean ± std. Mean ± std. Mean ± std. Mean ± std. 
Ghent winter 2000-2001 7.9 ± 2.9    8.7 ± 3.2 
Ghent summer 2001 16.7 ± 3.2    8.0 ± 2.9 
Ghent summer 2002 16.1 ± 4.3 
Ghent winter/spring 2003 10.6 ± 3.3 
Ghent winter 2003 3.2 ± 3.9 13.4 ± 16.4 7.0 ± 2.6 8.7 ± 2.3
Ghent winter 2004 7.8 ± 3.5 6.7 ± 1.6 4.9 ± 11.5 9.6 ± 2.8
Ghent summer 2004 4.6 ± 5.9 5.3 ± 4.0 7.2 ± 14.0 14.2 ± 12.3
Ghent winter 2005 6.2 ± 4.3 6.5 ± 5.0 6.8 ± 15.0 11.1 ± 13.6
Ghent summer 2005 10.0±  4.6 
Buda. spring 2002  15.1 ± 2.4 10.3 ± 11.7 4.5 ± 1.3 17.2 ± 4.2
Barc. summer 2004 16.0 ± 15.6 
Barc. winter 2004 10.7 ± 11.8 
Amst. summer 2005 11.8 ± 14.3 
Amst. winter 2006 4.4 ± 12.4 
Bílý Kříž summer 2003  16.7 ± 15.7 
K-puszta summer 2003 16.5 ± 4.8 12.7 ± 5.6 7.8 ± 2.5 13.3 ± 4.3
K-puszta summer 2006 17.5 ± 5.1 8.5 ± 5.1 6.2 ± 2.2 14.6 ± 4.4
Hyytiälä summer 2007 10.4 ± 8.0 11.3 ± 8.6 8.7 ± 2.5 16.8 ± 4.0
Brasschaat summer 2007          17.9 ± 4.8
SMOCC 2002 4.8 ± 15.3 5.2 ± 5.5    5.9 ± 4.3

 

aBuda., Barc., and Amst. stand for Budapest, Barcelona, and Amsterdam, respectively. 
Bílý Kříž and K-puszta are rural sites in the Czech Republic and Hungary, 
respectively. 
 

Table 4.3 also shows that in most campaigns the percentages for PM10 are somewhat 

smaller or rather similar to those for PM2.5. The PM2.5 and PM10 samplers were 

always operated in parallel and at the same face velocity; thus, the absolute amounts 
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of gas-phase OC (VOCs) adsorbed on the back filters of the two samplers should be 

identical. Therefore, the percentages OC on the back filter relative to the OC on the 

front filter (extent of the positive artifact) of the two samplers are determined by the 

amount of OC on the front filter. During most campaigns, most of the PM10 

particulate OC was in the PM2.5 size fraction; therefore, smaller or rather similar 

percentages for PM10 than that for PM2.5 are not surprising. For the PMtotal sampler, 

which was operated at a 7 times higher face velocity than the PM2.5 and PM10 

devices, lower percentages were expected. It appears from Table 4.3 that there is a 

general trend for this, except for a few campaigns in Ghent. As the fine (i.e., PM2.5) 

size fraction in the HVDS was collected at a 3.5 times higher face velocity than in the 

PM2.5 filter holder, lower percentages were expected for the HVDS. In contrast, there 

is a tendency for the HVDS to give higher percentages than the PM2.5 sampler. This 

may be due to the use of a different filter type in the HVDS; the Gelman Pall quartz 

fibre filter used in it may have a higher adsorptive capacity for VOCs than the 

Whatman QM-A. 

 

When compared with the other campaigns, the back/front ratios for OC in the 

SMOCC 2002 campaign are on the low side for all the samplers (Table 4.3). This 

suggests that the positive artifact was less important in the SMOCC 2002 campaign. 

That positive artifacts are small for biomass burning samples from Amazonia was also 

observed in other studies. Mayol-Bracero et al. [2002] found that the carbon 

concentration was insignificant on the back quartz fibre filters of the fine size fraction 

of their HVDS samples, which were collected in Brazil during biomass burning 

periods (the TC on the back filter was only about 4% of the TC on the front filter). 

Kirchstetter and Novakov [2002] also indicated that there is no apparent positive 

artifact for biomass burning samples from Brazil. 

 

With regard to the data derived from fine size fraction of the HVDS, it appears that 

the positive artifact tends to be more important in the campaigns with relatively lower 

OC loadings on the front filters. Table 4.4 gives the average atmospheric 

concentrations (in µg/m3) and filter loadings (in µg/cm2) for OC, as derived from the 

front filters, and the means and associated standard deviations of the back/front filter 

ratio for OC for the fine size fraction of the HVDS samples in the various campaigns 

in Europe. With the exception of the Budapest 2002 campaign, the average back/front 
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Table 4.4. Average front filter OC concentration and loadings and average back 

filter/front filter ratio and associated standard deviation for OC during 9 

campaigns in Europe, as derived for the fine size fraction of the HVDS 

samples. 

 

 Front filter OC Front filter OC loading OC ratio 
Campaign µg/m3 µg/cm2 Back/front (%) 
Budapest 2002        7.0               23.8     17.2 ± 4.2 
Ghent 2003 winter        5.2               36.5       8.7 ± 2.3 
Ghent 2004 winter        5.1               32.5       9.6 ± 2.8 
Ghent 2004 summer        2.4               15.0     14.2 ± 2.3 
Ghent 2005 winter        4.8               29.9     11.1 ± 3.6 
K-puszta 2003        4.0               15.0     13.3 ± 4.3 
K-puszta 2006        3.2               10.1     14.6 ± 4.4 
Hyytiälä 2007        1.86                 6.6     16.8 ± 4.0 
Brasschaat 2007         1.91                 6.2     17.9 ± 4.8 

 

filter ratio for OC has a general tendency to decrease with increasing mean front filter 

OC loading. For the Budapest 2002 campaign, which was the only campaign at a 

kerbside site, a rather high percentage is noted compared to the other campaigns. 

Formation of HULIS from VOCs on both the front and back filters during sampling 

could be an explanation for the high artifact OC during the Budapest 2002 campaign 

[Salma et al., 2007]. 

 

4.3.3. Assessment of (and correction for) artifacts by denuded filter 

sampling 

 

According to Mader et al. [2003]: 

- if the positive artifacts prevail for the front filters in undenuded tandem filter 

samples and 

- if the negative artifacts prevail for the front filters in denuded samples 

then artifact-free particulate OC data may be obtained as: 

- for undenuded tandem filter samples: OCcorr = OC(front filter) – OC(back filter) 

- for denuded samples: OCcorr = OC(front filter) + OC(back filter) 
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Once this correction is applied, the data from the two sampler types should be the 

same. 

 

As mentioned in section 4.2.3, in several campaigns [Maenhaut et al., 2003; 2004b; 

2005a; 2008a; Viana et al., 2006a; 2006b; 2007b], a denuded filter sampling setup and 

a tandem filter setup were used in parallel. Both samplers were low-volume PM2.5 

samplers with two 47-mm diameter filter Whatman QM-A quartz fibre filters in series 

and they were both operated at a flow rate of 17 L/min. Sampler DQ1Q2 had the 

diffusion denuder in between the PM2.5 inlet and the filter holder. Sampler Q1Q2 was 

identical to DQ1Q2, except that no denuder was used. It was examined whether the 

corrected OC data of the two setups agreed with each other (and whether the various 

assumptions that underlie the corrections were thus indeed valid). The comparison 

between the data from the two setups was done in terms of individual ratios (first filter 

of Q1Q2)/(first filter of DQ1Q2) and these ratios were averaged over all samples from 

the same campaign. The average ratios and associated standard deviations for the PM, 

uncorrected and corrected OC (OC and OC_corr), and EC are shown in Figure 4.4. 

 

The average ratios (first filter of Q1Q2)/(first filter of DQ1Q2) for EC are in most 

cases close to 1.0, indicating that the two setups were working properly (EC as a 

primary (non-volatile) carbonaceous species should not be affected by positive or 

negative artifacts). The only exception is the Ghent summer 2004 campaign with an 

average ratio of 0.86. This cannot be explained by artifacts because no EC was 

detected on the second filter in either Q1Q2 or DQ1Q2. Most likely, it is due to 

loosening of particles from the denuder charcoal which ended up on the front filter in 

the denuder setup [Viana et al., 2006a]. This loosening was avoided by better 

conditioning of the denuder in the subsequent campaigns. The good agreement for EC 

between the two setups also indicates that the loss of aerosol particles in the denuder 

due to diffusion is negligible. 

 

With regard to uncorrected OC, in all campaigns the concentrations derived from the 

undenuded front filter were larger than those from the denuded front filter. The 

campaign average ratios (first filter of Q1Q2)/(first filter of DQ1Q2) for uncorrected 

OC range from 1.04 up to 1.56 (Figure 4.4) with a median of 1.22. The differences for 
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Figure 4.4. Average concentration ratios (1st filter of Q1Q2)/(1st filter of DQ1Q2) and associated standard deviations for the PM, 

uncorrected OC (OC), corrected OC (OC_corr), and EC in various campaigns. 
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uncorrected OC between the denuded and undenuded samplings have to be attributed 

to the presence of the denuder. The higher OC concentration on the undenuded front 

filter than on the denuded front filter could be caused by (1) primarily the adsorption 

of OC from the gas phase by the front filter in the undenuded-filter sampler, (2) the 

evaporation of OC from particles collected on the front filter of the denuded filter 

sampler or (3) some combination of both mechanisms. 

 

After applying the corrections indicated above, the situation improves drastically. The 

average ratio for corrected OC (OC_corr) is for all campaigns closer to 1.0 than the 

uncorrected ratio, with the exception of the summer 2002 campaign at Ghent. If we 

exclude the campaigns in Ghent of summer 2002 and summer 2004, the average ratios 

for OC_corr range from 0.93 to 1.17, with a median of 1.08; the average ratios for 

uncorrected OC in the corresponding campaigns range from 1.12 to 1.54, with a 

median of 1.21. This clearly illustrates the importance of proper sampling 

configurations in which gas adsorption or evaporation is corrected for. The campaign 

average ratios for OC_corr in these campaigns are comparable to the ratio of 1.13 ± 

0.39 found by Chow et al. [2006] at the Fresno Supersite and the ratio of 1.18 ± 0.10 

found by the PMEL group in ACE-Asia [Mader et al., 2003]. We can conclude that 

the assumptions that underlie the corrections (both for the Q1Q2 and DQ1Q2 setups) 

were generally valid for our campaigns. Therefore, in this work both corrections were 

generally applied to all OC and TC values derived from the tandem filter method and 

denuded approach, and the OC and TC concentrations presented throughout this thesis 

are artifact free OC and TC (in the other words corrected OC and TC), unless stated 

otherwise. 

 

With regard to the PM, Figure 4.4 clearly shows that artifacts do exist for the PM; in 

some campaigns they seem even more important than those for OC. This is mainly 

because the artifacts for OC are carried over into artifacts for the PM, but artifacts for 

inorganic species (e.g., nitrate) clearly also contribute to the artifact for PM. It should 

be noted that the PM determination for quartz fibre filters has a large associated 

uncertainty; the precision of the net mass determination is estimated at 30 µg for 

Whatman QM-A quartz fibre filters (section 2.2.1). On a relative basis, the 

uncertainty in the PM determination is larger for lightly loaded samples, for example, 

for the samples collected at the forested sites. As a consequence, the ratios (first filter 
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of Q1Q2)/(first filter of DQ1Q2) for PM at the forested sites (i.e., Bílý Kříž, K-puszta, 

and Hyytiälä) have also a large associated uncertainty. It is interesting to note that for 

the three urban sites (Ghent, Amsterdam, and Barcelona), the average ratio (first filter 

of Q1Q2)/(first filter of DQ1Q2) for the PM is always higher in the winter campaigns 

than in the summer campaigns. This cannot be explained by adsorption of VOCs on 

the first filter of Q1Q2 or evaporation of semi-volatile OC from the first filter of 

DQ1Q2, because both adsorption of VOCs and evaporation of OC were expected to 

be smaller during the low temperature winter campaigns than in the summer 

campaigns. This finding for the PM may be related to inorganic gases (e.g., NO2, 

HNO3) and semi-volatile inorganic matter (e.g., NH4NO3) in the aerosol. 
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5.1. Introduction 

 

High-volume PM2.5 aerosol samples were collected with a HVDS (section 2.1.3) 

during campaigns at two urban sites (Budapest, Hungary, spring 2002; Ghent, 

Belgium, winter 2003, winter and summer 2004, and winter 2005) and at three 

forested sites (Brasschaat, Belgium, summer 2007; K-puszta, Hungary, summers 2003 

and 2006; Hyytiälä, Finland, summer 2007) in Europe. The PM2.5 samples (both 

front and back filters) were analysed for OC, EC, and TC with the TOT technique 

[Birch and Cary, 1996], and for WSOC with a TOC analyzer. The use of a HVDS for 

PM2.5 aerosol collections has two advantages over low-volume PM2.5 filter samplers: 

(1) A higher filter loading is obtained for both the front and back filters; this is 

particularly important for the campaigns carried out at the three forested sites, where 

the aerosol concentrations are often low; (2) The filters in the HVDS have a much 

larger size than in the low-volume PM2.5 filter samplers, i.e., 102 mm versus 47 mm 

in diameter; therefore, both OC/EC and WSOC analyses can be done on the same 

filter, which is difficult in the case of the 47-mm diameter samples. Furthermore, the 

large filter area and relatively high sample loadings allow that further detailed 

speciation analyses for organic compounds on the same samples can be performed by 

other techniques (e.g., GC/MS and ion chromatography). In this Chapter the 

importance of sampling artifacts for WSOC during 9 campaigns are assessed; the 

atmospheric levels of WSOC along with other carbon fractions (OC, EC, and TC) at 

the five sites are presented and compared; the temporal variation of OC, EC, and 

WSOC concentrations at selected campaigns are shown; the OC, EC, TC, and WSOC 

data along with EC/TC, WSOC/OC, and WSOC/TC ratios in these campaigns are 

compared with literature data. 

 

5.2. Experimental 

 

5.2.1. Sampling 

 

The 5 sampling sites in Europe where the HVDS samples were collected were: 
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Budapest (47°29′N, 19°03′E, Hungary ): a kerbside site; in downtown Budapest 

within a street canyon, which is characterised by a length of about 2.0 km, a width of 

25-40 m, and a typical height of 25-30 m [Salma et al., 2004]. The canyon is 

subdivided into three main parts by two boulevards crossing it; the field work took 

place in the middle section, which is approximately 600 m long. The instruments were 

setup on a first-floor balcony at a height of about 7.5 m above the street level. 

Separate day-time (from about 7:00 to 19:00 local daylight saving time, UTC + 2) and 

night-time (from about 19:30 to 6:30) samples were collected from 23 April until 5 

May 2002. A total of 11 samples for day-time periods, and 12 samples for night-time 

together with 6 field blanks were taken. The number of vehicles passing the street in 

both directions was obtained from counting devices mounted into the roadway for 

controlling traffic lights near the sampling site. Some meteorological parameters were 

also recorded at a height of about 40 m above the ground on a meteorological mast 

located at a distance of 1.9 km from the site. 

 

Ghent (51°01′N, 3°44′E, Belgium): an urban background site; on the roof of the 

Institute for Nuclear Sciences, a 3-storey building located in the outskirts of the city of 

Ghent and under influence of the E17 and E40 motorways [Kubátová et al., 2002]. 

The major sources of air pollution in the vicinity are expected to be automotive 

emissions from the motorway and motorway intersection, residential heating, a 

municipal incinerator, and some chemical (plastics) industries. Several campaigns 

have been carried out at this site; in this Chapter data from 4 of them are presented 

and discussed. These 4 campaigns were conducted in the period: 27 October - 5 

December 2003 (2003 winter), 4 February - 26 March 2004 (2004 winter), 14 June - 

16 July 2004 (2004 summer), and 10 January - 14 February 2005 (2005 winter). 

During the campaigns, samples were collected on a daily basis over 24-hours with 

start time normally at 9:00 a.m. local time. The numbers of actual samples taken 

during the 2003 winter, 2004 winter, 2004 summer, and 2005 winter campaigns were 

26, 35, 30, and 35, respectively. During the 2004 summer campaign 8 field blanks 

were collected, while in each of the the 3 winter campaigns 7 field blanks were taken. 

 

K-puszta (46°58’N, 19°33’E, Hungary): a forested site; located in the clearing of a 

mixed coniferous/deciduous forest on the Great Hungarian Plain, about 80 km south-
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east of Budapest; the largest nearby town is about 15 km in a southeastern direction 

from the site. One can assume that the air masses sampled at K-puszta are fairly 

representative for Central-Eastern European regional air. It is an established EMEP 

(European Monitoring and Evaluation Programme) and GAW (Global Atmospheric 

Watch) station and it is also one of the 20 European supersites within EUSAAR 

(European Supersites for Atmospheric Aerosol Research). At this site, the instrument 

was set up about 7 m above the ground level. Separate day-time (from about 7:00 to 

18:30 local daylight saving time, UTC + 2) and night-time (from about 19:00 to 6:30) 

samples were collected from 4 June until 10 July 2003 and from 24 May until 29 June 

2006. A total of 63 actual samples (27 day-time samples, 28 night-time samples, and 8 

daily samples) and 10 field blanks were collected during the 2003 summer campaign. 

During the 2006 campaign 9 field blanks and 68 actual samples were taken; the latter 

included 32 day-time samples, 32 night-time samples, and 4 daily samples. 

 

Brasschaat (51°19’N, 4°35'E, Belgium): a mixed forested site; located in the state 

forest “De Inslag”, Brasschaat, Flanders, Belgium. The dominant species in this forest 

are Pinus sylvestris and Quercus robur. The site is at about 12 km north-northeast of 

the city of Antwerp and at about 9 km to the east of the Antwerp harbour area. To the 

south and south-east direction, a major highway (E19) passes within less than 2 km 

from this site. The elevation of this site is about 15 m above sea level (a.s.l.). The 

HVDS was set up on the first level of a tower at about 9 m above ground. HVDS 

samples were collected from 5 June until 13 July 2007. Separate day-time and night-

time samples were collected, with start at about 7:15 and 20:15 local time, 

respectively. A total of 71 actual samples (34 day-time samples, 34 night-time 

samples, and 3 daily samples) and 8 field blanks were collected. 

 

Hyytiälä (61º51'N, 24º17'E, Finland): a forested site; located in Hyytiälä, southern 

Finland. This is a so-called “Station for Measuring Forest Ecosystem - Atmosphere 

Relations” (SMEAR), i.e., SMEAR II. The terrain around the station is representative 

of the boreal coniferous forest. The 40-year old Scots pine (Pinus sylvestris L.) 

dominated stand is homogenous for about 200 m in all directions, extending to the 

north for about 1.2 km. The largest city nearest to the station is Tampere, ca. 60 km 

south-southwest of the site. The station is about 181 m a.s.l., and the HVDS was set 

up on top of a tower, at about 14 m above ground. Typically, separate day-time (from 
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about 7:30 to 19:40 local summer time, UTC + 3) and night-time (from 20:20 to 6:40) 

samples were collected at this site from 2 to 29 August 2007. A total of 8 field blanks 

and 51 actual samples, which include 23 day-time samples, 24 night-time samples, 

and 4 daily samples, were taken. 

 

5.2.2. Analyses 

 

The front and back filters of the fine (PM2.5) and coarse (>2.5 µm AD) size fractions 

of all HVDS samples (actual samples and field blanks) were analysed for OC, EC, 

and TC by TOT using a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the 

UGent ST protocol (section 3.3.1). In this Chapter, only the data for the PM2.5 size 

fraction are presented. 

 

The analyses for WSOC were only done for the front and back filters of the PM2.5 

size fraction samples (actual samples and field blanks), using a Shimadzu TOC-V 

total organic carbon analyzer (section 2.2.3). 

 

5.3. Results and discussion 

 

5.3.1. Assessment of positive artifacts for WSOC 

 

As indicated in section 4.1, the collection of organic aerosols by quartz fibre filters is 

subject to sampling artifacts. It is generally assumed that the positive sampling 

artifacts prevail in undenuded collections with quartz fibre filters [Turpin et al., 2000; 

Mader et al., 2003; Salma et al., 2004], that the OC on the back filter of a tandem 

filter setup is thus essentially due to the collection of VOCs, and that this OC can be 

used as a measure for the VOCs collected by the front filter, so that artifact-free 

particulate OC can be obtained as the difference between the front and back filter OC. 

When dealing with WSOC data, the WSOC on the back filter would thus represent the 

water-soluble VOCs. For both OC and WSOC, the importance of positive artifacts 

can be assessed by calculating the ratio of mass on the back filter to the mass on the 

front filter. 
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With regard to the HVDS samplings in various campaigns, the importance of positive 

artifact for OC in the fine size fraction was discussed in section 4.3.2. It appeared that 

the positive artifact for OC tended to be more important in the campaigns where the 

OC loading on the front filter was relatively low. In this section we will focus on the 

artifact for WSOC. Table 5.1 gives the means and associated standard deviations of 

back/front ratios for OC and WSOC in the various campaigns. Interestingly, the 

back/front ratios are systematically larger for WSOC than for OC in each campaign. 

The organic compounds that are mainly responsible for the adsorptive sampling 

artifacts seem thus more water-soluble than the particulate OC; thus they possibly 

contain more polar functional groups or they may be more oxidised than the OM in 

general. This is in agreement with the expectation that quartz fibre primarily adsorbs 

polar (thus more water-soluble) organic molecules than non-polar compounds [Salma 

et al., 2007].Unlike for OC, no clear relationship was found between the back/front 

ratio for WSOC and the WSOC concentration or WSOC loading on the front filter. 

Similar to OC, the highest back/front ratio for WSOC was found in the Budapest 2002 

campaign, which may be due to the artifact formation of water-soluble HULIS on the 

filters from VOCs in this urban environment [Salma et al., 2007]. The artifact 

formation of water-soluble HULIS could also be one of the possible reasons for the 

higher back/front ratio for WSOC than for OC at this site. 

 

Table 5.1. Average back/front filter ratios and associated standard deviations for 

OC and WSOC during 9 campaigns. 

 

WSOC ratio OC ratio Campaign 
 Back/front (%) Back/front (%) 
Budapest 2002 28.4±6.7 17.2±4.2 
Ghent 2003 W 16.1±5.4 8.7±2.3 
Ghent 2004 W 17.1±7.2 9.6±2.8 
Ghent 2004 S 21.5±5.3 14.2±2.3 
Ghent 2005 W 18.0±7.1 11.1±3.6 
K-puszta 2003 19.3±6.3 13.3±4.3 
K-puszta 2006 18.6±5.8 14.6±4.4 
Brasschaat 2007  23.8±9.3 17.9±4.8 
Hyytiälä 2007 18.5±5.2 16.8±4.0 
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Table 5.2. Ranges, medians, and means of OC, EC, TC, and WSOC (in µg/m3) in the fine size fraction (PM2.5) of the HVDS in 9 different 

campaigns. 

 

OC EC TC WSOC Campaign 
 Range Median Mean Range Median Mean Range Median Mean Range Median Mean 
Budapest 2002 2.2-11.6 5.3 5.9 0.59-13.5 2.8 4.3 2.8-20.7 7.8 10.2 0.74-3.3 1.58 1.67 
Ghent 2003 W 1.20-13.7 3.3 4.8 0.34-3.0 0.77 1.08 1.93-15.9 4.0 5.9 0.35-3.9 1.10 1.49 
Ghent 2004 W 1.47-9.8 4.2 4.6 0.30-1.96 0.74 0.80 2.0-10.9 5.0 5.4 0.43-3.7 1.55 1.66 
Ghent 2004 S 0.78-3.7 2.0 2.0 0.37-1.52 0.70 0.79 1.31-4.8 2.8 2.8 0.33-1.45 0.73 0.78 
Ghent 2005 W 0.64-18.7 2.9 4.3 0.31-2.9 0.81 0.90 1.05-19.6 3.7 5.2 0.33-7.8 1.04 1.73 
K-puszta 2003 1.61-5.7 3.7 3.5 0.08-0.59 0.19 0.20 1.72-6.0 3.8 3.7 0.73-3.8 2.1 2.0 
K-puszta 2006 0.85-5.9 2.5 2.7 0.02-0.45 0.16 0.19 0.94-6.3 2.7 2.9 0.38-3.8 1.37 1.56 
Brasschaat 2007 0.50-6.5 1.33 1.56 0.13-1.49 0.40 0.49 0.73-6.9 1.84 2.0 0.23-3.5 0.63 0.77 
Hyytiälä 2007 0.24-3.9 1.45 1.55 0.01-0.34 0.12 0.11 0.25-4.2 1.60 1.66 0.11-2.5 0.91 0.96 
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5.3.2. Atmospheric concentrations of PM2.5 OC, EC, TC, and WSOC 

 

Ranges, medians, and means of OC, EC, TC, and WSOC concentrations, as derived 

from fine size fraction of the HVDS in the various campaigns, are summarised in 

Table 5.2. With regard to WSOC, similar to OC and TC, the values shown in Table 

5.2 are “artifact free” values, which were obtained by subtracting the data for the back 

quartz fibre filter from those for the front filter. It needs to be noted that the 

magnitude of the evaporative artifacts remains still uncertain in the tandem filter 

method, however, and therefore, the concentrations presented should be considered as 

lower limit values. 

 

As mentioned in section 3.1, it is often difficult to compare the OC and EC data 

between different studies, as different OC/EC analysis methods and sampling devices 

are often employed. In this Chapter, however, all the samples from these 9 campaigns 

were analysed using the same TOT instrument and temperature protocol, and they 

were also collected by the same sampling device. This provides a chance to compare 

the OC and EC concentrations between these 5 different European sites. 

 

In the case of EC, as seen in Table 5.2, there is a clear increasing trend from forested 

sites, to the urban background site (Ghent), and to the kerbside site (Budapest). A 

similar trend was found in the study of Jones and Harrison [2005]. The increasing EC 

concentration from forested sites to the urban kerbside site reflects the influence of 

anthropogenic emissions, especially those related to traffic. For the 4 campaigns at the 

Ghent site, a limited but clear EC seasonal difference is found, the medians are 6-16% 

higher in winter than in summer. The enhanced surface temperature inversion in 

winter coupled with increased residential heating in cold periods may be responsible 

for the elevated EC concentrations in winter. At the same time, it appears that the EC 

levels from the 3 winter campaigns are comparable. If we assume that EC is a tracer 

for primary anthropogenic carbon emissions [Turpin and Huntzicker, 1995], this 

seems to suggest that the primary anthropogenic carbon emission was similar in the 

three Ghent winter campaigns. As to the four campaigns carried out at forested sites, 

the EC levels are comparable for the two K-puszta summer campaigns and the 

Hyytiälä campaign, but for the Brasschaat site, the median EC concentration is more 
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than 2 times higher. This suggests that the latter site is more influenced by traffic 

emissions than the other forested sites. 

 

With regard to OC, higher OC levels were found in the Budapest 2002 campaign than 

in the other campaigns; this may be due to the impact from intensive traffic at this 

kerbside site. For the other campaigns, no clear increasing trend is seen from the 

forested site to the urban site for OC as was the case for EC. The campaign median 

OC concentrations at the forested site of K-puszta are comparable to the values found 

at the urban background site of Ghent. Earlier studies also observed high OC 

concentrations at the K-puszta site which are comparable to the concentrations found 

in cities [Zappoli et al., 1999], indicating the importance of non-anthropogenic 

sources of OC at this rural forested site. 

 

For the four campaigns conducted at the Ghent site, a similar but clearer seasonal 

variation is observed for OC than for EC, with higher concentrations in the winter. 

The median OC concentrations during the 3 winter campaigns are more or less 

comparable and they are 1.38 to 1.95 times larger than for the 2004 summer campaign. 

Frequent inversions in winter may play a role in the seasonal variation of OC. 

However, if this would be the main cause for the OC increase in winter, then a similar 

seasonal variation would be expected for EC, but the EC medians of the 3 winters are 

only 1.06-1.16 times the 2004 summer median. Most likely, the substantially higher 

OC levels in winter are due to the increased emissions from residential heating (wood, 

coal, and oil) in this season. Earlier studies have indicated that the increase in OC 

from summer to winter at the Ghent site is possibly due to wood burning for 

residential heating in the cold period, as higher concentrations of levoglucosan, a 

tracer for wood burning, were found in winter than in summer (477 ng m-3 in winter 

versus 19.4 ng m-3 in the summer of 1998) [Kubátová et al., 2002; Zdráhal et al., 

2002]. Furthermore, our elevated OC levels for the 2005 winter may be related to the 

“continental or regional episode” of 4-9 February 2005 (section 5.3.3). Carbonaceous 

aerosols during this episode were characterised by very high OC and relatively low 

EC, and, on average, they were not emitted by local sources, but had a regional or 

long-range continental European origin. It also has to be pointed out that the weather 

conditions during the Ghent 2004 summer campaign were somewhat abnormal in the 

sense that it was cool and rainy even for Belgium. This abnormal low temperature and 
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a reduced amount of solar radiation may have inhibited the emission of primary OC 

particles and secondary OC precursors from the vegetation and also have reduced the 

formation of secondary organic aerosol particles through photochemical reactions. 

 

As to WSOC, Table 5.2 shows that the median concentrations in all 9 campaigns are 

more or less in the same range; no clear spatial variation is found. For the 4 

campaigns at Ghent, relatively higher WSOC concentrations are found during the 

winter campaigns than in the summer campaign. A similar seasonal trend for WSOC 

was also found in other studies, as will be shown in section 5.3.6. Like for OC, the 

higher winter WSOC concentration at the Ghent site may be due to the increased 

emissions from residential heating (especially wood burning) and for winter 2005 to 

the aged and/or more secondary aerosol particles from the long-range or regional-

scale air mass transport during the “continental or regional episode” days. It is known 

that biomass burning is an effective source of WSOC [Novakov and Corrigan, 1996; 

Graham et al., 2002; Mayol-Baracero et al., 2002] and that aged and secondary OC 

are more water-soluble than fresh primary OC [Miyazaki et al., 2006]. On the other 

hand, the lower WSOC concentration in summer may be a result from the abnormal 

weather conditions in the Ghent 2004 summer campaign. The relatively cool weather 

and reduced solar radiation during the Ghent 2004 summer campaign may have 

inhibited the formation of secondary organic aerosols. 

 

5.3.3. Time series of PM2.5 OC, EC, and WSOC 

 

Budapest 2002 campaign 

 

The temporal variability for OC, EC, and WSOC, as derived from the fine size 

fraction of the HVDS, in the Budapest 2002 campaign is shown in Figure 5.1. There 

is a large variation for OC and EC; in contrast the WSOC concentration is relatively 

low and remains relatively constant throughout the campaign. On one occasion, i.e., 

for the day-time of 29 April, an extremely high EC level (13.5 µg/m3) was observed, 

while the OC concentration for the same sample was only 3.7 µg/m3. This is clearly 

an outlier. If we exclude this sample, the OC and EC levels generally follow each 

other. The R2 between OC and EC, when excluding that sample, was 0.75. 

Furthermore, if we separate OC into its WSOC and WINSOC fractions, a very good 
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correlation is found between WINSOC and EC (R2 = 0.81), whereas the correlation 

between WSOC and EC is rather poor (R2 = 0.29). If we assume that the EC at this 

kerbside site is predominantly produced by traffic emission, the good correlations 

between OC (and in particular its WINSOC fraction) and EC suggest that the 

WINSOC at this site is mainly produced by primary traffic emission. The WSOC, 

however, is produced by other sources (e.g., secondary aerosol formation) and their 

contribution to OC should be rather low. 

 

Budapest, 2002
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Figure 5.1. Temporal variability for OC, EC, and WSOC in the Budapest 2002 

campaign. 

 

Although the major source for OC and EC at the Budapest kerbside site is supposed to 

be traffic emission, the large variability in the concentrations can not be explained by 

changes in traffic intensity alone. Several other factors may influence the 

concentrations (e.g., local meteorological conditions, dynamic processes, and nature 

of traffic). Ruellan and Cachier [2001] pointed out that even in the very vicinity of 

heavy traffic some basic meteorological parameters still need to be taken into account 

in the study of the temporal variation of the aerosols. It can be seen from Figure 5.2, 

which displays the temporal variability for vehicle circulation during the Budapest 

2002 campaign, that the traffic intensity was more or less comparable during the 

workdays (except weekends and May Day). Hence, the large variation in the OC and 

EC concentrations during workdays, as shown in Figure 5.1, is caused by other factors 

than changes in the source intensity of road traffic; and the impact of these other 

factors seems to be more important. In order to investigate the effect of local 
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Figure 5.2. Temporal variability for vehicle circulation during the Budapest 2002 

campaign. 

 

meteorology and atmospheric dynamics, the temporal variability of the temperature in 

the synoptic air mass and within the urban canyon, of solar radiation, synoptic 

horizontal wind speed (WS), and synoptic relative humidity together with 

precipitation were examined (Figure 5.3). It is worth mentioning that within the street 

canyon, on average, the synoptic temperature increased by 2-3 °C, the synoptic 

horizontal wind speed decreased to approximately 50%, and the synoptic relative 

humidity increased by 10-15%. The horizontal wind speed in the street canyon was 

typically below 1.7 m/s. The campaign could be divided into two periods from a 

meteorological point of view. The first 5 days were characterised by changing, 

cloudy, and wet weather conditions, which were finished by a cold front that passed 

the city on 27 April. During the last 7 days, the weather was generally more stable, 

dry, and warm with a clear sky. It was disturbed by just one transition period when a 

fast moving front with rain showers passed over the city in the night of 29 April with 

a strong wind after it. In the first period, the atmospheric concentrations of OC and 

EC were generally smaller than in the second period, and the values were changing 

irregularly from day to day but were usually larger for the day-time than for the night-

time periods. In the second period and, in particular, from 1 to 3 May, when the 

synoptic wind was low, the atmospheric concentrations of OC and EC were generally 

larger and had a tendency to increase. For OC, the build-up of the atmospheric 
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Figure 5.3. Temporal variability for synoptic temperature and temperature 

measured within the street canyon together with daily means, for solar 

radiation, for synoptic horizontal WS with daily means, for relative 

humidity with daily means together with precipitation during the 

Budapest 2002 campaign. 
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concentrations continued monotonically even from day-time period to night-time 

period. The cold fronts on 27 April and over the night of 29 to the morning of 30 

April, whereby the latter one was also associated with showers and high synoptic 

wind speed (WS >3.5 m/s), decreased the aerosol concentrations significantly 

particularly for OC. The precipitation that occurred on 25 April afternoon and on 26 

April around noon did not have any apparent effect on the OC and EC concentration. 

 

For WSOC, as mentioned earlier, the temporal variation is smaller. The cold fronts 

caused a noticeable decrease in concentration on 27 April and over the night of 29 

April to the morning of 30 April. And similar to OC, the stable weather conditions in 

the second period, particularly from 1 to 3 May, helped in building up the WSOC 

concentration, which reached its maximum during the night of 3 May. No clear day-

time and night-time differences for WSOC were found in both the first and second 

periods. 

 

K-puszta 2003 and 2006 campaigns 

 

Local weather conditions and air mass origin 

 

Overall, the K-puszta 2003 campaign was characterised by stable meteorological 

conditions. The weather was especially warm and dry. In contrast, there was 

substantial variation in weather conditions during the K-puszta 2006 campaign. From 

a meteorological point of view, this campaign could be divided into two periods. In 

the first (cold) period, which lasted from the start of the campaign until 11 June 2006, 

it was unusually cold with daily maximum temperatures between 12 and 23 ºC and it 

was rainy. For the rest of the campaign (or warm period) the weather was warm with 

daily maxima from 24 to 36 ºC and it was dry, like was the case during the entire 

2003 campaign. 

 

The air mass origin, as calculated with Hysplit [Hysplit, 2002; Lupu and Maenhaut, 

2002], was quite different during the two periods of the 2006 summer campaign 

(Figure 5.4). During the cold period (i.e., 24 May - 11 June 2006), the air masses 

came from the north-west and often originated over the North Sea and/or the Atlantic 

Ocean. In contrast, during the warm period (12-29 June 2006), the air masses had 
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Figure 5.4. Air mass origin for the cold (top) and warm (bottom) periods of the 

2006 summer campaign at K-pustza. The plots show the number of 

trajectory crossings per grid cell (2.5° x 2.5° grid) in colour code for 

each of the two periods (only numbers of crossings of 4 and higher are 

depicted). The trajectories used were 5-day 3-dimensional back 

trajectories, calculated for every 6 hours and for an arrival level of 100 

m above ground (the results for an arrival level of 300 m above ground 

were fairly similar). 
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essentially a continental character and they were often more stagnant. During most 

days of the 2003 campaign, the air masses had the same character as in the warm 

period of 2006. During some short periods (19-21 June, 25 and 26 June, 2 July, and 5-

8 July of 2003), however, the air masses came from the north-west similar to those 

during the cold period of the 2006 campaign. 

 

The temporal variation of OC, EC, and WSOC 

 

The temporal variations of OC, EC, and WSOC for the K-puszta 2003 and 2006 

campaigns are displayed in Figures 5.5 and 5.6, respectively. It can be seen from that 

the atmospheric concentrations of WSOC follow closely those of OC (the squared 

correlation coefficients between OC and WSOC are 0.72 and 0.92 for the 2003 and 

2006 campaigns, respectively), while the EC concentrations in both campaigns are 

constantly low and do not follow the trend of OC (the R2 between OC and EC are 

0.44 and 0.13 for the 2003 and 2006 campaigns, respectively). The poor correlations 

between OC and EC indicate that primary anthropogenic emissions (e.g., traffic 

emissions) are not an important source for OC and WSOC at this forested site and that 

the two species are mainly produced by other sources. Comparing the two figures, 

substantially larger variations in OC and WSOC are found in the 2006 campaign than 

in the 2003 campaign. This is likely due to the difference in meteorological conditions, 

especially in ambient temperature, between the two campaigns. Figure 5.6 (with the 

data for the 2006 campaign) shows that the concentrations of OC and WSOC are 

higher in the warm period than in the cold one. The medians and ranges for OC, EC, 

and WSOC for separate day-time and night-time in the 2003 campaign and in the cold 

and warm periods of the 2006 campaign are given in Table 5.3. OC and WSOC are 

around two times or more larger in the warm period of the 2006 campaign than those 

in the cold period; besides, the 2006 warm period data are comparable to the data for 

the 2003 campaign. Earlier studies have pointed out that the OC aerosols at this site in 

summer may be attributed to local biogenic sources [Gelencsér et al., 2000] and 

secondary aerosol from the photo-oxidation of biogenic volatile organic compounds 

(BVOCs) [Ion et al., 2005]. The higher levels of OC during the warm period are likely 

a consequence of (1) higher emissions of both primary organic matter by the 

vegetation and of biogenic SOA precursors, such as isoprene and monoterpenes, at 

higher temperatures and (2) enhancement of SOA formation because of higher 
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K-puszta, summer 2003
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Figure 5.5. Temporal variability for OC, EC, and WSOC in the K-puszta 2003 

campaign. 

 

K-puszta, summer 2006
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Figure 5.6. Temporal variability for OC, EC, and WSOC in the K-puszta 2006 

campaign. 

 

precursor concentrations and favourable weather conditions. In the case of WSOC, 

enhanced SOA formation during the warm period may be main reason, because 

primary biogenic emissions are an effective source for OC, but not so much for 

WSOC. In addition, the difference in OC and WSOC concentrations between the 

warm and cold periods of the 2006 campaign may in part be caused by the difference 

in air mass origin (more maritime air during the cold period versus continental air 

during the warm one, see Figure 5.4) and by the stagnation of the air masses during 
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the warm period. However, the effect of these meteorological phenomena may not 

have been very significant, as comparable low EC concentrations were found in both 

periods of the 2006 campaign and the 2003 campaign. 

 

Table 5.3. Ranges and medians for OC, EC, and WSOC (in µg/m3), as derived 

from the fine size fraction of the HVDS separately for day and night, 

during the cold and warm periods of the K-puszta 2006 campaign and 

during the 2003 campaign. 

 

 2006 cold 2006 warm 2003 overall 
 Range Median Range Median Range Median 

Day       
     OC 1.07-2.8 1.90 2.3-5.0 3.7 2.0-5.6 3.9 
     EC 0.10-0.36 0.15 0.02-0.42 0.16 0.10-0.33 0.21 
     WSOC 0.59-1.36 0.76 0.91-3.2 2.5 0.79-3.3 2.2 
       
Night       
     OC 0.84-2.8 1.60 1.93-5.9 3.8 1.61-5.6 3.7 
     EC 0.08-0.35 0.17 0.03-0.45 0.18 0.08-0.59 0.19 
     WSOC 0.40-1.45 0.76 0.90-3.8 2.3 0.95-3.8 2.1 

 

It is clear from Table 5.3 that there are no clear diurnal variations for OC, EC, and 

WSOC in both the 2003 and the 2006 summer campaigns. A similar phenomenon was 

found by Molnár et al. [1999]. In their study of 1996 summer, they found for neither 

EC nor OC a diurnal variation. 

 

Ghent 2005 winter campaign 

 

The temporal variability for OC, EC, and WSOC in the Ghent 2005 winter campaign 

is shown in Figure 5.7. There was a large variability for OC and WSOC during this 

campaign, while the EC concentration was less variable. The higher concentrations 

for OC (to a lesser extent also for WSOC) were found in the periods: 13-16 January, 

22 January, 26-29January, and 4 to 9 February 2005 (from here on, we call these days 

high OC episode days). The maximum OC (18.7 µg/m3) and WSOC (7.8 µg/m3) 

concentrations were observed on 7 February 2005; they are the highest concentrations 
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we observed during the 4 Ghent campaigns and also the highest in all 9 campaigns 

discussed in this Chapter. For EC, elevated concentrations were only found on 13 and 

22 January. There is a good correlation between OC and WSOC in this campaign (R2 

= 0.94), while the correlation between OC and EC is very poor (R2 = 0.02). 

 

Ghent, winter 2005
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Figure 5.7. Temporal variability for OC, EC, and WSOC in the Ghent 2005 winter 

campaign. 

 

At a specific site, the carbonaceous aerosol concentrations depend on many different 

factors, e.g., aerosol sources, local meteorology, and atmospheric dynamics. 

Regarding the aerosol sources, the variation in the EC/TC (or OC/EC) ratio has been 

used in several earlier studies as an indicator of changes in emission sources, source 

processes or source regions, given that EC may be considered as a tracer for primary 

emissions of carbonaceous species [Turpin and Huntzicker, 1995; Salma et al., 2004; 

Viana et al., 2007b]. During the Ghent 2005 campaign, there is a large dispersion in 

the EC/TC ratios (from 0.042 to 0.48), suggesting a wide variability in carbonaceous 

aerosol sources. Based on the EC/TC ratios, back trajectory analysis, and OC, EC, and 

WSOC data, the high OC episode days of the Ghent 2005 campaign were separated 

into 3 groups. The first group (continental or regional episode) includes 15, 16, and 28 

January and 4 to 9 February, which were characterised by low EC/TC ratios. The 

mean EC/TC ratio during these days was 0.078, while the mean ratio in the non-high 

OC episode days was 0.31. The lower EC/TC ratios imply that the sources of 
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Figure 5.8. 5-day backward air mass trajectories for arrival at 100 m agl at Ghent 

on 7 February 2005. 

 

carbonaceous aerosols during these days were likely different from the most usual 

local sources. Back trajectory analysis showed that the origin of the air masses during 

these days was mainly southern and eastern European (Figure 5.8 shows the 5-day 

backward air mass trajectories on 7 February 2005 as an example). It seems that most 

of the OC during these days was, on average, not emitted by local sources, but had a 

regional or long-range continental European origin. The high OC concentrations 

during these days are a result of high OC concentrations of secondary origin (SOA), 

due to long-range or regional-scale air mass transport. Furthermore, the WSOC 

concentration during these days was also significantly higher than on the other days; 

the average WSOC concentration during these days was 3.8 µg/m3, whereas it was 

0.73 µg/m3 in the non-high OC episode days. The WSOC/OC ratios were also 
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somewhat higher during these days than during the non-high OC episode days (0.46 

versus 0.37). This seems to confirm that there was an enhancement of secondary 

contribution to OC during these days, as aged or secondary OC is often more water-

soluble than primary OC. The second group (local episode) includes 13 and 22 

January; as mentioned above, the highest EC concentrations in this campaign were 

observed during these two days. The OC and WSOC concentrations were also co-

elevated with EC during these two days. The EC/TC ratios during these two days 

(0.29 on 13 January and 0.30 on 22 January) were comparable to the average ratio 

during the non-high OC episode days (0.30). The back trajectories indicated that the 

air masses during these two days came, like for the non-high OC episode days, from 

the Atlantic Ocean. The higher carbonaceous aerosol concentrations on these two 

days were probably due to the accumulation of local emissions. The third group 

includes the days of 14, 26, 27, and 29 January. They were the transition periods 

between the “continental or regional episode” days and the other days. In addition, as 

seen in Figure 5.9 bottom, which shows the variation of the daily ambient temperature 

during the Ghent 2005 campaign, the lowest daily mean ambient temperature was 

registered on 26 January. An increase of biomass burning for house heating during 

this cold period could be part of the reason for the higher OC and WSOC 

concentrations on this day and the day after. 

 

Besides variation in sources, also variation in meteorological conditions may lead to 

variation in OC and WSOC concentrations. In order to investigate the impact of local 

meteorological conditions, the temporal variability for horizontal wind speed, daily 

mean temperature, and precipitation were examined (Figure 5.9). It can be seen from 

Figure 5.9 top that the horizontal wind speed was low on all high OC episode days. A 

negative correlation between wind speed and PM2.5 concentrations, indicative of a 

dilution effect, was reported by Harrison et al. [1997] for a roadside. Figure 5.9 

bottom shows that precipitation led to a significant decrease in the OC and WSOC 

concentrations, particularly at the end of the campaign; the extremely low OC 

concentration found on 13 February is at least partly due to the effect of the 4 days of 

intensive precipitation. In contrast, most high OC days were associated with dry 

weather conditions, except on 27 and 28 January. 
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Ghent, winter 2005
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Figure 5.9. Temporal variability of the daily mean horizontal wind speed (top) and 

of the daily mean ambient temperature and the precipitation (bottom) 

during the Ghent 2005 winter campaign. 

 

Ghent 2004 summer campaign 

 

The temporal variability for OC, EC, and WSOC in the Ghent 2004 summer 

campaign is shown in Figure 5.10. The concentrations in this campaign are in 

generally all low and they exhibit little variability. Back trajectory analysis indicated 

that the air masses during this campaign originated nearly always from the Atlantic 

Ocean (north or west) and brought clean Atlantic aerosols to the site. On 26 and 30 

June, 6 and 7 July, and to a lesser extent on 13 July, however, the air masses 
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Ghent, summer 2004
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Figure 5.10. Temporal variability for OC, EC, and WSOC in the Ghent 2004 

summer campaign. 

 

circulated in the region before reaching the sampling site (the 5-day backward air 

mass trajectories for 26 June are shown in Figure 5.11 as an example). This caused a 

noticeable increase in OC and WSOC concentrations (probably due to the 

contribution of regional secondary organic aerosols) on these days. The oceanic air 

masses were also associated with low temperature and precipitation. During this 

campaign the average daily mean temperature was only 15.5 °C and it rained 26 days 

out of the 31 sampling days. The cool weather and low intensive solar radiation 

limited photochemical reactions and also reduced the primary organic matter emission 

from the vegetation. Elevated carbonaceous aerosol concentrations resulting from 

photochemical reactions have been found previously during the summer at the Ghent 

site with high concentrations of ozone [Kubátová et al., 2002]. However, there was no 

sign of any significant photochemical reactions in the 2004 summer campaign. The 

maximum 1-hour average ozone concentration was only exceeding 100 µg/m3 on two 

days (124 µg/m3 on 26 June and 130 µg/m3 on 6 July). The frequent precipitation may 

also have enhanced the wash-out and rain-out of carbonaceous aerosols and thus led 

to lower OC, WSOC, and EC concentrations in this campaign. 
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Figure 5.11. 5-day backward air mass trajectories for arrival at 100 m agl at Ghent 

on 26 June 2004. 

 

Brasschaat 2007 summer campaign 

 

The temporal variation of OC, EC, and WSOC during the Brasschaat 2007 campaign 

is shown in Figure 5.12. In contrast to what was the case for the K-puszta site, the EC 

concentration at Brasschaat was quite variable and, as mentioned above, the EC levels 

at this site were much larger than at the other forested sites. The higher and more 

variable EC concentration at Brasschaat suggests that this site is more impacted by 

traffic emissions than the other forested sites. This was confirmed by the results from 

high time resolution OC/EC measurements (Chapter 10). As an indicator of traffic 

emission, hourly EC concentrations showed a clear peak during morning traffic rush 

hours, and exhibited different patterns between workdays and weekends and holidays 
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days (section 10.3.5). The main source for EC at this site is probably the traffic 

emissions from the nearby highway (E19). Figure 5.12 shows that OC and WSOC 

were more or less correlated with each other and did not follow EC. The squared 

correlation coefficient between OC and EC was only 0.06. This suggests that OC and 

WSOC at the site were mainly produced by other sources than traffic. As seen in 

Figure 5.12, the OC and WSOC concentrations were clearly higher in the beginning 

(from the night of 5 June to the day of 8 June) than in the remainder of the campaign, 

particularly from the day of 7 June to the day of 8 June. This may due to the warm 

and dry weather conditions during this period. The meteorological data indicated that 

there was no precipitation from the beginning of campaign until the night of 08 June. 

The period from the morning of 7 June to the evening of 8 June was the hottest period 

during the campaign. The temperature reached 27.4 °C in the afternoon of 7 June, 

which was the highest during this campaign, and the ambient temperature was mainly 

above 20 °C throughout the night. As explained above for the K-puszta campaigns, 

the emission of primary OC and secondary OC precursors are enhanced during these 

conditions. The weather for the remainder of the campaign was either rainy or cool. 

The period from 19 to 20 June was the second hottest period in the campaign, 

however, the heavy rain in the early morning of 20 June (7.2 mm in 4 hours) seemed 

to suppress the OC and WSOC concentrations from reaching higher levels. 

 

Brasschaat, summer 2007
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Figure 5.12. Temporal variability for OC, EC, and WSOC in the Brasschaat 2007 

summer campaign. 
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Table 5.4. Ranges and medians for OC, EC, and WSOC (in µg/m3), as derived 

from the fine size fraction of the HVDS separately for day and night, 

and, on the one hand, workdays and, on the other hand, weekends and 

holidays during the Brasschaat 2007 summer campaign. 

 

 Workdays Weekends and holidays 
 Range Median Range Median 

Day     
     OC 0.55-5.8 1.52 0.88-1.98 1.34 
     EC 0.18-1.49 0.54 0.13-0.51 0.30 
     WSOC 0.26-3.5 0.69 0.35-1.03 0.64 
     
Night     
     OC 0.50-6.5 1.29 0.84-2.2 1.34 
     EC 0.14-1.11 0.33 0.13-1.05 0.43 
     WSOC 0.23-2.5 0.60 0.27-1.00 0.66 
 

In order to study the diurnal variation and the differences between workdays and 

weekends, the medians and ranges of OC, EC, and WSOC in separate day-time and 

night-time and for, on the one hand, workdays and, on the other hand, weekends and 

holidays during the Brasschaat 2007 campaign are given in Table 5.4. In the case of 

WSOC, similar to what was found at K-puszta, no clear diurnal variation is observed. 

There was also no clear difference for WSOC between workdays and weekends and 

holidays. This confirms that the WSOC at this site is not due to traffic emissions. For 

OC, the same median concentrations were found in the night-time and in the day-time 

of the weekends and holidays. They are also comparable to those found during the 

night-time of workdays. The median OC concentration in the day-time period during 

workdays was, however, somewhat higher; this may be due to the higher emission of 

primary OC from the more intensive traffic during the day-time on workdays. With 

regard to EC, similar to OC, a higher median concentration was found during the day-

time period on workdays, reflecting the traffic intensity nearby. 
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Hyytiälä 2007 summer campaign 

 

Local meteorology and air mass origin 

 

The weather remained fairly dry during the entire Hyytiälä 2007 summer campaign. 

The mean daily temperature rose from 15 °C on 2 August to around 20 °C in the 

period 6-13 August and decreased then down to 8 °C on 29 August, with a secondary 

maximum of 17 °C on 22-24 August. Over the campaign period, the average ambient 

temperature during the day-time sampling was 20 °C, while it was 14 °C in the night-

time. The mean relative humidity was 67% during the day-time and 84% in the night-

time. The air masses came mostly from the west, except in the period from 9 to 14 

August, when they first showed a recirculation pattern and on 13 and 14 August came 

from the south (Figure 5.13). It needs to be indicated that in the period of 10-13 

August there was extensive biomass burning in the southern part of European Russia, 

which considering the air mass transport could have affected our measurements at 

SMEAR II. 

 

Temporal variation of OC, EC, and WSOC 

 

Figure 5.14 shows the time series of OC, EC, and WSOC during the Hyytiälä 2007 

summer campaign. The concentration of EC (which is a primary aerosol component 

produced by fossil fuel and biomass burning) was generally low throughout the 

campaign. The only period with elevated EC levels was 12 and 13 August, with a 

peak during the day of 13 August. The EC concentration on 13 August (0.34 µg/m3) 

was more than 3 times higher than the overall average EC concentration (0.11 µg/m3). 

The high EC level in this period is hard to explain by local sources. In the vicinity of 

the sampling site, EC may be produced by an occasionally passing car on a paved 

path around 50 m away. However, traffic on that path is rare and it only occurred 

during the day. There was no clear diurnal trend for EC throughout the campaign, so 

that the nearby road traffic seemed to have had virtually no impact on the EC levels. 

EC may also originate from pollution emitted by the station buildings (0.5 km away) 

and the city of Tampere (63 km away); both are located south-west of the sampling 

site. The air mass trajectories indicated that the air on 12 and 13 August came mainly 

from the south-east and south (Figure 5.13); it seems thus unlikely that the high EC 
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Figure 5.13. 5-day backward air mass trajectories for arrival at 100 m agl at 

Hyytiälä on 11 and 12 August 2007 (top), 13 and 14 August 

2007(bottom). 
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Finland, summer 2007

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

2N 3D 3N 4D 4N 5D 5N 6D 6N 7D 7N 8D 8N 9D 9N 10
D

10
N

11
D

11
N

12
D

12
N

13
D

13
N

14
D

14
N

15
D

15
N

16
D

16
N

17
D

17
N

18
D

18
N

19
D

19
N

20
D

20
N

21
D

21
N

22
D

22
N

23
D

23
N

24
D

24
N

25
D

25
N 26 27 28 29

Day in August 2007 (D = day, N = night)

C
on

c.
 (µ

g/
m

³)
OC
WSOC
EC

 
Figure 5.14. Temporal variability for OC, EC, and WSOC in the Finland 2007 

summer campaign. 

 

levels were due to pollution from the station buildings or the city of Tampere. It is 

more likely that the elevated EC during this period is due to long-range transport from 

the European part of Russia. As mentioned above, in the period of 10-13 August there 

was extensive biomass burning in the southern part of European Russia (Figure 5.15) 

and the emissions from these burnings may well have been responsible for the 

elevated EC concentrations during 12 and 13 August. This was confirmed by the fact 

that fine water-soluble K+, which is a well-known tracer for biomass burning, 

exhibited high concentrations for the samples collected on 12 and 13 August. As seen 

in Figure 5.14, the long-range transport of the biomass burning emission products also 

led to higher OC and WSOC concentrations during the day of 13 August. 

 

Similarly to what was the case at the K-puszta site, during the Hyytiälä 2007 summer 

campaign the OC and WSOC concentrations were quite variable and in general 

followed each other. The squared correlation coefficient between OC and WSOC was 

very good (R2 = 0.95); however, this may simply be due to the large contribution of 

WSOC to OC at this site which will be discussed in the next section. OC and WSOC 

exhibited maximum concentrations in the period of 6 to 13 August and there was a 

second maximum between 22 and 24 August. These days coincided with the warm 

days mentioned above. As mentioned for the K-puszta campaign, the higher levels of 

OC and WSOC during warm periods may be the consequence of both higher 
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Figure 5.15. MODIS fire map for 11 August 2007 in East Europe (University of 

Maryland). 

 

emissions of primary organic matter by the vegetation and of biogenic VOCs, such as 

isoprene and monoterpenes, at higher temperatures. Earlier studies have shown that 

photo-oxidation of biogenic VOCs contribute to secondary aerosol formation during 

summer at Hyytiälä [Kourtchev et al., 2005; 2008]. In general, OC and WSOC 

exhibited higher levels in the day than in the night during the warm periods; the 

elevated OC and WSOC concentrations during the day-time may have resulted from 

the fast oxidation of SOA precursors. Both the OC and WSOC concentrations 

decreased sharply after 25 August and remained low during the last 4 days of the 

campaign. This was mainly due to the air masses for these days originating from the 

Arctic, which brought cold clean air to the sampling site. The low temperatures on 

these days reduced the biogenic emissions and the formation of secondary species by 

photo-oxidation. 
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5.3.4. EC/TC and WSOC/OC ratios 

 

The mean EC/TC ratios and associated standard deviations for the 9 campaigns are 

listed in Table 5.5. As for the EC concentrations, there is an increasing trend from 

forested, to the urban background site, to the kerbside site for the EC/TC ratios. It 

demonstrates the strong impact of EC-rich sources (mainly traffic emission) on the 

atmospheric aerosol burden. 

 

Table 5.5. Means and associated standard deviations for WSOC/OC, WSOC/TC, 
and EC/TC ratios in 9 campaigns. 

 

Campaign %WSOC/OC %WSOC/TC EC/TC ratio 
Budapest 2002 30±9 19±7 0.38±0.13 
Ghent 2003 W 32±8 26±7 0.19±0.08 
Ghent 2004 W 35±7 30±8 0.17±0.08 
Ghent 2004 S 39±8 28±7 0.29±0.08 
Ghent 2005 W 40±10 31±10 0.23±0.13 
K-puszta 2003 57±11 54±10 0.056±0.016 
K-puszta 2006 55±11 51±11 0.072±0.034 
Brasschaat 2007 48±10 36±10 0.24±0.10 
Hyytiälä 2007 62±9 58±9 0.071±0.024 
 

From Table 5.5, we can see that the EC/TC ratio at the Ghent site is higher in summer 

than in the winter campaigns; this is opposite to the seasonal variation observed for 

OC and EC. As discussed above, the concentrations of both OC and EC at the Ghent 

site were higher in winter than in summer (Table 5.2). Whether this would lead to an 

increase or decrease in the EC/TC ratio from summer to winter is dependent upon the 

relative increase of EC and OC from summer to winter. It follows from Table 5.2 that 

the lower EC/TC ratio in winter at the Ghent site is due to the relatively lower 

increase for EC than for OC from summer to winter. A similar seasonal variation for 

OC, EC, and the EC/TC ratio was found for PM10 at the Ghent site within the EMEP 

project [Yttri et al., 2007]. A higher EC/TC ratio in summer than in winter was also 

found for PM2.5 aerosols at an urban site in China (0.27 for summer and 0.17 for 

winter) [Yang et al., 2005]. Most likely the EC/TC seasonal difference is due to the 

increased contribution from wood burning for residential heating in winter at Ghent. It 

is known that aerosols from wood burning often exhibit a low EC/TC ratio; the vast 
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amount of OC coming from this source in winter might at least partly explain the 

lower EC/TC in this season. Another possible reason for lower EC/TC ratio in winter 

is the enrichment of OC rather than EC during the “continental or regional episode”. 

As mentioned above, in the Ghent 2005 winter campaign, “continental or regional 

episode” days were associated with extreme low EC/TC ratios (average: 0.078), 

which significantly decreased the mean EC/TC ratio in this winter campaign. 

Furthermore, the higher EC/TC ratio in the 2004 summer campaign may also be 

related to its abnormal weather conditions. As mentioned above, the cool and rainy 

weather may lead to a decrease in OC by inhibiting the formation of secondary 

organic aerosols and primary emission of OC from the vegetation. Consequently, it 

will result in a higher EC/TC ratio. 

