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Chapter 1: Introduction 

1.1. Atmospheric aerosols 

 

1.1.1. Definition and terms 

 

Colloidal-sized particles in the atmosphere are called aerosols. Atmospheric aerosols 

are solid or liquid particles smaller than 100 μm in diameter, which are also named 

particulate matter (PM), air particles, mist, smoke, dust, and so on. These terms are 

always associated with physical characteristics, such as particle size. Particulates 

stand for particles in the atmosphere, although particulate matter or simply particles is 

the preferred term [Manahan, 1993]. 

 

1.1.2. Classification and definition of PM: TSP, PM10, PM2.5, coarse and 

fine, and submicrometer/supermicrometer 

 

PM consists of discrete particles that are categorised by sizes spanning several orders 

of magnitude: Total suspended particulates (TSP) denotes all particles without 

referring to a specific upper size; PM10 is defined as all particles smaller than 10 μm 

in aerodynamic diameter (AD); PM2.5 is defined as particles smaller than 2.5 μm AD 

and PM10-2.5 as the particles with sizes between 2.5 and 10 μm; coarse and fine are 

defined as those with sizes between 1 and 10 μm and smaller than 1 μm, respectively 

(although the terms are also sometimes synonymous with PM10-2.5 and PM2.5, 

respectively); and ultrafine particles (UFP) are defined as those smaller than 0.1 μm. 

Such very small particles are particularly important because they are most readily 

carried into the alveoli of the lungs, and they are likely to be enriched in more 

hazardous constituents, such as toxic heavy metals like lead and arsenic [Manahan, 

1993]. Furthermore, particles with sizes between 3 and 10 nm are also called 

“nanoparticles” [Weber et al., 1997]. 

 

In summary, the following size ranges are defined: 

TSP total suspended particulate matter (up to ~35 µm in diameter) 

PM10  particulate matter smaller than 10 µm in aerodynamic diameter 

(thus, with upper 50% cut-point of 10 µm AD) 

PM2.5 particulate matter smaller than 2.5 µm in aerodynamic diameter 

(thus, with upper 50% cut-point of 2.5 µm AD) 
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Coarse PM particles with sizes between 1 and 10 µm AD; particles between 2.5 

and 10 µm AD are called PM10-2.5 

Fine PM sometimes synonymous with PM2.5; the fraction of PM2.5 that is 

smaller than 1 µm is generally denoted as PM1 

Ultrafine PM particles smaller than about 100 nm in diameter; this fraction is also 

denoted as PM0.1 

 

1.1.3. Particle size distributions 

 

 

 

Figure 1.1. Size distributions of particle numbers (a), surface areas (b), and 

volumes/mass (c) (taken from Turner and Colbeck, 2008). 

 

The size distribution of atmospheric aerosols is one of the key elements in 

understanding and managing aerosol effects on health and visibility. In addition, the 

particle size distribution is an important parameter for the estimation of the magnitude 
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of direct and indirect aerosol-climate effects. One normally distinguishes 4 modes, i.e., 

the nucleation mode (particles with sizes in the range of 3-10 nm), the Aitken mode 

(particles with sizes in the range of 10-100 nm), the accumulation mode (particles 

with sizes between 100 nm and 1 µm), and the coarse mode (particles with sizes 

larger than 1 µm). Furthermore, when dealing with size distributions, one can 

distinguish between number size distributions (normally expressed as dN/dlogDp 

versus logDp, with N the number concentration and Dp the particle diameter), surface 

area size distributions, and volume or mass size distributions (the latter expressed as 

dM/dlogDp versus logDp where M is the mass concentration). The size distributions 

of atmospheric aerosols are quite variable; they change with sampling site, time of 

day, and season. They are affected by particle sources and compositions, atmospheric 

conditions, topography, aging of the aerosol, and removal processes [Birmili et al., 

2001; Mochida et al., 2003; Stanier et al., 2004; Dal Maso et al., 2005]. 

 

A schematic of the number, surface, and volume size distributions is shown in Figure 

1.1. It is clear that most particles are of small size, but the ultrafine particles 

contribute little to the aerosol mass. 

 

 

Figure 1.2. Mass size distribution for idealised urban aerosol and relationship with 

size fractions collected by samplers with different inlets (taken from 

Wilson et al., 2002). 
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Figure 1.2 shows the mass size distribution for an idealised urban aerosol and what 

fraction of the aerosol is collected by a TSP sampler or samplers with PM10 or PM2.5 

inlets. It can be seen that a PM2.5 sampler not only collects the fine mode aerosol, but 

also a minor fraction of the coarse mode aerosol. It should be emphasised though that 

the minimum between the two modes is not always at the same diameter, but varies 

with aerosol sources and source processes and especially with relative humidity. 

 

1.1.4. European limit values for ambient air quality 

 

The PM mass concentrations vary with site and with season. The background annual 

average PM10 and PM2.5 mass concentrations for continental Europe are estimated at 

7.0 ± 4.1 μg/m3 and 4.8 ± 2.4 μg/m3, respectively [Van Dingenen et al., 2004]. The 

EU annual average limit value for PM10 is 40 μg/m3 and the daily limit value for 

PM10 is 50 μg/m3, which should not be exceeded more than 35 times a calendar year. 

The EU annual PM2.5 limit value is 25 µg/m3, which is to be met by 2015 [EU 

Directive, 2008]. 

 

1.1.5. Environmental fate of aerosols 

 

Aerosols are removed from the atmosphere by dry and wet deposition. Dry deposition 

includes gravitional sedimentation, in-cloud diffusion, wind-driven impaction, or 

absorption by soil, water, and plants. Dry deposition is an efficient removal process 

for coarse aerosol. Wet deposition occurs because water-soluble or hydrophilic 

particles of larger than around 80 nm can act as cloud condensation nuclei (CCN) and 

will as such be removed when the cloud rains out; the aerosol particles can also be 

removed by below cloud scavenging during precipitation (washout). 

 

Aerosols in the accumulation mode are not efficiently removed, and thus have the 

longest residence time in the atmosphere. Depending upon their size, injection altitude, 

and proximity to precipitating cloud systems, the lifetime of aerosols in the 

atmosphere may vary from a few min to as much as two weeks. Occasionally, 

aerosols can be transported long distances from their sources [Maenhaut, 1996a; 

1996b]. 
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1.2. Sources of the PM 

 

1.2.1. Primary versus secondary and natural versus anthropogenic PM 

 

Atmospheric aerosols result from two distinct formation mechanisms: (1) direct 

injection of particles into the atmosphere, often by dispersion processes, resulting in 

so-called primary aerosols, and (2) transformation of gaseous precursors (through 

nucleation and condensation processes) into liquid or solid secondary aerosol particles. 

 

Atmospheric aerosols originate from either natural or anthropogenic (man-made) 

emissions through either primary or secondary processes. The main categories of 

primary/secondary and natural/anthropogenic sources are presented in Table 1.1. The 

major sources and associated aerosol components (species) will be fully discussed in 

the subsequent sections. 

 

The total natural emissions are estimated as at least 6600 Tg/yr (see Table 1.1). The 

major natural components are soil dust, sea salt, natural sulphate, volcanic aerosols, 

and those generated by natural forest fires. Natural aerosols are of particular 

importance because they provide a kind of base level for the aerosol effects and there 

is no effective way of controlling them. On a global scale, the abundance of natural 

aerosols is several times greater than that of the major anthropogenic aerosols (see 

Table 1.1). Consequently, natural emissions must be taken into account when 

considering air pollutants and their sources [Wellburn, 1994]. 

 

As can be seen in Table 1.1, a substantial fraction of today’s tropospheric aerosols is 

anthropogenic. The contribution of anthropogenic aerosols to total aerosol burden is 

larger in industrial and urban environments than in rural and remote areas. 

Anthropogenic aerosols typically dominate in the submicrometer size range and they 

are composed of a variety of inorganic and organic species [Haywood and Boucher, 

2000; IPCC, 2001]. 
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Table 1.1. Main categories of natural/anthropogenic sources of primary/secondary 

aerosols on the global scale (based on Maenhaut, 1996a; Raes et al., 

2000; Mather et al., 2003; Jaenicke, 2005a). 

 

Source  Particle size 
(µm) 

Strength 
(Tg/yr) 

Natural    
Primary Soil dust (mineral aerosols) D <1 110 

  D = 1-2 290 

  D = 2-20 1750 

 Sea to air flux of sea salt D <1 54 

  D = 1-16 3290 

 Biogenic organic matter Coarse 1000 

 Volcanic ash Fine 20 

Secondary Sulphate aerosols from marine biogenic gases 
(mainly DMS) 

Fine 16-32 

 Sulphate aerosols from terrestrial biogenic 
gases 

Fine 57 

 Nitrate aerosols from NOx (lightning, soil 
microbes) 

Mainly coarse 3.9 

 Organic matter from biogenic gases Fine 16 

 Sulphate aerosols from volcanic SO2 Fine 9-21 

Natural subtotal   at least 6600 

Anthropogenic    
Primary Aerosols from all kinds of fossil fuel burning, 

cement manufacturing, metallurgy, waste 
incineration, etc. 

Coarse and 
fine 

100 

 Soot (black carbon) from fossil fuel burning 
(coal, oil) 

Fine 8 

 Soot from biomass burning  Fine 5 

 Biomass burning without soot Fine 80 

Secondary Sulphate from SO2 (mainly from coal & oil 
burning) 

Fine 140 

 Nitrate aerosol from NOx (fossil fuel and 
biomass combustion) 

Mainly coarse 36 

 Organic matter from anthropogenic gases Fine 5 

 Organic matter from biomass burning Fine 54 

 Organic matter from fossil fuel burning Fine 28 

Anthropogenic subtotal   460 

Total   7100 

 

1.2.2. Physical and chemical processes for particle formation 

 

Dispersion aerosols, such as dusts, formed from the disintegration of larger particles 

are usually larger than 1 µm in size. Typical processes for forming dispersion aerosols 
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include evolution of dust from coal grinding, formation of spray in cooling towers, 

and blowing of dirt from dry soil. 

 

Many dispersion aerosols originate from natural sources, such as sea spray, wind-

driven dust, and volcanic dust. Besides natural emissions, human activities break up 

materials and disperse them into the atmosphere. Cultivation of land has made it much 

more susceptible to dust-producing wind erosion. Re-suspended road dust disturbed 

by vehicles is a major component of local aerosol sources [Manahan, 1993]. Besides 

the direct emissions from dusts and volcanoes, the primary biogenic aerosol particles 

(PBAP) from oceans and forests are also a huge contributor. 

 

Important chemical processes that produce particles are combustion processes, 

including fossil fuel combustion, incinerators, home furnaces, forest fires, and so on. 

Metal oxides constitute a major class of inorganic particles in the atmosphere. A 

significant proportion of organic particles are produced by internal combustion 

engines in complicated processes and biomass burning. It is estimated that organics 

make up for 20–50% of the total fine aerosol mass on a global scale and as high as 

90% in tropical forested areas [Andreae and Crutzen, 1997; Kanakidou et al., 2005] 

where biomass burning and biogenic sources dominate. 

 

Secondary aerosol particles are formed within the atmosphere from gaseous 

precursors. Their formation proceeds through chemical reactions involving 

atmospheric oxygen (O2) and water vapour (H2O); reactive species such as ozone 

(O3); radicals such as the hydroxyl (OH) and nitrate (NO3) radicals; and pollutants 

such as sulphur dioxide (SO2) and nitrogen oxides (NOX); and organic gases from 

natural and anthropogenic sources. For example, photo-chemical oxidation is also an 

important process for organic aerosol formation. Photo-oxidation of isoprene [Claeys 

et al., 2004a] and monoterpenes [Hoffmann et al., 1997; Kavouras et al., 1998] 

contributes to the formation of secondary organic aerosol (SOA). During day-time as 

well as during the night, volatile organic compounds (VOCs) are emitted from various 

natural and anthropogenic sources and several of them can be converted into semi-

volatile and less volatile aerosols [Claeys et al., 2004a; 2004b; Seco et al., 2007]. Due 

to their abundance and characteristics, monoterpenes and isoprene, the two main 
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biogenic VOC groups, are the focus of intensive scientific research [Guenther et al., 

1995; 2006]. 

 

1.2.3. Natural sources of primary PM 

 

Soil dust 

 

Soil dust is one of the major constituents of airborne particles in the global 

atmosphere. Dust plumes frequently cover huge areas of the earth; they are one of the 

most prominent and commonly visible features in satellite imagery. 

 

The contribution of soil dust to the aerosol burden is known to be very variable in 

both time and space. Dust source regions are mainly deserts, dry lake beds, and semi-

arid desert fringes, but also areas in drier regions where vegetation has been reduced 

or soil surfaces have been disturbed by human activities. Major dust sources are found 

in the desert regions of the Northern Hemisphere, while dust emissions in the 

Southern Hemisphere are relatively small. The atmospheric lifetime of dust depends 

on the particle size; large particles are quickly removed from the atmosphere by 

gravitational settling, while sub-micrometer sized particles can have atmospheric 

lifetimes of several weeks. The mass median diameter of long-range transported dust 

is generally <10 µm [Prospero, 1999]. 

 

Sea salt 

 

In the pristine marine atmosphere, sea salt is the predominant aerosol component. The 

sea to air flux of sea salt is 1000-10000 Tg per year [Winter and Chylek, 1997], or on 

average 5900 Tg per year [Raes et al., 2000]. This accounts for 30-75% of all natural 

aerosol emissions [Blanchard and Woodcock, 1980]. At remote marine sites, 

background sea-salt aerosol concentrations range from 1.2 to 55 µg/m3, as 

documented by Fitzgerald [1991]. Sea-salt aerosols are generated by several physical 

processes, especially the bursting of entrained air bubbles during whitecap formation 

[Blanchard, 1983], resulting in a strong dependence of production and concentration 

on wind speed [Fitzgerald, 1991; O’Dowd and Smith, 1993; Sciare et al., 2001; de 

Leeuw et al., 2002; Nilsson et al., 2007]. Sea-salt particles cover a wide size range 
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(from about 0.05 to 10 μm diameter), and correspondingly, have a wide range of 

atmospheric lifetimes. The mass size distribution of sea salt is tri-modal with a 

submicrometer mode centering at 0.5-1 µm and two supermicrometer modes 

centering slightly below 2 µm and somewhere between 2 and 10 µm, respectively 

[Kerminen et al., 2000b]. 

 

Biological/biogenic aerosols 

 

Besides sea-salt and soil dust particles, which result from dispersion and mechanical 

disintegration processes at oceanic and continental surfaces, the disintegration and 

dispersion of bulk plant material also produce aerosol particles, i.e., PBAP. The PBAP 

consist generally of leaf debris, viruses, bacteria, spores, and pollen, but even 

protozoa, algae, and humic substances have been identified in atmospheric aerosols. 

PBAP range in size from millimeters down to tens of nanometers, and may thus be 

much smaller than originally thought [Jaenicke, 2005b]. The actual abundance and 

origin of biogenic aerosol particles and components are, however, still poorly 

understood and quantified. Their contribution may be more significant in densely 

vegetated regions, particularly the moist tropics, than in urban environments. 

 

1.2.4. Natural sources of secondary PM 

 

A significant fraction of SOA is produced by radical-initiated tropospheric chemical 

reactions with natural VOCs. Some of the oxidation products are less volatile and may 

therefore nucleate to form new particles or, more likely, partition into or condense 

onto already existing particles. Plants are the primary source of non-methane biogenic 

VOCs (BVOCs), including volatile terpenoids (e.g., isoprene (C5H8) and 

monoterpenes (C10H16)), other reactive VOCs (ORVOCs) such as 2-methyl-3-butenol 

and green leaf volatiles, and other VOCs (OVOCs), e.g., methanol [Guenther et al., 

1995; 2000; Simpson et al., 1999; Loreto and Schnitzler, 2010]. Both field and 

chamber experiments have proved that SOA can be formed from VOC oxidation 

processes [Hoffmann et al., 1997; Kavouras et al., 1998; 1999, Claeys et al., 2004a; 

2004b; Ng et al., 2007; Ekman et al., 2008; Ervens et al., 2008; Shilling et al., 2008]. 

Among the BVOCs, the monoterpenes (e.g., α- and β-pinene) and isoprene attract a 

lot of attention, due to their huge emission rates on a global scale. The annual global 
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natural VOC flux is estimated to be 1150 Tg C, composed of 44% isoprene, 11% 

monoterpenes, 22.5% ORVOCs, and 22.5% OVOCs [Guenther et al., 1995]. The 

BVOC emissions are estimated to exceed the anthropogenic VOC emissions by one 

order of magnitude on a global scale [Guenther et al., 1995]. Therefore, organic 

compounds originating from the oxidation of naturally emitted VOCs are the 

dominant contributor to the global SOA mass. 

 

Another important natural source of SOA is marine biogenic emissions. Certain 

species of marine phytoplankton emit dimethylsulphide (DMS) gas as part of their life 

cycle. After release into the atmosphere via sea-air exchange, the DMS is oxidised by 

radicals (mainly OH, the main oxidant in the remote marine atmosphere), which leads 

to the formation of SO2, which itself is oxidised to non-sea-salt (nss) sulphate, and to 

particulate-phase methanesulphonic acid (MSA) [Bates et al., 1992; Kettle et al., 1999; 

Sciare et al., 2000a; 2000b]. The emission of DMS shows a strong seasonal variation, 

with maximum during summertime [Cline and Bates,1983; Andreae and Raemdonck, 

1983; Andreae et al., 1986; Fitzgerald, 1991; Wellburn, 1994; Sciare et al., 2000b; 

Kouvarakis et al., 2002]. The formation of SO2, nss-sulphate, and MSA from DMS, 

involving several reactions with radicals (such as OH, NO3, O3, and possibly IO), has 

been extensively investigated [Yvon et al., 1996b; Putaud et al., 1999; Sciare et al., 

2000b; Allen et al., 2002b; Berresheim et al., 2002]. The photo-oxidation and 

conversion of DMS into aerosol sulphur species involves three principal gas-to-

particle conversion processes, which were summarised by Fitzgerald [1991], i.e., 

nucleation involving MSA and SO2; condensation of MSA and H2SO4; and aqueous-

phase oxidation in cloud droplets. 

 

Other volatile species, such as SO2, H2S, HNO3, HCl, HBr, OCS, CS2, HF, and NH3, 

which are also in part released by natural sources, also contribute to the formation of 

“secondary aerosol” through gas-to-particle conversion processes within the 

atmosphere. 

 

1.2.5. Anthropogenic sources of primary PM 

 

Transportation, coal combustion, cement manufacturing, metallurgy, and waste 

incineration are among the industrial and technical activities that produce the 
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anthropogenic primary aerosol particles. The primary emissions from transportation 

include particles emitted from the exhaust pipe (e.g., organic and elemental carbon), 

from tyre and brake wear (elements), as well as resuspended dust particles on the road 

as vehicles pass by. 

 

Industrial emissions are mostly from power stations, iron and steel industries, 

incinerators, cement industry, refinery factories, and so on. Various industries produce 

a variety of primary PM, which includes fly ash and heavy metals. Industrial 

emissions are responsible for a large fraction of the anthropogenic aerosol and have 

therefore been widely monitored and regulated. As a result, the emission of industrial 

dust aerosols has been reduced significantly, particularly in developped countries. On 

the other hand, growing industrialisation without stringent emission controls, 

especially in Asia, may lead to increased emissions from these sources [Manktelow et 

al., 2007]. 

 

Several studies have been carried out to assess the emissions from incinerators. The 

characteristics of the combustion products generally vary according to the source and 

pollution control equipment. Among the emitted components are polyaromatic 

hydrocarbons (PAHs), dioxins, and heavy metals [Yoo et al., 2002; Mao et al., 2007; 

Mininni et al., 2007]. 

 

Another important anthropogenic source of primary PM is biomass burning initiated 

by human beings. This includes burning forests and savanna grasslands for land 

clearing and conversion, burning agricultural waste after harvesting, and burning 

biomass fuel. The anthropogenic biomass burning appears to be increasing with time; 

it has been estimated that the aerosol emission from anthropogenic biomass burning 

may have increased by 50% from 1850 to 1990 [Levine, 1991]. Aerosols emitted from 

biomass burning consist of organic and elemental carbon, and several elements, such 

as K and Zn [Maenhaut et al., 1996b; 1996c]. Biomass burning is a significant aerosol 

source on the global scale. Globally, total particulate matter (TPM) emitted from all 

kinds of biomass burning is estimated at as much as 104 Tg/yr, which accounts for 

7% of all source emissions. And most of TPM is particulate organic carbon, with an 

estimated emission of 69 Tg/yr, accounting for 39% of the total organic carbon 

emissions. 
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1.2.6. Anthropogenic sources of secondary PM 

 

Human activities do not only emit primary particles, but also gaseous precursors of 

secondary inorganic aerosol (SIA) and SOA (e.g., SO2, NOx, and VOCs). In urban 

environments, most of the sulphate aerosols are secondary sulphate, which is formed 

by oxidation of anthropogenic SO2 that was emitted by combustion processes (the 

burning of sulphur-containing fossil fuels such as oil and coal) [He et al., 2001; Yao et 

al., 2002a; 2003a]. SO2 is oxidised in the gas phase or liquid phase to SO3 and H2SO4, 

then neutralised by NH4
+ to NH4HSO4 and (NH4)2SO4 aerosols [Raes et al., 2000; 

Manktelow et al., 2007]. Secondary aerosols are also formed by photochemical 

oxidation of NOx to HNO3, followed by neutralisation to NH4NO3, by a large variety 

of reactions on anthropogenic VOCs [Bentley, 2004; Fuglestvedt et al., 2009]. 

 

1.3. Chemical components of the PM, with emphasis on the species 

measured by ion chromatography 

 

Measurements of the chemical composition of the aerosol are important for 

identifying the various aerosol sources as well as for elucidating the aerosol effects on 

climate and human health. Among the various aerosol types measured, secondary 

inorganic aerosols, carbonaceous matter, sea salt, and mineral dust are the principle 

components, with large contributions to the PM mass that vary depending on the 

particle size fraction and the sampling location [Putaud et al., 2000; 2002; 2004a; 

2004b; Maenhaut et al., 2002a; Yao et al., 2002a; Sellegri et al., 2003; Viana et al., 

2007a; Maenhaut, 2008]. 

 

1.3.1. Secondary inorganic aerosols (SIA) 

 

SIA, include sulphate (SO4
2-), nitrate (NO3

-), and ammonium (NH4
+). They are a 

major component in PM10 and even more in PM2.5. At urban background sites of 

Barcelona and Ghent, SIA were found to account for 23-31% and 33-39%, 

respectively, of the PM10 mass and for 35-38% and 38-43%, respectively, of the 

PM2.5 mass [Viana et al., 2007a]. Since SIA are formed from gas-phase precursors, 

their concentrations are dependent on the emissions of the NOx, SO2, and ammonia 
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(NH3) precursor gases. The emissions of NOx, NH3, and SO2 both from natural and 

anthropogenic sources are given in Table 1.5 of Pye et al. [2009]. 

 

1.3.1.1. Sulphate (SO4
2-) 

 

Besides secondary sulphate formed from SO2, there is also primary sulphate, i.e., sea-

salt sulphate and gypsum dust particles. As to the formation of secondary sulphate, in 

a first stage sulphuric acid aerosol is formed. However, sulphuric acid aerosol is rarely 

found in ambient environments since ammonia will partially or fully neutralise the 

sulphate by forming either ammonium bisulphate or ammonium sulphate. It should be 

noted that the sulphuric acid is often not fully neutralised [Pinder et al., 2008]. 

 

Atmospheric sulphate aerosols are involved in a number of phenomena of both 

environmental and ecological importance. These include their effects on the radiative 

properties of the atmosphere (by scattering solar radiation) and on the formation and 

development of clouds (by acting as CCN and affecting cloud albedo and lifetime), 

their contribution to visibility degradation and acid deposition, and the impact of 

aerosols on human health [Kerminen et al., 1998; IPCC, 2001]. 

 

Natural sulphate aerosols originate from the primary emission of sea salt by the 

oceans, from the gas-to-particle conversion of SO2, which is released by volcanic 

eruptions, and from the oxidation of gaseous biogenic sulphur compounds, which are 

released by the oceans and the continents. In the remote marine environment, sea 

spray is “the” source of primary sulphate emissions as a large fraction of the sea-salt 

aerosol consists of sulphate, whereas DMS, which is a gas released by marine 

phytoplankton, is the main source of secondary sulphate (which is nss-sulphate). The 

concentrations of biogenic nss-sulphate and sea-salt (ss) sulphate are often 

comparable in remote marine aerosols [Maenhaut et al., 1983; Nguyen et al., 1983; 

Savoie and Prospero, 1989; Kerminen et al., 1998], but nss-sulphate prevails in the 

submicrometer size fraction whereas ss-sulphate dominates in the coarse aerosol. 

Biogenic sulphate aerosols on the continents may arise from land plants and microbes 

which emit S-containing gases into the atmosphere [Faloona, 2009]. 
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Both natural and anthropogenic emissions contribute to the atmospheric levels of SO2 

and thus to the secondary sulphate, but the relative strength of the natural and 

anthropogenic emissions shows a substantial spatial variation. More than 90% of the 

anthropogenic SO2 arises over Europe, North America, India, and the Far East. 

Emissions of SO2 were highest during the late 1970s but have decreased over the last 

decades as a result of emission controls, improvement on patterns of fossil fuel 

combustion, and so on [Wellburn, 1994]. The annual emissions of various sulphur 

sources are listed in Table 6 of Bates et al. [1992]. 

 

1.3.1.2. Ammonium (NH4
+) 

 

Downwind of sources of gaseous ammonia (NH3), NH4
+ is the principle cation 

associated with fine sulphate and fine nitrate in the continental aerosol. Ammonia 

(NH3) is released by natural soils, coal combustion, biomass burning, fertilizer 

application and production or is emitted as a result of the decay of waste products 

from domestic animals, wild animals, seas and oceans. The emission levels were 

documented by Middleton [1995] and Luo et al. [2007]. 

 

1.3.1.3. Nitrate (NO3
-) 

 

Nitrate is often found in both fine and coarse atmospheric aerosol particles. Nitrate in 

fine particles comes primarily from the reaction of gas-phase nitric acid with gas-

phase ammonia forming particulate ammonium nitrate. Nitrate in coarse particles 

comes primarily from the reaction of gas-phase nitric acid with pre-existing coarse 

particles. 

 

The gas-phase nitric acid (HNO3) is produced by the oxidation of NOx (NOx = NO + 

NO2) gas, which itself is emitted by the combustion of fossil fuels and biomass, but 

also by natural sources, e.g., soils. In the presence of ammonia, a fraction of the nitric 

acid will partition into the particle phase to form ammonium nitrate aerosol 

(NH4NO3), as shown in equation: NH3 + HNO3 = NH4NO3. Thus, as sources of 

NH4NO3, both NH3 and NO2 sources have to be taken into account. According to 

Bauer et al. [2007], nitrate aerosol formation is particularly sensitive to ammonia 
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emissions, and it has been suggested that the NH3 concentration is a decisive factor in 

the formation of nitrate aerosols. 

 

The extent to which nitric acid and sulphuric acid are neutralised by NH3 is governed 

by a thermodynamic equilibrium, which is determined by the temperature, relative 

humidity, and molar concentrations of total sulphate, total nitrate (HNO3 + NO3
-), and 

total ammonia (NH3 + NH4
+). Under warm conditions, ammonium nitrate formation 

is not favoured, and the ammonium is largely associated with the available sulphate. 

Under cooler temperatures and when there is sufficient ammonia to fully neutralise 

both the sulphuric acid and nitric acid, ammonium nitrate will be formed and a large 

fraction of the NH4NO3 will be found in the particle phase [Blanchard et al., 2000; 

Pinder et al., 2008]. It should be noted that H2SO4 and NH4HSO4 are neutralised first 

before neutralisation of HNO3 takes place. 

 

In contrast to ammonium sulphate, ammonium nitrate is rather volatile even at normal 

temperatures. This phenomenon becomes worse at higher temperatures and lower 

relative humidity [Richardson and Hightower, 1987; Cheng and Tsai, 1997]. At 

higher temperatures, particulate NH4NO3 dissociates into the gas-phase species NH3 

and HNO3. Danger for evaporative losses exists also during the aerosol sampling, 

leading to negative sampling and artifacts. 

 

Nitrate is like nss-sulphate, also present in remote marine aerosols. However, it was 

estimated that of all sources of oxidised nitrogen, less than 20% are of marine origin. 

Consequently, the distribution and deposition of oxidised nitrogen over the oceans 

will be heavily influenced by the distribution of land masses in general and of 

anthropogenic sources in particular [Duce et al., 1991]. In remote marine aerosols, 

nitrate concentrations are often very low, with less than 0.3 μg/m3 as background level 

[Fitzgerald, 1991; Allen et al., 1997; Rhoads et al., 1997]. Because of these low 

concentrations, nitrate in marine aerosols has attracted much less attention than nss-

sulphate. 
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1.3.2 Other inorganic aerosol species 

 

Besides ammonium, sulphate, and nitrate, various other water-soluble inorganic ions 

are also present in atmospheric aerosols. They include Cl-, Na+, Ca2+, K+, and Mg2+, 

and to a lesser extent Br-, NO2
-, and phosphate. Although these ions are often only 

responsible for a minor fraction of the PM mass, these inorganic species are of 

importance for aerosol mass closure calculation and as tracers for source 

apportionment. Sea spray is a major source of Cl-, Na+, and Mg2+, and in marine 

aerosols also of Ca2+, coarse K+, and coarse Br-. In continental aerosols, Ca2+ and 

coarse K+ have often important contributions from mineral dust dispersal. Fine K+ is a 

good indicator for biomass burning and municipal incinerators, as it is strongly 

enriched in biomass smoke. 

 

1.3.3. Carbonaceous aerosol components 

 

Carbonaceous aerosols form a substantial atmospheric aerosol component. They 

consist, on the one hand, of elemental carbon (EC) (also denoted as black or graphitic 

carbon) and, on the other hand, of organic matter (organic carbon (OC) and elements 

such as H, O, N, and S that are present in a multitude of organic aerosol compounds). 

EC is formed by incomplete combustion of fossil fuels and biomass and is essentially 

a primary aerosol component. Particulate organic matter (POM or OM) is a complex 

mixture of hundreds, if not thousands, of organic compounds and is since several 

years the focus of intensive research work [Graedel et al., 1986; Penner, 1995; 

Maenhaut et al., 2001; Novakov et al., 2005; Chow et al., 2006; Viana et al., 2006a; 

2006b, 2007a; 2007b; Zheng et al., 2008]. Carbonaceous matter (thus, OM + EC) 

represents a large fraction of the PM2.5 mass; it accounts for 10 to 70%, depending 

upon the site and the season [Andrews et al., 2000; Quinn and Bates, 2003; Murphy et 

al., 2006]. The residence time of carbonaceous matter in the troposphere ranges from 

days to weeks [Seinfeld and Pandis, 1998]. 

 

1.3.3.1. Elemental Carbon (EC) 

 

Depending on the analytical method or upon the researcher, EC may also be denoted 

as black carbon (BC) or soot. It is of special interest due to its light-absorbing 
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properties [Penner, 1995; Novakov et al., 2005]. It is the dominant light absorbing 

species in the air. 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 [Hamilton and Mansfield, 1991]. In these areas, EC is therefore 

often used as a tracer for fossil fuel combustion, especially for tailpipe traffic 

emissions. 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). 

 

1.3.3.2. Organic carbon (OC) and organic matter (OM) 

 

The large variety of organic compounds that are present in aerosols are generally 

denoted by the generic term OM, whereby the carbon associated with OM is referred 

to as OC. OM contributes primarly to the scattering characteristics of the atmospheric 

aerosol, but is in part also responsible for the aerosol light absorption properties 

[Penner, 1995; Hansen et al., 2005]. Recent studies have suggested that the climate 

forcing by OM may be a significant component of the anthropogenic aerosol forcing; 

the radiative forcing by primary OM particles from fossil fuel combustion was 

estimated to be about -0.01 to -0.06 W/m2 [Bond et al., 2007]. 

 

Depending on their formation, the organic aerosol (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 normal 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]. SOA is formed by chemical reaction and gas-to-particle conversion of 

volatile precursors within 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 suggests that SOA formation 

from biogenic precursors dominates [Andersson-Sköld and Simpson, 2001]. 
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In recent years, many measurements of OC concentrations have been made in 

different regions, including in some remote marine environments [Legrand et al., 

2007; Pio et al., 2007; Spracklen et al., 2008; Sciare et al., 2009]; at forested sites 

[Maenhaut et al., 2004; 2008b; Decesari et al., 2006; Legrand et al., 2007; Pio et al., 

2007]; at equatorial and tropical sites and sites under the impact of biomass burning 

[Mayol-Bracero et al., 2002; Guazzotti et al., 2003; Maenhaut et al., 2004;Viana et al., 

2008b]; and in a variety of polluted continental environments [He et al., 2002; Dan et 

al., 2004; Maenhaut et al., 2002b; Putaud et al., 2004a; Salma et al., 2004; Viana et al., 

2006a; 2006b, 2007a; 2007b]. The measurements indicate that the concentration of 

the particulate OC in the fine size fraction of the aerosol range from 0.3 to 7.5 µg/m3 

and that with the contribution of OM to the PM2.5 mass is in the range of 20-70%. 

 

1.3.3.3. Water-soluble organic carbon (WSOC) 

 

Due to the complexity of the organic aerosol, it is impossible at present to make a 

comprehensive chemical characterisation at the individual compound level. A sensible 

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

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

functional groups are characterised [Decesari et al., 2000]. For different sites, it has 

been found that between 30 and 80% of the OC is water-soluble depending on the 

location and season [Zappoli et al., 1999; Decesari et al., 2001; Jaffrezo et al., 2005]. 

Knowledge on the WSOC and WIOC 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 

WIOC 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 WIOC can be used in assessing the sources of 

the OC 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. 

 

In some recent studies, aerosol WSOC was used as an index of the formation of SOA, 

[Kumagai et al., 2009]; and it has been suggested as an adequate quantitative tracer 
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for SOA in the urban environment [Favez et al., 2008]. However, one must be careful 

in making such suggestions, because WSOC may have both primary and secondary 

origins. 

 

WSOC is likely composed of oxygenated compounds containing functional groups 

such as COOH, COH, C=O, COC, CONO2, CNO2, and CNH2 [Saxena and 

Hildemann, 1996]. It can be separated into three main classes according to the 

following acid/base characteristics: neutral compounds, monocarboxylic/dicarboxylic 

acids, and polyacids [Decesari et al., 2000]. 

 

1.3.3.4. Dicarboxylic acids and methanesulphonic acid (MSA) 

 

1.3.3.4.1. Importance and characteristics of dicarboxylic acids 

 

Dicarboxylic acids (DCAs) are ubiquitous and abundant components of atmospheric 

aerosols. Within the class of dicarboxylic acids, the low molecular weight (LMW) 

species (i.e., oxalic, malonic, succinic, and glutaric) and related polar compounds 

constitute a significant fraction of the WSOC in the atmosphere [Saxena and 

Hildemann, 1996; Kawamura and Sakaguchi, 1999]. Among the dicarboxylic acids, 

oxalic acid (or its salts) are consistently the predominant compound in aerosols at 

virtually all locations. 

 

DCAs have the potential to be important contributors to CCN because of their water-

soluble and hygroscopic properties. They are also involved in a series of chemical 

reactions occurring in the gas phase, aerosol phase, and cloud droplets [Kawamura 

and Kaplan, 1987; Saxena et al., 1995; Saxena and Hildemann, 1996; Kawamura et al., 

1996a; Kawamura and Sakaguchi, 1999; Kumar et al., 2003; Mader et al., 2004; 

Kanakidou et al., 2005]. In addition to serving as CCN, glutaric acid, a C5 

dicarboxylic acid, increases the CCN activation of some major inorganic aerosol 

components such as ammonium sulphate [Cruz and Pandis, 1997; 1998], which 

suggests that dicarboxylic acids may play a potentially important role in the indirect 

radiative forcing of aerosols. This has stimulated research on their origin. 
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1.3.3.4.2. Formation and sources of the DCAs 

 

Although direct primary emissions from vehicular exhausts, biomass burning, and 

cooking have been suggested as sources of the DCAs [Kawamura and Kaplan, 1987; 

Grosjean, 1989; Rogge et al., 1993; Schauer et al., 2002], LMW DCAs are also 

formed by secondary processes [Kawamura and Sakaguchi, 1999; Gelencser, 2004]. 

In a number of studies some DCAs have been used as tracers for source explanation 

[Kawamura et al., 1996a; Sheesley et al., 2003; Fisseha et al., 2004]. For example, it 

was suggested that phthalic acid and adipic acid are promising potential indicators of 

secondary organic carbon [Ray and McDow, 2005]. Furthermore, secondary DCAs, 

which are formed by photochemical reactions, may originate from a multitude of 

precursors, which can be of both natural and/or anthropogenic origin. Oxalic and 

glyoxalic acid exhibit high levels at both urban and tropical savanna sites; this seems 

to imply that biogenic precursors are as important as anthropogenic ones [Limbeck 

and Puxbaum, 1999]. Precursors for oxalic acid formation in the mid-troposphere 

above central Europe might be cyclic olefins and aromatic compounds like benzene or 

toluene. So, whenever we talk about the sources of the DCAs, the local environmental 

character should not be ignored. In some studies, the malonic acid/succinic acid (M/S) 

mass ratio was used as an indicator for distinguishing the relative strengths of 

anthropogenic and biogenic sources. An M/S mass ratio in the range of 0.3-0.5 

indicates an overwhelming contribution from traffic emissions for these DCAs 

[Kawamura and Kaplan, 1987; Wang et al., 2002; Yao et al., 2004]; whenever the 

M/S mass ratio is above 1.0, the DCAs could originate from secondary reactions 

[Kawamura and Ikushima, 1993; Kawamura and Sakaguchi, 1999; Hsieh et al., 2007]. 

 

DCAs have been detected in remote marine aerosols [Kawamura and Sakaguchi, 1999; 

Neusüβ et al., 2002; Narukawa et al., 2003; Wang et al., 2006; Pio et al., 2007; 

Legrand et al., 2007]; at rural background sites [Ricard et al., 2002a; 2002b; Legrand 

et al., 2005; 2007], in urban background aerosols [Kawamura and Ikushima, 1993; 

Limbeck and Puxbaum, 1999; Yao et al., 2002b; 2003b; 2004; Wang et al., 2005; 

2007], in traffic-related aerosols [Kawamura and Kaplan, 1987], in aerosols emitted 

by meat cooking operations [Rogge et al., 1991; Schauer et al., 2002], and in biomass  

burning aerosols [Narukawa et al., 1999; Mayol-Bracero et al., 2002; Graham et al., 

2002; Falkovich et al., 2005; Viana et al., 2008b]. Normally, over 80% of the DCAs 
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Table 1.2. Mean DCA concentrations (occasionally with concentration range or only the concentration range; all in ng/m3) and mean 

percentage of oxalate relative to the sum of all DCAs for various sites. 

 

Site Size 
fraction 

Oxalate Malonate Succinate All DCAs Oxalate 
/DACs (%) 

Reference 

Urban        
Eichstädt, summer TSP 251 56 18  75 Röhrl. and Lammel, 2001 

Leipzig, summer TSP 229 66 35  64 Röhrl. and Lammel, 2001 

Nanjing, winter & spring PM2.5 660 47-177 86-290  41-65 Wang et al., 2002 

Nanjing, winter & spring PM10 178-1390 ND-193 ND-243   Wang et al., 2002 

Tokyo TSP 270 ± 190 55 ± 42 37 ± 30 480 ± 330 52 ± 8.2 Kawamura and 
Ikushima,1993 

Philadelphia, summer PM10  15 14 49 (C3-9)  Ray and McDow, 2005 

Vienna TSP 340 240 117   Limbeck and Puxbaum, 1999 

Aveiro coast, summer PM2.5 290 ± 155 28 ± 22 3.5 ± 2.8 374 ± 213 79 ±69 Legrand et al 2007 

Aveiro coast, winter PM2.5 240 ± 138 22 ± 16 6.1 ± 4.1 320 ± 190 76 ± 4 Legrand et al 2007 

Helsinki, spring PM1 16.2 6.7 6.0 29  Timonen et al., 2008 

Biomass burning        
Pasture site, Rondônia, Brazil PM2.5    320 ± 160  Mayol-Bracero et al., 2002 

Pasture site, Rondônia, Brazil PM2.5 619 115 95.4 880 70 Graham et al., 2002 

Forest site, Rondônia, Brazil PM2.5 329 55.7 30.6 448 73 Graham et al., 2002 

Aircraft flights above savanna 
fires in southern Africa 

TSP 750 
(median) 

1200 
(median) 

470 
(median) 

2700 
(median) 

 Gao et al., 2003 

Episode observed in Helsinki PM1 84 38 41   Timonen et al., 2008 
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Table 1.2. (continued)        

Site Size 
fraction 

Oxalate Malonate Succinate All DCAs Oxalate 
/DACs (%) 

Reference 

Rural        
Sevettijarvi, Finland PM15 8.6 ± 9.5 1.5 ± 2.9 2.9 ± 4.2 22.5 38 Ricard et al., 2002a 

Lannemezan, France, summer TSP 95 48 20 198 49 Legrand et al., 2005 

Pic du Midi, France, summer TSP 80 1.93 12.2 135 59 Legrand et al., 2005 

Vallot Observatory, France, 
summer 

TSP 55 20 9.8 98 57 Legrand et al., 2005 

Vallot Observatory, France, 
winter 

TSP 46 6.8 6.3  70 Legrand et al., 2005 

K-puszta, Hungary, summer PM2.5 270 22 5.0   Krivacsy et al., 2001 

K-puszta, Hungary, summer PM2.5 264 ± 98 28.7 ± 12.7 20.5 ± 9.4 375 ± 139 70 ± 5 Legrand et al., 2007 

K-puszta, Hungary, winter PM2.5 300 ± 196 28.2 ± 27.0 37.0 ± 34.0 409 ± 290 75 ± 6 Legrand et al., 2007 

Sonnblick, Austria, summer PM2.5 75.6 24.17 19.7  51 Legrand et al., 2007 

Schauinsland, Germany, 
summer 

PM10 316 ± 147 73.0 ± 55.5 34.9 ± 20.3 507 ± 257 64 ± 6 Legrand et al., 2007 

Schauinsland, Germany, 
winter 

PM10 141 ± 130 20.7 ± 26.2 10.5 ± 10.2 190 ± 181 76 ± 7 Legrand et al., 2007 

Puy de Dome, France, summer PM10 193 ± 116 45.0 ± 32.1 18.0 ± 11.5 299 ± 184 66 ± 6 Legrand et al., 2007 

Puy de Dome, France, summer PM10 80 ± 90 13.8 ± 20.2 6.8 ± 8.1 112 ± 129 73 ± 6 Legrand et al., 2007 

Nylsvley, savanna site, S. 
Africa 

TSP 193 142    Limbeck and Puxbaum, 1999 

Sonnblick mountain, Austria TSP 153 22    Limbeck and Puxbaum, 1999 
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Table 1.2. (continued)        

Site Size 
fraction 

Oxalate Malonate Succinate All DCAs Oxalate 
/DACs (%) 

Reference 

Oceanic        
Mace Head, Ireland, Apr.-
Sep.1998 

TSP 48 ± 10 33 ± 2    Kleefeld et al., 2002 

Mace Head, Ireland, Apr.-
Sep.1999 

TSP 217 ± 32 37 ± 6    Kleefeld et al., 2002 

Azores, summer PM2.5 75 ± 46 7.9 ± 6.3 2.3 ± 2.0 88 ± 57 83 ± 19 Legrand et al., 2007 

Azores, winter PM2.5 33 ± 37 4.4 ± 4.6 1.6 ± 1.4 43 ± 46 69 ± 24 Legrand et al., 2007 

S. Indian Ocean PM1 0.9     Neusüβ et al., 2002 

S. Indian Ocean PM10-1 18 8.6    Neusüβ et al., 2002 

Western Pacific PM2.5 239 
(26-660) 

40 
(2.7-87) 

21 
(ND-96) 

310 
(44-870) 

77 Kawamura et al., 2003 

Tropical and Western North 
Pacific 

TSP 40 
(6.5-161) 

11 
(1.3-54) 

2.8 
(0.29-16) 

 65 
(44-75) 

Kawamura and 
Sakaguchi,1999 

Western Pacific TSP 38 12 5.0   Wang et al., 2006 

Southern Ocean TSP 2.4 0.75 0.44   Wang et al., 2006 

Arctic & Antarctic        

Arctic (Alert) PM <0.7 13.6 ± 12.1 2.5 ± 3.3 3.7 ± 3.6   Kawamura et al., 1996a 

Arctic, July PM15 6-55 9-32 7-48   Kerminen et al., 1999 

Arctic PM1 16.5 ± 6.5 5.0 ± 1.9 7.3 ± 2.4   Narukawa et al., 2003 

Arctic PM10-1 2.5 ± 1.3 0.79 ± 0.37 1.0 ± 0.47   Narukawa et al., 2003 

Antarctic, summer PM <0.7 1.6-10.3 0.13-2.7 0.63-61.5   Kawamura et al., 1996b 
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occurs in the fine size fraction [Narukawa et al., 2003]. Measured data of DCA 

concentrations and contributions are listed in Table 1.2 and they are arranged together 

according to the characteristics of the sampling sites. The highest DCA concentrations 

are seen in pyrogenic aerosols; high contributions are always noted in ambient urban 

aerosols, whereas low contributions are noted at remote sites. 

 

In remote marine aerosols, MSA and LMW DCAs (or their salts) are important 

components of the WSOC. Among the DCAs, oxalate is the dominant species, 

followed by malonate, and succinate. It is obvious that the DCA concentrations vary 

much, which is mainly explained by the characteristics of the local environment; the 

ratios of oxalate to malonate is mostly around 3 [Kawamura and Usukura, 1993; 

Kawamura et al., 1996b; Kawamura and Sakaguchi, 1999; Kerminen et al., 1999; 

Kleefeld et al., 2002; Wang et al., 2006; Pio et al., 2007]. In the study of Neusüβ et al. 

[2002], C2-C6 DCAs accounted for 15% of the OC mass, which is more than the 

contribution from MSA (6.7%) in clean marine air. The formation of oxalic acid in 

the marine atmosphere was examined by Warneck [2003]; he suggested that oxalic 

acid is formed in marine atmosphere clouds from glyoxal, which is itself formed by 

oxidation of acetylene and glycolaldehyde, which are formed by oxidation of ethene. 

Note that along these processes, glyoxylic acid (CHOCOOH) represents a key 

intermediate whereas diacids other than oxalic acid are not produced. 

 

MSA was the focus of a lot of research work in the last two decades of the 20th 

century. In the marine environment, MSA and nss-SO4
2- are both derived from the 

same precursor, i.e., DMS gas, which is released by marine phytoplankton. The 

formation mechanism and the processes which control the oxidation of DMS into 

MSA and nss-SO4
2- in the marine atmosphere vary with location, especially latitude 

[Andreae et al., 1985; Mihalopoulos et al., 2007]. The concentration of fine size 

fraction MSA is around 40 ng/m3 over different oceans [Allen et al., 2002a; Bardouki 

et al., 2003; Zhang et al., 2007b; Yang et al., 2009]. Some of the variation in MSA 

aerosol concentrations is due to differences in sampling devices, sampling sites, 

and/or sampling time. It was found that the MSA concentration is independent of the 

time of day [Berresheim et al., 2002], but highly dependent of the local oceanic 

environment, such as temperature, humidity, wind speed, and wind direction; 

extensive seasonal variations in MSA and nss-sulphate concentrations were reported 
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in several studies [Allen et al., 1997; Sciare et al., 2000a; Legrand et al., 2001; 

Kouvarakis and Mihalopoulos, 2002; Sciare et al., 2009]. 

 

In the continental atmosphere, the second most abundant dicarboxylic acid after 

oxalic acid is typically malonic acid, followed by succinic acid. Other major identified 

DCAs or related species are glutaric acid, adipic acid, fumaric acid, and malic acid. 

Secondary formation processes that lead to the various species are the production of 

glyoxal by toluene and the production of glycolaldehyde via isoprene oxidation, as 

well as aqueous phase reactions leading to adipic and glutaric acids by oxidation of 

cyclohexene [Ervens et al., 2004]. It was estimated that aqueous phase chemistry 

leads to a total DCA concentration ranging from 150 ng/m3 for clean to 300 ng/m3 for 

polluted conditions in the continental atmosphere [Ervens et al., 2004]. 

 

1.3.3.4.3. Oxalic acid 

 

As indicated above, oxalic acid is by far the most abundant DCA in ambient aerosols 

at virtually any location, and is often a significant contributor to the overall particulate 

organic mass. As seen in Table 1.2, which lists the individual DCA concentrations 

from different sites, in most cases oxalate may be responsible for around 70% of the 

mass of the measured DCAs [Graham et al., 2002]. 

 

Although direct precursors have not been clearly identified for oxalate formation, 

photochemical oxidation of aromatic hydrocarbons such as benzene and toluene, as 

well as malonic and succinic acid, have been considered to result in oxalic acid 

[Kawamura and Ikushima, 1993]. Possible pathways for oxalic acid formation have 

been investigated by different authors [Kawamura and Ikushima, 1993; Kerminen et 

al., 2000a; Yao et al., 2002b; Narukawa et al., 2003; Warneck, 2003; Crahan et al., 

2004]. Warneck [2003] estimated that the aqueous-phase processes in clouds on 

glyoxal and glycolaldehyde would lead to a concentration of oxalic acid ranging 

between 10 and 70 ng/m3. Aqueous-phase photo-oxidation of glyoxal leads thus to 

SOA formation, and aqueous-phase chemistry is a prevailing formation mechanism 

for oxalic acid. Both oxalic acid and larger multi-functional compounds will 

contribute to SOA upon droplet evaporation [Carlton et al., 2007]. 
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1.3.4. Other aerosol components that are of importance for aerosol chemical 

mass closure 

 

In addition to the chemical components mentioned above, crustal matter and sea salt 

are two other important aerosol components, especially in the coarse size range. The 

latter two components are produced by dispersion processes at the Earth’s surface. 

Since about two thirds of the surface of our planet is covered by oceans, in maritime 

air it is sea-salt particles that constitute the major fraction of the coarse particles. In 

principle, the composition of the airborne sea-salt particles should be a reflection of 

the composition of ocean water, which contains Na+, Cl-, SO4
2-, Mg2+, Ca2+, K+, and 

Br-. However, aerosol measurements carried out aboard research vessels and at 

various oceanic, island, and coastal sites show that the aerosol may substantially differ 

from that of “pure” sea salt. The so-called “chloride depletion” (by reaction of HNO3 

and other acidic species with NaCl) and the formation of secondary nss-sulphate from 

gas-to-particle conversion of DMS often change the aerosol composition even under 

very remote oceanic conditions. 

 

Whereas the composition of sea-salt particles reflects the composition of ocean water, 

the chemical nature of the crustal matter particles depends on the composition of the 

Earth’s crust and the variation therein throughout the continents. The dominant 

elements in the Earth’s crust are Si, Al, Fe, Ca, Mg, Na, and K. However, it needs to 

be noted that the composition of the Earth’s crust is much more variable than that of 

the ocean waters. The influence of crustal matter on several atmospheric processes 

like solar and terrestrial radiation transfer has been emphasised [Duce, 1995]. 

Furthermore, the deposition of crustal particles as a material input into aquatic and 

terrestrial ecosystems is also of importance. 

 

1.4. Effects of atmospheric aerosols 

 

1.4.1. Effects on human health 

 

Atmospheric particles inhaled through the respiratory tract may damage health. 

Relatively large particles are likely to be retained in the nasal cavity and in the 

pharynx, whereas very small particles can reach the lungs and be retained by them. 
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These small particles, mostly from combustion processes, may contain toxic metals 

and organic pollutants. Ultra-fine particles, or so called nano-particles, are especially 

targeted for their effects on human health [Hauck et al., 2004; Schulz et al., 2005]. 

According to Murr and Garza [2009], nanoparticulate materials in the indoor and 

outdoor environments appear to be cytotoxic, and this is especially the case for 

carbonaceous nano-PM such as multiwalled carbon nanotubes, black carbon, and soot 

nano-PM produced by natural gas combustion. 

 

Many pollutants in aerosols are of concern because of their toxic effects. Some metals 

found in particulate matter in polluted atmospheres are known to be hazardous to 

human health [Manahan, 1993]. Lead is the toxic metal of greatest concern in the 

urban atmosphere, but its concentrations have been substantially decreased since the 

phase-out of leaded-gasoline in many countries [Hilton, 2006]. Among the particulate 

organic pollutants, PAHs and dioxins, which originate mostly from combustion 

processes, are especially of high concern because of their toxicity and carcinogenicity 

[Pöschl, 2002; Hu et al., 2007; Viana et al., 2008b]. A recent study indicated that 

secondary organic aerosols, in concentrations comparable to environmental 

concentrations, may induce distinct effects in lung cells [Baltensperger et al., 2008]. 

 

Epidemiological studies, human exposure studies, and animal exposure studies have 

been made and a negative impact of ambient PM on human health was observed. 

Based on long-term studies, there is strong evidence that there are associations 

between long-term exposure to ambient particulates and elevated cases of 

cardiovascular problems, respiratory morbidity, and mortality, particularly for infants 

and elderly people. Consistent associations are also found between short-term 

exposure to particles and hospital admissions, or consultations of physicians [Ibald-

Mulli et al., 2002; Hauck et al., 2004; Schulz et al., 2005; Murr and Garza, 2009; Tie 

et al., 2009]. In a detailed survey on health effects due to diesel exhaust particles, a 

distinction was made between the emitted volatile and non-volatile mass fractions; the 

effect of the volatile mass fraction was described as a chemical effect, whereas the 

effect of the non-volatile fraction was described as a physical effect [Giechaskiel et al., 

2009]. 
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Decreased air quality always causes some public health problems [Tie et al., 2009]. 

Under special environmental or bad weather conditions, such as volcanic eruptions 

and dust storms, the PM concentrations could be elevated. Particles heavily enriched 

in sulphur from volcanic eruptions or in iron from dust storms seem to cause much 

discomfort to human beings and animals when they are being inhaled [Zhu et al., 

1997; Prospero, 1999]. 

 

1.4.2. Effects on visibility 

 

The very obvious effect of aerosols on air quality is reduction and distortion of 

visibility because human psychology and physiology are sensitive to visual input. 

Visibility refers to the clarity or transparency of the atmosphere and the associated 

ability to see distant objects. 

 

In the atmosphere, solar radiation is absorbed and scattered by both gas molecules and 

aerosol particles. At moderate or high aerosol loadings, however, radiation scattering 

by particles is the primary limitation to visibility. On the basis of field measurements, 

Charlson [1968] has already shown that the total extinction coefficient (that is the sum 

of absorption + scattering coefficients) of the atmosphere can be related to the total 

aerosol mass. Particles, which are in the accumulation mode particles and which are 

often products of human activities, are a principal factor in producing brownish 

smoggy air throughout the world. The interaction between solar radiation and aerosols 

(scattering or absorption) is a very sensitive function of the diameter of aerosols. 

Particles smaller than 0.1 µm scatter light much like gas molecules; this interaction is 

termed Rayleigh scattering. Particles with diameter between 0.1 µm to 1 µm cause 

interference phenomena because of the fact that their diameter is similar to the 

wavelength of visible light [Tang et al., 1981; Manahan, 1993; Cheng and Tsai, 2000]; 

these particles are efficient scatterers and they are responsible for the so-called Mie 

scattering. 

 

Visibility is an environmental quality that is valued for aesthetic reasons that are 

difficult to express or quantify. Visibility is being monitored throughout the world but 

there are some places, such as national parks or mountainous regions, where it is a 

protected resource. Existing health-based regulations are weak in terms of visibility 
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protection. Various techniques, including human observation, light transmission 

measurements, digital photography, and satellite imaging, are used to monitor 

visibility; visibility data can even be derived from modelling simulations. As with air 

pollution, visibility varies spatially and temporally. Emissions from the developing 

world and large-scale events such as dust storms and wildfires affect visibility over 

large areas of the globe [Hegg et al., 1997; Cheng and Tsai, 2000; Qiu and Yang, 

2000; Doyle and Dorling, 2002; Zhao et al., 2005; Che et al., 2007; Bäumer et al., 

2008; Hyslop, 2009]. 

 

1.4.3. Effects on climate 

 

Climate is most succinctly defined as the statistics of meteorological conditions 

(temperature, pressure, precipitation, winds, etc.) over long time periods. The climate 

system evolves in time under the influence of its own internal dynamics and due to 

changes in external factors that affect climate (so-called “forcings”). External forcings 

include natural phenomena such as volcanic eruptions and solar variations, as well as 

human-induced changes in atmospheric composition. Concerns are now arising that 

climate changes may be accelerating under the influence of human activities [IPCC, 

2001; 2007]. 

 

1.4.3.1. Solar radiation balance and global radiative forcing 

 

Global radiative forcing 

 

Forcing is the term used to describe changes imposed on the planetary energy balance. 

It is measured in Watts per square meter (W/m2). Radiative forcing is a change in net 

radiative flux at the tropopause after the stratosphere comes back into equilibrium 

(official IPCC definition). Climate forcing is a change imposed on the climate system 

that has the potential to alter global temperature [IPCC, 2007]. 

 

Greenhouse gas forcing has global significance; the aerosol forcing is regional and 

seasonal. Associated with the much shorter aerosol residence times in the atmosphere, 

aerosols may be a dominant forcing on a regional scale [Bengtsson et al., 1999]. 
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Natural as well as anthropogenic aerosols affect the global radiation balance directly 

and indirectly. The direct aerosol effect refers to backscattering and absorption of 

incoming solar (shortwave) radiation and outgoing (longwave, IR) radiation, and can 

influence the planetary albedo and surface radiative fluxes [Haywood and 

Ramaswamy, 1998; Jacobson, 2000]. The indirect aerosol effects are: possible 

changes of the number and size of cloud droplets [Kaufman et al., 2002] or effects on 

precipitation efficiency [Pöschl, 2002]. Reduction in cloud-cover caused by solar 

absorption in haze layers has been considered as a semi direct effect [Hansen et al., 

1997; Ackerman et al., 2000]. 

 

 

 

Figure 1.3. Assessment of radiative forcing by various factors (from IPCC, 2001). 

 

As to the direct radiative forcing by aerosols, some aerosols cause a positive forcing 

(warming) while others cause a negative forcing (or cooling). The direct radiative 

forcing summed over all aerosol types is negative. Accumulation mode particles are 

much more important than coarse particles with regard to radiative forcing. The 

climate forcing of the different aerosol components is the subject of intense study. 

There is increasing evidence that carbonaceous aerosols play an important role in the 
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aerosol radiative forcing; in addition, sulphate, mineral dust, and sea salt contribute to 

the aerosol forcing on climate [Haywood and Shine, 1995; Penner, 1995; Tegen et al., 

1996; Haywood et al., 1997a; 1997b; Haywood and Ramaswamy, 1998; Penner et al., 

1998; Grant et al., 1999; Haywood and Boucher, 2000; Yin et al., 2002; Feczkó et al., 

2005; Satheesh and Moorthy, 2005]. An assessment of the radiative forcing by 

various factors is shown in Figure 1.3 [from IPCC, 2001]. 

 

Aerosol Optical depth (AOD) 

 

The aerosol optical depth (AOD) is the most important parameter to characterise the 

vertical column integrated extinction of the incoming solar radiation at standard 

wavelength (550 nm) and is commonly used as an indicator of the aerosol load 

[Kaufman and Fraser, 1997]. The AOD typically varies between 0.01 in the IR and 

1.00 in the UV in the relatively clean atmosphere at rural locations, but is higher in 

polluted urban air [Yu et al., 2000]. 

 

According to model calculations of Jacobson and Streets [2009], the AOD has 

decreased over the years in the U.S., Europe, and the Sahel and increased in much of 

the rest of the world. The decreases in the U.S. and Europe are primarily attributed to 

decreases in sulphate, BC, POM, and liquid water. AOD increased in much of the rest 

of the world because BC, POM, secondary organic matter (SOM), sulphate, nitrate, 

and ammonium increased elsewhere in both scenarios studied [Jacobson and Streets, 

2009]. 

 

1.4.3.2. Indirect effects of aerosols on climate 

 

Cloud droplets are formed by the condensation of water on already existing aerosol 

particles which are so-called CCN. The presence of suitable particles in the air greatly 

reduces the supersaturation needed to form water droplets and hence clouds. The 

ability of a particle to act as a nucleus for water droplet formation (i.e., to become 

activated as a CCN) depends on size, chemical composition, and the local 

supersaturation. 
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Hygroscopic materials such as sulphates and sea salts are especially efficient as CCN; 

mineral dust and combustion products can also be effective, especially if they are wet 

or have hygroscopic coatings. Organic substances have also been recognised as active 

cloud condensation and ice formation nuclei [Kerminen et al., 2000c; Sun and Ariya, 

2006; Ramanathan and Feng, 2009]. Organic acids or salts have the same CCN 

potential as inorganic acids or salts [Yu, 2000]. 

 

Increased numbers of CCN lead to more cloud droplets and a concurrent decrease in 

droplet sizes (for a given cloud water content). Because of multiple light scattering 

within the cloud, the cloud albedo tends to increase with increased numbers of CCN, 

which will thus lead to cooling. In addition, clouds with more and smaller droplets are 

less prone to rain and drizzle formation and therefore persist longer, having more time 

to exert their cooling effect [Ramanathan and Feng, 2009]. 

 

1.4.3.3. Other climate effects caused by aerosols 

 

Besides the climate effects indicated above, other climate effects are caused by 

aerosols. Jacobson and Kaufman [2006] found that aerosol particles alone reduce 

near-surface wind speeds by stabilizing the air, reducing the vertical transport of 

horizontal momentum. A recent study also proved that man-made aerosols have 

dimmed the surface of the planet, while making it brighter at the top of the 

atmosphere [Ramanathan and Feng, 2009]. 

 

1.5. Motivations and outline of this thesis 

 

Considering the above description of the knowledge on 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 measure important (i.e., SO4
2-, NO3

-, 

and NH4
+) and other inorganic ionic constituents by ion chromatography (IC) in low- 

and high-volume atmospheric aerosol samples from various urban sites, three forested 

sites in Europe, and one pristine marine site in the southern Indian Ocean; (2) to 

determine LMW DCAs and MSA by IC in the high-volume samples from the three 

forested and the one pristine marine site and to assess their contribution to the OC and 
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WSOC; (3) to perform quality control of the IC data by comparing them with data 

obtained with total element analysis techniques (thereby also assessing to which 

extent the element is water-soluble) and by comparing the data from low- and high-

volume samples collected in parallel (and analysed by different IC approaches); (4) to 

examine the sampling artifacts for inorganic and organic species when using quartz 

fibre filters for aerosol collection; (5) to discuss the IC data and compare them with 

literature data for the same site types; and (6) to use the IC data in combination with 

data from other techniques to perform aerosol chemical mass closure, that is to 

determine to which extent the various measured aerosol components add up to the PM 

mass, as obtained from gravimetry. 

 

Chapter 2 gives an overview of the aerosol collection devices, which were used for 

obtaining the samples that were analysed for this thesis. It also describes the analytical 

techniques, which were used by other members of our UGent research group for 

measuring the PM mass and a number of other aerosol components than those 

obtained by IC. The PM mass and the other components are used in my aerosol mass 

closure work. Chapter 3 presents the ion chromatography technique and the IC 

instruments and approaches used for this thesis. The low-volume aerosol samples 

were only analysed for inorganic species, whereas the high-volume samples were 

analysed for both inorganic and organic ionic species. Different IC instruments and 

different IC approaches were used for the two types of samples. The subsequent 

chapters present and discuss the results that were obtained for the different sampling 

sites. Chapter 4 deals with the results from urban background sites in Ghent and Uccle 

(both in Belgium). The data for Ghent come from three sampling campaigns of about 

one month each (including both summer and winter campaigns), which took place at 

the Institute for Nuclear Sciences (INW) site of UGent. At Uccle samples were 

collected during more than 100 days of the year 2006 (covering the months from 

January through November). The seasonal variation in the aerosol composition is 

examined for these two urban background sites. In Chapter 5, results are given for 

aerosol samples, which were collected at a kerbside site in Budapest, the capital of 

Hungary. By comparing the data with those for the Belgian urban background sites, 

the impact from local traffic emissions and re-suspended road dust can be assessed. 

Chapter 6 deals with results from a one-year aerosol study in Beijing (China). The 

emphasis in this study is on assessing the impact of biomass burning. In a former 
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study on Beijing aerosols [Duan et al., 2004], biomass burning was traced by OC in 

combination with water-soluble K+. In our study, the applicability of this approach is 

further investigated; our IC analyses were therefore complemented with 

measurements for levoglucosan (a well-known indicator for biomass burning), which 

were performed at the University of Antwerp. Chapter 7 presents and discusses the 

results from four summer field campaigns (of about one month each) at three forested 

European sites. The first part of this chapter deals with the 2003 and 2006 campaigns 

at K-puszta (Hungary), the second part with the 2007 campaign in Brasschaat 

(Belgium), and the last part with the 2007 campaign at Hyytiälä (Finland). The 

similarities and differences in aerosol composition of the three sites and the effects 

from anthropogenic impact are investigated. The three sites experience a substantial 

difference in anthropogenic impact, with Brasschaat most impacted and Hyytiälä least 

impacted. The data from the high-volume samples of the four campaigns are used to 

examine the quartz fibre filter sampling artifacts for inorganic and organic species and 

a comparison is made with other studies of the same type. Chapter 8 presents the 

results from an austral summer aerosol study at the pristine marine site of Amsterdam 

Island in the southern Indian Ocean. Since this small island has no permanent 

inhabitants and is very far away from the continents, there is virtually no impact from 

anthropogenic emissions. Therefore, the aerosol characteristics are representive of 

summer data for clean marine sites. Our data are therefore compared with literature 

data from such sites. Finally, Chapter 9 gives the general conclusions of this thesis 

and presents recommendations for future work. 
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2.1. Aerosol collection devices 

 

Sampling of atmospheric aerosols is substantially different from that of atmospheric 

trace gases. Particles are inherently larger than gases; whereas the aim in gas sampling 

is to collect the gas species in its entirety, collecting the entire population of airborne 

particles is difficult because of the inertia of the particles. Consequently, in aerosol 

sampling one normally collects the particle population up to a certain specified upper 

50% cut-off diameter (e.g., PM10, PM2.5) or one separates the aerosol in a number of 

different size classes. The purpose of ambient aerosol sampling is to obtain samples 

for subsequent (off-line) determination of the PM mass and/or for chemical or 

physical analysis. Information on the PM mass concentration and the PM composition 

(as a function of size) is invaluable for a variety of reasons: evaluation of the effects 

of aerosols on human health, identification of particulate sources, understanding 

atmospheric haze, and estimating particle and species deposition [Boubel et al., 1994]. 

