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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Der Inhalt dieser Dissertation befasst sich mit der umfassenden Analyse von organischen
Spurenverbindungen und die Identifizierung der Emissionsquellen von luftgéingigen Partikeln
(particulate matter- PM). PM ist ein wichtiger Luftverschmutzungsindikator, der direkten Einfluss auf
die menschliche Gesundheit hat. Viele im PM enthaltene Verbindungen werden damit in Verbindung
gebracht. Zum Beispiel organische Verbindungen, wie polyzyklische aromatische Kohlenwasserstoffe
(PAK), von denen viele karzinogen sind, aber auch Metalle und anorganische Salze, spielen eine
wichtige Rolle. Sowohl PM,, als auch PM,s beinhalten inhalierbare Partikel, die mit
neurodegenerativen, Atemwegs- und Herz-Kreislauf-Erkrankungen, als auch der Mortalitit,
korrelieren. In Deutschland wird die Minderung der Lebenserwartung aufgrund von Feinstaub auf
neun bis zw0lf Monate beziffert. Organische Verbindungen biogenen und anthropogenen Ursprungs
konnen dabei bis zu 40% des Gesamtfeinstaubs ausmachen. Zum Schutz der Umwelt und der
menschlichen Gesundheit sind umfangreiche wissenschaftliche Studien notwendig, um die
Zusammensetzung des PM aus verschiedenen Quellen zu untersuchen. Deshalb werden seit vielen
Jahren bereits organische Verbindungen zur Quellenidentifizierung eingesetzt.

Fiir diese Studie wurden PM-Proben gesammelt und mit einer neuen Methode, der in-situ-
Derivatisierung-Thermodesorption-Gaschromatographie-Flugzeitmassenspektrometrie (IDTD-GC-
ToF-MS) analysiert. In allen Féllen wurde die positive Matrix-Faktorisierung (PMF) eingesetzt; ein
erweitertes Rezeptor-Modell fir Quellenzuordnung. Damit wurden Quellenfaktoren fiir alle
organischen und anorganischen Komponenten, die analysiert wurden, bestimmt, die eine
anteilsméBige Quellenzuordnung erlauben.

In der vorliegenden Arbeit wurden organische und anorganische Spurenverbindungen in
PM,4-Proben von acht unterschiedlichen Probenahmeorten in Augsburg wurden analysiert. Die
jeweiligen Anteile wurden dazu verwendet um die rdumliche und =zeitliche Variabilitit der
Emissionsquellen zu bestimmen. Die PMF erlaubte eine Identifizierung von neuen Quellenfaktoren.
So zeigte sich, dass der Faktor fiir Holzverbrennung in einer Wohnsiedlung mit 5.1 pg/m?® am stérksten
ausgepragt war. StraBlenstaub und Stralenbahn hatten ihren hdchsten Anteil an einem
Verkehrsknotenpunkt (16.2 pg/m?) sowie an einem anderen Punkt in der Innenstadt (6.6 pg/m?). Der
PMF-Faktor fiir sekundires Sulfat und sekundires Nitrat waren an allen Probenahmestationen &hnlich
ausgeprdgt (im Schnitt 6.2 bzw. 4.3 pg/m?). In Miinchen wurden PM;s-Proben vor und nach
Einfiihrung der Umweltzone (Low Emission Zone-LEZ) gesammelt, um die Auswirkungen der LEZ
zu untersuchen. Es zeigte sich, dass sich der Einfluss der meisten organischen Verbindungen nach der
Einfilhrung der LEZ verringerte. Mit Hilfe der PMF konnten hier fiinf Hauptfaktoren
Emissionsquellen zugeordnet werden. Der Anteil des Verkehrsfaktors verringerte sich dabei durch die
Einflihrung der LEZ um 60%. So schrumpfte beispielsweise der Anteil von elementarem Kohlenstoff
(elemental carbon-EC) aus Verkehrsemissionen von 1.1 auf 0.5 pg/m3. AbschlieBend beschéftigt sich
diese Dissertation mit der Identifizierung der organischen Spurenverbindungen aus lokalen
(hauptséachlich Verkehr) und regionalen Quellen (iiberwiegend Biomasseverbrennung), die in PM, s-
Proben untersucht wurden, die an elf unterschiedlichen Schulen in Brisbane, Australien, gesammelt
wurden. Diese Feinstaub-Quellen beeinflussen damit direkt die Luftqualitit an den unterschiedlichen
Schulen und letztlich wie stark die Schiiler PM ausgesetzt werden. Insgesamt konnten mit der PMF
und den organischen Spurenverbindungen vier unterschiedliche Quellen identifiziert werden:
Fahrzeugemissionen, Biomasseverbrennung, Fleischzubereitung und Pflanzenwachse. Den hochsten
Anteil an den Schulen zeigte mit 45% organisch gebundener Kohlenstoff (organic carbon-OC) der
Fahrzeugemissionen. Die Biomasseverbrennung hatte einen saisonal stark schwankenden Anteil von
29% an OC. Im Winter war dieser Anteil aufgrund von Buschfeuer rund um Brisbane am hochsten.
Das Zubereiten von Fleisch hatte einen Anteil von 16% am OC, moglicherweise auch durch die
Mensen vor Ort bedingt. Pflanzenwachse trugen mit mindestens 7% zum organischen Kohlenstoff bei.



ABSTRACT

ABSTRACT

The extent of this thesis covers the comprehensive analysis of organic molecular markers and
identifying of the emission sources in in airborne particulate matter (PM). PM is one of the most
important air pollutants that adversely influence human health. Many components of PM are currently
seen as responsible for health effects, for instance organics such as PAH that are known carcinogens
and directly toxic to the cells, as well as metals and inorganic salts. Both PM;, and PM, s include
inhalable particles and the impact effects of inhalable PM are well correlated to the increase in
respiratory, neurodegenerative and cardiovascular diseases as well as mortality. In Germany, the
average loss of life expectancy due to respiratory diseases and lung malfunctions attributable to PM is
about nine to twelve months. Organic compounds of biogenic and anthropogenic origin often represent
a large fraction, up to 40%, of total airborne PM mass and influence the behavior and impact of PM on
human health. To protect both human health and the environment, comprehensive studies necessary to
evaluate the composition of PM at the different emission sources. Therefore, organic compounds have
been used as source indicators in aerosol research for many years and several studies have used
organic compounds for source apportionment.

The PM samples were analyzed for their organic constituents by applying a recently
developed method of the in-situ derivatization -thermal desorption-gas chromatography- time of flight
mass spectrometry (IDTD GC-ToF-MS). In all cases, Positive Matrix Factorization (PMF); an
advanced receptor model of source apportionment has been applied to all obtained data of POC and
inorganics to identify the possible sources and associated contributions.

The organic and inorganic tracers have been analyzed in PM,, samples, collected over a one-
month sampling campaign at eight sampling sites in Augsburg, Germany. The contribution of organic
and inorganic tracers to PM;o, samples was estimated to evaluate the spatial and temporal variation of
emission sources at the sampling sites. The results showed that PMF was able to identify nine source
factors depending on the organic and inorganic tracers. Organic and inorganic tracers of wood
combustion for example showed that the maximum daily average contribution at a residential site (5.1
png/m®). Other tracers of road dust & tram source were detected with the maximum daily average
contribution factor at a traffic site (16.2 pg/m’) and urban site (6.6 pg/m’). On the other hand,
secondary sulfate and secondary nitrate factors had approximately similar contributions (6.2 and 4.3
ng/m’, respectively) at all sites. While the analysis of the organic molecular markers in PM, 5 samples,
collected within the low emission zone (LEZ) of Munich, Germany, showed that the concentration for
most of the organic compounds has been decreased after the implementation of the LEZ. Applying of
PMF model in this case was able to identify five source factors depending on the concentration of
organic compounds. It was noticed that the contribution of traffic source factor decreased about 60%
after the implementation of the LEZ. Thus, the average concentration of EC in the traffic factor
decreased from 1.1 to 0.5 pg/m’. Furthermore, analysis of organic molecular markers in PM,s
samples, collected at 11 different schools in Brisbane Australia, has been used to identify the local
(traffic) and regional (biomass burning) primary sources. These primary detected sources influence the
levels of ambient particles that children are exposed at school, which has implications when
considering potential controls to mitigate exposure at schools. The results showed that the application
of PMF identified four sources; vehicle emissions, biomass burning, meat cooking and plant wax
using organic molecular markers data. At the schools studied, highest overall contributions were
attributed to vehicle emissions; about 45% of the organic carbon (OC). Biomass burning was the
second largest source accounting for 29% of the OC with an observed seasonal trend that peaked in
winter due to prescribed burning of bush land around Brisbane. Meat cooking emissions accounted for
16% of the OC, possibly from school canteens while plant wax emissions had minimum contributions
(7% of the OC).
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1. INTRODUCTION

1.1 Particulate Matter

An aerosol is generally defined as a suspension of liquid or solid particles in a gas, with
particle diameters in the range of 10°—10"* m (lower limit: molecules and molecular clusters; upper
limit: rapid sedimentation) [1, 2]. Particulate Matter (PM) is a widespread air pollutant, consisting of a
mixture of solid and liquid particles suspended in the air. Commonly used measures describing PM
that are relevant to health refer to the mass concentration of particles with an aerodynamic diameter of
less than 10um (PM;,) and of particles with an aerodynamic diameter of less than 2.5um (PM,5). PM
includes "inhalable coarse particles," with diameters larger than 2.5um and smaller than 10um and
"fine particles," with diameters that are 2.5um and smaller. PM also comprises ultrafine particles
having a diameter of less than 0.lpum. In most locations in Europe, PM,s constitutes 50—70% of
ambient PM,, [3]. Particles between 0.1pum and 1pm in diameter can remain in the atmosphere for

days or weeks and thus are subject to long-range transboundary transport in the air [4].

Atmospheric aerosol particles originate from a wide variety of natural and anthropogenic sources.
Particles can either be directly emitted into the air (primary PM) or be formed in the atmosphere from
gaseous precursors such as sulfur dioxide, oxides of nitrogen, ammonia and non-methane volatile and
semi volatile organic compounds (secondary PM). PM is a mixture with physical and chemical
characteristics varying with location and time. Common chemical constituents of PM include sulfates,
nitrates, ammonium, other inorganic ions such as ions of sodium, potassium, calcium, magnesium and
chloride, crustal material, particle-bound water, metals (including cadmium, copper, nickel, vanadium
and zinc), elemental carbon and organic compounds [3]. Moreover, airborne particles play an
important role in the spreading of biological organisms, reproductive materials, and pathogens (pollen,
bacteria, spores, viruses, etc.) and they can cause or enhance respiratory, cardiovascular, infectious and
allergic diseases [2].

Primary and secondary PM can have both man-made (anthropogenic) and natural (non-anthropogenic)
sources. Primary particles are directly emitted as liquids or solids from anthropogenic sources such as
fossil fuel (coal, lignite, heavy oil and biomass) combustion for energy production in households and
industry, combustion engines (both diesel and gasoline), other industrial activities (building, mining,
manufacture of cement, ceramic and bricks and smelting), and erosion of the pavement by road traffic
and abrasion of brakes and tyres (traffic-related suspension of road dusts). Nowadays, ships are
considered as one of the main sources of PM. For example, the average of particle emissions from
ships in average emissions factors of 0.33 and 1.34 g/kWh for different types of fuel [5].The natural
source of primary PM includes: volcanic eruptions, soil, mineral dust, sea salt and biological materials
(plant fragments, microorganisms, pollen, etc.). Secondary particles, on the other hand, are formed by
gas-to-particle conversion in the atmosphere (new particle formation by nucleation and condensation
of gaseous precursors on to particles) [2]. Anthropogenic sources of secondary particles include the
atmospheric transformation of nitrogen oxides (traffic and some industrial processes), ammonia
(mainly emitted by agricultural activities) and sulfur dioxide resulting from the combustion of sulfur-
containing fuels. While soil and dust re-suspension are the natural source of particles, particularly in
arid areas or during episodes of long-range transport of dust, for example from the Sahara to southern
Europe [3]. After biogenic sources in summer months of Central Europe (temperatures < 25 °C), wood
combustion sources and cold starting motor vehicles are two of the major emission sources of volatile
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organic compounds(VOC) during winter periods which leads to the formation of secondary organic
aerosol (SOA) [6, 7].

The chemical composition of ambient PM varies considerably and consists of many different
compounds [8]. The organic constituents of airborne particles influence the behavior and impact of
PM on human health, regional visibility and global climate [9]. Organic compounds of biogenic and
anthropogenic origins often represent a large fraction, up to 40%, of total PM mass [10] and the
concentrations of organic compounds are ranging from below pg/m’ to pg/m’ [11]. In an urban
environment primary sources of particles can include vehicle emissions, biomass burning (from both
domestic and open fires), coal combustion, cooking, plant abrasion and paved road dust. For these
primary sources there are a number of organic markers that are known to be characteristic of a specific
emission source and crucially also have a long lifetime in the atmosphere to enable detection at
monitoring stations [12]. Examples of some of the more specific organic markers include levoglucosan
for biomass burning [13] and cholesterol for meat cooking [14]. Hopanes are present in fossil fuels,
and the different hopanoid compounds are specific to the different types of fossil fuels such as coal or
petroleum and lubricating oil [15] (and references therein). Thus these organic compounds along with
others can be used as molecular markers for identifying the contributing primary sources to ambient
particles. To develop effective emission control strategies and to protect both human health and the
environment, it is important to combat pollutant emissions at the source and identify and implement
the most effective reduction measures at local, national and international levels. Comprehensive
studies are therefore necessary to evaluate the characteristics of PM at the different sources [16].
Therefore, inorganics and organic compounds have been used as source indicators in aerosol research
for many years and several studies have used organic compounds for source apportionment [12, 17-
23].

Airborne particulate matter, which includes dust, dirt, soot, smoke and liquid droplets emitted
into the air, is small enough to be suspended in the atmosphere and so called aerosol. Airborne PM is
complex mixture of solid and liquid particles of primary and secondary origin, which contain a wide
range of inorganic and organic components. They can be characterized by their physical attributes
(mass, size and optical properties), which influence their transport, deposition and impact on climate,
and their chemical composition, which influences their effect on health and climate. PM mass and
composition is highly variable in spatial- temporal terms and is, beside emission strengths, strongly
influenced by meteorological conditions. Primary PM can be emitted from both natural and man-made
sources, including forest fires, dust storms, traffic and industry, and is found both outdoors and
indoors. In terms of the latter, PM may be generated within the built environment or may be
transported from outside via various mechanisms. Typically, PM is defined according to the
aerodynamic diameter of the particles which make up a particular fraction, as this is what determines
how long they will reside in the air, how far they may be transported and, in terms of health, how they
will be deposited in the respiratory system [24]. Fig.1 shows the size distribution of particulate matter
adapted from Vallero, 2010 [25].
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Figure 1. Prototypical size distribution of particulate matter with selected sources and pathways of how the particles are
formed.

Particles interact with various substances in the air to form organic or inorganic chemical
compounds. For example, small anthropogenic particles like soot or fly ash are adsorbed to surfaces of
larger minerals [26] as shown in Fig.2 which has been adapted from Schleicher et. al., 2010. The most
common combinations of fine particles are those with sulfate [27]. The smaller particles contain the
secondarily formed aerosols, combustion particles, re-condensed organic and metal vapors. The
carbonaceous component of fine particles (products of incomplete combustion and secondary organic
aerosol formation) contains both elemental carbon (graphite and soot) and organic compounds
(emitted e.g. in combustion exhaust and secondary organic compounds formed by photochemistry).
Additionally, atmospheric reactions of nitrogen oxides produce nitric acid vapor (HNQO;) that may
accumulate as nitrate particles in both fine and coarse forms. The most common combination of coarse
particles consists of oxides of silicon, aluminum, calcium and iron [28].
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Figure 2. Typical examples for particle interactions in Beijing TSP samples. (a) anthropogenic carbon particle with sharp
edges together with minerals and a small fly ash (Mg—Al-Oxide; white arrow); (b) soot chains covering the surfaces of larger
particles; (c) aluminium silica oxide fly ash (spherical particle) on gypsum; (d) carbon particle with soot (white arrow) on its
surface. Figure is adapted from Schleicher et. al., 2010, Institute of Mineralogy and Geochemistry, University of Karlsruhe
(TH), Adenauer Ring 20, 76131 Karlsruhe, Germany.
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1.2 Exposure to PM and Health Effects

The linkages and associations between air pollution and health are determined largely through
epidemiological studies. Epidemiological and toxicological studies have shown that PM mass
comprises different fractions with varying types and degrees of adverse health effects, suggesting a
role for both the chemical composition and physical properties of PM [29]. Many components of PM
attached to black carbon are currently seen as responsible for health effects, for instance organics such
as PAH that are known carcinogens and directly toxic to the cells, as well as metals and inorganic
salts[3]. Recently, the exhaust from diesel engines (consisting mostly of particles) was classified by
the International Agency for Research on Cancer (IARC) as carcinogenic (Group 1) to humans based
on sufficient evidence that exposure is associated with an increased risk for lung cancer [30]. This list
also includes some PAHs and related exposures, as well as the household use of solid fuels [3] (and
references therein).The World Health Organization (WHO) estimated that exposure to fine particulate
air pollution caused 800,000 deaths and 6.4 million lost years of healthy life in the world’s cities in
2000 [31]. The ambient air quality for few regions has improved considerably in the last few decades.
However, there is convincing evidence that current levels of air pollution still pose a considerable risk
to the environment and to human health. PM is one of the most important air pollutants that adversely
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influences human health [32]. Long term exposure to PM;, and PM, s has been associated with effects
on breathing and the respiratory system, lung tissue damage, cancer and both cardiovascular mortality
and morbidity. Comprehensive epidemiological and toxicological evidence indicates that there are
consistent associations between increased risk of adverse health outcomes and exposure to PM [33,
34]. Both PM,y and PM, s include inhalable particles that are small enough to penetrate the thoracic
region of the respiratory system. The health effects of inhalable PM are well documented and
appreciable body of data suggests a significant increase in respiratory, neurodegenerative and
cardiovascular diseases as well as mortality after both short- and long-term exposure to atmospheric
PM [35, 36]. They are due to exposure over both the short term (hours, days) and long term (months,
years) and include:

* Respiratory and cardiovascular morbidity, such as aggravation of asthma, respiratory
symptoms and an increase in hospital admissions.

*  Mortality from cardiovascular and respiratory diseases and from lung cancer.

There is good evidence of the effects of short-term exposure to PM, on respiratory health, but
for mortality, and especially as a consequence of long-term exposure, PM, s is a stronger risk factor
than the coarse part of PM;,. All-cause daily mortality is estimated to increase by 0.2-0.6% per
10 pg/m’ of PM,, [37]. Long-term exposure to PM, s is associated with an increase in the long-term
risk of cardiopulmonary mortality by 6-13% per 10 ug/m’ of PM, 5 [38, 39]. Exposure to PM, s also
reduces the life expectancy of the population of the region by about 8.6 months on average [3].

Many of the health endpoints may result, at least in part, from oxidative stress initiated by the
formation of reactive oxygen species (ROS) at the surface of and within target cells [40, 41]. ROS is a
collective term representing chemically reactive oxygen radicals or oxygen-derived species (e.g.
hydroxyl radical and hydrogen peroxide) [42]. While ROS is continually formed in the human body as
a natural byproduct of aerobic metabolism, high levels of ROS can cause a change in the redox status
of the cell, leading to severe responses such as pulmonary inflammation and, at higher concentrations,
apoptosis [41, 43].

Specific health outcomes associated with cellular oxidative stress include the ability of PM to
induce pro-inflammatory effects in the nose, lung and cardiovascular system [40]. Susceptible groups
with pre-existing lung or heart disease, as well as elderly people and children, are particularly
vulnerable. For example, exposure to PM affects lung development in children, including reversible
deficits in lung function as well as chronically reduced lung growth rate and a deficit in long-term lung
function [44]. There is no evidence of a safe level of exposure or a threshold below which no adverse
health effects occur. The exposure is ubiquitous and involuntary, increasing the significance of this
determinant of health. It is estimated that approximately 3% of cardiopulmonary and 5% of lung
cancer deaths are attributable to PM globally. In the European region, this proportion is 1-3% and 2-
5%, respectively, in various sub regions [31].

In Germany for example, the average loss of life expectancy due to respiratory diseases and
lung malfunctions attributable to particles is about nine to twelve months. Although the health
importance of aerosols is well known, there is still a lack of knowledge on the question which aerosol
fraction or property is responsible for the observed health effect. This research gap is the main
motivation which has been addressed by the Helmholtz Virtual Institute of Complex Molecular
Systems in Environmental Health — Aerosols and Health (HICE). HICE works on a better
understanding of the negative effects of anthropogenic aerosols on human health. Nowadays, more
investigations in the domain of health effects of ship emissions, wood and coal combustion are
conducted by HICE. The Helmholtz Zentrum Miinchen - German Research Center for Environmental
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Health, the University of Rostock and a large number of national and international partners cooperate
in HICE (http://www.hice-vi.eu/).

WHO reported in its recent report entitled “Health Effect of Particulate Matter” in 2013 [3],
that there is evidence that decreased levels of particulate air pollution following a sustained
intervention result in health benefits for the population assessed. These benefits can be seen with
almost any decrease in level of PM. The health and economic impacts of inaction should be also
assessed.

1.3 Spatial and Temporal Variability of PM

In recent years, there has been growing interest in the exposure and health implications of
living near major roadways as well as in related questions of whether some locations have
systematically higher concentrations than others for health relevant pollutants. As a result, rapid
growth of literature describing analysis of the spatial and temporal variations in observed pollutant
concentrations [45] (and references therein). Characterization of the spatial and temporal variation in
PM composition is crucial in order to enable a thorough understanding of the formation, transport and
accumulation of PM in the atmosphere; such knowledge is important for air quality monitoring and
management [46] and potential for the misclassification of population-average ambient exposures of
communities exists due to spatial variability of PM concentration when a limited number of ambient
PM monitors are used [21].

1.3.1 Spatial Variability

Ambient concentrations of particles vary spatially to differing degrees depending on size
fraction, largely because the terminal settling time for particles increases rapidly with particle size
[47]. For particles with a diameter larger than 1.0pum, terminal settling velocity is proportional to the
square of the diameter of the particle [48], or in other words, the smaller the particle, the more
homogeneous its distribution. Stopping distance, or the distance a particle travels when ejected from a
source, is one property that provides an explanation as to why larger particle classes travel shorter
distances, creating more spatial heterogeneity in an intraurban setting [47]. However, a common
assumption is that the spatial distributions of certain pollutants, especially smaller particulates, are
homogeneously distributed within large urban areas and that the concentrations between sites are well
correlated [47, 49].

The dispersion and transportation phenomenon of PM in the atmosphere is the prime concern
for the air pollution researchers. Once emitted into the atmosphere, primary and secondary aerosol
particles are carried and dispersed by atmospheric motion over a wide range of scales, and deposited
on the ground at distances ranging from several to hundreds of kilometers from the emission point.
The dispersion and transportation of PM is affected by various meteorological parameters such as
wind speed, relative humidity, wind direction, temperature, etc. The dispersion of pollutants is
dependent on their downwind transport by the prevailing wind [50] (and references therein).

The interpretation of spatial contrasts of PM concentrations is limited by differences in site
selection and differences of sampling and analysis methods including different correction factors used
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to compensate for sampling losses of volatile components between countries and network operators
[21]. The assessment of spatial variability of PM in the terms of uniformity and heterogeneity
distribution was reviewed and discussed in detail by Wilson et. al., 2005 [49]. Fig.3 shows the global
spatial map of fine PM, s distribution over land [51], and high concentrations are evident in South and
East Asia. High concentrations (annual averages >50 pg/m’) are also apparent in North Africa, Central
Asia, and Saudi Arabia, which result primarily from airborne mineral dust, rather than combustion
emissions [52]. Several studies in the United States and Great Britain found long-term mean PM, 5 and
PM,, concentrations to be uniformly distributed within an urban environment, whereas a higher
variability within-city was observed for the coarse fraction [53]. While in China, personal exposure
average mass concentrations of PM ranged from 58.6 to 73.5 pg/m’, and were not always lower than
the outdoor concentrations which averaged 80.5 pug/m’ [54]. The major sources of pollutant emissions
include motor vehicles and industrial sources. Economic growth has fueled both. From the year 2000
to 2004, the passenger car fleet more than doubled in China, as China’s population benefited from
increased income. Industrial plants contribute much of the dust and soot in China. The United Nations
Development Program in 2002 estimated that the death rate from lung cancer in severely polluted
areas of China was 4.7-8.8 times higher than in areas with good air quality [54, 55] indicating the
spatial variation between different cities of China. The spatial variability of PM, s components across
the United States (US) was studied by Bell et. al.,, 2007[56] and it was found that the PM;;
concentration in the western region of US (average >6 pg/m’ ) is almost 2-time more than eastern
region (average 3 pg/m’). In addition, they reported that there was a northeast decreasing levels
towards the southeast for some components of PM, s and the north/south gradient remains throughout
all seasons for other components of PM, s.

0 8 10 15 20 50 80
Satellte-Derived PM . [ug/m®]

Figure 3. Global map of PM, s distribution above ground (2001-2006), adapted from Donkelaar Av, 2010

In the European Union (EU) countries, PM, levels in at least some cities are below the annual
WHO air quality guideline (AQG) level of 20 pg/m’. Almost 83% of the population of the cities for
which PM data exist is exposed to, PM;, levels exceeding the AQG levels. Although this proportion
remains high, it is an improvement compared to previous years, with average PM, levels slowly
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decreasing in most countries in the last decade [3]. Emissions from road traffic and biomass burning
are frequently reported to be the major causes. As a consequence of these exceedances a large number
of air quality plans, most of them focusing on traffic emissions reductions, have been implemented in
the last decade [57] (and references therein). The highest measured PM,, and PM, s annual mean
concentrations at rural background sites in 2011were in Italy and the Czech Republic, with annual
means above the PM;, limit value of 40 ug/m3 and the PM, ;5 target value of 25 ug/m3 [58].

Particulate source composition is a dominant factor in the determination of spatial variability
[49]. In the Netherland a study by Mooibroek et al., 2011 [59] was discussed the spatial variation of
different sources of PM, 5. The contributions of secondary inorganics to PM, s were highest (46-48%)
at the rural sites, whereas lower contributions were found at the urban sites in the Rotterdam area.
Total carbon matter (TCM) showed lower contribution (26%) at rural stations, whereas the maximum
(41%) was found at the curbside in Rotterdam illustrating the impact of traffic emissions. Spatial
variability was also found for the residual oil combustion source, with higher source contributions at
both of Rotterdam (curbside background) and Schiedam (urban site background) comparing to the
other rural sites. It was referred to the nearby harbor activities, intensive shipping and petrochemical
industries located in the Port of Rotterdam.

PM concentrations varied greatly between and within land use categories. Spatial
characteristics of the sites background, such as elevation and distance from major roads, were found to
be significant in predicting mass concentrations [47]. Significant spatial variability of PM;,
concentrations between cities across Europe has been reported based upon routine monitoring data, a
series of research projects and a wintertime study in 14 European cities. The lowest concentrations
were generally found in Northern Europe and the highest in Southern and Eastern Europe. Spatial
variation of PM, s across Europe is less well characterized because it is not routinely measured in most
monitoring networks. Nevertheless, significant northesouth gradients have been also reported for
PM, s [60] (and references therein). However, Reche et. al., 2011 [57] had reported in his study the
average PM,, concentration at different sites in each of UK, Spain and Switzerland. For urban
background sites, PM, concentrations were found to be 18, 23 and 30 pg/m’ at London (UK), Lugano
(Switzerland) and Barcelona (Spain) respectively. While for traffic background sites, PM;,
concentrations were found to be 27 pg/m’ at Bern (Switzerland) and 32ug m™ at London (UK). For the
two sites in Spain, the PM, concentrations were 21 pg/m’ at Sta Cruz Tenerife (shipping background)
and 23 pg/m’ at Huelva (industrial background).

A better understanding of the contribution of factors, such as regional and long range transport
of PM, local pollution sources or other processes, to the generation of elevated PM levels in urban
areas is of great importance [21]. A study of spatial variability of PM,, and PM, 5 at 4 different urban
sites across Europe was performed by Lianou et. al., 2011 [61]. The mean of PM concentrations were
found to be 15.4, 56.7, 31.1 and 21.8 pg/m’ of PM,, and were 9.0, 25.0, 21.5 and 13.5 pg/m’ of PM, 5
in Helsinki, Athens, Amsterdam and Birmingham respectively. Higher levels of PM,, and PM, s were
detected in Athens as compared to the other cities. PM;q and PM, s levels among the four urban areas
were consistent with the spatial variation of PM in Europe, which is described by increasing PM from
north-to-south and west-to-east. The differences for particle mass across the four urban areas in
Europe indicated the important role of local sources and characteristics as well as variations in the
inputs of local vs. regional sources. As a result, residents were exposed to different mixtures of
particles causing different health responses. In addition, these trends have an impact on the ability of
countries to comply with existing EU-wide directives and test the effectiveness of mitigation policies.
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1.3.2 Temporal Variability

In Europe, generally higher concentrations of different PM fractions are observed during the
winter season. The diurnal variation of mass concentrations of all fractions showed basically the two
maxima in the morning and in the afternoon more pronounced in winter than in summer [62]. The
secondary inorganic aerosol (SIA) and SOA contribution varies substantially across Europe and with
season. The SIA contribution is higher in winter, due to increased emissions from combustion in the
cold season, and the SOA contribution is generally higher in summer, when emissions from terrestrial
vegetation are larger, increasing from the northern parts to the southern parts of the continent [58,
63].The differences in PM concentrations depending on a time of the day and sources were found as
researchers analyzed diurnal particulate concentrations. An increase of primary pollutant
concentrations is observed nights and early morning and it can be explained by residential wood
combustion and heavy traffic. Since the mixing layer is deep during day hours primary particulate
matter level is not high while concentrations of secondary particulate matter increase at noon where
the sunlight creates conditions for photochemical reactions. Rapid increases in concentrations in early
mornings are associated with local mobile sources and characterized by elementary (soot) and organic
carbon [64] (and references therein).

1.4 Inorganic Aerosol Compounds

The chemical compositions of PM usually include sulfates, nitrates, ammonium, inorganic
ions, elemental carbon (EC), organic carbon (OC), crustal material, particle-bound water and metals.
These chemical species can provide an initial indication of the biogenic and/or anthropogenic origins
of particles. A large part of the PM mass (25-75%) is inorganic, with sulfates, nitrates, ammonium,
sodium and chloride being the dominant species (Fig.4). Sulfate, nitrate, ammonium and trace
elements such as metals are the major components of fine PM mode. By contrast, coarse PM mode
constituents are primarily crustal, consisting of Si, Ca, Al, Fe, and K (note that small amounts of Fe
and K are also found among the fine PM but stem from different sources). Sodium, chloride in
addition to the crustal components are mainly found in the coarse mode [1, 65]. A portion of inorganic
PM is generally classified as “crustal material” or “dust” with Si, Al, Ca, K, Mg and Na being its
major constituents. Mineral dust tends to originate from specific areas in the Earth and can be
transported over very long distances, influencing climate and atmospheric chemistry on regional and
global scales[65]. On the other hand, sea-salt is one of the major contributors to the mass of particulate
matter emitted into the atmosphere globally[66]. In addition, sea-salt aerosol particles are carriers of
species containing Cl, Br, I and S and therefore play a role in the atmospheric cycles of these
important elements [67].
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Figure 4. Average composition of PM, collected during winter 2007/2008 at 6 sampling sites in Augsburg city, Germany

In the following the main inorganic aerosol compounds and their emission sources in the
atmosphere are described.

1.4.1. Metal Oxides

Numerous natural processes release PM into the atmosphere. Typical of these processes are
volcano eruptions and the blowing of dust and soil by the wind. The activities of man also release; for
example, in the form of dust particles from construction, fly ash from smelters and mining operations
and smoke from incomplete combustion processes. Metal oxides, which form a major class of
inorganic particles in the atmosphere, are produced whenever fuels containing metals are burned. For
example, during the combustion of pyrite-containing coal, particulate iron oxide is formed. Part of the
calcium carbonate in the ash fraction of coal gets converted to calcium oxide, and goes to the
atmosphere through the stack [68].

1.4.2. Sulfate

Sulfate is a major component of the atmospheric aerosol and drives the formation of new
aerosol particles through nucleation. Sulfate is mainly produced within the atmosphere by oxidation of
sulfur dioxide (SO,), which is itself directly emitted (e.g. from fossil fuel combustion, industrial
processes, and volcanoes) or produced within the atmosphere by oxidation of reduced sulfur species
such as dimethyl sulfide (DMS) emitted by oceanic phytoplankton. The oxidation of SO, can take
place in the gas phase and in the aqueous phase. However, deliquescent sea-salt and dust aerosols have
also been suggested as important sites for aqueous phase sulfate production because of the rapid rate
of SO, oxidation by ozone in alkaline solutions [69] (and references therein).

Coal combustion is one of the largest primary sources of sulfate in the atmosphere [70]. SO, is
emitted from coal-fired power plants [71], and is the main contributors to secondary sulfate in Central
Europe. Formation of sulfate is chemically linked to primary emissions of SO, and to the abundance of
atmospheric oxidants such as hydroxyl radical (OH), hydrogen peroxide (H,0,), ozone (Os),
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methylhydroperoxide (MHP), and peroxyacetic acid (PAA) [1]. All of these oxidant species are
formed via photochemical reactions which originate from emissions of nitrogen oxides (NO,) and
volatile organic compounds (VOC). Therefore, it is expected that variations in primary emissions of
NOy and VOC may have an effect on the amount and distribution of sulfate in atmosphere [72].

1.4.3. Nitrate and Ammonium

Combustion of fossil fuels, biofuels, and biomass besides lightning converts or “fixes” inert
nitrogen gas (N,) into a highly reactive form (NOy) and are the main sources of nitrate and ammonia.
Other emission sources of NO, to the atmosphere include microbial processes in soils and transport
from the stratosphere [73]. Anthropogenic activities currently dominate NO, sources to the
troposphere [74].

