
Chemical and mineralogical properties
of atmospheric particulate matter

in the megacity Beijing

Zur Erlangung des akademischen Grades eines

DOKTORS DER NATURWISSENSCHAFTEN

von der Fakultät für

Bauingenieur-, Geo- und Umweltwissenschaften

des Karlsruher Instituts für Technologie (KIT)

vorgelegte

DISSERTATION

von

Dipl.-Geol. Nina Jasmin Schleicher

aus Ludwigsburg

Tag der mündlichen Prüfung:
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Abstract

Worldwide, the urban population is growing fast and so is the number of megacities. By

now, more people are living in urban than in rural areas. Air quality is one of the major

problems affecting the inhabitants of cities and megacities. Beijing, the capital of China,

is one of the most polluted cities in the world. Currently, air pollution due to particulate

matter in Beijing often exceeds by far the pollution in Western European or Northern

American cities as well as national and international threshold values.

The scope of this work is to develop a comprehensive understanding of the anthro-

pogenic and geogenic aerosol pollution in Beijing. Dust storms seasonally occur in Beijing

and may lead to a mixture of geogenic particles and aerosols released from numerous an-

thropogenic sources. The focus of this study lies on the interaction of anthropogenic

and geogenic aerosol particles, their spatio-temporal variation, the identification of pol-

lution sources as well as their impact on human health and the environment. For these

purposes, spatio-temporal pattern of atmospheric particles have been investigated for a

continuous sampling period of two years (September 2005 to August 2007). During this

time, fine particulate matter, so-called PM2.5, has been sampled weekly along a transect

of six sampling sites through Beijing. This approach permits to trace changes of aerosol

geochemistry in relation to changing land-use types and specific emission sources. Total

suspended particulates (TSP) and coarse single atmospheric particles are also investigated

within this study.

It is shown that air quality in the areas north-west of Beijing is highest and that

the aerosol concentrations increase towards the south-eastern areas. Such a distribution

suggests that anthropogenic emission sources in the southern areas significantly contribute

to the pollution of the whole city. NOAA Hysplit models point to an additional impact

of supra-regional pollution sources, which affect the air quality in Beijing.

Furthermore, day- and night-time aerosol concentrations are distinguished in this

study. Corresponding results show that air pollution does not decrease during night time

in Beijing in contrast to many European cities. Many emission sources operate day and

night, such as coal combustion or domestic heating. Moreover, heavy traffic is allowed
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to enter Beijing only during night to prevent traffic congestion at daytime. However, an

important impact on the night-time concentration of aerosols in Beijing can be attributed

to the lowering of the atmospheric mixing layer, which increases the aerosol concentration

due to a decrease of urban air body.

Annual courses show the high impact of dust storms on TSP concentrations but also

in the fraction PM2.5. Furthermore, especially during wintertime, heating processes and

stagnant meteorological conditions lead to extremely high air pollution events. These

events are comparable to dust storms with respect to mass concentration. They have,

however, higher concentrations of inorganic pollutants such as Cd, As, or Pb. The lowest

aerosol concentration occurs during summer, mainly due to favourable meteorological

conditions, such as precipitation.

Not only the fine particle concentration of PM2.5 is high, Beijing also suffers from a

high concentration of coarse particles. Images made by Scanning Electron Microscopy and

element mappings of single particles by synchrotron radiation based X-ray fluorescence

analysis show that coarse particles act as scavengers for fine particles. Air pollution

control measures normally start with reducing the coarse particle concentration. In this

context, an open question still is how the fine particle mass concentration will respond

when the coarse particle concentration is lowered.

Metal concentrations in aerosols are expressed in mass fractions (µg/g) in addition to

the commonly used quantity mass per volume (µg/m3), distinguishing the geochemical

approach applied in this work from most other aerosol studies. Applying the unit µg/g,

it is demonstrated that the atmospheric particles in Beijing are extremely high polluted

by elements, such as Zn, As, Cd, or Pb. The technique of sequential extractions is used

to determine the bioavailable fraction of atmospheric particles, an important parameter

in assessing negative health impacts. This approach shows that more than 50% of toxic

metals in aerosols are mobile or even highly mobile, e.g. potentially bioavailable in human

lungs.

Mitigation measures, such as closing industries and reducing traffic, had an eminent

impact on the aerosol pollution in Beijing during the Olympic Summer Games in 2008.

Measurements of particle mass concentrations during this abatement period reveal that

the coarse particle fraction in the ambient air has been reduced more effectively than that

of fine particles. This might be due to the fact, that the long-range transport plays a

more important role for the fine particle size fraction. The residence time of finer particles

in the atmosphere is longer and, thus, sources out-side the abatement region around Bei-
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jing contribute relatively more. Black carbon, an indicator for anorganic pollution from

anthropogenic combustion sources, has been strongly reduced during Olympic Games.

Simultaneously determining mass, element, black carbon and water-soluble ion con-

centrations from long-term measurements, in combination with the investigation of in-

dividual dust particles, as it has been done here, resulted in a truly unique and com-

plete study. Furthermore, the investigation of bioavailable metal concentrations has con-

tributed to the understanding of the most health-relevant atmospheric particles and their

major sources. Consequently, this study gives new insights into the complex air pollu-

tion situation in a densely populated urban area. This knowledge helps to plan future

mitigation measures more effectively and provides highly important data for further air

quality and health assessment studies worldwide.
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Zusammenfassung

Weltweit leben inzwischen mehr Menschen in Städten als in ländlichen Gebieten. Die

städtische Bevölkerung und auch die Anzahl von Megastädten wachsen stetig. Luftver-

schmutzung stellt eines der zentralen Probleme für die Menschen in städtischen Gebie-

ten und insbesondere auch für Megastädte dar. Peking, die Hauptstadt Chinas, gehört

weltweit zu den Städten mit der schlechtesten Luftqualität. Gegenwärtig überschreitet

die partikuläre Luftverschmutzung in Peking regelmäßig diejenige von westeuropäischen

oder nordamerikanischen Städten sowie nationale und internationale Grenzwerte.

Das Ziel dieser Studie ist es, ein umfassendes Verständnis der anthropogenen aber

auch der geogenen Luftverschmutzung in Peking zu entwickeln. Die Partikelbelastung

in Peking ist stark von saisonalen Staubstürmen beeinflusst so dass sich diese geogenen

Partikel mit solchen der zahlreichen anthropogenen Quellen mischen. Besonders die In-

teraktion von geogenen und anthropogenen Partikeln, der räumlichen und saisonalen

Variabilität dieser Partikel, sowie die Identifikation der Quellen und die Auswirkun-

gen auf Gesundheit und Umwelt sind von Interesse in dieser Studie. Daher wurde die

räumliche und saisonale Struktur der atmosphärischen Partikelbelastung während eines

kontinuierlichen Probennahmezeitraumes von zwei Jahren untersucht (September 2005

bis August 2007). Während dieser Zeit wurde Feinstaub (PM2.5) entlang eines Transek-

tes von sechs Probennahmenstandorten in einem wöchentlichen Rhythmus gesammelt,

um die Veränderungen in der geochemischen Zusammensetzung in Abhängigkeit von

wechselnden Landnutzungsstrukturen und der typischen Emissionsquellen zu ermitteln.

Darüberhinaus wurden in dieser Studie auch Gesamtstaub (TSP) und Grobstaub in Form

von Einzelpartikeln untersucht.

Es wurde gezeigt, dass die Luftqualität in den Gebieten nordwestlich von Peking am

höchsten war und dass die Aerosolkonzentrationen in Richtung südwestlicher Stadtgebiete

zunimmt. Diese Verteilung verdeutlicht die Wichtigkeit der Emissionsquellen in den

südlichen Gebieten für die Luftverschmutzung der gesammten Stadt. NOAA Hysplit

Modelle weisen auf einen zusätzlichen Einfluss von überregionalen Verschmutzungsquellen

hin, welche auf die Luftqualität in Peking einwirken.
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Darüberhinaus wurde in dieser Studie zwischen Tages- und Nachtkonzentrationen

unterschieden. Die Ergebnisse zeigen, dass in Peking nachts mit keiner temporären Ver-

ringerung der Luftverschmutzung gerechnet werden kann. Viele Emissionsquellen, wie

Kohleverbrennung, sind auch über Nacht aktiv. Darüberhinaus ist Schwerlastverkehr

in der Innenstadt nur während der Nacht erlaubt um tagsüber Staus zu vermeiden.

Einen wichtigen Einfluss auf die nächtlichen Aerosolkonzentrationen in Peking kann

der niedrigeren Mischungsschicht zugeschrieben werden, welche die Aerosole im urbanen

Luftkörper anreichern.

Jahreszeitliche Verläufe zeigen den großen Einfluss von Staubstürmen auf Gesamt-

staubkonzentrationen, aber auch auf die Feinstaubfraktion (PM2.5). Darüberhinaus füh-

ren, vor allem im Winter, Heizen und stagnierende meteorologische Bedingungen zu

Phasen mit extremer Luftverschmutzung. Diese sind bezüglich der Massenkonzentration

vergleichbar mit den Staubsturmperioden, weisen aber höhere Konzentrationen von anor-

ganischen Schadstoffen, wie Cd, As, oder Pb, auf. Im Sommer sind die Aerosolkonzentra-

tionen am Niedrigsten, hauptsächlich wegen der günstigen meteorologischen Bedingun-

gen, z.B. häufige und intensive Niederschläge.

Nicht nur feine Partikel (PM2.5) treten in Peking mit extrem hohen Konzentrationen

auf, sondern auch die groben Partikel. Aufnahmen mit dem Rasterelektronenmikroskop

sowie die Analyse von Elementverteilungen in Einzelpartikeln mittels µS-XRF zeigen,

dass grobe Partikel als “Scavenger” für feinere Partikel dienen. Luftreinhaltungsmaß-

nahmen beginnen normalerweise mit der Reduktion der Grobstaubkonzentrationen. In

diesem Zusammenhang bleibt die Frage offen, wie sich die Konzentration der feinen Par-

tikel durch die Abnahme der groben Partikel verändern wird.

Im Rahmen des geochemischen Ansatzes, der in dieser Arbeit verfolgt wurde, sind

die Metallkonzentrationen der Aerosole nicht nur in µg/m3 angegeben worden, wie es in

Aerosolstudien üblich ist, sondern auch in µg/g. Die Angabe der Einheit µg/g verdeut-

licht, dass die Luftstaubpartikel in Peking sehr hoch an Elementen wie Zn, As, Cd,

oder Pb angreichert sind, was negative Gesundheitsauswirkungen nach sich ziehen kann.