 

The principal methods for extracting particles from an air stream are filtration and 

impaction. Multi-stage impaction on impaction foils is used in cascade impactors for 

studying the mass size distribution of the PM and aerosol species and elements in 

detail; however, no analyses on cascade impactor samples were performed in this 

thesis, and cascade impactors will therefore not be further discussed. A special form 

of impaction is impaction without an impaction plate, but by forcing most of the air 

stream to make a bend; this form is the so-called virtual impactor; it is normally used 

for separating the aerosol into two separate particle fractions (coarse and fine) and this 

form of impaction was the only one used in this thesis. 

 

Filtration is the most commonly applied aerosol sampling approach. In filtration 

devices the air stream is generally first forced to pass through an inlet with specified 

upper 50% cut-off diameter (e.g., PM10, PM2.5) and is then passed through one or 

two filters (occasionally even more than two). The purpose of the second filter can be 

to assess sampling artifacts (e.g., when using quartz fibre filters) or to collect the fine 

size fraction (as is the case in the Gent stacked filter unit sampler or in a dichotomous 

sampler with virtual impactor). 
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In selecting the filter type, several points have to be taken into account, such as: 

collection efficiency, flow rate, filter clogging limit, filter strength, homogeneity, 

strength, ability to be weighed and easily handled, and the chemical analyses that are 

to be done. In this thesis, three types of filters were employed, i.e., Nuclepore 

polycarbonate filters, Teflon filters, and quartz fibre filters. 

 

Beside the filter type also the amount of aerosol mass that is collected on the filter is 

often important when collecting samples for subsequent chemical analyses. By 

collecting more mass, analyses for trace and ultra-trace species in the aerosol become 

possible. One typically divides filter samplers in three categories, i.e., high-volume 

samplers, medium-volume samplers, and low-volume samplers. In high-volume 

samplers one generally uses rectangular filters of 20 cm x 25 cm or circular filters of 

15 cm diameter and the air flow through them is 1 m3/min or 500 L/min. In low-

volume samplers, one normally uses 47-mm diameter filters with a flow rate of 1 or 2 

m3 per h. 

 

For the samplings in this thesis three types of filter samplers were used. They are 

discussed in some detail below. 

 

2.1.1. Gent stacked filter unit sampler 

 

The stacked filter unit (SFU) can be used to separate fine (e.g., <2 μm) and coarse 

particles in a simple way; the coarse filter in this sampler type is always a Nuclepore 

polycarbonate filter with large pore size, whereas the fine filter can be a Nuclepore 

filter of smaller pore size or some other type of filter. We made use of the Gent PM10 

SFU sampler. This device was described in detail by Maenhaut et al. [1994]. The 

principal part of this device consists of a polyethylene container with a pre-impaction 

stage, which acts as a PM10 inlet, and at some distance downstream of the pre-

impaction stage is a stacked filter cassette. The latter is a 47-mm diameter filter holder 

for two sequential filters; the filter area exposed to the air flow is 12.88 cm2. 

 

The Gent PM10 SFU sampler is a low-volume sampler. It is designed to operate at an 

air flow rate of about 16-17 L/min; at this flow the pre-impaction stage inside of the 

container has a 50% collection efficiency (cut-point) of 10 μm AD (and acts thus as a 

40 



Chapter 2: Aerosol collection devices and selected analyses 

PM10 inlet) and the coarse Nuclepore polycarbonate filter (which needs to have a 

pore size of 8 μm) has a 50% cut-off point (d50-value) of about 2 μm AD. This means 

that the fine filter collects the <2 μm AD size fraction, whereas the coarse filter 

collects the particles in the 2-10 μm AD size range. 

 

The inlet behaviour and the mass collection efficiency of the Gent PM10 SFU sampler 

were investigated by Hopke et al. [1997]; it was found that the side-by-side 

reproducibility of the sampler was very good and that, generally, the sampler 

performed well. However, when the sum of the masses collected on the two filters 

exceeds 1000 μg, filter clogging commonly occurs, with an unwanted decrease in the 

air flow rate through the SFU sampler. 

 

In this work, NN and NT collections were performed with the Gent PM10 SFU 

sampler. NN means the filter holder was loaded with coarse (Apiezon-coated to 

reduce particle bounce-off) and fine Nuclepore polycarbonate filters (of 8 μm and 0.4 

μm pore size, respectively) in series, whereas in NT the fine filter was a Gelman Teflo 

membrane filter (pore size 2 μm). The Nuclepore and Teflo filter samples were 

analysed by IC and the Nuclepore filter samples were also analysed by particle-

induced X-ray emission spectrometry (PIXE) or by a combination of instrumental 

neutron activation analysis (INAA) and PIXE. 

 

The Gent PM10 SFU sampler was employed in several field campaigns of this thesis 

to collect separate coarse (2-10 μm) and fine (<2 μm) size particles, including, in the 

Budapest 2002 spring, in the K-puszta (Hungary) 2003 summer, and in the Ghent 

2004 winter and summer, and 2005 winter campaigns, from which the results will be 

discussed in the subsequent chapters. 

 

2.1.2. PM2.5 and PM10 samplers 

 

Besides the Gent PM10 SFU sampler, other low-volume samplers (with either PM2.5 

or PM10 inlet) were deployed in several campaigns. The latter samplers were either 

used with front and back Whatman QM-A quartz fibre filters (which were pre-fired) 

or with single Nuclepore polycarbonate filters. The quartz fibre filters were deployed 

for collecting carbonaceous aerosols and the aim of the front and back filters was to 
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assess sampling artifacts. The Nuclepore polycarbonate filters were used to collect 

samples for analysis by IC and PIXE. All filters had a diameter of 47 mm and 

samplers required an air flow rate of 16.7 L/min. As PM2.5 inlet a Rupprecht & 

Patashnick (R&P) was used whereas the PM10 inlet was a Gent PM10 inlet (the same 

as used in the Gent PM10 SFU sampler). 

 

PM2.5 and PM10 filter samplers were employed in several field campaigns of this 

thesis, including in Budapest 2002, at K-puszta (Hungary) in 2003 and 2006 summer, 

in Ghent 2004 winter and summer, in Ghent 2005 winter, in Uccle 2006, and at the 

SMEAR II site in Finland summer 2007 from which the results will be discussed in 

the subsequent chapters. 

 

2.1.3. High-volume dichotomous sampler 

 

The high-volume dichotomous sampler (HVDS) is a filter sampling device whereby 

the separation between fine (<2.5 μm) and coarse (> 2.5 μm) particles is made by 

means of virtual impaction, as shown schematically in Figure 2.1. About 90% of the 

total air flow is bent and the small particles are able to follow the aerodynamic drag, 

whereas the coarse particles (because of their inertia) follow the 10% of the air flow 

that goes straight. Both size fractions in the HVDS are collected on filters. It is 

important to keep the ratio of both air flows (9:1) constant during sampling. It should 

be noted that it is inherent in the HVDS that 10% of the fine particles follow the 

minor flow; consequently the data for the coarse size fraction have to be corrected for 

this, as indicated by Dzubay [1977]. An advantage of the HVDS over cascade 

impactors with impaction plates is that bounce-off and re-entrainment do not occur. In 

this work use was made of the HVDS device that was developed by Solomon et al. 

[1983]. In contrast to the device shown in Figure 2.1, this device does not have a 

PM10 inlet (it is thus a TSP sampler). The flow rate for the fine size fraction of our 

HVDS was about 300 L/min and that for the coarse size fraction about 34 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. 
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Figure 2.1. Scheme of a HVDS with a PM10 inlet. 

 

Our HVDS was deployed in several field campaigns to collect filter samples that were 

analysed by IC in this work and also for OC, EC, and WSOC. These campaigns were 

conducted at Amsterdam Island (in the southern Indian Ocean) during the austral 

summer 2007, at K-puszta (Hungary) during summer 2006, at Brasschaat (Belgium) 

during summer 2007, and at the SMEAR II site (Finland) during summer 2007. 

 

Figure 2.2 shows a sampling set-up with a HVDS sampler and with some other 

samplers, including Gent PM10 SFU, PM10, and PM2.5 samplers, as used during a 

sampling campaign in Ghent. 
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Figure 2.2. Sampler set-up, as used in a campaign in Ghent. 

 

2.2. Analyses performed by other UGent researchers but used in this 

thesis 

 

All the IC data presented in this thesis were obtained by myself unless otherwise 

indicated. Details on the analysis by IC are given in Chapter 3. Besides the IC data, 

also data of the gravimetric PM mass, OC, EC, WSOC, and selected elements were 

used. The latter data were obtained by other members of our UGent research group, 

but they are used in this thesis for aerosol chemical mass closure work and source 

identification. 
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2.2.1. PM mass measurement 

 

The most obvious way to determine the PM mass is by weighing the filters (or 

cascade impactor substrates) before and after sampling with a microbalance. All 

Nuclepore, Teflo, and Whatman QM-A filter samples, obtained the Gent PM10, SFU, 

PM2.5, and PM10 samplers were subjected to such gravimetric PM mass 

determination. The Gelman Pall quartz fibre filters appeared to be too brittle, loss of 

some fibres was very hard to avoid with this filter type, and therefore these filters 

were not weighed. All weighings were done with a Mettler-Toledo microbalance 

model MT5 with a sensitivity of 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. Besides, each filter was weighed twice (typically on two subsequent days) both 

before and after sampling. The uncertainty (1 standard deviation) of the PM mass 

determination is estimated to be 5 µg for the 47-mm diameter Nuclepore 

polycarbonate and Gelman 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. Measurement for organic and elemental carbon 

 

OC and EC and total carbon (TC = OC + EC) were measured by a thermal-optical 

transmission (TOT) technique, thereby making use of two instruments from Sunset 

Laboratory (OR, U.S.A.). These analyses were done for both the Whatman QM-A and 

Gelman Pall quartz fibre filter samples. The temperature protocol used was the UGent 

standard protocol (ST). In this protocol the temperature is raised up to 900 °C in both 

the first phase (in pure He) and in the second phase (in a He/O2 mixture) of the 

analysis. The ST protocol resembles the NIOSH (US National Institute for 

Occupational Safety and Health) protocol; in the latter protocol, the temperature is 

only raised up to 870 °C in the first phase of the analysis. For more details on the 

OC/EC analyses, the principle of TOT, the temperature protocols, and the 

uncertainties that are associated with the OC and EC data, reference is made to Chi 

[2009]. 
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2.2.3. Measurement for water-soluble organic carbon 

 

Determination of WSOC was done by means of a Shimadzu TOC-V CPH high-

sensitivity total organic carbon (TOC) analyzer. These analyses were only perfomed 

for the Gelman Pall quartz fibre filter samples from the HVDS. Sections of the filters 

are extracted with Millipore Simplicity water, as described by Chi [2009]. Water-

soluble total carbon and inorganic carbon are measured separately. The determination 

principle of total carbon resembles that of OC in the OC/EC thermal-optical analyzer. 

A 150 L aliquot of the sample extract is injected in the instrument; the aliquot is 

heated and the total carbon in it is quantitatively converted to CO2 by an oxidation 

catalyst. In a separate injection, inorganic carbon, consisting of carbonates and CO2 

dissolved in water, is converted to CO2 by acidifying the sample with a small amount 

of hydrochloric acid (HCl) to obtain a pH<3 in the solution. 

 

The CO2 gas from the total carbon and the inorganic carbon is measured with a non-

dispersive infrared (NDIR) gas analyzer. Then, TOC (or WSOC) is obtained from the 

difference: TOC = (total carbon) – (inorganic carbon). For more details on the WSOC 

measurements and the uncertainties that are associated with the WSOC data, reference 

is made to Viana et al. [2006b] and Chi [2009]. 

 

2.2.4. Measurement for major, minor, and trace elements 

 

Analyses for major, minor, and trace elements at our UGent laboratory were 

performed by a combination of INAA and PIXE until the end of 2003 and from 2004 

on until the end of 2006 by PIXE only. Of the filter samples mentioned above, only 

the Nuclepore polycarbonate filters were analysed by PIXE and INAA. 

 

PIXE is a powerful non-destructive elemental analysis technique, which is like 

energy-dispersive X-ray fluorescence (XRF) routinely used for measuring major, 

minor, and trace elements (from Na to U) in aerosol samples. All PIXE analyses at 

UGent were done in vacuum, the samples were bombarded with an 8-cm diameter 

proton beam of 2.4 MeV with an intensity at the specimen of up to 150 nA; a Si(Li) 

with a so-called “funny” filter was used for X-ray detection, and the samples were 
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bombarded for a preset charge up to 100 μC. For details on the calibration of the 

PIXE set-up, the PIXE spectrum analysis, the correction for matrix effects, and the 

uncertainties and detection limits, reference is made to Maenhaut et al. [1981; 1983], 

Maenhaut and Raemdonck [1984], Maenhaut and Vandenhaute [1986], and Maenhaut 

and Cafmeyer [1998]. 

 

The INAA procedures of our UGent group involved two irradiations (a short one and 

a long one) of each sample in the UGent Thetis reactor, and two or three γ-

spectrometric measurements after each irradiation with a Ge detector. Over 40 

elements (from Na to Th) were looked for in the INAA. An advantage of INAA over 

PIXE is that it is virtually free from matrix effects. When combining the INAA and 

PIXE data together, for the light elements Na and Al, the INAA data were therefore 

exclusively used. On the other hand, some interesting elements, such as Si, S, and Pb 

cannot really be measured by INAA, whereas they are easily measured by PIXE. 

More details on the INAA procedures of our UGent group and on the combination of 

INAA and PIXE data are given in Cornille [1991], Ducastel [1994], and Salma et al. 

[1997]. 
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3.1. Brief history of ion chromatography 

 

Chromatography was invented in the beginning of the 20th century by the Russian 

botanist Mikhail Semyonovich Tswett. As one branch of liquid chromatography, IC 

refers to the separation of ions (or polar molecules) in solution with ion-exchange 

resins, followed by their determination. The separation of the ions is based on their 

charge. IC was first developed in the mid-1970, when it was shown that anion or 

cation mixtures can be readily resolved on high-performance liquid chromatography 

(HPLC) columns packed with ion exchange resins. With the introduction of the eluent 

suppressor technique by the Dow Chemical Company, it became possible to perform a 

sensitive measurement of the eluting ions by conductometric detection. From then on 

IC started to be intensively used for the measurement of various ions, including 

inorganic cations and anions and several organic acid ions. 

 

3.2. IC analysis 

 

3.2.1. Components of an IC system 

 

All IC systems consist of the same basic components: eluent, pump, injection valve, 

columns, suppressor, detector, and data collection system, see Figure 3.1. 

 

The eluent helps to stabilise the sample ions in the solution, provides the kinetic flow 

of the sample ions through the system, and provides counter-ions to compete with the 

analytes for active sites on the stationary phase (the analytical column). The eluent 

can be an external solution, which consists of a buffer, acid, or base. In recent years, 

the eluent generator (EG) has been introduced, whereby the eluent is produced in situ. 

The principle of the Dionex EG40 KOH eluent generator is shown in Figure 3.2. The 

eluent can be of constant composition (in so-called isocratic separation) or of variable 

composition, as is the case in gradient elution. 
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Figure 3.1. Typical IC analysis system with conductometric detection. 

 

 

 

 

Figure 3.2. Principle of the Dionex EG40 anion eluent generator. 

 

Various types of pumps are used in IC. They include single and dual piston pumps 

and isocratic and gradient pumps, e.g., quaternary gradient pumps. The purpose of the 

pump is to maintain the eluent flow through the IC system and, in the case of gradient 
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elution, to deliver the desired gradient. Inconsistencies in the flow rate and pressure 

may result in a noisy baseline, retention time changes, and/or irregular peak shapes. 

 

The eluent flows through an injection device, which usually consists of a two-position 

valve. The injection valve allows introduction of the sample solution into the system 

and serves as a means of directing the eluent flow. 

 

The flow path continues from the injection valve to the columns (a guard column 

followed by an analytical column). The column packing generally consists of an inert 

core, which is made up of polystyrene molecules that have been cross-linked with 

divinylbenzene to form beads of uniform size. The beads are modified with an ionic 

moiety that provides an appropriate functionality for the separation. 

 

Analytical columns for IC are available from several companies, whereby Dionex 

Corporation is a major provider. This company has designed columns for the analysis 

of inorganic ions within a short time, normally less than 20 min, e.g., by using a 

gradient delivered with an eluent generator. Taking the Dionex IonPac AS17-C 

column, for example, its key application is the determination of common inorganic 

anions in high purity water matrices and thereby eliminating or minimising the 

sulphate blanks during trace level analysis. 

 

With the introduction of conductivity suppression technology in the 1970s, 

conductivity detection became quite popular in IC analysis. Suppression increases the 

efficiency of the analysis not only through reduction of the background signal, but 

also by converting the analyte ions into their acid/base forms, thereby enhancing their 

conductivity by as much as 3- to 5-fold. Figure 3.3 elucidates the mechanisms of both 

anion and cation self-regenerating suppressors (SRS). An SRS can be used in three 

modes: chemical suppression, recycle mode, and external water mode. 

 

With regard to detection in IC analysis, the three most common modes are 

conductivity, amperometric, and absorbance detection. 
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Figure 3.3. Functional schemes of anion and cation autosuppressors. 

 

The data analysis system of an IC set-up consists nowadays mostly of a personal 

computer (PC), which runs under the Microsoft Windows operation system. The IC 

manufacturers provide software for the data acquisition, processing, and reporting. 

The software enables real-time bidirectional control of the pumps, detectors, and 

eluent systems. 

 

3.2.2. IC instruments used in our UGent laboratory 

 

Three different Dionex IC models are in use in our UGent laboratory, i.e., a 4500i, a 

DX-600, and an ICS-2000, whereby the latter two models are used in combination, so 

that simultaneous analysis for anions and cations is possible. 

 

Dionex 4500i 

 

The Dionex 4500i instrument, with PC-based AutoIon (AI-450) data acquisition and 

analysis system, was acquired in the early 1990s. With this instrument anions and 

cations are determined separately by switching from one mode to another (from 

anions to cations or vice versa) and then typically staying within one mode for a 

couple of weeks. In switching from one mode to the other, the guard and analytical 
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columns and the suppressor have to be exchanged, but the pump and detector remain 

the same. 

 

With the Dionex 4500i operated in the anion mode, analyses were made for the 

organic ion methanesulphonate (MSA-) and the inorganic anions Cl-, Br-, NO2
-, NO3

-, 

and SO4
2-. When used in the cation mode, analyses were done for Na+, NH4

+, K+, 

Mg2+, and Ca2+. For anion analysis, use was made of Dionex IonPac AG12A guard 

and AS12A analytical columns (both of 4 mm diameter), and a ASRS-ULTRA (4-mm) 

autosuppressor. The separation was performed isocratically with an eluent of 

NaHCO3 (0.3 mM) + Na2CO3 (2.7 mM). As for the cation analysis, Dionex Ionpac 

CG12 guard and CS12 analytical columns (4-mm) and a CSRS-ULTRA (4-mm) 

autosuppressor were used. The eluent was in this case 20 mM methanesulphonic acid 

(isocratic). The autosuppression recycle mode, as the most simple mode, was 

employed for both the anions and cation analyses. The volume of the injection loop 

was 100 L and the eluent flow rate was 1.0 mL/min. 

 

Dionex DX-600 and ICS-2000 

 

The Dionex DX-600 instrument was acquired in 2001, with the aim to measure 

organic acids, especially dicarboxylic acids, but also monocarboxylic and 

hydroxycarboxylic acids, in addition to the inorganic anions mentioned above. The 

aim was to perform these measurements by making use of a hydroxide eluent gradient. 

The instrument has after the quaternary gradient pump an EG40 KOH eluent 

generator, which is capable of providing high-purity base eluent on-line at the point of 

use, utilising only deionised water as a carrier. A picture of the DX-600 instrument is 

shown in Figure 3.4. 

 

CO2 from the air readily dissolves in dilute basic solutions, forming carbonate. 

Carbonate contamination of eluents can affect the retention times of the anions being 

analysed. In order to avoid carbonate contamination, the eluent has to be maintained 

under an inert helium atmosphere. Furthermore, a new device, called a CR-ATC 

(continuously regenerated anion trap column), was placed after the EG40; this can 

help remove dissolved CO2 and other anionic components from the deionised water 
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and EG40. Another new application was the use of a CRD (carbonate removal device) 

with which dissolved carbonate can be removed before moving to the columns and 

subsequently being detected. As conductivity detector, an ED40 electrochemical 

detector is used in the DX-600 instrument. 

 

 

 

 

Figure 3.4. Picture of the Dionex DX-600 instrument. 

 

Many inorganic and organic anionic species, including lactate, acetate, propionate, 

formate, MSA-, valerate, keto-butyrate, chloride, nitrite, bromide, nitrate, benzoate, 

glutarate, succinate, malonate, maleate, sulphate, oxalate, phthalate, and phosphate, 

were looked for in the analyses with the DX-instrument. The columns used were 

Dionex AG17 guard and AS17 analytical columns (both of 2 mm diameter) (from 

December 2008 onwards: AG17-C and AS17-C columns, also of 2 mm), and the 
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autosuppressor was an ASRS-ULTRA II (2-mm) operating in the external water mode. 

The eluent consisted of a KOH gradient with concentration going from 0.4 mM to 30 

mM. 

 

Using an hydroxide gradient, the inorganic anions can be easily separated with a 

program recommended by Dionex Corporation. However, since we were also highly 

interested in the anions of the organic acids and especially the dicarboxylic acids, we 

modified the recommended Dionex program and over the years, somewhat different 

versions were used. The most recent version (used since January 2009) is given in 

Table 3.1. The eluent flow rate used with this program is 0.45 mL/min (it is 0.5 mL in 

the recommended Dionex program) and the suppressor current is kept at 100 mA. The 

duration for one run with the program of Table 3.1 is 30 min (+ 4 min for 

initialisation/equilibration). 

 

Table 3.1. Gradient eluent program used with the Dionex DX-600 instrument since 

January 2009. 

 

Time (min) KOH concentration [mM] 

-4.0 1.0 

-3.0 0.6 

0.0 0.6 

5.0 1.0 

11.0 9.0 

17.0 11.0 

30.0 30.0 
 

In 2005 a Dionex ICS-2000 was acquired with the idea to make simultaneous analyses 

for cations and anions possible, whereby the analyses for cations (i.e., Na+, NH4
+, K+, 

Mg2+, and Ca2+) are done with this instrument and those for anions with the DX-600. 

A picture of the ICS-2000 is shown in Figure 3.5. This instrument is from a new 

generation of integrated IC systems; it incorporates a dual piston pump, a conductivity 

detector with heated cell, and a compartment for the columns and the suppressor. An 

EG50 MSA eluent generator was used to generate the isocratic eluent (21.5 mM 

methanesulphonic acid). The columns used were Dionex IonPac CG12A guard and 

CS12A analytical columns (both of 2 mm diameter), and the autosupressor was a 
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CSRS-ULTRA II (2-mm), used in the recycle mode. The eluent flow rate was 0.25 

mL/min. 

 

 

 

 

Figure 3.5. Picture of the Dionex ICS-2000 instrument. 

 

The injection-valve of the ICS-2000 is connected with that of the DX-600, and the 

analyses for both cations and anions can be detected by only a single injection. The 

volume of the injection loop was 100 L in the DX-600 system and 25 L in the ICS-

2000 system. 

 

The data acquisition and analysis software used with the combined DX-600 and ICS-

2000 instruments is Chromeleon. 
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Some examples of chromatograms for standard solutions and for extracts of actual 

aerosol filter samples, as obtained with the DX-600 and ICS-2000 IC instruments are 

shown in Figures 3.6 to 3.12. 
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Figure 3.6. Chromatogram of an anion standard solution, as obtained with the 

Dionex DX-600 instrument. The concentrations of the various species in 

the solution are 100 ppb (μg/L), with the exception of those for Cl-, 

NO3
-, and SO4

2-, which are 5 times higher. The numbers above the 

peaks stand for the following species: 1: lactate; 2: acetate; 3: propionate; 

4: formate; 5: MSA-; 6: valerate; 7: keto-butyrate; 8: Cl-; 9: NO2
-; 10: 

Br-; 11: NO3
-; 12: benzoate; 13: CO3

2-; 14: glutarate; 15: succinate; 16: 

malonate; 17: maleate; 18: SO4
2-; 19: oxalate; 20: PO4

3-; 21: phthalate. 
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Figure 3.7. Enlarged part of the anion standard solution chromatogram shown in 

Figure 3.6. The numbers above the peaks stand for the following species: 

1: lactate; 2: acetate; 3: propionate; 4: formate; 5: MSA-; 6: valerate; 7: 

keto-butyrate; 8: Cl-; 9: NO2
-; 10: Br-; 11: NO3

-; 12: benzoate; 13: CO3
2-; 

14: glutarate; 15: succinate; 16: malonate; 17: maleate; 18: SO4
2-; 19: 

oxalate; 20: PO4
3-; 21: phthalate. 
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Figure 3.8. Chromatogram of a cation standard solution, as obtained with the 

Dionex ICS-2000 instrument. The concentration of Na+ and Mg2+ in the 

solution is 1 ppm (1000 μg/L), that of NH4
+, K+, and Ca2+ 2 ppm. 
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Figure 3.9. Chromatogram of an aerosol filter sample extract (anions), as obtained 

with the Dionex DX-600 instrument. The numbers above the peaks 

stand for the following species: 1: lactate; 2: acetate; 3: formate; 4: 

MSA-; 5: valerate; 6: keto-butyrate; 7: Cl-; 8: NO2
-; 9: Br-; 10: NO3

-; 11: 

CO3
2-; 12: glutarate; 13: succinate; 14: malonate; 15: SO4

2-; 16: oxalate; 

17: PO4
3-; 18: phthalate. 
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Figure 3.10. Enlarged part of the chromatogram for the aerosol filter sample extract 

(anions) shown in Figure 3.9. The numbers above the peaks stand for the 

following species: 1: lactate; 2: acetate; 3: formate; 4: MSA-; 5: valerate; 

6: keto-butyrate; 7: Cl-; 8: NO2
-; 9: Br-; 10: NO3

-; 11: CO3
2-; 12: 

glutarate; 13: succinate; 14: malonate; 15: SO4
2-; 16: oxalate; 17: PO4

3-; 

18: phthalate. 
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Figure 3.11. Chromatogram of an aerosol filter sample extract (cations), as obtained 

with the Dionex ICS-2000 instrument. 
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Figure 3.12. Enlarged part of the chromatogram for the aerosol filter sample extract 

(cations) shown in Figure 3.11. 

 

3.3. Aerosol filter sample preparation for IC analysis 

 

3.3.1. Introduction 

 

All filter sample types mentioned in Chapter 2, with the exception of the Whatman 

QM-A quartz fibre filters, were analysed by IC. After collection, the HVDS aerosol 

samples were individually packed in pre-fired aluminium envelopes, which were 

inserted in plastic bags with Ziplock seal and they were stored in the freezer (at -25 ºC) 

until analysis. As to the 47-mm diameter Nuclepore polycarbonate and Teflo samples, 

the filters were weighed to measure the PM mass, and cut in halves or quarters for 

PIXE/INAA, IC, and possibly other analyses. The halves or quarters for IC were 

individually packed in 15-mL polystyrene tubes and then stored in the freezer (at -25 

ºC) until analysis. 
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3.3.2. Sample preparation and injection for the Dionex 4500i instrument 

 

The Dionex 4500i instrument was used for the analysis of the Nuclepore 

polycarbonate and Teflo filter halves or quarters (both actual samples and field 

blanks). The tubes with the halves or quarters were taken out of the freezer, 5 or 10 

mL Millipore Simplicity water (TOC <5 ppb; specific resistance 18.2 M cm) was 

added to each tube and the tubes were then placed in an ultrasonic water bath for 30 

min typically. 

 

After the ultrasonic extraction, the filters were ready for IC analyses. Tubes for which 

the analyses could be done on the same day as the extraction were kept in the 

refrigerator (at about 4 ºC) until analysis. Normally, the IC analyses for anions were 

done first and those for cations were done after all the analyses for cations on a 

specific sample set had been completed, which was typically a few weeks after the 

start of the analyses for anions. 

 

All IC analyses were made with manual injection. About 0.6 mL was pipetted from 

the aqueous extract with a 1 mL syringe and injected into the injection valve of the IC 

instrument through a 13-mm diameter syringe filter (polyvinylidene fluoride (PVDF), 

0.22 μm pore size, Millipore Corporation). The aim of the syringe filter was to 

remove fine particles from the aqueous extract, so that they could not damage the 

columns. 

 

3.3.3. Sample preparation and injection for the Dionex DX-600 and ICS-

2000 instruments 

 

Analyses with the DX-600 and ICS-2000 instruments were only done for the HVDS 

samples. The front and back quartz fibre filters of the fine size fraction were analysed, 

and for one sample set (i.e., for the samples from Amsterdam Island) also the front 

and back filters of the coarse size fraction. Depending upon the sample type, between 

1.5 and 6 cm2 were taken from the filter by means of a 1.5 cm2 punch. The punches 

were inserted in polystyrene tubes of 15 mL and 5 mL Millipore Simplicity water was 

added. Each tube was vigorously hand-shaken for 5 min and then allowed to stand for 
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about 30 min. The aqueous extract was then taken with a 10-mL pipette and filtered 

through a 25-mm diameter pre-cleaned syringe-filter (HPLC Syringe Filter, PVDF, 

0.2 μm pore size, Alltech Associates Inc.) and the filtrate was taken up in a clean 15-

mL polystyrene tube. The aim of this filtration was to get rid of the quartz fibre filter 

fibres, which had become loose during the vigorous hand-shaking, and of the 

insoluble aerosol particles. 

 

As with the 4500i instrument, all analyses with the DX-600 and ICS-2000 instruments 

were done with manual injection. About 0.6 mL was pipetted from the filtered 

aqueous extract with a 1 mL syringe and injected into the injection valve of the ICS-

2000 through a 13-mm diameter syringe filter (PVDF, 0.22 μm pore size, Millipore 

Corporation). All analyses of the filtered extracts were done in duplicate whereby the 

second injection and analysis was, on average, done at around 3 h after the first 

injection and analysis. In between the two injections, the tube with the filtered extract 

was kept in the refrigerator. 

 

3.4. Quantification, uncertainty calculation, and detection limits 

 

3.4.1. Introduction 

 

Table 3.2. Standard solutions and their concentrations (in ppm, mg/L), and 

concentrations (in ppm) in the so-called control standards for the IC 

analyses with the Dionex 4500i instrument. 

Species Concentrations in the standard solutions Conc. in control standard 

Na+ 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 1 

NH4
+ 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40 2 

K+ 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40 2 

Mg2+ 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 1 

Ca2+ 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40 2 

MSA- 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 0.6 

Cl- 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100 2.5 

NO2
- 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100 2.5 

Br- 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100 2.5 

NO3
- 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100 2.5 

SO4
2- 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 5 
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Table 3.3. Standard solutions and their concentrations (in ppb; μg/L), and 

concentrations (in ppb) in the so-called control standards for the IC 

analyses with the combination of the Dionex DX-600 and ICS-2000 

instruments. 

 

Species Concentrations in the standard solutions Conc. in control standard 

Na+ 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000 1000 

NH4
+ 20, 40, 100, 200, 400, 1000, 2000, 4000, 10000, 20000 2000 

K+ 20, 40, 100, 200, 400, 1000, 2000, 4000, 10000, 20000 2000 

Mg2+ 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000 1000 

Ca2+ 20, 40, 100, 200, 400, 1000, 2000, 4000, 10000, 20000 2000 

Lactate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Acetate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Propionate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Formate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

MSA- 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Valerate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Keto-butyrate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Br- 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Cl- 25, 50, 100, 200, 500, 1000, 2500, 5000 500 

NO2
- 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

NO3
- 25, 50, 100, 200, 500, 1000, 2500, 5000 500 

Benzoate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Glutarate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Succinate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Malonate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Maleate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

SO4
2- 25, 50, 100, 200, 500, 1000, 2500, 5000 500 

Oxalate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

PO4
3- 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

Phthalate 2.5, 5, 10, 25, 50, 100, 200, 500, 1000 100 

 

For calculating the concentrations in the extracts, use was made of the net peak areas 

that are provided by the AI-450 and Chromeleon software packages. Calibration 

curves, with normalised net peak area (see below) as a function of analyte 

concentration were constructed every few weeks by injecting from a series of standard 

solutions. The standard solutions and their concentrations are listed in Tables 3.2 and 

3.3. These tables contain also the concentrations in the so-called control standards. On 

each analysis day, whenever it was used for calibrations or actual sample analyses, 

also injections of the appropriate control standard were made (typically 4 injections 

per day for the 4500i instrument and 2 injections per day, one at the start and one at 

the end of the analysis day, for the DX-600 and ICS-2000 instruments). The net peak 
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areas of the control standard injections were averaged per analysis day and the net 

peak areas of the calibration standards or of the actual samples analysed on the day 

were divided by (thus normalised to) the average net peak areas of the control 

standards of that day. 

 

The concentrations in the extracts of the actual samples (also for the extracts of the 

field blanks) were obtained by relating the normalised net peak area data for the 

extracts to linear or quadratic calibration lines that were obtained from the calibration 

curve data. Normally, several calibration lines (occasionally up to 4) were calculated 

for an individual species, whereby the different lines applied to different 

concentration ranges (e.g., low, medium, high). Besides, the calibration lines differed 

for, on the one hand, the analyses with the 4500i instrument and, on the other hand, 

those with the DX-600 and ICS-2000 instruments. For the 4500i instrument, use was 

made of linear calibration lines (only) that were obtained by weighted linear 

regression, whereas with the other two instruments, use was made of linear or 

quadratic calibration lines that were obtained with unweighted regression. The 

procedures used for obtaining the calibration lines and deriving the concentrations in 

the extracts are explained in the subsequent sections. 

 

3.4.2. Weighted linear regression, concentration calculation, and 

uncertainty estimation for the IC analyses with the Dionex 4500i 

instrument 

 

As indicated above, for the analyses with the 4500i instrument, use was made of 

linear calibration lines that were obtained by weighted linear regression. The 

weighing consisted of a 1/y2 weighing, with y the normalised net peak area. It was 

thus implicitly assumed that the uncertainty that was associated with a net peak area 

was simply proportional to that net peak area. The linear calibration lines were thus as 

follows: 

 

 xbay   (3.1) 
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with x the concentration in the standard solutions and a and b constants that are 

estimated from the weighted linear regression. 

 

The concentrations (xi) in the aqueous aerosol extracts are then obtained as follows: 

 

  (3.2) bayx ii /)( 

 

with yi the normalised peak area for the analyte in the extract. 

 

The uncertainty (standard deviation) si that is associated with the concentration xi is 

calculated according to principles explained in Davies and Goldsmith [1972], i.e.: 
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whereby s is the standard deviation about the regression, which is provided when 

deriving equation (3.1) by weighted linear regression. wi is the weight of the 

normalised net peak area for the analyte in the aerosol extract, thus wi = 1/yi
2,  is 

the sum of the weights of the normalised net peak areas of the standard measurements 

used for the regression equation (3.1), and 

w

y and x  are respectively the average 

normalised net peak area and the average analyte concentration for these standard 

measurements. 

 

For performing the weighted linear regressions, use was made of the DPP software 

package of Van Espen [1984], running under Open-VMS on a Digital Equipment 

Corporation (DEC) Alpha AXP computer. The various other calculations were also 

done on this computer, thereby making use of DPP and of the RWT software package 

of Duflou [1988]. As part of the other calculations, a correction was made for the field 

blank, and a conversion was made from concentration in the extract into concentration 

in the air (in ng/m3). With regard to the correction for the field blank, the 

concentration data of the various field blanks that were collected together with the 

sample set were averaged and the associated standard deviation was calculated. This 
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standard deviation was combined with si (derived from eq. 3.3) through standard error 

propagation in order to obtain the standard deviation for the blank-corrected 

concentration in the aerosol extract. The latter standard deviation was then used as a 

measure for the uncertainty on the IC result. The uncertainty that is associated with 

the measurement of the air volume for the aerosol sample was thus neglected. 

 

3.4.3. Calibration lines, concentration calculation, and uncertainty for the 

IC analyses with the Dionex DX-600 and ICS-2000 instruments 

 

The calibration lines for the IC measurements with the Dionex DX-600 and ICS-2000 

instruments were either linear or quadratic and were obtained by unweighted 

regression. The equations for the linear calibration lines and for extracting the analyte 

concentrations from the normalised net peak areas for the extracts were in this case 

identical to equations (3.1) and (3.2). As to the case of the quadratic equations, they 

were as follows: 

 

  (3.4) 2xcxbay 

 

with x the concentration in the standard solutions and a, b, and c constants that are 

derived from the unweighted regression. 

 

The concentrations (xi) in the aqueous aerosol extracts are then obtained as follows: 

 

 
c

yacbb
x i

i 2

)(42 
  (3.5) 

 

with yi the normalised peak area for the analyte in the extract. 

 

Table 3.4 gives examples of parameters for linear and quadratic calibration curves for 

the IC analyses with the Dionex DX-600 and ICS-2000 instruments, together with the 

concentration ranges for which the equations apply. The parameters of Table 3.4 were 

used for calculating the concentrations of the HVDS samples from the 2007 summer 

campaign at the SMEAR II site (see Chapter 7 for the results on these samples). 
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Table 3.4. Examples of parameters for linear (y = a + b x) and quadratic (y = a + b x + c x2) calibration curves (with x the concentration in the 
solution in ppb and y the peak area normalised to that in the control standard) for the IC analyses with the Dionex DX-600 and 
ICS-2000 instruments. The concentration ranges for which the calibration curves apply are also indicated. 

 
 a b c range (ppb) a b c range (ppb) a b c range (ppb) 
Lactate -0.0125 0.0070  0-25 -0.0315 0.0069 2.66E-05 25-200     
Acetate 0.0009 0.0052 5.21E-03 0-25 -0.1125 0.0100 2.97E-06 25-200     
Propionate -0.0155 0.0075  0-25 0.0213 0.0116  25-200     
Formate -0.0188 0.0069  0-25 -0.2274 0.0124  25-200     
MSA- -0.0393 0.0100  0-100 -0.3074 0.0126  100-1000     
Valerate -0.0114 0.0062  0-25 -0.2298 0.0119  25-200     
Keto-butyrate -0.0193 0.0067  0-25 -0.3648 0.0147  25-200     
Br- -0.0117 0.0072  0-25 -0.1683 0.0119  25-200     
Cl- -0.0174 0.0020  0-500 -0.0529 0.0021  500-5000     
NO2

- -0.0092 0.0059 4.58E-05 0-50 -0.2223 0.0123 -7.81E-08 50-1000     
NO3

- -0.0246 0.0021  0-500 -0.0354 0.0021  500-5000     
Benzoate -0.0282 0.0082  0-50 -0.3387 0.0137  50-200 -0.2322 0.0133  200-1000 
Glutarate -0.0063 0.0089  0-50 0.2061 0.0074 8.84E-07 50-1000     
Succinate -0.0314 0.0074  0-50 -0.4773 0.0139 -6.70E-07 50-1000     
Malonate -0.0524 0.0097  0-100 -0.1046 0.0104  100-1000     
Maleate -0.0421 0.0099  0-100 -0.0772 0.0109  100-1000     
SO4

2- -0.0296 0.0021  0-500 -0.0623 0.0021  500-5000     
Oxalate -0.0476 0.0100  0-100 -0.1245 0.0115  100-1000     
PO4

3- -0.0050 0.0039 7.28E-05 0-50 0.0137 0.0092 3.40E-06 50-1000     
Phthalate -0.0239 0.0071  0-50 -0.3182 0.0127 7.65E-07 50-1000     
Na -0.0058 0.0010  0-1000 0.02833 0.00097  1000-10000     
NH4

+ -0.0087 0.0011 1.05E-03 0-400 0.06563 0.00064 -8.43E-08 400-2000 0.4856 0.0003 -5.56E-09 2000-20000 
K+ -0.0059 0.0005  0-400 0.0101 0.0005  400-20000     
Mg2+ -0.0101 0.0010  0-200 -0.0045 0.0010  200-1000 -0.0045 0.0010  1000-10000 
Ca2+ -0.0072 0.0005  0-400 -0.0091 0.0005  400-2000 -0.0049 0.0005  2000-20000 
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For performing the unweighted regressions and the calculations of the concentration, 

use was made of the software packages Excel and Origin, running under Microsoft 

Windows on PCs. 

 

The concentrations for the extracts of the actual samples were like in the case of the 

analyses with the 4500i also here corrected for field blanks, whereby again averages

were made over the field blanks per campaign. 

 

 

 

 

 

 

 

 

 

As to the uncertainties for the concentration data from the IC analyses with the 

Dionex DX-600 and ICS-2000 instruments, no calculations similar to those with the 

4500i instrument were done here. However, for each sample extract, two injections 

were always made within a time interval of around 3 h. From comparing the net peak 

areas of the two injections, an estimate of the precision could be made. It was found 

that the precision (1 standard deviation) was around 5% for species that were present 

well above the detection limit. 

 

3.4.4. Detection limits 

 

The detection limits for the IC analyses were obtained by injecting pure Simplicity

water blanks and by comparing the noise level with the peak intensities for the

standards with the lowest analyte concentrations. It was then estimated which peak

intensity would have been observable above the noise and by comparing that 

minimum observable intensity with the intensity of the least concentrated standard, an

estimate for the detection limit (in ppb) was derived. It has to be noted that the 

detection limits that are derived in this way are so-called interference-free detection

limits and it is realised that they are probably only rough estimates of the true

detection limits. An overview of the detection limits is given in Table 3.5. 

 

From the detection limits in ppb, detection limits in ng per m3 of air were derived. For 

obtaining the latter, filter fractions of one half (extracted with 10 mL of water) and 

24-h air volumes (of thus 24 m3) were used in the case of the analyses with the

Dionex 4500i instruments (thus for the Nuclepore polycarbonate and Teflo filter 

samples). In the case of the analyses with the DX-600 and ICS-2000 instruments, we 

did the calculations for the fine size fraction of the HVDS samples, based on the 
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extraction of a filter area of 3 cm2 (which corresponds to a sample fraction of 5%) in 5 

mL of water and again 24-h air volumes (which correspond to 430 m3). The resulting 

detection limits in ng per m3 are also given in Table 3.5. 

 

Table 3.5. Detection limits in ppb and in ng/m3. The detection limits in ng/m3 are 

in the case of the Dionex 4500i for low-volume filter samples and in the 

case of the ICS-2000 and the DX-600 for HVDS PM2.5 filter samples. 

See text for more details. 

 4500i (ppb)
4500i 

(ng/m3) 
ICS-2000 

(ppb) 
ICS-2000 
(ng/m3) 

Na+ 1.2 1.0 0.5 0.12 
NH4

+ 1.2 1.0 0.25 0.06 
K+ 2.4 2.0 0.5 0.12 
Mg2+ 0.6 0.5 1.0 0.2 
Ca2+ 0.8 0.7 2.0 0.5 

 4500i (ppb)
4500i 

(ng/m3) 
DX-600 

(ppb) 
DX-600 
(ng/m3) 

MSA- 25 20   
Cl- 12 10 1.0 0.2 
NO2

- 20 17 2.0 0.5 
Br- 20 17 2.0 0.5 
NO3

- 20 17 2.0 0.5 
SO4

2- 16 13 1.0 0.2 
 

  
DX-600 

(ppb) 
DX-600 
(ng/m3) 

Lactate CH3CHOHCOOH 2.5 0.6 
Acetate CH3COOH 2.5 0.6 
Propionate CH3CH2COOH 2.5 0.6 
Formate HCOOH 2.5 0.6 
MSA- CH3SO2OH 2.5 0.6 
Valerate CH3(CH2)3COOH 10 2.3 
Keto-butyrate CH3CH2COCOOH 10 2.3 
Benzoate (CH2)6COOH 5 1.2 
Glutarate HOOC(CH2)3COOH 5 1.2 
Succinate HOOC(CH2)2COOH 5 1.2 
Malonate HOOCCH2COOH 2.5 0.6 
Maleate HOOC(CH)2COOH 2.5 0.6 
Oxalate HOOCCOOH 2.5 0.6 
Phthalate HOOC(CH2)6COOH 2.5 0.6 
Phosphate PO4

3- 5 1.2 
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4.1. Introduction 

 

Belgium is one of the most polluted countries in the European Union (EU) with 

regard to PM, as indicated by modelling [Beelen et al., 2009]; especially the densely 

populated Flemish part is polluted. The environmental agencies of the three Belgian 

regions (Brussels, Flanders, and the Walloon region) perform PM10 mass 

measurements on a routine basis at a number of sites. An overview of the PM 

situation in Belgium in 2006, which included data from the three regional 

environmental agencies, was given by Maenhaut [2007]. It appears that the EU 

average annual limit for PM10 mass of 40 μg/m3 is generally being met at the various 

types of sites (industrial, urban, suburban, rural) since the late 1990s, but that there are 

too many exceedences of the EU daily limit value for PM10 mass of 50 μg/m3. That 

there should be no more than 35 exceedances of this daily mean PM10 mass 

concentration was not observed for half or more of the Belgian stations in 2005 and 

2006 [Maenhaut, 2007]. Info on the exceedances in recent years can be found at 

http://deus.irceline.be/~celinair/day_pm/daypm.php?lan=nl&web=vmm&ex=50. 

 

In order to elucidate the contributions from the various sources to the elevated PM 

levels in Belgium and to be able to take appropriate measures for reducing these 

levels, a chemical characterisation of the PM is needed. Many aerosol characterisation 

studies have been done in the Flemish region since the early 1970s [e.g., Dams, 1973; 

Heindryckx and Dams, 1974; Demuynck and Dams, 1975; Maenhaut and Cafmeyer, 

1987; 1998; Maenhaut et al., 1996a]. However, most of these studies focused on 

elements, and major SIA species and OC and EC were rarely or never measured. 

About 10 years ago, our UGent group started with doing aerosol characterisation 

studies, whereby the latter species and components were also determined [Maenhaut 

et al., 2002b; 2005; Viana et al., 2006a; 2006b; 2007a; 2007b; Chi et al., 2007]. 

 

In this Chapter, results are presented and discussed from, on the one hand, three 

intensive sampling campaigns (i.e., in 2004 winter and summer and in 2005 winter) 

that were conducted at an urban background site in Ghent, and, on the other hand, a 

one-year study that was conducted at an urban background site in Uccle. The latter 

study was conducted in co-operation with the Royal Meteorological Institute of 

Belgium (RMI). 
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At both Ghent and Uccle, measurements were made of the PM mass, OC, EC, 

inorganic ions, and several elements in PM2.5 (or PM2) and in PM10. The data were 

used to examine to what extent the gravimetric PM mass could be explained by the 

measured components, and thus aerosol chemical mass closure could be achieved. 

 

 

 

Figure 4.1. Map of Belgium with the location of Ghent and Uccle. The inset in the 

bottom left shows Brussels, and the location of Uccle is indicated in blue. 

 

4.2. Measurement campaigns at Ghent, Belgium 

 

4.2.1. Ghent site description 

 

Ghent (5101N, 344E) is located in the north part of Belgium, it is the capital of 

East Flanders and is the third largest city in Belgium, with 240,000 inhabitants. Ghent 

is situated 60 km northwest of Brussels and 65 km west of Antwerp and at about 60 

km from the North Sea. Figure 4.1 shows the location of Ghent within Belgium. The 

Ghent sampling site is at the INW, which is situated at about 3 km to the south of the 
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city centre of Ghent, is at about 10 m above sea level (a.s.l.), and can be defined as an 

urban background site. The sampling devices were set up on the roof of the main 

Analytical Chemistry building, a 3-storey building, at 15 m above the ground level. 

The major source of air pollutants in the vicinity is expected to be automotive 

emissions from the motorway and motorway intersection; other potential sources of 

air pollutants include residential heating and cooking, domestic wood burning in the 

winter time, a municipal incinerator, and some chemical (plastics) industries within a 

distance of 1 km. 

 

4.2.2. Samplings and analyses 

 

Our UGent group has been conducting campaigns at the Ghent site since the end of 

the 1990s, but I was only involved in the work of three of the campaigns. These 

campaigns were in 2004 winter (from 4 February to 26 March), 2004 summer (from 

14 June to 16th July), and 2005 winter (from 10 January to 14th February). A large 

variety of sampling devices were deployed in each campaign, but in this thesis only 

results are given that were derived from Gent PM10 SFU samplers and low-volume 

samplers with PM2.5 and PM10 inlets. The number of samples taken with these 

devices and the analyses done on them are indicated in Table 4.1. The collection time 

per sample was in all three campaigns 24 h, with start time normally at 9:00 a.m. local 

time. 

 

All SFU samples and low-volume PM2.5 and PM10 samples were weighed to obtain 

the PM mass. Besides, various types of chemical analyses were done, as indicated in 

Table 4.1. The IC analyses were done with the Dionex 4500i instrument, as explained 

in Chapter 3. 
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Table 4.1. Overview of the sampling devices, filters, number of collections, and chemical analyses used in the three campaigns at Ghent. 

 

Samplers Inlet Filters 
2004 

winter 
2004 

summer 
2005 

winter 
Analyses 

SFU(NT) PM10 Nuclepore/Teflon 35 30 35 
Inorganic ions by IC (Dionex 
4500i) 

SFU(NN) PM10 Nuclepore/Nuclepore 35 30 35 Elements by PIXE 

PM2.5Q PM2.5 Quartz (Whatman QM-A) 35 30 35 TC, OC, and EC by TOT 

PM10Q PM10 Quartz (Whatman QM-A) 35 30 35 TC, OC, and EC by TOT 
Field blanks for 
each sampler 

  7 8 7  

 

 

 

 



Chapter 4: Aerosols from two sites in Belgium 

79 

4.2.3. Meteorological data for the Ghent 2004 and 2005 campaigns 

 

The daily mean temperatures in the 2004 winter, 2004 summer, and 2005 winter 

campaigns ranged from 2.3 to 8.5 °C (mean ± S.D.: 5.1 ± 4.2 °C), from 11.4 to 20.0 

°C (mean ± S.D: 15.7 ± 1.7 °C), and from 2.0 to 7.3 °C (mean ± S.D.: 4.6 ± 3.2 °C), 

respectively. Total precipitation was 26 L/m2 (13 rainy days and 22 dry days), 72 

L/m2 (19 rainy days and 11 dry days), and 60 L/m2 (21 rainy days and 14 dry days) 

for 2004 winter, 2004 summer, and 2005 winter, respectively. There was thus a higher 

frequency of rainy days during the 2005 winter campaign than during the 2004 winter

campaign. Removal of pollutants from the ambient air by wet deposition should have 

been more important in the winter campaign of 2005 than in that of 2004, and as a 

consequence lower PM levels in 2005 are to be expected. 

 

 

 

 

 

 

 

Besides temperature and precipitation, also wind direction and speed and air mass 

origin have a strong influence on the PM levels. In order to examine the origin and 

transport pathways of the air masses, isentropic 72-h back trajectories were calculated 

with the Hysplit model via the NOAA ARL READY Website 

http://www.arl.noaa.gov/ ready/hysplit4.html [Draxler and Rolph, 2003]. FNL 

meteorological datasets were used and the calculations were made for arrival heights

of 200, 800, and 1500 m above ground level (a.g.l.). 

 

4.2.4. PM mass, carbonaceous, ionic, and elemental data for the Ghent 2004 

and 2005 campaigns 

 

PM mass concentrations were derived from Nuclepore, Teflo, and quartz fibre filters.

Positive artifacts (adsorption of VOCs and inorganic gaseous compounds) are well 

documented for quartz fibre filters; with Nuclepore and Teflo filters there is the 

possibility of volatilisation losses. There is often a tendency for PM data from quartz

fibre filters to be somewhat higher than those from Nuclepore or Teflo filters, as has,

for example, been discussed by Maenhaut and Claeys [2007] and by Chi [2009]. As 

indicated in Chapter 2, the uncertainty due to weighing of the PM masses is much 

smaller for Nuclepore and Teflo filters than for quartz fibre filters. When discussing

PM mass data and when performing aerosol chemical mass closure calculations in this



Medians and interquartile ranges of the PM mass, carbonaceous and ionic species, and elements in the fine and PM10 size fractions. 
Fine is PM2, except for the carbonaceous species, where it is PM2.5. All data are in ng/m3, except these for the PM mass, which 
are in μg/m3. 
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Species Fine PM10 
 2004 Winter 2004 Summer 2005 Winter 2004 Winter 2004 Summer 2005 Winter 
PM(NT)     18.5 (14.8 - 31)       9.9 (8.6 - 12.1)     14.8 (8.2 - 28)     31   (25 - 47)     18.8 (15.7 - 21)     25   (18.9 - 40) 
PM(NN)     18.6 (13.4 - 30)       9.8 (8.4 - 11.9)     13.6 (9.2 - 27)     32   (24 - 46)     19.4 (16.2 - 22)     25   (19.3 - 39) 
OC(Q) 4600   (3400 - 7100) 2600   (1960 - 3100) 3400   (2300 - 6900) 5800   (4300 - 8800) 3500   (2700 - 3900) 4000   (2900 - 7800) 
EC(Q)   850   (720 - 1200)   820   (580 - 1020) 1090   (1820 - 1390)   840   (700 - 1150) 1010   (680 - 1250) 1260   (920 - 1420) 
NH4

+ 3000   (2000 - 5600) 1040   (860 - 1710) 1530   (670 - 4000) 3500   (2300 - 6100) 1250   (1000 - 1950) 1800   (940 - 4600) 
NO3

- 4100   (2900 - 8000) 1200   (800 - 1860) 2500   (1190 - 6800) 6400   (4200 - 9700) 2400   (1690 - 2700) 3900   (2300 - 9400) 
SO4

2- 2500   (1830 - 3800) 1890   (1510 - 2300) 2000   (970 - 3100) 3300   (2400 - 5500) 2400   (1910 - 2600) 2500   (1560 - 4200) 
MSA-    DL   (DL - 0.26)     84   (49 - 105)     0.06 (DL - 0.32)     0.10 (DL - 0.38)     94   (49 - 144)       0.14 (DL - 0.39) 
Cl-   510   (370 - 700)   126   (77 - 188)   680   (490 - 860) 1520   (910 - 2500)   590   (240 - 950) 2900   (1290 - 3700) 
Na+   130   (78 - 240)     93   (49 - 199)   157   (95 - 410)   960   (420 - 1530)   550   (320 - 970) 1760   (630 - 2400) 
Mg2+       9.9 (7.1 - 25)     14.1 (8.6 - 30)     13.9 (6.9 - 51)     80   (42 - 58)     97   (63 - 153)   102   (75 - 300) 
K+     65   (34 - 80)     22   (17.4 - 40)     67   (9.3 - 136)     97   (73 - 133)     76   (54 - 92)   134   (61 - 187) 
Ca2+     67   (51 - 83)     39   (27 - 54)     28   (18.2 - 36)   520   (360 - 640)   340   (270 - 450)   270   (200 - 350) 
Al     16.7 (DL - 39)    DL  (DL - DL)    DL  (DL - DL)   149   (75 - 250)     71   (45 - 97)     57   (32 - 78) 
Si     84   (50 - 126)     42   (37 - 59)     39   (25 - 59)   450   (260 - 690)   270   (182 - 410)   220   (148 - 300) 
S   930   (740 - 1500)   800   (640 - 900)   820   (440 - 1240) 1270   (1010 - 1760) 1010   (1100 - 810)   990   (660 - 1620) 
K   128   (73 - 166)     47   (39 - 71)     86   (55 - 210)   200   (147 - 280)    142   (116 - 160)   179   (115 - 300) 
Ca     70   (51 - 97)     42   (35 - 60)     48   (34 - 63)   480   (340 - 700)   310   (220 - 450)   300   (210 - 390) 
Ti       4.8 (2.5 - 7.2)       1.96 (1.44 – 2.5)       2.0 (1.03 - 4.3)     19.6 (10.8 - 30)       9.7 (5.9 - 13.6)       9.0 (4.8 - 19.9) 
V       3.8 (2.1 - 6.3)       2.6 (1.07 - 4.2)       2.6 (1.75 - 5.1)       5.1 (2.4 - 7.7)       2.6 (0.91 - 4.5)       3.4 (1.75 - 6.9) 
Mn       4.0 (3.0 - 8.8)       2.8 (2.2 - 3.9)       2.9 (1.62 - 5.2)     12.7 (8.0 - 18.3)       9.0 (6.4 - 13.4)       6.2 (3.9 - 11.1) 
Fe   144   (101 - 183)     80   (62 - 116)     99   (71 - 184)   420   (320 - 600)   260   (194 - 410)   310   (197 - 570) 
Ni       2.3 (1.57 - 3.2)     1.34 (0.78 - 1.85)       2.0 (1.11 - 3.1)       3.2 (1.72 - 4.5)     1.42 (0.80 - 2.2)       2.9 (1.13 - 4.6) 
Cu       5.8 (4.3 - 7.8)       4.2 (3.5 - 6.2)       5.2 (3.4 - 8.7)     14.0 (9.8 - 18.7)     10.6 (9.0 - 14.0)     11.9 (7.9 - 19.4) 
Zn     33   (18.9 - 51)     18.4 (12.5 - 27)     19.5 (12.2 - 51)     51   (32 - 75)     33   (23 - 41)     32   (18.3 - 76) 
Pb     14.6 (8.3 - 26)       8.0 (4.7 - 10.8)     10.9 (5.8 - 22)     17.3 (10.5 - 33)       8.2 (6.1 - 13.8)     15.2 (6.0 - 30) 
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The medians and ranges for the PM mass, carbonaceous species, ions, and elements in 

the fine size fraction and in PM10 for each of the three Ghent campaigns are given in 

Table 4.2. Figure 4.2 shows the mean percentage fine/PM10 ratios and associated 

standard deviations for the species and elements in the three campaigns. It appears 

from Table 4.2 that the carbonaceous species OC and EC and the ions NH4
+, NO3

-, 

and SO4
2- are the major species in both the fine and PM10 aerosol, with median

concentrations above 1 μg/m

 

 

 

 

3 (for EC above 0.8 μg/m3). In the two winter campaigns

the ions Cl- and Na+ are also major species in PM10. The carbonaceous species and

the ions NH4
+ and SO4

2- are, on average, for more than 70% associated with the fine 

particles. As a consequence, the PM mass is also mostly associated with the fine

particles, i.e., for more than 50%. 

4.2.5. Discussion of the PM mass data 

 

thesis, the PM data from the Nuclepore and/or Teflo filters are used, except where 

only data from quartz fibre filters were available. 

Figure 4.2. Mean % of PM10 mass in the fine size fraction for the 3 Ghent 

campaigns. Fine is PM2, except for OC and EC, where it is PM2.5. 

 

In western and central Europe, one notes generally higher PM mass concentrations in 

winter than in summer [Aas et al., 2007]. This is to a large extent due to 

meteorological conditions, with in winter more frequent temperature inversions, 

 

 

Mean % of PM10 mass in fine (PM2 or

0

10

20

30

40

50

60

70

80

90

100

P
M

(N
T

)

P
M

(N
N

)

O
C

(Q
)

E
C

(Q
)

A
m

m
on

iu
m

N
itr

a
te

S
u

lp
ha

te

M
S

A
-

C
l-

N
a+

M
g2

+

K
+

C
a2

+ A
l

S
i S

M
ea

n
 %

 PM2.5) size fraction 

K

C
a T
i V

M
n

F
e N
i

C
u

Z
n

P
b

2004 W 2004 S 2005 W  



Chapter 4: Aerosols from two sites in Belgium 

which lead to a more shallow boundary layer, more frequent occurrence of easterly 

(continental) air masses, and lower temperatures, which lead to large concentrations 

of particulate ammonium nitrate, which is a major aerosol constituent in the cold 

season. The median PM2 mass concentrations, as derived from the SFU(NN) samples, 

in the Ghent 2004 and 2005 winter campaigns were 18.6 µg/m3 and 13.6 µg/m3, 

respectively, whereas it was 9.8 µg/m3 in the 2004 summer campaign. Incidentally, 

during the year 1993-1994 the median in PM2 was 20 µg/m3 at our Ghent site 

[Maenhaut and Cafmeyer, 1998]. As to the coarse (PM10-2) particles, the median 

mass concentrations of the three campaigns were similar, all around 10 µg/m3, which 

are comparable to the data of 11.8 µg/m3 and 12.0 µg/m3 for 1993-1995 at the Belgian 

sites of Ghent and Waasmunster, respectively [Maenhaut and Cafmeyer, 1998]. So, it 

is clear that seasonal differences in the PM10 mass concentration in the Ghent 

campaigns will be due to differences for the fine (here, PM2) mass. 

 

The medians for the PM10 mass concentrations, as derived from the SFU(NN) 

samples, in the three campaigns were 32 µg/m3 in 2004 winter, 19.4 µg/m3 in 2004 

summer, and 25 µg/m3 in 2005 winter, and the mean values were 35 µg/m3, 19.1 

µg/m3, and 29 µg/m3, respectively. The PM10 mass concentrations in the summer 

campaign ranged from 13.8 µg/m3 to 26 µg/m3, and were thus all well below the EU 

daily limit of 50 µg/m3 [EU Directive, 1999]; as for the 2004 winter, the PM10 mass 

concentrations ranged from 16.0 to 72 µg/m3, and for around 20% of the days, the EU 

daily limit was exceeded. The PM mass concentrations for both the fine and coarse 

size fractions of the 2004 winter campaign are similar to the 1993-1994 average levels 

obtained at the same site [Maenhaut et al., 1996a]. As to the 2005 winter campaign, 

the PM10 mass concentration ranged from 11.5 to 78 µg/m3, and for about 5% of the 

days, the EU daily limit was exceeded. That the PM mass concentrations were 

relatively low in the 2004 summer campaign was to some extent due to the local 

weather conditions in that campaign, with several days of rainy and cool weather (see 

section 4.2.3). 

 

The PM2.5/PM10 mass ratio in Europe ranges from 0.57 to 0.85 [Van Dingenen et al., 

2004] and shows some dependence on the type of site, with lowest ratio at kerbsides; 

in our Ghent campaigns, the PM2/PM10 mass ratios are roughly within that range, 

with average ratios 0.53 in 2004 summer, 0.60 in 2005 winter, and 0.66 in 2004 
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winter. These ratios also agree with those obtained in 1993-1994 at the same site 

[Maenhaut and Cafmeyer, 1998]. 

 

Besides our samplings with low-volume samplers (Gent SFU), samplings were done 

in parallel with PM2.5 and PM10 high-volume samplers in the 2004 winter and 

summer campaigns [Viana et al., 2007a]. Quartz fibre filters were used in the latter 

samplings. Our PM10 mass data, as derived from the SFU samplers, were similar to 

those obtained with the high-volume samplers. 

 

4.2.6. Discussion of the data for the ionic species 

 

The concentrations for the ions show a similar seasonal variation as those for the PM 

mass, with larger concentrations in winter than in summer. The winter/summer 

difference is especially pronounced for fine NO3
- and this is reflected in the 

substantial difference in fine/PM10 percentage ratio for NO3
- between the two 

seasons; it is around 70% in winter versus about 50% in summer. As indicated below, 

the fine NO3
- was essentially present as NH4NO3. It is well-known that the 

equilibrium between particulate NH4NO3 and the gas-phase species NH3 and HNO3 

depends on the temperature and air relative humidity [e.g., Stelson and Seinfeld, 

1982]. At higher temperatures, such as those encountered in summer, particulate 

NH4NO3 dissociates into the gas-phase species. On the other hand, artifacts during 

the aerosol collection may also have played a role. 

 

MSA- is the species, which exhibits the largest summer/winter difference, with 

concentrations that are more than two orders of magnitude larger in summer than in 

winter. MSA- is a particle-phase oxidation product of gaseous DMS, which is emitted 

by marine phytoplankton, and both the DMS concentrations in the sea surface and the 

sea-to-air fluxes at our latitude are much larger in summer than in winter [Kettle et al., 

1999; Kettle and Andreae, 2000]. As seen in Figure 4.2, MSA- is mostly associated 

with the fine size fraction, which is consistent with its gas-to-particle formation 

process. 
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Table 4.3. Average ionic equivalent concentrations and their ratios in fine and 

coarse particles of three campaigns in Ghent. 