NO are emitted from combustion processes and is then present in the atmosphere in the form
of gaseous NO and NO,. NO is slowly transforming into NO, by reacting with oxygen in the
atmosphere (this is why NO, is both a primary and a secondary component), and some of the NO, dry
deposits close to the source. Some of the NO, and NO transforms into nitric acid (HNO;) which
subsequently transforms into NOj in particulate form. As for ammonium the lifetime of particulate
nitrate can be quite long and the most important removal pathway is also wet deposition. NHj is
primarily emitted from processes related to agriculture such as livestock production (including the
spread of manure) and fertilizer application and production. NH; emissions are therefore quite high in
countries with widespread intense agricultural activities. Although that road traffic is a major source of
NO, but the increasing use of three-way catalysts on cars has led to increasing emissions of NH; from
vehicle exhausts [75, 76]. Fig.5 illustrate of the path ways of reactive nitrogen in the atmosphere
which adapted from Hertel et. al., 2011 [77].

Reaction acid
gases & aerosols

Uptake aerosols
& reaction NH;

Transport &
Dispersion
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Dispersion
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Figure 5. The pathways of reactive nitrogen in the atmosphere, adapted from Hertel et. al., 2011
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1.4.4. Other Elements

All other individual inorganic species typically representing more than 1% of the total PM
mass. Dust may be re-suspended in the atmosphere either by abrasion (when there is a disturbance on
the surface like the passing of vehicle or the hopping motion of other particles, through a process
known as saltation), or by means of the direct action of the wind on the surface. Additionally, other
sources, like traffic, may affect the composition of deposited dust, which will be re-suspended later
[78] (and references therein). Fe, Mn, K, Al, Ca, Ti and V these elements are mostly known as the
composition of soil and road dust[79]. The dominant source of crustal elements such as Mg, Mn, Al,
Si, Ca, Zr and Fe is fugitive dust which are include unpaved and paved roads, agricultural soil and
construction dust [70]. K is also assumed to be a tracer for biomass burning [80] and it is dominated
with Cl in major categories of biomass like wild fires, agricultural burning, residential wood
combustion, prescribed burning for land management and wood-fired boilers[70]. In addition, the Cl,
Br and S are inferred to sea-salt [81] considering that it was mainly distributed in the coarse size
range. Elements such As, S, Sr, and Se are known as indicators of coal combustion [70, 82]. It is well
known that diesel engines are the largest source of elemental carbon (EC) [83, 84] but they also emit
large quantities of Zn [70]. Both V and Ni are known as the indicator of oil combustion [70, 85]. Cu,
Zn, Ni, Pb and Se were found to be emitted from nonferrous metal sources in the atmosphere [20].
Unpaved road dust is the largest source of Pb. This may be due to the re-suspension of motor vehicle
exhaust that deposited on road surfaces prior to banning of leaded fuel [86]. Industrial processing of
copper is the largest source of Cu[70]. Surface coating operations emit the largest quantities of Ti, Sb,
and La. While coal combustion is shown to be the largest source of Hg nationwide, wild fires also
make a significant contribution [87]. A major portion of transition metals (Cu, Ba, Fe and Mn) [88]
beside Antimony (Sb) [89] are released through abrasive vehicular emissions and have often been used
as a tracer for dust from brake linings.

1.5 Carbonaceous Aerosol Compounds

Carbonaceous aerosols make up a significant fraction of particles in the atmosphere and
include EC and OC, which are two important components of airborne PM. The importance is derived
from their mass share of e.g. PM, and PM, s, their property to absorb (EC) or scatter (EC and OC)
light and their possible interference with human health [7]. EC (always in quotes) is conventionally
and carelessly used in the literature, usually implying a near-elemental soot-carbon like composition,
and in most cases referring to the fraction of carbon that is oxidized in combustion analysis above a
certain temperature threshold, and only in the presence of an oxygen-containing atmosphere [90]. EC
is black, often called “soot.” EC contains pure graphitic carbon, but it also contains high molecular
weight, dark-colored and non-volatile organic materials such as tar, biogenics and coke [91] and could
be defined technically as the residue of ambient samples after the extraction of OC fraction . EC
occurs as the mineral graphite or as diamond in its purest forms, but these structures of more than 0.1
ug are seldom found in ambient PM [92]. EC is emitted mainly from combustion sources [93] and
motor vehicle emissions [94, 95]. Freshly emitted diesel soot consists of agglomerates of small
spherical graphitic particles consistent in size from 20 to 30 nm [92]. During combustion,
elemental/black carbon (EC/BC) is released directly into the atmosphere [96]. Fuels are oxidized and
pyrolyzed through the high temperature combustion processes into molecules, which are released into
the atmosphere. Nuclei form and rapidly develop into larger compounds through particle surface
reactions. These particles form chain-like aggregates resulting in visible particles up to several
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microns in size, chemically similar to impure graphite. Other carbon compounds included in this
category are high molecular weight, non-volatile organic species [91].

Particulate organic carbon (OC) consists of thousands of organic compounds and comprise
about 48-60% of the organic matter (OM) [97]. OC could be also defined technically as the
extractable part of PM by either thermal desorption or solvent extraction. OC may be derived from
direct, primary emission sources (e. g. residential heating and motor vehicles) as well as from gaseous
precursors while EC can only originate from primary emission. Direct particulate OC emission may be
from incomplete combustion, re-suspension of biological particles like spores, fungi, plant debris or
abrasion products from tires and plastics. Similarly, anthropogenic and natural emissions also lead to
particulate OC by the release of precursors (volatile organic carbon-VOC) and their subsequent
distribution to particulate organic compounds (POC) [7] or it can be formed in the atmosphere through
condensation of low-volatility oxidation products from volatile precursors ( forming secondary
organic aerosol - SOA) [92].

Recently, optical and thermal analysis experiments have provided strong evidence for the
existence of a class of light absorbing OC. This substance, known as brown carbon (BrC) for its light
brownish color, absorbs strongly in the ultraviolet wavelengths and less significantly going into the
visible. Types of BrC include tar materials from smoldering fires or solid fuel combustion and
pyrolysis products from biomass burning [98].

OC is more abundant than EC in emissions from low temperature combustion processes such
as biomass burning [96].The relative proportion of these two species in emissions can indicate particle
origin. Identifying sources contributing to emissions of this substance is difficult, due to its non-
uniqueness. However, the proportion of OC to EC in emissions is considered indicative of source
origin and is often used in this capacity. Table 1 shows the average of OC to EC ratios from different
sources of emission as reported by Na et.al., 2004 [99] (and literatures therein). These different
OC/EC ratios indicate that OC/EC ratios vary considerably from source to source due to different
source emission strengths of OC and EC.

Table 1. Average of OC to EC ratios from different sources of emission adapted from Na et.al., 2004 and
references therein.

Emission source EC ocC OC/EC ratio
Light-duty gasoline vehicles * 13.5 30.1 2.2
Heavy-duty diesel vehicles * 40.5 32.6 0.8
Paved road dust " 1.1 14.7 13.1
Residential wood combustion ° 12.4 51.4 4.2
Natural gas home appliances * 6.7 84.9 12.7
Forest fire * 3.2 46.9 14.5

*Mass % of fine particle mass
® Mass concentration

Furthermore, the relative level of oxidation of the organic matter (OM) in the atmospheric
aerosol has been used as an estimate of the degree of chemical processing in the atmosphere and
represented as OM/OC ratio. The value of the OM/OC for ambient aerosols is subject to many factors,
including the methodology in estimation. The OM/OC ratio for several published studies and
suggested the use of values of 1.6 and 2.1 for OM/OC for urban and rural sites, respectively. While
other studies have reported that the OM/OC values were found to be within the range from 1.2 to 1.6,
with an average of 1.4 [100] (and references therein). The main classes of organic aerosol compounds
and their emission sources in the atmosphere are described in details in the next chapter.
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2. ORGANIC AEROSOL COMPOUNDS

2.1 Organic Matter

The organic constituents accounted up to 40% of total airborne PM mass and influence the
behavior and impact of PM on human health, regional visibility and global climate. Much more
complex is the composition of organic matter (OM) comparing to the inorganics as this class
constitutes a relevant fraction of PM mass (20-60%) but includes a wide variety of individual species,
mostly at very low concentration level and in general none of them individually constitutes more than
1% of the total mass; for this reason organic compounds are often considered as a whole (OM). OM
can be measured as a whole, but only a small part of the species that constitute this group has been
identified [101]. Fig.6 shows the average speciation of organic aerosol of PM,, samples from six

sampling sites in Augsburg, Germany.
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Figure 6. Average speciation results for organic aerosol in Augsburg, Southern Germany for PM;, collected at 6 sampling
sites. Even if about 80 of individual organic compounds are identified and quantified, they represent only 15 percent of the

total organic mass.

The organic fraction of ambient particles is a complex mixture of thousands of organic
compounds. These organic compounds are either emitted directly from sources (primary organic
aerosol-POA) or can be formed by condensation of low-volatility oxidation products from volatile
precursors (secondary organic aerosol-SOA formation) [102]. SOA contributions to OM vary with
season and location but are typically substantial, 20-80% of measured mass of ambient PM, 5 [103].
Major sources of the gaseous precursors for SOA are incomplete combustion (e. g. traffic, domestic
heating and vegetation fires), biogenic emission (e. g. isoprene and terpenes) and VOC from industry
(e. g. refineries, solvents and dry cleaners) [7]. As gaseous organic species are oxidized by species
such as O;, OH, or NOj; radical, their reaction products accumulate. Some of these products have low
volatilities and condense on available particles [102]. Mainly SOA is formed in the atmosphere due to
photo-oxidation or nitration of precursor substances during the night [6]. Most SOA modeling has
focused on the partitioning of organic products onto pre-existing nonacidic particles or by nucleation,
leading to new particles. There is evidence to suggest that the interaction of sulfuric acid with
atmospheric organics is expected to play an important role in the nucleation of new particles in the
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atmosphere [104]. The ability of a given volatile or semi volatile organic compound (VOC, SVOC) to
produce SOA depends on four factors: its atmospheric abundance, its chemical reactivity, the
availability of oxidants and the volatility of its products. Many VOC do not form PM under
atmospheric conditions, owing to the high vapor pressure of their products [1]. The importance of
emitted VOC as SOA precursors is quite variable, with many emitted compounds generally believed
to be very inefficient at generating SOA. However, certain classes of VOC have long been identified
as more likely to lead to SOA formation by virtue of their general high reactivity and types of
oxidation product formed. Of particular significance are cyclic compounds, since the products of
fragmentation (i.e., ring opening) processes often have the same (or similar) carbon number as the
parent compound. Furthermore -in the cases of cycloalkenes- aromatic hydrocarbons and terpenes (the
majority of which are cyclic), oxidation occurs predominantly by an addition mechanism, so that the
first-generation products generally contain two (or more) polar functional groups. Consequently the
oxidation of these classes of compounds is more likely to lead to the generation of low-volatility
products than the oxidation of similar sized VOC in other classes. SOA precursors typically produce a
large range of oxidation products, resulting in a considerable number of possible reaction pathways
[104]. Carlton et. al., 2009 [103] had reviewed some of the pathways leading to SOA formation from
isoprene as shown in Fig.7.
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Figure 7. Oxidation pathways of isoprene leading to SOA formation. Adapted from Carlton et. al., 2009.
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In the following, the main groups of particulate organic compounds (POC) and their emission
sources in the atmosphere are described. The description is limited to those POC groups which have
been analyzed in the ambient samples and were necessary for this work.

2.2 Polycyclic Aromatic Hydrocarbons (PAH)

Polycyclic aromatic hydrocarbon (PAH) compounds are a class of complex organic chemicals,
which include carbon and hydrogen with a fused ring structure containing at least 2 benzene rings.
PAH may also contain additional fused rings that are not six-sided [105] and some representative
structures of various PAH are shown in Fig.8. PAH are the most stable form of hydrocarbons having
low hydrogen-to-carbon ratio and wusually occur in complex mixtures rather than single
compounds[105] (and references therein). In general, there are five major emission sources of PAH,
i.e. domestic, mobile, industrial, agricultural and natural [106]. PAH are mostly formed during the
incomplete combustion and pyrolysis of fossil fuels or wood and from the release of petroleum
products and spills. Other sources of PAH include oil seepage and diagenesis of organic matter in
anoxic sediments [105] (and references therein). PAH are also found in tar vapors, tobacco smoke,
barbecue smoke, as well as in oil consumption and automobile exhaust [105, 107-110].

Due to their low natural emission PAH are good tracers of anthropogenic sources of input to
the atmosphere. In urban and near-city environments, the main PAH sources are vehicular emissions
and domestic heating [111] with the contribution of the latter increasing significantly during winter
[112] (and references therein). Some of the emission rates of PAH from various sources are listed
in Table 2 that had been modified and adapted from Ravindra et. al., 2008 and references therein.
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Figure 8. Chemical structure of some targeted PAH in ambient PM
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Table 2. Examples of estimated PAH emission rates from various sources modified and adapted from Ravindra
et. al., 2008 and references therein.

PAH sources Emission rate Remarks

Domestic

Natural gas home appliances 1-2000 pg kg pg/kg of natural gas burned.

Coal 0.95 mg kg Average of 4 coal ranks.

Wood 2.0-3.2 mg kg Wood combustion.

Mobile

Gasoline engine 72.5 pg kg™ Light-duty vehicles.

Diesel engine 60.2 pg km™ Heavy-duty trucks.

Aircrafts 1.24 mg Per landing-take off cycle for B[a]P.
Helicopter 63.4 mg "' Fuel 22 PAH.

Ships 500 ug kg™ Marine diesel engine, sum of 25 PAH.
Break dust 16 mg kg Emitted from the hydraulic break system.
Agricultural

Open burning 5-683 mg kg Wind tunnel simulations of agricultural and forest

biomass fuels burning.

There are many other anthropogenic sources of pyrolytic PAH. In fact, any industrial or
domestic process in which organic carbon is subjected to high temperature will result in the production
of some PAH [113].

2.3 Oxidized Polycyclic Aromatic Hydrocarbons (O-PAH)

Oxidized polycyclic aromatic hydrocarbons (O-PAH) are the products of incomplete
combustion. O-PAH have been identified in source samples from gasoline, diesel, coal, wood, and
municipal waste combustion. Photo oxidation of PAH has also been found to produce O-PAH from
the oxidation of the PAH derived from combustion processes [114-117]. Solid fuel combustion using
coal emits a large amount of carbonaceous aerosol containing organic constituents such as PAH and
O-PAH [107]. PAH and O-PAH are also well associated with biomass combustion [18]. Some
representative structures of various O-PAH are shown in Fig.9.
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Figure 9. Chemical structure of some targeted O-PAH in ambient PM
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2.4 Alkanes

The n-alkanes are an important class of organic compounds in ambient aerosols and their
homologue distribution may indicate different pollution sources [118]. Anthropogenic sources
typically include the combustion of fossil fuels, wood and agricultural debris or leaves. Biogenic
sources include particles shed from the epicuticular waxes of vascular plants and from direct
suspension of pollen, microorganisms (e.g., bacteria, fungi and fungal spores) and insects [23]. In the
literature, higher plant waxes has been recorded as the source of long chain n-alkanes in aerosol
samples [119, 120], while n-alkanes with a chain length around C,, mostly originate from unburned
fuel [121]. An n-alkanes profile C,,,x (most abundant) > C,; indicates inputs arising from higher plant
waxes. A C,.x between C,; and C,s serves as a marker for diesel exhaust [122] but they are only in
relatively low concentrations in the fuels [117], whereas relatively high concentrations of these n-
alkanes could derive from emissions of unburnt emitted lubricating oils [117, 123, 124]. The carbon
preference index (CPI), defined as the ratio of the concentration of odd- to even-carbon numbered n-
alkanes [125], has been widely used to evaluate biogenic and anthropogenic contributions to organic
aerosols. Urban environments, with large contributions from anthropogenic emissions(fossil fuels),
generally exhibit CPIs ranging between 1.1 and 2.0, while rural environments with larger biogenic
impacts generally exhibit CPIs above 2.0 [126].

Iso- and anteiso-alkanes (C,9-Cs4) are enriched in cigarette smoke particles showing a
concentration pattern characteristic of tobacco leaf surface waxes that is distinctly different from leaf
surface abrasion products shed from plant leaves. Relative to major leaf surface wax n-alkanes, these
iso- and anteiso-alkanes are enriched by a factor of more than 40 in tobacco and tobacco smoke
particles as compared to leaf surface waxes from other plants. It was found that the iso- and anteiso-
alkanes concentration pattern generated by cigarette smoke is preserved in the urban atmosphere and is
measured at levels that are comparable to emissions estimates based on daily cigarette consumption
[127]. Fig.10 shows the bone structures of n-alkane, iso- and anteiso-alkane.

CH; CH;
| |
H;C—CH, 7 CH; H3C-CH—{ CH,}—CH; H3C-CHy CH—(CH,—)—CH;
n-alkane iso-alkane anteiso-alkane

Figure 10. Chemical bone structure of alkanes

2.5 Hopanes

Hopanes are of great importance as biomarkers in geochemistry due to their diversity. Fossil
fuels such as coal and crude oil are the products of biogenic organic matter transformed in sedimentary
deposits by diagenesis and catagenesis over millions of years [128]. Hopanes are formed during a
process requiring geological times and probably the elevated temperatures reached during deep
sediment burial. The functional groups and some or all carbon atoms of the side chain are lost. In
modern sediments, the amounts of hopanes are small and masked by hopanes derived from
contamination by fossil fuels, which confirms that the hopanes are an old material suitable for the
confirmation of a mineral origin. Besides the steranes, the hopanes are the major biomarkers used for
the characterization of petroleum. First, their carbon skeletons are related to their biogenic precursors
and, therefore, to the source of the petroleum [129]. Second, the configurations at the positions C-17
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and C-21 enable one to determine the maturity of an oil [130]. Finally, advanced biodegradation can
be detected through the composition of the hopanes, since the various components degrade at different
rates [131]. Sterane and triterpanoid hopanes have been identified in lubricating oils, vehicular
exhaust, road dust, tire wear, roofing tar pot fumes and airborne suspended particles [128]. Fig.11
shows the characteristic structures of hopane and 17a(H), 21B(H)-hopane (30ab) as example. Hopanes
are constituents of all mineral oil- or coal-based fuels and lubricants [132], and have been identified in
emissions from coal burning [130], heating oil burning, and vehicles [128]. It has been confirmed that
hopanes found in automobile exhausts are not from gasoline and diesel fuel, but from lubricating oil
based on the similarity of hopanes distributions [133].
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Hopane characteristic structure 17a (H), 21B(H)—Hopane (30ab)

Figure 11. Hopane characteristic structures. The 17a(H), 21p(H)-hopane (30ab) as example for detected hopanes in PM

The homohopane index (31abs/31abs+31abR) [18] for coal combustion aerosols increases
with increasing coal maturity [134] but is higher in mineral oil-based sources. The homohopane index
found in emissions from coal combustion ranges from approximately 0.1 for lignite coal to
approximately 0.4 for bituminous coal, and ranges from 0.54-0.67 for vehicular emissions and fuel oil
consumption [18].

2.6 Anhydrous Sugars

Biomass burning is a primary source which emits high amounts of organic aerosol (OA) and
can largely contribute to the organic carbon (OC) mass of PM in winter [135]. Among the large
indefinite numbers of molecular compounds emitted by biomass burning, the three isomeric
monosaccharide anhydrides (MA) (anhydrous sugars) levoglucosan (1,6-anhydro-f-D-glucopyranose),
Mannosan (1,6-anhydro-pf-D-mannopyranose) and galactosan (1,6-anhydro-f-D-galactopyranose)
formed during pyrolysis of cellulose and hemicellulose are the predominant organic compounds (Fig.
8) [111]. Due to their low vapor pressures, MA are in the atmosphere in particulate phase. Especially
levoglucosan, because relative kinetics indicates that levoglucosan has an atmospheric lifetime of 0.7—
2.2 days when wood combustion particles are exposed to 1 x 10° molecules cm™ of OH (typical
average summertime conditions). This implies that levoglucosan reacts with OH on a timescale similar
to that of transport and deposition, which has important implications for the use of levoglucosan as a
tracer for biomass burning emissions in source apportionment studies[136]. However, the degradation
of levoglucosan by atmospheric free radicals is possible and could potentially affect its atmospheric
concentrations. The aqueous oxidation of levoglucosan by OH radical to form higher molecular weight
compounds (HMWCs) was reported. It was found that the mean degradation fluxes of levoglucosan
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(oxidized by OH radical) during daytime was found to be about 7.2 ng m™ h™ in summer and
4.7 ng m”> h" in winter [137] (and references therein). Lower degradation fluxes of levoglucosan in
winter is referred to the lower concentration of OH radical in winter due to the low intensity of solar
radiation and thus the low photochemical reactivity [138].
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Figure 12. The major decomposition products from burning of cellulose. Levoglucosan is the dominant compound,
mannosan and galactosan are formed as well as levoglucosan from burning of hemicelluloses.

2.7 Resin Acids

Resin acids, which are biosynthesized mainly by gymnosperms (e.g. pine and spruce) in
temperate regions [139, 140], are generally found in aerosols in significant concentrations. They
include unaltered (levopimaric, pimaric, isopimaric and sandaracopimaric acids) and thermal
degradation products (neoabietic, palustric, dehydroabietic and 7-oxodehydroabietic acids) [139].
Resin acids are also tracers for biomass burning [141], with the most abundant detected being
dehydroabietic acid (DHA) and dehydroabietic acid methyl ester(DHA-ME) (Fig.13). DHA acid
signal often exhibits a strong correlation with the measured ambient PM concentrations due to its
presence in both plant residues and car tires [142]. DHA has been used as a biogenic source indicator
for conifer resin, either directly to the aerosol, or from combustion of wood [143]. Recently, DHA has
been suggested as a marker for wood smoke. Unlike levoglucosan, which can be used to trace all
wood combustion, DHA is found solely in emissions from burning of coniferous wood and therefore
can be used to distinguish coniferous wood from hardwood combustion [22]. DHA is also constituent
of vehicle tires, indicating another possible source [144].
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Figure 13. Resin acids, dehydroabietic acid (DHA) and dehydroabietic acid methyl ester (DHA-ME)

2.8 Fatty Acids and Cholesterol

All fatty acids between C; and Cy with palmitic acid as the major saturated component and
linolenic acid as the major unsaturated component (Fig.14), have been reported to be present in
tobacco smoke [145]. Food cooking has been shown to be an important source of the fine organic
aerosol in urban environments [146]. Cooking emissions was reported as another source for fatty acids
and cholesterol [94]. Cholesterol is a known tracer molecule for meat cooking emissions [14].

Palmitic acid

Linolenic acid Cholesterol

Figure 14. Chemical structure of palmatic acid, linolenic acid and cholesterol
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2.9 Phenolic Compounds

Combustion of wood and other biomass fuels produces source specific organic compounds
arising from pyrolysis of lignin, including substantial amounts of 4-substituted methoxylated phenolic
compounds, which, as it occurs with anhydrous sugars or resin acids, have been used as atmospheric
markers to determine the contribution of wood smoke to ambient atmospheric fine particulate matter
[147]. Gymnosperm smoke is made up almost exclusively from 4-hydroxy-3-methoxy-phenyl
(guaiacyl or wvanillyl) compounds. Angiosperms generate both vanillyl and 4-hydroxy-3,5-
dimethoxyphenyl (syringyl) constituents [148]. Phenolic compounds such as acetosyringone,
syringylacetone and syringic acid are considered as molecular markers for hardwood smoke [94, 149].
Syringyl compounds derived from sinapyl alcohol are generally more abundant in the hard wood
smokes than their guaiacyl analogues derived from coniferyl alcohol (Fig.15), though lesser amounts
of these are also present [149].
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Figure 15. Examples of Phenolic compounds derived from sinapyl and coniferyl alcohol
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3. SOURCE APPORTIONMENT

3.1. Introduction to Source Apportionment

Source apportionment (SA) of PM is important to identify the sources that are responsible for
the ambient concentrations observed in a particular area. In the field of atmospheric sciences, SA
models aim to re-construct the impacts of emissions from different sources of atmospheric pollutants
[150]. PM samples could be analyzed for their chemical composition, which identifies key species or
groups of species that provide markers or tracers of sources. The organic portion of PM is the most
difficult to characterize because it comprises a large number of compounds. However, it also holds the
most promise in providing tracer compounds that are unique to individual sources and which can be
used to accurately identify a source's contribution to the particulate matter problem. All of this
information is important and necessary for development of effective and informed control strategies
for particulate matter and toxic compounds. In a review of SA methods, Viana et al., 2008 (and
references within) had reported that there are three main groups of SA techniques:

() Methods based on the evaluation of monitoring data. Basic numerical data treatment is used to
identify sources. Examples are:

1- Correlation of wind direction with levels of measured components to identify source locations.

2- The correlation of gaseous pollutants with PM components to identify source associations.

3- Subtraction of levels measured at regional background from those obtained at urban
background and/or roadside levels to identify the contributions from the regional background,
the city background and the monitored street.

4- Quantification of natural PM contributions (e.g., African dust) by subtracting PM levels at
regional background sites from those at urban background locations for specific days.

The main advantage is the simplicity of the methods and the consequent low impact of
mathematical artefacts due to data treatment.

(IT) Methods based on emission inventories and/or dispersion models to simulate aerosol emission,
formation, transport and deposition. These models require detailed emission inventories that are
not always available and they are limited by the accuracy of emission inventories, especially when
natural emissions are important. A significant advantage of these methods is that they may be used
in scenario studies to evaluate the impact of emission abatement strategies on the anthropogenic
contribution to ambient PM concentrations.

(IIT) Methods based on the statistical evaluation of PM chemical data acquired at receptor sites
(receptor models).
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3.2. Receptor Models

Receptor models provide assessment of contributions from various sources based on
observations at sampling sites (the “receptors”) which increase the reliability of source apportionment
[151]. The fundamental principle of receptor modelling is that mass and species conservation can be
assumed and a mass balance analysis can be used to identify and apportion sources of airborne PM in
the atmosphere. The main objective of receptor models is to identify the possible sources of PM and to
obtain data on their contributions to the bulk PM mass [150]. An overview of the wide range of
statistical models and modelling approaches which are currently available in the literature is shown in
Fig.16 [152]. As shown in the graph, one of the main differences between models is the degree of
knowledge required about the pollution sources prior to the application of receptor models.
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Figure 16. Approaches for using receptor models adapted and modified from Schauer et al., 2006. The full names of the
receptor models can be found in the list of abbreviations.

The two main extremes of receptor models are chemical mass balance (CMB) and multivariate
models. The CMB model assumes knowledge of the composition of the emissions for all relevant
sources| 153]. If changes of the source profiles between the emitter and the receptor may be considered
minimal, CMB can be regarded as the ideal receptor model. However, these requirements are almost
never completely fulfilled and thus, pure CMB approaches are often problematic. One important
characteristic of CMB is that secondary aerosols must be included not as components of emission
source profiles but as specific, single chemical compounds. This absence of mixture with other tracer
elements is often regarded as a limitation and may lead to misinterpretation of results[150].
Multivariate receptor models (e.g., principal component analysis-PCA, positive matrix factorization-
PMF, UNMIX) are based on the analysis of the correlation between measured concentrations. These
types of receptor models are widely used because detailed prior knowledge of the sources and source
profiles are not required. The assumption is that highly correlated compounds come from the same
source and the chemical characteristics of the sources are constant throughout the measurement period
[154].
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3.3. Positive Matrix Factorization (PMF)

Positive Matrix Factorization (PMF) is a multivariate factor analysis tool that decomposes a
matrix of speciated sample data into two matrices - factor contributions and factor profiles - which
then need to be interpreted by an analyst as to what source types are represented using measured
source profile information, wind direction analysis and emission inventories [155]. PMF is an
advanced factor analysis technique based on a weighted least-squares fit and error estimates of the
measured data. It was developed by Paatero [156, 157] and was employed to resolve dominant
positive factors on the basis of observation without detailed prior knowledge of the sources and source
profiles. A speciated data set can be viewed as a data matrix X of i by j dimensions, in which i number
of samples and j chemical species were measured. The goal of multivariate receptor modeling is to
identify the number of factors p, the species profile f of each source and the amount of mass g
contributed by each factor to each individual sample (Equation 3.1):

P
Xij = Z Jir frj + €ij (3.
k=1

where ¢;; is the residual for each sample/species.

In PMF results are constrained so that no sample can have significantly negative source
contributions. PMF uses both sample concentration and user provided uncertainty data to weight
individual points. The PMF solution minimizes the object function Q (Equation 3.2), based upon these
uncertainties (u).

n o m 2 n m 2
0= zz [Xij - Zi:l Jik fkjl S0 = Z Lii ....(3.2)
i=1 j=1 Y i=1j=1"- Y

where e;; represents the model uncertainties and u; the measured uncertainties. The uncertainty and
stability of the solution is estimated by bootstrapping.

PMF results depend on the number of factors included in the model and the amount of rotation
imposed on the solution. Interpretability of results is the key basis for judging the optimum values for
these parameters. Interpretable solutions are those that grouped source-class-specific sets of markers
into distinct factors. Models that grouped markers for multiple source classes into the same factor,
distributed markers for one source class across multiple factors or contained factors with no distinctive
groupings of compounds were judged less interpretable and rejected. While no molecular marker
pattern can be unambiguously associated with a specific source class, this approach provides a
systematic basis for sorting through the possible PMF model results [94]. More than 40% of the
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European SA studies for PM have applied PMF and 7% some other type of factor analysis without
non-negative constraints [158]. Many recent studies were carried out in Europe applying PMF for
different fractions of PM with various time resolutions [16, 19, 59, 159-177].
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4. ANALYTICAL METHODS

Within the scope of this work the selection of briefly described analytical methods is limited
to those which were necessary for this work.

4.1. Gravimetric Analysis

Gravimetric analysis involves the measurement of net PM mass collected on a filter. The filter
is weighed prior to and following sampling in a temperature and humidity-controlled environment.
Filters are conditioned over a 24-hour period to minimize particulate volatilization and moisture bias
and weighing is conducted using a micro-balance with sufficient sensitivity [91].

4.2. Ion Chromatography (IC)

Ion Chromatography (IC) is a common technique used to measure water-soluble (or inorganic)
ions [178]. The water soluble components of PM such as CI, SO,*, NO5, NH,", Na*, K', Ca’"and
Mg”" are extracted from each sample using de-ionized water. The sample is injected into an eluent that
passes through an ion exchange column. The ions are separated by the column, which uses a
conductivity detector to quantify individual species. After passing through the ion exchange column,
the sample enters a suppressor column where the chemical composition of one element is altered,
producing a matrix of low conductivity. The ions are identified by the retention time and quantified by
the conductivity peak area[91].

4.3. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Development of inductively coupled plasma (ICP) [179] and coupling with mass spectrometry
(MS) has resulted in increasing acceptance in environmental applications, especially for the
determination of rare-earth elements in soils and sediments and trace elements from filter substrates
[180]. ICP-MS technique has a variety of characteristics that make it uniquely suited for the solution
of chemical analysis problems in many applications [181]. Ion species generated from ICP and from
the sample matrix can produce a significant background at certain masses, resulting in formation of
polyatomic ions that can limit the ability of ICP-MS to determine some elements of interest. Cool
plasma techniques have shown potential to detect elements at the ultra-trace level and to minimize
common molecular ion interferences [182].
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4.4. Analysis of Elemental and Organic Carbon

4.4.1 Thermal /Optical Analysis Method of EC and OC

Thermal/Optical methods are the most widely used and accepted approaches for aerosol EC
and OC analysis [92, 183-185]. The methods are based on that low-volatility EC is not liberated in an
inert atmosphere under temperatures <350°C; this allows the more volatile organic carbon (OC) to be
separated from EC. Typically two phases of heating are implemented on aerosol particles collected on
filters. First, OC evolves in inert atmosphere, where pyrolysis may occur. Since pyrolyzed organic
carbon (PyOC) is artificial EC created in the measurement process, a laser is used to monitor the
PyOC formation through the decrease of sample reflectance or transmittance to perform an “optical
correction”. The second phase involves heating in an oxidizing atmosphere in which both EC and
PyOC are combusted. An organic pyrolysis (OP) fraction is defined as the carbon that evolves after
the introduction of oxygen and before the laser signal (reflectance or transmittance) returns to its initial
value (i.e., the crossover or split point). EC is quantified as the carbon evolved from the second phase
minus OP [183].

In the following, the thermal optical method with the IMPROVE-A temperature protocol is
briefly described. Particles collected on quartz fiber filters were heated within an inert atmosphere of
He gas (>99.99%) by stepwise temperature program of 140, 280, 480 and 580 °C to determine OC.
The carbon content is measured by transforming the desorbed carbonaceous species to carbon dioxide
or methane with following detection by infrared spectroscopy (IR) or flame ionization detectors (FID).
After the first step oxygen (2%) is added to the inert gas to oxidize the elemental carbon to carbon
dioxide within a temperature program including steps at 580, 740 and 840 °C. Thereby the EC value is
determined. The IMPROVE-A temperature protocol uses a laser thermal/optical reflectance (TOR) -
Fig.17- or transmittance (TOT) method for the correction of EC/OC values [186-188]. The pyrolysis
and charring of organic species on the filter during determination of OC could add elemental carbon to
the original EC that was collected from the atmosphere [6].
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Figure 17. Example adapted from chow et. al., 2005, of an IMPROVE (TOR) carbon thermogram. Seven carbon
fractions are defined by the analysis atmosphere and the sample temperature. OC1, OC2, OC3, and OC4 evolve in non-

oxidizing pure helium (He) atmosphere while EC1, EC2, and EC3 evolve in 2% oxygen (O,) and 98% He mixture.

Optical charring corrections are determined by both reflectance (R) and transmittance (T) when these achieve their
original values after O, is added.