 

With regard to the forested sites, the EC/TC ratios for the campaigns at K-puszta and 

Hyytiälä are quite low. This is not only due to the low EC concentrations at these two 

forested sites(Table 5.2) but also to the relatively high input of local biogenic organic 

aerosols [Gelencsér et al., 2000] and secondary organic aerosols from the photo-

oxidation of BVOCs [Ion et al., 2005]. For example in the K-puszta 2006 campaign, a 

substantial difference was found for the EC/TC ratio between the cold period and the 

warm period. The EC/TC ratio in the cold period was 0.094 ± 0.032, while it was only 

0.052 ± 0.023 in the warm period. From Table 5.3, we can see that comparable EC 

concentrations were found between the warm and cold periods of the 2006 campaign. 

The lower EC/TC ratio in the warm period is therefore largely due to the higher OC 

concentration. As mentioned above, the higher OC concentration during the warm 

period is due to higher input of local biogenic organic aerosols and secondary organic 

aerosols from the photo-oxidation of BVOCs. The mean EC/TC ratio at the 

Brasschaat site was much higher than in the other forested sites and it was comparable 

to the ratio found at the Ghent site. This again indicates that this site was more 

influenced by fossil fuel combustion sources (including traffic) than the other forested 

sites. 

 

As mentioned in section 5.2.1, in 5 out 9 campaigns separate day-time and night-time 

samples were collected. In order to check the diurnal variation, the averages and 

standard deviations for the EC/TC and WSOC/OC ratios for the separate day-time and 

night-time samples in these 5 campaigns were calculated and the results are given in 
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Table 5.6. It can be seen that there are no big diurnal variation in EC/TC ratio for the 

Brasschaat 2007 and the K-puszta 2003 and 2006 campaigns. This is in line with our 

earlier finding that there is no clear diurnal variation in OC and EC concentrations for 

these 3 campaigns (section 5.3.3). In the Hyytiälä 2007 campaign, a somewhat higher 

average EC/TC ratio is found for the night-time samples than for day-time samples. It 

seems that this is due to higher OC concentrations in the day-time than in the night-

time during the warm periods of this campaign, as comparable EC concentrations 

were found in the day-time and night-time throughout the campaign (section 5.3.3). 

For the Budapest 2002 campaign, a higher EC/TC ratio is found during the day-time 

than in the night-time. This finding is in accordance with what was reported by Salma 

et al. [2004], i.e., that the night exhibited generally larger OC/EC ratios than the 

daylight period in this campaign (recall TC = OC + EC). Salma et al. [2004] attributed 

the higher OC/EC ratio during the night-time to variations in meteorology (especially 

in the boundary layer height), to aging of organic aerosols, to the transport of SOA 

produced during the previous day to the receptor site, and partially to night-time 

chemistry [Seinfeld and Pandis, 1998; Griffin et al., 2002]. However, the higher 

EC/TC ratio during the day may also be an indication that the traffic emission is a 

more important carbonaceous source at this site during the day-time than during the 

night-time. 

 

Table 5.6. Means and associated standard deviations of EC/TC and of WSOC/OC 
ratios for separate day-time and night-time samples in 5 campaigns. 

 

 EC/TC WSOC/OC 
 Day Night Day Night 

Budapest 2002 0.40±0.10 0.33±0.09 0.29±0.08 0.30±0.08 
K-puszta 2003 0.05±0.01 0.06±0.02 0.59±0.11 0.59±0.09 
K-puszta 2006 0.07±0.03 0.08±0.04 0.56±0.13 0.54±0.08 
Brasschaat 2007 0.24±0.11 0.24±0.10 0.49±0.10 0.47±0.10 
Hyytiälä 2007 0.06±0.02 0.08±0.02 0.63±0.09 0.63±0.08 
 

The means and associated standard deviations for the WSOC/OC and WSOC/TC 

ratios, as derived from the fine size fraction of the HVDS, in the 9 campaigns are 

given in Table 5.5. The reason for including WSOC/TC ratios in the table is for later 

comparison with literature studies, which used other carbon analysis methods than 
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ours. As seen from Table 5.5, there is a decreasing trend in the WSOC/OC and 

WSOC/TC ratios from forested sites (K-puszta and Hyytiälä), to the traffic impacted 

forested site (Brasschaat), to the urban background site (Ghent) and to the kerbside 

site (Budapest). This tendency can be attributed to different aerosol sources (e.g., 

water-insoluble combustion components at urban sites versus water-soluble biogenic 

and secondary organic components at rural forested sites), but also to chemical aging 

and oxidative transformation of organic compounds, which generally increase the 

number of functional groups and thus the water solubility of organic molecules 

[Pöschl, 2005]. 

 

With regard to the 4 campaigns carried out at Ghent, whereas higher WSOC 

concentrations were found in the winter campaigns than that in the summer campaign, 

no clear seasonal difference was found for the WSOC/OC or WSOC/TC ratios. The 

WSOC/OC ratio in the summer 2004 campaign is the same as in the 2005 winter 

campaign and somewhat larger than the ratio in the other two winter campaigns, 

whereas the WSOC/TC ratio in the summer 2004 campaign is in the middle of the 

ratios for the 3 winter campaigns. This is not a surprise because, on one hand, the 

WSOC/OC ratio could increase at this site in winter due to the increased biomass 

burning for house heating which is known to be characterised by a higher WSOC/OC 

ratio, on the other hand, the WSOC/OC or WSOC/TC ratio could increase in summer 

due to enhancement of secondary organic aerosol formation. 

 

In the K-puszta 2006 campaign, the WSOC/OC and WSOC/TC ratios were, on 

average, larger in the warm period than in the cold one. The average WSOC/OC and 

WSOC/TC percentage ratios were 48 ± 8% and 43 ± 7% during the cold period versus 

61 ± 8% and 58 ± 8% in the warm period. The higher WSOC/OC and WSOC/TC 

ratios in the warm period are in agreement with our earlier conclusion that the higher 

OC in this period is at least partly due to higher input of secondary organic aerosols. 

 

For the 5 campaigns with separate day-time and night-time sampling, the means and 

standard deviations of the WSOC/OC ratio for separate day-time and night-time 

samples are shown in Table 5.6. In general, there is no clear diurnal variation in 

WSOC/OC ratio for all 5 campaigns. 
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5.3.5. Comparison of the OC and EC concentrations and of the EC/TC 

ratios with literature data for Europe using thermal-optical methods 

similar to ours 

 

Due to the method dependence of OC and EC, the comparison with data from other 

studies has to be made in a careful way. Table 5.7 summarizes literature PM2.5 OC 

and EC values for different European locations. These values were obtained with a 

TOT method, which was identical or very similar to ours. As seen in Table 5.7, the 

EC levels in Europe are between 3.5 and 5.4 µg/m3 at kerbside sites, ranging from 

0.68 to 2.6 µg/m3 in different urban environments (urban +urban background), and are 

smaller than 0.69 µg/m3 at nonurban (suburban and rural) environments during 

summer and spring. In general, the EC values increase with increasing anthropogenic 

emissions. This is in line with the EC spatial trend found for our 5 sampling sites. The 

average EC atmospheric concentrations we found at Budapest, Ghent, and three 

forested sites (Table 5.2) fall into the EC ranges above for kerbside sites, urban sites, 

and nonurban sites in summer and spring, respectively. In the case of OC, a non-

uniform spatial trend is seen in Table 5.7. Overall, the OC concentration varied from 

1.9 to 14.0 µg/m3. The average OC levels we obtained at Budapest, Ghent, and the K-

puszta site are in the lower middle or lower end of the literature range, while the 

values for Brasschaat and Hyytiälä are lower than the lowest end of this range. This 

could be partly due to the difference in the sampling technique applied in our study 

compared with that in the literature. All our data in this Chapter are derived from the 

HVDS; in several campaigns (as will be shown later) we have found that the HVDS 

OC data for the fine size fraction are lower than the OC data from parallel low-

volume PM2.5 samples. This may be attributed to overestimation of the air volumes 

for the HVDS [Decesari et al., 2006]. 

 

As seen in Table 5.7, the EC/TC ratio generally decreased from the kerbside site to 

the urban site and to the rural sites. This decrease in EC/TC ratio is mainly due to the 

decrease in EC levels, typically linked to anthropogenic emissions (mostly traffic). 

This is in agreement with the site type dependence of our EC/TC ratio as shown in 

Table 5.5. When comparing the data in Table 5.5 with those in Table 5.7, our EC/TC 

ratio for Budapest is in between the previous findings for kerbside sites and urban 

sites. The relatively lower EC/TC ratio at Budapest is due to the higher OC 
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Table 5.7. Mean OC and EC concentrations (in µg/m3), along with the mean EC/TC ratio (if available) at some European sites in literature 
studies where a carbon analysis method was applied that was similar to ours. 

 
 Site  Period OC EC EC/TC 
Harrison and Yin, 2008 Birmingham K Summer + fall 3.4 3.5 0.49 
Yttri et al., 2009 Oslo K Sep. to Oct. 2.9 5.4 0.68 
       
Viana et al., 2007b Amsterdam U Summer 3.9 1.9 0.33 
Viana et al., 2007b Amsterdam U Winter 6.7 1.7 0.22 
Viidanoja et al., 2002a Helsinki U One year 3.0 1.2 0.19-0.36a 
       
Lonati et al., 2007 Milan UB Cold season  14.0 1.6 0.10 
Lonati et al., 2007 Milan UB Warm season 5.2 1.2 0.19 
Harrison and Yin, 2008 Birmingham UB One year 2.7 1.6 0.37 
Yttri et al., 2009 Oslo UB Nov. to Dec. 3.9 2.2 0.36 
Pérez et al., 2008 Barcelona UB One year 5.5 2.3 0.3 
Viana et al., 2006b Barcelona UB Summer  3.1 1.5 0.28-0.32 
 Barcelona UB Winter 6.2 2.6 0.27-0.31 
Kubátová et al., 2002 Ghent UB Summer 3.7 1.5 0.29 
 Ghent UB Winter 8.6 2.9 0.25 
Sillanpää et al., 2005 Six European sites UB  2.7-11.2 0.68-1.8 0.10-0.32 
       
Yttri et al., 2009 Elverum SU Spring 1.9 0.3 0.18 
Salma et al., 2004 Budapest SU Spring 4.1b 0.33b  
       
Pio et al., 2007 Aveiro R Summer  3.1 0.65 0.16 
 K-puszta R Summer  4.9 0.69 0.125 
Harrison and Yin, 2008 Birmingham R Spring 2.8 0.6 0.22 
ten Brink et al., 2004 Melpitz R spring 2.51 0.44  
amonthly mean; bmedian value for PM2.0. 
K=kerbside site, U=urban site under traffic influence, UB=urban background site, SU=suburban site, R=rural site. 
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concentration at this site. Strong secondary OM formation at this kerbside site may 

play a role here [Salma et al., 2004]. The ratios we found for the Ghent site are within 

the EC/TC ratio range for urban background sites in Table 5.7. With regard to the 

three forested sites, the EC/TC ratio at Brasschaat is comparable to those found at 

urban background sites, indicating a strong traffic influence at this site. The ratios at 

the other rural sites are lower than those found at rural sites in the literature; it seems 

that this is mainly due to their low EC concentrations. 

 

5.3.6. Comparison of TC and WSOC concentrations and of WSOC/OC and 

WSOC/TC ratios with other studies in the literature 

 

As mentioned in section 3.1, in contrast to what is the case for OC and EC, the TC 

values obtained from different laboratories show good agreement in the comparison 

studies. Therefore, to minimise the effect of different methods employed in different 

studies, we compare our TC (OC + EC) data with the TC values in the literature. 

 

For the European sites, Querol et al. [2004] reported in their European multi-city 

study that the annual mean PM2.5 mass concentrations of TC in the Central European 

area (examples from Austria, Berlin, Switzerland, The Netherlands, and UK) varied in 

the range of 3-7 µg/m3 at the regional background sites, 5-8 µg/m3 at the urban 

background sites, and 8-16 µg/m3 at the urban kerbside sites. Our mean TC 

concentrations in the two campaigns conducted at the K-puszta site (K-puszta 2003 

and 2006) and in the Budapest 2002 campaign are in the range of TC concentrations 

for regional background sites and urban kerbside sites, respectively. Our TC data for 

K-puszta are also comparable to those found in earlier studies at this site [Molnár et 

al., 1999; Zappoli et al., 1999]. For the Budapest 2002 campaign, similar PM2.5 

carbon data have been reported earlier [Salma et al., 2004]. For the 4 campaigns 

conducted at the Ghent site, our mean TC concentrations for the three winter 

campaigns are comparable and they are in the lower middle range for urban 

background sites in the central European area [Querol et al., 2004]. On the other hand, 

the mean TC concentration for the Ghent 2004 summer campaign is very low and out 

of the range of the literature data for urban background sites in Europe. Our low TC 

level for the Ghent 2004 summer campaign was confirmed by independent parallel 

sampling with other types of PM2.5 samplers in the same campaign [Viana et al., 
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2006b]. Our mean TC value for the Hyytiälä 2007 campaign is comparable to that 

reported by Querol et al. [2004] for a regional background site in Sweden (1-2 µg/m3). 

 

For comparison, the means and associated standard deviations of WSOC 

concentrations from some literature studies are listed in Table 5.8. Results on larger 

aerosol particles (PM10 or TSP) and marine particles are not included in this table. As 

mentioned above, the WSOC concentrations in our 9 campaigns are more or less in 

the same range and they fall in the middle and lower middle range of the literature 

values given in Table 5.8. The average WSOC concentrations for our two campaigns 

at the K-puszta site are comparable to earlier studies carried out at the same site. With 

regard to the seasonal difference, for most sites listed in Table 5.8, with the exception 

of Tokyo, higher WSOC concentrations were found in the winter than in the summer. 

This is consistent with what we found for Ghent. 

 

Table 5.8 also gives the WSOC/OC and WSOC/TC ratios in other literature studies, 

along with the WSOC concentrations. The mean WSOC/OC ratios in the literature 

range from a low of 12% in close vicinity to a high traffic road around Paris [Ruellan 

and Cachier, 2001] up to 80% for a rural site in Sweden during summer [Zappoli et al., 

1999]. There is some tendency for lower values to be associated with urban areas and 

for higher values to occur in rural areas for both the WSOC/OC and WSOC/TC ratios. 

This is consistent with the spatial trend we found above for the ratios at our 5 sites. 

We can also see in Table 5.8 that despite the common seasonal variation in WSOC 

concentration, no common seasonal variation is found for the WSOC/OC and 

WSOC/TC ratios in the literature. Therefore, the unclear seasonal variation in our 

WSOC/OC and WSOC/TC ratios for the Ghent site is not a surprise. 

 

Comparing Table 5.5 and 5.8, we can see that the WSOC/OC and WSOC/TC ratios 

we found for the K-puszta site are comparable to the ratios found in earlier studies at 

the same site. Our ratios in the Ghent campaigns are comparable to the literature 

values for urban background sites. The ratios for the Budapest 2002 campaign are, 

however, on the high side of literature data for kerbside sites. This could be a result of 

a higher influence from secondary aerosols at the Budapest site. Salma et al. [2004] 

have indicated that the contribution from SOA may have exceeded the primary 

contribution during some photochemical episodes during the Budapest 2002 



Chapter 5: Carbonaceous aerosol data as deduced from the HVDS 
 

148 

Table 5.8. Literature data for the mean WSOC concentration in µg/m3 (with associated standard deviation, if available) along with the mean 

WSOC/OC and WSOC/TC ratios at different locations. 

 
 Site and period Size WSOC WSOC/OC WSOC/TC Reference 
Roadside Amsterdam winter PM2.5 1.9 (1.5) 0.34  
 Amsterdam summer PM2.5 1.0 (0.6) 0.34  

Viana et al. [2007b] 
 

 Paris PM2, Nuclepore 
 

PM2.0 
 

4.4 (1.3) 
 

0.12 
 

0.09 
 

Ruellan and Cachier 
[2001] 

 Hongkong Mong Kok winter PM2.5 4.32 0.23 0.11 
 Hongkong Mong Kok summer PM2.5 1.88 0.14 0.05 

Yu [2002] 
 

       
Urban China, NJU winter PM2.5 4.7 0.30 (0.22-0.38)a 0.25 (0.20-0.32)a 
 China, NJU summer PM2.5 3.45 0.32 (0.23-0.4)a 0.23 (0.17-0.29)a 

Yang et al. [2005] 
 

 Tokyo winter PM1.0 1.05 (0.91) 0.19  
 Tokyo summer PM1.0 1.28 (1.18) 0.35  

Miyazaki et al. [2006] 
 

 Hong Kong PU winter PM2.5 3.5 (0.5) 0.316  
 Hong Kong PU summer PM2.5 2.1 (0.3) 0.215  
 Hong Kong KT winter PM2.5 3.4 (1.0) 0.384  
 Hong Kong KT summer PM2.5 2.1 (0.9) 0.345  

Ho et al. [2006] 
 
 
 

       
Barcelona winter PM2.5 2.1 (0.8) 0.33  Urban 

background Barcelona summer PM2.5 1.6 (0.7) 0.43  
 Ghent winter PM2.5 2.3 (2.2) 0.40  
 Ghent summer PM2.5 1.0 (0.4) 0.42  

Viana et al. [2007b] 
 
 
 

 Hong Kong Tsuen wan winter PM2.5 3.8 0.41 0.24 
 Hong Kong Tsuen wan summer PM2.5 1.58 0.29 0.14 

Yu [2002] 
 

Suburban China, PMO winter PM2.5 6.4 0.45 (0.4-0.51)a 0.38 (0.32-0.44)a Yang et al. [2005] 
 Hong Kong Hok Tsui winter PM2.5 3.2 0.64 0.46 
 Hong Kong Hok Tsui summer PM2.5 0.91 0.5 0.36 

Yu [2002] 
 

 Hong Kong HT winter PM2.5 2.8 (0.6) 0.513  
 Hong Kong HT summer PM2.5 1.0 (0.3) 0.69  

Ho et al. [2006] 
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Table 5.8 (continued)      
       
 Site and period Size WSOC WSOC/OC WSOC/TC Reference 
Rural Hungary, K-puszta winter (day) PM1.7 1.2(0.3)  0.39 
                                          (night) PM1.7 1.4(0.4)  0.45 
 Hungary, K-puszta summer (day) PM1.7 2.3(0.5)  0.72 
                                          (night) PM1.7 3.0(0.7)  0.68 

Temesi et al. [2003] 
 
 
 

 Hungary, K-puszta Jan.-Sep. 2000 PM1.5  0.71 0.66 Kiss et al. [2002] 
 Hungary, K-puszta summer 1996 PM1.5 2.4 0.52  
 Sweden, Aspvreten summer 1996 PM1.5 1.7 0.80  

Zappoli et al. [1999] 
 

 Po Valley Jan./Feb. 1998 PM1.5 7.1(3.1) 0.47  
                  March/April 1998 PM1.5 2.3(1.5) 0.49  
                  May/Sep. 1998 PM1.5 1.4(0.5) 0.50  
                  Oct./Nov. 1998 PM1.5 3.4(1.4) 0.47  
                  Oct./Feb. 1998-1999 PM1.5 5.7(3.0) 0.38  
                  March/April 1999 PM1.5 2.4(2.8) 0.38  

Decesari et al. [2001] 
 
 
 
 
 

 Hungary, K-puszta summer 1998 PM1.0 4.8 0.63 0.57 
High-alpine Jungfraujoch, Switzerland PM2.5 0.63 0.60 0.47 

Krivácsy et al. [2001] 
 

 
aMean WSOC/OC and WSOC/TC ratios and ranges. 
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campaign. It has to be point out that the comparison of WSOC/OC ratios between 

different studies is risky, because OC is method dependent. 
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6.1. Introduction 

 

Belgium, particularly the Flemish region, is one of the most populated areas in Europe. 

Its residents are exposed daily to ambient air pollution, arising mainly from traffic, 

industrial activities, and domestic heating. One major pollutant is particulate matter. 

Based on aerosol optical thickness data from satellites, Koelemeijer et al. [2006] 

indicated that the Belgium/Netherlands/Ruhr area has among the highest levels in 

Europe for both PM2.5 and PM10 aerosols. For a better understanding of the elevated 

PM levels in Belgium, chemical aerosol characterisation is needed. Such studies in the 

Flemish region began in the 1970s [e.g., Dams, 1973; Heindryckx and Dams, 1974; 

Demuynck and Dams, 1975; Dewiest and Fiorentina, 1977; Van Vaeck et al., 1979; 

Broddin et al., 1980]. However, most of the earlier studies either focused on certain 

toxic compounds (e.g., PAHs) or on the inorganic aerosol components. Except for a 

few studies conducted by the UGent group [Maenhaut et al., 2002b; Viana et al., 

2006a; 2007a; 2007b] little research has been carried out on carbonaceous matter, 

which is a major aerosol component. In this Chapter, results from our carbonaceous 

aerosol studies in Belgium are presented and discussed. Section 6.2 presents the 

results from 4 intensive campaigns at our Ghent site, section 6.3 gives the results from 

a one year study at Uccle, which was done in co-operation with the Royal 

Meteorological Institute of Belgium (RMI), and section 6.4 presents our contribution 

to the Chemkar PM10 project, which was carried out by the VMM. 

 

6.2. Ghent 

 

6.2.1. Introduction 

 

Already in the 1970s through the 1990s a number of atmospheric aerosol studies were 

performed at Ghent [Dams, 1973; Heindryckx and Dams, 1974; Maenhaut and 

Cafmeyer, 1987; Maenhaut et al., 1996b] and since 1998, several intensive sampling 

campaigns were conducted. In this work, the results for carbonaceous aerosols from 4 

of these campaigns (namely, Ghent 2003 winter, 2004 winter, 2004 summer, and 

2005 winter) are presented. During these 4 campaigns, different filter samplers and 

two types of cascade impactors were deployed in order to collect aerosol samples for 

various chemical analyses. In this section, I will focus on the OC, EC, TC, and PM 
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data derived from undenuded low-volume filter holders (PM2.5 and PM10 samplers). 

The results from other samplers have been discussed in previous Chapters (the results 

from the HVDS were presented in section 5.3 and those from comparisons of denuded 

and undenuded sampling setups in section 4.3.3). In this section, the PM, OC, EC, and 

TC concentration levels from 4 different campaigns are presented and compared. The 

contributions of EC to TC, OC to PM, and carbonaceous aerosols (OM+EC) to PM 

are calculated and discussed. Seasonal variations (winter vs. summer) of PM, OC, EC, 

TC, and different ratios are also examined. Comparisons of OC and EC results 

derived from low-volume and high-volume samplers and of gravimetric PM10 mass 

concentrations obtained from quartz fibre filters of low-volume PM10 samplers and 

from Nuclepore polycarbonate filters of Gent PM10 SFU samplers are also given. 

 

6.2.2. Experimental 

 

Details on the sampling site and on the sampling durations for the 4 campaigns were 

given in section 5.2.1. Here, I will only give the information, which relates to the PM 

and carbonaceous aerosol determination for the low-volume samplers. The low-

volume filter samplers deployed consisted of PM2.5 and PM10 filter holders, which 

were described in section 2.1.1. Double quartz fibre filters were used in these filter 

holders. Besides the collections with the PM2.5 and PM10 filter holders, in 3 out of 

the 4 campaigns (i.e., not in the 2003 winter campaign), samples were collected with 

two Gent PM10 SFU samplers (section 2.1.1). All filter samples were analysed for the 

PM by weighing with a microbalance (section 2.2.1). All quartz fibre filter samples 

were analysed for OC and EC using the TOT technique (section 2.2.2). The 

temperature program (protocol) used for these samples was our standard program 

(ST), which has been discussed in detail in section 3.3.1. 

 

6.2.3. Results and discussion 

 

6.2.3.1. PM2.5 and PM10 mass concentrations and PM2.5/PM10 mass ratios 

 

Ranges, medians, means and associated standard deviations for the PM2.5 and PM10 

mass concentrations, as derived from the quartz fibre filters for the 4 campaigns, are 

given in Table 6.1. Compared with earlier studies at the same site, the median PM2.5 
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Table 6.1. Ranges, medians, means and standard deviations for the PM2.5 and 

PM10 mass concentration (in µg/m3), as derived from the quartz fibre 

filters in 4 Ghent campaigns. 

 

PM2.5 mass PM10 mass Campaign 
 Range Median Mean±std. Range Median Mean±std. 
Ghent 2003 W 18.6-71 34 36±13 24-77 40 43±14 
Ghent 2004 W 12.9-66 26 33±16 21-85 36 43±17 
Ghent 2004 S 6.9-26 14.3 15.5±4.8 13.5-35 23 23±5 
Ghent 2005 W 6.8-84 25 27±18 14.1-98 33 38±19 
 

mass concentration of 14.3 µg/m3 for the 2004 summer campaign is comparable to 

that given by Maenhaut et al. [2003] for a summer campaign in 2002 (median of 12.4 

µg/m3). The median PM10 mass concentrations in the 3 winter campaigns and the 

2004 summer campaign are lower than those given by Kubátová et al. [2002] for 

winter and summer campaigns in 1998. This is not so surprising because PM 

concentrations in Europe have been found to decrease since the 1990s [Van Dingenen 

et al., 2004]. It is also very clear from Table 6.1 that the PM concentrations for both 

PM2.5 and PM10 are higher in the winter campaigns than in the summer campaign. 

For both PM2.5 and PM10, the PM has its highest value in the Ghent 2003 winter 

campaign and the lowest one in the Ghent 2004 summer campaign. Higher PM 

concentrations in winter than in summer are common for many countries in Europe 

[Aas et al., 2007] and were also found in the 1998 study at Ghent site [Kubátová et al., 

2002]. The seasonal difference is normally explained by differences in meteorological 

conditions (i.e., the occurrence of surface temperature inversions in winter) and the 

seasonal variations in source strengths and/or air mass origin. At our Ghent site in 

winter, besides the frequent surface temperature inversions, also increased emissions 

from residential heating (wood, coal, and oil) contribute to the elevated PM levels. 

Earlier studies have indicated that wood burning for residential heating in the cold 

period can be significant at our Ghent site; much higher concentrations of the wood 

smoke tracer levoglucosan were found in winter than in summer [Kubátová et al., 

2002; Zdráhal et al., 2002] and Zdráhal et al. [2002] estimated that 35% of the OC at 

our site during winter 1998 was derived from wood burning. Furthermore, elevated 

PM concentrations in winter can occur because of long-range transport during 

“continental or regional episodes” (section 5.3.3); such episodes are more common in 
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winter than in summer. It is also found that the more elevated PM10 mass 

concentrations in the winter campaigns than in the summer campaign are mainly 

caused by fine aerosols (PM2.5). The median of coarse aerosol (PM10-2.5) mass, 

which was calculated by subtraction of the PM2.5 mass from the PM10 mass for each 

individual sample, was 8.3 µg/m3 in the 2004 summer campaign and was 6.1, 9.5, and 

11.3 µg/m3 for the 2003 winter, 2004 winter, and 2005 winter campaigns, respectively. 

In contrast to the large seasonal difference in PM2.5 mass, no clear seasonal 

variations were found for coarse aerosols. It seems to suggest that the occurrence of 

temperature inversions in winter is not the main reason for the seasonal variation for 

PM, as this would cause a mass increase for both fine and coarse aerosols. However, 

it needs to be noted that the coarse aerosol mass derived from quartz fibre filters 

exhibits a large uncertainty, as it is obtained by subtraction of the PM of two 

individual filters. 

 

From Table 6.1, we can further see that the campaign average PM10 mass 

concentrations in the three winter campaigns exceed or are near the EU annual PM10 

standard of 40 µg/m3, which is valid as of 2005 [EU Directive, 2008]. The daily 

PM10 mass concentration exceeded the EU daily limit value (DLV) of 50 µg/m3 on 7 

out of 26 days, 11 out of 35 days, and 9 out 35 days, during the 2003 winter, 2004 

winter, and 2005 winter campaigns, respectively. No exceedences occurred for the 

2004 summer campaign. The EU target is maximum 35 exceedences a year as of 2005. 

As to PM2.5, the campaign average mass concentrations in the 3 winter campaigns 

are higher than the EU annual PM2.5 limit value of 25 µg/m3, which is to be met by 

2015 [EU Directive, 2008]. In contrast, the campaign average for summer 2004 is 

only 15.5 ± 4.8 µg/m3, which resembles the US EPA annual cap value of 15 µg/m3 

[National Ambient Air Quality Standards for particle pollution, 2006]. 

 

As indicated above, from the 2004 winter campaign on, PM was also obtained by 

weighing Nuclepore and Teflo filters from Gent PM10 SFU samplers. Ranges, 

medians, means and associated standard deviations for the PM2.0 and PM10-2.0 mass 

concentrations, as derived from two Gent SFU samplers in the 3 campaigns, are given 

in Table 6.2. Similar to what was found for PM data derived from quartz fibre filters, 

the median PM2.0 mass concentrations derived from both SFU samplers are clearly 

higher in the two winter campaigns than in the summer campaign, whereas the 



Chapter 6: Carbonaceous aerosols in Belgium 

157 

 

 

Table 6.2. Ranges, medians, means and standard deviations for the PM2.0 and PM10-2.0 mass concentration (in µg/m3), as derived from the 

SFU sampler with coarse Nuclepore and fine Teflo filter (GNT) and the SFU sampler with two Nuclepore filters (GNN) in 3 Ghent 

campaigns. 

 

PM2.0 mass PM10-2.0 mass 
GNN GNT GNN GNT 

Campaign 
 
 Range Median Mean Range Median Mean Range Median Mean Range Median Mean 
Ghent 2004 W 9.2-53 18.6 24±13 9.5-53 18.5 25±13 3.9-24 10.5 11.2±4.4 4.3-24 11.3 11.5±4.7 
Ghent 2004 S 5.4-15.1 9.8 10.0±2.8 5.2-16.5 9.9 10.2±2.8 5.1-16.5 9.0 9.1±2.8 5.0-14.1 8.1 8.6±2.7 
Ghent 2005 W 4.4-61 13.6 18.6±12.8 3.7-61 14.8 18.8±14.4 3.9-22 9.7 10.4±3.8 4.1-22 10.0 11.3±4.3 
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median PM10-2.0 mass concentrations of the 3 campaigns are comparable. This 

confirms that the seasonal difference in PM10 mass concentrations at the Ghent site is 

mainly caused by differences in fine aerosols (PM2.5 or PM2.0). Furthermore, for 

PM10, the PM concentrations derived from the SFU samplers (sum of the PM from 

two filters) were systematically lower than those derived from the quartz fibre filters. 

The average ratios (PM from quartz filter)/(PM from SFU with two Nuclepore filters) 

for PM10 in the 3 campaigns were 1.23 ± 0.09, 1.18 ± 0.21, and 1.34 ± 0.19 for the 

2004 winter, 2004 summer, and 2005 winter campaigns, respectively. As seen from 

Table 6.2, the PM data from the SFU sampler with coarse Nuclepore and fine Teflo 

filter were almost identical to those from the SFU sampler with two Nuclepore filters. 

Similar findings were observed in earlier studies [Maenhaut et al., 2001; Salma et al., 

2004]. The differences between quartz fibre filters, on one hand, and Nuclepore or 

Teflo filters, on the other hand, are attributed to sampling artifacts (loss of semi-

volatile compounds (e.g., ammonium nitrate) and/or adsorption of VOCs). As 

mentioned in section 4.1.1, it is generally assumed that the positive sampling artifacts 

(adsorption of VOCs) prevail in collections with quartz fibre filters. It is interesting to 

note that the difference between PM from quartz and Nuclepore filters appears to be 

higher in winter than in summer. However, we only have one summer campaign here, 

so that it is difficult to draw firm conclusions. This issue will be discussed later in 

section 6.3. 

 

The mean PM2.5 to PM10 mass ratios of the 4 campaigns, as derived from quartz 

fibre filters, varied from 0.65 to 0.84, with higher ratios found in the winter 

campaigns (Figure 6.1). A similar seasonal trend was found for the PM2.0/PM10 

mass ratios derived from the two SFUs. The ratios, as derived from the SFU with two 

Nuclepore filters, were 0.53 ± 0.11, 0.66 ± 0.11, and 0.60 ± 0.15 for the Ghent 2004 

summer, 2004 winter, and 2005 winter campaigns, respectively. The ratios derived 

from the SFU with Nuclepore and Teflo filters were 0.55 ± 0.11, 0.66 ± 0.11, and 0.57 

± 0.17 for the Ghent 2004 summer, 2004 winter, and 2005 winter campaigns, 

respectively. This indicates that the particulate matter at Ghent is predominantly in the 

fine size fraction and that the proportion of the fine fraction increases during winter 

time. Furthermore, the correlation between the PM2.5 and PM10 mass concentrations 

is higher in the winter campaigns than in the summer campaign (R2 = 0.94, 0.95, and 

0.96 for the 2003, 2004, and 2005 winter campaigns, respectively, versus 0.86 for the 
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2004 summer campaign). The larger PM2.5/PM10 mass ratio in winter suggests that 

the contribution from anthropogenic emissions (traffic, heating systems) relative to 

that from natural sources (soil dust and sea salt) is larger in this season. 

Anthropogenic aerosols are mostly present in the fine size fraction, whereas particles 

from natural sources mostly occur in the coarse fraction. 
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Figure 6.1. PM2.5 to PM10 ratios for the PM, OC, and EC in 4 Ghent campaigns, 

as derived from low-volume PM2.5 and PM10 samplers. The error bars 

represent the standard deviation. 

 

6.2.3.2. OC, EC, and TC concentrations 

 

The ranges, medians, means and associated standard deviations for OC, EC, and TC 

in the 4 campaigns are presented in Table 6.3 for PM2.5 and Table 6.4 for PM10. 

When we compare our PM2.5 TC data (Table 6.3) with those reported by Querol et al. 

[2004] for selected European cities, it appears that our mean PM2.5 TC 

concentrations in the three winter campaigns are in the lower middle range of the data 

for urban background sites in central Europe (5-8 µg/m3), whereas our TC 

concentration in summer is low and out of the range for the urban background sites in 

central Europe and comparable to that found for urban background sites in north 

Europe (2-3 µg/m3). With regard to PM10 TC data, compared with those from the two 

urban background sites in the EMEP program [Yttri et al., 2007], our mean TC 
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Table 6.3. Ranges, medians, means and associated standard deviations for the PM2.5 OC, EC, and TC concentration (in µg/m3) during 4 

Ghent campaigns. 

 

OC EC TC Campaign 
 Range Median Mean±std. Range Median Mean±std. Range Median Mean±std. 
Ghent 2003 W 1.09-13.1 3.8 5.3±3.4 0.74-5.2 1.38 1.95±1.27 2.3-17.2 5.2 7.3±4.5 
Ghent 2004 W 1.50-11.6 4.6 5.3±2.5 0.41-1.80 0.85 0.97±0.36 2.4-13.3 5.3 6.2±2.7 
Ghent 2004 S 0.94-4.5 2.6 2.6±0.9 0.41-1.50 0.85 0.85±0.32 1.35-5.9 3.4 3.4±1.1 
Ghent 2005 W 0.65-20 3.4 5.0±4.3 0.38-2.8 1.09 1.19±0.58 1.20-22 4.5 6.2±4.6 

 

Table 6.4. Ranges, medians, means and associated standard deviations for the PM10 OC, EC, and TC concentration (in µg/m3) during 4 

Ghent campaigns. 

 

OC EC TC Campaign 
 Range Median Mean±std. Range Median Mean±std. Range Median Mean±std. 
Ghent 2003 W 1.24-13.6 4.7 6.0±3.9 0.83-5.6 1.43 1.97±1.27 2.8-19.2 6.1 8.3±5.1 
Ghent 2004 W 2.0-14.8 5.8 6.5±2.9 0.41-1.83 0.84 0.98±0.37 3.2-16.7 6.5 7.6±3.1 
Ghent 2004 S 1.42-5.5 3.5 3.4±1.0 0.56-2.0 1.02 1.05±0.42 2.0-7.0 4.5 4.4±1.2 
Ghent 2005 W 0.88-22 4.0 5.8±4.6 0.47-2.4 1.26 1.23±0.45 1.57-25 5.1 7.0±4.9 
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concentrations in the Ghent winter campaigns (Table 6.4) are higher than the ambient 

winter time average TC concentration found at the same site (6.5 ± 3.7 µg/m3), but 

lower than the value found at the other urban background site (9.3 ± 4.4 µg/m3, at San 

Pietro Capofiume, Italy). Our mean PM10 TC concentration for the Ghent 2004 

summer campaign is lower than the ambient summer time average TC concentrations 

at both urban background sites in the EMEP study. The low TC value derived from 

our low-volume samplers in the 2004 summer campaign was confirmed by parallel 

sampling with a HVDS (section 5.3.2) and high-volume PM2.5 and PM10 samplers in 

the same campaign [Viana et al., 2006a]. The unusual cool and rainy weather could be 

one reason for the low OC (and TC) concentration in that summer. 

 

It can be seen from Tables 6.3 and 6.4 that the TC and OC concentrations in both 

PM2.5 and PM10 exhibit similar seasonal variations as the PM, with higher values in 

the 3 winter campaigns than in the summer campaign. Similar seasonal variations 

were also found for OC and TC derived from the HVDS (section 5.3.2). Within the 3 

winter campaigns, however, OC and TC are not exactly following PM. For both 

PM2.5 and PM10, the highest median PM concentration was found in the 2003 winter 

campaign, whereas for OC, the highest median value occurred in the 2004 winter 

campaign. This indicates that the relative contributions of OC and of other major 

aerosol components (e.g., the secondary inorganic aerosol (SIA) species ammonium, 

nitrate, and non-sea-salt sulphate) were not the same in these two campaigns. With 

regard to EC, no clear seasonal variations were found. The EC concentrations in both 

PM2.5 and PM10 were highest during the 2003 winter campaign; the EC medians in 

the 2003 winter campaign were 26.6% and 13.5% larger in PM2.5 and PM10, 

respectively, than the second highest median EC levels (2005 winter campaign). With 

the exception of the 2003 winter campaign, the EC concentrations were rather similar 

in the different campaigns. 

 

A comparison of the PM2.5 OC and EC data from the HVDS and the low-volume 

samplers is presented in Table 6.5. The ratios were calculated on a sample by sample 

basis and then averaged over all samples from the same campaign. The HVDS data 

appear to be systematically lower than the data from the low-volume samplers. The 

same was found in various other campaigns and attributed to systematic 

overestimation (by about 10-20%) of the air volume for the HVDS [Decesari et al., 
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2006]. For the 4 Ghent campaigns the average HVDS to low-volume sampler ratio for 

PM2.5 OC varies from 0.81 to 0.89. It is interesting to note that the ratios in the 3 

winter campaigns were nearly identical and they were around 9% higher than the ratio 

in the Ghent 2004 summer campaign. This seems to suggest that the difference in OC 

concentrations derived from the two types of samplers may be seasonally dependent. 

For EC, there is a larger spread in HVDS to low-volume sampler ratios. A very low 

ratio was found for the 2003 winter campaign; it is far lower than in the other 

campaigns. The reason for the large discrepancy between HVDS and low-volume 

PM2.5 EC in the 2003 winter campaign is unclear. However, it may be related to the 

relatively higher EC concentrations derived from the low-volume filter samplers in 

this campaign. 

 

Table 6.5. Average HVDS/(low-volume sampler) concentration ratios and 

associated standard deviations for PM2.5 OC and EC in 4 Ghent 

campaigns. 

 
Campaign 
 

OC 
HVDS/low-volume 

EC 
HVDS/low-volume 

Ghent 2003 winter 0.89±0.09 0.54±0.17 
Ghent 2004 winter 0.89±0.11 0.84±0.19 
Ghent 2004 summer 0.81±0.19 0.97±0.21 
Ghent 2005 winter 0.88±0.18 0.80±0.31 

 

Average PM2.5 to PM10 concentration ratios were calculated for OC and EC; the 

results are shown in Figure 6.1. EC is predominantly associated with the fine size 

fraction during all campaigns. In winter, nearly all EC is present in the fine size 

fraction (the PM2.5 to PM10 ratios are close to 1), indicating the anthropogenic origin 

of EC. In the summer 2004 campaign, the PM2.5/PM10 ratio for EC is somewhat low; 

around 18% of the EC seems to exist in the PM10-2.5 size fraction. This EC may 

originate from the resuspension of EC present in road dust. Also OC is mainly 

associated with the fine size fraction. The PM2.5/PM10 ratios for OC in the 3 winter 

campaigns are larger than in summer. The coarse primary OC produced by the 

vegetation (e.g., spores, pollen) in summer is likely responsible for the relatively 

lower PM2.5 to PM10 OC ratio in this season. 
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Table 6.6. Means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in PM2.5 during 4 Ghent campaigns. 

 

Campaign EC/TC OC/PM (OM+EC)/PM 
Ghent 2003 W 0.28±0.09 0.14±0.05 0.25±0.09 
Ghent 2004 W 0.18±0.08 0.16±0.05 0.27±0.08 
Ghent 2004 S 0.25±0.07 0.17±0.04 0.29±0.07 
Ghent 2005 W 0.24±0.10 0.17±0.06 0.30±0.10 

 

Table 6.7. Means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in PM10 during 4 Ghent campaigns. 

 

Campaign EC/TC OC/PM (OM+EC)/PM 
Ghent 2003 W 0.25±0.07 0.13±0.05 0.23±0.09 
Ghent 2004 W 0.14±0.06 0.15±0.04 0.24±0.05 
Ghent 2004 S 0.24±0.07 0.15±0.04 0.26±0.06 
Ghent 2005 W 0.23±0.11 0.14±0.05 0.23±0.07 

 

6.2.3.3. EC/TC, OC/PM, and (OM+EC)/PM ratios 

 

The means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in both PM2.5 and PM10 are given in Tables 6.6 and 6.7, 

respectively. With regard to the EC/TC ratio, it can be seen from Tables 6.6 and 6.7 

that it is clearly lower in the 2004 winter campaign than in the other campaigns for 

both size fractions. If we exclude the ratio from the 2004 winter campaign, our EC/TC 

ratios for PM10 in the other 3 campaigns compare very well with those (0.23-0.25) 

found by Kubátová et al. [2002] at the same site. However, the low EC/TC ratios for 

the 2004 winter campaign are in line with the results from the HVDS (section 5.3.4). 

As seen in Table 5.5 for the PM2.5 size fraction from the HVDS, the lowest EC/TC 

ratios were also found in the 2004 winter campaign. Tables 6.6 and 6.7 further show 

that for both PM2.5 and PM10 the highest EC/TC ratios were found in the 2003 

winter campaign. From the OC and EC data in Tables 6.3 and 6.4, we can see that the 

higher EC/TC ratios in the 2003 winter campaign are mainly due to the higher EC 

concentrations in this campaign. This does not agree with the EC/TC ratios we 

obtained from the HVDS. For the PM2.5 size fraction from the HVDS, a higher 
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EC/TC ratio was found in the summer campaign than in all winter campaigns (Table 

5.5). This was explained by increased contribution from wood burning for residential 

heating in winter at Ghent, which lowers the EC/TC ratio in winter. From comparing 

the EC/TC ratios of Tables 5.5 (HVDS) and 6.6 (low-volume sampler), it is seen that 

the largest difference between the two samplers exists for the 2003 winter campaign. 

This is due to the large discrepancy in EC between HVDS and low-volume samplers 

in the 2003 winter campaign. If we exclude the data from the 2003 winter campaign 

in Tables 6.6 and 6.7, the EC/TC ratios of the two other winter campaigns are lower 

than that in the summer campaign, which is in line with the EC/TC trend found for the 

HVDS, although the seasonal variation is much less clear than for HVDS. 

 

Tables 6.6 and 6.7 show that the contributions of OC to the PM2.5 and PM10 mass 

are rather similar in 3 out the 4 campaigns (16-17% for PM2.5 and 14-15% for PM10), 

with the exception being the 2003 winter campaign, which shows slightly lower ratios 

(14% for PM2.5 and 13% for PM10). In all campaigns higher ratios were found for 

the PM2.5 size fraction. This seems to indicate that the contribution from OC to the 

PM was larger for the fine aerosols (PM2.5) than for the coarse aerosols (PM10-2.5). 

 

The TOT method provides OC data in terms of carbon mass, but the organic matter 

also contains other elements. Therefore, the OC data have to be converted to data for 

organic matter using an OC-to-OM conversion factor, which represents the ratio of 

the total weight of organic matter to the weight of the carbon atoms in the organic 

molecules. In order to convert OC data into organic aerosol mass, factors ranging 

from 1.2 to 1.8 are used in the literature [Seinfeld and Pandis, 1998]. Turpin and Lim 

[2001] suggested to use an OC-to-OM conversion factor of 1.6 ± 0.2 for urban 

aerosols and of 2.1 ± 0.2 for non-urban aerosols, but they also indicated that more 

research on the topic is needed. Since then, several more papers on this topic have 

been published. While there is a consensus that the factor is lower for freshly emitted 

organic matter at urban sites than for aged or rural aerosols, which factor should be 

used for a particular site or data set is far from clear, so that the derived organic 

aerosol mass has a substantial associated uncertainty. In this work and for the Ghent 

site, a conversion factor of 1.4 was consistently used. With this factor a very good 

aerosol chemical mass closure was obtained for various sampling campaigns at Ghent 

[Maenhaut and Claeys, 2007]. 
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It can be seen from Tables 6.6 and 6.7 that carbonaceous aerosols (i.e., OM+EC) 

contribute 25-30% to the PM in PM2.5, and 23-26% in PM10. Carbonaceous aerosols 

are thus clearly an important aerosol type at our Ghent site. Although the 

(OM+EC)/PM ratio for both PM2.5 and PM10 is somewhat larger in summer than in 

winter, it is hard to conclude that there is a seasonal pattern in the contribution of 

carbonaceous aerosols to PM, since there was only one summer campaign. 

 

6.3. Uccle 

 

6.3.1. Introduction 

 

In 2006, a study was undertaken at Uccle to examine the relationship between the 

vertical column-integrated aerosol optical depth (AOD), the boundary layer aerosol 

characteristics, and the meteorological parameters, including air mass origin and 

mixing height. As part of this study, four filter samplers (two with a PM2.5 inlet and 

two with a PM10 inlet) with either Nuclepore polycarbonate filters or quartz fibre 

filters were set up to collect aerosol samples for gravimetric determination of the PM 

and for detailed chemical aerosol characterisation. In this section, we present and 

discuss the results from the OC/EC analysis by TOT and also the PM data for the 

filter samples. Emphasis is given to the examination of the seasonal variation in the 

atmospheric concentrations of the carbonaceous aerosols and the PM and of the 

seasonal variation in the EC/TC, OC/PM, EC/PM and (OM+EC)/PM ratios. 

 

6.3.2. Experimental 

 

6.3.2.1. Aerosol sampling 

 

The samplings were conducted at an urban background site (50º48’N, 4º21’E) at 

Uccle near Brussels in Belgium. Uccle is a mainly residential community located in 

the south of the Brussels capital region, with a population of 75,000. The samplers 

were set up on the roof of the Royal Meteorological Institute, at 17 m above ground, 

100 m above sea level. The site is about 50 km east-southeast of our Ghent sampling 

site. Samplings were performed in parallel with 4 low-volume samplers (section 

2.1.1). Two of the four samplers (PM2.5Q and PM2.5N) were PM2.5 samplers; two 
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quartz fibre filters (Q1 and Q2) were used in series in PM2.5Q and a 0.4 µm pore size 

Nuclepore polycarbonate filter in PM2.5N. The other two samplers (PM10Q and 

PM10N) were PM10 collectors; similarly as for the PM2.5 samplers, two quartz fibre 

filters (Q1 and Q2) were used in series in PM10Q and in PM10N a Nuclepore 

polycarbonate filter was used. All quartz fibre filters were Whatman QM-A filters 

which had been pre-fired at 550 °C during 24 hours to remove organic contaminants. 

Samples were collected from 4 January to 30 November 2006 during the day-time and 

only on days with no or few clouds when 50% or more valid AOD data were expected. 

A total of 109 collections were performed with each sampler. Of the 109 parallel 

aerosol collections, 20 were made during winter (January and February), 32 in spring 

(March, April, and May), 20 in summer (July and August), and 37 in fall (September, 

October, and November). The collection time per sampling varied from 4.5 to 12 

hours, with a median of 7.5 hours, and was longer in summer and shorter in winter. 

 

6.3.2.2. Meteorological conditions 

 

The average ambient temperature (and associated standard deviation) during the 

samplings was 2.7 ± 2.5 °C, 8.3 ± 4.7 °C, 24.3 ± 4.3 °C, and 16.2 ± 5.1 °C during 

winter, spring, summer, and fall, respectively. The fall temperatures were abnormally 

high for Belgium, and also in other West-European countries. Furthermore, winter 

was somewhat abnormal in the sense that there was a strong air pollution episode with 

high PM levels at the end of January and beginning of February, which persisted from 

western to central Europe. 

 

6.3.2.3. PM and OC/EC determination 

 

PM was determined by weighing the filters before and after sampling (section 2.2.1). 

All quartz fibre filters were analysed for OC and EC by the TOT technique (section 

2.2.2), using the temperature program NIOSH2 (N2, section 3.3.1). Besides for the 

PM, the Nuclepore filters were also analysed for BC with a light reflectance technique 

and for up to 29 elements (from Na to Pb) by PIXE and for major anions and cations 

by ion chromatography [Maenhaut et al., 2007]. In this thesis, however, only the 

carbonaceous data derived from the quartz fibre filters and the PM data are presented. 
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6.3.3. Results and discussion 

 

6.3.3.1. Particulate mass 

 

6.3.3.1.1. Comparison of PM derived from Nuclepore filters and quartz fibre 

filters 

 

As discussed in section 6.2.3.1 for the Ghent site, quartz fibre filters result in 

systematically larger PM10 mass concentrations than Nuclepore polycarbonate filters 

(18 to 34% higher at that site), and the difference between the two types of filters 

seems larger in winter than in summer. However, it needs to be noted that at the 

Ghent site different sampling devices were used for the Nuclepore filters and quartz 

fibre filters. Aerosols on Nuclepore filters were collected with SFU samplers, while a 

low-volume filter holder was used for the quartz fibre filters. The SFU sampler 

separates the PM10 aerosols into PM10-2.0 and PM2.0 size fractions, and the PM10 

mass for this sampler is obtained as the sum of the PM of two individual filters. This 

introduces some uncertainty in the PM determination, and therefore in the comparison. 

Furthermore, at the Ghent site, no PM2.5 mass data were available from the 

Nuclepore filters. A comparison of PM2.5 mass between Nuclepore and quartz fibre 

filters was therefore impossible for that site. At Uccle, the Nuclepore filters and quartz 

fibre filters were applied in the same type of sampling devices and collected both 

PM2.5 and PM10 aerosols in parallel. This enabled us to do a better comparison of 

PM derived from these two types of filters. On the other hand, the sampling time was 

much shorter in Uccle than in Ghent (median of 7.5 hours versus 24 hours), so that 

much less aerosol mass was collected per sample and the relative uncertainty of the 

PM data was much larger. Especially the PM data from the quartz fibre filters suffered 

from this problem. 

 

Scatter plots of daily PM2.5 and PM10 mass obtained from Nuclepore filters 

(PM2.5N and PM10N) and quartz fibre filters (PM2.5Q and PM10Q) during the 

sampling campaign are presented in Figure 6.2. Medians (and ranges) of PM2.5 and 

PM10 mass concentration obtained from the quartz and Nuclepore filters, together 

with the mean (quartz fibre filter)/(Nuclepore filter) ratios and standard deviations in 

the 4 seasons are given in Table 6.8; the ratios were calculated on a sample by sample 
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Figure 6.2. Scatter plots of PM2.5 (top) and PM10 (bottom) mass concentrations 

obtained from quartz fibre filter (ordinate) and Nuclepore filters 

(abscissa) at Uccle in 2006. 
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Table 6.8. Medians (ranges) for the PM2.5 and PM10 mass concentrations (in µg/m3) obtained from Nuclepore and quartz fibre filters at the 

Uccle site, together with the mean (quartz fibre filter PM)/(Nuclepore filter PM) ratios and standard deviations (ratios calculated on 

a sample by sample basis and averaged per season). No correction for artifacts was applied to the data, the data for the samplers 

with quartz fibre filters are front filter data. 

 

 PM2.5N 
Median (range) 

PM2.5Q 
Median (range) 

PM2.5Q 
/PM2.5N 

PM10N 
Median (range) 

PM10Q 
Median (range) 

PM10Q 
/PM10N 

Winter 35 (21-70) 46 (14.2-85) 1.33±0.49 44 (19.4-84) 56 (22-114) 1.38±0.62 
Spring 13.9 (4.3-56) 17.8 (-0.77-119) 1.34±0.56 23 (11.2-61) 21 (-21-79) 0.79±0.57 
Summer 10.2 (4.9-23) 13.4 (-1.47-28) 1.05±0.57 21 (11.9-38) 24 (2.9-44) 1.04±0.35 
Fall 10.2 (3.3-37) 15.3 (0.60-49) 1.36±0.58 22 (4.9-59) 29 (11.6-77) 1.40±0.45 
All 13.8 (3.3-70) 18.4 (-1.47-119) 1.29±0.56 24 (4.9-84) 33 (-21-114) 1.15±0.57 

 

Table 6.9. Annual medians (ranges) and means and associated standard deviations for the PM, TC, OC, and EC concentrations in PM2.5, 

PM10 and PM10-2.5 size fractions at Uccle site (all data are in µg/m3). 

 
PM2.5 PM10 PM10-2.5  

Median (range) Mean±std.dev. Median (range) Mean±std.dev. Median (range) Mean±std.dev. 
PM 13.8 (3.3-70) 18.7±14.3 24 (4.9-84) 29±16 8.9 (-1.11-23) 9.9±4.5 
TC 3.2 (-0.26-22) 4.6±4.2 4.7 (0.61-26) 6.0±4.6 1.54 (-1.84-4.0) 1.48±0.81 
OC 2.7 (-0.48-19.4) 3.8±3.7 3.8 (0.45-22) 5.0±3.9 1.18 (-2.0-2.8) 1.19±0.72 
EC 0.71 (0.05-3.4) 0.87±0.57 0.89 (-0.04-4.3) 1.10±0.74 0.18 (-0.21-1.87) 0.23±0.25 
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basis and then averaged over all samplings of the same season. As can be seen from 

Figure 6.2 and the ranges for the PM in Table 6.8, the PM data from the quartz fibre 

filters are more scattered than those from the Nuclepore filters. This may be due to the 

relatively high uncertainty of the mass determination for quartz fibre filters (30 µg) 

compared to Nuclepore filters (5 µg) [Salma et al., 2004; Hitzenberger et al., 2004]. 

Furthermore, from the slopes and offsets in Figure 6.2 and the median values and 

ratios in Table 6.8, one can easily see that, except for PM10 in spring, the PM data 

from the quartz fibre filters are systematically larger than those from the Nuclepore 

filters (4 to 40%), which is consistent with our findings for Ghent. Higher PM 

concentrations from quartz fibre filters than from Nuclepore or Teflon filters were 

also found in several earlier studies [Krivácsy et al., 2001; Maenhaut et al., 2001; 

Salma et al., 2004]. The mean PM10Q/PM10N ratio in spring is 0.79, which is the 

only PMQ/PMN ratio smaller than 1.0. This outlier seems to be due to lower PM 

values derived from PM10Q. The spring PM data from the other samplers (PM2.5N, 

PM2.5Q, and PM10N) are the second largest of all four seasons, whereas the spring 

PM data derived from PM10Q are the lowest of all seasons. Several PM data from 

PM10Q turned out to be negative in spring (note that all data were blank-corrected 

using field blanks). From Table 6.8, we can see that the PM2.5Q/PM2.5N ratio is 

lower in summer than in the other seasons and more close to 1.0. This is also true for 

PM10 if we exclude the data from spring. This is in agreement with our findings for 

PM10 at Ghent. It is difficult to explain this seasonal variation by positive artifacts, 

because we know from our tandem filter that positive artifacts (at least for OC) are 

normally more important in summer. The seasonal difference in PMQ/PMN ratios 

could point to negative artifacts. It is possible that the evaporation losses of important 

semi-volatile inorganic species (e.g., ammonium nitrate) were more pronounced for 

the inert filters (Teflon, Nuclepore) than for the quartz fibre filters. However, it should 

be noted that the latter filters are also subject to evaporation loss. Schaap et al. [2004] 

indicated that there is complete evaporation of aerosol nitrate from quartz fibre filters 

at temperatures exceeding 25 °C and full retention at temperatures less than 20 °C. At 

temperatures between 20 and 25 °C the retention is on average 50%, but with high 

variability. The average temperature during summer sampling at the Uccle was 24.3 

°C, which is favourable for the evaporation of ammonium nitrate on quartz fibre 

filters. In combination with the fact that the samples were only collected during clear 

sky days, we may assume that the evaporation of ammonium nitrate on our quartz 
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fibre filters was more pronounced in summer than in the other 3 seasons, so that the 

difference between the PM data from quartz fibre and Nuclepore filters became 

smaller. 

 

Due to the large uncertainty in the PM data from the quartz fibre filters from Uccle, 

the PM data from the Nuclepore filters are used as gravimetric PM data from now on 

and also for the calculation of the OC/PM, EC/PM and (OM+EC)/PM ratios for Uccle. 

 

6.3.3.1.2. PM2.5 and PM10 mass concentrations 

 

The annual medians (and ranges) and means (and associated standard deviations) for 

the PM, TC, OC, and EC at Uccle are given in Table 6.9. Querol et al. [2004] reported 

in their European multi-city study that the annual mean mass concentrations of PM2.5 

and PM10 varied in the range of 16-30 µg/m3 and 24-38 µg/m3, respectively, for 

urban background sites in central Europe (examples from Austria, Berlin, Switzerland, 

The Netherlands, UK). Both the annual average mass concentrations at Uccle in 

PM2.5 (18.7 ± 14.3 µg/m3) and PM10 (29 ± 16 µg/m3) fall into the lower end of those 

ranges. Our annual PM2.5 and PM10 median mass concentrations at Uccle (Table 6.9) 

are somewhat lower than the PM results obtained at Ghent and Waasmunster in the 

1990s [Maenhaut et al., 1996b; Maenhaut and Cafmeyer, 1998]. This is not a surprise; 

Van Dingenen et al. [2004] pointed out that the PM levels at Waasmunster and Ghent 

in the 1990s have to be considered as 20-30% larger than in more recent years, mainly 

due to a generally European-wide downward trend in SO2 emissions during the last 

decade, which is being reflected in a downward trend in particulate sulphate. 

Compared with our recent data at Ghent, the annual median PM2.5 and PM10 mass 

concentrations at Uccle are comparable to the median PM2.0 mass concentration 

(13.6 µg/m3) and PM10 mass concentrations (24 µg/m3), as derived from the SFU 

sampler with two Nuclepore filters during the Ghent 2005 winter campaign. 