 

 Cations Anions Cations/ 
Anions 

Equations 
∑anions = a ∑cations + b 

R2 

Fine      

2004 W 260 ± 187 188 ± 117 1.33 ± 0.15 y = 0.62 x + 24 
y = 0.68 x 

0.99 
0.98 

2004 S 80 ± 27 69 ± 22 1.16 ± 0.05 y = 0.80 x + 4.7 
y = 0.85 x 

0.99 
0.98 

2005 W 159 ± 128 133 ± 96 1.16 ± 0.10 y = 0.75 x + 13.9 
y = 0.80 x 

0.99 
0.98 

Coarse      

2004 W 101 ± 38 81 ± 34 1.30 ± 0.23 y = 0.88 x - 7.8 
y = 0.81 x 

0.94 
0.93 

2004 S 66 ± 30 50 ± 29 1.41 ± 0.27 y = 0.93 x - 11.0 
y = 0.79 x 

0.96 
0.93 

2005 W 114 ± 45 104 ± 45 1.12 ± 0.10 y = 1.00 x - 9.6 
y = 0.93 x 

0.98 
0.97 

 

The data of the ions were used to examine to which extent the cations and anions 

neutralised each other and thus ion balance was achieved. The mean concentrations of 

the sums of the cations (in equivalents) and the sums of the anions (in equivalents) for 

the separate fine and coarse size fractions in each campaign are given in Table 4.3. 

The table also gives some average equivalent ratios and associated standard deviations 

and the results of regressions of anion equivalents on cation equivalents. Additional 

equivalent ratios are given in Table 4.4. The sum of the cations is systematically 

larger than the sum of the anions in all campaigns. The missing anionic species could 

be the ions CO3
2− and HCO3

−, which were not measured in our IC analysis, as they 

were used as the eluent in our analysis for anions. These two ions may help to 

reconstruct the ion balance in particles [Sciare et al., 2005]. For all regression 

equations between anions and cations in Table 4.3, the squared correlation 

coefficients (R2 values) are higher than 0.9, which means that the measured anions 

and cations were well correlated with each other. 

 

It appears from Table 4.4 that SO4
2− + NO3

- were the dominant anions and NH4
+ the 

dominant cation in the fine size fraction. Table 4.4 further shows that the equivalent 

ratios of NH4
+/(SO4

2− + NO3
-) are all above 1 in the fine size fraction, which means 

that there was sufficient ammonia to fully neutralise all the fine SO4
2− and NO3

-. Thus, 
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it seems that fine SO4
2− and NO3

- were essentially present as (NH4)2SO4 and 

NH4NO3. The situation was clearly different in the coarse size fraction. Here, the 

equivalent ratios of NH4
+/(SO4

2− + NO3
-) are all well below 1. However, this does not 

mean that coarse SO4
2− + NO3

- were not fully neutralised. Considering that the 

cation/anion equivalent ratios were all larger than 1 in the coarse size fraction, it is 

plausible that the alkali metals and the alkali earth metals acted, besides NH4
+, as 

basic neutralising species for coarse SO4
2− + NO3

-. 

 

Table 4.4. Average ratios of ionic equivalent concentrations in fine and coarse 

particles of three campaigns in Ghent. 

 

 
(SO4

2- + NO3
-)/ 

Anions 
Ca2+/Cations NH4

+/Cations 
NH4

+/ 
(SO4

2- + NO3
-) 

Fine     

2004 W 0.89 ± 0.07 0.022 ± 0.017 0.90 ± 0.09 1.35 ± 0.18 

2004 S 0.90 ± 0.10 0.031 ± 0.021 0.81 ± 0.19 1.04 ± 0.20 

2005 W 0.78 ± 0.18 0.0183 ± 0.0186 0.76 ± 0.26 1.10 ± 0.21 

Coarse     

2004 W 0.60 ± 0.22 0.25 ± 0.12 0.30 ± 0.17 0.62 ± 0.19 

2004 S 0.65 ± 0.23 0.28 ± 0.14 0.186 ± 0.109 0.37 ± 0.15 

2005 W 0.48 ± 0.28 0.139 ± 0.099 0.27 ± 0.21 0.54 ± 0.20 
 

That there is sufficient ammonia in Ghent to neutralise all the fine SO4
2− and NO3

- is 

due to the large emissions in Flanders from cattle breeding and agriculture [Van 

Steertegem, 2009]. 

 

Several of the cations and anions measured by IC (i.e., Na+, Mg2+, K+, Ca2+, Cl-, and 

SO4
2-) are major or minor constituents of sea salt. Crustal enrichment factor 

calculations indicated that fine, coarse, and PM10 Na+ are for 95% or more 

attributable to sea salt at the Ghent site. In order to examine to which extent the other 

cations and anions just mentioned also come from sea salt, mass ratios with respect to 

Na+ were calculated and compared with the mass ratios in sea water [Riley and 

Chester, 1971]. The results of these calculations for the fine, coarse, and PM10 

aerosol are given in Table 4.5. The fine Cl-/Na+ ratio is in winter substantially larger 

than the ratio in sea water, indicating that there are additional sources besides sea salt 

for fine Cl- in winter. These additional sources are likely anthropogenic. One 
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Table 4.5. Average mass ratios to Na+ in fine, coarse, and PM10 particles in three 

campaigns in Ghent. 

 

 Cl-/Na+ Mg2+/Na+ K+/Na+ Ca2+/Na+ SO4
2-/Na+ 

Sea water 1.80 0.120 0.0376 0.0382 0.252 

Fine      

2004 W 4.0 ± 2.9 0.101 ± 0.044 0.59 ± 0.50 0.62 ± 0.50 33 ± 35 

2004 S 1.48 ± 0.85 0.161 ± 0.051 0.33 ± 0.30 0.46 ± 0.41 27 ± 22 

2005 W 5.3 ± 5.3 0.105 ± 0.038 0.89 ± 1.44 0.23 ± 0.27 25 ± 31 

Coarse      

2004 W 1.35 ± 0.26 0.120 ± 0.061 0.069 ± 0.057 1.11 ± 1.23 2.1 ± 2.9 

2004 S 0.96 ± 0.40 0.186 ± 0.043 0.124 ± 0.104 0.90 ± 0.87 1.04 ± 0.72 

2005 W 1.48 ± 0.29 0.129 ± 0.055 0.072 ± 0.091 0.63 ± 1.07 1.55 ± 2.3 

PM10      

2004 W 1.78 ± 0.82 0.115 ± 0.056 0.184 ± 0.176 1.01 ± 1.05 7.4 ± 7.8 

2004 S 1.01 ± 0.30 0.182 ± 0.040 0.163 ± 0.122 0.83 ± 0.77 5.5 ± 4.4 

2005 W 2.1 ± 1.1 0.121 ± 0.040 0.24 ± 0.43 0.51 ± 0.82 5.4 ± 7.9 
 

possibility is wood burning. From measurements of levoglucosan, a good tracer for 

wood burning, in winter and summer at Ghent, it was concluded by Zdráhal et al. 

[2002] that there is a substantial impact from wood burning in Ghent during winter. 

For the 2004 summer campaign all Cl-/Na+ ratios are lower than the ratio in sea water. 

This points to Cl- loss from the sea-salt aerosol because of reactions of NaCl with 

acidic species. Interestingly, the summer aerosol Cl-/Na+ ratio is larger for the fine 

than for the coarse aerosol whereas the opposite is generally found as a result of the 

reactions with acids [Graedel and Keene, 1995]. This suggests that the fine Cl- is 

partly compensated by nss sources of Cl-, which are presumably anthropogenic 

sources. The Mg2+/Na+ ratios in the aerosol resemble the ratio in sea water, but there 

is a clear tendency for larger ratios in summer. Soil dust is besides sea salt an 

important natural source of Mg2+. There may have been a substantial contribution 

from this source in the 2004 summer campaign. The K+/Na+ ratios in the aerosol are 

all higher than the ratio in sea water. For the coarse aerosol, this is likely due to a 

substantial crustal contribution. In the fine aerosol, much higher ratios are noted, 

especially in the two winter campaigns. Wood burning and other biomass burning are 

important anthropogenic sources of fine K+, and considering that the contribution 

from wood burning at Ghent is larger in winter than in summer [Zdráhal et al., 2002] 
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the large K+/Na+ ratios in the fine PM during winter may be mainly attributable to 

wood burning. The Ca2+/Na+ ratios in the aerosol are all very much larger than the 

ratio in sea water, and interestingly higher ratios are found in the coarse size fraction 

than in the fine one. The high Ca2+/Na+ ratios are likely due to important Ca2+ 

contributions from soil dust and anthropogenic sources. With regard to the latter 

sources, gypsum (CaSO4) from anthropogenic origin has been found to be a major 

contributor to the Ca-rich particles above the North Sea [Hoornaert et al., 1996]. As to 

the SO4
2-/Na+ ratio, it is for the fine size fraction two orders of magnitude higher than 

in sea water, indicating that about 99% of the fine SO4
2- is, on average, nss-SO4

2-. 

The fine nss-SO4
2- is undoubtedly mainly sulphate that is formed by gas-to-particle 

conversion of anthropogenic SO2. It seems that part of this anthropogenic nss-SO4
2- is 

also present as the coarse aerosol, as the SO4
2-/Na+ ratio for this size range is also 

substantially larger than in sea water. 

 

In order to investigate the relationships among the ions further and also with the PM 

mass, pairwise correlation coefficients were calculated for each of the three 

campaigns and separately for the fine and coarse size fractions. The results are given 

in Table 4.6. When the correlation coefficient is higher than 0.70, it is regarded as 

high and when it is higher than 0.90, it is regarded as very high. Coarse Cl- and coarse 

Na+ are very highly correlated with each other, which is consistent with their sea salt 

origin. The rather high correlation coefficients between Na+ and Mg2+ (and between 

Cl- and Mg2+) in the coarse size fraction, or even between Na+ and Mg2+ in the fine 

size fraction, and the high correlations between K+ and Na+, K+ and Mg2+, and K+ and 

Cl- in the coarse size fraction indicate that sea salt is also of importance for Mg2+ and 

K+. 

 

Besides the sea-salt ions, also the inorganic secondary ions correlated with each other 

very well. SO4
2- and NO3

- were both strongly correlated with NH4
+ in the fine size 

fraction during the three campaigns, with correlation coefficients all above 0.85; as to 

the coarse particles, the correlation decreased a little for the winter campaigns, but 

dropped a lot in summer, which is consistent with the minor importance of NH4
+ for 

neutralising SO4
2- and NO3

- in the coarse size fraction in summer. 
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Table 4.6. Correlation coefficients between ionic and PM mass concentrations in 

the fine and coarse size fractions for three campaigns in Ghent. 

Correlation coefficients with absolute value larger than 0.7 are indicated 

in italic; those larger than 0.9 also in bold. 

2004 Winter PM Na+ NH4
+ K+ Mg2+ Ca2+ Cl- NO3

- 

Na+ -0.27 1.00       

NH4
+ 0.98 -0.30 1.00      

K+ 0.52 0.21 0.43 1.00     

Mg2+ -0.55 0.82 -0.57 -0.11 1.00    

Ca2+ -0.12 0.06 -0.16 0.18 0.18 1.00   

Cl- 0.36 0.42 0.28 0.46 0.29 0.09 1.00  

NO3
- 0.94 -0.22 0.95 0.42 -0.55 -0.09 0.22 1.00 

F
in

e 

SO4
2- 0.83 -0.38 0.87 0.33 -0.48 -0.26 0.28 0.68 

Na+ 0.13 1.00       

NH4
+ 0.76 -0.34 1.00      

K+ 0.62 0.50 0.11 1.00     

Mg2+ 0.24 0.72 -0.32 0.77 1.00    

Ca2+ 0.76 -0.25 0.57 0.41 0.01 1.00   

Cl- 0.12 0.98 -0.33 0.50 0.74 -0.25 1.00  

NO3
- 0.75 -0.02 0.70 0.30 -0.08 0.60 -0.12 1.00 

C
oa

rs
e 

SO4
2- 0.82 -0.24 0.92 0.30 -0.10 0.62 -0.21 0.54 

2004 Summer PM Na+ NH4
+ K+ Mg2+ Ca2+ Cl- NO3

- 

Na+ -0.59 1.00       

NH4
+ 0.94 -0.62 1.00      

K+ -0.08 0.57 -0.18 1.00     

Mg2+ -0.57 0.99 -0.60 0.61 1.00    

Ca2+ -0.29 0.61 -0.40 0.29 0.58 1.00   

Cl- -0.50 0.80 -0.45 0.54 0.81 0.48 1.00  

NO3
- 0.87 -0.41 0.88 -0.06 -0.38 -0.32 -0.33 1.00 

F
in

e 

SO4
2- 0.83 -0.35 0.86 0.05 -0.34 -0.26 -0.28 0.63 

Na+ 0.74 1.00       

NH4
+ -0.10 -0.41 1.00      

K+ 0.78 0.70 -0.36 1.00     

Mg2+ 0.76 0.99 -0.38 0.69 1.00    

Ca2+ 0.44 -0.02 -0.07 0.01 0.00 1.00   

Cl- 0.68 0.99 -0.43 0.67 0.98 -0.11 1.00  

NO3
- 0.43 0.04 0.29 0.25 0.06 0.56 -0.11 1.00 

C
oa

rs
e 

SO4
2- 0.45 0.43 0.40 0.42 0.41 -0.07 0.40 0.29 
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Table 4.6. (continued) 

2005 Winter PM Na+ NH4
+ K+ Mg2+ Ca2+ Cl- NO3

- 

Na+ -0.60 1.00       

NH4
+ 0.96 -0.67 1.00      

K+ 0.53 0.11 0.39 1.00     

Mg2+ -0.64 0.97 -0.70 -0.05 1.00    

Ca2+ -0.02 0.21 -0.06 0.19 0.26 1.00   

Cl- 0.42 0.33 0.33 0.52 0.27 0.10 1.00  

NO3
- 0.96 -0.68 0.97 0.44 -0.70 -0.03 0.28 1.00 

F
in

e 

SO4
2- 0.87 -0.66 0.95 0.30 -0.70 -0.09 0.35 0.85 

Na+ 0.40 1.00       

NH4
+

 0.40 -0.53 1.00      

K+ 0.66 0.74 -0.24 1.00     

Mg2+ 0.43 0.89 -0.50 0.81 1.00    

Ca2+ 0.58 -0.21 0.34 0.22 -0.07 1.00   

Cl- 0.43 0.99 -0.51 0.77 0.92 -0.17 1.00  

NO3
- 0.51 -0.50 0.87 -0.12 -0.42 0.59 -0.48 1.00 

C
oa

rs
e 

SO4
2- 0.61 -0.08 0.85 0.08 -0.07 0.22 -0.06 0.67 

 

4.2.7. Comparisons between IC and PIXE data for the SFU samples for the 

Ghent 2004 and 2005 campaigns 

 

For a number of the species measured by IC (i.e., Na+, Mg2+, K+, Ca2+, Cl-, and SO4
2-) 

the total amount of the element was also measured by PIXE (in the case of SO4
2- the 

total amount of S). By comparing the IC and PIXE data, it can be estimated what 

fraction of the total element is water-soluble. Besides, the quality of the two types of 

data sets can to some extent be assessed. Table 4.7 gives for 5 of the above elements 

the average ratio and associated standard deviation of the IC result to the PIXE result 

(in the case of S, the ratio of IC SO4
2--S to PIXE S), and this for each of the three 

campaigns and for the separate fine and coarse size fractions. No ratio is given for Na, 

because the PIXE data for this element have a very large associated uncertainty due to 

the difficulty to properly correct for X-ray attenuation effects. The PIXE analysis for 

Mg is also somewhat hampered by this problem, be it to a lesser extent; besides many 

Mg PIXE data had a large uncertainty from counting statistics. The IC/PIXE ratios for 

Mg are all below 1, but considering the uncertainties it may be concluded that most of 

the Mg is water-soluble. The latter is definitely the case for Ca, except perhaps for 
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fine Ca in the 2005 winter campaign. The 5 other ratios for Ca are in the range 0.89-

1.09. 

 

Table 4.7. Average IC/PIXE ratios and associated standard deviations for 5 species 

measured by both techniques in the samples from the three campaigns at 

Ghent. 

 

 Mg2+/Mg SO4
2--S/S Cl-/Cl K+/K Ca2+/Ca 

Fine   

2004 W 0.58 ± 0.30 0.89 ± 0.11 40 ± 26 0.54 ± 0.21 0.94 ± 0.29 

2004 S 0.76 ± 0.28 0.79 ± 0.09 13.8 ± 12.0 0.57 ± 0.40 0.97 ± 0.42 

2005 W 1.05 ± 0.21 0.81 ± 0.07 13.2 ± 10.5 0.57 ± 0.56 0.57 ± 0.21 

Coarse      

2004 W 0.60 ± 0.17 0.89 ± 0.21 1.52 ± 0.70 0.44 ±0.13 1.00 ± 0.15 

2004 S 0.84 ± 0.18 0.77 ± 0.14 1.46 ± 0.47 0.63 ± 0.12 1.09 ± 0.16 

2005 W 0.82 ± 0.16 0.86 ± 0.07 1.36 ± 0.44 0.62 ± 0.23 0.89 ± 0.13 
 

The ratios for S are systematically lower than 1.0; they range from 0.77 to 0.89 and 

the ratios are lower for the summer campaign than for the two winter campaigns. This 

all indicates that not all S is present in the water-soluble sulphate form. The lower 

ratios for the summer campaign are at least in part explained by the fact that around 4-

5% of the S is present as MSA-, as can be deduced on the basis of the data in Table 

4.2. Besides water-soluble SO4
2- and MSA-, a variety of other sulphur species may be 

present in the aerosol, such as sulphides, primary biogenic sulphur and 

organosulphates [Surratt et al., 2008; Hallquist et al., 2009]. It appears from our data 

that these other forms of sulphur account for about 20% of the total sulphur. 

 

The ratios for K are around 0.6 and there is little difference in this ratio between the 

fine and coarse size fractions. It can thus be concluded that about 40% of the total K is 

insoluble in water. As indicated above, K can originate from a number of sources, 

including sea salt and soil dust. The K in crustal matter is present in a variety of 

minerals and for several of them K may not be solubilised by our extraction for the IC 

analysis. 
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The ratios for Cl are clearly in contrast to these for the other elements. While they are 

only around 1.4 for the coarse size fraction, they are over 10 for the fine size fraction. 

As the Cl-/Na+ ratios in the coarse size fraction (Table 4.5) were all lower than the 

ratio in sea water, the IC/PIXE ratio of 1.4 for coarse Cl can hardly be attributed to a 

positive bias in the IC analysis. It seems rather due to a negative bias in the PIXE 

analysis, i.e., due to radiation-, heat-, and/or vacuum-induced loss of Cl during the 

PIXE bombardment in vacuum. This loss seems to be especially important in the fine 

size fraction. 

 

4.2.8. Relation of PM mass and ionic data to air mass origin 

 

As mentioned in section 4.2.3, the origin of the air masses has a strong influence on 

the PM levels. Kouvarakis et al. [2002] indicated that the air mass origin is also an 

important factor in controlling the aerosol chemical composition as well as the 

particle size distribution. Based on the backward trajectories calculated with Hysplit, 

the air mass origin during the three Ghent campaigns could be divided into three 

categories: 1. long distance transport from the Atlantic Ocean with a fast wind speed, 

including NW transport over Great Britain or transport from a westerly direction over 

France; such transport normally brought in clean air with high levels of sea salt; 2. air 

masses coming from the east with relatively slow wind speed, which advected foreign 

pollution with elevated levels of the PM mass and sulphate; 3. regardless of the air 

mass origin, air masses moving at a rather slow wind speed; the aerosol had thus a 

rather local character and there were often high levels of heavy metals (Zn and Pb) 

and of ammonium. 

 

During the 2004 summer campaign, there were many rainy days and the air masses 

always came from the Atlantic Ocean, but they were relatively slow moving. Most 

local pollutants were diluted by maritime air or scavenged by rain. A similar situation 

occurred during the 2005 winter campaign; there was less air mass transport from 

Eastern Europe than in the 2004 winter campaign. As a consequence, the PM mass 

and most components showed lower levels in the 2005 winter than in the 2004 winter. 

The higher occurrence of Atlantic air masses gave rise to higher sea-salt contributions 

to the PM10 mass in the 2004 summer and 2005 winter campaigns, i.e., on average 

91 



Chapter 4: Aerosols from two sites in Belgium 

11% and 18%, respectively, versus only 9% in the 2004 winter campaign (see section 

4.2.9 below). 

 

4.2.9. Aerosol chemical mass closure for the Ghent campaigns 

 

The purpose of aerosol chemical mass closure is to compare the gravimetric PM mass 

with the sum of the masses of the various aerosol components (or aerosol types) that 

are present in the PM and to examine to which extent they are equal to (or differ from) 

each other. The sum of the masses of the aerosol components, which is also called the 

reconstructed PM mass, is obtained from the results of the chemical analyses. A good 

correspondence between the gravimetric and reconstructed masses indicates that no 

major aerosol components were missed and indicates at the same time that the results 

from the chemical analyses were reliable (at least for the components that provide a 

large contribution to the PM mass). 

 

The aerosol chemical mass closure calculations were made in a similar way as done 

by Maenhaut et al. [2002b]. As gravimetric PM mass we always used the data that 

were obtained from samplings with Nuclepore polycarbonate or Pall Teflo filters. As 

indicated in section 2.2.1, the weighings were done at 20 ºC and 50% relative 

humidity (RH). The reconstructed PM mass was obtained as the sum of 8 aerosol 

types, which calculated as follows: 

(1) Organic aerosol or OM, which was estimated as 1.4 OC; 

(2) EC; 

(3) Ammonium; 

(4) Nitrate; 

(5) Nss-sulphate, which was estimated as total sulphate minus sea-salt sulphate, 

whereby the latter was obtained as 0.252 [Na+], with 0.252 the ratio of SO4
2- to Na+ in 

sea water [Riley and Chester, 1971]); the sea-salt correction for fine size fraction was 

only around 1%; 

(6) Sea salt, estimated as 1.4486 [Na+] + [Cl-]; 1.4486 is the ratio of the concentration 

of all elements except Cl- in sea water to the Na+ concentration in sea water [Riley 

and Chester, 1971]; this approach has the advantage that the Cl- lost from the sea salt 

during atmospheric transport is not included; on the other hand, possible nss Cl- is 

incorrectly included; 
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(7) Crustal matter was calculated as 1.16 (1.90 [Al] + 2.15 [Si] + 1.41 [Ca]+ 1.67 

[Ti]+ 2.09 [Fe]), where the factor 1.16 is to compensate for the exclusion of MgO, 

Na2O, K2O, and H2O from the crustal mass calculation and [Al], [Si], etc. are the 

concentrations of the element Al, Si, etc. in the aerosol [Chan et al., 1997]. 

(8) Elements (the sum of all elements not included so far, such as Ni, Cu, Zn, and Pb. 

 

Alternative ways for estimating sea salt and crustal matter exist: sea salt can be 

calculated as [Na+]/0.308, with 0.308 the ratio of the concentration of Na+ to that of 

all sea-salt elements in sea water [Riley and Chester, 1971], which can lead to an 

overestimation when Cl is lost from the sea salt in the atmosphere, as is usually the 

case [Virkkula et al., 1999]. With regard to crustal matter, it is often estimated from 

Al only, i.e., as [Al]/0.0813, where 0.0813 is the fraction of Al in average crustal rock 

[Mason, 1966]. Sometimes, the heavy elements (such as Cu, Zn, and Pb) are not 

included in mass closure calculations, which will make little difference because they 

are responsible for less than 1% of the gravimetric PM mass. 

 

A large uncertainty arises from the conversion of OC to OM. Organic aerosol contains 

other elements, such as H, O, S, N, and P, besides carbon. Therefore, the OC data, 

which represent the mass of carbon only, have to be converted to data for organic 

matter using an OC-to-OM conversion factor. This factor represents the ratio of the 

total mass of organic matter to the mass 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], and a factor of 1.4 is commonly 

used for urban aerosols [Turpin et al., 2000]. Which factor should be used for a 

particular site or data set is far from clear. In this work and for the Ghent site, a 

conversion factor of 1.4 was consistently used. 

 

A potentially important component, which is not included in our reconstructed PM 

mass, is water (except for the water that is associated with crustal matter). It is well-

known that ammonium nitrate, ammonium sulphate, and sea salt are all hygroscopic 

aerosol types [Seinfeld and Pandis, 1998] and since our weighings are done at 50% 

RH, there may be a substantial amount of water present [Maenhaut et al., 2002b]. 
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Figure 4.3a. Average concentrations of 8 aerosol types and of the unexplained 

gravimetric mass in the fine size fraction and in PM10 during 5 

sampling campaigns in Belgium. G04win, G04sum, and G05win stand 

for Ghent 2004 winter, Ghent 2004 summer, and Ghent 2005 winter, 

respectively; U06win and U06sum stand for Uccle 2006 winter and 

Uccle 2006 summer, respectively. Fine represents PM2 in Ghent and 

PM2.5 in Uccle. 
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Figure 4.3b. Average concentrations of 8 aerosol types and of the unexplained 

gravimetric mass in the coarse size fraction during 5 sampling 

campaigns in Belgium. G04win, G04sum, and G05win stand for Ghent 

2004 winter, Ghent 2004 summer, and Ghent 2005 winter, respectively; 

U06win and U06sum stand for Uccle 2006 winter and Uccle 2006 

summer, respectively. Coarse represents PM10-2 in Ghent and PM10-

2.5 in Uccle. 

 

Aerosol chemical mass closure calculations were performed for the PM2, PM10-2, 

and PM10 aerosol and as gravimetric PM mass, we used the data derived from the 

PM(NN) SFU sampler. Since the OC and EC data were not obtained for PM2, but 

instead from a PM2.5(Q) sampler, a slight correction had to be applied to convert the 

PM2.5 OC and EC data into PM2 OC and EC data [Maenhaut et al., 2005]. 

Ammonium, nitrate, and sulphate were obtained directly from the IC analyses of the 

SFU(NT) samples. Sea salt was derived from the Na+ and Cl- data obtained by IC and 

crustal matter and the “elements” were derived from data obtained by PIXE analysis 

of the SFU(NN) samples. 

 

The results of our mass closure calculations are presented in Figures 4.3 (a and b), and 

4.4 (a and b). Also included in Figures 4.3a and 4.3b is the unexplained mass, that is 

the difference between the gravimetric and the reconstructed PM mass. Besides the 
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data for the 3 Ghent campaigns, also those for the winter and summer periods of the 

2006 measurements in Uccle are shown in the figures. 
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Figure 4.4a. Average percentage attributions of 8 aerosol types in fine particles and 

in PM10 during 5 sampling campaigns in Belgium. G04win, G04sum, 

and G05win stand for Ghent 2004 winter, Ghent 2004 summer, and 

Ghent 2005 winter, respectively; U06win and U06sum stand for Uccle 

2006 winter and Uccle 2006 summer, respectively. Fine represents PM2 

in Ghent and PM2.5 in Uccle. 
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Figure 4.4b. Average percentage attributions of 8 aerosol types in the coarse particles 

during 5 sampling campaigns in Belgium. G04win, G04sum, and 

G05win stand for Ghent 2004 winter, Ghent 2004 summer, and Ghent 

2005 winter, respectively; U06win and U06sum stand for Uccle 2006 

winter and Uccle 2006 summer, respectively. Coarse represents PM10-2 

in Ghent and PM10-2.5 in Uccle. 

 

The secondary inorganic species NH4
+, NO3

-, and nss-SO4
2- are clearly major 

contributors to the fine and PM10 aerosol, especially in winter. Their sum, denoted as 

SIA, accounts, on average, for 45-60% and 33-50% of the PM mass in the fine size 

fraction and PM10, respectively. Even in the coarse size fraction SIA are still quite 

significant, accounting for 19-27%. As indicated in Chapter 1, SIA are formed from 

the gas-phase precursors NOx, SO2, and NH3. These precursor gases are not only 

emitted within Belgium, but also in neighbouring countries and in the rest of Europe. 

As far as the emissions in Flanders are concerned, agricultural activities, in particular 

intensive pig and cattle breeding and storage and spread of animal manure, is the 

major source of NH3; NOx originates mainly from combustion processes associated 

with traffic, electricity production and industry (which contributed with 47%, 14%, 

and 21%, respectively, of the total NOx emission in 2005); and SO2 is predominantly 

due to the combustion of fossil fuels (oil and coal), with 78% of the total SO2 
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emissions in 2005 originating from industry, refineries and electricity production 

combined [Anonymous, 2005; VMM, 2006]. 

 

The carbonaceous components, and especially OM, are also major aerosol 

components. Their sum, denoted as carbonaceous matter (CM = OM + EC), 

represents, on average, 31-43% and 29-34% of the PM mass in the fine size fraction 

and PM10, respectively; in the coarse size fraction CM accounts for 16-24%. In 

contrast to what is the case for SIA (and especially NH4
+ and NO3

-), there is no clear 

seasonal variation in the % contribution of the CM. The sources of the CM in the PM 

in Belgium are much less clear than those of SIA. It is also highly uncertain which 

fraction of the OM is SOA. While a substantial fraction of the primary OM (and most 

of the EC) is likely derived from traffic, other anthropogenic sources and emissions 

from the biosphere (especially the vegetation) also contribute to both the primary OM 

and SOA. In previous studies in Ghent, a number of particulate organic compounds 

were measured, which are quite useful for identifying certain sources or source types 

(or even the formation of SOA) and for assessing their contribution [Kubátová et al., 

2002; Pashynska et al., 2002; Zdráhal et al., 2002]. From the data for levoglucosan, it 

was estimated that wood burning was responsible for 35% of the particulate OC in 

PM10 in Ghent during winter 1998 [Zdráhal et al., 2002]. And on the basis of data for 

the saccharidic compounds, it was estimated that the contribution from primary 

biogenic organic aerosols (e.g., plant pollen and fungal spores) was larger during 

summer than during winter [Pashynska et al., 2002]. 

 

Whereas the SIA and CM were the prevailing aerosol types in the fine size fraction, 

crustal matter and sea salt were besides CM the major components in the coarse 

particles; crustal matter and sea salt contributed together between 40 and 57% of the 

coarse PM mass. The sea salt contribution to the coarse aersol was particularly 

elevated (i.e., 40%) for the 2005 winter campaign at Ghent when air mass transport 

from the Atlantic Ocean was quite frequent. When relating the average PM mass 

concentrations of the 3 winter campaigns (2004 and 2005 in Ghent and 2006 in Uccle) 

with the average percentage attributions to sea salt, it appears that there is an inverse 

relationship between both. In PM10, and for the 3 winter campaigns, there was even 

an inverse relation between the absolute concentrations of the PM mass and of the 

sea-salt component. As to the crustal component, there are contributions to it from 
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wind-blown soil dust (both natural and anthropogenic), road dust, and other 

anthropogenic sources. Whereas road dust is considered to be the major contributor to 

the crustal component at kerbside sites [Putaud et al., 2004a], it is unclear what its 

contribution is at our urban background sites. 

 

The concentration of the “elements” was quite low, on average from 0.07 to 0.3 µg/m3 

in PM10, and the percentage of the PM10 mass that was attributed to “elements” 

ranged from 0.3 to 0.6%. 

 

During the 2004 summer and 2005 winter campaigns at Ghent, parallel samplings 

were made with high-volume PM2.5 and PM10 quartz fibre filter samplers and the 

samples were analysed with various chemical analysis techniques, whereby only the 

analyses for OC and EC were made with the same technique as used by us [Viana et 

al., 2007a]. Aerosol chemical mass closure calculations were done using a somewhat 

different approach than used by us, i.e., an OC-to-OM conversion factor of 1.8 was 

used and crustal matter was estimated in a different manner. The results of Viana et al. 

[2007a] were in good agreement with those obtained by us. For example, for SIA in 

PM10, identical average percentage contributions were obtained. 

 

4.2.10. Conclusions from the studies in Ghent 

 

Three campaigns were carried out in Ghent, Belgium, i.e., two in winter and one in 

summer. The PM mass concentrations in PM2 and PM10 were higher in winter than 

in summer. This is due to differences in meteorological conditions with among other 

things lower temperatures in winter, which lead to more NH4NO3 in the condensed 

phase. 

 

A combination of different collection devices and different analytical techniques is 

needed for a complete aerosol characterisation and for obtaining the data that are 

needed for aerosol chemical mass closure calculations. Carbonaceous matter was a 

main component in PM10; it accounted for ~30% of the PM10 mass in all three 

campaigns; and the percentage attribution from CM was somewhat larger in PM2 than 

in PM10, i.e., from 31 to 40%. SIA were even more important than CM; they made, 

on average, up from 33 to 48% in PM10 and from 45 to 57% in PM2, with the lowest 
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percentages in summer. The average percentage contributions from nss-SO4
2- were 

largest in summer, whereas those from NH4
+ and NO3

- were lowest in this season. 

 

The ions were fairly well balanced in all three campaigns and there was sufficient 

NH4
+ in the fine size fraction to fully neutralise all fine SO4

2- and NO3
- to (NH4)2SO4 

and NH4NO3. The equivalent ratios ∑cations/∑anions were higher than 1 in all 3 

campaigns and in both the fine and coarse size fractions. The missing anions are 

assumed to be CO3
2− and HCO3

−, which were not measured in our IC analysis, and 

perhaps to some extent also organic anions, such as oxalate. 

 

The average contribution from the sum of sea salt and crustal matter to the coarse PM 

was 50 and 57% in the two winter campaigns and 40% in the summer campaign. Sea 

salt was very important in the 2005 winter campaign when it provided 40% of the 

coarse PM mass; this was due to the frequent advection of maritime air masses from 

the Atlantic Ocean during this campaign. 

 

The meteorological conditions and the origin of the air masses were important factors 

in controlling not only the concentration of the PM mass, but also that of a number of 

species, such as nitrate, and the fine/PM10 ratio of certain species. When the air 

masses came from the Atlantic Ocean with fast wind speed, the concentrations of the 

local pollution aerosols and of the PM mass decreased, especially in the fine size 

fraction, whereas there was an increase in the concentration and percentage 

contribution of sea salt in the coarse size fraction. 

 

4.3. One-year study at Uccle, Belgium 

 

During 2006, a study was undertaken at Uccle, Belgium, to examine the relationship 

between the vertical column-integrated AOD and the boundary layer aerosol 

characteristics. This study was done in co-operation with A. Cheymol, Dr. H. De 

Backer, and others of the RMI of Belgium. As part of the study, PM2.5 and PM10 

aerosol samples were collected on Nuclepore polycarbonate filters and on pre-fired 

Whatman QM-A quartz fibre filters. The collections were done during the day-time 

only and on days with no or few clouds when 50% or more valid AOD data were to 

be expected. 
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In this section, I will present and discuss the characteristics of the boundary layer 

aerosol. Their seasonal variation will be examined and aerosol chemical mass closure 

calculations will be performed. 

 

 

Figure 4.5. PM samplers set up on the roof of the Royal Meteorological Institute of 

Belgium in Uccle during the measurements in 2006. 

 

4.3.1. Uccle site description 

 

Uccle (50º48’N, 4º21’E) is located in the south of the Brussels capital region (see 

Figure 4.1) and is at about 60 km to east-southeast of the Ghent sampling site. It is 

one of the greener municipalities of Brussels, has a population of 76,000, and is 

essentially a residential area. It has three federal institutions that are grouped together 

into the so-called Space Pole. One of these institutions is the RMI, where the 

samplings were conducted. Our sampling site can be regarded as an urban background 

site [Van Dingenen et al., 2004]. The samplers were set up on the roof of the RMI 

(see Figure 4.5), at 17 m above ground, 100 m above sea level. 
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4.3.2. Samplings and analyses 

 

Samplings were performed in parallel with 4 low-volume samplers. Two of the four 

samplers (PM2.5Q and PM2.5N) were PM2.5 samplers; two 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 a Nuclepore polycarbonate filter was used in 

PM10N. All quartz fibre filters were Whatman QM-A filters which had been pre-fired 

at 550 °C during 24 hours to remove organic contaminants. 

 

The samplings at Uccle started on 4 January 2006 and ended on 30 November. A total 

of 109 collections were made with each sampler. When grouped by season, 20 

samples were taken in 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 (longer in 

summer and shorter in winter), with a median of 7.5 hours. Besides the actual samples, 

also a total of 25 field blanks were taken. 

 

All filters were weighed to obtain the PM mass. Besides, the Nuclepore polycarbonate 

filters were analysed for elements by PIXE and for water-soluble ions by IC using the 

4500i instrument and the quartz fibre filters were analysed for TC, OC, and EC by 

TOT. Details on the various analyses are given in Chapters 2 and 3. 

 

4.3.3. Meteorological data for the Uccle 2006 study 

 

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 temperatures in the 2006 fall were 

abnormally high in the West-European countries, including Belgium. Furthermore, in 

the winter season a strong air pollution episode with elevated PM levels occurred at 

the end of January and beginning of February, and this episode persisted from western 

to central Europe. 
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Table 4.8. Medians and interquartile ranges of the PM mass, carbonaceous and ionic species, and elements in the PM2.5 size fraction for the 

Uccle 2006 study. All data are in ng/m3, except those for the PM mass, which are in μg/m3. 

 

 All Winter Spring Summer Fall 
PM mass          13.8 (8.7 - 23)          35   (25 - 47)          13.9 (10.0 - 19.8)         10.2 (8.4 - 16.6)          10.2 (7.7 - 15.1) 
OC(Q)      2900   (1870 - 5200)      9200   (5500 - 12300)      2100   (1350 - 2600)      3400   (2800 - 4900)      2500   (1620 - 4000) 
EC(Q)        640   (350 - 1070)      1340   (930 - 1580)        560   (410 - 720)        230   (31 - 410)        650   (350 - 1050) 
NH4

+      1810   (690 - 4300)      5700   (5000 - 7000)      1850   (1330 - 3900)      1090   (640 - 2200)        790   (500 - 1110) 
NO3

-      1620   (640 - 5700)      9700   (7300 - 12500)      3300   (1690 - 6300)        270   (230 - 650)        910   (510 - 1640) 
SO4

2-      3000   (1670 - 5000)      6700   (4400 - 7300)      3100   (1850 - 4400)      2700   (1680 - 5300)      1760   (1290 - 3300) 
MSA-            0.133 (DL - 0.37)            0.121 (DL - 0.63)            0.25 (DL - 0.39)            0.084 (DL - 0.23)            0.081 (DL - 0.25) 
Cl-        128   (29 - 500)        600   (220 - 930)        187   (90 - 430)            3.7 (DL - 32)          71   (13.6 - 340) 
Na+        163   (94 - 380)       140   (88 - 190)        260   (154 -480)          96   (64 - 197)        169   (106 - 560) 
Mg2+          20   (9.6 - 49)          11.1 (8.0 - 18.9)          39   (25 - 70)          10.5 (8.0 - 25)          22   (11.3 - 69) 
K+          52   (33 - 107)        210   (96 - 300)          41   (28 - 58)          36   (26 - 47)          64   (35 - 123) 
Ca2+          89   (58 - 134)          98   (63 - 123)        102   (63 - 123)          56   (42 - 77)        101   (76 - 162) 
Al         DL   (DL - 34)         DL   (DL - 35)        DL   (DL - 30)         DL   (DL - 37)         DL   (DL - 34) 
Si          80   (48 - 141)          88   (58 - 144)          93   (47 - 112)         52   (44 - 116)          81   (47 - 159) 
S      1040   (610 - 1860)      2300   (1610 - 2700)      1040   (730 - 1590)        940   (600 - 1830)        660   (490 - 1270) 
K          88   (53 - 162)        310   (163 - 410)          73   (50 - 101)          62   (41 - 83)          94   (56 - 162) 
Ca          67   (48 - 112)          89   (50 - 109)          62   (44 - 95)          52   (35 - 66)          79   (56 - 140) 
Ti            2.5 (DL - 5.5)            4.2 (2.7 - 5.7)            2.2 (DL - 3.6)            1.94 (DL - 4.6)            2.3 (DL - 7.4) 
V            1.65 (DL - 3.1)            1.95 (0.76 - 3.0)            2.1 (DL - 4.3)            2.8 (DL - 5.1)            1.40 (DL - 2.6) 
Mn            3.9 (2.1 - 8.7)            9.5 (6.8 - 19.7)            3.1 (1.57 - 6.0)            2.6 (1.14 - 3.9)            5.1 (2.5 - 9.7) 
Fe        116   (69 - 200)        230   (134 - 360)          99   (53 - 127)          85   (54 - 116)        150   (92 - 220) 
Ni            1.54 (0.80 - 2.5)            2.1 (1.59 - 4.2)            1.52 (0.85 - 2.1)            1.51 (0.59 - 2.2)            1.40 (0.79 - 2.2) 
Cu            4.2 (2.8 - 7.1)            6.9 (4.7 - 10.0)            3.1 (2.2 - 4.2)            3.0 (1.9 - 4.0)            6.2 (3.6 - 7.7) 
Zn         33   (15.6 -78)        102   (59 - 240)          32   (11.7 - 48)          17.0 (10.2 - 26)          39   (17.8 - 78) 
Pb            9.6 (5.2 - 23)          37   (21 - 59)            9.1 (4.8 - 13.0)            4.8 (3.8 - 7.8)          14.2 (5.7 - 24) 
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Table 4.9. Medians and interquartile ranges of the PM mass, carbonaceous and ionic species, and elements in the PM10 size fraction for the 

Uccle 2006 study. All data are in ng/m3, except those for the PM mass, which are in μg/m3. 

 

 All Winter Spring Summer Fall 
PM mass          24   (17.8 - 34)            44   (33 - 58)          23   (16.9 - 33)          21   (16.6 - 26)          22   (16.7 - 29) 
OC(Q)      4000   (2500 - 6200)      10700 (6500 - 13200)      3000   (2300 - 4000)      4700   (3700 - 6100)      3500   (2200 - 5000) 
EC(Q)        890   (570 - 1490)        1460   (1120 - 1820)        620   (490 - 910)        660   (490 - 890)      1100   (810 - 1700) 
NH4

+      1910   (740 - 4700)        5800   (5100 - 7200)      2100   (1520 - 4200)      1260   (680 - 2700)        800   (550 - 1310) 
NO3

-      3900   (1780 - 8000)      10600 (7800 - 13300)      4300   (2800 - 8600)      1470   (1030 - 2100)      2400   (1680 - 4200) 
SO4

2-      3300   (2100 - 5500)        6800   (4500 - 7500)      3500   (2300 - 4700)      2900   (1800 - 5600)      2300   (1760 - 3400) 
MSA-            0.146   (DL - 0.57)         DL  (DL - 0.47)            0.162 (DL - 0.53)            0.28 (DL - 0.40)            0.36 (DL - 0.59) 
Cl-        620   (185 - 1710)          910   (570 - 1940)      1140   (470 - 2000)        63   (24 - 430)        520   (185 - 1690) 
Na+        460   (250 - 1350)          370   (250 - 690)        860   (410 - 1460)        300   (122 - 590)        440   (220 - 1530) 
Mg2+          87   (57 - 192)            57   (46 - 78)        140   (89 - 240)          68   (50 - 108)        100   (65 - 220) 
K+          94   (63 - 137)          230   (132 - 340)          63   (47 - 84)          75   (63 - 111)        111   (88 - 165) 
Ca2+        570   (380 - 810)          570   (390 - 720)        550   (390 - 820)        500   (330 - 620)        700   (450 - 960) 
Al        157   (70 - 230)          178   (117 - 230)        150   (73 - 220)        188   (99 - 270)        114   (55 - 195) 
Si        490   (300 - 700)          510   (390 - 680)        480   (300 - 690)        540   (350 - 810)        390   (230 - 680) 
S      1190   (740 - 1950)        2600   (1880 - 2900)      1260   (840 - 1680)      1050   (690 - 1990)        770   (620 - 1310) 
K        185   (122 - 250)          390   (220 - 500)        134   (109 - 210)        172   (111 - 195)        192   (134 - 240) 
Ca        470   (300 - 740)          540   (380 - 690)        430   (300 - 730)        430   (280 - 520)        600   (280 - 790) 
Ti          15.6 (9.9 - 20)            17.4 (14.9 - 20)          13.8 (9.7 - 19.1)          16.8 (11.2 - 22)          13.6 (7.1 - 21) 
V            2.5 (1.06 - 4.1)              3.1 (2.0 - 4.3)            2.7 (1.50 - 5.2)            4.0 (DL - 7.4)            2.1 (DL - 2.8) 
Mn          11.1 (5.9 - 17.7)            18.0 (13.5 - 35)            7.6 (5.3 - 12.1)            8.5 (4.9 - 12.7)          11.1 (6.2 - 17.7) 
Fe      390   (280 - 580)          640   (470 - 1150)        360   (260 - 440)        340   (260 - 410)        440   (260 - 58) 
Ni      2.2 (1.28 - 3.6)              3.1 (2.3 - 6.1)            1.79 (1.28 - 2.6)            2.0 (0.88 - 3.1)            1.79 (1.06 - 3.6) 
Cu      11.8 (8.5 - 17.0)            17.7 (13.3 - 20)            9.4 (7.0 - 12.7)            9.6 (6.8 - 11.9)          14.9 (9.0 - 17.5) 
Zn      45   (23 - 109)          140   (66 - 310)          40   (18.6 - 65)          26   (17.8 - 40)          55   (26 - 109) 
Pb      11.6 (6.7 - 26)            43   (25 - 89)            8.5 (5.5 - 16.7)            6.8 (4.2 - 9.2)          15.5 (7.2 - 26) 

 

104 



Chapter 4: Aerosols from two sites in Belgium 

Isentropic 72-h back trajectories were calculated with Hysplit in the same way as done 

for Ghent (section 4.2.3). 

 

4.3.4. PM mass, carbonaceous, ionic, and elemental data for the Uccle 2006 

study 

 

The medians and ranges for the PM mass, carbonaceous species, ions, and elements in 

PM2.5 and in PM10 are given in Tables 4.8 and 4.9, respectively. Separate data are 

given for the whole year and for each of the 4 seasons. Figure 4.6 shows the mean 

percentage PM2.5/PM10 ratios and associated standard deviations for the species and 

elements in each season. As was the case for the Ghent campaigns, the carbonaceous 

species OC and EC and the ions NH4
+, NO3

-, and SO4
2- are the major species in the 

PM10 aerosol, with median concentrations mostly well above 1 μg/m3 (for EC above 

0.6 μg/m3). In the spring period, the ions Cl- and Na+ are also major species in PM10. 

OC and the ions NH4
+ and SO4

2- are, on average, for more than 70% associated with 

the fine particles. Consequently, the PM mass is also mostly associated with the fine 

particles, i.e., for more than 50%. 
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Figure 4.6. Mean % of PM10 mass in the PM2.5 size fraction for the 2006 

measurements in Uccle and for each of the 4 seasons. 
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4.3.5. Discussion of the PM mass data 

 

The annual average mass concentrations in PM10 and PM2.5 were 29 and 18.7 µg/m3, 

respectively. These levels are below the 2005 EU annual standard of 40 µg/m3 for 

PM10 [EU Directive, 1999] and below the EU annual PM2.5 limit value of 25 µg/m3 

which is to be met by 2020 [EU Directive, 2008]. However, our annual averages 

cannot really be taken as representative for the whole year as no sampling was done 

during the night. The PM10 mass concentration of 50 of µg/m3 was only exceeded on 

9 of the 109 sampling days, that is on 8.3% of the sampling days, whereas 35 

exceedences per calendar year (corresponding to 9.6% of the days) are allowed by the 

EU. 

 

When looking at the seasonal variation, the PM mass concentrations in PM2.5 and 

PM10 were much larger for the winter period than for the other 3 seasons; the winter 

means in PM2.5 and PM10 were 39 and 48 µg/m3, respectively and the medians 35 

and 44 µg/m3, respectively. These levels are much larger than those obtained for the 

two winter campaigns in Ghent. As indicated above in section 4.3.3, a strong air 

pollution episode with elevated PM levels occurred at the end of January and 

beginning of February. The median PM10 mass concentrations for the spring, summer, 

and fall seasons were 23, 21, and 22 µg/m3, respectively. These data compare well 

with the median of 18.8 µg/m3 for PM10 mass during the 2004 summer campaign in 

Ghent. As to the coarse (PM10-2.5) size fraction, the medians were 8.9, 8.4, 8.3, and 

9.9 µg/m3 for winter, spring, summer, and fall, respectively. Thus the high PM10 

levels for the winter were totally due to the much larger PM2.5 levels in that season. 

This also appears from the very high mean PM2.5/PM10 mass ratio of 0.81 for the 

winter. 

 

Whereas the mean PM2.5/PM10 mass ratio at Uccle was 0.81 in winter, it was 

substantially lower in the other 3 seasons, with 0.60, 0.55, and 0.54 in spring, summer, 

and fall, respectively. Although a comparison with the data from the Ghent campaigns 

is somewhat difficult as PM2/PM10 ratios were obtained at Ghent, it can definitely be 

stated that a similar seasonal variation in fine/PM10 ratios is found at Uccle and 

Ghent, with highest ratios in winter and low ratios in summer. Besides, it can be 

concluded that the fine/PM10 ratio for winter at Uccle is clearly higher than the 
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fine/PM10 ratios in the Ghent winter campaigns. As also the PM10 data were higher 

for the Uccle winter period than for the two Ghent winter campaigns, it appears that 

high PM10 levels in winter are associated with an increase in PM2.5. 

 

4.3.6. Discussion of the data for the ionic species 

 

Like in the Ghent campaigns, the concentrations for the ions show a similar seasonal 

variation as those for the PM mass, with largest concentrations in winter. A very 

substantial summer/winter difference is noted for fine NO3
-, which is even more 

pronounced than in Ghent, and this is reflected in the very large difference in 

PM2.5/PM10 percentage ratio for NO3
- between the two seasons; it is only 27% in 

summer versus 93% in winter. 

 

Table 4.10. Average ionic equivalent concentrations and their ratios in PM2.5 and 

PM10 for each season during 2006 in Uccle. 

 

 Cations Anions Cations/ 
Anions 

Equations 
∑anions = a ∑cations + b 

R2 

PM2.5      

All 180 ± 161 150 ± 119 1.16 ± 0.12 y = 0.73 x + 18.0 
y = 0.79 x 

0.98 
0.97 

Winter 390 ± 182 310 ± 122 1.20 ±0.09 y = 0.66 x + 59 
y = 0.79 x 

0.98 
0.94 

Spring 186 ± 148 152 ± 100 1.17 ± 0.16 y = 0.66 x + 29 
y = 0.76 x 

0.97 
0.94 

Summer 101 ± 56 89 ± 46 1.13 ± 0.08 y = 0.81 x + 6.74 
y = 0.86 x 

0.99 
0.98 

Fall 105 ± 80 92 ± 67 1.14 ± 0.09 y = 0.83 x + 5.18 
y = 0.86 x 

0.99 
0.99 

PM10      

All 250 ± 163 200 ± 123 1.23 ± 0.15 y = 0.74 x + 19.0 
y = 0.79 x 

0.97 
0.96 

Winter 440 ± 185 350 ± 133 1.24 ± 0.10 y = 0.71 x + 38 
y = 0.79 x 

0.98 
0.97 

Spring 270 ± 157 220 ± 100 1.21 ±0.13 y = 0.65 x + 41 
y = 0.77 x 

0.96 
0.92 

Summer 151 ± 59 123 ± 52 1.27 ± 0.20 y = 0.86 x - 10.0 
y = 0.80 x 

0.95 
0.95 

Fall 182 ± 92 155 ± 83 1.21 ± 0.17 y = 0.89 x - 6.1 
y = 0.86 x 

0.97 
0.96 
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The data of the ions were also for Uccle used to examine to which extent the cations 

and anions neutralised each other and thus ion balance was achieved. The mean 

concentrations of the sums of the cations (in equivalents) and the sums of the anions 

(in equivalents) for PM2.5 and PM10 in each season are given in Table 4.10. The 

table also gives some average equivalent ratios and associated standard deviations and 

the results of regressions of anion equivalents on cation equivalents. Additional 

equivalent ratios are given in Table 4.11. The sum of the cations is systematically 

larger than the sum of the anions in all campaigns and the Cations/Anions ratios are 

similar to those at Ghent. Furthermore, there appears no real seasonal variation in that 

ratio. The R2 values for the various regression equations between anions and cations 

of Table 4.10 are all higher than 0.9, as was also noted for Ghent (Table 4.3). 

 

Table 4.11. Average ratios of ionic equivalent concentrations in PM2.5 and PM10 

for each season during 2006 in Uccle. 

 

 
(SO4

2- + NO3
-

)/ 
Anions 

Ca2+/Cations NH4
+/Cations 

N +H4 / 
(SO4

2- + NO3
-) 

PM2.5     

All 0.92 ± 0.11 0.050 ± 0.050 0.78 ± 0.21 0.97 ± 0.25 

Winter 0.93 ± 0.04 0.0163 ± 0.0109

er 

0.89 ± 0.16 0.082 ± 0.060 0.65 ± 0.23 0.81 ± 0.23 

0 

er 0.180 ± 0.092 
all 0.77 ± 0.21 0.24 ± 0.12 0.42 ± 0.23 0.62 ± 0.24 

0.95 ± 0.03 1.21 ± 0.11 

Spring 0.92 ± 0.08 0.035 ± 0.020 0.80 ± 0.16 1.02 ± 0.23 

Summ 0.95 ± 0.08 0.051 ± 0.055 0.81 ± 0.19 0.95 ± 0.21 

Fall 

PM1     

All 0.83 ± 0.18 0.167 ± 0.108 0.57 ± 0.25 0.82 ± 0.29 

Winter 0.90 ± 0.06 0.084 ± 0.052 0.83 ± 0.09 1.15 ± 0.13 

Spring 0.80 ± 0.16 0.129 ± 0.061 0.59 ± 0.21 0.87 ± 0.24 

Summ 0.90 ± 0.15 0.58 ± 0.24 0.78 ± 0.25 
F
 

Table 4.11 shows that SO4
2− + NO3

- were the dominant anions and NH4
+ the 

dominant cation in PM2.5 and even in PM10, although this was somewhat less so for 

the fall period. In some fall samples, the sea-salt ions Na+, Mg , and Cl2+

ammonia to fully neutralise all the SO4  and NO3  in these seasons. The exception 

- were quite 

important. The equivalent ratios of NH4
+/(SO4

2− + NO3
-) in PM2.5 were for 3 of the 4 

seasons, on average, above 1 or close to 1, indicating that there was sufficient 
2− -
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was again the fall season, but as the cation/anion equivalent ratio in PM2.5 was above 

1 in this season, the sea salt cations Na+ and Mg2+ likely acted also as basic 

neutralising species for SO4
2− + NO3

-. 

 

Table 4.12. Average mass ratios to Na+ in fine, coarse, and PM10 particles for each 

season during 2006 in Uccle. 

 

 Cl-/Na+ Mg2+/Na+ K+/Na+ Ca2+/Na+ SO4
2-/Na+ 

Sea water 1.80 0.120 0.0376 0.0382 0.252 

PM2.5      

All 1.34 ± 1.90 0.131± 0.045 0.70 ± 0.82 0.68 ± 0.58 34 ± 38 

Winter 4.33 ± 2.33 0.099 ± 0.038 1.63 ± 0.89 0.83 ± 0.47 52 ± 28 

Spring 0.86 ± 0.52 0.149 ± 0.035 0.30 ± 0.39 0.49 ± 0.50 25 ± 37 

Summer 0.23 ± 0.50 0.127 ± 0.042 0.53 ± 0.60 0.71 ± 0.47 48 ± 44 

Fall 0.75 ± 1.17 0.136 ±0.050 0.63 ± 0.81 0.75 ± 0.72 25 ± 37 

PM10      

All 1.43 ± 1.34 0.23 ± 0.05 0.39 ± 0.46 2.2 ± 2.7 16.2 ± 22.6 

Winter 2.58 ± 1.21 0.171 ± 0.110 0.65 ± 0.44 2.0 ± 1.7 22.2  ± 20.0 

Spring 1.24 ± 0.49 0.195 ± 0.102 0.147 ± 0.211 1.34 ± 2.13 11.5 ± 22.0 

Summer 0.47 ± 0.39 0.29 ± 0.20 0.43 ± 0.37 2.6 ± 2.5 20.0 ± 18.7 

Fall 1.48 ± 1.74 0.26 ± 0.17 0.45 ± 0.59 2.8 ± 3.4 14.9 ± 25.9 
 

Crustal enrichment factor calculations indicated that PM2.5, coarse, and PM10 Na+ 

are, on average, for 90% or more attributable to sea salt in each season. This 

percentage is somewhat less than the 95% or more for the Ghent campaigns. 

Nevertheless, it was examined to which extent Mg2+, K+, Ca2+, Cl-, and SO4
2- come 

from sea salt by calculating mass ratios with respect to Na+ and comparing these with 

the mass ratios in sea water [Riley and Chester, 1971]. The results of these 

calculations for the PM2.5 and PM10 aerosol are given in Table 4.12. For the fine size 

fraction (PM2.5 in Uccle, PM2 in Ghent), there is clearly similarity in the seasonal 

variability in the ratios for Ghent (Table 4.5) and Uccle (Table 4.12), but there are 

also marked differences. The fine Cl-/Na+ ratio in summer is much lower at Uccle 

than at Ghent, pointing to a more severe Cl- loss from the sea-salt aerosol. The mean 

fine K+/Na+ ratio in winter is substantially larger for Uccle than for Ghent, which 

suggests an even higher contribution from wood burning (note also the very high 

PM2.5/PM10 ratio of 0.87 for K+ and even 0.76 for total K at Uccle in this season). 



Chapter 4: Aerosols from two sites in Belgium 

This may seem surprising as the Uccle samples are day-time samples and wood 

burning is thought to be more pronounced during evening and night. The wood-

burning smoke was likely advected by long-range transport with the easterly air 

masses that gave rise to the high PM levels and was not so much of local origin. The 

ratios of K+, Ca2+, and SO4
2- to Na+ in PM10 are clearly larger than those in Ghent. 

This is explained by the higher proportion of crustal matter and of nss-sulphate 

relative to that of sea salt in the PM10 aerosol (see, e.g., Figure 4.4a). 

 

As for the Ghent campaigns, the relationships among the ions and with the PM mass 

were calculated. This was done separately for each season and for the PM2.5 and 

PM10 size fractions. The correlations between Na+ and Cl- were very high (r> 0.9) in 

PM10, but only high (r> 0.7) in PM2.5. Besides, in the summer period (and in PM2.5), 

it was reduced to 0.54, which together with the low mean Cl-/Na+ ratio (and the high 

associated standard deviation of over 200% relative) in PM2.5 indicates that the Cl- 

loss showed substantial variation from sample to sample. Furthermore, Na+ was very 

highly correlated with Mg2+ in both PM10 and PM2.5, with the exception of the 

winter period, when the correlations were only high. This, together with the fact that 

the Mg2+/Na+ ratios were fairly close to that in sea water, indicates that most of the 

Mg2+ at Uccle was from sea-spray origin. 

 

Besides the sea-salt ions just mentioned, also the inorganic secondary ions were 

generally strongly correlated with each other, as was the case in Ghent. The 

correlations between NH4
+ and SO4

2- were all very high, both in PM2.5 and PM10. 

Those between NH4
+ and NO3

- were also at least high in 3 out of the 4 seasons. The 

exception was summer, for which there was no correlation at all between the two 

species, neither in PM2.5 nor in PM10. This is likely due to the high temperatures 

during the summer samplings (on average 24.3 ± 4.3 °C) so that there was very little 

NH4NO3 retained in the particulate phase. Incidentally, there was barely sufficient 

NH4
+ present in the aerosol in summer to fully neutralise the SO4

2-. That the ambient 

temperature has a pronounced impact on the presence of fine NO3
- in the aerosol is 

illustrated in Figure 4.7, which shows the ratio of NO3
- to the PM mass in PM2.5 as a 

function of the mean ambient temperature during the aerosol sampling. This ratio 

varies from about 0.2-0.4 at low temperatures down to 0.01-0.04 when the 

temperature exceeds 25 ºC. 
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Figure 4.7. Ratio of NO3
-/PMmass in PM2.5 as a function of ambient temperature 

during 2006 at Uccle. 

 

4.3.7. Comparisons between IC and PIXE data for the samples from the 

Uccle 2006 study 

 

Similarly as for the Ghent campaigns, the IC data for a number of species were 

compared with the total element concentrations obtained by PIXE. This was now done 

for K+, Ca2+, Cl-, and SO4
2-. The comparison for Mg2+ was left out as too many PIXE 

Mg data were below the detection limit (DL) or had a very high associated uncertainty 

from counting statistics. The comparison was done in terms of ratios and this for both 

PM2.5 and PM10. The average IC/PIXE ratios and associated standard deviations are 

given in Table 4.13. Overall, the ratios resemble those obtained for Ghent, with for Cl 

ratios that are substantially larger than 1, be it that the PM2.5 Cl ratios for Uccle are 

much lower than the PM2 ratios for Ghent. As in Ghent, the aerosol Ca appears to be 

entirely water-soluble. Why the ratio is somewhat higher than 1.0 is not really clear. It 

seems that there is either some positive bias for the IC data (bias in the calibration?) 

or, which is less likely, a negative bias in PIXE. As to K, a substantial fraction of this 

element is clearly not water-soluble. This fraction is like in Ghent at least partly 

insoluble K that is present in crustal matter. The IC/PIXE ratios for S are, as in Ghent, 

systematically lower than 1.0, be it to a much lesser extent; the mean ratios are over 

0.9 whereas they ranged from 0.77 to 0.89 in the Ghent campaigns. 
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Table 4.13. Average IC/PIXE ratios and associated standard deviations for 4 species 

measured by both techniques in the Uccle 2006 samples. 

 

 SO4
2--S/S Cl-/Cl K+/K Ca2+/Ca 

PM2.5 0.91 ± 0.07 3.8 ± 3.0 0.62 ± 0.14 1.21 ± 0.29 

PM10 0.92 ± 0.07 2.6 ± 3.2 0.56 ± 0.18 1.16 ± 0.18 
 

4.3.8. Relation of PM mass and ionic data to air mass origin 

 

Four typical examples of air mass back trajectories, as calculated with Hysplit, are 

shown in Figure 4.8. Part a shows the trajectories for 8 August 2006; the air was 

advected from the Atlantic Ocean with relatively high speed, and the PM was 

characterised by a high contribution from sea salt while the concentrations of the PM 

mass, NH4
+ and SO4

2- were low. Part b shows the situation for 17 March 2006; the air 

mass came from Eastern Europe with moderate speed and the aerosol was 

characterised by a rather low contribution from sea salt and by high concentrations of 

the PM mass, NH4
+, NO3

-, and SO4
2. Part c shows the situation for 28 January 2006; 

the air masses originated over Southern Europe and passed over central Europe, they 

were advected with relatively low speed; 28 January was one of the days of the heavy 

winter pollution episode with high concentrations of the PM mass, NH4
+, NO3

-, and 

SO4
2. Part d gives the trajectories for 23 July 2006; the air came from the Atlantic 

Ocean with relatively low speed; the maritime air was mixed with local pollutants; the 

aerosol contained little sea salt, but there were high concentrations of NH4
+ and SO4

2. 

 

From the back trajectories for all sampling days that trajectories originating from the 

Atlantic Ocean (both westerly and northerly direction) and running at high speed, 

which gave rise to relatively high sea-salt levels, were observed with a low frequency 

in winter (10% of the days) and fall (27%), but with a high frequency in spring (41%) 

and in summer (40%). In winter, the air masses came mostly from eastern and 

Southern Europe with a relatively low speed, but in the other seasons, they came 

mostly from the Atlantic Ocean with a relatively low speed. So, when air masses 

moved slowly, especially in winter, the aerosol had a local character and particulate 

pollutants which were locally emitted accumulated. During the spring and summer 
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   a      b 

 

 

   c      d 

Figure 4.8. Isentropic 3-day back trajectories for some selected sampling days in 

Uccle; (a) represents clean aerosols from marine air masses; (b) 

represents polluted aerosols from Eastern European air masses; (c) 

represents local polluted aerosols with stagnant weather conditions; (d) 

represents mixed aerosols from between marine and local air masses. 
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sampling days, the air masses came from the Atlantic Ocean on 40% of the days; as a 

result, the aerosol was impacted by maritime air masses, and this resulted in high 

percentage contributions of sea salt to the coarse particles, i.e., 13% and 20% in 

spring and summer, respectively (see also section 4.3.9 below). 

 

4.3.9. Aerosol chemical mass closure for Uccle 

 

Mass closure calculations were done for Uccle in the same way as was done for Ghent. 

They were done on a sample by sample basis and this for PM2.5, PM10, and the 

coarse aerosol (PM10-2.5), and the results were then averaged per season. The mean 

concentrations of the 8 included components and of the unexplained PM mass are 

shown in Figure 4.9 (a and b), while Figure 4.10 (a and b) shows the average 

percentage attributions of the 8 aerosol types. 

 

Very good mass closure was obtained for PM2.5 and PM10, with the unexplained PM 

mass being, on average, less than 10% for each season. The percentages were clearly 

larger for the coarse size fraction, i.e., ranging from 15 to 22%. However, it should be 

noted that the data for this size fraction were obtained by subtracting the experimental 

PM2.5 data from the experimental PM10 data. The uncertainty that is associated with 

the difference is inherently larger than that for the PM2.5 and PM10 data. 

 

Overall, the percentage attributions for Uccle and their variation with season are 

rather similar to those for Ghent. The secondary inorganic species NH4
+, NO3

-, and 

nss-SO4
2- are major contributors in PM2.5 and PM10 in Uccle, especially in winter 

and spring. Their sum (SIA) accounts, on average, for 42-67% and 33-50% of the PM 

mass in PM2.5 and PM10, respectively. SIA are also significant in the coarse size 

fraction, accounting for 11-23%. CM represents, on average, 24-43% and 21-34% of 

the PM mass in PM2.5 and PM10, respectively, with the lowest percentages noted in 

spring. For the sum of sea salt and crustal matter, the percentage attributions were 5-

13% and 15-28% in PM2.5 and PM10, respectively, but they increased to 40-54% for 

the coarse size fraction. Crustal matter was in each season and for the coarse size 

fraction clearly more important than sea salt. 
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Uccle 2006 : PM10 Aerosol types
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Figure 4.9a. Seasonally averaged concentrations of 8 aerosol types and of the 

unexplained gravimetric mass in PM2.5 and PM10 for the 2006 study in 

Uccle. 
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Figure 4.9b. Seasonally averaged concentrations of 8 aerosol types and of the 

unexplained gravimetric mass in the coarse (PM10-2.5) size fraction for 

the 2006 study in Uccle. 