In diesem Zusammenhang wurde auch die bioverfügbare Fraktion von Schwermetallen

der atmosphärischen Partikel mittels sequentieller Extraktionen untersucht. Mit diesem

Ansatz wurde gezeigt, dass mehr als 50% der toxischen Metalle in den Aerosolen mobil

oder sogar sehr mobile und somit bioverfügbar in der menschlichen Lunge sind.

Luftreinhaltungsmaßnahmen, wie die Schließung von Industrieanlagen und Vermin-

derung des Verkehrsaufkommens, hatten einen bedeutenden Einfluss auf die Luftver-

schmutzung in Peking während der Olympischen Sommerspiele 2008. Die Masse der
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Grobstaubfraktion in der Atmosphäre Pekings wurde stärker reduziert als der Anteil der

feinen Partikel. Dies könnte darin begründet liegen, dass die implementierten Maßnah-

men nur auf den Großraum Peking beschränkt waren. Durch Ferntransport aus Re-

gionen ohne Reduktionsmaßnahmen werden aufgrund ihrer längeren Verweilzeit in der

Atmosphäre vor allem feine Partikel nach Peking transportiert. Auch Ruß (BC), ein typi-

scher Indikator für anorganische Verschmutzung von anthropogenen Verbrennunsquellen,

wurde während der Olympischen Spiele stark reduziert.

Der kombinierte Ansatz, gleichzeitig die Massen-, Element-, Ruß-, und wasserlösliche

Ionenkonzentrationen zu bestimmen, sowie Einzelpartikel zu untersuchen und vor allem

die lange kontinuierliche Messreihe ist einzigartig. Darüberhinaus trägt die Untersuchung

der bio-verfügbaren Metallkonzentrationen zum Verständnis der gesundheitsrelevantesten

atmosphärischen Partikel und ihrer wichtigsten Quellen bei. Infolgedessen hilft diese

Studie dabei, neue Erkenntnisse bezüglich der komplexen Luftverschmutzungssituation in

einem dicht besiedelten urbanen Raum zu erhalten. Dieses Wissen hilft dabei, zukünftige

Reinhaltemaßnahmen effizienter planen zu können und liefert eine wichtige Datengrund-

lage für weitere Luftqualitäts- und Gesundheitsstudien weltweit.



Chapter 1

Airborne particulate matter

1.1 Basic principles and definitions

Airborne particulate matter (APM) comprises, in contrast to gaseous aerosols, particulate

aerosols of different size and composition. Total suspended particulate matter (TSP) and

PMX (particulate matter with an aerodynamic diameter smaller than X µm) are common

terms to describe the aerosol mass concentration (Seinfeld & Pandis, 2006). Within this

study, TSP, PM10, PM2.5, and PM1 samples from Beijing were investigated. Unless

otherwise noted, the particle diameter refers to the aerodynamic diameter. For samples

collected passively with the Sigma-2 sampler (see chapter 3.2.5) also the geometrical

diameter is used as reference value and referred to as dg. Passively collected APM from

2.5 to 80 µm dg (APM2.5−80) was additionally investigated within this study.

The classification according to the particle sizes is not always used uniformly in

literature. Within this work the terms are used with the following definitions:

Ultra-fine particles (UFP): UFP ≤ 0.1 µm

Fine particles (FP): 0.1 < FP ≤ 2.5 µm

Coarse particles (CP): 2.5 < CP ≤ 100 µm

Ultra-large particles (ULP): ULP > 100 µm

The particle size is an important parameter, because it gives information about the

formation processes, determines the life-time of the particles in the atmosphere, and

provides an indication where in the human respiratory tract the particles are preferentially

deposited and, thus, gives a first hint about their potential health effects.

As a result of particle emission, in situ formation, and the variety of subsequent

processes, the atmospheric aerosol distribution is characterized by a number of modes.

The volume or mass distribution (see solid line in Figure 1.1) is usually dominated by



2 CHAPTER 1. AIRBORNE PARTICULATE MATTER

two modes: the accumulation (from ∼ 0.1 to 2.5 µm) and the coarse mode (from ∼

2.5 to 50 µm). The nucleation mode (few nanometres to 100 nm) is only of importance

when the number distribution (see dashed line in Figure 1.1) is considered. Within this

study, the ultra-fine particles were not investigated.

Additionally to the characteristic number and mass distribution functions, also the

areas in the human respiratory system where inhaled particles are preferentially deposited

are shown in Figure 1.1 according to Gieré & Querol (2010). The smaller the particle size,

the deeper the particles can penetrate into the human respiratory system (Figure 1.1)

and the more threatening they might be for human health. However, beside the particles

size, also other factors, which will be discussed in section 1.3.1, govern the negative

health-effects of APM.

Ultra-fine particles are removed through growth by coagulation, fine particles by wet

deposition and coarse particles by sedimentation processes (e.g. Seinfeld & Pandis,

2006; Gieré & Querol, 2010). These main removal processes are shown in Figure 1.1. The

residence time of APM in the atmosphere can range from minutes to days for coarse

particles and from days to weeks for fine particles (Seinfeld & Pandis, 2006). The travel

distance also varies strongly, with less than tens of km for coarse and up to hundreds or

thousands of km for fine particles (Seinfeld & Pandis, 2006).

Accumulation-mode particles are the result of (i) primary emissions, i.e. the particles

are emitted directly to the atmosphere, (ii) condensation of secondary sulfates, nitrates,

and organics from the gas phase, which are formed within the atmosphere through gas-

to-particle conversion, or (iii) coagulation of smaller particles (Seinfeld & Pandis, 2006).

Particles in the coarse mode are usually produced by mechanical processes such as wind

(e.g. soil minerals, sea-salt, pollen), but also by anthropogenic abrasion processes (e.g.

tire and break wear). Most of the material in the coarse mode is primary but there are

also some secondary sulphates and nitrates (Seinfeld & Pandis, 2006).

Urban aerosols are mixtures of primary particulate emissions from industries, trans-

portation, power generation, construction and demolition activities, and particles from

natural sources, as well as secondary material formed by gas-to-particle conversion mech-

anisms (Seinfeld & Pandis, 2006).

1.2 Air pollution in a historical perspective

Mortality is the most important health effect of APM and it is also the aspect that has

been studied the longest (Anderson, 2009). A landmark in air pollution epidemiology was
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Figure 1.1: Figure according to Gieré & Querol (2010). Typical number (no
N , dashed

line) and mass (no
V , solid line) size distribution of APM per cm3 air. Particle removal

processes (arrows) for the particles within the respective size range. Additionally, the
areas in the human respiratory system where inhaled particles are preferentially deposited,
are marked.
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an air pollution episode in 1930 in a small industrial town (Meuse Valley) in Belgium,

during which a large part of the population showed acute respiratory symptoms and the

number of deaths was 10-times above average (Anderson, 2009). The London smog of

December 1952 marks another of the early incidents, in which air pollution was considered

to be hazardous to a large population and to have caused an estimated number of about

4000 excess deaths (Harrison & Yin, 2000). As a result of this episode, the Clean Air

Act was introduced in the United Kingdom in 1956 leading to declining levels of APM

(Highwood & Kinnersley, 2006). A comprehensive overview about air pollution in the

last 50 years if given by Fenger (2009). The first global guidelines for air pollution

(particulates, SO2, NO2 and O3) were implemented by the WHO in 1987.

In China, the Environmental Protection Law (trial implementation) was adopted

in September 1979, and, in September 1987, the Law on the Prevention and Control

of Atmospheric Pollution was passed by the People’s Congress (Fang et al., 2009). In

the late 1980s, China joined the Global Environment Monitoring System (GEMS) and

introduced regular systematic monitoring of air pollutants (Chen et al., 2004).

The historical development of atmospheric pollution in connection with rising indus-

trialization and per-capita income was described by Fenger (1999). Hereafter the air

pollution in a developing urban area initially increases, goes through a maximum and

stabilization phase and is then again reduced, when pollution abatement becomes effec-

tive. Whereas European cities are at the end of this cycle, many cities in China are

probably in the stabilization phase for many air pollutants (Fenger, 1999).

1.3 Impacts of atmospheric particles on human health

and the environment

1.3.1 Negative impacts of atmospheric particles on human health

Aerosol particles are known to have negative health effects on humans especially with

regard to respiratory and cardiovascular diseases (e.g. Dockery et al., 1996; Atkinson

et al., 1999; WHO, 2001). Several properties govern the toxicity of APM: (I) overall mass

concentration, (II) particle size, (III) particle surface properties and shape, (IV) chemical

composition and concentration of trace metals, (V) speciation and mobility of potential

toxic elements.

Overall particle mass concentration provides a first estimation of the magnitude of

atmospheric pollution and was used already in many epidemiological studies beginning
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in the 1970s and 1980s (e.g. summarised by Pope & Dockery, 2006) as well as in policy

making for the implementation of threshold values on national and international levels

(e.g. WHO, EU, USEPA). Apart from mass concentration, particle size plays a decisive

role for the hazards on human health, because smaller particles can penetrate deeper into

the human respiratory system and are, consequently, considered as more health relevant

(Dockery et al., 1993; Oberdörster et al., 1995; Schwartz et al., 1996; Wichmann & Peters,

2000). Beside the size, also the shape of the particles is important, because especially

sharp and long thin columnar particles penetrating the lung can cause pulmonary fibrosis

and cancerous diseases (Donaldson et al., 1989). The chemical composition and espe-

cially the concentration of potentially toxic metals is considered to be fundamental for

the assessment of atmospheric pollution and its hazards to human health (Dreher et al.,

1994; Kodavanti et al., 1997; Zereini et al., 2001; Chillrud et al., 2004). Harmful metals

from ultra-fine particles can even reach the blood circulation (Nemmar et al., 2002). In

addition to the total amount of metals, also the chemical speciation of the elements

is crucial due to varying toxicities of elements in different oxidation states or chemical

bonds (Hill, 1997). However, it is important to keep in mind, that the specific relevance

of the different particle properties and also the portions of the toxicological relevant ele-

ments and substances on health impairment are largely not known yet (Maynard, 2000;

McClellan, 2002; Diabaté et al., 2004) and that much research has still to be done with

regard to environmental health risk assessment (Aitio, 2008; Spurgeon et al., 2010).

The potential impacts on human health of some selected toxic elements and sub-

stances, which are of special relevance for this study, are described in more detail in the

following section. For the investigation of the chemical composition of APM from Beijing

within this study, one focus was put on these potentially toxic elements. Their concen-

trations, spatio-temporal variations and most important sources are discussed in chapter

4. The mobility and consequently the bioavailability and eco-toxicology of elements, de-

pends on characteristic surface properties of atmospheric particles, the strength of the

chemical bonds and on the properties of solutions in contact with APM (Smichowski

et al., 2005). The bioavailability of potentially toxic elements in APM from Beijing was

investigated by means of sequential extractions and is discussed in chapter 5.