 

With regard to compliance with the limit values of the EU directives, our annual 

average PM10 mass concentration at Uccle does not exceed the EU annual PM10 

standard 40 µg/m3 valid since 2005 [EU Directive, 2008], whereas the PM2.5 annual 

average concentration is below the EU annual limit value of 25 µg/m3 which is to be 

met by 2015 [EU Directive, 2008]. The EU 24-h PM10 DLV of 50 µg/m3 was 
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exceeded on 10 days out of the total of 109 sampling days. The EU target is 35 

exceedences a year from 2005 (this is equivalent to the 90 percentile being lower than 

50 µg/m3) [Van Dingenen et al., 2004]. The 90 percentile of our PM10 mass data at 

Uccle is 46 µg/m3. It seems thus that the EU daily limit value of 2005 was achieved at 

the Uccle site. It needs to be noted that the EU annual and daily limit values are based 

on air filtration through quartz fibre filters, whereas the PM data in Table 6.9 are 

derived from Nuclepore filters. If we use the data from the quartz fibre filters, the 

annual average PM10 mass is 33.3 ± 22.3 µg/m3, which is still lower than the annual 

limit value of 40 µg/m3, but the 90 percentile of PM10 mass is 60 µg/m3, which 

corresponds to more than 35 exceedence days in a year. This seems to indicate that 

the EU daily limit value of 2005 was actually not achieved at the Uccle site. This is in 

agreement with PM results from the network of monitoring stations in Belgium, 

which indicates that about half of the monitoring stations did not achieve the EU 

directive of less than 35 days with daily mean PM10 concentration higher than 50 

µg/m3 in 2005 and for 2006 the situation was even worse [Maenhaut, 2007]. By 

checking the PM data sample by sample, it was found that the exceedence days 

occurred mainly in winter (7 out of 10 for mass derived from Nuclepore filters, 16 out 

of 24 for mass derived from quartz fibre filters), no exceedence day was noted in 

summer. This is in consistent with our findings at Ghent. 
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Figure 6.3a. Seasonal variation in the concentration of the PM, TC, OC, and EC for 

PM2.5. The data plotted are medians and interquartile ranges. 
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Uccle 2006: Median in PM10 size fraction
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Figure 6.3b. Seasonal variation in the concentration of the PM, TC, OC, and EC for 

PM10. The data plotted are medians and interquartile ranges. 

 

Uccle 2006: Median in coarse (PM10-2.5) size fraction
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Figure 6.3c. Seasonal variation in the concentration of the PM, TC, OC, and EC for 

the coarse (PM10-2.5) size fraction. The data plotted are medians and 

interquartile ranges. 

 

For a better understanding of the seasonal variation of the aerosol in Uccle, the 

median concentrations (and interquartile ranges) of the PM, TC, OC, and EC in the 

different seasons are shown in Figures 6.3a, b, and c for PM2.5, PM10, and PM10-

2.5, respectively. Clearly higher atmospheric PM2.5 and PM10 mass levels were 

observed in winter than in the other three seasons. In both size fractions, spring 
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follows winter showing the second highest median PM concentration. The median 

concentrations in winter are higher than those in the other 3 seasons by factors 

ranging from 2.5 to 3.4 for PM2.5 and factors ranging from 1.94 to 2.1 for PM10. The 

higher seasonal differences in the factors for PM2.5 than for PM10 indicate that the 

elevated PM10 mass concentrations in winter were caused by fine aerosols (PM2.5). 

This is confirmed by the seasonal median coarse PM concentrations which are shown 

in Figure 6.3c; there is very little difference between the different seasons for this size 

fraction. This is in line with the results from the PIXE analyses on the same samples 

[Maenhaut et al., 2007]. For the typical crustal elements (Al, Si, Ca, and Ti), which 

are predominantly associated with coarse aerosols, there was little difference between 

the different seasons. This is also in agreement with the results from the Ghent site, 

where we found comparable coarse fraction (PM10-2.0 and PM10-2.5) PM 

concentrations in the winter and summer campaigns (section 6.2.3.1). It has to be 

noted that the data for the coarse size fraction are obtained by subtracting PM2.5 data 

from PM10 data; therefore, they have a larger associated uncertainty than the PM2.5 

and PM10 data. On the other hand, by using identical samplers for the collection of 

PM10 and PM2.5, it can be argued that the artifact in absolute terms is rather similar 

for the two size fractions; hence, the coarse data, obtained by subtracting PM2.5 from 

PM10, should be little affected by artifacts. As mentioned above, higher PM 

concentrations in winter for a specific site are frequently found in aerosol studies in 

Europe, and they are normally explained by meteorological conditions (i.e., the 

occurrence of surface temperature inversions in winter). The lack of seasonal 

variation for coarse PM and crustal elements seems to indicate that the differences in 

the seasonal patterns of the PM at Uccle cannot only be attributed to the occurrence of 

surface temperature inversions. Seasonal variations in source strengths and/or air mass 

origin clearly also contributed to the observed differences. 

 

Compared with the PM data from Ghent, the seasonal difference (winter vs. summer) 

for PM2.5 and PM10 mass concentrations is much larger at Uccle than at Ghent. If we 

compare the PM data, which were derived from the quartz fibre filters, of Uccle 

(Table 6.8) and Ghent (Table 6.1), we can see that the median PM2.5 and PM10 mass 

concentrations at Uccle in summer are similar to the data found at Ghent in summer 

2004. This is not surprising because both sites are urban background sites and only 50 

km away from each other. In winter, however, the median PM2.5 and PM10 mass 
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concentrations at Uccle were much higher than those found in the Ghent winter 

campaigns. The high PM concentrations at Uccle during winter were essentially due 

to the strong air pollution episode with high PM levels at the end of January and 

beginning of February of 2006, which persisted from western to central Europe. This 

episode also caused the huge seasonal difference in PM (with much higher 

concentrations in winter) at Uccle. 

 

6.3.3.1.3. PM2.5/PM10 mass ratios 

 

The seasonal and annual average PM2.5/PM10 ratios for the PM, as derived from the 

Nuclepore filters, are given in Table 6.10. All these ratios are larger than 0.5, 

indicating that the particulate matter at Uccle is predominantly in the fine size 

fraction. The annual average PM2.5/PM10 mass ratio at Uccle agrees with the 

PM2.5/PM10 mass ratios reported for a variety of locations in Europe [Van Dingenen 

et al., 2004]. The PM2.5/PM10 mass ratios in the latter study range from 0.57-0.87, 

with an average of 0.73. Compared with our studies at Ghent, the PM2.5/PM10 mass 

ratio for winter at Uccle is comparable to that found in the Ghent 2003 winter 

campaign and the ratio in summer at Uccle is lower than that found in Ghent 2004 

summer campaign. It needs to be noted that the PM2.5/PM10 mass ratios in Table 

6.10 were derived from Nuclepore filters, while the ratios for Ghent (as shown in 

Figure 6.1) were derived from quartz fibre filters. However, the same trend will be 

found if we compare PM2.5/PM10 mass ratios derived from quartz fibre filters at both 

sites. It seems thus that the coarse aerosols contribute more to the PM at the Uccle site 

than at our Ghent site in summer. From Table 6.10, we can see that the PM2.5/PM10 

mass ratios at Uccle in spring, summer, and fall are comparable and they are much 

lower than in winter. This is consistent with the results from our Ghent site, where we 

found higher PM2.5/PM10 mass ratios in the winter campaigns than in the summer 

campaign, and also with the PM results from the VMM for the years 2003 to 2004 

[Maenhaut, 2007]. It seems that the proportion of the fine fraction in PM10 in 

Belgium or at least at Uccle and our Ghent site increases during winter time. This is in 

agreement with our earlier conclusion that higher PM10 mass concentrations in winter 

are mainly due to the elevated PM2.5 mass concentrations. In winter there is a lot of 

fine ammonium nitrate in the aerosol because of the lower temperatures [Maenhaut, 

2007]. 
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Table 6.10. Means and standard deviations for the PM2.5/PM10 ratios for the PM, 

OC, and EC at Uccle in different seasons. 

 

 PM OC EC 
Winter 0.81±0.08 0.90±0.09 0.87±0.13 
Spring 0.60±0.14 0.63±0.22 0.87±0.14 
Summer 0.55±0.14 0.66±0.19 0.73±0.10 
Fall 0.54±0.12 0.64±0.23 0.73±0.08 
All 0.61±0.16 0.69±0.21 0.80±0.13 

 

Good correlations (from R2 = 0.75 in summer to R2 = 0.97 in winter) were found 

between the PM2.5 and PM10 mass at Uccle for all seasons; however, this good 

correlation is simply because PM2.5 is a very large subfraction of PM10. There is 

virtually no correlation between fine aerosols (PM2.5) and coarse aerosols (PM10-

2.5) on an annual basis (R2 = 0.07), suggesting that the fine and coarse aerosols in 

general have different sources at this site. The higher correlation (R2 = 0.35) in winter 

may be a result of the temperature inversions in winter or simply due to a few very 

high data points in this season. 

 

6.3.3.2. Ambient concentrations of OC and EC and PM2.5/PM10 ratios 

 

6.3.3.2.1. Ambient concentrations of OC and EC 

 

The annual medians (and ranges) and means (and standard deviations) for OC and EC 

in PM2.5, PM10, and the coarse size fraction (PM10-2.5) are given in Table 6.9. The 

seasonal variations for these parameters are shown in Figures 6.3a, b, and c. From 

comparing Table 6.9 with Tables 6.3 and 6.4, we can see that the annual average OC 

concentrations at Uccle are in between the mean values found for the Ghent summer 

and winter campaigns. The annual average EC concentrations at Uccle are 

comparable to the mean values found in the Ghent 2004 summer campaign and lower 

than those found in winter (with the exception of PM10 EC in the 2004 winter 

campaign). Thus, while the OC concentrations at the two sites are comparable, the EC 

concentration is higher at the Ghent site than at Uccle. Although both sites are 

classified as urban background sites, it needs to be taken into account that the Ghent 

site is under the influence of two major highways and its junction throughout the year 
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and is more impacted by emissions from diesel cars. Therefore, higher EC may be 

expected at the Ghent site than at Uccle. It should be noted that the TOT analyses for 

the two sites were not analysed using the same temperature protocols. Temperature 

program N2 was used for the samples from Uccle and ST for the samples from Ghent. 

However, as shown in section 3.3.3, the ST and N2 protocols give comparable results 

for most samples; therefore, a comparison of the OC and EC data of the two sites is 

still meaningful. 

 

6.3.3.2.2. Seasonal variation of OC and EC 

 

Figures 6.3a and b show that, like for the PM, due to the polluted episode in winter, 

much higher OC and EC levels are found in winter than in the other 3 seasons. The 

median OC concentration in winter is higher than in the other seasons by factors of 

2.7-5.5 and 2.2-3.9 in PM2.5 and PM10, respectively. The corresponding ratios for 

EC are 1.74-2.7 and 1.33-2.4 for PM2.5 and PM10, respectively. It is clear that the 

seasonal variation is more pronounced for OC than for EC. This is mainly due the fact 

that EC is a primary pollutant, whereas OC has both primary and secondary origins. 

Unlike the PM, OC has its second highest values in summer instead of spring in both 

PM2.5 and PM10. The elevated OC in summer may be a result of higher biogenic 

emissions of primary OC aerosols in the hot season and more intense production of 

secondary OC aerosols by photo-chemical reaction processes on VOCs from both 

anthropogenic and biogenic sources. However, as primary biogenic aerosols are 

mainly associated with the coarse size fraction, they cannot be used to explain the 

seasonal variation of the OC in fine size fraction. Figure 6.3c shows that, in contrast 

to the fine fraction, there is no clear seasonal variation in the coarse size fraction. 

Therefore, the elevated OC in summer seems to be mainly due to the enhancement of 

photochemical reactions which produce secondary organic aerosols. Unlike for OC, 

the second highest EC concentrations in PM2.5 and PM10 were found in fall instead 

of summer; this indicates that the elevated OC in summer is not due to primary 

carbonaceous matter from fossil fuel combustion. No clear seasonal trend was found 

for EC in the coarse size fraction. 
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6.3.3.2.3. PM2.5 to PM10 ratios for OC and EC 

 

The means and standard deviations for the PM2.5/PM10 ratios for OC and EC are 

given in Table 6.10. The ratios were calculated on a sample by sample basis and then 

averaged over all samples from the same period. Both OC and EC have a higher 

PM2.5/PM10 ratio than the PM, indicating that both OC and EC at the Uccle site are 

even more in the fine size fraction than is the case for other important aerosol 

constituents. For OC, the highest PM2.5/PM10 ratios were found in winter followed 

by summer. Figure 6.3c shows that the coarse OC concentrations are comparable in 

all seasons (except a little low in spring). Thus, the seasonal variation in PM2.5/PM10 

ratio for OC is solely a result of a large change in fine OC between winter and the 

other seasons. Higher PM2.5/PM10 ratios for OC in winter and summer are an 

indication of the anthropogenic and secondary origin for OC in these two seasons. For 

EC, the same PM2.5/PM10 ratios (0.87) were found in winter and spring, and they are 

higher than the ratios in summer and fall. There is thus proportionally more coarse EC 

in summer and fall than in winter and spring. The reason for this is unclear. However, 

it needs to be noted that the EC concentration is very low compared to other 

parameters (e.g., OC and PM); the fractional uncertainty in the EC data is 

substantially larger than for the OC data. 

 

There are no strong correlations between fine and coarse OC (highest R2 = 0.41 in 

winter) and fine and coarse EC (highest R2 = 0.56 in fall), indicating that OC and EC 

in the fine and coarse size fractions are from different sources. The relatively higher 

correlation between fine EC and coarse EC in fall suggests that EC in the coarse 

fraction in fall may derive from resuspension of traffic dust. Relatively better 

correlations were found for between fine OC and fine EC in winter (R2 = 0.63) and 

fall (R2 = 0.69), suggesting that they had common sources in these two seasons. No 

correlation was found between coarse OC and coarse EC. 
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Table 6.11. Means and associated standard deviations for the EC/TC, EC/PM, OC/PM, and (OM+EC)/PM ratios at Uccle in PM2.5 and PM10 

in different seasons. OM was obtained as 1.4 OC. 

 

PM2.5 PM10 
 

EC/TC EC/PM OC/PM (OM+EC)/PM EC/TC EC/PM OC/PM (OM+EC)/PM 
Winter 0.15±0.05 0.04±0.02 0.23±0.06 0.36±0.09 0.14±0.04 0.03±0.01 0.20±0.06 0.32±0.09 
Spring 0.28±0.31 0.04±0.02 0.11±0.06 0.20±0.08 0.20±0.10 0.03±0.01 0.11±0.04 0.19±0.06 
Summer 0.22±0.21 0.05±0.02 0.28±0.14 0.44±0.19 0.16±0.08 0.04±0.01 0.22±0.10 0.34±0.14 
Fall 0.32±0.29 0.07±0.03 0.18±0.12 0.35±0.17 0.27±0.08 0.05±0.02 0.16±0.06 0.27±0.09 
All 0.27±0.24 0.05±0.03 0.19±0.12 0.32±0.16 0.21±0.09 0.04±0.02 0.16±0.07 0.27±0.11 
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6.3.3.3. EC/TC ratios 

 

The means (and associated standard deviations) for the EC/TC, EC/PM, OC/PM, and 

(OM+EC)/PM ratios in PM2.5 and PM10 are given in Table 6.11. For EC/TC and 

both size fractions, the ratios found in winter at Uccle are comparable to those for the 

Ghent 2004 winter campaign, but lower than in the other two Ghent winter campaigns 

(Tables 6.6 and 6.7). The EC/TC ratio for summer at Uccle is lower than the ratio in 

the Ghent 2004 summer campaign. Overall, it seems that the EC/TC ratios are lower 

at Uccle than at our Ghent site. This, in combination with the relatively lower EC 

concentration at Uccle than at Ghent, indicates that the Uccle site is less influenced by 

traffic than the Ghent site. In all seasons, the EC/TC ratios are higher in PM2.5 than in 

PM10 and in the coarse fraction. This is not a surprise, because compared with OC, 

EC is more associated with the fine fraction. In all size fractions, the highest EC/TC 

ratios were found in fall, suggesting that the aerosols in this season were more 

influenced by traffic than in the other seasons. This is in agreement with the second 

highest EC concentrations found in fall in both PM2.5 and PM10, which was 

mentioned above. This is also in line with the highest correlation between PM2.5 OC 

and PM2.5 EC mentioned above. In PM2.5 much lower EC/TC ratios were found in 

winter than in the other 3 seasons. This indicates that the aerosol sources or at least 

the sources of the carbonaceous aerosols were somewhat different in winter than in 

the other 3 seasons. By checking the EC/TC ratios in PM2.5 sample by sample, it 

appeared that the ratio during the pollution episode period (the end of January to 

beginning of February) was comparable to the winter average ratio; therefore, the 

lower EC/TC ratio is not due to the heavy pollution episode. It seems, similar to the 

Ghent site, that the lower EC/TC ratio in PM2.5 in winter is due to increased 

contribution from wood burning for residential heating, which lowers the EC/TC 

ratios in winter. The relatively low EC/TC ratio in PM2.5 in summer may be due to 

the enhancement of secondary organic aerosol production in summer. This is also in 

agreement with the more elevated PM2.5 OC (but not EC) concentration in summer 

than in spring and fall. 
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6.3.3.4. Contribution of carbonaceous aerosols to the PM 

 

Table 6.11 shows that EC is only a minor contributor to the PM in both PM2.5 and 

PM10 (maximum is 7% in PM2.5 in fall). In both size fractions, the EC/PM ratios in 

summer and fall are higher than those in winter and spring, although the difference is 

rather small. Since EC contributes only a small fraction of PM, this is more likely due 

to the fact that the PM and/or the contribution from some major aerosol components 

(for example, nitrate) show an opposite seasonal pattern. Indeed, Figures 6.3a and b 

show that, both for PM2.5 and PM10, lower PM concentrations were found in 

summer and fall than in winter and spring. It was found that the relative concentration 

of nitrate in the PM decreased with temperature (both for PM10 and PM2.5) [Chi et 

al., 2007]. Like for the EC/TC ratios, the highest ratios for EC/PM in fall in both 

PM2.5 and PM10 may be due to a high impact from traffic in this season. 

 
Table 6.11 shows that the contribution of OC to the PM is rather variable throughout 

the year with the highest contribution in summer and lowest in spring for both PM2.5 

and PM10. The fact that there is considerable seasonal variability for that contribution 

indicates either that the sources of the OC and the other major PM components (e.g., 

of the SIA) are not the same, that the emission profile of the sources is not constant 

throughout the year, and/or that the formation of (and contribution from) some 

secondary aerosol components varies with season. The higher OC/PM ratios in 

summer could be the combined effect of the enhancement of the formation of 

secondary organics and the reduced contribution of nitrate in summer. As seen from 

Figures 6.3a and b, the low OC/PM ratio in spring is a result of relatively high PM 

and low OC concentrations in this season in both size fractions. Compared to the data 

from our Ghent site (Tables 6.6 and 6.7), in both size fractions the OC/PM ratios for 

Uccle in summer and winter are clearly higher, indicating that the OC contributes 

more to the PM at Uccle than at Ghent in both size fractions. It has to be noted that 

the PM at Uccle was derived from Nuclepore filters, while at Ghent PM was derived 

from quartz fibre filters. PM derived from Nuclepore filters was found to be 

systematically lower than that from quartz fibre filters. Therefore, the difference 

between the two sites in OC/PM ratios may be somewhat smaller than it looks. When 

compared with the results from the two urban background sites in the EMEP study 

[Yttri et al., 2007], in which the same TOT method was applied for carbon analysis, 
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our annual average PM10 OC/PM ratio at Uccle is also higher than that from our 

Ghent site in that study (0.11) and more comparable to that observed at San Pietro 

Capofiume (S.P.C.) in Italy (0.14). In Yttri et al. [2007] only OM/PM ratios were 

available; the OC/PM ratios were calculated by dividing the OM/PM ratios by the 

corresponding OC-OM conversion factors for each site. 

 

Table 6.11 shows that carbonaceous aerosols are a major component of PM; they are 

responsible for as much as 44% of the PM2.5 mass and 34% of the PM10 mass at 

Uccle in summer. As EC is only a minor contributor to the PM, the seasonal trend of 

the ratio of carbonaceous aerosols (calculated as 1.4 OC + EC) to the PM follows 

quite closely the OC/PM ratio, with highest values seen in summer and lowest ones in 

spring in both size fractions. Compared to the data from our Ghent site (Tables 6.6 

and 6.7), similar to what was the case for the OC/PM ratios, the (OM+EC)/PM ratios 

for Uccle in summer and winter are higher, indicating that the carbonaceous aerosols 

contribute more to PM at Uccle than at Ghent in both size fractions. This is not a 

surprise, as again EC is a minor contributor to the PM at both sites and the same OC-

to-OM conversion factors were used for both sites. Compared to the results in the 

EMEP study [Yttri et al., 2007], our annual average PM10 (OM+EC)/PM ratio at 

Uccle is comparable to the (OM+EM)/PM ratios from the two urban background sites 

(0.25-0.28). However, it has to be noted that large OC-to-OM conversion factors were 

used in the EMEP study (1.7 for the S.P.C. site and 1.8 for the Ghent site); besides, in 

their calculation EC was converted into elemental matter (EM) by a conversion factor 

of 1.1. Therefore, the carbonaceous aerosol contribution to the PM10 mass at Uccle is 

actually larger than that at the two urban background sites in the EMEP study. 

 

6.3.3.5. Comparison of TC, OC, and EC concentrations and EC/TC ratios 

with literature 

 

TC aerosol data are not subject to uncertainties related to the split between EC and 

OC. Hence, they are a more robust parameter and can be used to compare carbon data 

from different studies. When compared with the TC concentrations from Querol et al. 

[2004], our PM10 and PM2.5 annual average TC concentrations for Uccle (Table 6.9) 

are in the middle of the range for annual mean TC concentrations at urban background 

sites in Europe. The PM10 annual average TC concentration at Uccle is also in 
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between the values found for two urban background sites in the EMEP study [Yttri et 

al., 2007]. Similarly as for the PM and OC, the average TC concentrations at Uccle in 

both PM2.5 and PM10 in winter (10.6 ± 5.3 µg/m3 for PM2.5; 11.9 ± 6.2 µg/m3 for 

PM10) are clearly higher than those found in the Ghent winter campaigns, while the 

average TC concentrations in summer (3.8 ± 2.1 µg/m3 for PM2.5; 5.6 ± 2.4 µg/m3 for 

PM10) are comparable or slightly higher than those in the Ghent summer 2004 

campaign. 

 

When we compare with literature data (Table 5.7) obtained by the same or very 

similar TOT method as ours, then it appears that our annual average PM2.5 OC and 

EC concentrations for Uccle (Table 6.9) fall in the middle and in the lower end of the 

OC and EC range for different European urban background sites. Our annual average 

EC/TC ratio for Uccle is in the middle of the literature values for the European urban 

background sites. 

 

6.4. Chemkar study 

 

6.4.1. Introduction 

 

Flanders is a densely populated region in the north of Belgium and its population is 

exposed to high levels of air particulates. To better understand the high PM10 mass 

concentrations in the region, the VMM carried out the one-year long “Chemical 

characterisation of PM10 in Flanders” (Chemkar) project from September 2006 to 

September 2007. 

 
Within the framework of the Chemkar project, quartz fibre filter samples were 

collected at six sites in Flanders. The UGent contribution to the project was to provide 

data (in µg/m3 of air) for EC and OC for the actual filter samples. This subchapter 

presents and discusses the data for OC and EC (and, to some extent, also those for 

TC). Furthermore, use is made of the PM10 mass data that were obtained by VMM 

for the same quartz fibre filter samples. Since the OM fraction of the aerosol consists 

in addition to carbon also of other elements, such as hydrogen and oxygen, some 

discussion is given on the OC-to-OM conversion factor, which can be used for 

converting the OC data into OM data. 
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6.4.2. Experimental 

 

6.4.2.1. Sampling sites 

 

Six sampling sites were chosen for PM10 aerosol sampling within the Chemkar 

project, namely: Houtem, Zelzate, Borgerhout, Mechelen, Aarschot, and Hasselt. 

They are roughly located along a west to east axis in Flanders (Figure 6.4), from near 

the French border to the middle of the province of Limburg. Using the same site 

classification as Van Dingenen et al. [2004], one of the sites (i.e., Houtem) can be 

considered a rural background site, one (Aarschot) a near-city background site, and 

two (Mechelen and Hasselt) urban background sites; the site at Borgerhout is an urban 

traffic site and that at Zelzate an industrial site. Detailed information together with 

pictures for each sampling site can be found in VMM [2009]. 

 
Figure 6.4. Location of the 6 sampling sites involved in the Chemkar project. 

 

6.4.2.2. Aerosol sampling 

 

Simultaneous 24-hour samplings (from midnight to midnight) were conducted by 

VMM with automatic low-volume samplers (Leckel SEQ 47/50) [VMM, 2009] at the 

6 locations, every sixth day, from 16 September 2006 until 11 September 2007. The 

sampling substrate was a 47-mm diameter Whatman QM-A quartz fibre filter (cat. No. 

1851047); a single filter was used for the collections. The reason for using a single 

quartz fibre filter in the Chemkar project was to apply the reference method for 

sampling and measurement of PM10 mass as described in EN12341 [1999], which 

does not allow any correction for artifacts. All the quartz fibre filters used were 
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provided by VMM and were pre-fired (pre-baked) for 24 hours at 550 ºC before use at 

UGent. The exposed area of the filter during sampling (aerosol deposit area) was 11.6 

cm2 and the samplers were operated at a flow rate of 2.3 m3 per hour (about 38 L/min). 

Consequently, the sampling face velocity was 55 cm/s. All together, a total of 366 

actual samples (i.e., 61 per site), and 30 field blanks (i.e., 5 per site) were taken. The 

field blanks consisted of filters that were transported to the site like the filters for the 

actual samples and placed into the sampling device, but no air (also no particle-free 

air) was drawn through them. Of the 366 samples, 1 sample (i.e., the one of 7 June 

2007 for Houtem) was invalid. Besides the actual samples and field blanks, 3 

additional whole blank filters were provided to UGent. These 3 blanks were also 

Whatman QM-A filters that were pre-fired at UGent and had been taken to VMM, 

where they had been placed for some time in a conditioning bench and then returned 

to UGent. These blanks will be referred to as VMM blanks. The difference between 

VMM blanks and the field blanks is that the VMM blanks did not go to the sampling 

sites. 

 

6.4.2.3 PM, OC, and EC determination 

 

All the quartz filters were weighed at VMM before and after sampling with a 

Sartorius M5P microbalance at 20 ºC and 50% relative humidity in order to derive the 

PM10 mass concentration in the air [VMM, 2009]. After the mass determination, one 

third of each actual sample and field blank was sent to UGent for OC/EC analysis by 

TOT [Birch and Cary, 1996], using a Sunset Laboratory OC/EC analyzer (section 

2.2.2) and the N2 protocol (section 3.3.1). Of the two UGent instruments (section 

2.2.2), instrument B was used for analysing all filter samples and field blanks from 

Houtem, Zelzate, and Borgerhout, whereas instrument A was used for all samples and 

field blanks from Mechelen, Aarschot, and Hasselt. 
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6.4.3. Results and discussion 

 

6.4.3.1. Sampling artifacts, blank correction, data uncertainty, and OC-to-

OM conversion factor 

 

As discussed in section 4.3.3, the UGent team conducted parallel undenuded and 

denuded tandem filter collections (for PM2.5) during several campaigns in Ghent and 

at a number of other sites in Europe. It was found that the tandem filter setup may be 

used to correct or at least to assess the importance of positive artifacts [Maenhaut and 

Claeys, 2007]. Consequently, UGent uses the undenuded tandem filter setup for its 

routine work. It was found that the back/front percentage ratio was typically around 

6% during winter and summer campaigns in different years at Ghent for an 

undenuded low-volume (17 L/min) PM10 sampler using 47-mm pre-fired Whatman 

QM-A filters. Considering that the same filters were used in the Chemkar project, but 

at two times higher flow rate (around 38 L/min), thus a twice higher face velocity, and 

that the positive adsorption artifacts tend to decrease with increasinng face velocity 

[Turpin et al., 2000], it is estimated that the back/front percentage ratio (and the 

correction) for OC would have been limited to at most 6% if the samplings in the 

Chemkar project would have been done with undenuded tandem filters instead of with 

undenuded single filters. 

 

Another issue of concern is the blank correction. UGent does this normally by 

resorting to so-called field blanks. Field blanks are treated in the same way as the 

filters used for collecting the actual samples, but air is only drawn through them for 

about 30 s. In the UGent samplings, the filters for the actual samples stay only in the 

filter holder in the field for the duration of the sampling (e.g., 24 hours) and the field 

blanks only stay a few min in the filter holder in the field. For pre-fired Whatman 

QM-A filters used by UGent in its campaigns of 2006 and 2007 in Hungary and 

Finland, the field blank for OC was typically around 0.5 µg/cm2 for instrument B and 

0.3 µg/cm2 for instrument A. We systematically find a higher value with instrument B 

than with instrument A, which is due to the fact that there is a so-called instrument 

blank of about 0.2 µg/cm2 for instrument B (for instrument A, this instrument blank is 

zero). For the field blanks from the Chemkar campaign, much higher OC blank levels 

were obtained than for the UGent field blanks, despite the fact that Whatman QM-A 
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filters were also used, which had been pre-fired at UGent in the same way as its own 

filters. For the Chemkar field blanks analysed with instrument B, OC was, on average, 

4.5 ± 0.5 µg/cm2 (N = 15), and for those analysed with instrument A, OC was, on 

average, 3.8 ± 0.4 µg/cm2 (N = 15). For EC in the Chemkar field blanks, the value 

was essentially zero (i.e., within the detection limit). Also in the UGent work of 2005-

2006 for VMM, it was noted that the field blanks that came back from VMM 

exhibited substantially larger OC levels than the UGent field blanks [Maenhaut et al., 

2006]. It was therefore decided at the outset of the Chemkar campaign, to send 3 pre-

fired Whatman QM-A filters to VMM and to leave them there in a conditioning bench 

for some time, after which they were returned to UGent (these are the so-called VMM 

blanks, mentioned in section 6.4.2.2 above). The average OC level for these 3 VMM 

blank filters was 0.6 µg/cm2 for instrument B and 0.1 µg/cm2 for instrument A (thus 

quite similar to the OC levels found for the UGent field blanks). It is therefore 

concluded that the high OC level for the Chemkar field blanks is due to their presence 

at the field sites and in the sampling device. All Chemkar filters (actual samples plus 

field blanks) stayed in the sampling device in the field for 14 days; through the filters 

used for actual sampling air was drawn for 24 hours on the proper date, whereas no air 

was drawn through the field blanks. Apparently, all filters picked up VOCs during 

their stay in the field. Fortunately, the OC level resulting from picking up any VOCs 

remained fairly constant throughout the entire campaign for all the sites, as appears 

from the small standard deviations that are associated with the average OC levels 

given above for the Chemkar field blanks. Unfortunately, those average OC Chemkar 

field blank levels are in some cases and especially for Houtem close to the OC level 

of the actual filter samples. One might think that just subtracting the field blank OC 

level from the OC level in the actual samples would lead to proper blank-corrected 

OC values, but the situation is not that simple. Indeed, for the actual samples, the OC 

that was adsorbed in the field prior to sampling could be desorbed in part when air is 

drawn through it. The proper field blank is therefore the one, through which particle-

free air is drawn for the same time as is done for an actual sample. According to Yttri 

et al. [2007] up to 50% of the adsorbed OC can be removed from the field blank by 

using this approach. An additional complication arises from the fact that the timing of 

the actual samplings is not the same for all samples. The time in the field before the 

start of sampling varied from 0.5 to 12.5 days. For the 0.5-day time delay, the filter 

will have adsorbed little OC before sampling and much OC could have been adsorbed 
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after sampling. In contrast for the 12.5-day time delay, a substantial amount of OC 

might have been adsorbed, which may be removed by up to 50% during the sampling, 

and little additional OC will be picked up by the filter in the remaining 0.5 day that 

this particular filter sample stays in the sampling device in the field. Consequently, the 

blank correction for OC will likely be dependent upon the time delay in the field 

before sampling. It is likely that the Chemkar field blank OC level is only appropriate 

for filter samples that had no time delay, and one could assume that the Chemkar field 

blank OC level is reduced to 50% for samples with a time delay of 14 days. For the 

samples taken with a time delay in between 0 and 14 days, a blank OC level varying 

from the Chemkar field blank OC level to 50% of that level could be adopted, 

whereby the actual time delay is used for linearly interpolating between these two OC 

blank values. This approach is called proportional blank correction (prop). For the 

samples with the most OC (i.e., those from Borgerhout) and those with the least OC 

(i.e., those from Houtem), it was examined what the effect is of various blank 

correction approaches. It should be noted that the Chemkar field blanks were taken 

during 5 series, which were in the field from 30 September to 13 October 2006, from 

11 November to 24 November 2006, from 3 February to 16 February 2007, from 28 

April to 11 May 2007, and from 1 September to 14 September 2007, respectively. 

Five blank correction approaches were compared, whereby the OC blank levels used 

were in each case (except for the last approach) different for instruments B and A. 

The 1st approach (called: Series) was to use the average OC blanks per series for the 

samples collected during the period of the blank series and up to the period of the next 

blank series; the 2nd approach (ALL) was to use the average OC blanks over all 

samples; the 3rd approach (prop) made use of proportional blank levels (see above), 

which were calculated from all blanks; in the 4th approach (VMM) use was made of 

the VMM blanks; and finally in the 5th approach (NO), no blank correction was 

applied. The OC data, obtained using the 5 approaches are shown in Figures 6.5 and 

6.6 for Houtem and Borgerhout, respectively. It is clear that there is very little 

difference between the OC data obtained with the blank corrections All and Series (on 

average, the difference was 0.011 ± 0.083 µg/m3, with a range from -0.121 to 0.091 

µg/m3). There was also little difference between the OC data obtained with the 

corrections NO and VMM (this difference was constant and amounted to 0.142 

µg/m3). The OC data obtained with correction prop are intermediate; the difference 

prop-ALL is, on average, 0.24 ± 0.14 µg/m3, with a range from 0.03 to 0.44 µg/m3, 
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whereas the VMM-prop difference is, on average, 0.56 ± 0.14 µg/m3, with a range 

from 0.36 to 0.76 µg/m3. Expressed as a percentage of the OC, the difference prop-

ALL, relative to prop, is for Houtem, on average, 30 ± 30%, with a range from 4 to 

190%, and for Borgerhout 14 ± 8%, with a range from 3 to 36%. The percentage 

difference VMM-prop, relative to prop, is for Houtem, on average, 37 ± 36%, with a 

range from 5 to 230%, and for Borgerhout 17 ± 10%, with a range from 5 to 43%. It is 

felt that the correct OC data should be somewhere between those obtained with ALL 

and those obtained with VMM. The data obtained with prop are in between these two 

possible extremes and they were used as OC data for the Chemkar campaign. How 

close the prop OC data are to the correct data is difficult to assess. One could state 

that their uncertainty (1 standard deviation) is about 0.4-0.5 µg/m3, and expressed as a 

percentage of the OC from 5 to 40% for Borgerhout and from 5 to 200% for Houtem. 

Clearly, the uncertainty is very reasonable for highly loaded samples, it is less than 

10% for samples with OC concentrations of at least 5 µg/m3, in the range of 10-25% 

for samples with OC concentrations between 2 and 5 µg/m3, but becomes quite large 

for very lightly loaded samples. 
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Figure 6.5. PM10 OC data for Houtem, as obtained with 5 different blank 

correction approaches. 
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Figure 6.6. PM10 OC data for Borgerhout, as obtained with 5 different blank 

correction approaches. 

 

For EC, the blank was not significant, so that the uncertainty in the EC data was equal 

to the analytical uncertainty, which was, on average, around 0.1 µg/m3. However, as 

indicated in sections 1.2.2.1 and 3.1, the discrimination between EC and OC, and thus 

also the EC and OC data depend on the technique used and within the same technique, 

also on the temperature program. 

 

For TC, which is the sum of OC and EC, different thermal techniques (and different 

temperature programs) give very similar results [Schmid et al., 2001]. However, the 

uncertainty from the blank correction for OC remains, so that the uncertainty of the 

TC data is about 0.4-0.5 µg/m3. 

 

Conversion of OC to OM is recognised as one of the most critical factors of 

uncertainty in mass closure calculations. Since organic aerosols also contain other 

elements besides carbon, a mass conversion factor should be applied to obtain a 

quantity (organic mass) that fits directly into an aerosol mass balance. Accurate 

determination of such a factor would refer back to the complete identification and 

quantification of individual organic species, or would require complete preparative-

scale separation of the organic component. None of these options are available, so this 

factor must be estimated from chemical information, or inferred from measurements. 

Although the value is constrained from the higher end by an over determined set of 
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parameters (i.e., the calculated total mass of all species should not be higher than that 

determined gravimetrically), its estimation still introduces considerable uncertainty 

into mass closure studies. For its own work and urban background sites in Belgium, 

UGent has consistently used a conversion factor of 1.4 [Maenhaut and Claeys, 2007]. 

With this factor very good aerosol chemical mass closure for PM10 was obtained in 

various sampling campaigns at Ghent and in the 2006 study at Uccle, meaning that the 

sum of the measured aerosol components was nearly equal to the gravimetric PM. It 

should be noted here that the UGent OC data were always data that were corrected 

using the tandem filter approach. Yttri et al. [2007] applied for undenuded single 

filters, which were collected during the 2002-2003 EMEP campaign, a factor of 1.8 

for Ghent. This factor seems too high. Using this factor in the UGent studies for 

Ghent and Uccle would result in substantial overprediction of the gravimetric PM10 

mass by the sum of the measured compounds. Considering that no tandem filters were 

used in the Chemkar study, the OC data obtained for it are likely somewhat higher 

than the true artifact-free particulate OC data, perhaps by as much as 6% (see above). 

Therefore, it is thought that the factor of 1.4, used by UGent for Belgium, is 

appropriate for the Chemkar study and that the correct OM data lie somewhere 

between the OM data obtained in this way and data that are at most 10% higher. 

 

One also applies sometimes a factor to convert EC to EM. For example, Yttri et al. 

[2007] used a factor of 1.1 for this conversion. In its aerosol chemical mass closure 

work, UGent has never made a distinction between EC and EM and this will not be 

done for this Chemkar study either. 

 

6.4.3.2. PM10 mass and OC and EC concentration levels at six Chemkar sites 

 

PM10 mass 

 

The time series of the PM data for the 6 Chemkar sites is shown in Figure 6.7. It is 

clear that the PM data from the 6 sites followed each other very closely. This suggests 

that the PM10 levels are largely determined by meteorological factors (e.g., inversions, 

precipitation) and regional factors rather than local factors. Considering the fact that 

50% or more of the PM10 aerosol in Flanders is secondary aerosol, including SIA (the 

sum of ammonium, sulphate, and nitrate) and SOA [Maenhaut, 2007], and that the 
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gas-to-particle conversion of the gaseous precursors into particulate matter takes some 

time, the rather homogeneous PM10 mass levels over Flanders are not so surprising. 
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Figure 6.7. Time series of the PM10 mass concentration for the 6 Chemkar sites. 

 

Table 6.12. Summary statistics of the PM10 mass concentration (in µg/m3) for each 

of the 6 Chemkar sites. 

 

 Houtem Zelzate Borgerhout Mechelen Aarschot Hasselt 
Mean 29 37 38 34 30 30 
Std. dev. 17 18 18 16 16 15 
%std.dev. 58 49 48 47 52 49 
Count 60 61 61 61 61 61 

       
Min. 11 14 16 15 11 11 
10 perc. 14 21 19 19 16 15 
25 perc. 17 24 25 21 18 19 
Median 26 34 35 29 26 27 
75 perc. 36 44 44 40 38 35 
90 perc. 56 61 59 55 51 51 
Max. 83 93 99 80 80 74 
 

The summary statistics of PM10 mass concentration for each of the 6 Chemkar sites 

are listed in Table 6.12. The annual average PM10 mass concentration varied from 29 

µg/m3 at Houtem to 38 µg/m3 at Borgerhout. These values seem somewhat higher 
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than the annual average PM10 values we found at Uccle (section 6.3, Table 6.9), and 

the campaign average PM10 concentrations found at Ghent in 2004 summer (section 

6.2). This could in part be due to differences in blank correction approaches used 

(VMM does not apply a blank subtraction in its PM determination). Although there is 

some difference between the annual average PM data for the 6 sites, with the data of 

Borgerhout and Zelzate being about 20% higher than those of Aarschot, Hasselt, and 

Houtem, this difference is rather minor. The similarity in PM level is fully consistent 

with the suggestion of a regional rather than local origin for the major aerosol 

constituents (or their precursors). 

 

The annual average PM10 concentrations at each of the six sites did not exceed the 

EU annual PM10 standard of 40 µg/m3 valid as of 2005. It appears from Figure 6.7 

that the EU 24-h PM10 DLV of 50 µg/m3 was exceeded several times at all sites (7 

times in Houtem, 7 times in Hasselt, 8 times in Aarschot, 9 times in Mechelen, 11 

times in Zelzate, and 13 times in Borgerhout). These exceedence days were obtained 

in March and April rather than in any of the other months. The EU limit is 35 

exceedences a year as of 2005 (this is equivalent to the 90 percentile being lower than 

50 µg/m3) [Van Dingenen et al., 2004]. Taking into account that the Chemkar samples 

were only collected every sixth day, it seems that the EU DLV as of 2005 was not 

achieved at all the sites. This is confirmed by the statistics of PM10 mass 

concentration in Table 6.12, the 90 percentiles of the PM10 mass are at all sites above 

50 µg/m3. 

 

Elemental carbon 

 

The annual medians (and ranges), means and associated standard deviations for OC 

and EC at each of the six Chemkar sites are given in Table 6.13. The annual mean for 

EC shows considerable site to site variation, from 0.47 µg/m3 at Houtem to 2.0 µg/m3 

at Borgerhout (Table 6.13). The annual mean EC concentrations are comparable to the 

values (0.14-1.86 µg/m3) found in a one year measurement campaign within EMEP 

for rural and urban background sites [Yttri et al., 2007], which also applied TOT for 

quantification of OC/EC. It can be seen from Table 6.13 that there is an increasing 

trend from rural background site, over near city background site, urban background 

(industrial) site, to urban traffic site. Figure 6.8 shows the time series for EC in PM10 
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Table 6.13. Medians, ranges, means and associated standard deviations (in µg/m3) for OC and EC for each of the 6 Chemkar sites. 

 

Site Site classification OC EC 
 Median Range Mean±std.dev. Median Range Mean±std.dev. 

Houtem Rural background 2.7 0.34-11.9 3.2±2.3 0.39 -0.02-2.1 0.47±0.41 
Zelzate Industrial 3.9 1.32-11.5 4.4±2.4 1.19 0.17-4.2 1.31±0.87 
Borgerhout Urban traffic 4.5 1.68-12.0 5.3±2.5 1.77 0.55-5.0 2.0±1.1 
Mechelen Urban background 4.4 1.47-13.9 5.1±2.5 1.28 0.35-3.2 1.30±0.61 
Aarschot Near-city 3.6 1.05-12.6 4.1±2.4 0.94 0.25-2.9 0.98±0.51 
Hasselt Urban background 3.8 1.04-11.7 4.3±2.6 1.17 0.35-2.7 1.18±0.58 

 
 



Chapter 6: Carbonaceous aerosols in Belgium 

195 

at the 6 Chemkar sites. The EC concentrations of the 6 sites are clearly much less 

correlated with each other than was the case for the PM (Figure 6.7). As indicated in 

section 1.2.1, EC is a primary aerosol component, which originates from the 

incomplete combustion of fossil fuel and biomass. The large difference and poor 

correlation in EC levels between the sites indicates that local sources are important. It 

is likely that traffic (in particular emission from diesel cars) is a large contributor to 

the EC at most of the sites. From the time series, it further appears that the EC levels 

during the fall months (September, October, and November) were higher than during 

rest of the year at most sites. 
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Figure 6.8. Time series of the PM10 EC concentration for the 6 Chemkar sites. 

 

Organic carbon 

 

The annual mean concentration of OC ranges from 3.2 µg/m3 at Houtem to 5.3 µg/m3 

at Borgerhout (Table 6.13). These values are comparable to the PM10 OC data we 

found at the other Belgian sites (i.e., Ghent and Uccle, see sections 6.2 and 6.3). They 

are also comparable to what has been found in other studies in Europe, which used 

TOT for OC/EC analysis. In the EMEP study, the annual mean concentration of OC 

ranged from 1.20 ± 1.29 µg/m3 to 7.8 ± 6.8 µg/m3 [Yttri et al., 2007]. An annual mean 

concentration of 4.2 µg/m3 for PM10 was reported for an urban background site in 

Helsinki, Finland [Viidanoja et al., 2002a]. Whereas the highest mean PM level was 

only around 20% higher than the lowest one (Table 6.12), for OC, the difference is 
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more than 60% and the mean for Houtem is clearly lower than that for the other sites; 

it is actually more than 20% lower than the second lowest mean OC, which was that 

for Aarschot. On the other hand, for the purely primary EC component, there is a 

substantially larger difference between the means of the 6 sites than for OC. Figure 

6.9 shows the time series for OC in PM10 at the 6 Chemkar sites. In contrast to what 

is the case for EC, the OC concentrations of the 6 sites show nearly a similar 

correlation as the PM concentrations. This suggests that the sources of OC are more 

regional than local. Also the fact that a substantial fraction of the OC may be SOA, 

thus originates from gaseous precursors and that the gas-to-particle conversion takes 

some time, plays a role (even when the sources of the SOA precursors are local). It 

further appears from Figure 6.9 that there is some tendency for lower levels in the 

summer months (June through August) than for the rest of the year. 
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Figure 6.9. Time series of the PM10 OC concentration for the 6 Chemkar sites. 

 

6.4.3.3. EC/TC, EC/PM, OC/PM, and (OM+EC)/PM ratios at six Chemkar 

sites 

 

The annual averages and associated standard deviations for the EC/TC, EC/PM, 

OC/PM, and (OM+EC)/PM ratios are given in Table 6.14, whereas the time series of 

the PM10 EC/TC, EC/PM, OC/PM, and (OM+EC)/PM ratios are shown in Figures 

6.10, 6.11, 6.12, and 6.13, respectively. 
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Table 6.14. Means and associated standard deviations of the EC/TC, EC/PM, 

OC/PM, and (OM+EC)/PM ratios for each of the 6 Chemkar sites. 

 

 EC/TC EC/PM OC/PM (OM+EC)/PM 
 Mean±std.dev. Mean±std.dev. Mean±std.dev. Mean±std.dev. 

Houtem 0.11±0.05 0.016±0.010 0.11±0.05 0.17±0.08 
Zelzate 0.22±0.07 0.037±0.020 0.12±0.04 0.21±0.07 
Borgerhout 0.28±0.08 0.060±0.032 0.14±0.04 0.26±0.08 
Mechelen 0.21±0.05 0.042±0.018 0.16±0.05 0.26±0.09 
Aarschot 0.20±0.05 0.035±0.014 0.14±0.04 0.22±0.07 
Hasselt 0.23±0.06 0.042±0.018 0.14±0.04 0.24±0.07 
 

EC/TC ratio 

 

As mentioned earlier, the principal source of atmospheric EC is combustion of fossil 

fuel and biomass. The combustion aerosols may exhibit a wide range of EC/TC ratios, 

from close to 0.6 for diesel emissions [Rau, 1989; Williams et al., 1989] down to 0.06 

for savanna fire emissions [Formenti et al., 2003]. After emission from their sources, 

aging of air masses tends to lower the EC/TC ratio as it is mixed with non-combustion 

organic particles (both primary non-combustion OC and secondary OC). At a specific 

site, the EC/TC ratio often gives clues on the source of carbonaceous aerosols. Higher 

EC/TC ratios are often found at sites influenced by fossil fuel combustion (e.g., 

traffic). In contrast, low EC/TC ratios may indicate that there is a large contribution of 

SOA or that the carbonaceous aerosol originates mainly from biogenic aerosols and/or 

biomass burning. From Table 6.14, we can see that the annual average EC/TC ratios 

at 4 of the 6 Chemkar sites (i.e., Zelzate, Mechelen, Aarschot, and Hasselt) are very 

similar to each other. The corresponding data are clearly higher for Borgerhout and 

substantially lower for Houtem. This suggests similar sources for the carbonaceous 

aerosols (for both EC and OC) at 4 of the 6 sites, but a larger impact from fossil fuel 

combustion sources (including traffic) at Borgerhout and a substantially lower 

contribution from these sources at Houtem. The average EC/TC ratios of Table 6.14 

can be compared with those obtained by us for PM10 aerosol from urban background 

sites at Ghent and Uccle. For the PM10 front filters from campaigns (of 1 to 2 months) 

at Ghent in 2003 winter, 2004 winter, 2004 summer, and 2005 winter, the average 

EC/TC ratios (without back filter correction) were 0.24 ± 0.07, 0.13 ± 0.06, 0.23 ± 
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0.07, and 0.22 ± 0.11, respectively. For the campaign at Uccle over the entire year of 

2006, the average EC/TC ratio (again without correction for back filter) was 0.19 ± 

0.09. The mean EC/TC ratio for Borgerhout is higher than all these ratios, that for 

Houtem is lower, and those for the other 4 sites are rather similar. When inspecting 

the time series of the EC/TC ratios for the 6 Chemkar sites in Figure 6.10, it seems 

that there is, for Borgerhout and perhaps some other sites, some tendency for lower 

ratios in the months January through April than in the other months. 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

1-
S

ep
-0

6

16
-S

ep
-0

6

1-
O

ct
-0

6

16
-O

ct
-0

6

31
-O

ct
-0

6

15
-N

ov
-0

6

30
-N

ov
-0

6

15
-D

ec
-0

6

30
-D

ec
-0

6

14
-J

an
-0

7

29
-J

an
-0

7

13
-F

eb
-0

7

28
-F

eb
-0

7

15
-M

ar
-0

7

30
-M

ar
-0

7

14
-A

pr
-0

7

29
-A

pr
-0

7

14
-M

ay
-0

7

29
-M

ay
-0

7

13
-J

un
-0

7

28
-J

un
-0

7

13
-J

ul
-0

7

28
-J

ul
-0

7

12
-A

ug
-0

7

27
-A

ug
-0

7

11
-S

ep
-0

7

26
-S

ep
-0

7

E
C

/T
C

 ra
tio

 fo
r P

M
10

Houtem
Zelzate
Borgerhout
Mechelen
Aarschot
Hasselt

 
Figure 6.10. Time series of the PM10 EC/TC concentration ratio for the 6 Chemkar 

sites. 

 

EC/PM ratio 

 

It can be seen from Table 6.14 that the average EC/PM ratio is at most 0.060 (i.e., for 

Borgerhout), only 0.016 for Houtem, and around 0.040 for the 4 other sites. This all 

indicates that EC is, on average, only a minor contributor to the PM10 mass. On the 

other hand, from Figure 6.11 we can see that this contribution is rather variable over 

the course of the year, especially for Borgerhout, with substantially lower EC/PM 

ratios in the months from January through May than in the other months. Since EC 

contributes only a small fraction to the PM, this is more likely due to the fact that the 

contribution from some major aerosol components (for example, nitrate) shows an 

opposite pattern, with substantially larger contribution to the PM10 mass in those 5 

months than in the other months. 
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Figure 6.11. Time series of the PM10 EC/PM concentration ratio for the 6 Chemkar 

sites. 

 

OC/PM ratio 

 

It appears from Figure 6.12 that there is a reasonable coherence in OC/PM ratio 

between the various sites. This is not a surprise because as shown in section 6.4.3.2 

the OC concentrations of the 6 sites show nearly a similar correlation as the PM 

concentrations. This indicates again that the sources for OC are rather regional than 

local. The fact that there is considerable variability of this parameter throughout the 

year indicates either that the sources of OC and the other major PM10 components 

(e.g., of the SIA) are not the same, that the emission profile of the sources is not 

constant throughout the year, and/or that the formation of (and contribution from) 

some secondary aerosol components varies with season. The latter is definitely the 

case for nitrate. The tendency for lower OC/PM ratios in the months of January 

through May could be due to the fact that the nitrate/PM ratios are higher in those 

months than in the other months. We can see from Table 6.14 that the mean OC/PM 

ratios of the 6 sites vary by a factor of about 1.5; the lowest ratios are obtained for 

Houtem and Zelzate, whereas for the 4 sites further inland, the mean ratios are quite 

similar to each other. It is possible that the contribution from sea salt plays a role here. 

This contribution is expected to be largest near the coast (i.e., for Houtem) and to 

decrease as one goes inland. Since the contribution from sea salt to PM10 in Flanders 



Chapter 6: Carbonaceous aerosols in Belgium 
 

200 

can be fairly substantial (it was, on average, up to 18% in some campaigns at Ghent) 

[Maenhaut, 2007; Maenhaut and Claeys, 2007], it would have the effect that the 

contribution of the other main components to the PM10 mass becomes relatively more 

important as one goes further inland. 
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Figure 6.12. Time series of the PM10 OC/PM concentration ratio for the 6 Chemkar 

sites. 

 

(OM+EC)/PM ratio 

 

The time series of the contribution of the carbonaceous aerosols, as the sum of OM 

(calculated as 1.4 OC) plus EC, to the PM10 mass is shown for the 6 Chemkar sites in 

Figure 6.13. Since EC represents, on average, less than 25% of the sum of OM+EC 

for all sites, the time series in Figure 6.13 looks quite similar to that for the OC/PM 

ratio (Figure 6.12). The mean (OM+EC)/PM ratios (Table 6.14) can be compared 

with those obtained for the urban background sites at Ghent and Uccle. The mean 

ratios for 5 of the 6 Chemkar sites are all in the range of 0.21 to 0.26. For the 4 

campaigns conducted at Ghent (section 6.2), without back filter correction, the 

carbonaceous aerosols contributed, on average, 24-28% of the PM10 mass; at Uccle 

without back filter correction around 29% of the PM10 mass was attributed to the 

carbonaceous aerosols on a annual basis (section 6.3). Thus, for the Chemkar sites, the 

contribution from carbonaceous aerosols is somewhat lower. 
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Figure 6.13. Time series of the PM10 (OM+EC)/PM concentration ratio for the 6 

Chemkar sites. 

 

6.4.3.4. Seasonal variation of the concentrations and concentration ratios 

 

It was indicated in the above sections that a number of concentrations and 

concentration ratios show a substantial temporal variation. In order to examine the 

seasonal variation in the various parameters more closely, medians and interquartile 

ranges were calculated for the 4 seasons (fall: September, October, November (SON); 

winter: December, January, February (DJF); spring: March, April, May (MAM); and 

summer: June, July, August (JJA)); and for each of the 6 Chemkar sites. The data for 

the concentrations of the PM, EC, and OC in PM10 are shown in Figures 6.14 to 6.16, 

whereas the data for the concentration ratios for EC/TC, EC/PM, OC/PM, and 

(OM+EC)/PM are shown in Figures 6.17 to 6.20. 

 

For the PM10 mass (Figure 6.14), substantially larger levels are observed in spring 

than in the other seasons, and this is true for each of the 6 sites. For EC and OC, on 

the other hand, there is no spring maximum at all. This suggests that the spring 

maximum for the PM is not so much due to meteorological conditions, such as 

temperature inversions and precipitation, as these should have had an impact on the 

levels of the carbonaceous aerosol components as well, but that it is due to higher 

concentrations of some other major aerosol component, perhaps nitrate, during that 

season. For EC (Figure 6.15), the highest levels are found during fall, and this for 
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each of the sites; we do not have a plausible explanation for this observation. It is 

noteworthy that high EC levels in fall were also observed in our study for Uccle (fall 

had the second highest EC levels after winter at this site). For OC (Figure 6.16), there 

does not seem to be a systematic difference between the 4 seasons. The tendency for 

lower OC levels in summer, which was indicated in section 6.4.3.2 above, is only 

reflected in the 75 percentile levels in Figure 6.16, which are for each site lower than 

the 75 percentiles for the other seasons. 
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Figure 6.14. Seasonal variation of the PM10 mass concentration for the 6 Chemkar 

sites. The data plotted are medians and interquartile ranges. 
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Figure 6.15. Seasonal variation of the EC concentration for PM10 for the 6 

Chemkar sites. The data plotted are medians and interquartile ranges. 
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Figure 6.16. Seasonal variation of the OC concentration for PM10 for the 6 

Chemkar sites. The data plotted are medians and interquartile ranges. 

 

The tendency for lower EC/TC ratios in the months January to April, indicated in 

section 6.4.3.3 above, is to some extent, also seen in the seasonal data in Figure 6.17. 

The EC/TC ratios are particularly low in spring. More obvious in Figure 6.17 is that 

the EC/TC ratio is larger in fall than in the other seasons. This is the result of the 

higher EC levels in that season and the fact that there was not much seasonal 

variability for OC. 
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Figure 6.17. Seasonal variation of the PM10 EC/TC concentration ratio for the 6 

Chemkar sites. The data plotted are medians and interquartile ranges. 
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Figure 6.18. Seasonal variation of the PM10 EC/PM concentration ratio for the 6 

Chemkar sites. The data plotted are medians and interquartile ranges. 

 

The seasonal variation for the EC/PM ratio (Figure 6.18) resembles that for the 

EC/TC ratio. However, the fact that the PM levels were largest in spring, combined 

with the fact that the EC levels were not particularly high then (see Figure 6.15), leads 

to systematically low EC/PM ratios in that season. 
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Figure 6.19. Seasonal variation of the PM10 OC/PM concentration ratio for the 6 

Chemkar sites. The data plotted are medians and interquartile ranges. 

 

It was indicated in section 6.4.3.3, that there is a tendency for lower OC/PM ratios in 

the months January through May than in other months. This is consistent with what is 
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seen in Figure 6.19. The OC/PM ratios are systematically lowest in spring, followed 

(for 4 of the 6 sites) by winter. Again, the low ratios for spring are due to the high PM 

levels in that season. Somewhat surprising is that the median OC/PM ratio is 

systematically larger for fall than for the other 3 seasons. This was not really expected 

on the basis of the median PM and OC data for the sites. For example, for Zelzate, the 

median OC level is lower for fall than for winter (Figure 6.16), whereas the median 

PM levels for the two seasons are nearly identical (Figure 6.14). Yet, the median 

OC/PM concentration ratio is higher for fall than for winter. 
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Figure 6.20. Seasonal variation of the PM10 (OM+EC)/PM ratio for the 6 Chemkar 

sites. The data plotted are medians and interquartile ranges. 

 

The seasonal variation pattern for the ratio (OM+EC)/PM in Figure 6.20 is quite 

similar to that for the OC/PM ratio, with the lowest values in spring and highest 

values in fall. This is fully consistent with the observation made in section 6.4.3.3 that 

also the time series of the two ratios are quite similar. The reasons for the similarity in 

the seasonal variation patterns are that EC represents, on average, less than 25% of the 

sum of OM+EC for all sites and that there is some resemblance in the seasonal 

variations of the EC/PM and OC/PM ratios (compare Figures 6.18 and 6.19). 
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6.4.4. Conclusions 

 

The Chemkar field blanks exhibited substantially larger OC levels than identical 

blanks, which did not go to the field. Since no particle-free air was drawn through the 

field blanks, it is thought that the use of the field blank OC level for blank correction 

of the actual samples will result in an overestimated blank correction. It was decided 

to apply a so-called “proportional” blank correction approach, whereby the OC blank 

level used was intermediate between the OC level in the field blanks and 50% of that 

field blank OC level. It is unclear how close the applied blank correction is to the 

correct one. It is estimated that the uncertainty (1 standard deviation) associated with 

this blank correction is about 0.4-0.5 µg/m3. Expressed as percentage of the OC 

concentration, the uncertainty is less than 10% for samples with OC concentrations of 

at least 5 µg/m3; it is in the range of 10-25% for samples with OC concentrations 

between 2 and 5 µg/m3, but becomes quite large for very lightly loaded samples. 

 

The PM data for the 6 Chemkar sites were well correlated with each other. This 

suggests that the PM10 levels are largely determined by meteorological conditions 

(e.g., inversions, precipitation) and that most of the PM10 mass originates from 

regional sources rather than from local sources. The PM levels were highest in spring, 

presumably because some major aerosol component, maybe nitrate, was highest in 

that season. The high PM levels in spring were definitely not due to enhanced levels 

of the carbonaceous components in that season. 

 

Also the OC data of the 6 Chemkar sites were well correlated with each other, 

suggesting that most of the OC originates from regional rather than local sources. 

There was little seasonality in the OC level, but there was some tendency for lower 

levels in the summer months than for the rest of the year. The mean ratio for OC/PM 

was lowest for Houtem and the second lowest mean ratio was observed for Zelzate, 

whereas the mean ratios for the sites further inland were quite similar. The increase in 

OC/PM ratio as one goes further inland may be due to a smaller contribution from sea 

salt to the PM with distance from the sea. 