 

The chemical mass closure results for our urban background sites of Ghent and Uccle 

were compared with those for an urban background site in Barcelona, Spain [Viana et 

al., 2007a], see Table 4.14. The percentage attributions to carbonaceous matter are 

similar for the three sites. As for the % contributions from SIA, these are higher for 

the Belgian sites than that for Barcelona. This is likely due to a combination of lower 

concentrations of precursor gases (perhaps of ammonia) and of higher temperatures, 

which lead to less particulate NH4NO3, at Barcelona than in Flanders and Brussels. 

On the other hand, the % contribution from crustal matter was much larger in 

Barcelona than at our Belgian sites, especially in PM10. This is explained by the fact 

that the Mediterranean area often experiences influx from mineral dust that is 

transported from the Sahara. 
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Uccle 2006 : PM10 Average % mass closure
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Figure 4.10a. Seasonally averaged percentage attributions of 8 aerosol types in PM2.5 

and PM10 for the 2006 study in Uccle. 
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Figure 4.10b. Seasonally averaged percentage attributions of 8 aerosol types in the 

coarse (PM10-2.5) size fraction for the 2006 study in Uccle. 

 

4.3.10. Conclusions from the study in Uccle 

 

The PM mass, some major aerosol species (OC, ammonium, nitrate, and sulphate) and 

some anthropogenic elements exhibited higher concentrations in 2006 winter, when 

there was a strong pollution episode, than in the other three seasons for both PM2.5 

and PM10. The air mass origin and travel speed had a strong influence on the 

concentration and composition of the PM. Low concentrations and low contributions 

from nitrate for the fine PM were found in summer due to the transfer of volatile 

NH4NO3 from the particulate phase to the vapour phase at elevated temperatures 

and/or by negative artifacts during sampling. The loss of Cl- from the sea-salt aerosol 

was most pronounced in summer. 
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Table 4.14. Comparison of seasonal composition of aerosols between Belgian sites and Barcelona in PM2.5 and PM10 (G stands for Ghent; U 

for Uccle; B for Barcelona; W for winter; S for summer; SIA for secondary inorganic aerosol). The data are average concentrations 

in μg/m3 with in parentheses the % contributions to the average gravimetric PM mass. 

 

 Winter Campaigns Summer Campaigns 

 G2004W G2005W U2006W B2006W G2004S U2006S B2006S 

Fine        

Carbon. matter 7.4 (31%) 7.4 (40%) 14.8 (38%) 12.0 (46%) 3.7 (36%) 5.4 (43%) 6.7 (41%) 

SIA 13.9 (57%) 8.7 (47%) 23 (59%) 9.7 (38%) 4.5 (45%) 5.7 (46%) 5.7 (35%) 

Sea salt 0.83 (3.4%) 1.02 (5.5%) 0.87 (2.2%) 0.3 (1%) 0.42 (4.2%) 0.32 (2.6%) 0.4 (3%) 

Crustal matter 0.84 (3.5%) 0.52 (2.8%) 1.16 (3.0%) 1.5 (6%) 0.42 (4.2%) 0.85 (6.9%) 2.0 (12%) 

Unexplained 1.16 (4.8%) 0.87 (4.7%) -0.78 (-2.0%) 2.3 (9%) 1.0 (10%) 0.12 (1.0%) 1.6 (10%) 

PM10        

Carbon. matter 10.2 (29%) 9.3 (32%) 16.5 (34%) 11.3 (33%) 5.9 (31%) 7.5 (34%) 6.8 (23%) 

SIA 16.9 (48%) 11.4 (39%) 24 (50%) 10.7 (31%) 6.3 (33%) 7.2 (33%) 6.9 (23%) 

Sea salt 3.3 (9.3%) 5.2 (18%) 2.1 (4.2%) 1.2 (4%) 2.1 (11%) 1.24 (5.6%) 2.3 (8%) 

Crustal matter 3.9 (11%) 2.2 (7.8%) 5.1 (11%) 7.8 (23%) 2.3 (12%) 3.9 (18%) 9.8 (33%) 

Unexplained 0.93 (2.6%) 0.69 (2.4%) 0.74 (1.5%) 3.1 (9%) 2.5 (13%) 2.3 (10%) 3.9 (13%) 
 

The data for Barcelona were taken from Viana et al. [2007a]. 
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The species and elements from natural sources (i.e., Na+, Mg2+, Al, and Si, but not Cl-

were mostly associated with the coarse size fraction and there was seasonal variation

in their PM2.5/PM10 percentage ratios. Other species and elements, which originate 

essentially from anthropogenic sources (e.g., NH

P) 

 

 

+). 

 

 

 

4
+, SO4

2-, V, Ni, Zn, and Pb), were 

predominantly in the fine size fraction, also with little seasonal variation in the

PM2.5/PM10 percentage ratios. For still other species, such as NO3
- and K+, there 

was substantial seasonal variation in that ratio because of the effect of temperature 

(for NO3
-) or seasonal differences in sources (for K

 

As was the case at Ghent, there was a fairly good balance between the ions at Uccle.

There was sufficient NH4
+ in PM2.5 to fully neutralise all fine SO4

2- and NO3
- to 

(NH4)2SO4 and NH4NO3 for 3 out the 4 seasons, with fall being the exception. The 

equivalent ratios ∑cations/∑anions were higher than 1 in all seasons and in both 

PM2.5 and PM10. The missing anions are, as for Ghent, assumed to be CO3
2− and 

HCO3
−, which were not measured in our IC analysis, and perhaps to some extent also

organic anions, such as oxalate. 

 

SIA was the major component in each season for both PM2.5 and PM10, followed by 

carbonaceous matter. Crustal matter was the major component in the coarse size 

fraction, with a yearly averaged contribution to the coarse PM mass of 32%. Overall,

there was much resemblance between the aerosol composition at Uccle and at Ghent, 

but there were substantial differences with the urban background site of Barcelona. At 

the latter site, SIA was less pronounced whereas crustal matter was more important. 
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AEROSOL STUDY AT A KERBSIDE SITE IN BUDAPEST, 

HUNGARY 
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5.1. Introduction 

 

In the mid-1990s an international co-operation was started between the UGent team of 

Prof. W. Maenhaut and the team of Prof. I. Salma, who was then working at KFKI 

Atomic Energy Research Institute in Budapest, but in later years moved to Eötvös 

University. Joint aerosol studies were conducted in Budapest, which focused on the 

measurement of elements in separate fine or coarse aerosol size fractions or in 8 

different size fractions [Salma et al., 1998; 2000; 2002]. In 2000, it was decided to 

extend upon the earlier work by performing a more complete aerosol characterisation 

and to perform analyses for carbonaceous and ionic species in addition to the 

measurements for elements. This new work was performed within the framework of a 

complementary project of the project “Characterisation and sources of carbonaceous 

atmospheric aerosols” that was funded by the Belgian Federal Science Policy Office 

[Maenhaut and Claeys, 2007]. 

 

Traffic emissions have become one of the major sources of particulate air pollution in 

cities [Fruin et al., 2008; Amato et al., 2009a], and resuspended road dust is an 

important carrier of vehicle-related pollutants in urban ambient air [Amato et al., 

2009b]. Much research has already been done on traffic emissions [e.g., Amato et al., 

2009a; 2009b; Brüggemann et al., 2009; Chiang and Huang, 2009; Kummer et al., 

2009]. Also studies on the health effects from vehicle-released pollution, including the 

emissions from tail-pipe, brake wear, tire wear, engine corrosion, and resuspended 

road dust have been carried out in recent years [Schwartz et al., 2005; Maher et al., 

2008; Giechaskiel et al., 2009]. 

 

This Chapter presents and discusses the results from an intensive measurement 

campaign at a kerbside in Budapest that took place in spring 2002. I contributed to the 

work of this campaign by analysing samples by IC and the emphasis in this Chapter 

will be given on the IC data. However, also PM mass data will be discussed and 

comparisons are made of IC data with elemental data obtained by a combination of 

PIXE and INAA. Furthermore, data that were obtained by other members from our 

UGent research team are combined with the IC data to examine to what extent the 

gravimetric PM mass could be reconstructed on the basis of the results from the 
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measured species and elements and thus aerosol chemical mass closure could be 

obtained. 

 

 

 

Figure 5.1 Sampling location and sampler set-up in Rákoczi street, downtown 

Budapest. 
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5.2. Site description, samplings and analyses, and meteorological 

information 

 

5.2.1. Budapest site description 

 

Budapest is the largest city and the capital of Hungary and has 1.7 million inhabitants. 

The site used for our 2002 spring study is a kerbside site in downtown Budapest and 

has as co-ordinates 4729N, 1903E. The aerosol collection devices were set up on a 

first-floor balcony (7.5 m above the street level and 111 m above the mean sea level) 

at 5 Rákoczi Street (see Figure 5.1). The site is located within a street canyon that 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; 2006]. 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 volume of vehicles passing the street in both directions was obtained from 

counting devices mounted into the roadway nearby. 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 [Salma et al., 2004]. 

 

5.2.2. Samplings and analyses for the 2002 campaign 

 

The sampling campaign started on 23 April and ended on 5 May 2002, and thus took 

place in the non-heating season. Several filter samplers, cascade impactors, and in-situ 

measurement devices were deployed. A total of 23 parallel collections were made 

with the various sampling devices, of which 11 were during day-time (from about 

7:00 to 19:00 local daylight saving time, UTC + 2) and 12 during night-time (from 

about 19:30 to 6:30). Besides the actual collections, also 6 field blank samplings were 

made. 

 

The data discussed in this Chapter were derived from the filter samplers given in 

Table 5.1. The SFU(NT) and SFU(NN) samplers were both Gent PM10 SFU samplers, 

but with different filters for the collection of the fine (PM2) fraction. All samples 
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were analysed for the PM mass by weighing. The other analyses that were done on the 

samples are indicated in the last column of Table 5.1. Details on the various chemical 

analyses are given in Chapters 2 and 3. 

 

Table 5.1. Summary of day-time and night-time collections for the 2002 spring 

campaign at a Budapest kerbside (other samplers deployed in the 

campaign, but not used for our data analysis, are not given here). 

 

Samplers Inlet Filters Analyses 

SFU(NT) PM10 Nuclepore/Teflon Inorganic ions by IC (4500i) 

SFU(NN) PM10 Nuclepore/Nuclepore Elements by PIXE and INAA 

PM2.5Q PM2.5 Quartz fibre filters TC, OC, and EC by TOT 

PM10Q PM2.5 Quartz fibre filters TC, OC, and EC by TOT 
 

5.2.3. Meteorological data for the 2002 campaign 

 

The temporal variability for temperature measured in the synoptic air mass and within 

the urban canyon, solar radiation, synoptic horizontal wind speed (WS), and synoptic 

relative humidity together with precipitation during the campaign is displayed in 

Figure 5.2. It is worth mentioning that within the street canyon, on average, the 

synoptic temperature increased by 2-3 ºC, the synoptic horizontal WS decreased to 

approximately 50%, and the synoptic relative humidity increased by 10-15%. The 

horizontal WS in the street canyon was typically below 1.7 m/s. The field campaign 

can be divided into distinct periods from a meteorological point of view. The first 5 

days were characterised by changing, cloudy and more wet weather conditions, which 

were finished by a cold front that passed the city on 27 April. Over 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. 
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Figure 5.2. 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 (taken from Salma et al., 2004). 
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Five-day three-dimensional isobaric backward trajectories were calculated using the 

program Hysplit for arrival levels of 800, 850, and 925 hPa and for arrival times of 

noon and midnight each day via Internet utilising FNL archive data (Hysplit, 2002). It 

was concluded from them that in the first period, the air masses originated mainly 

from the Scandinavian or North Atlantic region, while in the second period the source 

region was shifted to Southern Europe. Trajectories for the polluted last days of the 

campaign showed circulation above the Balkans for several days before the air parcels 

reached Budapest. 

 

5.3. PM mass, carbonaceous, ionic, and elemental data for the 2002 

campaign 

 

Table 5.2 gives the median concentrations and concentration ranges for the PM mass, 

carbonaceous species, ions, and elements in the fine and coarse size fractions and in 

PM10 for the campaign. Note that most fine and coarse data apply to the PM2 and 

PM10-2 size fractions, respectively; for the carbonaceous species, fine and coarse are 

PM2.5 and PM10-2.5, respectively. Figure 5.3 shows the mean percentage fine/PM10 

ratios and associated standard deviations for the species and elements. As seen in 

Table 5.2, the carbonaceous species OC and EC and the ions NH4
+, NO3

-, and SO4
2- 

are, similar as in Ghent and Uccle, major species in both the fine and PM10 aerosol, 

but NO3
- and SO4

2- are now also major species in the coarse aerosol. Furthermore, the 

crustal elements (i.e., Al, Si, and Ca) are in Budapest also very important in the coarse 

and PM10 aerosol. With regard to the fine/PM10 percentage ratios, with the exception 

of that for EC, they are at the Budapest kerbside site all substantially lower than in 

Ghent and Uccle. For the PM mass is, on average, less than 40%. Van Dingenen et al. 

[2004] and Putaud et al. [2004a] already found that fine/PM10 ratios for the PM mass 

tend to be lower at kerbside sites than at urban background sites. This is due to the 

large contribution from coarse road dust at kerbsides. Also for typical anthropogenic 

elements, such as Ni, Zn, and Pb, the fine/PM10 ratios are much lower in Budapest 

than at our Belgian urban background sites. For several elements there are important 

traffic-related contributions (i.e., from brake and tire wear) to the coarse size fraction, 

as was discussed by Salma et al. [2005] based on data that were obtained from 

cascade impactor samples taken during the same campaign. 
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Table 5.2. Median concentrations and concentration ranges of the PM mass, 

carbonaceous and ionic species, and elements in the fine and coarse size 

fractions and in PM10 for the 2002 Budapest campaign. 

 

Species (ng/m3) Fine Coarse PM10 

PM(NT) (µg/m3)     14.7 (12.5 - 18.3)     23   (13.3 - 55)     44   (32 - 70) 

PM(NN) (µg/m3)     20   (15.6 - 23)     30   (17.0 - 55)     48   (37 - 78) 

OC(Q) (µg/m3)       6.8 (6.2 - 10.8)      10.6 (8.3 - 19.5) 

EC(Q) (µg/m3)       3.3 (2.1 - 7.2)        3.4 (2.2 - 7.8) 

NH4
+   690   (410 - 1090)   196   (42 - 400)   920   (690 - 1880) 

NO3
-   680   (440 - 1330) 1070   (740 - 1710) 2100   (1550 - 2600) 

SO4
2- 1570   (1110 - 2800) 1050   (550 - 2300) 3300   (1770 - 5200) 

MSA-      0.058 (DL - 0.94)      0.165 (DL - 0.51)       0.51 (0.07 - 1.07) 

Cl-     50   (34 - 87)   135   (78 - 260)   188   (129 - 300) 

Na+    DL   (DL - 21)   200   (93 - 290)   210   (109 - 310) 

Mg2+     16.5 (9.7 - 22)   198   (115 - 350)   210   (130 - 370) 

K+    DL   (DL - 15.0)     54   (26 - 123)     72   (34 - 141) 

Ca2+   210   (155 - 250) 1700   (1070 - 4100) 1860   (1260 - 4400) 

Na     77   (65 - 109)   350   (230 - 430)   450   (340 - 540) 

Mg     81   (DL - 94)   390   (270 - 720)   480   (280 - 770) 

Al   119   (86 - 148)   960   (450 - 1610) 1060   (530 - 1760) 

Si   290   (230 - 400) 2200   (1180 - 3800) 2600   (1410 - 4200) 

P    DL   (DL - 11.1)     55   (26 - 96)     66   (26 - 109) 

S   820   (580 - 1470)   450   (260 - 860) 1660   (830 - 2000) 

Cl    DL   (DL - 27)   168   (108 - 280)   193   (114 - 300) 

K   125   (95 - 149)   310   (156 - 530)   420   (310 - 680) 

Ca   260   (200 - 400) 2300   (1340 - 4300) 2600   (1560 - 4700) 

Ti       9.0 (7.4 - 13.0)     62   (33 - 107)     72   (40 - 121) 

V       0.93 (0.71 - 1.14)       1.92 (1.08 - 3.7)       2.9 (2.0 - 4.8) 

Cr    DL   (DL - 2.3)       7.4 (4.6 - 12.6)       8.9 (4.6 - 14.0) 

Mn       7.8 (4.7 - 9.6)     22   (15.3 - 46)     30   (21 - 56) 

Fe   430   (330 - 670) 1500   (910 - 3400) 1930   (1260 - 4100) 

Ni       0.84 (0.48 - 1.05)       2.3 (1.34 - 4.0)       3.2 (2.0 - 4.9) 

Cu     18.4 (15.1 - 30)     45   (24 - 95)     61   (38 - 125) 

Zn     30   (22 - 36)     60   (31 - 142)     84   (54 - 180) 

Br       4.2 (3.3 - 5.2)       6.2 (4.9 - 7.5)     10.3 (8.6 - 12.5) 

Sb       5.5 (3.6 - 9.7)     10.5 (5.5 - 24)     16.6 (8.9 - 32) 

Ba     13.6 (7.0 - 18.1)     40   (21 - 80)     52   (28 - 99) 

Pb     16.3 (10.4 - 21)     11.7 (6.1 - 32)     24   (17.7 - 52) 
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Figure 5.3. Mean % of PM10 mass in the fine size fraction for the Budapest 2002 

campaign. Fine is PM2, except for OC and EC, where it is PM2.5. 

 

5.3.1. Discussion of the PM mass data 

 

In the first 5 days of the campaign, the PM mass concentrations were generally lower 

than in the last 7 days, and the values were changing irregularly from day to day, but 

were usually larger for the daylight periods than for the nights. In the last 7 days and, 

in particular, from 1 to 3 May, when the synoptic wind speed was low, the 

concentrations were generally larger and had a tendency to increase. The build-up of 

the concentrations continued monotonically even from daylight period to night. High 

synoptic wind speed (WS>3.5 m/s) over the night of 29 and morning of 30 April 

coincided with low concentrations; the weather front was associated with the smallest 

PM2.5 mass concentrations. The precipitation that occurred on 25 April afternoon and 

on 26 April around noon decreased the aerosol concentration significantly though for 

short times (some hours) only, while the rainfall in combination with the front (on 

29/30 April) caused better air quality for a longer period (almost a day). The polluted 

time periods were characterised by small PM2.0/PM10-2.0 mass ratios. This indicates 

that local sources (especially resuspension) dominated. Lower concentrations were 

associated with larger mass ratios (typically above 1), indicating the effect of the 

long-range transport of air masses [Salma et al., 2001]. 
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Depending on the diversity of the road conditions, the materials of the vehicles 

(including brake pads, tires, and various metallic parts), fuel type and consumption, 

and the characteristics of the street canyon, the PM10 mass concentration at kerbside 

sites may vary extensively. Our median PM10 mass concentration of 48 µg/m3 is 

much larger than that found at a kerbside in Dresden (18 µg/m3), as derived from 

cascade impactor measurements [Brüggemann et al., 2009], but compares well to the 

results from three kerbside sites that were included in the European aerosol 

phenomenology study [Van Dingenen et al., 2004; Putaud et al., 2004a], where the 

annual average PM10 concentrations ranged from 40 to 55 µg/m3. At our Budapest 

site, more PM mass was present in the coarse size fraction (median of 30 µg/m3) than 

in the fine size fraction (median of 20 µg/m3). This is substantially different from 

what was found at the three kerbside sites of the European aerosol phenomenology 

study, where most of the PM10 mass was present in the fine particles, with an average 

PM2.5/PM10 ratio of 0.57 [Van Dingenen et al., 2004; Putaud et al., 2004a]. 

 

5.3.2. Discussion of the data for the ionic species 

 

Within the two-week campaign, the concentrations of the ionic species varied by as 

much as one order of magnitude. Like for the PM mass as a whole, the concentrations 

of the ionic species were to a large extent determined by the local meteorological 

conditions, and by the air mass origin. NH4
+ was the major cationic species in the fine 

size fraction; it accounted, on average, for 73% of the cation equivalents in this 

fraction (see Table 5.3). Ca2+ was the second cationic species in the fine size fraction 

and the major one in the coarse size fraction, with cation equivalent percentages of 22 

and 71%, respectively. As to the anions, SO4
2- and NO3

- together accounted for 90% 

or more of the anionic equivalents in the fine, coarse, and PM10 aerosol; SO4
2- was 

clearly the most important of the two species in the fine size fraction (accounting for 

69%), but in the coarse size fraction, NO3
- became almost equally important. Our 

PM10 median concentration of 3300 ng/m3 for SO4
2- is similar to the median of 2900 

ng/m3 found at an urban site in Zurich in March 2002 [Fisseha et al., 2006]. 
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Table 5.3. Average ionic equivalent concentrations and their ratios in the fine and 

coarse size fractions during the 2002 campaign in Budapest. 

 

 PM2.5 Coarse PM10 
Cations 66 ± 42 169 ± 118 230± 111 

Anions 61 ± 38 62 ± 44 121 ± 50 

Cations/Anions 1.10 ± 0.09 2.8 ± 0.7 1.94 ± 0.54 
Equations 
∑anions = a ∑cations 

 
y = 0.91 x 

 
y = 0.36 x 

 
y = 0.49 x 

R2 0.93 0.93 0.54 
Equations 
∑anions = a ∑cations + b 

 
y = 0.88 x + 2.71 

 
y = 0.36 x + 0.75 

 
y = 0.36 x + 36.7 

R2 0.93 0.93 0.64 

    

(SO4
2- + NO3

-)/Anions 0.95 ± 0.04 0.89 ± 0.07 0.93 ± 0.05 

Ca2+/Cations 0.22 ± 0.15 0.71 ± 0.05 0.54 ± 0.16 

NH4
+/Cations 0.73 ± 0.17 0.089 ± 0.067 0.33 ± 0.19 

NH4
+/(SO4

2- + NO3
-) 0.83 ± 0.19 0.25 ± 0.17 0.58 ± 0.21 

 

The ion balances were examined for both the fine and coarse size fractions (see Table 

5.3); ∑cations and ∑anions were highly correlated with each other (with R2 = 0.93); 

for the fine size fraction, the equivalent ratios of ∑cations to ∑anions was slightly 

higher than 1, on average 1.11, but for the coarse size fraction and PM10, the ratios 

were, on average, much larger, i.e., 2.9 and 2.0, respectively. The pronounced ion 

imbalance implies that there must be some anionic species present that were not 

measured. Considering that Ca2+ was the major cationic species, it is quite likely that 

CO3
2- and HCO3

- were the missing anionic species; a large fraction of the Ca2+ may 

have been present as CaCO3. In contrast to what was the case for our Belgian sites, 

the average equivalent ratios of NH4
+/(SO4

2- + NO3
-) were all below 1. In the fine 

size fraction the equivalent ratio of NH4
+/SO4

2- was, on average, 1.17 ± 0.29, 

indicating that there was not much excess NH4
+ to neutralise the NO3

-. It is quite 

probable that there is relatively less ammonia in the air in Budapest than in Belgium. 

On the other hand, the fact that the Budapest site was a kerbside with large emissions 

of NOx precursor gases from traffic and thus large concentrations of NO3
-. 
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5.3.3. Comparisons between IC and PIXE/INAA data for SFU samples for 

the 2002 campaign 

 

The data of 6 species measured by IC (i.e., Na+, Mg2+, K+, Ca2+, Cl-, and SO4
2-) were 

compared with the total element data, as obtained by a combination of PIXE and 

INAA. Na was now also included in the comparison, as its total element data were 

obtained by INAA, and these data do not suffer from severe matrix effects, as was the 

case with the Na PIXE data. The comparison is shown in terms of average ratio of the 

IC result to the result from the IC/INAA combination in Table 5.4. For S, Cl, and Ca, 

there is similarity with the IC/PIXE ratios obtained for Ghent, and those elements 

seem to be mostly or entirely water-soluble. In contrast, the ratios for Mg and K are 

clearly lower than at Ghent, which is explained by the fact that the contribution from 

sea salt is very minor for these elements. That sea salt is much less important at 

Budapest than in Ghent also appears from the ratio for Na. The latter is substantially 

less than 1, whereas it would essentially be 1 if all the Na would come from sea salt. 

 

Table 5.4. Averages and associated standard deviations for the ratio of the IC result 

to the combined PIXE/INAA result for 6 species measured by both 

techniques in the samples from the 2002 campaign in Budapest. 

 Na+/Na Mg2+/Mg SO4
2--S/S Cl-/Cl K+/K Ca2+/Ca 

Fine  0.24 ± 0.11 0.76 ± 0.09 2.50 ± 1.40 -0.05 ± 0.34 0.96 ± 0.26

Coarse 0.57 ± 0.20 0.58 ± 0.18 0.93 ± 0.24 0.93 ± 0.24 0.21 ± 0.07 1.01 ± 0.16
 

5.4. Diel variation of the concentrations of the various species and 

elements 

 

Since separate day-time and night-time samples were collected during the Budapest 

campaign and since there was substantial difference in traffic density between day and 

night (see Figure 2 of Salma et al. [2004]), it was examined to which extent the day-

time and night-time concentrations of the various species and elements differ from 

each other. The median day-time and night-time concentrations and the median 

night/day concentration ratios and ranges are listed in Table 5.5. The ratios were 

calculated by dividing for each day the night-time data by the data of the just 

preceding day-time. 
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Table 5.5. Diurnal median concentrations for the PM mass, carbonaceous and ionic species, and elements for the fine and coarse size fraction 

of the Budapest 2002 campaign (the data are in ng/m3, except for the PM mass, OC, and EC, for which they are in µg/m3). Medians 

and interquartile ranges for the night/day ratio are also included. 

 

Fine Coarse 
 

Day Night N/D Ratio Day Night N/D Ratio 

PM(NT) 13.8 15.6 1.02 (0.91 – 1.15) 23 25 0.85 (0.66 – 1.26) 

PM(NN)  22 20 0.90 (0.85 – 1.04) 36 26 0.89 (0.58 – 1.06) 

OC(Q) 6.8 6.9 0.95 (0.84 – 1.11) 10.6 11.0 0.95 (0.76 – 1.05) 

EC(Q) 3.4 3.2 0.70 (0.56 – 0.79) 3.6 3.3 0.76 (0.57 – 1.09) 

NH4
+ 660 810 0.97 (0.69 – 1.48) 390 178 0.75 (0.45 – 1.66) 

SO4
2- 1280 1740 1.11 (0.91 – 1.19) 1860 700 0.61 (0.45 – 1.19) 

NO3
- 540 940 1.19 (1.02 – 1.50) 1070 1190 1.23 (0.74 – 1.45) 

MSA- DL 0.5  0.19 0.12  

Cl- 39 83 2.4 (1.23 – 3.02) 118 137 1.23 (1.05 – 1.73) 

Na+ DL 2.4  200 198 1.23 (0.92 – 1.51) 

Mg2+ 16.5 17.4 1.00 (0.54 – 1.73) 200 175 0.97 (0.70 – 1.27) 

K+ 16.7 15.1 0.36 (0.29 – 0.71) 36 63 0.96 (0.72 – 1.72) 

Ca2+ 220 162 0.79 (0.64 – 1.38) 2000 1460 0.75 (0.61 – 0.99) 
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Table 5.5. (continued) 
Fine Coarse 

 
Day Night N/D Ratio Day Night N/D Ratio 

Na 76 77 0.99 (0.83 – 1.23) 390 300 1.03 (0.75 – 1.39) 

Mg 52 84 1.22 (0.94 – 1.59) 440 370 0.83 (0.77 – 1.27) 

Al 108 120 0.98 (0.82 – 1.15) 960 780 0.94 (0.61 – 1.11) 

Si 290 300 0.95 (0.83 – 1.14) 2300 1990 0.95 (0.62 – 1.12) 

P DL 1.07 0.71 (0.71 – 0.97) 55 56 0.76 (0.61 – 1.01) 

S 790 900 1.11 (0.81 – 1.12) 830 340 0.70 (0.48 – 1.03) 

Cl DL 23  240 140 1.02 (0.85 – 1.33) 

K 120 129 1.06 (0.95 – 1.50) 310 280 0.96 (0.64 – 1.12) 

Ca 270 220 0.80 (0.62 – 0.95) 2500 1650 0.75 (0.44 – 0.91) 

Ti 10.0 8.9 0.91 (0.69 – 1.04) 75 52 0.93 (0.57 – 1.01) 

V 0.93 0.96 0.95 (0.79 – 1.87) 1.9 1.8 0.90 (0.71 – 1.09) 

Cr DL DL  7.3 7.3 0.89 (0.69 – 1.04) 

Mn 7.6 8.2 0.88 (0.71 – 1.15) 22 22 0.92 (0.67 – 1.06) 

Fe 430 390 0.84 (0.75 – 0.91) 1500 1380 0.80 (0.63 – 1.02) 

Ni 0.62 0.88 1.51 (0.89 – 3.42) 1.5 2.9 1.09 (0.88 – 2.92) 

Cu 18.8 17.1 0.70 (0.63 – 0.97) 46 38 0.61 (0.42 – 0.77) 

Zn 30 29 1.16 (0.80 – 1.52) 87 54 1.24 (0.52 – 1.38) 

Br 4.0 4.9 1.22 (0.94 – 1.33) 6.2 5.7 0.74 (0.65 – 1.15) 

Sb 5.5 5.5 0.83 (0.69 – 1.00) 10.5 10.2 0.63 (0.53 – 0.86) 

Ba 14.5 11.0 0.72 (0.66 – 0.79) 41 35 0.68 (0.51 – 0.82) 

Pb 16.3 15.2 1.14 (0.74 – 1.61) 31 9.6 0.60 (0.45 – 1.00) 
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Clear lower than 1 night/day ratios (i.e., with median below 0.8) are observed in both 

size fractions for EC, Ca, Cu, and Ba, and in the coarse size fraction also for Sb and 

Pb. Also Fe exhibits low night/day ratios in both size fractions. All these species and 

elements are related to traffic, including tail-pipe emissions (EC), road dust (Ca, Fe) 

or brake and tire wear [Salma et al. 2004; 2005], so that it is quite logical that their 

concentrations are more elevated during the day than in the night. The reason for the 

low day/night ratio for P is less clear. Its crustal enrichment factor, using Al as 

reference element, was on average 5 in the coarse size fraction and 8 in the fine size 

fraction, suggesting that its main source may not have been soil dust (in this case road 

dust). Atmospheric P has besides soil dust other important sources, in particular 

primary biogenic particles [Mahowald et al., 2008], and the emission of such particles 

may be more pronounced during day than during night. 

 

5.5. Relation of the concentrations of the various species and elements to 

meteorological conditions and air mass origin 

 

It was indicated in section 5.2.3 that the campaign could be divided into two periods, 

with the first period (of 5 days) characterised by changing, cloudy and more wet 

weather conditions and with the air masses originating mainly from the Scandinavian 

or North Atlantic region and the second period (of 7 days) with more stable, dry and 

warm weather with clear sky and with the air masses originating from Southern 

Europe. Table 5.6 shows the median concentrations and ranges for each of the two 

periods for the separate fine and coarse size fractions for the same species and 

elements as in Table 5.2. 

 

For the fine size fraction there was overall little difference between the data from the 

two periods. There were, however, some notable exceptions with lower concentrations 

in the second period, i.e., for NH4
+, SO4

2-, and especially NO3
-. For the last species, 

this may be related to the higher ambient temperature in the second period and thus a 

larger transfer of particulate NO3
- to the vapour phase. 
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Table 

 

5.6. Medians and interquartile ranges for the PM mass, carbonaceous and ionic species, and elements in PM2 (fine) and PM10-2 

(coarse) for two separated periods of the 2002 Budapest campaign. 

 Fine Coarse 

Sampling Period 1st Period 2nd Period 1st Period 2nd Period 

 (23 - 27 April) (28 April - 4 May) (April 23 - 27 April) (28 April - 4 May) 

Weather characteristics Cloudy and wet Warm and dry Cloudy and wet Warm and dry 

PM(NN) mass (µg/m3)       21   (10.0 - 24)       18.5 (8.8 - 26)       20   (7.6 - 58)       45   (9.4 - 74) 

OC(Q) (µg/m3)         6.7 (3.6 - 11.4)         8.6 (3.5 - 14.9)         9.1 (4.6 - 20.7)         14.1 (5.6 - 23.5) 

EC(Q) (µg/m3)         2.4 (0.9 - 9.3)         4.3 (1.6 - 10.8)         2.9 (0.9 - 9.6)         4.4 (1.6 - 10.2) 

NH4
+ (ng/m3)   1900   (270 - 2800)     660   (161 - 1220)     178   (17.1 - 2800)     660   (161 - 1070) 

NO3
- (ng/m3)   1600   (740- 2600)     470   (210 - 1200)     750   (440- 3300)   1400   (410 - 2400) 

SO4
2- (ng/m3)   3700   (1110 - 4800)   1370   (550 - 3300)     790   (170 - 3090)   1430   (230 - 6100) 

MSA- (ng/m3)         0.1 (DL - 1.3)         0.0 (DL - 19.9)         0.0 (DL – 0.7)         0.2 (0.9 – 1.2) 

Cl- (ng/m3)       78   (35 - 141)       40   (DL - 144)       79   (53 - 350)     182   (64 - 470) 

Na+ (ng/m3)      DL   (DL - 159)         2.4 (DL - 139)       72   (28 - 360)     258   (84 - 410) 

Mg2+ (ng/m3)       15.3 (2.7 - 27)       19.7 (2.8 - 26)     131   (55 - 400)     275   (67 - 540) 

K+ (ng/m3)         5.9 (DL - 110)      DL   (DL - 62)       27   (6.6 - 126)     104   (10.9 - 220) 

Ca2+ (ng/m3)     162   (91 - 220)     240   (130 - 400)   1330   (520 - 4500)   2800   (570 - 5700) 
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Table 5.6. (continued) 
 Fine Coarse 

Sampling Period 1st Period 2nd Period 1st Period 2nd Period 

Na (ng/m3)       67   (40 - 145)       80   (48 - 180)     220   (103 - 470)     470   (155 - 690) 

Mg (ng/m3)       67   (DL - 124)       77   (DL - 144)     280   (145 - 750)     530   (143 - 920) 

Al (ng/m3)     106   (38 - 137)     129   (60 - 210)     540   (172 - 1440)   1380   (270 - 2200) 

Si (ng/m3)     260   (119 - 360)     360   (156 - 510)   1620   (460 - 3900)   3600   (750 - 5100) 

P (ng/m3)      DL   (DL - 14)       10   (DL - 23)       34   (13.8 - 98)       81   (21 - 118) 

S (ng/m3)   1520   (570 - 2100)     710   (320 - 1850)     280   (95 - 1110)     500   (139 - 1530) 

Cl (ng/m3)      DL   (DL - 72)      DL   (DL - 71)     105   (50 - 390)     207   (91 - 490) 

K (ng/m3)     127   (68 - 170)     123   (57 - 210)     220   (75 - 520)     520   (108 - 740) 

Ca (ng/m3)     210   (98 - 420)     340   (107 - 480)   1440   (480 - 4600)   3000   (107 - 480) 

Ti (ng/m3)         8.4 (3.4 - 12.0)       11.4 (4.2 - 16.2)       44   (11.9 - 109)     100   (19.0 - 137) 

V (ng/m3)         1.04 (0.48 - 1.69)         0.87 (0.24 - 1.63)         1.24 (0.76 - 3.7)         2.9 (0.63 - 4.8) 

Cr (ng/m3)      DL   (DL - 6.8)      DL   (DL - 5.0)         7.3 (1.83 - 14.6)         8.4 (2.2 - 14.8) 

Mn (ng/m3)         7.8 (2.6 - 10.0)         7.4 (2.5 - 12.0)       20   (5.3 - 48)       39   (7.0 - 58) 

Fe (ng/m3)     340   (132 - 780)     490   (640 - 5100)     990   (290 - 3700)   2400   (480 - 4000) 

Ni (ng/m3)         1.11 (DL - 5.7)         0.82 (DL - 1.26)         2.3 (DL - 6.2)         2.9 (DL - 4.5) 

Cu (ng/m3)       15   (5.0 - 42)       22   (7.1 - 46)       25   (8.0 - 230)       61   (13.9 - 149) 

Zn (ng/m3)       30   (13.3 - 170)       31   (10.4 - 69)       32   (10.2 - 390)       88   (17.3 - 210) 

Br (ng/m3)         5.1 (DL - 6.8)         4.0 (2.5 - 7.9)         6.4 (DL - 10.5)         5.2 (DL - 9.4) 

Sb (ng/m3)         3.7 (1.76 - 11.1)         6.8 (2.2 - 14.1)         5.5 (2.1 - 32)       14.4 (3.4 - 38) 

Ba (ng/m3)         8.1 (DL - 30)       14.8 (DL - 29)       19.2 (9.9 - 122)       64 (17.6 - 111) 

Pb (ng/m3)       13.6 (5.0 - 23)       17.0 (5.9 - 64)         6.2 (1.93 - 250)       19.3 (3.5 - 57) 
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The average concentrations in the coarse size fraction are nearly all larger for the 

second period than for the first one, typically by a factor of 2. The lower levels during 

the first period are likely due to a larger removal of the coarse particles by wet 

deposition, including along the transport pathways of the maritime air masses. 

 

5.6. Aerosol chemical mass closure 

 

Mass closure calculations were performed for the PM2, PM10-2, and PM10 aerosol in 

the same way as done for Ghent (see section 4.2.9). The average concentrations of the 

8 included components and of the unexplained PM mass are shown in Figure 5.4 and 

the attributions of the 8 components to the average PM mass are given in Table 5.7. 

 

Only a small percentage of the gravimetric PM mass was left unaccounted for by the 8 

components, in each size fraction less than 10%, for the fine fraction, the percentage 

was even negative (see Table 5.7). Compared to Ghent, the percentage of SIA is much 

smaller, whereas the percentages of EC, crustal matter, and OM (in the fine size 

fraction) are much larger. The larger % contributions from EC, fine OM, and crustal 

matter are attributed to the greater importance of automotive tail-pipe emissions (for 

EC and fine OM) and of resuspended road dust at the Budapest kerbside site. 

 

Our percentage attributions for the Budapest 2002 spring campaign were compared 

with the data for kerbside sites of the European aerosol phenomenology study [Putaud 

et al., 2004a]. The percentage attributions found in that study are included in Table 

5.7. The latter data are averages from three kerbside sites, i.e., Barcelona, Bern, and 

Vienna and there was quite some difference between the data from the three sites, 

especially for the coarse size fraction; the percentage contributions from crustal matter 

to the coarse PM mass were around 50, 35, and 20% for Barcelona, Bern, and Vienna, 

respectively. The result for Barcelona is in excellent agreement with our result for 

Budapest. Whereas the data for EC are very similar between our site and the average 

of the three kerbside sites of Putaud et al. [2004a], our attributions to OM are 

substantially larger; of the three kerbsides, Barcelona exhibited the maximum 

contribution of fine OM, but it was only 35% versus 44% in Budapest. 
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Figure 5.4. Chemical mass closure for the 2002 spring campaign at a kerbside site 

in Budapest, Hungary. 

 

Table 5.7. Percentage contributions to the mean gravimetric PM mass. Comparison 

of data from our study with those for kerbside sites, as reported by 

Putaud et al. [2004a]. 

 

Components Kerbside site in Budapest 
Kerbside sites from 

Putaud et al. [2004a] 
    Fine*  Coarse*   PM10    Fine*  Coarse*   PM10 

OM 44 28 34 29 10 22 

EC 22 1.6 8.6 17 7 13 

NH4
+ 5.8 0.94 2.6 7 0 4 

SO4
2- 12.9 4.5 7.4 13 5 10 

NO3
- 5.6 3.9 4.5 11 8 10 

Sea salt 0.75 2.0 1.57 1 6 3 

Crustal 14.4 49 37 8 37 19 

Elements <1 <1 <1    

Unexplained -6 9 4 15 28 19 
 

* Fine is PM2 in our study and PM2.5 in Putaud et al. [2004a]; coarse is PM10-2 in 

our study and PM10-2.5 in Putaud et al. [2004a]. 
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5.7. Conclusions from the study at the Budapest kerbside site 

 

Concentrations of the PM mass, OC, EC, inorganic ions, and several elements were 

determined in the fine, coarse, and PM10 size fractions at a kerbside site in Budapest 

(Hungary) during a 12-day campaign in spring 2002. Our median PM10 mass 

concentration of 48 µg/m3 compared well to the results from three kerbside sites that 

were included in the European aerosol phenomenology study [Van Dingenen et al., 

2004; Putaud et al., 2004a]. At our Budapest site, more PM mass was present in the 

coarse size fraction (median of 30 µg/m3) than in the fine fraction (median of 20 

µg/m3). This is substantially larger than that found at the three kerbside sites that were 

included in the European aerosol phenomenology study. 

 

SIA were much less important at our Budapest site than at the urban background sites 

of Ghent and Uccle (Chapter 4), but the carbonaceous species (especially EC) and 

crustal matter, which was actually mainly resuspended road dust, were much more 

important. These results are in line with those from the European aerosol 

phenomenology study. The large contribution from road dust and the fact that this 

aerosol type is mainly associated with coarse particles were responsible for the high 

association of the PM mass with the coarse particles. That traffic, which was much 

reduced in the night, had an important impact on the concentrations on several species 

and elements appeared also from their low night/day ratios. 
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6.1. Introduction 

 

Within international co-operation between the Belgian groups of Prof. W. Maenhaut 

and Prof. M. Claeys (University of Antwerp), the team of Dr. X.D. Liu (National 

Research Center for Environmental Analyses and Measurement, Beijing, China), and 

the group of Prof. H. Cachier (Laboratoire des Sciences du Climat et de 

l’Environnement, Gif-sur-Yvette), a one-year study was undertaken to examine the 

impact of biomass burning in Beijing. 

 

Beijing is the capital of China, with a population of over 15 million since 2004 

(Beijing Statistical Yearbook 2005, 2006). It is located at the northern tip of the 

Chinese Northern Plain and 44 m above the mean sea level. With rapid urbanisation 

and corresponding increases in traffic and energy consumption, many pollutants are 

emitted and released inside the city [Chan and Yao, 2008]. Air quality and 

environmental pollution of Beijing, especially its high PM levels, have attracted much 

attention, also worldwide, and many field studies have been conducted [He et al., 

2001; Yao et al., 2002a; 2003a; Wang et al., 2002; Liu et al., 2003; Lun et al., 2003; 

Dan et al., 2004; Duan et al., 2004; Wang et al., 2004; Chan et al., 2005; Huang et al., 

2005; Wang et al., 2005; Guinot et al., 2007b; Sciare et al., 2007]. Annual average 

mass concentrations are 169 µg/m3 for PM10 and 150 µg/m3 for PM2.5 and seasonal 

average concentrations for spring are 430 µg/m3 and 400 µg/m3 for PM10 and PM2.5, 

respectively, because of the important influx of desert dust from the Gobi and other 

deserts in this season. Besides desert dust, the principle PM sources in Beijing include 

industrial processes, coal combustion from energy plants and residential heating 

(during winter time), traffic emissions, and biomass burning, including burning in 

neighbouring countries [He et al., 2001; Duan et al., 2004; Han et al., 2005]. 

 

In order to study the impact from biomass burning to the PM, a one-year-long study 

was conducted from 2002 to 2003. PM2.5 and PM10 filter samples were collected by 

the Beijing team and the European groups analysed the samples for OC, EC, 

levoglucosan (an important indicator for biomass burning) and other organic 

compounds, and inorganic ionic species. The latter analyses were done by myself 

using IC and the emphasis in this Chapter will therefore be placed on the IC results. 
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6.2. Field study at Beijing, China 

 

6.2.1. Sampling site description 

 

The site in Beijing that was used for this study was at the Sino-Japan Friendship 

Centre for Environmental Protection (39°09N, 116°04E); it is situated in the close 

vicinity of north-eastern fourth-ring avenue. The most important aerosol source is 

expected to be traffic-related emissions; besides, local or even regional biomass 

burning and dust storms may exert a strong influence from time to time. 

 

There are agricultural activities, especially to the north and east of Beijing, with wheat, 

cotton, and corn as the main crops and the burning of the harvest waste may be a 

contributor to the biomass smoke. Industrial activities, including activities from 

traditional industries (metallurgy, machinery, oil and petrochemical, power, coal, light, 

and textile) [Guinot et al., 2007b] are also important PM contributors. Furthermore, 

the construction activities along the ring road may aggravate the air pollution at our 

site. 

 

6.2.2. Samplings and analyses for the 2002-2003 study 

 

Twenty-four hour sampling was carried out once a week during a one-year period 

from July 2002 to July 2003 at an urban site close to the fourth ring avenue in north-

eastern Beijing. The aerosol samplers were placed on the top of the 11-floor building 

of the Sino-Japan Friendship Centre for Environmental Protection, 35 m above 

ground level. A filter sampler with a Gent PM10 inlet [Hopke et al., 1997] was used 

for 48 PM10 sample collections, while one with a PM2.5 cyclone inlet (URG 

Corporation, USA) was employed for 52 PM2.5 sample collections. The sampling 

flow rate was checked to meet the required 16.7 L/min. The samples were collected 

on quartz fibre filters (47 mm diameter, Pall Gelman Sciences, USA), which had been 

pre-fired at 850 ºC for 3 h to remove any absorbed carbon. After sampling, the quartz 

fibre filters were stored in a refrigerator. 
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The filters were weighed by the Beijing team to obtain PM mass concentrations. Prior 

to weighing, the samples and blank filters were placed for 24 h in a vessel at room 

temperature and relative humidity of approximately 25% for conditioning, and then 

weighted with a Mettler MT5 electronic balance (Mettler Toledo Inc.). OC, EC, and 

TC were determined by the group of Prof. H. Cachier, using the two-stage thermal 

method of Cachier et al. [1989]. The analyses for levoglucosan and other organic 

compounds, i.e., mannosan, galactosan, mannitol, and arabitol, were done by the 

group of Prof. M. Claeys using gas chromatography - flame ionization detection (GC-

FID) and gas chromatography / mass spectrometry (GC/MS) [Zhang et al., 2008]. The 

IC analyses for inorganic ionic species were done by myself, using the Dionex 4500i 

instrument and procedures described in Chapter 3. One quarter of each quartz fibre 

filter was extracted for the analysis and 8 ions were determined, i.e., sulphate, nitrate, 

chloride, ammonium, sodium, potassium, magnesium, and calcium. 

 

6.2.3. Meteorological data for Beijing and for the study period 

 

Beijing is in a warm temperate zone and has a typical continental monsoon climate 

with four distinct seasons [Chan and Yao, 2008]. During the year of 2002–2003, the 

monthly average temperature was lowest in January with -4 °C and highest in July 

with 26 °C [Beijing Statistical Yearbook 1997-2005; 1998-2006]. The high 

temperatures and RH in summer in Beijing are caused by subtropical anticyclones 

[Gao et al., 2005]. 

 

The air masses from the northwest with high wind speeds that carry dust to Beijing in 

spring, winter, and fall, give rise to elevated PM mass concentrations, but the levels 

decrease with increasing wind speed [He et al., 2001]. When there are slow winds 

from the south and stagnant weather conditions, there is a build-up of pollutants in 

Beijing [Zhuang et al., 2001; Wang et al., 2005; Zhang et al., 2005]. 

 

Backward air mass trajectories for the study period were calculated with Hysplit for 3 

arrival heights (i.e., 200 m, 800 m, and 1500 m above ground level). Using data of 

TOMS on the Earth Probe of the NASA 

(http://toms.gsfc.nasa.gov/aerosols/aerosols_v8.html), information was obtained on
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Table 6.1. Seasonal and overall mean concentrations and associated standard deviations for the PM mass and inorganic and organic species 

and means and associated standard deviations for some ratios during 2002−2003 in Beijing. All data apply to PM2.5. 

 

 Summer 2002 Fall 2002 Winter 2002-03 Spring 2003 Summer 2003 All 

 (N = 8) (N = 13) (N = 12) (N = 12) (N = 7) (N = 52) 

PM mass (µg/m3) 82 ± 38 64 ± 35 115 ± 116 103 ± 42 152 ± 66 99 ± 71 

OC (µg/m3) 6.8 ± 4.2 13.0 ± 9.7 20 ± 20 15.0 ± 8.6 9.6 ± 2.8 13.7 ± 12.0 

EC (µg/m3) 9.2 ± 5.3 5.4 ± 3.2 10.1 ± 12.9 5.4 ± 3.8 8.1 ± 3.3 7.4 ± 7.0 

NH4
+ (ng/m3) 10500 ± 5200 5200 ± 3800 10100 ± 11100 8700 ± 7300 16500 ± 12100 9500 ± 8600 

NO3
- (ng/m3) 10800 ± 6900 5800 ± 4000 9600 ± 10300 11600 ± 7700 15300 ± 8300 10100 ± 7800 

SO4
2- (ng/m3) 19400 ± 8300 7500 ± 4500 16800 ± 18300 14700 ± 11200 26000 ± 15200 15600 ± 13500 

Cl- (ng/m3) 1100 ± 770 2400 ± 2600 4100 ± 4200 2000 ± 1330 680 ± 380 2300 ± 2700 

Na+ (ng/m3) 520 ± 63 610 ± 171 1240 ± 750 2500 ± 490 1090 ± 1220 1240 ± 960 

K+ (ng/m3) 1250 ± 500 1220 ± 870 2300 ± 3800 2300 ± 3800 1590 ± 780 1340 ± 1950 

Mg2+ (ng/m3) 100 ± 7.7 143 ± 39 210 ± 169 300 ± 89 144 ± 71 189 ± 119 

Ca2+ (ng/m3) 600 ± 70 870 ± 210 750 ± 510 2100 ± 550 1050 ± 730 1100 ± 710 

Levo. (ng/m3) 159 ± 116 410 ± 390 410 ± 470 290 ± 320 133 ± 63 310 ± 340 

Mannosan (ng/m3) 35 ± 19 51 ± 30 65 ± 76 60 ± 73 31 ± 21 51 ± 52 

Mannitol (ng/m3) 4.1 ± 1.0 12.8 ± 42.3 9.9 ± 10.1 16.2 ± 14.6 25 ± 32 13.2 ± 19.1 

Levo/OC (%) 2.5 ± 1.8 2.9 ± 1.1 1.71 ± 0.72 1.73 ± 0.87 1.39 ± 0.42 2.1 ± 1.1 

K/OC (%) 19.7 ± 11.6 9.7 ± 6.0 9.9 ± 14.6 9.7 ± 5.7 16.4 ± 6.9 12.2 ± 9.6 
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Table 6.2. Seasonal and overall mean concentrations and associated standard deviations for the PM mass and inorganic and organic species 

and means and associated standard deviations for some ratios during 2002−2003 in Beijing. All data apply to PM10. 

 

 Summer 2002 Fall 2002 Winter 2002-03 Spring 2003 Summer 2003 All 

 (N = 4) (N = 13) (N = 12) (N = 12) (N = 7) (N = 48) 

PM mass (µg/m3) 163 ± 77 158 ± 67 195 ± 178 162 ± 98 171 ± 59 171 ± 109 

OC (µg/m3) 11.7 ± 4.6 19.7 ± 12.1 32 ± 30 19.1 ± 8.6 12.8 ± 5.5 21 ± 18 

EC (µg/m3) 9.3 ± 3.7 9.1 ± 4.1 12.8 ± 15.0 7.8 ± 4.8 6.7 ± 2.9 9.4 ± 8.3 

NH4
+ (ng/m3) 8200 ± 5600 4400 ± 3300 12100 ± 16900 7500 ± 6900 10500 ± 7900 8300 ± 10000 

NO3
- (ng/m3) 14000 ± 8600 7600 ± 5400 10400 ± 12600 12500 ± 9700 13300 ± 7800 10900 ± 9200 

SO4
2- (ng/m3) 18000 ± 8200 9800 ± 5500 21000 ± 24000 17200 ± 14500 22000 ± 12800 17000 ± 15500 

Cl- (ng/m3) 1740 ± 1220 3100 ± 2900 4700 ± 4700 2200 ± 1470 940 ± 590 2800 ± 3100 

Na+ (ng/m3) 760 ± 126 870 ± 320 1490 ± 790 2900 ± 560 1120 ± 1410 1570 ± 1090 

K+ (ng/m3) 1780 ± 770 1570 ± 1050 2800 ± 4500 1630 ± 1170 1360 ± 700 1890 ± 2400 

Mg2+ (ng/m3) 560 ± 240 470 ± 153 480 ± 280 850 ± 390 640 ± 169 600 ± 300 

Ca2+ (ng/m3) 7600 ± 3400 7300 ± 2100 4700 ± 3300 7700 ± 3000 5100 ± 1410 6500 ± 2900 

Levo. (ng/m3) 250 ± 168 520 ± 470 500 ± 580 360 ± 360 154 ± 62 400 ± 430 

Mannosan (ng/m3) 60 ± 26 59 ± 39 90 ±103 66 ± 69 41 ±19 66 ± 66 

Galactosan (ng/m3) 13.7 ± 12.7 31 ± 30 43 ± 58 25 ± 41 10.6 ± 7.7 28 ± 39 

Mannitol (ng/m3) 41 ± 17 23 ± 16 21 ± 16 17.7 ± 25.2 45 ± 25 26 ± 22 

Arabitol (ng/m3) 15.5 ± 9.7 19.8 ± 12.7 12.2 ± 12.5 12.5 ± 8.4 11.1 ± 4.6 14.4 ± 10.7 

Levo/OC (%) 1.92 ± 0.79 2.3 ± 0.9 1.32 ± 0.56 1.70 ± 1.08 1.23 ± 0.14 1.72 ± 0.87 

K+/OC (%) 15.3 ± 3.6 7.8 ± 4.3 7.6 ± 10.2 7.8 ± 4.1 10.6 ± 4.4 8.8 ± 6.4 
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Table 6.3. Seasonal and annual PM2.5/PM10 ratios for the PM mass and inorganic and organic species during 2002−2003 in Beijing. 

 

 Summer 2002 Fall 2002 Winter 2002-03 Spring 2003 Summer 2003 All 

 (N = 4) (N = 13) (N = 12) (N = 12) (N = 7) (N = 48) 

PM mass 0.44 ± 0.09 0.39 ± 0.08 0.54 ± 0.13 0.59 ± 0.13 0.86 ± 0.14 0.55 ± 0.19 

OC 0.62 ± 0.26 0.63 ±0.17 0.65 ± 0.08 0.77 ± 0.13 0.80 ± 0.20 0.69 ± 0.17 

EC 0.89 ± 0.34 0.57 ± 0.16 0.71 ±0.21 0.69 ±0.20 1.20 ± 0.20 0.74 ± 0.26 

NH4
+ 1.14 ± 0.28 1.20 ± 0.16 1.02 ±0.22 1.20 ± 0.04 1.56 ±0.28 1.14 ± 0.19 

NO3
-  0.67 ± 0.25 0.79 ± 0.13 0.97 ±0.14 0.98 ± 0.15 1.16 ± 0.32 0.91 ± 0.19 

SO4
2-  0.84 ± 0.10 0.74 ± 0.07 0.80 ± 0.09 0.88 ± 0.08 1.16 ±0.14 0.85 ± 0.14 

Cl-  0.55 ± 0.09 0.72 ± 0.17 0.85 ±0.19 0.94 ± 0.20 0.79 ± 0.33 0.79 ± 0.21 

Na+ 0.71 ± 0.19 0.74 ± 0.14 0.82 ± 0.13 0.86 ± 0.06 1.35 ± 0.65 0.82 ± 0.16 

K+ 0.70 ± 0.15 0.75 ± 0.09 0.82 ± 0.11 0.91 ± 0.09 1.22 ± 0.18 0.87 ± 0.20 

Mg2+ 0.21 ± 0.12 0.31 ± 0.07 0.43 ± 0.17 0.38 ± 0.08 0.23 ± 0.11 0.34 ± 0.14 

Ca2+  0.09 ± 0.04 0.12 ± 0.03 0.18 ±0.10 0.28 ± 0.06 0.20 ± 0.10 0.19 ± 0. 10 

Levo.  0.75 ± 0.13 0.78 ± 0.06 0.84 ±0.07 0.81 ± 0.11 0.85 ± 0.10 0.81 ± 0.09 

Mannosan 0.67 ± 0.41 0.91 ± 0.33 0.67 ±0.26 0.97 ± 0.55 1.07 ± 1.05 0.73 ± 0.28 

Mannitol 0.10 ± 0.03 0.37 ±0.28 0.41 ± 0.23 0.56 ± 0.49 0.42 ± 0.47 0.39 ± 0.33 
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Table 6.4. Annual and seasonal mean PM2.5 and PM10 mass concentrations (µg/m3) for different sites in Beijing. 

 

Site Sampling period PM conc. Reference 

PM2.5    

Fourth Ring road 2002-2003 99 ± 71 This study 

Second Ring road 2001-2002 96.5 Duan et al., 2006 

Second Ring road 1999-2000 129 He et al., 2002 

Forth Ring road 1999-2000 145 He et al., 2002 

Between Second and Third Ring road 2001-2003 154 ± 146 Wang et al., 2005 

Between Second and Third Ring road 
 

2002-2003 winter 
2002-2003 summer 

136 ± 97 
77 ± 56 

Sun et al., 2004 
 

Five urban and rural sites 2000 101 Zheng et al., 2005a 

PM10    

Fourth Ring road 2002-2003 171 ± 109 This study 

North Fourth Ring road 2006 summer 133 Van Pinxteren et al., 2009 

Between Second and Third Ring road 
 

2002-2003 winter 
2002-2003 summer 

184 ± 131 
172 ± 102 

Sun et al., 2004 
 

Between Second and Third Ring road Jan. 2003-Aug. 2004 105 Guinot et al., 2007b 
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the Aerosol Index from July 2002 to July 2003 over East Asia. The Aerosol Index was 

particularly useful for observing biomass burning episodes and mineral dust events. 

 

On the basis of the back trajectories it was found that the air masses came from the 

north, west, and north-west directions for most of the winter, spring, and fall samples, 

with for some samples long-range transport with fast moving air. During the summer 

season the air mass origin was from the south and east, and the samples were thus 

more characteristic of local or regional sources. 

 

6.3. PM mass, carbonaceous, organic, and ionic data for the Beijing study 

 

The average concentrations and associated standard deviations of the PM mass and 

the carbonaceous, organic, and ionic species in PM2.5 and PM10 are given in Tables 

6.1 and 6.2, respectively. Data are given for each season and for the entire year. Table 

6.3 gives the mean PM2.5/PM10 mass ratios. 

 

6.3.1. PM mass characteristics 

 

The annual mean PM10 mass concentrations for our study was 171 µg/m3 and the 

median 165 µg/m3. As to the PM2.5 mass, the annual mean and median 

concentrations were 99 and 87 µg/m3, respectively. These levels are high when 

compared with the data from large cities in Europe, but similar to data from various 

other megacities. For example, median concentrations of 99 µg/m3 for PM10 and 62 

µg/m3 for PM2.5 were found in Milan during the winter season, and 60 µg/m3 and 37 

µg/m3 during the summer season [Marcazzan et al., 2001], but for the megacity of 

Cairo and the year 2005, Favez et al. [2008] estimated an annual mean TSP mass 

concentration of 155 µg/m3. 

 

Our annual mean PM mass data are compared with those from other studies in Beijing 

in Table 6.4. Our data to PM2.5 are at the lower end of the various data sets, whereas 

those for PM10 are at the higher end, but overall, there is good resemblance between 

our results and the published data. 
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There was quite some variability in our seasonally averaged PM2.5 mass 

concentrations, i.e., from 64 µg/m3 in fall to 152 µg/m3 in 2003 summer; the data for 

summer is even higher than that of winter (115 µg/m3). The PM10 mass concentration 

did not show substantial seasonal variation, ranging from 158 µg/m3 in fall to 195 

µg/m3 in winter; the seasonal mean coarse particle (PM10-2.5) mass concentrations 

were at a similar level, around 80 µg/m3 in all seasons except 2003 summer. The 

maximum daily PM2.5 and PM10 mass concentrations were 400 µg/m3 and 640 

µg/m3, respectively, and they were obtained in winter. 

 

The mass ratios of PM2.5 to PM10 were around 0.5, the seasonal averaged ratios 

ranged from 0.39 to 0.59, except for the 2003 summer, when it was 0.86. Our data 

from 0.39 to 0.59 are close to the results from our study at Budapest and to the results 

from other kerbside sites [Van Dingenen et al., 2004]. When compared with previous 

studies in Beijing, our PM2.5/PM10 mass ratios from 0.39 to 0.59 are slightly lower 

than the 0.62 obtained by Duan et al. [2006]. Our low PM2.5/PM10 mass 

concentration ratios indicate that coarse particles are quite important in Beijing. High 

coarse particle concentrations may be related to desert dust that is advected by long-

distance transport and to resuspended road dust that is stirred by vehicles. Our 

seasonal mean ratio of 0.86 for 2003 summer indicates that the pollutants were 

essentially in the fine particles. Their composition is discussed below. 

 

6.3.2. Carbonaceous aerosol characteristics 

 

The concentrations of OC and EC were maximum in winter for both PM2.5 and 

PM10 (see Tables 6.1 and 6.2). Coal combustion for domestic heating in winter (from 

the middle of November until March) was likely a large contributor to the OC and EC 

levels. Frequent thermal inversion in winter certainly plays a role in raising the levels 

of the PM and its constituents in winter, but the seasonal variation of OC and EC was 

much larger than that of the PM mass in both PM2.5 and PM10. 

 

As shown in Table 6.3, most of the PM10 OC and EC is in the fine size fraction, 

around 70% on average. 
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The annual mean OC/EC ratio is around 2.5 in both PM2.5 and PM10, this value is 

comparable to the 2.2 for PM2.5 reported by Sun et al. [2004] at a site which is 

located at the Beijing Normal University (BNU) campus between the second and third 

ring road, which is heavily influenced by traffic emissions. The ratios at our site were 

elevated during the domestic heating period. 

 

OC sources in Beijing include fossil fuel combustion from traffic [Yao et al., 2002b; 

2003b], coal combustion in power plants and industries [He et al., 2001] and for 

domestic heating, biomass burning [Duan et al., 2004; Zheng et al., 2005a], and other 

sources. As indicator of biomass burning, levoglucosan was used at our site and it was 

examined to what extent water-soluble K+, especially in the fine size fraction could 

also be employed. 
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Figure 6.1. Time series of OC, K+, and levoglucosan in PM2.5 for Beijing 2002-

2003. 

 

6.3.3. Levoglucosan and biomass burning 

 

A detailed description of the use of levoglucosan to assess the impact from biomass 

burning during our study is given by Zhang et al. [2008]. Here, we limit ourselves to a 

brief description. The annual mean and median concentrations were 400 and 280 

ng/m3, respectively, in PM10 and 310 and 191 ng/m3, respectively, in PM2.5. 

Levoglucosan was thus mostly associated with the fine size fraction; the PM2.5/PM10 

mass ratio for this species was 0.81 ± 0.09 (Table 6.3). As seen in Figure 6.1, which 
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shows the time series for OC, K+, and levoglucosan in PM2.5, there was a substantial 

sample-to-sample variation in the levoglucosan concentration. Although there is some 

coherence between the time series of the three species depicted in the figure, 

levoglucosan was only highly correlated with OC (R2 = 0.80), but not with K+ (R2 = 

0.36). The poor correlation between levoglucosan and K+ is shown in Figure 6.2. 

Considering that K+ is also often used as an indicator of biomass burning and proved 

to work well for this purpose in the Beijing study of Duan et al. [2004], a better 

correlation was expected. However, K+ has also other major sources besides biomass 

burning, such as coal burning and desert dust, and its use as biomass indicator in our 

data set seems to be jeopardized, as will be indicated in section 6.3.4.4. 

 

The data point circled in Figure 6.2 applies to the PM2.5 sample of 7 May 2003. This 

sample had the third highest levoglucosan concentration, it exhibited also a high OC 

level and a high levogucosan/OC ratio, but the PM2.5 mass and K+ concentration 

were only around average. By scrutinizing the TOMS Aerosol Index images, it 

became clear that forest fires occurred and went on during the period from 4 to 12 

May 2003 in the border areas of China, Russia, and Mongolia. The prevailing winds 

were westerly during this period and the forest fire emissions were transported to the 

east, influencing the Far East of Russia and the Korean peninsula [Lee et al., 2005]. 

However, the wind direction changed to northerly from 5 to 8 May 2003. This led to a 

situation where pollutants from forest fires were spread over the vast region of north-

eastern China and further to the south, arriving in Beijing, Tianjin, and Hebei 

province [Zhang et al., 2008]. 

 

An unambiguous connection to biomass burning was also established for the samples 

of 16 and 30 September 2002, but not for those of 4, 13, and 18 November 2002 

[Zhang et al., 2008]. For the latter three samples no fire spots were observed or the 

fires detected could not have affected Beijing on the sampling day, based on the 

satellite fire maps and air mass trajectories. The most probable source for the high 

levoglucosan concentrations and levoglucosan to OC ratios is the burning of fallen 

leaves at that time of the year. This activity may have caused the episodic high 

concentrations of levoglucosan and OC under the unfavourable weather conditions in 

November 2002. 

155 



Chapter 6: Aerosols from Beijing, China 
 

156 

 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 200 400 600 800 1000 1200 1400 1600 1800

PM2.5 Levoglucosan (ng/m3)

P
M

2.
5 

K
+
 (

ng
/m

3 )

 

Figure 6.2. Scatter plot of K+ versus levoglucosan in PM2.5 for Beijing 2002-2003. 