4.4.2 VDI 2465 Analysis Method of EC and OC

In Germany, VDI 2465 Part 1 is a method involving extraction of OC by toluene and
2-propanol, thermo-desorption in a nitrogen flow and subsequent combustion has been established a
standardized technique in addition to the thermal method. The VDI 2465 part 1 method include the
solvent extraction of sample filter in a 1:1 mixture of toluene and 2-propanol for 24 h at room
temperature for the removal of the extractable organic carbon from the ambient aerosol sample. After
drying the filter for 4 h in a nitrogen stream, followed by 24 h in vacuum, the non-extractable organic
carbon is removed by thermo-desorption in a nitrogen flow for 1 min at 200°C and 7 min at 500°C.
The remaining carbon on the filter is then assigned to be EC. This fraction is combusted in an
oxidizing atmosphere at 650°C and the emerging CO; is determined by coulometry [189].
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4.5. Analysis of Organic Compounds by In situ Direct Thermal Desorption Gas
Chromatography Time of Flight Mass Spectrometry (IDTD-GC-ToF-MS)

The in-situ derivatization thermal desorption method followed by gas chromatography and
time-of-flight mass spectrometry (IDTD-GC-TOFMS) was developed by Orasche et. al., 2011 for the
determination of polar organic compounds together with non-polar compounds in one measurement
[190]. Hydroxyl and carboxyl groups of compounds such as anhydrous sugars, alcohols and phenols,
fatty acids and resin acids are targets of the derivatization procedure. Derivatization is based on
silylation with
N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) during the step of thermal desorption. The
high temperature of 300°C during desorption is utilized for the in-situ derivatization on the collection
substrate (quartz fiber filters) which accelerates the reaction rate. This implies that the analysis time is
as short as it would have been without derivatization. For analysis, the filter surface is dampened with
the derivatization reagent before insertion of the sample into the thermal desorption unit. To ensure
ongoing derivatization during thermal desorption the carrier gas is enriched with MSTFA until the
desorption procedure is finished (Fig.18). The analytical precision of all studied analytes were below
17% within a calibration range (total amount) from 22 pg for abietic acid up to 342 ng for
levoglucosan. Limits of quantification (LOQ) for PAH were between 1pg for fluoranthene and 8 pg
for indeno[1,2,3-cd]pyrene, for resin acids 37-102 pg and for studied phenols 4-144 pg. LOQ for
levoglucosan was 17 pg. A positive side effect demonstrated is the minimization of matrix effects by
deactivation of active quartz surfaces caused by the use of MSTFA during thermal desorption. An
improvement of LOD/LOQ for PAH was shown and can also be expected for further analytes. It is
strictly recommended to employ a large set of isotope-labelled standards. The advantages of isotope-
labeled internal standards in GC-MS are well known. They gain an even higher importance for thermal
desorption methods. The response of organic compounds depends on the composition of the particle
matrix and on the quartz fibers. When compared to solvent extraction, not only does a fraction of this
matrix affect the analysis but the whole sample composition. This fact should always be kept in mind
when applying thermal desorption techniques [6].
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In this chapter, the following sections will introduce the results which have been published in
three publications. A detailed discussion and description can be found in the published papers (Qadir
et al., 2014 and 2013). The data present in section 5.3 are from manuscript accepted for publication by
Environmental Pollution journal.

5.1. Spatial and temporal variability of source contributions to ambient PM;, during
winter in Augsburg, Germany using organic and inorganic tracers

In recent years, there has been growing interest in the exposure and health implications of
living near major roadways as well as in related questions of whether some locations have
systematically higher concentrations than others for health relevant pollutants. As a result, rapid
growth of literature describing analysis of the spatial and temporal variations in observed pollutant
concentrations [45] (and references therein). Characterization of the spatial and temporal variation in
PM composition is crucial in order to enable a thorough understanding of the formation, transport and
accumulation of PM in the atmosphere. Such knowledge is important for air quality monitoring and
management [46]. Considering the aforementioned gaps in knowledge, this work aimed to determine
the contribution of primary and secondary sources to the ambient PM, present at different sites in the
city of Augsburg. Therefore, PM;, samples were collected during a one-month sampling campaign
from February 13 to March 12, 2008 at eight differently characterized sampling sites in Augsburg,
Southern Germany. The PM,, samples have been analyzed for their chemical composition of organic
and inorganic tracers as well as EC and OC. Receptor model of PMF [191], was applied in order to
identify the main sources and quantitatively determine the contributions of the sources of ambient
particles at the eight sites. Nine factors were separated comprising: solid fuel combustion, traffic-
related emissions, secondary inorganics, and mixed sources. The measured PM,, concentrations were
well explained by the modeled PM,, in the PMF with an R squared value of 0.96 and slope of the
linear regression curve of 0.92 (Fig.19). In other words, the differences between modeled and
measured PM;, mass were as low as possible and the PMF model has produced the lowest possible
artefact.

Spatiotemporal variation of the source contributions was evaluated using the Pearson
correlation coefficient () and coefficient of divergence (COD). Tables 3 and 4 show the medians of
correlation coefficient and COD values for each source contribution between the eight sites. All
factors (except hopanes and mixed sources) showed moderate to high (0.6 < » > 0.8) correlation
coefficients between the eight sites and were distributed heterogeneously. Secondary sulfate and
secondary nitrate factors were distributed relatively less heterogeneously compared to other factors
with lower medians of COD value (0.47 and 0.56, respectively) and higher correlation values (» = 0.97
and 0.85, respectively).
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Figure 19. Linear regression of PM;, mass between measured and PMF modeled results at six sampling sites in February 13
-March 12, 2008. Note that PM, mass concentrations were not measured at two of the sites. The modeled PM is calculated
as a sum of 9 factors

The maximum daily average contribution for coal & wood combustion factor was observed at
the LfU suburban site (4.0 pg/m’); wood combustion factor at the LSW residential site (5.1 pg/m’);
diesel & fuel oil consumption factor at the Bifa suburban and BP urban sites (both 2.5 pg/m’); road
dust & tram factor at the KP traffic site (16.2 pg/m®) and the BP urban site (6.6 ug/m’); hopanes factor
at the BP urban and Bifa suburban sites (both 0.7 pg/m’); and de-icing NaCl factor at the KP traffic
site (4.8 pg/m’). Secondary sulfate and secondary nitrate factors had approximately similar

contributions (6.2 pg/m’ and 4.3 pg/m’, respectively) at all sites. Mixed sources factor had the highest

daily average contribution to PM;, mass at the KP traffic site (7.0 pg/m’).

Table 3. Median of Pearson correlation coefficients (7) for the nine source factor contribution between the eight sampling

sites

Factor number Factor name KP BP LSW LfU HT WE  Bifa KI
1 Coal & Wood combustion 0.80 0.85 0.79 083 065 075 085 0.62
2 Wood combustion 0.61 0.66 073 0.69 0.61 059 071 0.66
3 Diesel & fuel oil consumption 0.75 0.77 0.51 0.77 058 0.76 0.64 0.68
4 Road dust & tram 0.70 0.71 080 084 073 054 079 0.83
5 Hopanes 0.10 044 042 038 0.53 -0.01 040 0.07
6 De-icing NacCl 047 0.78 097 090 085 084 081 0.69
7 Secondary sulfate 097 098 097 098 097 096 097 0.96
8 Secondary nitrate 0.88 09 083 08 079 090 087 0.78
9 Mixed sources -0.07 -0.06 0.15 -0.06 -0.03 -0.09 -0.03 -0.01
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Table 4. Median of Coefficient of Divergence (COD) for the nine source factor contributions between the eight sampling

sites

Factor number Factor name KP BP LSW LfU HT WE Bifa KI
1 Coal & Wood combustion 0.63 059 065 062 075 064 061 0.69
2 Wood combustion 0.60 059 067 058 063 059 059 072
3 Diesel & fuel oil consumption 0.54 0.58 0.67 0.55 0.68 0.58 0.61 0.62
4 Road dust & tram 0.76 062 068 065 067 074 066 0.73
5 Hopanes 058 051 065 049 052 056 053 0.63
6 De-icing NaCl 0.66 052 058 045 047 056 051 0.71
7 Secondary sulfate 048 043 050 044 044 048 047 0.55
8 Secondary nitrate 0.61 052 063 059 056 053 046 0.55
9 Mixed sources 088 08 076 0.83 073 083 084 0.83

This study demonstrates that the spatial distributions of source factor contributions can be
highly heterogeneous within a given air shed such as city of Augsburg. A high correlation among sites
does not necessarily indicate uniformity, and particulate source composition is a dominant factor in the
determination of spatial variability [49]. The results show that heterogeneous spatial variation of
source contributions can exist at monitoring sites if there is heterogeneity in the distribution of local
sources. In addition, the capability of PMF to resolve the main sources is dependent on the differences
in the activities of the various expected sources, specifically when PM variability is predominantly
driven by meteorological conditions rather than by the impact of the variability of the emission
sources [192]. Therefore the PMF might also artificially increase the COD values for the source factor
contributions, particularly for species which are distributed between different PMF profiles rather than
a particulate profile. For example, the measured inorganic ions (sulfate, nitrate and ammonium ions)
showed a very low spatial variation (median of 0.18 < COD < 0.2) between the eight sampling sites,
whereas the corresponding source factor contributions for secondary sulfate and secondary nitrate as
separated by PMF showed higher COD values (median of 0.47 - 0.56) between the eight sampling
sites in the city of Augsburg.
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5.2. Concentrations and source contributions of particulate organic matter before and
after implementation of a low emission zone in Munich, Germany

Low Emission Zones (LEZ) are areas in which vehicular traffic access is restricted to vehicles
that emit low levels of air pollutants only. The most severe environmental problems in Munich are
caused by traffic. Vehicles with internal combustion engines contribute significantly to air pollution.
In order to investigate effects of implementation of LEZ in Munich, samples of PM, s were collected
within the LEZ before (2006/2007) and after (2009/2010) the implementation of the LEZ. The
samples were analyzed for particulate organic compounds (POC) and carbon fraction (EC/OC). Figure
13 show the difference in concentrations for some groups of compounds and selected specific
compounds before and after the implementation of the LEZ.

Positive effect was detected for the implementation of LEZ on reduction of some POC
concentrations but not significantly because of the variation of POC sources (see Fig. 20). The mean
concentrations for most of the PAH after implementation of the LEZ were slightly but not
significantly (p>0.05) decreased. Retene which is considered as a marker for coniferous wood
combustion [193] showed a significant difference (p<0.05) with higher mean concentration of 0.25
ng/m’ after the implementation of LEZ compared with 0.14 ng/m’ before implementation of LEZ.
Like for retene, significant higher concentrations of levoglucosan with significant difference (p<0.05)
were noticed in the sampling period after the implementation of LEZ. In addition, O-PAH (which is
considered beside retene and levoglocosan) as a marker for wood combustion [193-195], was
observable also with higher concentrations (p<0.05) in 2009/10. This may be due to the colder winter
in 2009/10 compared with 2006/07 and the trend of an increasing use of wood combustion for
domestic heating in Germany [196]. Depending on the meteorological data provided by Bavarian State
Office for Environment (Bayerischen Landesamt fiir Umwelt - BLfU), the temperature in winter
2009/10 ranged from -10 to 14 °C while ranged from -7 to 22 °C in winter 2006/07. Although the use
of wood for domestic heating is very familiar to the general public especially in the countryside [197]
nevertheless, urban areas are also impacted from local wood combustion [198].

A lower concentration of EC with significant difference (p<0.05) was detected after the
implementation of LEZ in 2009/10. EC is regarded as an indicator for traffic emissions [84, 95],
showing to some extent a positive effect of LEZ implementation. The presence of hopanes in aerosols
confirmed an input from fossil fuel utilization (i.e. mainly vehicular traffic) [111]. No significant
differences (p>0.05) in the concentrations of any of hopanes was detected when comparing mean
concentrations from before and after the implementation of LEZ, but like for the PAH slightly lower
concentrations were found in 2009/10. Also no significant differences (p>0.05) were noticed in the
concentrations of the other measured POC or OC.
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Figure 20. Boxplots of some selected POC, as groups and compounds beside the EC and OC

Concerning source apportionment, PMF model has been applied to chemical composition data
in order to identify the main sources of POC. A total of 67 organic species were used for the PMF
analysis beside the EC and OC. The selected species represents: PAH, O-PAH, n-alkanes, iso- &
anteiso-alkanes, hopanes, resin acids, fatty acids, anhydrous sugars and phenolic compounds. The
organic species with more than 33% of values under the limit of quantification (LOQ) have been
excluded from the PMF input. The error fractions were increased up to 20% for each of the organic
species with 10-33% of values under the LOQ. Data lower than the LOQ were replaced by half of the
LOQ and their uncertainties were set to five-sixths of the LOQ [199] with no missing data. The
uncertainties of the other values were calculated according to Norris [200]. PMF analyses were run
with three to six factors in order to find the most reliable and best interpretable results.

The 5-factors solution was with the most reasonable interpretation of the source profiles,
which were related to primary PM emissions. Traffic, first solid fuel (wood) combustion, second solid
fuel (brown coal) combustion, cooking and mixed sources were the main factors separated by
PMF.The results obtained by PMF analysis were expected due to the location of the sampling site
which is a traffic influenced station with approximately 41 000 passing vehicles per day and the local
area is mainly composed of habitation, trade and commerce [201] . Different contributions have been
noticed for all five factors between the two sampling periods. The contribution of traffic and mixed
sources factors decreased about 60% and 40% respectively after the implementation of the LEZ. The
average concentration of EC in the traffic factor decreased from 1.1 pg/m’ to 0.5 pg/m’ giving a
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positive effect for the reduction of vehicular emissions because exposures to traffic-related EC is
related to decrements in lung function [202]. Also it is worth to mentioning the legally supported car
scrappage scheme (the so called “Abwrackpramie” in German) which may be also involved in the
observed reduction of EC levels. In the beginning of the year 2009, during the global financial crisis,
the German federal government subsided the exchange of old cars by new ones in order to support car
makers. This process leads to a more environment friendly car fleet across the country as the EC
emission rates of new vehicles are much lower than those of the older ones [84]. The pre-stage of LEZ
implementation in Munich city also enhanced the effect of LEZ by preventing the heavy duty vehicles
permanently from going through LEZ areas. The contribution of the wood combustion factor has
increased in the second sampling period about 180% due to the colder winter in 2009/10 comparing
with winter in 2006/07.

5.3. Identification of the sources of primary organic aerosols at urban schools:
a molecular marker approach

Schools are urban microenvironments that can account for a large portion of children’s
exposure to airborne particles, which typically comprise of a large organic component. Numerous
detrimental health effects have been associated with exposure to airborne particles, with children
particularly susceptible. This work aimed to determine the primary sources of airborne particles that
children are exposed to at school and their relative contributions by analyzing selected organic
molecular markers at 11 urban schools in Brisbane, Australia. The sampling campaign for the current
work was conducted from November 2011 till August 2012. Schools that were chosen were not near
any large source of air pollution, other than road traffic and were also not close to any large
infrastructure projects.

Application of positive matrix factorization identified four sources; vehicle emissions,
biomass burning, meat cooking and plant wax emissions. Overall, the results from this study point to
both local (traffic and cooking) and regional (biomass burning) primary sources influencing the levels
of ambient particles that children are exposed at school, which has implications when considering
potential controls to mitigate exposure at schools.

Vehicle emissions accounted for 45% of the overall OC and were characterized by Cyo.s
alkanes and the observed hopanes, with schools with the highest traffic counts generally recording the
higher contributions. Biomass burning recorded high contribution to the OC (29%) and a seasonal
trend was also observed that peaked in winter due to prescribed burning in bush land around Brisbane.
For the same reasons, plant wax alkanes also demonstrated a similar seasonal trend, though this source
only accounted for a small fraction (7%) of the OC. Cooking emissions accounted for 16% of the OC,
with a school nearby a restaurant precinct recording high contributions. The contributions of source
factors at the 11 schools are shown in Fig.21.
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Figure 21. Percentage of PMF source factors contributions to OC mass at 11 schools under investigation

Therefore, based upon the targeted organic molecular markers, vehicle emissions were the
major source of at the schools studied, confirming the hypothesis. The second largest contribution was
from a more regional source, in this case biomass burning as a result of controlled burning of bush
land surrounding Brisbane to reduce the risk of summer bushfires.

Controlled burning of bushland is common practice near urban areas in Australia as well as in
other countries that are affected by wild bush or forest fires such as the U.S.A and Mediterranean
countries. Thus the significant influence of biomass burning from both controlled and wild fires that
was observed in the results from this study is potentially applicable to other urban areas in Australia
and other countries. Another notable aspect of the results was the large contribution from meat
cooking emissions, possibly due to activities at the schools. This result warrants further investigations
to determine the full impact of meat cooking emissions at schools. Finally, although vehicle emissions
were identified as a major source in this study, it is not necessarily the only major source of pollution
in urban areas, as only a subset of organic compounds were analyzed in this work.

Overall, the results from this study point to the influence of both local (traffic) and regional
(biomass burning) sources of primary organic aerosols on the levels of ambient particles that children
are exposed at schools. This has implications for potential control measures for mitigating exposure at
schools.
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Organic compounds of biogenic and anthropogenic origin often represent a large fraction, up
to 40%, of total airborne PM mass and influence the behavior and impact of PM on human health. In
the presented in-situ derivatization and thermal desorption of organic compounds, separation by gas
chromatography and detection by time of flight mass spectrometry (IDTD GC-ToF-MS) [190] has
been applied to the analysis of organic molecular marker in the PM samples which are discussed in the
three publications. The advanced receptor model of Positive Matrix Factorization (PMF) [191, 200]
has been applied to all organic compounds data obtained from the analysis of PM samples over the
three publications to identify the possible sources of ambient PM depending on organic molecular
markers and inorganic tracers. The associated contributions of organic markers have been estimated
either to organic carbon (OC) fraction or to the PM mass according to PMF analysis.

There is growing interest in the exposure and health implications of living near major
roadways as well as in related questions of whether some locations have systematically higher
concentrations than others for health relevant pollutants. Therefore, the organic and inorganic tracers
have been analyzed in PM;, samples, collected over a one-month sampling campaign at eight
sampling sites in Augsburg, Germany. The contribution of organic and inorganic tracers to PM,
samples was estimated to evaluate the spatial and temporal variation of emission sources at the
sampling sites. The results showed that PMF was able to identify nine source factors depending on the
organic and inorganic tracers. The results also indicate that there was a heterogeneous spatial variation
of source contributions at monitoring sites due to the heterogeneity of local sources.

In Munich, the most severe environmental problems are caused by traffic. Vehicles with
internal combustion engines contribute significantly to air pollution. In order to investigate effects of
implementation of LEZ in Munich, the analysis of the organic molecular markers in PM, s samples,
collected within the low emission zone (LEZ) of Munich, has been performed. The results showed that
the concentration for most of the organic compounds has been decreased after the implementation of
the LEZ. The Applying PMF model in this case was able to identify five source factors depending on
the concentration of organic compounds. It was noticed that the contribution of traffic source factor
decreased about 60% after the implementation of the LEZ.

Children are particularly susceptible to air pollution and schools are examples of urban
microenvironments that can account for a large portion of children’s exposure to airborne particles.
Thus, the analysis of organic molecular markers in PM, s samples collected at 11 different schools in
Brisbane, Australia, has been employed to identify primary airborne particles that children are exposed
to at school. The results showed that the application of PMF identified four sources; vehicle emissions,
biomass burning, meat cooking and plant wax using organic molecular markers data. The major source
was found to be traffic emissions (local source). Biomass combustion (regional source) was detected
as one of the main sources in this study due to the controlled burning of bush land surrounding
Brisbane to reduce the risk of summer bushfires. This study was a part of a greater study investigating
exposure of children to ambient PM and related health outcomes in Brisbane, Australia.

A better understanding of the contribution of emission sources, such as regional or long range
transport and local pollution sources, to the generation of elevated PM levels in different areas is of
great importance. Such knowledge is important for air quality monitoring and management and as a
result it is important for human health.

40



REFERENCES

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Seinfeld JHP, Spyros N.: Atmospheric Chemistry and Physics: From Air Pollution to Climate
Change, 2nd edn. Hoboken, New Jersey: John Wiley & Sons; 2006.

Poschl U: Atmospheric aerosols: composition, transformation, climate and health effects.
Angewandte Chemie (International ed in English) 2005, 44(46):7520-7540.

WHO: Health Effects of Particulate Matter. In. Regional Office for Europe, Denmark: World
Health Organization; 2013.

WHO: Health risks of particulate matter from long-range transboundary air pollution. In.
WHO Regional Office for Europe, Scherfigsvej 8, DK-2100 Copenhagen @, Denmark; 2006.
Winnes H, Fridell E: Particle emissions from ships: dependence on fuel type. Journal of the
Air & Waste Management Association (1995) 2009, 59(12):1391-1398.

Orasche J: Emissions from wood combustion — Formation of particle bound organic wood
smoke compounds, the potential for formation of secondary organic aerosol and tracing in the
atmosphere. Kumulative Dissertation. Rostock, Deutschland: Universitdt Rostock; 2013.
Thomas A.J. Kuhlbusch AB, Andras Gelenscer, Johan Genberg, Dieter Gladtke, Willy
Maenhaut, Casimiro Pio, Olga Popoviecheva, Jean P. Putaud, Paul Quincey, Jean Sciare,
Harry ten Brink, Mar Viana, Karl Espen Yttri: Measurement of Elemental and Organic Carbon
in Europe. In. European Commission, Joint Research Centre, Ispra (VA), Italy: Institute for
Environment and Sustainability; 2009.

Tsigaridis K, Krol M, Dentener FJ, Balkanski Y, Lathiere J, Metzger S, Hauglustaine DA,
Kanakidou M: Change in global aerosol composition since preindustrial times. Atmos Chem
Phys 2006, 6(12):5143-5162.

NRC: Research Priorities for Airborne Particulate Matter: II. Evaluating Research Progress
and Updating the Portfolio. 1999.

Chow JC, Watson JG, Lowenthal DH, Antony Chen LW, Tropp RJ, Park K, Magliano KA:
PM2.5 and PM10 Mass Measurements in California's San Joaquin Valley. Aerosol Science
and Technology 2006, 40(10):796-810.

Tsapakis M, Lagoudaki E, Stephanou EG, Kavouras 1G, Koutrakis P, Oyola P, von Baer D:
The composition and sources of PM2.5 organic aerosol in two urban areas of Chile.
Atmospheric Environment 2002, 36(23):3851-3863.

Cass GR: Organic molecular tracers for particulate air pollution sources. 7rAC Trends in
Analytical Chemistry 1998, 17(6):356-366.

Robinson AL, Subramanian R, Donahue NM, Bernardo-Bricker A, Rogge WF: Source
Apportionment of Molecular Markers and Organic Aerosol. 2. Biomass Smoke.
Environmental Science & Technology 2006, 40(24):7811-7819.

Kleeman MJ, Robert MA, Riddle SG, Fine PM, Hays MD, Schauer JJ, Hannigan MP: Size
distribution of trace organic species emitted from biomass combustion and meat charbroiling.
Atmospheric Environment 2008, 42(13):3059-3075.

Schnelle-Kreis J, Sklorz M, Peters A, Cyrys J, Zimmermann R: Analysis of particle-associated
semi-volatile aromatic and aliphatic hydrocarbons in urban particulate matter on a daily basis.
Atmospheric Environment 2005, 39(40):7702-7714.

Aldabe J, Elustondo D, Santamaria C, Lasheras E, Pandolfi M, Alastuey A, Querol X,
Santamaria JM: Chemical characterisation and source apportionment of PM2.5 and PM10 at
rural, urban and traffic sites in Navarra (North of Spain). Atmospheric Research 2011, 102(1-
2):191-205.

Schauer JJ, Fraser MP, Cass GR, Simoneit BRT: Use of organic compounds as tracers for
source contriubtions to atmospheric fine particle concentrations: analysis of a severe
photochemical smog episode. Journal of Aerosol Science 1998, 29, Supplement 1(0):S225-
S226.

Schnelle-Kreis J, Sklorz M, Orasche J, Stolzel M, Peters A, Zimmermann R: Semi Volatile
Organic Compounds in Ambient PM2.5. Seasonal Trends and Daily Resolved Source
Contributions. Environmental Science & Technology 2007, 41(11):3821-3828.

41



REFERENCES

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

42

Gu J, Schnelle-Kreis J, Pitz M, Diemer J, Reller A, Zimmermann R, Soentgen J, Peters A,
Cyrys J: Spatial and temporal variability of PMI10 sources in Augsburg, Germany.
Atmospheric Environment 2013, 71(0):131-139.

Han JS, Moon KJ, Ryu SY, Kim YJ, Perry KD: Source estimation of anthropogenic aerosols
collected by a DRUM sampler during spring of 2002 at Gosan, Korea. Atmospheric
Environment 2005, 39(17):3113-3125.

Juda-Rezler K, Reizer M, Oudinet J-P: Determination and analysis of PM10 source
apportionment during episodes of air pollution in Central Eastern European urban areas: The
case of wintertime 2006. Atmospheric Environment 2011, 45(36):6557-6566.

Leithead A, Li S-M, Hoff R, Cheng Y, Brook J: Levoglucosan and dehydroabietic acid:
Evidence of biomass burning impact on aerosols in the Lower Fraser Valley. Atmospheric
Environment 2006, 40(15):2721-2734.

Rogge WF: Molecular Tracers for Sources of Atmospheric Carbon Particles: Measurements
and Model Predictions. Pasadena, California, USA: California Institute of Technology; 1993.
Fathi Zereini, Wiseman CLS: Urban Airborne Particulate Matter Origin, Chemistry, Fate and
Health Impacts, vol. Volume Editors. Berlin Heidelberg: Springer-Verlag; 2010.

Vallero D: Environmental Biotechnology: A Biosystems Approach. USA: Academic Press;
2010.

Schleicher N, Norra S, Chai F, Chen Y, Wang S, Stuben D: Anthropogenic versus geogenic
contribution to total suspended atmospheric particulate matter and its variations during a two-
year sampling period in Beijing, China. Journal of Environmental Monitoring 2010,
12(2):434-441.

Posfai M, Anderson JR, Buseck PR, Sievering H: Soot and sulfate aerosol particles in the
remote marine troposphere. Journal of Geophysical Research: Atmospheres 1999,
104(D17):21685-21693.

Group TWB: Pollution Prevention and Abatement Handbook. Washington, DC, USA: The
International Bank for Reconstruction and Development/THE WORLD BANK; 1998.

WHO: Review of evidence on health aspects of air pollution — REVIHAAP. In. Regional
Office for Europe,Denmark: World Health Organization 2013.

Diesel engine exhaust carcinogenic [http://www.iarc.fr/en/media-
centre/iarcnews/2012/mono105-info.php]

Cohen AJ, Anderson HR, Ostro B, Pandey KD, Krzyzanowski M, Kuenzli N, Gutschmidt K,
Pope CI, Romieu I, Samet JM et al: Urban Air Pollution. . In: Comparative Quantification of
Health Risks: Global and Regional Burden of Disease Attributable to Selected Major Risk
Factors. Edited by Ezzati M, Rodgers, A. D., Lopez, A. D., Murray, C. J. L., vol. 2, Ist edn.
World Health Organization, Geneva; 2004: 1353—1453.

Koelemeijer RBA, Homan CD, Matthijsen J: Comparison of spatial and temporal variations of
aerosol optical thickness and particulate matter over Europe. Atmospheric Environment 2006,
40(27):5304-5315.

Peters A, Dockery DW, Muller JE, Mittleman MA: Increased particulate air pollution and the
triggering of myocardial infarction. Circulation 2001, 103(23):2810-2815.

Pope CA, 3rd, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD: Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. J4MA
2002, 287(9):1132-1141.

Hong YC, Hwang SS, Kim JH, Lee KH, Lee HJ, Lee KH, Yu SD, Kim DS: Metals in
particulate pollutants affect peak expiratory flow of schoolchildren. Environ Health Perspect
2007, 115(3):430-434.

Morgan TE, Davis DA, Iwata N, Tanner JA, Snyder D, Ning Z, Kam W, Hsu YT, Winkler
JW, Chen JC et al: Glutamatergic neurons in rodent models respond to nanoscale particulate
urban air pollutants in vivo and in vitro. Environ Health Perspect 2011, 119(7):1003-1009.
Samoli E, Peng R, Ramsay T, Pipikou M, Touloumi G, Dominici F, Burnett R, Cohen A,
Krewski D, Samet J et al: Acute Effects of Ambient Particulate Matter on Mortality in Europe
and North America: Results from the APHENA Study. Environmental Health Perspectives
2008, 116(11):1480-1486.

Beelen R, Hoek G, van den Brandt PA, Goldbohm RA, Fischer P, Schouten LJ, Jerrett M,
Hughes E, Armstrong B, Brunekreef B: Long-term effects of traffic-related air pollution on



http://www.iarc.fr/en/media-centre/iarcnews/2012/mono105-info.php
http://www.iarc.fr/en/media-centre/iarcnews/2012/mono105-info.php

REFERENCES

39.

40.

41.
42.
43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

S8.

59.

mortality in a Dutch cohort (NLCS-AIR study). Environ Health Perspect 2008, 116(2):196-
202.
Pope IC, Burnett RT, Thun MJ, et al.: LUng cancer, cardiopulmonary mortality, and long-term
exposure to fine particulate air pollution. JAMA4 2002, 287(9):1132-1141.
Ayres JG, Borm P, Cassee FR, Castranova V, Donaldson K, Ghio A, Harrison RM, Hider R,
Kelly F, Kooter IM et al: Evaluating the toxicity of airborne particulate matter and
nanoparticles by measuring oxidative stress potential--a workshop report and consensus
statement. Inhalation toxicology 2008, 20(1):75-99.
Nel A: Air Pollution-Related Illness: Effects of Particles. Science 2005, 308(5723):804-806.
Halliwell B, Cross CE: Oxygen-derived species: their relation to human disease and
environmental stress. Environ Health Perspect 1994, 102 Suppl 10:5-12.
Squadrito GL, Cueto R, Dellinger B, Pryor WA: Quinoid redox cycling as a mechanism for
sustained free radical generation by inhaled airborne particulate matter. Free radical biology
& medicine 2001, 31(9):1132-1138.
WHO: Exposure to particulate matter in outdoor air. In: Environment and Health Information
System (ENHIS). Copenhagen, WHO Regional Office for Europe; 2011.
Levy JI, Hanna SR: Spatial and temporal variability in urban fine particulate matter
concentrations. Environmental Pollution 2011, 159(8-9):2009-2015.
Zheng J, Che W, Zheng Z, Chen L, Zhong L: Analysis of Spatial and Temporal Variability of
PM10 Concentrations Using MODIS Aerosol Optical Thickness in the Pearl River Delta
Region, China. Aerosol and Air Quality Research 2013, 13(3):862-876.
Wilson JG: Spatial Variability of Intraurban Particulate Air Pollution: Epidemiological
Implication and Applications. University of Canterbury; 2006.
Hinds WC: Aerosol technology: properties, behavior, and measurement of airborne particles.
New York, USA: Wiley; 1999.
Wilson JG, Kingham S, Pearce J, Sturman AP: A review of intraurban variations in particulate
air pollution: Implications for epidemiological research. Atmospheric Environment 2005,
39(34):6444-6462.
Sharma R, Pervez Y, Pervez S: Seasonal evaluation and spatial variability of suspended
particulate matter in the vicinity of a large coal-fired power station in India—A case study.
Environ Monit Assess 2005, 102(1-3):1-13.
Donkelaar Av: Global map of PM2.5 distribution (2001-2006). In. NASA, Credit: Dalhousie
University; 2010.
Selin NE, Paltsev S, Wang C, Donkelaar Av, Martin RV: Global Aerosol Health Impacts:
Quantifying Uncertainties. In: MIT Joint Program on the Science and Policy of Global
Change. Cambridge, USA Massachusetts Institute of Technology 2011.
Roosli M, Braun-Fahrlander C, Kunzli N, Oglesby L, Theis G, Camenzind M, Mathys P,
Stachelin J: Spatial variability of different fractions of particulate matter within an urban
environment and between urban and rural sites. Journal of the Air & Waste Management
Association (1995) 2000, 50(7):1115-1124.
Coons TL: Urban Air Pollution: Personal Exposure and Spatial Variability of Fine Particulate
Matter (PM2.5) in Denver, Colorado and Xi'an, China. USA: University of Colorado; 2009.
UNDP: Making Green Development a Choice. In: China Human Development Report 2002.
Stockholm Environment Institute and United Nations Development Programme (UNDP)
China; 2002.
Bell ML, Dominici F, Ebisu K, Zeger SL, Samet JM: Spatial and temporal variation in
PM(2.5) chemical composition in the United States for health effects studies. Environ Health
Perspect 2007, 115(7):989-995.
Reche C, Querol X, Alastuey A, Viana M, Pey J, Moreno T, Rodriguez S, Gonzilez Y,
Fernandez-Camacho R, de la Rosa ] ef al: New considerations for PM, Black Carbon and
particle number concentration for air quality monitoring across different European cities.
Atmos Chem Phys 2011, 11(13):6207-6227.
EEA: Air Quality in Europe - 2013 report. In. European Environment Agency, Denmark.:
Luxembourg: Publications Office of the European Union, 2013; 2013.
Mooibroek D, Schaap M, Weijers EP, Hoogerbrugge R: Source apportionment and spatial
variability of PM2.5 using measurements at five sites in the Netherlands. Atmospheric
Environment 2011, 45(25):4180-4191.

43



REFERENCES

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

44

Eeftens M, Tsai M-Y, Ampe C, Anwander B, Beelen R, Bellander T, Cesaroni G, Cirach M,
Cyrys J, de Hoogh K et al: Spatial variation of PM2.5, PM10, PM2.5 absorbance and
PMcoarse concentrations between and within 20 European study areas and the relationship
with NO2 — Results of the ESCAPE project. Atmospheric Environment 2012, 62(0):303-317.
Lianou M, Chalbot MC, Kavouras IG, Kotronarou A, Karakatsani A, Analytis A, Katsouyanni
K, Puustinen A, Hameri K, Vallius M et al: Temporal variations of atmospheric aerosol in
four European urban areas. Environmental science and pollution research international 2011,
18(7):1202-1212.

Gomiscek B, Hauck H, Stopper S, Preining O: Spatial and temporal variations of PMI,
PM2.5, PM10 and particle number concentration during the AUPHEP—project. Atmospheric
Environment 2004, 38(24):3917-3934.

Megaritis AG, Fountoukis C, Charalampidis PE, Pilinis C, Pandis SN: Response of fine
particulate matter concentrations to changes of emissions and temperature in Europe. Atmos
Chem Phys 2013, 13(6):3423-3443.

Zubkova G: Analysis of Amnient Particulate Matter PM2.5 in Pittsburgh using Time-Series
Techniques and Meteorology. USA: Ohio University; 2003.

Karydis VA, Tsimpidi AP, Fountoukis C, Nenes A, Zavala M, Lei W, Molina LT, Pandis SN:
Simulating the fine and coarse inorganic particulate matter concentrations in a polluted
megacity. Atmospheric Environment 2010, 44(5):608-620.

Lewis ER, Schwartz SE: Sea Salt Aerosol Production: Mechanisms, Methods, Measurements
and Models. USA: American Geophysical Union, AGU Books Board; 2004.

Gong SL, Barrie LA, Prospero JM, Savoie DL, Ayers GP, Blanchet JP, Spacek L: Modeling
sea-salt aerosols in the atmosphere: 2. Atmospheric concentrations and fluxes. Journal of
Geophysical Research: Atmospheres 1997, 102(D3):3819-3830.

Raj G: Advanced Inorganic Chemistry: Vollume II, vol. 2, 12 edn. India: KRISHNA
Parkashan Media (P) Ltd., Meerut, India.; 2010.