Toxicity of distinct elements and substances in atmospheric particles

The focus of many studies on the toxicity of APM components has often been on transi-

tion metals such as Fe, V, Ni, Cr, Cu, and Zn due to their ability to generate reactive

oxygen species in biological tissues (Chen & Lippmann, 2009). Lippmann et al. (2006)
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found Ni and V to be significantly associated with daily mortality rates in 60 cities in the

United States included in their study. Shi et al. (1994) observed that Cr(IV) compounds

reacted with ascorbate and hydrogen peroxide and generated hydroxyl radicals, which

caused DNA damage. Witholt et al. (2000) investigated the neurobehavioral effects of

subchronic Mn exposure and concluded that it may increase the risk of neurobehavioral

impairment in subpopulations that are in a pre-parkinsonism state. Gwiazda et al. (2002)

focussed on Mn exposure and concluded that an increased burden of airborne Mn might

have deleterious effects on populations with sub-threshold neurodegeneration in the basal

ganglia, e.g. pre-Parkinsonism. Manganese is considered as especially toxic if taken up

through inhalation causing various psychiatric and movement disorders, respiratory ef-

fects such as pneumonitis and pneumonia, as well as reproductive dysfunction (WHO,

2000). Although Zn is essential for all organisms, toxicological studies proved that el-

evated Zn concentrations have negative health effects (Adamson et al., 2000). Nawrot

et al. (2006) found a significant association between environmental exposure to Cd and

the risk of cancer. The International Agency for Research on Cancer (IARC) classifies

different compounds (IARC, 2008), elements and element species according to their car-

cinogenic effect. Arsenic, Cd and their compounds are considered as highly carcinogenic

for humans, while Pb and anorganic Pb compounds are classified as carcinogenic. The

following guideline values for metals in atmospheric particles were established (WHO,

2000): 5 ng Cd/m3, 150 µg Mn/m3, and 500 ng Pb/m3.

Raizenne et al. (1996) examined the health effects of exposure to acidic air pollution

among children in 24 communities in the United States and Canada. They concluded

that long-term exposure to ambient acidic particles may have a deleterious effect on lung

growth, development and function. Amdur et al. (1978) studied the irritant potency of

sulphate salts and found out that all considered sulphates caused a slight increase in

pulmonary flow resistance and a slight decrease in pulmonary compliance. The order of

irritant potency was ammonium sulphate > ammonium bisulphate > cupric sulphate.

Black Carbon (BC), which is mainly soot, has been associated with respiratory

and cardiovascular diseases (Jansen et al., 2005; Borm et al., 2004; Gilmour et al., 2004;

Li et al., 1999). Due to its small grain size, BC particles can penetrate deep into the

respiratory tract of humans and, additionally, BC possesses a large surface that is able to

adsorb many different harmful substances (e.g. toxic metals) which can induce diseases

after inhalation.
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Health studies in China

Several studies investigated the adverse health effects of air pollution in China. Over

400,000 premature deaths a year are blamed on high air pollution levels (Watts, 2005).

Kasamatsu et al. (2006) studied the effects of winter air pollution on the pulmonary

function of school children in Shenyang. The authors concluded that APM, associated

with coal heating in winter, might have subacute health effects on pulmonary function

in children. Lu et al. (2008) evaluated the potential toxicity of PM2.5 in Shanghai by

plasmid DNA assay. Their study showed that urban PM2.5 caused more plasmid DNA

damage compared to suburban PM2.5 at the same dose. The authors suppose that trace

elements, including Cu, Zn, Pb, Cd, Cr, Mn and Ni in PM2.5 have synergistic interactions

on plasmid DNA damage. A recent publication of Liu & Zhang (2009) reviews the

correlation between ambient air pollutants (TSP, SO2, NOx) and children’s lung function

in China. The authors stated that the decline of children’s lung function is related to the

air pollution in China. Beijing was not included in this review, which comprised seven

different Chinese cities (Chongqing, Guangzhou, Hengyang, Shenyang, Tayuan, Weihai,

and Zaozhuang).

A review on air pollution and its health effects in Beijing was conducted by Xu

et al. (1998). The authors summarised epidemiological studies assessing the health effects

associated with both short-term and long-term exposures to air pollution in Beijing. They

concluded that the studies provided coherent evidence that short-term exposures are

significantly associated with adverse reproductive outcomes such as pre-term delivery

and low infant weight, and excess daily morbidity and mortality, whereas long-term

exposures are associated with increased respiratory symptoms or bronchitis in adults. Xu

et al. (1994) examined the relationship between air pollution (SO2 and TSP) and daily

mortality in two residential areas in Beijing in 1989. They concluded that the association

of ln(TSP) with total daily mortality was positive but not significant. Moreover, the

authors analysed mortality by cause and found a doubling in TSP to be associated with

total, chronic obstructive pulmonary disease, and pulmonary heart disease mortality,

but only statistically significant for chronic obstruction pulmonary disease. The relation

between ambient sulphate concentration and chronic disease mortality in Beijing was

investigated by Zhang et al. (2000). The study comprised the years 1980–1992 and the

authors found significant correlations between sulphate concentration and total mortality,

as well as mortality due to cardiovascular disease, malignant tumour, and lung cancer.

Lu et al. (2006) studied PM10 reactivity with the plasmid DNA assay method for Beijing

samples. They concluded that the oxidative damage of plasmid DNA caused by Pb,
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Zn, As was relatively strong. Moreover, the authors stated that Zn might be the main

element responsible for the DNA damage. Wang et al. (2008) used Granger causality to

determine whether there is a causal relationship between main air pollutants (NOx, SO2,

CO, TSP, PM10) and the mortality of respiratory diseases of the residents in Beijing. The

authors stated that although TSP and PM10 did not have a causal relationship with the

death rate of respiratory diseases, they still showed a high correlation. In a recent study,

Guo et al. (2009) investigated the association between PM2.5 and hospital emergency

room visits in Beijing. They suggested that elevated levels of ambient air pollutants are

associated with the increase in hospital emergency room visits for cardiovascular diseases

in Beijing. Air quality and outpatient visits for asthma in adults during the 2008 Summer

Olympic Games in Beijing were investigated recently by Li et al. (2010). They found out

that at this time asthma visits were reduced significantly compared to the period before

the pollution controls during the period of the Olympic Games.

1.3.2 Impacts of atmospheric particles on the environment

Aerosols influence the climate directly by the scattering and absorption of solar radiation

and indirectly through their role as cloud condensation nuclei and by affecting cloud

properties (Seinfeld & Pandis, 2006). The magnitude of the direct forcing of aerosols

(“forcing” is the change of net flux at the tropopause, expressed in W m−2) at a particular

time and location depends on the amount of radiation scattered back to space, which itself

depends on the size, abundance, and optical properties of the particles and the solar

zenith angle (Seinfeld & Pandis, 2006). However, the impacts of aerosols on the climate

are not completely understood, yet. These uncertainties in aerosol radiative forcing were

discussed in detail by Schwartz (2004). Because of their size and composition, mineral

dust particles can scatter and absorb both incoming and outgoing radiation. In the visible

part of the spectrum, the light-scattering effect dominates, and mineral dust exerts an

overall cooling effect. In the infra-red region, mineral dust is an absorber and acts like a

greenhouse gas (Seinfeld & Pandis, 2006).

Due to its effect in scattering light, BC reduces visibility, an effect which is often very

strong in Beijing (Sun et al., 2006). With regard to influences on the climate, BC has

recently be seen as a positive component of radiative forcing and, thus, to contribute to

the global warming (Jacobson, 2001). Menon et al. (2002) modelled the climate effects of

BC aerosols in China and India. They concluded that absorbing aerosols can affect the

regional climate and suggested that precipitation trends in China over the past several
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decades, with increased rainfall in the south and drought in the north, may be related to

increased BC concentrations.

1.4 Urban air quality studies

Studies on characterisation of urban aerosols have been carried out since decades in

numerous cities all over the world, for example in: Chicago (Lin et al., 1993), Sao Paulo

(Andrade et al., 1994), Helsinki (Buzorius et al., 1999), Atlanta (Woo et al., 2001), New

York City (Qin et al., 2006), Los Angeles (Lim et al., 2006) as well as some Spanish cities

(Moreno et al., 2006). Meanwhile, such measurements belong to the standard repertoire

of many environmental agencies. However, the required instrumentation is often lacking

in the developing countries. Even environmental agencies of the highly polluted cities

are mostly not equipped with devices for a detailed investigation of aerosol composition.

Often only pilot studies on TSP or PM10 are available. The sampling networks are mostly

restricted to gaseous air pollutants such as NOx, CO and SO2.

Air pollution in Chinese cities is very serious and many studies showed the adverse

health effects for the affected inhabitants (see section 1.3.1). Zhang et al. (2008) investi-

gated 111 Chinese cities and estimated the total economic cost caused by PM10 pollution

to approximately US$ 29 billion in 2004, accounting for approximately 1.5% of the gross

domestic product (GDP) of China. For Beijing, Zhang et al. (2007) calculated an eco-

nomic cost between US$ 1670 and US$ 3655 million annually for the years 2000 to 2004,

accounting for about 6.55% of Beijing’s GDP each year. Case studies on aerosols in

Chinese cities were carried out e.g. in Shengyang, Taiyuan (Ning et al., 1996), Wuhan

(Waldmann et al., 1991), Hong Kong (Tanner & Wong, 2000), Shanghai (Shu et al.,

2001), Nanjing (Wang et al., 2002), as well as in Beijing (He et al., 2001; Okuda et al.,

2004; Sun et al., 2004; Duan et al., 2006).

More detailed information about previous studies can be found in the introduction

section of each chapter, respectively.

1.5 Scope of the present work

The scope of this study is to develop a comprehensive understanding of the anthropogenic

and geogenic aerosol pollution in Beijing. The characterization of the dominant geogenic

and anthropogenic sources of particulate air pollution in the megacity Beijing, the com-

plex mixing of particles from both source groups and their spatio-temporal variability,
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as well as the influence of mitigations measures on particulate air pollution are the main

aspects considered in this study. The central questions of this work are:

• Spatio-temporal variations of urban aerosols

– What is the concentration and composition of particulate matter in Beijing?

– Which are the main parameters influencing seasonal variations?

– Which seasons are most critical with regard to adverse health effects?

– Which are the main parameters influencing spatial variations?

– What are the most important geogenic and anthropogenic sources?

• Bioavailability of toxic element concentrations

– Which are the elements with highest mobility and biovailability?

– Which of those bioavailable elements are abundant and, thus, the most critical

for possible negative effects on human health?