 

6.3.4. Ion characteristics 

 

The ion balance was studied for both the PM2.5 and PM10 samples, and it was found 

that the cations substantially over-weighted the anions in all samples. The missing 

anionic species are likely inorganic CO3
2− and HCO3

− and perhaps also organic acids; 

the latter have been detected in aerosol samples from Beijing [Yao et al., 2002a; 

2003a; 2003b; Wang et al., 2005]. The mean equivalent ratios of cations to anions are 

1.86 ± 0.68 in PM10 and 1.36 ± 0.35 in PM2.5 (Table 6.5). Table 6.5 further shows 

that SO4
2- and NO3

- are fully neutralised by NH4
+ in PM2.5, but not in PM10. On the 

other hand, there was sufficient NH4
+ in PM10 to neutralise SO4

2- to (NH4)2SO4; the 

equivalent ratio of NH4
+ to SO4

2- was 1.10 ± 0.38, on average. 

 

Table 6.5. Average inorganic ion concentrations (in eq/m3) and equivalent 

concentration ratios for PM2.5 and PM10 samples collected in 2002-

2003 in Beijing. 

 

 Cations Anions Cations/Anions 
NH4

+/(NO3
- + SO4

2-

) 
PM2.5 689 551 1.36 ± 0.35 1.00 ± 0.27 

PM10 950 610 1.86 ± 0.68 0.74 ± 0.24 
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In terms of mass concentrations, SO4
2-, NO3

-, and NH4
+ were the dominant ionic 

species in PM2.5 (see Table 6.1); the annual average concentrations are 15.6 µg/m3, 

10.1 µg/m3, and 9.5 µg/m3, respectively, and they represent 37%, 23%, and 20%, 

respectively, of the total mass of water-soluble ions. These mass concentration data 

are very similar as those obtained in Beijing for weekly samples in 1999-2000 by Yao 

et al. [2002a] and in 2001-2002 by Duan et al. [2006], and for daily samples in 2001-

2003 by Wang et al. [2005] (see Table 6.4). The individual percentage attributions of 

the major ions to the sum of all measured inorganic ions in this study are quite similar 

to the results reported by Wang et al. [2005] and Duan et al. [2006]. As to PM10, Ca2+ 

together with SO4
2-, NO3

-, and NH4
+ are the dominant ionic species (Table 6.2), with 

annual average concentrations of 6.5 µg/m3, 17.0 µg/m3, 10.9 µg/m3, and 8.3 µg/m3, 

respectively. As seen in Table 6.3, Ca2+ and Mg2+ were mostly associated with the 

coarse particles, and all other ions mostly with the fine particles. 

 

6.3.4.1 Mineral ions (Na+, Mg2+, and Ca2+) 

 

The annual average mass concentrations of Na+ are 1.24 µg/m3 in PM2.5 and 1.57 

µg/m3 in PM10. It is thought that Na+ in both PM2.5 and PM10 is mostly associated 

with mineral dust instead of sea salt because the sampling site is 200 km away from 

the nearest sea (Bo Hai). 

 

A seasonal variation was observed for most ions, which may help explain their 

sources. Na+ and Mg2+ showed maximum seasonally averaged concentrations in 

spring for both PM2.5 and PM10, which suggest that dust storms were an important 

source type for these two ions. The Mg2+ concentration in PM2.5 was, on average, 0.3 

µg/m3 in spring versus only 0.1 µg/m3 in summer. The annual average concentration 

of Ca2+ in PM2.5 was 1.10 µg/m3, which is higher than the 0.8 µg/m3 from Yao et al. 

[2002a] and lower than the 1.63 µg/m3 from Wang et al. [2005]. Ca2+ in PM2.5 

showed a similar seasonal trend as Na+ and Mg2+, high in spring and low in summer, 

and such seasonal variation was also observed by Wang et al. [2005]. For Ca2+ in 

PM10 no obvious seasonal variation was observed in this study. This may be due to 

construction activities which can be regarded as another major source of Ca2+ in 

Beijing; construction material is abundant in calcium (CaO or Ca (OH)2) [Yang et al., 

2005]; the relatively low Ca2+ concentrations in PM10 in winter are consistent with a 
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construction source as few construction works are performed in winter due to the cold 

temperatures in Beijing in this season. According to Guinot et al. [2007b], 

construction works are an important source of local dust; that construction activities 

are a cause of elevated PM mass was observed by Zheng et al. [2005b]. 

 

In PM2.5, Mg2+ was well correlated with Na+ and Ca2+, with R2 = 0.79 and 0.89, 

respectively, which suggests that they have the same source, which at least in spring is 

long-range transported desert dust. 

 

6.3.4.2 Secondary inorganic ions (SO4
2-, NO3

-, and NH4
+) 

 

It can be seen from Table 6.1 that the seasonally averaged concentrations of SO4
2-, 

NO3
-, and NH4

+ in PM2.5 were maximum in summer, followed by winter (except for 

NO3
-), and were minimum in fall; a similar pattern is observed for SO4

2- and NO3
- in 

PM10 (Table 6.2). In an earlier study in Beijing, SO4
2-, NO3

-, and NH4
+ were 

maximum in winter, just slightly higher than in summer [Wang et al., 2005]. NH4
+ in 

Beijing is mainly from industrial emissions of NH3, and then combines with NO3
- and 

SO4
2- under favourable conditions. 

 

The high seasonal mass concentrations of SO4
2- in winter and summer may be due to 

higher coal consumption and poor dispersion (shallow boundary layer) in winter and 

efficient photochemical reactions in summer. SO4
2- was regarded as a tracer for coal 

combustion and industrial activities and the formation mechanism of SO4
2- in 

different seasons was discussed by Yao et al. [2002a]. NO3
- in Beijing is thought to 

originate mainly from traffic [Yao et al., 2002a; Wang et al., 2005]. 

 

The mass ratio of NO3
-/SO4

2- can be used to assess the relative importance of mobile 

versus stationary sources, whereby high ratios indicate a prevalence of mobile sources 

over stationary ones [Arimoto et al., 1996; Yao et al., 2002a; Xiao and Liu, 2004; 

Wang et al., 2005]. The seasonally averaged NO3
-/SO4

2- ratios for this study are given 

in Table 6.6 together with ratios from the literature. The annual average NO3
-/SO4

2- 

ratio in this study was 0.65. This value is comparable with the literature data: it is very 

similar to the ratios of 0.67 of Wang et al. [2005] and 0.70 of Duan et al. [2006], and 

slightly larger than that of 0.58 of Yao et al. [2002a]. Some seasonal variation in the
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Table 6.6. Mass ratios for NO3
-/SO4

2- and Cl-/NO3
- and molar ratios for Cl-/Na+ in PM2.5 samples collected in Beijing. 

 

Reference Sampling period Ratio Summer Fall Winter Spring All 

This study 2002-2003 NO3
-/SO4

2- 0.62 (2002) 
0.60 (2003) 

0.72 0.52 0.78 0.65 

  Cl-/NO3
- 0.10 (2002) 

0.05 (2003) 
0.48 0.50 0.23 0.31 

  Cl-/Na+ (molar) 1.34 2.22 2.35 0.54 1.59 

Yao et al., 2002a 1999-2000 NO3
-/SO4

2-  1.5   0.58 

        

Wang et al., 2005 2001-2003 NO3
-/SO4

2- 0.63 0.93 0.49 0.84 0.67 

        

Guinot et al., 2006b Jan. 2003-Aug. 2004 NO3
-/SO4

2- 0.42-0.62     

        

Duan et al, 2006 2001-2002 NO3
-/SO4

2- 0.40 0.85 1.09 0.69 0.70 (CGZ site) 
0.74 (THU site) 

  Cl/NO3
- * 0.06 0.11 0.37 0.24 0.24 (CGZ site) 

0.27 (THU site) 

 

* Cl from XRF 
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NO3
-/SO4

2- is observed, with a low seasonally averaged ratio in winter and high ones 

in fall and spring. During the residential heating period, more SO2 is emitted and then

transformed to SO

 

 

 

 

 

 

 

4
2-, which results in a decrease in NO3

-/SO4
2- ratios in winter. At

our study site, there was a strong impact from traffic emissions because the site was 

near a busy main road (northern fourth ring road). In the other seasons than winter, the 

weather conditions are suitable for the formation of both NO3
- and SO4

2-. So, the 

seasonal variation of NO3
-/SO4

2- is not so significant as was found in the study of 

Wang et al. [2005]. 

 

6.3.4.3 Anthropogenic Cl- 

 

The residential heating period lasts from late fall to early spring in Beijing, and since

much heating is produced from coal combustion, this leads to elevated levels of some

inorganic ions in PM2.5, including NO3
-, SO4

2-, Cl-,and K+ [He et al., 2001; Wang et 

al., 2005; Duan et al., 2006]. Sea salt is not important as a source of Cl- like it was

also unimportant for Na+. The annual average mass concentrations of Cl- were 2.3 

µg/m3 in PM2.5 and 2.8 µg/m3 in PM10; Cl- was mostly associated with the fine size 

fraction (Table 6.3), suggesting that it comes mainly from anthropogenic emissions. 

High seasonal mean Cl- concentrations were observed in the winter season, with 4.1 

µg/m3 in PM2.5; the highest daily concentration in PM2.5 was 13.4 µg/m3 in a winter 

sample. In summer 2003, the seasonal mean Cl- concentration was as low as 0.68 

µg/m3 in PM2.5. The seasonal mean data are comparable with the data reported by

Duan et al. [2006] for 2001-2002 and by Wang et al. [2005] for 2001-2003 in Beijing. 

The high mass concentration of Cl- in winter is not due to the shallow boundary layer; 

also the contribution from coal combustion for residential heating during the cold 

period has to be taken into account. 

 

Since our Beijing sampling site was far away (200 km) from the sea, Cl- came mainly 

from coal burning emissions and Na+ was mostly from desert dust in PM2.5. The 

molar ratio of Cl-/Na+ can be used to estimate the contribution from these two sources 

for these two ions. As seen in Table 6.6, the ratio is high in winter (2.35) and low in

spring (0.54). The low ratio in spring indicates that the contribution from desert dust 

is quite significant for Na+ in this season. 
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The mass ratio Cl-/NO3
- has been successfully used to estimate the pollution level 

from coal burning for heating during cold periods and/or for industrial activities in 

Beijing in previous studies [Yao et al., 2002a]. In the present study, a significant 

seasonal variation in the Cl-/NO3
- mass ratio was observed; it varied from 0.10 in 

summer to 0.50 in winter, with yearly average of 0.31 (see Table 6.6). Although our 

mass ratios were smaller than those of Yao et al. [2002a] and higher than those of 

Duan et al. [2006], the seasonal variation is the same, high in winter and low in 

summer. There is no doubt that the increase of the Cl-/NO3
- mass ratio in winter is due 

to increased Cl- emissions from coal burning for residential heating. 

 

6.3.4.4 K+ from biomass and coal burning 

 

Our annual mean mass concentrations for K+ are 1.34 µg/m3 in PM2.5 and 1.89 µg/m3 

in PM10 (Tables 6.1 and 6.2), and K+ is mostly present in the fine size fraction (Table 

6.3). The annual mean value in PM2.5 is very similar to the 1.55 µg/m3 of Wang et al. 

[2005] and the 1.44 µg/m3 and 1.70 µg/m3 at two sites in Beijing of Duan et al. [2006], 

but substantially lower than the 2.2 µg/m3 of Yao et al. [2002a]. Except that elevated 

mean levels were observed in winter, with 2.3 µg/m3 in PM2.5 and 2.8 µg/m3 in 

PM10, the seasonally averaged K+ mass concentrations for the other three seasons in 

this study were similar. The seasonal variation as seen from Table 6.1 is exactly the 

same as in previous studies [Yao et al., 2002a; Wang et al., 2005; Duan et al., 2006]. 

Thus, it seems that there is a high background of K+ in Beijing, and this unique 

seasonal pattern is somewhat different than that of the other water-soluble ions. 

 

Potassium was first proposed as a tracer for biomass burning by Andreae [1983]; 

Duan et al. [2004] used K+ in combination with OC to assess the importance of 

biomass burning in Beijing. In Beijing, OC has multiple sources, including from 

combustion processes, such as coal burning, oil combustion, vehicle fuel combustion, 

biomass burning in the outskirts of the city, or non-combustion processes, such as 

humic acid in soil dust and tire debris [Zheng et al., 2005b]; K+ also has many sources, 

such as biomass burning, coal burning, and even traffic exhaust emissions in small 

amounts [Zelenka et al., 1994; Yu et al., 2006]. Besides, in the surrounding suburbs of 

Beijing, potassium fertilizer is widely used in agricultural activities, and K is present 

in high concentrations in crops and also in their residues [Duan et al., 2004]. The 
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diverse sources of K+ make it difficult therefore to use water-soluble K+ as a biomass 

burning tracer in our study. 

 

Besides the temperature inversions and low boundary layers, there are other reasons 

for the high mass concentration of K+ in winter, such as coal combustion for heating 

in the urban areas and wood burning in the suburbs. With regard to summer, the 

seasonal mean K+ mass concentration is only slightly smaller than that in winter; the 

K+ may be related to the biomass burning that occurs during the wheat harvest season 

as described by Duan et al. [2004]. As to spring, agricultural sowing may also lead to 

increasing K+ concentrations. In fall, biomass burning after the harvest of corn and 

other types of agricultural products will lead to K+ emissions [Zhang et al., 2008]. 

Thus, coal combustion for energy production and residential heating and biomass 

burning related to agricultural activities may be the major reasons for the high 

background K+ concentration in the Beijing urban area. The biomass burning in the 

surrounding areas of Beijing aggravates the regional air pollution in the Beijing urban 

area. 

 

6.4. Aerosol chemical mass closure 

 

Aerosol chemical mass closure calculations were done in a similar way as for the 

studies in Belgium and Budapest (Chapters 4 and 5). However, since no elemental 

analyses by PIXE or INAA were made on the Beijing samples, the “elements” 

component was not included for the Beijing study. Considering that this component is 

normally a very minor component, its exclusion should have little impact on the 

results. More important is that several crustal elements (i.e., Al, Si, Ti, and Fe) that 

are used for the estimation of the crustal matter component were also not available for 

our Beijing site. We therefore resorted to the approach proposed by Guinot et al. 

[2007a] whereby the crustal matter component is estimated by dividing the Ca2+ data 

by a factor f, which represents the concentration of Ca2+ in crustal matter. We selected 

an f-value of 0.10, which is in the middle of the range given by Guinot et al. [2007a]. 

However, it should be noted that the concentration of Ca in mineral dust aerosol is 

somewhat variable, so that our estimation of the crustal component has a substantial 

associated uncertainty, which could easily be of the order of 30% or more. 

 

162 



Chapter 6: Aerosols from Beijing, China 

163 

Table 6.7. Seasonal and overall average concentrations (in µg/m3) of the aerosol types for PM2.5 and PM10 in Beijing. 

 

 Summer 2002 Fall Winter Spring Summer 2003 All 
PM2.5       
OM 9.6 ± 4.5 18.2 ± 13.6 28 ± 28 21 ± 12.0 13.4 ± 3.9 19.2 ± 16.8 
EC 9.2 ± 4.4 5.4 ± 3.2 10.1 ± 12.9 5.4 ± 3.8 8.1 ± 3.3 7.4 ± 7.0 
NH4

+ 10.5 ± 5.4 5.2 ± 3.8 10.1 ± 11.1 8.7 ± 7.3 16.5 ± 12.1 9.5 ± 8.6 
NO3

- 10.8 ± 5.6 5.8 ± 4.0 9.6 ± 10.3 11.6 ± 7.7 15.3 ± 8.3 10.1 ± 7.8 
SO4

2- 19.4 ± 11.3 7.5 ± 4.5 16.8 ± 18.3 14.7 ± 11.2 26 ± 15.2 15.6 ± 13.5 
Crustal a 6.0 ± 1.7 8.7 ± 2.1 7.5 ± 5.1 21 ± 5.5 10.5 ± 7.3 11.0 ± 7.1 
Crustal_2 a 9.0 ± 2.6 13.1 ± 3.1 11.2 ± 7.6 31 ± 8.3 15.7 ± 10.9 16.5 ± 10.6 
Unaccounted b 16.6 ± 12.5 12.8 ± 9.1 33 ± 47 21 ± 16.6 62 ± 37 26 ± 32 
Unaccounted_2 b 13.6 ± 12.8 8.5 ± 8.9 29 ± 48 10.2 ± 16.7 57 ± 40 21 ± 33 
PM10       
OM 16.3 ± 6.4 28 ± 16.9 45 ± 4.2 27 ± 12.0 17.9 ± 7.7 29 ± 25 
EC 9.3 ± 3.7 9.1 ± 4.1 12.8 ± 15.0 7.8 ± 4.8 6.7 ± 2.9 9.4 ± 8.3 
NH4

+ 8.2 ± 5.6 4.4 ± 3.3 12.1 ± 16.9 7.5 ± 6.9 10.5 ± 7.9 8.3 ± 10.0 
NO3

- 14.0 ± 8.6 7.6 ± 5.4 10.4 ± 12.6 12.5 ± 9.7 13.3 ± 7.8 10.9 ± 9.2 
SO4

2- 18.0 ± 8.2 9.8 ± 5.5 21.1 ± 24 17.2 ± 14.5 22 ± 12.8 17.0 ± 15.5 
Crustal a 76 ± 34 73 ± 21 47 ± 33 77 ± 30 51 ± 14 65 ± 29 
Crustal_2 a 114 ± 51 109 ± 31 71 ± 51 116 ± 45 76 ± 21 97 ± 44 
Unaccounted b 22 ± 16 27 ± 21 47 ± 55 12.9 ± 39 50 ± 40 31 ± 40 
Unaccounted_2 b -16.1 ± 2 -9.7 ± 16 23 ± 48 -26 ± 33 24 ± 44 -1.0 ± 39 

 
a Crustal = Ca2+/0.1; Crustal_2 = Ca2+/0.067. 
b Unaccounted stands for the unexplained mass when using Crustal, whereas Unaccounted_2 is the unexplained mass when using Crustal_2. 
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Table 6.8. Percentage attribution of the mean seasonal and annual experimental mass to various aerosol types for PM2.5 and PM10 in Beijing. 

 

 Summer 2002 Fall Winter Spring Summer 2003 All 

PM2.5       

OM 11.6 29 25 20 8.8  19.4 

EC 11.2 8.5 8.8 5.2 5.3 7.5 

NH4
+ 12.8 8.1 8.7 8.5 10.9 9.5 

NO3
- 13.2 9.1 8.3 11.3 10.1 10.1 

SO4
2- 24 11.7 14.6 14.3 16.9 15.7 

Crustal 7.3 13.7 6.5 20 6.9 11.1 

Crustal_2 11.0 21 9.8 30 10.3 16.7 

Unaccounted 20 20 28 20 41 27 

Unaccounted_2 16.6 13.3 25 9.9 38 21 

PM10       

OM 10.0 17.5 23 16.5 10.5 17.1 

EC 5.7 5.8 6.6 4.8 3.9 5.5 

NH4
+ 5.0 2.8 6.2 4.6 6.2 4.9 

NO3
- 8.6 4.8 5.3 7.7 7.8 6.4 

SO4
2- 11.0 6.2 10.8 10.6 13.0 9.9 

Crustal 46 46 24 48 30 38 

Crustal_2 70 69 36 72 45 57 

Unaccounted 13.3 16.9 24 8.0 29 18.3 

Unaccounted_2 -9.8 -6.1 12.0 -15.9 14.1 -0.6 
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Figure 6.3. Average concentrations of 6 aerosol types and of the unexplained mass 

for the 2002-2003 samplings in Beijing. 

 

Seven aerosol types (or components) were considered in the mass closure calculation, 

i.e., (1) OM, which was estimated as 1.4 OC; (2) EC; (3) sulphate; (4) ammonium; (5) 

nitrate; and (6) crustal matter (or mineral dust). The seasonally averaged (and the 

overall average) concentrations of the 6 components and of the unexplained mass for 

PM2.5 and PM10 are given in Table 6.7. Table 6.8 gives the percentage attributions to 

each of the 6 components for the seasonally averaged (and the overall average) PM2.5 

and PM10 mass concentrations. Considering the uncertainties that are associated with 

our mass closure calculations, especially that in the f-value, but also that in the OC-to-

OM conversion factor, the 6 components provide a fairly reasonable mass 

reconstruction of the gravimetric PM mass, certainly for PM10. In case we adopt an f-

value of 0.067, the percentages unaccounted for the yearly mean data decreases from 
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27% to 21% in PM2.5 and from 18% to -1% in PM10. The data of Tables 6.7 and 6.8 

are also shown in Figures 6.3 and 6.4, whereby the crustal data in the figures were 

obtained by dividing the Ca2+ data by an f-value of 0.10. 
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Figure 6.4. Percentage contributions of the various components to the average 

gravimetric PM mass for the 2002-2003 samplings in Beijing. 

 

The SIA are the principal contributor to the PM2.5 mass; they contribute with 35% to 

the overall mean PM2.5 mass; OM is the second component in PM2.5, but in spring 

crustal matter becomes equally important with 20%, which illustrates the impact of 

desert dust on the PM2.5 mass in this season. Yang et al. [2005] found an even larger 

percentage of 42% for spring in Beijing. Incidentally, when adopting an f-value of 

0.067, our percentage of mineral dust would increase from 20 to 30% in spring. Han 

et al. [2007b] indicated that mineral aerosol was one of the most important 

components of airborne particulates in Beijing and accounted for 10-70% of the 
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PM2.5 mass, with strong seasonal variation; the contributions of sources from outside 

of the city of Beijing were as high as 59% in spring and 17.2% in fall. Our percentage 

attribution of 11% mineral dust to the overall mean PM2.5 mass is rather similar to 

but somewhat lower than the 17% found by Duan et al. [2006] for Beijing. By 

adopting an f-value of 0.067, we obtain the same percentage of 17% as Duan et al. 

[2006]. 

 

With regard to the seasonal variation in the NH4
+ contribution in PM2.5, this 

contribution is higher in summer than in the other seasons. This result is in contrast to 

what was seen at our two Belgian sites of Ghent and Uccle (Chapter 4). The high 

NH4
+ contribution in summer is linked to the high SO4

2- and NO3
- contribution in 

summer, which is also in contrast with the Belgian sites. The reasons for this 

behaviour are unclear. 

 

Our seasonal mean contributions of OM in PM2.5 are lower (10% in summer and 

25% in winter) than the results (20% in summer and 35% in winter) of Duan et al. 

[2006]. The high OM contribution in winter is likely related to the increased coal 

combustion for residential heating during the cold period. 

 

As to PM10, if we consider the whole year, crustal matter is by far the major 

component with a percentage attribution of 38%, followed by SIA with 21% and OM 

with 17%. This order is maintained for the individual seasons, except during fall and 

winter when OM becomes more important than SIA. 

 

6.5. Conclusions from the Beijing study 

 

High PM2.5 and PM10 mass concentrations were observed in our Beijing study, with 

annual means of 99 µg/m3 and 171 µg/m3, respectively. These results are in 

agreement with results from previous studies in Beijing. The PM2.5 mass 

concentration exhibited its highest levels in both winter and summer. The high levels 

in winter are likely due to the increased coal combustion emissions for residential 

heating coupled with meteorological conditions of poor dispersion with a shallow 

boundary layer, and in summer they are the result of transport of polluted air from the 

south together with strong photochemistry. 
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Ion imbalance was observed in both PM2.5 and PM10; the missing anionic species 

are mainly CO3
2− and HCO3

−, which are related to crustal sources (dust from long-

range transport, re-suspension, and construction). There was sufficient NH4
+ in PM2.5 

to fully neutralise both SO4
2- and NO3

-. 

 

SO4
2-, NO3

-, and NH4
+ were the dominant ionic species; their annual average 

concentrations in PM2.5 were 15.6 µg/m3, 10.1 µg/m3, and 9.5 µg/m3, respectively, 

and they represented 37%, 23%, and 20%, respectively, of the total mass of water-

soluble ions. High concentrations of SO4
2- were observed in winter and in summer for 

the same reasons as given for the PM mass. There was no large seasonal variation for 

NO3
- concentration, which may be due to the strong impact year-round from traffic 

emissions near the sampling site. 

 

Since the PM in Beijing is little influenced by maritime air masses, Na+, Mg2+, and 

Ca2+ in PM2.5 are mainly attributable to long-range transport of desert dust aerosols. 

As for Ca2+ in PM10, it seems that there was a large contribution from construction 

materials. 

 

Coal combustion for heating in winter was the main source of the elevated Cl- 

concentrations in PM2.5; the seasonal mean for winter was 4.1 µg/m3 and the 

maximum daily concentration in winter was 13.4 µg/m3. 

 

The annual mean K+ concentrations were 1.34 µg/m3 in PM2.5 and 1.89 µg/m3 in 

PM10, and potassium was mainly present in the fine size fraction. Since K+ has a 

diversity of sources in Beijing, including coal and biomass combustion, and is also 

influenced by various other types of anthropogenic activities, such as the wide use of 

potassium fertiliser during sowing in spring in the suburbs of Beijing, biomass 

burning from the summer and fall harvest, burning of fallen leaves in late fall or early 

winter, wood burning for cooking and heating, and so forth. As a consequence, K+ 

was not very suitable for tracing biomass burning in Beijing, at least not in this study. 

Levoglucosan proved to be much better for this purpose. 

 

Aerosol chemical mass closure was examined for both PM2.5 and PM10. SIA were 

the principal contributor in PM2.5 with a 35% contribution to the overall mean PM2.5 
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mass; OM was the second component in PM2.5, but in spring crustal matter became 

equally important with 20%, which illustrates the impact of desert dust on the PM2.5 

mass in this season. In PM10, crustal matter was by far the major component with a 

percentage attribution of 38%, followed by SIA with 21% and OM with 17%. 
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7.1. Introduction and the aim of the studies at the forested sites 

 

BVOCs play an important role in atmospheric chemistry and give rise to secondary 

aerosols, which have effects on climate and human health. Increased temperature and 

CO2 concentrations will lead to increased plant photosynthesis and growth rates and 

higher emissions of BVOCs, which in turn result in a higher aerosol load from natural 

sources and partly offset the decreased cooling from anthropogenic aerosols. From 

measurement of the hygroscopic properties of the nucleation particles, it was found 

that both inorganic compounds and hygroscopic organic compounds contributed to 

the particle growth during day-time while at night-time organic compounds 

dominated [Kulmala et al., 2001]. 

 

However, a considerable lack of knowledge exists concerning the formation of new 

particles from BVOCs and the organic chemical composition of natural aerosols 

[Maenhaut et al., 2008a]. In order to improve our current knowledge on the SOA 

formation from BVOCs, aerosol studies were conducted in Europe within the 

framework of the Belspo projects “Characterisation and sources of carbonaceous 

atmospheric aerosols” [Maenhaut and Claeys, 2007] and “Formation mechanisms, 

marker compounds, and source apportionment for biogenic atmospheric aerosols” 

(BIOSOL). Within four field campaigns, aerosols were collected at three forested sites. 

More details about the projects can be found in Maenhaut and Claeys [2007], 

Maenhaut et al. [2008a], and at the Website: http://www.analchem.ugent.be/BIOSOL/. 

In this Chapter, I will present and discuss the work that I performed myself within the 

projects and data on PM mass, OC, EC, and WSOC, which were already presented in 

Chi [2009]. My contribution to the projects dealt with the determination of inorganic 

cationic and anionic species and of a number of organic anionic species. 
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PP PP 

 

 

Figure 7.1. Map with the location of K-puszta (indicated by a circled red P). 

 

7.2. Field studies at K-puszta, Hungary, during summer campaigns in 

2003 and 2006 

 

7.2.1. K-puszta site description 

 

K-puszta (46°58’N, 19°33’E, Hungary) is situated on the Great Hungarian Plain, 136 

m a.s.l., and is at 80 km southeast of Budapest (1.9 million inhabitants) as seen in 

Figure 7.1. The largest nearby town (Kecskemét, 110,000 inhabitants) is located at 15 

km southeast from the site, which is marked with red P in Figure 7.1. The sampling 

site is surrounded by forest (62% coniferous trees) interspersed with clearings. The 

aerosols collected here may be representive of forested rural background for the 

Central-Eastern European region. The site was selected as an air monitoring station by 
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EMEP (European Monitoring and Evaluation Programme), GAW (Global 

Atmospheric Watch), and EUSAAR (European Super-sites for Atmospheric Aerosol 

Research). More information on the site can be found at the Web address 

http://www.nilu.no/projects/ccc/sitedescriptions/hu/index.html and in Ion et al. [2005], 

Ocskay et al. [2006], Pio et al. [2007], and Maenhaut et al. [2008a]. For the 2003 and 

2006 summer campaigns at K-puszta, the UGent aerosol collectors were set up on a 

platform at about 7 m above ground level. 

 

Figure 7.2. Sampler set-up at the K-puszta site during the 2003 summer campaign. 

 

7.2.2. Samplings and analyses for the 2003 and 2006 campaigns 

 

In 2003, samples were collected in a summer campaign, from 4 June until 10 July. 

From the beginning of the campaign until the end of June, separate day-time (from 

about 7:00 to 18:30, UTC + 2) and night-time (from about 19:00 to 6:30, UTC + 2) 

samplings were performed, but from 1 July on, the collection time per sample was 24 

h (with start at about 7:00 local time, UTC + 2). Several types of filter samplers, 

including a HVDS, two Gent PM10 SFU samplers, and undenuded PM2.5 and PM10 
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low-volume samplers, were used in this campaign, as shown in Figure 7.2. Details on 

the various samplers are given in Chapter 2. The samplers mentioned were operated in 

parallel, with the exception of the PM2.5 sampler, and a total of 63 actual samplings 

(27 day-time samplings, 28 night-time samplings, and 8 24-h samplings) and up to 10 

field blank samplings were made with each sampler. The PM2.5 sampler was 

operated for 24 h in June and 48 h in July, and the total number of samples was 32. 

 

One of the SFU samplers, denoted as (NN) had coarse and fine Nuclepore 

polycarbonate filters in series, whereas in the other (NT) the coarse Nuclepore filter 

was followed by a Teflo filter. Whatman QM-A quartz fibre front and back filters 

were used in the PM2.5 and PM10 low-volume filter holder samplers and double 

(front and back) Gelman Pall quartz fibre filters for each of the two size fractions 

(coarse and fine) in the HVDS. All quartz fibre filters were pre-fired prior to use. 

 

In 2006, samples were taken in a summer campaign, from 24 May until 29 June. 

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) samplings were normally made, but there were 

also four 24-h samplings (with start at about 7:00 local time, UTC + 2). The aerosol 

samplers included a HVDS and four undenuded low-volume samplers (two with 

PM2.5 inlet and two with PM10 inlet). All samplers were operated in parallel and 68 

actual samples (32 day-time samples, 32 night-time samples, and 4 daily samples) and 

9 field blanks were taken with each device. 

 

The filters in the HVDS were the same as in the 2003 campaign. In one PM2.5 and 

one PM10 low-volume samplers, Nuclepore polycarbonate filters (of 0.4 μm pore size) 

were used, whereas in other PM2.5 and PM10 low-volume samplers, front and back 

Whatman QM-A filters were used like in the 2003 campaign. 
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Table 7.1. Sampling and analysis information for the campaigns at the three forested sites in Europe. C stands for Coarse, F for Fine, Fr for 

Front and B for Back. 

 

Sampling site Sampler Filter types Analyses 

HVDS Pall quartz fibre filters [C(Fr/B) and F(Fr/B)] For C and F: TC, OC, EC by TOT; for F: WSOC by 
TOC; for F: ions by IC with DX-600 and ICS-2000 

SFU sampler (NN) Nuclepore filters (C/F) PM mass; elements by PIXE and INAA 

SFU sampler (NT) Nuclepore (C) and Teflo (F) filters PM mass; ions by IC with Dionex-4500i 

PM2.5 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 

K-puszta 2003 

PM10 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 

HVDS Pall quartz fibre filters [C(Fr/B) and F(Fr/B)] For C and F: TC, OC, EC by TOT; for F: WSOC by 
TOC; for F: ions by IC with DX-600 and ICS-2000 

PM2.5 low-volume sampler  Nuclepore filter PM mass; elements by PIXE; ions by IC with 
Dionex-4500i 

PM10 low-volume sampler  Nuclepore filter PM mass; elements by PIXE; ions by IC with 
Dionex-4500i 

PM2.5 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 

K-puszta 2006 

PM10 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 

Brasschaat 2007 HVDS Pall quartz fibre filters [C(Fr/B) and F(Fr/B)] For C and F: TC, OC, EC by TOT; for F: WSOC by 
TOC; for F: ions by IC with DX-600 and ICS-2000 

HVDS Pall quartz fibre filters [C(Fr/B) and F(Fr/B)] For C and F: TC, OC, EC by TOT; for F: WSOC by 
TOC; for F: ions by IC with DX-600 and ICS-2000 

PM2.5 low-volume sampler  Nuclepore filter PM mass; ions by IC with Dionex-4500i 

PM10 low-volume sampler  Nuclepore filter PM mass; ions by IC with Dionex-4500i 

PM2.5 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 

Hyytiälä 2007 

PM10 low-volume sampler  QM-A quartz fibre filters (Fr/B) PM mass; TC, OC, EC by TOT; WSOC by TOC 
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As indicated in Table 7.1, all filters, with the exception of those from the HVDS, were 

weighed to obtain the PM mass, all quartz fibre filters were analysed for TC, OC, and 

EC by TOT (see section 2.2.2) and the fine size fraction filters of the HVDS also for

WSOC by TOC (section 2.2.3); the Nuclepore filters from SFU(NN) and from the 

PM2.5 and PM10 samplers were analysed by PIXE (and those of the 2003 campaign 

also by INAA) (section 2.2.4). The Teflo and Nuclepore filters from SFU(NT) of the 

2003 campaign and the PM2.5 and PM10 Nuclepore filters from the 2006 campaign 

were analysed for major inorganic ions by IC using the Dionex 4500i instrument and 

the fine size fraction HVDS samples from the 2006 campaign were analysed for major

inorganic ions and selected organic acid ions by the DX-600/ICS-2000 instrument 

combination. Details about the IC analyses are given in Chapter 3. The fine size 

fraction HVDS samples from the 2003 campaign were analysed by Copolovici, as 

described in Kourtchev et al. [2009]. 

 

 

 

 

 

 

7.2.3. Meteorological data for the 2003 and 2006 campaigns 

 

Overall, the K-puszta 2003 summer campaign was characterised by stable

meteorological conditions. The weather was unusually warm and dry, and did not 

change significantly during the campaign. The mean values and standard deviations of 

temperature were 28.5 ± 3.1 °C and 19.0 ± 3.1 °C, for day-time and night-time,

respectively, and those for the relative humidity were 41 ± 10.6% and 76.7 ± 9.5% 

[Ocskay et al., 2006]. 

 

In contrast, during the 2006 summer campaign, there was substantial variation in 

weather conditions. 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 rainy and cold with daily maximum 

temperatures 12 - 23 ºC. For the remainder of the campaign (the warm period), it was 

dry and warm with daily maximum temperatures from 24 to 36 ºC, which was similar

to the weather conditions for the entire 2003 campaign. 
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The air mass origin, as calculated with Hysplit [Hysplit, 2002; Lupu and Maenhaut, 

2002], was also quite different during the two periods of the 2006 campaign. For the 

cold period (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, for the 

warm period (12–29 June 2006), the air masses had essentially a continental character 

and they were more stagnant [Maenhaut et al., 2008a]. 

 

7.2.4. PM mass, carbonaceous, ionic, and elemental data for the 2003 

campaign 

 

Table 7.2 gives the medians and interquartile ranges for the concentration of the PM 

mass, the carbonaceous and ionic species, and the elements in the PM2, PM10-2, and 

PM10 size fractions for the K-puszta 2003 campaign. The average percentage 

PM2/PM10 ratios and associated standard deviations for the PM mass and various 

species and elements are shown in Figure 7.3. In Table 7.3, the PM mass data in PM2 

and PM10-2 of the SFU(NT) and SFU(NN) samplers are repeated, but this table also 

gives the medians and interquartile ranges for the ratio of the PM mass from SFU(NT) 

to that from SFU(NN) for each of the two size fractions, whereby the ratios were 

calculated on a sample by sample basis. It can be concluded from Table 7.3 that the 

two SFU samplers gave quite similar PM mass data. Such similarity has been found in 

several previous studies; see, e.g., Maenhaut and Claeys [2007]. 

 

As can be seen in Table 7.2, the median PM mass concentrations, as derived from 

SFU(NT), were 13.6, 9.6, and 24 µg/m3 for the PM2, PM10-2, and PM10 samples, 

respectively. The mean PM2 mass concentration from SFU(NT) was 14.0 µg/m3. This 

value is about a factor of 2 smaller than the PM1.7 mass concentration that was observed 

by Temesi et al. [2003] during a 2000 summer campaign at the same site; in the latter 

study, the concentration was, on average, 24 µg/m3 during the day and 29 µg/m3 during 

the night. 
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Table 7.2. Medians and interquartile ranges of the PM mass, carbonaceous and 

ionic species, and elements in the PM2, PM10-2, and PM10 size 

fractions for the K-puszta 2003 campaign. All data are in ng/m3, except 

those for the PM mass, OC, and EC, which are in μg/m3. 

 

Species             PM2          PM10-2            PM10 

PM(NT)     13.6 (10.2 - 17.0)       9.6 (7.7 - 12.5)     24   (17.9 - 28) 

PM(NN)     13.0 (9.7 - 16.3)       9.6 (7.4 - 12.1)     23   (17.3 - 28) 

OC(Q)         6.2 (4.8 -6.9) 

EC(Q)         0.110 (0.022 - 0.22)

NH4
+ 1630   (1320 - 2090)   101   (76 - 144) 1720   (1380 - 2200) 

NO3
-   250   (145 - 410)   450   (370 - 570)   780   (560 - 990) 

SO4
2- 3400   (2600 - 4500)   310   (230 - 400) 3700   (2800 - 4800) 

MSA-       0.118 (DL - 0.65)   DL   (DL - 0.23)       0.40 (0.088 - 1.08) 

Cl-     10.4 (DL - 37)       9.7 (1.84 - 18.5)     24   (10.6 - 59) 

Na+     44.2 (21 - 82)     41   (16.1 - 78)     90   (42 - 176) 

Mg2+       9.2 (6.1 - 14.5)     67   (52 - 92)     79   (60 - 106) 

K+     37   (17.1 - 59)     33   (28 - 41)     72   (48 - 101) 

Ca2+     96   (72 - 124)     620   (430 - 750)   700   (520 - 870) 

Na     47   (32 - 68)     81   (52 - 118)   130   (86 - 200) 

Mg    DL   (DL - 57)   147   (96 - 181)   159   (109 - 220) 

Al     65   (46 - 93)   420   (260 - 530)   480   (310 - 640) 

Si   167   (110 - 230)   880   (580 - 1160) 1070   (680 - 1340) 

P    DL   (DL - DL)     32   (24 - 38)     32   (24 - 38) 

S 1400   (1020 - 1750)   136   (107 - 166) 1530   (1140 - 1880) 

Cl    DL   (DL - DL)     13.4 (DL - 33)     13.4 (DL - 34) 

K     82   (61 - 98)   159   (107 - 195)   240   (166 - 290) 

Ca     87   (54 - 115)   530   (380 - 730)   620   (430 - 850) 

Ti       4.2 (2.8 - 5.2)     21   (13.9 - 27)     25   (16.3 - 33) 

V       0.58 (0.46 - 0.85)       0.79 (0.53 - 0.98)       1.37 (1.02 - 1.86) 

Mn       2.6 (2.1 - 3.1)       8.0 (5.4 - 10.1)     10.5 (7.7 - 13.2) 

Fe     67   (55 - 85)   280   (179 - 350)   340   (250 - 430) 

Ni    DL   (DL - 0.40)    DL   (DL - 0.42)    DL   (DL - 0.52) 

Cu       1.51 (1.13 - 2.1)       1.87 (1.43 - 2.6)       3.7 (2.7 - 4.3) 

Zn     11.4 (8.8 - 14.7)       6.7 (4.6 - 8.3)     17.5 (13.5 - 23) 

Sb       0.40 (0.30 - 0.55)       0.180 (0.138 - 0.27)       0.58 (0.45 - 0.79) 

Pb       5.9 (3.9 - 7.7)    DL   (DL - 1.28)       6.2 (4.0 - 8.3) 
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Table 7.3. Median concentrations and interquartile ranges for the PM mass (in μg/m3), as derived from different filter types for the 2003 and 

2006 campaigns at K-puszta. Medians and interquartile ranges are also given for the ratios between the PM masses from different 

filter types. 

 

 Fine size (PM2) from SFU Coarse size (PM10-2) from SFU 
 Teflo Nuclepore Teflo/Nucl. Nuclepore 

(from NT) 
Nuclepore 
(from NN) 

Nucl. (from NT)/ 
Nucl. (from NN) 

2003 13.6 
(10.1 – 16.9) 

13.0 
(9.6 – 16.2) 

1.05 
(1.03 – 1.07) 

9.6 
(7.3 – 12.0) 

9.6 
(7.7 – 12.4) 

1.02 
(0.96 – 1.08) 

 PM2.5 low-volume sampler PM10 low-volume sampler 

 Quartz Nuclepore Q/N Quartz Nuclepore Q/N 

2006 18.6 
(14.4 – 24.9) 

11.2 
(7.5 – 17.4) 

1.57 
(1.31 – 2.1) 

22 
(12.2 – 32) 

15.4 
(11.5 – 25) 

1.26 
(1.06 – 1.47) 

2006cold 15.4 
(12.7 – 20.0) 

7.6 
(5.6 – 9.3) 

2.02 
(1.69 – 2.6) 

14.6 
(11.9 – 21.5) 

11.3 
(8.7 – 13.2) 

1.37 
(1.19 – 1.61) 

2006warm 23.4 
(18.0 – 28.7) 

17.4 
(15.0 – 20.4) 

1.35 
(1.18 – 1.51) 

32 
(24 – 39) 

25 
(22 – 30) 

1.15 
(0.96 – 1.37) 

Warm/cold 1.5 2.3  2.2 2.2  
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Of the elements listed in Table 7.2, S and the crustal element Si are the major ones in 

PM10. S, Ni, Zn, Sb, and Pb, which can be regarded as anthropogenic pollutants, were

mostly found in the fine size fraction, whereas the crustal elements Al, Si, Ca, Ti, and Fe

were predominantly present in the coarse particles. 

 

SO4
2-, NH4

+, and NO3
- were the major ionic species during the campaign, with PM10 

median concentrations of 3700, 1720, and 780 ng/m3, respectively. Two of these three 

species, i.e., SO4
2-and NH4

+, were predominantly present in the fine size fraction (see 

Figure 7.3) and this was also the case for MSA-. NO3
–, Mg2+, and Ca2+ were mainly

present in the coarse size fraction and Na+ and K+ occurred in about equal percentages 

in both size fractions. 

Figure 7.3. Average percentage PM2 to PM10 ratios and associated standard

deviations for the PM mass, ionic species, and elements in the 2003 

summer campaign at K-puszta. 

 

The median concentrations of EC, OC, and TC in PM10 were 0.110, 6.2, and 7.4 µg/m3, 

respectively. The median for EC is rather low, more than an order of magnitude lower

than in our 2002 study at Budapest (see section 5.3). This indicates that there was little

impact from traffic emissions or other combustion sources at the K-puszta site during our

2003 summer campaign. 
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Figure 7.4. Time series for the PM mass and selected species in PM10 during the 

2003 summer campaign at K-puszta. The data come from the SFU(NT) 

sampler, with the exception of those for OC, which are derived from the 

low-volume PM10 sampler with quartz fibre filters. 

 

Figure 7.4 shows the time series for the PM mass, as derived from SFU(NT), OC, and 

selected ionic species (all in PM10). There is fairly little variation in the concentrations 

of the PM mass, OC, and SO4
2-. Furthermore, the PM mass was well correlated with OC 

(r = 0.87), and with SO4
2- (r = 0.68), and also with Ca2+ (r = 0.57) and NH4

+ (r = 0.67), 

which are not shown in Figure 7.4. SO4
2- and NH4

+ were very highly correlated to each 

other (r = 0.94). For NO3
– and K+ there is clearly more variability than for the other 

three components shown in Figure 7.4. For NO3
– there seems to be some diurnal 

variation, with higher levels during the night, as will be discussed in more detail below 

in section 7.2.12. The correlation coefficients between NO3
– and the other ionic species, 

the PM mass, and OC were smaller than 0.5. As to K+, this was very highly correlated 

with Cl– (r = 0.86), but the correlation coefficicients with the other ionic species, the PM 

mass, and OC were all smaller than 0.5. The very high correlation between K+ and Cl– 

could point to a biomass burning source, as these two species are enriched and highly 

correlated with each other in biomass smoke; see, e.g., Maenhaut et al. [1996b; 1996c] 

and Yamasoe et al. [2000]. That there was occasionally impact from biomass burning 
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during the 2003 campaign at K-puszta was also indicated by Ion et al. [2005] from 

analyses for levoglucosan. 

 

Table 7.4. Ratio IC (HVDS PM2.5 front filter)/(SFU PM2 Teflo filter) for the 

K-puszta 2003 campaign. 

 

 Median  Interquartile range 

Cl- 0.51 0.11 - 0.77 

NO3
- 1.16 0.92 - 1.65 

SO4
2- 1.03 0.96 - 1.11 

NH4
+ 0.95 0.89 - 1.02 

Na+ 0.97 0.68 - 1.80 

Mg2+ 1.61 1.11 - 1.99 

K+ 1.96 1.00 - 2.7 

Ca2+ 2.1 1.47 – 2.9 

 

7.2.5. Comparison of the IC data from the SFU and HVDS samples for the 

2003 campaign 

 

As indicated in Table 7.1, besides the SFU(NT) samples, also the fine size fraction 

samples of the HVDS were analysed by IC. The latter analyses were done by Copolovici 

[Kourtchev et al., 2009]. The PM2 data from the SFU were compared with the PM2.5 

data from the HVDS in terms of ratios (HVDS PM2.5 front filter)/(SFU PM2 Teflo 

filter), whereby the ratios were calculated for each HVDS/SFU(NT) sample pair. The 

medians and interquartile ranges for the ratios are given in Table 7.4 and scatter plots of 

the results of the HVDS PM2.5 front filter versus the SFU PM2 Teflo filter for the 

species SO4
2- and NH4

+ are shown in Figure 7.5. It can be concluded from both Table 

7.4 and Figure 7.5 that there is very good agreement between the data from the two types 

of samplers and two types of IC analyses for SO4
2- and NH4

+. As to Cl-, the data from 

the HVDS are clearly lower than those from the Teflo filter. The reasons for this are not 

clear, but Cl- occurred in low concentrations at the K-puszta site and the individual Cl- 

data have a large associated uncertainty. For NO3
–, there is a clear tendency for higher 
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Figure 7.5. Scatter plots of the HVDS PM2.5 front filter data versus the SFU PM2 

Teflo filter data for SO4
2- and NH4

+ in the 2003 summer campaign at 

K-puszta. The HVDS data are from IC analysis with the DX-600/ICS-

2000 combination, whereas the Teflo filter data come from IC analysis 

with the Dionex 4500i. 
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concentrations in the HVDS than on the Teflo filters. This is likely due to adsorption 

of gaseous HNO3 by the quartz fibre filters in the HVDS. Artifact-free sampling of 

particulate NO3
– is not simple because of possible adsorption of gaseous HNO3 by the 

filter and volatilisation of particulate NH4NO3 by the filter [e.g., Schaap et al., 2004; 

Wieprecht et al., 2004]; it requires the use of a denuder for HNO3 in front of the 

aerosol sampler. Our NO3
– results for both the HVDS as the Teflo filter should be 

considered as semi-quantitative. 

 

For Na+ there is rough agreement between the HVDS and Teflo filter data, but for the 

other alkali and alkali earth metals, the data from the HVDS are clearly higher than 

those from the Teflo filters. For Mg2+ and Ca2+, which are mainly associated with the 

coarse size fraction (see Figure 7.3), the difference could largely be due to the 

difference in cut-point of the two samplers; the HVDS data are PM2.5 whereas the 

Teflo filter data apply to the PM2 fraction. It should also be noted that the blank levels 

for the alkali and alkali earth metals were much higher for the quartz fibre filters than 

for the Teflo filters, so that the (blank-corrected) HVDS data for these metals had a 

substantial associated uncertainty. 

 

7.2.6 Discussion of the ionic data from the SFU samples for the 2003 

campaign 

 

Charge equivalent concentrations, sums thereof, and ratios among them were calculated 

for the various ionic species in the fine (PM2), coarse (PM10-2), and PM10 size 

fractions of the SFU(NT) samples. The average concentrations and ratios and associated 

standard deviations are given in Table 7.5. The average equivalent ratios of cations to 

anions are larger than 1 in all three size fractions, and the largest mean ratio is noted in 

the coarse size fraction. The mean ratio of 1.29 ± 0.11 for the PM2 samples is 

comparable to the ratios of 0.95 (for day-time) and 1.14 (for night-time) in the K-puszta 

2000 summer study of Temesi et al. [2003]. The anion deficit in PM2 in our study is 

around 20%; but in the coarse particles it amounts to 70%. The undetected anionic 
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species are presumed to be water-soluble organic acids, like carboxylic acids, and 

humic-like substances in the fine size fraction [Kerminen et al., 2001], and carbonates 

(maybe also bicarbonates) in the coarse size fraction. CaCO3 may be an important 

component of airborne soil dust [Warneck, 1988], which is predominantly associated 

with coarse particles (see section 7.2.4); as a consequence, soil-related CaCO3 is 

potentially an important contributor to coarse carbonates. 

 

Table 7.5. Average ionic equivalent concentrations and their ratios in fine and 

coarse particles and in PM10 for the K-puszta 2003 summer campaign. 

 

 PM2 PM10-2 PM10 

Cations 109 ± 41 47 ± 17 156 ± 46 

Anions 85 ± 34 15 ± 4 100 ± 37 

Cations/Anions 1.29 ± 0.11 3.17 ± 0.96 1.61 ± 0.38 
Equations 
∑anions = a ∑cations 

 
y = 0.78 x 

 
y = 0.30 x  

 
y = 0.65 x 

R2 0.95 0.63 0.81 
Equations 
∑anions = a ∑cations + b 

 
y = 0.81 x - 3.5 

 
y = 0.10 x + 10.4

 
y = 0.71 x - 10.8 

R2 0.95 0.20 0.81 

    

(SO4
2- + NO3

-)/Anions 0.99 ± 0.02 0.96 ± 0.07 0.98 ± 0.03 

Ca2+/Cations 0.056 ± 0.038 0.64 ± 0.09 0.24 ± 0.09 

NH4
+/Cations 0.89 ± 0.07 0.16 ± 0.10 0.66 ± 0.13 

NH4
+/(SO4

2- + NO3
-) 1.17 ± 0.09 0.46 ± 0.19 1.05 ± 0.11 

 

The linear regression data in Table 7.5 show that the sum of the cations is very highly 

correlated with the sum of the anions in PM2 (R2 = 0.95), but much less in the coarse 

size fraction. The weaker correlation in the coarse size fraction is caused by the large 

anion deficit in this fraction. 

 

From Table 7.5, it appears further that there was sufficient NH4
+ in the PM2 and PM10 

aerosol to fully neutralise SO4
2- and NO3

-, that NH4
+ was the major cationic species 
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measured in PM2 and Ca2+ in the coarse aerosol, and that SO4
2- and NO3

- combined 

made up for almost all of the measured anionic species. 

 

As seen in Table 7.2, SO4
2- is the major ionic species in PM2 and PM10. Our K-puszta 

2003 summer median in PM10 of 3700 ng/m3 is similar to the PM10 SO4
2- median of 

3300 ng/m3 found in our 2002 spring study in Budapest (see section 5.3). NH4
+ is the 

predominant cationic species in the fine particles of this study, with median and mean 

concentrations in PM2 of 1630 and 1770 ± 700 ng/m3, respectively. Our PM2 mean 

NH4
+ concentration is comparable to the PM1.7 mean data of 2000 ± 500 ng/m3 for day-

time and 2400 ± 800 ng/m3 for night-time at the same site in a 2000 summer campaign 

[Temesi et al., 2003]. 

 

The median concentration levels of NO3
- were low, with 250 ng/m3 for PM2, 450 ng/m3 

for PM10-2, and 780 ng/m3 for PM10. In our 2003 spring study in Budapest, the median 

NO3
- concentrations were substantially higher, i.e., 680 ng/m3 for PM2, 1070 ng/m3 for 

PM10-2, and 2100 ng/m3 for PM10 (see section 5.3). The higher levels in the Budapest 

study are due to a combination of two factors, on the one hand, the higher emissions of 

NOx from traffic and other combustion processes at the Budapest site, and, on the other 

hand, the lower temperatures in that study, so that more fine NH4NO3 could condense 

into the aerosol. The coarse NO3
- at K-puszta was possibly formed by the reaction of 

gaseous nitric acid with coarse soil dust particles and from the reaction of fine size 

NH4NO3 aerosols with coarse sea salt and soil dust particles [Ocskay et al., 2006]. 

 

The median concentrations of K+ were 37 ng/m3 for PM2 and 33 ng/m3 for PM10-2 (see 

Table 7.2), while the average concentration and associated standard deviation for PM2 

were 73 ± 144 ng/m3. Puxbaum et al. [2007] reported a mean of 164 ± 174 ng/m3 for the 

concentration of fine water soluble K+ at the K-puszta site for the summers of 2002-2003. 

As indicated in section 7.2.4 above, there was large variability in the K+ in our study and 

K+ was very highly correlated with Cl-, which points to biomass burning as a possible 

source. Besides biomass burning, primary emissions of K+ from the vegetation should 
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not be neglected as a source, and the latter source may especially be important for the 

coarse size fraction. Temesi et al. [2003] already pointed to biogenic emissions to 

explain the K+ levels at the K-puszta. Finally, also soil dust contributes to the K+ 

concentration, especially in the coarse size fraction. 

 

7.2.7 Comparison between IC and PIXE/INAA data for the SFU samples 

from the 2003 campaign 

 

Like for the 2002 spring Budapest campaign (see section 5.3.3), the data of species 

measured by IC (now Na+, Mg2+, K+, Ca2+, and SO4
2-) for the SFU(NT) samples were 

compared with the total element data, as obtained by a combination of PIXE and 

INAA for the SFU(NN) samples. The comparison was done in terms of ratios of the 

IC result to the result from the combination of PIXE and INAA and the mean ratios 

are given in Table 7.6. For S and Ca, there is similarity with the ratios obtained for 

Budapest, and those two elements seem to be mostly or entirely water-soluble. Also 

the ratios for Na, Mg, and K resemble those at Budapest. These ratios are all 

substantially less than 1, indicating that the contribution from sea salt is very minor 

for these elements, as expected. 

 

Table 7.6. Average IC/(PIXE and/or INAA) ratios and associated standard 

deviations for 5 species measured by IC and by PIXE and/or INAA in 

the samples from the K-puszta 2003 campaign. 

 

 Na+/Na Mg2+/Mg SO4
2--S/S K+/K Ca2+/Ca 

PM2   0.80 ± 0.08 0.39 ± 0.26 0.97 ± 0.20 

PM10-2 0.50 ± 0.27 0.50 ± 0.14 0.77 ± 0.11 0.23 ± 0.07 1.12 ± 0.17 
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Table 7.7. Medians and interquartile ranges of the PM mass, carbonaceous and ionic species, and elements in the PM2.5 and PM10 size 

fractions for the cold and warm periods of the K-puszta 2006 campaign. All data are in ng/m3, except those for the PM mass, OC, 

and EC, which are in μg/m3. 

 

Species PM2.5 PM10 

 Cold Warm Cold Warm 

PM           7.7 (5.6 - 9.3)         17.4 (15.0 - 20)         11.3 (8.7 - 13.2)         25   (22 - 30) 

OC(Q)           2.0 (1.63 - 2.2)           4.6 (3.9 - 5.2)           2.9 (2.5 - 3.2)           5.9 (5.2 - 6.5) 

EC(Q)           0.23 (0.164 - 0.29)           0.42 (0.30 - 0.50)           0.28 (0.20 - 0.38)           0.50 (0.35 - 0.59) 

NH4
+       850   (620 - 1280)     1560   (1210 - 1960)       950   (590 - 1270)     1370   (1030 - 1690) 

NO3
-       600   (210 - 1000)       360   (174 - 520)       830   (650 - 1580)       780   (490 - 930) 

SO4
2-     1640   (1280 - 2400)     3700   (2900 - 4500)     1960   (1340 - 2600)     3700   (2900 - 4700) 

MSA-           0.096 (DL - 0.44)           0.21 (DL - 0.38)           0.24 (DL - 0.47)           0.080 (DL - 0.57) 

Cl-         10.2 (5.2 - 46)         12.1 (8.6 - 17.6)         36   (14.6 - 98)         20   (8.1 - 40) 

Na+         31   (12.2 - 64)         35   (22 - 43)         60   (25 - 141)         44   (33 - 67) 

Mg2+           4.7 (1.63 - 7.7)         14.0 (8.5 - 27)         25   (17.4 - 39)         73   (35 - 109) 

K+         33   (20 - 41)         54   (47 - 67)         59   (46 - 79)         94   (85 - 133) 

Ca2+         26   (15.9 - 31)       125   (83 - 290)       164   (104 - 250)       750   (380 - 1040) 
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Table 7.7. (continued) 

 

Species PM2.5 PM10 

 Cold Warm Cold Warm 

Al         DL   (DL - 12.5)       220   (62 - 430)         64   (45 - 101)       550   (310 – 970) 

Si         35   (29 - 54)       480   (180 - 970)       189   (121 - 270)     1230   (730 - 2100) 

P         DL   (DL - DL)         14.8   (9.8 - 20)         22   (17.4 - 25)         41   (33 - 52) 

S       610   (410 - 840)     1330   (1040 - 174)       660   (440 - 890)     1380   (1130 - 1770) 

K         48   (37 - 61)       133   (108 - 220)         94   (81 - 115)       260   (200 - 420) 

Ca         17.9   (14.8 - 28)       160   (98 - 330)       136   (96 - 187)       630   (350 - 1000) 

Ti         DL   (DL - 1.41)         14.1   (4.3 - 25)           4.4   (3.2 - 6.0)         30   (19.7 - 57) 

V         DL   (DL - DL)         DL   (DL - 1.24)         DL   (DL - DL)           1.01   (DL - 2.0) 

Mn           1.09   (0.81 - 1.70)           4.4   (3.6 - 8.0)           2.6   (2.2 - 4.0)         12.1   (6.9 - 18.5) 

Fe         24   (18.9 - 39)       169   (89 - 320)         86   (59 - 137)       410   (260 - 700) 

Ni         DL   (DL - DL)         DL   (DL - 0.65)         DL   (DL - DL)           0.62   (DL - 0.95) 

Cu           1.11   (0.90 - 2.1)           3.4   (2.4 - 4.4)           1.93   (1.58 - 3.2)           5.1   (3.7 - 7.2) 

Zn           8.3   (6.0 - 13.0)         19.2   (12.9 - 23)         10.0   (8.0 - 18.3)         25   (17.5 - 30) 

Pb           3.7   (2.6 - 5.1)           7.6   (5.3 - 11.4)           4.0   (3.2 - 6.0)           7.5   (6.7 - 12.7) 
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7.2.8. PM mass, carbonaceous, ionic and elemental data for the 2006 

campaign 

 

Table 7.7 gives the medians and interquartile ranges for the PM mass, carbonaceous and 

ionic species, and elements in the PM2.5 and PM10 size fractions for the K-puszta 2006 

campaign. As indicated in section 7.2.3 above, there was a substantial difference in 

meteorological conditions between the first and the second part of this campaign, which 

were respectively cold and warm. Therefore, separate data are given for the two periods. 

The average percentage PM2.5/PM10 ratios and associated standard deviations for the 

PM mass and various species and elements in the separate cold and warm periods of 

the 2006 campaign are shown in Figure 7.6. 
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Figure 7.6. Average percentage PM2.5 to PM10 ratios and associated standard 

deviations for the PM mass, carbonaceous and ionic species, and elements 

in the cold and warm periods of the 2006 summer campaign at K-puszta. 

 

Selected data from Table 7.7 and from Table 7.2 are plotted in Figure 7.7. It is evident 

from this figure and from Table 7.7 that the concentrations of the PM mass and most 

species and elements in each of the two size fractions are higher during the warm period 

than during the cold one. The difference between the two periods is especially 
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pronounced for the crustal elements (Al, Si, Ca, Ti, Mn, Fe). The elevated levels for 

these elements in the warm period are likely due to much more intense soil dust 

mobilisation on the local and regional scale, probably because of the combination of a 

drier soil and increased agricultural activities in warm weather. For Na+ and Cl- in PM10 

and for NO3
- in both size fractions, higher concentrations are noted in the cold period 

than in the warm one. The higher PM10 levels for Na+ and Cl- in the cold period are 

attributed to the advection of more maritime air masses, which bring in sea-salt aerosol, 

during that period. For NO3
-, the higher cold period levels are explained by the increased 

condensation of semi-volatile NH4NO3 into the particulate phase at lower temperatures. 

It appears further from Figure 7.7 that the data for the warm period of the 2006 campaign 

are quite similar to the overall data of the 2003 campaign. 
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Figure 7.7. Median concentrations and interquartile ranges in PM10 for the PM 

mass and selected species and elements for the cold and warm periods of 

the 2006 summer campaign and for the entire 2003 campaign at K-puszta. 

 

With regard to the percentage fine to PM10 ratios (see Figure 7.6) there is for many 

species virtually no difference between data from the two periods. Exceptions are the 

sea-salt species Na+ and Cl- and the crustal elements Al, Si, Ca, Ti, and Fe, which all 

exhibit lower median ratios during the cold period than during the warm one. The lower 

ratios for Na+ and Cl- during the cold period are in line with more advection of sea salt 
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then, as sea salt is predominantly present in the coarse particles. The difference between 

the two periods for the crustal elements is less clear. It may indicate that there was some 

difference in their source processes or source regions in the two periods. For NO3
- a 

higher median fine/PM10 ratio is noted in the cold period than in the warm one. This is 

consistent with the increased condensation of semi-volatile NH4NO3 during the cold 

period. NO3
- is essentially neutralised by NH4

+ in the fine size fraction, whereas other 

cations are also important in the coarse size fraction. 
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Figure 7.8. Time series for the PM mass and selected species in PM10 during the 

2006 summer campaign at K-puszta. The data come from the low-

volume PM10 sampler with Nuclepore polycarbonate filter, with the 

exception of those for OC, which are derived from the low-volume 

PM10 sampler with quartz fibre filters. 

 

Figure 7.8 shows the time series of the PM mass, as derived from the low-volume PM10 

sampler with Nuclepore filter, OC, and selected ionic species (all in PM10). The PM 

mass, OC, SO4
2-, and K+ show a clear tendency for increasing concentration with time 

within the campaign; it was already apparent from Table 7.7 and Figure 7.7 that higher 

levels were noted for these components during the warm (second) period of the 

campaign than during the cold (first) one. Those 4 components were highly correlated 
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with each other. The correlation coefficients between the PM mass and OC, SO4
2-, and 

K+, were 0.93, 0.85, and 0.71, respectively. Also Mg2+ (r = 0.83) and Ca2+ (r = 0.84) and 

to a lesser extent NH4
+ (r = 0.63) were well correlated with the PM mass, but NO3

- (r = 

0.08) was not. SO4
2- and NH4

+ were very highly correlated to each other (r = 0.91). For 

NO3
– there is a tendency for decreasing concentration with time within the campaign, 

but more important, there is often a clear diurnal variation, with higher levels during the 

night. As in the 2003 K-puszta campaign, the correlation coefficients between NO3
– and 

the other ionic species, the PM mass, and OC were all smaller than 0.5. 

 

7.2.9. Discussion of the ionic data from the PM2.5 and PM10 samples for the 

2006 campaign 

 

Ion balance and equivalent cation-to-anion ratios were examined for the 2006 campaign 

like for the 2003 campaign. Table 7.8 gives the average ionic equivalent concentrations 

and their ratios in PM2.5 and PM10, as derived from the low-volume samples with 

Nuclepore filters, for the separate cold and warm periods of the 2006 campaign. The 

mean ratios of cations to anions are higher than 1 for both PM2.5 and PM10, but the 

ratios are slightly higher for the warm period than for the cold one, thus indicating that 

there is a larger anion deficit in the warm period. For the fine size fraction, this may be 

related to relatively larger concentrations in the warm period of non-measured anionic 

species, such as LMW carboxylic acids and humic-like substances. 

 

When comparing the equivalent concentration ratios of the ionic species in the fine 

size fraction and in PM10 for the warm period of the 2006 summer campaign (Table 

7.8) with the corresponding data for the overall 2003 summer campaign (Table 7.5), a 

lot of similarities are noted. Consequently, the explanation for the ratios in the warm 

period of the 2006 campaign can be the same as for the 2003 campaign. As to the 

ratios for the cold period of the 2006 summer campaign, they are overall fairly similar 

to those for the warm period, so that the explanation given in section 7.2.6 also holds 

for the cold period. 
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Table 7.8. Average ionic equivalent concentrations and their ratios in PM2.5 and PM10 for the cold and warm periods of K-puszta 2006 

summer campaign. 