Alexander B, Park RJ, Jacob DJ, Li QB, Yantosca RM, Savarino J, Lee CCW, Thiemens MH:
Sulfate formation in sea-salt aerosols: Constraints from oxygen isotopes. Journal of
Geophysical Research: Atmospheres 2005, 110(D10):D10307.

Reff A, Bhave PV, Simon H, Pace TG, Pouliot GA, Mobley JD, Houyoux M: Emissions
Inventory of PM2.5 Trace Elements across the United States. Environmental Science &
Technology 2009, 43(15):5790-5796.

Nalbandian H: Trace element emissions from coal. In. Gemini House, 10-18 Putney Hill,
London SW15 6AA, United Kingdom.; 2012.

Stein AF, Saylor RD: Sensitivities of sulfate aerosol formation and oxidation pathways on the
chemical mechanism employed in simulations. Atmos Chem Phys Discuss 2012, 12(3):8169-
8182.

Logan JA: Nitrogen oxides in the troposphere: Global and regional budgets. Journal of
Geophysical Research: Oceans 1983, 88(C15):10785-10807.

Jaegle L, Steinberger L, Martin RV, Chance K: Global partitioning of NO sources using
satellite observations: Relative roles of fossil fuel combustion, biomass burning and soil
emissions. Faraday Discussions 2005, 130(0):407-423.

Sutton MA, Dragosits U, Tang YS, Fowler D: Ammonia emissions from non-agricultural
sources in the UK. Atmospheric Environment 2000, 34(6):855-869.

Frati L, Caprasecca E, Santoni S, Gaggi C, Guttova A, Gaudino S, Pati A, Rosamilia S,
Pirintsos SA, Loppi S: Effects of NO2 and NH3 from road traffic on epiphytic lichens.
Environmental Pollution 2006, 142(1):58-64.

Ole Hertel SR, Carsten Ambelas Skjoth , Albert Bleeker , Roy Harrison , John Neil Cape ,
David Fowler , Ute Skiba , David Simpson , Tim Jickells , Alex Baker , Markku Kulmala ,
Steen Gyldenkerne , Lise Lotte Serensen and Jan Willem Erisman: Nitrogen processes in the
atmosphere. In: The European Nitrogen Assessment: Sources, E flects and Policy Perspectives.
Edited by Mark A. Sutton CMH, Jan Willem Erisman, Gilles Billen, Albert Bleeker, Peringe
Grennfelt , Hans van Grinsven, Bruna Grizzetti. United States of America by Cambridge
University Press, New York CAMBRIDGE UNIVERSITY PRESS; 2011: 178-207.

Espinosa AA, Miranda J: Elemental Analysis of Soils as Possible Resuspended Dust Sources
in Mexico City. International Journal of Environmental Research 2013, 7(4):1015-1020.



REFERENCES

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

William B. Kuykendal CCM: Air Emissions Species Manual Volume: II Particulate Matter
Species Profiles. In., Second Edition edn. U.S. Enviromnental Protection Agency, Research
Triangle Park. North Carolina 27711: Office Of Air Quality Planning And Standards; 1990.
Watson JG, Chow JC, Houck JE: PM2.5 chemical source profiles for vehicle exhaust,
vegetative burning, geological material, and coal burning in Northwestern Colorado during
1995. Chemosphere 2001, 43(8):1141-1151.
Watson JG: Chemical Element Balance Recetor Model Methodology for Assessing the Source
of Fine and Total Suspended Particulate Matter in Portland, Oregon. 1979.
Gladney ES, Small JA, Gordon GE, Zoller WH: Composition and size distribution of in-stack
particulate material at a coal-fired power plant. Atmospheric Environment (1967) 1976,
10(12):1071-1077.
Schauer JJ: Evaluation of elemental carbon as a marker for diesel particulate matter. Journal
of exposure analysis and environmental epidemiology 2003, 13(6):443-453.
Sonntag DB, Bailey CR, Fulper CR, Baldauf RW: Contribution of Lubricating Oil to
Particulate Matter Emissions from Light-Duty Gasoline Vehicles in Kansas City.
Environmental Science & Technology 2012, 46(7):4191-4199.
Song X-H, Polissar AV, Hopke PK: Sources of fine particle composition in the northeastern
US. Atmospheric Environment 2001, 35(31):5277-5286.
Murphy DM, Hudson PK, Cziczo DJ, Gallavardin S, Froyd KD, Johnston MV, Middlebrook
AM, Reinard MS, Thomson DS, Thornberry T et al: Distribution of lead in single atmospheric
particles. Atmos Chem Phys Discuss 2007, 7(2):3763-3804.
Wiedinmyer C, Friedli H: Mercury Emission Estimates from Fires: An Initial Inventory for
the United States. Environmental Science & Technology 2007, 41(23):8092-8098.
Birmili W, Allen AG, Bary F, Harrison RM: Trace Metal Concentrations and Water Solubility
in Size-Fractionated Atmospheric Particles and Influence of Road Traffic. Environmental
Science & Technology 2006, 40(4):1144-1153.
Varrica D, Bardelli F, Dongarra G, Tamburo E: Speciation of Sb in airborne particulate
matter, vehicle brake linings, and brake pad wear residues. Atmospheric Environment 2013,
64(0):18-24.
Andreae MO, Gelencsér A: Black carbon or brown carbon? The nature of light-absorbing
carbonaceous aerosols. Atmos Chem Phys 2006, 6(10):3131-3148.
Chow JC, Watson JG: Guideline on Speciated Particulate Monitoring - Draft 3. In. Research
Triangle Park, NC 27711: Office of Air Quality Planning and Standards (MD-14), U.S.
Environmental Protection Agency; 1998.
Watson JG, Chow JC, Chen LWA: Summary of organic and elemental carbon/black carbon
analysis methods and intercomparisons. Aerosol and Air Quality Research 2005, 5:69-102.
Cabada JC, Pandis SN, Subramanian R, Robinson AL, Polidori A, Turpin B: Estimating the
Secondary Organic Aerosol Contribution to PM2.5 Using the EC Tracer Method Special Issue
of Aerosol Science and Technology on Findings from the Fine Particulate Matter Supersites
Program. Aerosol Science and Technology 2004, 38(sup1):140-155.
Shrivastava MK, Subramanian R, Rogge WF, Robinson AL: Sources of organic aerosol:
Positive matrix factorization of molecular marker data and comparison of results from
different source apportionment models. Atmospheric Environment 2007, 41(40):9353-9369.
Baccarelli A, Barretta F, Dou C, Zhang X, McCracken JP, Diaz A, Bertazzi PA, Schwartz J,
Wang S, Hou L: Effects of particulate air pollution on blood pressure in a highly exposed
population in Beijing, China: a repeated-measure study. Environmental health : a global
access science source 2011, 10:108.
Scott AJ: Source Apportionment and Chemical Characterisation of Airborne Fine Particulate
Matter in Christchurch, New Zealand. Christchurch, New Zealand: University of Canterbury;
2005.
Bisutti I, Hilke I, Raessler M: Determination of total organic carbon — an overview of current
methods. TrAC Trends in Analytical Chemistry 2004, 23(10-11):716-726.
Feng Y, Ramanathan V, Kotamarthi VR: Brown carbon: a significant atmospheric absorber of
solar radiation? Atmos Chem Phys Discuss 2013, 13(1):2795-2833.
Na K, Sawant AA, Song C, Cocker lii DR: Primary and secondary carbonaceous species in
the atmosphere of Western Riverside County, California. Atmospheric Environment 2004,
38(9):1345-1355.

45



REFERENCES

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

46

Chan TW, Huang L, Leaitch WR, Sharma S, Brook JR, Slowik JG, Abbatt JPD, Brickell PC,
Liggio J, Li SM et al: Observations of OM/OC and specific attenuation coefficients (SAC) in
ambient fine PM at a rural site in central Ontario, Canada. Atmos Chem Phys 2010,
10(5):2393-2411.

Cinzia Perrino ST, Maria Catrambone, Stefano Dalla Torre, Elena Rantica, Silvia Canepari:
Chemical characterization of atmospheric PM in Delhi, India, during different periods of the
year including Diwali festival. Atmospheric Pollution Research 2011, 2(4):418-427.

Pandis S: Atmospheric Aerosol Processes. In: Particulate Matter Science for Policy Makers:
A NARSTO Assessment. Edited by Peter H. McMurry MFS, James S. Vickery. Cambridge,
United Kingdom: Cambridge University Press; 2004: 104-126.

Carlton AG, Wiedinmyer C, Kroll JH: A review of Secondary Organic Aerosol (SOA)
formation from isoprene. Atmos Chem Phys 2009, 9(14):4987-5005.

Hallquist M, Wenger JC, Baltensperger U, Rudich Y, Simpson D, Claeys M, Dommen J,
Donahue NM, George C, Goldstein AH ef al: The formation, properties and impact of
secondary organic aerosol: current and emerging issues. Atmos Chem Phys 2009, 9(14):5155-
5236.

Ravindra K, Sokhi R, Van Grieken R: Atmospheric polycyclic aromatic hydrocarbons: Source
attribution, emission factors and regulation. Atmospheric Environment 2008, 42(13):2895-
2921.

Beegle LW, Wdowiak TJ, Harrison JG: Hydrogenation of polycyclic aromatic hydrocarbons
as a factor affecting the cosmic 6.2 micron emission band. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy 2001, 57(4):737-744.

Lighty JS, Veranth JM, Sarofim AF: Combustion aerosols: factors governing their size and
composition and implications to human health. Journal of the Air & Waste Management
Association (1995) 2000, 50(9):1565-1522.

Peltonen K, Kuljukka T: Air sampling and analysis of polycyclic aromatic hydrocarbons.
Journal of Chromatography A 1995, 710(1):93-108.

Nielsen T, Jergensen HE, Larsen JC, Poulsen M: City air pollution of polycyclic aromatic
hydrocarbons and other mutagens: occurrence, sources and health effects. Science of The Total
Environment 1996, 189-190(0):41-49.

Higman EB, Schmeltz I, Schlotzhauer WS: Products from the thermal degradation of some
naturally occurring materials. Journal of Agricultural and Food Chemistry 1970, 18(4):636-
639.

Simoneit BRT: Biomass burning — a review of organic tracers for smoke from incomplete
combustion. Applied Geochemistry 2002, 17(3):129-162.

Marchand N, Besombes JL, Chevron N, Masclet P, Aymoz G, Jaffrezo JL: Polycyclic
aromatic hydrocarbons (PAHs) in the atmospheres of two French alpine valleys: sources and
temporal patterns. Atmos Chem Phys 2004, 4(5):1167-1181.

Prabhukumar G, Pagilla K: Polycyclic Aromatic Hydrocarbons in Urban Runoff — Sources,
Sinks and Treatment: A Review In. [llinois Institute of Technology; 2011.

Allen JO: Atmospheric partitioning of polycyclic aromatic hydrocarbons (PAH) and
oxygenated PAH. Cambridge, MA, USA: Massachusetts Institute of Technology; 1997.

Lies K-H, Schulze J: Nicht limitierte Automobil-Abgaskomponenten. (Unregulated motor
vehicle exhaust gas components). Volkswagenwerk A.G., Wolfsburg,Germany: Forschung
und Entwicklung, Volkswagen AG.; 1988.

Letzel T: Analytik partiell oxidierter polyzyklischer aromatischer Kohlenwasserstoffe und
Abbau von Benzo[a]pyren auf Russaerosolpartikeln durch Ozon. Genehmigten Dissertation.
Duetschland: Technischen Universitidt Miinchen; 2001.

Zielinska B, Sagebiel J, McDonald JD, Whitney K, Lawson DR: Emission Rates and
Comparative Chemical Composition from Selected In-Use Diesel and Gasoline-Fueled
Vehicles. Journal of the Air & Waste Management Association 2004, 54(9):1138-1150.

He L-Y, Hu M, Huang X-F, Zhang Y-H, Yu B-D, Liu D-Q: Chemical characterization of fine
particles from on-road vehicles in the Wutong tunnel in Shenzhen, China. Chemosphere 2006,
62(10):1565-1573.

Eglinton G, Hamilton RJ: The distribution of alkanes. T Swain (Ed), Chemical Plant
Taxonomy Academic Press, London 1963:187-240.



REFERENCES

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Simoneit BRT: Characterization of Organic Constituents in Aerosols in Relation to Their rigin
and Transport: A Review. International Journal of Environmental Analytical Chemistry 1986,
23(3):207-237.

Brandenberger S, Mohr M, Grob K, Neukom HP: Contribution of unburned lubricating oil and
diesel fuel to particulate emission from passenger cars. Atmospheric Environment 2005,
39(37):6985-6994.

Shweta Y. AT, Arun K. A.: Monthly and Seasonal Variations in Aerosol Associated n-alkane
Profiles in Relation to Meteorological Parameters in New Delhi, India Aerosol and Air Quality
Research 2013, 13:287-300.

Sakurai H, Tobias HJ, Park K, Zarling D, Docherty KS, Kittelson DB, McMurry PH, Ziemann
PJ: On-line measurements of diesel nanoparticle composition and volatility. Atmospheric
Environment 2003, 37(9-10):1199-1210.

Alfarra MR, Coe H, Allan JD, Bower KN, Boudries H, Canagaratna MR, Jimenez JL, Jayne
JT, Garforth AA, Li S-M et al: Characterization of urban and rural organic particulate in the
Lower Fraser Valley using two Aerodyne Aerosol Mass Spectrometers. Atmospheric
Environment 2004, 38(34):5745-5758.

Simoneit BRT, Crisp PT, Mazurek MA, Standley LJ: Composition of extractable organic
matter of aerosols from the blue mountains and southeast coast of Australia. Environment
International 1991, 17(5):405-419.

Brown SG, Herckes P, Ashbaugh L, Hannigan MP, Kreidenweis SM, Collett Jr JL:
Characterization of organic aerosol in Big Bend National Park, Texas. Atmospheric
Environment 2002, 36(38):5807-5818.

Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT: Sources of Fine Organic
Aerosol. 6. Cigaret Smoke in the Urban Atmosphere. Environmental Science & Technology
1994, 28(7):1375-1388.

Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT: Sources of Fine Organic
Aerosol. 8. Boilers Burning No. 2 Distillate Fuel Oil. Environmental Science & Technology
1997, 31(10):2731-2737.

Populin T, Biedermann M, Grob K, Moret S, Conte L: Relative hopane content confirming the
mineral origin of hydrocarbons contaminating foods and human milk. Food Additives and
Contaminants 2004, 21(9):893-904.

Oros DR, Simoneit BRT: Identification and emission rates of molecular tracers in coal smoke
particulate matter. Fuel 2000, 79(5):515-536.

Wang Z, Fingas M, Owens EH, Sigouin L, Brown CE: Long-term fate and persistence of the
spilled Metula oil in a marine salt marsh environment: Degradation of petroleum biomarkers.
Journal of Chromatography A 2001, 926(2):275-290.

Kaplan IR, Lu S-T, Alimi HM, MacMurphey J: Fingerprinting of High Boiling Hydrocarbon
Fuels, Asphalts and Lubricants. Environmental Forensics 2001, 2(3):231-248.

Li M: Ambient Concentrations and Measurement Precision of Molecular Markers in Fine
Particles from Philadelphia, PA. Drexel University, Philadelphia, USA: Drexel; 2003.

Bi X, Simoneit BRT, Sheng G, Fu J: Characterization of molecular markers in smoke from
residential coal combustion in China. Fuel 2008, 87(1):112-119.

Piot C, Jaffrezo JL, Cozic J, Pissot N, El Haddad I, Marchand N, Besombes JL: Quantification
of levoglucosan and its isomers by High Performance Liquid Chromatography &ndash;
Electrospray lonization tandem Mass Spectrometry and its applications to atmospheric and
soil samples. Atmos Meas Tech 2012, 5(1):141-148.

Hennigan CJ, Sullivan AP, Collett JL, Jr., Robinson AL: Levoglucosan stability in biomass
burning particles exposed to hydroxyl radicals. Geophys Res Lett 2010, 37(9):L09806.
Hoffmann D, Tilgner A, linuma Y, Herrmann H: Atmospheric stability of levoglucosan: a
detailed laboratory and modeling study. Environ Sci Technol 2010, 44(2):694-699.

Ren X, Brune WH, Mao J, Mitchell MJ, Lesher RL, Simpas JB, Metcalf AR, Schwab JJ, Cai
C, Li Y et al: Behavior of OH and HO2 in the winter atmosphere in New York City.
Atmospheric Environment 2006, 40, Supplement 2(0):252-263.

Alves CA: Characterisation of solvent extractable organic constituents in atmospheric
particulate matter: an overview. Anais da Academia Brasileira de Ciéncias 2008, 80:21-82.

47



REFERENCES

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

48

Simoneit BRT, Rogge WF, Mazurek MA, Standley LJ, Hildemann LM, Cass GR: Lignin
pyrolysis products, lignans, and resin acids as specific tracers of plant classes in emissions
from biomass combustion. Environmental Science & Technology 1993, 27(12):2533-2541.
Rogge WF, Hildemann LM, Mazurek MA, Cass GR: Sources of Fine Organic Aerosol. 9.
Pine, Oak, and Synthetic Log Combustion in Residential Fireplaces. Environmental Science &
Technology 1998, 32(1):13-22.

Sheya SA: Development of thermal desorption gas chromatography/mass spectrometry as a
rapid method for ambient particulate characterization. Dissertation. USA: University of Utah;
2002.

Standley L, Simoneit BT: Resin diterpenoids as tracers for biomass combustion aerosols. J
Atmos Chem 1994, 18(1):1-15.

Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT: Sources of fine organic
aerosol. 3. Road dust, tire debris, and organometallic brake lining dust: roads as sources and
sinks. Environmental Science & Technology 1993, 27(9):1892-1904.

Mold JD, Means RE, Ruth JM: The higher fatty acids of flue-cured tobacco : Methyl and
cyclohexyl branched acids. Phytochemistry 1966, 5(1):59-66.

Robinson AL, Subramanian R, Donahue NM, Bernardo-Bricker A, Rogge WF: Source
apportionment of molecular markers and organic aerosol. 3. Food cooking emissions. Environ
Sci Technol 2006, 40(24):7820-7827.

Simpson CD, Paulsen M, Dills RL, Liu LJS, Kalman DA: Determination of Methoxyphenols
in Ambient Atmospheric Particulate Matter: Tracers for Wood Combustion. Environmental
Science & Technology 2004, 39(2):631-637.

Alves CA, Gongalves C, Evtyugina M, Pio CA, Mirante F, Puxbaum H: Particulate organic
compounds emitted from experimental wildland fires in a Mediterranean ecosystem.
Atmospheric Environment 2010, 44(23):2750-2759.

Nolte CG, Schauer JJ, Cass GR, Simoneit BRT: Highly Polar Organic Compounds Present in
Wood Smoke and in the Ambient Atmosphere. Environmental Science & Technology 2001,
35(10):1912-1919.

Viana M, Kuhlbusch TAJ, Querol X, Alastuey A, Harrison RM, Hopke PK, Winiwarter W,
Vallius M, Szidat S, Prévot ASH et al: Source apportionment of particulate matter in Europe:
A review of methods and results. Journal of Aerosol Science 2008, 39(10):827-849.

Gordon GE: Receptor models. Environmental Science & Technology 1988, 22(10):1132-1142.
Schauer JJ, Lough GC, Shafer MM, Christensen WF, Arndt MF, DeMinter JT, Park JS:
Characterization of metals emitted from motor vehicles. Research report (Health Effects
Institute) 2006(133):1-76; discussion 77-88.

Coulter CT: EPA-CMBS.2 Users Manual. In. Research Triangle Park, NC 27711: Air Quality
Modeling Group, Emissions, Monitoring & Analysis Division, Office of Air Quality Planning
& Standards.; 2004.

Alexis Lau ZY, Jay Turner, Varun Yadav: Study on Integrated Data Analysis and
Characterization of Particulate Matter in Hong Kong In. Environmental Protection
Department, HKSARE for Provision of Service, Hong Kong: Institute for the Environment,
Hong Kong University of Science & Technology; 2012.

Gary Norris RV, Rachelle Duvall, Steve Brown, Jeff Prouty, Song Bai: EPA Positive Matrix
Factorization (PMF) 4.2 Fundamentals and User Guide. In. U.S. Environmental Protection
Agency Office of Research and Development, Washington, DC 20460; 2011.

Paatero P: Least squares formulation of robust non-negative factor analysis. Chemometrics
and Intelligent Laboratory Systems 1997, 37(1):23-35.

Paatero P: The Multilinear Engine—A Table-Driven, Least Squares Program for Solving
Multilinear Problems, Including the n-Way Parallel Factor Analysis Model. Journal of
Computational and Graphical Statistics 1999, 8(4):854-888.

Belis CA, Karagulian F, Larsen BR, Hopke PK: Critical review and meta-analysis of ambient
particulate matter source apportionment using receptor models in Europe. Atmospheric
Environment 2013, 69(0):94-108.

Miji¢ Z, Tasi¢ M, Rajsi¢ S, Novakovi¢ V: The statistical characters of PM10 in Belgrade area.
Atmospheric Research 2009, 92(4):420-426.



REFERENCES

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Santacatalina M, Reche C, Minguillon MC, Escrig A, Sanfelix V, Carratala A, Nicolas JF,
Yubero E, Crespo J, Alastuey A et al: Impact of fugitive emissions in ambient PM levels and
composition. A case study in Southeast Spain. Science of the Total Environment 2010,
408(21):4999-5009.

Pandolfi M, Viana M, Minguillon MC, Querol X, Alastuey A, Amato F, Celades I, Escrig A,
Monfort E: Receptor models application to multi-year ambient PM;, measurements in an
industrialized ceramic area: Comparison of source apportionment results. Atmospheric
Environment 2008, 42(40):9007-9017.

Viana M, Pandolfi M, Minguillon MC, Querol X, Alastuey A, Monfort E, Celades I: Inter-
comparison of receptor models for PM source apportionment: Case study in an industrial area.
Atmospheric Environment 2008, 42(16):3820-3832.

Pandolfi M, Gonzalez-Castanedo Y, Alastuey A, de la Rosa JD, Mantilla E, de 1a Campa AS,
Querol X, Pey J, Amato F, Moreno T: Source apportionment of PM;, and PM, 5 at multiple
sites in the strait of Gibraltar by PMF: Impact of shipping emissions. Environmental Science
and Pollution Research 2011, 18(2):260-269.

Belis CA, Cancelinha J, Duane M, Forcina V, Pedroni V, Passarella R, Tanet G, Douglas K,
Piazzalunga A, Bolzacchini E et al: Sources for PM air pollution in the Po Plain, Italy: L.
Critical comparison of methods for estimating biomass burning contributions to
benzo(a)pyrene. Atmospheric Environment 2011, 45(39):7266-7275.

Lucarelli F, Nava S, Calzolai G, Chiari M, Udisti R, Marino F: Is PIXE still a useful technique
for the analysis of atmospheric aerosols? The LABEC experience. X-Ray Spectrometry 2011,
40(3):162-167.

Andriani E, Caselli M, de Gennaro G, Giove A, Tortorella C: Synergistic use of several
receptor models (CMB, APCS and PMF) to interpret air quality data. Environmetrics 2011.
Alleman LY, Lamaison L, Perdrix E, Robache A, Galloo JC: PM;, metal concentrations and
source identification using positive matrix factorization and wind sectoring in a French
industrial zone. Atmospheric Research 2010, 96(4):612-625.

Rodriguez S, Alastuey A, Alonso-Prez S, Querol X, Cuevas E, Abreu-Afonso J, Viana M,
Pandolfi M, De La Rosa J: Transport of desert dust mixed with north african industrial
pollutants in the subtropical saharan air layer. Atmospheric Chemistry and Physics
Discussions 2011, 11(3):8841-8892.

Qadir RM, Abbaszade G, Schnelle-Kreis J, Chow JC, Zimmermann R: Concentrations and
source contributions of particulate organic matter before and after implementation of a low
emission zone in Munich, Germany. Environmental Pollution 2013, 175(0):158-167.
Karanasiou A, Moreno T, Amato F, Lumbreras J, Narros A, Borge R, Tobias A, Boldo E,
Linares C, Pey J ef al: Road dust contribution to PM levels - Evaluation of the effectiveness of
street washing activities by means of Positive Matrix Factorization. Atmospheric Environment
2011, 45(13):2193-2201.

Bernardoni V, Vecchi R, Valli G, Piazzalunga A, Fermo P: PM10 source apportionment in
Milan (Italy) using time-resolved data. Science of the Total Environment 2011, 409(22):4788-
4795.

Beuck H, Quass U, Klemm O, Kuhlbusch TAJ: Assessment of sea salt and mineral dust
contributions to PM10 in NW Germany using tracer models and positive matrix factorization.
Atmospheric Environment 2011, 45(32):5813-5821.

Moreno T, Pandolfi M, Querol X, Lavin J, Alastuey A, Viana M, Gibbons W: Manganese in
the urban atmosphere: Identifying anomalous concentrations and sources. Environmental
Science and Pollution Research 2011, 18(2):173-183.

Vestenius M, Leppénen S, Anttila P, Kyllonen K, Hatakka J, Hellén H, Hyvirinen AP, Hakola
H: Background concentrations and source apportionment of polycyclic aromatic hydrocarbons
in south-eastern Finland. Atmospheric Environment 2011.

Healy RM, Hellebust S, Kourtchev I, Allanic A, O'Connor IP, Bell JM, Healy DA, Sodeau JR,
Wenger JC: Source apportionment of PM, s in Cork Harbour, Ireland using a combination of
single particle mass spectrometry and quantitative semi-continuous measurements.
Atmospheric Chemistry and Physics 2010, 10(19):9593-9613.

AIRPARIF, LSCE: Etude de la contribution des sources des particules en Ile-de-France-
Rapport Final. In. Paris: AIRPARIF; 2011: 171 pp.

49



REFERENCES

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

50

Richard A, Gianini MFD, Mohr C, Furger M, Bukowiecki N, Minguillon MC, Lienemann P,
Flechsig U, Appel K, Decarlo PF ef al: Source apportionment of size and time resolved trace
elements and organic aerosols from an urban courtyard site in Switzerland. Atmospheric
Chemistry and Physics 2011, 11(17):8945-8963.

Heftmann E: Chromatography: Fundamentals and applications of chromatography and related
differential migration methods - Part A: Fundamentals and techniques, vol. 69 A. Elsevier
B.V., 1000 AE Amsterdam, The Netherland: Elsevier; 2004.

Down RD, Lehr JH: Environmental Instrumentation and Analysis Handbook: John Wiley &
Sons, Inc.,; 2005.

Tan SH, Horlick G: Background Spectral Features in Inductively Coupled Plasma/Mass
Spectrometry. Appl Spectrosc 1986, 40(4):445-460.

Taylor HE: Inductively Coupled Plasma-mass Spectrometry: Practices and Techniques. USA:
Academic Press; 2001.

Typical detection limits for ultramass ICP-MS
[http://www.varian.com/inst/osi/icpms/atwork/icpms8.htm]

Han Y, Chen A, Cao J, Fung K, Ho F, Yan B, Zhan C, Liu S, Wei C, An Z: Thermal/Optical
Methods for Elemental Carbon Quantification in Soils and Urban Dusts: Equivalence of
Different Analysis Protocols. PLoS ONE 2013, 8(12):e83462.

Hitzenberger R, Petzold A, Bauer H, Ctyroky P, Pouresmaeil P, Laskus L, Puxbaum H:
Intercomparison of Thermal and Optical Measurement Methods for Elemental Carbon and
Black Carbon at an Urban Location. Environmental Science & Technology 2006, 40(20):6377-
6383.

Schauer JJ, Mader BT, DeMinter JT, Heidemann G, Bae MS, Seinfeld JH, Flagan RC, Cary
RA, Smith D, Huebert BJ ef al: ACE-Asia Intercomparison of a Thermal-Optical Method for
the Determination of Particle-Phase Organic and Elemental Carbon. Environmental Science &
Technology 2003, 37(5):993-1001.

Chow JC, Watson JG, Chen LWA, Arnott WP, Moosmiiller H, Fung K: Equivalence of
Elemental Carbon by Thermal/Optical Reflectance and Transmittance with Different
Temperature Protocols. Environmental Science & Technology 2004, 38(16):4414-4422.,

Chow JC, Watson JG, Chen LW, Chang MC, Robinson NF, Trimble D, Kohl S: The
IMPROVE A temperature protocol for thermal/optical carbon analysis: maintaining
consistency with a long-term database. Journal of the Air & Waste Management Association
(1995) 2007, 57(9):1014-1023.

Chow JC, Watson JG, Robles J, Wang X, Chen LWA, Trimble D, Kohl S, Tropp R, Fung K:
Quality assurance and quality control for thermal/optical analysis of aerosol samples for
organic and elemental carbon. Anal Bioanal Chem 2011, 401(10):3141-3152.

Schmid H, Laskus L, Jiirgen Abraham H, Baltensperger U, Lavanchy V, Bizjak M, Burba P,
Cachier H, Crow D, Chow J et al: Results of the “carbon conference” international aerosol
carbon round robin test stage 1. Atmospheric Environment 2001, 35(12):2111-2121.

Orasche J, Schnelle-Kreis J, Abbaszade G, Zimmermann R: Technical Note: In-situ
derivatization thermal desorption GC-TOFMS for direct analysis of particle-bound non-polar
and polar organic species. Atmos Chem Phys 2011, 11(17):8977-8993.

Paatero P, Tapper U: Positive matrix factorization: A non-negative factor model with optimal
utilization of error estimates of data values. Environmetrics 1994, 5(2):111-126.

Gianini MFD, Piot C, Herich H, Besombes JL, Jaffrezo JL, Hueglin C: Source apportionment
of PM10, organic carbon and elemental carbon at Swiss sites: An intercomparison of different
approaches. Science of The Total Environment 2013, 454-455(0):99-108.

Simoneit BRT, Rogge WF, Lang Q, Jaffe R: Molecular characterization of smoke from
campfire burning of pine wood (Pinus elliottii). Chemosphere: Global Science Change 2000,
2(1):107-122.

Schauer JJ, Kleeman MJ, Cass GR, Simoneit BRT: Measurement of Emissions from Air
Pollution Sources. 3. C1-C29 Organic Compounds from Fireplace Combustion of Wood.
Environmental Science & Technology 2001, 35(9):1716-1728.

Sklorz M, Briedé JJ, Schnelle-Kreis J, Liu Y, Cyrys J, de Kok TM, Zimmermann R:
Concentration of Oxygenated Polycyclic Aromatic Hydrocarbons and Oxygen Free Radical



http://www.varian.com/inst/osi/icpms/atwork/icpms8.htm

REFERENCES

196.

197.

198.

199.

200.

201.

202.

Formation from Urban Particulate Matter. Journal of Toxicology and Environmental Health,
Part 42007, 70(21):1866-1869.

Global wood pellet industry market and trade study
[http://www.bioenergytrade.org/downloads/t40-global-wood-pellet-market-study final.pdf]
Bari MAI, Baumbach G, Kuch B, Scheffknecht G: Air Pollution in Residential Areas from
Wood-fired Heating. Aerosol and Air Quality Research 2011, 11(6):749-757.

Brandt C, Kunde R, Dobmeier B, Schnelle-Kreis J, Orasche J, Schmoeckel G, Diemer J,
Zimmermann R, Gaderer M: Ambient PM10 concentrations from wood combustion —
Emission modeling and dispersion calculation for the city area of Augsburg, Germany.
Atmospheric Environment 2011, 45(20):3466-3474.

Polissar AV, Paatero P, Hopke PK, Malm WC, Sisler JF: Atmospheric aerosol over Alaska 2.
Elemental composition and sources. J Geophys Res 1998, 103(D15):19045-19057.

US-EPA: EPA Positive Matrix Factorization (PMF) 4.2 Fundamentals & User Guide. In.
Research Triangle Park, NC; 2011.

Clean Air Plan for the City of Munich
[http://www.muenchen.de/rathaus/Stadtverwaltung/Referat-fuer-Gesundheit-und-
Umwelt/Luft und Strahlung/Luftreinhalteplan.html]

Barraza-Villarreal A, Escamilla-Nunez MC, Hernandez-Cadena L, Texcalac-Sangrador JL,
Sienra-Monge JJ, Del Rio-Navarro BE, Cortez-Lugo M, Sly PD, Romieu I: Elemental carbon
exposure and lung function in school children from Mexico City. The European respiratory
Jjournal : official journal of the European Society for Clinical Respiratory Physiology 2011,
38(3):548-552.

51


http://www.bioenergytrade.org/downloads/t40-global-wood-pellet-market-study_final.pdf
http://www.muenchen.de/rathaus/Stadtverwaltung/Referat-fuer-Gesundheit-und-Umwelt/Luft_und_Strahlung/Luftreinhalteplan.html
http://www.muenchen.de/rathaus/Stadtverwaltung/Referat-fuer-Gesundheit-und-Umwelt/Luft_und_Strahlung/Luftreinhalteplan.html

APPENDIX

APPENDIX

LIST OF ABBREVIATIONS. .. .. 53
LIST OF FIGURES. . ..o, 55
CURRICULUM VITAE. ... e e 57
LIST OF PUBLICATIONS ...ttt e e 58
PUBLICATIONS FOR THE CUMULATIVE DISSERTATION........cccocoiiiiiiiiene. 59

52



LIST OF ABBREVIATIONS

LIST OF ABBREVIATIONS
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Crax most abundant carbon number
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COD coefficient of divergence
COPREM constrained physical receptor model
CPI carbon preference index
DHA dehydroabietic acid
DHA-ME dehydroabietic acid methyl ester
DMS dimethy sulfoxide
DRI desert research institute
EC elemental carbon
EU european union
FID flame ionization detectors
Fig figure
GC gas chromatography
H,0, hydrogen peroxide
HMWCs higher molecular weight compounds
HNO; nitric acid
HT hotel tower sampling site
IC ion chromatography
ICP-MS inductively coupled plasma-mass spectrometry

in-situ derivatization -thermal desorption-gas chromatography time of flight

IDTD GC-ToF-MS
mass spectrometry

M inorganic matter

IMPROVE interagency monitoring of protected visual environments
IR infrared spectroscopy
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LOD limit of detection
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NH; ammonia gas

NH," ammonium ion
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positive matrix factorization
primary organic aerosol
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pearson correlation coefficients
reactive oxygen species

source apportionment

secondary inorganic aerosol
sulfur dioxide
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semi-volatile organic compounds
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thermal/optical reflectance
thermal/optical transmittance
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united states

volatile organic compounds
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HIGHLIGHTS

« PM,, samples were collected in parallel during winter at eight sampling sites in Augsburg, Southern Germany.