– Which seasons have highest concentrations of bioavailable metal concentra-

tions?

– Which are the main sources for the bioavailable element concentrations?

• Influence of mitigation measures on aerosol concentration and composi-

tion

– How fast and to what extend was the particulate air pollution reduced?

– Which particle size class was reduced most efficiently?

– To what extend did the weather conditions influence the particle decrease?

– What was the chemical composition of atmospheric particulate matter during

the Olympic Games and how did the composition change?

– Which sources can be identified to contribute to the aerosol concentration

during the Olympic Games?

– How fast and to what extend did the aerosol pollution increase again after the

Olympic Games?

• Interaction between geogenic and anthropogenic particles on a single

particle level

– Which are the typical geogenic and anthropogenic particles in Beijing?
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– Which kind of particle interactions can be found?

– To what extend act geogenic particles as scavengers for small anthropogenic

particles?

These questions will be discussed in detail in chapters 4, 5, 6, and 7, respectively.
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Chapter 2

Study area: Beijing

Atmospheric pollution constitutes a big challenge for densely populated urban areas and

megacities (generally defined as cities with more than 10 million inhabitants), in par-

ticular. The rapid economic growth in China (GDP: annual growth rate of about 10%,

National Bureau of Statistics of China, 2009) comes along with a rapid expansion of the

urban population and a huge increase in energy consumption. Urban agglomerations

developed extremely fast in the last decades. While in 1980 only 19% of the Chinese

population lived in cities and towns, the number increased to 26% in 1990, 36% in 2000

and 45% in 2007 (National Bureau of Statistics of China, 2009). Worldwide more people

are living in urban compared to rural areas by now (UN, 2008).

2.1 Beijing and its surroundings

Beijing, the capital of the People’s Republic of China, lies on the northwest border of

the Great North China Plain, at 39◦56’ N and 116◦20’ E and occupies a total area of

16,410 km3. While the city is connected to the North China Plain in the south, it is

surrounded by the Yanshan Mountains in the west, north and northeast. It neighbours

the Tianjin Municipality in the east, and borders Hebei Province on three sides (north,

west and south). In 2005, approximately 11 million inhabitants were living permanently in

Beijing (UN-HABITAT, 2002). Additionally, migratory worker increased the population

to approximately 15 million. In 2007, 67% of the total area was used for farming, 20%

were building sites, while 13% were unutilized (Beijing Municipal Bureau of Statistics,

2009). The Beijing-Tianjin-Hebei economic band is located in the center of the vibrant

economic area of Northeast Asia, which is one of three major rapidly developing economic

zones in China (Xin et al., 2010).
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Anthropogenic as well as geogenic sources for air pollution in Bejing are abundant.

The total energy consumption in China rose from 6×108 t of SCE (Standard Coal Equiv-

alent) in 1980 to 13×108 in 2000 and 26.5×108 in 2007. Coal still is the major energy

source, constituting about 70 % of the total energy consumption (2.6 bn tons SCE) in

2007 (National Bureau of Statistics of China, 2009). In Beijing, coal is used both in-

dustrially and domestically. Domestic heating in Beijing usually starts in mid-November

and ends the following March (He et al., 2001). Emissions from various kinds of industry

contribute to overall air pollution. Traffic is considered another major anthropogenic

source including direct emission products (e.g. soot) as well as particulate matter from

abrasion (tire and brake wear) and resuspension processes. In 2005, there were 2.1 mil-

lion vehicles in Beijing, with 1.5 million private ones, among which 0.92 million were

cars. The number of vehicles increased to 3.2 million in 2008, with 2.5 million private

vehicles including 1.7 million cars (Beijing Municipal Bureau of Statistics, 2009). In the

last decades, many new high-rise buildings were constructed in Beijing, hindering the dis-

persion of air pollutants (Hao et al., 2000; Liu et al., 2009). Construction activities also

constitute an important dust source in Beijing. In preparation for the Olympic Summer

Games, which took place in Beijing in August 2008, the amount of construction sites

strongly increased. The anthropogenic air pollution is superimposed by geogenic dust

from bare soils transported over a short-range and from semi-arid/arid areas northwest

of Beijing due to long-range transport. Dust storm episodes regularly occur in spring

due to the meteorological conditions and especially if the wind direction is from NW (see

section 2.2).

2.2 Meteorology

China shows a great complexity and diversity with regard to climate classification and

division due to its vast territory and complex landforms. Domrös & Peng (1988) list

several classification schemes compiled specifically for China. Moreover, the authors

describe a climate division scheme of China by Huang Bingwei (1986) in detail, which

is also published in Tietze & Domrös (1987). According to this classification, Beijing

belongs to the sub-humid warm temperate climate zone (IIIB2). This zone shows a

distinct seasonal contrast between a warm, partly hot summer (mean max. T: 30.8◦C)

and a cold winter (mean min. T.: -9.9◦C). Summer and winter represent a distinct wet

and dry season. In Beijing, about 60% of the annual precipitation (570 mm) occurs in

July and August. Table 2.2 summarises the climate data for Beijing.
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Table 2.1: Climate table of Beijing, China (39◦ 48’N 116◦ 28’E, 31.2 m.a.s.l.). Values are
taken from Domrös & Peng (1988) and are based on the 30-year observation period from
1951-1980. The abbreviations are as follows: T.m. = mean temperature (◦C), T.m.mx.
= mean maximum temperature (◦C), T.m.mn. = mean minimum temperature (◦C),
Rel.hum. = relative humidity (%), Cloud. = cloudiness, Precip. = precipitation amount
(mm), SD hrs. = sunshine duration (h), W.vel. = Wind velocity (m/s), W.mx.dir.
= prevailing wind direction, W.mx.pc. = percentage of prevailing wind direction (%),
Calms = percentage of calms (%).

JAN FEB MAR APR MAI JUN

T.m. -4.6 -2.2 4.5 13.1 19.8 24.0
T.m.mx. 1.4 3.9 10.7 19.6 26.4 30.2
T.m.mn. -9.9 -7.4 -1.0 6.6 12.7
Rel.hum. 45 49 52 48 52 62
Cloud. 3.0 3.8 4.8 5.3 5.5 6.0
Precip. 3 7 9 19 33 78
SD hrs. 6.6 7.1 7.7 8.4 9.4 9.3
W.vel. 2.9 2.9 3.1 3.4 2.9 2.4
W.mx.dir. NNW N NNW SSW SSW S
W.mx.pc. 14 12 11 12 15 9
Calms 18 17 14 17

JUL AUG SEP OCT NOV DEC YEAR

T.m. 25.8 24.4 19.4 12.4 4.1 -2.7 11.5
T.m.mx. 30.8 29.4 25.7 18.9 9.9 2.9 17.5
T.m.mn. 17.9 21.5 20.2 13.8 6.9 -0.6 -7.3
Rel.hum. 78 80 71 66 60 51 60
Cloud. 7.0 6.3 4.8 4.0 3.7 3.0 4.8
Precip. 113 212 57 24 7 8 570
SD hrs. 7.4 7.4 8.2 7.4 6.4 6.2 7.6
W.vel. 1.8 1.5 1.8 2.1 2.5 2.7 2.5
W.mx.dir. S N N N N N N
W.mx.pc. 9 10 11 11 13 14 10
Calms 25 30 26 26 22 23 20
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Figure 2.1: Wind rose (wind direction and wind speed) for Beijing (weather station 54511,
data obtained from DWD, Offenbach) for three-hourly data from 1995 to 2004.

The prevailing wind directions, their frequency of occurrence, and the average wind

speeds are shown as wind roses (WRPLOT View Freeware, Lakes Environmental) in

Figure 2.1 for a 10-year period from 1995 to 2004. Furthermore, wind roses for each

season of the two-year sampling period from from autumn 2005 to summer 2007 are

shown in Figure 2.2.

2.3 Regional Geology

Roughly, the regional geology of China can be divided into five domains (realms), which

are (Cheng, 2000):

• Tianshan–Hinggan domain

• Tarim–North China domain

• Kunlun–Qiling domain
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au-05 wi-05/06 

sp-06 su-06 

au-06 wi-06/07 

sp-07 su-07 

Figure 2.2: Wind rose (wind direction and wind speed) for Beijing (weather station 54511,
data obtained from DWD, Offenbach) for each season from autumn 2005 to summer 2007.
Legend for the wind speed see Figure 2.1). Seasons were defined meteorologically; au:
autumn, wi: winter, sp: spring, su: summer.
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• Sichuan–Yunnan–Qinghai–Xizang domain

• South China domain

The area around Beijing belongs to the North China domain. In the following, the

most important features are briefly described according to Cheng (2000). Precambrian

rocks in the Yanshan area north of Beijing are mainly composed of gneisses and granulites

with banded iron formation. The Middle Proterozoic rocks occurring in the Yanshan

Mountains are clastic and carbonate deposits intercalated with intermediate-basic to

acid volcanic rocks. Carbonates and argilaceous-arenaceous sediments were deposited

in the Cambrian and are widespread in distribution. The Carboniferous System in the

North China region is widespread in distribution and is composed mainly of clastic rock

formation with a few beds of carbonate rocks. The clastic rocks are coal-bearing. Permian

formations are made up mainly of continental deposits and triassic rocks are made up of

inland basin deposits. Intermontane basin clastic-volcanic rocks are found in the Jurassic

strata. Widespread continental deposits are found in the Tertiary formations. In the

Quaterny, alluvial-proluvial deposits were sedimentated. Furthermore, aeolian deposits

are common.

Consequently, a widespread variety of different rock types can be considered as sources

for geogenic particles around Beijing.
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Methodology

3.1 Sampling sites and sampling procedure

3.1.1 Location and description of the sampling sites

Five sampling sites (site 1 – 5) were located along a transect from NW to SE through

Beijing. These sites were operated during the main sampling period (period A), which

comprised two years, from Sep-05 to Aug-07. Additionally, two other sites, labelled as

site CUG and site CRAES were established. Site CUG was operated during the whole

period A and additionally during an intensive sampling campaign in spring 2007 (period

B, 27th of March to 16th of April 2007) and the Olympic period (period C, Oct-07–Dec-

09). Site CRAES was established for the Olympic sampling period C. The location of

the sampling sites is shown in Figure 3.1. A short description of the sampling sites and

their main characteristics is summarized in Table 3.1.

3.1.2 Active sampling

During the main sampling period (period A, Sep-05–Aug-07), weekly PM2.5 samples

were collected with Mini-Volume samplers (Leckel, Berlin) at flow rates of 200 L/h at

six sampling sites (sites 1–5, site CUG, Figure 3.1). At site 1 to site 5, weekly sampling

was carried out separately for day- and night-time (from 7 a.m. to 7 p.m. and 7 p.m.

to 7 a.m., respectively). At site CUG, sampling was performed continuously for a whole

week. Additionally, weekly TSP samples were collected at site 4 with a TSP sampler

at flow rates of 1 m3/h. All samples were collected on quartz fibre filters (QF-filters).