 

In contrast to what was the case for the PM and OC, the EC levels of the 6 Chemkar 

sites were poorly correlated and there was also a large difference between the EC 
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levels of the 6 sites. This all indicates that the EC originated mostly from local 

sources. EC is a primary aerosol component; it originates from the combustion of 

fossil fuel and to a lesser extent biomass. It is likely that traffic (in particular diesel 

cars) was a major contributor to the EC at several Chemkar sites. The EC levels were 

at all sites largest in fall. We have no plausible explanation for this finding. The 

EC/TC concentration ratio was, on average, only 0.11 for Houtem, it was 0.28 for 

Borgerhout, and ranged from 0.20 to 0.23 for the other 4 Chemkar sites. These latter 

ratios are similar to EC/TC ratios found in several campaigns at our urban background 

site in Ghent. 

 

The contribution from carbonaceous aerosols (sum of OM+EC) to the PM10 

gravimetric mass was, on average, 17% for Houtem and between 21% and 26% for 

the other 5 Chemkar sites. For Ghent and Uccle, around 24-29% of the PM10 mass 

was attributed to the carbonaceous aerosols. In our work of 2005-2006 for VMM, 

PM10 quartz fibre filter samples from winter and summer campaigns at Borgerhout, 

Zaventem, and Aarschot were analysed for OM and EC, and the PM10 mass was 

derived from the same filter samples [Maenhaut et al., 2006]. In these campaigns and 

for all sites, the carbonaceous aerosols, accounted for between 20 and 25% of the 

PM10 aerosol mass. Those data are very similar to the data obtained now for the 

Chemkar study. 
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7.1. Introduction 

 

Within international co-operation with scientists from other European countries, our 

already existing and newly developed samplers and analytical methods were used for 

detailed carbonaceous aerosol characterisation studies at a number of sites in other 

European countries. In this Chapter the results from 4 of these studies (which I was 

involved in) are given. Section 7.2 presents the results from a kerbside site in 

Budapest, Hungary, in 2002; section 7.3 gives the results from two summer 

campaigns (2003 and 2006) at a regional background site in rural Hungary; section 

7.4 presents the results for a forested site in Finland in 2007 summer; and finally in 

section 7.5 results are given for two urban background sites in Prague, Czech 

Republic. In this last study, use was made of samplers of the co-operating Czech 

scientists instead of UGent samplers. 

 

7.2. Budapest 

 

7.2.1. Introduction 

 

In most cities, road traffic has become one of the major sources of particulate air 

pollution [Fenger, 1999; Colvile et al., 2001]. The emissions from traffic are released 

in close proximity to human receptors; dilution and dispersion of the pollutants are 

significantly reduced in most cities by the urban (street) canyon effect of buildings 

alongside the roads [Vardoulakis et al., 2003]. Since people in cities spend a large 

amount of time indoors [Kruize et al., 2003], the major impact of road traffic 

emissions on human health occurs mainly inside the buildings that line city streets. In 

these microenvironments, the indoor concentrations of pollutants are influenced 

largely by the outdoor ambient air quality. Therefore, chemical characterisation of 

aerosols at a kerbside site is of interest regarding human health concerns. Since the 

principal aerosol components emitted by unleaded gasoline and diesel fuelled vehicles 
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are OC and EC [Fraser et al., 1999], an important task in chemical characterisation of 

aerosols at a kerbside site is to study carbonaceous aerosols. 

 

In the framework of an international collaborative research project with the team of 

Prof. I. Salma, Eötvös University, Budapest, aerosol samples were collected with 

several filter-based devices and cascade impactors in downtown Budapest, Hungary, 

in spring 2002. Besides the aerosol collections some in-situ aerosol measurements 

were performed. The aim of the project was to accomplish a comprehensive 

characterisation of the carbonaceous constituents [Salma et al., 2004]. In this section 

7.2, atmospheric concentrations for the aerosol mass derived from different filter 

media are evaluated, OC and EC concentrations are presented and discussed and 

utilised for estimating the abundance of the OM and SOA at the site, and the 

relationships of the atmospheric concentrations with road traffic, local meteorology, 

and long-range transport of air masses are investigated and interpreted. The 

importance of positive artifacts for OC was assessed using tandem filter systems and 

was presented in part in Chapters 4 and 5. Here, only additional information is given 

on these artifacts and on those for the PM. 

 

7.2.2. Experimental 

 

7.2.2.1. Aerosol sampling 

 

The aerosol collections and measurements took place at 5 Rákoczi Street, which is 

located in downtown Budapest within a street canyon. The site can be classified as 

kerbside according to the criteria proposed by the European Environmental Agency 

(EEA) [Larssen and Kozakovic, 2003]. The detailed description of the site was given 

in section 5.2.1. Several filter samplers, cascade impactors, and on-line instruments 

from UGent were deployed at the site. The filter samplers included PM2.5, PM10, and 

PMtotal filter holders (sections 2.1.1 and 2.1.2) with two pre-fired Whatman QM-A 

quartz fibre filters in series, two Gent PM10 SFU samplers (section 2.1.1) one with 
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coarse and fine Nuclepore polycarbonate filters in series, the other with a coarse 

Nuclepore polycarbonate filter and a fine Gelman Pall Teflo filter in series, and a 

HVDS (section 2.1.3) with double pre-fired Gelman Pall quartz fibre filters. In 

parallel with the filter samplers, aerosol collections were made with MOUDI (section 

2.1.4) and SDI (section 2.1.5) cascade impactors. In-situ measurements for the PM 

was made with a TEOM (section 2.3.1) with the filter heated at 50 °C in order to 

prevent moisturing, and for BC with an aethalometer (section 2.3.2). Both instruments 

were equipped with a PM2.5 inlet and operated with a time resolution of 5 min. 

 

7.2.2.2. Analytical methods and data treatment 

 

The samples from all filter holders (with the exception of those of the HVDS) were 

analysed for the PM by weighing with a microbalance (section 2.2.1). All quartz fibre 

filter samples were analysed for OC and EC with the TOT technique [Birch and Cary, 

1996], using a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the ST 

temperature protocol (section 3.3.1). The fine filters of the HVDS were also analysed 

for WSOC with a TOC analyzer (section 2.2.3); in addition, they were subjected to 

some other analyses in co-operation with the team of Prof. Salma and other Hungarian 

teams [Salma et al., 2006; Krivácsy et al., 2008]. The samples from the SFU samplers 

were analysed by INAA, PIXE, and ion chromatography, and the SDI samples were 

analysed by PIXE [Maenhaut et al., 2005b; Salma et al., 2005; Salma and Maenhaut, 

2006]. In this section 7.2, the PM and OC/EC data derived from the SFU samplers 

and from different size selective filter holders (except those from the HVDS, which 

were presented in Chapter 5) are presented and discussed; use is also made of some 

complementary atmospheric concentrations obtained by PIXE of the Nuclepore filters. 

 

As mentioned earlier, in order to convert the measured amount of carbon into OM, the 

OC data should be multiplied by a factor that is an estimate of the average molecular 

mass per carbon atom for the organic aerosol. A factor of 1.4 was consistently used in 

this work for urban sites and with this factor very good aerosol chemical mass closure 
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was obtained for Ghent, Uccle, and Budapest [Maenhaut and Claeys, 2007]. To 

convert the transmittance data from the aethalometer into BC values, a mass 

absorption efficiency of 16.6 m2/g (given by the manufacturer) was adopted (section 

2.3.2). The BC data were also subjected to an empirical correction in order to reduce 

the discontinuities (jumps) in the series of data experienced when the filter tape is 

moved from a loaded area to an unexposed one [Reid et al., 1998]. 

 

7.2.3. Results and discussion 

 

7.2.3.1. Assessment of positive artifacts for the PM and OC (results from 

tandem filter systems) 

 

An attempt was made to assess the extent of positive artifacts for the PM from the 

weights of back quartz fibre filters in the PM2.5, PM10, and PMtotal filter holders. 

However, the net masses derived from the back quartz filters were not significant. 

They were below the net mass uncertainty (which is approximately 30 µg for quartz 

fibre filters) in approximately half of the cases. It was therefore impossible to draw 

any meaningful conclusions with regard to the artifacts for the PM. 

 

With regard to additional information on the importance of artifacts for OC, Figure 

7.1 shows the scatter plot of OC on the back filter versus OC on the front filter for the 

PM2.5 filter holder. A good correlation (R2 = 0.91) is found; if we exclude the data 

from the last night (4 May to 5 May), the correlation is even better (R2 = 0.96). This is 

similar to what was found in the Ghent 2001 summer campaign (Figure 4.2). It 

suggests that the equilibrium of condensable OC between gas phase and back filter 

has been achieved despite the short sampling duration (12 h) in this campaign. 

Therefore, the OC on the back filter can be used as an estimate of the positive artifact 

OC on the front filter. It can further be seen from Figure 7.1 that all data points are 

correlated in one group, indicating that there is virtually no diurnal variation in the 

(relative) importance of positive artifacts in this campaign. An even better correlation 
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(R2 = 0.97) was found between PM10 OC on front filters and back filters, which is not 

shown. A relatively worse correlation (R2 = 0.82) was found between PMtotal OC on 

the front and back filters, which was probably caused by the influence from coarse 

OC. 
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Figure 7.1. Correlation between OC on the front and back filters in the PM2.5 size 

fraction as derived from low volume sampler for the Budapest 2002 

campaign. 

 

7.2.3.2. Particulate mass 

 

7.2.3.2.1. PM concentrations 

 

Ranges and medians of the atmospheric PM concentration obtained from the SFU 

samplers and PM2.5, PM10, and PMtotal filter holders at the Budapest kerbside site 

are summarised in Table 7.1. The PM concentration data derived from the SFU 

samplers can be compared with those from earlier studies in Budapest, where samples 

were also collected with Gent PM10 SFU samplers. In April to May 1996, such 

samplers with two Nuclepore filters were used to collect aerosol samples at two sites 

in Budapest. One of the two sites was Széna Square in downtown Budapest (47°30'N, 
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19°30'E, 115 m a.s.l.). This site is at about 3 km to the north-west of the Rákoczi 

street site and is affected by heavy traffic nearby in about the same way [Salma et al., 

2001]. The campaign median concentrations for the coarse (PM10-2.0) and fine 

(PM2.0) PM in spring 1996 at Széna Square were 44 and 25 µg/m3. These data are 

1.45 times and 1.25 times higher than those derived from two subsequent Nuclepore 

filters presented in Table 7.1. The value of 1.45 times larger for the coarse PM at 

Széna Square is essentially due to higher levels of the crustal component (road dust), 

which was still responsible for about 50% of the coarse PM in 2002 [Maenhaut et al., 

2005b]. 

 

Table 7.1 Ranges and medians of the PM (in µg/m3) at the kerbside site in 

Budapest. 

 
Sam. period PM2.0 PM10-2.0 PM10 PMtotal 
Filter type Range Median Range Median Range Median Range Median 
Day         
Nuclepore 8.8-26 22 12.2-68 36 21-94 60   
Teflon 8.7-24 13.7 (10.9-78)b 23b 19.7-92 44   
Quartz fibre (7.8-52)a 26a   (28-107)c 54c 48-239 159 

Night         
Nuclepore 10.0-25 20 7.6-74 26 17.6-98 44   
Teflon 9.8-22 15.6 (6.5-79) b 25 b 16.3-94 42   
Quartz fibre (12.1-55)a 31 a   (21-105)c 53c 28-142 93 

All         
Nuclepore 8.8-26 20 7.6-74 30 17.6-98 48   
Teflon 8.7-24 14.7 (6.5-79)b 23b 16.3-94 44   
Quartz fibre (7.8-55)a 29a   (21-107)c 54c 28-239 110 

 
afor PM2.5 size fraction 
bderived from the Nuclepore polycarbonate filter in the PM10NT SFU sampler 
cderived from a PM10 filter holder. 
 

The median PM concentrations in Table 7.1 can be compared with the data from other 

kerbside sites in Europe. Querol et al. [2004] reported in their European multi-city 

study that the annual mean mass concentrations of PM2.5 and PM10 varied in the 
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range of 13-39 µg/m3 and 26-55 µg/m3, respectively, for the kerbside sites in Europe. 

Van Dingenen et al. [2004] reported for the PM10 aerosols mass concentration yearly 

average medians of between 30 and 50 µg/m3 at various European kerbside sites. Our 

campaign median PM10 mass concentrations, as obtained from Teflon filters, is thus 

in the higher middle range for PM10 at kerbside sites and our campaign median from 

Nuclepore and quartz fibre filters falls in the high end of the range. Our campaign 

median PM2.5 mass concentration, as derived from quartz fibre filters, is also at the 

higher middle range of values for PM2.5 mass at kerbside sites in Europe. Compared 

with the data from a kerbside site in Paris [Ruellan and Cachier, 2001], however, the 

campaign median PM2.5 (derived from quartz fibre filters) and PM10 mass 

concentrations found at Budapest site are somewhat lower. The mean PM2.5 and 

PM10 mass concentration in the Paris study were 38 ± 20 µg/m3 and 58 ± 30 µg/m3, 

respectively. Our median PM10 mass for Budapest is much higher than that for the 

Borgerhout urban traffic site, which exhibited the highest PM10 mass in the Chemkar 

project study (section 6.4). It should be noted, though, that our site in Budapest is a 

kerbside site, whereas the sampling devices in Borgerhout were more than 30 m away 

from the street. Our median PM10 mass concentrations are all higher than the EU 

annual limit value of 40 µg/m3 for PM10, although the sampling period (12 days) of 

our campaign is too short to do this kind of comparison. 

 

It can be seen from Table 7.1 that the median mass concentrations for PM10 (and 

PM2.0) determined from various filters differ from each other. The mean ratios of the 

individual mass concentrations revealed systematic deviations. For the PM10, the 

mean ratio of the Teflon PM data to the Nuclepore PM data, as obtained on a sample 

by sample basis, was 0.90 ± 0.07, while for the PM2.0 size fraction, it was 0.84 ± 0.15. 

Similar comparisons of the quartz fibre filter data to the Nuclepore filter data for 

PM10 resulted in a mean and standard deviation of 1.10 ± 0.16, while it was 1.06 ± 

0.19 for daylight period samples and 1.13 ± 0.13 for the night samples. This is in line 

with our findings at Uccle and Ghent that quartz fibre filters usually result in 

significantly larger PM values than Nuclepore polycarbonate filters. The ratio of 1.10 
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± 0.16 for PM10 at this kerbside site is rather comparable to the ratio of 1.18 ± 0.21 

found in the Ghent 2004 summer campaign, but clearly substantially lower than the 

ratios in the Ghent winter campaigns (1.23 ± 0.09 for Ghent 2004 winter, and 1.34 ± 

0.19 for Ghent 2005 winter). The ratio for the daylight period samples (1.06 ± 0.19) is 

comparable to that found at Uccle (1.04 ± 0.35) where the samples were only 

collected during daylight time. It is also noted that at this kerbside site, the mean ratio 

is higher in the nights than during the daylight time. Diurnal temperature differences 

may play a role here. As mentioned in section 6.3.3.1, the difference in PM derived 

from quartz fibre and Nuclepore filters seems smaller in summer than in other seasons. 

This may be due to the volatilisation of semi-volatile aerosol components (e.g., nitrate) 

from quartz fibre filters, which is more pronounced at high temperatures. 

 

Table 7.1 further shows that the median PM concentrations derived from the SFU 

sampler with two Nuclepore polycarbonate filters were larger during the daylight 

period than during the night in all size fractions. This seems to suggest that particulate 

air pollution was more extensive over day-time periods than nights, as expected. For a 

kerbside site, because the main aerosol sources are supposed to be traffic, one may 

expect the PM concentrations in both fine and coarse size fractions to be higher 

during the day-time than the nights in accordance with the diurnal changes in the 

source intensity of road traffic. Fine aerosols are emitted directly from the incomplete 

combustion of liquid fossil fuel and produced indirectly through chemical reactions in 

the air invoked by the emissions, whereas coarse aerosols are emitted from friction 

acting on individual components (as tires and brakes) and resuspended by the 

mechanical and thermal turbulence induced by moving vehicles and exhaust gas from 

the street and exposed soil surfaces. However, it is also known that atmospheric 

concentrations of air pollutants depend not only on the intensity of sources but also on 

the sinks, and they are largely driven by micrometeorology (e.g., boundary layer 

mixing height) and the thermodynamic conditions of the atmosphere. From Table 7.1, 

it can be seen that the diurnal difference in PM derived from Nuclepore filters was 

larger in the PM10-2.0 size fraction (the mean day-time/night-time (D/N) ratio was 
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1.28) compared with that in the PM2.0 size fraction (with mean D/N ratio of 1.03). 

Results from the PMtotal filter holder indicated that the diurnal difference was even 

larger for the TSP mass. This indicates that compared with fine aerosols the coarse 

particles are more associated with day-time activities and processes. And this points to 

the significance of the local dust mobilization and resuspension processes in 

downtown Budapest and to the shorter atmospheric residence time for the coarse 

particles. In the PM2.0 size fraction, the D/N ratio was closer to unity due mainly to 

the more uniform distribution of fine aerosol in time than for coarse aerosol [Salma et 

al., 2001] and to its significantly smaller deposition rate. Unlike for the Nuclepore 

filters, for the PM derived from the SFU sampler with Nuclepore polycarbonate and 

Teflon membrane filters in series and from the filter holders with quartz fibre filters, 

no clear diurnal trend was found for PM concentrations. For the PM obtained from 

quartz fibre filters, comparable median concentrations were found during the day-time 

and night-time for the PM10 size fraction and a higher median concentration in the 

night-time than during the day-time for the PM2.5 size fraction. The reason for these 

inconsistent diurnal variations between different types of filters is unclear. 

 

In order to compare the PM2.5 mass concentrations derived from the TEOM with the 

PM data derived from filter-based samplings, the TEOM data were averaged over the 

collection time of each individual filter-based sampling. The resulting time-integrated 

TEOM PM values varied between 11 and 51 µg/m3, with a median of 25 µg/m3. The 

campaign average ratio between the time-integrated TEOM mass and the mass 

derived from the PM2.5 filter holder, calculated on a sample by sample basis and then 

averaged over all samples, was 0.91 ± 0.15; it is thus somewhat lower than 1.0 and 

this is due to volatilisation in the TEOM as result of the applied temperature of 50 ºC 

[Ayers et al., 1999]. The ratios were 1.01 ± 0.12 and 0.82 ± 0.11 during the daylight 

period and in the nights, respectively. The higher relative humidity (RH) (thus 

moisture) and lower temperature in the night may be the reason for the lower ratio 

then. 
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Table 7.2. Means and associated standard deviations of the fine (PM2.0 or PM2.5) 

to PM10 ratios and of the PM10 to PMtotal ratios for the PM, OC, and 

EC during the Budapest 2002 campaign. 
 

PM2.0/PM10 PM2.5/PM10 PM10/PMtotal 
 

PMNN PMNT PMQ OC EC PMQ OC EC 
Day 0.36±0.09 0.34±0.16 0.46±0.11 0.63±0.07 0.97±0.08 0.48±0.09 0.58±0.09 1.00±0.27 
Night 0.41±0.13 0.41±0.18 0.59±0.14 0.66±0.10 0.96±0.04 0.65±0.09 0.75±0.09 0.87±0.11 
All 0.38±0.11 0.37±0.17 0.53±0.14 0.65±0.09 0.96±0.06 0.57±0.13 0.68±0.12 0.93±0.20 

 

7.2.3.2.2. Fine/PM10 and PM10/PMtotal ratios for the PM 

 

Averages and associated standard deviations of the fine (PM2.0 or PM2.5) to PM10 

ratios and of the PM10 to PMtotal ratios for the PM, OC, and EC are given in Table 

7.2. The average fine (PM2.0 or PM2.5)/PM10 ratios and PM10/PMtotal ratios for the 

PM indicate that the coarse particles contribute significantly to the particulate mass at 

this site. For various European sites, Van Dingenen et al. [2004] reported that the 

PM2.5/PM10 ratio ranged from 0.5-0.9, with an overall mean ratio of 0.73 ± 0.13. 

The site specific slope between PM2.5 and PM10 varied from 0.57 to 0.89, lower 

ratios were observed for kerbside sites due to the large contribution of resuspended 

road dust. Querol et al. [2004] reported in their European multi-city study that the 

PM2.5/PM10 ratios at kerbside sites in Europe are usually 0.6-0.7. Lower ratios (0.4) 

were obtained at some kerbside sites in Sweden and in the Canary Islands, indicating 

the strength of road dust emissions (road and tire abrasion, sanding, salting) and of 

African dust inputs, respectively. Our campaign average PM2.5/PM10 mass ratio is in 

the lowest end of the above literature ranges. From meteorological data we know that 

there was no Saharan dust event during the Budapest 2002 campaign period; therefore 

our low average PM2.5/PM10 and PM2.0/PM10 ratios suggest a larger proportion of 

resuspended (coarse) road dust at this kerbside site. It appears from Table 7.2 that the 

fine (PM2.0 or PM2.5)/PM10 and PM10/PMtotal ratios are higher in the night than 

during the day; these are consistent with the different PM diurnal variations between 

the fine and coarse size fractions, as discussed above. And they indicate that the dust 
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mobilization and resuspension processes, which follow the diurnal variation in the 

intensity of traffic, are important aerosol sources at this site. 

 

7.2.3.3. OC and EC 

 

7.2.3.3.1. OC and EC concentrations 

 

Ranges, medians, means and associated standard deviations for OC, EC, and time-

integrated BC in different size fractions are given in Table 7.3. Similarly as for the 

TEOM, the time-integrated BC data from the aethalometer were obtained by 

averaging over each filter-based sampling. As can be seen from Table 7.3, comparable 

campaign mean and median EC concentrations were found in PM2.5 and in PM10. 

This suggests that most of the EC in PM10 is associated with PM2.5 and was 

produced by traffic emission. The median and mean EC values in TSP are somewhat 

higher than those in PM10, indicating some EC was associated with coarse aerosols 

larger than 10 µm, which were produced by local dust mobilization and resuspension 

processes. As to OC, the campaign mean and median concentrations are increasing 

from PM2.5 to PM10 and to TSP. This suggests that compared with EC the size 

distribution of OC is more uniform. Other sources or source processes besides traffic 

emission and local dust mobilization and resuspension clearly also contributed to the 

OC, particularly in the PM10-2.5 size fraction. 

 

Table 7.3 further shows that there is no large difference for the OC data (both mean 

and median) in PM2.5 and PM10 between the day-time and night-time, whereas in 

TSP (derived from PMtotal filter holder) the median and mean OC values during day-

time were respectively 1.28 and 1.41 times those found in the night-time. Similar 

diurnal trends were also found for the median EC and BC concentrations in different 

size fractions. These are in line with the diurnal variation found for the PM derived 

from the Nuclepore filters (Table 7.1). This again suggests that some OC and EC at 

this site are associated with coarse particles, which are produced by local dust 
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mobilization and resuspension processes, have shorter residence time, and therefore 

follow the diurnal variation in the intensity of traffic. The OC and EC in PM2.5 and 

PM10, however, are more uniformly distributed in time due to their longer residence 

time, and fine OC may also be produced by other sources rather than traffic emissions. 

It is also noted that, unlike the median values, the mean PM2.5 BC and EC 

concentrations were 1.35 and 1.27 times higher during the day-time than in the night-

time and the mean PM10 and PMtotal EC concentrations were 1.29 and 1.10 times 

higher during day-time than in the night-time. This all indicates that EC and BC at 

this site was more traffic related than OC. 

 

Table 7.3. Ranges, medians, means and associated standard deviations for the 

concentrations of OC and EC (both obtained from quartz fibre filters by 

the TOT method) and BC (measured by aethalometer) in different size 

factions at the kerbside site in Budapest. All data are in µg/m3. 

 
PM2.5 PM10 PMtotal 

 
Range Median Mean±std. Range Median Mean±std. Range Median Mean±std. 

Day          
OC 3.5-13.6 6.8 8.1±3.4 5.9-24 10.6 13.4±6.6 8.3-44 24 25±14 
EC  1.76-10.8 3.4 5.3±3.7 1.6-10.1 3.6 5.3±3.5 2.3-8.1 5.6 5.3±2.4 
BC 1.39-8.4 2.9 4.2±2.7       

Night          
OC 3.6-14.9 6.9 8.1±3.6 4.5-23 11.0 12.8±6.6 5.5-28 18.7 17.7±8.2 
EC  0.88-8.3 3.3 3.9±2.5 0.92-8.3 3.3 4.1±2.6 1.10-9.0 4.3 4.8±2.6 
BC 0.75-6.8 3.0 3.3±1.9       

All          
OC 3.5-14.9 6.8 8.1±3.4 4.5-24 10.6 13.1±6.4 5.5-44 18.7 21±12 
EC  0.88-10.8 3.3 4.6±3.1 0.92-10.1 3.4 4.7±3.0 1.10-9.0 4.6 5.0±2.4 
BC 0.75-8.4 2.9 3.7±2.3       

 

The TC concentration at this kerbside site can be compared to data in the literature for 

other kerbside sites in Europe. Querol et al. [2004] reported in their European multi-

city study that the annual mean PM2.5 mass concentrations of total carbon in the 

central European area (examples from Austria, Berlin, Switzerland, The Netherlands, 
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and UK) varied between 8 and 16 µg/m3 at urban kerbside sites. The mean PM2.5 TC 

concentration (14.1 ± 7.0 µg/m3) at our kerbside site for the 2002 campaign is in the 

high to middle end of this range. For PM10 TC, the mean PM10 TC concentration 

(17.8 ± 9.3 µg/m3) at our kerbside site is more than 2 times higher than that found at 

the urban traffic site of Borgerhout, which exhibited the highest PM10 TC mean of 

the 6 Chemkar study sites (section 6.4). It is also much higher than values we found 

for urban background sites in Belgium. It is 2.2 to 4.2 times higher than the PM10 TC 

means found during the Ghent campaigns (section 6.2) and more than 3 times higher 

than the annual mean PM10 TC concentration found at Uccle (section 6.3). It is also 

2.4 times higher than the annual mean PM10 TC concentration obtained by Yttri et al. 

[2007] for San Pietro Capofiume, which is an urban background site in Italy. The 

campaign mean TC concentration derived from the PMtotal filter holder in Budapest 

campaign was 26 ± 14 µg/m3, which is lower than that found at a kerbside site in Paris 

[Ruellan and Cachier, 2001]. 

 

Compared with the data from the HVDS (section 5.3.2), the mean PM2.5 OC 

concentrations derived from the low-volume PM2.5 filter holder was 1.36 times 

higher. The ratio for EC was 1.07. As indicated in Chapter 6, the lower data for the 

HVDS may to a large part be due to overestimation of the sampled air volume for the 

HVDS. From Table 7.3 we can see that the PM2.5 time-integrated BC data derived 

from the aethalometer were generally lower than the PM2.5 EC data; the mean 

BC/EC ratio and its standard deviation was 0.84 ± 0.09. An explanation for the 

somewhat low ratio is that the mass absorption efficiency (16.6 m2/g), as used for the 

aethalometer, is not generally valid, but may vary with aerosol composition and 

morphology, and changes with origin and age of the soot particles [Liousse et al., 

1993]. Compared with the data from earlier European studies, in which the same or 

very similar TOT method was applied as ours (Table 5.7), our mean PM2.5 EC value 

for Budapest is in between the mean EC values found at the two kerbside sites, 

whereas our mean PM2.5 OC value is much higher than those found at the two 

kerbside sites. 
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7.2.3.3.2. PM2.5/PM10 and PM10/PMtotal ratios for OC and EC 

 

The means and standard deviations for the PM2.5/PM10 and PM10/PMtotal ratios for 

OC and EC are given in Table 7.2. The ratios were calculated on a sample by sample 

basis and then averaged over all samples. It can be seen from the table that nearly all 

the EC in the PM10 size fraction was in the fine size fraction (PM2.5) and most EC in 

TSP (as derived from PMtotal) was in the PM10 size fraction. These results are in 

agreement with our observations above on the EC concentrations in the different size 

fractions; they are also similar to what we found in the Ghent winter campaigns, 

indicating the dominant anthropogenic origin of EC. Although some EC at this site 

was associated with particles larger than 10 µm, as was indicated in section 7.2.3.3.1, 

their contribution does not seem to be large. Furthermore, in contrast to the diurnal 

variation for the ratios for the PM, for EC both the PM2.5/PM10 and PM10/PMtotal 

ratios were higher during the day than in the night, following the diurnal changes in 

intensity of road traffic. This is again consistent with the assumption that EC is mainly 

produced by road traffic at this site. Compared to EC, the PM2.5/PM10 and 

PM10/PMtotal ratios for OC were lower (Table 7.2), but they were all larger than 0.5 

and than the ratios for the PM. The ratios for OC are higher in the night than during 

the day, which follows the diurnal variation for the PM and is in contrast to that for 

EC. Furthermore, it can be seen from Table 7.2 that the diurnal difference for OC is 

larger for the PM10/PMtotal ratio than for the PM2.5/PM10 ratio. This suggests that 

some OC at this site is associated with resuspended coarse particles, which contribute 

more to total OC during the day when the road traffic is more intensive and therefore 

leads to a lower PM10/PMtotal ratio for OC during the day-time. 

 

7.2.3.3.3. EC/TC, OC/PM, and (OM+EC)/PM ratios 

 

The means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in PM2.5, PM10, and TSP are given in Table 7.4. The PM data 

used in these calculations were derived from the quartz fibre filters. It appears that all 
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Table 7.4. Means and associated standard deviations of the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in different size fractions at the kerbside site in 

Budapest. 

 

PM2.5 PM10 PMtotal 
 

Mean±std.dev. Mean±std.dev. Mean±std.dev. 
Day    
EC/TC 0.36±0.08 0.27±0.04 0.17±0.04 
OC/PM 0.32±0.11 0.22±0.02 0.18±0.02 
(OM+EC)/PM 0.57±0.10 0.39±0.05 0.29±0.03 
   
Night    
EC/TC 0.31±0.07 0.23±0.04 0.21±0.03 
OC/PM 0.26±0.05 0.22±0.03 0.19±0.01 
(OM+EC)/PM 0.48±0.12 0.38±0.05 0.32±0.02 
   
All    
EC/TC 0.33±0.08 0.25±0.04 0.19±0.04 
OC/PM 0.29±0.09 0.22±0.02 0.19±0.02 
(OM+EC)/PM 0.52±0.12 0.38±0.05 0.31±0.03 

 

ratios decrease from PM2.5 over PM10 to TSP. This is simply the result of EC being 

more dominantly present in the finer size fraction than OC, and the carbonaceous 

aerosol fractions (OC and EC) being more pronounced in the finer size fraction than 

the coarser aerosol. For PM2.5, all ratios in Table 7.4 are higher during the daylight 

period than during the night; the diurnal trend becomes unclear in the PM10 size 

fraction and even becomes opposite for PMtotal. This is mainly due to the fact that 

fine aerosols at this site are mainly produced by emissions from automobiles, the fresh 

vehicle emissions are more enriched in carbonaceous aerosols, particularly elemental 

carbon, than those from other aerosol sources or aged aerosols. Therefore, higher 

EC/TC, OC/PM, and (OM+EC)/PM ratios are found in the fine size fraction during 

the day when traffic was more intensive. In contrast, coarse aerosols are mainly 

produced by resuspension of road dust by traffic. They contain less carbonaceous 

aerosol, in particular EC. The influence is also more important during the day when 
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traffic is more intensive, and this results in lower EC/TC, OC/PM and (OM+EC)/PM 

ratios in the coarse size fraction during the day. 

 

The campaign average EC/TC ratio in PM2.5 is comparable to that derived from the 

HVDS at this site (section 5.3.4); it is exactly the same to what was found for another 

roadside site in Amsterdam in summer (0.33) [Viana et al., 2007b]. The average 

PM2.5 EC/TC ratio in Budapest is in general higher than the PM2.5 EC/TC ratios we 

found at urban background sites in Belgium (Uccle and Ghent). Compared with the 

two kerbside sites in Table 5.7, the average EC/TC ratio in Budapest is lower, which 

seems mainly due to the higher OC concentrations at this site than at those two sites, 

as mentioned above. The campaign average PM10 EC/TC ratio at this site is lower 

than that found at the urban traffic site of Borgerhout and comparable to the ratios 

found at the industrial and urban background sites of the Chemkar project. The 

average EC/TC ratio in TSP is also lower than that found at a kerbside site in Paris 

(0.29 for BC/TC) [Ruellan and Cachier, 2001]. It needs to be noted that a different 

carbon analysis technique was used by in the latter study. The relatively lower EC 

contribution to PM10 and TSP TC at Budapest compared to Borgerhout and Paris 

could be due to the larger contribution of coarse OC at Budapest. The percentages of 

OC and carbonaceous aerosols (OM+EC) to the PM2.5 and PM10 in Budapest are 

clearly higher than those found at Ghent, Uccle, and in the Chemkar sites in Belgium 

(section 6.2.3, 6.3.3, and 6.4.3), as expected. As mentioned earlier, the principal 

aerosol components emitted by unleaded gasoline and diesel fuelled vehicles are OC 

and EC. 

 

7.2.3.4. Temporal variability 

 

The temporal variability of PM2.5 OC, EC, and WSOC, as derived from the HVDS 

for the Budapest site, were presented and discussed in section 5.3.3. Figure 7.2 

displays the temporal variability of the PM2.5 and PM10 mass (as derived from the 

PM2.5 and PM10 filter holders with quartz fibre filters) and of the PM10-2.0 mass, 
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Figure 7.2. Temporal variability of the mass concentration in PM2.5 and PM10 (as 

derived from the PM2.5 and PM10 samplers) and in PM10-2.0 together 

with the PM2.0/PM10 mass ratio (as derived from the SFU with two 

Nuclepore filters) and of the mass concentration of the time-integrated 

PM2.5, as derived from the TEOM, during the Budapest 2002 

campaign. 
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Figure 7.3. Temporal variability of the PM2.5 and PM10 OC and EC 

concentrations together with the PM2.5/PM10 concentration ratio for 

OC, and the PM2.5 BC concentrations, as derived from the 

aethalometer, during the Budapest 2002 campaign. 
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together with that of the PM2.0/PM10 mass ratio (as derived from the SFU sampler 

with two Nuclepore filters), and of the time-integrated PM2.5 mass derived from the 

TEOM. Figure 7.3 shows the time series of PM2.5 and PM10 OC and EC together 

with that of the PM2.5/PM10 concentration ratio for OC, and of time-integrated 

PM2.5 BC from the aethalometer. As can be seen from Figures 7.2 and 7.3, the OC, 

EC, and PM concentrations exhibited a large variability at this site during the 

campaign. When we compare Figures 7.2 and 7.3 with Figure 5.1, it appears that the 

PM, OC, and EC concentrations in the different size fractions follow more or less 

each other. As explained in section 5.3.3, this temporal variation is related to changes 

in the source intensity of road traffic, to local meteorology and atmospheric dynamics, 

and to the air mass origin. It is interesting to note that a significant correlation (R2 = 

0.84) was also found between PM2.5 and PM10-2.0 mass. This is not a surprise, as 

mentioned earlier; vehicles not only emit fine particles but also resuspend 

considerable amounts of dust from the road and soil surfaces. Figures 7.2 and 7.3 

further show that the polluted time periods (high PM, OC, and EC concentration days) 

were characterised by small ratios as far as both the PM2.0/PM10 mass ratio and 

PM2.5/PM10 OC ratio are concerned. It indicates that the local sources (especially 

resuspension) dominated in these days. 

 

As can be seen from Figures 7.2 and 7.3, the time-integrated PM2.5 mass from the 

TEOM and the PM2.5 BC from the aethalometer follow closely the time trends of the 

PM2.5 mass and PM2.5 EC, as derived from the quartz fibre filters. Good correlations 

were found between them; the squared correlation coefficient between the PM2.5 

mass from the TEOM and that from the PM2.5 sampler was 0.88 and it was 0.96 

between BC from the aethalometer and EC from the PM2.5 sampler. Figures 7.2 and 

7.3 further show that in general the time-integrated data from the TEOM and 

aethalometer are lower than the values from the filters; a similar trend was seen for 

the campaign median values (section 7.2.3.2). The reasons for this were explained 

above. 
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Figure 7.4. Temporal variability as 15-min averages together with 6-h smoothed 

curves for the PM2.5 mass concentration as derived from the TEOM 

(top), and for the PM2.5 BC concentrations, as derived from the 

aethalometer (bottom), for the Budapest 2002 campaign. 

 

Figure 7.4 displays the temporal variability, as 15-min averages, together with 6-h 

smoothed curves for the PM2.5 mass and BC, as derived from the TEOM and 

aethalometer, respectively. The on-line PM2.5 mass and BC data exhibited a large 

variability and in general followed the same time trend. The correlation coefficient 
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between them was 0.90 indicating that their main source was common, which is road 

traffic. 

 

7.2.3.5. Estimation of primary and secondary OC 

 

For this purpose measured EC is used as a tracer for primary OC [Turpin and 

Huntzicker, 1995]. The secondary OC (OCSEC) is expressed as: 

 

⋅





−= EC

PRIMEC
OC

.PMOCSECOC 52  

 

It is assumed in this method that (1) primary OC and EC have the same source, and 

therefore, there is a representative OC/EC ratio for the primary aerosol 

((OC/EC)PRIM), (2) EC is primary in origin, and (3) the contribution of primary OC 

from other sources can be neglected. These requirements can be met in the PM2.5 size 

fraction, since OC in the coarse (e.g., PM10-2.0) fraction originates from other 

sources (e.g., pollen, spores, plant debris, tire rubber, and paved road dust) than EC. A 

critical step of this method is the estimation of a characteristic primary OC/EC ratio. It 

is known that the (OC/EC)PRIM emission rates vary by source and that the ratio is 

influenced by meteorology, time fluctuations in emissions, and local sources (e.g., 

vehicles, fireplaces, cooking operations) [Seinfeld and Pandis, 1998]. At locations 

under the dominant influence of primary source emissions and at times when 

minimum photochemical activity is expected, the measured OC/EC ratio can be 

regarded as a good approximation of (OC/EC)PRIM. In many cases, (OC/ EC)PRIM was 

estimated from atmospheric concentrations assuming that either the lowest observed 

OC/EC ratio represents the pure primary aerosol [Castro et al., 1999] or was obtained 

by averaging the data for the days when SOA formation could obviously be excluded 

[Strader et al., 1999]. In these studies, (OC/EC)PRIM ratios between 1.1 and 2.9 were 

obtained. For pure primary aerosol from diesel engines, a ratio of 1.1 was measured 

[Kleeman et al., 2000]. It has to be emphasised that the calculation approach yields 
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semi-quantitative information only because of the large associated uncertainties. Even 

if conditions appear to be such that no secondary organic carbon formation is 

expected, there is still a possibility of secondary organic carbon produced previously 

that may also be sampled. 
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Figure 7.5. Temporal variability of the OC/EC ratio in PM2.5 during the Budapest 

2002 campaign. 

 

The range of OC/EC ratios in the PM2.5 size fraction and their mean with standard 

deviation at the kerbside site in Budapest were 1.28-4.58, and 2.5 ± 0.9, respectively. 

For our study in Budapest, temporal variability and relationships of OC/EC ratio with 

different meteorological parameters and atmospheric concentrations were examined in 

order to separate a reasonable subset of ratios for estimating the (OC/EC)PRIM. The 

temporal variability for the OC/EC ratio in PM2.5 is presented in Figure 7.5. It can be 

seen that the nights exhibited generally larger values than the daylight periods due 

possibly to variation in the meteorology (especially in the boundary layer height), to 

aging of organic aerosols, to the transport of SOA produced during the previous day 

to the receptor site, and partially due to night-time chemistry [Seinfeld and Pandis, 

1998; Griffin et al., 2002]. The data for the sampling periods D4, D7, D10, and D11 
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(day-time on 26 and 29 April, 2 and 3 May, respectively) exhibited the lowest ratios, 

and the values for the previous nights were also small. 
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Figure 7.6. Scatter plot of the OC/EC ratio in PM2.5 versus the synoptic horizontal 

WS at the Budapest kerbside site. Daylight periods (D) and nights (N) 

of the field campaign are also indicated. Data marked by arrows 

correspond to changing weather situations, and, therefore, were left out 

from the correlation calculation. 

 

By examining the scatter plots of OC/ EC ratios with the other variables and co-

pollutants, it could be concluded that no obvious dependency of the OC/EC ratios on 

the mean ambient temperature, solar radiation, O3, NO, fine-fraction S (used as 

indicator for sulphate [Salma et al., 2001]), and CO mean concentrations could be 

identified. Nevertheless, the periods selected were associated with small fine S (hence 
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sulphate) concentrations, which possibly indicates the small portion of long-range 

transported SOA (since atmospheric oxidation of SO2 to sulphate is slow, sulphate 

was considered here to be a tracer for the long-range transport), and with low levels of 

O3 (the smallest daylight period O3 concentrations over the whole campaign), which 

may indicate little local photochemical activity. Significant correlations of OC/EC 

ratios with synoptic horizontal WS over separate day-times and night-times and with 

SO2 were obtained. The scatter plot of the OC/EC ratio and WS is shown in Figure 

7.6 as an example. The four sampling periods selected were characterised by the 

lowest wind speed over the daylight periods and by the largest SO2 concentrations, 

which both suggest that the local sources (firstly road traffic) dominated. In addition, 

the correlation coefficient between the OC/EC ratio and EC was -0.62, and EC 

concentrations were the largest for these four samples (indicating strong primary OM 

emissions). Based on the above arguments, the (OC/EC)PRIM ratio was estimated by 

the mean value of the four ratios selected, which was 1.42 ± 0.13. The OCSEC data 

calculated were utilised to derive the concentrations of SOA by applying the same 

conversion factor (of 1.4) as in calculating the OM mass from the OC values since 

there is no aggregate information available on the different chemical nature of SOA 

and OM [Griffin et al., 2002]. The contributions of the SOA to the OM mass (actually 

equal to the contributions of SOC to OC because the same conversion factor was 

used) in the PM2.5 size fraction at the kerbside over day-times (except the 4 days 

selected to calculate (OC/EC)PRIM) and night-times are in the range 40-55% and 23-

71%, respectively, with means and standard deviations of 46 ± 6% and 46 ± 16%, 

respectively. Hence, primary OM dominated usually, but the SOA exceeded the 

primary contribution during some photochemical episodes. Finally, no significant 

correlation could be observed between the SOA and ambient temperature, horizontal 

WS, solar radiation, relative humidity, traffic intensity, EC, NO, CO, SO2, and fine S 

concentration; while the correlation coefficients of SOA and PM in all size fractions 

measured, O3, and OC were about or above 0.7. This supports the idea that formation 

of the SOA is advanced by the oxidising of reactive organic gases by gas-phase 

reactions in the polluted urban atmosphere where partitioning to the aerosol phase 
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takes place further from the emission sources of the (anthropogenic) precursor gases, 

mainly via condensation on the available particles. 

 

7.2.4. Conclusions 

 

During an intensive aerosol collection and measuring campaign in the non-heating 

season, PM, OC, and EC concentrations were determined for an urban canyon 

environment. Their characteristics and temporal variability were investigated, and 

were linked to road traffic, local meteorology, and long-range transport. The 

contribution of OM to the PM was derived, and, finally, the abundance of SOA was 

estimated. Based on the results and their relationships, it can be concluded that EC is 

an excellent surrogate for vehicle related emissions, and that there was a unambiguous 

connection between fine (or coarse) aerosol and road traffic, but a clear and more 

important influence of local meteorology and long-range transport of air masses than 

of changes in source intensity on the air quality was observed. We found that an 

important part of the particulate matter is generated by the turbulence created and 

influenced by road traffic, so this portion of emissions would not be decreased by 

reducing particulate emissions of vehicular exhausts. OC/EC ratios were characterised 

by sudden changes in time; the variability of OC and EC was likely influenced by WS 

and mixing height and characteristics. At this kerbside site, primary OM dominated 

usually, but the SOA exceeded the primary contribution during some photochemical 

episodes. 

 

7.3. K-puszta 2003 and 2006 

 

7.3.1. Introduction 

 

As mentioned in section 5.2.1, the K-puszta sampling site is a continental background 

site in Hungary and it is located in a mixed coniferous/deciduous forest and relatively 

far from anthropogenic aerosol sources; therefore it is a good site for studying the 
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formation and characteristics of biogenic SOA that is formed from BVOCs. During 

recent years, several aerosol studies have been conducted at this site, focusing on the 

characterisation and origin of humic-like substances and biogenic secondary aerosols 

[Molnár et al., 1999; Zappoli et al., 1999; Temesi et al., 2003; Claeys et al., 2004a; 

2004b; Ion et al., 2005; Feczko et al., 2007; Legrand et al., 2007; Maenhaut et al., 

2008b]. In collaboration with two Hungarian teams, i.e., of Prof. I. Salma (Budapest) 

and of Prof. A. Gelencsér (Veszprém), and within the Belgian-funded project 

‘Formation mechanisms, marker compounds, and source appointment for biogenic 

atmospheric aerosols’ (BIOSOL), two intensive field campaigns were conducted in 

2003 summer and 2006 summer at K-puszta, in order to accomplish a comprehensive 

characterisation of organic aerosols, in particular biogenic SOA. 

 

Our contribution to the study was to determine the concentration of the PM, OC, and 

EC in the PM2.5(PM2.0) and PM10 size fractions, to investigate their diurnal and 

temporal variations, to assess the contribution of EC to TC and the abundance of the 

OC and carbonaceous aerosols (OM+EC) in this rural forested environment, and also 

to investigate the effect of local meteorological conditions, and long-range transported 

air masses on the particulate mass and carbonaceous aerosols. 

 

7.3.2. Experimental 

 

7.3.2.1. Aerosol sampling and analysis 

 

A detailed description of this sampling site and of the sampling during the 2003 

summer and 2006 summer campaigns was given in section 5.2.1. Several filter 

samplers, cascade impactors, and on-line instruments were deployed in the two 

campaigns. In this section 7.3, we will focus on the PM, OC, and EC data derived 

from undenuded low-volume samplers (SFU samplers and PM2.5 and PM10 filter 

holders). The results from other instruments or analyses can be found elsewhere [Raes 

et al., 2004; Ion et al., 2005; Ocskay et al., 2006; Maenhaut et al., 2008b]. In the 2003 
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summer campaign, the undenuded low-volume samplers deployed were (1) a PM2.5 

filter holder (section 2.1.1) with two pre-fired Whatman QM-A quartz fibre filters 

(PM2.5Q), (2) a PM10 filter holder (section 2.1.1) also with two pre-fired Whatman 

QM-A filters (PM10Q), (3) a Gent PM10 SFU sampler (section 2.1.1), with coarse 

and fine Nuclepore polycarbonate filters (pore sizes 8 and 0.4 µm, respectively) in 

series (PM10NN), and (4) a second Gent PM10 SFU sampler, with a coarse 

Nuclepore polycarbonate and a fine Teflon filter (pore size 2 µm) (PM10NT) in series. 

The cut-point between the coarse and fine size fractions in the SFU samplers is 2 µm 

AD. In the 2006 summer campaign, instead of the two PM10 SFU samplers used in 

2003, a PM2.5 and a PM10 filter holder (PM2.5N and PM10N) with a single 

Nuclepore polycarbonate filter (0.4 µm pore size) were deployed. The collection time 

per sample was typically 12 hours, in parallel to the HVDS sampling (section 5.2). 

The only exception was for PM2.5Q in the 2003 summer campaign, the collection 

time for this sampler was typically 24 hours. In the 2003 campaign, 63 actual samples 

were taken with each sampler (for the PM2.5Q sampler: 32). In the 2006 summer 

campaign, 68 actual samples were taken with each sampler. All filters from the low-

volume samples were analysed for the PM by weighing with a microbalance (section 

2.2.1). All quartz fibre filter samples were analysed for OC and EC by the TOT 

technique [Birch and Cary, 1996] using a Sunset Laboratory OC/EC analyzer (section 

2.2.2) with the UGent ST protocol (section 3.3.1). 

 

7.3.2.2. Local weather conditions and air mass origin 

 

The meteorological conditions and air mass origin during the two K-puszta campaigns 

were given in detail in section 5.3.3. Due to their importance, it is worth to repeat in 

brief that the 2003 campaign was characterised by stable meteorological conditions 

and it was dry and warm. The air masses during this campaign had essentially a 

continental character and they were often more stagnant. From a meteorological point 

of view, the 2006 campaign could be divided into two periods. In the first period (or 

cold period), which lasted from the start of the campaign until 11 June, it was cold 
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and rainy; the air mass came from the north-west and often originated over the North 

Sea and/or the Atlantic Ocean. For the remainder of the campaign (or warm period), 

the weather conditions and air mass origin were similar to those throughout the entire 

2003 campaign. 

 

7.3.3. Results and discussion 

 

7.3.3.1. Particulate mass 

 

7.3.3.1.1. Atmospheric PM concentrations 

 

The medians, ranges, means and standard deviations of the PM2.5 (or PM2.0) and 

PM10 mass concentrations in separated day, night, and all samples of the 2003 and 

2006 campaigns are given in Table 7.5. It needs to be noted that the fine PM derived 

from the SFU sampler with two Nuclepore filters (PMN) in the 2003 campaign is 

PM2.0 mass and that the sampling duration for the PM2.5 sample holder in the 2003 

campaign was 24 hours, so that no separate day and night data are available for this 

sampler. The PM concentrations listed in Table 7.5 for the two K-puszta campaigns 

can be compared with the data from other rural sites in Europe. Querol et al. [2004] 

reported in their European multi-city study that the annual mean mass concentrations 

in PM2.5 and PM10 varied in the range of 12-20 µg/m3 and 14-24 µg/m3, respectively, 

for the rural background sites in Europe. Within the EMEP study Yttri et al. [2007] 

found that the annual mean PM10 mass concentration in various European rural 

background sites ranged from 8.1 to 41 µg/m3. Van Dingenen et al. [2004] reported 

that the PM2.5 and PM10 mass concentration yearly medians were under 15 and 20 

µg/m3, respectively, at various European rural background sites. Most of our mean 

PM values listed in Table 7.5 fall into the above literature ranges; the only exception 

is our mean PM2.5 mass derived from quartz fibre filters in the 2006 campaign. This 

value is 21 ± 10 µg/m3, which is slightly higher than the upper end of the mean PM2.5 

mass range from Querol et al. [2004]. However, this mean PM2.5 value compares 
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Table 7.5. Ranges, medians, means and associated standard deviations of the PM, OC, and EC concentrations (in µg/m3) in the 2003 and 2006 
summer campaigns at K-puszta. 

 
 PM2.5(PM2.0) PM10 
 2006  2003  2006  2003  
 Range Median Mean±std. Range Median Mean±std. Range Median Mean±std. Range Median Mean±std. 
Day             
PMN 2.7-31 9.9 12.6±7.2 6.6-21a 13.7a 13.5±3.8 a 5.8-40 14.7 19.2±10.3 13.9-33 24 23±5 
PMQ 4.0-35 17.6 18.9±7.0 - -  5.7-42 20 21±11 -0.76-34 24 20±8 
OC 1.58-5.9 3.5 3.4±1.4 - -  2.1-7.6 4.2 4.5±1.6 3.8-8.1 6.3 5.9±1.2 
EC 0.08-0.56 0.26 0.27±0.12 - -  0.11-0.72 0.29 0.34±0.16 -0.07-0.38 0.08 0.10±0.11 
    
Night             
PMN 4.6-32 13.0 14.1±6.8 6.0-22 a 14.1 a 14.4±4.5 a 7.1-53 18.0 20±11 10.5-37 26 25±7 
PMQ 9.5-80 22 24±13 - -  5.2-56 25 26±12 11.8-35 25 24±7 
OC 1.24-6.5 3.3 3.4±1.5 - -  2.3-8.9 4.8 4.8±1.8 2.4-9.5 6.4 6.4±1.5 
EC 0.07-0.78 0.43 0.41±0.18 - -  0.05-0.85 0.50 0.48±0.20 -0.04-0.49 0.11 0.16±0.16 
    
All             
PMN 2.7-32 11.2 12.9±7.0 6.0-22a 13.0 a 13.3±4.3a 5.8-53 15.4 19.1±10.5 10.5-37 23 23±6 
PMQ 4.0-80 18.6 21±10 9.9-26b 17.2 b 17.8±4.8b 5.2-56 22 23±12 -0.76-35 23 22±8 
OC 1.13-6.5 3.2 3.3±1.4 1.75-6.7b 4.2 b 4.0±1.2b 1.87-8.9 4.5 4.5±1.8 2.4-9.5 6.2 5.9±1.5 
EC 0.07-0.78 0.30 0.33±0.16 0.00-0.61b 0.19 b 0.20±0.12b 0.05-0.85 0.38 0.40±0.19 -0.07-0.49 0.11 0.14±0.14 
aPM2.0 
bderived from the PM2.5 filter holder, with a collection time per sample of 24 hours. 
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well with earlier observations at K-puszta site. The same mean PM2.5 mass (21 µg/m3) 

was found at this site in 1996 [Molnár et al., 1999], and in 1999 Temesi et al. [2003] 

reported a mean of 27 µg/m3 in the PM2.5 size fraction. It needs to be noted, however, 

that there were differences in sampling techniques between our study and these 

previous studies. Compared with the data from Belgium, the campaign median PM10 

mass concentrations as derived from the quartz fibre filters in both campaigns (22-23 

µg/m3) are somewhat lower than those found in the Chemkar project for the rural 

background site of Houtem (Table 6.12). 

 

The mean and median PM data derived from Nuclepore filters (PMN) were larger in 

the 2003 campaign than in the 2006 campaign. For PM10 mass, the median and mean 

are 1.49 and 1.20 times larger for the 2003 campaign than for the 2006 campaign. The 

median and mean PM2.0 mass concentrations of the 2003 campaign are also slightly 

higher than the PM2.5 mass concentrations of the 2006 campaign. The lower PM 

concentration in the 2006 campaign is mainly due to the low values in the cold period, 

which will be discussed in detail below when dealing with the temporal variation. For 

the PM derived from quartz fibre filters (PMQ), comparable median and mean values 

are found for PM10 between the two campaigns; for PM2.5, somewhat higher mean 

and median values are found in the 2006 campaign than in the 2003 campaign, which 

is opposite to what we found for PM derived from Nuclepore filters. It can also be 

seen from Table 7.5, that similarly to what was observed at several other sites (e.g., 

Ghent (section 6.2), Uccle (section 6.3), Budapest (section 7.2)), quartz fibre filters 

provided systematically larger PM concentrations than the Nuclepore polycarbonate 

filters during the 2006 campaign. The difference in PM between the two types of 

filters is much larger for the PM2.5 samples than for PM10 samples. The average 

PMQ/PMN ratios, as calculated on a sample by sample basis and then averaged for all 

samples, are 1.64 ± 0.49 and 1.28 ± 0.31 for PM2.5 and PM10, respectively, in the 

2006 campaign. This may simply be due to the fact that the PM2.5 samples had lower 

PM loadings. The uncertainty in the net mass determination for the quartz fibre filters 

(30 µg) led to much larger relative uncertainties in the PM concentration for the 
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lightly loaded samples. Therefore, the PM data from the Nuclepore polycarbonate 

filters were used as gravimetric PM data for further discussion and calculations. It can 

also be seen from Table 7.5 that the PM is in general larger in the night-time than in 

the day-time at the K-puszta site. A similar diurnal variation was found in earlier 

studies at the site; Temesi et al. [2003] found that in all seasons the night-time average 

fine aerosol mass concentrations were 1.1-1.6 times higher than the values measured 

in day-time. When comparing our two campaigns, the diurnal variation seems larger 

in the 2006 campaign than in the 2003 campaign. During the 2006 campaign, the 

median PM concentrations, as derived from Nuclepore filters, were 1.31 and 1.22 

times higher in the night than in the day-time for PM2.5 and PM10, respectively. 

During the 2003 campaign, the D/N ratios for median PM2.0 and PM10 mass derived 

from Nuclepore filters were only 1.03 and 1.08. From the temporal variation of the 

PM in the 2006 campaign, which will be addressed in detail below, we know that the 

relatively larger diurnal variation in the 2006 campaign than in the 2003 campaign is 

mainly due to the larger diurnal variation in its cold period. 

 

7.3.3.1.2. PM2.5(PM2.0)/PM10 ratios for the PM 

 

The average PM2.5(PM2.0)/PM10 ratios for the PM, as derived from Nuclepore 

filters, in the separate day-time, night-time, and all samplings of the 2003 and 2006 

campaigns are given in Table 7.6. The ratios were calculated on a sample by sample 

basis and then averaged over all samples. As can be seen from Table 7.6, overall, the 

PM10 mass at K-puszta site was predominantly present in the fine size fraction 

(PM2.5 and PM2.0). It needs to be noted that the ratios for the PM in the 2003 

campaign are PM2.0/PM10, therefore it is not a surprise they are somewhat lower 

than the PM2.5/PM10 ratios for the 2006 campaign. Our campaign average (overall 

mean) PM2.5/PM10 mass ratio for the 2006 campaign falls in the middle of the range 

(0.6-0.8) of the ratios in various European regional background sites reported by 

Querol et al. [2004]; it is also within the range (0.57-0.87) for the PM2.5/PM10 mass 

ratios reported for a variety of locations in Europe by Van Dingenen et al. [2004]. 
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Compared with our results from other sites, the PM2.5/PM10 mass ratio in the 2006 

campaign is higher than the ratio found at Uccle in summer, as derived from 

Nuclepore filters (Table 6.10), and comparable to the ratio in the 2004 summer 

campaign at Ghent, which was derived from quartz fibre filters (section 6.2.3). When 

comparing our two Hungarian sites, the PM2.0/PM10 ratio derived from the SFU 

samplers in the 2003 campaign at K-puszta is much larger than that found at the 

Budapest site in 2002. As mentioned above, the PM10 aerosol at Budapest contained 

a large fraction of resuspended (coarse) road dust. It also can be seen from Table 7.6 

that the PM2.5/PM10 mass ratio was somewhat higher in the night-time than during 

the day-time in the 2006 campaign. In contrast, in the 2003 campaign no clear diurnal 

difference was found in the PM2.0/PM10 ratios for the PM. 

 

Table 7.6. Means and associated standard deviations for the fraction of PM10 in 

the fine (PM2.0 or PM2.5) size fraction for the PM, OC, and EC at K-

puszta. All the PM data were derived from samplers with Nuclepore 

filters. 

 

 PM2.5(PM2.0)/PM10 
 PM OC EC 

Day    
2003 0.59±0.08a - - 
2006 0.64±0.08 0.75 ±0.09 0.81 ±0.11 
  
Night    
2003 0.57±0.07a - - 
2006 0.70 ±0.07 0.70 ±0.10 0.88±0.17 
  
All    
2003 0.57±0.06a - - 
2006 0.67±0.08 0.72±0.10 0.84±0.14 

 
 aPM2.0/PM10 ratio. 
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7.3.3.2. OC and EC 

 

7.3.3.2.1. Atmospheric OC, EC, and TC concentrations 

 

The campaign average PM2.5 TC concentrations in the 2003 and 2006 campaigns 

were 4.2 ± 1.3 µg/m3 and 3.6 ± 1.6 µg/m3, respectively; the corresponding data for 

PM10 TC were 6.0 ± 1.5 µg/m3 and 4.9 ± 1.9 µg/m3. Querol et al. [2004] reported in 

their European multi-city study that the annual mean PM2.5 and PM10 mass 

concentrations of total carbon in the central European area (examples from Austria, 

Berlin, Switzerland, The Netherlands, and UK) for regional background sites varied in 

the range of 3-7 and 4-7 µg/m3, respectively. The annual average PM10 TC 

concentration found in the one-year measurement campaign within EMEP [Yttri et al., 

2007] varied from 1.39 to 9.6 µg/m3 at the rural background sites. Our campaign 

average data in both campaigns fall within these ranges. Our PM2.5 TC data for K-

puszta are also comparable with those found in earlier studies at this site [Molnár et 

al., 1999; Zappoli et al., 1999]. 