« Particulate organic compounds (POC), total elements, inorganic ions, EC and OC were analyzed.

« PMF analysis identified nine source factors for PMq.

« Pearson correlation coefficient (r) and coefficient of divergence (COD) indicated spatiotemporal variation.

« High spatial heterogeneity with relatively high correlations between source contributions was observed at the eight sites.
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Daily PM,, samples were collected during a one-month sampling campaign from February 13 to March
12, 2008 at eight different sampling sites in Augsburg, Southern Germany. Source apportionment was
performed to identify the main sources and related contributions by analysis of organic and inorganic
tracers. Nine factors were separated comprising: solid fuel combustion, traffic-related emissions, second-
ary inorganics, and mixed sources. Spatiotemporal variation of the source contributions was evaluated
using the Pearson correlation coefficient (r) and coefficient of divergence (COD). All factors (except
hopanes and mixed sources) showed moderate to high (0.6 <r>0.8) correlation coefficients between
the eight sites and were distributed heterogeneously. Secondary sulfate and secondary nitrate factors
were relatively more uniformly distributed (compared to other factors) with lower medians of COD value
(0.47 and 0.56, respectively) and higher correlation values (r = 0.97 and 0.85, respectively). The maximum
daily average contribution for coal & wood combustion factor was observed at the LIU suburban site
(4.0 ug m~*); wood combustion factor at the LSW residential site (5.1 ug m™>) ; diesel & fuel oil consump-
tion factor at the Bifa suburban and BP urban sites (both 2.5 pg m—*); road dust & tram factor at the KP
traffic site (16.2 pg m~*) and the BP urban site (6.6 pg m~*); hopanes factor at the BP urban and Bifa sub-
urban sites (both 0.7 pg m—*); and de-icing NaCl factor at the KP traffic site (4.8 pg m—?). Secondary sul-
fate and secondary nitrate factors had approximately similar contributions (6.2 ug m~> and 4.3 pgm—3,
respectively) at all sites. Mixed sources factor had the highest daily average contribution to PM,, mass
at the KP traffic site (7.0 pg m—).

Keywords:

PM,q

Spatial variability

Particle composition

Particulate organic compounds (POC)
Positive matrix factorization {PMF)

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction has been associated with effects on breathing and the respiratory

system, lung tissue damage, cancer, and both cardiovascular mor-

Particulate matter (PM) is one of the most important air pollu-
tants that adversely influences human health (Koelemeijer et al.,
2006). Long term exposure to PM;, and PM; s (particles with an
aerodynamic diameter smaller than 10 and 2.5 um, respectively)
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Landstrae 1, D-85764 Neuherberg, Germany. Tel.. +49 8931873425; fax: +49
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E-mail address: raeed.qadir@helmholtz-muenchende (R.M. Qadir).

0045-6535/% - see front matter @ 2013 Elsevier Ltd. All rights reserved.
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tality and morbidity. Epidemiological and toxicological studies
have shown that PM mass comprises different fractions with vary-
ing types and degrees of adverse health effects, suggesting a role
for both the chemical composition and physical properties of PM
(WHO, 2013). In the last few years, there has been a rapid growth
of literature describing analysis of the spatial and temporal varia-
tions in the concentrations of ambient PM has been observed (Levy
and Hanna, 2011).

Potential for the misclassification of population-average ambi-
ent exposures of communities exists due to spatial variability of
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PM concentration when a limited number of ambient PM monitors
are used. A better understanding of the contribution of factors,
such as regional and long range transport of PM, local pollution
sources or other processes, to the generation of elevated PM levels
in urban areas is of great importance (Juda-Rezler et al,, 2011).
Characterization of the spatial and temporal variation in PM com-
position is crucial in order to enable a thorough understanding of
the formation, transport and accumulation of PM in the atmo-
sphere; such knowledge is important for air quality monitoring
and management (Zheng et al., 2013).

Positive matrix factorization (PMF), an advanced receptor model
(Paatero, 1997, 1999), has previously been successfully used for
quantitative identification of the sources of organic and inorganic
pollutants in aerosol samples from Augsburg, Germany (Schnelle-
Kreis et al,, 2007; Gu et al., 2013). More recently, a study of the spa-
tial and temporal variation of PM in Augsburg was reported by Gu
et al. (2013), in which the sources of ambient PM;, in samples col-
lected during winter 2006/07 and winter 2007/08 were apportioned
on the basis of their chemical composition (elements, ions, and car-
bon fractions). [n our present study, source apportionment was car-
ried out using organic and inorganic tracers for daily PM;, samples
collected during a one-month sampling campaign from February 13
to March 12, 2008 at eight sampling sites in Augsburg, Germany.

2. Methodology
2.1. Sampling campaign and sites

Daily PM, samples were collected over a one-month sampling
campaign from February 13 to March 12, 2008 at eight sampling
sites in Augsburg, Germany. An additional three-month pre- and
post-sampling phase was conducted at the central sampling site
of the Konigsplatz (KP). Fig. 1 shows the location of the eight sam-
pling sites used in this study.

Augsburg is a medium-sized city in Southern Germany with a
population of 265000, The Kénigsplatz (KP) site is located in the
city center close to roads with a high traffic density (30500 cars
per day in the year 2000); therefore, KP was considered an urban
traffic site. The Bourgesplatz (BP) site is located in a small park
and is about 1 km north of the KP site. As a major road and a tram-
line are located about 70 m north of the BP site, this site was con-
sidered a traffic-influenced urban background site. The LSW
(Lorenz-Stotter-Weg) site is located in a residential area where
home heating is expected to have a greater influence on PM levels
in the winter. The LfU site is located on the premises of the Bavar-
ian Environment Agency (LfU) approximately 4 km south of the
city center and was considered an urban background site. The Ho-
tel Tower (HT) site was conducted on the rooftop of the tallest
building in Augsburg, about 100 m above the ground. The HT site
lies within the boundary layer which normally represents the
urban background. In situations of very low mixing layer heights
- which occurred during three periods of our sampling campaign
- the HT site could also represent the regional background. The
Wellenburg (WE) site is located in Southwestern Augsburg next
to the natural park, and was considered a suburban background
site. The Bifa site is located close to the Bifa Environmental Insti-
tute in northeast of Augsburg; therefore, this site was considered
a suburban background site. The Kissing, Gut Lindenau (KI) site, an-
other suburban background site, is located about 1 km north of the
town of Kissing and about 9 km southeast of Augsburg. Table 1
summarizes the characteristics of the sampling sites.

2.2. Sampling and chemical analysis

PM,, was collected on quartz fiber filters (Whatman Interna-
tional Ltd., Maidstone, England) using a high volume sampler

RM. Qudir et al./ Chemosphere 103 (2014) 263-273

® Sampling site
Urban area
Highway
Main roads
City border
Low emission zone border

Fig. 1. Location of the eight sampling sites in Augsburg.

(Digitel DHA 80, Volketswil, Switzerland) at a flow rate of
500 Lmin~"'. Each sampling period was 24 hours from 00:00 to
24:00. One filter was used as field blank every week. Prior to sam-
pling, the quartz fiber filters were baked for at least 12 h in a circu-
lating air oven (Nabertherm, Lilienthal, Germany) at 500 °C to
remove all organic matter. Samples were stored in glass containers
at —18 °C until analysis. PM;o mass data was available for all sites
except the LSW and HT sites. Samples were analyzed for particu-
late organic compounds (POC), elemental carbon and organic car-
bon fractions (EC/OC), water-soluble inorganic ions, and total
elements.

In situ derivatization thermal desorption gas chromatography
time-of-flight mass spectrometry (IDTD-GC-ToF-MS) (Orasche
et al., 2011) was employed for quantification of POC in the samples.
Metal composition was determined by inductively coupled plasma
mass spectrometry (ICP-MS) using rhodium and lutetium as inter-
nal standards. The concentration of water-soluble ions was ana-
lyzed by ion chromatography (IC). EC and OC fractions were
determined according to VDI 2465. In Germany, VDI 2465 Part 1
& 2, a method involving extraction of OC by toluene and 2-propa-
nol, thermodesorption in a nitrogen flow and subsequent combus-
tion has been established a standardized technique in addition to
the thermal method (Schmid et al., 2001). A list of the target ana-
Iytes is provided in Table 2 in the Supplementary Material (SM1).

2.3. Positive matrix factorization

Positive matrix factorization (PMF) is an advanced factor analy-
sis technique based on a weighted least-squares fit and error esti-
mates of the measured data. PMF was developed by Paatero (1997,
1999) and considers data uncertainty in its assessment of source
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Table 1
Sampling sites specifications.
Sampling site Abbreviation Sampling site charactenstic Sampling
Start dd/mm/yyyy End dd/mmyyyyy
Konigsplatz KP City center, traffic 14.11.2007 31.03.2008
Bourgesplatz BP Urban background 13.02.2008 12.03.2008
Lorenz-Stotter—Weg LsSw Residential 13.02.2008 12.03.2008
Bavarian environment agency Lfu Urban background 13.02.2008 12.03.2008
Hotel tower HT Urban, 100 meters height 13.02.2008 12.03.2008
Wellenburg WE Sub-urban background 14.02.2008 12.03.2008
Bifa environment institute Bifa Sub-urban background 13.02.2008 12.03.2008
Kissing, Gut lindenau Ki Sub-urban background 14.02.2008 12.03.2008

profiles and source contributions. The model used in this study was
EPA-PMF 3.0, which was developed by the US EPA and is based on
the ME-2 algorithm (US-EPA, 2008).

Source apportionment for our study was performed using data
collected from the eight sampling sites during the one-month sam-
pling campaign from February 13 to March 12, 2008. For data be-
low the limit of quantification (LOQ), the values were replaced by
half of the LOQ and the uncertainty was set to 5/6 of the LOQ
(Polissar et al.,, 1998). For other data, the uncertainties (u) were
set according to the following equation:

u = [(error fraction x concentration)” + (LOQ]2]0'5 (1)

where the error fraction is the percentage of uncertainty, and LOQ is
the limit of quantification. Error fractions were estimated from
sampling and analytical errors.

Data from all eight sampling sites were combined and analyzed
together in the PMF matrix. In total, 230 daily samples were used
for PMF analysis. Due to malfunction of the sampler, the data of 4
sampling days at the LSW site and 6 other sampling days at the KI
site were excluded from the PMF runs. A total of 79 POC for each
sample were used in the initial PMF analyses in addition to the ele-
ments, ions, EC/OC and the PM;p mass. PM1o mass data was avail-
able for all sites except the LSW and HT sites. Therefore, the PM,
mass for the LSW and HT sites were considered as missing data and
were replaced by the mean PM;; mass of the other six sites and the
associated uncertainty values were of four times of the mean. In
general, POC with less than 80% in the particle phase were ex-
cluded from the PMF analysis. Other POC such as: nonadecane,
17p(H)-22,29,30-trisnorhopane (27b), isopemaric acid, abietic acid,
mannosan, and phenolic compounds were also characterized as
“bad” species because of their low signal-to-noise ratio (S§/
N < 0.2). Characterization of Tl as "bad"” specie was necessary as a
large percentage of the values were below the limit of quantifica-
tion (data coverage < 33%). The final PMF data matrix was con-
ducted for 230 daily samples with 84 variables (including 60
POC). PMF analysis with a nine-factor solution was chosen as the
most reasonable interpretation of the factors related to different
emissions.

A sensitivity analysis of the PMF model was performed to exam-
ine the impact of the number of factors selected for the PMF com-
putation with the most reasonable interpretation. Varied numbers
of PMF factors from 6 to 10 were examined to assess the consis-
tency of the PMF solution with the current understanding of the
source profiles. Further details of the PMF sensitivity tests and spe-
cies categories (Table 3a and b) are provided in the Supplementary
Material {SM2),

2.4. Statistical analysis
Spatiotemporal variability was conducted by evaluating the

Pearson correlation coefficient (r) in conjunction with the coeffi-
cient of divergence (COD) for each factor contribution between
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eight sites. The Pearson correlation coefficient reflects the linearity
of the relationship between variables. The COD provides informa-
tion on the degree of uniformity of particulate air pollutants
between the sampling sites. COD is a measure of the relative het-
erogeneity of the concentrations between sites, ranging from 0 to
1. Alow COD value (<0.2) indicates a high level of homogeneity be-
tween sites, while COD values larger than 0.2 indicate heteroge-
neous sites (Wilson et al., 2005). COD was determined using:

CODe = | p 3108y = X/ + X 2

where x; and x;, represent the observations for sampling day i at
sampling sites j and k, and where p is the number of observations.

3. Results and discussion
3.1. PMF source profiles

The nine-factor solution was selected for this study. The factor
profiles are shown in Fig. 2. Each one of these factors was charac-
terized by a pattern of species which could be associated with a
specific source or with groups of sources. The separated factors
represent: two solid fuel combustion-related factors (coal & wood
combustion; wood combustion), four traffic-related factors (diesel
& fuel oil consumption; road dust & tram; hopanes; de-icing NaCl),
two secondary inorganic factors (secondary sulfate; secondary
nitrate), and a mixed sources factor (traffic, cooking and tobacco
smoke).

3.1.1. Solid fuel combustion-related factors

Factor one (coal & wood combustion) was dominated mainly by
hopanes, polycyclic aromatic hydrocarbons (PAH), oxidized poly-
cyclic aromatic hydrocarbons (0-PAH), levoglucosan, and potas-
sium, while factor two (wood combustion) was characterized by
levoglucosan, potassium, PAH, and a high percentage of O-PAH.
Levoglucosan is a pyrolysis product of cellulose and hemicelluloses
and has been proposed as a marker of biomass combustion (Sim-
oneit, 1999). Although it was reported that levoglucosan was not
detectable in coal smoke samples (Oros and Simoneit, 2000), the
presence of unusually high levels of levoglucosan in brown coal
pyrolysates suggests that a portion of this compound in some air
sheds may also originate from lignite combustion (Fabbri et al.,
2008). Potassium is often used as a marker for wood smoke
(Schauer et al., 1996), and PAH and O-PAH are well associated with
biomass combustion (Schnelle-Kreis et al., 2007),

Hopanes are constituents of all mineral oil- or coal-based fuels
and lubricants (Kaplan et al., 2001), and have been identified in
emissions from coal burning (Oros and Simoneit, 2000), heating
oil burning, and vehicles (Rogge et al., 1997). The homohopane in-
dex (31abs/31abs+ 31abR) (Schnelle-Kreis et al., 2007) for coal
combustion aerosols increases with increasing coal maturity
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Fig. 2. PMF factor profiles obtained from a one-month sampling campaign from February 13 to March 12, 2008 at eight sampling sites in Augsburg, Concentration (g g ')is
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(Bi et al., 2008) but is higher in mineral oil-based sources. The
homohopane index found in emissions from coal combustion
ranges from approximately 0.1 for lignite coal to approximately
0.4 for bituminous coal, and ranges from 0.54 to 0.67 for vehicular
emissions and fuel oil consumption (Schnelle-Kreis et al., 2007).

The homohopane index for factor one was 0.2, indicating a con-
tribution of coal combustion. The use of lignite briquettes (brown
coal) is common practice for keeping a fire going overnight in wood
burning stoves during the winter in Germany; therefore, factor one
was regarded as coal & wood combustion factor. Factor two was
mainly dominated by levoglucosan, potassium, O-PAH, and some
PAH; therefore, factor two was considered as wood combustion
factor. It is worth mentioning that about 25% (38 t/a) of the local
PMyq in Augsburg is emitted from wood combustion (Brandt
et al., 2011).

3.1.2. Traffic emission-related factors

The four factors related to traffic were: factor three (diesel &
fuel oil consumption), factor four (road dust & tram), factor five
(hopanes), and factor six (de-icing NaCl). These separate factors
were characterized according to their hopane patterns and n-al-
kane profiles, in addition to their characteristic elements.

The homohopane index values for the diesel & fuel oil consump-
tion, road dust & tram, and hopanes factors were 0.42, 0.6, and
0.48, respectively, indicating the mineral oil-based sources of
vehicular emissions and related fuel oil consumption. The n-al-
kanes are an important class of organic compounds in ambient
aerosols, and their homologue distribution may indicate different
pollution sources (He et al., 2006). An n-alkanes profile (Cy,.,) be-
tween Cy3 and Cys serves as a marker for diesel exhaust, whereas a
Cmax = G5 indicates inputs arising from higher plant waxes (Shw-
eta et al, 2013), while n-alkanes with a chain length around Czp
mostly originate from unburned fuel (Brandenberger et al., 2005).
Factor three (diesel & fuel oil consumption) was characterized by
more than 50% of C,3-Cys (from diesel exhaust) and approximately
40% of Cyp (most probably from fuel oil consumption). Diesel-pow-
ered vehicles are quite popular in Germany due to their lower fuel
costs in comparison with gasoline-powered vehicles. Recently, die-
sel-powered vehicles accounted for 48% of newly-registered cars in
the year 2012 in Germany. Therefore, factor three was regarded as
diesel & fuel oil consumption factor.

Factor four was associated with high concentrations of Ca, Mg
and Fe, which are mainly of crustal origin (Han et al., 2007). Traffic
impact was also associated with this factor due to its high concen-
tration of Cu, Sb and Ce, in addition to 30% of EC; EC is commonly
associated with motor vehicle emissions (Shrivastava et al., 2007).
Besides, high contents of trace elements such as Ni, Mn, Cr, Ti and
Co were also observed in this factor. These elements and a part of
the Fe content most probably derive from tram lines. Metals
including Fe, Cr, Ni and Mn are components of steel, and are likely
to derive from the friction between the tram wheels and rails, as
well as between the pantograph and catenary. These particles, usu-
ally appearing as coarse particles, will be re-suspended in the air
by passing vehicles.

The carbon preference index (CPI), defined as the ratio of the
concentration of odd- to even-carbon numbered n-alkanes, has
been widely used to evaluate biogenic and anthropogenic contri-
butions to organic aerosols. Urban environments, with large contri-
butions from anthropogenic emissions, generally exhibit CPls
ranging between 1.1 and 2.0, while rural environments with larger
biogenic impacts generally exhibit CPIs above 2.0 (Brown et al.,
2002). The CPI value for factor four (road dust & tram) was 2.9,
indicating an impact of biogenic sources of n-alkanes (most prob-
ably plant waxes). As a result, factor four was considered road dust
& tram factor, separated from traffic emissions.
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In contrast, the CPI value for factor five (hopanes) was 0.9, sim-
ilar to the CPI values for vehicular emissions which are close to unit
(CPI ~ 1) (Kavouras et al., 1999). In combination with its homoho-
pane index of 0.48, this factor was regarded as particular factor of
hopanes, which are most probably emitted by local traffic.

Factor six was characterized by high concentrations of Na* and
Cl~ and could explain more than 75% of the content of both Na* and
Cl". Road-safety maintenance during wintertime in areas affected
by snow and ice includes the use of de-icing salts (NaCl). The re-
suspension of de-icing agent used in winter is the most probable
source of NaCl.

3.1.3. Secondary inorganic-related factors

Factor seven was mainly dominated by sulfate and ammonium
ions. High percentages of elements such as As, Pb and Cd were also
associated with this factor. These elements, in addition to 50, are
emitted from coal-fired power plants (Nalbandian, 2012), and are
the main contributors to secondary sulfates in Central Europe. In
contrast, factor eight was characterized by approximately 40% of
both nitrate and ammonium ions. Therefore, these two factors
were considered as secondary sulfate and secondary nitrate,
respectively.

3.1.4. Mixed sources-related factor

The ability of PMF to resolve the main sources depends on dif-
ferences in the activities of the various expected sources, especially
when the PM variability is predominantly driven by meteorological
conditions rather than by the variability of the emission sources.
Therefore, the identification of mixed sources factors instead of
those of unmixed sources cannot be excluded (Gianini et al., 2013),

Factor nine (mixed sources) was dominated by cholesterol, fatty
acids, a characteristic pattern of iso- and anteiso-alkanes, n-al-
kanes, hopanes, and dehydroabietic acid. About 80% of cholesterol
and up to 90% of fatty acids which are markers of cooking emis-
sions (Shrivastava et al,, 2007), were associated with this factor,
Tobacco smoke was also associated with factor nine due to the
high load of iso- and anteiso-alkanes pattern characteristic of the
tobacco leaf surface, which are considered as markers for tobacco
smoke (Rogge et al., 1994). All fatty acids between Cyq and Gy with
palmitic acid as the major saturated component and linolenic acid
as the major unsaturated component, have been reported to be
present in tobacco smoke (Mold et al., 1966). More than 90% of pal-
mitic acid was found in factor nine. Additionally, n-alkanes with a
CPl of 2.1 — within the range of the CPI value for tobacco smoke in
urban areas (Finlayson-Pitts et al.,, 2000) - were also attributed to
this factor. Hopane patterns from mineral oil-derived emissions
(homohopane index of 0.47) were also attributed to factor nine.
The dehydroabietic acid signal often exhibits a strong correlation
with the measured ambient PM concentrations due to its presence
in both plant residues and car tires (Sheya, 2002). About 90% of
dehydroabietic acid, most probably deriving from car tires, was
associated with this factor. Thus, this source factor could be inter-
preted as mixed cooking, tobacco smoke, and traffic emissions
factor.

3.2. Source factor contributions to PM,,

The contribution percentage of each source factor and the aver-
age of measured PM,3 mass for the eight sampling sites are shown
in Fig. 3 (PM,; mass for the LSW and HT sites were not deter-
mined). The measured PM,, concentrations are well explained by
the modeled PM;o in the PMF with an R squared value of 0.96
and slope of the linear regression curve of 0.92. Detailed informa-
tion is provided in the Supplementary Material (SM3).

Both the coal & wood combustion and the wood combustion
factors exhibited very similar average levels of contribution at all
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Fig. 3. Percentage of factor source contributions and average of measured PM,g mass at the eight sampling sites in Augsburg.

sites (average of 2.7 pgm~ and 2.8 pg m~, respectively). The coal
& wood combustion factor contributed a maximum daily average
of 4.0 ug m~> to the PM,, mass at the LfU site (urban background),
while the wood combustion factor exhibited the highest daily
average contribution of 5.1 ug m~> to the modeled PM,, mass at
the LSW (residential background site). This agrees with the fact
that using wood combustion for local heating purposes has a sub-
stantial impact at the LSW site.

The average contribution level of the diesel & fuel oil consump-
tion factor was 1.3 pg m—>; however, the maximum daily average
contribution of this factor was 2.5 ug m~ which was observed at
both the Bifa and BP sites. This result appears to be in contrast to
the fact that Bifa is a suburban site; however, it can be explained
by the fact that the Bifa site is near to a major highway, as well
as to the waste incineration plant for the city of Augsburg which
is located less than 1 km north of the site. All of the heavy duty
trucks delivering waste to the incineration plant pass close by
the Bifa site. Furthermore, as confirmed by meteorological data,
the wind was predominantly blowing from the north during the
sampling period, which also may have also enhanced the impact
of the major highway traffic to this factor contribution. The high le-
vel contribution of the diesel & fuel oil consumption factor at the
BP site was expected due to the location of this site near to major
roads. In addition, a large factory producing ship engines (MAN
Diesel & Turbo, the largest industrial plant in Augsburg) is located
about 1 km northeast of the BP site. The prominent influence of
diesel and fuel oil consumption at the Bifa and BP sites is most
probably a result of the heavy duty trucks passing close by both
the Bifa and BP sites, as stated above.

The road dust & tram factor exhibited highly variable source
contributions. The lowest daily average contribution (1.6 pgm™)
occurred at the WE site, while the highest levels of 6.6 pg m—>
and 16.2 pg m— were observed at the BP and KP sites, respectively.

Both the BP and KP sites are mainly affected by traffic and traffic-
related emissions such as re-suspended road dust. In addition,
tram-related emissions could be detected due to the fact that the
central tram station is located close to the KP site and a main
tram-line is runs near the BP site.

The highest daily average contribution (0.7 ug m—>) of the ho-
panes factor (from vehicular emissions) was observed at the BP
and Bifa sites. The high contribution of the hopanes factor at these
sites could be explained by the location of major roads near to the
BPsite and the location of a highway close to the Bifa site. Depending
on the wind direction and dispersion conditions, the impact of local
traffic sources had a significant influence at the BP and Bifa sites. In
contrast, the lowest daily average contribution for the hopanes fac-
tor (0.28 pg m~3) occurred at the WE site, which could be explained
by the lower influence of traffic emissions at this suburban site.

The lowest contribution of the de-icing NaCl factor (daily aver-
age of 1.3 pg m~3) occurred at the Kl site and the highest (daily
average of 4.8 g m—2) was observed at the KP site. Re-suspension
of de-icing agent leads to relatively large particles, causing in-
creased PM, concentrations in the vicinity of traffic-related sites,
explaining the increased factor contribution at the KP site.

The average contribution of the secondary sulfate and second-
ary nitrate factors at all sites were approximately 6.2 ug m— and
4.3 pg m~3, respectively. The highest daily average contribution
(8.4 ug m) of secondary sulfate occurred at the LfU site, whereas
the maximum daily average contribution of the secondary nitrate
factor (6.8 g m—>) was observed at the HT site (100 meters above
the ground). The HT site normally lies within the boundary layer
representing the urban background. In cases of very low mixing
layer heights - which occurred during three periods of our sam-
pling campaign - the HT site could also represent the regional
background. The high contribution of secondary inorganics at the
LfU and HT sites could be a result of the even distribution of
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secondary inorganics over the entire study area as indicated by
their low COD values (Section 3.3).

The maximum daily average contribution of the mixed sources
factor (7.0 pg m~7) was observed at the KP site and the lowest con-
tribution of 0.4 ug m=2 at the Kl site (suburban background). The
KP site represents a city center background in Augsburg which is
impacted by different emissions (mainly traffic-related emissions).
The high contribution of the mixed sources factor at the KP site
(17-fold higher than at the other sites) could be explained by the
impact of traffic emissions as well as of cooking and vending of
food such as fast food, and hotdogs in this area.

The contribution of different sources to the PM,, mass at the
eight sampling sites (see Fig. 3) indicates that the particle sources
are site-dependent. For example, the mixed sources factor - which
most probably represents the city center background - contributes
to about 32% of the PM;, mass at the KP city center traffic site.
Additionally, the highest contribution of solid fuel combustion
(36%) was observed at the LSW site (residential background), indi-
cating the strong local influence of solid fuel domestic heating
rather than other sources in areas with a high number of detached
houses.

3.3. Spatiotemporal variation of source factors

Fig. 4 presents the spatiotemporal variation of each factor con-
tribution at the eight sampling sites in Augsburg city from Febru-
ary 13 to March 12, 2008.

To investigate the variability of different source factor contribu-
tions, the Pearson correlation coefficient (r) and coefficient of
divergence (COD) were calculated for each source factor contribu-
tion between eight sites (see Table 4a and b in Supplementary
Material SM4). The Pearson correlation coefficient reflects the lin-
earity of the relationship between two variables and ranges from
+1 to —1. A high Pearson correlation coefficient indicates similar
temporal variation patterns, but does not necessarily mean similar
levels of factor contributions at different sites. The homogeneity of
distribution can be evaluated using the COD. COD is a measure of
the relative concentration heterogeneity between sites and ranges
from 0 to 1. A low COD value (<0.2) indicates a high level of homo-
geneity in concentrations between sites, while a COD larger than
0.2 indicates heterogeneous sites (Wilson et al., 2005).

The average Pearson correlation coefficients (r) and COD for the
nine source factor contributions between the eight sites are shown
in Fig. 5a and b.

In general, the medians Pearson correlation coefficients be-
tween the eight sites were moderate to high (0.6 <r>0.8) for all
factors, except the hopanes and mixed sources factors which
showed the lowest correlation between all sites. Furthermore,
the correlations between the KP site and other sites were relatively
low, especially for traffic-related source factors. The median COD
for the nine factors between the eight sites ranged from 0.47 to
0.83, revealing the high spatial heterogeneity of the source factor
contributions. The lowest COD value (lowest spatial variation of
factor contributions) was observed for the secondary sulfate factor
(COD of 0.43) between the BP site and other sites, while the highest
COD value of 0.88 was observed for the mixed sources factor be-
tween the KP site and other sites.

Factor one (coal & wood combustion) exhibited a high median
Pearson correlation coefficient of 0.76 between all sites. The lowest
temporal correlation (r=0.62) was found for factor one between
the KI and other sites. This could be explained by the fact that KI
is a suburban site located outside the city of Augsburg. Whereas
factor two {wood combustion) showed a slightly lower correlation
(median of 0.66) between all sites. The HT site showed the lowest
temporal correlation (r=0.61) with other sites. HT site is quite
distinct from the other sites, due to the site specification of HT

66

which is a tower site {100 meters above ground) and normally lies
within the boundary layer representing the urban background.
Factor one and factor two had a medians COD value of 0.68 and
0.64, between eight sites respectively, indicating that solid fuel
combustion pollutants were distributed heterogeneously over the
city area, with higher temporal variation trends at the urban and
residential backgrounds like the LfU and LSW sites.

Diesel & fuel oil consumption (factor three) exhibited moderate
to high Pearson correlation coefficients in the range of 0.5-0.8 be-
tween the eight sites. The lowest temporal correlation for this fac-
tor was observed between the LSW site (r = 0.51) and other sites as
well as between the HT site (r = 0.58) and other sites. The LSW and
HT sites showed lower temporal trends of this factor (see Fig. 4). In
contrast, the BP site was observed with highest temporal trend in
the first half of the sampling period; while in the second half of
the sampling period, the highest temporal trend was occurred at
the Bifa site. This factor showed also a high spatial variation; med-
ian COD value of 0.58 between all sites. A two-fold of higher con-
centration of this factor was detected at both the BP and the Bifa
sites compared to the other sites (see Section 3.2 above).

Road dust & tram (factor four) showed a high Pearson correla-
tion coefficient (r) between all sampling sites, with a median value
of 0.8. This factor, however, was distributed heterogeneously with
a median COD value of 0.69 between the eight sampling sites. A
lower temporal correlation was detected between the KP and other
sites as well as between the BP and other sites. Higher temporal
variation trends of this factor were observed at the KP and BP sites.
Both the BP and KP sites are mainly affected by traffic and traffic-
related emissions such as re-suspended road dust. On the other
hand, the WE and HT sites had the lowest temporal variation trend
for factor four. As previously mentioned, HT is a tower site
(100 meters above the ground) and WE is a suburban site with less
impact of traffic-related emissions, and both of these sites are dis-
tinct from the other sites located close to the city center. The con-
tribution of this factor at the KP was 10 times; at BP was 4 times of
the lowest contribution at the WE site (16.2 & 6.6 vs. 1.6 ngm—>).

Factor five (hopanes) exhibited a very weak median of correla-
tion coefficients (r = 0.29) and a high spatial variation (median COD
of 0.57) between all eight sites (as shown in Fig. 5a and b). One po-
tential reason for the low correlation and the high spatial variation
of this factor may be the highly variable impact of local particulate
sources on the factor contribution.

In general, de-icing NaCl (factor six) showed a strong median
correlation (r = 0.8) and a high COD value of 0.57 between all sites.
This factor showed a distinct temporal trend behavior in the first
half of the sampling period at the KP site, which is a traffic-related
site (see Fig. 4); the median of the correlation coefficients between
the KP site and the other sites was approximately 0.47. In contrast,
de-icing NaCl exhibited stronger correlations between the other se-
ven sites, with median of the correlation coefficients (r) of 0.70-
0.97. The low correlation of the de-icing NaCl factor between the
KP site and the other sites in the first half of the daily sampling cam-
paign (before February 27) was due to the probable application of
high level of de-icing agent at the traffic-related KP site in February
2008 and the intensive re-suspension of de-icing NaCl. Snowfall was
recorded on February 15, 2008, followed by sunny days with no rain
or snowfall. Therefore, re-suspension of de-icing agent at the major
road in the vicinity of the KP site during the dry period after appli-
cation of de-icing salt led to the elevated concentrations of the de-
icing NaCl factor at this site. Slightly increased contributions of this
factor were also observed at the BP site during this period.

Secondary sulfate (factor seven) and secondary nitrate (factor
eight) were highly correlated between all monitoring sites (see
Fig. 4), with medians of Pearson correlation coefficients (r) of 0.97
and 0.85, respectively. Both factors showed very consistent tempo-
ral variations between the eight sites. The lowest COD values
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Fig. 4. Spatiotemporal variation of the nine source factor contributions at the eight sampling sites between February 13 and March 12, 2008 in Augsburg.

compared to other factors (but still high) were observed for long- secondary aerosol is more uniformly distributed over the whole
range transported aerosol: secondary sulfate factor (median COD study area compared to other factors. It is clear from Fig. 4 that
0.47) and secondary nitrate (median COD 0.56), indicating that the mixed sources factor (factor nine) showed a significantly
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Fig. 5. (a) Pearson correlation coefficients and {b) coeffidients of divergence for the nine source factor contributions at eight sampling sites in Augsburg.

different spatiotemporal variation, with a negative median correla-
tion (r) of —0.03 and the highest median COD value of 0.83 between
the eight sampling sites. The median correlation coefficient (r) be-
tween the KP site and the other sites was approximately —0.07,
whereas the other sites exhibited relatively higher correlations be-
tween each other. This factor showed a high temporal trend at the
KP site during the whole sampling period compared to the other
sites. The contribution of factor nine at the KP site was 17-fold high-
er than the lowest contribution at the KI site (7.0 vs, 0.4 pg m—>),

4, Conclusions

A high correlation among sites does not necessarily indicate
uniformity, and particulate source composition is a dominant
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factor in the determination of spatial variability (Wilson et al.,
2005). This study demonstrates that the spatial distributions of
source factor contributions can be highly heterogeneous within a
given air shed such as city of Augsburg. The results show that het-
erogeneous spatial variation of source contributions can exist at
monitoring sites if there is heterogeneity in the distribution of local
sources. In addition, the capability of PMF to resolve the main
sources is dependent on the differences in the activities of the var-
ious expected sources. When applying PMF, highly correlated
emission patterns represent an obstacle for the separation, correct
identification and quantification of PM source contributions, spe-
cifically when PM variability is predominantly driven by meteoro-
logical conditions rather than by the impact of the variability of the
emission sources (Gianini et al., 2013). Therefore the PMF might
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also artificially increase the COD values for the source factor contri-
butions, particularly for species which are distributed between dif-
ferent PMF profiles rather than a particulate profile. For example,
the measured inorganic ions (sulfate, nitrate and ammonium ions)
showed a very low spatial variation with median COD values of
0.18-0.2 between the eight sampling sites, whereas the corre-
sponding source factor contributions for secondary sulfate and sec-
ondary nitrate as separated by PMF showed higher COD values
(median of 0.47-0.56) between the eight sampling sites in the city
of Augsburg.