These QF-filters had a diameter of 50 mm (Macherey & Nagel) or 47 mm (Whatman),

respectively.
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Figure 3.1: City map of Beijing with the location of the sampling sites (source of the map:
http://beijing2008.go2map.com). Sites 1 – 5 operated from Sep-05 to Aug-07 (sampling
period A), site CRAES from Oct-08 to Feb-09 (sampling period C), and site CUG from
Apr-05 to Oct-09 (sampling periods A, B, and C). The Olympic rings mark the Olympic
park (“Olympic Green”), where the Beijing National Stadium and other Olympic sites
are located.
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Table 3.1: Description of the sampling sites (AGL: above ground level; CUG: China
University of Geosciences, Beijing; CRAES: Chinese Research Academy of Environmental
Sciences).

Site Location Height AGL Period Samples Remarks

1 N40◦04.102’ 1.5 m A PM2.5 agricultural
E116◦06.586’ inside patio

2 N40◦00.436’ 40 m A PM2.5 residential
E116◦20.280’ tall buildings

3 N39◦53.586’ 6 m A PM2.5 old Hutong quarter
E116◦23.059’ few traffic

4 N39◦48.394’ 1.5 m A PM2.5 much traffic
E116◦28.131’ TSP (4th ring road)

5 N39◦47.197’ 1.5 m A PM2.5 Hotel area
E116◦38.552’ few traffic

CUG Xueyuan Road 29 1.5 m A PM2.5 University entrance
APM(2.5−80) much traffic

B PM2.5 (4th ring road)
PM10 sheltered by vegetation

C PM2.5

CRAES 8 Yangfang Anwai 10 m C TSP Roof of the Academy
PM2.5 5.8 km distance to
PM1 Olympic Stadium
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Table 3.2: List of all TSP sampling weeks of period A and the percentage of sampling
duration for the corresponding weeks. (N: number; w/o: without; PCT: percentage).

N PCT Calendar weeks
weeks of total (ww/yy)

Weeks w/o sampling 3 2.9 06/06, 11/07, 29/07
Weeks < 25% operation 9 8.7 21/06, 41/06, 48/06, 15/07, 18/07, 20-23/07
Weeks > 25% operation 12 11.5 36/05, 44/05, 13/06, 16-18/06,

22/06, 07-09/07, 19/07, 30/07
Weeks w/o errors 80 76.9 all others

Total weeks 104 100 35/05–34/07

In spring 2007, during a short-term intensive measurement period (period B from

the 27th of March to the 16th of April 2007), 12-hourly PM2.5 and PM10 samples were

collected at site CUG. Samples were collected on small QF-filters (Whatman, d = 25

mm) and the 12-hourly sampling intervals were from 7 a.m. to 7 p.m. and from 7 p.m.

to 7 a.m., respectively.

From Oct-07 to Feb-09 (period C) sampling was continued at site CUG and additional

samples were collected at a new site labelled CRAES. Site CRAES, at the roof of the

Chinese Research Academy of Environmental Sciences (CRAES) is located 4 km north

of the 5th ring road, 15 km from the city center, and 5.8 km from the National Olympic

Stadium, the so-called “Bird’s Nest”, (Wang et al., 2010b). This sampling period was

further divided into the time before (period C1, Oct-07–Jul-08), during (period C2, Jul-

08–Sep-08), and after (period C3, Oct-08–Feb-09) the Olympic Games. In periods C1

and C3, samples were collected on a weekly basis at site CUG and site CRAES. During

period C2, the time-resolution was increased to 24-hourly intervals for TSP and PM1

samples at site CRAES and PM2.5 samples at site CUG, and to 12-hourly intervals for

PM2.5 samples at site CRAES.

During sampling period A, 23% of TSP samplings were interrupted by external errors

such as interruption of power supply, but only three weeks were without any record.

These occasions are listed in Table 3.2 together with the share of the weeks during which

the sampling operated.

The weeks with sampling interruptions for PM2.5 samples are listed in Table 3.3.

3.1.3 Passive sampling

Passive sampling with a Sigma-2 device according to VDI-Guideline 2119 was performed

during all three sampling periods (A, B, and C) at site CUG (Figure 3.1). The particles
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Table 3.3: List of all PM2.5 sampling weeks of period A during which operational errors
occurred.

N of weeks Calendar weeks
w/o samples (ww/yy)

Site 1 – day 8 28–33/06, 21–22/07
Site 1 – night 9 20/06, 28–33/06, 21–22/07
Site 2 – day 19 39/05, 17–30/06, 05–08/07
Site 2 – night 15 16–30/06
Site 3 – day 8 37/05, 03–08/07, 24/07
Site 3 – night 7 37/05, 03–08/07
Site 4 – day 0 –
Site 4 – night 2 17–18/06
Site 5 – day 7 21/06, 29/06, 44–47/06, 22/07
Site 5 – night 8 21/06, 29/06, 44–47/06, 50/06, 22/07

were deposited as single particles in the stilling section at the bottom of the sampler on

a transparent adhesive collection plate. Further details about the method can be found

in Dietze et al. (2006).

3.2 Chemical-physical analyses

3.2.1 Acid digestion

For the analysis of trace metals one quarter of each of the quartz fibre filters was digested

in teflon vessels with concentrated HNO3 (Merck, suprapur), concentrated HF (Merck,

suprapur) and concentrated HClO4 (Merck, suprapur). Quality control of digestion was

done by additional analysis of reference material SRM 1648 (urban PM) and GXR 2

(soil) acquired from NIST (National Institute of Standards, USA). Results of standard

material were within ± 10% of the certified values for element concentrations. Method-

ological blank values were determined and subtracted from analytical results of loaded

filter samples. Determination of elements was performed by a high-resolution inductively

coupled plasma mass spectrometer (HR-ICP-MS, Axiom, VG Elemental). Element con-

centrations were analysed for all actively collected samples (TSP, PM10, PM2.5, PM1)

from all sampling periods.

3.2.2 Water-soluble ions

Water-soluble ions were analysed by Ion Chromatography (IC). For this analysis, one

quarter of each of the collected filters was shaken for 45 minutes in 15 mL ultrapure
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deionized water (Milli-Q) and additionally extracted ultrasonically for 30 minutes in order

to release the water-soluble parts. For anions, a Dionex ICS-1000 with ASRS-ULTRA

suppressor, Ion Pac AS4A-SC column and a Na2CO3/NaHCO3-eluent with a flow rate of

2 mL/min was used. Cations were analyzed with a Dionex DX-120 with CSRS-ULTRA

suppressor, Ion Pac CS12, using a 0.1 M H2SO4-eluent. Standard solutions of both

anions (Multi ion anion IC standard solution Specpure, Alfa-Aesar) and cations (Multi-

component Cation Mix 2, Acculon) were used in different concentrations for quality

control. Water-soluble anions were determined for the whole sampling period A only for

site 4 (PM2.5 and TSP) and site CUG (PM2.5), while for all other sites only the samples

from 2006 were considered. Water-soluble cations were analysed for the year 2006 for all

sampling sites except site 2. Only TSP samples (site 4) were analysed for the complete

period A. Concentrations in the analysed blank filters were below limit of detection (LOD)

and had, therefore, not to be subtracted from the sample concentrations.

The anion (A) and cation (C) micro-equivalents were calculated with rounded atomic

weights according to the following equations:

A = F−/19 + Cl−/35.5 + NO−

3 /62 + SO2−
4 /48 (3.1)

C = Na+/23 + NH+
4 /18 + K+/39 + Mg2+/12 + Ca2+/20 (3.2)

3.2.3 Sequential extraction procedure

For each month of a selected sampling interval from Jul-05 to May-08, one TSP filter

sample, representing one complete sampling week, was selected for chemical sequential

extraction (N=35). Starting in Sep-07, the TSP sampling site was moved from site 4 to

the northern part of Beijing, labelled as CRAES (see Figure 3.1). The same approach

was applied for PM2.5 samples from site CUG (Feb-05–Sep-07, N=32). Of all PM2.5

samples, only samples from site CUG were chosen for sequential extractions due to higher

particle mass on the filters because of continuous sampling for the whole week without

distinction between day- and night-time samples (site 1–site 5). A leaching procedure

based on the scheme of Tessier et al. (1979) and modified by Fernández Espinosa et al.

(2002) was applied. This methodology is summarised in Table 3.4. From each TSP

filter sample a sixth part and a fourth part of each PM2.5 filter sample was used for

the sequential extraction procedure. Four fractions were distinguished (see Table 3.4),

which can be classified as: (f1) water-extractable, (f2) bound to carbonates, oxides and

reducible metals, (f3) bound to organic matter, oxidisable and sulfidic metals, and (f4)

residual fraction. The sequential extraction procedure was carried out in polypropylene
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Table 3.4: Chemical fractions, assumed mobility of each fraction, reagents used and
operational conditions of the sequential extraction procedure after Fernández Espinosa
et al. (2002).

Fraction Mobility Reagents Operation

water-soluble highly 15 mL 3 h shaker agitation
mobile Milli-Q at room temperature

carbonates, mobile 10 mL 5 h shaker agitation
oxides, and NH2OH×HCl at room temperature
reducible metals 0.25 M

bound to less 7.5 mL H2O2 (30%) water bath at 95◦C
organic matter, mobile + 7.5 mL H2O2 until near dryness
oxidisable, and + 15 mL NH4AcO + repetition
sulphidic metals 2.5 M + shaker agitation

at room temperature
for 90 min

residual not 10 mL 5 h shaker agitation
mobile (HNO3:HCl:HClO4)

(6:2:5)

tubes. After each fractionation step the tubes were centrifuged and the respective solution

was pipeted off. The remaining dust loaded filter material was dried directly in the tubes

at 80◦C in a water bath before applying the next step of the extraction scheme.

Element concentrations of each extraction step were measured by a high-resolution

inductively coupled plasma mass spectrometer (HR-ICP-MS, Axiom, VG Elemental).

Quality control was performed by including the reference material GXR 2 (soil) acquired

from NIST (National Institute of Standards, USA) in the extraction procedure. The

results of the standard material calculated as sum of the four extraction steps were within

±10% of the certified values for element concentrations of Ca, V, Fe, Ni, As, and within

±20% for Sr and ±30% for Mg, Co, Cd, Pb. Average blank filter values for each fraction

were subtracted from the obtained analytical results of the samples.