 

The ranges, medians, means and associated standard deviations for PM2.5 and PM10 

OC and EC, as derived from quartz fibre filters, for the separate day-time, night-time 

and all samplings of the 2003 and the 2006 campaigns at K-puszta site are listed in 

Table 7.5. As seen from this table, similarly to the PM derived from Nuclepore filters, 

OC in both PM2.5 and PM10 were lower in the 2006 campaign than in the 2003 

campaign. Again, similarly to the PM, this is mainly due to the lower OC 

concentrations in the cold period of 2006. This is also in line with the results from the 

HVDS; higher PM2.5 OC values were found in the 2003 campaign than in the 2006 

campaign (Table 5.2). In contrast to what was the case for OC and the PM, the EC 

concentrations were in both size fractions clearly lower in the 2003 campaign than in 

the 2006 campaign, particularly in the PM10 size fraction. This may in part be due to 

the higher EC data for the field blanks in the 2003 campaign. For example, the mean 

EC value for the PM10 field blanks in the 2003 campaign was 0.33 µg/cm2, while it 
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was only 0.03 µg/cm2 in the 2006 campaign. It is also surprising to see that in the 

2003 campaign the EC concentrations were lower in PM10 than in PM2.5. The higher 

uncertainty in EC values due to the higher blank correction in the 2003 campaign may 

be one reason for this. Furthermore, it can be seen from Table 7.5 that, similarly to 

what was the case for the PM, there were overall no clear diurnal variations for OC in 

both the 2003 and 2006 summer campaigns. A similar phenomenon was also found by 

Molnár et al. [1999]. In their study, they found that neither EC nor OC had a diurnal 

variation at K-puszta during the 1996 summer. In contrast to their findings for EC, our 

EC concentrations in both campaigns were clearly higher in the night-time than 

during the day-time in both the 2003 and 2006 campaigns. The higher concentrations 

during the night-time are normally explained by the lower mixing height of the 

boundary layer and frequently occurring inversions during the night-time. However, 

these phenomena would also have an impact for OC. The higher EC concentrations 

during the night-time could be due to biomass burning for household purposes in the 

evening near the sampling site [Ion et al., 2005]. 

 

When comparing with the literature data listed in Table 5.7, our campaign average OC 

concentrations for the K-puszta site fall in the higher middle range of OC values for 

rural background sites, although our values are lower than that those found by Pio et 

al. [2007] for the same site in summer. In contrast, our campaign average 

concentrations for EC (particularly in the 2003 campaign) are much lower than those 

in Table 5.7 for rural sites. Compared with our OC/EC results from other sites, the 

PM2.5 OC concentrations for the two K-puszta campaigns are clearly lower than our 

values for the Budapest kerbside site (Table 7.3), and more or less comparable to our 

data for the Belgian urban background sites Ghent (Table 6.3) and Uccle (Table 6.9). 

This is in line with what we have found for OC derived from the HVDS; the 

campaign median OC concentrations at K-puszta are comparable to the values at the 

urban background site of Ghent (Table 5.2). For PM10, similarly to PM2.5, our OC 

values for the K-puszta site are comparable to (for the 2006 campaign) or even 

somewhat larger than (in the case of the 2003 campaign) those for the sites of Ghent 
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and Uccle. Compared with the PM10 OC concentrations in the Chemkar project, the 

values we found at K-puszta in both campaigns are higher than that found at the rural 

background site of Houtem and comparable to that found in urban traffic site of 

Borgerhout, which had the highest OC levels found in the Chemkar project (Table 

6.13). Earlier studies also observed high OC concentrations at the K-puszta site, 

which were comparable to the concentrations found in cities [Zappoli et al., 1999]. 

With regard to EC, our concentrations for K-puszta in both PM2.5 and PM10 are 

much lower than those found at the Budapest kerbside site and Belgian urban 

background sites. Our PM10 EC concentrations for K-puszta in the 2006 campaign 

are comparable to those found for the rural background site of Houtem during the 

Chemkar project (Table 6.13), while the EC concentrations in the 2003 campaign 

were lower than those at Houtem. The low EC concentration suggests that 

anthropogenic emissions (particularly traffic emissions) are not an important aerosol 

source at the K-puszta site. 

 

Compared with the PM2.5 data derived from the HVDS (Table 5.2), the PM2.5 OC 

concentrations listed in Table 7.5 are systematically higher, and this in both 

campaigns. This is in line with our findings in the Budapest 2002 campaign and at our 

Ghent site. For EC in the 2006 campaign, as is the case for OC, the data listed in 

Table 7.5 are higher than those derived from the HVDS, while in the 2003 campaign 

comparable EC values were obtained from the low-volume PM2.5 sampler and the 

HVDS. 

 

7.3.3.2.2. PM2.5/PM10 ratios for OC and EC 

 

The PM2.5/PM10 ratios for OC and EC in the 2006 campaign are given in Table 7.6. 

Data from the 2003 campaign are not shown, because the time resolution for PM2.5Q 

and PM10Q was different. Both OC and EC are predominantly present in the fine size 

fraction, indicating their secondary or anthropogenic origin. The PM2.5/PM10 ratios 

for both OC and EC in the 2006 campaign are comparable to those found at Ghent in 
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summer (Figure 6.1), and slightly higher than those found at the other Belgian urban 

background site of Uccle in summer (Table 6.10). The ratios for OC are higher during 

the day-time than in the night-time. The SOA formation during the day-time may be 

one reason for this. The PM2.5/PM10 ratios for EC are higher during the night than 

during the day, which is consistent with the assumption that biomass burning was 

carried out in the evening near this site. 

 

7.3.3.2.3. EC/TC, OC/PM, and (OM+EC)/PM ratios 

 

The means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in the separate day-time, night-time, and all samplings of the 

2006 and 2003 summer campaigns are given in Table 7.7. With regard to the 

contribution of the carbonaceous aerosols to PM, a factor of 1.8 was used to convert 

OC to OM. Mass closure calculations have indicated that this factor is appropriate for 

this site [Maenhaut et al., 2008b]. The EC/TC ratios at K-puszta are rather low 

compared to other rural sites in Europe. For the one-year measurement campaign 

within EMEP, in which the same TOT technique was applied for OC/EC 

determination, Yttri et al. [2007] found that the average PM10 EC/TC ratios at rural 

sites during summer varied from 0.09 to 0.19. Our mean PM10 EC/TC ratios for the 

2006 campaign fall into the lowest end of this range, whereas the data from 2003 are 

much lower. The ratios are also lower than the ratios we found for different sites in 

the Chemkar project, including the rural background site of Houtem. With regard to 

the PM2.5 EC/TC ratio, our ratios are also much lower than the ratios listed in Table 

5.7 for rural background sites. Some previous studies suggested that the EC fraction is 

generally less than 10% of total carbon at this site [Molnár et al., 1999; Krivácsy et al., 

2001; Temesi et al., 2003]. The lower EC/TC ratio is due to the low EC 

concentrations at this rural site in combination with the high input of local primary 

biogenic organic aerosols [Gelencsér et al., 2000] and local and regional SOA from 

the photo-oxidation of BVOCs [Ion et al., 2005]. Furthermore, Temesi et al. [2003] 

suggested that the majority of carbonaceous aerosols at K-puszta are aged aerosols. 



Chapter 7: Carbonaceous aerosols in other European countries 
 

246 

This could be another reason for the low EC/TC ratio at the site. It can also be seen 

from Table 7.7 that the EC/TC ratios were much lower in the 2003 campaign than in 

the 2006 campaign in both PM2.5 and PM10. This is the result of lower EC (but 

higher OC) concentrations in the 2003 campaign than in the 2006 campaign, as 

mentioned above. Lower EC/TC ratios in the 2003 campaign than in the 2006 

campaign were also observed for PM2.5 aerosols derived from the HVDS, although 

the difference between the two campaigns was smaller (Table 5.5). In both 

campaigns, the EC/TC ratio was higher in the night than during the day. This may be 

due to the biomass burning activities in the evening. Table 7.7 further shows that for 

both campaigns the EC/TC ratios are higher in PM2.5 than in PM10. This is due to 

the fact that EC is more enriched in the fine size fraction than OC. It is also in line 

with the higher PM2.5/PM10 ratio for EC than for OC in Table 7.6. 

 

Table 7.7. Means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in the 2006 and 2003 summer campaigns at K-

puszta. 
 
 2006  2003  

PM2.5 PM10 PM2.5 PM10 
 

Mean±std.dev. Mean±std.dev. Mean±std.dev. Mean±std.dev. 
Day     
EC/TC 0.08±0.02 0.07±0.02  0.01±0.02 
OC/PM 0.33±0.11 0.26±0.07  0.26±0.03 
(OM+EC)/PM 0.58±0.21 0.48±0.12  0.48±0.05 

Night     
EC/TC 0.11±0.03 0.09±0.03  0.02±0.02 
OC/PM 0.26±0.08 0.25±0.06  0.26±0.05 
(OM+EC)/PM 0.50±0.14 0.48±0.11  0.47±0.09 

All     
EC/TC 0.09±0.03 0.08±0.03 0.05±0.02 0.02±0.02 
OC/PM 0.28±0.10 0.26±0.06 0.23±0.05a 0.25±0.05 
(OM+EC)/PM 0.53±0.18 0.49±0.11 0.42±0.08a 0.47±0.07 
 
aPM derived from quartz fibre filters 
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As shown in Table 7.7, OC and carbonaceous aerosols (OM+EC) are important 

components in both PM2.5 and PM10 aerosols at the K-puszta site. For PM10 mass, 

the OC and carbonaceous aerosol contributions (OC/PM and (OM+EC)/PM ratios) in 

the two campaigns are comparable, and there are no clear differences in those ratios 

between the day-time and night-time in both campaigns. Compared with other sites, 

the OC/PM and (OM+EC)/PM ratios in PM10 at K-puszta site are clearly higher than 

those found at Ghent (Table 6.7), Uccle (Table 6.11), various sites in the Chemkar 

project (Table 6.14), and the Budapest kerbside site (Table 7.4). For PM2.5 mass, the 

OC and carbonaceous aerosols contributions were higher in the 2006 campaign than 

in the 2003 campaign. The average OC/PM and (OM+EC)/PM ratios for PM2.5 in 

both K-puszta campaigns are larger than those found at the Belgian urban background 

sites of Ghent and Uccle (Tables 6.6 and 6.11). The ratios in the 2006 campaign are 

comparable to those in the Budapest campaign (Table 7.4). It needs to be noted that 

the PM2.5 mass data used in the calculation of OC/PM and (OM+EC)/PM ratios in 

the 2003 campaign were derived from quartz fibre filters, as no PM2.5 mass data from 

Nuclepore filters were available. As mentioned above, the PM derived from quartz 

filters was systematically higher than that derived from Nuclepore filters, this could 

be one reason for the lower ratios in the 2003 campaign. Furthermore, the OC/PM and 

(OM+EC)/PM ratios for PM2.5 in the 2006 campaign are slightly larger than the 

ratios for PM10 in same campaign. This is not a surprise because OC is more 

associated with the fine size fraction than the PM. Table 7.7 further shows that the 

OC/PM and (OM+EC)/PM ratios for PM2.5 in the 2006 campaign were clearly higher 

during the day-time than in the night-time. From Table 7.5, we know that there was 

no large diurnal variation for in OC concentration in PM2.5 in the 2006 campaign. 

The diurnal variations for the OC/PM and (OM+EC)/PM ratios in the 2006 campaign 

seem mainly due to the opposite diurnal variation for the PM in this campaign. A 

change in the contribution of the inorganic components to the PM (e.g., ammonium 

nitrate) may be a major reason for this. 
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7.3.3.3. Temporal variability of the PM, OC, and EC 

 

Figure 7.7 displays the time series of the PM2.0 and PM10 mass and PM2.5 and 

PM10 OC concentrations during the K-puszta 2003 campaign. EC during this 

campaign was in general very low; therefore it is not shown in the figure. It can be 

seen that the PM and OC in different size fractions in general follow the same time 

trend and that there were no large variations in their concentration throughout the 

2003 campaign. A similar phenomenon was found in the time series of PM2.5 OC and 

WSOC, as derived from the HVDS (Figure 5.5). 
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Figure 7.7. Temporal variability of PM2.0 and PM10 mass, as derived from the 

SFU sampler with two Nuclepore filters, and of PM2.5 OC and PM10 

OC, as derived from PM2.5 and PM10 filter holders with quartz fibre 

filters, during the K-puszta 2003 summer campaign. 

 

Figure 7.8 shows the temporal variability of the PM2.5 and PM10 mass concentration 

along with that of the PM2.5/PM10 mass ratio, as derived from Nuclepore filters in 

the K-puszta 2006 campaign, while Figure 7.9 shows the time series of PM2.5 and 

PM10 OC and EC, along with that of the PM2.5/PM10 ratio for OC in the 2006 

campaign. Comparing Figures 7.8 and 7.9 with Figure 7.7, we can see that was a large 
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variability in PM, OC, and EC in the 2006 campaign compared to the 2003 campaign. 

It is very clear that in the 2006 campaign, the concentrations of the PM, OC, and EC 

were in general higher in the warm period than in the cold one. 
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Figure 7.8. Temporal variability of PM2.5 and PM10 mass along with 

PM2.5/PM10 mass ratio as derived from Nuclepore filters during the 

K-puszta 2006 summer campaign. 
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Figure 7.9. Temporal variability of PM2.5 and PM10 OC and EC concentrations 

along with PM2.5/PM10 OC ratio during the K-puszta 2006 summer 

campaign. 
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A comparison of the PM, OC, and EC concentrations in PM2.5 and PM10 during the 

cold and warm period of the 2006 campaign is shown in Table 7.8. It can be seen that 

the median PM and OC concentrations are more than 2 times higher in the warm 

period than in the cold one in both size fractions. The increase of EC from the cold to 

the warm period was relatively smaller than that for the PM and OC, but the ratio of 

median EC concentration in the warm period to the cold one was still larger than 1.8. 

Furthermore, comparing the data in Table 7.8 with those in Table 7.5, we can see that 

the PM and OC levels of the warm period in 2006 are similar to those observed in the 

2003 campaign. 

 

Table 7.8. Ranges and medians of the PM, OC, and EC concentrations in PM2.5 

and PM10 in the cold and warm periods of the K-puszta 2006 campaign. 

 
 PM2.5 PM10 
 2006 cold 2006 warm 2006 cold 2006 warm 
 Range Median Range Median Range Median Range Median 
Day         
PMN 2.7-9.3 6.8 7.2-31 17.3 5.8-14.2 10.9 12.2-40 24 
OC 1.58-3.5 2.0 2.9-5.9 4.6 2.1-3.9 2.9 3.8-7.6 5.8 
EC 0.08-0.35 0.17 0.16-0.56 0.33 0.11-0.44 0.23 0.15-0.72 0.44 

Night         
PMN 4.6-15.6 9.0 7.6-32 17.4 7.1-21 12.8 11.7-53 25 
OC 1.24-3.8 2.1 2.4-6.5 4.6 2.3-4.9 3.1 4.1-8.9 6.1 
EC 0.15-0.54 0.28 0.07-0.78 0.48 0.16-0.66 0.34 0.05-0.85 0.57 

All         
PMN 2.7-15.6 7.6 7.2-32 17.4 5.8-21 11.3 11.7-53 25 
OC 1.13-3.8 2.0 2.4-6.5 4.6 1.87-4.9 2.9 3.8-8.9 5.9 
EC 0.08-0.54 0.23 0.07-0.78 0.42 0.11-0.66 0.28 0.05-0.85 0.50 

 

The results from PIXE and ion chromatography [Maenhaut et al., 2008b] indicated 

that besides the PM, OC, and EC, nearly all aerosol species and elements (with the 

exception of nitrate and the sea-salt elements) exhibited higher concentrations in the 

warm period than in the cold one. The marked differences between the two periods 

are due to several reasons. First, the origin of the air masses was different in the two 

periods (Figure 5.4). As mentioned in section 7.3.2.2, during the cold period the air 
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Table 7.9. Meteorological parameters during the K-puszta 2006 and 2003 campaigns. 

 

2006 cold 2006 warm 2003 overall 
 

Day Night All Day Night All Day Night All 
Sum precipitation (mm) 7.2 35.3 102.1 9.4 4.3 13.7 9.8 0.6 12.2 
Mean wind speed (m/s) 3.0±1.3 1.48±0.77 2.2±1.2 2.3±0.6 0.90±0.45 1.63±0.89 3.4±1.2 2.1±0.9 2.9±1.3 
Mean RH (%) 59±14 89±7 76±18 50±7 89±5 69±21 41±11 77±9 59±19 
Mean temperature (°C) 16.9±2.6 11.3±2.4 13.7±3.6 27±3 18.5±3.5 23±6 28±3 18.6±3.3 23±6 
Mean global radiation (W/m2) 410±167   607±64      
Mean O3 (ppb) 15.7±15.5 24.9±15.6 20.5±15.3 58±7 27.4±9.9 44±18 68±10 41±8 53±16 
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masses were more maritime and during the warm period they had essentially a 

continental character. Maritime air contains much less organic and crustal aerosols 

than continental air. Besides, there is more chance on rain-out and wash-out (and thus 

removal of aerosols by wet deposition) along the transport pathway. Secondly, the 

local weather conditions were quite different between the cold and warm periods of 

2006. As shown in Table 7.9, the cold period was characterised by more rainy, windy, 

and cloudy weather conditions, whereas during the warm period, the weather was 

generally stable, dry, and warm with clear skies. The lower wind speed and relatively 

stable weather conditions during the warm period may help in the accumulation of air 

pollutants. During the cold period there was more rain at the site itself, so that even on 

a local scale, wet removal was more pronounced then. Also the difference in 

temperature between the cold and warm periods may have been at the origin of the 

different concentrations between the two periods for some important aerosol 

components, in particular for OM and mineral dust. For OM, both primary biogenic 

emissions by the vegetation and emissions of biogenic SOA precursors, such as 

isoprene and monoterpenes, are supposedly higher at higher temperatures; and the 

secondary aerosol formation through photochemical reactions is also supposed to 

increase during hot and sunny days. Ion et al. [2005] have indicated that rapid photo-

oxidation of isoprene is an important atmospheric chemistry process that contributes 

to SOA formation at K-puszta during summer. 

 

The relationship between PM2.5 OC concentration and ambient temperature during 

the day-time in the 2006 campaign is shown in Figure 7.10, it is clear that the OC 

concentration increases with ambient temperature at least during the day. It can be 

seen from Figure 7.9 that the PM2.5/PM10 ratio for OC was higher in the warm 

period than in the cold period; the increased SOA formation during the warm period 

could be one reason for this. The higher OC concentrations in the warm period were 

also associated with higher ozone concentrations in the air, which is often an 

indication of intensive photochemical reactions. For mineral dust, drier soil and 

increased agricultural activities may have led to increased dust mobilisation during the 

warm period. A chemical mass closure study [Maenhaut et al., 2008b] indicated that 

crustal matter contributed to a much larger percentage of the PM during the warm 

period than during the cold one for both PM2.5 and PM10 aerosols. 
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K-puszta 2006: Day-time samples
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Figure 7.10. Temperature dependence of PM2.5 OC for samples collected during 

the daylight time in the K-puszta 2006 campaign. 

 

As can be seen from Table 7.8, in the cold period of the 2006 campaign, the median 

PM concentration was higher during the night-time than during the day-time; whereas 

for OC no clear diurnal variation is observed. Therefore, the diurnal variation in PM 

in the cold period seems to be caused by inorganic aerosol components. It is possible 

that the evaporation losses of important semi-volatile inorganic species (e.g., 

ammonium nitrate) were more pronounced in the warmer and drier day-time than in 

the night-time. One may argue that if this is the main reason for the diurnal variation 

for PM in the cold period; however, it should also cause much higher PM in the night-

time than in day-time in the warm period. It appears from Table 7.8, though, that the 

diurnal variation in PM was much smaller in the warm period than in the cold one. 

The median PM concentrations were only slightly higher in the night-time than in the 

day-time in both PM2.5 and PM10. This could be due to the fact that the ammonium 

nitrate contribution to the PM was much smaller in the warm period than in the cold 

one. Mass closure results indicated that nitrate contributed 10% of the PM2.5 mass in 

the cold period, but only 2.1% in the warm period. Therefore, the day-time and night-

time difference in ammonium nitrate did not cause a large difference in PM in the 

warm period. It was also found that the difference in PM2.5 mass concentration 

derived from quartz fibre filters and Nuclepore filters was much larger during the cold 

period of 2006 than during the warm one. This is in line with what was found at 

Ghent and Uccle, where a larger difference between the PM derived from the two 
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types of filters was found in winter than in summer. As mentioned in section 6.3.3, 

this may be due to the different temperature dependence of evaporation loss of 

ammonium nitrate from Nuclepore filters and quartz fibre filters. 

 

7.4. Finland 2007 

 

7.4.1. Introduction 

 

In co-operation with the team of Prof. M. Kulmala of the University of Helsinki and 

within the framework of the Belgian BIOSOL project, an intensive atmospheric 

aerosol measurement and characterisation campaign was conducted during the full 

month of August 2007 at the SMEAR II station in Hyytiälä, Finland. The main aim of 

this campaign was similar to that for the K-puszta campaign, i.e., to study the 

formation and characteristics of biogenic SOA that is formed from BVOCs. As 

mentioned in section 5.2.1, the forest around the SMEAR II station is dominated by 

conifers. It is known that emissions of monoterpenes are important in this 

environment [Jobson et al., 1994; Lamanna and Goldstein, 1999; Hakola et al., 2000] 

and that monoterpenes result in high SOA yields in laboratory experiments [Griffin et 

al., 1999]. Therefore, SMEAR II is a good site to study biogenic SOA. A variety of 

sampling devices were used in the campaign and different analytical techniques were 

and are applied to the samples. In this section 7.4, we focus on the PM, OC, and EC 

data derived from undenuded low-volume samplers and on the mass size distributions 

for the PM and OC, as obtained from MOUDI and SDI collections. 

 

7.4.2. Experimental 

 

7.4.2.1. Aerosol sampling 

 

A detailed description of the SMEAR II sampling site was given in section 5.2.1. In 

the 2007 summer campaign various filter samplers, cascade impactors, and on-line 

instruments were deployed at the site. The undenuded low-volume samplers used in 

the campaign were similar to those used in the K-puszta 2006 summer campaign and 

for Uccle in 2006. They included: (1) a PM2.5 filter holder with two pre-fired 

Whatman QM-A quartz fibre filters (PM2.5Q), (2) a PM10 filter holder also with two 
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pre-fired Whatman QM-A filters (PM10Q), (3) a PM2.5 filter holder with single 

Nuclepore polycarbonate filter (0.4 µm pore size), and (4) a PM10 filter holder with 

single Nuclepore polycarbonate filter (0.4 µm pore size). These 4 samplers were 

operated in parallel and normally for separate day/night collections. In addition, two 

other PM2.5 filter holders with two pre-fired Whatman QM-A quartz filters were 

operated in parallel, but with normally 24-hour time resolution; one of these was 

equipped with a denuder in between the inlet and the filter holder. The results from 

these two samplers were reported in section 4.3.3. A HVDS was also operated in 

parallel with the low-volume samplers; the results from this device were discussed in 

section 5.3. In addition to the filter samplers, two cascade impactors were deployed at 

SMEAR II, i.e., a 10-stage MOUDI (section 2.1.4) and a 12-stage SDI (section 2.1.5). 

Besides the two cascade impactors, a differential mobility particle sizer (DMPS) was 

operated with 10-min time resolution to derive the number size distribution from 3 nm 

to 1 µm mobility diameter. The DMPS was deployed under dry conditions (RH 

<30%). 

 

The actual samplings during the campaign lasted from 2 to 29 August 2007. With the 

samplers (1) to (4), typically separate day (from about 7:30 to 19:40 local summer 

time, UTC + 3) and night (from about 20:20 to 6:40) samples were collected. At the 

end of the campaign (26-29 August), however, 24-hour samples were taken in order to 

collect enough material for further chemical analysis. A total of 51 real samples and 8 

field blanks were collected with each low-volume sampler. Separate day-time and 

night-time collections were also done with the MOUDI and SDI. The MOUDI was 

operated exactly in parallel with the low-volume samplers. With the SDI, except for 

the first night (2 August), aerosols were sampled for two consecutive days or nights to 

ensure that sufficient loadings were obtained for analysis. The SDI sampling was 

always started and stopped simultaneously with other samplers. A total of 27 real 

samples (13 day-time samples and 14 night-time samples) and 6 field blanks were 

collected with the SDI. Both impactors were operated at ambient temperature and RH. 

 

7.4.2.2. Analyses 

 

All filters from the low-volume samplers and the aluminium foils and back filters 

from the MOUDI were analysed for the PM by weighing with a microbalance (section 



Chapter 7: Carbonaceous aerosols in other European countries 
 

256 

2.2.1). All quartz fibre filters from the low-volume samplers and SDI were analysed 

for OC and EC by the TOT technique [Birch and Cary, 1996] using a Sunset 

Laboratory OC/EC analyzer (section 2.2.2) with the UGent ST protocol (section 

3.3.1). We analysed a fraction of 1.5 cm2 or 3.0 cm2 from each low-volume filter 

sample, while for the SDI samples a fraction of 1.0 cm2 were analysed. All reported 

values (PM, OC and EC) were corrected for field blanks and the OC and TC data of 

the low-volume samplers were corrected for positive artifact by means of the tandem 

filter method (section 4.1.2). 

 

7.4.3. Results and discussion 

 

7.4.3.1. PM concentrations and PM2.5/PM10 mass ratios 

 

The medians and ranges of the PM2.5 and PM10 concentrations for the PM, OC, and 

EC are presented in Table 7.10. Separate ranges and medians are given for the day-

time and night-time samples and for the ensemble of all samples of the campaign. As 

in several other campaigns, quartz filters resulted in systematically larger PM 

concentrations than Nuclepore polycarbonate filters. The mass data from the 

Nuclepore filters were used as PM for further calculations. The PM data in Table 7.10 

are among the lowest found in Europe. Compared to K-puszta, at SMEAR II the 

campaign median values are lower; they are comparable to the values found for the 

cold period of the K-puszta 2006 campaign (Table 7.8). This is no surprise; Querol et 

al. [2004] also found in their European multi-city study that North-European rural 

background sites in general exhibit lower PM levels than sites in other parts of Europe. 

The campaign average PM2.5 and PM10 mass levels they report for rural background 

sites in North Europe (Sweden) are in the range of 7-13 and 8-16 µg/m3, respectively. 

Our campaign average PM values as derived from Nuclepore filters for SMEAR II are 

6.8 ± 3.5 µg/m3 and 10.2 ± 5.1 µg/m3 for PM2.5 and PM10, respectively. They fall 

into the lower middle range of the PM2.5 and PM10 mass data for the Swedish sites. 

They are somewhat higher than the European continental background PM 

concentrations for PM2.5 (4.8 ± 2.4 µg/m3) and PM10 (7.0 ± 4.1 µg/m3) obtained by 

Van Dingenen et al. [2004], but lower than those found for rural background sites in 

the same study. 
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Table 7.10. Ranges and medians of the PM, OC, and EC concentrations (in µg/m3) 

in the 2007 summer campaign at SMEAR II. 

 

 PM2.5  PM10 
 Range Median Range Median 

Day     
PMN 1.77-15.4 6.8 3.1-29 9.7 
PMQ -5.6-25 7.4 4.6-39 13.7 
OC 0.80-6.0 3.2 1.33-8.6 3.7 
EC 0.00-0.38 0.08 -0.04-0.35 0.03 
   
Night     
PMN 1.53-14.9 8.2 3.5-20 11.3 
PMQ 3.8-30 11.6 -8.3-30 16.1 
OC 0.53-5.6 2.6 1.37-7.0 3.2 
EC -0.01-0.26 0.07 -0.03-0.26 0.05 
   
All     
PMN 0.72-15.4 7.2 1.47-29 10.2 
PMQ -5.6-30 8.9 -8.3-39 14.7 
OC 0.02-6.0 2.8 -0.12-8.6 3.4 
EC -0.01-0.38 0.07 -0.04-0.35 0.05 

 

It can also be seen from Table 7.10 that the median PM concentrations in the night-

time were 20% and 16% higher than during the day-time for PM2.5 and PM10, 

respectively. A similar diurnal pattern for PM was found at K-puszta (section 7.3.3.1); 

it is normally explained by the difference in meteorology (especially in the boundary 

layer height) between day-time and night-time; the temperature and RH dependence 

of evaporation sampling artifacts for ammonium nitrate may also play a role here 

(section 7.3.3.3). 

 

On average, fine aerosols (PM2.5) were responsible for 64% of the PM10 mass during 

our 2007 campaign at SMEAR II (Table 7.11). This percentage is comparable to that 

found for the K-puszta 2006 campaign. The PM2.5/PM10 mass ratio is also within the 

range (0.57-0.87), as reported by Van Dingenen et al. [2004] for various European 

sampling sites, and within the range of 0.6-0.8, as reported by Querol et al. [2004] for 

European regional background sites. Table 7.11 further shows that there was no clear 
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diurnal variation in PM2.5/PM10 mass ratio during the 2007 campaign at SMEAR II. 

A similar phenomenon was found for the K-puszta 2003 campaign and for the warm 

period of the K-puszta 2006 campaign. The slightly lower overall campaign average 

PM2.5/PM10 ratio (64%) than the separate average ratios for day and night (both are 

65%) is due to low values found in a few 24-h samples taken at the end of the 

campaign, when the PM levels were low. 

 

Table 7.11. PM2.5/PM10 ratios for the PM and OC during the 2007 summer 

campaign at SMEAR II. 

 

 PM2.5/PM10 ratio 
 PM OC 
Day 0.65±0.09 0.76±0.17 
Night 0.65±0.12 0.69±0.14 
All 0.64±0.11 0.71±0.23 

 

7.4.3.2. OC and EC 

 

7.4.3.2.1. Atmospheric concentrations for TC, OC, and EC 

 

The campaign average TC concentrations for the 2007 campaign at SMEAR II were 

3.1 ± 1.8 µg/m3 and 4.2 ± 2.2 µg/m3 in PM2.5 and PM10, respectively. They are 

somewhat higher than the TC concentrations found at rural background sites in 

Sweden by Querol et al. [2004]. In their European multi-city study, they reported that 

both the annual mean PM2.5 and PM10 TC concentrations for the Swedish rural 

background sites varied in the range of only 1-2 µg/m3. On the other hand, our 

campaign average PM2.5 TC values are lower than the world wide averages of TC 

concentrations for fine mode particulates at rural sites by Heintzenberg [1989]. Our 

campaign average PM10 TC concentration falls in the lower middle of the range (1.39 

to 9.6 µg/m3) for PM10 TC at European rural background sites in the EMEP network 

[Yttri et al., 2007]. It is also comparable to the TC value found at the rural background 

site of Houtem in the Chemkar project (section 6.4). Compared to both our K-puszta 

TC data (Table 7.5) and the K-puszta data of other researchers [Molnár et al., 1999; 

Zappoli et al., 1999], the TC levels at SMEAR II are lower. 
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With regard to the OC and EC, the campaign average PM2.5 OC and EC 

concentrations for the 2007 campaign at SMEAR II are 2.7 ± 1.5 µg/m3 and 0.08 ± 

0.07 µg/m3. Compared with the literature data in Table 5.7, our average OC 

concentration at SMEAR II is in the lower range of the data for rural background sites, 

while our average EC at SMEAR II is clearly much lower. The campaign average 

PM10 OC and EC concentrations in the 2007 campaign at SMEAR II were 3.6 ± 1.9 

µg/m3 and 0.06 ± 0.08 µg/m3, respectively. Compared with the data from various 

European sites in the EMEP study [Yttri et al., 2007], our average PM10 OC 

concentration is in the middle of the range for rural background sites in summer time; 

again our average PM10 EC concentration is far lower. Figure 7.11 compares the 

campaign median OC and EC concentrations as derived from low-volume samplers 

with quartz fibre filters for the 2007 campaign at SMEAR II with those that we 

obtained for two rural background sites (K-puszta in Hungary and Houtem in 

Belgium). The extreme low EC concentrations for the 2007 campaign at SMEAR II 

indicate that the Finnish site was very little impacted by aerosols from fossil fuel 

combustion or biomass burning. This makes it a very fine site for studying primary 

and secondary OM from the biosphere. The PM2.5 OC and EC concentrations of 

Table 7.10 can be also compared with those derived from the HVDS samples (Table 

5.2), as these samples were collected in parallel and were analysed using the same 

TOT instruments and the same temperature protocol. The HVDS OC data for the fine 

size fraction are around 30% lower than the OC data from the low-volume PM2.5 

samples. In several other campaigns we also found substantially lower OC data with 

the HVDS (be it that the difference was less pronounced than at SMEAR II) and this 

was attributed to overestimation of the air volumes for the HVDS. In contrast to what 

was the case for OC, the fine EC data from the HVDS were larger than those from the 

low-volume PM2.5 samplers. It has to be noted, though, that the median EC 

concentrations derived from both sampler types for the campaign at SMEAR II were 

quite low (below 0.1 µg/m3). Because of low atmospheric EC concentrations and the 

low sampling volume for the low-volume PM2.5 samples, the average EC loadings 

for these samples were only 0.09 µg/cm2 which is lower than our instrumental 

uncertainty for EC (0.2 µg/cm2). The same was true for the EC data derived from the 

PM10 low-volume samples. 
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Figure 7.11. Comparison of the medians and interquartile ranges of the OC and EC 

concentrations in PM2.5 and PM10 for the 2007 summer campaign at 

SMEAR II with the data for the K-puszta campaigns and for Houtem in 

Belgium. 

 

From Table 7.10 we can see that the OC in PM2.5 and PM10 exhibited higher median 

concentrations during the day-time than in the night-time at SMEAR II, whereas the 

opposite was found for the PM. The higher median concentrations of OC during the 

day cannot be explained by local meteorology; it seems to suggest that there are extra 

sources for OC during the day-time. For EC, no large concentration difference was 

found between day-time and night-time. 

 

7.4.3.2.2. PM2.5/PM10 ratio for OC 

 

The averages and standard deviations of the PM2.5/PM10 ratio for OC are given in 

Table 7.11; the ratios for EC are not given because they were larger than 1.0, which is 

unreasonable. The reason for the strange PM2.5/PM10 ratio for EC may be due to the 

fact that most EC data derived from the low-volume samples (both PM2.5 and PM10) 

were within the instrumental uncertainty. The ratios for OC in Table 7.11 are 

comparable to those found in the K-puszta campaigns (Table 7.6). The predominance 

of PM2.5 OC in PM10 OC suggests that most of the OC is secondary; in general little 

anthropogenic impact was expected at the site. Unlike in the case of the PM, the 

PM2.5/PM10 ratios for OC seem higher during the day-time than in the night-time, 
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which indicates that the extra sources for OC in the day-time produce fine OC rather 

than coarse OC. Secondary OC formation through fast photochemical oxidisation 

could be one such extra source for OC. 

 

Table 7.12. Means and associated standard deviations for the EC/TC, OC/PM, and 

(OM+EC)/PM ratios in PM2.5 and PM10 for the 2007 summer 

campaign at SMEAR II. 

 

PM2.5 PM10 
 

Mean±std.dev. Mean±std.dev. 
Day   
EC/TC 0.03±0.02 0.01±0.02 
OC/PM 0.45±0.15 0.39±0.10 
(OM+EC)/PM 0.83±0.26 0.70±0.17 
  
Night   
EC/TC 0.04±0.03 0.02±0.02 
OC/PM 0.37±0.11 0.34±0.09 
(OM+EC)/PM 0.68±0.20 0.59±0.20 
  
All   
EC/TC 0.04±0.06 0.02±0.02 
OC/PM 0.41±0.16 0.36±0.11 
(OM+EC)/PM 0.76±0.28 0.63±0.22 
 

7.4.3.3. EC/TC, OC/PM, and (OM+EC)/PM ratios 

 

The means and associated standard deviations for the EC/TC, OC/PM and 

(OM+EC)/PM ratios in both PM2.5 and PM10 are summarised in Table 7.12. The 

EC/TC ratios are very low compared to ratios from other European rural sites. In the 

one year measurement campaign within EMEP, Yttri et al. [2007] found that the 

average PM10 EC/TC ratios at rural sites during summer varied from 0.09 to 0.19. As 

seen from Table 7.12, the campaign average PM10 EC/TC ratio for our 2007 summer 

campaign at SMEAR II is only 0.02. This ratio is comparable to that found at K-

puszta in 2003 (0.02), but substantially lower than those found at K-puszta in 2006 

(0.08) and at Houtem (0.11). Table 7.12 further shows that the EC/TC ratio in PM2.5 

(0.04) is somewhat higher than in PM10 at SMEAR II; this is rather logical as EC is 
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generally predominantly accumulated in the fine size fraction. The EC/TC ratio for 

the PM2.5 low-volume sampler is lower than that derived from the HVDS (0.06); it is 

also lower than the ratio found for the PM2.5 low-volume samples of the K-puszta 

2006 campaign (0.08). The low EC/TC ratios at SMEAR II are mainly due to the 

extremely low EC concentrations at the site. As indicated above, the EC data derived 

from the low-volume samples were below the instrumental uncertainty. 

 

As seen from Table 7.12, OC contributed on average 41% to the PM2.5 mass and 

36% to the PM10 mass during the 2007 campaign at SMEAR II. These percentages 

are much higher than we found at two other rural background sites. The campaign 

average OC/PM ratios in PM10 were 0.26, 0.26, and 0.11 in K-puszta 2003, K-puszta 

2006, and at Houtem, respectively. For PM2.5, the OC/PM ratio was, on average, 0.28 

in the K-puszta 2006 campaign. The higher OC/PM ratios lead to extremely high 

(OM+EC)/PM ratios for SMEAR II. To convert OC into OM, a factor of 1.8 was used 

for K-puszta. For consistency, the same factor was used for SMEAR II. Table 7.12 

shows that by doing so, the carbonaceous aerosols (OM+EC) contributed, on average, 

76% and 63% to the PM in PM2.5 and PM10 at SMEAR II. Furthermore, the 

carbonaceous aerosol contributions to the PM were extremely high during the day-

time. 83% of PM2.5 mass were carbonaceous aerosols during the day-time. By 

examining the data in detail, we found that the (OM+EC)/PM ratio was larger than 1.0 

for nearly one third of the PM2.5 day-time samples. This suggests that the conversion 

factor of 1.8 could be too large for the aerosols collected at SMEAR II. Although the 

(OM+EC)/PM ratios in Table 7.12 may thus be overestimated, they clearly indicate 

that carbonaceous aerosols are the dominant aerosol species at the site. Besides, the 

contributions of OC and carbonaceous aerosols to the PM are much higher during the 

day-time than in the night-time. The opposite diurnal variation in PM and OC seems 

to be the main reason. 

 

7.4.3.4. Temporal variability of the PM, OC, and EC 

 

Figures 7.12 and 7.13 show the temporal variability of the PM, OC, and EC 

concentrations for the 2007 campaign at SMEAR II in PM2.5 and PM10, respectively. 

As shown in the figures, elevated EC concentrations in both PM2.5 and PM10 were 

only observed during the period of 12-13 August, with a peak in the day-time of 13
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Figure 7.12. Temporal variability of the PM2.5 mass, OC, and EC during the 2007 

campaign at SMEAR II. 
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Figure 7.13. Temporal variability of the PM10 mass, OC, and EC during the 2007 

campaign at SMEAR II. 

 

August. As mentioned in section 5.3.3, this is mainly due to the influence of long-

range transport of the biomass burning emission products from the European part of 

Russia on these days. As shown in Figures 7.12 and 7.13, this also leads to elevated 

PM and OC concentrations in both PM2.5 and PM10 during the same period. Except 

for this, the PM and OC in both PM2.5 and PM10 were quite variable throughout the 

campaign and generally followed each other. Similar to the PM2.5 OC temporal 

variation, which was shown in section 5.3.3, the PM2.5 mass and the PM10 OC and 
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mass exhibited maximum concentrations in the period of 6 to 13 August and there 

was a second maximum between 22 and 24 August, which coincided with the warm 

days. They all decreased sharply after 25 August and remained low during the last 4 

days of the campaign, when the air masses originated from the Arctic. 

 

7.4.3.5. Size distribution of the OC and PM 

 

As mentioned in section 1.1.2, aerosol number, surface, and volume (or mass) size 

distributions and mass size distributions of chemical elements and species are of 

importance in atmospheric chemistry and air pollution research. While numerous 

studies have addressed particle size distributions of inorganic species, data are 

relatively scarce for the carbonaceous fraction (OC and EC) of atmospheric aerosols, 

even though this characteristic is probably of the utmost importance for aspects 

related to global climate [Kanakidou et al., 2005], the impact of aerosols on human 

health [Turpin, 1999], and the understanding of the formation processes of the 

particles containing these compounds [Kerminen and Wexler, 1995]. A few 

investigations are currently available in the literature and in most of these studies 

various kinds of impactors have been applied in collecting size-segregated aerosol 

samples for subsequent chemical analysis [Viidanoja et al., 2002b, and references 

therein]. However, the impactors used in most of these studies have relatively low size 

resolution for the submicrometer size range and lack entirely resolution for ultrafine 

(<0.1 µm) particles. Furthermore, in most carbon analysis studies with cascade 

impactors, a correction for the pyrolysed fraction of the OC was not considered due to 

the unsuitable sampling substrates for carbon analysis and the non-uniform aerosol 

deposit. Viidanoja et al. [2002b] introduced a method for determining the mass size 

distribution of OC and EC using an SDI impactor with quartz fibre filters acting as 

collecting substrates coupled with TOT. The SDI sampling offers a good size 

resolution, especially for the submicrometer size fraction. The use of quartz fibre 

filters provides a means by which the size distributions can be corrected for OC 

pyrolysis. In their study, Viidanoja et al. [2002b] found that the use of the pyrolysis 

correction led to a severe underestimation of the EC concentration compared to that 

obtained with filter sampling with a virtual impactor for aerosols collected at an urban 

site in Finland. In contrast, by applying a similar method, Jaffrezo et al. [2005] found 

comparable OC and EC concentrations for samples collected in parallel with 
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impactor- and filter-based methods in two valleys of the French Alps and concluded 

that the correction for pyrolysis in TOT seems to work for the impactor samples 

despite non-even deposits. It is therefore interesting to further test this method in other 

locations, in which the carbonaceous matter is likely to have different concentration, 

volatility, and pyrolysis tendencies. During the 2007 campaign at SMEAR II, size-

fractionated aerosol samples were collected with two cascade impactors (MOUDI and 

SDI) in parallel with low-volume filter samplers for the determination of the size 

distribution of the PM, OC, and EC. In this section, the PM, OC, and EC results from 

the samples obtained with these impactors are presented. First, comparisons are given 

of the concentrations obtained with impactors and low-volume filter samplers for the 

PM, OC, and EC. Subsequently, the average size distributions of the PM and OC 

during the campaign are presented. The difference in PM and OC size distributions 

between day-time and night-time is also considered. Unfortunately, due to the low EC 

levels at SMEAR II, as mentioned above, the mass of EC on the SDI stages was close 

to the detection limit of the TOT method. Therefore, the size distribution of EC will 

not be discussed. 

 

Comparison of results between impactor and low-volume samplers 

 

We first compare the PM concentrations derived from the MOUDI with those derived 

from low-volume samplers with Nuclepore filters. Because cut sizes of exactly 2.5 

and 10 µm are not available in the MOUDI, the sum of the PM concentrations on the 

MOUDI stages with cut-points (d50-values) up to 9.9 µm (stages 1-10) was compared 

to the PM10 mass concentration derived from the Nuclepore filters and the sum of the 

PM concentrations on the MOUDI stages up to 1.8 µm (stages 4-10) was compared to 

the PM2.5 mass concentration from the Nuclepore filters. The results of these 

comparisons for the overall data are shown in Figure 7.14. In both cases, the squared 

correlation coefficients are very good despite the differences in the cut-points, 

indicating a good proportionality between the two samplers. The small negative 

intercepts in both cases may be due to the fact that the aerosols smaller than 0.053 µm 

AD were not collected on the MOUDI stages. The slope of the regression is 1.00 in 

the case of fine aerosols (PM1.8 vs. PM2.5), which indicates a perfect match between 

the two samplers for fine aerosols, while it is smaller for the PM9.9 vs. PM10. The 

smaller slope in the latter case suggests that there is an underestimation of the coarse 



Chapter 7: Carbonaceous aerosols in other European countries 
 

266 

y = 1.00x - 0.16
R2 = 0.90

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8 10 12 14 16 18
PM2.5N mass (µg/m³)

M
O

U
D

I P
M

1.
8 

(µ
g/

m
³) 

 
 

y = 0.86x - 0.20
R2 = 0.87

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8 10 12 14 16 18
PM10N mass (µg/m³)

M
O

U
D

I P
M

9.
9 

(µ
g/

m
³)

 

 
 

Figure 7.14. Scatter plots of the PM concentrations from the MOUDI versus the 

data from the low-volume samplers with Nuclepore filters for the 

August 2007 campaign at SMEAR II. 

 

particulate mass in the MOUDI sampling. This may be due to a relatively more severe 

wall loss of larger particles than of smaller particles in the MOUDI, as indicated in 

Marple et al. [1991]. Our results are consistent with the results from Cabada et al. 

[2004], who found that the MOUDI collected 15-20% less PM10 mass than a 

dichotomous sampler with Teflon filters as collection substrates, while for PM2.5 

mass, a good agreement was found between the MOUDI and dichotomous sampler. In 
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our case it was also found that the correlation between PM9.9 and PM10 was better 

for the samples collected during the night-time than during the day-time. During the 

daylight time, the regression results were [PM9.9impactor] = 0.79*[PM10Nuclepore] 

− 0.33; R2 = 0.84; N = 22 (concentrations in µg/m3), while the results for the night 

samples were [PM9.9impactor] = 0.95*[PM10Nuclepore] − 0.35; R2 = 0.93; N = 26 

(concentrations in µg/m3). This suggests that the underestimation of PM in the 

MOUDI was more severe for the samples collected during the day-time than in the 

night-time. There was nearly no diurnal difference for the regressions between PM1.8 

and PM2.5. 

 

Similar comparisons were also made between the OC and EC results derived from the 

SDI and those from low-volume samplers with quartz fibre filters. Figure 7.15 shows 

the comparison between PM2.2 OC and EC concentrations, as obtained from the sum 

of OC and EC concentrations on the SDI stages with cut-points up to 2.2 µm and the 

PM2.5 OC and EC concentrations derived from the low-volume sampler. For OC, 

there is a good correlation between the two series, indicating a good proportionality 

between the two methods for OC. The slope of the regression for OC was smaller than 

1.0, but larger than that obtained for PM2.5 OC in summer during the Pittsburgh super 

site study [Cabada et al., 2004]; in the latter study the slope of regression was 0.47 in 

summer and 0.97 in winter between impactor and filter-based sampling. The lower 

than 1.0 slopes indicate a larger concentration with filter sampling than with impactor 

sampling, this may be due to a larger positive artifact (i.e., adsorption of VOCs) for 

the filter sampling compared to impactor sampling. Our relatively larger slope 

(compared to Cabada et al. [2004]) may in part be due to the fact that our OC results 

from filter sampling have been corrected for positive artifacts by back filters. 

Compared with the slope (0.95) obtained by Jaffrezo et al. [2005] our slope is lower, 

however, as indicated by the authors the higher slope in the latter study may be linked 

to the higher correlation between the two series in winter which results from a lower 

positive artifact in winter. In addition, in our case the squared correlation coefficient 

between the two series for OC was larger in the night-time than during the day-time 

(R2 = 0.99 in the night-time versus R2 = 0.78 during the day-time); the temperature 

difference between day-time and night-time may play a role here. The average ratio of 

the PM2.2 OC concentration from the SDI to the PM2.5 OC concentration from the 

low-volume sampler, as calculated on a sample by sample basis and then averaged 
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Figure 7.15. Scatter plot of fine OC from the SDI versus fine OC from the low-

volume sampler with quartz fibre filters for the August 2007 campaign 

at SMEAR II (top) and similar scatter plot for fine EC (bottom). The 

OC concentrations for the low-volume sampler were corrected for 

positive artifacts. 

 

over all samples, was 0.88 ± 0.23. This is within the uncertainty in the determination 

of OC concentrations observed for parallel samplings with different methods during 

INTERCOMP2000 [ten Brink et al., 2004]. It indicates that there is reasonable 

comparability between impactor and filter-based samplings for fine OC at SMEAR II. 
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The correlation between the two series for EC was rather poor in our case; the slope 

of regression equation was quite low suggesting an underestimate of EC in the SDI. A 

lower slope for EC was also found in other comparison studies [Viidanoja et al., 

2002b; Jaffrezo et al., 2005]. Viidanoja et al. [2002b] explained this by the incorrect 

pyrolysed correction of OC for the uneven deposit SDI samples. Jaffrezo et al. [2005], 

however, suggested that it is not totally irrelevant to use the pyrolysis correction of the 

TOT method during the analysis of impactor samples. In our case, it is more likely 

that the worse correlation between the two series and the lower slope are due to the 

fact that the EC concentrations at this forest site were rather low. In many SDI stages, 

the EC concentration was below the detection limit of our TOT method. 

 

Mass size distribution of the PM and OC 

 

Figures 7.16 and 7.17 present the average mass size distribution in the day-time and 

night-time for the PM and OC, respectively. It can be concluded from the figures that 

the PM and OC exhibited typically a rather similar bimodal mass size distribution 

with most of their mass in the submicrometer size range, i.e., the mass size 

distributions for OC and PM peaked in the accumulation size range, but there was also 

a clear coarse mode for both with peak at around 3-4 µm AD. Similar bimodal size 

distributions for organic carbon were reported in some other studies, although 

comparisons are difficult as different studies use different size cuts and size 

resolutions [Alves et al., 2002; Maenhaut et al., 2002b]. Our observations are also 

consistent with those from the low-volume samplers (Table 7. 11), which suggest that 

both the PM and OC are preferentially associated with fine particles. 

 

As seen in Figure 7.17, which shows average size distributions, two distinct 

submicrometer modes, with peaks at about 0.3 and 0.7 µm AD, were clearly present 

for OC in the accumulation size range for the day-time SDI samples (this was also so 

for the individual samples), whereas in the night-time SDI samples the two modes 

seemed to have merged into one broad accumulation mode. Two submicrometer 

modes have been observed before for several inorganic species in SDI samples 

[Ricard et al., 2002] and they were termed condensation and droplet modes for the 

lower and upper submicrometer modes, respectively. The occurrence of the droplet 

mode was attributed to cloud (or fog) processing. The occurrence of the droplet mode 
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Figure 7.16. Average mass size distributions for the PM in the day-time and night-

time MOUDI samples from the August 2007 campaign at SMEAR II. 
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Figure 7.17. Average mass size distributions for OC in the day-time and night-time 

SDI samples from the August 2007 campaign at SMEAR II. 

 

for OC may well be due to the same processing. It appeared from the analysis of the 

HVDS PM2.5 filter samples from this site that a very large fraction of the PM2.5 OC 

was water-soluble (Chapter 5), on average, 63 ± 7%. As to the broad accumulation 

mode during the night, this is likely due to hygroscopic growth of the OC. The RH 

increased to 80-100% during night-time, whereas it generally decreased to well below 

60% during day-time. In the MOUDI size distributions for the PM (Figure 7.16), no 

distinct submicrometer modes could be discerned, but this is attributed to the fewer 
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number of submicrometer stages than in the SDI. Both during day-time and night-time, 

the PM exhibited a broad submicrometer size distribution, but with peak at slightly 

larger diameter during night-time than during the day-time (i.e., at 0.45 µm AD versus 

0.40 µm AD). For the dry volume size distributions derived from the DMPS there was 

no difference between the average day-time and night-time distributions; both peaked 

at 0.25 µm mobility diameter. This is fully consistent with the difference between 

day-time and night-time mass size distributions for OC and the PM being caused by 

hygroscopic growth during the night. 

 

7.5. Prague 

 

7.5.1. Introduction 

 

In collaboration with Dr. Jaroslav Schwarz (Prague), OC and EC content in PM10 

were studied at two sites in Prague, which were located in a suburb and in the 

downtown. The main objectives of this study were to provide OC/EC data for Prague 

in the Czech Republic over a whole year (very few such data are available in the 

literature), to examine the main differences in OC/EC levels and sources between a 

downtown site and a suburban site for the city of Prague, to assess and study the 

seasonal differences in OC and EC levels and OC/EC ratios (especially the 

differences between the heating and non-heating seasons), to study the influence of 

the wind direction on the differences in OC and EC levels between the downtown site 

and the suburban site, and to investigate the possible impact of long-range transport 

on the OC/EC levels in Prague. 

 

7.5.2. Experimental 

 

7.5.2.1. Site description and meteorology 

 

The samplings were conducted at two sites in Prague. The location of the two sites is 

shown in Figure 7.18. The first site is a suburban site located in the residential area in 

the north-west suburbs of Prague, on the edge of the plateau above Prague. According 

to the classification used by Van Dingenen et al. [2004], this site is an urban 

background site. The samplers were installed 12 m above ground level on the roof of 
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a building in the campus of the Institute of Chemical Process Fundamentals (ICPF), 

285 m a.s.l. The closest road with traffic density around 10,000 cars per day (one 

week local authorities’ measurement in Tydlitát et al. [2005]) is about 150 m from the 

sampling site. No other major road is within 1 km from this site. Prague Airport 

Ruzyne is about 9 km in a southwestern direction. At the beginning of the campaign, 

building activity (of around 10 new detached residential houses) started on a field 

within a distance of 80 to 200 m in a southeastern direction. Some coarse aerosol from 

the building activity might occasionally have influenced the PM10 mass concentration 

slightly. A forested area and an old meadow are situated in a south to southwestern 

direction from the campus within several hundreds meters. Traffic from the Prague 

area, local residential heating, airplane emissions, and long range transport are 

expected to be the main sources of carbonaceous aerosols at the ICPF site. 
 

 
 

Figure 7.18. Map of Prague with location of the sampling sites. The main roads are 

indicated by black lines. 

 

The second site was located in the downtown of Prague city. The samplers were 

installed at about 25 m above ground level on the roof of a 4-storey building of the 

Institute for Environmental Studies (IES) of the Faculty of Science, Charles 
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University in Prague, in Benátská Street, 225 m a.s.l. The building is located on the 

lower part of a westerly slope. Along the southwestern, southern, and northeastern 

side of the building is a wooded area. The horizontal distance from the sampling 

location to the Benátská Street, which is along the northwestern side of the building, 

was 35 m. The traffic density on this road is about 5,000 cars per day. This road 

crosses a larger road at about 130 m to the west of the building; the traffic density on 

this larger road is around 10,000 cars per day. Within half a kilometer there are 

several main roads of the Prague inner traffic system, with the largest in eastern, 

northern, and western directions. Thus, the main source of aerosol expected in this 

area is road traffic. The distance between the ICPF and IES sites is about 7 km. 

 

The city of Prague has a typical Central European climate with relatively cold winters 

with lowest monthly average temperatures about -1 °C in January and warm summers 

with highest monthly average temperatures about 19 °C in July. Historical minimum 

and maximum temperatures measured in Prague are about -27 °C and 37 °C. The 

average annual rainfall is about 460 mm, with the monthly average value of winter 

being half that of summer. The most typical character of the Prague weather is its high 

variability dependent on the atmospheric circulation and air mass origin. 

 

7.5.2.2. Aerosol sampling 

 

The samples for OC/EC at the ICPF site were obtained using a low-volume sampler 

with tandem quartz fibre filters (17 L/min). It was composed of a Leckel PM10 

sampling head (Leckel GmbH, Germany) connected to NILU (Norwegian Institute for 

Air Research) filter cassettes using a stainless steel home-made cassette holder. The 

filter material was 47-mm diameter Whatman QM-A quartz fibre filters, which had 

been pre-fired at 550 °C for at least 12 hours. Samples were taken every third day 

during most of the sampling period and daily during 4 intensive campaigns (these 

took place from 20 May to 17 June 2004, from 12 to 27 October 2004, from 21 

February to 8 March 2005, and from 19 April to 2 May 2005). The collections started 

on 16 February 2004 and the last sample was taken on 2 May 2005. However, only 

the data from 4 June 2004 till 2 May 2005 taken mostly in parallel with the samples at 

the IES site are presented here. 
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At the IES site, the samples were obtained using a PM10 Harvard impactor sampler 

with a real flow rate of 10 L/min. As at the ICPF site, the sampler was with pre-fired 

tandem quartz fibre filters. The filters were 37-mm diameter quartz microfibre discs 

(QMF grade, Filtrak). The PM10 Harvard impactor was placed downstream a 3-m 

long non-vertical sampling line with the inlet at 2 m above the roof and protected by a 

rain cover. The sampler itself was in an air-conditioned place at a temperature of 

about 20 °C. The collections with valid OC/EC data started on 4 June 2004 and ended 

on 2 May 2005. 

 

The collection time per sample at both sites was 24 hours and the collections started at 

10 a.m. local time. In addition to the actual samples, a total of 35 field blank filters 

were taken at the ICPF site and 10 at the IES site. After sampling, the front and back 

filters were removed from the filter cassette or Harvard impactor and individually 

packed. They were stored in the freezer until analysis. 

 

The face velocities to the front filters were similar at both sites (0.22 m/s at the ICPF 

site and 0.25 m/s at the IES site). At the ICPF site, the front and back filters had the 

same effective sampling area of 12.96 cm2. At the IES site, the front filter had an 

effective sampling area of 6.6 cm2 while the back filter had a smaller effective 

sampling area of 4.9 cm2. 

 

Trace gases (NO, NO2, NOx, O3) were monitored at both sites and meteorological data 

(temperature, relative humidity, atmospheric pressure, wind direction, wind velocity, 

and global radiation) were recorded by meteorological stations. From 22 September 

2004 measurements with the official automated immission monitor (AIM – measuring 

NO, NO2, NOx, O3, SO2, and PM10 continuously and also several meteorological 

parameters) of the Czech Hydrometeorological Institute (CHMI) were started on the 

ICPF campus about 70 m in a southeasterly direction from our sampling point and the 

data on trace gases obtained with this instrumentation were used in this study from 

that date, due to occasional malfunction of our own instrumentation in the second part 

of the campaign. 
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7.5.2.3. Analyses 

 

All filters from the ICPF site were weighed using a Sartorius M5P microbalance with 

a sensitivity of 1 µg. The filters were equilibrated for 24 hours before weighing in the 

weighing room. Possible charging of the filters was eliminated by a 241Am 

radioactive source placed inside the balance. The temperature and RH in the weighing 

room were measured and they were within the interval 24 ± 2 °C and 20 to 40% RH. 

To correct for changes in filter weight due to RH, a blank filter was weighed two 

times every day and all weights were corrected for these changes. This correction 

does not include possible changes in net aerosol sample weight, but we believe that 

the changes are small for our interval of RH. 

 

The filters from the IES site were weighed using a Mettler microbalance (sensitivity 

10 µg). The samples were equilibrated in a closed desiccator with a saturated solution 

of potassium carbonate for 24 hours. This should ensure a relative humidity of 43% in 

the enclosed space. The temperature and RH in the weighing room were not 

monitored. The uncertainty connected with the mass determination is certainly larger 

for the IES site than for the ICPF site and this was taken into consideration when the 

PM10 mass data of the two sites were compared. 

 

All front and back quartz fibre filters were analysed for OC and EC by the TOT 

method [Birch and Cary, 1996], using a Sunset Laboratory OCEC analyzer (section 

2.2.2) and the NIOSH2 temperature program (section 3.3.1). All reported values 

(PM10 mass, OC, EC, and TC) were corrected for field blanks except for the PM10 

mass values at the IES site. As particulate OC data we used the difference between the 

OC on the front filter (OC1) and the OC on the back filter (OC2). All reported OC 

data are such corrected data (unless otherwise indicated). TC was calculated as the 

sum of (corrected) OC and EC. 