Source apportionment was performed using PM,, data col-
lected during an intensive one-month sampling campaign in Augs-
burg, Southern Germany. Samples were collected in parallel at
eight sites from February 13 to March 12, 2008. Nine factors were
separated by the EPA PMF3.0 model on the basis of the chemical
composition of the PM,, samples including: POC, water soluble
ions, total elements, and carbon fractions (EC/OC). Solid fuel com-
bustion factors (coal & wood combustion; wood combustion), traf-
fic emission-related factors (diesel & fuel oil consumption; road
dust & tram; hopanes; de-icing NaCl), secondary inorganic factors
(secondary sulfate; secondary nitrate), and a mixed sources (cook-
ing, tobacco smoke and traffic) factor were the main contributors
to PM,q at the eight sampling sites. The spatiotemporal variation
of the source factor contributions was evaluated using the Pearson
correlation coefficient (r) and the coefficient of divergence (COD).
Secondary sulfate and secondary nitrate were more uniformly dis-
tributed (compared to other factors) over the entire study area, as
indicated by lower median COD values (0.47 and 0.56) and higher
Pearson correlation coefficients (r=0.97 and 0.85), respectively. All
factors (except for hopanes and mixed sources) exhibited moder-
ate to high Pearson correlation coefficients between the eight sites
and were heterogeneously distributed. In addition to their hetero-
geneous distribution (COD values of 0.68 and 0.83, respectively),
hopanes and the mixed sources factors showed very weak or even
negative Pearson correlation coefficients (r) between all sites, indi-
cating that the impact of local source was predominated for both of
the hopanes and the mixed sources factors. The coal & wood com-
bustion and wood combustion factors showed very similar levels of
contributions at all sites, and showed the maximum contribution
at the LfU (urban background) and LSW (residential background)
sites, respectively. The diesel & fuel oil consumption, road dust &
tram, and hopanes factors exhibited the maximum contribution
at the KP, BP, and Bifa sites, respectively. De-icing NaCl and mixed
sources factors exhibited the maximum contribution at the KP traf-
fic background site. The average contribution of the secondary sul-
fate and secondary nitrate factors were very similar at all sites.
Again, a high correlation among sites does not necessarily indicate
uniformity and the contribution of different sources to the PM;,
mass at the eight sampling sites indicates that the particle sources
were of site-dependent.
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PMF sensitivity

A sensitivity analysis of the PMF model was performed to examine the impact of the number
of factors selected for the PMF computation with most reasonable interpretation. Varied numbers from
6 to10 of PMF factors were examined to assess the consistency of the PMF solution with the current
understanding of the source profiles. The 6-factor solution produced a factor dominated with 80% of
levoglucosan, potassium, hopanes, PAH and O-PAH. A second factor was separated and dominated
mainly by secondary inorganics (nitrate, sulfate and ammonium). A third factor was characterized with
about 80% of both Na" and CI". For factor 4, n-alkanes, iso & anteiso-alkanes, hopanes and fatty acids
were the main contributors. Factor 5 was associated with high elemental concentrations about 60% of
each of Ca, Cr, Fe and Cu. In addition more than 30% of EC was associated too in this factor. The last
factor was dominated by more than 50% of hopanes and up to 40% of n-alkanes (Cy-Cs).

By increasing the number of factors to seven, the first factor in the 6-factor solution was split
into two factors: one dominated by levoglucosan (about 70%), potassium, PAH and O-PAH and
contributing approximately 25% of OC fraction, while the other factor was dominated by hopanes and
the rest of levoglucosan, PAH and O-PAH. The other five factors remained greatly unchanged. The 8-
factor solution produced an additional factor characterized mainly by n-alkanes (Cy-C,s) and some
hopanes, while the 9-factor solution separates the factor of secondary inorganic aerosol components
into two factors, secondary nitrate and secondary sulfate. On the other hand, the 10-factor solution
leads to splitting one of the factors of the 9-factor solution with no more reasonable interpretation and
therefore has been rejected accordingly.

In our study, altering the Fpeak value was not found to result in substantially better source
profiles. Consequently, base run results (Fpeak = 0) are reported in this paper. In order to compare the
results from run to run, a total of 100 random runs with minimum correlation R-value of 0.6 were
computed for each data set to ensure no local minima of Q values were observed.. The convergent run
with the Q value closest to the target Q value was used as the base run. Then 100 bootstrap runs were
performed to assess the uncertainty of the factor loadings and factor scores in the base run.

Besides routine bootstrap model runs, which showed good stability, the stability of the nine
factors at all sampling sites has been examined in two additional analyses. Firstly the pre- and post-
three-month sampling data from KP site were included in the PMF analysis. No significant effect was
noticed on the factor profiles or on the factor contributions for the nine factors at all sampling sites.
Secondly, the PMF analyses have been performed through excluding data from one of the sites from
the PMF inputs in sequence and respectively. Subsequently, the PMF runs were performed with data
from seven different sites in this test. Again, there was no significant effect of one of the sites on the
stability of the nine factors at other sites except when KP data were excluded. The effect was obvious
on the profiles and contributions of the four traffic related factors and the mixed sources factor as well.

In the table below (Table 3a&b), the categories of the species for PMF analysis are illustrated.
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Table 3 a. Chemical species with categories (WEAK and STRONG) for the PMF analysis

. . PMF . . PMF . . PMF
Chemical species Category Chemical species Category Chemical species Category
Pyrene (PYR) WEAK | Tritriacontane (C33) STRONG |Stearic acid (STE) WEAK
Fluoranthene (FLU) WEAK | Tetratriacontane (C34) WEAK  |Dehydroabietic acid methylester (DHAA-ME) | WEAK
Benz[aJanthracene ( BAA) WEAK  |Pentatriacontane (C35) WEAK  [Dehydroabietic acid (tms) (DHAA) WEAK
Chrysene (CRY) WEAK  |Hexatriacontan (C36) WEAK |Levoglucosan (LEVO) STRONG
Benzo[b,k]fluoranthene (BBKF) WEAK  |iso- Nonacosane(i-C29) WEAK  [Arsenic (As) STRONG
Benz[e]pyrene (BEP) WEAK |anteiso- Nonacosane (a-C29) WEAK |Calcium(Ca) WEAK
Benz[a]pyrene (BAP) WEAK  |iso-Triacontane (-C30) WEAK  [Cadmium(Cd) STRONG
9H-Fluoren-9-one (9H-FLU) WEAK  |anteiso-Triacontane (a-C30) WEAK  |Cerium(Ce) STRONG
Xanthon (XAN) WEAK  |iso-Hentriacontane (i-C31) WEAK |Cobalt (Co) WEAK
9,10-Anthracenedione ( 9,10-ANT) WEAK  |anteiso-Hentriacontane (a-C31) WEAK  [Chromium (Cr) WEAK
1,8-Naphthalic anhydride (1,8-NAPH) WEAK  |iso-Dotriacontane (i-C32) WEAK |Cupper (Cu) STRONG
Cyclopenta[deflphenanthrenone (CPA) WEAK |anteiso-Dotriacontane (a-C32) WEAK  [Iron (Fe) STRONG
11H-Benzo[a]fluoren-11-one (11H-BEN) | WEAK  |iso-Tritriacontane (i-C33) WEAK  [Potassium (K) STRONG
Bezo[c]fluoren-11-one (BCF) WEAK  |anteiso- Tritriacontane (a-C33) WEAK |Lanthanum (La) WEAK
Benzo[b]fluoren-11-one (BBF) WEAK |180(H)-22,29,30-Trisnorhopane (Ts) WEAK  [Magnesium (Mg) WEAK
7H-Benz[delanthracen-7-one (TH-BEA) | WEAK |170(H)-22,29,30-Trisnorhopane (Tm) WEAK  |Manganese (Mn) STRONG
Eicosane (C20) WEAK |17 a(H)21B(H)-30-Norhopane (29ab) STRONG |Nickel (Ni) WEAK
Heneicosane (C21) WEAK |17p(H)210a(H)-30-Norhopane (29ba) STRONG | Lead (Pb) WEAK
Docosane (C22) STRONG] 1 7a(H)21B(H)-Hopane (30ab) STRONG | Antimony (Sb) STRONG
Tricosane (C23) STRONG 17p(H)210(H)-Hopane (Moretan) (30ba)  |STRONG | Titanium (Ti) STRONG
Tetracosane (C24) STRONG|228-170(H),21B(H)-Homohopane (31abS) | WEAK |Zinc (Zn) STRONG
Pentacosane (C25) STRONG|22R17a(H),21B(H)-Homohopane (31abR) | WEAK |Chloride (CL) STRONG
Hexacosane (C26) STRONG|22S-17a(H),21p(H)-Bishomohopane (32abS)| WEAK |Nitrate (NO3-) STRONG
Heptacosane (C27) STRONG|22R-17a(H),21p(H)-Bishomohopane (32abR)| WEAK |Sulfate (SO4-2) STRONG
Nonacosane (C29) STRONG|Cholesterol (CHO) WEAK ' [Ammonium (NH4+) STRONG
Triacontane (C30) STRONG | Palmitic acid (PAL) WEAK  [Sodium (Na+) STRONG
Hentriacontane (C31) STRONGLinoleic acid (LIN) WEAK  |Elemental carbon (EC) STRONG
Dotriacontane (C32) STRONG|Oleic acid (OLE) WEAK  [Organic carbon (OC) STRONG
Table 3 b. Chemical species with categories (BAD) for the PMF analysis
. . PMF . . PMF
Chemical species Chemical species
Category Category
Phenanthrene (PHE) BAD |Hexadecanoic acid, methyl ester (HEA) BAD
Anthracene (ANT) BAD |Octadecanoic acid, methyl ester (OCA) BAD
Perylene (PER) BAD |Isopimaric acid (ISA) BAD
Dibenz[ah]anthracene (DAH) BAD [Abietic acid (AA) BAD
Indeno[1,2,3-cd]pyrene (IND) BAD [Mannosan (MAN) BAD
Picene (PIC) BAD | Vanillin (VAN) BAD
Benzo[ghi]perylene (BGH) BAD | Vanillic acid (tms) (VAA) BAD
Coronene (COR) BAD | Acetosyringone (ASY) BAD
Nonadecane (C19) BAD [Syringic acid (SYA) BAD
17B(H)-22,29,30-Trisnorhopane (27b) BAD | Thallum (TI) BAD
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Figure: Linear regression of PM;, mass between measured and PMF modeled results at six sampling

Measured PM10 mass, ug m-3

sites in February 13 — March 12, 2008. Note that PM;, mass concentrations were not measured at the

LSW and HT sites. The modeled PM,, is calculated as a sum of 9 factors.

The mean modeled PM;, mass concentrations are in good agreement with the measured PM, as

shown in the following table.

Table: Mean PM,, mass between measured and PMF modeled results

pgm> KP BP | LSW | LfU HT WE | Bifa KI
PMjomeasured | 427 | 280 | NA | 246 | NA 17.6 | 26.1 19.0
PMjomodeled | 433 | 27.1 | 245 | 238 | 187 | 184 | 248 | 203
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Table 4a. Median of Pearson correlation coefficients (r) for the nine source factor contribution
between the eight sampling sites

Factors KP | BP | LSW | LfU | HT | WE | Bifa | KI
Factor 1: Coal & Wood combustion 0.80 | 0.85 | 0.79 | 0.83 | 0.65 | 0.75 | 0.85 | 0.62
Factor 2: Wood combustion 0.61 | 0.66 | 0.73 | 0.69 | 0.61 | 0.59 | 0.71 | 0.66
Factor 3: Diesel & fuel oil consumption | 0.75 | 0.77 | 0.51 | 0.77 | 0.58 | 0.76 | 0.64 | 0.68
Factor 4: Road dust & tram 070 1 071 | 0.80 | 0.84 | 0.73 | 0.54 | 0.79 | 0.83
Factor 5: Hopanes 0.10 | 044 | 042 | 038 | 053 | -0.01 | 040 | 0.07
Factor 6: De-icing NaCl 047 1 078 | 097 | 090 | 085 | 0.84 | 0.81 | 0.69
Factor 7: Secondary sulfate 0.97 1 098 | 097 | 098 | 097 | 096 | 097 | 0.96
Factor 8: Secondary nitrate 0.88 | 090 | 083 | 0.86 | 0.79 | 0.90 | 0.87 | 0.78
Factor 9: Mixed sources -0.07 | 0.06 | 0.15 | 0.06 | -0.03 | -0.09 | -0.03 | -0.01

Table 4b. Median of Coefficient of Divergence (COD) for the nine source factor contributions
between the eight sampling sites

Factors KP | BP | LSW | LfU | HT | WE | Bifa | KI
Factor 1: Coal & Wood combustion 0.63 | 059 | 0.65 | 0.62 | 0.75 | 0.64 | 0.61 | 0.69
Factor 2: Wood combustion 0.60 | 0.59 [ 0.67 | 0.58 | 0.63 | 0.59 | 0.59 | 0.72
Factor 3: Diesel & fuel oil consumption | 0.54 | 0.58 | 0.67 | 0.55 | 0.68 | 0.58 | 0.61 | 0.62
Factor 4: Road dust & tram 076 | 0.62 | 0.68 | 0.65 | 0.67 | 0.74 | 0.66 | 0.73
Factor 5: Hopanes 0.58 | 051 | 065 | 049 | 052 | 0.56 | 0.53 | 0.63
Factor 6: De-icing NaCl 0.66 | 052 | 058 | 045 | 047 | 0.56 | 0.51 | 0.71
Factor 7: Secondary sulfate 048 | 043 | 050 | 044 | 044 | 048 | 047 | 0.55
Factor 8: Secondary nitrate 0.61 | 052 | 0.63 | 0.59 | 056 | 053 | 046 | 0.55
Factor 9: Mixed sources 088 | 0.86 | 0.76 | 0.83 | 0.73 | 0.83 | 0.84 | 0.83
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Within the Munich low emission zone (LEZ), samples of PMa5 were collected before (2006/2007) and
after (2009/2010) the implementation of the LEZ. The samples were analyzed for carbon fraction (EC/OC)
and particulate organic compounds (POC). Significant lower concentrations were noticed for elemental
carbon (EC) and some of the POC like vanillic acid, acetosyringone, syringylacetone and syringic acid after
the implementation of the LEZ. Higher concentrations of levoglucosan, retene and O-PAH were detected
in the second sampling period. Positive matrix factorization (PMF) was used to identify the main sources
of POC. Emissions from traffic, solid fuels combustion, cooking and mixed source were separated. The

PM. s contribution of traffic source factor was decreased about 60% after the implementation of the LEZ, Thus

Particulate organic compounds (POC)

Positive matrix factorization (PMF) mentation of the LEZ

the average concentration of EC from traffic factor decreased from 1.1 to 0.5 pg/m® after the imple-

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The chemical composition of ambient particulate matter (PM)
varies considerably and consists of many different compounds
(Tsigaridis et al., 2006). Aerosol carbon is commonly classified as
organic carbon (OC) and elemental carbon (EC). OC can be directly
emitted to the atmosphere in the particulate form (primary organic
aerosol) or can be produced by gas-to-particle conversion processes
(secondary organic aerosol). EC is emitted from combustion sources
(Cabada et al.,, 2004). The organic constituents of airborne particles
influence the behavior and impact of PM on human health, regional
visibility and global climate (NRC, 1999). Organic compounds of
biogenic and anthropogenic origin often represent a large fraction,
up to40%, of total PM mass (Chow etal., 2006 ). The concentrations of
organic compounds ranging from below pg/m? to pg/m? (Tsapakis
et al., 2002). Knowledge of the temporal and spatial variation of
particulate organic matter (POM) and its chemical composition are
clearly needed to understand its climate and adverse human health
effects (Fuzzi et al., 2006). To protect both human health and the

* Corresponding author,
E-mail  addresses:  raeed.qadir@helmholtz-mue nchen.de
juergen.schnelle@helmholtz-muenchende (]. Schnelle-Kreis).

(RM.  Qadir),

0269-7491/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http: //dx.doi.org/10.1016j.envpol 2013,01.002
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environment, it is important to combat pollutant emissions at the
source and identify and implement the most effective reduction
measures at local, national and international levels. Comprehensive
studies are therefore necessary to evaluate the characteristics of PM
at the different sources (Aldabe et al., 2011). Organic compounds
have been used as source indicators in aerosol research for many
years and several studies have used organic compounds for source
apportionment (Cass, 1998; Schauer et al., 1998; Schnelle-Kreis
et al., 2007). Positive matrix factorization {PMF), an advanced re-
ceptor models, has been successfully used for quantitative identifi-
cation of sources of organic pollutants in aerosols by several
researchers (Shrivastava et al,, 2007; Song et al, 2007; Uchimiya
et al,, 2007). PMF rotates the matrices of factor loadings and scores
with positive constraints, which makes factor axes less orthogonal
and makes factor loadings and factor scores more interpretable
(Paatero and Tapper, 1994).

Low Emission Zones (LEZ) are areas in which vehicular traffic
access is restricted to vehicles that emit only low levels of air pol-
lutants only. The most severe environmental problems in Munich
are caused by traffic. Vehicles with internal combustion engines
contribute significantly to air pollution. Their exhaust contains
pollutants such as particulate matter (PMg) and nitrogen dioxide
(NO3). The ultrafine particles of particulate matter can penetrate
into the lungs and pass through the alveoli into the bloodstream.
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Possible symptoms are respiratory diseases and cardiovascular
system. To improve the air quality and protect human health, many
German cities have introduced environmental zones. The principle
is to get rid of the bad source of emissions from the city center and
to reduce the extremely high volume of traffic, which makes the
ventilation very poor. Many heavy duty vehicles made their way
through the city of Munich until February 2008 when the pre-stage
of LEZ implementation was started by preventing the heavy duty
vehicles from going through the city center. Later in October 2008,
a LEZ was established in the inner city in order to pursue the
reduction of pollution. The first stage of LEZ allowed vehicles with
emission requirement of Euro2, Euro3 and Euro4 (http:/fwww.
dieselnet.com/standards/eu/ld.php) only to enter the inner city.
The second stage of LEZ started in October 2010, allowing vehicles
with emission requirement Euro3 and Euro4 only to go through the
LEZ area. The final stage will start in October 2012 and will allow
only the vehicles with Euro4 emission requirements to access the
LEZ area (RGU, 2012).

In the light of what is mentioned above, the main aim of this
study is to assess the effect of the implementation of LEZ on both
concentrations and source contribution of the POC. This has been
accomplished through depending on the chemical characterization
of the particulate fraction of organic PM and identifying sources of
the POC. EPA-PMF 3.0 model has been chosen as a receptor-based
model for the source apportionment. Thus, chemical composition
of PM3s samples collected over two different periods, before LEZ
implementation (2006—2007) and after LEZ implementation
(2009-2010) have been used in order to estimate the POC sources
and their contributions.

2. Material and methods
21. PM sampling

The sampler for PM, 5 was located at the monitoring site in Lothstrasse (latitude
487 9'16"N; longitude 11¢ 33'177E), This site is part of the air hygienic monitoring
system of Bavaria consisting of more than 50 monitoring stations in the whole of
Bavaria, It is conducted by the Bavarian State Office for Environment {Bayerisches
Landesamt fiir Umwelt, BLAU}. Lothstrasse is situated in the inner city of Munich near
to a main road. It is a traffic influenced station with approximately 41 000 passing
vehicles per day. Mareover, the local area is mainly composed of habitation, trade
and commerce {BSUGV, 2004) (Fig. 1).

Ambient samples were collected every third day from October 2006 to February
2007 and from October 2009 to February 2010 (Fig. 2). Total of 82 samples were
collected during these two periods before and after the implementation of the LEZ,
Prior to sampling, quartz fiber filters were baked for at least 12 h in a circulating air
oven from Nabertherm (Lilienthal, Germany}) at 500 °C to remove all organic matter.

% LEZ area

@ Sampling site

Mittlerer Riry
Sticvwest

Fig. 1. Location of the sampling site in Munich.

For chemical analysis, PM; 5 samples were collected with high volume sampler
(Model GS52310 Seres, Andersen Instruments Inc, Georgia, USA) on
203 mm » 254 mm (loaded area is 180 mm = 230 mm) quartz fiber filters
(Whatman International Ltd., Maidstone, England) at a flow of 1 m*/min for 24 h,
The samples were stored in glass containers at — 18 “C until analysis,

2.2, Chemical analysis

The samples were analyzed for POC by using in-situ derivatization thermal
desorption gas chromatography time of flight mass spectrometry (IDTD-GC-ToF-MS)
method (Orasche et al., 2011}, The method allows derivatization using N-Methy|-N-
trimethylsilyl-trifluoroacetamide (MSTFA) reagent of the polar organic fraction of
filter samples in-situ on the filter during thermal desorption. Derivatization and
desorption of polar organic compounds occurs directly from particulate matter on
the filters, The advantages of employing the direct thermal desorption system
employed for this study are: (1) direct placement of samples in the CC liner, so called
in-injector thermal desorption avoiding sample transfer lines frequently causing
cold spots, (2) the possibility of automatic liner exchange, (3) rapid heating rates of
the injector and (4) replacement of the GC liner for every sample.

The other details of the IDTD-GC-ToF-MS method and sample preparation were
described by Orasche et al. {2011). Elemental and organic carbon fraction {EC and
0OC) were analyzed by thermal-optical analysis (IMPROVE-A protocol) (Chow et al,
2007) in cooperation with the Desert Research Institute (DRI}, Nevada, USA.

2.3. Statistical treatment of data

All data processing and descriptive statistics for the two sampling periods were
performed with a level of significance of (& = 0.05), The MedCalc v.12.2.1,0 program
(MedCalc Software, Broekstraat 52, 9030 Mariakerke, Belgium) was used for all
statistical procedures. The first test was the detection of the outliers. The statistical
test that was performed detected seven days with very high outlier values of POC
especially hopanes and n-alkanes in the second sampling period in 2009/10, Ac-
cording to the information provided by the state building authorities in Munich
(Staatliches Bauamt Miinchen, SBM in German), there was construction activity at
the building of Munich Technical College of Engineering, Automotive Engineering
and Aviation Technology { Dachauer Strasse 98b) during the second sampling period
in 2009/10 and near the sampling site. Use of lorres and big trucks during the
construction were the possible sources of high concentration of hopanes and n-al-
kanes in those seven days. The data obtained from those seven days were excluded
from further data analysis. Statistical t-test was performed to compare the concen-
tration of each of the POC between the two sampling periods,

2.4, Positive matrix factorization

Positive Matrix Factorization {PMF) is a multivariate tool that decomposes
a matrix of data samples into two sub-matrices, the factor profiles and factor con-
tributions (EPA, 2008). It was developed by Paatero {1997, 1999) and was employed
to resolve dominant positive factors on the basis of observation without detailed
prior knowled ge of the sources and source profiles. The model used in this study was
EPA-PMF 3.0, developed by U.S. EPA based on the ME-2 algorithm.

A total of 78 POC for each sample were measured, but only 67 selected organic
species were used for the PMF analysis beside the EC and OC. The selected species
represents: polycyclic aromatic hydrocarbons (PAH), oxidized polycyclic aromatic
hydrocarbons (0-PAH), n-alkanes, iso & anteiso alkanes, hopanes, resin acids, fatty
acids, anhydrous sugars and phenolic compounds, The organic species with more
than 33% of values under the limit of quantification {LOQ) have been excluded from
the PMF input. The error fractions were increased up to 20% for each of the organic
species with 10-33% of values under the LOQ. Data lower than the LOQ were
replaced by halfof the LOQ and their uncertainties were set to five-sixths of the LOQ
(Polissar et al,, 1998) with no missing data. The uncertainties of the other values
were calculated according to Norris et al. {2008) in the following equation:

4705
u = |(Error fraction » Concentration) + (_LOQ)‘}

Error fraction is the percentage of uncertainty and estimated from sampling
error and analytical errors consequently. PMF analyses were run with three to six
factors in order to find the most reliable and best interpretable results.

3. Results and discussions
3.1. Characterization and concentrations of POC

Table 1 gives a summary of ambient concentrations of 78 POC,
EC and OC. The results indicated that mean concentrations for most

of the PAH after implementation of the LEZ were slightly but not
significantly (P > 0.05) decreased. Retene which is considered as
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Fig. 2. Time line of the number of samples and sampling in both periods.

a marker for coniferous wood combustion (Simoneit et al., 2000)
showed a significant difference (P < 0.05) with higher mean con-
centration of 0.25 ng/m? after the implementation of LEZ compared
with 0.14 ng/m? before implementation of LEZ.

Fig. 3 shows the time series of EC and some other selected POC.
Significantly higher concentrations of most of the O-PAH were
detected in the second sampling period 2009/10. O-PAH have been
identified in source samples from gasoline, diesel, coal, wood, and
municipal waste combustion. Photo oxidation of PAH has also been
found to produce O-PAH (Allen, 1997). Like for retene, significant
higher concentration of levoglucosan was noticed in the second
sampling period after the implementation of LEZ. The O-PAH, lev-
oglucosan and retene were observable with higher concentrations
in 2009/10, which are considered to be markers for wood com-
bustion (Schauer et al,, 2001; Simoneit et al., 2000; Sklorz et al.,
2007) This may be due to the colder winter scenario in 2009/10
compared with 2006/07 and the trend of an increasing use of wood
burning for household heating in Germany (Cocchi, 2011).
Depending on the meteorological information provided by BLfU,
the temperature in winter 2009/10 ranged from —10 to 14 °C while
ranged from -7 to 22 °C in winter 2006/07. Although the use of
wood for domestic heating is very familiar to the general public
especially in the countryside (Bari et al., 2011) nevertheless, urban
areas are also impacted from local wood combustion (Brandt et al.,
2011). A lower concentration of EC with significant difference
(P < 0.05) was detected after the implementation of LEZ in 2009/10.
EC isregarded as an indicator for traffic emission (Baccarelli et al.,
2011; Sonntag et al., 2012), for showing to some extent a positive
effect of LEZ implementation. The concentrations of phenolic
compounds were also decreased significantly (P < 0.05) in the
second sampling period.

The presence of hopane biomarkers in aerosols confirms an
input source from fossil fuel utilization (i.e. mainly vehicular traffic)
(Simoneit, 2002). No significant differences (P > 0.05) in the con-
centrations of any of hopanes were detected before and after the
implementation of LEZ, but like for the PAH slightly lower
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concentrations were found in 2009/10. Also no significant differ-
ences (P > 0.05) were noticed in the concentrations of the other
measured POC or OC,

3.2. PMF results

3.2.1. PMF sensitivity and implementation

PMF results depend on the number of factors included in the
model and the amount of rotation imposed on the solution. Inter-
pretability was the key basis for judging the optimum values for
these parameters. Interpretable solutions were those that grouped
source-class-specific sets of markers into distinct factors. Models
that grouped markers for multiple source classes into the same
factor, distributed markers for one source class across multiple
factors, or contained factors with no distinctive groupings of
compounds were judged less interpretable and rejected. While no
molecular marker pattern can be unambiguously associated with
a specific source class, this approach provides a systematic basis for
sorting through the possible PMF models (Shrivastava et al., 2007).

The EPA-PMF 3.0 model also provides the rotational freedom
parameter (Fpeak) function that can control whether more extreme
values are assumed for the factor loadings (by assigning positive
Fpeak values) or the factor scores (by assigning negative Fpeak
values). In our study, altering the Fpeak value was not found to
result in substantially better source profiles. Consequently, base run
results (Fpeak = 0) are reported in this paper. In order to compare
the results from run to run, a total of 100 random runs with min-
imum correlation R-value of 0.6 were computed for each data set to
ensure no local minima of Q values were observed. The convergent
run with the Q value closest to the target Q value was used as the
base run. Then 100 bootstrap runs were performed to assess the
uncertainty of the factor loadings and factor scores in the base run.

The abnormal seven days of the second sampling period men-
tioned before were excluded from the PMF runs. A different factor
number between 3 and 6 was tested to find out the most reliable
PMF method. As described in the PM sampling, traffic is one of the
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Table 1
Statistical summary of POC concentrations {ng m'3), EC and OC concentrations (pg m_z).
Substance Abbreviation  Before LEZ (20062007}, n = 40 After LEZ (20092010}, n = 35 % < L0Q  t-Test
LOQ  Mean Median  Range Mean Median  Range (Pvalue)
PAH
Benz|alanthracene BAA 0.02 0.50 033 0.05-2.30 043 0.28 0.07-3.00 ] 0.51
Chrysene CRY 0.02 1.44 0.94 0.20-6.50 128 0.83 0.30-9.00 o 0.85
Benzo|x|fluoranthene BBKF 0.04 199 1.64 0.26-7.90 1.75 117 0.30-10.50 ] 0.58
Benz|e|pyrene BEP 0.04 0.64 0.45 0.09-2.50 0.52 0.35 0.10-3.10 1 0.52
Benz|a|pyrene BAP 0.04 0.84 0.56 0.08-3.90 0.70 0.40 0.10-4.80 1 041
Perylene PER 0.02 0.10 0.08 0.01-0.40 0.09 0.06 0.01-0.50 3 0.50
Dibenz|ahjanthracene DAH 0.02 015 0.09 0.01-0.60 0.13 0.08 0.02-0.70 8 0.56
Indeno[1,2,3-cd|pyrene IND 0.05 1.08 0.71 0.13-5.30 0.84 0.59 0.16-4.60 1 0.30
Picene PIC 0.05 0.16 0.10 0.02-0.70 0.15 0.09 0.02-1.00 21 090
Benzo[ghi|perylene BGH 0.05 1.08 0.76 0.15-4.50 0.75 0.45 0.15-4.30 1 015
Coronene COR 0.10 0.52 0.48 0.24-1.20 045 043 0.20-0.80 4 0.08
Retene RET 0.10 0.14 0.10 0.01-0.60 0.25 0.17 0.03-1.00 1 0.03
Oxidized PAH
9H-Fluoren-9-one 9H-FLU 0.02 0.28 021 0.06-0.90 0.57 0.39 0.03-2.30 ] 0.01
Xanthon XANT 0.02 0.18 0.17 0.02-0.50 0.15 0.10 0.03-1.00 o 0.20
9,10-Anthracenedione 9,10-ANT 0.02 134 1.19 0.32-3.60 2.52 1.78 0.40-11.80 o 0.01
1,8-Naphthalic anhydride 1,8-NPA 0.10 1.17 1.01 0.15-4.90 239 147 0.40-10.60 o 0.01
Cyclopentaldef]phenanthrenone CPPH 0.05 025 022 0.04-0,90 033 022 0.05-1.50 0 025
11H-Benzo|a|fluoren-11-one 11H-BAF 0.02 091 0.68 0.10-3.70 143 0.94 0.20-8.60 ] 0.06
Bezo[c]fluoren-11-one BCF11 0.02 0.08 0.06 0.02-0.40 012 0.09 0.03-0.60 1 0.06
Benzo[b]fluoren-11-one BBF11 0.02 021 0.15 0.02-0.90 0.35 0.24 0.06-1.80 1 0.03
7H-Benz|delanthracen-7-one 7H-BDEA 0.05 043 0.29 0.06-2.00 0.61 0.50 0.10-2.60 1 0.08
Benz|alanthracene-7,12-dione BAA712 0.05 0.06 0.05 0.01-0.20 011 0.07 0.02-0.50 5 0.01
n-Alkanes
Octadecane (W] 0.05 0.55 0.49 0.10-1.40 0.73 0.57 0.06-2.30 o 0.03
Nonadecane Cc19 0.05 0.55 0.47 0.10-1.50 0.82 0.65 0.20-2.60 o 0.03
Eicosane c20 0.05 1.08 1.00 0.20-4.00 1.14 0.89 0.20-4.00 0 023
Heneicosane 21 0.05 1.77 1.48 0.40-10.10 1.79 1.48 0.20-5.90 o 0.10
Docosane c22 0.05 297 224 0.40-18.90 264 224 0.30-8.00 o 0.08
Tricosane 23 0.05 4,02 2,60 0.50-21.70 3.05 272 0.60-9.20 o 017
Tetracosane 24 0.05 3.76 260 0.60-14.70 292 2.47 0.60-8.60 o 0.16
Pentacosane 25 0.05 2.87 1.81 0.50-15.10 2.28 1.89 0.60-6.80 0 0.25
Hexacosane 26 0.05 243 1.61 0.40-12.20 1.79 1.50 0.40-5.00 o 0.24
Heptacosane c27 0.05 3.80 249 0.90-15.70 240 1.75 0.70-7.70 o 095
Octacosane c28 0.05 243 1.74 0.60-8.70 1.64 143 0.50-4.00 o 0.46
Nonacosane 29 0.05 4.64 3.48 1.10-13.60 24 2.04 0.70-7.20 o 0.19
Triacontane C30 0.05 244 1.64 0.30-13.60 111 0.90 0.30-3.10 ] 0.36
Hentriacontane 31 0.05 4,92 3.65 1.10-18.20 2.62 1.77 0.90-8.10 o 0.08
Dotriacontane 32 0.05 1.56 1.09 0.20-7.50 0.69 0.53 0.20-1.90 o 0.78
Tritriacontane 33 0.05 193 130 0.40-6.20 1.03 0.59 0.30-3.00 o 0.52
Tetratriacontane 34 0.05 039 031 0.08-1.20 0.17 0.15 0.04-0.60 o 041
Pentatriacontane 35 0.05 0.31 0.26 0.06-0.90 0.16 013 0.04-0.60 1 0.30
Hexatriacontane 36 0.05 021 0.18 0.05-0.60 011 011 0.03-0.40 11 021
Iso & anteiso-alkanes
|so-Nonacosane 1-C29 0.05 0.64 041 0.05-2.90 019 014 0.03-0.70 o 0.01
Anteiso-Nonacosane a-C29 0.05 0.19 0.14 0.01-0.60 0.15 0.09 0.04-0.50 o 0.84
Iso-Triacontane i-C30 0.05 0.23 013 0.02-1.40 017 0.07 0.03-1.40 o 0.70
Anteiso-Triacontane a-C30 0.05 0.75 0.50 0.04-2.80 0.54 03 0.10-1.70 o 030
Iso-Hentriacontane i-C31 0.05 140 1.04 0.30-540 0.77 0.44 0.20-2.30 1 0.05
Anteiso-Hentriacontane a-(31 0.05 019 0.14 0.02-0.80 0.14 0.08 0.04-0.40 1 0.53
Iso-Dotriacontane i-C32 0.05 0.28 0.24 0.03-1.00 0.19 0.11 0.03-0.60 1 093
Anteiso-Dotriacontane a-(32 0.05 133 0.89 0.20-5.00 0.81 0.43 0.20-2.70 1 0.08
Iso-Tritriacontane 1-C33 0.05 0.82 0.59 0.10-2.80 042 0.23 0.05-1.60 1 0.06
Anteiso-Tritriacontane a-C33 0.05 017 0.09 0.02-2.00 0.07 0.04 0.01-0.20 3 0.24
Hopanes
182(H)-22,29,30-Trisnorhopane Ts 0.05 0.86 0.71 0.10-2.20 0.53 0.46 0.20-2.10 12 0.01
17a(H)-22,29,30-Trisnorhopane Tm 0.05 0.92 0.68 0.20-4.50 113 0.57 0.20-5.30 15 0.50
17 H)-22,29,30-Trisnorhopane 27b 0.05 021 019 0.03-0.60 0.52 033 0.10-2.50 45 0.09
17 2{H)21f{H)-30-Norhopane 29ab 0.05 2.86 1.94 0.60-10.00 219 129 0.30-12.70 3 0.28
17 H)212(H}-30-Norhopane 29ba 0.05 0.46 0.34 0.10-1.80 0.58 0.46 0.10-3.60 24 0.46
172(H)21f(H)-Hopane 30ab 0.05 249 1.78 0.70-8.40 193 097 0.20-11.00 3 030
17 H)212(H}-Hopane (Moretan) 30ba 0.05 0.42 0.38 0.10-1.20 0.53 0.35 0.10-3.50 31 0.53
225-17a(H),21p(H }-Homohopane 31abs 0.05 1.05 0.65 0.10-4.70 0.77 041 0.20-5.00 4 0.20
22R172{H),21p{H)-Homohopane 31abR 0.05 1.36 1.02 0.20-5.90 121 0.97 0.20-4.80 4 0.58
225-170(H),21(H}-Bishomohopane ~ 32ab$ 0.05 0.69 0.53 0.10-2.40 0.67 0.39 0.10-2.70 35 094
22R-172(H)21B(H)-Bishomohopane ~ 32abR 0.05 0.53 039 0.10-2.90 0.52 047 0.20-1.60 35 099
Cholesterol
Cholesterol CHO 0.05 1.11 0.56 0.10-18.70 0.86 0.52 0.10-5.50 19 0.60
Fatty acids
Palmitic acid PAL 010 255 231 167666 414 363 1822324 15 0.01
Linoleic acid LINA 0.01 015 0.05 0.01-1.50 048 0.15 0.04-5.60 12 019

(continued on next page)
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Table 1 {continued )

Substance Abbreviation Before LEZ (2006-2007), n = 40 After LEZ (2009-2010), n = 35 %< L0Q  t-Test
LOQ  Mean Median  Range Mean Median Range (Pvalue)
Oleic acid OLA 0.05 3.96 1.28 0.30-42 7.62 3.44 0.30-55.80 1 0.16
Stearic add STA 0.10 39.20 3647 25-67 65.10 51.20 21-456 0 0.04
Resin acids
Isopimaric acid ISPA 0.02 4.13 217 0.30-31.20 3.05 2.54 0.40-8.80 9 027
Dehyd roabietic acid methylester DHAA-me 0.02 7.51 6.17 240-23 10.15 7.00 44048 3 0.09
Dehyd roabietic acid DHAA 0.10 146 106 21-682 157 136 28-574 6 0.77
Anhydrous sugars
Calactosan CAL 0.10 6.20 3.00 0.30-30.20 527 3.57 1.472-21.85 8 0.78
Mannosan MAN 0.10 31.20 17.30 2-130 16.00 1250 1.2-51 [} 0.01
Levoglucosan LEVO 010 155 145 40-575 2m 182 84-381 0 0.05
Phenolic compounds
Vanillin VAN 0.05 120 075 0.20-11.00 0.60 040 0.20-3.30 8 0.35
Vanillic acid VANA 0.05 0.18 0.06 <LOQ ~1.50 0.05 0.03 <L0Q ~0.20 4 0.04
Acetosyringone ASYG 0.01 0.07 0.04 <LOQ ~0.30 0.02 0.01 <LOQ ~0.10 4 0.01
Syringylacetone SYGA om 0.03 0.01 <L0Q -0.40 0.01 0.01 <L0Q ~0.03 7 0.04
Syringic acid SYRA om 0.04 0.02 <LOQ ~0.40 0.01 0.01 <L0Q ~0.04 1 0.03
Carbon fraction
Elemental carbon EC 0.04 250 2,00 0.80-6.50 220 2,10 1.00-3.90 0 0.04
Organic carbon oc 0.16 250 1.90 0.60-7.40 1.80 1.70 0.20-4.20 [} 0.90

Bold values represents P-values less than 0.05.

expected emission sources in Lothstrasse sampling site due to its
location in the inner city of Munich near to a main road. The 3 and 4
factors solution were rejected because they were not able to sep-
arate the traffic source from the other emission source from mixed
sources.