3.2.4 Optical oil-immersion technique for BC

For analysis of BC, an optical transmission technique according to Ballach et al. (2001),

which was modified by Fricker and Schultz (Fricker & Schultz (2002)), was applied. A

standard thermal analysis method (VDI, 1999) is used to link light attenuation by the fil-

ter samples to elemental carbon (EC) concentration. The scattering effects are minimized

by immersion of the filters in a fluid similar refractive index (oil-immersion technique).

The immersion fluid used for quartz fibre filters in this study is Paramount TM (ProTags).
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Light absorption at a constant wavelength of 650 nm was measured by a spectrometer

(SPECORD 50, Analytic Jena). However, only PM2.5 samples could be analysed with

this method. TSP filters were too densely loaded to be used in the spectrometer (no

detectable light could go through the sample).

3.2.5 Quantitative Optical Microscopy

The automated optical microscopic single particle analysis was performed with a computer-

aided image analysis system at the German Meteorological Service (DWD) in Freiburg,

Germany. This method was used to analyse single particles collected on adhesive plates

with the Sigma-2 sampling device and is described in detail in Dietze et al. (2006). An

area of 18x18 mm of the acceptor plate was embedded in an immersion fluid for trans-

mission bright-field microscopic analysis. A motorized microscope (ZEISS Axioplan 2)

with an adapted automatic scanning stage (Prior Scientific) and a CCD-digital-camera

(SVS-VISTEK) was used for imaging with a 20x objective magnification. The collected

particles were automatically focused by an integrated software focus of the image process-

ing system Digitrace V.3.4 (IMATEC). Projected area and mean optical density (mean

grey values) of individual particles were automatically measured in the size range between

2.5 and 160 µm. Different particles groups can be distinguished: “transparent” particles,

“opaque” particles, and pollen. The mass concentrations were subsequently calculated

for different size groups as described in Dietze et al. (2006). Their procedure can be

summarized as follows. Based on the measured size-differentiated particle number N,

and a known analysed area A and exposition time t, the number deposition rate DN can

be calculated: DN = N/(A · t) The mass deposition rate DM is then calculated assuming

a spherical shape of the particle and standard density: DM = DN · (dP /2)3 · 4π/3ρP

. Additionally, a volume correction factor kvol = 0.75 is introduced to account for the

overestimation due to a larger projected diameter. The overestimation occurs since the

particles are deposited preferably with their flat side. Dividing the number deposition

by a deposition velocity vdep yields the ambient concentration: CM = DM/vdep. Within

the sampler head of the Sigma-2 device, vdep is approximated by the terminal settling

velocity of each particle in calm air vTS (Stokes law). The size-differentiated particle

mass concentration CP can then be calculated according to:

CP = DM/vTS

with
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vTS: ρP · d2
P · g/(18 · η · χP ) in cm · s−1

ρP : particle density in g · cm−3

dP : particle diameter in µm

g: gravitational acceleration (981 cm · s−1)

η: viscosity of air (1.81· 10−5 Pa · s

χP : dynamical shape factor

The different size classes considered within this study are the following:

SC1: Particles from 2.5 to 5 µm geometrical diameter (dg)

SC2: Particles from 5 to 10 µm dg

SC3: Particles from 10 to 20 µm dg

SC4: Particles from 20 to 40 µm dg

SC5: Particles from 40 to 80 µm dg

3.2.6 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was carried out at the Laboratory for Electron

Microscopy (LEM) at the Karlsruhe Institute of Technology (KIT) with a LEO 1530

Gemini coupled to electron dispersive X-ray fluorescence spectrometry (EDX) using an

excitation energy of 15 kV. Minerals and other solid phases were identified by their image

and the relative concentrations of elements, which were compared with spectrograms of

minerals as provided by Reed (2006).

3.2.7 Synchrotron radiation based µ-XRF analyses

The collected single airborne particles were analysed for their elemental distribution by

means of energy-dispersive synchrotron radiation based µ-X-ray fluorescence analysis (µS-

XRF) at ANKA (Angström-Quelle Karlsruhe, Karlsruhe Institute of Technology (KIT),

Germany, FLUO-beamline). The transparent adhesive collection plates could be used

directly without any further preparation. The experiment was carried out under atmo-

spheric conditions. The radiation at ANKA is delivered by a 2.5 GeV storage ring. The

source at the FLUO-beamline is a 1.5 T bending magnet with a critical energy of about

6 keV. A double multilayer monochromator (W-Si multilayers in 2.7 nm period) is used

at the FLUO-beamline. As focusing optics x-ray lenses (CRL) and polycapillaries can be

applied. The collimated X-ray beam for the experiment had the size of approximately 2

× 5 µm at the sample and an energy of 22 kV was applied. The measurement of elements
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with an atomic number Z < 15 was not possible due to the measurement in air. While

for all analysed elements the K-lines were used, Pb was determined with its L-lines. The

measured elemental concentrations for the samples were calibrated with the reference

sample StHs6 (andesitic ash from the St. Helens (USA) eruption, Stoll & Jochum, 1999).

Additionally, two other reference materials, KL2 (basalt from Hawaii) and ATHO (rhy-

olite from Iceland), were measured for quality control. Elemental concentrations were

calculated by fundamental parameters using the program PyMCA (Solé et al. (2007)).

3.3 Statistical methods

For all statistical analyses, the software package STATISTICA (StatSoft, USA, Version

6) was applied.

3.3.1 Descriptive statistics

Unless noted otherwise the weighted mean (acn) of mass or elemental concentrations was

calculated according to the equation:

acn = (cn−1 + 2cn + cn−1)/4 (3.3)

In the appendix, the following statistical values are given for the different analysed

concentrations: Number (N), average (avg), standard deviation (stdev), lower quartile

(lower QT), upper quartile (upper QT), median (median), 10th percentile (10th PCT),

and 90th percentile (90th PCT).

3.3.2 z-transformation

Data were normalized according to the following equation (z-transformation):

concz−trans = (concavg − concvalue)/stdev (3.4)

3.3.3 Factor analysis

Factor analysis is a statistical tool in order to group parameters based on mutual cor-

relations among them. The main goal is to reduce the number of initial variables and

to reveal patterns within the original data matrix. The algorithm allows the allocation

of each variable to independent groups, called factors. With the STATISTICA software

package (StatSoft, USA, Version 6) a correlation matrix is generated based on which the
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factors are successively extracted. An eigenvalue of 1 is used as stop criterion. Varimax

standardized rotation was applied to maximize the variance of the factor loadings for

each factor transforming the loadings as close as possible to +1 and -1, respectively. The

communality expresses to what extent the variance of a variable can be explained by all

factors. For each case (e.g. sampling week) a so called factor score was calculated which

shows the estimated value of each factor for the considered case.

3.4 Enrichment factors

The calculation of enrichment factors (EFs) helps to distinguish between elements orig-

inating from anthropogenic activities and those from natural sources, and consequently,

to estimate the degree of anthropogenic contamination. Since its introduction by Zoller

et al. (1974), this method was applied for countless source apportionment studies. For

this calculation it is assumed that the anthropogenic contribution of the normalizing el-

ement (e.g. Fe, or Ti) is insignificant. Within this work, EFs were calculated related

to Ti with two different background values: (1) related to average crustal material (con-

centrations take from Reimann & Caritat (1998)), (2) related to average Chinese topsoil

(concentrations taken from Chen et al. (2008)), according to the following equations:

EFT i =
(Element/T i)APM

(Element/T i)crust

(3.5)

EFT i =
(Element/T i)APM

(Element/T i)soil

(3.6)

Median concentrations of all APM samples were used for the calculation of the EFs. .

By convention, an average EF value < 10 is taken as an indication that a trace metal

in an aerosol has a significant crustal source, while an EF value > 10 is considered to

indicate that a significant proportion of an element has a non-crustal and, consequently,

anthropogenic source (Chester et al., 1999).
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Chapter 4

Towards a better understanding of

spatio-temporal variations of aerosol

concentration and composition

For the assessment of urban atmospheric pollution, it is crucial to gain detailed informa-

tion about the chemical composition of atmospheric particulate matter (APM). On the

one hand, potential toxic metals play a decisive role for the estimation of health effects

(see section 1.3.1) and the respective burden for the inhabitants of cities and megacities

can vary strongly due to an inhomogeneous spatio-temporal distribution. On the other

hand, the composition of APM indicates relevant sources, which are important to know

for the implementation of effective mitigation measures.

Beside total element concentrations, also water-soluble ions constitute a large part of

APM mass. Studies from China showed that water-soluble ions accounted for one-third

or more of the APM mass in Chinese urban regions (He et al., 2001; Hu et al., 2002;

Wang et al., 2002, 2006b; Shen et al., 2009). The importance of water-soluble inorganic

species is not only due to their high percentage in APM mass, but also due to negative

impacts on human health, visibility reduction and acidic rain of some species (see section

1.3.1).

Furthermore, carbonaceous particles play an important role for the overall atmo-

spheric pollution. Carbon in atmospheric particles occurs as carbonate, organic carbon

(OC), soot, char and elemental carbon (EC) or black carbon (BC), respectively. By

convention, carbon determined by thermal methods is called EC, while the carbon, de-

termined by optical methods, is called BC (Hitzenberger et al., 2006). Black carbon

originates mainly from incomplete combustion processes, and in China, especially from
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the usage of coal and biofuels (Streets et al., 2001). A major part of BC in PM2.5 can be

classified as soot. The effects of BC on the environment, climate and human health are

described in section 1.3.

Within this chapter, a comprehensive data set of element and water-soluble ion con-

centrations as well as BC concentrations of PM2.5, PM10, and TSP samples from Beijing

is presented. The focus of this chapter lies on data from sampling period A (Sep-05 –

Aug-07) and B (spring 2007), whereas results from period C (Olympic Games 2008) are

discussed separately in chapter 6 with particular attention on the effects of the applied

mitigation measures. The results about aerosol concentration and composition in Bei-

jing are subsequently discussed with regard to their spatio-temporal variations, possible

toxicity, predominant sources and especially the distinction between geogenic and an-

thropogenic sources, as well as in connection to findings from other studies at different

urban locations worldwide. The distinctive features of this study are the long-term period

with continuous sampling over two years, the discrimination between day- and night-time

samples, and the simultaneous measurements at different sites in order to gain a com-

prehensive knowledge about the seasonal and spatial pattern of atmospheric particles in

Beijing. Furthermore, the origin of the particles with special focus on the distinction

between geogenic and anthropogenic sources is another principal point of this study.

4.1 Results from long-term weekly sampling

4.1.1 Enrichment factors

The calculation of enrichment factors (EFs) is helpful in order to be able to distinguish be-

tween elements originating from anthropogenic activities and those from natural sources

and to estimate the degree of anthropogenic contamination. Since its introduction by

Zoller et al. (1974), this method was applied for countless source apportionment studies.