 

 PM2.5 PM10 

 Cold Period Warm Period Cold Period Warm Period 

Cations 61± 27 109 ± 88 74± 31 135 ± 60 

Anions 54 ± 23 88 ± 38 62 ± 25 99 ± 43 

Cations/Anions 1.13 ± 0.09 1.23 ± 0.09 1.21 ± 0.21 1.37 ± 0.17 
Equations 
∑anions = a ∑cations 

 
y = 0.88 x 

 
y = 0.78 x 

 
y = 0.83 x 

 
y = 0.72 x 

R2 0.95 0.96 0.85 0.91 
Equations 
∑anions = a ∑cations + b 

 
y = 0.84 x + 3.16 

 
y = 0.69 x + 11.7 

 
y = 0.76 x + 6.3 

 
y = 0.68 x + 7.8 

R2 0.95 0.98 0.86 0.91 

     

(SO4
2- + NO3

-)/Anions 0.95 ± 0.07 0.98 ± 0.02 0.96 ± 0.04 0.98 ± 0.02 

Ca2+/Cations 0.044 ± 0.079 0.090 ± 0.061 0.16 ± 0.11 0.29 ± 0.13 

NH4
+/Cations 0.89 ± 0.11 0.86 ± 0.08 0.72 ± 0.15 0.61 ± 0.16 

NH4
+/(SO4

2- + NO3
-) 1.06 ± 0.13 1.07 ± 0.13 0.88 ± 0.14 0.84 ± 0.19 
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As already indicated in section 7.2.8, the concentration data from the warm period of the 

2006 campaign resemble the data from the overall 2003 campaign. The PM2.5 median

for SO

 

 

 

 

 

 

 

 

 

 

 

 

4
2- for the warm period of the 2006 campaign is 3700 ng/m3; our PM2 median for

the 2003 campaign was 3400 ng/m3. Pio et al. [2007] reported for the same site and for

the summers of 2003 and 2004 an average (in PM2) of 3900 ng/m3. Thus, it can be 

concluded that the fine SO4
2- level was around 4 µg/m3 at K-puszta in summer in the 

middle of the first decade of this century. The medians in PM2.5 for NO3
- in the 2006

campaign were 360 ng/m3 for the warm period and 600 ng/m3 for the cold period,

whereas our medians for the entire 2003 campaign was 250 ng/m3 in PM2 and 310 

ng/m3 in PM2.5 (from the HVDS). Although our 2003 medians are slightly lower than

that for the warm period of the 2006 campaign, they are certainly of the same order.

As to fine NH4
+, our median was 1560 ng/m3 for the warm period of the 2006 

campaign, which is much larger than the median of 850 ng/m3 for the cold period, but it

is nearly identical as our 2003 campaign medians of 1630 ng/m3 in PM2 and of 1520 

ng/m3 in PM2.5 (derived from the HVDS). 

 

7.2.10. Comparison between IC and PIXE data for PM2.5 and PM10 samples 

from the 2006 campaign 

 

In the 2003 summer campaign, separate SFU samples were taken for analysis by, on the

one hand, IC and, on the other hand, a combination of PIXE and INAA. For the 2006 

summer campaign, no INAA analyses were performed, but the IC and PIXE analyses 

were performed on subsections of the same low-volume PM2.5 and PM10 Nuclepore 

filter samples. The 2006 concentration data for the ionic species Mg2+, SO4
2-, K+, and 

Ca2+, as obtained by IC were compared with the PIXE data for the elements Mg, S, K,

and Ca by calculating the ratio IC/PIXE on a sample by sample basis (in the comparison 

of SO4
2- with S, the ratio of SO4

2--S to PIXE S was taken) and by then calculating the

mean ratios and associated standard deviations for the separate cold and warm periods in

both PM2.5 and PM10. The results are presented in Table 7.9 and they show similarity 

with those obtained for the 2003 campaign. Like for that campaign and also for the 2002 
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spring campaign in Budapest, it can be concluded that the elements S and Ca are 

mostly or entirely water-soluble. For Mg and K, the ratios are again substantially less 

than 1, indicating that the contribution from sea salt is very minor for these elements, 

as expected. 

 

Table 7.9. Average IC/PIXE ratios and associated standard deviations for 4 species 

measured by both techniques in the PM2.5 and PM10 samples for the 

cold and warm periods of K-puszta 2006 summer campaign. 

 

 Mg S K Ca 

PM2.5     

Cold  0.98 ± 0.10 0.65 ± 0.15 1.02 ± 0.25 

Warm  0.90 ± 0.09 0.44 ± 0.11 0.88 ± 0.08 

PM10     

Cold 0.67 ± 0.21 0.97 ± 0.10 0.62 ± 0.13 1.18 ± 0.18 

Warm 0.42 ± 0.13 0.88 ± 0.07 0.40 ± 0.09 1.07 ± 0.14 

 

7.2.11. Carbonaceous and ionic data for the HVDS samples from the 2006 

campaign and comparison with the IC data from the low-volume PM2.5 

samples 

 

As indicated in Table 7.1, the front and back filters from the PM2.5 size fraction of 

the HVDS were subjected to analyses for carbonaceous species (TC, OC, EC, and 

WSOC) by TOT and TOC and for ionic species by IC using the DX-600/ICS-2000 

combination. The median concentrations and interquartile ranges for the various 

species in the PM2.5 front filters and for the separate cold and warm periods of the 

2006 campaign are given in Table 7.10. The medians and interquartile ranges for the 

2003 campaign are also included in the table. Table 7.11 gives the median and 

interquartile ranges for the PM2.5 back to front filter ratio of the various species in the 

two periods of the 2006 campaign and for the overall 2003 campaign. The back/front 
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filter ratios will be compared with those obtained for the HVDS samples from the 

other European forested sites in section 7.5.1 below and be discussed there. 

 

Table 7.10. Median concentrations and interquartile ranges (in ng/m3) for TC, OC, 

EC, WSOC, MSA-, DCAs, and water-soluble inorganic species, as 

derived from the PM2.5 size fraction front filters of the HVDS samples 

from the 2006 summer campaign at K-puszta. The data for the PM2.5 

size fraction front filters of the HVDS samples from the 2003 summer 

campaign at K-puszta are also included. 

 

 
2006 Cold period 

(N = 33) 
2006 Warm period 

(N = 34) 
2003 

(N = 63) 
TC     2100   (1730 – 2500)     4600   (3700 – 5300)     4400   (3300 – 4900)

OC     1960   (1540 – 2300)     4500   (3400 – 4900)     4200   (3100 – 4700)

EC       143   (124 – 192)       176   (130 – 250)       195   (151 – 240) 

WSOC       970   (770 – 1130)     2900   (2200 – 3200)     2600   (1710 – 3000)

NH4
+       840   (580 – 1040)     1530   (1130 – 2000)     1520   (1190 – 2100)

SO4
2–     1790   (1170 – 2400)     3600   (2600 – 4400)     3500   (2800 – 4400)

NO3
–       410   (300 – 750)       360   (197 – 500)       310   (230 – 420) 

Na+         30   (13.8 – 47)         35   (22 – 51)         48   (32 – 66) 

Mg2+           2.3 (1.14 – 3.9)           6.8 (4.6 – 13.8)         14.7 (10.3 – 18.9) 

K+         48   (39 – 81)         81   (64 – 127)         67   (47 – 83) 

Ca2+         22   (14.5 – 32)         88   (57 – 210)       198   (151 – 250) 

MSA–         29   (12.2 – 44)         29   (22 – 36)  

Oxalate         73   (56 – 85)       210   (154 – 250)       196   (138 – 230) 

Malonate         33   (24 – 37)         65   (50 – 76)  

Succinate         32   (26 – 38)       142   (100 – 166)         41   (26 – 51) 

Glutarate           7.1 (4.9 – 9.0)           1.8 (0.1 – 3.2)           7.8 (5.5 – 11.7) 
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Table 7.11. Medians and interquartile ranges for the back/front filter ratio of TC, OC, 

EC, WSOC, MSA-, DCAs, and water-soluble inorganic species, as 

derived for the PM2.5 size fraction of the HVDS samples from the cold 

and warm periods of the 2006 summer campaign and from the entire 

2003 summer campaign at K-puszta. 

 

Species 
2006 Cold period 

(N = 33) 
2006 Warm period 

(N = 34) 
2003 summer 

(N = 63) 
TC 0.14 (0.09 – 0.17) 0.14 (0.12 – 0.16) 0.11 (0.10 – 0.13) 

OC 0.16 (0.10 – 0.18) 0.15 (0.12 – 0.17) 0.12 (0.10 – 0.13) 

EC 0.00(0.01 – 0.00) 0.00 (0.00 - 0.00) 0.00(0.00 – 0.01) 

WSOC 0.23 (0.17 – 0.26) 0.17 (0.13 – 0.19) 0.19 (0.15 – 0.19) 

NH4
+ 0.10 (0.05 – 0.16) 0.00 (0.00 – 0.00) 0.02 (0.01 – 0.03) 

SO4
2– 0.00 (0.00 – 0.00) 0.00 (0.00 – 0.00) 0.01(0.00 – 0.01) 

NO3
- 0.54 (0.44 – 0.68) 0.29 (0.18 – 0.36) 0.26 (0.17 – 0.28) 

Na+ 0.08 (0.00 – 0.23) 0.01 (0.00 – 0.08) 0.06 (0.02 – 0.08) 

Mg+ 0.00 (0.00 - 0.00) 0.00 (0.00 – 0.00) 0.04 (0.01 – 0.04) 

K+ 0.31 (0.07 – 0.46) 0.00 (0.00 – 0.09) 0.03 (0.00 – 0.04) 

Ca2+ 0.00 (0.00 - 0.00) 0.00 (0.00 – 0.00) 0.05 (0.02 – 0.06) 

MSA– 0.04 (0.01 – 0.13) 0.03 (0.01 – 0.08)  

Oxalate 0.02 (0.01 – 0.02) 0.01 (0.01 – 0.03) 0.02 (0.01 – 0.03) 

Malonate 0.06 (0.03 – 0.13) 0.03 (0.01 – 0.13)  

Succinate 0.04 (0.02 – 0.08) 0.03 (0.01 – 0.05) 0.03 (0.01 – 0.03) 

Glutarate 0.25 (0.17 – 0.35)  0.20 (0.15 – 0.22) 

 

Table 7.12. Ratio IC (HVDS PM2.5 front filter)/(PM2.5 low-volume sampler) for 

the K-puszta 2006 campaign. 

 

 Median  Interquartile range 

Cl- 0.87 0.51 - 1.85 

NO3
- 0.97 0.83 - 1.15 

SO4
2- 0.96 0.91 - 1.01 

NH4
+ 0.92 0.85 - 1.01 

Na+ 0.86 0.73 - 1.23 

Mg2+ 0.52 0.42 - 0.66 

K+ 1.46 1.17 - 1.92 

Ca2+ 0.81 0.64 - 1.09 
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Figure 7.9. Scatter plots of the HVDS PM2.5 front filter data versus the low-volume 

PM2.5 Nuclepore filter data for SO4
2- and NH4

+ in the 2006 campaign at 

K-puszta. The HVDS data are from IC analysis with the DX-600/ICS-

2000 combination, whereas the Nuclepore filter data come from IC 

analysis with the Dionex 4500i. 
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The HVDS PM2.5 front filter data for the inorganic anions and cations were 

compared with the corresponding data that were obtained by IC of the low-volume 

PM2.5 sampler. The ratios (HVDS PM2.5 front filter)/(PM2.5 low-volume sampler) 

were calculated for each sample pair. The medians and interquartile ranges for the 

ratios are given in Table 7.12 and scatter plots of the results of the HVDS PM2.5 front 

filter versus the PM2.5 low-volume sampler for the species SO4
2- and NH4

+ are shown 

in Figure 7.9. As was the case for the 2003 campaign at K-puszta, there is very good 

agreement between the data from the two types of samplers and the two types of IC 

analyses for SO4
2- and NH4

+. Also for NO3
–, there is now good agreement. This may 

be related to the overall lower temperatures in the 2006 campaign than in 2003. The 

agreement for Cl- is now also reasonable. As to the cations Na+, K+, and Ca2+, the 

agreement is now better than in the 2003 campaign, but it could still be better. For 

Mg2+ the median ratios and interquartile values are now all lower than 1, whereas they 

were all higher than 1 in the 2003 campaign. It is believed that the PM2.5 data that were 

derived from the Nuclepore filters are better than those from the quartz fibre filters for 

the cations Na+, Mg2+, K+, and Ca2+ because of the lower filter blank levels. 
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Figure 7.10. Time series for OC and three DCAs during the 2006 summer campaign 

at K-puszta, Hungary. 
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Figure 7.10 shows the time series for OC and three DCAs, as derived from the HVDS 

PM2.5 front filters. The three DCAs follow the same trend as OC, with higher 

concentrations during the warm period than during the cold one. The same trend was 

also observed for WSOC, SO4
2-, and NH4

+ and these various species were all highly (r> 

0.7) correlated with OC. The correlation coefficients between OC and WSOC, oxalate, 

malonate, and succinate were 0.97, 0.95, 0.86, and 0.93, respectively, whereas those 

between OC and SO4
2- and NH4

+ were both 0.73. It is noteworthy, though, that the 

malonate and succinate concentrations are quite similar during the cold period, but that 

succinate exhibits clearly higher concentrations than malonate during the warm period 

(see also Table 7.10). This suggests some difference in sources or source processes for 

the two DCAs. The time series for glutarate and MSA- was quite different from those for 

the species mentioned so far. Glutarate exhibited lower concentrations during the warm 

period than during the cold one (see also Table 7.10), and was negatively correlated with 

OC, WSOC and the other 3 DCAs (all r-values between -0.5 and -0.6). The reasons for 

this behaviour are not clear. It is also unclear why the glutarate data for the 2003 

campaign are much higher than those for the warm period of the 2006 campaign. It is 

possible that the measurement of glutarate suffered from interference (peak overlap) in 

either the 2003 or the 2006 samples or even in the samples from both campaigns. 

Besides, the glutarate data were not that much higher than the detection limit and had 

thus a substantial associated uncertainty. As to MSA-, its median concentration was the 

same for the cold and warm periods of the 2006 campaign (see Table 7.10). MSA- was 

somewhat correlated with Na+ (r = 0.55), whereas the r-values with all other species 

were lower. The correlation of MSA- with Na+ is logical, taking into account that both 

species are to a large extent from marine origin. 

 

Oxalate is clearly the dominant LMW DCA at the K-puszta site, with the median 

PM2.5 concentrations of 73 ng/m3 for the cold period and 210 ng/m3 for the warm 

period of the 2006 summer campaign, whereby the warm median is quite similar to 

the overall median of 196 ng/m3 for the 2003 campaign. Our warm period medians are 

comparable to the PM2 average of 260 ng/m3 that was obtained at the same site for 
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the 2002-2003 summers by Legrand et al. [2007]. As already indicated above, the 

PM2.5 succinate concentration was much higher during warm period than during the 

cold one of the 2006 campaign, with median values of 142 ng/m3 and 32 ng/m3, 

respectively. This large difference between the data from the cold and warm periods 

suggests that the formation of succinate is favoured at high temperature and/or by 

sunshine. The 2006 warm period median for succinate is much higher than the median 

of 41 ng/m3 for the 2003 summer campaign and than the mean of 21 ng/m3 reported 

by Legrand et al. [2007] for the 2002-2003 summers. Malonate is the third DCA in 

the 2006 summer campaign, with PM2.5 median concentrations of 65 and 33 ng/m3 

for the warm and cold periods, respectively. The last value is comparable to the PM2 

mean of 29 ng/m3 reported by Legrand et al. [2007] for the 2002-2003 summers. 

Glutarate exhibited the lowest concentration of the 4 DCAs measured by us, with 

PM2.5 medians of 7.1 and 1.8 ng/m3 for the cold and warm periods of the 2006 

campaign and 7.8 ng/m3 for the 2003 campaign. These median are substantially lower 

than that the PM2 mean of 19 ng/m3 obtained by Legrand et al. [2007] for the 2002-

2003 summers. The mean and associated standard deviation in PM2.5 for the sum of 

our 4 DCAs are 280 ± 165 ng/m3, which is slightly lower than the PM2 mean of 375 ± 

139 ng/m3 obtained by Legrand et al, [2007] for the 2002-2003 summers at the 

K-puszta site. Oxalate accounted for 50% of the sum of the 4 DCAs in both the cold 

and warm periods of the 2006 campaign, which is somewhat lower than the 70% 

observed by Legrand et al. [2007]; conversely, the percentage contributions of 

malonate and succinate acid to the sum of the 4 DCAs are higher than those in the 

study of Legrand et al. [2007]. The differences in DCA concentrations and in relative 

percentages of the individual acids to the sum of the 4 DCAs between our study and 

that of Legrand et al. [2007] may be related to differences in sampling duration for the 

two studies. Our samplings were mostly done for 12 h, whereas Legrand et al. [2007] 

collected weekly samples. Also, our samples were stored in the freezer directly after 

sampling. 
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It was indicated in Chapter 1 that DCAs may originate from primary emissions and 

can be formed by secondary processes. Among the primary emissions are vehicular 

exhausts, biomass burning, and cooking. On the basis of the OC, EC, and WSOC data 

for the K-puszta site, Chi [2009] concluded that local traffic emission was not an 

important source for OC and WSOC at this forested site, as there was a poor 

correlation between OC and EC. Also biomass burning and cooking are not expected 

to be important at K-puszta during summer, so that it is thought that the DCAs are 

mainly originating from secondary formation at this site. The median concentrations 

of oxalate and succinate in the warm period were as high as three times those in the 

cold period, suggesting that secondary photochemical reactions were important. 

 

7.2.12. Diel variations during the 2003 and 2006 campaigns at K-puszta 

 

Here, we will discuss the diel variations for the species that were measured by IC. The 

diel variations for the PM mass and for the carbonaceous species were discussed by Chi 

[2009]. In brief, no clear diurnal variation was observed for OC, whereas there was some 

night-day difference for the PM mass, particularly in the 2006 campaign; in this 

campaign, and when comparing the cold and warm period data sets, the median PM2.5 

mass concentration was 1.31 times larger during day-time than during night. 

 

Table 7.13 gives the median concentrations for the PM mass and the IC species in the 

fine size fraction for the separate day and night samples of the cold and warm periods 

of the 2006 campaign and of the overall 2003 campaign. It appears from this table that 

there was indeed a night-day difference for the PM mass during the 2006 campaign, 

but only for the cold period. The largest difference between night and day is observed 

for NO3
- and the difference is especially pronounced for the cold period of the 2006 

campaign. In this period there is also a substantial difference between night and day 

for Cl- and NH4
+. The diurnal variations for fine NO3

- and NH4
+ are the result of the 

difference in temperature and relative humidity between day and night with 

volatilisation of NH4NO3 particles during the warm day. Nitrate was most likely 
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Table 7.13. Median concentrations for the PM mass and the IC species in the fine 

size fraction for the separate day and night samples of the cold and 

warm periods of the 2006 campaign and of the overall 2003 campaign. 

The data for the PM mass are in µg/m3, all other data are in ng/m3. The 

data for the PM mass and for the inorganic species are from the PM2.5 

low-volume sampler with Nuclepore filters for the 2006 campaign and 

for the PM2 size fraction derived from SFU(NT) for the 2003 campaign. 

The data for the organic species are PM2.5 front filter data from the 

HVDS. 

 

Species 2006 Cold 2006 Warm 2003 

 Day-time Night-time Day-time Night-time Day-time Night-time 

PM mass          6.8           9.0         17.3         17.4         14.1         15.1 

Cl-           5.0         37         10.8         16.8         16.1         18.4 

NO3
-       210     1000       186       490       147       410 

SO4
2-     1890     2100     3800     3400     3900     3500 

Na+         43         31         40         26         63         39 

NH4
+       740     1280     1560     1560     1660     1700 

K+         23         38         53         57         35         41 

Mg2+           6.8           3.9         15.0         12.0           8.2           9.7 

Ca2+         27         26       161       123         95       106 

Oxalate         53         85       169       226       194       220 

Malonate         32         33         56         65   

Succinate         28         32       126       143         45         41 

Glutarate           5.7           7.1           1.47           2.8           7.8         10.2 

 

present as semi-volatile ammonium nitrate in the fine size fraction, while in the coarse 

size fraction, nitrate was mostly bound to alkali and alkali earth metals. Besides 

differences in gas/particulate phase partitioning of NH4NO3 between day and night, 

also sampling artifacts definitely play a role; these artifacts depend on ambient 

temperature and relative humidity. For SO4
2- only a small diurnal variation is noted in 

both 2006 and 2003. The median PM2.5 SO4
2- level for the night-time samples is 

10% lower than that for the day-time samples for the 2003 campaign and the warm 
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period of 2006 campaign, but for the cold period of the 2006 campaign, just the 

opposite is noted. 

 

The diel variation for the DCAs is certainly more pronounced than that for SO4
2-, at 

least for oxalate and glutarate, which exhibit substantially higher medians for the 

night than for the day; in contrast for malonate and succinate, no diurnal pattern can 

be noted. In summer there is little impact from anthropogenic sources on the DCA 

concentrations for the K-puszta site and biogenic emissions from the vegetation 

(unsaturated fatty acids, isoprene, oxygenated VOCs, and monoterpenes) likely 

represent major precursors for the DCAs [Legrand et al., 2007]. During night-time, 

the relative humidity is higher than during day-time, which could lead to oxalic acid 

forming via aqueous-phase reactions from biogenic precursors (isoprene and acetic 

acid emitted by the vegetation) [Carlton et al., 2007]. 

 

Table 7.14 gives the separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the PM2.5 front 

filters of the HVDS samples of the 2006 summer campaign at K-puszta. It can be seen 

that SO4
2- is highly (r> 0.7) correlated with oxalate, succinate, and the sum of the 4 

DCAs for both the day-time and night-time samples, which suggests that the 

formation mechanism of these secondary species is similar. WSOC is very highly (r> 

0.9) correlated with the sum of the 4 DCAs, oxalate, and succinate during both day 

and night. With regard to the individual DCAs, very high correlations are noted 

between oxalate and succinate for the day-time samples and between oxalate and both 

malonate and succinate for the night-time samples. During the night-time, the relative 

humidity was higher than that during the day-time; hence, the very high night-time 

correlations between WSOC and the 4 DCAs and among individual DCAs suggest that 

the DCAs may be formed by aqueous-phase chemical reactions [Ervens et al., 2004]. 
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Table 7.14. Separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the 

PM2.5 front filters of the HVDS samples from the 2006 summer 

campaign at K-puszta. Correlation coefficients with absolute value 

larger than 0.90 are marked in bold. 

 

Day WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.75 1.00      

Oxal. 0.98 0.70 1.00     

Malon. 0.81 0.42 0.86 1.00    

Succin. 0.96 0.78 0.93 0.75 1.00   

Glutar. -0.80 -0.65 -0.80 -0.59 -0.80 1.00  

4 DCAs 0.98 0.72 0.99 0.87 0.97 -0.79 1.00

Night WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.76 1.00      

Oxal. 0.97 0.76 1.00     

Malon. 0.87 0.67 0.91 1.00    

Succin. 0.97 0.82 0.94 0.89 1.00   

Glutar. -0.68 -0.65 -0.65 -0.63 -0.72 1.00  

4 DCAs 0.98 0.79 0.99 0.94 0.97 -0.68 1.00

 

7.2.13. Contribution to the OC and WSOC from the organic species measured 

by IC for the 2003 and 2006 summer campaigns at K-puszta 

 

The carbon contributions to the PM2.5 OC and WSOC from the organic species 

measured by IC are summarised in Table 7.15. It can be seen that the DCAs 

accounted for only a small percentage of the OC and WSOC. The WSOC 

contributions to OC are nearly the same for the 2003 campaign and the warm period 

of the 2006 campaign, i.e., on average 61 and 63%, but for the cold period of the 2003 

campaign the average is only 51%. The comparison for the sum of MSA- and the 

DCAs between the 2003 and 2006 campaign is difficult as MSA- and malonate were 

not measured in the 2003 samples (other analytical columns were used for the 2003 
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samples and the peaks of MSA- and malonate exhibited very strong overlap with the 

peaks of other species). So, when just focusing on the 2006 samples, it is found that 

the median and mean contributions of the sum of MSA- and the 4 DCAs to WSOC are 

very similar for both the warm and cold periods, with the means around 5%. 

Furthermore, the contribution from oxalate to the WSOC is very similar in the 2003 

and 2006 campaign, around 2%, on average. 

 

Table 7.15. Carbon percentage contribution of WSOC to OC and of organic species 

to the WSOC and OC for the fine size fraction of the HVDS samples 

collected in the 2003 and 2006 campaigns at K-puszta. 

 

 Mean ± S.D. Median (range) 

2003   

WSOC C% of OC 61 ± 9 63 (32 - 79) 

MSA- C% of WSOC   

Oxalate C% of WSOC 2.1 ± 0.3 2.1 (1.49 - 2.9) 

Malonate C% of WSOC   

Succinate C% of WSOC 0.64 ± 0.18 0.64 (0.29 - 1.03) 

Glutarate C% of WSOC 0.17 ± 0.08 0.15 (0.06 - 0.48) 

∑(3 DCAs) C% of OC 1.75 ± 0.31 1.80 (0.80 - 2.4) 

∑(3 DCAs) C% of WSOC 2.9 ± 0.4 2.9 (2.0 - 4.0) 

2006   

WSOC C% of OC 57 ± 9 57 (32 - 78) 

Cold WSOC C% of OC 51 ± 7 52 (32 - 64) 

Warm WSOC C% of OC 63 ± 6 64 (47 - 78) 

MSA- C% of WSOC 0.25 ± 0.20 0.15 (0.06 - 1.04) 

Oxalate C% of WSOC 2.0 ± 0.4 1.98 (1.34 - 3.4) 

Malonate C% of WSOC 1.00 ± 0.28 1.00 (0.50 - 1.91) 

Succinate C% of WSOC 1.71 ± 0.42 1.64 (0.96 - 2.6) 

Glutarate C% of WSOC 0.18 ± 0.19 0.14 (DL - 1.02) 

∑(MSA- + 4 DCAs) C% of OC 2.9 ± 0.5 2.9 (1.39 - 4.3) 

Cold ∑(MSA- + 4 DCAs) C% of OC 2.7 ± 0.5 2.7 (1.39 - 4.3) 

Warm ∑(MSA- + 4 DCAs) C% of OC 3.2 ± 0.4 3.2 (2.2 - 4.0) 

∑(MSA- + 4 DCAs) C% of WSOC 5.2 ± 0.7 5.1 (3.5 - 8.4) 

Cold ∑(MSA- + 4 DCAs) C% of WSOC 5.3 ± 0.9 5.2 (4.0 - 8.4) 

Warm ∑(MSA- + 4 DCAs) C% of WSOC 5.0 ± 0.6 5.1 (3.5 - 6.4) 
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Figure 7.11. Average concentrations of 8 aerosol types during the 2006 summer 

campaign at K-puszta, and this separately for the PM2.5 and PM10 

aerosol and for the cold and warm periods. The data for the PM10 

aerosol during the 2003 summer campaign at the same site are also 

shown. 

 

7.2.14. Aerosol chemical mass closure for the 2003 and 2006 summer 

campaigns at K-puszta 

 

The data from the SFU samples and the PM10 low-volume sampler of the 2003 

campaign and those from the low-volume PM2.5 and PM10 samplers of the 2006 

campaign were used for aerosol chemical mass closure calculations. As gravimetric PM 

mass data we adopted the results from the samplers with Nuclepore polycarbonate 

filters. The calculations were done in the same way as for the Belgian sites (see sections 

4.2.9 and 4.3.9). For the 2003 campaign, calculations were done for PM10 only, while 

for the 2006 campaign they were done for both PM2.5 and PM10. The same eight 

components (aerosol types) were included as for the Belgian sites. However, OM was 

now estimated as 1.8 OC instead of as 1.4 OC. The OC-to-OM conversion factor of 

1.8 is identical to the one used by Temesi et al. [2001] for the same K-puszta site; in a 

later study, Kiss et al. [2002] estimated that the factor is 1.9-2.0 for K-puszta. The 
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average concentrations of the various aerosol types (and of the unexplained 

gravimetric PM mass) are shown in Figure 7.11, separately for PM2.5 and PM10 

aerosols and for the cold and warm periods of the 2006 campaign and for PM10 in the 

2003 campaign. The percentage contributions of the various components to the 

average gravimetric PM mass were also calculated and are shown in Figure 7.12. In 

all cases the sum of the eight components is close to 100%, indicating that excellent 

mass closure was obtained. It should be indicated here that water is not included in 

our mass closure, except for that associated with crustal matter. The excellent mass 

closure also indicates that the OC-to-OM conversion factor of 1.8 used here is 

appropriate. In a 2001 review of such conversion factors, Turpin and Lim [2001] 

indicated that these factors are 1.6 ± 0.2 for urban PM2.5 aerosols and 2.1 ± 0.2 for 

nonurban aerosols, but they also recommended more measurements on this topic. 
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Figure 7.12. Percentage contributions of the various components to the average 

gravimetric PM mass for the 2006 summer campaign at K-puszta, and 

this separately for the PM2.5 and PM10 aerosol and for the cold and 

warm periods. The data for the PM10 aerosol during the 2003 summer 

campaign at the same site are also shown. 
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When looking at the concentration data for 2006 in Figure 7.11 it appears that for six 

of the eight components, higher average levels are observed in the warm period than 

in the cold one. The two exceptions are nitrate and sea salt. The low levels of nitrate 

during the warm period are attributed to the transfer of ammonium nitrate from the 

particulate phase to the vapour phase at elevated temperatures. As to the higher 

concentration of sea salt during the cold period than during the warm one, this is due 

to the difference in air mass origin (more maritime air during the cold period versus 

continental air during the warm one). It also appears from Figure 7.11 that the data for 

most of the aerosol types in PM10 are quite similar for the overall 2003 campaign and 

the warm period of the 2006 campaign. 

 

Figure 7.12 shows that the OM component contributed by far the most to the PM2.5 

and PM10 mass; it was responsible for 40-50% of the average mass during both the 

cold and warm periods of the 2006 campaign and also in the 2003 campaign. 

Noteworthy there are much larger percentages of crustal matter during the warm 

period than during the cold one (both for the PM2.5 and PM10 samples) of the 2006 

campaign. In the PM2.5 aerosol, crustal matter accounted for 17% of the average PM 

mass during the warm period of the 2006 campaign, but only for 3.1% during the cold 

period. For the PM10 aerosol, the percentages were 28% in the warm period and 10% 

in the cold one. The 25% for crustal matter in PM10 for the 2003 campaign is quite 

similar to the 28% for the same component during the warm period of the 2006 

campaign. The contribution from secondary inorganic aerosols, including nss-sulphate, 

nitrate, and ammonium, was especially large in the cold period of the 2006 campaign, 

with, on average, 47% in PM2.5 and 35% in PM10. 

 

The percentage contributions of crustal matter in PM10 in summer at K-puszta were 

28% during the warm period in 2006 and 25% in 2003. These percentages are 

substantially higher than those for summer at our two Belgian sites, which were 12% 

for Ghent (section 4.2.9) and 18% for Uccle (section 4.3.9), but they are clearly lower 

than the percentage that was obtained in our 2002 spring campaign at a kerbside site 
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in Budapest (37%; see section 5.6). The relatively high percentage contributions of 

crustal matter to PM10 during summer at K-puszta are likely related to less 

precipitation and high temperatures at that site. Our PM2.5 percentage contributions 

for the warm period of the 2006 campaign are comparable to the results obtained by 

Temesi et al. [2003] for their 2000 study at the same site. These authors found that 

OM contributed with 62% and (NH4
+ + SO4

2-) with 30% to the fine particle (d <1.7 

µm) mass at K-puszta. 

 

Our chemical mass closure results for K-puszta may be compared with those reported 

by Putaud et al. [2004a] for natural and rural background sites in Europe. Our 

percentages for OM are around 2-3 times larger than those in that study, while our 

percentage for crustal matter in the coarse (PM10-2.5) size fraction (which was 43%, 

on average, over the entire 2006 campaign) is about a factor of 2 larger. It should be 

indicated, though, that OM and crustal matter were not measured for all sites in the 

study of Putaud et al. [2004a] and that the non-measured mass ended up in the 

unknown mass fraction, which was as large as 20% for PM2.5, 28% for PM10 and 

40% for PM10-2.5 for the natural and rural background sites. 

 

7.2.15. Conclusions from the studies at K-puszta 

 

PM mass concentrations obtained from parallel collections with Gent PM10 SFU 

samplers with Nuclepore/Teflon and Nuclepore/Nuclepore filters agreed very well for 

the 2003 campaign, which indicates that Teflon and Nuclepore filters have the same 

characteristics for aerosol collection. It can therefore be concluded that if both filter 

types are subject to artifacts (both positive and negative), the artifacts are similar for 

the two filter types. The mass concentration in PM2 ranged from 6.0 to 22 µg/m3, 

with a median of 13.0 µg/m3; the range for PM10 was from 10.5 to 37 µg/m3, with a 

median of 23 µg/m3. These PM mass data are comparable to those found in the warm 

period in 2006 summer campaign. The PM mass data from the latter campaign 
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indicated that the weather conditions play an important role; much larger 

concentrations were obtained during the warm period than during the cold one. 

 

SO4
2-, NH4

+, and NO3
- were the major ions in the fine size fraction in the 2003 

campaign and their median concentrations were 3400 ng/m3, 1630 ng/m3, and 250 

ng/m3, respectively. Ca2+ was the major ionic species in the coarse size fraction, with 

median concentration of 620 ng/m3. The concentrations of the major ionic species in 

the fine size fraction, as derived from the SFU(NT) samples of the 2003 campaign, 

were comparable to those derived from the HVDS samples collected in parallel. The 

fine and PM10 data for the various ionic species in the warm period of the 2006 

campaign resembled those obtained for the 2003 campaign. 

 

For several water-soluble ions measured by IC (i.e., Na+, Mg2+, SO4
2-, K+, and Ca2+) 

total element data were obtained by a combination of INAA and PIXE (for the 2003 

campaign) or by PIXE (for the 2006 campaign). This allowed us to assess the 

accuracy of the various types of analyses and to assess to which extent the elements 

were water-soluble. It was concluded that S and Ca were nearly fully soluble in water. 

In contrast, Na was only partly water-soluble, indicating that it had important 

contributions from other sources besides sea salt. 

 

With regard to the organic species measured, oxalate was the most abundant one. 

However, oxalate carbon accounted for only 2% of the WSOC and in the 2006 

campaign only 3% of the OC and 5% of the WSOC was explained by all organic 

species (MSA- and 4 DCAs). The concentrations of the oxalate and succinate (and to a 

lesser extent also malonate) were much higher during the warm period than during the 

cold one of the 2006 campaign. The sum of the 4 DCAs and the individual DCAs 

oxalate, malonate, and succinate (but not glutarate) were highly correlated with SO4
2-, 

suggesting similar formation processes. 
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Although the K-puszta site is a forested rural site, there is certainly also an impact from 

anthropogenic emissions, in particular from long-range transport. This is definitely so for 

SO4
2-. To which extent the DCAs are also affected by long-range transport from 

anthropogenic sources is hard to assess. It is thought that the DCAs at the K-puszta site 

during summer are mainly secondary products that are formed from the oxidation of 

biogenic compounds. 

 

7.3. Field study at a forested site in Brasschaat, Belgium, during 2007 

summer 

 

7.3.1. Brasschaat site description 

 

The Brasschaat sampling site (51°19’N, 4°35'E, 15 m a.s.l.) is located in the north part 

of Belgium. The nearest big city is Antwerp (with a population of 480,000). The 

sampling site is located within the state forest “De Inslag”, a 78-year old mixed pine-

oak forest, in which the dominant species are Pinus sylvestris and Quercus robur. The 

location of the site is shown in Figure 7.13 and indicated with a red asterisk. 

 

 

**

 

 

Figure 7.13. Location of the Brasschaat sampling site, indicated with a red asterisk. 
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The site is at about 12 km northeast of the city centre of Antwerp and about 9 km to 

the east of the Antwerp harbour area; there is a major highway (E19) to the south and 

in the south-east direction; the shortest distance between the sampling site and the 

major highway is less than 2 km. So, local aerosols could be a mixture of 

anthropogenic emissions from the traffic, the city and harbour area of Antwerp, and 

biogenic emissions from the forest. 

 

7.3.2. Samplings and analyses 

 

The 2007 summer campaign lasted from 5 June until 13 July 2007. A HVDS was set 

up on the first level of a tower at around 9 m above ground. Separate day-time (from 

about 7:15 to 20:15 local daylight saving time, UTC + 2) and night-time (from about 

20:15 to 7:15) collections were made in two size fractions (fine: <2.5 µm AD; coarse: 

>2.5 µm AD) and double (front and back) pre-fired Pall Gelman quartz fibre filters 

were used for each of the two size fractions. The purpose of the back filters was to 

assess sampling artifacts, in particular for the carbonaceous aerosol and the organic 

compounds. A total of 71 actual samples (34 day-time samples, 34 night-time samples, 

and 3 24-h samples) and 10 field blanks were taken. 

 

As indicated in Table 7.1, all front and back filters were analysed for TC, OC, and EC 

by TOT (see section 2.2.2). The fine size fraction filters front and back were also 

analysed for WSOC by TOC (section 2.2.3) and for major inorganic ions and selected 

organic acid ions by the DX-600/ICS-2000 instrument combination. Details about the 

IC analyses are given in Chapter 3. 

 

7.3.3. Meteorological and ozone data for the 2007 summer campaign in 

Brasschaat 

 

Figure 7.14 shows the time series for O3 and some meteorological parameters, i.e., 

temperature (at two levels above ground, 2 m and 40 m; note that the sampling height 
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was at 9 m above ground) and the amount of precipitation. The time-resolution for all 

these data was 30 min. During the first 10 sampling days of the campaign, there was 

less rain, higher temperatures, and higher O3 concentrations than during the remainder 

of the campaign. Hence, during the first 10 sampling days the levels of secondary 

organic aerosol were expected to be the highest. 

 

  

5

10

15

20

25

30

0
5-

Ju
n

0
6-

Ju
n

0
7-

Ju
n

0
8-

Ju
n

0
9-

Ju
n

1
0-

Ju
n

1
1-

Ju
n

1
2-

Ju
n

1
3-

Ju
n

1
4-

Ju
n

1
5-

Ju
n

1
6-

Ju
n

1
7-

Ju
n

1
8-

Ju
n

1
9-

Ju
n

2
0-

Ju
n

2
1-

Ju
n

2
2-

Ju
n

2
3-

Ju
n

2
4-

Ju
n

2
5-

Ju
n

2
6-

Ju
n

2
7-

Ju
n

2
8-

Ju
n

2
9-

Ju
n

3
0-

Ju
n

0
1-

Ju
l

0
2-

Ju
l

0
3-

Ju
l

0
4-

Ju
l

0
5-

Ju
l

0
6-

Ju
l

0
7-

Ju
l

0
8-

Ju
l

0
9-

Ju
l

1
0-

Ju
l

1
1-

Ju
l

1
2-

Ju
l

1
3-

Ju
l

1
4-

Ju
l

T
em

p.
 (

°C
)

0

10

20

30

40

50

60

70

O
3 

(p
pb

);
 p

re
c.

 (
m

m
)

T @ 2 m
T @ 40 m
O3
prec. (30 min)

 

Figure 7.14. Time series for O3 and selected meteorological data during the 2007 

summer campaign in Brasschaat. 

 

7.3.4. Carbonaceous and ionic data for the 2007 summer campaign in 

Brasschaat 

 

The median concentrations and interquartile ranges for the carbonaceous components 

and the various ionic species measured, as derived from the PM2.5 front filters of the 

HVDS, are given in Table 7.16. The medians and interquartile ranges for the 

back/front filter ratios are also included in the table. The time series for OC and 

selected ionic species in the PM2.5 front filters is shown in Figure 7.15. There is 

tendency for all 5 components to exhibit higher concentrations during the first 10 

sampling days (which were dry, warm, and with high O3 concentrations) than in the 

remainder of the campaign. This tendency is especially clear for sulphate, ammonium, 
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and oxalate. The 5 components were well correlated with each other. The correlation 

coefficient between sulphate and ammonium was 0.95 and those between OC and 

oxalate and malonate 0.79 and 0.75, respectively. OC was also highly correlated with 

WSOC (r = 0.95), succinate (r = 0.83), and glutarate (r = 0.72). 

 

Table 7.16. Front filter median concentrations and interquartile ranges (in ng/m3) 

and medians and interquartile ranges for the back/front filter ratio for the 

PM2.5 size fraction of the HVDS samples from the 2007 summer 

campaign in Brasschaat. 

 

Species Front filter conc. (ng/m3) Back/front filter ratio 

TC         2100   (1660 – 2800) 0.13 (0.12 – 0.16) 

OC         1730   (1270 – 2200) 0.17 (0.15 – 0.20) 

EC           400   (280 – 620) 0.00 (0.00 – 0.00) 

WSOC           810   (570 – 1170) 0.21 (0.18 – 0.25) 

NH4
+         1080   (650 – 2100) 0.04 (0.00 – 0.07) 

SO4
2-         2700   (1840 – 3900) 0.00 (0.00 – 0.00) 

NO3
-           650   (400 – 2200) 0.24 (0.15 – 0.34) 

Cl-             40   (16 – 93) 0.28 (0.15 – 0.64) 

Na+           108   (65 – 210) 0.01 (0.00 – 0.06) 

Mg2+               2.7 (1.42 – 6.7) 0.00 (0.00 – 0.00) 

K+             38   (18.7 – 93) 0.12 (0.00 – 0.37) 

Ca2+             27   (14.7 – 36) 0.00 (0.00 – 0.01) 

MSA-             79   (46 – 119) 0.03 (0.01 – 0.08) 

Oxalate             75   (50 – 140) 0.01 (0.01 – 0.01) 

Malonate             49   (28 – 82) 0.02 (0.00 – 0.04) 

Succinate             11.0 (5.7 – 54) 0.02 (0.00 – 0.10) 

Glutarate               4.7 (3.3 – 9.7) 0.26 (0.17 – 0.57) 

 

It is evident from Table 7.16 that SO4
2-, NH4

+, and NO3
- are the major inorganic 

species at Brasschaat, with median concentrations of 2700 ng/m3, 1080 ng/m3, and 

650 ng/m3, respectively. The data for SO4
2- and NH4

+ are intermediate between those 

from the cold and warm periods of the 2006 campaign at K-puszta (see Table 7.10), 

but the median for NO3
- is larger than at K-puszta. The higher NO3

- level is likely due 
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to the impact from automotive emissions from the nearby highway and to various 

anthropogenic emissions from the city of Antwerp and the Antwerp harbour. Nitrate is 

a dominant component of fine PM in western and central Europe, but low ambient 

concentrations are typical during summer [Schaap et al., 2004]. 
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Figure 7.15. Time series for OC and selected ionic species, as derived from the 

PM2.5 front filters of the HVDS, in the 2007 summer campaign at 

Brasschaat. 

 

As for the minor inorganic ions, the Na+ levels are much higher in Brasschaat (median 

of 108 ng/m3) than at K-puszta (medians of 30 and 35 ng/m3 during the cold and 

warm periods of the 2006 campaign, see Table 7.10). This is explained by the fact that 

the Brasschaat site is much closer to the sea than the K-puszta site and is thus more 

affected by maritime air masses, which bring in sea salt. The median for Ca2+ at 

Brasschaat is 27 ng/m3, which is close to the median of 22 ng/m3, which was obtained 

for the cold period of the 2006 K-puszta campaign. Also the median for K+ at 

Brasschaat (of 38 ng/m3) is comparable with that of the K-puszta 2006 cold period (of 

48 ng/m3). Like was the case for Na+, the median for Cl- is higher at Brasschaat (i.e., 

40 ng/m3) than at K-puszta (medians around 10-12 ng/m3 in the 2006 low-volume 

PM2.5 samples) because of the larger impact from maritime air. The ratio of Cl- to 
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Na+ is much lower than that in sea water, though, indicating that there was much Cl 

loss from the fine aerosol. 

 

Again consistent with the greater impact from maritime air is the higher median for 

MSA- at Brasschaat (79 ng/m3) than at K-puszta (medians of 29 ng/m3 in 2006). It is 

noteworthy that the median at Brasschaat is even higher than the median of 47 ng/m3, 

which was obtained for the pristine marine site of Amsterdam Island (see Table 8.3). 

The high value at Brasschaat suggests that the source regions of the MSA precursors 

(DMS, DMSO, etc.) are nearer to the sampling site of Brasschaat than of Amsterdam 

Island, and/or that the source strengths of the precursor emissions were larger, and/or 

that the conversion to MSA was more efficient, and/or that there was less removal by 

wet deposition. The median concentration for oxalate at Brasschaat is 75 ng/m3, 

which is nearly identical to the 73 ng/m3 for the 2006 cold period at K-puszta, but 

much lower than the medians for the 2006 warm period (210 ng/m3) and the 2003 

campaign at K-puszta (196 ng/m3). Our median for Brasschaat is comparable with the 

mean value (95 ng/m3), which was obtained for weekly low-volume Teflon filter 

samples that were collected in summer 2004 at a rural site (Lannemezan) in France 

[Legrand et al., 2005]. When the Brasschaat samples are separated into two groups on 

the basis of temperature, the median concentration of oxalate rises to 230 ng/m3 for 

the first 10 sampling days, while it is 59 ng/m3 for the remainder of the campaign. The 

median concentrations of malonate, succinate, and glutarate for the full Brasschaat 

campaign are 49 ng/m3, 11.0 ng/m3, and 4.7 ng/m3, respectively. The data for 

malonate and glutarate are comparable with those at K-puszta (for malonate 33 ng/m3 

and 65ng/m3 in the 2006 cold and warm periods and for glutarate 7.1 ng/m3 and 7.8 

ng/m3 in the 2006 cold period and in the 2003 campaign). The medians for malonate 

and succinate at Brasschaat are comparable to the means of 48 ng/m3 (malonate) and 

20 ng/m3 (succinate) observed at Lannemezan by Legrand et al. [2005]. The time 

series of succinate was similar to that for oxalate (with r = 0.97), but the medians for 

the first 10 days (97 ng/m3) and for the remainder of the campaign (8.4 ng/m3) differ 

much more than was the case for oxalate. Incidentally, also during the 2006 campaign 
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in K-puszta, there was a larger difference between the warm and cold periods for 

succinate than for oxalate. The succinate median for the first 10 days at Brasschaat is 

comparable to the median of 142 ng/m3, which was obtained for the warm period of 

the 2006 campaign at K-puszta. So, the concentrations of the LMW DCAs, especially 

succinate, but also oxalate at our sites of K-puszta and Brasschaat were strongly 

affected by the local weather conditions, such as temperature and O3 concentration. 

High temperatures and high O3 levels lead to enhanced emissions of biogenic 

precursors of the DCAs and to enhanced photo-oxidant formation of SOA [Legrand et 

al., 2007]. 

 

It has been estimated that aqueous-phase chemistry would lead to total DCA levels 

ranging from 150 ng/m3 for clean to 300 ng/m3 for polluted conditions in the 

continental atmosphere [Ervens et al., 2004]. Our results for Brasschaat seem to lie 

within this range, with the mean concentration for the 4 DCAs of 230 ng/m3. As 

already indicated, the DCAs have several sources, including primary emissions from 

fossil fuel combustion and biomass burning as well as photochemical oxidation of 

organic precursors of both anthropogenic and biogenic origin [Chebbi and Carlier, 

1996]. 

 

7.3.5. Differences between weekdays and weekends - Influence of traffic 

emissions on EC, OC, WSOC, and various ionic species 

 

Table 7.17 gives the mean concentrations for EC, OC, WSOC, and selected species 

separately for weekdays and weekends and the ratios between both. The 

weekday/weekend ratios are larger than 1.3 for EC, NO3
-, Cl-, Na+, malonate, and 

succinate, and between 0.91 and 1.21 for the other components and species listed. The 

weekday/weekend difference for EC and NO3
- is to a large extent likely caused by the 

difference in traffic density on the nearby highway attributable between weekdays and 

weekends and the concomitant larger emissions of primary EC particles and of NOx 

precursor gases on weekdays. Primary emissions from traffic may also in part be 
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responsible for the larger concentrations of malonate and succinate on weekdays than 

on weekends. The reasons for the weekday/weekend differences for Cl- and Na+ are 

less clear. The fact that a much larger difference is noted for Cl- than for Na+ suggests 

that a large fraction of the fine Cl- on weekdays was derived from anthropogenic 

emissions. The emissions from the Antwerp harbour area and from traffic are 

expected to be larger on weekdays than on weekends. 

 

Table 7.17. Mean concentrations (in ng/m3) for EC, OC, WSOC, and selected 

species on weekdays and weekends and their ratios. 

 

 Weekdays 
(N=52) 

Weekends 
(N=19) 

Ratio (weekday mean)/ 
(weekend mean) 

EC           534           344 1.55 

OC         1997         1688 1.18 

WSOC         1051           869 1.21 

SO4
2-         3691         3631 1.02 

NO3
-         2067         1550 1.33 

Cl-           102             40 2.6 

Na+           176           126 1.40 

Oxalate           116           109 1.07 

Malonate             72             54 1.33 

Succinate             39.5             29.2 1.35 

Glutarate               6.6               7.3 0.91 

4 DCAs           234           199 1.17 

 

7.3.6. Diurnal variation for the DCAs 

 

At K-puszta there was a pronounced diel variation for oxalate and glutarate, but not 

for malonate and succinate (see section 7.2.12). The situation at Brasschaat was 

clearly different. There was virtually no day/night difference for oxalate, succinate, 

and glutarate, but some for malonate (its mean concentration was 81 ng/m3 for the 

day-time samples and 56 ng/m3 for the night-time samples). 
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Table 7.18. Separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the 

PM2.5 front filters of the HVDS samples from the 2007 summer 

campaign in Brasschaat. Correlation coefficients with absolute value 

larger than 0.90 are marked in bold. 

 

Day WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.74 1.00      

Oxal. 0.93 0.90 1.00     

Malon. 0.86 0.68 0.79 1.00    

Succin. 0.96 0.85 0.98 0.81 1.00   

Glutar. 0.53 0.09 0.33 0.64 0.35 1.00  

4 DCAs 0.96 0.84 0.96 0.92 0.97 0.49 1.00 

Night WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.48 1.00      

Oxal. 0.76 0.84 1.00     

Malon. 0.73 0.68 0.77 1.00    

Succin. 0.83 0.78 0.97 0.78 1.00   

Glutar. 0.74 0.01 0.41 0.39 0.49 1.00  

4 DCAs 0.82 0.81 0.98 0.86 0.98 0.48 1.00 

 

7.3.7. Correlations between the various species 

 

Table 7.18 gives the separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the PM2.5 front 

filters of the HVDS samples of the 2007 summer campaign in Brasschaat. As in the 

2006 campaign at K-puszta, SO4
2- is highly correlated with oxalate, succinate, and the 

sum of the 4 DCAs for both the day-time and night-time samples, which again 

suggests that they are all secondary photochemical products, as indicated by Hsieh et 

al. [2007]. A high correlation between SO4
2- and oxalate was also found by 

Kawamura et al. [1996a]. The correlation between SO4
2- and malonate is also good (r 

= 0.68). WSOC is very highly (r> 0.9) correlated with the sum of the 4 DCAs, oxalate, 
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and succinate during the day, but only high (r> 0.7) during the night. The correlation 

between WSOC and malonate is also high and even that between WSOC and glutarate 

is reasonable. With regard to the individual DCAs, as at K-puszta, very high 

correlations are noted between oxalate and succinate for both the day-time samples 

and night-time samples. The correlations between oxalate and malonate and between 

malonate and succinate are also high. The very high correlations between oxalate and 

succinate may suggest that oxalate is formed through succinate as intermediate, as 

was described by Kawamura et al. [1996a; 1996b]. 

 

Besides the good correlations among the DCAs and between WSOC or SO4
2- and the 

DCAs, there were also good correlations between NH4
+ and the DCAs. As indicated 

above, sulphate and the DCAs have likely similar formation mechanisms. Since SO4
2- 

is prone to combine with NH4
+, possibly so does oxalate. Bao et al. [2009] indicated 

that the gas/particle partitioning of the DCAs does not only depend on the physical 

and chemical characteristics of the individual organic acids (vapour pressure, water 

solubility, acidity constant, etc.), but also on the composition of the aerosol, such as 

its water content (which affects the sorption properties of the aerosol), sulphate 

(affecting secondary particle formation), and ammonium (affecting aerosol acidity 

and ammonium salt formation). 

 

For the fine size fraction of the aerosol, good correlations are always found between 

NH4
+ and SO4

2-, and in winter also between NH4
+ and NO3

-; see for example the 

correlation data for the Ghent site in Table 4.6. These three ions are all secondary 

species, which are generated by similar processes that are favoured under certain 

weather conditions, and this results in the very good correlation among them. While 

there is a good correlation between fine NH4
+ and fine NO3

- in winter, the correlation 

is generally poorer in summer due to the thermal instability of particulate NH4NO3. 

For the 2007 summer campaign at Brasschaat, the correlation coefficients between 

NH4
+ and SO4

2- and between NH4
+ and NO3

- were 0.95 and 0.87, respectively. 
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Na+, Mg2+, Cl-, and MSA-, are all marine aerosol components, whereby the first three 

are major constituents of sea salt and MSA- is a SOA product formed from the 

oxidation of DMS. In our Brasschaat study, Na+, Mg2+, and Cl- were highly correlated 

with each other (r = 0.76–0.86); similar, but somewhat lower correlation coefficients 

among the three ions (i.e., r = 0.56–0.73) were found at a rural site in the Helsinki 

area [Pakkanen et al., 2001]. MSA- exhibited substantial correlations (r = 0.58–0.73) 

with the three sea-salt ions at Brasschaat. The sea-salt ions and MSA- had no clear 

positive correlations with the other ions measured. 

 

7.3.8. Contribution to the OC and WSOC from the organic species measured 

by IC 

 

Table 7.19. Carbon percentage contribution of WSOC to OC and of organic species 

to the WSOC and OC for the fine size fraction of the HVDS samples 

collected in the 2007 campaign at Brasschaat. 

 

 Mean ± S.D Median (range) 

WSOC C% of OC 51 ± 9.0 48 (35 - 77) 

   

MSA- C% of WSOC 1.4 ± 1.2 1.1 (0.16 - 5.0) 

Oxalate C% of WSOC 2.9 ± 1.4 2.5 (1.1 - 7.9) 

Malonate C% of WSOC 2.3 ± 1.1 2.1 (0.74 - 4.6) 

Succinate C% of WSOC 1.1 ± 1.1 0.67 (0.04 - 4.0) 

Glutarate C% of WSOC 0.33 ± 0.23 0.31 (DL - 0.89) 

   

∑(MSA- + 4 DCAs) C% of OC 4.1 ± 3.0 3.7 (1.6 - 9.8) 

∑(MSA- + 4 DCAs) C% of WSOC 8.0 ± 3.0 7.6 (3.5 - 16.2) 

 

Table 7.19 gives the carbon percentage of WSOC to the OC and of the organic 

species to the WSOC and OC for the fine size fraction of the HVDS samples from the 

2007 campaign at Brasschaat. 51% of the OC is, on average, water-soluble; this 

percentage is identical to that obtained for the cold period of the 2006 campaign at 
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K-puszta, but lower than the about 60% obtained for the warm period of the 2006 

campaign and for the 2003 campaign at K-puszta. The carbon in MSA- and the 4 

DCAs accounted, on average, for 8% of the WSOC and oxalate was responsible for 

more than one third of this percentage. When comparing the percentage contributions 

to the WSOC in Brasschaat with those in the 2006 summer campaign at K-puszta, it 

appears that the percentages of MSA-, oxalate, malonate, and glutarate are more than 

30% higher at Brasschaat than at K-puszta; only the contribution of succinate is 

smaller at Brasschaat site than at K-puszta. 

 

7.3.9. Aerosol chemical mass closure - aerosol component contributions 

 

Gravimetric PM mass data are not available for the HVDS samples. Therefore, in a 

strict sense, aerosol chemical mass closure cannot be performed for them. However, 

we could calculate the concentrations of 7 aerosol types and their sum should be a 

proxy for the PM mass. The calculations were done for the PM2.5 front filters and 7 

components were considered: OM, EC, ammonium, nitrate, nss-sulphate, sea salt, and 

crustal matter. OM was obtained as 1.6 OC; the OC-to-OM conversion factor of 1.6 is 

intermediate between the 1.4 used for the other Belgian sites (see Chapter 4) and the 

1.8 for K-puszta. The OC is more water-soluble at Brasschaat than at the other 

Belgian sites and thus likely also more oxygenated; on the other hand, the impact 

from anthropogenic sources of OC (including primary emissions) is certainly larger in 

Brasschaat than at K-puszta; it was therefore felt that a smaller conversion factor than 

at K-puszta was appropriate for Brasschaat. Nss-sulphate and sea salt were obtained in 

the same way as for the Belgian sites and K-puszta. As to crustal matter, since there 

were no data available for several of the elements (e.g., Al, Si, Fe) that are used in its 

estimation, it was obtained by a different approach than was used for the Belgian sites 

and K-puszta. Guinot et al. [2007a] suggested to estimate crustal matter from the 

concentration of nss-Ca2+. One drawback of this approach is that the concentration of 

nss-Ca2+ in crustal matter or soil dust is rather variable. Maenhaut et al. [2006] 

examined what the ratio of crustal matter, as estimated from the normal approach, to 
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Figure 7.16. Average concentrations of the various aerosol types in the PM2.5 front 

filters of the HVDS samples from the 2007 summer campaign at 

Brasschaat. 

 

Ca2+ was for PM2.5 and PM10 aerosols in Uccle; they found that the ratio 5.9 was for 

the fine aerosol at this site and they used this ratio to estimate the crustal matter in 

PM2.5 for two sites in the city of Antwerp. They also indicated that the uncertainty, 

which is associated with this estimation of crustal matter, is likely larger than 30%. 

Anyway, we used the same formula of 5.9 Ca2+ to estimate crustal matter in our 

HVDS samples. The average concentrations of each of the 7 components are shown in 

Figure 7.16 (left part), while Figure 7.16 (right part) displays the percentages of the 

average components to their sum. The sum of the average concentrations of the 7 

components (and thus the proxy for the PM2.5 mass) is 11.9 µg/m3. This level is 

slightly lower than the mean of 14.0 µg/m3 for PM2 derived from the 2003 summer 

SFU(NT) samples from K-puszta and intermediate between the mean PM2.5 mass 

data of 7.7 and 17.9 µg/m3, as derived from the low-volume samplers with Nuclepore 

filters for the 2006 cold and warm periods at K-puszta. It appears from Figure 7.16 

that the secondary ions are major components in the PM2.5 aerosol at Brasschaat; 

their sum represents 64% of the sum of all 7 components. Carbonaceous aerosols (the 
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sum of OM + EC) represent 30%. The latter percentage is much smaller than the 

about 50% found for PM2.5 in the 2006 campaign at K-puszta. Crustal matter 

accounted for only 3.6% of the sum of the 7 components; this percentage is quite 

similar to the 3% found for PM2.5 in the cold period of the in 2006 campaign at 

K-puszta (see Figure 7.12). 

 

7.3.10. Conclusions from the study in Brasschaat 

 

Sulphate, nitrate, and ammonium were the major components among the detected 

ionic species. These three secondary inorganic ions accounted, on average, for 64% of 

the reconstructed PM2.5 mass; carbonaceous aerosols were also important (with about 

30%), but much less than at K-puszta. 

 

The sum of the C2-C5 DCAs, oxalate, malonate, succinate, and glutarate, ranged from 

31 up to 1220 ng/m3, with a median of 148 ng/m3 and a mean of 230 ng/m3. Together 

with MSA-, the 4 DCAs accounted, on average, for 8% of the carbon in the WSOC. 

Oxalate was the most important of the 4 DCAs, with 2.9% of the carbon in the WSOC. 

 

WSOC was highly positively correlated with the individual DCAs and their sum, but 

the correlations were better during the day-time than during the night. Also SO4
2- was 

higly correlated with the individual DCAs (except glutarate) and their sum, with better 

correlations during day than in the night. All this indicates that photochemical 

reactions are important for the formation of the DCAs. 

 

The concentrations of most species were higher during the first 10 days of the 

campaign, when there was warm weather and little rain. Stagnant weather conditions 

and higher emissions of SOA precursors during warm weather probably played a role. 

Besides, rainout during the remainder of the campaign likely contributed to the lower 

concentrations then. The forested site of Brasschaat is substantially impacted by 

anthropogenic pollution, as appeared for the larger concentrations of typical 
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anthropogenic species, such as EC and NO3
-, during weekdays than in weekends. 

Emissions from traffic can be regarded as one of the major pollution sources. 

 

 

 

Figure 7.17. Location of the Hyytiälä site. 

 

7.4. Field study in Hyytiälä, Finland, during a 2007 summer campaign 

 

7.4.1. Hyytiälä site description 

 

Hyytiälä (61º51'N, 24º17'E, 181 m a.s.l.) is a forested site in southern Finland as 

shown in Figure 7.17. It is a “Station for Measuring Forest Ecosystem - Atmosphere 

Relations” (SMEAR), i.e., SMEAR II, and like K-puszta one of the 20 European 

supersites within the EU project EUSAAR. The terrain around the station is 

representative of the boreal coniferous forest, which cover 8% of the earth’s surface 
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and stores about 10% of the total carbon in terrestrial ecosystems. This boreal 

coniferous forest station is relatively flat and the 40-year old Scots pine (Pinus 

sylvestris L.) dominated stand is homogenous for about 200 m in all directions and 

extends 2-3 km in a north-northeast direction. There is a small lake located roughly 1 

km to the west of the station. The largest city near the SMEAR II station is Tampere 

(200,000 inhabitants), which is about 60 km south-southwest from the sampling site. 

Under these conditions, the major local aerosol emission is assumed to be of biogenic 

origin, but the local ambient air quality could be influenced by long-range transport of 

polluted air masses. So, generally it is a good site for studying the formation and 

characteristics of biogenic SOA that is formed from BVOCs. A detailed description of 

this site can be found elsewhere [Mäkelä et al., 1997; Kulmala et al., 2001]. 

 

7.4.2. Samplings and analyses 

 

In summer 2007 a campaign was held by the UGent team in Hyytiälä. Several filter 

samplers, cascade impactors, and on-line instruments were deployed at the SMEAR II 

site. The aerosol samplers were set up on a tower, 14 m above ground level, as shown 

in Figure 7.18. Detailed information about the various samplers and on-line 

instruments is given in Maenhaut et al. [2008a] and Chi [2009]. 

 

Similarly as in the 2006 campaign at K-puszta, low-volume PM2.5 and PM10 filter 

holders, with either a single Nuclepore polycarbonate filter (0.4 µm pore size) or with 

two pre-fired Whatman QM-A quartz fibre filters in series, and a HVDS with double 

(front and back) pre-fired Gelman Pall quartz fibre filters were used (see Table 7.1). 

The samplers were operated in parallel and normally for separate day/night collections, 

with the day-time samplings from 7:30 to 19:40 local time (UTC + 3) and the night-

time samplings from 20:20 to 6:40 local time. The samplings were done from 2 to 30 

August and a total of 51 actual samplings, which included 23 day-time samplings 24 

night-time samplings, and 4 24-h samplings, and of 8 field blank samplings were 

made. 

230 



Chapter 7: Aerosols from three forested sites in Europe 

 

 

 

Figure 7.18. Tower used for the aerosol collections at the Hyytiälä site. 

 

The various analyses on the filter samples were also the same as for the 2006 

campaign at K-puszta (see Table 7.1), except that no PIXE analyses were done at 

UGent on the Nuclepore filter samples. PIXE analyses were done at the University of 

Florence, but the results of them will not really be discussed here; they will only 

briefly be touched upon in the context of the impact from biomass burning aerosols 

(section 7.4.10) and of the aerosol chemical mass closure (section 7.4.12). 
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7.4.3. Meteorological and trace gas data for the Hyytiälä campaign 

 

It remained fairly dry during the entire 2007 summer campaign at Hyytiälä. There 

were 14 days with rain throughout the month of August (i.e., on 1, 3, 12, 15 through 

19, and 26 through 31 August); most of these days, the total amount of rain was less 

than 4 mm; the only exceptions were 28 and 29 August with 8-9 mm. The temperature 

data were taken from a height of 8.4 m above the base of the mast on which the 

sensors were installed. There were sensors at 7 levels above the mast base, ranging 

from 4.2 to 74 m, but the height of 8.4 m corresponded best to the height at which the 

UGent aerosol samplers were installed (the base of the tower was about 4 m lower 

than that of the mast). The mean daily temperature rose from 15 °C on 2 August to 

around 20 °C in the period 6-13 August and decreased down to 8 °C on 29 August, 

with a secondary maximum of 17 °C on 22-24 August. A summary of selected 

meteorological and trace gas data is given in Table 7.20; the temperature and trace gas 

data are for a height of 8.4 m above mast base and the data are based on daily 

averages, except in the case of precipitation, where they are based on daily sums. 

 

Table 7.20. Averages (and associated standard deviations), medians, and ranges of 

daily averaged data for temperature, wind speed, relative humidity, and 

selected inorganic trace gases (O3, NOx, and SO2) during August 2007 

at SMEAR II. The data for precipitation are the average, median, and 

range of the daily summed rainfall. 

 

Parameter Mean ± S.D. Median Range 

Temp. (°C) 15.5 ± 4.4           17.0 6.1 – 21.3 

Wind speed (m/s) at 8.4 m 0.67 ± 0.29             0.61 0.34 – 1.45 

Wind speed (m/s) at 16.8 m 1.95 ± 0.69             1.71 1.05 – 3.71 

Precipitation (mm) 1.2 ± 2.2             0 0 – 8.7 

Relative humidity (%) 78 ± 9           79 59 – 98 

O3 (ppbv) 29 ± 4           29 21 – 36 

NOx (ppbv) 0.76 ± 0.27             0.69 0.30 – 1.56 

SO2 (ppbv) 0.14 ± 0.13             0.10 0.01 – 0.51 
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Figure 7.19. 5-day backward air mass trajectories for arrival at 100 m agl at Hyytiälä 

on 11 and 12 August 2007 

 

 

 

Figure 7.20. 5-day backward air mass trajectories for arrival at 100 m agl at Hyytiälä 

on 13 and 14 August 2007 
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Figure 7.21. Top: MODIS fire map for 11 August 2007 (source: University of 

Maryland). Bottom: Navy Aerosol Analysis and Prediction System 

(NAAPS) surface smoke concentration (in µg/m3) for 11 August 2007: 

18:00 UTC. 
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The air masses came mostly from the west, except in the period from 9 to 14 August, 

when they first showed a recirculation pattern on 11 and 12 August (Figure 7.19) and 

on 13 and 14 August they came from the south (Figure 7.20). During the period of 10-

13 August there was extensive biomass burning in the southern part of European 

Russia (Figure 7.21), which considering the air mass-transport could have affected our 

measurements at the SMEAR II station [Maenhaut et al., 2008a]. 