Therefore, 5-factors solution was performed and gave a good
separation of traffic source from the other sources. The 6-factors
solution was also rejected because of the splitting of the factors
with no reasonable interpretation. The 5-factors solution had
afforded the most reasonable interpretation of the source profiles,
which were related to primary PM emissions.

3.2.2. Sources from POC data

The main possible sources of POC have been identified using the
data of 75 samples from the both sampling periods with 67 POC for
each sample as inputs for EPA-PMF 3.0. A five-factor solution was
resolved by PMF and each of these five factors was dominated by
the pattern of species that can be associated with a specific source
or with groups of sources. The separated factors represent emis-
sions from traffic, solid fuels combustion (most likely combustions
from wood and brown coal), cooking and mixed sources. The PMF
factor profiles and their contributions for the five-factor solution
are presented in Figs. 4 and 5 respectively.

More than 70% of hopanes from mineral-oil-derived emission
sources were attributed to the first factor. The homohopane index
(31abs/31abs + 31abR) (Schnelle-Kreis et al, 2007) value was found
to be 0.46. Hopanes are unique source markers for fossil fuel
combustion. Due to their unique chromatographic distribution,
hopanes can be easily identified by GC/MS with m/z 191 as the
characteristic ion. It has been confirmed that hopanes found in
automobile exhausts are not from gasoline and diesel fuel, but from
lubricating oil based on the similarity of the hopanes distributions
(Li, 2003). About 45% of EC, which is associated commonly with
motor vehicle emissions (Baccarelli et al., 2011; Shrivastava et al.,
2007) was associated also with this factor. Hopanes and EC are
important markers for motor vehicle emissions (Shrivastava et al.,
2007). In addition high percentage, about 45% of the n-alkanes
with carbon preference index (CPI) of 1.4 were also associated with
this factor. CPI values for n-alkanes in vehicular emissions are close
to unit (CPI = 1) (Kavouras et al., 1999). Therefore, factor 1 was
considered as traffic emissions.

Factor 2 was characterized by more than 40% of each of levo-
glucosan and dehydroabietic acid. Levoglucosan (1,6-anhydro-p-p-
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glucopyranose) is a pyrolysis product from cellulose. It has been
proposed as one marker of wood smoke because of its stable
properties in the atmosphere (Heringa et al., 2011). Furthermore,
levoglucosan is exclusively in the fine particle phase and consti-
tutes a large fraction of the emitted particles, making it a suitable
marker of fine particulate matter (PM;5) originated from biomass
burning (Hedberg et al., 2006). Relative kinetics indicates that
levoglucosan has an atmospheric lifetime of 0.7—-2.2 days when
wood combustion particles are exposed to 1 x 10° molecules cm >
of OH (typical average summertime conditions). This implies that
levoglucosan reacts with OH on a timescale similar to that of
transport and deposition, which has important implications for the
use of levoglucosan as a tracer for biomass burning emissions in
source apportionment studies (Hennigan et al, 2010). Dehy-
droabietic acid has been suggested as a marker for wood smoke.
Unlike levoglucosan, which can be used to trace all wood com-
bustion, dehydroabietic acid is found solely in emissions from
burning of coniferous wood and therefore can be used to dis-
tinguish coniferous wood from hardwood combustion (Leithead
et al., 2006). High percentage of retene, about 40% and 20—65% of
the O-PAH, were also associated with this factor. Factor 2 therefore
was considered as a first solid fuel combustion with some wood
combustion influence.

However, the levoglucosan to OC ratios have been used to
evaluate the contribution of biomass burning to the aerosol OC
showing that the higher contribution of levoglucosan to OC in
ambient air indicates the influence of wood combustion (Zdrahal
et al,, 2001). The levoglucosan to OC ratio in this study is only
0.07, which is relatively low. This may be the reason for low con-
tribution of organic compounds originating from wood combustion
to that factor here (i.e. this solid fuel factor is not much dominated
by PAH, unlike in other places with high wood combustion influ-
ence (Schnelle-Kreis et al., 2007)). In addition, other investigations
have shown big differences in levoglucosan to OC ratios depending
on the wood and wood combustion appliance type. Solid fuel
combustion using coal emits a large amount of carbonaceous aer-
osol containing organic constituents such as PAH and O-PAH
(Lighty et al., 2000). As the second solid fuel combustion factor
(factor 3) is dominated by a high concentration of picene — which is
considered to be a marker of coal combustion (Bi et al., 2008; von
Schneidemesser et al., 2010), its likely influenced by this source.
Also the homohopane index for hopanes pattern was found to be
0.15 which is similar to emissions from brown coal combustion ( Bi
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Fig. 4. PMF factor profiles.

et al,, 2008). The homohopane index found in emissions from coal
combustion ranged from about 0.1 for lignite coal to about 0.4 for
bituminous coal (Schnelle-Kreis et al., 2007). The use of lignite
briquettes (brown coal) is common for keeping fire going on
overnight in the wood burning stoves during winter. Factor 3, the
second solid fuel combustion factor, thus is considered as influ-
enced by brown coal combustion. In this context it has to be con-
sidered that local emissions often have an impact, particularly
under unfavorable dispersion conditions (weak wind conditions,
inversion weather conditions) (Brandt et al., 2011). Local influence
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may explain the somewhat unexpectedly high contribution of PAH
to the second solid fuel factor.

Factor 4 was characterized by about 50% of cholesterol, which is
also an important marker for meat cooking emissions (Robinson
et al., 2006). More than 80% of the fatty acids were also associated
with this factor. Organic molecular such as oleic acid, palmitoleicacid,
and cholesteral are the markers of cooking emissions (Shrivastava
et al., 2007). Food cooking has been shown to be an important
source of the fine organic aerosol in urban environments (Robinson
etal., 2006). This factor was considered as cooking emissions.
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The last factor could not be attributed to a single source class
and therefore was considered as mixed sources factor. It was
characterized by compound patterns which represents a mixture
sources from tobacco smoke because of specific pattern of iso &
anteiso alkanes (Rogge et al, 1994) and n-alkanes with CPl = 2
(Finlayson-Pitts et al., 2000). Emissions from cooking (e.g., cho-
lesterol) and wood combustion (e.g., levoglucosan and dehy-
droabietic acid) were also associated. This factor was dominated
also by high concentrations of acetosyringone, syringylacetone and
syringic acid which are the molecular markers for hardwood smoke
(Nolte et al., 2001; Shrivastava et al., 2007). Vanillin and vanillic
acid were also associated with this factor. Syringyl compounds
derived from sinapyl alcohol are generally more abundant in the
hardwood smokes than their guaiacyl analogs derived from con-
iferyl alcohol, though lesser amounts of these are also present
(Nolte et al., 2001).

3.2.3. Factors contribution and LEZ implementation

Fig. 5 shows the differences between the contributions of
source factors for the two sampling periods. The contribution of
traffic factor was decreased about 60% after the implementation of
the LEZ. The average concentration of EC from traffic factor

decreased from 1.1 pg/m’ before the implementation of the LEZ to
0.5 ug/m’ after the implementation of the LEZ. Diesel exhaust
particles are a significant contribution to the local urban PM;5
levels and are a dominant source of atmospheric EC (Schauer,
2003). Also it is worth to mentioning the legally supported car
scrappage scheme (the so called “Abwrackprdmie” in Germany)
which may be also involved in the observed reduction of EC levels.
In the beginning of the year 2009, during the global financial crisis,
the German federal government subsided the exchange of old cars
by new ones in order to support car makers. This process leads to
a more environment friendly car fleet across the country as the EC
emission rates of new vehicles are much lower than those of the
older ones (Sonntag et al, 2012). The pre-stage of LEZ imple-
mentation in Munich city also enhanced the effect of LEZ by pre-
venting the heavy duty vehicles permanently from going through
LEZ areas.

The contribution of the first solid fuel combustion factor with
wood combustion influence was increased about 180% in the sec-
ond sampling period due to the colder winter of 2009/10. The
average concentration of levoglucosan, dehydroabietic acid, 1,8-
naphthalic anhydride and retene in this factor increased from
47.40, 20.40, 0.40, 0.07 nglfm3 before the implementation of the LEZ
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to 85.27, 36.80, 0,74, 0.13 ng/m” after the implementation of the LEZ
respectively. Depending on the information from the Federal
Ministry for Food, Agriculture and Consumer Protection (Bundes-
ministerium  fiir Erndhrung, Landwirtschaft und Ver-
braucherschutz, BMELV in German), the prices of heating oil in
Germany raised up from 55 to 92 Cent/l because of the global
financial crisis (which happened in 2008). On the other hand, the
prices of wood pellets were stable around 200 Euro/t (BMELV,
2011). This may lead to the use of wood pellets instead of heating
oil across Germany for domestic heating purposes.

The contribution of second solid fuel combustion factor, which is
most likely brown coal combustion, increased about 10% in the
second sampling period. That was correlated with increasing of the
wood combustion contribution. The contribution of the cooking
factor showed no noticeable difference between the two sampling
periods. The contribution of the mixed sources factor was
decreased in the range of 40% in the second sampling period 2009/
10. The metrological data (which provided by BLfU) showed that
the wind direction (WD) and speed (WS) were very similar in both
sampling periods. In consequence, there were no detectable effects
of WD and WS neither on POC concentrations nor on the con-
tribution of the source factors.

4, Conclusion

A study of chemical compositions and sources of ambient
particles in Munich has been carried out over two different pe-
riods, before (2006—2007) and after (2009-2010) the imple-
mentation of LEZ. The concentrations of POC measured from the
two sampling periods were compared, allowing for a thorough
monitoring of the LEZ implementation effect upon the reduction
of hazardous, particle associated organic substances and the
different sources of PM pollution. In general, there has been
a positive effect of implementation of LEZ on the reduction of
POC concentrations but not significantly because of the variation
of sources of POC. PMF model has been applied to chemical
composition data to identify the main sources of POC. Five factors
have been separated using POC data. Traffic, first solid fuel
(wood) combustion, second solid fuel (brown coal) combustion,
cooking and mixed sources were the main contributors to PMz 5
in Lothstrasse sampling site in Munich. These results are expec-
ted for the location of the sampling site which is a traffic influ-
enced station with approximately 41 000 passing vehicles per
day and the local area is mainly composed of habitation, trade
and commerce (BSUGV, 2004). Different contributions have been
noticed for all five factors between the two sampling periods. The
contribution of traffic and mixed sources factors decreased about
60% and 40% respectively after the implementation of the LEZ.
The average concentration of EC in the traffic factor decreased
from 1.1 pg/m? to 0.5 pg/m> giving a positive effect for the
reduction of vehicular emissions because exposures to traffic-
related EC is related to decrements in lung function (Barraza-
Villarreal et al., 2011). The contribution of the first solid fuel
(wood) combustion factor has increased in the second sampling
period about 180% due to the colder winter in 2009/10 compar-
ing with winter in 2006/07. The average concentration of levo-
glucosan, dehydroabietic acid, 1,8-naphthalic anhydride and
retene in the first solid fuel combustion factor increased from
47.40, 20.40, 0.40, 0.07 ng/m> before the implementation of the
LEZ to 85.27, 36.80, 0.74, 0.13 ng/m® after the implementation of
the LEZ respectively. More investigations in the domain of health
effects of solid fuel combustion like wood and coal combustion
will be conducted by Helmholtz Virtual Institute of Complex
Molecular Systems in Environmental Health — HICE (http://www.
hice-vi.eu).

88

Acknowledgment

The study was supported by the German Academic Exchange
Service (Deutscher Akademischer Austauschdienst, DAAD), Helm-
holtz Virtual Institute of Complex Molecular Systems in Environ-
mental Health (HICE) and Department of Environmental Sciences
(DES) in Helmholtz Centre-Munich. The information provided by
the Bavarian State Office for Environment (Bayerisches Landesamt
fir Umwelt, BLfU) and State Building Authorities in Munich
(Staatliches Bauamt Miinchen, SBM) are gratefully acknowledged.

References

Aldabe, |, Elustondo, D., Santamaria, C, Lasheras, E., Pandolfi, M., Alastuey, A.,
Querol, X, Santamaria, |.M, 2011. Chemical characterisation and source
apportionment of PM2.5 and PM10 at rural, urban and traffic sites in Navarra
(North of Spain}. Atmospheric Research 102, 191-205.

Allen, ].0., 1997, Atmospheric Partitioning of Polycyclic Aromatic Hydrocarbons
(PAH) and Oxygenated PAH. Massachusetts Institute of Technology, Massa-
chusetts. 346 p.

Baccarelli, A, Barretta, F, Dou, C., Zhang, X.,, McCracken, |.P,, Diaz, A, Bertazzi, PA,,
Schwartz, |., Wang, S., Hou, L., 2011. Effects of particulate air pollution on blood
pressure in a highly exposed population in Beijing, China: a repeated-measure
study. Environmental Health 10, 108.

Bari, M.Al, Baumbach, G., Kuch, B, Scheffknecht, G., 2011. Air pollution in resi-
dential areas from wood-fired heating, Aerosol and Air Quality Research 11,
749757,

Barraza-Villarreal, A, Escamilla-Nunez, M.C, Hernandez-Cadena, L, Texcalac-
Sangrador, |L, Sienra-Monge, |J, Del Rio-Navarro, BE, Cortez-lugo, M.,
Sly, P.D., Romieu, I, 2011. Elemental carbon exposure and lung function in
school children from Mexico City, European Respiratory Journal 38, 548552,

Bi, X, Simoneit, B.RT, Sheng, G, Fu, |., 2008, Characterization of molecular markers
in smoke from residential coal combustion in China. Fuel 87,112-119.

BMELV, 2011, Federal Ministry for Food, Agriculture and Consumer Protection: Basic
Data Bioenergy Germany. Solid Fuels, Biofuels and Biogas. Berlin, Germany.
http:/ pwww.biogaspartner.de [fileadmin/biogas/Downloads/Broschueren/
BasisdatenBioenergieFNR2011.pdf {last accessed 14.06.12.). Fachagentur Nach-
wachsende Rohstoffe e.V. (FNR), Germany.

Brandt, C, Kunde, R., Dobmeier, B, Schnelle-Kreis, ], Orasche, ., Schmoeckel, G.,
Diemer, |, Zimmermann, R, Gaderer, M., 2011, Ambient PM10 concentrations
from wood combustion — emission modeling and dispersion calculation for the
city area of Augsburg, Germany. Atmospheric Environment 45, 34663474,

BSUGV, 2004, Bavarian State Ministry of Environment, Health and Consumer Pro-
tection: Clean Air Plan for the City of Munich, Munich, Germany. http:/fwww.
muenchen.de/rathaus/Stadtverwaltung [Referat-fuer-Ge sundheit-und-Umwelt/
Luft und_Strahlung/Luftreinhalteplanhtml {last accessed 12.06.12.).

Cabada, |.C, Pandis, SN., Subramanian, R, Robinson, AL, Polidor, A, Turpin, B.,
2004, Estimating the secondary organic aerosol contribution to PM2.5 using the
EC tracer method special issue of aerosol science and technology on findings
from the fine particulate matter supersites program. Aerosol Science and
Technology 38, 140-155.

Cass, G.R, 1998, Organic molecular tracers for particulate air pollution sources, TrAC
Trends in Analytical Chemistry 17, 356-366.

Chow, J.C., Watson, |.G., Chen, LW,, Chang, M.C,, Robinson, N.F, Trimble, D., Kohl, S.,
2007. The IMPROVE_A temperature protocol for thermalfoptical carbon analy-
sis; maintaining consistency with a long-term database. Air and Waste Man-
agement Association 57, 1014-1023.

Chow, J.C, Watson, .G., Lowenthal, D.H.,, Antony Chen, LW.,, Tropp, RJ., Park, K,
Magliano, KA., 2006, PM2.5 and PM10 mass measurements in California's San
Joaquin Valley, Aerosol Science and Technology 40, 796810,

Cocchi, M., 2011. Global Wood Pellet Industry Market and Trade Study 2011. http: [/ www.
bioenergytradeorg/downloads/t40-global-wood-pellet-market-study _final. pdf.

EPA, U, 2008, EPA Positive Matrix Factorization (PMF) 3.0 Fundamentals & User
Cuide, US, Environmental Protection Agency, Office of Research and Develop-
ment, Research Triangle Park, NC.

Finlayson-Pitts, BJ., Pitts [r, [.N., 2000. Chemistry of the Upper and Lower Atmo-
sphere - Theory, Experiments, and Applications. Academic, San Diego, pp. 349
435, 788-814.

Fuzz, 5., Andreae, M.O,, Huebert, BJ., Kulmala, M., Bond, T.C., Boy, M., Doherty, SJ.,
Guenther, A., Kanakidou, M., Kawamura, K., Kerminen, V.M., Lohmann, U.,
Russell, LM., Péschl, U., 2006, Critical assessment of the current state of sci-
entific knowledge, terminology, and research needs conceming the role of
organic aerosals in the atmosphere, climate, and global change. Atmospheric
Chemistry and Physics 6, 20172038,

Hedberg, E., Johansson, C, Johansson, L, Swietlicki, E, Brorstrom-Lunden, E., 2006.
Is levoglucosan a suitable quantitative tracer for wood burning? Comparison
with receptor modeling on trace elements in Lycksele, Sweden. Air and Waste
Management Association 56, 16691678,

Hennigan, CJ., Sullivan, AP, Collett Jr., |.L, Robinson, AL, 2010. Levoglucosan
stability in biomass burning particles exposed to hydroxyl radicals. Geophysical
Research Letters 37, LO9806,



PUBLICATION 2

RM. Qadir et al. / Environmental Pollution 175 (2013) 158167 167

Heringa, M.F.,, DeCarlo, PF, Chirico, R., Tritscher, T., Dommen, |., Weingartner, E.,
Richter, R, Wehrle, C., Prévot, A.S.H,, Baltensperger, U, 2011. Investigations of
primary and secondary particulate matter of different wood combustion ap-
pliances with a high-resolution time-of-flight aerosol mass spectrometer. At-
mospheric Chemistry and Physics 11, 59455957,

Kavouras, LG., Lawrence, ]., Koutrakis, P,, Stephanou, E.G., Oyola, P, 1999, Meas-
urement of particulate aliphatic and polynuclear aromatic hydrocarbons in
Santiago de Chile; source reconciliation and evaluation of sampling artifacts
occurrence and origin. Atmospheric Environment 33, 4977-4986.

Leithead, A, Li, S.-M,, Hoff, R, Cheng, Y., Brook, |, 2006, Levoglucosan and dehy-
droabietic acid: evidence of biomass burming impact on aerosols in the Lower
Fraser Valley. Atmospheric Environment 40, 2721-2734,

Li, M., 2003. Ambient Concentrations and Measurement Precision of Molecular
Markers in Fine Particles from Philadelphia, PA. Faculty of Drexel University,
Drexel University, Drexel, Philadelphia, USA.

Lighty, |.S., Veranth, |.M., Sarofim, A.F, 2000. Combustion aerosols: factors gov-
eming their size and composition and implications to human health. Journal of
the Air and Waste Management Assodation 50 (9}, 1565-1618.

Nolte, C.G., Schauer, []., Cass, G.R, Simoneit, BR.T, 2001. Highly polar organic
compounds present in wood smoke and in the ambient atmosphere. Environ-
mental Science & Technology 35, 1912-1919.

Norris, G., Vedantham, R., Wade, K., Brown, S., Pouty, ]., Foley, C., Martin, L., 2008.
EPA Positive Matrix Factorization (PMF) 3.0 Fundamentals & User Guide.

NRC, 1999, Research Priorities for Airborne Particulate Matter: Il Evaluating
Research Progress and Updating the Portfolio.

Orasche, J., Schnelle-Kreis, |, Abbaszade, G., Zimmermann, R, 2011. Technical Note:
in-situ derivatization thermal desorption GC—~TOFMS for direct analysis of
particle-bound non-polar and polar organic species. Atmospheric Chemistry
and Physics 11, 8977-8993.

Paatero, P, 1997, Least squares formulation of robust non-negative factor analysis,
Chemometrics and Intelligent Laboratory Systems 37, 23-35.

Paatero, P, 1999, The multilinear engine — a table-driven, least squares program for
solving multilinear problems, including the n-way parallel factor analysis
model. Journal of Computational and Graphical Statistics 8, 854-888.

Paatero, P, Tapper, U., 1994. Positive matrix factorization: a non-negative factor
model with optimal utilization of error estimates of data values. Environmetrics
5, 111-126.

Polissar, AV., Paatero, P, Hopke, PK,, Malm, W.C,, Sisler, |.F, 1998, Atmospheric
aerosol over Alaska 2, Elemental composition and sources. Journal of Geo-
physical Research 103, 1904519057,

RGU, 2012, Common Information to European Air. Bavarian Capital City-Munich,
Department of Health and Environment {(RGU). http://citeair.recorg/city-
Munich.htm| ( last accessed 18.05.12.).

Robinson, A.L, Subramanian, R., Donahue, N.M,, Bernardo-Bricker, A., Rogge, WF,
2006. Source apportionment of molecular markers and organic aerosol. 3. Food
cooking emissions. Environmental Science and Technology 40, 7820 7827.

Rogge, WF, Hildemann, LM., Mazurek, M.A., Cass, GR., Simoneit, BR.T, 1994.
Sources of fine organic aerosol. 6. Cigaret smoke in the urban atmosphere,
Environmental Science & Technology 28, 1375-1388.

Schauer, ]J., 2003. Evaluation of elemental carbon as a marker for diesel particulate
matter, Journal of Exposure Analysis and Environmental Epidemiclogy 13,443 453,

Schauer, |J., Fraser, M.P,, Cass, G.R., Simoneit, B.R.T, 1998, Use of organic compounds
as tracers for source contributions to atmospheric fine particle concentrations:
analysis of a severe photochemical smog episode. Journal of Aerosol Science 29
(Suppl. 1), 5225-5226.

Schauer, ] J., Kleeman, M].,, Cass, G.R., Simoneit, BRT, 2001. Measurement of emis-
sions from air pollution sources. 3, C1-C29 organic compounds from fireplace
combustion of wood. Environmental Science & Technology 35, 17161728,

Schnelle-Kreis, J., Sklorz, M., Orasche, |., Stélzel, M., Peters, A, Zimmermann, R,,
2007. Semi volatile organic compounds in ambient PM2.5. Seasonal trends and
daily resolved source contributions, Environmental Science & Technology 41,
3821-3828.

Shrivastava, M.K,, Subramanian, R., Rogge, W.F, Robinson, AL, 2007. Sources of
organic aerosol: positive matrix factorization of molecular marker data and
comparison of results from different source apportionment models. Atmo-
spheric Environment 41, 93539369,

Simoneit, BR.T, 2002. Biomass buming — a review of organic tracers for smoke
from incomplete combustion, Applied Geochemistry 17, 129162,

Simoneit, BR.T, Rogge, W.E, Lang, Q., Jaffe, R., 2000. Molecular characterization of
smoke from campfire burning of pine wood (Pinus elliottii). Chemosphere:
Global Science Change 2, 107122,

Sklorz, M, Bredé, [J., Schnelle-Kreis, J., Liu, Y., Cyrys, [, de Kok, TM.,
Zimmermann, R., 2007, Concentration of oxygenated polycyclic aromatic hy-
drocarbons and oxygen free radical formation from urban particulate matter.
Journal of Toxicology and Environmental Health, Part A 70, 18661869,

Song, Y, Shao, M., Liu, Y., Lu, S., Kuster, W, Goldan, P, Xie, S., 2007. Source appor-
tionment of ambient volatile organic compounds in Beijing. Environmental
Science & Technology 41, 43484353,

Sonntag, D.B., Bailey, C.R, Fulper, CR,, Baldauf, RW,, 2012, Contribution of lubri-
cating oil to particulate matter emissions from light-duty gasoline vehicles in
Kansas city. Environmental Science & Technology 46, 41914199,

Tsapakis, M., Lagoudaki, E., Stephanou, E.G., Kavouras, L.G., Koutrakis, P., Oyola, .,
von Baer, D, 2002. The composition and sources of PM2.5 organic aerosol in
two urban areas of Chile. Atmospheric Environment 36, 3851-3863.

Tsigaridis, K, Krol, M., Dentener, FJ, Balkanski, Y., Lathiére, |, Metzger, S.,
Hauglustaine, D.A,, Kanakidou, M., 2006, Change in global aerosol composition
since preindustrial times. Atmospheric Chemistry and Physics 6, 5143-5162.

Uchimiya, M., Arai, M,, Masunaga, S., 2007. Fingerprinting localized dioxin con-
tamination: Ichihara anchorage case. Environmental Science & Technology 41,
3864-3870.

von Schneidemesser, E, Zhou, L, Stone, EA,, Schauer, JI, Shpund, ], Brenner, S.,
Qasrawi, R., Abdeen, Z, Sarnat, |.A,, 2010, Spatial variability of carbonaceous
aerosol concentrations in East and West Jerusalem. Environmental Science &
Technology 44, 1911-1917.

Zdrahal, Z,, Oliveira, |, Vermeylen, R, Claeys, M., Maenhaut, W.,, 2001. Improved
method for quantifying levoglucosan and related monosaccharide anhydrides
in atmospheric aerosols and application to samples from urban and tropical
locations. Environmental Science & Technology 36, 747753,

89



PUBLICATION 3

PUBLICATION 3

Identification of the sources of primary organic aerosols
at urban schools: a molecular marker approach

Leigh Crilley, Raeced Megeed Qadir, Godwin Ayoko,
Jiirgen Schnelle-Kreis, Giilcin Abbaszade, Jiirgen Orasche,
Ralf Zimmermann and Lidia Morawska

ENVIRONMENTAL POLLUTION
Accepted for Publication, 2014

The laboratory analysis of organic compounds was performed by Raeed Megeed Qadir and other
CMA group members. Raeed Megeed Qadir was responsible for proceeding and preparing data sets
for the positive matrix factorization (PMF) analysis and wrote the part of the paper which related to
applying PMF model, results, interpretation and the discussion of PMF results. The final evaluation
and interpretation of the results were performed in close cooperation with the co-authors.

90



PUBLICATION 3

AW N R

w 00~ G un

10

12

13

14
15
16
17
18
19
20
21
22
23

24

25
26

27
28

29

30
31
32
33
34
35

Manuscript Accepted for Publication by Environmental Pollution Journal, 2014
Elsevier, ISSN: 0269-7491

Identification of the sources of primary organic aerosols at urban schools: a molecular

marker approach

Leigh R. Crilley""l, Raeed M. Qadir"™*, Godwin A. Ayoko"‘z, Jirgen Schnelle-Kreis”, Giilcin Abbaszade”,
Jirgen Orasche”, Ralf Zimmermann™ and Lidia Morawska®.

“International Laboratory for Air Quality and Health, Institute of Health and Biomedical Innovation, Queensland University of
Technology. Brisbane, QLD, 4001, Australia.

YJoint Mass Spectrometry Centre - Comprehensive Molecular Analytics, Helmholtz Zentrum Miinchen, Ingolstidter Landstrabe 1, D-
85764 Neuherberg, Germany.

“Institute of Chemistry, University of Rostock, Dr.-Lorenz-Weg 1, D-18051 Rostock, Germany.

"Present address: School of Geography, Earth and Environmental Science, University of Birmingham, Birmingham, B15 2TT,
United Kingdom.

*Corresponding author: g.avoko @gqut.edu.au

Abstract

Children are particularly susceptible to air pollution and schools are examples of urban microenvironments that
can account for a large portion of children’s exposure to airborne particles. Thus this paper aimed to determine the
sources of primary airborne particles that children are exposed to at school by analyzing selected organic molecular
markers at 11 urban schools in Brisbane, Australia. Positive matrix factorization analysis identified four sources at the
schools: vehicle emissions, biomass burning, meat cooking and plant wax emissions accounting for 45%, 29%, 16%
and 7%, of the organic carbon respectively. Biomass burning peaked in winter due to prescribed burning of bushland
around Brisbane. Owverall, the results indicated that both local (traffic) and regional (biomass burning) sources of
primary organic aerosols influence the levels of ambient particles that children are exposed at the schools. These results

have implications for potential control strategies for mitigating exposure at schools.
Capsule abstract:

The identification of the most important sources of primary organic aerosols at urban schools has implications for

control strategies for mitigating children’s exposure at schools.

Keywords

Positive Matrix Factorization, Sources, Primary organic aerosols, Exposure, Schools

1.0 Introduction

Organic aerosols are frequently the largest component of ambient fine particles in urban atmospheres (Jimenez
et al., 2009). These aerosols are a complex mixture of around 10° and 10° compounds (Goldstein and Galbally, 2007)
from a number of primary and secondary sources, where sources that directly emit particles into the atmosphere can be

referred to as primary sources. Whereas secondary sources refer to particles formed by reactions in the atmosphere of
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gaseous species in the atmosphere, such as the photo-oxidation of volatile organic compounds (Seinfeld and Pandis,
2006). In an urban environment primary sources of particles can include vehicle emissions, biomass burning (from both
domestic and natural sources), coal combustion, cooking, plant abrasion and paved road dust (see e.g. (Qadir et al.,
2013; Schnelle-Kreis et al., 2007; Shrivastava et al., 2007)). For these primary sources there are a number of organic
markers that are known to be characteristic of a specific emission source and crucially also have a long lifetime in the
atmosphere to enable detection at monitoring stations (Cass, 1998). Examples of some of the more specific organic
markers include levoglucosan for biomass burning (Robinson et al., 2006a) and cholesterol for meat cooking (Kleeman
et al., 2008). Hopanes are present in fossil fuels, and the different hopanoid compounds are specific to the different
types of fossil fuels such as coal, petroleum and lubricating oil ((Schnelle-Kreis et al., 2005) and references therein)).
Thus these organic compounds along with others can be used as molecular markers for identifying the contributing

sources of primary organics to ambient particles.