Enrichment factors were calculated according to equation 3.5 (see chapter 3.4), and are

listed in Table 4.1 for PM2.5 samples of each of the five sampling sites (site 1–5) as well

as for TSP samples from site 4. By convention, an average EF value < 10 is taken as an

indication that a crust trace metal in an aerosol has a significant crustal source, while an

EF value > 10 is considered to indicate that a significant proportion of an element has a

non-crustal and, consequently, anthropogenic source (Chester et al., 1999). However, it

is important to bear in mind, that nowadays, there is no element left which results solely

from geogenic sources, since humans almost use any chemical element for some technical

material (Hashimoto et al., 1992; Nath et al., 2007). Nevertheless, in the following, ele-
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Table 4.1: Calculated enrichment factors (EFs) referring to Ti for all analysed elements.
EFs were calculated using the median concentrations of all samples from each site (see
equation 3.5). Crustal concentrations were taken from Reimann & Caritat (1998).

PM2.5 PM2.5 PM2.5 PM2.5 PM2.5 TSP
site 1 site 2 site 3 site 4 site 5 site 4

Na 2 1 2 2 3 1
Mg 1 1 2 2 1 2
Al 1 1 1 1 1 1
K 7 4 7 7 11 2
Ca 3 3 4 4 4 4
Sc 1 1 1 1 1 1
Ti 1 1 1 1 1 1
V 3 2 2 2 2 1
Cr 3 2 3 4 3 2
Mn 8 5 7 8 9 2
Fe 2 2 2 2 2 1
Co 3 2 2 3 3 1
Ni 10 5 6 16 10 2
Cu 117 118 137 228 274 30
Zn 348 275 421 499 509 85
Ga 19 13 16 23 23 4
As 739 506 850 1359 1237 175
Rb 10 7 10 10 13 2
Sr 2 2 3 4 3 2
Cd 2635 1778 2897 3911 4327 522
Sn 376 313 490 684 673 79
Sb 2085 2773 2622 4682 3617 564
Cs 32 18 26 29 36 6
Ba 3 3 4 5 5 3
Pb 865 657 968 1233 1302 148

ments with high EFs will be referred to as elements from predominantly anthropogenic

sources or short as “anthropogenic elements”, whereas elements with low EFs will be

classified as elements from predominantly geogenic sources or “geogenic elements”.

In Beijing, elements whose occurrence was highly influenced by anthropogenic activ-

ities were Cu, Zn, As, Cd, Sn, Sb, and Pb (EFs > 100, Table 4.1). Those elements had

the highest EFs in the south-eastern parts of Beijing at site 4 (As, Sn, and Sb) or site

5 (Cu, Zn, Cd, and Pb), respectively. Generally, EFs of the finer PM2.5 samples were

higher than those of total particles (Table 4.1).
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Figure 4.1: Weekly TSP mass concentrations (in µg/m3) during sampling period A (Sep-
05–Aug-07) at site 4. The seasons were defined meteorologically; au: autumn (Sep, Oct,
Nov), wi: winter (Dec, Jan, Feb), sp: spring (Mar, Apr, Jun), su: summer (Jul, Aug,
Sep).

4.1.2 Mass and element concentrations

Total suspended particulate matter

For the two-year period from Sep-05 to Aug-07 (period A), the average TSP concentration

was 372 µg/m3, with a maximum of 1026 µg/m3 in November 2005 (CW 44/05) and a

minimum of 140 µg/m3 in July 2006 (CW 28/06). The TSP mass concentration in

Beijing considerably varied over the course of both years (Figure 4.1). With respect to

seasons, highest average concentrations were found in autumn 2005 with 524 µg/m3. In

the following year, autumn concentrations were lower with an average value of 395 µg/m3.

Winter average concentrations were also quite high (winter 05/06: 351 µg/m3 and winter

06/07: 484 µg/m3). Summer had lowest particle concentrations of all seasons with average

values of 235 µg/m3 in 2006, and 261 µg/m3 in 2007. Spring TSP concentrations differed

strongly between 2006 and 2007. In 2006, average spring concentrations were considerably

higher with an average of 404 µg/m3 compared to 296 µg/m3 in 2007.

Beside the TSP mass concentrations, also the concentrations of the different elements

varied strongly during the annual course. This is shown using the example of seven se-

lected elements (Mg, Al, K, Ca, Ti, Fe and Sr) from predominantly geogenic sources

in Figure 4.2 and of seven elements (Cu, Zn, As, Cd, Sn, Sb, and Pb) from anthro-

pogenic sources in Figure 4.3. For better comparison the element concentrations were

standardized using z-transformation (Equation 3.4, see chapter 3.3.2).
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Figure 4.2: Standardized (z-transformation, Equation 3.4) element concentrations of
seven selected elements from predominantly geogenic sources (Mg, Al, K, Ca, Ti, Fe,
and Sr) of weekly TSP samples during period A at site 4.
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Figure 4.3: Standardized (z-transformation, Equation 3.4) element concentrations of
seven selected elements from predominantly anthropogenic sources (Cu, Zn, As, Cd,
Sn, Sb, Pb) of weekly TSP samples during period A at site 4.
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The maximum TSP concentration during sampling period A in November 2005 was

reflected in high concentrations of all geogenic elements (Figure 4.2). Magnesium and

Ca also had their maxima during this week (CW 44/05). Another concentration peak

of geogenic elements occurred three weeks later at the end of November (CW 47/05,

Figure 4.2). Concentrations during this week were even higher for Al, Ti, and Fe. Spring

concentrations were especially high for those three elements, as well as for K. It is worth

emphasizing the differences between spring 2006 and 2007 with considerably higher con-

centrations of geogenic elements in 2006 compared to the following year (Figure 4.2).

Summer was the seasons with lowest concentrations in both years, 2006 and 2007. More-

over, also the variations from week to week were lower during this time of the year (Figure

4.2).

Anthropogenic element concentrations were also very variable during the annual course

(Figure 4.3). However, those elements had a different course during the distinct seasons

compared to geogenic elements. One huge difference between those two particle groups

were the considerably lower spring concentrations for anthropogenic element concentra-

tions (Figure 4.3). Generally, anthropogenic element concentrations were highest in au-

tumn and winter (Figure 4.3). However, it is noticeable that the average concentrations

in winter 06/07 were considerably higher compared to those of the previous winter.

Descriptive statistics of TSP mass and element concentrations for sampling period A

are summarised in Table A.1 as volume related concentrations in ng/m3 and in Table A.2

as mass related concentrations in µg/g.

Particulate matter smaller 2.5 µm

During the two-year sampling period from Sep-05 to Aug-07 (Period A), five PM2.5 sam-

pling sites were operated along a transect through Beijing from NW to SE with separated

day- and night-time sampling on a weekly basis (Figure 3.1). Additionally, weekly PM2.5

samples without distinction between day and night were collected at site CUG. Descrip-

tive statistics for mass and element concentrations of the PM2.5 samples from the different

sites are listed in Tables A.3 – A.12 for volume-related data in ng/m3 air. The same tables

are also provided for mass-related data in µg/g (Tables A.13 – A.22).

Figure 4.4 shows the mass concentrations at the five sites (site 1 – site 5) separately

for day- and night time as well as for weekly samples at site CUG. With the exception of

site 2, day-time concentrations were usually higher than corresponding night-time values.

Site 4 was chosen as an example for a more detailed illustration of the weekly PM2.5

element concentrations during sampling period A because at this site TSP samples were
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Figure 4.4: Boxplots of PM2.5 mass concentrations from site 1 – site 5 for day (d) and
night (n) samples, respectively. At site CUG, no distinction between day- and night-time
samples was made (b). The lower end of the box is represented by the lower quartile, the
upper end by the upper quartile, and the median value is illustrated by the line inside
the box. Whiskers represent the complete data range (minimum to maximum).

collected simultaneously and were, therefore, available for a comparison of both particle

size fractions. PM2.5 concentrations at site 4 varied from 17.2 to 242 µg/m3 with an

average value of 102 µg/m3 during daytime and from 12.7 to 227 µg/m3 with an av-

erage value of 96.7 µg/m3 for night-time samples of Period A. For better comparison

the element concentrations were standardized using z-transformation (Equation 3.4, see

chapter 3.3.2). The same seven geogenic elements (Mg, Al, K, Ca, Ti, Fe and Sr), which

were already presented for TSP samples in the previous section, are illustrated for PM2.5

samples in Figure 4.5 separately for day- and night-time samples. Furthermore, the same

annual course is shown in Figure 4.6 for seven anthropogenic elements (Cu, Zn, As, Cd,

Sn, Sb, and Pb).

Element concentrations of the fine fraction smaller than 2.5 µm had a similar annual

trend compared with those of total particulates (TSP results see section 4.1.2). Geogenic

elements had highest concentrations in spring 2006 and lowest during both summers (Fig-

ure 4.5). Anthropogenic element concentrations were also lowest during summer and had

highest concentrations in winter 2006/2007. Day- compared to night-time concentrations

of the respective elements were relatively similar for both, geogenic and anthropogenic,

elements.
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Figure 4.5: Standardized (z-transformation, Equation 3.4) element concentrations of
seven selected elements from predominantly geogenic sources (Mg, Al, K, Ca, Ti, Fe,
and Sr) of weekly PM2.5 samples during period A at site 4 for day-time (light lines with
dots) and night-time (dark lines with rhombi) samples, respectively.
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Figure 4.6: Standardized (z-transformation, Equation 3.4) element concentrations of
seven selected elements from predominantly anthropogenic sources (Cu, Zn, As, Cd,
Sn, Sb, Pb) of weekly PM2.5 during period A at site 4 for day-time (light lines with dots)
and night-time (dark lines with rhombi) samples, respectively.
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Figure 4.7: Boxplots of sulphate concentrations of the year 2006 from site 1 – site 5 for
day- (d) and night-time (n) samples, respectively. At site CUG, no distinction between
day- and night-time samples was made (b). The lower end of the box is represented by
the lower quartile, the upper end by the upper quartile, and the median value is marked
by the line within the box. The whiskers represent the complete data range (minimum
to maximum).

4.1.3 Water-soluble ions

Within this study, four water-soluble anions (sulphate, nitrate, chloride and fluoride)

and five water-soluble cations (sodium, ammonium, potassium, magnesium and calcium)

were measured. However, only for TSP samples the concentrations of all ions were above

detection limit (LOD, see chapter 3.2.2) for most of the samples. Additionally to TSP

samples, at site 4 and site CUG, water-soluble anions were also analysed for PM2.5 samples

for the whole sampling period A. At all other sites, water-soluble ions were analysed for

the calendar year 2006.