 

7.5.3. Results and discussion 

 

7.5.3.1. Sampling artifacts 

 

The positive sampling artifact was determined using the tandem quartz fibre filter 
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technique. There was a large difference between the OC on the back filter (OC2) data 

of the two sites. While OC2 at the ICPF site was, on average, 0.64 ± 0.32 µg/m3, OC2 

at the IES site was two times higher, reaching 1.34 ± 0.37 µg/m3 (see Table 7.13). The 

reasons for this large difference between the two sites can be the different types of 

quartz fibre filters used, different conditions during sampling (ambient conditions at 

the ICPF site and about 20 °C at the IES site), or higher levels of adsorbable VOCs at 

the IES site. Some dependence of positive artifacts (OC on the back filter relative to 

OC on the front filter, OC2/OC1 ratio) on temperature was observed at the ICPF site. 

The OC2/OC1 ratio as a function of average daily temperature over all seasons for the 

ICPF site is shown in Figure 7.19. The results are in line with what we found in the 

campaigns at Ghent, i.e., that the positive artifact is more important in warm seasons 

(summer) than in cold seasons (winter). A similar behaviour was observed by 

Subramanian et al. [2004] and Chow et al. [2006]. Using the QBQ (quartz behind 

quartz) approach, Chow et al. [2006] found an artifact of 10.9% in winter and 24% in 

summer. Subramanian et al. [2004], using the same approach, observed the lowest 

artifact (of about 10%) in November and the highest one (about 18%) in June. 

 

Table 7.13. Average values (and associated standard deviations), medians, and 

number of samples for several parameters at the ICPF and IES sites. The 

data pertain to the whole measurement period. 

 

ICPF IES 
 Average 

 
Std.dev. 

 
Median 

 
No. of 

samples 
Average 

 
Std.dev. 

 
Median 

 
No. of 

samples 
PM10 mass (µg/m3) 33 23 26 118 37 22 34 127 
OC (µg/m3) 5.5 4.7 4.0 137 4.8 4.1 3.6 108 
EC (µg/m3) 0.74 0.57 0.57 137 0.80 0.49 0.70 108 
TC (µg/m3) 6.3 5.2 4.7 137 5.6 4.5 4.3 108 
OC2 (µg/m3) 0.64 0.32 0.63 137 1.34 0.37 1.27 108 
OC2/OC1 0.15 0.11 0.06 137 0.31 0.18 0.18 108 
OC/EC 8.0 3.4 7.1 137 5.8 3.3 5.2 108 
EC/TC 0.13 0.04 0.12 137 0.18 0.09 0.16 108 
OC/PM10 0.16 0.06 0.15 118 0.15 0.10 0.14 106 
EC/PM10 0.023 0.013 0.022 118 0.032 0.028 0.024 106 
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Figure 7.19. Temperature dependence of the OC2/OC1 ratio for the tandem quartz 

fibre filter setup at the ICPF site during the period from 4 June 2004 to 

2 May 2005. 

 

Table 7.14 shows the average ratios of OC2/OC1 for each season. The ratio reached 

0.29 during summer at the ICPF site and 0.40 at the IES site. At the ICPF site, the 

minimum ratio (of 0.07) was observed in winter and at the IES site, the minimum (of 

0.26) was noted in spring. The larger IES ratio of 0.29 in winter may have been 

caused by evaporation losses of OC1 due to heating of the sample in the air-

conditioned space. The dependence over all seasons at the ICPF site is strengthened 

by the lower OC2 concentrations and at the same time higher OC1 concentrations in 

the colder periods compared to the warmer periods. Together with higher vapour 

pressures of semi-volatile organic compounds at higher temperatures it seems to be a 

plausible explanation for the observed behaviour. 

 

7.5.3.2. Atmospheric concentrations of PM, OC, and EC 

 

Figure 7.20 shows the time series for OC and EC at our two sites. There is clearly a 

large temporal variability in the data. While the OC data of the two sites are well 

correlated with each other (Pearson correlation coefficient 0.90), the correlation for 

the exclusively primary EC is worse (Pearson correlation coefficient 0.74). The 
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Table 7.14. Seasonally averaged concentration data and concentration ratios for the two Prague sites. Seasons are meteorological seasons. OC1 
indicates uncorrected front filter OC, OC2 back filter OC. 

 
 Spring Summer Autumn Winter 

 Mean 
 

Std.dev. 
 

No. of 
samples

Mean Std.dev. No. of 
samples

Mean 
 

Std.dev. No. of 
samples

Mean Std.dev. No. of 
samples 

ICPF             
PM10 mass (µg/m3) 45 23 33 20 7 29 27.3 17.8 26 38.1 27.9 30 
OC (µg/m3) 6.9 4.5 35 2.4 1.0 34 4.8 3.8 37 8.1 6.3 31 
EC (µg/m3) 0.86 0.57 35 0.38 0.22 34 0.91 0.66 37 0.80 0.59 31 
TC (µg/m3) 7.8 5.0 35 2.8 1.1 34 5.8 4.4 37 8.9 6.8 31 
OC2 (µg/m3) 0.56 0.30 35 0.92 0.25 34 0.58 0.28 37 0.47 0.24 31 
OC2/OC1 0.09 0.05 35 0.29 0.10 34 0.13 0.05 37 0.07 0.04 31 
OC/EC 8.8 4.0 35 7.5 3.0 34 5.8 1.9 37 10 3 31 
EC/TC 0.12 0.04 35 0.13 0.05 34 0.16 0.04 37 0.10 0.03 31 
OC/PM10 0.15 0.04 33 0.11 0.03 29 0.18 0.07 26 0.21 0.05 30 
EC/PM10 0.020 0.008 33 0.018 0.009 29 0.034 0.021 26 0.022 0.009 30 
IES             
PM10 mass (µg/m3) 32 21 34 41 21 31 46 20 36 26 22 27 
OC (µg/m3) 5.6 4.4 33 2.7 1.2 22 4.1 3.3 27 6.1 5.3 26 
EC (µg/m3) 0.76 0.38 33 0.59 0.24 22 0.90 0.44 27 0.93 0.72 26 
TC (µg/m3) 6.3 4.7 33 3.3 1.4 22 5.0 3.5 27 7.1 5.9 26 
OC2 (µg/m3) 1.2 0.28 33 1.7 0.6 22 1.4 0.2 27 1.20 0.25 26 
OC2/OC1 0.26 0.16 33 0.40 0.10 22 0.33 0.18 27 0.29 0.23 26 
OC/EC 7.1 3. 9 33 4. 8 1.7 22 4.5 2.4 27 6.4 3.7 26 
EC/TC 0.16 0.09 33 0.19 0.06 22 0.22 0.11 27 0.18 0.10 26 
OC/PM10 0.18 0.07 32 0.07 0.03 22 0.09 0.08 27 0.26 0.07 25 
EC/PM10 0.033 0.026 32 0.016 0.006 22 0.020 0.010 27 0.055 0.037 25 
ECIES/ECICPF 1.00 0.50 33 2.3 1.10 19 1.20 0.60 27 1.30 0.70 25 
OCIES/OCICPF 0.75 0.24 33 1.21 0.39 19 0.92 0.45 27 0.73 0.28 25 
TCIES/TCICPF 0.77 0.20 33 1.31 0.38 19 0.96 0.35 27 0.78 0.28 25 
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Figure 7.20. Time series for OC and EC in PM10 at the ICPF and IES sites. 

 

median, average and associated standard deviation of atmospheric concentrations of 

PM10 mass, OC, EC, and TC are given in Table 7.13, together with the number of 

samples included. The average values of the PM10 mass are in the range commonly 

measured at Prague urban monitoring sites [CHMI; 

http://www.chmi.cz/uoco/isko/tab_roc/tab_roce.html] and they are also comparable to 

what we found in the Chemkar project in Belgium (section 6.4). The data from ICPF 

are also in the range given by Querol et al. [2004] and Van Dingenen et al. [2004] for 

European urban background sites. On average, we obtained a 10% lower PM10 mass 

concentration for the ICPF site in the northwestern suburb than for the IES site in the 

downtown. 

 

The average OC and EC levels for our two Prague sites are also comparable to the 

data we found in the Chemkar project for urban and urban background sites (section 

6.4). And they are within the range given by other authors for urban sites in Europe, 

who used OC/EC analysis methods that were identical or very similar to ours. For OC, 

Sillanpää et al. [2005] reported mean PM10 OC values for 7-week campaigns in 6 
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European cities ranging from 3.1 µg/m3 for a campaign at Helsinki in spring to 11.6 

µg/m3 at a suburban site in Prague during winter (these values were derived from 

particulate organic matter data for PM2.5 and PM10-2.5 shown in graphs by dividing 

their sum by 1.4). Yttri et al. [2007] obtained for San Pietro Capofiume (Italy) and 

Ghent (Belgium) annual average values for PM10 OC of 5.9 and 4.1 µg/m3, 

respectively. It should be mentioned that they found a very similar value of 4.6 µg/m3 

for the rural background site of Košetice, which is about 80 km to the east of Prague. 

Viana et al. [2006b] reported for an urban background site in Barcelona averages of 4 

and 6 µg/m3 for OC in PM10 during summer and winter campaigns, respectively. To 

be correct, we have to mention that not all literature values were corrected for positive 

sampling artifacts. Yttri et al. [2007] presented OC data without any such correction 

for artifacts, therefore their values have to be taken as upper limit values. 

 

With regard to EC, European literature values in PM10 (expressed in µg/m3) are 0.33 

in summer at a near city background site [Salma et al., 2004], from 0.8 in Helsinki to 

1.9 in Athens for urban sites [Sillanpää et al., 2005], 1.2 and 1.9 for an urban 

background site in Barcelona in summer and winter, respectively [Viana et al., 2006b]. 

Viidanoja et al. [2002a] found for Helsinki a one year average of 1.3 µg/m3. Yttri et al. 

[2007] obtained for San Pietro Capofiume (Italy) and Ghent (Belgium) annual average 

values for PM10 EC of 1.44 and 1.80 µg/m3, respectively. They found a higher 

average value (of 1.06 µg/m3) for EC at Košetice than we obtained for Prague. Our 

EC average concentrations (0.74 µg/m3 for the ICPF site and 0.80 µg/m3 for the IES 

site) are among the lowest reported for urban sites. This may be due to the fact there is 

still a lower (but growing) proportion of passenger diesel cars in the Czech Republic 

compared to Western Europe. 

 

Our TC gross averages (of 6.3 µg/m3 for the ICPF site and 5.6 µg/m3 for the IES site) 

are within the range of values reported in the previously cited publications. However, 

we can also compare our data with the data of other authors, who used different 

analytical methods that are for TC comparable with our TOT-N2 method. Querol et al. 
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[2004] reported averages of at least one year for 7 European Union (EU) regions and 

they gave for urban background sites 8 µg/m3 in Germany, 7 µg/m3 in Spain, 2-3 

µg/m3 in Sweden, 5 µg/m3 for The Netherlands, 9 µg/m3 for the United Kingdom, and 

6 µg/m3 for Switzerland. Thus, for the central EU, their values range from 6 to 9 

µg/m3. Our values are at the lower end of the data for the central EU, but high 

compared to data for northern Europe. 

 

While our overall concentrations of OC, EC, and TC are well within the range of 

other published data for Europe, the lower average OC level at the downtown site 

compared to the suburban site is unexpected. The evaporation losses (negative artifact) 

due to heating of the sample at the IES site, as discussed above, may be the main 

reason for the observed behaviour. The higher OC2/OC1 ratio (and thus the higher 

correction for positive artifacts) at the IES site partially supports this explanation. 

 

7.5.3.3. EC/TC, EC/PM, and OC/PM ratios 

 

Our overall ratios of 0.13 and 0.18 for EC/TC at the ICPF and IES sites, respectively, 

are relatively low when compared to the data for other urban background sites. This 

suggests a relatively lower impact of diesel sources, which have a high EC/TC ratio 

[Hildemann et al., 1991] and/or a higher impact of other primary sources with high 

OC to EC ratio and/or a higher contribution from secondary organic carbon. However, 

the same precaution with regard to analytical methods when comparing to data from 

other authors has to be taken into account, as was needed when comparing EC data. 

The differences in EC to TC ratio are even more dependent on the OC/EC split point 

setting in TOT or TOR analysis than is the case for the EC data. In the Chemkar 

project in Belgium, we obtained average EC/TC ratios from 0.20 to 0.28 from urban 

background sites to urban traffic sites. Yttri et al. [2007] obtained for San Pietro 

Capofiume (Italy) and Ghent (Belgium) annual average ratios for EC/TC in PM10 of 

0.21 and 0.29, respectively. They found a value of 0.20 for Košetice. Possible reasons 

for the higher EC/TC ratio at Košetice compared to our sites in Prague might be, 
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besides analytical reasons, that the most important Czech highway is at about 5 km 

from the site (shortest distance) and that the collections at Košetice were only done 

every Tuesday; therefore, no weekends were included. 

 

Our OC to PM10 mass ratios (0.16 for the ICPF site and 0.15 for the IES site) are 

within the ranges reported in the literature, while our EC to PM ratios (0.023 for the 

ICPF site and 0.032 for the IES site) are on the low side. In the Chemkar project, the 

OC to PM ratios and EC to PM ratios varied from 0.12 to 0.16 and from 0.035 to 0.06 

for PM10 samples collected from urban background sites to urban traffic sites in 

Belgium. Putaud et al. [2004] reported ratios around 0.15 and 0.05 for OC and EC to 

PM10 mass at urban sites. Yttri et al. [2007] obtained for San Pietro Capofiume and 

Ghent OC/PM10 mass ratios of 0.14 and 0.11 and EC/PM10 mass ratios of 0.035 and 

0.054. Viidanoja et al. [2002a] reported ratios of 0.23 and 0.07 for OC/PM10 mass 

and EC/PM10 mass for an urban background site in Helsinki. Sillanpää et al. [2005] 

gave values of 0.39 and 0.057 for the OC/PM and EC/PM ratios in PM2.5 and 0.19 

and 0.055 in PM10-2.5 for winter in Prague. In the last study the fraction of OC in the 

PM for Prague was the highest of the 6 cities in both size fractions, the fraction of EC 

in the PM was the second lowest of the 6 cities for PM2.5, while it was the highest for 

the coarse fraction. Some of the above data were recalculated from organic mass data 

using factors reported in each respective work. Our average ratios of OC to PM10 

mass are much lower than the data of Sillanpää et al. [2005]. The possible reasons are 

discussed below. 

 

7.5.3.4. Seasonal variations 

 

The seasonally averaged results are given in Table 7.14. Almost all parameters exhibit 

some seasonal variation and some variations are very important. PM10 mass at the 

ICPF site was more than two times higher in spring and almost 2 times higher in 

winter compared to summer. The combined influence of meteorology and additional 

emission sources (residential heating) were probably the main reasons for this 
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Table 7.15. Seasonal averages of meteorological parameters and trace gas 

concentrations for the aerosol sampling days in Prague. 

 

 Spring Summer Autumn Winter 
Wind speed [m/s] 1.7 1.4 1.9 2.0 
T [°C] 7.2 19.2 9.8 -1.2 
RH % 62 63 78 79 
Average total radiation [W/m2] 159 239 84 56 
Average mixing height [m] 528 690 409 347 
O3 [µg/m3] 69 83 34 42 
NO [µg/m3] 6 2 12 9 
NO2 [µg/m3] 33 13 26 34 
NOx [ppb] 21 8 23 23 
O3+NO2 [µg/m3] 102 96 55 76 

 

behaviour. From the meteorological parameters given in Table 7.15 we can see that 

mainly the temperature, the average mixing height (which was calculated every six 

hours for each sampling day using HYSPLIT [Draxler and Rolph, 2003]), and of 

course total radiation exhibit a strong seasonal pattern. Two factors, which give rise to 

elevated PM and OC levels, go together in winter. The lower average mixing height 

leads to less dilution of the primary emissions and because of the low temperatures 

there are increased emissions from residential heating. The spring maximum for 

PM10 mass at the ICPF site is quite surprising, although in this case only the first two 

thirds of spring were included. The very cold beginning of March cannot explain this 

result completely. There was a strong resuspension of road dust left on the roads after 

the long and cold winter with a lot of snow, due to the relatively long dry period after 

the melting of the snow, but this phenomenon was not fully reflected in the coarse 

particle size fraction. The average NOx values, which can be used as a tracer for 

traffic, were slightly lower in spring than in winter and autumn. A possible impact of 

increased photochemical processes is suggested by the fact that the sum of the O3 and 

NO2 concentrations was highest in spring, but OC was lower than in winter, as 

indicated below. The average mixing layer height in spring was the second largest of 

all 4 seasons. Our data are consistent with other data of the ICPF for Prague and with 
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regular monitoring data for PM10 mass. The CHMI reported for the year 2005 more 

than 35 exceedances of the EU daily PM10 mass limit value of 50 µg/m3 for Prague at 

the end of April already. 

 

The seasonal variation for PM10 mass is quite different at the IES site. The relatively 

high uncertainty connected with the PM10 mass measurement for this site may 

explain part of the difference, but differences in numbers of samples between the two 

sites also play a role. During summer, the time base is quite different for the two sites 

(we have 50% more valid samples for the ICPF site than for the IES site). Road dust 

resuspension is higher during the drier summer months. In summer and for the valid 

samples, EC was nearly two times higher at the IES site than at ICPF, indicating a 

much higher traffic influence for the IES site. Also in autumn there was a substantial 

difference between the two sites in the number of valid sampling days. During winter, 

the elevated temperature (above ambient) of the sampler in the air-conditioned room 

may have caused some volatilization, not only of semi-volatile OC, but also of nitrates, 

which together may have led to substantial losses in mass. Nevertheless, the use of 

coal and wood for “in-house” residential heating in the Prague suburb may lead to 

really higher PM10 concentrations for the ICPF site. The difference in seasonal 

variation between the two sites is also seen in the data for OC and EC, although the 

uncertainty in the PM determination for the IES site does not play a role here. 

 

Whereas there is a large difference in the PM10 mass data between summer and 

winter and spring, for OC the differences are even more pronounced. For the ICPF 

site, the OC averages in winter and spring (8.1 µg/m3 and 6.9 µg/m3, respectively) are 

around three times higher than in summer (2.4 µg/m3). The much lower OC 

concentrations during summer can be readily explained. The average temperature was 

high, there were no emissions from residential heating, and the average mixing height 

was substantially higher in summer. The highest EC concentration at the ICPF site 

was found in autumn. That it was lower in winter is probably due to the fact that there 

was less traffic then, because the driving conditions were much worse. The average 
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temperature of -1.2 °C for the whole winter (Table 7.15) indicates that the weather 

was quite cold during our winter measurement period. As a consequence, there were 

long periods with snow during that winter. At the IES site, the seasonal trends for OC 

and EC were quite similar, with the highest means for both species in winter. 

 

The OC to EC ratios were relatively constant from spring to autumn, with the highest 

values obtained during winter at both sites and the lowest ones during summer. In 

each season, the OC to EC ratio was about 30-40% higher at the ICPF suburban site 

than at the IES site. This is in accordance with a lower traffic influence, maybe a 

higher primary biogenic particle contribution and higher probability of SOA 

formation, although the distance between the two sites is quite small, when thinking 

of SOA formation from the VOC emissions by the city. The OC to PM ratio at both 

sites was maximum in winter, but the seasonal variation of this ratio was much 

stronger at the IES site than at the ICPF site. 

 

If we look at the ratios between the data of the two sites on a sample by sample basis 

for each of the seasons (the three bottom rows of Table 7.14), we observe higher EC 

concentrations at the IES site, reflecting higher traffic emissions within the area. The 

situation is different for OC and TC. Both parameters exhibit only higher values at the 

IES site in summer, while they are slightly higher at the ICPF site in spring and 

autumn. In winter, the ratio of OCIES to OCICPF was only 0.73, on average. This, 

together with the highest OC to EC ratios in winter, is probably a reflection of higher 

local biomass combustion emissions in the Prague suburbs, although the influence of 

a possible negative sampling artifact at the IES site in winter cannot be discounted. 

Another reason for high OC levels at the ICPF site could be the influence of the 

airport Ruzyne. It is located at about 9 km from the ICPF site in the southwesterly 

direction. Airplanes are landing very often from north to south (westerly from the 

ICPF site). We have no information about the emissions of particulate organic matter 

or its precursors from these airplanes, but according to EMEP 

[http://reports.eea.europa.eu/EMEPCORINAIR4/en/B851vs2.4.pdf], VOCs are one of 
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the major pollutants produced by airplane engines, and most reported VOCs contain 

double bonds and may therefore be quickly oxidised and possibly form particulate OC. 

The emitted VOCs contain also a high abundance (10-15%) of organosilicon 

compounds (C6H18O3Si3 and C8H24O4Si4), which may be directly converted to 

particulate OC due to their low vapour pressure. For the city of Atlanta, Unal et al. 

[2005] reported increments in the range of 1-4 µg/m3 for PM2.5 mass due to airport 

emissions; the increments were dependent on the model used and local maximum 

increments up to 25 µg/m3 were noted. 

 

7.5.3.5. Influence of wind direction and air mass origin 

 

The location of our two sampling sites offers the possibility to study the influence of 

wind direction on the relative concentrations of OC and EC at our sites. Figure 7.21 

shows, for the parallel samples of the two sites and for 4 wind direction sectors, the 

average ratios OCIES/OCICPF and ECIES/ECICPF. Separate mean ratios are given for the 

heating (HS) and non-heating season (NHS). As mentioned in section 3.4.2.1, heating 

and non-heating seasons are historically used terms in the Czech Republic and other 

Eastern European countries to denote the periods when the central heating systems are 

respectively switched on and off; during our 11-month campaign, the heating season 

started on 16 October and ended on 15 April. The number of samples taken into 

account in our wind-direction analysis is much smaller than the total number of 

samples due to rules we applied for prevailing wind. A wind direction was taken as 

prevailing when it was more than 50% of the time from the wind direction sector and 

at the same time less than 20% of the time from the opposite wind direction sector. 

Only one such point was found for NE direction for each season, therefore they are 

not included into the analysis. Moreover, only 3 such points were found for SW 

direction during the non-heating season. In total 26 from 48 points were included for 

the NHS and 31 from 57 points were found for the HS. Our selection also 

automatically removed most of the days with low wind speed, due to the unstable 

wind direction on such days. 
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Figure 7.21. Ratios between OC at the IES site and OC at the ICPF site (and similar 

ratios for EC) for the main wind directions and for the heating and non-

heating seasons (HS, NHS). 

 

The primary EC data of the two sites are similar for SE winds, when the ICPF site is 

downwind of the city; in contrast, for NW winds during the NHS (when the ICPF site 

is upwind of the city), the EC level is almost three time higher at the IES site than at 

the ICPF site. The situation is different during the HS, when a much smaller 

difference in EC between the two sites is noted for the NW wind direction. This is 

probably due to the impact from local and regional residential heating, using coal and 

wood. This type of heating is rare in the downtown of Prague, but it is common in the 

suburbs and the countryside. 

 

It further appears from Figure 7.21 that OC is higher at the ICPF site than at IES for 

the NHS and SE winds. This could be attributed to SOA formation. The higher OC at 

ICPF for the HS and SW winds and at the same time substantially lower EC may be 

due to the emissions of the airport, which is located in the southwesterly direction of 

the ICPF site. However, we cannot exclude a possible influence of negative artifacts 

at the IES site. These artifacts could also explain the slightly higher OC at ICPF for 

NW winds and the HS, although the impact from the local and regional residential 

heating is probably more important. 
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Figure 7.22. Back trajectory sectors used in this study for Prague. 
 

 
 

Figure 7.23. Examples of back trajectories for the Central European sector (CE, left 

graph) and the northwestern sector (NW, right graph) in the study for 

Prague. The triangles, squares, and filled circles indicate trajectories for 

arrival heights of 300, 1000, and 3000 m agl, respectively. 
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Several studies [e.g., Van Dingenen et al., 2004; Pio et al., 2007] have shown that 

there are some general geographical patterns in Europe regarding PM concentrations. 

Furthermore, the concentrations are highly dependent on the origin of the air mass. 

Therefore, 96-hour back trajectories were calculated using HYSPLIT [Draxler and 

Rolph, 2003] for 3 arrival heights (300, 1000 and 3000 m above ground level (agl)). 

The Final Model Run (FNL) database for the northern hemisphere was used in the 

HYSPLIT back trajectory calculations. Four trajectories (every 6 hours) were 

calculated for each sampling day. The trajectories were grouped into 5 groups. The 

sectors, to which the back trajectories were divided, are shown in Figure 7.22. The 

group called NW contains trajectories coming from the north-west and in part also 

from the west and north; the northern part of France and Finland were included, but 

Poland and the Iberian Peninsula were excluded. The NE group includes Poland, the 

Baltic countries, Belarus, and northern Russia. The SE group includes Slovakia, 

Ukraine, southern Russia, Hungary, Slovenia, and Croatia. Italy, southern France, the 

Iberian Peninsula, Switzerland, and most of Austria were included in the SW group. 

The fifth group is called CE (Central European); it contains trajectories that were 

mostly recirculating above the Czech Republic, its neighbouring countries, and 

Hungary. Examples of NW and CE back trajectories are shown in Figure 7.23. 

 

Data averages for the ICPF site were calculated for each trajectory group and 

separately for the heating and non-heating seasons. The results are shown in Figure 

7.24 where the PM10 mass, OC, EC, and EC/OC ratio for the ICPF site for different 

back trajectory groups and for the non-heating and heating seasons are given. The 

number of samples in each group is given in Table 7.16. It is clear that NW 

trajectories are by far the most common; the SW and CE groups have similar sample 

counts, followed by NE, and the SE group has only five samples for the entire 

sampling period. 
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Figure 7.24. PM10 mass, OC, and EC data, and EC/OC ratios for the ICPF site for 

different back trajectory groups and for the non-heating (s) and heating 

(w) seasons. Circles are averages, crosses are medians, error bars 

represent one standard deviation. The number of data points for each 

group is given in Table 7.16. 

 

Table 7.16. Number of samples in each trajectory group for the ICPF site. Four 

trajectories were calculated for each sampling day. 

 
 Non-heating season Heating season 

Back 
trajectory CE NE NW SE SW CE NE NW SE SW 

Sample 
count 7 7 38 2 11 17 4 35 3 12 

 

It can be seen from Figure 7.24 that there is a similar behaviour for PM10 mass and 

OC. During the non-heating season the highest averages were found for the CE group 
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(45 µg/m3 and 5.2 µg/m3, respectively). The situation was nearly the same in the 

heating season for the CE group, with 64 µg/m3 and 11 µg/m3 for PM10 mass and OC, 

respectively. The group with the highest average PM10 mass and OC levels during 

the heating season was the SE group, for which the averages were 65 µg/m3 and 14 

µg/m3, respectively. The NE group exhibited the second highest averages during the 

non-heating season (30 µg/m3 and 4.4 µg/m3 for PM10 mass and OC, respectively) 

and the third highest for the heating season (43 µg/m3; 7.4 µg/m3). The lowest values 

for PM10 mass and OC during the non-heating season were obtained for SE (17 

µg/m3; 2.4 µg/m3), but with 2 samples only, and for NW (23 µg/m3; 2.9 µg/m3). 

During the heating season, the lowest values were clearly obtained for the NW group 

(27 µg/m3 and 5.2 µg/m3 for PM10 mass and OC, respectively). 

 

This all shows that the origin of the air mass (and the associated meteorological 

conditions) has a strong impact on the atmospheric concentrations of PM10 mass and 

OC. High concentrations are typically associated with air of regional origin. The 

surprisingly high concentration found in spring during our measurements can be 

attributed to the air mass origin in that season. While for the entire campaign, more 

than half of the samples were in the NW group, for our spring period, 14 samples out 

of the total 35 were in the CE group, and only 12 in the NW group; the others were in 

the NE group (5) and in the SW group (4). 

 

For EC there was less difference in concentration between the various trajectory 

groups. In the non-heating season, EC was highest for the CE group (0.72 µg/m3) and 

lowest for the SE group (0.48 µg/m3, 2 data points only), while for the HS, the highest 

EC levels were for SE (1.54 µg/m3) and SW (1.19 µg/m3) and the lowest EC levels 

were for NE (0.65 µg/m3). The different behaviour of OC and EC reflects differences 

in sources and therefore differences in EC/OC ratios. In the NHS, the lowest EC/OC 

ratio was obtained for the NE group (0.13), the highest ratios were found for SE (0.20) 

and NW (0.18). In the HS, the SW group had by far the highest ratio (0.19), followed 

by NW (0.13), and by SE and CE (0.10 for both); the lowest ratio (0.09) was obtained 
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for the NE group. The higher EC/OC ratios for NW air masses may be a reflection of 

the higher use of diesel passenger cars and the lower use of biomass burning for 

heating in Western Europe, together with lower SOA formation. The high EC/OC 

ratio for SE in the NHS is likely due to the high contribution of local air pollution 

from traffic from the city of Prague. 

 

7.5.4. Conclusions 

 

PM10 mass, OC, EC, and TC were studied in parallel during an 11-month period at 

suburban and downtown sites in Prague. All OC values reported here were corrected 

for positive artifacts using the tandem quartz fibre filter method. The overall average 

concentrations were similar at the two sites; the largest difference was found for EC. 

Our data are comparable to those of other European urban sites, with our OC data 

being on the high side and our EC data on the low side. For all measured variables, 

the lowest values were obtained in summer. At the ICPF site, the PM10 mass 

concentration was highest in spring, more than two times higher than in summer. OC 

exhibited a more than three times higher concentration at this site in winter than in 

summer. At the IES site, the seasonal differences were generally somewhat smaller. 

The back to front filter ratio for OC (OC2/OC1) was around 0.15 for the ICPF site 

versus 0.31 for the IES site. The difference is probably due to a combination of 

different quartz fibre filter types used for the two sites and higher VOC levels and 

non-ambient sampling conditions at the downtown IES site. Wind direction analysis 

showed that the city traffic influence was mainly reflected in the EC concentrations 

during the NHS. They were up to 3 times higher for NW winds at the IES site in that 

season. Wood combustion was probably the most important source of OC during the 

heating season at the ICPF site. It was clear that the origin of the air masses plays an 

important role in the mass concentrations of aerosols and OC in Prague. Air masses 

recirculating above Central Europe were found to bring in the largest concentrations 

of PM10 mass and OC. Therefore most of the pollution episodes have a regional 

origin. 
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8.1. Introduction 

 

The Large-Scale Biosphere-Atmosphere Experiment in Amazonia – Smoke, Aerosols, 

Clouds, Rainfall and Climate (LBA-SMOCC) field experiment was conducted in the 

Brazilian part of Amazonia in the period from September to mid-November 2002. 

This period extended from the intense biomass burning period to the onset of the wet 

season. The overall goal of SMOCC was to investigate how and to what extent 

aerosol particles produced by biomass burning alter cloud formation [Andreae et al., 

2004]. Previous studies have highlighted that smoke particles from biomass burning 

are enriched in carbonaceous material, which makes up for as much as 70-90% of the 

total aerosol mass [Cachier et al., 1995; Andreae and Crutzen, 1997; Yamasoe et al., 

2000]. Moreover, recent studies have shown that a large fraction of the carbonaceous 

material in smoke aerosols is water-soluble, with WSOC contributing 45-75% of the 

total aerosol carbon mass [Graham et al., 2002; Mayol-Bracero et al., 2002]. As 

water-soluble organics are known to significantly contribute to the CCN activity of 

aerosols [Laaksonen et al., 1998; Yu, 2000; Charlson et al., 2001; Roberts et al., 2002], 

it was of great interest to collect, measure, and characterise the carbonaceous aerosols 

in the SMOCC 2002 campaign. 

 

The field work for the SMOCC 2002 project involved aircraft-based and ground-

based components. The latter component was carried out at a pasture site in the state 

of Rondônia, Brazil. As part of the European contribution to SMOCC, the UGent 

team deployed several filter-based samplers and cascade impactors at the site. Various 

types of analyses were carried out on the collected samples by the UGent team and by 

other partners of the SMOCC project. The results from this work are presented in 

several publications [Maenhaut et al., 2004c; Falkovich et al., 2005; Mircea et al., 

2005; Decesari et al., 2006; Schkolnik and Rudich, 2006; Tagliavini et al., 2006; 

Fuzzi et al., 2007]. This Chapter focuses on the OC, EC, TC, and WSOC results 

derived from samplers with quartz fibre filters and MOUDI foils. The atmospheric 

concentrations for the aerosol mass, as derived from different filter media, are 

evaluated, OC and EC concentrations obtained by the tandem filter method for low-

volume and high-volume samples are discussed and used for estimating the 

abundance of the OM and the carbonaceous matter in the biomass burning aerosols, 

the atmospheric concentrations of WSOC and contribution of WSOC to the OC in 
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PM2.5 are presented, and detailed size distribution data are given for the PM 

throughout the campaign and for TC during the dry period. 

 

8. 2. Experimental 

 

8.2.1. Site description and meteorology 

 

The ground-based part of the LBA-SMOCC field experiment was performed at the 

Fazenda Nossa Senhora Aparecida (FNS) (10°45'44''S, 62°21'27''W, 315 m a.s.l.), 

which is located approximately 8 km south-west of the town Ouro Preto do Oeste. 

The place was deforested by fire about 25 years ago and the area is now a pasture site, 

surrounded by a series of small hills (ridge heights 300-440 m) at distances of 3-4 km. 

The site was chosen since it can be considered to be representative of the region in 

southwestern Amazonia with extensive biomass burning during the dry season. A 

complete description of the site as well as maps in different scales is given by 

Andreae et al. [2002]. 

 

Aerosol samplings were conducted at this site from 9 September to 14 November 

2002. In this part of the Amazon, the rainy season normally arrives in the middle of 

October [Fuzzi et al., 2007], but it was somewhat delayed in 2002 due to a weak El 

Niño. Thus, the rainy period with low biomass burning activity, and subsequently also 

low aerosol levels, did not arrive until the beginning of November. Based on the 

meteorological conditions, the sampling period was subdivided into dry (intense 

burning; 9 September to 7 October), transition (8 October to 29 October), and wet (30 

October to 11 November) periods. During the dry period and, to a lesser extent, the 

transition period, widespread fire activity was observed in Rondônia and Mato Grosso, 

as well as in the other states that are contained in the “arc of deforestation” along the 

southern and southeastern margin of the Amazon forest [Fuzzi et al., 2007]. During 

the SMOCC campaign, the most intense nearby burning took place at the edge of the 

woodlands, extending from north to east of the FNS site at a distance of about 20-30 

km. Wood burning was also active in Ouro Preto de Oeste (around 40,800 inhabitants). 

The FNS site is located on a strip of cleared land of 4 km wide and several tens of 

kilometers long and only sparse domestic fires were observed on this strip. Biomass 
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burning was substantially reduced in the region at the beginning of November after 

the onset of persistent wet conditions. 

 

From the climatological records of the dry-to-wet period transition in Rondônia [Fuzzi 

et al., 2007], the average rainfall amount varies from a monthly total of 96 mm (with 6 

days of rainfall higher than 1 mm/day) in September, to 153 mm (with 12 days of 

rainfall) in October, up to 238 mm (with 16 days of rainfall) in November. The air 

temperature is less variable during the period considered, with monthly mean values 

around 25 °C, although there is a variation in the daily maximum temperature span: 

10.7 °C in September, 9.4 °C in October, and 8.0 °C in November. This is due to an 

increase of the minimum temperature and a slight decrease in the maximum 

temperature. 

 

The weather conditions during the LBA-SMOCC experiment were mainly consistent 

with the above climatology: temperatures were around the average (deviations less 

than 1 °C from the average) throughout the period, with the rainfall slightly above 

normal in September (deviation of up to 50 mm) and November (25 mm up to 100 

mm) and slightly below average in October (up to -50 mm). 

 

The results from radio soundings performed at the sampling site indicated that during 

the dry period, the boundary layer was very well mixed and developed, with an 

average height of around 1690 m (standard deviation 250 m) at midday. For the 

transition period, when some systematic convective rainfalls developed in the 

afternoons, the boundary layer average height was reduced to around 1320 m 

(standard deviation 250 m). The nocturnal boundary layer height was much lower, 

with a maximum height approximately 200-250 m. The surface cooling due to the 

nocturnal radiation budget is the main force for the developing of this layer as winds 

are very weak. No soundings are available for the last period of the campaign, i.e., 

after 31 October at the onset of the wet season [Fuzzi et al., 2007]. 

 
There was a marked difference in RH between day-time and night-time throughout 

the campaign. In the dry period, the RH often fell below 50% in the afternoon and 

reached 100% from midnight till sunrise. On average, the RH was 59% during the 

day-time and 92% during the night-time in the dry period. The average RH followed 
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the rainfall distribution, increasing from the dry period to the wet period. In the 

transition period the average RH in the day-time and night-time were 64% and 95%, 

respectively. And in the wet period they were 72% and 96%, respectively. 

 

8.2.2. Aerosol sampling 

 

The filter samplers of the UGent team included: (1) two PM10 Gent SFU samplers 

(section 2.1.1), one with coarse and fine Nuclepore polycarbonate filters in series 

(RNN), and the other one with a coarse polycarbonate filter and a fine Teflon filter in 

series (RNT), (2) two low-volume samplers (section 2.1.1) with front and back quartz 

fibre filters and with PM2.5 inlet (R25Q) and PM10 inlet (R10Q), respectively, and (3) 

two HVDS (section 2.1.3) with front and back quartz fibre filters (note that only the 

results from one of the two HVDS will be presented here). In parallel to the filter 

samplers, aerosols were also collected by a 10-stage MOUDI (section 2.1.4) with 

aluminium foils as impaction surfaces. The sampling times varied from 12 h in the dry 

period (when the highest aerosol concentrations were encountered) to 24 h and 48 h at 

the end of the campaign. PM10 and PM2.5 mass concentrations were also determined 

every 30 min with two TEOM instruments (section 2.3.1) by a Brazilian participant; 

these instruments were operated with the inlet heated at 50 °C. 

 

8.2.3. Analyses 

 

The PM was obtained from weighing each filter and aluminium foil before and after 

sampling with a Mettler MT5 microbalance (section 2.2.1). All front and back quartz 

fibre filters were analysed for OC, EC, and TC by the TOT technique [Birch and Cary, 

1996] using a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the ST 

temperature program (section 3.3.1); the fine fraction filters of one HVDS were 

analysed for WSOC with a Shimadzu TOC-V CPH analyzer (section 2.2.3), and the 

aluminium foils from selected MOUDI samples were analysed for TC with the 

Shimadzu SSM-5000A Solid Sample Module of the TOC-V CPH analyzer (section 

2.2.4). 
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8.3. Results and discussion 

 

8.3.1. Estimation of positive sampling artifacts for OC and WSOC by the 

tandem filter method 

 

Like in various other campaigns, the positive sampling artifact for OC and WSOC 

was determined using the tandem quartz fibre filter method. The campaign average 

back/front ratios for OC from different samplers in the SMOCC 2002 campaign were 

presented and compared with the data from other campaigns in Table 4.3. The 

back/front ratio for OC in SMOCC 2002 was found to be lower than those in the other 

campaigns. For WSOC derived from the fine size fraction of the HVDS, the average 

back/front ratio in the SMOCC 2002 campaign was 7.2 ± 7.4%. When compared with 

the data from the other campaigns (Table 5.1), the back/front ratios for WSOC are 

also on the low side in SMOCC 2002. This suggests that the positive artifacts for OC 

and WSOC were less important in the SMOCC 2002 campaign than in the other 

campaigns. 

 

In order to examine possible differences in the importance of the positive artifact 

between day-time and night-time and between the different periods of the SMOCC 

2002 campaign, average back/front ratios for OC and WSOC for the separate day-

time and night-time and for each period were calculated (Table 8.1). It can be seen 

from Table 8.1 that the back/front ratios for OC and WSOC are, on average, lower in 

the night-time than in the day-time for all samplers; the difference is especially large 

for the low-volume samplers (R25Q and R10Q). It suggests that the positive artifacts 

were less important during the night-time than during the day-time. A possible reason 

for the lesser importance of positive artifacts during the night could be the much 

higher RH then. Some semi-volatile organic compounds may have condensed into the 

particle phase in the high humidity environment. This was confirmed by Falkovich et 

al. [2005]; they found that the dicarboxylic acids (DCAs), which were observed to be 

semi-volatile in other studies [Limbeck et al., 2001], were mostly confined to the 

particulate phase and did not show a semi-volatile behaviour for the HVDS samples 

from the SMOCC 2002 campaign. They suggested that this may arise from the neutral 

or slightly alkaline character of the particles and from the high humidity during the 

campaign. Besides the difference in RH, also the difference in temperature between 
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day and night may have played a role in the artifacts. It was noted in Chapter 4 that 

the artifacts were larger at higher temperature. 

 

Table 8.1. Average back/front ratios and associated standard deviations (in 

parentheses) for OC, as derived from R25Q, R10Q, the fine size fraction 

of the HVDS, and for WSOC, as obtained from the fine size fraction of 

the HVDS, separated for day and night during the three different periods 

of the SMOCC 2002 campaign. The data for all samples (including 24-h 

and 48-h samplings) are also given. 

 

 Day Night All 
Back/Front ratios for OC (%)    
R25Q    
     Dry period 9.2 (2.2) 2.4 (5.3) 5.5 (5.2) 
     Transition period 7.9 (4.3) 2.6 (0.85) 3.4 (3.6) 
     Wet period 9.8 (1.71) -2.4 (0.23) 4.2 (10.2) 
  
R10Q    
     Dry period 8.0 (2.8) 4.4 (8.2) 6.1 (6.2) 
     Transition period 7.7 (4.1) 1.5 (1.5) 3.6 (3.2) 
     Wet period 7.1 (2.5) -0.21 (0.24) 2.9 (3.6) 
  
HVDS Fine    
     Dry period 5.7 (1.67) 3.5 (1.6) 4.7 (2.1) 
     Transition period 10.1 (9.4) 5.3 (2.7) 6.4 (5.0) 
     Wet period 18.8 (7.2) 10.5 (4.7) 17.2 (4.5) 
  
Back/Front ratios for WSOC (%)    
HVDS Fine    
     Dry period 6.2 (2.4) 4.0 (1.51) 5.3 (2.5) 
     Transition period 12.5 (15.3) 8.5 (9.5) 7.7 (8.8) 
     Wet period 28.4 (14.1) 21.3 (23.6) 22.1 (13.5) 
 

Table 8.1 further shows that the back/front ratios for OC and WSOC in the fine size 

fraction of the HVDS clearly increased from the dry period to the wet period, when 

presumably a smaller fraction of the OC was derived from biomass burning. It seems 

to confirm that the positive sampling artifact was less important for the biomass 

burning OC. However, no such trends were found for the low-volume samplers 
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(R25Q and R10Q); the back/front ratios from these samplers were more or less 

comparable in the different periods. For WSOC, systematically greater back/front 

ratios were found than for OC (Table 8.1), which is consistent with our findings at 

various other sites (Table 5.1). As far as EC is concerned, it was insignificant on the 

back filters for all samples. 

 

 
 

Figure 8.1. Variation of the back filter OC (WSOC) concentration as a function of 

the OC concentration on the front filter for different samplers of the 

SMOCC2002 campaign. 

 

Figure 8.1 shows scatter plots of the OC (WSOC) concentration on the back filter (Q2) 

with respect to the OC (WSOC) concentration on the front filter (Q1) for different 

samplers. There is clearly a direct relationship between the OC (WSOC) on the back 

filter and that on the front filter for all samplers, as was also seen by Chow et al. 

[2006] and in our Ghent campaigns (Figure 4.2). The reason for this direct 

relationship has been discussed in section 4.3.1. Figure 8.1 further shows that the 

slopes for the data sets from the day-time are in general higher than those from the 

night-time. This seems to indicate that for collections of the same amount of 
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particulate OC on the front filter, the back-up filter adsorbed more gas-phase OC 

during the day-time than the night-time. As mentioned above, some semi-volatile 

organic compounds may have condensed into the particle phase in the high humidity 

and cooler environment during the night-time. It is noticed that the difference between 

the day-time and night-time slopes is smaller for the HVDS than for the low-volume 

samplers. If we assume that the RH and temperature were the main reasons for the 

difference in back/front ratios between day-time and night-time, it seems to suggest 

that the influence of RH and temperature were smaller for the HVDS than for the low-

volume samplers. 

 

Table 8.2. Medians and ranges of the PM concentration (in µg/m3), as derived from 

different samplers and the on-line TEOMs for the SMOCC 2002 

campaign. 

 
Day Night All   

Median Range Median Range Median Range 
RNN PM2.0 46 17.9-163 66 11.8-160 52 8.6-163 
RNN PM10 52 24-178 85 17.1-182 61 16.4-182 
RNT PM2.0 45 16.6-158 65 12.6-142 53 10.3-158 
RNT PM10 51 22-177 82 17.6-165 61 17.6-177 
R25Q 50 27-170 67 6.8-156 53 5.5-170 
R10Q 56 -41-200 73 5.8-165 60 -41-200 
TEOM2.5 42 16.4-159 71 10.5-149 51 7.6-159 
TEOM10 47 23-154 74 10.2-163 57 10.2-163 

Dry 
period 

RNN PM2.0 14.5 11.9-23 17.7 4.2-33 17.1 4.2-33 
RNN PM10 19.8 15.9-29 29 12.1-43 25 12.1-43 
RNT PM2.0 13.7 12.0-22 18.4 4.3-31 18.1 4.3-31 
RNT PM10 20 16.9-28 29 11.8-41 25 11.8-41 
R25Q 19.6 14.4-26 18.2 3.2-35 18.2 3.1-35 
R10Q 19.3 11.3-35 25 14.7-42 21 11.3-42 
TEOM2.5 16.1 10.1-21 24 5.0-31 20 5.0-33 
TEOM10 26 10.4-32 28 12.1-39 26 10.4-39 

Transition 
period 

RNN PM2.0 3.7 2.8-4.6 4.5 4.4-4.6 4.3 2.4-4.6 
RNN PM10 7.1 6.2-8.0 11.7 11.4-12.1 8.9 6.2-12.1 
RNT PM2.0 3.5 2.6-4.3 4.6 4.5-4.7 4.3 2.3-4.7 
RNT PM10 6.8 5.9-7.6 11.6 11.4-11.8 8.8 5.9-11.8 
R25Q 8.4 7.5-9.4 5.8 5.8-5.8 6.7 3.6-11.6 
R10Q 8.9 8.6-9.2 12.6 11.7-13.5 9.9 8.6-13.5 
TEOM2.5 5.2 4.0-6.4 7.5 7.3-7.6 6.4 4.0-7.6 

Wet 
period 

TEOM10 12.0 10.8-13.3 12.9 12.7-13.1 12.0 10.4-13.3 
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8.3.2. Particulate mass 

 

8.3.2.1. Atmospheric concentrations and time series of the PM 

 

The medians and ranges for the PM concentration (PM2.0, PM2.5, and PM10), as 

derived from the different samplers, and the corresponding time-integrated PM data 

from the on-line TEOMs for separate day and night and the separate campaign periods 

(dry, transition, and wet) are given in Table 8.2. The time series for the fine aerosol 

mass concentration (PM2.0 and PM2.5) are shown in Figure 8.2 as an example, 

together with the time series of the PM2.0/PM10 ratio, as derived from the SFU (RNT) 

sampler. The PM concentrations for the R25Q and R10Q samplers in Table 8.2 are 

those derived from the front filters. They were not corrected for the back filter mass, 

as the latter was insignificant for the samples from these two devices. 
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Figure 8.2. Time series of the fine aerosol mass (PM2.0 or PM2.5) concentration 

derived from different instruments and of the PM2.0/PM10 ratio, as 

derived from RNT, for the SMOCC 2002 campaign. 

 

It is clear from Figure 8.2 that the fine PM concentrations derived from the different 

instruments were very well correlated in the SMOCC 2002 campaign. We take the 

PM2.0 mass from RNN to explain the time series of the PM. Three main periods are 

clearly distinguished: (1) dry period (from 9 September until 7 October) including two 

major episodes of subsequent days showing PM2.0 mass constantly above 40 µg/m3, 
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the median PM2.0 mass concentration was above 51.8 µg/m3 in this period; (2) 

transition period (8 - 30 October), during which period the PM2.0 mass concentration 

never exceeded 33 µg/m3 and was never below 4.2 µg/m3, with a median mass 

concentration of 17.1 µg/m3, and (3) wet period (after 30 October), characterised by a 

PM2.0 concentration range from 2.4 to 4.6 µg/m3. As seen from Figure 8.3, there was 

a good correlation between the PM2.0 mass and the biomass burning tracer 

levoglucosan (the R2 between both variables was 0.87); the time series of the PM was 

also found to reflect that of CO (another biomass burning indicator) [Fuzzi et al., 

2007]. All this suggests that the decrease in PM over the campaign is thus directly 

linked to the decreasing intensity of the biomass burning activities from September 

through to November, due to the progressive onset of the wet season. 
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Figure 8.3. Correlation between the PM2.0 mass concentration, as derived from 

RNN, and the biomass burning tracer levoglucosan, as derived from 

fine size fraction HVDS, during the SMOCC 2002 campaign. 

 

As seen from Table 8.2, clear diurnal oscillations in the PM were observed throughout 

the campaign especially in the dry period, with higher levels during the night (the only 

exceptions are the PM derived from R25Q in the transition and wet periods). This 

diurnal cycle was mainly caused by the diurnal cycle of the atmospheric boundary 

layer and the different combustion phases active during the day (flaming) or night 

(smouldering). 
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The means and associate standard deviations of the PM2.0/PM10 ratios obtained from 

the RNN and RNT samplers for the separate day-time and night-time samplings in the 

different periods of the SMOCC 2002 campaign are presented in Table 8.3. It can be 

seen from the time series of the PM2.0/PM10 ratio in Figure 8.2 and the average 

ratios during the different periods in Table 8.3 that the contribution from fine aerosols 

to the PM decreased from the dry period to the wet period. In the dry period the PM10 

mass was predominantly present in the fine size fraction (up to 87% for PM2.0), while 

during the wet period, the fine aerosols contributed less than half of PM10 mass. As 

seen in Figure 8.2 the PM2.0/PM10 ratio seems follow the PM concentrations, in 

other words the biomass burning activities in the dry period are characterised by both 

higher PM concentrations and higher PM2.0/PM10 ratios. This was also apparent 

from the size distribution of the PM during the SMOCC 2002 campaign, which will 

be discussed below. 

 

Table 8.3. Means and associated standard deviations of the PM2.0 to PM10 ratio 

for the PM, as derived from the RNT and RNN samplers, in SMOCC 

2002. 

 

Day Night All  
RNN RNT RNN RNT RNN RNT 

Dry period 0.86(0.05) 0.87(0.04) 0.80(0.07) 0.82(0.06) 0.82(0.09) 0.83(0.07) 
Transition period 0.75(0.03) 0.73(0.06) 0.61(0.16) 0.61(0.15) 0.68(0.11) 0.67(0.10) 
Wet period 0.52(0.09) 0.50(0.08) 0.38(0.01) 0.40(0.00) 0.42(0.11) 0.43(0.10) 
 

In all three periods, the average PM2.0/PM10 ratio was lower during the night-time 

than in the day-time (Table 8.3), which was opposite to the diurnal variation in PM 

concentrations. The diurnal cycle of the boundary layer height cannot be invoked as 

an explanation for this; the promoted hygroscopic growth of the aerosols during night-

time due to the marked difference in RH between day and night could be the reason 

for this. 

 

8.3.2.2. Size distribution of the PM 

 

The PM size distributions during the SMOCC 2002 campaign were derived from the 

gravimetric data for the MOUDI samples. Average mass size distributions were 
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Figure 8.4. Average size distribution of the PM as derived from MOUDI samples 

in the dry period (day-time and night-time sample sets), the transition 

and wet periods of the SMOCC 2002 campaign. 
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calculated for the PM for the dry, transition, and wet periods of the campaign. Since 

the PM concentration followed a clear diurnal cycle, the average mass size 

distributions were calculated separately for the day-time and the night-time samples in 

the dry period. On the basis of the individual size distributions, average mass median 

aerodynamic diameters (MMADs) were also derived for each of the four sample sets. 

Details on the calculation of MMADs from cascade impactor data can be found in 

Maenhaut et al. [1983]. Figure 8.4 shows the average mass size distributions (with Dp 

indicating the aerodynamic particle diameter) for the PM in the dry period (day-time 

and night-time), the transition period, and the wet period. Two prominent aerosol 

modes, in the submicrometer and supermicrometer size ranges, were detected 

throughout the campaign. During the dry period, the supermicrometer PM mode was, 

on average, about 5 times less intense than the submicrometer PM mode; in the 

transition period, it was about 2 times less intense, but during the wet period, the 

supermicrometer PM mode had, on average, become 2 times more intense than the 

fine PM mode [Maenhaut et al., 2004c]. This is also in line with the trend of 

PM2.0/PM10 ratios for PM shown in Figure 8.2 and Table 8.3. These findings are in 

agreement with those observed in previous LBA measurement campaigns in 

Rondônia [Artaxo et al., 2002; Guyon et al., 2003]; they indicate that the intense 

biomass burning activity is reflected by high concentrations of submicrometer 

particles, whereas the pristine Amazon Basin environment is characterised by higher 

concentrations of coarse mode primary biogenic particles. During the LBA-SMOCC 

experiment, the submicrometer mode particle mass concentrations decreased by a 

factor of 20 from the dry to the wet period, while the supermicrometer mode particle 

mass concentrations were relatively stable throughout the campaign, indicating that 

the natural background of supermicrometer particles was almost constant during the 

dry-to-wet season transition. Furthermore, this leads to an increase in the average 

MMADs of the PM from the dry period to the wet period. The average MMADs (in 

µm) and associated standard deviations for the PM in the dry period day-time samples, 

dry period night-time samples, transition period samples, and wet period samples 

were 0.38 ± 0.03, 0.55 ± 0.18, 0.74 ± 0.40, and 2.72 ± 1.13, respectively. 

 

It was also found that the average concentrations of both submicrometer and 

supermicrometer mode particles were lower during the day-time than during the 

night-time, supporting the proposed dilution effect due to the evolution of the 
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boundary layer that is much higher during day-time as a result of intense vertical 

mixing. It was further found that the average MMAD of the PM was somewhat larger 

during the night than during the day in the dry period. Although it cannot be clearly 

seen from the MOUDI data due to the few submicrometer impaction stages in this 

impactor, the data from the SDI [Maenhaut et al., 2004c] suggest that there were two 

submicrometer modes that were centered at around 0.3 and 0.7 µm, which correspond 

to the “condensation” and “droplet” modes, as defined and seen in other studies [e.g., 

Ricard et al., 2002]. Both submicrometer modes were present during both day-time 

and night-time, but the droplet mode was more pronounced during the night-time 

[Maenhaut et al., 2004c]. The enhanced hygroscopic growth of hygroscopic aerosol 

components and formation of new aerosols (e.g., sulphate) in the liquid aerosol phase 

at the higher RH during the night-time could be responsible for the findings. 

 

8.3.3. OC, EC, and TC 

 

8.3.3.1. Atmospheric concentrations and time series of OC, EC, and TC 

 

Tables 8.4 and 8.5 give the medians and ranges of the atmospheric concentrations of 

OC and EC, as derived from different samplers separately for day-time and night-time 

and for the three different periods of the SMOCC 2002 campaign. The temporal 

variability for OC, EC, and WSOC, as derived from the fine size fraction of the 

HVDS is shown in Figure 8.5. It can be seen from the figure that OC and to a lesser 

extent also EC follow the temporal trend of the PM (Figure 8.2), with higher 

concentrations in the dry period and lower levels following rainfall events, especially 

in the wet period. This is also obvious from the median OC and EC concentrations for 

the different periods given in Tables 8.4 and 8.5. Like for the PM, the intensive 

biomass burning activities were responsible for the higher OC and EC concentrations 

in the dry period. Our carbonaceous data for SMOCC 2002 can be compared to those 

from previous studies in the Amazon region. For example, our dry and transition 

period PM2.5 TC concentrations, as derived from the HVDS front filters, varied from 

1.79 to 68 µg/m3 with a median of 15.9 µg/m3; Graham et al. [2002], who used only 

single filters in their HVDS, obtained at the same site for the period 1-29 October 

1999 PM2.5 TC values in the range 3.0-82 µg/m3. The PM2.5 TC concentrations 

during the wet period of SMOCC 2002 (again as derived from the HVDS front filters) 
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Table 8.4. Medians and ranges of the OC concentration (in µg/m3), as derived from 

different samplers, for SMOCC 2002. All OC data were corrected for 

the back filter. 

 

Day Night All 
 

Median Range Median Range Median Range 
R25Q 27 16.1-93 32 5.6-83 27 4.0-93 
R10Q 27 12.0-94 33 6.3-82 28 6.3-94 
HVDS Fine 19.6 7.9-64 28 5.1-62 22 3.1-64 
HVDS Coarse 1.15 -0.10-3.6 3.4 0.35-6.5 2.1 -0.10-6.5 
HVDS Total 20 8.9-68 30 6.6-67 23 5.3-68 

Dry 
period 

R25Q 7.7 6.4-11.9 8.4 2.7-15.1 8.4 2.7-15.1 
R10Q 8.7 7.5-12.1 11.7 5.7-18.1 10.2 5.7-18.1 
HVDS Fine 5.7 2.4-8.5 6.7 1.52-12.8 6.7 1.52-12.8 
HVDS Coarse 1.07 0.73-1.50 3.0 2.3-3.3 2.3 0.73-3.3 
HVDS Total 6.9 3.5-9.6 10.0 4.5-15.1 8.9 3.5-15.1 

Transition 
period 

R25Q 2.5 2.0-3.0 2.8 2.8-2.9 2.5 1.76-3.0 
R10Q 3.3 2.6-4.0 5.2 4.7-5.7 4.2 2.6-5.7 
HVDS Fine 1.07 0.98-1.15 0.80 - 1.07 0.73-1.29 
HVDS Coarse 0.70 0.66-0.74 1.24 - 0.95 0.66-2.4 

Wet 
period 

HVDS Total 1.77 1.64-1.90 2.0 - 2.2 1.64-3.1 
 

were in the range of 0.89 to 1.63 µg/m3 with a median of 1.38 µg/m3, whereas 

Graham et al. [2003] obtained similar HVDS PM2.5 TC data (median: 1.18 µg/m3) 

for natural Amazonian aerosols at Balbina (north of Manaus) in July 2001. 

 

As seen from Table 8.4, OC exhibits generally higher median values in the night-time 

than during the day-time. The only exception is for the fine size fraction data derived 

from the HVDS during the wet period. This is in line with the diurnal variation of the 

PM. For OC derived from the HVDS, the median fine concentration decreased by a 

factor of 20 from the dry to the wet period, in contrast to the coarse fraction which 

showed a much less pronounced decrease from the dry to the wet period. This is 

similar to what we found for the PM and it suggests that coarse OC was only partly 

affected by biomass burning and was mainly controlled by other sources, which 

persisted during the periods of intense precipitation. The emission of primary organic 

matter by the vegetation is likely the main source of the coarse OC. 
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Table 8.5. Medians and ranges of the EC concentration (in µg/m3), as derived from 

different samplers, for SMOCC 2002. Since EC was insignificant on the 

back filter, the data given here are the EC on the front filter. 

 

Day Night All 
 

Median Range Median Range Median Range 
R25Q 0.29 -0.37-0.79 0.27 -0.10-1.15 0.24 -0.37-1.15 
R10Q 0.19 -0.39-1.28 0.36 -0.13-1.38 0.22 -0.39-1.38 
HVDS Fine 0.67 0.44-1.64 1.07 0.32-2.0 0.83 0.25-2.0 
HVDS Coarse 0.11 0.10-0.17 0.11 0.07-0.16 0.11 0.04-0.17 
HVDS Total 0.78 0.54-1.81 1.18 0.39-2.2 0.93 0.29-2.2 

Dry 
period 

R25Q 0.05 -0.02-0.21 0.11 0.05-0.20 0.00 -0.09-0.21 
R10Q 0.13 0.01-0.25 0.09 0.02-0.15 0.09 -0.06-0.25 
HVDS Fine 0.26 0.21-0.41 0.39 0.09-0.56 0.35 0.09-0.56 
HVDS Coarse 0.05 0.05-0.10 0.05 0.03-0.08 0.05 0.03-0.10 
HVDS Total 0.31 0.26-0.49 0.43 0.13-0.64 0.40 0.13-0.64 

Transition 
period 

R25Q 0.02 0.02-0.03 0.13 0.06-0.20 0.08 0.02-0.20 
R10Q 0.05 0.04-0.07 0.09 0.07-0.11 0.09 0.04-0.32 
HVDS Fine 0.05 0.05-0.06 0.11 0.04-0.18 0.05 0.03-0.09 
HVDS Coarse 0.02 0.02-0.02 0.02 0.02-0.03 0.02 0.02-0.05 

Wet 
period 

HVDS Total 0.08 0.07-0.08 0.13 0.06-0.21 0.08 0.05-0.14 
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Figure 8.5. Temporal variation of PM2.5 OC, EC, and WSOC, as derived from the 

HVDS, during the SMOCC 2002 campaign. 