 

7.4.4. PM mass and carbonaceous and ionic data for the 2007 summer at 

Hyytiälä 

 

Table 7.21 gives the median concentrations and interquartile ranges for the PM mass, 

OC, EC, and water-soluble ionic species for the 2007 Hyytiälä campaign, as derived 

from the PM2.5 and PM10 low-volume samplers. The median PM2.5/PM10 ratios are 

also included in the table. The median PM mass concentrations were 7.2 and 10.2 

µg/m3 in PM2.5 and PM10, respectively. These medians are very close to the medians 

7.7 (PM2.5) and 11.3 µg/m3 (PM10) for the cold period of 2006 summer campaign at 

K-puszta by the same samplers. The temperatures were similar (with maxima not 

more than 23 °C during the 2006 cold period at K-puszta and at most 26 °C at 

Hyytiälä). Our median PM2.5 mass concentration compares also well with the annual 

mean PM2.3 mass concentration of 8.4 µg/m3 that was obtained at a rural site in 

Helsinki by Pakkanen et al. [2001] and with the long-term (1999-2007) mean PM2.5 

mass concentration of 8.7 µg/m3 for the Finnish urban site of Kallio, as reported by 

Niemi et al. [2009]. The median concentrations for OC at Hyytiälä are 2800 and 3400 

ng/m3 in PM2.5 and PM10, respectively, and for EC 72 and 49 ng/m3. Obviously, the 

EC levels are low, at least three times lower than in the K-puszta 2006 campaign (see 

Table 7.7); the OC levels are just in between the data for the cold and warm periods of 

the K-puszta 2006 campaign (see Table 7.7). Carvalho et al. [2003] collected 12-h and 

24-h samples with a PM10 high-volume sampler from 1 to 10 August 2001 at 

Hyytiälä and found OC levels between 1.0 to 4.2 µg/m3 and BC levels from 0.2 to 1.0 
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Table 7.21. Median concentrations and interquartile ranges for the PM mass, OC, 

EC, and water-soluble inorganic and selected organic species, as derived 

from the PM2.5 and PM10 low-volume filter samples with Nuclepore 

polycarbonate or Whatman QM-A quartz fibre filters. DL indicates 

detection limit. 

 

PM2.5 (ng/m3) 
(N = 51) 

PM10 (ng/m3) 
(N = 51) 

PM2.5/PM10 
ratio Species 

Median (interq. range) Median (interq. range) Median 

PM(N)    7200   (4300 – 9100)  10200   (7400 – 12400) 0.67 

OC(Q)    2800   (1590 – 4000)    3400   (2100 – 4700) 0.73 

EC(Q)        72   (34 – 107)        49   (12 – 104) 1.07 

NH4
+      580   (360 – 920)      570   (350 – 790) 1.07 

NO3
-        37   (13.1 – 95)      187   (92 – 480) 0.22 

SO4
2-    1520   (910 – 2300)    1690   (1070 – 2500) 0.92 

MSA–      135   (66 – 171)      145   (98 – 181) 0.84 

Cl-          2.4 (0.62 – 10.2)          5.5 (2.73 – 44) 0.07 

Br-          0.16 (DL – 0.28)          0.13 (DL – 0.34)  

Na+        49   (33 – 85)      116   (57 – 270) 0.39 

Mg2+          1.87 (0.02 – 5.0)        25   (12.5 – 39) 0.13 

K+        24   (11.4 – 45)        52   (33 – 80) 0.48 

Ca2+          9.9 (2.6 – 20)        57   (33 – 131) 0.11 

 

µg/m3; these data are comparable with our results from the 2007 summer campaign at 

the same site, although our EC data are much lower than their BC data, but this is 

likely related to the difference in analysis technique used. It is well-known that EC or 

BC data are quite dependent upon the type of technique used [Chi, 2009]. 

 

The average percentage PM2.5/PM10 ratios and associated standard deviations for the 

PM mass, OC, EC, and water-soluble ionic species for the 2007 Hyytiälä campaign 

are shown in Figure 7.22. There is some similarity with the percentages for the 

K-puszta 2006 campaign (see Figure 7.6), but the percentages for nitrate and Cl- are 

clearly lower at Hyytiälä than in K-puszta. 
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Figure 7.22. Average percentage PM2.5 to PM10 ratios and associated standard 

deviations for the PM mass and carbonaceous and ionic species in the 

2007 summer campaign at Hyytiälä. 
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Figure 7.23. Time series for the PM mass and selected species in PM10 during the 

2007 summer campaign at Hyytiälä. The data come from the low-

volume PM10 sampler with Nuclepore polycarbonate filter, with the 

exception of those for OC, which are derived from the low-volume 

PM10 sampler with quartz fibre filters. 
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Figure 7.23 shows the time series of the PM mass, as derived from the low-volume 

PM10 sampler with Nuclepore filter, OC, and selected ionic species (all in PM10). The 

PM mass and OC tend to follow the temperature to some extent, be it with some delay. 

As indicated above, the highest mean daily temperatures (i.e., of around 20 °C) were 

noted in the period 6-13 August, but the highest levels for the PM mass and OC were 

only observed on 13 August. The PM mass and OC were highly correlated with each 

other (r = 0.86). Although SO4
2- was also highly correlated with the PM mass (r = 0.75), 

its time series is clearly different from that of the PM mass and OC. There are very 

important sources of SO2 in the Kola peninsula (i.e., sulphide smelters) and depending 

on the air mass transport, they could have a substantial impact on the SO4
2- levels in 

Finland [Virkkula et al., 1999]. NH4
+ was very highly correlated with SO4

2- (r = 0.98), 

even better than at our various other sites. Pakkanen et al. [2001] also observed a high 

correlation between SO4
2- and NH4

+ at Hyytiälä. The time series for NO3
- is quite 

different from that of the other components depicted in Figure 7.23. In the periods with 

highest mean daily temperatures (i.e., 6-13 and 22-24 August) low NO3
- levels are 

noted, which are likely due to volatilisation of particulate ammonium nitrate from the 

aerosol phase in those periods. NO3
- was only highly correlated with Na+ (r = 0.84) and 

Mg2+ (r = 0.77), suggesting reactions of HNO3 with sea-salt aerosol particles. Such 

reactions were observed by Ricard et al. [2002b] for the Sevettijärvi site in northern 

Finland. Also the time series for K+ is very different from that of the other components 

of Figure 7.23. K+ was only highly correlated (r = 0.75) with NOx, suggesting an 

important contribution from combustion sources. The impact from combustion sources 

will be discussed in more detail in section 7.4.10 below. 

 

7.4.5. Discussion of the ionic data from the PM2.5 and PM10 samples 

 

The median SO4
2- concentrations are 1520 and 1690 ng/m3 for PM2.5 and PM10, 

respectively; the PM2.5 median is similar to the median of 1640 ng/m3 obtained in the 

cold period of the 2006 summer campaign at K-puszta, but only half of those for the 

2003 campaign (3400 ng/m3) and the warm period of the 2006 campaign (3700 ng/m3) 
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at K-puszta; it is also substantially lower than the PM2.5 median of 2700 ng/m3, 

which was derived from the HVDS samples in Brasschaat. The mean SO4
2- 

concentration in PM2.5 at Hyytiälä is 1680 ng/m3, which is clearly lower than the 

mean of 2200 ng/m3 in PM2.3 in late spring and summer at a rural site in Helsinki, as 

found by Pakkanen et al. [2001]. The relatively low SO4
2- concentration at Hyytiälä 

when compared to K-puszta or Brasschaat indicates that the SMEAR II station is less 

affected by anthropogenic SO4
2- than our other two forested sites. The median NO3

- 

concentrations are 37 and 187 ng/m3 in PM2.5 and PM10, respectively; these data are 

much lower than the corresponding data from K-puszta (see Tables 7.2 and 7.7) or the 

HVDS PM2.5 median from Brasschaat (650 ng/m3, see Table 7.16). The low nitrate 

concentrations at Hyytiälä together with the low EC levels indicate that the impact 

from high-temperature combustion (including from traffic) is quite small at the 

SMEAR II station. The median NH4
+ concentrations are 580 and 570 ng/m3 for 

PM2.5 and PM10, respectively. The PM2.5 NH4
+ median concentration at SMEAR II 

is substantially lower than at K-puszta (850 and 1560 ng/m3 for the cold and warm 

periods of the 2006 summer campaign; 1630 ng/m3 in 2003) and Brasschaat (1080 

ng/m3 from the HVDS samples). This may in part be due to the lower source strengths 

for NH3 in the Hyytiälä region and in part by the lower levels of SO4
2- and NO3

- with 

which the gaseous NH3 could react. Of the major inorganic ions listed in Table 7.21, 

SO4
2- and NH4

+ are mostly present in the fine size fraction (PM2.5) and NO3
- mainly 

in the coarse size fraction (PM10-2.5) (see Table 7.21 and Figure 7.22). Thus, 

(NH4)2SO4 was the major fine inorganic component at Hyytiälä site. There was 

sufficient NH4
+ present to neutralise all fine SO4

2- and NO3
-. The equivalent ratio of 

NH4
+ to the sum of SO4

2- and NO3
- in PM2.5 was, on average, 0.98 ± 0.16. 

 

Of the minor ions, Na+ and K+ exhibited medians of 49 and 24 ng/m3 in PM2.5 and of 

116 and 52 ng/m3 in PM10. The Na+ levels in both size fractions at Hyytiälä are 

higher than at K-puszta site and lower than at Brasschaat, indicating that the site is 

more impacted by marine aerosols than K-puszta, but less than Brasschaat. K+ has 

many possible sources, including mineral dust, sea salt, and biomass burning 
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[Andreae, 1983]. The median K+ concentrations at Hyytiälä were 24 ng/m3 in PM2.5 

and 52 ng/m3 in PM10. The PM2.5 median is comparable with the PM2.5 median 

data of 33 ng/m3 during the cold period and of 54 ng/m3 during the warm period of the 

2006 summer campaign at K-puszta and also with the median in PM2 of 37 ng/m3 for 

the 2003 summer campaign at K-puszta. The mean value for K+ in PM2.5 is 71 ng/m3, 

which is comparable to the mean value of 52 ng/m3 in PM2.3 found at a rural site near 

Helsinki by Pakkanen et al. [2001]. There was quite some variability in the K+ data of 

Hyytiälä, though, as can be seen from the time series for PM10 K+ in Figure 7.23 and 

as will be further discussed in section 7.4.10. The median concentrations for Mg2+ and 

Ca2+ are 1.9 and 9.9 ng/m3 in PM2.5 and 25 and 57 ng/m3 in PM10. These data for 

Mg2+ are very similar to the corresponding data from the cold period of the 2006 

summer campaign at K-puszta and the PM2.5 data are also very similar to the data 

from the 2007 HVDS samples of Brasschaat. In contrast, Ca2+ at Hyytiälä is lower 

than at Brasschaat site (27 ng/m3 in PM2.5) and much lower than at K-puszta (96 

ng/m3 in the fine size fraction and 700 ng/m3 in PM10 for the 2003 campaign, and 26 

ng/m3 in PM2.5 and 164 ng/m3 in PM10 during the cold period of the 2006 campaign 

and 125 ng/m3 in PM2.5 and 750 ng/m3 in PM10 samples the during warm period of 

this campaign). Both Mg2+ and Ca2+ were at Hyytiälä mainly present in the coarse size 

fraction (PM10-2.5). Mg2+ and Ca2+ may like Na+ have contributions from both sea 

salt and mineral dust. The median Mg2+/Na+ ratio in PM10 was 0.134, which is only 

slightly larger than the Mg/Na ratio of 0.12 for sea water [Riley and Chester, 1971]; in 

contrast, the median Ca2+/Na+ ratio in PM10 was 0.43 and more than an order of 

magnitude larger than the Ca/Na ratio of 0.038 for sea water. Considering that the 

Mg/Na and Ca/Na ratios in average crustal rock are 0.74 and 1.28 [Mason, 1966], this 

suggests that PM10 Mg2+ was like PM10 Na+ mostly from sea-salt origin and that the 

PM10 Ca2+ was mostly due to airborne soil dust. The median ratio in PM10 for 

K+/Na+ was 0.40 and also more than an order of magnitude larger than the K/Na ratio 

in sea water. The Cl-/Na+ ratio in PM10 exhibited a median of 0.08 and an 

interquartile range of 0.03-0.26. All these ratios are much lower than the Cl/Na ratio 
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of 1.80 in sea water, indicating that the sea salt was quite aged after long-range 

transport and had been subjected to substantial Cl loss processes. 

 

7.4.6. Carbonaceous and ionic data for the HVDS samples for the Hyytiälä 

campaign and comparison with the data from the low-volume PM2.5 

samples 

 

As indicated in Table 7.1, the front and back filters from the PM2.5 size fraction of 

the HVDS were subjected to analyses for carbonaceous species (TC, OC, EC, WSOC) 

by TOT and TOC and for ionic species by IC using the DX-600/ICS-2000 

combination. From the analyses for OC it was evident that the PM2.5 data for the 

HVDS were substantially lower than those from the low-volume PM2.5 samples with 

quartz fibre filters collected in parallel [Chi, 2009]. Also the HVDS PM2.5 for SO4
2- 

appeared to be substantially lower than those derived from the low-volume PM2.5 

samples with Nuclepore polycarbonate filters collected in parallel. Substantial 

systematic differences between PM2.5 OC data from our low-volume samplers and 

the HVDS have been found in some campaigns [Decesari et al., 2006; Chi, 2009] and 

have been attributed to a systematic overestimation in the air volume measurement for 

the HVDS in those campaigns. It was clear that this overestimation in air volume and, 

as a consequence, the underestimation in the concentration data was quite substantial 

for the campaign at Hyytiälä. It was larger than in any of our other campaigns. The 

PM2.5 HVDS OC and SO4
2- data were, on average, only 71% of the data from the 

low-volume samplers. It was therefore decided to divide all HVDS data from Hyytiälä 

by 0.71. All HVDS data presented from here on are such corrected data. The median 

concentrations and interquartile ranges for the various species in the PM2.5 front 

filters of the 2007 campaign at Hyytiälä are given in Table 7.22. The latter data will 

be compared with those obtained for the HVDS samples from the other European 

forested sites in section 7.5.1 below and be discussed there. 
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Table 7.22. Front filter median concentrations and interquartile ranges (in ng/m3) 

and medians and interquartile ranges for the back/front filter 

concentration ratio for the PM2.5 size fraction of the HVDS samples 

from the 2007 summer campaign at Hyytiälä. 

 

Species Front filter conc. Back/front ratio 

TC         2600   (1650 – 3400) 0.15 (0.13 – 0.19) 

OC         2400   (1540 – 3300) 0.16 (0.14 – 0.20) 

EC           164   (101 – 191) 0.00 (0.00 – 0.00) 

WSOC         1570   (870 – 2100) 0.17 (0.11 – 0.28) 

NH4
+           520   (280 – 1880) 0.00 (0.00 – 0.01) 

SO4
2-         1640   (930 – 2300) 0.00 (0.00 – 0.00) 

NO3
-             71   (45 – 106) 0.25 (0.13 – 0.36) 

Na+             55   (35 – 84) 0.00 (0.00 – 0.06) 

Mg2+               3.5 (1.91 – 5.0) 0.00 (0.00 – 0.00) 

K+             47   (14.2 – 77)  

Ca2+             22   (15.1 – 37) 0.00 (0.00 – 0.00) 

MSA-             45   (31 – 58) 0.06 (0.02 – 0.10) 

Oxalate           104   (67 – 132) 0.01 (0.01 – 0.02) 

Malonate             19.8 (10.0 – 33) 0.09 (0.02 – 0.17) 

Succinate             12.6 (4.4 – 23) 0.02 (0.01 – 0.06) 

Glutarate               7.0 (5.0 – 8.8) 0.07 (0.00 – 0.15) 

 

Table 7.23. Ratio IC (HVDS PM2.5 front filter)/(PM2.5 low-volume sampler) for 

the Hyytiälä 2007 campaign. 

 

 Median  Interquartile range 

Cl- 4.7 0.99 - 9.8 

NO3
- 1.89 0.94 - 3.2 

SO4
2- 1.02 0.96 - 1.07 

NH4
+ 0.86 0.71 - 0.93 

Na+ 1.02 0.89 - 1.18 

Mg2+ 0.84 0.20 - 1.58 

K+ 1.17 0.82 - 2.3 

Ca2+ 1.74 0.78 - 3.3 
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Figure 7.24. Scatter plots of the HVDS PM2.5 front filter data versus the low-volume 

PM2.5 Nuclepore filter data for SO4
2- and NH4

+ in the 2007 campaign at 

Hyytiälä. The HVDS data are from IC analysis with the DX-600/ICS-

2000 combination, whereas the Nuclepore filter data come from IC 

analysis with the Dionex 4500i. 

 

The HVDS PM2.5 front filter data for the inorganic anions and cations were 

compared with the corresponding data that were obtained by IC of the low-volume 

PM2.5 sampler. The ratios (HVDS PM2.5 front filter)/(PM2.5 low-volume sampler) 

were calculated for each sample pair. The medians and interquartile ranges for the 
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ratios are given in Table 7.23 and scatter plots of the results of the HVDS PM2.5 front 

filter versus the PM2.5 low-volume sampler for the species SO4
2- and NH4

+ are shown 

in Figure 7.24. As was the case for the K-puszta campaign, there is very good agreement 

between the data from the two types of samplers and the two types of IC analyses for 

SO4
2-. There is also good agreement for Na+ and reasonable agreement for NH4

+. For 

NO3
- there is poor agreement, much less than for the K-puszta campaigns. It should 

be taken into consideration, though, that the NO3
- levels were much lower at Hyytiälä 

than in K-puszta. The agreement for Cl- is also much poorer than at K-puszta. As to 

the cations K+ and Ca2+, the agreement is now better than in the 2003 K-puszta 

campaign, but roughly the same as in the 2006 K-puszta campaign. For Mg2+ the 

agreement is now better than in both K-puszta campaigns. It may be concluded that the 

agreement could overall still be better for the cations Mg2+, K+, and Ca2+. As already 

indicated in section 7.2.11, it is believed that the PM2.5 data that were derived from the 

Nuclepore filters are better than those from the quartz fibre filters for the cations Na+, 

Mg2+, K+, and Ca2+ because of the lower filter blank levels. 

 

The mean and median of the summed concentrations of the 4 measured DCAs for 

Hyytiälä are 147 ng/m3. Oxalate is the dominant one of the 4 measured DCAs. Its 

median concentration is 104 ng/m3; it is followed by malonate with a median of 19.8 

ng/m3, then succinate with 12.6 ng/m3, and finally glutarate with 7.0 ng/m3. Our DCA 

concentration values for Hyytiälä are about a factor of two higher than the PM2.3 

mean data obtained by Pakkanen et al. [2001] for late spring and summer at a rural 

site near Helsinki. Their means were 66, 5.9, 7.7, and 2.6 ng/m3 for oxalate, malonate, 

succinate, and glutarate, respectively. 

 

7.4.7. Correlations between the various species for the HVDS samples from 

the Hyytiälä campaign 

 

Table 7.24 gives the separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the PM2.5 front 
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filters of the HVDS samples of the 2007 summer campaign in Hyytiälä. Whereas 

SO4
2- was highly correlated with oxalate, succinate, and the sum of the 4 DCAs in the 

campaigns of 2006 at K-puszta and of 2007 in Brasschaat, this is not the case in 

Hyytiälä, suggesting that the source areas or source processes are now somewhat 

different. As indicated in section 7.4.4 above, for SO4
2-, there may have been some 

impact from the SO2 emissions from sulphide smelters in the Kola peninsula and 

these smelters are certainly not sources of DCAs. 

 

Table 7.24. Separate day-time and night-time correlation coefficients between 

WSOC, SO4
2-, individual DCAs, and the sum of the 4 DCAs for the 

PM2.5 front filters of the HVDS samples from the 2007 summer 

campaign in Hyytiälä. Correlation coefficients with absolute value larger 

than 0.90 are marked in bold. 

 

Day WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.46 1.00      

Oxal. 0.87 0.64 1.00     

Malon. 0.87 0.34 0.76 1.00    

Succin. 0.85 0.29 0.76 0.95 1.00   

Glutar. 0.45 -0.10 0.36 0.62 0.69 1.00  

4 DCAs 0.92 0.56 0.97 0.88 0.88 0.50 1.00

Night WSOC SO4
2- Oxal. Malon. Succin. Glutar. 4 DCAs 

WSOC 1.00       

SO4
2- 0.27 1.00      

Oxal. 0.87 0.59 1.00     

Malon. 0.93 0.30 0.85 1.00    

Succin. 0.91 0.26 0.88 0.94 1.00   

Glutar. 0.65 -0.05 0.47 0.71 0.72 1.00  

4 DCAs 0.92 0.50 0.98 0.93 0.94 0.59 1.00

 

WSOC is highly to very highly correlated with the sum of the 4 DCAs, oxalate, 

malonate, and succinate during both day and night, but that between WSOC and 

glutarate is weaker than at Brasschaat; in K-puszta there was a high negative 



Chapter 7: Aerosols from three forested sites in Europe 
 

correlation between WSOC and glutarate. With regard to the individual DCAs, high 

correlations are noted between oxalate and both malonate and succinate; at K-puszta 

and Brasschaat very high correlations were seen between oxalate and succinate. The 

correlations between malonate and succinate are now very high (r around 0.95) and 

clearly higher than at the other two forested sites. The high correlations observed at 

Hyytiälä between oxalate, malonate, and succinate strongly support the hypothesis of 

a common production of these DCAs through aqueous phase chemistry of glutaric 

acid as proposed by Kerminen et al. [1999]. 

 

The correlations between NH4
+ and the individual DCAs (or their sum) were very 

similar to those between SO4
2- and the DCAs and thus rather weak. It appeared from 

the equivalent ratios between NH4
+ and SO4

2- that there was just about enough NH4
+ 

to fully neutralise the SO4
2-. As a consequence, these two species were very highly 

correlated with each other and the correlations of NH4
+ with the DCAs did not really 

differ from those of SO4
2- with the DCAs. 

 

Table 7.25. Day-time and night-time median concentrations (in ng/m3) in the PM2.5 

front filters of the HVDS samples from Hyytiälä. 

 

Front filter NO3
- SO4

2- WSOC Oxal. Malon. Succin. Glutar. MSA- 

All 71 1640 1570 104 19.7 12.6 7.0 45 

Day-time 74 1670 1970 101 23 15.2 7.7 47 

Night-time 75 1680 1590 117 19.2 13.3 7.0 43 

 

7.4.8. Diurnal variation for the carbonaceous and ionic species 

 

Table 7.25 shows the median concentrations for NO3
-, SO4

2-, WSOC, the 4 DCAs, 

and MSA-, as derived from the PM2.5 front filters of the HVDS samples from 

Hyytiälä. Separate medians are given for all samples and for the day-time and night-

time samples. For WSOC, malonate, succinate, glutarate, and MSA- the day-time 

medians are somewhat higher (around 10-20%) than the night-time medians, for 
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nitrate and sulphate, the medians are nearly identical and for oxalate, the day-time 

median is 14% lower than the night-time median. The observation for oxalate 

resembles those for the 2003 and 2006 campaigns at K-puszta. Oxalic acid may be 

produced by the degradation of malonic, succinic, and glutaric acids [Kawamura and 

Sakaguchi, 1998; Kawamura et al., 2001]. This degradation is likely more important 

at the higher relative humidities during the night when aqueous-phase reactions are 

favoured [Carlton et al., 2007]. As a consequence, the degradation processes will lead 

to a night-time increase in the concentration of oxalate and night-time decrease in the 

concentrations of malonate, succinate and glutarate. 

 

7.4.9. Effects for DCA formation 

 

The median concentrations for the sum of the 4 DCAs, as derived from the HVDS 

PM2.5 front filters, are 147 ng/m3 for the Hyytiälä campaign and 148 ng/m3 for the 

Brasschaat campaign and the mean concentrations are 147 and 225 ng/m3, 

respectively. The sum of the 4 DCAs is thus at the same level at the two forested sites. 

However, this does not imply at all that the individual DCAs at the two sites have the 

same origin and/or formation pathways. 

 

The gas/particle partitioning of the DCAs depends not only on the physical and 

chemical characteristics of the individual organic acids (vapour pressure, water 

solubility, acidity constant, etc.), but also on the composition of the aerosol, such as 

its water content (which affect its sorption properties). At higher ambient relative 

humidity, the aerosol particles will be converted into droplets in which the gas-phase 

organic acids can dissolve, thus promoting gas-to-particle conversion [Bao et al., 

2009]. For the Hyytiälä campaign there was a high correlation between the 

concentration of H2O vapour in the air and the C2-C4 DCAs (and also the sum of the 

4 DCAs); e.g., the correlation between H2O and oxalate was with r = 0.80. This 

suggests that water vapour played a role in the production of the DCAs at Hyytiälä. 

The correlation between the ambient temperature and the DCAs was substantially 
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lower than that between H2O and the DCAs. For example, it was only 0.50 between 

ambient temperature and oxalate. This suggests that temperature was less important 

than water vapour in the production of DCAs during the 2007 summer campaign at 

Hyytiälä. 

 

Besides water vapour and temperature, also inorganic ions may exert some influence 

on the DCA levels; SO4
2- and NH4

+ may affect the DCA formation because they can 

enhance the surface area and polarity of the existing particles, causing gas-phase 

organic acids to be easily adsorbed and absorbed [Bao et al., 2009]. Although the 

DCA concentration levels were similar in our Hyytiälä and Brasschaat campaigns, for 

SO4
2- much lower PM2.5 concentrations were noted at Hyytiälä than at Brasschaat 

(medians of 1640 and 2700 ng/m3, respectively). Thus, the DCA production was less 

influenced by SO4
2- (which is essentially from anthropogenic origin) at Hyytiälä than 

that at Brasschaat. It is also thought that the DCAs are mainly from biogenic origin at 

Hyytiälä whereas there may have been a substantial anthropogenic contribution at 

Brasschaat. As to the K-puszta site, high concentrations were noted for NO3
- and 

SO4
2-, which are typical anthropogenic species; so, the DCA concentrations there may 

be partly from anthropogenic origin. 

 

7.4.10. Observation of biomass burning aerosols from long-range transport 

during the Hyytiälä campaign 

 

The composition and mass concentrations of fine particles (PM2.5) are substantially 

affected by long-range transport (LRT), especially in areas with low local emissions 

[WHO, 2006; Yttri and Aas, 2006]. LRT can cause high PM2.5 concentration peaks 

when air masses arrive during suitable meteorological conditions (no rain and weak 

mixing of air masses) from regions with high emissions of particles and/or their 

precursor gases. 
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In general, atmospheric PM2.5 concentrations are low in Finland. For instance, the 

annual mean PM2.5 concentrations are ~10–12 µg/m3 at urban traffic sites of Helsinki 

and only ~7–8 µg/m3 at a rural background site (Luukki) near Helsinki [Laakso et al., 

2003; Myllynenet al., 2007]. In Finland, anthropogenic emissions of fine particles are 

also low when compared with the more polluted regions of Europe [EMEP, 2006]. 

However, the daily particle concentrations in Finland vary substantially due to LRT; 

even in the urban areas of Helsinki, 50–75% of the PM2.5 mass originates from LRT 

[Vallius et al., 2003; Karppinen et al., 2004]. During the strongest LRT pollution 

episodes, the 24-h mean particle mass concentrations multiply compared with the 

annual mean levels [Niemi et al., 2004; 2005; 2009; Saarikoski et al., 2007; Anttila et 

al., 2008]. 
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Figure 7.25. Time series for the PM mass, OC, oxalate, and Zn (all in PM2.5) and for 

K+ in PM2.5 and PM10 during the 2007 summer campaign at Hyytiälä. 

 

There are some good indicators for biomass burning, such as OC, BC, K+, oxalate, 

and Zn [Andreae, 1983; Maenhaut et al., 1996b; 1996c; Graham et al., 2002; Kuokka 

et al., 2007]. Among them, water-soluble K+ is one of the most significant fingerprints 

of biomass burning aerosols in fine particles. In our samples from Hyytiälä, water-

soluble K+ showed a huge variation, which was much larger than that for fine PM or 

fine OC (see Figure 7.25). Fine K+ varied over a factor of almost 300, and its median 
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concentration and concentration range were 24 (2.5–690) ng/m3. The 5 samples with 

the highest fine K+ levels were those collected in the night of 8 August, from the day-

time of 12 till the day-time of 13 August (3 samples), and in the night of 20 August. 

These 5 samples exhibited K+ concentrations in PM2.5 of over 200 ng/m3 and the PM10 

K+ consisted, on average, for 83 ± 5% of fine K+ for those 5 samples, whereas the 

median PM2.5/PM10 percentage ratio and interquartile range for K+ over all samples 

were 48 (35 – 58) %. The high concentrations and the high PM2.5/PM10 percentage 

ratios for the 5 samples suggest that there was a large contribution in these samples of a 

particular source of K+, which must have been biomass burning. It is further noteworthy 

that there are 3 samples in a row that exhibit these high fine K+ levels and that these 3 

samples were taken when there was air mass transport over the southern part of 

European Russia. Considering the intensive biomass burning in the southern part of 

European Russia (Figure 7.21), when the air masses passed over there, it is quite likely 

that the high fine K+ levels in those 3 samples were to a large extent due to the biomass 

burning there. Also included in Figure 7.25 is the time series of fine oxalate, which is 

often also considered a good tracer of biomass burning [e.g., Kuokka et al., 2007]. The 

time series of oxalate shows little resemblance with that of fine K+; it rather follows that 

of fine OC. Although part of the oxalate may well be derived from biomass burning for 

the five samples indicated above, it seems that most of the fine oxalic acid and also most 

of the fine OC are derived from other sources. The time series of fine Zn, another 

indicator for biomass burning [e.g., Maenhaut et al., 1998b; 1996c], is also shown in 

Figure 7.25. Although the picture for fine Zn is less clear than that for fine K+, the 5 

samples with highest fine K+ levels also exhibit high fine Zn concentrations. 

 

Due to the LRT of biomass burning aerosols, the concentrations of a number of 

species (i.e., K+, oxalate, and Zn) were definitely enhanced during 1.5 days of our 

2007 summer campaign at the SMEAR II station. It is quite likely that the LRT had 

also some impact on the concentrations of various other species. Levoglucosan, a 

well-known organic indicator species for biomass burning [Simoneit et al., 1999], was 

almost certainly much enhanced during those 1.5 days. Although the SMEAR II site 
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may be considered a site which is generally affected little by anthropogenic impact, 

LRT events may occur and they should be taken into consideration when studying 

biogenic particles at this site. However, when comparing the concentrations of the 

various species at our three forested sites studied and in particular the concentrations 

of typical anthropogenic species such as nitrate and sulphate, it appears that the 

SMEAR II site is definitely less affected by anthropogenic impacts than the other two 

sites. 

 

Table 7.26. Carbon percentage contribution of WSOC to OC and of organic species 

to the WSOC and OC for the fine size fraction of the HVDS samples 

collected in the 2007 summer campaign at Hyytiälä. 

 

 Mean ± S.D. Median (range) 

WSOC C% of OC 63 ± 7.0 64 (48 - 80) 

MSA- C% of WSOC 0.49 ± 0.40 0.36 (0.06 - 1.95) 

Oxalate C% of WSOC 1.69 ± 0.58 1.62 (0.63 - 3.59) 

Malonate C% of WSOC 0.40 ± 0.17 0.42 (0.04 - 0.73) 

Succinate C% of WSOC 0.30 ± 0.17 0.33 (DL - 0.60) 

Glutarate C% of WSOC 0.25 ± 0.15 0.20 (0.06 - 0.69) 

   

∑(MSA- + 4 DCAs) C% of WSOC 3.1 ± 0.97 3.0 (1.19 - 6.3) 

∑(MSA- + 4 DCAs) C% of OC 1.96 ± 0.56 1.93 (0.72 - 3.3) 

 

7.4.11. Contribution to the OC and WSOC from the organic species measured 

by IC 

 

Table 7.26 presents the carbon percentage contribution of WSOC to the OC and of the 

organic species to the WSOC and OC for the PM2.5 front filters of the HVDS 

samples from the 2007 summer campaign at Hyytiälä. On average, 63% of the organic 

carbon was water-soluble, which is very similar to the 61 obtained in the 2003 

campaign and identical to the 63% in the warm period of the 2006 campaign at 

K-puszta; it is substantially higher than the 51 obtained in the cold period of the 2006 

251 



Chapter 7: Aerosols from three forested sites in Europe 
 

campaign at K-puszta and in 2007 campaign at Brasschaat. MSA- and the four 

dicarboxylic acids measured accounted, on average, for 3.1% of the carbon in the 

WSOC. This percentage contribution is lower than at K-puszta (5.2% in 2006, Table 

7.15) and at Brasschaat (8.0%, Table 7.19). The mean carbon contribution of oxalate 

to the WSOC is 1.69%, which is lower than the data obtained at the other two forested 

sites (2.9% at Brasschaat, 2.1% at K-puszta in 2003, and 2.0% at K-puszta in 2006). 

The mean percentage carbon contributions to the WSOC from malonate, succinate, 

and glutarate are 0.40, 0.30, and 0.25%, respectively, at Hyytiälä, which are all lower 

than the corresponding data at our other two forested sites (except for glutarate at 

K-puszta). This all seems to suggest that a larger part of the DCAs may be from 

anthropogenic sources at those two other sites. 

 

7.4.12. Aerosol chemical mass closure for the 2007 summer campaign at 

Hyytiälä 

 

The data of the PM mass and of a number of particulate species and elements in the 

PM2.5 and PM10 low-volume filter samples were used to examine to what extent 

aerosol chemical mass closure could be obtained. This exercise was done for each 

individual sample and for both PM2.5 and PM10 and also for the coarse (PM10-2.5) 

aerosol, whereby the data for the latter were obtained by subtracting the PM2.5 data 

from the PM10 data. Seven aerosol types (components) were considered in the mass 

closure calculation, i.e., (1) organic aerosol (or OM), which was estimated as 1.8 OC 

(it was decided to use the same OC-to-OM conversion factor as at K-puszta); (2) EC; 

(3) non-sea-salt (nss) sulphate; (4) ammonium; (5) nitrate; (6) sea salt, estimated as 

Cl- + 1.4486 Na+, whereby 1.4486 is the ratio of the concentration of all elements 

except Cl- in sea salt to the Na+ concentration in sea salt; and (7) crustal matter (or 

mineral dust). Since there were no data available for the elements that are normally 

used to estimate crustal matter (e.g., Al, Si, Ti, Fe), this component was obtained by 

multiplying nss-Ca2+ by 10. Although the concentration of Ca2+ in mineral dust 

aerosol is somewhat variable, a concentration of 10% is in the middle of the range 
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given by Guinot et al. [2007a]. In any case, it is clear that our estimation of the crustal 

component has a substantial associated uncertainty, which could easily be of the order 

of 30% or more. The average concentrations of the various aerosol types (and of the 

unexplained gravimetric PM mass) are shown in Figure 7.26, and this separately for 

the PM2.5, PM10, and coarse aerosol. The percentage contributions of the various 

components to the average gravimetric PM mass are given in Figure 7.27. The 

reconstructed PM mass concentration for PM2.5 was 13% larger than the gravimetric 

PM mass. The over-estimation must be related to the estimation of OM because the 

other estimated components, i.e., sea salt and crustal matter only account for a rather 

small amount of aerosol mass. Thus, it seems that a smaller OC-to-OM conversion 

factor than 1.8 should be used for the PM2.5 OC; adjusting the factor to 1.6 would 

seem reasonable here. 
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Figure 7.26. Average concentrations of 7 aerosol types during the 2007 summer 

campaign at SMEAR II, and this separately for the PM2.5, PM10, and 

coarse (PM10-2.5) aerosol. 
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Figure 7.27. Percentage contributions of the various components to the average 

gravimetric PM mass for the 2007 summer campaign at SMEAR II, and 

this separately for the PM2.5, PM10, and coarse (PM10-2.5) aerosol. 

 

OM is clearly the dominant component in both PM2.5 and PM10; it accounts for 73% 

and 64% of the average gravimetric PM mass in PM2.5 and PM10, respectively. The 

OM percentage contribution to PM2.5 at SMEAR II is much higher than those 

(ranging from 40% to 50%) at our other two forested sites. The high OM percentage 

contribution to PM2.5 at SMEAR II emphasises the importance of biogenic emissions. 

Following OM in both size fractions is nss-sulphate; it contributed with 25% and 

17.3% to the average gravimetric PM mass in PM2.5 and PM10, respectively. In the 

coarse aerosol, OM is still the most important component (with 48%), but is now 

followed by crustal matter (with 28%); the two percentages are quite similar to the 

46% and 25% obtained for the cold period of the 2006 summer campaign at K-puszta. 

Sea salt and nitrate are also fairly important in the coarse size fraction, with 

contributions of 6.3% and 6.6%, respectively. 
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7.4.13. Conclusions for the study at Hyytiälä 

 

Fifty-one parallel samplings were performed with low-volume PM2.5 and PM10 

samplers and with a HVDS during the 2007 summer campaign at the SMEAR II 

station in Hyytiälä, Finland. The median PM mass concentrations were 7.2 µg/m3 and 

10.2 µg/m3 for PM2.5 and PM10, respectively. The most important component in 

both PM2.5 and PM10 was OM, followed by sulphate. OM was also the prevailing 

component in the coarse size fraction, but crustal matter was the second component 

here. Secondary inorganic ions (mainly nss-sulphate and ammonium with a minor 

fraction of nitrate) were the major ionic species in the fine size fraction and in PM10; 

they accounted for 35% to the PM2.5 mass and for 26% to the PM10 mass. 

Carbonaceous aerosols contributed even more (with 73% to PM2.5 and 64% to 

PM10). The huge contribution from OM to PM2.5 and PM10 aerosols is thought to 

originate mainly from biogenic emissions, whereby a very large fraction of the PM2.5 

OM may be made up by SOA. 

 

Besides the inorganic water-soluble species, MSA- and the C2 to C5 DCAs oxalate, 

malonate, succinate, and glutarate were quantified in the PM2.5 filters of the HVDS 

samples. The sum of the 4 DCAs in the PM2.5 front filters ranged from 5.8 ng/m3 up 

to 260 ng/m3, with 147 ng/m3 as both median and mean values. MSA- and the 4 DCAs 

accounted for 3.1% of the carbon in the WSOC. Oxalate was responsible for more 

than half of this percentage, it accounted for 1.7%. 

 

WSOC was highly correlated with the sum of the 4 DCAs (r = 0.92 for both day-time 

samples and night-time samples) and also with the individual DCAs. The correlation 

between WSOC and the individual DCAs was somewhat better for the night-time 

samples than for the day-time samples, suggesting that aqueous phase reactions play a 

role in the DCA formation. 
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It was found that at least 3 samplings were affected by long-range-transport of 

biomass burning aerosols from the southern part of European Russia. This transport 

led to much enhanced concentrations of fine K+, which is considered a good indicator 

for biomass burning, and also to enhanced concentrations of oxalate and Zn, which 

are also enriched in biomass burning aerosols. The composition of the OM was likely 

substantially impacted by this LRT for the 3 samplings. 

 

Overall, the SMEAR II forested site at Hyytiälä can be considered as a good site for 

studies on biogenic aerosols. It is affected little by anthropogenic emissions, has 

relatively low PM mass concentrations, and also low concentrations of secondary 

inorganic aerosols in the ambient air. Occasionally, air masses with biomass burning 

aerosols are advected by LRT from a southern direction and these may substantially 

affect the local air quality [Niemi et al., 2009]. Local anthropogenic emissions can be 

ignored and local and regional biogenic emissions are the principle contributors to the 

PM in summer. 

 

7.5. Comparison of the HVDS data from the campaigns at three forested 

sites 

 

7.5.1. Sampling artifacts 

 

It is well-known that the collection of carbonaceous aerosols on quartz fibre filters is 

prone to both positive and negative artifacts. Many studies have been done on 

assessing the sampling artifacts for organic carbon [e.g., Turpin et al., 2000; Mader et 

al., 2003; 2004; Subramanian et al., 2004; Viana et al., 2006a] and occasionally 

studies have been performed on the artifacts for WSOC [e.g., Viana et al, 2006b; 

Mkoma, 2008; Chi, 2009]. However, it is rare that such studies are carried out on 

individual organic species. Examples of the latter types of studies are those by 

Limbeck et al. [2001; 2005], who used a tandem filter set-up (i.e., a set-up with two 

quartz fibre filters in series) at a rural background site in South Africa and at the urban 
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site of Vienna, Austria, and measured DCAs and other polar organic species on the 

front and back quartz fibre filters. Substantial amounts of some species were found on 

the back filter. The average back/front ratios of oxalate, malonate, succinate, and 

glutarate were 0.14, 0.01, 0.26, and 0.38, respectively, for the rural background site in 

South Africa [Limbeck et al., 2001] and 0.057, 0.009, 0.16, and 0.35 for the uban site 

of Vienna [Limbeck et al., 2005]. The authors attributed the DCA concentrations to 

the adsorption of gaseous organic species and concluded that the dicarboxylic acids 

have a semi-volatile behaviour. 

 

In our HVDS samplings at the three different forested sites in Europe, i.e., K-puszta, 

Brasschaat, and Hyytiälä, use was also made of front and back filters, so that it could 

be assessed whether similar front/back ratios were obtained as found by Limbeck et al. 

[2001; 2005]. In both our samplings and in the samplings of Limbeck et al. [2001; 

2005], pre-fired Gelman Pall 2500 QAT-UP quartz fibre filters were used. On the 

other hand, there were also substantial differences, including sampler type, filter area, 

sampling face velocity, and collection time per sample. Limbeck et al. [2001; 2005] 

made use of 47-mm diameter TSP filter samplers; the face velocity for the samplings 

in South Africa was 22 cm/s and the collection time per sample there was 1 week; in 

Vienna, the face velocity was 51 cm/s and the collection time per sample was 36 h. In 

our HVDS samplings, the face velocity was 80 cm/s and the collection time per 

sample typically 12 h. It is thought that the back/front filter ratios decrease with 

increasing face velocity and also with increasing sampling time [Turpin et al., 2000]. 

The back/front filter percentage ratios obtained for the C2-C5 DCAs in our samplings 

and in the samplings of Limbeck et al. [2001, 2005] are compared with each other in 

Figure 7.28. Also included in the figure are our back/front ratios for MSA-. Our data 

for the various species are medians and interquartile ranges, whereas the data of 

Limbeck et al. [2001; 2005] are averages. Figure 7.29 shows the comparison for the 

three inorganic species SO4
2-, NH4

+, and NO3
-, and for TC and WSOC. Note that 
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Figure 7.28. Medians and interquartile ranges for the back/front filter percentage 

ratio for MSA- and 4 DCAs in our several campaigns (KP stands for 

K-puszta; Brass for Brasschaat, Belgium; Fin for Hyytiälä, Finland) and 

mean back/front percentage ratios in the studies of Limbeck et al. [2001; 

2005]. 
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Figure 7.29. Medians and interquartile ranges for the back/front filter percentage 

ratio for 3 inorganic species and TC and WSOC in our several 

campaigns (KP stands for K-puszta; Brass for Brasschaat, Belgium; Fin 

for Hyytiälä, Finland) and mean back/front percentage ratios in the study 

of Limbeck et al. [2001]. 

 

Limbeck et al. [2005] provided no back/front data for these species and that Limbeck 

et al. [2001] only gave data for sulphate and TC. 

 

Our median back/front percentage ratios for SO4
2- and NH4

+ are low, typically below 

1% and 5%, respectively. Also Limbeck et al. [2001] obtained a low back/front 

percentage ratio for SO4
2-, on average, 1.7%. This indicates that sampling artifacts were 
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very low for these two inorganic species. In contrast, for NO3
-, much higher back/front 

ratios are noted at our forested sites, with medians typically around 25-30%. That 

undenuded filter samplings for nitrate are prone to artifacts is well-documented [e.g., 

Schaap et al., 2004]. For TC the median back/front percentage ratios are around 15% 

and for WSOC around 20%. There was no EC found on the back filter; thus the TC on 

the back filter is exclusively OC. For MSA- and the four DCAs, our back/front filter 

ratios increase in the following order: oxalate (1.5%), succinate (3%), MSA- (4%), 

malonate (2-9%), glutarate (7-26%). Our back/front ratios for three of the four DCAs 

are lower to much lower than those found by Limbeck et al. [2001; 2005]; for malonate, 

however, we found higher back/front ratios. As already indicated, there were a number 

of differences between our sampling conditions and those of Limbeck et al. [2001; 

2005]. It is clear that results from one site and sampler cannot be generalised to all sites 

and sampler types and perhaps also not to other quartz fibre filter types or to non-fired 

filters. In our samplings there was (nearly) sufficient ammonium in the PM2.5 aerosol 

to fully neutralise nitrate and sulphate. This is illustrated in Table 7.27, which gives 

the averages and associated standard deviations for the equivalent ratio NH4
+/(SO4

2- + 

NO3
-) in the PM2.5 front filters of the HVDS samples from the campaigns at the three 

forested sites. It is therefore thought that also MSA- and the DCAs may have been 

mainly present in the PM2.5 aerosol as salts. The situation may have been different in 

the studies of Limbeck et al. [2001; 2005]. It is possible that the aerosol was more 

acidic in their studies so that the DCAs were more present as acids rather than as salts. 

However, this can not be deduced from their papers. 

 
Table 7.27. Averages and associated standard deviations for the equivalent ratio 

NH4
+/(SO4

2- + NO3
-) in the PM2.5 front filters of the HVDS samples 

from the campaigns at the three forested sites. 
 

Campaign Mean ± S.D. 

K-puszta 2003 1.08 ± 0.10 

K-puszta 2006, cold period 0.96 ± 0.08 

K-puszta 2006, warm period 1.06 ± 0.10 

Brasschaat 2007 0.92 ± 0.18 

Hyytiälä 2007 0.86 ± 0.11 
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Figure 7.30. Separate day-time and night-time medians and interquartile ranges for 

the back/front filter percentage ratio for 3 inorganic species and TC and 

WSOC in our several campaigns (KP stands for K-puszta; C for Cold 

period; W for Warm period; Brass for Brasschaat, Belgium; Fin for 

Hyytiälä, Finland; D for day-time; N for night-time). 

 

261 



Chapter 7: Aerosols from three forested sites in Europe 
 

 

1.7 2.0 3.94.4 1.6 7.11.5 3.0 13.25.2 0.5 0.74.7 1.22.2 0.9 1.45.3 0.8 1.55.6 1.3 9.54.8 0.4 6.4
0

2

4

6

8

10

12

14

16

18

20

MSA- Oxalate Malonate

B
ac

k/
F

ro
nt

 p
er

ce
nt

ag
e 

ra
tio

 

 

2.5 22.73.8 25.14.6 2.2 2.6 34.20.6 18.51.5 21.81.1 29.52.1 6.81.3 5.2
0

5

10

15

20

25

30

35

40

45

Succinate Glutarate

B
ac

k/
F

ro
nt

 p
er

ce
nt

ag
e 

ra
tio

KPC06D KPC06N KPW06D KPW06N KP03D KP03N Brass07D Brass07N Fin06D Fin07N

 

Figure 7.31. Separate day-time and night-time medians and interquartile ranges for 

the back/front filter percentage ratio for MSA- and 4 DCAs in our 

several campaigns (KP stands for K-puszta; C for Cold period; W for 

Warm period; Brass for Brasschaat, Belgium; Fin for Hyytiälä, Finland; 

D for day-time; N for night-time). 

 

It was also examined to which extent the back/front filter ratios in our samplings were 

different between the day-time and night-time. Figures 7.30 and 7.31 show the 

separate day-time and night-time medians and interquartile ranges for the back/front 

ratio for the same species as shown in Figures 7.28 and 7.29. For NO3
-, there is a clear 

tendency to have larger back/front ratios during the day. This is likely related to a 
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higher fraction of the NO3
- being present as gaseous HNO3 during the day. For both 

TC and WSOC, the back/front ratios are systematically higher during the night-time. 

Whether this means that the ratios of VOCs to particulate OC and of water-soluble 

VOCs to particulate WSOC are higher during the day than during the night seems 

rather implausible. For MSA- we have the same pattern as for TC and WSOC. In 

contrast, the DCAs oxalate and to a lesser extent also succinate exhibit higher 

back/front ratios in the day-time than in the night. This seems consistent with a larger 

fraction for these DCAs being present in gaseous form during the warm day than 

during the cool night. For the remaining two DCAs (malonate and glutarate) no 

consistent picture is seen. 

 

It may be concluded that the sampling artifacts for the inorganic species in PM2.5 in 

our HVDS samplings at three forested sites in Europe were small (<5%) with the 

exception of those for nitrate. The sampling artifacts for MSA- and three major DCAs 

were also small (<10%); they were clearly smaller than those for TC and especially 

WSOC. It is possible that the low sampling artifacts for MSA- and three major DCAs 

are due to the fact that these species were present as salts instead of as acids. 

Measuring both the acidic and anionic forms of the DCAs, as done by Yang and Yu 

[2008], could help shedding more light on the artifacts and their importance. 

Measuring both the gas-phase and particulate-phase concentrations of the DCAs, 

some other aerosol properties, and some meteorological parameters, as done by Bao et 

al. [2009], would also help. The latter authors indicated that their results suggest that 

gas/particle partitioning of diacids depends not only on the concentration in the 

gaseous phase by photochemical oxidation, but also on the characteristics of the 

atmosphere (e.g., temperature, sunlight, and relative humidity) and the aerosol (e.g., 

acidity, alkaline composition, and water content). 

 

 

263 



Chapter 7: Aerosols from three forested sites in Europe 
 

264 

Table 7.28. Intercomparison of HVDS data: Median concentrations and interquartile ranges (in ng/m3) for TC, OC, EC, WSOC, MSA-, DCAs, 

and water-soluble inorganic species, as derived from the PM2.5 size fraction front filters of the HVDS samples from the cold and 

warm periods of the 2006 summer campaign and from the entire 2003 summer campaign at K-puszta, and from the 2007 summer 

campaigns at Brasschaat and Hyytiälä. 

 

Species 
 
 

K-puszta 2006 
Cold period 

(N = 33) 

K-puszta 2006 
Warm period 

(N = 34) 

K-puszta 2003 
(N = 63) 

 

Brasschaat 2007 
(N = 71) 

 

Hyytiälä 2007 
(N =51) 

 
TC     2100   (1730 – 2500)     4600   (3700 – 5300)     4400   (3300 – 4900)     2100   (1660 – 2800)     2600   (1650 – 3400) 
OC     1960   (1540 – 2300)     4500   (3400 – 4900)     4200   (3100 – 4700)     1730   (1270 – 2200)     2400   (1540 – 3300) 
EC       143   (124 – 192)       176   (130 – 250)       195   (151 – 240)       400   (280 – 620)       164   (101 – 191) 
WSOC       970   (770 – 1130)     2900   (2200 – 3200)     2600   (1710 – 3000)       810   (570 – 1170)     1570   (870 – 2100) 
NH4

+       840   (580 – 1040)     1530   (1130 – 2000)     1520   (1190 – 2100)     1080   (650 – 2100)       520   (280 – 1880) 
SO4

2–     1790   (1170 – 2400)     3600   (2600 – 4400)     3500   (2800 – 4400)     2700   (1840 – 3900)     1640   (930 – 2300) 
NO3

–       410   (300 – 750)       360   (197 – 500)       310   (230 – 420)       650   (400 – 2200)         71   (45 – 106) 
Cl–            40   (15.7 – 93)  
Na+         30   (13.8 – 47)         35   (22 – 51)         48   (32 – 66)       108   (65 – 210)         55   (35 – 84) 
Mg2+           2.3 (1.14 – 3.9)           6.8 (4.6 – 13.8)         14.7 (10.3 – 18.9)          2.7 (1.42 – 6.7)          3.5 (1.91 – 5.0) 
K+         48   (39 – 810)         81   (64 – 127)         67   (47 – 83)         38   (18.7 – 93)         47   (14.2 – 77) 
Ca2+         22   (14.5 – 320)         88   (57 – 210)       198   (151 – 250)         27   (14.7 – 36)         22   (15.1 – 37) 
MSA–         29   (12.2 – 44)         29   (22 – 36)          79   (46 – 119)         45   (31 – 58) 
Oxalate         73   (56 – 85)       210   (154 – 250)       196   (138 – 230)         75   (50 – 140)       104   (67 – 132 
Malonate         33   (24 – 37)         65   (50 – 76)          49   (28 – 82)         19.7 (10.0 – 33) 
Succinate         32   (26 – 38)       142   (100 – 166)         41   (26 – 51)         11.0 (5.7 – 54)         12.6 (4.4 – 23) 
Glutarate           7.1   (4.9 – 9.0)            7.8 (5.5 – 11.7)           4.7 (3.3 – 9.7)           7.0 (5.0 – 8.8) 
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7.5.2. Intercomparison of the ionic component concentrations derived from 

the PM2.5 front filters of the HVDS samples from the three forested 

sites 

 

The data from the PM2.5 front filters of the HVDS samples from the various 

campaigns were presented in Tables 7.10, 7.16, and 7.22. They are compared with 

each other in Table 7.28. The highest OC concentrations were obtained in the 2003 

campaign and the warm period of the 2006 campaign at K-puszta, then followed by 

the 2007 campaign at Hyytiälä. The ambient temperatures were highest in the 2003 

campaign and the warm period of the 2006 campaign. As a consequence, emissions of 

BVOCs and likely also their conversion into SOA were enhanced [Maenhaut et al.,

2008a]. However, the contribution from OM to the PM2.5 mass was highest at 

Hyytiälä, as there were low concentrations of SIA and mineral dust at this site. EC 

was highest at Brasschaat, which is due to the influence of nearby traffic emissions. 

 

 

 

 

 

 

As to the measured organic anions, MSA- has a different origin than the four DCAs. 

The MSA- concentrations in ambient air are strongly affected by maritime air masses; 

the closer the sampling site is to seas or oceans with high primary productivity, the

higher the MSA- concentrations may be. Since the Brasschaat site is closer to the sea 

than the other two forested sites, the highest concentrations of the DMS conversion 

product MSA- are noted at this site. Oxalate was the most abundant LMW DCA and it 

exhibited its highest concentrations during the warm periods at K-puszta; it accounted 

for at least 50% of the sum of the 4 DCAs (i.e., in the 2006 summer campaign at

K-puszta) and at Hyytiälä even for 70%. At rural sites with little anthropogenic

impact, a high contribution from oxalate to the sum of the DCAs always means aged

aerosol. Malonate was the second most abundant DCA at Brasschaat and Hyytiälä; 

while succinate outweighted malonate during the warm period of the 2006 summer 

campaign at K-puszta. Glutarate provided the lowest contribution to the DCAs at all 

three sites. This result is in agreement with those found at other clean sites 

[Kawamura et al., 1996a; Kawamura et al., 2001; Legrand et al., 2005]. 
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Fine SO4
2- is within Europe for 90% or more nss-SO4

2- and the latter is essentially 

due to gas-to-gas conversion of anthropogenic SO2, its concentration can therefore be 

used as an indicator of the pollution situation. At Hyytiälä, the SO4
2- concentrations 

were lower than at the other two forested sites, indicating that that site was the 

cleanest. NO3
- is useful to estimate the impact of traffic or other high-temperature 

combustion processes; the rather low median concentration (71 ng/m3) at Hyytiälä 

indicates that there was little impact from fossil fuel combustion at this site; in 

contrast, the relatively high median of 650 ng/m3 for Brasschaat hints to a large 

influence from traffic emissions at this site. As was the case for SO4
2- and NO3

-, also 

for NH4
+ the lowest median concentration (520 ng/m3) is noted at the Hyytiälä site. 

The highest median concentrations for the sea-salt ions Na+ and Cl- were observed at 

Brasschaat, which is explained by the shortest distance from the sea. The highest 

median concentrations of Mg2+ and Ca2+ were observed at K-puszta (i.e., in the 2003 

campaign and the warm period of the 2006 campaign). Their high levels are explained 

by the high concentrations of mineral dust as a result of drier soils and possibly also 

increased agricultural activities in warm weather [Maenhaut et al., 2008a; 2008b]. 
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8.1. Introduction and aim of this study 

 

More than 70% of our earth is covered by the oceans. It is thus no surprise that the 

oceans are an important source of aerosols on the global scale, including of 

submicrometer aerosols, which play a significant role in global climate, as indicated 

by Charlson et al. [1987]. The role of the oceans in the biogenic sulphur cycle and 

their other biogenic emissions have been extensively studied [e.g., Andreae et al., 

1983; Saltzman et al., 1983; Savoie et al., 1987; Yvon et al., 1996a; 1996b; O’Dowd 

et al., 1997; 2004; Sciare et al. 1998; 2001; Huebert et al., 2001] and are still the 

subject of intensive study. 

 

Over the remote ocean, marine aerosols consist of two distinct aerosol types: (1) 

primary sea-salt particles produced by breaking waves and trapped air bubbles that 

rise to the surface (the so-called “bubble bursting” process) and (2) primary and 

secondary aerosols from biogenic origin, such as nss-sulphate, MSA, and a wide 

variety of organic species [Twomey, 1977]. 

 

DMS (CH3SCH3), which is produced and emitted by marine phytoplankton, is 

regarded as the major source of biogenic nss-sulphate. It is oxidised to SO2 gas and 

the latter is converted to SO4
2-. The fractional yield of SO4

2- depends critically on 

temperature and atmospheric NOx (= NO + NO2) and HOx (= OH + HO2) levels and 

on the scavenging of SO2 by sea-salt particles or cloud droplets [Berresheim et al., 

2002]. Besides nss-sulphate, other particulate-phase oxidation products are produced 

from DMS, especially MSA (CH3SO2OH) [Andreae et al., 1983; Andreae et al., 

1985]. 

 

Studies on marine aerosols generally focus on sea salt and the major and minor sea-

salt elements, nss-sulphate, and MSA and on the mass size distribution of these 

components. Numerous studies of this type have been published since the 1960s [e.g., 

Duce et al., 1983; Maenhaut et al., 1983; Savoie et al., 1987; Sciare et al., 2001; 

Putaud et al., 2000]. Since the 1980s increased attention is given to various organic 

compounds other than MSA [e.g., Kawamura and Gagosian, 1990]. Several field 

experiments have shown that there are significant concentrations of organic matter in 
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marine aerosols [Novakov et al., 1997; Middlebrook et al., 1998; Kleefeld et al., 2002; 

O’Dowd et al., 2004; Cavalli et al., 2004; Facchini et al., 2008a]. 

Identified organic compounds in marine aerosols include MSA [e.g., Saltzman et al., 

1983; Ayers et al., 1995], dicarboxylic acids [Gogou et al., 1998; Wang et al., 2006], and 

dimethyl- and diethylalkylammonium salts [Facchini et al., 2008b]. However, these 

accounts explain only a limited fraction of the total organic mass and the chemical 

omposition of most of the marine organic aerosol still has to be elucidated [Kawamura 

wever, isoprene is mainly emitted by the terrestrial vegetation [Guenther 

t al. 1995] and up to recently, very little was known about the isoprene emissions by 

zores occurs in March, and amounts 

 0.14% and 0.84% of the observed OC from simulations using the 0.31 Tg/yr and 1.9 

analyses for isoprene SOA and for some other organic compounds were done with 

c

and Gagosian, 1990; Gogou et al., 1998; Facchini et al., 2008b]. 

 

In a study on satellite-derived cloud properties and radiation over and near a region of 

phytoplankton blooms in the Southern Ocean, Meskhidze and Nenes [2006] found a 

doubling of cloud droplet concentrations over the blooms. They estimated that there was 

a decrease of 15 Wm−2 in short-wave radiation flux at the top of the atmosphere and they 

speculated that SOA from isoprene was responsible for increased CCN production in 

bloom regions. That isoprene can lead to SOA has been discovered by Claeys et al. 

[2004a]. Ho

e

the oceans. 

 

Using satellite products to scale up data on phytoplankton-specific isoprene productivity 

to the global oceans, a mean “bottom-up” oceanic isoprene emission of 0.31 ± 0.08 

Tg/yr and a “top-down” oceanic isoprene source of 1.9 Tg/yr were inferred. The 

maximum isoprene SOA contribution to OC at the A

to

Tg/yr emissions respectively [Arnold et al., 2009]. 

 

Our study at Amsterdam Island was conducted within the framework of the EU project 

“Organics over the Ocean Modifying Particles in both Atmospheres” (OOMPH). 

Amsterdam Island is a remote island in the southern Indian Ocean and is near regions of 

high primary productivity. A major aim of the study was to examine whether isoprene 

SOA could be detected at this site during the austral summer season [Claeys et al., 2010]. 

Besides isoprene SOA, various other organic compounds were looked for in the marine 

aerosols from this site, and the main inorganic components were measured. The organic 
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LC/MS by the team of Prof. M. Claeys of the UA [Claeys et al., 2010]. I performed IC 

analyses for organic compounds and various inorganic species. Also other analyses on 

e samples (i.e., for OC, EC, and WSOC) were done by our UGent team [Chi, 2009]. 

.2. Sampling site, samplings, and analyses 

.2.1. Sampling site description and meteorological overview 

 sources of atmospheric trace gases and 

articulate matter should be very small. 

 

th

 

8

 

8

 

Amsterdam Island (37.48°S, 77.34°E, 55 km2), is located in the southern Indian Ocean 

about half-way between the southern edge of Africa and the southern edge of Australia 

(see Figure 8.1). It is part of the French Southern and Antarctic Lands (Terres Australes 

et Antarctiques Françaises; TAAF) and has a potentially active volcano, which last 

erupted in 1792. The only human habitation is at the Martin de Viviès scientific base 

with about 30 inhabitants related to the study of fauna, weather, the atmosphere, and 

geomagnetism. So, the anthropogenic

p

 

 

 

Figure 8.1. Location and map of Amsterdam Island. 

 

Atmospheric monitoring activities have been performed at this island for the last 

twenty years and are part of the World Meteorological Organization - Global 
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Atmospheric Watch (WMO-GAW) network. The pristine marine conditions and the 

very low occurrence of local contamination originating from the scientific base make 

this island a good background site for marine gas-phase and aerosol studies [Sciare et 

al., 2001; 2009]. As examples of such studies the influence of wind speed and 

direction on the atmospheric DMS concentration was investigated [Sciare et al., 2001] 

and long-term measurements of aerosol composition are being conducted [Sciare et al., 

009]. 

r potential source of non-marine 

tmospheric trace material was the African continent. 

.2.2. Aerosol samplings and analyses 

activity. A total of 18 actual 

VDS samples and a number of field blanks were taken. 

for WSOC with a TOC analyzer [Viana et al., 2006b, Chi, 2009]. The UA team of 

2

 

Unlike most parts of TAAF, Amsterdam Island has a mild, oceanic climate, with a mean 

annual temperature of 13 °C, rainfall of 1,100 mm, persistent westerly winds, and high 

levels of humidity. 10-years detailed documents of meteorology and flow climatology 

for this island were given by Miller et al. [1993]. For 1980-1989, more than 50% of the 

time, air arriving at Amsterdam Island came from the remote marine areas of the Indian 

Ocean (SW/S (slow) and SW/F (fast)) and the majo

a

 

8

 

UGent provided a HVDS (section 2.1.3) [Solomon et al., 1983] for aerosol collections 

at Amsterdam Island, whereby the actual collections were performed by personnel 

from the Laboratoire des Sciences du Climat et de l’Environnement (LSCE), Gif-sur-

Yvette, France, under the supervision of Dr. J. Sciare. The HVDS was set up on the 

north side of the island at around 45 m horizontally away from the sea and about 30 m 

above the sea level. The sampling site was at a location upwind of the scientific base. 

Double (front and back) pre-fired Gelman Pall quartz fibre filters of 102 mm diameter 

were used for each of the two size fractions (fine: <2.5 µm, and coarse: >2.5 µm) in the 

HVDS. Samples were collected from 3 December 2006 to 4 March 2007 and the 

collection time per sample was five days. The sampling campaign took place thus 

during the austral summer, when there is a high biogenic 

H

 

The front and back filters from each of the two size fractions (fine and coarse) were 

subjected to analyses for OC and EC by TOT [Birch and Cary, 1996; Chi, 2009] and 
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Prof. M. Claeys performed measurements for MSA and for organosulphates, 

including from isoprene, by LC/(–)ESI-MS [Claeys et al., 2010]. 

 

Water-soluble inorganic ions and organic species were determined by IC using a 

combination of Dionex DX-600 and ICS-2000 instruments, as described in Chapter 3. 

3 cm2 was taken for each front quartz fibre filter and 6 cm2 for each back filter and 5 

mL simplicity water was used per filter section for the aqueous extraction. 