A quantitative assessment of the contribution of emission sources is available using positive matrix
factorization (PMF), which has been successfully applied previously to organic molecular datasets (Qadir et al., 2013;
Schnelle-Kreis et al., 2007; Shrivastava et al., 2007). Assessing the contribution of primary sources is important as there
are numerous detrimental health effects associated with exposure to airborne particles (Heal et al., 2012; Riickerl et al.,
2011). In particular, children have been shown to be more susceptible to the health effects associated with exposure to
airborne particles (Riickerl et al., 2011), and several studies have linked exposure to vehicle emissions o increased risks
of developing asthma and wheezing (Gehring et al., 2010; Ryan et al., 2009). Children spend a large portion of their day
at school. Consequently schools represent a location accounting for a significant fraction of their overall daily exposure.
Schools are also unique urban environments that are influenced not only by local and regional sources but also by
school-related activities such as drop-off/pick-up traffic, which may result in increased exposure to vehicle emissions.
However, there is limited information on children’s exposure to vehicle emissions and other sources in the literature

(Mejiaet al., 2011).

Considering the aforementioned gaps in knowledge, the present study aimed to determine the primary sources
of the ambient fine particulate matter present at urban schools by quantifying the levels of selected organic molecular
markers. PMF, a receptor model (Paatero and Tapper, 1994), was applied in order to quantitatively determine the
contributions of these sources to levels of ambient particles at the schools. This enabled the driving factors to the levels
of different primary sources to be investigated and we hypothesized that vehicle emissions will be the main primary

source contributing to children’s exposure at school due to the schools’ selection criteria, outlined in the next section.
2.0 Method

2.1 Sampling sites

The 11 schools selected for this study, which will be referred to as S15 to 8§25, are in different suburbs in the
city of Brisbane, Australia. “The school locations are depicted in Figure S1, Supporting Information, while schemaltic
maps of the schools and surrounding roads can be found in Salimi et al. (2013).” This chemical sampling was a part of a
larger campaign to study the effect of ultrafine particle from traffic emissions on children’s health, known as UPTECH

(www.ilagh.qut.edu.au/Misc/UPTECH%20Home.htm). In this study 25 schools participated but only at the last 11

schools were filters collected for this analysis due to instrument availability. The sampling campaign for the current

paper was conducted from November 2011 till August 2012.
2
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The schools that were chosen were not near any other large source of air pollution, other than road traffic and were also
not close to any large infrastructure projects. A site close to the middle of the school which gave the best overall
representation was chosen to conduct the measurements and sampling at each school. Inlets for the sampling were
placed on the top of a trailer, which served to house all of the instruments at the site including an automatic weather
station (Monitor Sensors). Data from nearby weather slations was also obtained from the Bureau of Meteorology
(BOM) and Queensland Department of Science, Information Technology, Innovation and the Arts (DSITIA) as some of
the schools would have been affected by local winds due to schools buildings. Sampling inlets were approximately 3m
off the ground. Traffic counts were taken on the busiest road next to the school, referred to as the main road throughout.
In the traffic count, vehicles that were classified as light were cars, motorbikes and scooters. Trucks with 2, 3 and 4

axels were classified as medium vehicle and long articulated trucks classified as heavy vehicles.

2.2 Sampling methodology

The particle size fraction was selected using a low-volume PM.: s cyclone and the required flow rate for the
cyclone was maintained using critical orifices. The particles were collected in polycarbonalte filter holders on 47 mm,
Quartz fiber filters (Whatman) which was pre-treated at 500°C for 1 hour prior to use. The sampling period was from
08:00 until 08:00 the next day, Monday to Friday for one week Lo give a total of four samples at each school. This
sampling regime typically gave sampling volumes of 6 m. After sampling each filter was placed in a Petri dish and
covered in aluminum foil. The samples were then sealed in a ziplock bag and frozen until analysis. The flow rate for the
cyclones was checked at the beginning of each sample and always set to within +0.1 liters per minute of the desired

flow rate. Field blanks were collected at each school and all results were field-blank corrected.

2.3 Chemical analysis

The organic composition of the samples was analyzed using In-situ Derivatization Thermal Desorption (IDTD)
followed by Gas Chromatography Time-Of-Flight Mass Spectrometry (GC-TOF-MS) (Orasche et al., 2011; Schnelle-
Kreis et al.,, 2011) at the Joint Mass Spectrometry Centre, Helmholtz Zentrum Miinchen, Neuherberg, Germany. In
brief, filter punches were placed in an injection liner and spiked with internal standards (isotope labeled reference
compounds) and 10 pl derivatizing agent N-Methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA). An automated
sampling robot exchanged the complete GC liners placed in the injector which is automatically closed and opened by a
liner exchanging unit (Linex, Atas GL, Netherlands). During thermal desorption (16 min, 300 °C) MSTFA enriched
carrier gas was passed through the liner. Desorbed and derivatized molecules were focused at 70 °C on the head of a
nearly non-polar capillary column, BPXS5, 25 m, 0.22 mm ID, 0.25 pm film (SGE, Australia) which was installed in an
Agilent 6890 gas chromatograph (Agilent, USA). After the isothermal run at 70 °C, the temperature was increased to
130 °C within one minute. Then the rate was lowered to 8 °C min™ until a temperature of 330 °C was reached followed
by an isothermal time of 30 min. The detection of compounds was carried out on a Pegasus III TOFMS (LECO, USA).
The data acquisition frequency was 25 spectra per second within a mass-to-charge range of 35 to 500. The detection

limits for the targeted compounds can be found in Tables S1 and S2 (Supporting Information).
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Details of the elemental carbon (EC) and organic carbon (OC) analysis can be found in Crilley et al. (2013).
Briefly, PM- s samples were collected concurrently at the same location at each school and were analysed according to

the IMPROVE method on a thermal/optical transmittance carbon analyser (Sunset Laboratories) (Chow et al., 2001).

2.4 Data analysis

Positive Matrix Factorization (PMF) was performed in this study using the EPA PMF v3.0, developed by the
U.S EPA (US-EPA, 2008). A total of 21 organic compounds were used in the initial analysis and these included n-
alkanes from Caiy33, four hopanes, cholesterol, dehydroabietic acid and its methylester, levoglucosan, mannosan, EC
and the OC fraction. Missing values in a certain school site were replaced with the geometric mean at the same site and
the uncertainty was sel to four times the geometric mean for those values. Species with more than 50% of data below
the limit of quantification (LOQ) were excluded from the inputs. Therefore, some alkanes (Csyy, Cs;, Cag, Cag. Cs5 and
C;3), dehydroabietic acid and its methylester, and mannosan were excluded from the PMF analyses. In other few cases
the values were replaced with half of the LOQ and the uncertainties set to 5/6 of the LOQ. For the other data, the

uncertainties are set according to the following equation:
N s a2 2105
u = [(error fraction % concentration)” + (LOQ)7] (1)

where error fraction is the percentage of uncertainty, LOQ is the limit of quantification. Overall error fractions were
estimated from sampling and analytical errors. Species with low signal to noise ratio (S/R<2), were assigned as weak.
One hundred bootstrap runs were performed to assess the uncertainty of the factor loadings and profiles. Changing the
Fpeak value did not improve the source profiles or Q value and so base model results (Fpeak=0) are reported. The PMF

solutions are discussed in Section 3.3.

The other data analysis technique employed was one way ANOVA used to compare the concentrations

between the seasons and this was performed using SPSS v19.

3.0 Results and discussion

3.1 General school characteristics

The sampling was conducted over almost a full year and covered both winter and summer, as reflected in the
meteorological conditions described in Table 1. Brisbane is a subtropical city with the mean temperatures ranging from
14 to 25°C (Table 1). October till April is warmer with higher humidity and this period is referred to as summer. May
till September is cooler with typically more stable weather and it is referred to as the winter months. A range of traffic
conditions were also observed at the schools (Table 2). Some of the schools were on busy arterial roads (S19, S20)
while others were in residential areas with low traffic counts (516, S18, S21). There were also schools alongside roads
that service commercial/light industrial areas (S23, S25) and such schools recorded a higher proportion of heavy and
medium vehicles (Table 2). Based on the organic compounds detected and their relative abundance, the major

contributing sources of primary organic aerosols were determined at the schools and discussed in the next sections.
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Table 1: Average meteorological conditions of the schools studied during the sampling week.Note that temperature and relative

humidity reading were taken from the school weather station while wind speed measurements were from the closest BOM or DSTIA

stations.
S15 SI6 S17 S18 S19  S20 S21 S22 823 824  S25
Sampling Nov Nov Dec Mar Mar Apr Jun Jun Jul Aug Aug
Date 2011 2011 2012 2012 2012 2012 2012 2012 2012 2012 2012
ﬁ%?pem”re 24 25 24 22 23 20 14 14 15 15 15
Relative 65 75 71 71 79 63 58 66 60 40 68
Humidity (%)
x}“:ﬁ )Speed 41 10 09 10 33 07 08 06 07 30 35
Table 2: Mean traffic conditions from the main at the schools studied over the sampling week
S15 S16 817 S18  S19  S20 S21 S22 S23  S24 825
Traffic
(Veh hr') 858 46 757 35 1093 1121 151 469 657 160 332
%;g)ht vehicles o5 978 953 979 899 962 974 968 7I.1 97.1 920
(s}
Medium 59 16 30 21 32 25 21 25 280 24 65
vehicles (%)
Heavy 09 04 0.6 0.0 20 08 04 06 0.6 0.5 1.2

vehicles (%)

3.2 Detected organic compounds at the schools

A number of particulate organic compounds were detected at the schools as summarized in Table 3, which
demonstrates that the organic species and their concentrations varied from school to school. Of the analysed species, the
most abundant organic compound was generally levoglucosan, which was detected at all of the schools except for S16
(Table 3). Of the other anhydrous sugars targeted, mannosan and galactosan were detected only at school sampled in
summer at S21-5 and S22, S24-5, respectively (Table 3). The most abundant resin acids detected were dehydroabietic
acid (DHAA) and dehydroabietic acid methyl ester (DHAA-ME), and these compounds were observed only at the
schools sampled in summer (Table 3). Cholesterol, a known tracer molecule for meat cooking emissions, was observed
at the schools (Table 3) (Kleeman et al., 2008), indicates that cooking was a source. The most abundant hopanes were
170(H),21B(H)-30-norhopane (29ab) and 17c(H),21B(H)-hopane (30ab) at all of the schools. In addition,
170u(I1),213(H)-22S-homohopane (31abS) and 170(H),21B(I)-22R-homohopane (31abR) were detected at S18-25 in
appreciable quantities. The n-alkanes analyzed were octadecane (C;y) to hexatriacontane (Csg) and their concentrations
and distributions varied across the schools. The average values for each alkane at the schools are given in Table S2.
Throughout this paper, the n-alkanes are referred to as C,,, where n indicates the number of carbon atoms. For example,
pentacosane is referred to as C,s. All abbreviations are listed in Table S2. The range of n-alkanes detected at the schools
indicated that fossil fuel combustion was another significant source at the schools, which is investigated further in the

next section.
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172  Table 3: Average concentrations (in ng m™) of selected hopanes and polar organic compounds along with calculated values for the
173 alkanes at each school with avearge of EC and OC (in pig m™). Abbreviations of compound names are given in parenthesis.

174  Uncertainties are 1 standard deviation. <DL indicates below the detection limit.

Molecule S15 516 517 518 s19 S20 521 522 523 524 525
Tn-alkanes 6.2 5.6 5.6 31 10.2 1.14 7.9 9.3 3.7 59 6.1
CPI 2.8 1.8 1.7 0.7 0.8 0.8 1.5 1.2 0.9 1.6 1.9
Crax C25 C25 C25 C24 C26 C26 Cc27 C27 C24 Cc27 Cc27
170(H),21 B(H)-30- L0+ 0.7+ 0.8+ 0.9+ L0+ 1.0+ 0.03+ 0.2+ 0.1+ 0.1+ 0.2+
norhopane (29ab) 0.7 0.1 0.4 0.8 0.7 0.4 0.05 0.03 0.06 0.09 0.2
Tou(H),21B(H)-hopane 0.9+ 0.6+ 0.5+ 1.1+ L0+ 1.3+ 0.03+ 0.1+ 0.2+ 0.09+ 0.1+
(30ab) 0.7 0.02 0.2 1.0 0.5 0.6 0.05 0.04 0.03 0.07 0.1
To(H),21B(H)-22S- <DL <DL <DL 0.5+ 0.7+ 0.7+ 0.03+  0.07 0.1+ 006+ 0.07+
homohopane (31abS) 0.4 0.4 0.4 0.04 0.03 0.03 0.07 0.06
17a(H),21B(H)-22R- <DL <DL <DL 0.4+ 0.5 0.8+ 0,03 0062  0.092 0052 0.06x
homohopane (31abR) 04 03 0.4 0.04 0.01 0.03 0.06 0.06

1.9+ 0.6+ 0.7+ 0.6+ <DL 34+ 4.1+ 3.4+ 6.9+ 7.8+ 5.3+

Cholesterol

1.0 0.2 1.2 0.4 1.7 24 L0 31 6.3 4.4
Dehydroabietic acid 341+ 2.7+ 4.4+ <DL 4.5+ 8.8+ <DL <DL <DL <DL <DL
(DHAA) 25.8 3.8 14 2.1 4.1
Dehydroabietic acid 6.2+ 6.9+ 5.1+ 29+ 17+ 1.4+ <DL <DL <DL <DL <DL
methylester (DHAAM) 1.2 4.6 6.2 1.9 15.9 1.7

<DL <DL <DL <DL <DL <DL 0.1+ 3.7+ 0.2+ 2.7+ 4.3+
Mannosan

0.14 2.3 0.5 1.6 3.8

44.6+ <DL 192+ 295+ 12.8+ 457+ 48+ 983+ 862+ 130+ 98.7+
Levoglucosan

30.3 18.8 21.2 4.1 7.3 17.2 36.8 67.5 67.9 84.1

038+ 0.53x 040 0.28+ 048 084 020+ Ll4x 0.672 039 0.73z
0.11 0.04 0.37 0.24 0.06 0.40 0.10 0.33 0.29 0.12 0.13
303+ 2.4 2,072 1.89+ 243+ 218+ 0.62+ 225+ 181z 3.01x 3.51%
0.56 0.52 0.71 0.60 042 0.86 0.60 L10 0.66 0.71 0.19

Elemental Carbon (EC)

Organic Carbon (OC)

175

176 3.3 Sources of primary PM, s based on the detected organic compounds
177

178  3.3.1 n-alkane concentrations and distribution

179

180 The concentration of the targeted n-alkanes is presented in Figure 1, averaged for schools sampled during
181 summer and winter. Vehicles emit alkanes in the range of Cj9.3 (Rogge et al., 1993a). The majority of the detected
182  alkanes were observed in this range, suggesting that this was the main source of alkanes at the schools. Another
183 possible source which has an overlapping alkane distributions are plant waxes, which are associated with alkanes

184  greater than C,; (Cass, 1998). From Table S2 and Figure 1 alkanes within this range were also detected, indicating that
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this was another potential source at all schools. From Figure 1, the schools sampled in summer had a higher abundance
of alkanes and a higher association with vehicle emissions than plant wax emissions. This was probably because the
schools sampled in summer recorded higher traffic flows (e.g. S15, S19 and S20). At the schools sampled in winter
there was a higher abundance of plant wax alkanes (C.,7) compared to the schools sampled in summer (Figure 1). Plant
waxes alkanes can come from either abrasion of vegetation detritus and incomplete biomass burning (Cass, 1998;
Pietrogrande et al., 2011; Simoneit, 2002). In Brisbane, most trees are evergreen and winter is the driest time of year,
increasing the likelihood of emissions from leaf abrasion. In addition, the practice of prescribed burning of bush land,
described in more detail in Section 3.3.3, would also explain the higher abundance of alkanes from plant wax during

winter.

2.5

EE Summer
/3 Winter

2.0

1.5

1.0

Concentration (ng m_S)

0.5

0.0

5 E 8838888888 EEEE

Figure 1: Average summer (n = 23) and winter (n = 20) concentrations of the measured n-alkanes. Variability shown is one standard

deviation of the average.

Further differentiation between vehicle emissions and biogenic sources is possible by determining the C,,.
which refers to the most abundant alkane at each school, from the data in Table 3. At the schools sampled in summer
the C,,,, was similar to that expected for gasoline vehicles (Ca;.5) whereas at schools sampled in the winter the C,,,, was
within the range for plant waxes (C.y7) (Cass, 1998; Rogge et al., 1993a; Schnelle-Kreis et al., 2011). The exception
was S23, which had a C,,,, of 24 and this indicates that vehicle emissions were the likely major contributing source of
n-alkanes. Carbon preference index (CPI) values, which defined as the ratio of the sum concentration of odd- to even-
carbon numbered n-alkanes, has been widely used to distinguish between sources of n-alkanes (Brown et al., 2002).
Vehicle emissions are expected to have a ratio around 1 whereas plant waxes are expected to have a ratio >2 (Schnelle-
Kreis et al., 2007). In Table 3, the schools with a CPI around | were S18, S19, S20, S22 and S23, which were generally
the schools beside comparatively higher trafficked roads. However, the CPI of S15-17 would suggest an influence from
plant waxes in addition to that from vehicle emissions. Thus, from the n-alkanes it was difficult to distinguish between

the contributions of sources, though it is clear that the two main sources were likely to be vehicle emissions and plant
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waxes. Further investigations of the influence of vehicle emissions were possible by analyzing the concentrations and

distributions of the hopanes.

3.3.2 Hopane concentrations and distribution

Generally, the same hopanes distribution was found at all of the schools and the average concentration for each
hopane is presented in Figure 2. The homohopane isomerization index (HHI, defined as 31abS/31abS+31abR) is about
0.1-0.4 for coal burning and 0.6 for mineral oil emission sources, such as vehicles (Oros and Simoneit, 2000; Schnelle-
Kreis et al., 2011). For the schools where these homohopanes were detected, the HHI ranged from 0.5 - (.6, indicating
vehicle emissions were the source. This was expected as very little coal and oil burning for domestic heating occurs in
Brisbane and this may explain why the other targeted hopanes were below the detection limit of majority samples (See
Figure 2). The hopane concentrations were observed to be higher at the schools sampled in summer (S15-20, See Table
2 for selected hopanes) and is the reverse of what was previously observed in Europe (Schnelle-Kreis et al., 2005). This
was likely due to the lower emissions of hopanes from coal burning as well as the observed increased contribution from
vehicle emissions at the schools sampled in summer. Therefore, based on the hopanes detected the main source of fossil

fuel combustion at the schools was vehicle emissions.

0.8

0.6

0.4 1

Concentration (ng m™)

0.2 1

S I sy

0.0 T T T T T T
Ts Tm 27b 29ab 2%a 30ab 30ba 31abS 31abR 32absS 32abR

Figure 2: Average concentration of analyzed hopanes across all schools. Variability shown is one standard deviation of the average.
Note the following abbreviations used not described in the text: Ts (18a(H)-22,29,30-trisnornechopane), Tm (17o(H)-22.29.30-
trisnorhopane), 27b (17p(H)-22,29,30-trisnorhopane), 30ba (17p(H),21c(H)-hopane), 32abS (17a(H),21B(H)-225-bishomohopane)
and 32abR (17a(H).21p(H)-22R-bishomohopane).

3.3.3 Biomass burning tracers

A number of biomass burning tracer compounds were detected in this study, and include the anhydrous sugar,
levoglucosan, galactosan, mannosan (Qadir et al., 2013; Robinson et al., 2006a; Simoneit, 2002) and the resin acid
DHAA and DHAA-ME (Rogge et al., 1998). DHAA is also a constituent of vehicle tyres, indicating another possible
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source at the schools (Rogge et al., 1993b) (Sheya, 2002). As levoglucosan was generally the most abundant compound
detected at most of the schools (Table 3), it indicates that biomass burning was a significant source. Schools sampled in
the summer generally had a lower concentration than the schools sampled in winter, with the averages of 27.6+22 .4 and
94.6+60.3 ng m* for summer and winter, respectively. By comparison, using the same analytical technique, the mean
levoglucosan concentrations were higher in Augsburg, Germany compared (o the current study at 112+84 and 337+174
ng m™ for summer and winter, respectively (Pietrogrande et al., 2011). The lower concentrations in the current study are

likely to be due to the warmer climate in Brisbane and the resulting low levels of domestic wood burning for heating.

Distinct seasonal trends were observed between the schools sampled in summer and winter in the
concentrations and distributions of the biomass burning tracers. Schools sampled in winter recorded higher
concentrations of levoglucosan and mannosan, compared to schools sampled in summer, whereas the schools sampled
in summer had higher concentrations of DHAA (Table 3). All of these seasonal differences were statistically significant
(p<0.05). The higher concentrations of the biomass burning tracers, levoglucosan and mannosan in winter is expected in
Brisbane due to the influence of prescribed burning of bushland surrounding the city during the winter to reduce the risk
of summer bush fires. Prescribed burning typically occurs during July-August, which was when the highest
concentration of levoglucosan and mannosan were observed (Table 3). The levoglucosan detected at the schools
sampled in the summer are likely to be from a different wood burning source as unlike at the schools sampled in winter
(Table 3), these schools recorded concentrations of DHAA above the detection limit. DHAA is emitted only from
softwood combustion (specifically pine) unlike levoglucosan which is emitted by combustion of all forms cellulose
containing materials (Pietrogrande et al., 2011; Robinson et al., 2006a; Rogge et al., 1998). This suggests that in the
summer there is a different source of biomass burning, possibly related to domestic wood burning such as from
barbeques. In the previous section, higher contributions from vehicle emission at schools sampled in summer were
observed and another possible source of DHAA is vehicle tyres wear. Thus, traffic emissions may have been a

contributing source to the observed levels of DHA A at the schools along with domestic wood burning barbeques.

3.4 Source apportionment using PMF

To apportion the contributions of the different sources of primary organic aerosols identified at each school to
the OC fraction, PMF was applied to the datasel. Solutions with 3-5 factors were investigaled and the three factor
solution was rejected as it could not separate out the cooking and biomass burning factors. The five factor solution was
not used due to splitting of the vehicle emissions source factor into unrealistic factors. Therefore the four factor solution
was found to best represent the data as it gave realistic source profiles related to distinct primary sources. Source
profiles are given in Figure 3 and were assigned to biomass burning, cooking, vehicle and plant wax emissions based
upon the high concentrations of known tracer molecules for these sources. The contributions of each identified source
factors to the OC at all schools are given in Figure 4 and the factors will be discussed in order of their contribution to

the OC rather than factor number.
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Figure 3: Source factor profiles from the positive matrix factorization (PMF) analysis using EPA-PMF3.0 model. Bars represent

mass concentration while the squares indicate the percentage contribution.

The major source, vehicle emissions (See Figure 4), was characterized by the Caos alkanes and the hopanes
29ab, 30ab, 31abS and 31abR. Cs; and Csy5 alkanes have previously been shown to be associated with diesel and
gasoline vehicle emissions (Rogge et al., 1993a). This together with the fact that the hopanes determined in Section

3.2.2 were deemed to be from fossil fuel combustion, points to vehicle emissions as the source. The HHI for this factor
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was .85 and in the range expected for vehicle emissions, further indicating vehicle emissions as a source. This factor
contributed to 45% of the OC at the schools and was therefore the main source in our study. The factor was only
somewhat correlated with the traffic counts beside the schools (1 of 0.3), probably due to the multiple variables that
contribute to the observed levels of vehicle emissions at the schools (Crilley et al., 2013). However, it was observed that
with the exception of SI18 (Table 2), the schools with the highest contributions from vehicle emissions (S15, S17, S19
and S20, Figure 4) recorded high traffic counts. Unlike the other schools, which were in suburban areas, S18 is in an

inner-city location and this may explain the high levels for this factor

100% A

90% 1 B Biomass
7 80% A Burning
]
E

T0% A .
g con @ Cooking
=]

50% 4
£ B Vehicle
L‘J" 40% A Emissions
o
Eﬂ 30% 1 ® Plant Wax
‘O-‘ 20% A
2 10%

0% -

S15  S16 S17 S18 S19 S20 8§21 S22 823  S24 825

Figure 4: Percentage of contributions of the PMF source factors to organic carbon (OC) mass at the 11 different schools

The first factor was assigned to biomass burning as it was characterized by high contributions of levoglucosan,
the molecular marker for biomass burning (Qadir et al., 2013; Robinson et al., 2006a; Simoneit, 2002). The OC/EC
ratio for this factor was 2.8, which is lower than the ratio of OC/EC from previous study held in Australia (Keywood et
al., 2011). However, this could be explained by higher contribution of EC, which is a marker for vehicle emissions
(Sonntag et al., 2012), to the PMF profile. The biomass burning factor was the second largest source overall during the
study, accounting for 29% of the OC (Figure 4). From Figure 4, the highest contributions were as expected, found
during the winter (S22, 524 and S25) primarily due to the practice of prescribed burning of bushland surrounding

Brisbane.

The next source, which accounted for 16% of the OC was characterized by cholesterol. As cholesterol is a
known tracer for meat cooking (Kleeman et al., 2008), this source was assigned to meat cooking emissions. Cooking
emissions are increasingly being identified as a significant urban source (Mohr et al., 2012; Robinson et al., 2006b) and
the observed high contributions may be indicative of localized emissions from school canteens. This is illustrated at S24
where the high concentrations (Figure 4) were likely due to a school barbeque event that occurred on one of the

sampling days. In addition, S23 had high concentration of meat cooking emissions because it is located near a large

11
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number of restaurants. This probably suggests that apart from the school canteen, there was an additional source at the

school.

High contributions of the alkanes Css, Ca7 and Cay — Cs; characterized the last factor, which was assigned to
plant waxes. Plant waxes particles can enter the atmosphere from either leaf abrasion (Rogge et al., 1993c) or
incomplete biomass burning (Simoneit, 2002). Both of these source pathways were likely as the highest contributions
were observed at schools (820, S21 and S22) sampled during the driest time of the year and schools that recorded
strong biomass burning influences (Figure 4). This factor accounted for 7% of the OC and was the smallest contributing

source of primary aerosols at the schools.

As the schools selected for this study were not close to any other large source of air pollution other than road
traffic, the main source of primary organic aerosol was hypothesized to be vehicle emissions. This hypothesis was
confirmed based upon the PMF analysis on selected tracer organic molecules (Figure 4). The lower contribution from
biomass burning source to OC mass at S16-S21 (Figure 4) was due, in part, to the sampling at these schools occurring
when the contributions of biomass burning from prescribed burning were at a minimum. Generally, year-round vehicle
emissions were found to have a largest overall contribution to the OC mass at the schools. Previous work on PM, 5 in
urban environments using an organic molecular marker approach also found that vehicle emissions rather than wood
combustion were the largest primary source of PM, s (Green et al., 2013; Wang et al., 2012). Unlike in the current work
where prescribed fires in surrounding bushland were the source of biomass burning, the wood combustion was

attributed primarily to residential heating in those studies (Green et al., 2013; Wang et al., 2012).

4.0 Conclusions

Selected organic molecular markers were quantified in order to apportion the contributing sources of primary
organic aerosols to children’s exposure of PM, 5 at urban schools, with vehicle emissions hypothesized to be the largest
contributing source. Using PMF, four source factors were identified and assigned to vehicle emissions, biomass
burning, meat cooking and plant wax emissions. Vehicle emissions, which were characterized by Ca;.05 alkanes and the
observed hopanes accounted for 45% of the overall OC, with schools having the highest traffic counts recording higher
contributions. Biomass burning recorded high contribution to the OC (29%) and a seasonal trend that peaked in winter
due to prescribed burning in bush land around Brisbane was also observed. For the same reasons, plant wax alkanes
demonstrated a similar seasonal trend, though this source only accounted for a small fraction (7%) of the OC. Cooking
emissions accounted for 16% of the OC, with a school nearby a restaurant precinct recording high contributions.
Therefore, based upon the targeted organic molecular markers, vehicle emissions were the major source of organic
aerosols at the schools studied, confirming the hypothesis. The second largest contribution was from a more regional
source, in this case biomass burning as a result of controlled burning of bushland surrounding Brisbane to reduce the

risk of summer bushfires.

Controlled burning of bushland is common practice near urban areas in Australia as well as in other countries
that are affected by wild bush or forest fires such as the U.S.A and Mediterranean countries. Thus the significant
influence of biomass burning from both controlled and wild fires that was observed in the results from this study is

potentially applicable to other urban areas in Australia and other countries. Another notable aspect of the results was the
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large contribution from meat cooking emissions, possibly due to activities at the schools. This result warrants further
investigations to determine the full impact of meat cooking emissions at schools. Finally, although vehicle emissions
were 1dentified as a major source in this study, it is not necessarily the only major source of pollution in urban areas, as
only a subset of organic compounds were analyzed in this work. Overall, the results from this study point to the
influence of both local (traffic) and regional (biomass burning) sources of primary organic aerosols on the levels of
ambient particles that children are exposed at schools. This has implications for potential control measures for

mitigating exposure at schools.
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Table S1: Detection limits for the analysed hopane and polar compounds.

Compound Detection Limit (ng/m°)
18a(H)-22,29,30-trisnorneohopane (Ts) 0.05
17a(H)-22,29,30-trisnorhopane (Tm) 0.05
17B(H)-22,29,30-trisnorhopane (27b) 0.05
17a(H),213(H)-30-norhopane (29ab) 0.05
17p(H),210(H)-30-norhopane (29ab) 0.05
17a(H),213(H)-hopane (30ab) 0.05
17B(H),21a(H)-hopane (30ba) 0.05
17a(H),21B(H)-22S-homohopane (31abS) 0.05
17a(H),21B(H)-22R-homohopane (31abR) 0.05
170(H),21B(H)-22S-bishomohopane 0.05
170(H),213(H)-22R-bishomohopane 0.05
Cholesterol 0.05
Dehydroabietic acid (DHAA) 0.10
Dehydroabietic acid methylester (DHAAM) 0.02
Mannosan 0.10
Levoglucosan 0.10

Figure S1: Map of Brisbane city indicating the locations of sites and potential sources. Green shaded
areas represent bushland, blue shaded areas the ocean/lakes and major roads are shown. CBD indicates
the central business district.
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Table S2: Detection Limits (DL) and average concentrations of the n-alkanes at the schools.
Abbreviations of compound names are given in parenthesis. Uncertainties are 1 standard deviation.
<DL indicates below the detection limit.

Compound n{g)/%k SI5 S16 SI17 SI8 S19 S20 S21 S22 S23  S24  S25
Octadecane 0.05 <DL <DL <DL <DL <DL <DL 0.2+ 03+ 0.03 <DL 0.02
(Cis) 03 0.5 + +

0.05 0.04
Nonadecane 0.05 <DL <DL <DL <DL <DL <DL 003 03+ 0.06 0.07 03+
(Cyo) + 0.1 + + 03
0.1 0.1 0.06
Eicosane 0.05 <DL <DL <DL <DL <DL <DL 0.2+ 04+ 0.1+ 02+ 03+
(Cy) 0.2 0.2 0.03 0.01 0.2
Heneicosane 0.05 <DL <DL <DL <DL 0.6+ <DL 02+ 05+ 02+ 02+ 04+
(Cy) 1.3 0.2 0.3 002 0.09 0.2
Docosane 0.05 0.6 05+ 07+ 07 1.1+ 03+ 03+ 0.5+ 04+ 05+ 0.5+
(Cp) 0.43 0.02 0.3 0.09 0.6 0.5 0.2 0.08 0.09 0.08 03
Tricosane 0.05 1.7+ 0.6+ 04+ 03+ 1.1+ 0.1+ 05+ 05+ 03+ 0.5+ 0.6+
(Cy) 0.3 0.3 0.02 0.1 0.5 0.2 04 0.1 0.09 0.1 03
Tetracosane 0.05 1.0 10+ 08t 0.7 16+ 04+ 0.7+ 08+ 0.7+ 1.0+ 0.8+
(Ci) 0.7 0.5 0.2 0.2 0.6 0.7 0.8 0.4 0.5 0.7 0.5
Pentacosane 0.05 1.9+ 14+ 1.1+ 04+ 1.7 0.1+ 0.7 1.0 03+ 0.5 0.6+
(Cys) 0.1 1.0 0.3 0.1 0.8 0.2 0.9 0.1 0.1 0.2 0.6
Hexacosane 0.05 <DL <DL 02+ 04+ 2.0+ <DL 05+ 1.0+ 02+ <DL <DL
(Cy) 0.4 0.5 0.8 0.8 1.9 04
Heptacosane 0.05 0.6+ 0.5+ 05+ 03+ 08+ 0.1+ 1.7+ 1.5& 05+ 1.0+ 1.1+
(Cy) 0.1 0.2 0.1 0.08 0.5 0.2 2.4 0.3 04 0.7 1.1
Octacosane 0.05 <DL <DL <DL <DL 0.8+ <DL 04+ 0.8+ 02+ <DL <DL
(Cys) 0.7 0.7 1.0 0.4
Nonacosane 0.05 03+ 05+ 0.7 03+ 04+ 02+ 09+ 08+ 03+ 0.8t 0.6+
(Cy) 0.5 0.2 0.5 0.1 0.3 0.5 1.1 0.3 0.2 0.6 04
Triacontane 0.05 <DL 02+ 03+ <DL 0.1+ <DL 0.6+ 04+ 02+ 04+ 0.3+
(Cs) 0.05 0.1 0.2 0.9 0.2 0.07 03 03
Hentriaconta 0.05 <DL 04+ 06+ <DL 0.1+ <DL 0.7+ 04+ 02+ 04+ 0.3=%
ne (Cs) 0.3 0.5 0.3 1.1 0.1 0.07 0.2 0.2
Dotriacontane  0.05 <DL 03+ 0.1+ <DL <DL <DL 0.3+ 02+ 0.1+ 02+ 0.2+
(Cs) 0.1 0.1 0.5 0.1 0.02 0.09 0.1
Tritriacontan 0.05 <DL 02+ 02+ <DL <DL <DL 0.06 0.1+ 0.05 02+ 0.1+
e (Cs3) 0.3 0.4 + 0.02 + 0.1 0.03
0.1 0.06
Tetratriacont 0.05 <DL 0.1+ <DL <DL <DL <DL 0.04 0.03 0.04 005 0.02
ane (Csy) 0.1 + + + + +

0.05 0.02 0.05 0.05 0.03
Pentatriacont 0.05 <DL <DL <DL <DL <DL <DL <DL 0.02 0.01 003 <DL
ane (C;s) + + +
0.02 0.03 0.06
Hexatriaconta 0.05 <DL <DL <DL <DL <DL <DL <DL 0.03 <DL <DL <DL
ne (Cse) +
0.06
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