 

Despite the general agreement among the trends of OC and EC between the different 

samplers, significant deviations were observed. As seen from Tables 8.4 and 8.5, the 
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PM2.5 OC concentrations derived from R25Q were systematically larger than those 

from the HVDS throughout the campaign, while the PM2.5 EC concentrations 

obtained from R25Q were systematically lower than those from the HVDS (except for 

the data for the night in the wet period). Similar observations were made in our 

Hyytiälä 2007 campaign. It was also found that the median EC concentrations derived 

from R10Q were frequently lower than those derived from R25Q. The reasons for this 

are unclear. It seems that the EC data from the HVDS are more reliable. 

 

Table 8.6. Averages and associated standard deviations for the PM2.5/PM10 and 

fine/total ratios for OC and EC, as derived from the low-volume 

samplers and the HVDS in the SMOCC 2002 campaign. 

 

Day Night All 
  

R25Q/R10Q 
HVDS 

Fine/Total 
 

R25Q/R10Q 
HVDS 

Fine/Total 
 

R25Q/R10Q 
HVDS 

Fine/Total 
OC       
Dry period 0.96(0.08) 0.94(0.03) 0.98(0.37) 0.88(0.07) 0.95(0.27) 0.90(0.08) 
Transition period 0.94(0.06) 0.83(0.08) 0.72(0.16) 0.66(0.19) 0.81(0.12) 0.74(0.14) 
Wet period 0.75(0.01) 0.60(0.01) 0.54(0.08) 0.39(-) 0.60(0.14) 0.49(0.18) 

EC       
Dry period 0.89(1.04) 0.86(0.02) 0.95(0.94) 0.90(0.03) 0.96(1.00) 0.88(0.03) 
Transition period 0.49(0.70) 0.83(0.03) 0.89(0.46) 0.85(0.07) 0.57(1.69) 0.85(0.05) 
Wet period 0.51(0.16) 0.72(0.03) 1.36(0.73) 0.79(0.10) 0.82 (0.56) 0.68(0.05) 

 

Table 8.6 presents the PM2.5/PM10 ratios, as derived from the R25Q and R10Q 

samplers, and the PM2.5/PMtotal ratios, as derived from the HVDS, for OC and EC 

during SMOCC 2002. The OC values used in the calculations were corrected for OC 

on the back filter. Both ratios indicate that OC was predominantly in the fine size 

fraction during the dry period; furthermore, the ratios in general decrease from the dry 

period to wet period. The ratios from the HVDS indicate that more than 50% of the 

OC was in the coarse size fraction in the wet period, particularly during the night. 

This is in line with the PM2.0/PM10 ratios for the PM. During the dry period, most 

OC was produced by biomass burning and accumulated in the fine size fraction, while 

in the wet period OC from biogenic/biological sources became more important and 

this OC was mainly contained in the coarse size fraction. For EC, however, the two 

ratios have different patterns. The ratio derived from the HVDS follows the trend of 

the PM and OC, with higher values in the dry period and relatively low values in the 
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wet period. It needs to be noted that EC was predominantly in the fine size fraction 

throughout the campaign, the lowest median fine/total ratio was found during the wet 

period and it was 0.68. This is not a surprise, because unlike OC, EC is a primary 

pollutant and for SMOCC 2002 mainly produced by biomass burning. It is known that 

such EC is mostly present in the fine size fraction. Unlike the data from the HVDS, 

the PM2.5/PM10 ratios for EC from the low-volume samplers (R25Q and R10Q) are 

on average lower and with no clear trend between the different periods. These data 

were not very reliable, as also appears from the huge associated standard deviation as 

seen in Table 8.6. It was also found for the data derived from the HVDS that the 

average fine/total ratios for OC were higher during the day than in the night, while the 

ratios for EC showed the opposite trend. 

 

Table 8.7. Averages and associated standard deviations for the EC/TC ratio, as 

derived from R25Q, R10Q, and the fine size fraction of the HVDS 

separately for day and night and during the three different periods of 

SMOCC 2002. 

 

 EC/TC (%) 
 Day Night 

R25Q   
    Dry period 0.80 (1.38) 1.11 (1.56) 
    Transition period 0.99 (1.35) 1.96 (2.75) 
    Wet period 1.01 (0.40) 4.4 (3.3) 
  
R10Q   
    Dry period 1.03 (1.38) 1.14 (1.32) 
    Transition period 1.39 (0.84) 0.68 (0.37) 
    Wet period 1.69 (1.15) 1.64 (0.25) 
  
HVDS Fine   
    Dry period 3.7 (1.1) 4.0 (1.0) 
    Transition period 5.1 (1.5) 5.0 (0.7) 
    Wet period 5.0 (1.2) 5.8 (1.3) 
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8.3.3.2. EC/TC, OC/PM, and (1.6*OC+EC)/PM ratios 

 

The averages and associated standard deviations of the EC/TC ratios derived from the 

different samplers separately for day and night and for the three periods of SMOCC 

2002 are presented in Table 8.7. It is clear that the EC/TC ratios derived from the low-

volume samplers (R25Q and R10Q) are lower than those derived from the HVDS. 

This is the result of lower EC concentrations and higher OC concentrations derived 

from the low-volume samplers compared with the HVDS, as was indicated above. 

The ratios derived from the low-volume samplers were rather variable in the dry and 

transition periods, as can be seen from the high standard deviation associated with the 

averages in Table 8.7. Compared with the data from the low-volume samplers, the 

ratios derived from the HVDS are larger and less variable. Therefore, we are only 

focusing on the EC/TC ratios derived from the HVDS. The mean HVDS PM2.5 

EC/TC ratio of the dry period compares favourably with the literature data for 

Amazonia during the dry season. A similar ratio was reported by Graham et al. [2002] 

for PM2.5 aerosols taken at the same site during the biomass burning season of the 

year 1999. However, it needs to be stressed again that EC/TC ratios are highly 

dependent on the analysis method used. Our PM2.5 HVDS TOT EC data for SMOCC 

2002 were about six times lower than those obtained by evolved gas analysis (EGA) 

[Decesari et al., 2006]. As seen from Table 8.7, the PM2.5 EC/TC ratios derived from 

the HVDS are generally lower in the dry period than in the transition and wet periods. 

This suggests that the carbonaceous particles produced by burning in the dry period 

are enriched in OC rather than EC. We can also see from Table 8.7 that, for the 

EC/TC ratios derived from the HVDS, there was nearly no difference between day-

time and night-time in the dry and transition periods; the average EC/TC ratio during 

the night-time was only slightly larger than during the day-time in the dry period. 

Several SMOCC papers have suggested that during the SMOCC campaign flaming 

combustions were widespread during the day, peaking in the afternoon, whereas more 

frequent smouldering conditions typically occurred during the night [Schkolnik et al., 

2005; Fuzzi et al., 2007]. This makes it difficult to explain our EC/TC daily variation, 

as it is known that, compared with flaming combustion, the mass fraction of EC in 

smoke particles produced by smouldering combustion is extremely low [Rau, 1989]. 

Thus, we would expect higher EC/TC ratios during the day-time than during the 

night-time in the dry period. However, our data show nearly no daily variation and the 
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EC/TC ratio was slightly larger during the night-time in the dry period. One possible 

explanation for this is that SOA is formed through photo-oxidation during the day. It 

has been indicated that substantial amounts of SOA can be formed by the fast photo-

oxidation of BVOCs (e.g., isoprene), which are emitted by the forest vegetation 

[Claeys et al., 2004a; 2004b]. The Amazon basin contains the world’s largest humid 

forest ecosystem, which is known to emit large quantities of BVOCs. Since solar 

radiation and production of OH radicals are at a maximum in the tropics, the 

enhancement of day-time secondary OC concentration from fast photo-oxidation of 

BVOCs is expected to be important. This will lead to a lower EC/TC ratio during the 

day-time. This effect was suppressed during the dry and transition periods, because 

the biomass burning dominated the aerosol production. However, during the wet 

season, after the fires ceased, this effect became clearer and led to a larger diurnal 

variation in the EC/TC ratio with a lower EC/TC ratio during the day as seen in Table 

8.7. 

 

Table 8.8. Averages and associated standard deviations of the OC/PM ratio and of 

the (OM+EC)/PM ratio, as derived from R25Q and R10Q, in SMOCC 

2002. 

 

 OC/PM (1.6*OC+EC)/PM 
 Day Night All Day Night All 

R25Q       
Dry period 0.54 (0.06) 0.51 (0.10) 0.52 (0.08) 0.86 (0.10) 0.83 (0.17) 0.84 (0.13) 
Transition period 0.45 (0.07) 0.57 (0.20) 0.52 (0.14) 0.73 (0.11) 0.92 (0.33) 0.84 (0.23) 
Wet period 0.29 (0.04) 0.49 (0.01) 0.37 (0.13) 0.47 (0.07) 0.81 (0.00) 0.61 (0.21) 

R10Q       
Dry period 0.52 (0.15) 0.52 (0.20) 0.52 (0.17) 0.84 (0.25) 0.84 (0.33) 0.84 (0.28) 
Transition period 0.53 (0.31) 0.48 (0.10) 0.48 (0.15) 0.86 (0.49) 0.78 (0.15) 0.77 (0.24) 
Wet period 0.38 (0.13) 0.42 (0.09) 0.40 (0.08) 0.61 (0.21) 0.68 (0.15) 0.66 (0.12) 
 

The averages and associated standard deviations of the OC/PM ratio and of the 

(OM+EC)/PM ratio, as derived from R25Q and R10Q separately for day and night 

and during the three different periods of SMOCC 2002 are presented in Table 8.8. It 

needs to be noted that the PM data used in the calculations were derived from quartz 

fibre filters. In order to convert OC to OM, a factor of 1.6 was used. In both PM2.5 

and PM10, OC contributed, on average, 52% of the PM in the dry period, its 
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contribution decreased just a little bit during the transition period (48-52%), and 

decreased much more in the wet period after the biomass burning ceased (37-40%). 

Similar trends were found for the contribution of carbonaceous aerosols (calculated as 

OM+EC) to the PM, which was about 84% in both size fractions during the dry period, 

77-84% in the transition period, and 61-66% in the wet period. These findings 

strongly support the previous observations that the fine particulate matter produced by 

biomass burning is largely carbonaceous. No general diurnal trends were found for 

both ratios during the campaign. During the dry period, very little or no diurnal 

variation was observed. 
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Figure 8.6. Size distribution of the PM and TC, as derived from MOUDI samples 

collected during day and night of 20 September. 
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8.3.3.3. Size distribution of TC 

 

Size-segregated TC data were obtained from the analysis of 6 selected MOUDI 

samples (day-time and night-time samples for 19-21 September) of the dry period 

with the SSM. Examples (day-time and night-time samples of 20 September) of the 

TC mass size distributions, together with the PM distributions for the same samples, 

are shown in Figure 8.6. Generally, there is a close correlation between the size 

spectra of the PM and TC in the submicrometer size range. The TC/PM ratio for the 

submicrometer size fraction of the aerosol (stages 6-10) is 0.48 ± 0.08, on average, 

when calculated for the analysed MOUDI samples. This is in line with the OC/PM 

ratios we found previously, suggesting that the fine particulate matter produced by 

biomass burning is largely carbonaceous. It was also found that the submicrometer 

TC/PM ratio was somewhat larger in the night than during the day (0.53 ± 0.06 in the 

night vs. 0.42 ± 0.05 during the day). The size distribution of TC differed from that of 

the PM in the supermicrometer size range, where a substantial fraction of the mass is 

expected to be accounted for by inorganic crustal material. 

 

Table 8.9. Medians and ranges of the WSOC concentration, and averages and 

associated standard deviations of the WSOC/OC ratio, as obtained for 

the fine size fraction of the HVDS, in SMOCC 2002. 

 

 Day Night All 
WSOC (in µg/m3)    

 Median (range) Median (range) Median (range) 
     Dry period 13.4 (4.6-38) 19.0 (3.7-44) 13.9 (1.90-44) 
     Transition period 4.5 (1.26-6.7) 4.9 (0.74-8.5) 4.7 (0.74-8.5) 
     Wet period 0.51 (0.51-0.52) 0.99 (0.36-1.63) 0.51 (0.36-1.63) 
  
WSOC/OC ratio    
 Mean (std.dev.) Mean (std.dev.) Mean (std.dev.) 
     Dry period 0.70 (0.08) 0.63 (0.07) 0.66 (0.08) 
     Transition period 0.74 (0.13) 0.66 (0.10) 0.72 (0.11) 
     Wet period 0.49 (0.06) - 0.56 (0.09) 
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8.3.4. WSOC concentrations and WSOC/OC ratios 

 

The back-filter corrected WSOC concentrations and WSOC/OC ratios obtained for 

the fine size fraction of the HVDS are presented in Table 8.9. The WSOC 

concentrations are comparable to the data (range: 2.2-40 µg/m3, median 12.3 µg/m3) 

found by Graham et al. [2002] in an earlier study at the same site in October 1999. It 

needs to be noted that the WSOC data from the latter study were not corrected for 

positive artifacts. The time series of the WSOC concentration was found to follow 

very closely that of OC (Figure 8.5). This suggests that, like for OC, biomass burning 

was the primary source of WSOC. The concentration of WSOC was higher during the 

night than in the day for the dry period, but no clear diurnal variation was noted in the 

transition and wet periods. 

 

It can be seen from Table 8.9 that WSOC dominates the composition of fine OC for 

the dry and transition periods. This is not a surprise, as the fuels for biomass burning 

consist mainly of cellulose, hemicelluloses, and lignin. As cellulose is water-soluble, 

it is reasonable for most of the organic carbon making up biomass burning particles to 

be water-soluble. Novakov and Corrigan [1996] found that the smoke from 

smouldering pure cellulose was 99% soluble. For aerosols produced by actual 

biomass burning, Graham et al. [2002] and Mayol-Baracero et al. [2002] found 

WSOC/OC ratios in the range of 45-75%. During the dry and transition periods, a 

limited but significant increase in the WSOC percentage was observed during day-

time compared to the night. This difference can be attributed either to the different 

combustion stages occurring during the day compared to the night (i.e., more frequent 

flaming than smouldering fires), or to the photochemical production of secondary 

organic compounds during the day [Hoffer et al., 2006]. 
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9.1. Introduction 

 

The marine aerosol makes up for one of the most important natural aerosol systems 

globally. It contributes significantly to the Earth’s radiative budget, biogeochemical 

cycling, and impacts on ecosystems and even to regional air quality [O'Dowd and de 

Leeuw, 2007]. So far, most of the studies on marine aerosols have focussed on sea-

salt particles and non-sea-salt (nss-) sulphate aerosols originating from the oxidation 

of atmospheric dimethylsulphide (DMS). Several earlier experimental studies, 

however, have pointed to the presence of significant concentrations of organic matter 

in marine aerosol [Blanchard, 1964; Hoffman and Duce, 1976; Novakov et al., 1997b; 

Putaud et al., 2000]. More recently, a significant source of marine organic aerosols of 

primary origin has been reported for the North Atlantic (Mace Head, Ireland) during 

periods of high biological activity [O’Dowd et al., 2004; Yoon et al., 2007; Ceburnis 

et al., 2008]. These organics were shown to be mainly insoluble and to contribute to 

more than half of the submicrometer aerosol mass. Detailed characterisation of the 

organic aerosols collected at Mace Head [Cavalli et al., 2004; Decesari et al., 2007; 

Facchini et al., 2008a] suggest that these organic aerosols, in particular, the WINSOC 

fraction most likely result from bubble-mediated primary production. However, it is 

possible that a notable fraction of the oxidised and water-soluble organic carbon could 

be produced via SOA formation processes. These studies have been performed in the 

North Atlantic Ocean and the authors clearly point out the need for similar studies in 

other biogenically productive and remote oceanic regions in order to better assess the 

central role of marine organics on a global scale. 

 

Considering the importance of carbonaceous aerosols (OC) in the marine environment, 

within the framework of the OOMPH project, aerosol samples were collected using a 

3-stage high-volume cascade impactor during a northern hemisphere tropical Atlantic 

cruise (NH cruise) in 2006 and by means of a HVDS at Amsterdam Island in the 

southern Indian Ocean in the 2006-2007 austral summer. In this Chapter, we report 

the results on the mass concentrations of OC, EC, TC, and WSOC for these aerosol 

samples. Section 9.2 presents the results of the NH cruise, while section 9.3 provides 

the results from Amsterdam Island. 
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Figure 9.1. Approximate cruise track of M68/3 and aerosol sampling start 

positions for the northern hemisphere experiment. 

 

9.2. Northern hemisphere cruise 

 

9.2.1. Aerosol samplings and analyses 

 

9.2.1.1. Aerosol samplings 

 

Aerosol samples were collected aboard the FS Meteor during the northern hemisphere 

cruise (cruise M68/3) of the OOMPH project. The cruise track is shown in Figure 9.1. 
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It can be seen that from 18 to 31 July the ship was very close to the coast of 

Mauritania (50-500 km) compared with the remainder of the cruise. The reason for 

sampling in this part of the Atlantic Ocean was that it is known to be an area of 

upwelling, where cold and nutrient-rich sea water from the bottom of the ocean comes 

to the surface and increases biological activity and possibly also the organic fraction 

of the marine aerosol. 

 

Aerosol samples were collected on quartz fibre filters by Dr. A. Baker (University of 

East Anglia) at the request of Prof. N. Mihalopoulos (University of Crete). The 

sampling device was a 3-stage high-volume cascade impactor [Baker, 2004], which 

operated at a flow rate of 1 m3/min. The sampler had two impaction stages (P3 and P4 

with cut-off diameters of 2.0 and 1.3 µm, respectively) and one back-up filter stage; 

P3 collected the coarse size fraction (Dp >2.0 µm), P4 the medium size fraction (Dp 

1.3-2.0 µm), and the back-up filter stage the fine size fraction (Dp <1.3 µm). A total of 

21 daily aerosol samples were collected from 15 July to 5 August 2006. A number of 

field blanks were also taken. Samples were generally changed once a day and the 

average air volume sampled was about 1400 m3. It needs to be noted that technical 

problems occurred on the first and last days of the sampling (15 July and 4 August); 

the air volume for the sample collected on 15 July was only 267 m3 due to motor 

failure and stage P4 was missing for the sample collected on 4 August. 

 

9.2.1.2. Analyses 

 

Sections of the 3 stages of each sample (and each field blank) were sent to UGent. 

The OC, EC, and TC content were determined by TOT [Birch and Cary, 1996] using 

a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the UGent ST protocol 

(section 3.3.1). The fine (<1.3 µm) and coarse (>2.0 µm) size fractions of the samples 

were analysed for WSOC, using a Shimadzu TOC-V total organic carbon analyzer 

(section 2.2.3). 
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9.2.2. Results and discussion 

 

9.2.2.1. Atmospheric concentrations of OC, EC, and TC 

 

Table 9.1 gives the total concentrations (summed over the 3 size fractions) of OC, EC, 

and TC over the 19 samples of the NH cruise (the samples of 15 July and 4 August 

were excluded because of the technical problems mentioned above). The TC levels in 

Table 9.1 are comparable to those found in the shipboard experiments during the 

second International Global Atmospheric Chemistry (IGAC) Program’s Aerosol 

Characterization Experiment (ACE-2) project [Novakov et al., 2000], in which the 

total TC concentrations (sum of supermicrometer TC and submicrometer TC) ranged 

from 0.2 to 4.9 µg/m3 for the samples collected off the coasts of Portugal and North 

Africa in 1997; they are also similar to TC values found by Neusüß et al. [2002] 

during the Indian Ocean Experiment (INDOEX) in 1999, these authors reported total 

TC concentrations ranging from partly detectable to more than 4 µg/m3 over the 

Indian Ocean. Compared to the total TC values (1.81-10.03 µg/m3) found over the 

Indian Ocean during INDOEX-FFP98 [Sarkar et al., 2001], our TC values are 

somewhat lower. 

 

Table 9.1. Medians, ranges, averages and associated standard deviations of the total 

concentration (summed over the 3 size fractions) in µg/m3 for TC, OC, 

and EC, and of the total concentration (summed over the fine and coarse 

size fractions) in µg/m3 for WSOC over 19 samples during the NH 

cruise. Note that the samples of 15 July and 4 August were excluded due 

to the technical problems for these samples. 

 

 Median Range Mean ± std.dev. 
TC 0.94 0.21-5.69 1.24 ± 1.26 
OC 0.66 0.21-5.33 1.03 ± 1.16 
WSOCa 0.14  0.02-0.56  0.18± 0.14  
EC 0.18 -0.01-0.54 0.21 ± 0.17 

 
aThe total concentration for WSOC is the sum of WSOC concentrations of the fine 
(filter stage) and the coarse (P3 stage) size fractions. 
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With regard to OC, Penner [1995] summarised concentrations for 14 remote marine 

locations in the northern hemisphere, resulting in mean values of 0.2-0.8 µg/m3 (the 

size fractions were not mentioned in the paper). Shipboard measurements in the 

northern Indian Ocean during INDOEX in 1999 [Neusüß et al., 2002] resulted in 

mean total OC values (submicrometer + supermicrometer size fractions) for the 

different air masses in the range of 0.4-1.2 µg/m3. Our median total OC concentration 

during the NH cruise is within these ranges. It can also be seen from Table 9.1 that 

there is a large difference between our mean and median concentrations for total OC 

and TC. This is due to the extremely large OC concentration found on stage P3 for 19 

July; the details about this sample will be discussed below. For EC, our mean and 

median total values of Table 9.1 are similar to the mean total EC concentration (0.2 

µg/m3) found over the Indian Ocean during INDOEX-FFP98 [Sarkar et al., 2001]. 

They are also comparable to the EC level (0.16 µg/m3) reported by Neusüß et al. 

[2002] when the ship encountered air masses from the North Indian Ocean during 

INDOEX in 1999. However, it needs to be noted that different OC/EC analysis 

methods than ours were used in the two studies above. As mentioned earlier, a 

comparison of OC and EC results obtained with different OC/EC analysis methods is 

always risky, especially for EC. Since there was generally no EC detected in the 

coarse size fraction (Dp>2.0 µm) during the NH cruise, the total EC concentration can 

be compared with our PM2.0 or PM2.5 EC values obtained from different continental 

locations. The EC levels in Table 9.1 are found to be similar to those in rural forested 

sites in Europe (SMEAR II and K-puszta, Table 5.2). 

 

The EC and OC concentrations in the 3 size fractions for the individual samples are 

shown in Figures 9.2 and 9.3. There is a large variability in the concentrations, 

indicating that air masses of very different compositions and/or origins were sampled 

throughout the cruise track. It is clear from Figure 9.2 that EC was mainly present in 

the fine (<1.3 µm) size fraction. The average contribution of fine size fraction EC to 

the total EC calculated on a sample by sample basis was 86%, and there was generally 

no EC detected in the coarse size fraction (a relatively large EC concentration was 

seen for stage P3 of the sample collected on 21 July; this was due to a technical error 

in the installation of the impaction stages). The prevalence of EC in the fine size 

fraction in this marine environment is similar to what has been found for several 

continental locations in this thesis. This is not a surprise as EC cannot be produced by 
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Figure 9.2. EC concentrations in 3 size fractions of the Hi-Vol cascade impactor 

samples during the NH cruise. The samples are labelled according to 

the start date of the 24-h collection. 
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Figure 9.3. OC concentrations in 3 size fractions of the Hi-Vol cascade impactor 

samples during the NH cruise. The samples are labelled according to 

the start date of the 24-h collection. 

 

marine sources, and therefore, EC in the marine environment is mainly of continental 

origin (from the incomplete combustion of fossil fuels and biomass). Figure 9.2 

further shows that the EC concentrations in the fine and median size fractions are in 

general higher for the samples collected during the period from 16 July to 30 July than 

for those collected during the remainder of the cruise, indicating that the impact from 

the continent was larger during these days. This period coincides more or less with the 
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period of 18 to 31 July when the ship was much closer to the African continent 

(Figure 9.1). 

 

In contrast to EC, OC is mostly associated with the coarse (>2 µm) size fraction (see 

Figure 9.3). Calculated on a sample by sample basis, around 69% of the OC was, on 

average, associated with the coarse (>2.0 µm) size fraction, followed by the fine (<1.3 

µm) with 23%, and the medium (1.3-2 µm) size fraction with 8%. This is in contrast 

to the observation by Cavalli et al. [2004] at Mace Head during the bloom period; in 

their study OC was particularly enriched in the fine aerosol fraction. Unlike EC, 

marine OC can be both from primary and secondary origin and it can come from both 

marine and continental sources. The bubble bursting process is an important source of 

primary marine OC [Blanchard, 1964], and it was believed that this process 

contributes mainly to the supermicrometer size fraction of the OC. However, recent 

studies [Cavalli et al., 2004; O'Dowd et al., 2004; Yoon et al., 2007] found that during 

bloom periods in Mace Head, the marine organic fraction dominates the 

submicrometer aerosol mass and although part of it can be primary, it was suggested 

that a notable fraction of it is likely to result from the formation of SOA. Through 

study of the isotopic composition of particulate carbon in remote marine locations, 

Cachier [1989] concluded that the northern hemisphere marine OC may be primarily 

of continental origin and most likely of anthropogenic origin. The prevalence of 

coarse size fraction OC during the NH cruise suggests that primary oceanic OC 

emissions were important. It was found that the correlation between fine and coarse 

OC was not strong (R2 = 0.39), suggesting that the OC of the two size fractions came 

from different sources. 

 

Figure 9.3 shows that the coarse OC concentration was generally higher in the period 

of 18 to 31 July than in the remainder of the cruise. In this period, the ship was closer 

to the coast of Mauritania and within the upwelling area, so that this coarse OC is 

likely from primary marine sources. However, we cannot rule out the possibility of 

influences from continental coarse OC, although long-range transport of coarse OC is 

normally not important. It could be important, though, for the air masses from the 

Sahara region. It can be seen from Figure 9.3 that the coarse OC concentration on 19 

July is off scale, it was 4.5 µg/m3, which is more than 3 times higher than the second 
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Figure 9.4. Sahara dust plumes blowing westward off the coasts of Mauritania in 

West Africa. The Moderate Resolution Imaging Spectroradiometer 

(MODIS) on NASA’s Aqua satellite captured this true colure image on 

July 19, 2006. Source: 

 http://rapidfire.sci.gsfc.nasa.gov/subsets/index.php?subset=NAfrica_2_

02.2006200.aqua.2km.jpg. Credit: MODIS rapid response system. 

 

highest coarse OC level in this study. Also the OC concentration in the medium size 

fraction was much larger on 19 July than on the other days. The extreme high levels 

of coarse and medium-sized OC on this day may be due to the long-range transport of 
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Sahara dust to the ship. Persons on board the ship indicated that there was a Sahara 

dust cloud on 19 July [Gebhardt, 2006]. Figure 9.4, which gives a satellite picture of 

the region on 19 July, clearly shows a Sahara dust plume on its way from Mauritania 

over the Atlantic Ocean. The higher coarse OC concentrations on 18, 19, and 23 July 

may, however, at least in part be caused by higher wind speeds during these days; it is 

known that increased winds lead to increased production of primary marine aerosols 

[Raes and Hjorth, 2006]. 

 

Figure 9.3 shows that the concentration of fine OC was in general higher from 17 July 

to 2 August than during the remainder of the cruise; that period is more or less the 

period when the ship was closest to the coast. A good correlation (R2 = 0.64) was 

found between fine OC and fine EC suggesting that fine OC was impacted by 

emissions from fossil fuel combustion (and perhaps also biomass burning) on the 

continent. Besides continental sources, also both primary and secondary marine 

sources could contribute to the fine OC. 

 

9.2.2.2. EC/TC ratios 

 

Large EC/TC ratios were generally observed for the fine and medium size fractions 

(typically, around 0.4 and 0.3, respectively). In contrast, in the coarse size fraction, 

there was generally no EC detected. The mean EC/TC ratio for the fine size fraction 

(PM1.3) was 0.38 ± 0.17 during the NH cruise. This ratio is comparable to the mean 

BC/TC ratio (0.35 ± 0.17) found by Novakov et al. [2002] for PM1.0 aerosols 

collected in the Eastern Atlantic Ocean during the ACE-2 project. The mean EC/TC 

ratio for PM2.0 (sum of the fine and medium size fractions) was 0.37 ± 0.26 over the 

21 samples, which can be compared with the PM2.0 or PM2.5 EC/TC ratio we found 

in continental aerosols by applying the same OC/EC analytical method. The PM2.0 

EC/TC ratio for the NH cruise is much larger than those observed at European rural 

and forested sites (SMEAR II, K-puszta) despite the fact that the EC levels are similar; 

and it is comparable to the PM2.5 EC/TC ratios found in urban kerbside aerosols 

(Budapest). Neusüß et al. [2002] also found that the OC/EC ratios in submicrometer 

aerosols collected over the Indian Ocean can be as low as values they found in central 

Europe by applying the same analytical method. The high fine EC/TC ratios during 

the NH cruise clearly indicate that the fine aerosol during the NH cruise was 
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substantially impacted by emissions from fossil fuel combustion, as products of 

marine sources (both primary and secondary) and of biomass burning emissions 

normally exhibit much lower fine EC/TC ratios. The EC/TC ratio for the total aerosol 

(sum of the 3 size fractions) in the individual samples is shown in Figure 9.5; the ratio 

shows substantial variability with a median ratio of 0.19. Similar to the temporal trend 

for EC, lower EC/TC ratios were observed in the samples collected from 31 July 

onward, after the ship was further away from the African continent. 
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Figure 9.5. EC/TC ratios in the total aerosol (sum of three size fractions) during 

the NH cruise. The samples are labelled according to the start date of 

the 24-h collection. 

 

9.2.2.3. Atmospheric concentrations of WSOC and WSOC/OC ratios 

 

The medians, ranges, means and associated standard deviations of the total WSOC 

concentration (summed over the fine and coarse size fractions) in the NH cruise are 

given in Table 9.1. The median fine WSOC concentration of 0.061 µg/m3 for the NH 

cruise is lower than the average fine (<1.5 µm) WSOC concentration of 0.103 µg/m3 

obtained by Yoon et al. [2007] for the North Atlantic Ocean. The WSOC 

concentrations in the fine (<1.3 µm) and coarse (>2 µm) size fractions for the 

individual samples are shown in Figure 9.6. The correlation between the fine and 

coarse WSOC is very weak (R2 = 0.19), suggesting that the WSOC of the two size 

fractions came from different sources. As seen from Figure 9.6, similarly to OC and 

EC, both fine and coarse WSOC are rather variable over the 21 samples. In general, 
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Figure 9.6. WSOC concentrations in fine and coarse size fractions of the Hi-Vol 

cascade impactor samples during the NH cruise. The samples are 

labelled according to the start date of the 24-h collection. 

 

the WSOC levels are higher when the ship was closest to the African continent. The 

extremely high coarse WSOC concentration on 19 July, which is more than 2 times 

higher than the second highest coarse WSOC concentration, may be the result from an 

encounter with Sahara dust by the ship. The percentage OC, which was water-soluble 

(thus WSOC), was also rather variable over the 21 samples; the median percentage 

was 27% for the fine size fraction and 14% for the coarse fraction. The WSOC/OC 

ratio in the fine size fraction is more or less comparable to the percentages obtained at 

urban locations, where most of the OC is of primary origin, and it is substantially 

lower than the percentages of around 60% obtained at forested sites, where a large 

fraction of the OC is made up by SOA [Chi and Maenhaut, 2008]. This seems to 

suggest that most of OC in the fine size fraction during the NH cruise was of primary 

origin. That marine carbonaceous aerosols are not very soluble in water was also 

found in other studies. Yoon et al. [2007] reported that the percentage WSOC in total 

carbon ranged from 10 to 50% for PM1.5 aerosols collected in the North Atlantic 

Ocean. O’Dowd et al. [2004] found that during bloom periods over the North Atlantic, 

there was a large organic fraction in the marine aerosol and that it contributed 63% to 

the submicrometer aerosol mass (with 45% being water-insoluble and about 18% 

water-soluble). The lower WSOC/OC ratio in the coarse size fraction than in the fine 

size fraction is consistent with a larger percentage of primary OC in that fraction. The 

correlation between WSOC and OC in the fine size fraction was rather low (R2 = 
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0.33). In contrast, a good correlation was found in the coarse fraction (R2 = 0.92), 

although this good correlation could be due to the larger variation of OC and WSOC 

in this fraction. 

 

9.3. Amsterdam Island 

 

9.3.1. Aerosol samplings and analyses 

 

9.3.1.1. Aerosol samplings 

 

Aerosol samples were collected at Amsterdam Island (37.52ºS, 77.32ºE) in the 

framework of the southern hemisphere field experiments of the OOMPH project. 

Amsterdam Island is located in the southern Indian Ocean about half-way between the 

southern edge of Africa and the southern edge of Australia (Figure 9.7). It benefits 

thus most of the year from pristine marine conditions [Miller et al., 1993], especially 

during summer when high pressure conditions (low wind speeds) are prevailing. A 

HVDS (section 2.1.3) was used for the aerosol collections, which were performed for 

us by personnel of the Laboratoire des Sciences du Climat et de l’Environnement, 

Gif-sur-Yvette, France, under the supervision of Dr. J. Sciare. The sampler was 

located on the north side of the island at about 30 m a.s.l. and the horizontal distance 

of the HVDS from the sea was around 45 m. A total of 18 HVDS collections (of 5 

days each) were made from 3 December 2006 until 4 March 2007. The aim was to 

cover periods of high and low marine biogenic activity and to sample until April 

2007, but unfortunately, the high-flow pump of the HVDS broke down in March and 

could not be repaired, so that the collections stopped one month earlier than planned. 

Besides the actual samples, also a number of field blanks were taken. 

 

9.3.1.2. Analyses 

 

The OC and EC contents on the front and back filters of the fine and coarse size 

fractions for all actual samples and field blanks were measured by TOT [Birch and 

Cary, 1996], using a Sunset Laboratory OC/EC analyzer (section 2.2.2) with the 

UGent ST protocol (section 3.3.1). All filters were also analysed for WSOC, using a 

Shimadzu TOC-V total organic carbon analyzer (section 2.2.3). 
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Figure 9.7. Location of Amsterdam Island in the southern Indian Ocean. 

 

9.3.2. Results and discussion 

 

9.3.2.1. Results from the tandem filter system 

 

The back/front ratios in the fine size fraction for OC, WSOC, and various species are 

given in Table 9.2. It is clear that the back/front filter ratios for fine OC are puzzlingly 

high, on average 0.42 (incidentally, even higher back/front ratios were found for fine 

WSOC). The analysis of the samples for inorganic ions by ion chromatography 

revealed that the same problem not only existed for OC and WSOC, but also for 

species, for which adsorption or volatilization artifacts during sampling should be 

absent, such as the inorganic cations Na+, Mg2+, and K+ (see Table 9.2). Unexpectedly 

high back/front ratios were also observed for OC, WSOC, and inorganic cations in the 

coarse size fraction (data not shown). It is evident that positive artifacts, such as those 
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Table 9.2. Back/front filter ratios for OC, WSOC, and various species in the fine 

size fraction for the HVDS samples from Amsterdam Island. 

 

 Mean Median (range) 
OC 0.42 0.34 (0.10 – 1.17) 
WSOC 0.88 0.90 (0.21 – 1.78) 
Na+ 0.85 0.79 (0.02 – 2.40) 
K+ 0.75 0.53 (0.00 – 2.45) 
Mg2+ 0.80 0.76 (0.00 – 1.96) 

 

typically observed for OC, cannot be invoked to explain the high back/front filter 

ratios for the inorganic cations Na+, Mg2+, and K+ and that artifact-free data for these 

species should not be calculated by subtracting the back filter data from the front filter 

data. As indicated above, the HVDS was deployed quite close to the sea (the 

horizontal distance was around 45 m); as a consequence, the relative humidity of the 

air at the sampler was fairly high and the collected aerosol was presumably rather wet. 

Besides, each individual HVDS sample was collected over a 5-day period, whereas 

the collection time at continental sites is usually restricted to 12 or 24 hours. 

Furthermore, the front and back filter touched each other inside the HVDS. It is 

thought that the filters became fairly wet during the 5-day collection period and that 

the continuous drawing of air through the filters had the effect that water-soluble 

species (including Na+, Mg2+, and K+) could migrate from the front filter to the back 

filter. Consequently, the double filters acted as one single thick filter and the data of 

the back and front filters should be combined to obtain the actual concentration data. 

This approach was adopted for all species measured and for both the fine and coarse 

size fractions. All data reported from now on for the HVDS samples from Amsterdam 

Island are thus always the sum of the data of the front + back filters. 

 

9.3.2.2. Atmospheric concentration of OC, EC, and WSOC 

 

OC and EC 

 

The EC levels were all very low throughout the campaign, mostly below the detection 

limit (which is of the order of 10 ng/m3 for the fine size fraction of the HVDS when 

sampling 5 days). This is in line with what was found by Sciare et al. [2009a] in their 
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long-term study at the same site. The low EC concentration indicates a negligible 

impact from fossil fuel combustion or biomass burning from the continent. The 

medians and ranges of OC in the fine, coarse size fraction, and total aerosol (sum of 

fine + coarse), as the sum of the front and back filters, are given in Table 9.3. Penner 

[1995] summarised OC concentrations for 10 remote marine locations in the southern 

hemisphere, resulting in mean values of 0.11-0.53 µg/m3 (unfortunately, no 

information on the size fraction was given). Our median OC concentrations in fine 

and total aerosols are within this range. Our median OC concentration for total 

aerosols (240 ng/m3) is also comparable to the data from Sciare et al. [2009a]. In their 

years long study they found high OC levels (>200 ng/m3) systematically every austral 

summer (December, January) at Amsterdam Island. 

 

Table 9.3. Medians and ranges of the OC, WSOC, and WINSOC concentration (in 

ng/m3), averages and associated standard deviations of the WSOC/OC 

ratio in the fine and coarse and total (fine + coarse) aerosol for 18 

HVDS samplings at Amsterdam Island. All data are the sum of the front 

and back filter data. 

 

 Fine Coarse Total 
 Median Range Median Range Median Range 
OC (ng/m3) 110 38 – 360 126 43 – 680 240 82 – 1030 
WSOC (ng/m3) 39 10 – 103 20 6.4 – 176 60 16 – 280 
WINSOC (ng/m3) 84 25 – 250 105 37 – 500 182 66 – 750 
    Mean ± std.dev.      Mean ± std.dev.      Mean ± std.dev. 
WSOC/OC (%) 32 ± 12 18 ± 6 25 ± 8 

 

The OC concentrations in the fine and coarse size fractions of the individual HVDS 

sample are shown in Figure 9.8. It can be seen from this figure and from the ranges in 

Table 9.3 that the OC concentrations varied over more than one order of magnitude in 

both the fine and coarse size fractions. Both the fine and coarse OC peak in the period 

from 29 December 2006 to 18 January 2007, which presumably corresponds with the 

maximum in biogenic activity. It is interesting that this peak is seen for both size 

fractions. For the fine size fraction, some percentage of the OC is expected to be SOA, 

whereas the coarse OC should be mainly primary. It may thus be concluded that the 

emissions of the volatile organic precursor gases for the SOA (or their conversion into 

SOA) and of primary OC peak in the same time period. An alternative explanation is 
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that both the fine and coarse size OC are dominated by primary marine OC. In our 

campaign, the elevated fine OC (and particularly the WSOC fraction) during the 

period of high biogenic activity may be a result of the combination of both effects. 
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Figure 9.8. OC concentrations, as obtained for the fine and coarse size fractions 

(sum of front + back) of the HVDS samples from Amsterdam Island. 

The samples are labelled according to the mid-point date of the 5-day 

collection. 

 

In general a good correlation was found between fine OC and coarse OC; the squared 

correlation coefficient between them was 0.89 for all the samples. This is not only due 

to the high values observed during the period of high biogenic activity; for the 

samples collected during the rest of the campaign the correlation between fine and 

coarse OC was still quite reasonable (R2 = 0.76). This suggests that most of the fine 

and coarse OC at Amsterdam Island came from the same sources or source processes. 

If we assume that the coarse OC at Amsterdam Island is mainly from primary oceanic 

emissions, this suggests that most of the fine OC was also related to primary 

emissions throughout the campaign. On average, only 47% of the total OC was 

present in the fine size fraction at Amsterdam Island, again suggesting that primary 

oceanic OC emissions were important. Compared with the data from the NH cruise 

(31% OC in the fine aerosols (<2 µm)), there was relatively more OC associated with 

the fine size fraction at Amsterdam Island than for the NH cruise. However, it needs 
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to be indicated that it is possible that the true cut-point between fine and coarse for 

our HVDS operating conditions was somewhat larger than the nominal 2.5 µm. 

According to Solomon [2008], it could be around 3 to 3.5 µm. On the other hand, the 

fact that our HVDS was at some distance from and at some altitude above the sea may 

have had the effect that many coarse particles were removed from the marine aerosol 

by particle settling (dry deposition) before they could reach the HVDS. Both effects 

will lead to higher fine/total ratios for OC, WSOC, and other species. The higher cut-

point between fine and coarse in our HVDS may also be one of the reasons for the 

prevalence of primary OC in fine OC at the site. It was found that the fine to total 

ratio for OC was somewhat lower during the period of high biogenic activity than in 

the remainder of the campaign. This seems to suggest that the primary oceanic OC 

emissions became even more important during the high biogenic activity period than 

in the rest of campaign. 

 

WSOC and WINSOC 

 

The medians and ranges of the WSOC and WINSOC concentrations in the fine and 

coarse size fractions, and total aerosol (sum of fine + coarse), as the sum of the front 

and back filters, are given in Table 9.3. The WINSOC mass concentrations reported 

were calculated as the difference between OC and WSOC mass concentrations; and 

this fraction of OC is often referred to as poorly oxidised and is usually associated 

with primary emissions. As can be seen from the table, the WINSOC concentration 

was much higher than the WSOC concentration in all size fractions. The prevalence 

of WINSOC in OC confirms that most of the OC at Amsterdam Island is of primary 

origin, even in the fine size fraction. The average WSOC and WINSOC 

concentrations in the total aerosol during our campaign were 72 ± 59 and 227 ± 168 

ng/m3, respectively. These values can be compared with the monthly average 

concentrations for WSOC and WINSOC obtained by Sciare et al. [2009a] in 

December, January, and February for total aerosols at the same site. For WSOC, our 

average is comparable to their monthly averages for December (74 ng/m3) and 

February (71 ng/m3), but somewhat lower than their value in January (95 ng/m3). For 

WINSOC, our average is higher than their values; they found the highest value in 

January, i.e., 189 ng/m3. 
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Figure 9.9. WSOC concentrations, as obtained for the fine and coarse size 

fractions (sum of front + back) of the HVDS samples from Amsterdam 

Island. The samples are labelled according to the mid-point date of the 

5-day collection. 
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Figure 9.10. WINSOC concentrations, as obtained for the fine and coarse size 

fractions (sum of front + back) of the HVDS samples from Amsterdam 

Island. The samples are labelled according to the mid-point date of the 

5-day collection. 
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The WSOC and WINSOC concentrations in the fine and coarse size fractions of the 

individual HVDS samples are shown in Figures 9.9 and 9.10. It can be seen from the 

figures that both WSOC and WINSOC exhibit large variations in both size fractions 

during the campaign and in general follow each other; they both peak in the period 

from 29 December 2006 to 18 January 2007. For the coarse size fraction, which is 

supposed to be mainly primary, the co-elevated WSOC and WINSOC during the high 

biogenic activity period suggest that the primary sources (bubble bursting process) 

produced both WSOC and WINSOC. It was suggested above that both the fine and 

coarse size fraction OC are affected by primary emissions. The co-elevated WSOC 

and WINSOC in the fine size fraction during the high biogenic period may also be 

caused by the increasing primary emissions in this period. However, part of the fine 

WSOC may also be from secondary processes. At this stage, it is not sure how large 

the role of secondary aerosol formation is in the increase of fine WSOC in the high 

biogenic activity period. Ion chromatography analyses showed that 

methanesulphonate (MSA, which is a particulate phase oxidation product of DMS) in 

the fine fraction did not increase during the high biogenic activity period, which 

suggests that the increase in WSOC during this period was due to other sources than 

DMS. However, WSOC and marine secondary organic aerosols may be derived from 

other processes besides DMS oxidation. Meskhidze and Nenes [2006] suggested a 

dominant role for isoprene resulting from plankton emissions in the formation of SOA 

over the southern ocean; Facchini et al. [2008b] proposed that an important 

component of marine secondary organic aerosol could be biogenic amines. 

 

The correlation between coarse and fine WINSOC is found to be rather good, the 

squared correlation coefficient was 0.88 for all samples, and this is not only due to the 

high values in the high biogenic activity period as the R2 was 0.81 for the samples 

collected during the remainder of the campaign. Similarly like in the case of OC, this 

suggests that fine and coarse WINSOC are from the same source which is primary 

oceanic emissions. In the case of WSOC, the correlation between the fine and coarse 

fractions was relatively weak, with R2 = 0.77 for all the samples but only 0.37 for the 

samples collected outside the high biogenic activity period. This may suggest that at 

least part of the fine WSOC was related to secondary formation processes. On 

average, 61% of the total WSOC was present in the fine size fraction, the 

corresponding percentage was 42% for WINSOC. In other words, most of the WSOC 
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at Amsterdam Island was associated with fine size fraction aerosols, while most of the 

WINSOC was associated with the coarse size fraction. This is in line with WINSOC 

being produced by primary emissions and therefore more enriched in the coarse size 

fraction, while part of WSOC may be from secondary sources and therefore more 

enriched in the fine size fraction. However, during the high biogenic activity period 

the contribution of the coarse fraction was increased for both WSOC and WINSOC, 

particularly for WSOC. As seen from Figure 9.10, for 3 out 4 samples during the high 

biogenic activity period, the coarse WSOC overtakes the fine WSOC and becomes the 

dominant fraction of total WSOC. 

 

9.3.2.3. WSOC/OC ratios 

 

The means and standard deviations of the WSOC/OC ratio in the separate fine and 

coarse size fractions, and in the total aerosol are given in Table 9.3. The median 

WSOC/OC percentage ratios were 28% for the fine size fraction and 16% for the 

coarse fraction, which are comparable to those found in Cruise NH. It is clear that the 

coarse OC is less water-soluble than the fine. This indicates that although most of the 

OC at Amsterdam Island is primary, in the fine size fraction some of the OC may 

originate from secondary processes. 

 

9.3.2.4. Comparison between data from Amsterdam Island and the NH cruise 

 

When comparing the data from Amsterdam Island with those from the NH cruise 

there are at the same time similarities and substantial differences. The size 

distributions for OC resemble each other, with around 31% of the total OC in the <2 

µm size fraction in the NH cruise and 47% of the total OC in the <2.5 µm size fraction 

at Amsterdam Island. Also the percentages of WSOC are similar for the two studies, 

with, in addition, the fine OC being more water-soluble than the coarse one. On the 

other hand, the OC levels at Amsterdam Island were much lower than during the NH 

cruise, around a factor of 4 lower for total OC. Another substantial difference between 

the two studies was in the EC levels and in the EC/TC ratios. For the NH cruise, the 

median EC/TC ratio for the total aerosol was 0.23; at Amsterdam Island, EC was 

below the detection limit. The high EC/TC ratios for many samples of the NH cruise 

indicate that there was a substantial impact from fossil fuel combustion. 
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10.1. Introduction 

 

In this work, a Sunset Laboratory semi-continuous OCEC field analyzer (section 2.3.3) 

was applied to measure carbonaceous aerosols in PM2.5 at three forested sites in 

Europe. At two of the three sites a standard TEOM was operated in parallel with the 

carbon instrument for obtaining the PM in the PM2.5 size fraction. The objective of 

our study was to assess the performance of the Sunset Laboratory semi-continuous 

OCEC monitor at these forest environments and to obtain particulate OC and EC 

concentrations with higher time resolution. 

 

10.2. Experimental 

 

The Sunset Laboratory semi-continuous OCEC field analyzer was used to measure 

carbonaceous aerosols in PM2.5 at three forested sites in Europe. First, measurements 

were performed during the 2006 summer campaign at K-puszta, Hungary, from 24 

May until 29 June; secondly measurements were done at the state forest “De Inslag”, 

Brasschaat, Belgium, with a first period from 25 April to 13 July 2007 and a second 

period from 19 September to 12 November 2007; in between the two periods at 

Brasschaat, the instrument was used in the 2007 summer campaign at the SMEAR II 

station in Hyytiälä, Finland, from 1 to 31 August. Detailed descriptions of the 

sampling sites and campaigns can be found in section 5.2.1. It is to be noted that the 

2007 HVDS collections at Brasschaat were done as part of the first period there. The 

time resolution at K-puszta and during the first period at Brasschaat was 1 hour. It 

was 2 hours in the second period at Brasschaat and at Hyytiälä it varied between 1 

hour, 2 hours, and 4 hours depending on the carbon levels, i.e., a lower time resolution 

(or longer sampling time) was used when the carbon level was low in order to collect 

enough material on the filter. At K-puszta and Hyytiälä, a standard TEOM with the 

filter heated at 50 ºC (section 2.3.1), was operated in parallel with the carbon 

instrument, for obtaining the PM in PM2.5, and in both campaigns the BC 

concentrations were measured with an aethalometer (section 2.3.2). No TEOM or 

aethalometer measurements were made at Brasschaat; therefore no high-time 

resolution PM2.5 mass and BC concentrations are available for this site. 
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Brasschaat 2007, first period

y = 0.83x + 0.20
R2 = 0.66

0

1

2

3

4

5

0 1 2 3 4 5
Optical EC (µg/m³)

Th
er

m
al

 E
C

 (µ
g/

m
³)

 
 

Brasschaat 2007, second period
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y = 1.44x + 0.05
R2 = 0.60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Optical EC (µg/m³)

Th
er

m
al

 E
C

 (µ
g/

m
³)

 
 

Figure 10.1. Correlation between thermal EC and optical EC at three forested sites. 

 

Table 10.1. Summary of the regression parameters for thermal EC versus optical EC 

(thermal EC = slope*optical EC + intercept) and median optical EC 

levels at three forested sites. 

 

 Optical EC N R2 slope intercept 

 median 
(µg/m3)     

Hyytiälä 2007 0.19 425 0.60 1.44 0.05 
K-puszta 2006 0.37 824 0.54 0.96 -0.07 
Brasschaat 2007, 
1st period 

0.59 
 

1769 
 

0.66 
 

0.83 
 

0.20 
 

Brasschaat 2007, 
2nd period 

1.12 
 

611 
 

0.95 
 

0.74 
 

0.24 
 

 

10.3. Results and discussion 

 

10.3.1. Comparison between thermal EC and optical EC 

 

As mentioned in section 2.3.3, the Sunset semi-continuous, also called real-time (RT), 

carbon instrument gives two sets of carbon data, i.e., thermal OC and EC (ThOC and 

ThEC) and optical OC and EC (OptOC and OptEC) simultaneously, whereby the 

sums of ThOC+ThEC and of OptOC+OptEC are both equal to the thermal TC (RT 

TC) data. Figure 10.1 shows scatter plots of ThEC versus OptEC for the three sites. 
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The regression parameters and median OptEC concentrations are given in Table 10.1. 

The correlation between ThEC and OptEC is in general not that good, except in the 

second period at Brasschaat (R2 = 0.95). The main reason for the rather poor 

correlations between ThEC and OptEC is that the EC levels are low at the forested 

sites. Arhami et al. [2006] indicated that when the EC level is near the detection limit 

for ThEC (0.2 µg/m3), the semi-continuous instrument is unable to properly detect the 

split between thermal EC and OC, which may cause substantial uncertainty in the 

readings; in other words the ThEC data are not very reliable at low EC levels. The EC 

levels at two of our three forested sites were rather low; the median OptEC 

concentration was 0.19 µg/m3 at Hyytiälä and 0.37 µg/m3 at K-puszta. In addition, in 

some cases artificially low ThEC values (practically zero) were obtained at these two 

sites. This can be clearly seen for the Hyytiälä and K-puszta sites (Figure 10.1). 

Furthermore, good correlations were found between OptEC and BC obtained from the 

aethalometer; the squared correlation coefficients were 0.91 and 0.95 between the two 

parameters at K-puszta and Hyytiälä, respectively. Good agreement between BC from 

the aethalometer and Sunset OptEC was observed in Paris by Sciare et al. [2009b]. 

This seems to suggest that the OptEC is reliable. Therefore, we decided to use the 

optical OC and EC data as OC and EC data values in the further discussion. It can 

also be seen from Table 10.1 that the slopes of the regression of ThEC on OptEC at 

our forested sites decreased with increasing EC levels. This cannot be explained by 

the unreliable thermal EC data in the lower EC range. In calculating OptEC from the 

light transmission through the loaded filter, a MAE is needed and in the software for 

the Sunset Laboratory RT instrument the same value of MAE is used independent 

upon the site. However, Liousse et al. [1993] indicated that MAE varies with location 

and age of the aerosol. The obvious difference between the slopes at the three sites 

suggests that the MAE varies with location and time and depends on the physical and 

chemical characteristics of light absorbing species. It may well be that the optical EC 

data for Brasschaat (and especially for the second period) are too large, as will be 

discussed below. 

 

10.3.2. OptOC, OptEC, TC, and PM concentrations 

 

The medians and ranges for OptOC, OptEC, and TC derived from the semi-

continuous carbon instrument at the three forested sites, along with the medians and 
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ranges of PM2.5 mass concentration obtained from the TEOM at K-puszta and 

Hyytiälä are presented in Table 10.2. It can be seen from the table that the OptEC 

level is clearly higher at Brasschaat than at the other two forested sites. The highest 

median OptEC concentration was obtained for the second period at Brasschaat, it was 

nearly two times higher than the second highest OptEC value (which was found for 

the first period at Brasschaat) and around six times higher than the lowest OptEC 

values (which were registered at Hyytiälä). This is in line with the spatial trend 

(Brasschaat > K-puszta > Hyytiälä) we found for the PM2.5 EC derived from the 

HVDS (section 5.3.2); it suggests that Brasschaat is under stronger impact from 

anthropogenic emissions, probably traffic, while the anthropogenic impact at Hyytiälä 

is the smallest of the 3 sites. 

 

Table 10.2. Medians and ranges for optical OC, optical EC, TC, and the PM2.5 mass 

concentration (in µg/m3) at three sites. 

 

 Optical OC Optical EC TC PM2.5 mass 
 median (range) median (range) median (range) median (range) 
K-puszta 2006 2.2 (0.09 – 10.9) 0.37 (0.05 – 2.6) 2.6 (0.27 – 11.6) 11.7 (-2.4 – 47) 
Brasschaat 2007, 
1st period 1.78 (0.24 – 8.0) 0.59 (0.06 – 4.7) 2.5 (0.34 – 9.2)  

Brasschaat 2007, 
2nd period 2.1 (0.21 – 11.0) 1.12 (0.05 – 8.9) 3.4 (0.36 – 14.9)  

Hyytiälä 2007 2.5 (0.12 – 7.5) 0.19 (0.01 – 0.82) 2.7 (0.15 – 8.3) 8.2 (-3.5 – 22) 
 

With regard to OptOC, as seen in Table 10.2, lower median concentrations were 

found at the Brasschaat site than at the other two forested sites, particularly in the first 

period there. This is in line with the results from the HVDS; a lower fine OC 

concentration was found at Brasschaat than in the two campaigns conducted at the 

other two forested sites (i.e., the K-puszta 2006 and Hyytiälä 2007 campaigns). On the 

other hand, a higher median OptOC concentration was found at Hyytiälä than at the 

other two sites, which is in contrast to the results from the off-line measurements. The 

results from both the HVDS (Table 5.2) and low-volume PM2.5 samplers (Tables 7.5 

and 7.10) suggest lower OC values in the Hyytiälä 2007 campaign than in the K-

puszta 2006 campaign. Our median OptOC concentration for the Hyytiälä 2007 

campaign is artificially high because of the changing time resolution (with only few 

individual data when the OC levels were low). 
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Table 10.2 further shows that, except for the relatively higher values in the second 

period at Brasschaat, the median TC concentrations at the three European forested 

sites are nearly identical. The TC levels at these three sites are thus comparable in 

summer. This is in contrast to the TC results obtained from off-line measurements in 

the campaigns conducted at these three sites. As seen in Table 5.2, the median fine TC 

concentration derived from the HVDS was highest in the K-puszta 2006 campaign 

and lowest in the Hyytiälä 2007 campaign; the results from low-volume PM2.5 

samplers also suggest higher TC concentrations in the K-puszta 2006 campaign than 

in the Hyytiälä 2007 campaign (the median PM2.5 TC concentration, as derived from 

low-volume undenuded PM2.5 samplers, were 3.6 µg/m3 and 2.9 µg/m3 in the K-

puszta 2006 and the Hyytiälä 2007 campaigns, respectively). Similarly to what was 

seen for OptOC, the median RT TC concentrations for the Hyytiälä 2007 campaign 

are artificially high because of the changing time resolution. It also needs to be noted 

that the HVDS sampling at Brasschaat was only conducted from 5 June until 13 July 

2007, which is only part of the first period at Brasschaat for the semi-continuous 

carbon instrument. The median RT TC concentration for the period of the HVDS 

collections was only 2.1 µg/m3, which is lower than the overall median for the first 

period at Brasschaat and also lower than that found in the K-puszta 2006 campaign, 

which is consistent with the data from the off-line measurements. 

 

For Brasschaat, higher OptOC, OptEC, and TC concentrations were observed in the 

second period than in the first one. This may simply be due to the fact that the second 

period took place in the fall, while the first period was in spring and summer. Higher 

EC concentrations during fall were also found at our other sites in Belgium. For 

example, at Uccle (section 6.3.3.2) PM2.5 EC was clearly higher in fall than in spring 

and summer; at all six sites of the Chemkar project (Figure 6.15) the highest seasonal 

EC levels were found during fall. For all the six sites in the Chemkar project higher 

levels in fall than in spring and summer were also found for OC and TC (Figure 6.16 

and section 6.4.3). At Uccle, however, the OC and TC concentrations were higher in 

summer than in fall. This may be due to the fact that the sampling at Uccle was only 

conducted during sunny days. Furthermore, the higher OptOC, OptEC, and TC 

median concentrations for the second period at Brasschaat are mainly due to the 

higher levels in October and November, which will be discussed later in the section 

on temporal variations. 
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With regard to the PM measurements from the TEOM, Table 10.2 shows that the 

median PM2.5 mass concentration was higher in the K-puszta 2006 campaign than in 

the Hyytiälä 2007 campaign. This is in line with the results from the off-line 

gravimetric PM measurements (Tables 7.5 and 7.10). 

 

10.3.3. OptEC/TC and TC/PM ratios 

 

The means and associated standard deviations for the OptEC/TC ratio obtained from 

the semi-continuous carbon instrument at the three forested sites, and the TC/PM2.5 

mass ratio (with TC from the semi-continuous carbon instrument and PM2.5 mass 

from the TEOM) at the K-puszta and Hyytiälä sites are given in Table 10.3. With 

regard to OptEC/TC, the average ratios at Brasschaat, particularly that in the second 

period, are clearly higher than those at the other two sites. The ratio for the first period 

at Brasschaat is comparable to the PM2.5 EC/TC ratios derived from the HVDS and 

low-volume samplers at Ghent (Table 5.5; Table 6.6) and at other urban background 

sites in Europe [Viana et al., 2007b], while the ratio for the second period at 

Brasschaat is comparable to those observed for the Budapest kerbside site (Table 5.5; 

Table 7.4). This confirms that the Brasschaat site is strongly impacted by traffic 

emissions, while the anthropogenic impact (at least the traffic impact) at Hyytiälä is 

the smallest of the three sites. 