 

8.3. Results and discussion 

 

8.3.1. Back/front filter ratios 

 

The back/front filter ratios for OC, WSOC, and various organic and inorganic species 

are given in Table 8.1. The back/front filter ratios for fine OC and fine WSOC are 

puzzlingly high and much higher than those normally found for the fine size fraction 

samples of the HVDS; see Chapter 7 and Chi [2009]. Also for sulphate and other 

inorganic species, for which adsorption or volatilisation artifacts during sampling 

should be absent, much higher back/front filter ratios are noted than in our HVDS 

samplings at the forested sites of Chapter 7. It is evident that positive artifacts, such as 

those typically observed for OC, cannot be invoked to explain the high back/front 

filter ratios for the inorganic cations Na+, Mg2+, and K+. As indicated above, the 

HVDS was deployed 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 is usually restricted to 12 or 

24 h. 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. 
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Table 8.1. Averages, medians, and interquartile ranges for the back/front filter 

concentration ratio for the fine and coarse size fractions of the HVDS 

samples from Amsterdam Island. 

 

Species Fine Coarse 

 Mean Median (range) Mean Median (range) 

OC 0.42 0.34 (0.10 – 1.17) 0.12 0.10 (0.02 – 0.29) 

WSOC 0.88 0.90 (0.21 – 1.78) 0.28 0.22 (ND – 0.78) 

MSA [UA] 0.97 0.97 (0.49 – 1.38) 0.55 0.48 (ND – 1.78) 

MSA- 1.00 1.00 (0.50 – 1.60) 0.77 0.70 (ND – 2.20) 

Oxalate 0.60 0.60 (0.02 – 2.00) 0.95 0.69 (0.05 – 2.85) 

Malonate 1.36 0.90 (0.01 – 5.7) 0.46 0.34 (ND – 2.80) 

Organosulph. [UA] 2.1 1.78 (1.0 – 3.8)   

Cl- 0.85 0.78 (0.02 – 2.30) 0.68 0.63 (0.03 – 2.04) 

NO3
- 0.67 0.60 (0.22 – 1.55) 0.56 0.48 (ND – 2.74) 

SO4
2- 0.62 0.66 (0.00 – 1.50) 0.58 0.51 (0.01 – 1.45) 

Na+ 0.85 0.79 (0.02 – 2.40) 0.69 0.62 (0.03 – 2.15) 

K+ 0.75 0.53 (0.00 – 2.45) 1.8 0.68 (ND – 20.8) 

Mg2+ 0.80 0.76 (0.00 – 1.96) 0.68 0.69 (ND – 1.77) 

Ca2+ 0.09 0.11 (0.00 – 0.22) 0.32 0.26 (ND – 0.77) 
 

8.3.2. Comparison of the UGent and UA data for MSA 

 

MSA was determined by IC at UGent and by LC/MS at the UA. Figure 8.2 shows a 

scatter plot of the MSA data of the UA versus those of UGent for the fine size fraction. 

There is clearly a good correlation between the data of the two laboratories but there 

is clearly a tendency for the UA data to be systematically larger than those from 

UGent. The ratio MSA(UA)/MSA(UGent) was calculated for each individual sample 

and then averaged over all 18 samples. The average ratios were 1.22 ± 0.12 for the 

fine size fraction and 1.23 ± 0.46 for the coarse size fraction. The larger standard 

deviation for the coarse size fraction is an indication of the larger scatter in the plot 

for this size fraction (not shown) and this larger scatter is due to the lower 

concentrations of MSA in the coarse size fraction and the lower air volumes for this 

fraction, so that much less MSA was present on the coarse filters than on the fine ones. 

It is thought that the MSA data from IC are more reliable than those from LC/MS and 

from here on, only the UGent MSA data will be used. 
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Figure 8.2. Scatter plot of fine MSA as determined by LC/MS (UA) and IC (UGent) 

for the HVDS samples from Amsterdam Island. 

 

8.3.3. Summary of the total concentrations and of the percentages in the 

fine size fraction 

 

Table 8.2 presents a summary of the total concentrations (sum of coarse+fine) for the 

period of the HVDS samplings and of the percentage that was in the fine size fraction. 

All data in the table, except those for the organosulphates, were obtained by UGent. 

Nss-sulphate was calculated for each individual sample as [SO4
2-] – 0.252 [Na+], 

whereby 0.252 is the SO4
2-/Na+ ratio in bulk sea water [Riley and Chester, 1971]. 

NH4
+ was not present above blank in most of the samples. Therefore, no 

concentration data for this species are given in Table 8.2. The concentration of EC 

was below the DL, which was of the order of 10 ng m-3 for the fine size fraction; also 

the concentrations of the isoprene SOA markers in the examined fine size fractions 

were below DL, which was in the order of 1 ng m-3. The isoprene SOA markers 

targeted were sulphate esters of the 2-methyltetrols (2-methylthreitol and 2-

methylerythritol), which were first reported by Surratt et al. [2007] and can serve as 

markers for SOA from the photo-oxidation of isoprene in acidic conditions. 
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Table 8.2. Medians and ranges of the total concentration (sum of coarse + fine; in 

ng/m3) for the various species determined in the HVDS samples from 

Amsterdam Island and mean percentages of the total concentration in 

the fine size fraction. 

 

Species Median Range Mean ± S.D. for % 
in fine fraction 

OC 240 82 – 1040 47 ± 6 

WSOC 60 16 – 280 61 ± 11 

MSA [UA] 56 31 – 89 91 ± 5 

MSA- 47 25 – 78 91 ± 4 

Oxalate 7.0 3.6 – 12 86 ± 6 

Malonate 2.0 0.5 – 5.4 85 ±8  

Organosulph. [UA]  DL – 5.1  

NO3
- 17 3.9 – 30 74 ± 13 

NO2
- 4.5 0.6 – 7.9 32 ± 20 

nss-SO4
2- 260 157 - 390 93 ± 6 

SO4
2- 650 300 – 880 66 ± 6 

Br- 2.7 0.8 – 6.0 35 ± 13 

Cl- 2300 920 – 4600 40 ± 10 

Na+ 1350 570 – 2700 45 ± 9 

K+ 48 20 – 105 50 ± 14 

Mg2+ 155 59 – 320 44 ± 8 

Ca2+ 34 13 – 70 46 ± 8 
 

As expected, the total aerosol is dominated by sea salt (Cl- and Na+). Slightly less than 

50% of these sea-salt ions is in the fine size fraction; for nss-sulphate and the organic 

species (MSA–, oxalate, malonate) around 90% is in the fine size fraction and for 

WSOC and nitrate, intermediate percentages (means of 61 and 74%, respectively) are 

observed. The fairly high fine percentages for the sea-salt ions are surprising. 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 sea-salt aerosol by particle settling (dry 

deposition) before they could reach the HVDS. 
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Figure 8.3. Time series of OC, WSOC, Na+, MSA (measured by IC), oxalate, 

malonate, and organosulphates in the fine size fraction of the HVDS 

samples. The samples are labelled according to the mid-point date of the 

5-day collection. 

 

8.3.4. Temporal variation 

 

Figure 8.3 shows the time series of OC, WSOC, Na+, selected organic acids, and 

organosulphates in the fine size fraction of the HVDS samples. Also included in the 

figure is the time series for the sum of 4 aerosol types (see details below), which can 

be considered as the mass of the fine dry aerosol. OC peaks in the period from 29 

December 2006 to 18 January 2007, which presumably corresponds with the 

maximum in biogenic activity. WSOC follows OC closely (the correlation coefficient 

between both parameters is 0.88). WSOC was also highly (r = 0.75) correlated with 

oxalate, but for all other species shown in Figure 8.3, the correlation coefficients of 

WSOC were lower than 0.6 (with MSA- and malonate they were 0.56 and 0.46, 

respectively). Fine Na+ was very highly correlated with the sum of the 4 aerosol types 

(r = 0.98) and also with the sea-salt ions (all r > 0.85, except 0.67 with sulphate), but 

not at all with the carbonaceous and organic species (all r <0.1). MSA, which is 

derived from the oxidation of DMS which is released by phytoplankton and is thus 

also associated with biogenic activity, shows a somewhat different pattern than OC 

and WSOC. It exhibits maximum levels in the period from 18 December 2006 to 8 
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January 2007 and in the period from 28 January to 12 February 2007. Ten-day 

isentropic air mass back trajectories, calculated with Hysplit [Lupu and Maenhaut, 

2002; Draxler and Rolph, 2003] for every 6 hours and for an arrival at 100 m above 

ground level at our site, indicated that the air masses generally came from the south-

west and passed over highly productive waters of the Southern Ocean (see Figure 

8.4). However, there was some variability in the trajectories for the individual 

samples. For the samples with midtimes of 6 and 11 January, which exhibited the 

highest OC and WSOC levels, the 10-day air mass trajectories started usually north of 

Amsterdam Island, often at less than 1000 km, showed some recirculation, and 

remained close to the surface. In contrast, for the samples with midtimes of 27 

December and 10 February, which had the highest MSA levels, the 10-day air mass 

trajectories started normally from the far south-west in the middle troposphere, often 

at more than 1000 km from Amsterdam Island. Oxalate shows somewhat less 

variability than MSA throughout the sampling period (the correlation coefficient 

between both was 0.53). The concentration of malonate shows a decrease with time 

and the organosulphates were only observed above DL in the first five samples. 

 
Air mass origin for 
period with maximum 
OC & WSOC

Air mass origin for 
periods with higher MSA

 

Figure 8.4. Ten-day isentropic air mass back trajectories for every 6 hours of the 

sampling period and for an arrival at 100 m above the sampling site at 

Amsterdam Island. 
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Figure 8.5. Scatter plots of Cl- versus Na+ for the fine and coarse size fractions of 

the HVDS samples from Amsterdam Island. 

 

8.3.5. Sea-salt ions 

 

Figure 8.5, shows scatter plots of the atmospheric concentrations of Cl- and Na+ for 

the separate coarse and fine size fractions. As expected, there is an excellent 
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correlation between the two major sea-salt ions, with R2 values of 0.999 for the coarse 

size fraction and of 0.98 for the fine size fraction. The slopes of the regression lines 

approach the Cl-/Na+ ratio of 1.81 for sea water [Riley and Chester, 1971]. The mean 

Cl-/Na+ ratio obtained by averaging over the individual coarse size fraction samples 

was very close to that in sea water, i.e., 1.82 ± 0.04 whereas that for the fine size 

fraction was somewhat lower, i.e., 1.44 ± 0.16 (see Table 8.3). This latter ratio 

indicates that there was some Cl- depletion. Such depletion could occur by the 

following reactions in the air: 

 

NaCl(particle phase) + HNO3(gas phase)  NaNO3(particle phase) + HCl(gas phase) 

 

2 NaCl(particle phase) + H2SO4(gas phase)  Na2SO4(particle phase) + 2 HCl(gas 

phase) 

 

However, considering that the particulate NO3
- concentration was quite low, it seems 

difficult to attribute the Cl- depletion to the first of these two reactions. The second 

reaction and also the reactions of NaCl with particulate acidic sulphate species (either 

in the air or on the filter) could well have taken place. The fine nss-sulphate was most 

likely not fully neutralised. There was no NH4
+ present and, as indicated below, there 

was also no excess K+, Mg2+ or Ca2+ that could have neutralised the acidic sulphate 

aerosol. 

 

Table 8.3. Concentration ratios in the fine and coarse size fractions of the HVDS 

samples from Amsterdam Island and comparison with the ratios in sea 

water [Riley and Chester, 1971]. 

 

 Sea water Fine Coarse 

Cl-/Na+ 1.81 1.44 ± 0.16 1.82 ± 0.04 

Br-/Na+     0.0062 0.00140 ± 0.00048 0.0023 ± 0.0005 

Mg2+/Na+ 0.12 0.110 ± 0.011 0.118 ± 0.006 

K+/Na+     0.0376 0.037 ± 0.009 0.032 ± 0.011 

Ca2+/Na+     0.0382 0.025 ± 0.004 0.025 ± 0.004 

(Cl- + NO3
-)/Na+  1.46 ± 0.16  

(Cl- + SO4
2-)/Na+  2.1 ± 0.1  
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Table 8.3 gives the average ratios and associated standard deviations for the typical 

sea-salt elements with respect to Na+ for the fine and coarse aerosol fractions and a 

comparison is made with the ratios in sea water of Riley and Chester [1971]. The 

Br-/Na+ ratio for the coarse aerosol is less than half that in sea water, but in the fine 

size fraction it is less than one quarter. Sander et al. [2003] published a critical review 

on inorganic bromine in the marine boundary layer and they concluded that 

supermicrometer sea-salt aerosol is substantially depleted in bromine (often exceeding 

50%) relative to conservative tracers, whereas marine submicrometer aerosol is often 

enriched in bromine. Our observed Br- depletion in the fine size fraction might seem 

in contradiction with the conclusion on submicrometer aerosols of Sander et al. [2003]. 

However, it should be kept in mind that our fine size fraction also contains a 

substantial fraction of the supermicrometer aerosol, especially if the cut between 

coarse and fine would be around 3 to 3.5 µm. 

 

The ratios of Mg2+/Na+ and K+/Na+ in the fine and coarse size fractions are very close 

to those in sea water (see Table 8.3), indicating that there was no enrichment nor 

depletion of Mg2+ and K+ and thus also no fractionation during the sea spray 

generation by the bubble bursting process. The Ca2+/Na+ ratios in the aerosol are 

substantially lower that in sea water. Although we have no definitive explanation for 

this observation, it might be that Ca was not completely solubilised in our extraction 

procedure or that an insoluble Ca compound precipitated during or after the extraction. 

 

8.3.6. MSA and nss-sulphate 

 

The median concentration of MSA in the fine size fraction was 42 ng/m3, and the 

concentration range from 23 ng/m3 to 70 ng/m3. The corresponding data for the total 

aerosol were a median of 47 ng/m3 and a range from 25 ng/m3 to 78 ng/m3. Our results 

are comparable with those from other studies, as shown in Table 8.4. As indicated in 

section 8.3.4 above, the temporal concentration variation of fine MSA was rather 

different from that for fine WSOC and this was attributed to differences in the major 

source regions of MSA and the bulk of the WSOC. 

 

The ratio of MSA to nss-sulphate in the fine size fraction (averaged over all 18 

samples) was 0.18 ± 0.05. This ratio is intermediate between the measured MSA/nss-
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Table 8.4. Mean MSA, nss-SO4
2-, and total SO4

2- concentrations (and occasionally also concentration ranges; all in ng/m3) and mean 

percentage MSA/nss-SO4
2- ratios for various sites. 

 

Indian Ocean Size fraction MSA Nss-SO4
2- Total SO4

2- MSA/ 
nss-SO4

2- (%) 
Reference 

Amsterdam Island, 
austral summer 

PM2.5 44 ± 13 250 ± 69 410 ± 93 18.4 ± 4.6 This work 

Amsterdam Island, 
austral summer 

Coarse (>2.5 μm) 4.5 ± 2.0 16.0 ± 10.7 210 ± 69 31 ± 34 This work 

Amsterdam Island, 
austral Summer 

TSP  12.2 ± 6.5 
pptv 

59 ± 33 
pptv 

 44 ± 14 Sciare et al., 2001 

S. Hemisphere 
marine extratropical 

TSP  220 820  Rhoads et al., 1997 

S. Hemisphere 
marine equatorial 

TSP  360 1190  Rhoads et al., 1997 

N.W. Indian Ocean, 
no-dust period 

TSP  500 ± 170   Savoie et al., 1987 

Off Somali coast, 
annual average 

TSP 20 ± 13 560 ± 240  4.5 ± 3.2 Saltzman et al., 1983 
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Table 8.4. (continued) 

Pacific Ocean Size fraction MSA Nss-SO4
2- Total SO4

2- MSA/ 
nss-SO4

2- (%) 
Reference 

Midway island, 
annual average 

TSP 35 ± 27 520 ± 320  6.5 ± 1.7 Saltzman et al., 1983  

Fanning island 
(clean), annual 
average 

TSP 42 ± 27 630 ± 150  7.0 ± 2.1 Saltzman et al., 1983  

Fanning island 
(clean), Apr.-Aug. 

TSP 45 ± 11 670 ± 130  6.8 ± 1.6 Saltzman et al., 1985  

E. Equatorial 
Pacific, summer 

PM1  ~240   Maenhaut et al., 1983 

Fanning and 
American Samoa, 
1981-1987 annual 
average 

TSP    6.5 ± 0.5 Savoie and Prospero 1989 

American Samoa, 
March-Aug. 

TSP 26 ± 12 410 ± 190  6.6 ± 1.9 Saltzman et al., 1985  

ACE autumn cruise Fine 31    Bates et al., 1998 

ACE autumn cruise Coarse 23    Bates et al., 1998 

S. Pacific, annual 
average 

Fine 24 (0-162) 246 (0-960)  9.8 Allen et al., 1997 

S. Pacific, summer Fine 48 (24-86) 187 (126-300)  26 Allen et al., 1997 

S. Pacific, southerly 
air, spring 

Fine 23 (10-56) 139 (35-430)  16.5 Allen et al., 1997 

S. Pacific, southerly 
air, winter 

Fine 1.5 (1.0-1.9) 115 (98-133)  1.3 Allen et al., 1997 
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Table 8.4. (continued) 

Atlantic Ocean & 
Mediterranean 

Size fraction MSA Nss-SO4
2- Total SO4

2- MSA/ 
nss-SO4

2- (%) 
Reference 

Tenerife, 1997 
summer 

Fine 44 ± 20 1710 ± 1480 1770 ± 1480 2.6 Allen et al., 2002a 

Mace Head, Ireland PM1.5  260 ± 40   Cavalli et al., 2004 

Brittany, France, 
coast, May-June 

Fine 1.12 ± 0.69 33 ± 37  3.4 Putaud et al., 1999 

Mid-Atlantic, 
summer 

PM2.5  40 1260 1540  Pio et al., 2007 

Mid-Atlantic, 
winter 

PM2.5 6 370 890  Pio et al., 2007 

Background 
Atlantic 

PM1.4 11 ± 3 260 ± 70  4 Putaud et al., 2000 

E. Mediterranean, 
summer 

PM15 32 ± 4  6900 ± 960  Bardouki, et al., 2003 

Arctic & Antarctic       

Background Arctic, 
June-July 

PM1.4 18 ± 4 320 ± 140  5.6 Putaud et al., 2000 

Antarctic, austral 
summer 

PM6 12.5 ± 8.2 
pptv 

68 ± 35 
pptv 

 18.5 Legrand and Pasteur, 1998. 

Antarctic, summer Fine 63 ± 53 205 ± 85  31 Kerminen et al., 2000b 

Antarctic, summer Coarse 6.3 ± 3.3 17 ± 7.5  37 Kerminen et al., 2000b 

Chinese seas       

S. China Sea I PM2.5 50 12300  0.41 Zhang et al., 2007b 

S. China Sea II PM2.5 40 4400  1.0 Zhang et al., 2007b 

Yellow Sea, China TSP 39 ± 19 7400 ± 2100 7600 ± 2300 0.55 ± 0.30 Yang et al., 2009 
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Figure 8.6. Scatter plots of MSA- and of oxalate versus nss-SO4
2- in the fine size 

fraction of the HVDS samples from Amsterdam Island. 
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sulphate ratios of, on the one hand, the Indian Ocean and the South Pacific and, on the 

other hand, austral summertime data for the Southern Ocean and Antarctic [Gondwe 

et al., 2004]; see also Table 8.4. Since non-DMS derived nss-sulphate should be 

negligible for most of these earlier data (particularly for the austral summertime data 

for the Southern Ocean and Antarctic), this suggests that the nss-sulphate during 

austral summer at Amsterdam Island is like MSA indeed derived from DMS. 

 

Although nss-sulphate and MSA are both derived from the same precursor, DMS, 

their formation mechanism and the processes which control the oxidation of DMS in 

the marine air could be different [Andreae et al., 1985; Mihalopoulos et al., 2007]. It 

was reported that H2SO4 concentrations were highly correlated with OH radical levels 

in marine air; in contrast, MSA concentrations seldom exhibited “pure” 

photochemical behaviour [Berresheim et al., 2002; Yang et al., 2009]. That may be 

the major reason for the poor relationship between MSA and nss-sulphate, as shown 

in Figure 8.6. This figure also shows that nss-sulphate was actually much better 

correlated with oxalate than with MSA; incidentally, nss-sulphate was better 

correlated with oxalate than with any of the other species measured. This may suggest 

that their formation processes were fairly similar. 

 

8.3.7. Nitrate and ammonium 

 

Sea salt is not a source for nitrate. Nitrate is formed by gas-particle conversion over 

the remote ocean. The potential sources for NO3
- in clean marine aerosols may be 

lightning and downward mixing from the stratosphere [Savoie et al., 1987]. Our 

concentration range for total NO3
- was between 3.9 and 30 ng/m3 (Table 8.2), which 

is very low when compared to the 2.17 μg/m3 found during a recent ship cruise in 

Northern South China Sea [Zhang et al., 2007b]. According to the review paper by 

Fitzgerald [1991], the nitrate background concentration over the remote ocean is in 

the range of 0.1-0.2 μg/m3; and in the north-western Indian Ocean during a no-dust-

outbreak period, the average NO3
- concentration was 0.4 μg/m3 [Savoie et al., 1987]. 

Our NO3
- data are thus a factor of 10 or more lower than published data for the 

remote ocean. The nitrate concentration can perhaps be used to assess the impact from 

anthropogenic sources, which include long-range transport from the continent and 

ship emissions. The low correlation coefficient (r = 0.30) between fine NO3
- and fine 
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nss-sulphate and the low NO3
- seem to reflect that the Amsterdam Island site is not 

much polluted. 

 

The size distributions of nitrate and nss-sulphate were somewhat different; for nitrate 

74% was, on average, in the fine size fraction, whereas this figure was 93% for nss-

sulphate. These results are qualitatively consistent with those given in the review 

paper of Fitzgerald [1991]. He stated that nitrate is found almost exclusively on 

particles larger than 0.35 μm, and that the opposite is true for nss-sulphate. 

 

With regard to NH4
+, the concentration of this species was mostly not present above 

blank. It was only above blank in three fine size fraction samples, which exhibited 

concentrations of 19, 20 and 40 ng/m3. Our low levels are in line with the NH4
+ 

concentrations of around 0.01-0.19 μg/m3 that have been estimated for the open ocean 

by Huebert and Lazrus [1980] and with the concentrations that were found over the 

Indian Ocean [Berresheim et al., 1990]. 

 

8.3.8. LMW dicarboxylic acids 

 

The summed concentration of the LMW DACs, including oxalate and malonate, in 

this study was on average 8.3 ng/m3, with a range from 3.6 to 12.9 ng/m3. These 

results are comparable to other data obtained for the remote ocean, see Table 8.5. 

When compared to the data from rural or urban sites (given in Table 1.2) our average 

value of 8.3 ng/m3 is rather low, but it seems to represent a background value for the 

remote marine atmosphere. 

 

According to Wang et al. [2006], oxalate, malonate, and other water-soluble organics 

in marine aerosols over the Southern Ocean may mainly be produced through in-situ 

photochemical reactions and their precursors over the Southern Ocean may be 

predominantly derived from sea-to-air emissions of biogenic organic compounds, 

including oxidation products of unsaturated fatty acid residues present in algal cell 

membranes, phenolic compounds, and olefins [Claeys et al., 2010]. 

 

Oxalate (CH3COO)2, as one of the major SOA species, is the most abundant DCA 

among the LMW dicarboxylic acids. According to Warneck [2003], the oxalate
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Table 8.5. Mean DCA concentrations (occasionally also median and concentration range; all in ng/m3) for various marine sites. 

 
Location Size 

fraction 
Oxalate Malonate Succinate Reference 

Amsterdam 
Island, austral 
summer 

PM2.5 6.3 ± 1.8 1.99 ± 1.18  This work 

Southern Indian 
Ocean  

PM1 0.9   Neusüβ et al., 2002 

Southern Indian 
Ocean 

PM10-1 18 8.6  Neusüβ et al., 2002 

Southern Ocean TSP 2.4 
2.0 (1.4-4.2) 

0.75 
0.67 (0.46-1.3) 

0.44 
0.42 (0.20-0.73) 

Wang et al., 2006 

Antarctic 
summer 

PM0.7 1.6-10.3 0.13-2.7 0.63-61.5 Kawamura et al., 1996b 

Arctic PM0.7 13.6 ± 12.1 2.5 ± 3.3 3.7 ± 3.6 Kawamura et al., 1996a 

Arctic PM1 16.5 ± 6.5 5.0 ± 1.9 7.3 ± 2.4 Narukawa et al., 2003 

Tropical/western 
North Pacific  

TSP 40 
27 (6.5-161) 

11 
7.3 (1.3-54) 

2.8 
1.3 (0.29-16) 

Kawamura and Sakaguchi, 
1999 

Western Pacific TSP 38 
26 (0.98-98) 

12 
8.1 (0.32-43) 

5.0 
2.0 (0.12-17) 

Wang et al., 2006 

Azores, 
Atlantic, 
summer 

PM2.5 75 ± 46 7.9 ± 6.3 2.3 ± 2.0 Legrand et al., 2007  

Crete, Greece, 
summer 

PM15 255 ± 19.7 23.1 ± 1.2 3.7 ± 0.2 Bardouki et al., 2003 

Crete, Greece, 
winter 

PM15 69 ± 5.4 11.1 ± 0.7 3.3 ± 0.1 Bardouki et al., 2003 
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concentrations in remote regions are in the range of 10-50 ng/m3. The mean oxalate 

concentration in the fine size fraction at Amsterdam Island was 6.3 ng/m3 (range: 3.2-

10 ng/m3). In measurements at a variety of remote locations it was found that the 

average (and ranges) for the oxalate concentration were 2.4 (1.4-4.2) ng/m3 over the 

Southern Ocean [Wang et al., 2006]; 18 ng/m3 over the southern Indian Ocean 

[Neusüβ et al., 2002]; 38 (0.98-98) ng/m3 over the western Pacific [Wang et al., 2006];

255 and 63 ng/m

 

 

 

 

 

 

 

 

 

 

 

3 in summer and winter, respectively in Crete (Greece) [Bardouki et

al., 2003]; and 14 ng/m3 in the Arctic [Kawamura et al., 1996a]. Our data are similar 

to, be it a factor of 2 larger than, the Southern Ocean data obtained by Wang et al.

[2006], but much lower than the data from other studies, where some of the high 

oxalate concentrations could be due to anthropogenic influence. 

 

As indicated in section 8.3.6, there was a very good correlation between nss-sulphate

and oxalate in the fine size fraction, with R2 = 0.81, as shown in Figure 8.6, which 

suggests that the two species have similar formation mechanisms. It has been 

suggested that a high correlation between oxalic acid and sulphate indicates that the 

two species share the status of secondary photochemical products [Hsieh et al., 2009]. 

 

Besides oxalate, malonate and succinate are also abundant DCAs in atmospheric 

aerosols [Mochida et al., 2003]. The median concentration (and concentration range) 

of fine malonate in our study was 2.0 (0.4-4.4) ng/m3. As to succinate, it was only

detected in a few samples, at concentrations of 0.1-0.3 ng/m3. When comparing our

data with the results from other marine aerosol studies (see Table 8.5), our fine 

malonate concentration is two times higher than the data obtained by Wang et al.

[2006] for the southern Ocean, five times lower than data of Kawamura and 

Sakaguchi [1999] for the western Pacific, 3 times lower than the supermicrometer 

data for the southern Indian Ocean of Neusüβ et al. [2002], and similar to the values

from the Arctic [Kawamura et al., 1996a]. Our DCA concentrations and the C2/C3

(oxalate to malonate) ratio are comparable to the data reported by Kawamura et al.

[1996b] for the Antarctic in summer. Our ratio of C2/C3 in the fine size fraction was 

around 3, which is similar to other data for the southern Ocean shown in Table 8.5,

but much lower than that found for Arctic aerosols. 
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The correlation between oxalate and malonate was not good, though, R2 = 0.32. 

Whether this suggests that malonate and oxalate have different sources and/or 

different formation mechanisms at Amsterdam Island is premature to say at this stage. 

Additional summer measurements and long-term measurements at the site may help 

shed light on this issue. 

 

Table 8.6. Mean carbon percentage contribution of WSOC to OC and of organic 

species to the WSOC in the fine and coarse size fractions and in the sum 

of both for the HVDS samples from Amsterdam Island. 

 

 Fine Coarse Total 

WSOC % of OC    32 ± 12   18 ± 6   25 ± 8 

    

MSA- C % of WSOC    17 ± 6   2.8 ± 1.7   11 ± 5 

Oxalate C % of WSOC    5.0 ± 2.0   1.2 ± 0.8   3.5 ± 1.5 

Malonate C % of WSOC    1.8 ± 0.9   0.5 ± 0.4   1.4 ± 0.7 

Organosulph. C [UA] % of WSOC    0.8 ± 1.5    0.5 ± 1.0 

    

(MSA-+2 DCAs+OS) C % of WSOC    24 ± 8   4.6 ± 2.5   17 ± 6 
 

8.3.9. Contribution of the measured organic compounds to the OC and 

WSOC 

 

Table 8.6 gives for the separate fine and coarse size fractions and also for the sum of 

both what fraction of the OC was WSOC and to what extent the WSOC is accounted 

for by the carbon in the measured organic species. It is clear that the coarse OC is less 

water-soluble than the fine one (on average 18% versus 32%). The percentage of fine 

OC that is water-soluble resembles percentages obtained at urban locations in Europe, 

where about 50% of the submicrometer OC is of primary origin according to Aerosol 

Mass Spectrometer (AMS) measurements [Zhang et al., 2007a]. 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 suggests that 

most of the OC at Amsterdam Island is primary, even during the period of high 

biogenic activity. For the fine size fraction, a substantial fraction of the WSOC is 

accounted for by the carbon in the measured compounds (around 25% in total), but for 
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the coarse size fraction only around 5% of the WSOC is explained by these 

compounds. The composition of the unaccounted WSOC is unclear. This fraction is 

possibly made up of higher molecular weight (MW) compounds (MW>500) and 

dimethyl- and diethylalkylammonium salts [Facchini et al., 2008b], which escape 

detection in our and the UA analyses. Possibly, the fraction contains partially oxidised 

primary OC, which has become water-soluble and/or water-soluble primary OC. This 

is also consistent with another observation, i.e., that SOA (i.e., organosulphates, see 

below) is found that can be explained through oxidation of primary algal/bacterial 

biomass. More specifically, oxidation of unsaturated fatty acid residues in the latter 

biomass will afford polar and complex higher MW bio-organic macromolecular 

compounds that are refractory and are not targeted in our or the UA analyses. 

 

The two DCAs oxalic and malonic accounted, on average, for 2.2 ± 1.2% of the OC in 

the fine size fraction and for 1.24 ± 0.74% of the OC in the total aerosol. The ratios 

DCA-C/TC in the Southern Ocean study of Wang et al. [2006] ranged from 0.89 to 

4.0%, with a mean of 1.8% and are thus similar to our data. The reason for the 

relatively low ratios, when compared to the western Pacific, could be related to the 

different temperatures in the oceans as discussed by Wang et al. [2006]. On the other 

hand, Neusüβ et al. [2002] found that the C2-C6 DCAs accounted for 15% of the 

supermicrometer OC over the southern Indian Ocean. These authors also found that 

MSA contributed for 6.7% of the OC in the same size range. In our data set, MSA- 

contributed, on average, for 5.0 ± 1.9% of the OC in the fine size fraction and for 2.7 

± 1.1% of the OC in the total aerosol. 

 

8.3.10. Aerosol chemical mass closure 

 

Gravimetric PM mass data were not derived from the HVDS samples. The Gelman 

Pall quartz fibre filters used are prone to loss of fibres during handling, so that 

weighing of these filters for deriving PM mass data makes no sense. Consequently, an 

aerosol chemical mass closure in the true sense could not be performed. As an 

alternative, the masses of the major aerosol types (components) were calculated and 

their relative importance was assessed. This exercise was done for the separate fine 

and coarse size fractions and the sum of both. 
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Figure 8.7. Average concentrations of four aerosol types in the separate fine and 

coarse size fractions and in the sum of both (left part of figure) and 

percentage contributions of the four aerosol types, expressed as percent 

of the mean concentration of the sum of the four types (right part of 

figure), for the HVDS samples from Amsterdam Island. 

 

Four aerosol types were considered, i.e., sea salt, nss-sulphate, water-soluble organic 

matter (WSOM), and water-insoluble organic matter (WIOM), were calculated and it 

was assumed that the sum of these four aerosol types was a reasonable proxy for the 

dry aerosol mass. A potentially major aerosol type missing from this sum is crustal 

matter (mineral dust), but it is thought that its contribution is not larger than 10% of 

the dry aerosol mass. Ezat and Dulac [1995] found an atmospheric mineral dust 

concentration of 120 ng m–3 at Amsterdam Island; this is actually less than 2% of the 

sum of our 4 aerosol types for the total aerosol. Sea salt was calculated as 3.256 [Na+], 

where the factor 3.256 is the mass ratio of sea salt to Na+ in sea salt [Riley and 

Chester, 1971], nss-sulphate was estimated as explained above, WSOM was obtained 

as 1.8 WSOC and WIOM as 1.4 (OC – WSOC). The factors 1.8 and 1.4 are identical 

to those used by Facchini et al. [2008a] in a similar recent exercise. Figure 8.7 (left 

part) shows the average concentrations of the four aerosol types (averaged over the 18 

HVDS samples) for the separate fine and coarse size fractions and for the total aerosol 

(sum of fine + coarse); in Figure 8.7 (right part) the percentage contributions of the 

four aerosol types, expressed as percent of the mean concentration of the sum of the 
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four types, is given. Organic aerosol (sum of WIOM + WSOM) makes up for less 

than 10% of the sum of the four aerosol types. This is even the case for the fine size 

fraction, which is clearly also dominated by sea salt. 

 

8.4. Conclusions 

 

Our results indicate that organic aerosol for samples collected at Amsterdam Island 

during the austral summer of 2006-2007, a period of high biological activity, makes 

up less than 10% of the mass in both the fine and coarse size fractions. Our percentage 

in the fine size fraction is much less than the 65% of OC (sum of WIOC + WSOC) 

found for submicrometer-sized aerosol during a high biological activity period at the 

Atlantic Ocean site of Mace Head [O’Dowd et al., 2004]. On a mass basis, sea salt 

followed by nss-sulphate dominate in our samples and WIOC is relatively more 

important than WSOC, comparable with results obtained in a recent aerosol 

characterisation study for size-segregated samples during a phytoplankton bloom in 

the North Atlantic [Facchini et al., 2008a]. The percentage of fine OC that is water-

insoluble resembles percentages obtained at urban locations in Europe, where much of 

the OC is of primary origin. The WIOC is attributed to primary marine biomass 

produced during phytoplankton blooms, considering that electron microscopic 

evidence from prior studies is available that marine aerosol particles contain 

fragments and secretions of algae and bacteria [Leck and Bigg, 2005a; 2005b; 2008]. 

 

About 23% of the fine WSOC could be attributed to methanesulphonate, dicarboxylic 

acids, and organosulphates, with methanesulphonate providing the largest fraction 

(17%). A large fraction of the fine WSOC escaped our and the UA analyses and likely 

corresponds to oxidised marine biomass that became water-soluble. It was found that 

the temporal variation of WSOC closely followed that of OC, while 

methanesulphonate, the dicarboxylic acids, and the organosulphates showed a 

different time series, pointing to different biogenic origins and/or source regions. 

 

No evidence could be found for SOA from the photo-oxidation of isoprene, which is 

consistent with recent model estimates indicating that isoprene has an insignificant 

role in forming marine organic aerosol by secondary processes [Arnold et al., 2009], 

and thus further supporting a primary source of OC in the remote marine atmosphere. 
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Atmospheric aerosol nss-sulphate, nitrate, and ammonium are at the European and 

Chinese study sites of this thesis SIA components, which are predominantly from 

anthropogenic origin, i.e., formed by gas-to-particle conversion of SO2, NOx, and 

NH3 from man-made emissions. Although the European anthropogenic sulphur 

emissions have been steadily decreasing over the past decades, amounting from about 

55 Tg SO2 in 1980 to 15 Tg SO2 in 2004 [Vestreng et al., 2007], nss-SO4
2- is still an 

important component of the fine (PM2 or PM2.5) aerosol at our European sites. It 

contributed with 10 to 30% at the Belgian sites and its percentage contribution was 

larger in summer than in winter; at the kerbside site in Budapest, the contribution was 

13% and in Beijing it was, on average, 16%. For the summer campaigns at the three 

forested sites, the percentage contribution of nss-sulphate to the fine PM mass ranged 

from 22% to 31%. As to the NOx emissions in Europe, these were reviewed by 

Vestreng et al. [2009] with focus on road transport and control measures. These 

authors concluded that road transport has been the dominating source since 1970, and 

contributed with 40% to the total NOx emissions in 2005. They further wrote that road 

traffic emissions of NOx increased from 1990 to 2005 in Eastern Europe, but 

decreased in Western Europe. Despite this decrease in Western Europe, nitrate was 

still an important contributor to the fine PM mass at our Belgian sites in winter (with 

percentages around 25%), but much less in summer (with percentages from 4 to 10%). 

There was a very clear inverse relationship between the concentration of nitrate in the 

fine aerosol and ambient temperature, because fine NH4NO3 was transferred from the 

particulate phase to the vapour phase at high temperatures. It should be indicated, 

though, that negative sampling artifacts (i.e., volatilisation losses) may also have 

played a role. 

 

Of all ionic species measured, SO4
2- and NH4

+ were normally the prevailing ones in 

the fine size fraction at our various study sites and they were predominantly present in 

the fine size (PM2 or PM2.5) fraction, with fine/PM10 (or fine/total) ratios of around 

0.8 and 1.0, respectively. At most sites there was sufficient fine NH4
+ present to fully 

neutralise all fine SO4
2- and NO3

- to (NH4)2SO4 and NH4NO3, respectively. 

Comparison of the SO4
2--S data with total S data obtained by PIXE indicated that 

typically 90% or more of the total S was water-soluble. The cationic species Na+, 

Mg2+, and Ca2+ were mostly associated with the coarse size fraction, but for K+ about 

equal percentages were present in the fine and coarse size fractions. In a number of 
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cases (especially in Beijing and Hyytiälä) there were important contributions from 

biomass burning (often from long-range transport) to the fine K+ levels. The 

comparison of the IC and PIXE data for K and Ca for the various sites indicated that 

most of the Ca was water-soluble (the Ca was presumably mostly present as CaCO3); 

in contrast, for K, only half of it was typically water-soluble, indicating that it was to a 

large extent associated with insoluble mineral dust. The good agreement between the 

IC and PIXE data for S and Ca indicates that these data are of good quality. 

 

From the back/front filter ratios for the PM2.5 HVDS quartz fibre filter samples from 

the three forested sites (K-puszta, Brasschaat, and Hyytiälä) it appeared that sampling 

artifacts were negligible for the inorganic cationic species and also for SO4
2-. In 

contrast, for NO3
-, a median back/front filter percentage ratio of around 25-30% was 

typically observed. This indicates that undenuded filter samplings with quartz fibre 

filters are prone to large artifacts for nitrate, as is also well-documented [e.g., Schaap et 

al., 2004]. For MSA- and the four C2-C5 DCAs, our back/front filter percentage ratios 

increased in the following order: oxalate (1.5%), succinate (3%), MSA- (4%), malonate 

(2-9%), glutarate (7-26%). Our back/front ratios for three of the four DCAs are lower to 

much lower than those found by Limbeck et al. [2001; 2005]; for malonate, however, 

we found higher back/front ratios. It should be indicated, though, that there were a 

number of differences between our sampling conditions and those of Limbeck et al. 

[2001; 2005]; the collection time per sample was substantially shorter and the filter 

face velocity substantially higher in our HVDS samplings. It is concluded that results 

from one site and sampler cannot be generalised to all sites and sampler types and 

perhaps also not to other quartz fibre filter types or to non-fired filters. 

 

With regard to the four C2-C5 DCAs in the front filters of the PM2.5 HVDS samples, 

oxalate was always the most prevailing, followed by malonate and succinate usually in 

this order, and finally glutarate (thus, with decreasing concentrations from C2 to C5). 

These results are consistent with those of several published studies. The OC in the sum 

of the 4 DCAs accounted for 3-7% of the WSOC, with the largest contribution being 

observed for Brasschaat. The OC in MSA-, an oxidation product of dimethylsulfide, 

which is emitted by marine phytoplankton, provided only an important contribution to 

the PM2.5 WSOC at Amsterdam Island, i.e., on average, 17%. 
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We conclude by providing some recommendations for future work: 

1. The analysis of the DCAs by IC using hydroxide gradients suffers from a number 

of shortcomings. With the Dionex AS17 and AS17-C columns used by us there were 

problems of peak overlap between malonate and tartrate, between succinate and 

malate, and between glutarate and carbonate. With the AS11 column used earlier by 

our UGent research group [Kourtchev et al., 2009] there were even more serious 

shortcomings. Malonate could not be quantified because of a too severe peak overlap 

with carbonate and the peak overlap between succinate and malonate was such that 

only concentration data could be provided for the sum of both. It is recommended that 

improved IC columns and/or separation schemes are developed where the peak 

overlap of the C2-C5 DCAs with interfering species is absent or at least much reduced. 

Some researchers [e.g., Jaffrezo et al., 1998; Röhrl. and Lammel, 2002] have resorted 

to a combined hydroxide/methanol gradient to improve the separation and to allow the 

quantification of additional DCAs and other LMW organic acids, but the experience 

of our UGent research group with such approaches is not good. The IC columns and 

suppressors suffered too much from the methanol. An alternative to analysis of the 

DCAs by IC is to use GC/MS with derivatisation to dibutylesters, as is done by 

Kawamura and co-workers [Kawamura, 1993; Kawamura and Ikushima, 1993], but 

this approach is clearly more complicated than analysis by IC. 

2. Further studies are needed to understand and assess the sampling artifacts for the 

DCAs when using quartz fibre (or other) filters. Analyses of samples taken in parallel 

with quartz fibre filters and other filter types (e.g., Teflon) would already help. 

However, it is advised to complement the samplings and analyses for the particulate-

phase DCAs with similar work for the gas-phase fraction of the DCAs, to analyse the 

aerosol samples for both the acidic and anionic forms of the DCAs and also for other 

anionic and cationic species, and to complement the aerosol samplings and analyses 

with measurements of some meteorological parameters. Work along these lines has 

been done in recent years by Yang and Yu [2008] and Bao et al. [2009]. 

3. At all our sites, several more aerosol components were measured besides these 

obtained by IC. These other components included the carbonaceous components OC 

and EC, and in most cases also a large suite of elements. Several of the elements are 

indicators of specific anthropogenic sources (e.g., V and Ni for residual oil burning). 

The combined data sets of IC species, carbonaceous components, and elements for the 

Belgian sites could be further examined with multivariate receptor modelling 
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techniques, such as absolute principal component analysis or positive matrix 

factorisation [Viana et al., 2008a] and/or related to air mass trajectories [e.g., Lupu 

and Maenhaut, 2002]. It is expected that such analyses would provide valuable 

information on the sources and/or source regions of the various major, minor, and 

trace constituents of the PM and would help in suggesting appropriate mitigation 

approaches for reducing the PM levels. 
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SUMMARY 

 

This thesis had the following objectives: (1) to measure important (i.e., SO4
2-, NO3

-, 

and NH4
+) and other inorganic ionic constituents by ion chromatography (IC) in low- 

and high-volume atmospheric aerosol samples from various urban sites, three forested 

sites in Europe, and one pristine marine site in the southern Indian Ocean; (2) to 

determine low molecular weight (LMW) dicarboxylic acids (DCAs) and 

methanesulphonate (MSA-) by IC in the high-volume samples from the three forested 

and the one pristine marine site and to assess their contribution to the organic carbon 

(OC) and water-soluble OC (WSOC); (3) to perform quality control of the IC data by 

comparing them with data obtained with total element analysis techniques (thereby 

also assessing to which extent the element is water-soluble) and by comparing the 

data from low- and high-volume samples collected in parallel (and analysed by 

different IC approaches); (4) to examine the sampling artifacts for inorganic and 

organic species when using quartz fibre filters for aerosol collection; (5) to discuss the 

IC data and compare them with literature data for the same site types; and (6) to use 

the IC data in combination with data from other techniques to perform aerosol 

chemical mass closure, that is to determine to which extent the various measured 

aerosol components (types) add up to the PM mass, as obtained from gravimetry. 

 

For the low-volume samplings use was made of Gent PM10 stacked filter unit (SFU) 

samplers and of low-volume PM2.5 and PM10 filter samplers. The collection 

substrates for the low-volume samplings for subsequent IC analysis were normally 

Nuclepore polycarbonate or Teflon filters of 47 mm diameter. The low-volume 

samples were analysed for water-soluble inorganic species and a single organic 

species (i.e., MSA-) with a Dionex 4500i instrument. The high-volume samplings 

were done with a high-volume dichotomous sampler (HVDS), which provided two 

size fractions: fine (PM2.5) and coarse (> 2.5 μm) and in which double (front and 

back) Gelman Pall quartz fibre filters (of 102 mm diameter) were used for each of the 

two size fractions. The front and back filters of the PM2.5 HVDS samples were 

analysed for water-soluble inorganic and organic species by IC with a Dionex DX-

600/ICS-2000 instrument combination. The organic species measured were MSA- and 

the anions of the C2-C5 dicarboxylic acids (i.e., oxalate, malonate, succinate, and 

glutarate). 



Summary 

 

Low-volume samplings were made at two urban background sites in Belgium, i.e., at 

Ghent (during two winter and one summer campaign of one month each) and Uccle 

(from January through November 2006), at a kerbside site in Budapest, Hungary 

(during a campaign in spring 2002), at a site in Beijing (in 2002-2003), and in summer 

campaigns at the forested sites of K-puszta, Hungary (in 2003 and 2006) and Hyytiälä, 

Finland (in 2007). At these two forested sites, the low-volume samplings were 

complemented by parallel HVDS samplings. HVDS samplings were also made during 

a 2007 summer campaign at a forested site in Brasschaat, Belgium, and during a 

2006-2007 austral summer campaign at Amsterdam Island in the southern Indian 

Ocean. 

 

SO4
2- and NH4

+ were predominantly present in the fine size (PM2 or PM2.5) fraction 

at all sites, with fine/PM10 (or fine/total) ratios of around 0.8 and 1.0, respectively, 

and they were normally the prevailing ionic species in the fine fraction. The fine 

sulphate was for 90% or more non-sea-salt (nss) sulphate. For nitrate, about equal 

percentages were present in the fine and coarse (PM10-2, PM10-2.5, or > 2.5 μm) size 

fractions. At most sites there was sufficient fine NH4
+ present to fully neutralise all 

fine SO4
2- and NO3

- to (NH4)2SO4 and NH4NO3, respectively. Comparison of the 

SO4
2--S data with total S data, as obtained by particle-induced X-ray emission (PIXE) 

spectrometry, indicated that typically 90% or more of the total S was water-soluble. 

The cationic species Na+, Mg2+, and Ca2+ were mostly associated with the coarse size 

fraction, but for K+ about equal percentages were present in the fine and coarse size 

fractions. In a number of cases (especially at Beijing and in Hyytiälä) there were 

important contributions from biomass burning (often from long-range transport) to the 

fine K+ levels. The comparison of the IC and PIXE data for K and Ca for the various 

sites indicated that most of the Ca was water-soluble (the Ca was presumably mostly 

present as CaCO3); in contrast, for K, only half of it was typically water-soluble, 

indicating that it was to a large extent associated with insoluble mineral dust. The 

good agreement between the IC and PIXE data for S and Ca indicates that these data 

are of good quality. 

 

From the back/front filter ratios for the PM2.5 HVDS quartz fibre filter samples from 

the three forested sites (K-puszta, Brasschaat, and Hyytiälä) it appeared that sampling 
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artifacts were negligible for the inorganic cationic species and also for SO4
2-. In 

contrast, for NO3
-, a median back/front filter percentage ratio of around 25-30% was 

typically observed. This indicates that undenuded filter samplings with quartz fibre 

filters are prone to large artifacts for nitrate, as is also well-documented in the literature. 

For MSA- and the four DCAs, our back/front filter percentage ratios increased in the 

following order: oxalate (1.5%), succinate (3%), MSA- (4%), malonate (2-9%), 

glutarate (7-26%). Our back/front ratios for three of the four DCAs are lower to much 

lower than those found by Limbeck et al. [Atmos. Environ., 35, 1853-1862, 2001; J. 

Aerosol Sci., 36, 991-1005, 2005]; for malonate, however, we found higher back/front 

ratios. It should be indicated, though, that there were a number of differences between 

our sampling conditions and those of Limbeck et al. [2001; 2005]; the collection time 

per sample was substantially shorter and the filter face velocity substantially higher in 

our HVDS samplings. It was concluded that results from one site and sampler cannot 

be generalised to all sites and sampler types and perhaps also not to other quartz fibre 

filter types or to non-fired filters. 

 

With regard to the four DCAs in the front filters of the PM2.5 HVDS samples, oxalate 

was always the most prevailing, followed by malonate and succinate usually in this 

order, and finally glutarate (thus, with decreasing concentrations from C2 to C5). These 

results are consistent with those of several published studies. The OC in the sum of the 

four DCAs accounted for 3-7% of the WSOC, with the largest contribution being 

observed for Brasschaat. The OC in MSA-, an oxidation product of dimethylsulphide, 

which is emitted by marine phytoplankton, provided only an important contribution to 

the PM2.5 WSOC at Amsterdam Island, i.e., on average, 17%. 

 

A major objective of the thesis was to use the IC data in combination with data from 

other techniques to perform aerosol chemical mass closure. For the studies at the 

forested site in Brasschaat and at Amsterdam Island, no gravimetric PM mass data 

were available, but in these cases, the sum of the concentrations of the various 

components was considered as a reasonable proxy for the PM mass. The aerosol 

components, which were used for the aerosol chemical mass closure calculations, 

were (1) ammonium, (2) nitrate, (3) nss-sulphate, (4) sea salt, which were all derived 

from IC data (in the case of sea salt the IC data for Na+ and Cl-), (5) organic matter 

(OM), which was obtained from OC data by multiplying by an OC-to-OM conversion 
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factor of 1.4 for the urban sites, 1.6 for the forested site of Brasschaat, and 1.8 for the 

other two forested sites (for Amsterdam Island water-soluble and water-insoluble OM 

were separately estimated), (6) EC, (7) crustal matter, which was mostly estimated 

from the data for the elements Al, Si, Ca, Ti, and Fe, but occasionally from nss-Ca2+, 

and finally, except for the studies at Beijing, Brasschaat, and Amsterdam Island, (8) 

other elements, including Ni, Cu, Zn, and Pb. The last component was always a very 

minor one; it contributed with less than 1% to the average fine or PM10 aerosol mass. 

Nss-sulphate was an important contributor to the fine PM mass at all sites. It 

contributed with 10 to 30% at the Belgian sites and its percentage contribution was 

larger in summer than in winter, essentially because the fine PM mass levels were 

lower in summer than in winter (the actual concentration of nss-sulphate was lower in 

summer than in winter). At the kerbside site in Budapest, the contribution was 13% 

and in Beijing it was, on average, 16%. For the summer campaigns at the three 

forested sites, the percentage contribution of nss-sulphate to the fine PM mass ranged 

from 22% to 31% and in Amsterdam Island it was less than 10%. At the Belgian sites, 

nitrate was an important contributor to the fine PM mass in winter (with percentages 

around 25%), but much less in summer (with percentages from 4 to 10%). There was 

a very clear inverse relationship between the concentration of nitrate in the fine 

aerosol and ambient temperature, because fine NH4NO3 was transferred from the 

particulate phase to the vapour phase at high temperatures. It should be indicated, 

though, that negative sampling artifacts (i.e., volatilisation losses from the filter) may 

also have played a role. The large levels of nitrate in winter were to a large extent 

responsible for the large PM2.5 and PM10 mass levels in winter. Sea salt was by far 

the major component in both the fine and coarse aerosol at Amsterdam Island (with 

percentage contributions of over 80%), but it was also a significant contributor at the 

Belgian sites, especially to the coarse size fraction (with percentage contributions 

often over 20%). OM was the largest component in the fine aerosol at the Belgian 

sites, with a percentage contribution of around 30%, and it was the dominant 

contributor to both the PM2.5 and PM10 aerosol at the two forested sites where there 

was little impact from anthropogenic sources (i.e., K-puszta and Hyytiälä); the 

percentage contributions from OM were 40-50% at K-puszta and over 60% at 

Hyytiälä. Crustal matter was the dominant aerosol type in the coarse and PM10 

aerosol at the Budapest kerbside site, with percentage contributions of 49% and 34%, 

respectively; it was attributed to resuspended road dust. Crustal matter, presumably 
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mainly from agricultural activities, was also an important aerosol component at 

K-puszta during the 2003 campaign and in the warm period of the 2006 campaign, 

when it accounted for almost 30% of the PM10 aerosol. 
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SAMENVATTING 

 

Deze thesis had de volgende doelstellingen: (1) door middel van ionenchromatografie 

(IC) belangrijke (nl. SO4
2-, NO3

- en NH4
+) en andere anorganische ionaire consti-

tuenten te bepalen in laag- en hoog-volume atmosferische aërosolmonsters van 

verschillende stedelijke sites, drie bosrijke sites in Europa en een ongerepte mariene 

site in de zuidelijke Indische Oceaan; (2) dicarbonzuren (DCA’s) met laag moleculair 

gewicht (LMW) en methaansulfonaat (MSA-) met IC te bepalen in de hoog-volume 

monsters van de drie bosrijke en de ongerepte mariene site en de bijdrage ervan tot de 

organische koolstof (OC) en de wateroplosbare OC (WSOC) vast te stellen; (3) een 

kwaliteitscontrole van de IC gegevens uit te voeren door ze te vergelijken met 

gegevens, die werden bekomen met totaal element analysetechnieken (waarbij ook 

wordt aangeduid welke fractie van het element wateroplosbaar is) en door de 

gegevens te vergelijken van laag- en hoog-volume monsters, die in parallel waren 

genomen (en geanalyseerd met verschillende IC methoden); (4) de monsternemings-

artefacten te onderzoeken voor anorganische en organische species bij aërosolcollectie 

met kwartsvezelfilters; (5) de IC gegevens te bespreken en ze te vergelijken met 

literatuurgegevens voor dezelfde types sites en (6) de IC gegevens samen met 

gegevens van andere technieken aan te wenden voor aërosol chemische massa 

“closure”, dit is te bepalen in hoever de som van de gemeten aërosolcomponenten 

(types) gelijk is aan de gravimetrische PM massa. 

 

Voor de laag-volume monsternemingen werd gebruik gemaakt van Gent PM10 

“stacked filter unit” (SFU) apparaten en laag-volume PM2,5 en PM10 filterhouders. 

De collectiesubstraten voor de laag-volume monsternemingen voor eropvolgende IC 

analyse waren gewoonlijk Nuclepore polycarbonaat of Teflon filters met een diameter 

van 47 mm. De laag-volume monsters werden met een Dionex 4500i instrument 

geanalyseerd voor wateroplosbare anorganische species en één organische species (nl. 

MSA-). De hoog-volume monsternemingen werden uitgevoerd met een hoog-volume 

dichotome sampler (HVDS), die twee deeltjesgroottefracties leverde: fijn (PM2,5) en 

grof (> 2,5 μm) en waarin dubbele (“front” en “back”) Gelman Pall kwartsvezelfilters 

(met diameter van 102 mm) werden aangewend voor elk van de twee deeltjesgrootte-

fracties. De “front” en “back” filters van de PM2,5 HVDS monsters werden 

geanalyseerd voor wateroplosbare anorganische en organische species door middel 



Samenvatting 
 

van IC met een Dionex DX-600/ICS-2000 instrumentcombinatie. De gemeten 

organische species waren MSA- en de anionen van de C2-C5 dicarbonzuren (nl. 

oxalaat, malonaat, succinaat en glutaraat). 

 

Laag-volume monsternemingen werden verricht op twee stedelijke achtergrondsites in 

België, nl. in Gent (gedurende twee winter- en één zomercampagne van één maand 

elk) en Ukkel (van januari tot en met november 2006), op een straatzijde site in 

Boedapest, Hongarije (tijdens een campagne in de lente van 2002), in een site in 

Beijing (in 2002-2003) en in zomercampagnes op de bosrijke sites van K-puszta, 

Hongarije (in 2003 en 2006) en Hyytiälä, Finland (in 2007). Voor deze twee bosrijke 

sites werden de laag-volume monsternemingen aangevuld met parallelle HVDS 

monsternemingen. Er werden ook HVDS monsternemingen uitgevoerd tijdens de 

2007 zomercampagne op de bosrijke site in Brasschaat, België, en tijdens een 2006-

2007 zuidelijke zomercampagne op Amsterdam Eiland in de zuidelijke Indische 

Oceaan. 

 

SO4
2- en NH4

+ kwamen op alle sites vooral voor in de fijne deeltjesgroottefractie 

(PM2 of PM2,5), met fijn/PM10 (of fijn/totaal) verhoudingen van respectievelijk 

ongeveer 0,8 en 1,0, en ze waren gewoonlijk veruit de belangrijkste ionaire species in 

de fijne deeltjesgroottefractie. Het fijn sulfaat was voor 90% of meer niet-zeezout (nss) 

sulfaat. Voor nitraat waren de percentages in de fijne en grove (PM10-2, PM10-2.5, of 

> 2.5 μm) deeltjesgroottefracties ongeveer aan elkaar gelijk. Op de meeste sites was er 

voldoende fijn NH4
+ aanwezig om al het fijn SO4

2- en NO3
- volledig te neutraliseren 

tot respectievelijk (NH4)2SO4 en NH4NO3. Uit de vergelijking van de SO4
2--S 

gegevens met gegevens voor totaal S, zoals bekomen door middel van protonen-

geïnduceerde X-straal emissie (PIXE) spectrometrie, bleek dat typisch minstens 90% 

van de totale S wateroplosbaar was. De kationaire species Na+, Mg2+ en Ca2+ waren 

meestal geassocieerd met de grove deeltjesgroottefractie, maar voor K+ waren de 

percentages in de fijne en grove deeltjesgroottefracties ongeveer aan elkaar gelijk. In 

een aantal gevallen (vooral in Beijing en Hyytiälä) was er een belangrijke bijdrage 

van biomassaverbranding (dikwijls van lange-afstandstransport) tot de fijne K+ 

niveaus. Uit de vergelijking van de IC en PIXE gegevens voor K en Ca van de 

verschillende sites bleek dat Ca practisch volledig wateroplosbaar was (het Ca was 

wellicht vooral aanwezig als CaCO3); voor K daarentegen was typisch slechts de helft 
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wateroplosbaar, wat erop wees dat het voor een belangrijke fractie was geassocieerd 

met onoplosbaar bodemstofachtig material. De goede overeenkomst tussen de IC en 

PIXE gegevens voor S en Ca toonde aan dat deze gegevens van goede kwaliteit zijn. 

 

Uit de “back”/“front” filter verhoudingen voor de PM2,5 HVDS kwartsvezelfilter-

monsters van de drie bosrijke sites (K-puszta, Brasschaat en Hyytiälä) bleek dat de 

monsternemingsartefacten verwaarloosbaar waren voor de anorganische kationaire 

species en ook voor SO4
2-. Voor NO3

- daarentegen werd typisch een mediaan 

“back”/“front” filter procentuele verhouding van ongeveer 25-30% waargenomen. Dit 

wijst erop dat niet-gedenudeerde filtermonsternemingen met kwartsvezelfilters erg 

vatbaar zijn voor grote artefacten voor nitraat, zoals reeds bij herhaling werd vermeld in 

de literatuur. Voor MSA- en de vier DCA’s namen onze “back”/“front” filter 

procentuele verhoudingen in de volgende volgorde toe: oxalaat (1,5%), succinaat (3%), 

MSA- (4%), malonaat (2-9%), glutaraat (7-26%). Onze “back”/“front” verhoudingen 

voor drie van de vier DCA’s zijn lager tot veel lager dan deze, die werden 

waargenomen door Limbeck et al. [Atmos. Environ., 35, 1853-1862, 2001; J. Aerosol 

Sci., 36, 991-1005, 2005]; alleen voor malonaat vonden we hogere “back”/“front” 

verhoudingen. Er moet echter worden gesteld dat er een aantal verschillen waren tussen 

onze monsternemingsvoorwaarden en die van Limbeck et al. [2001; 2005]; de 

collectieduur per monster was beduidend korter en de filter “face velocity” beduidend 

groter in onze HVDS monsternemingen. Er werd besloten dat resultaten van één site 

en monsternemingsapparaat niet kunnen worden veralgemeend tot alle sites en 

monsternemingsapparaten en wellicht ook niet tot andere types kwartsvezelfilters of tot 

niet-voorgebakken filters. 

 

Voor wat de DCA’s in de “front” filters van de PM2,5 HVDS monsters betreft, kwam 

oxalaat steeds in de hoogste concentratie voor, gevolgd door malonaat en succinaat 

gewoonlijk in deze volgorde, en tenslotte glutaraat (de concentraties namen dus af van 

C2 tot C5). Deze resultaten komen overeen met die van verschillende gepubliceerde 

studies. De OC in de som van de vier DCA’s was verantwoordelijk voor 3-7% van de 

WSOC en de hoogste bijdrage werd genoteerd voor Brasschaat. De OC in MSA-, een 

oxidatieproduct van dimethylsulfide, dat wordt uitgestoten door marien fytoplankton, 

leverde alleen voor Amsterdam Eiland een belangrijke bijdrage tot de PM2,5 WSOC op, 

nl. gemiddeld 17%. 
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Een belangrijke doelstelling van deze thesis bestond erin de IC gegevens samen met 

gegevens van andere technieken aan te wenden voor aërosol chemische massa 

“closure”. Voor de studies op de bosrijke site van Brasschaat en op Amsterdam Eiland 

waren er geen gravimetrische PM massagegevens voorhanden, maar in deze gevallen 

werd de som van de concentraties van de verschillende componenten aangewend als 

een redelijke “proxy” voor de PM massa. De aërosolcomponenten, die werden 

aangewend voor de aërosol chemische massa “closure” berekeningen, waren (1) 

ammonium, (2) nitraat, (3) nss-sulfaat, (4) zeezout, die alle werden bekomen op basis 

van IC gegevens (in het geval van zeezout de IC gegevens voor Na+ en Cl-), (5) 

organisch materiaal (OM), dat werd bekomen door de OC gegevens te vermenig-

vuldigen met een OC-tot-OM conversiefactor van 1,4 voor de stedelijke sites, 1,6 

voor de bosrijke site van Brasschaat en 1,8 voor de twee andere bosrijke sites (voor 

Amsterdam Eiland werden wateroplosbaar en wateronoplosbaar OM afzonderlijk 

berekend), (6) EC, (7) bodemstofachtig materiaal, dat meestal werd berekend aan de 

hand van de gegevens voor de elementen Al, Si, Ca, Ti en Fe, maar in bepaalde 

gevallen ook uit nss-Ca2+ en tenslotte, behalve voor de studies in Beijing, Brasschaat 

en Amsterdam Eiland, (8) andere elementen, o.a. Ni, Cu, Zn en Pb. De laatste 

component kwam steeds in beperkte concentratie voor; hij droeg met minder dan 1% 

bij tot de gemiddelde fijne of PM10 aërosolmassa. Nss-sulfaat leverde een belangrijke 

bijdrage tot de fijne PM massa voor alle sites. Het droeg met 10 tot 30% bij voor de 

Belgische sites en zijn procentuele bijdrage was groter in de zomer dan in de winter 

omdat de fijne PM massaniveaus lager waren in de zomer dan in de winter (de 

atmosferische concentratie van nss-sulfaat zelf was in feite lager in de zomer dan in 

de winter). Op de straatkant site in Boedapest was de bijdrage 13% en in Beijing was 

ze gemiddeld 16%. Voor de zomercampagnes op de drie bosrijke sites varieerde de 

procentuele bijdrage van nss-sulfaat tot de fijne PM massa van 22% tot 31% en op 

Amsterdam Eiland was ze kleiner dan 10%. Voor de Belgische sites leverde nitraat 

een belangrijke bijdrage tot de fijne PM massa in de winter (met percentages rond de 

25%), maar veel minder in in de zomer (met percentages van 4 tot 10%). Er was zeer 

duidelijk een invers verband tussen de concentratie van nitraat in het fijn aërosol en de 

omgevingstemperatuur omdat fijn NH4NO3 werd getransfereerd van de deeltjesfase 

naar de gasfase bij hogere temperaturen. Er moet evenwel worden opgemerkt dat 

negatieve monsternemingsartefacten (nl. vervluchtigingsverliezen van de filter) 

mogelijks ook een rol speelden. De hoge nitraatniveaus in de winter waren in 
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belangrijke mate verantwoordelijk voor de hoge niveaus aan PM2,5 en PM10 massa 

in de winter. Zeezout was veruit de voornaamste component in zowel het fijn als het 

grof aërosol op Amsterdam Eiland (met procentuele bijdragen van meer dan 80%), 

maar het leverde ook een significante bijdrage voor de Belgische sites, vooral dan in 

de grove deeltjesgroottefractie (met procentuele bijdragen van dikwijls boven de 

20%). OM was de voornaamste component in het fijn aërosol voor de Belgische sites, 

met een bijdrage percentage van ongeveer 30%, en het leverde de dominante bijdrage 

tot zowel het PM2,5 als het PM10 aërosol op de twee bosrijke waar er een geringe 

impact was van antropogene bronnen (nl. K-puszta en Hyytiälä); de procentuele 

bijdragen van OM waren 40-50% in K-puszta en meer dan 60% in Hyytiälä. 

Bodemstofachtig materiaal was het dominante aërosoltype in het grof en PM10 

aërosol voor de straatzijde site in Boedapest, met procentuele bijdragen van 

respectievelijk 49% and 34%; het werd toegeschreven aan opgewaaid straatstof. 

Bodemstofachtig materiaal, dat wellicht vooral afkomstig was van landbouwacti-

viteiten, was ook een belangrijke aërosolcomponent in K-puszta tijdens de 2003 

campagne en in de warme periode van de 2006 campagne; het droeg toen voor bijna 

30% bij tot het PM10 aërosol. 
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