 

Table 10.3 further shows that TC contributes more to the PM2.5 mass at Hyytiälä than 

at K-puszta, the same trend was found for the TC/PM ratios derived from the off-line 

measurements. However, the mean TC/PM ratios derived from the off-line 

measurements are larger than those from the in-situ instruments. The average PM2.5 

TC/PM ratios, with TC obtained from quartz fibre filters and PM derived from 

Nuclepore filters in the K-puszta 2006 and Hyytiälä 2007 campaigns were 0.31 ± 0.10 

and 0.43 ± 0.15, respectively. The lower TC/PM ratios from the in-situ instruments 

are due to, on the one hand, the lower TC values obtained from the semi-continuous 

instrument than from an off-line PM2.5 sampler and, on the other hand, the slightly 

larger PM concentration derived from the TEOM than from the PM2.5 sampler with 

Nuclepore filters; both will be discussed in the next section. 
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Table 10.3. Means and associated standard deviations for the OptEC/TC and TC/PM 

ratios in PM2.5 at the three forested sites. 

 

 OptEC/TC ratio TC/PM ratio 
 mean ± std.dev. mean ± std.dev. 
K-puszta 2006 0.15 ± 0.05 0.23 ± 0.10 
Brasschaat 2007, 1st period 0.26 ± 0.11  
Brasschaat 2007, 2nd period 0.36 ± 0.12  
Hyytiälä 2007 0.08 ± 0.04 0.33 ± 0.14 

 

10.3.4. Comparison of RT TC and PM data with off-line data 

 

In the K-puszta 2006 and Hyytiälä 2007 campaigns, the semi-continuous carbon 

instrument was operated in parallel with an off-line HVDS and some other low-

volume samplers throughout the campaign. At Brasschaat, however, parallel off-line 

sampling was only conducted with an HVDS in the period from 5 June until 13 July 

2007. Compared with the results from parallel off-line HVDS collections for the same 

period, the median RT TC concentration at K-puszta (Table 10.2) and at Brasschaat 

for the period of the HVDS collections (2.1 µg/m3) are comparable to the median 

PM2.5 TC concentrations derived from the HVDS (Table 5.2). At Hyytiälä, the semi-

continuous carbon instrument gives a higher median RT TC value (Table 10.2) than 

the median PM2.5 TC concentration from the HVDS (Table 5.2). This may partly be 

due to the fact that the median RT TC concentration is artificially high because of the 

changing time resolution (with only few individual data when the OC levels were 

low). 

 

To determine the degree of equivalence between the RT TC data and the TC data for 

PM2.5 from the HVDS, the individual RT TC data were integrated over the collection 

times of the HVDS samples and the resulting TC data were regressed against the 

PM2.5 HVDS TC data. Figure 10.2 shows the relationship between the two types of 

TC data for the three sites. The correlations are generally quite good (R2 ranges from 

0.81 to 0.89); however, the regression slopes are rather different from site to site. The 

slope of integrated RT TC over PM2.5 HVDS TC is 1.32 at Hyytiälä versus 0.84 and 

0.88 at K-puszta and Brasschaat, respectively. At the latter two sites, there were 

substantial positive intercepts on the RT TC axis; 0.44 µg/m3 at K-puszta and 0.65 
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Hyytiälä 2007
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Figure 10.2. Correlation between PM2.5 RT TC data (integrated over the collection 

periods of the HVDS) and the PM2.5 HVDS TC data for three forested 

sites. 
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µg/m3 at Brasschaat. Part of the difference between the RT TC and HVDS TC may be 

due to an overestimation of the air volumes for the HVDS samples, so that the HVDS 

concentrations are underestimated, as was indicated in several Chapters when 

comparing the data from different off-line filter samplers. Furthermore, the positive 

intercept on the RT TC axis may be related to the instrument blank. The TC results 

from the HVDS and other off-line samplers were all blank corrected, but the RT TC 

data were not blank corrected. As mentioned in section 2.3.3, the instrument blanks 

for the semi-continuous instrument are measured every midnight by setting the 

program to collect for zero min followed by carbon analysis. The higher positive 

intercept for Brasschaat may partly be due to its higher instrument blank values. The 

median instrument blank value at Brasschaat was 0.05 µg C, which is equivalent to 

atmospheric concentrations of 0.13 µg/m3. The median instrument blank values at the 

K-puszta and Hyytiälä sites were smaller, both less than 0.01 µg C. On the other hand, 

the lower positive intercept at Hyytiälä may be the result from the longer sampling 

times there. For the same amount of instrument blank in µg C, a longer sampling time 

will result in a lower atmospheric concentration in µg/m3. 

 

For the campaigns at K-puszta and Hyytiälä, our RT TC results can also be compared 

with the PM2.5 TC results derived from the low-volume PM2.5 samplers. At both the 

K-puszta and Hyytiälä sites, the median RT TC values (Table 10.2) were lower than 

the median TC levels derived from the undenuded low-volume PM2.5 samplers. The 

median TC concentrations from the latter PM2.5 samplers were 3.6 and 2.9 µg/m3 in 

the K-puszta 2006 and Hyytiälä 2007 campaigns, respectively. 

 

Figure 10.3 shows the correlation between PM2.5 RT TC data (integrated over the 

collection periods of a low-volume PM2.5 sampler) and the PM2.5 TC data from an 

undenuded low-volume PM2.5 sampler in the K-puszta and Hyytiälä campaigns. The 

correlation between the two types of TC data is quite good; the squared correlation 

coefficients are comparable to those between RT TC and HVDS TC. Figure 10.3 

further shows that the regression slopes at both sites are lower than unity, suggesting 

that the semi-continuous instrument gives lower TC values than the off-line low-

volume samplers. This could be partly due to the fact that a denuder was employed 

upstream of the sampling filter in the RT instrument and no back filter or absorbent 

was used to correct the negative artifacts in OC. Arhami et al. [2006] have indicated, 
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Hyytiälä 2007
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Figure 10.3. Correlation between PM2.5 RT TC data (integrated over the collection 

periods of the PM2.5 samplers) and the undenuded PM2.5 sampler TC 

data for two forested sites. 

 

however, that the negative artifact in the denuder configuration of the Sunset semi-

continuous OCEC instrument is minor. Their study was carried out in an urban 

location; the situation in our forested site could be different. Similar to the comparison 

between RT OC and HVDS OC, a smaller positive intercept was found on the RT TC 

axis for the Hyytiälä campaign than for the K-puszta campaign, which may be a result 

of the longer sampling times applied at Hyytiälä. 
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For the K-puszta and Hyytiälä sites, the PM data from the TEOM can be compared 

with the gravimetric PM data from PM2.5 filter samplers. At the two sites, the median 

PM2.5 mass concentrations from the TEOM were lower than those derived from 

quartz fibre filters (Tables 7.5 and 7.10). A similar phenomenon was observed in 

several previous studies [Ayers et al., 1999; Soutar et al., 1999; Cyrys et al., 2001]; it 

is generally explained by underestimation of the PM with the TEOM as a result of 

pre-heating the air stream at 50 °C. In our case, however, the differences seem also at 

least partly due to positive sampling artifacts on the quartz fibre filters. For both sites 

the median PM concentrations from the TEOM (Table 10.2) were slightly larger than 

those derived from Nuclepore filters (Tables 7.5 and 7.10). 
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Figure 10.4. Correlation between PM2.5 TEOM data (integrated over the collection 

periods of the PM2.5 samplers) and the PM data derived from the 

PM2.5 sampler with Nuclepore filters for two forested sites. 
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Figure 10.4 shows the correlation between TEOM PM2.5 data (integrated over the 

collection periods of a low-volume PM2.5 sampler) and the PM2.5 data from 

Nuclepore filters in the K-puszta and Hyytiälä campaigns. Good correlations exist 

between the two sets of PM2.5 data at both sites, particularly at the K-puszta site. The 

slopes at both sites are smaller than unity, suggesting an underestimate of the PM by 

the TEOM. However, large positive intercepts are found on the TEOM PM2.5 axis for 

both sites; this is the main reason for the slightly larger median TEOM PM2.5 mass 

concentrations than off-line median PM2.5 mass data at both sites. The positive 

intercepts are explained by the addition of 3 µg/m3 by the built-in software to the 

initial TEOM readings (see section 2.3.1 for details on the correction that is applied to 

the initial TEOM readings by the built-in software). 

 

10.3.5. Temporal variation and diurnal variations of OptOC and OptEC 

 

Brasschaat 

 

The temporal variation of the RT TC, optical OC, and optical EC for the two periods 

at Brasschaat is shown in Figure 10.5. There is quite some variability in the data, 

which to a large part is a reflection of the variability in weather conditions 

(temperature and the occurrence of precipitation). As mentioned above, the 

carbonaceous aerosol concentration levels are in general higher in the second period 

than in the first one. And in the second period, as seen from Figure 10.5, all the three 

parameters were in general higher in October and November than in September. The 

median RT TC, OptOC, and OptEC concentrations in September were 2.16, 1.41, and 

0.77 µg/m3, respectively, which were more or less comparable to the medians 

observed in the first period, while they were 3.72, 2.33, and 1.25 µg/m3 in October 

and November. An increase of OC and EC concentrations from September to 

November 2007 was also observed at a rural site in Britain [Quincey and Hayman, 

2009]. 
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Figure 10.5. Time series of the RT TC, optical OC, and optical EC concentration 

during the first (top) and second (bottom) periods at Brasschaat in 2007. 

 

Figure 10.6 shows the ambient temperature during the second period at Brasschaat. It 

is clear that, in general, the ambient temperature had a decreasing trend in the second 

period and that it was higher in September than in the other two months. The 

increased carbonaceous aerosols atmospheric concentrations in October and 

November may be related to the lower boundary layer in these cold months, which 

may accumulate the pollutants, and possibly to the increase in the emission from 

certain sources in the cold months (e.g., house heating and cold start). 
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Figure 10.6. Time series of ambient temperature (40 m above the ground) during the 

second period at Brasschaat in 2007. 

 

The correlation between ThEC and OptEC (similar to that shown in Figure 10.1) was 

examined for each month of the second period at Brasschaat. The monthly 

correlations were generally very good (R2 range from 0.95-0.97); however, the slope 

was higher in September (0.88) than in October and November (both around 0.76). 

The different slopes suggest different optical properties of EC, thus different sources 

of EC in these two periods. The lower slope in October and November suggests an 

overestimate of EC by the optical method in the cold period; this is consistent with 

our observations in the intercomparison study in Vienna. In the latter study, it was the 

brown carbon emitted by biomass burning for house heating which caused the 

disagreement between optical and TOT thermal methods. All this seems to indicate 

that some of the OptEC in the cold period may be derived from other sources than 

traffic, probably from house heating nearby the site and most likely from biomass 

burning. Nevertheless, in general the EC at Brasschaat was produced by traffic 

emissions. A good correlation (R2 = 0.68) was found between OptEC and NOx, which 

is a good indicator for road traffic, during the two periods at Brasschaat. This suggests 

that both of them had a common source, which was traffic emissions. Furthermore, by 

examining the relationship between OptEC and wind direction (as shown in Figure 

10.7), it was found that the OptEC concentration peaked when the wind was from the 

south-southeast direction, which is the direction of the main highway (E19), 

suggesting that the traffic on the E19 was the major OptEC source at this site. 
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As can be seen from Figure 10.5, the OptOC and TC concentrations were also 

generally higher in October and November than in September in the second period at 

Brasschaat. Like for the EC, this may be a result of the lower boundary layer and 

extra emission sources during these two months. Unlike for the EC, the OC can also 

come from secondary sources; in a forested site like Brasschaat a significant fraction 

of the OC may be secondary. Ozone, which can be used as an indicator of secondary 
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Figure 10.7. Wind rose analysis of the dependence of the concentrations of OptOC 

and OptEC with wind direction during both periods at Brasschaat in 

2007. 

 

processes, exhibited a substantial temporal variability at Brasschaat; in general it was 

higher in the first period and rather low in the second period, particularly in October 

and November when it was cold. This suggests that the contribution from secondary 

OC was lower in the second period than in the first one; in other words the high 

OptOC and TC concentrations in the second period were more likely due to primary 

emissions. This could also be one reason for the higher EC/TC ratios we observed in 

the second period. The wind rose analysis (Figure 10.7) shows that the Opt OC 

concentration was relatively high when the wind came from the south-east and south-

southeast direction; this suggests that the OC at the Brasschaat site is also influenced 
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by the traffic from the nearby highway, be it to a lesser extent than is the case for EC. 

Figure 10.7 further shows that the highest OptOC concentrations at this site were 

noted for winds from a north-northeast direction. 

 

As discussed above, the Brasschaat site is believed to be strongly impacted by traffic 

emissions, mainly from the nearby highway. If this is true, EC as a tracer of traffic 

emissions should follow the diurnal cycle of traffic, and probably show different 

patterns between working days and weekends/holidays. The hourly or 2-hourly 

resolution of optical OC/EC measurements by the semi-continuous carbon instrument 

enabled us to follow the diurnal evolution of the OC and EC concentrations. The 

average ratio of optical OC and EC to their daily mean as a function of hour of the 

day, separate for working days and weekends/holidays during the first period at 

Brasschaat, are shown in Figure 10.8. It is clear that the OptEC shows a different 

pattern during working days and weekends/holidays. During the weekend/holiday 

days, the OptEC concentration varies very smoothly, with higher concentrations 

during the night-time (peak at midnight) and lower concentrations during the day-time 

(lowest in middle of the afternoon). This is probably the result from the diurnal 

variation of the boundary layer mixing depth, which is higher during the day-time and 

lower during the night-time. In contrast, the OptEC concentration for working days 

peaks during the morning rush-hour from 7:00 to 11:00 local time. It decreases to 

under the daily mean in the early afternoon and slightly increases again with evening 

traffic activity and atmospheric stability. The smaller OptEC peak during the evening 

traffic hours than in the morning rush hours is presumably due to the substantially 

higher boundary layer mixing depth during the later afternoon, which has a decreasing 

effect on the EC concentration, as was clearly seen in the optical EC data from the 

weekend/holiday days. The differences between working days and weekends/holidays 

can be also seen in the diurnal pattern in the average OptEC/TC ratio, which is shown 

in Figure 10.8. The OptEC/TC ratios on working days are clearly higher than in 

weekends/holidays during the day, and they reach a maximum of 0.39 in the early 

morning rush hours. These results strongly suggest that EC at this site was closely 

related to motor vehicles. 
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Figure 10.8. Average ratios of optical OC and EC to the daily mean as function of 

hour of the day separately for working days (top) and 

weekends/holidays (middle), along with the diurnal variation in the 

optical EC/TC ratio (bottom) in the first period at Brasschaat. For each 

hour of the day, the data were averaged over all sampling days; the data 

shown are averages and associated standard deviations. 
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In general, the diurnal variation is much smaller for OC than for EC during both 

weekends/holidays and working days and there was no large difference in diurnal 

variation for OC between working days and weekends/holidays, although the OC 

concentrations on working days were slightly higher than those on weekends/holidays. 

A fraction of the OC originates undoubtedly also from traffic, but there are certainly 

also substantial contributions from primary and secondary OC from the forest, 

whereby the production of SOA is expected to increase in the afternoon. That part of 

the OC comes from traffic can be concluded from the fact that OC seems to increase 

with EC during the evening rush hours on working days. However no such coherence 

was found in the early morning rush hours, in fact the OC concentration at the peak of 

the morning rush-hour (8:00-9:00) was somewhat lower than that of the neighbouring 

hours. This is somewhat puzzling, as traffic produces both OC and EC at the same 

time. One possible explanation is that the optical EC is an overestimate of the real EC 

value when the EC levels are high. Because the optical OC is obtained by subtracting 

optical EC from total carbon, an overestimate in optical EC will result in an 

underestimate of optical OC in the peak rush hours. 
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Figure 10.9. Diurnal variation in the optical EC/TC ratio for the second period at 

Brasschaat in 2007. 

 

A diurnal variation for OC and EC was also found in the second period at Brasschaat, 

but because the time resolution was then 2 hours, the variation is less pronounced. 

The average optical EC/TC ratios for separate working days and weekends/holidays in 

the second period are shown in Figure 10.9. The optical EC/TC ratios in the second 
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period at Brasschaat were in general larger than those in the first period, but the 

diurnal variation and the differences between weekend/holidays and working days 

were quite similar as in the first period. 

 

K-puszta 

 

Figure 10.10 shows the time series of the optical OC, PM2.5 mass concentration 

derived from the TEOM, and air temperature for the K-puszta 2006 campaign. The 

EC concentration is not shown in the figure. The medians and ranges of RT TC, 

OptOC, OptEC, and PM from the TEOM during the separate cold and warm periods 

of the campaign are given in Table 10.4. It is clear that all parameters were higher in 
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Figure 10.10. Time series of hourly PM2.5 PM and optical OC concentrations and of 

the air temperature during the K-puszta 2006 campaign. 

 

Table 10.4. Ranges and medians of the OptOC, OptEC, TC, and PM concentration 

during the cold and warm periods of the K-puszta 2006 campaign. 

 

 2006 cold 2006 warm 
 Range Median Range Median 

OptOC (µg/m3) 0.09-3.7 1.59 0.85-10.9 3.0 
OptEC (µg/m3) 0.05-1.51 0.26 0.12-2.6 0.50 

TC (µg/m3) 0.27-4.6 1.85 0.97-11.6 3.5 
PM (µg/m3) -2.3-24 8.3 -0.65-47 18.1 
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the warm period than in the cold one. The overall temporal variation of the OptOC 

and TEOM PM2.5 mass data is similar to that seen in the off-line measurements 

(section 7.3.3.3). There is clearly an increase in both PM and OC when going from the 

cold to the warm period. However, as seen in Figure 10.10, the high-time resolution 

dependence of the two components on temperature seems to be quite complicated. 

During the warm period of the campaign (from 12 June on) there is clearly a tendency 

for an opposite diurnal variation of OC and temperature. The higher OC levels during 

the night than during the day may be due to a combination of several reasons, 

including the build-up of a shallow atmospheric boundary layer during the night, the 

larger partitioning of semi-volatile organic compounds towards the vapour phase 

during the warm day, increased formation of SOA from condensable compounds 

during the cool night, and/or specific night-time chemistry resulting in SOA formation. 

 

The diurnal trend of OptOC, OptEC, and the OptEC/TC ratio at the K-puszta site was 

also studied. The average ratios of optical OC and EC to the daily mean and 

associated standard deviations as a function of hour of the day, and the diurnal trend 

of the optical EC/TC ratio for the K-puszta site are shown in Figure 10.11. Since no 

large differences were found between working days and weekends/holidays and 

between the warm and cold periods for the various parameters at the K-puszta site, 

there was no separation made between the two types of days and the cold and warm 

periods. Similar to the diurnal trend at the Brasschaat site, optical EC at K-puszta 

peaked at 06:00-08:00 local time; this is probably due to combination of local 

emissions from rush-hour traffic and a relatively stable boundary layer before the 

establishment of the day-time vertical mixing. After 8:00 the EC concentration starts 

to decrease and reaches a minimum in the middle of the afternoon (15:00 local time) 

at least in part due to the increased mixing height. A much smaller EC peak was 

observed around 20:00-21:00 local time, which may be related to evening traffic. 

Similar to what was the case for the Brasschaat site, also at K-puszta the diurnal 

variation was much less pronounced for OptOC than for OptEC; no clear increase in 

OptOC was found in the afternoon when the production of SOA was expected to be 

high. Figure 10.11 shows that there is a clear maximum in the optical EC/TC ratio in 

the morning, with a peak ratio of 0.19 between 6:00 and 7:00 local time. This suggests 

that the early morning EC peak at K-puszta is indeed related to traffic emissions. The 
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Figure 10.11. Average ratios of optical OC (top) and optical EC (middle) to the daily 

mean as function of the hour of the day (top), and diurnal variation in 

optical EC/TC ratio (bottom) for the K-puszta 2006 campaign. 
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optical EC/TC ratio at K-puszta was in general only half of that at Brasschaat, 

indicating that the impact from traffic was much smaller at the Hungarian site. 

 

Hyytiälä 

 

Figure 10.12 shows the time series of optical OC, the PM, and the air temperature for 

the Hyytiälä campaign. Similar to our findings from the off-line measurements, the 

EC concentration was very low during this campaign, and the PM and optical OC 

both followed the air temperature to some extent (section 7.4.3.4). However, it is clear 

from Figure 10.12 that the PM and OptOC levels increased until 13 August and 

decreased afterwards, whereas high temperatures were already noted from 6 to 11 

August. 
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Figure 10.12. Time series of the optical OC and PM concentration and of the air 

temperature for the Hyytiälä 2007 campaign. 

 

In order to look at the data more closely, the 1-hour time resolution optical OC, 

optical EC, and PM2.5 mass data for the period from 9 August, 17:00, to 18 August, 

17:00, are shown in Figure 10.13. There was a clear peak in optical EC from 7:00 on 

12 August to 23:00 on 13 August. During this period, optical EC varied from 0.40 

µg/m3 to 0.82 µg/m3 with a median value of 0.59 µg/m3, while the median optical EC 

concentration was only 0.18 µg/m3 for the remainder of the campaign. From Figure 

10.13, we can see that there were also peaks in optical OC and the PM during this 
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period. It is clear that there was an episode with elevated levels of the PM, optical OC, 

and optical EC. The highest OC and EC concentrations were observed around 7:00 to 

10:00 on 13 August, whereas the highest PM concentration appeared around 19:00 to 

20:00 on 13 August. These data are consistent with the results from our off-line 

measurements, which indicated that the highest PM, OC, and EC levels were noted 

for the samples collected during the day of 13 August (section 5.3.3 and section 

7.4.3.4). As indicated earlier, the elevated levels may to some extent be a result of 

long-range transport of biomass burning emissions. There was intensive biomass 

burning in the southern part of European Russia on 11 August. And the air mass back 

trajectories showed that the air masses reaching the sampling site on 12-13 August 

had passed over that area. 
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Figure 10.13. Time series of the 1-hour time resolution optical OC, optical EC, and 

PM2.5 mass concentrations during the period from 9 August, 17:00, to 

18 August, 17:00, for the Hyytiälä 2007 campaign. 

 

Unlike for the Brasschaat and K-puszta sites, no clear diurnal variation was found for 

both optical OC and EC at the Hyytiälä site. The diurnal variation in the EC/TC ratio 

at Hyytiälä is shown in Figure 10.14. The ratio is low throughout the day, indicating 

that the impact from traffic was small at this site. 
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Figure 10.14. Diurnal variation in the optical EC/TC ratio during the Hyytiälä 2007 

campaign. 

 



Chapter 10: Semi-continuous measurements for OC and EC 

368 

 



Chapter 11: General conclusions 

369 

 

 

 

 

 

 

 

 

CHAPTER 11 

 

GENERAL CONCLUSIONS 



Chapter 11: General conclusions 

370 



Chapter 11: General conclusions 

371 

The OC/EC split in the TOT method depends upon the temperature program used, 

particularly that in the first stage of the analysis (in pure He). For the three different 

temperature programs examined in our comparison study there is no solid evidence 

that the high-temperature programs (ST and N2) cause an underestimate of EC as 

suggested by other researchers [Chow et al., 2001; 2004; 2005]; in contrast, EC seems 

overestimated in the A3 protocol which is attributed to some particulate OC not 

completely evolving or not pyrolyzing into PC during the first phase of A3 due to the 

low maximum temperature. The interlaboratory comparison study in Vienna during 

winter conditions indicated that the presence of specific winter time sources, such as 

domestic heating, leads to the occurrence of brown carbon particulate material which 

can interfere considerably with current EC/OC or BC determination techniques. It 

seems that practically all usually employed methods, with the exception of our TOT 

ST and N2 protocols, overestimate EC or BC if the aerosol contains appreciable 

amounts of brown carbon. With TOT-N2, in which a high maximum temperature is 

applied in the first phase of the analysis, a good agreement was observed between EC 

and BC-black, as obtained with a modified IS method. However, no final conclusions 

can be drawn from just one single intercomparison, further and more systematic 

intercomparison studies are definitely needed of the different OC/EC measurement 

methods and optical and other methods for aerosols in different environments. 

 

With regard to the correction or assessment of the presumably mainly positive 

sampling artifacts (i.e., adsorption of VOCs) in carbonaceous aerosol sampling with 

quartz fibre filters, it was found that the relatively simple tandem filter approach, 

whereby two quartz fibre filters are used in series and the back filter OC is subtracted 

from the front filter OC to obtain “artifact-free” particulate OC gave reliable 

particulate data at our various study sites. At several sites, the tandem filter approach 

was compared with an approach where a denuder for VOCs and oxidising inorganic 

gases was used upstream of the filter sampler and for which “artifact-free” particulate 

OC was obtained by adding the OC of the front and back filters and the agreement 

between the data of the two approaches was in general quite good. The simpler 

tandem filter approach is therefore suggested for routine studies on particulate OC in 

Europe and possibly also in the rest of the world. The ratio of the back to front filter 

OC in the tandem filter approach depends on various parameters, including the type of 

sampling site, the ambient temperature, the air flow rate through the filter collector 
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(high- versus low-volume sampler), the face velocity (which depends on both flow 

rate and filter diameter), and the filter type. At an individual site, the positive artifacts 

for OC seem more important in summer than in winter, which is likely due to 

relatively higher gas-phase organic concentrations in summer (at higher temperatures) 

than in winter. The results from the fine size fraction of the HVDS indicated that the 

positive artifacts tend to be larger in the campaigns (or at the sites) with the lower 

front filter OC loadings. Systematically greater back/front ratios were found for 

WSOC than for OC in the fine fraction of the HVDS in all campaigns. This seems to 

suggest that the adsorbed volatile organic compounds are more water-soluble than the 

particulate organic carbon. Furthermore, the positive artifacts for both OC and WSOC 

were less important at a site which was heavily impacted by biomass burning than at 

the other sites. 

 

For the various urban and forested sites in Europe, the spatial trend in EC 

concentration (urban kerbside>urban background>rural forested) reflected the 

influence of local anthropogenic emissions, especially those related to traffic. From 

comparing the EC data of the three forested sites (Brasschaat, K-puszta, Hyytiälä), it 

appeared that the Brasschaat site was substantially impacted by anthropogenic 

activities, while the smallest impact was seen for the Hyytiälä site. For OC and 

WSOC there was no clear spatial trend. This is attributed to their multiple sources; it 

indicates that natural local sources (primary biogenic and other natural sources and 

secondary formation) and median- and/or long-range transport are also important for 

these species. There was a tendency for the WSOC/OC ratio to increase from urban 

kerbside sites to rural forested sites; this can be attributed to differences in aerosol 

sources (e.g., water-insoluble combustion particle components in urban areas versus 

water-soluble biogenic and secondary organic particle components at rural forested 

sites) but also to chemical aging and oxidative transformation of organic compounds, 

which generally increase the number of functional groups and thus the water 

solubility of organic molecules [Pöschl, 2005]. 

 

OM was an important component of the PM at our various sites in Europe. It became 

even the dominant component for our two cleanest forested sites. Although the OM is 

likely predominantly from natural origin at the latter sites, it remains unclear which 

fraction of it is biogenic SOA and which fraction is due to primary biogenic and 
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biological aerosols. For our urban sites, and in particular the kerbside site in Budapest 

a large fraction of the OM is undoubtedly attributable to traffic and various other 

fossil fuel combustion sources, but the contributions from wood burning (in winter) 

and from natural biogenic and biological organic aerosols and biogenic SOA (in 

summer) are certainly not negligible. It is also unclear which fraction of the OM is 

SOA. Recent research has indicated that SOA dominates over primary OM, even in 

heavily urbanized areas, which is in contrast with what was generally thought 

[Robinson et al., 2007]. Further research is definitely needed in Belgium and Europe 

on the relative contributions to the OM from primary and secondary organic aerosols 

and from anthropogenic and natural sources. It also should be kept in mind that there 

is a substantial uncertainty involved in the calculation of the OM from the 

experimentally measured OC. It is obvious that there is no single, generally applicable 

OC-to-OM conversion factor. The factor certainly depends on the type of site, the 

season, and the age of the aerosol. Further research on this topic is also needed. 

 

The Sunset Laboratory semi-continuous OCEC monitor performed reasonably well at 

the three European forested sites, where it was deployed. The optical OC and EC data 

were found to be more reliable and sensitive than thermal OC and EC in these 

environments with low EC levels. The high-time resolution EC data provided by the 

instrument were very useful in identifying the occurrence of traffic related sources 

and biomass burning events. This type of instrument would certainly be valuable for 

high-time resolution studies on OC and EC in urban environments, where the levels of 

the carbonaceous aerosols and especially EC are higher. 

 

The OC and EC data from the 2006 oceanic cruise in the northern hemisphere 

indicated that there was a large impact from continental and from fossil-fuel 

combustion aerosols, whereas this was not the case at all for Amsterdam Island in the 

southern Indian Ocean. In both oceanic areas, OC was predominantly associated with 

coarse particles, which is in contrast to what was found in our various studies at 

continental sites. In both marine aerosol studies low WSOC/OC ratios were obtained, 

even in the fine size fraction, which were comparable with those found for the urban 

kerbside site of Budapest. This suggests that the marine fine OC was mostly primary. 

The WINSOC was attributed to primary marine biomass produced during 

phytoplankton blooms, considering that electron microscopic evidence from prior 
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studies is available that marine aerosol particles contain fragments and secretions of 

algae and bacteria [Leck and Bigg, 2005a; 2005b; 2008]. 

 

During the SMOCC 2002 campaign in Rondônia, the fine PM, OC, EC, and WSOC 

originated mainly from intense biomass burning, whereas the coarse PM and OC were 

only partly affected by this source process and had primary biogenic emissions from 

the vegetation or inorganic crustal matter as important sources. Our OC and WSOC 

results indicated that the fine particulate matter produced by biomass burning is 

largely carbonaceous and that the organic carbon of biomass smoke is highly water-

soluble. There was a clear diurnal variations for the PM, OC, EC, and WSOC with 

higher concentrations in the night during the dry period of the SMOCC campaign. 

This was caused by the diurnal cycle in the atmospheric boundary layer, the marked 

difference in ambient conditions (T and RH) between day and night, and difference in 

prevalent combustion phase between day (flaming) and night (smouldering). 
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SUMMARY 

 

Carbonaceous aerosols, which are usually divided into two major fractions, i.e., 

organic carbon (OC) and elemental carbon (EC), account for a large fraction of air 

particulate matter, exhibit a wide range of molecular structures, and have a strong 

influence on the physico-chemical, biological, climate- and health-related properties 

and effects of atmospheric aerosols. Despite their importance, our knowledge on 

carbonaceous aerosols is rather poor, particularly when compared to that on inorganic 

aerosol components, such as sulphate and crustal matter. One of the reasons for our 

deficiency in knowledge lies in the large uncertainties or bias in the sampling and 

determination of carbonaceous aerosols. The former one leads to the issue of sampling 

artifacts, and the latter one relates to the uncertainty in the defined separation between 

OC and EC. The work conducted in this thesis had the following objectives: (1) to 

develop improved methods for a better discrimination between OC and EC using the 

thermal-optical transmission (TOT) technique; (2) to deploy improved collection 

procedures for carbonaceous aerosols, whereby the sampling artifacts are better 

controlled or can be corrected for; (3) to employ the already existing and newly 

developed samplers (including devices with high size resolution) and analytical 

methods for detailed carbonaceous aerosol characterisation studies in Belgium and at 

urban and forested sites throughout Europe and (4) in tropical/equatorial and oceanic 

regions, i.e., in the Brazilian Amazon basin, in the tropical Atlantic Ocean, and at an 

island site in the Indian Ocean. 

 

With regard to objective (1), the OC/EC split in three different temperature programs 

was examined for samples from widely different origins, thereby using two different 

TOT instruments from Sunset Laboratory. The comparison study confirmed that the 

OC/EC split in TOT depends upon the temperature program used, particularly that in 

the first phase of the analysis (in pure He). The highest EC/TC ratios were obtained 

for program “ACE-Asia alternate3” (A3) with the lowest maximum temperature in the 

first phase; this may be attributed to some particulate OC not completely evolving or 

not pyrolyzing into pyrolytic carbon in the first phase of A3 due to the low maximum 

temperature. The UGent standard (ST) and NIOSH2 (N2) protocols gave comparable 

results for aerosol filter samples from different origins despite the different 

temperature ramping in the second phase; the EC/TC ratios obtained with N2 were 
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only slightly larger (by 5-8%) than those obtained with ST. For mixtures of pure OC 

and EC compounds, there was good agreement (within 5%) between the experimental 

and nominal EC/TC ratios from programs N2 and ST, whereas with A3, there was 

clearly a tendency for higher EC/TC ratios than the nominal values, indicating an 

overestimate of EC. In the interlaboratory comparison study on black carbon (BC) and 

EC carried out in Vienna under winter conditions, significant differences were found 

between the TOT methods, on one hand, and all other methods, on the other hand. 

The TOT methods yielded EC concentrations that were lower by 48% (TOT-N2) and 

22% (TOT-A3) than the average of all measured concentrations (including the TOT 

data). The largest discrepancy was found when the contribution of brown carbon 

(measured with a modified integrating sphere (IS) method) was largest. On the days 

with the largest discrepancies, the BC-black data from the modified IS method 

showed better agreement with the TOT EC data than with the EC data from the other 

thermal methods. This seems to suggest that practically all usually employed methods 

except our TOT methods overestimate EC or BC if the aerosol contains appreciable 

amounts of brown carbon. 

 

As to objective (2), a two-port sampling system, which involves parallel sampling 

with a filter holder with one quartz fibre filter (Q1) or two quartz fibre filters in series 

(Q1Q2) and with a filter holder with a Teflon filter and a quartz fibre filter in series 

(TQ3), was examined during two campaigns in Ghent. Systematically higher OC 

concentrations were found on the quartz fibre filter (Q3) behind Teflon than on the 

quartz fibre filter (Q2) behind quartz; for PM2.5 low-volume samplers the median OC 

on Q3 was nearly twice that on Q2 in both summer and winter campaigns. It is more 

likely that this results from the volatilization of OC from the Teflon filters rather than 

from a possible non-achieved equilibrium between the gas phase and the quartz fibre 

filters in our sampling conditions. A denuded sampling setup DQ1Q2 (with upstream 

of the filter holder with two quartz fibre filters a denuder for volatile organic 

compounds (VOCs) and oxidising inorganic gases) and the tandem filter method (with 

two quartz fibre filters in series without denuder, thus Q1Q2) were used in parallel for 

low-volume PM2.5 collections in several campaigns since 2002. If positive artifacts 

(i.e., adsorption of VOCs) dominate in the tandem filter method and negative artifacts 

(i.e., loss of semi-volatile OC from the front filter in the denuded setup), “artifact-

free” particulate OC data (OC_corr) can be obtained by subtracting the OC on the 



Summary 

415 

back filter from that on the front filter in the tandem filter approach and by adding the 

OC of the front and back filters in the denuded setup; besides, the OC_corr data from 

the two approaches should be identical. If we exclude the campaigns in Ghent of 

summer 2002 and summer 2004, the average ratio (tandem filter method)/(denuded 

method) for OC_corr ranges from 0.93 to 1.17, with a median of 1.08; the average 

ratio for uncorrected OC in the corresponding campaigns ranges from 1.12 to 1.54, 

with a median of 1.21. The median of the average ratios for OC_corr is close to 1.0, 

so that we can conclude that the assumptions that underlie the corrections (both for 

the Q1Q2 and DQ1Q2 setups) were generally valid for our campaigns and that the 

simple tandem filter approach is able to provide a reliable estimate for the positive 

artifacts and to correct for them. The results of the tandem filter method with the low-

volume PM2.5 samplers in the various campaigns in this work indicated that the OC 

on the back filter represented 3.2 to 17.5% of the OC collected on the (undenuded) 

front filter. At an individual site, the back/front filter ratio for OC tended to be higher 

in summer than in winter, which is likely due to relatively higher gas-phase organic 

concentrations in summer (at higher temperatures) than in winter. For the fine size 

fraction of the high-volume dichotomous sampler (HVDS), OC on the back filter was 

from 5.9 to 17.9% of that on the front filter and water-soluble organic carbon (WSOC) 

on the back filter was from 7.2 to 28% of that on the front filter. The positive artifact 

for OC was larger in the campaigns (or at the sites) with relatively lower OC loadings 

on the front filters; however, no such trend was seen for WSOC. It is interesting that 

systematically greater back/front ratios were found for WSOC than for OC in all 

campaigns. If we assume that the artifact is predominantly positive, this seems to 

suggest that the adsorbed volatile organic compounds are more water-soluble than the 

particulate organic carbon. Furthermore, the positive artifact for both OC and WSOC 

was less important at a site which was heavily impacted by biomass burning than at 

the other sites. 

 

With regard to objective (3), the median PM2.5 EC concentrations at our various sites 

in Europe, as derived from a low-volume sampler, ranged from 0.07 µg/m3 in the 

2007 campaign at the SMEAR II forested site in Hyytiälä, Finland, to 3.3 µg/m3 

during the 2002 campaign at a kerbside site in Budapest. There was a general 

increasing trend for EC levels from forested sites, to urban sites, and to kerbside sites, 

reflecting the increasing impact of local anthropogenic emissions, especially those 
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from traffic. For OC, however, there was no clear spatial trend, neither in PM2.5 nor 

in PM10. For WSOC there was even less spatial variation; the median PM2.5 WSOC 

concentrations derived from the fine size fraction of the HVDS varied from 0.63 

µg/m³ in the 2007 campaign at the forested site in Brasschaat to 2.1 µg/m3 in the 2003 

campaign at the K-puszta forested site in Hungary. These results are a reflection of the 

multiple sources for OC and WSOC. The EC/TC ratio generally followed the spatial 

trend of EC, demonstrating the strong impact of EC-rich sources (mainly traffic 

emissions). For the WSOC/OC ratios derived from the fine fraction of the HVDS, 

there was clearly a decreasing trend from clean forested sites (K-puszta and Hyytiälä; 

55-62%), over the traffic impacted forested site (Brasschaat; 48%) and the urban 

background site (Ghent; 32-40%) to the kerbside site (Budapest; 30%). Carbonaceous 

matter (i.e., organic matter + EC) was the major aerosol component at the two clean 

forested sites; it was responsible for 47%, 49%, and 63% of the PM10 mass in the 

2003 and 2006 K-puszta and the 2007 Hyytiälä summer campaigns, respectively. At 

the kerbside site in Budapest, carbonaceous matter accounted for 38% of the PM10 

mass; while the contribution at the other sites in urban areas was generally smaller 

than 27%. 

 

High-time resolution measurements of OC and EC were made at three forested sites in 

Europe by means of the Sunset Laboratory semi-continuous OCEC monitor (also 

called real time (RT) instrument). It was found that the optical EC (OptEC) data 

provided by the instrument were more reliable than the thermal EC data in these low 

EC environments. Good correlations were found between OptEC and BC obtained 

from an aethalometer; the squared correlation coefficient was 0.91 and 0.95 between 

the two parameters at K-puszta in 2006 and Hyytiälä in 2007, respectively. The 

correlations between time-integrated data for total carbon (TC, with TC = OC + EC) 

and off-line TC results were generally quite good (R2 ranges from 0.81 to 0.89); 

however, the regression slopes were rather different from site to site. At the 

Brasschaat site, the OptEC concentration and OptEC/TC ratio peaked in the morning 

rush hour on working days, while no clear peaks were noted during weekend days and 

holidays. At the SMEAR II site, a high EC episode was identified on 12-13 August 

2007; the median OptEC concentration was 0.59 µg/m3 during this episode, while the 

median was only 0.18 µg/m3 for the remainder of the campaign. The high OptEC 

levels were likely due to long-range transport of biomass burning aerosols from the 
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southern part of European Russia, as appeared from air mass trajectories and satellite 

data. 

 

As to objective (4), the OC and EC data from a 2006 oceanic cruise in the northern 

hemisphere (NH) were in general higher when the ship was close to the African 

continent, indicating that there was a large impact from continental and fossil fuel 

combustion aerosols. The campaign median OC and EC concentrations in the NH 

cruise were comparable to those found in earlier studies on marine aerosols. Besides, 

the campaign median EC concentration (0.18 µg/m³) was comparable to our PM2.5 

EC concentrations obtained at clean European forested sites (SMEAR II and K-

puszta), while the mean PM2.0 EC/TC ratio was similar to our PM2.5 EC/TC ratio for 

the kerbside site in Budapest. The OC and EC results for the NH cruise contrasted 

substantially with those found for Amsterdam Island in the southern Indian Ocean. At 

the latter site, EC was below the detection limit (of 10 ng/m3) and total OC was 

around a factor of 4 lower than during the NH cruise. The size distributions for OC 

resembled each other, with around 31% of the total OC in the <2 µm size fraction in 

the NH cruise and 47% of the total OC in the <2.5 µm size fraction at Amsterdam 

Island. Another common feature of both marine study areas was that only around 30% 

of the fine OC was water-soluble, which is similar to that found at urban sites, where 

most of the OC consists of primary organic aerosol from fossil fuel combustion. It 

appears thus that most of the marine OC was primary, even in the fine size fraction. 

 

The SMOCC 2002 campaign in Rondônia, Brazilian Amazon basin, took place in the 

dry (biomass burning) season, the transition period to the wet season, and the onset of 

the wet season. The fine particulate mass (PM), OC, EC, and WSOC concentrations 

were very high in the dry period, but decreased sharply from the dry to the wet period, 

whereas the coarse PM and OC concentrations were more or less constant throughout 

the campaign. The carbonaceous aerosol was the dominant component throughout the 

campaign; it was responsible for about 84% of the PM2.5 mass during the dry period, 

84% in the transition period, and 61% in the wet period. Most of the fine OC was 

water-soluble; the average WSOC/OC ratios were 0.66 and 0.72 during the dry and 

transition periods, respectively. The EC/TC ratios in PM2.5 were low throughout the 

campaign (the maximum ratio was obtained for the wet period night samples of the 

HVDS, but was even then only 0.06) and they were generally lower in the dry period 
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than in the transition and wet periods. There were clear diurnal variations for the PM, 

OC, EC, and WSOC with higher concentrations in the night, which were attributed to 

a diurnal cycling in the depth of the atmospheric boundary layer. The magnitude of 

the concentration variations was higher in the dry period than in the transition and wet 

periods. There were in general no diurnal variations in the EC/TC and (OM+EC)/PM 

ratios throughout the campaign. During the dry and transition periods, a limited but 

significant increase in the fine WSOC/OC ratio was observed during day-time 

compared to the night. This increase may be due to the formation of secondary 

organic aerosol (which is more water-soluble than primary) during the day-time. 
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SAMENVATTING 

 

Koolstofhoudende aërosolen worden gewoonlijk onderverdeeld in twee grote fracties, 

nl. organische koolstof (OC) en elementaire koolstof (EC). Ze vertegenwoordigen een 

belangrijke fractie van het fijn stof in de lucht, vertonen een grote variatie in 

moleculaire structuren en hebben een sterke invloed op de fysico-chemische, 

biologische en klimaat- en gezondheidseigenschappen en -effecten van atmosferische 

aërosolen. Ondanks hun belang is onze kennis van de koolstofhoudende aërosolen 

eerder gering, vooral in vergelijking met deze over de anorganische 

aërosolcomponenten zoals sulfaat en bodemstofachtig materiaal. Eén van de redenen 

voor onze gebrekkige kennis zit in de grote onzekerheden of fouten in de 

monsterneming en bepaling van koolstofhoudende aërosolen. Enerzijds hebben we te 

maken met monsternemingsartefacten en anderzijds is er een onzekerheid in de 

opsplitsing tussen OC en EC. Het werk voor deze thesis had als objectieven: (1) 

verbeterde methoden te ontwikkelen voor een betere scheiding tussen OC en EC en 

hierbij gebruik te maken van de thermo-optische transmissie (TOT) techniek; (2) 

verbeterde collectieprocédés voor koolstofhoudende aërosolen te gebruiken, waarbij 

de monsternemingsartefacten beter worden gecontroleerd of ervoor kan worden 

gecorrigeerd; (3) de reeds bestaande en nieuw-ontwikkelde monsternemingsapparaten 

(met inbegrip van toestellen met hoge deeltjesgrootteresolutie) en analytische 

methoden aan te wenden voor gedetailleerde studies over het koolstofhoudend aërosol 

in België en in stedelijke en bosrijke locaties in Europa en (4) in tropische/equatoriale 

en oceanische gebieden, nl. in het Braziliaans Amazonegebied, in de tropische 

Atlantische Oceaan en op een eiland in de Indische Oceaan. 

 

Voor wat objectief (1) betreft, werd de OC/EC split onderzocht voor drie 

verschillende temperatuurprogramma’s en voor monsters van sterk uiteenlopende 

oorsprong; er werd hierbij gebruik gemaakt van twee verschillende TOT instrumenten 

van Sunset Laboratory. De vergelijkende studie bevestigde dat de OC/EC split in TOT 

afhangt van het aangewende temperatuurprogramma en vooral van dat in de eerste 

fase van de analyse (in zuiver He). De hoogste EC/TC verhoudingen werden bekomen 

met het programma “ACE-Asia alternate3” (A3), dat de laagste maximumtemperatuur 

heeft in de eerste fase; dit kan worden toegeschreven aan het feit dat een fractie van 

de aërosol OC niet volledig vervluchtigt of niet wordt omgezet in pyrolytische 
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koolstof in de eerste fase van A3 wegens een te lage maximumtemperatuur. De UGent 

standaard (ST) en NIOSH2 (N2) protocols gaven gelijkaardige resultaten voor 

aërosolfiltermonsters van uiteenlopende oorsprong ondanks het verschillend 

temperatuursverloop in de tweede fase; de EC/TC verhoudingen, die werden bekomen 

met N2, waren slechts lichtjes hoger (5-8%) dan deze, die werden bekomen met ST. 

Voor mengsels van zuivere OC en EC verbindingen was er een goede overeenkomst 

(binnen de 5%) tussen de experimentele en nominale EC/TC verhoudingen voor de 

programma’s N2 en ST, terwijl er met A3 duidelijk een tendens was voor hogere 

EC/TC verhoudingen dan de nominale waarden, wat op een overschatting van de EC 

wijst. In de interlaboratorium vergelijkende studie over zwarte koolstof (BC) en EC, 

die werd uitgevoerd in een winterperiode in Wenen, werden belangrijke verschillen 

genoteerd tussen de TOT methoden, enerzijds, en alle andere methoden, anderzijds. 

De TOT methoden gaven EC concentraties die 48% (TOT-N2) en 22% (TOT-A3) 

lager waren dan het gemiddelde van alle gemeten concentraties (met inbegrip van die 

van TOT). De grootste verschillen werden genoteerd wanneer de bijdrage van bruine 

koolstof (zoals gemeten met een gemodificeerde integrerende sfeer (IS) methode) het 

grootst was. Op de dagen met de grootste verschillen kwamen de data voor BC-zwart 

van de gemodificeerde IS methode beter overeen met de TOT EC gegevens dan met 

met de EC data van de andere thermische methoden. Dit suggereert dat vrijwel alle 

gebruikelijke methoden met uitzondering van onze TOT methoden EC of BC 

overschatten wanneer het aërosol aanzienlijke hoeveelheden bruine koolstof bevat. 

 

Voor objectief (2) werd een twee-poort monsternemingssysteem, dat bestaat uit 

parallelle monsterneming met een filterhouder met één kwartsvezelfilter (Q1) of met 

twee kwartsvezelfilters in serie (Q1Q2) en met een filterhouder met een Teflonfilter 

en een kwartsvezelfilter in serie (TQ3), aangewend tijdens twee meetcampagnes in 

Gent. Er werden systematisch hogere OC concentraties gevonden op de 

kwartsvezelfilter (Q3) na de Teflonfilter dan op de kwartsvezelfilter (Q2) na een 

eerste kwartsvezelfilter; voor PM2,5 lage-volume samplers was de mediaan OC 

waarde op Q3 bijna het dubbele van deze op Q2 in zowel zomer- als wintercampagnes. 

Dit is waarschijnlijk het gevolg van vervluchtiging van OC van de Teflonfilters eerder 

dan van een mogelijk niet-bereikt evenwicht tussen de gasfase en de 

kwartsvezelfilters in onze monsternemingsvoorwaarden. Een DQ1Q2 

monsternemingsset-up (met een denuder voor vluchtige organische verbindingen 
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(VOCs) en oxiderende anorganische gassen stroomopwaarts van de filterhouder met 

twee kwartsvezelfilters) en de tandem filter methode (met twee kwartsvezelfilters in 

serie zonder denuder, dus Q1Q2) werden parallel gebruikt voor lage-volume PM2,5 

collecties in verschillende meetcampagnes sinds 2002. Indien positieve artefacten (nl. 

de adsorptie van VOCs) domineren in de tandem filter methode en negatieve 

artefacten (nl. verlies van half-vluchtig OC van de eerste filter in de denuder set-up), 

dan kunnen “artefact-vrije” deeltjes OC gegevens (OC_corr) worden bekomen door 

de OC op de tweede filter af te trekken van die op de eerste filter in de tandem filter 

methode en door de OC van de eerste en tweede filters op te tellen in de denuder set-

up; bovendien zouden de OC_corr data van de twee werkwijzen aan elkaar moeten 

gelijk zijn. Wanneer we de resultaten van de zomer 2002 en zomer 2004 

meetcampagnes in Gent uitsluiten, dan varieert de gemiddelde verhouding (tandem 

filter methode)/(denuder methode) voor OC_corr van 0,93 tot 1,17, met een mediaan 

van 1,08; de gemiddelde verhouding voor niet-gecorrigeerde OC in dezelfde 

campagnes varieert van 1,12 tot 1,54, met een mediaan van 1,21. De mediaan van de 

gemiddelde verhoudingen voor OC_corr ligt dicht bij 1,0, zodat we kunnen besluiten 

dat aan de veronderstellingen, die aan de correcties ten grondslag liggen (in zowel de 

Q1Q2 als DQ1Q2 set-ups), over het algemeen werd voldaan in onze meetcampagnes 

en dat de eenvoudige tandem filter methode een betrouwbare schatting oplevert voor 

de positieve artefacten en toelaat ervoor te corrigeren. Uit de resultaten van de tandem 

filter methode met de laag-volume PM2,5 samplers in de verschillende campagnes in 

dit werk bleek dat de OC op de tweede filter 3,2 tot 17,5% vertegenwoordigde van de 

OC, die was gecollecteerd op de (niet-gedenudeerde) eerste filter. Voor een 

individuele site bleek de verhouding tweede/eerste filter voor OC hoger te zijn in de 

zomer dan in de winter, wat wellicht te wijten is aan de relatief hogere organische 

concentraties in de gasfase tijdens de zomer (bij hogere temperaturen) dan in de 

winter. Voor de fijne deeltjesgroottefractie van de hoog-volume dichotome sampler 

(HVDS), was de OC op de tweede filter 5,9 tot 17,9% van deze op de eerste filter en 

wateroplosbare organische koolstof (WSOC) op de tweede filter varieerde van 7,2 tot 

28% van die op de eerste filter. Het positieve artefact voor OC was groter in de 

campagnes (of op de sites) met relatief lagere OC beladingen op de eerste filters; voor 

WSOC werd die trend evenwel niet waargenomen. Er werden systematisch hogere 

tweede/eerste filter verhoudingen voor WSOC dan voor OC waargenomen in alle 

campagnes. Indien we aannemen dat het artefact vooral positief is, suggereert dit dat 
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de geadsorbeerde vluchtige organische verbindingen meer wateroplosbaar zijn dan de 

aërosol organische koolstof. Verder bleek dat de positieve artefacten voor zowel OC 

als WSOC minder belangrijk waren op een site, die zeer sterk was beïnvloed door 

biomassaverbranding, dan op de andere sites. 

 

Voor wat objectief (3) betreft: de mediaan PM2,5 EC concentraties op onze 

verschillende sites in Europa, zoals bekomen met een laag-volume sampler, 

varieerden van 0,07 µg/m3 in de 2007 campagne op de SMEAR II bosrijke site in 

Hyytiälä, Finland, tot 3,3 µg/m3 tijdens de 2002 campagne in een straatcanyon in 

Boedapest. Er was een algemene toename in EC niveau’s van bosrijke sites over 

stedelijke sites naar straatcanyon sites, wat een weespiegeling is van de toenemende 

impact van lokale antropogene emissies, vooral deze van het verkeer. Voor EC werd 

er evenwel geen duidelijke spatiale trend genoteerd, noch in PM2,5 noch in PM10. 

Voor WSOC was er nog minder spatiale variatie; the mediaan PM2,5 WSOC 

concentraties, zoals afgeleid voor de fijne deeltjesgroottefractie van de HVDS, 

varieerde van 0,63 µg/m³ in de 2007 campagne op de bosrijke site in Brasschaat tot 

2,1 µg/m3 in de 2003 campagne op de K-puszta bossite in Hongarije. Deze resultaten 

wijzen op een veelheid aan bronnen voor OC en WSOC. De EC/TC verhouding 

volgde over het algemeen de spatiale trend van EC, wat het gevolg is van de sterke 

impact van EC-rijke bronnen (vooral verkeersuitstoot) op die verhouding. Voor de 

WSOC/OC verhouding, die werd bekomen voor de fijne fractie van de HVDS, was er 

duidelijk een dalende trend van de zuivere bosrijke sites (K-puszta en Hyytiälä; 55-

62%), over de bosrijke site met duidelijke verkeersimpact (Brasschaat; 48%) en de 

stedelijke achtergrondssite (Gent; 32-40%) naar de straatcanyon site (Boedapest; 

30%). Koolstofhoudend materiaal (nl. organisch materiaal + EC) was de belangrijkste 

aërosolcomponent op de twee zuivere bosrijke sites; het maakte 47%, 49% en 63% uit 

van de PM10 massa in de zomermeetcampagnes van 2003 en 2006 K-puszta en 2007 

Hyytiälä. In de canyonsite in Boedapest was koolstofhoudend materiaal 

verantwoordelijk voor 38% van de PM10 massa, terwijl de bijdrage voor de andere 

sites in stedelijke gebieden over het algemeen kleiner was dan 27%. 

 

Er werden OC en EC metingen met hoge tijdsresolutie verricht op drie bosrijke sites 

in Europa; hierbij werd gebruik gemaakt van de Sunset Laboratory semi-continu 

OCEC monitor (ook reële-tijd (RT) instrument genoemd). Er werd vastgesteld dat de 
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optische EC (OptEC) gegevens, die door het instrument worden verschaft, meer 

betrouwbaar waren dan de thermische EC resultaten in deze omgevingen met lage EC 

concentraties. Er werd een goede correlatie bekomen tussen OptEC en BC dat werd 

gemeten met een aethalometer; de kwadratische correlatiecoefficienten (R2) tussen de 

twee parameters waren 0,91 in K-puszta in 2006 en 0,95 in Hyytiälä in 2007. De 

correlaties tussen de tijds-geïntegreerde data voor totale koolstof (TC, met TC = OC + 

EC) en de off-line TC resultaten waren over het algemeen vrij goed (R2 varieerde van 

0,81 tot 0,89); de hellingen van de regressielijnen verschilden evenwel nogal van site 

tot site. In de Brasschaat site piekten de OptEC concentratie en de OptEC/TC 

verhouding op werkdagen in het spitsuur van de voormiddag, terwijl er geen 

duidelijke pieken werden genoteerd in de weekends en verlofdagen. In de SMEAR II 

site werd een episode met hoge EC waarden waargenomen op 12-13 augustus 2007; 

de mediaan OptEC concentratie was 0,59 µg/m3 tijdens deze episode, terwijl de 

mediaan slechts 0,18 µg/m3 bedroeg voor de rest van de meetcampagne. De hoge 

OptEC niveau’s waren waarschijnlijk te wijten aan lange-afstand transport van 

biomassaverbrandingsaërosolen van het zuidelijk deel van Europees Rusland, zoals 

bleek uit luchtmassatrajectoriën en satellietgegevens. 

 

Wat betreft objectief (4): de OC en EC data van een oceanische cruise in 2006 in de 

noordelijke hemisfeer (NH) waren doorgaans hoger wanneer het schip zich dicht bij 

het Afrikaanse continent bevond, wat wees op een sterke impact van continentale en 

fossiele verbrandingsaërosolen. De campagne mediaan OC en EC concentraties voor 

de NH cruise waren vergelijkbaar met deze van vroegere studies over mariene 

aërosolen. Daarnaast was de campagne mediaan EC concentratie (0,18 µg/m³) 

vergelijkbaar met onze PM2,5 EC concentraties voor zuivere Europese bosrijke sites 

(SMEAR II en K-puszta), terwijl de gemiddelde PM2,0 EC/TC verhouding 

vergelijkbaar was met onze PM2,5 EC/TC verhouding voor de straatcanyon site in 

Boedapest. De OC en EC resultaten voor de NH cruise contrasteerden duidelijk met 

deze voor Amsterdam Island in de zuidelijke Indische Oceaan. Op deze laatste site 

was EC beneden de detectielimiet (van 10 ng/m3) en de totale OC concentratie was 

ongeveer een factor 4 lager dan tijdens de NH cruise. De deeltjesgrootteverdelingen 

voor de OC leken op elkaar, met ongeveer 31% van de totale OC in de <2 µm fractie 

voor de NH cruise en 47% van de totale OC in de <2,5 µm fractie op Amsterdam 

Island. Een ander gemeenschappelijk punt van de twee mariene studiegebieden was 
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dat maar ongeveer 30% van de fijne OC wateroplosbaar was, wat gelijkaardig is aan 

het percentage op stedelijke sites, waar het grootste deel van de OC bestaat uit primair 

organisch aërosol van de verbranding van fossiele brandstoffen. Het blijkt dus dat het 

grootste deel van de mariene OC primair was, zelfs in de fijne deeltjesgroottefractie. 

 

De SMOCC 2002 campagne in Rondônia, in het Braziliaans Amazonegebied, vond 

plaats in het droge (biomassaverbrandings-) seizoen, de transitieperiode naar het natte 

seizoen en het begin van het natte seizoen. De concentraties van de fijne 

deeltjesmassa (PM), OC, EC en WSOC waren zeer hoog in de droge periode, maar 

daalden scherp van de droge naar de natte periode, terwijl de grove PM en OC 

concentraties ongeveer gelijk bleven doorheen de ganse campagne. Het 

koolstofhoudend aërosol was de dominante component tijdens de volledige campagne; 

het was verantwoordelijk voor ongeveer 84% van de PM2,5 massa tijdens de droge 

periode, 84% in de transitieperiode en 61% in de natte periode. Het grootste deel van 

de fijne OC was wateroplosbaar, de WSOC/OC verhoudingen waren gemiddeld 0,66 

en 0,72 in respectievelijk de droge en transitieperiodes. De EC/TC verhoudingen in 

PM2,5 bleven laag gedurende de volledige campagne (de hoogste verhouding werd 

bekomen voor de natte periode nachtmonsters van de HVDS, maar was dan ook 

slechts 0,06) en ze waren doorgaans lager in de droge periode dan in de transitie en 

natte perioden. Er waren duidelijke dag/nacht variaties voor de PM, OC, EC en 

WSOC met hogere concentraties tijdens de nacht, die werden toegeschreven aan de 

dag/nacht variatie in de hoogte van de atmosferische grenslaag. De 

concentratievariaties waren hoger in de droge periode dan in de transitie en natte 

perioden. Er waren over het algemeen geen dag/nacht variaties in de EC/TC en 

(OM+EC)/PM verhoudingen doorheen de campagne. Tijdens de droge en 

transitieperioden was er een beperkte maar duidelijke toename in de fijne WSOC/OC 

verhouding tijdens de dag in vergelijking met de nacht. Deze toename kan 

veroorzaakt worden door de vorming van secundair organisch aërosol (dat meer 

water-oplosbaar is dan primair) tijdens de dag. 
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