Sulphate (SO2−
4 ) was the prevalent anion for both PM2.5 and TSP samples with an

average concentration of 19.4 for day- and 16.7 µg/m3 for night-time PM2.5 samples, and

33.9 µg/m3 for TSP samples at site 4. The sulphate concentrations at site 1 to site 5

for the year 2006 are illustrated in Figure 4.7 for day- and night-time PM2.5 samples,

respectively, as well as for weekly PM2.5 samples from site CUG (without discrimination

between day and night). For all sites with the exception of site 2, the median day-time

sulphate concentrations were higher than those during night (Figure 4.7). Site 1 in the

NW of Beijing was the site with lowest sulphate concentrations, whereas site 4 in the SE

of the city had the highest sulphate concentrations.
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Figure 4.8: Average seasonal sulphate concentrations at site 4 for TSP and day- and
night-time PM2.5 samples as well as for PM2.5 samples from site CUG. The whiskers
represent the standard deviation. Seasons were defined meteorologically; au: autumn,
wi: winter, sp: spring, su: summer.

Sulphate concentrations had strong seasonal variations. The average sulphate concen-

trations for the different seasons are displayed in Figure 4.8 for TSP and PM2.5 samples

from site 4 as well as for PM2.5 from site CUG for the whole sampling period A. High-

est TSP sulphate concentrations occurred in winter with an average concentration 41.6

µg/m3 for the whole season and a maximum value of 70.4 µg/m3 for a single week (CW

03/06). Summer TSP sulphate values are also quite high with 35.6 µg/m3 on average.

Nitrate (NO−

3 ), which was the anion with the second highest concentrations, showed

a different seasonal trend compared to sulphate. Lowest nitrate concentrations occurred

in summer (8.2 µg/m3 for TSP), whereas winter and spring concentrations were high

(winter: 16.2 µg/m3, spring: 11.5 µg/m3 for TSP). The average nitrate concentrations

for the different seasons are displayed in Figure 4.9 for TSP and PM2.5 samples from

site 4 as well as for PM2.5 from site CUG for the whole sampling period A. Nitrate

concentrations in TSP samples correlated with total mass concentration (r = 0.72, N =

53).

Chloride (Cl−) and fluoride (F−) concentrations were often below LODs (LODs:

0.2 and 0.4 mg/L, respectively) in PM2.5 samples and therefore not measured for the

majority of PM2.5 samples. For TSP samples, the average annual concentrations were 3.3

µg/m3 for fluoride and 0.8 µg/m3 for chloride.

Calcium (Ca2+) was the most abundant water-soluble cation in TSP samples. Its

concentrations varied from 5.25 to 27.9 µg/m3 with an average value of 11.9 µg/m3 for
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Figure 4.9: Average seasonal nitrate concentrations of TSP and day- and night-time
PM2.5 samples at site 4, as well as of PM2.5 at site CUG for sampling period A. The
whiskers represent the standard deviation. Seasons were defined meteorologically; au:
autumn, wi: winter, sp: spring, su: summer.

TSP samples from period A. In PM2.5 samples, Ca2+ concentrations were much lower.

Average concentrations were 1.46 µg/m3 for day-time and 0.86 µg/m3 for night-time

PM2.5 samples from 2006 at site 4. All other cations in TSP samples had lower concen-

trations compared to Ca2+. Average TSP concentrations of sodium (Na+) were 1.35

µg/m3, of ammonium (NH+
4 ) 2.51 µg/m3, of magnesium (Mg2+) 1.93 µg/m3, and of

potassium (K+) 2.36 µg/m3.

The average seasonal concentrations of ammonium, sodium, potassium, and calcium

for the year 2006 are plotted in Figure 4.10 for TSP and day- and night-time PM2.5

samples from site 4, as well as for PM2.5 samples from site CUG. Water-soluble magnesium

concentrations were not included in the Figure, since its concentrations were below LOD

for many PM2.5 samples. Summer and winter had higher NH+
4 concentrations compared

to autumn and spring concentrations (Figure 4.10). Spring was the season with lowest

NH+
4 concentrations for TSP and PM2.5 samples. In all seasons, PM2.5 samples had higher

NH+
4 concentrations compared to those of TSP samples. On the contrary, water-soluble

sodium had higher concentrations in TSP than in PM2.5 samples (Figure 4.10). For

Na+, summer was the month with lowest concentrations, whereas highest concentrations

occurred in winter, and for TSP samples also in spring (Figure 4.10). Water-soluble

potassium concentrations were highest in winter. Concentrations of K+ were in a similar

range for both, TSP and PM2.5 samples (Figure 4.10).
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Figure 4.10: Average seasonal concentrations of water-soluble cations from TSP and
day- and night-time PM2.5 samples at site 4, as well as from PM2.5 samples at site
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potassium, and calcium. The whiskers represent the standard deviation. Seasons were
defined meteorologically.
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Figure 4.11: Boxplots of BC concentrations from site 1 and site 3 – site 5 for day (d) and
night (n) samples, respectively. At site CUG, no distinction between day- and night-time
samples was made (b). The lower end of the box is represented by the lower quartile, the
upper end by the upper quartile, and the median value is illustrated by the line within
the box. The whiskers represent the complete data range (minimum to maximum).

4.1.4 Black carbon

Black carbon concentrations were measured only for PM2.5 samples due to analytical

reasons (see chapter 3.2.4). Descriptive statistics of BC concentrations at the different

sites are summarized in Table A.23. Figure 4.11 illustrates the BC concentrations during

sampling Period A at four sites (site 1, site 3 – site 5) separately for day and night.

Furthermore, BC concentrations from site CUG without distinction between day- and

night-time samples are included in the Figure. Site 4 in the SE of Beijing had highest

BC concentrations of all sites. Lowest BC concentrations were measured at site 1 in the

NW of Beijing. With the exception of site 1, night-time BC concentrations were usually

higher than corresponding day-time concentrations.

Black carbon concentrations of PM2.5 samples had pronounced seasonal variations.

The average concentrations of each season from spring 2005 to winter 2007/2008 at site

CUG are shown in Figure 4.12. Spring and summer BC concentrations were consider-

ably lower than those in autumn and winter. In 2005 and 2007, autumn was the season

with maximum average BC concentrations. In 2006, however, concentrations of winter
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Figure 4.12: Average seasonal BC concentrations of PM2.5 samples from site CUG (N=13
for all seasons with exception of su-07 with N=14, and au-07 with N=6). Seasons were
defined meteorologically; sp: spring, su: summer, au: autumn, wi: winter.

2006/207 were higher than those of autumn. In 2005, the season with lowest BC concen-

trations was summer, whereas in the following two years spring concentrations were even

lower than those of summer.

4.1.5 Passively sampled atmospheric particles

Atmospheric particles (APM2.5−80) between 2.5 and 80 µm dg (geometrical diameter)

were collected passively at site CUG. These particles were grouped in the following six

size classes:

Size class one (SC1): 2.5 – 5.0 µm

Size class two (SC2): 5.0 – 10 µm

Size class three (SC3): 10 – 20 µm

Size class four (SC4): 20 – 40 µm

Size class five (SC5): 40 – 80 µm

Size class six (SC6): 80 – 160 µm

Since only few of the collected particles belonged to SC6, only SC1–SC5 will be

considered in the following sections. Furthermore, it was also distinguished between

“transparent” and “opaque” particles. Both particle groups together are referred to as

“total” particles. Descriptive statistics for total, transparent and opaque particles are

summarised in Table A.23.

Seasonal variations were pronounced for all size classes. The average concentrations

of the respective seasons from spring 2005 to summer 2007 are shown in Figure 4.13 for
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Figure 4.13: Average seasonal mass concentrations of total particles for the different
size classes (SC1:2.5–5, SC2:5–10, SC3:10–20, SC4:20–40, SC5:40–80 µm). The whiskers
represent the respective standard deviation. The seasons were defined meteorologically;
sp: spring, su: summer, au: autumn, wi: winter.

SC1–SC5. For particles of all size classes, spring 2006 was the season with maximum

average concentrations and concentrations were lowest in summer. In spring, SC3 had

highest concentrations during all three years. In winter 2005/2006, SC3 was also the

size class with highest concentrations closely followed by SC2. Size class 2 had highest

average concentrations for all other seasons. Consequently, particles between 5 and 20 µm

constitute the most important size fractions of the total mass concentration in Beijing.

4.2 Results from short-term 24-hourly sampling

4.2.1 Mass and element concentrations

In spring 2007 (27th of March to the 16th of April 2007, sampling period B), PM2.5 and

PM10 samples were collected at site CUG in 12-hour intervals. During this time average

PM2.5 mass concentrations ranged from 5.54 to 137 µg/m3 with an average concentra-

tion of 51.3 µg/m3. PM10 mass concentrations varied from 11.4 to 363 µg/m3 with an

average concentration of 117 µg/m3. Mass concentrations of particles of both size classes

had a similar trend during these three weeks (Figure 4.14). On average, PM10 mass

concentrations were 3-fold higher compared to those of PM2.5 samples.

Beside the mass concentrations, also the element concentrations varied during this
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Figure 4.14: PM2.5 and PM10 mass concentrations in µg/m3 at site CUG from the 27th
of March to the 14th of April 2007 (period B).

short-term sampling period. For geogenic elements, such as Mg, Al, K, Ca, Ti, Fe, and

Sr, both particle size classes showed a similar trend. However, the PM10 concentrations

were significantly higher compared to those of PM2.5 samples (Figure 4.15). Anthro-

pogenic elements, such as Cu, Zn, As, Cd, Sn, Sb, and Pb, on the contrary, had similar

concentrations in both size fractions (Figure 4.16).

Descriptive statistics for mass and element concentrations of PM2.5 and PM10 samples

from period B are summarised in Table A.24 and Table A.25 as volume-related concen-

trations in ng/m3. The same tables are provided for mass-related concentrations in µg/g

(Table A.26 and Table A.27).

4.2.2 Black carbon

Black carbon concentrations at site CUG during sampling period B varied from 0.44 to

14.5 µg/m3 with an average value of 3.29 µg/m3 for PM2.5 and from 0.68 to 20.8 µg/m3

with an average value of 5.03 µg/m3 for PM10 samples. The course from the 27th of

March to the 14th of April 2007 (12-hour intervals) is illustrated in Figure 4.17 for both

size fractions. On average, BC concentrations of PM2.5 samples constituted 62% (ranging

from 22 to 87%) of BC of PM10 samples.

4.2.3 Passively sampled atmospheric particles

During sampling period B (27th of March – 14th of April 2007), passively collected

particles between 2.5 and 80 µm (APM2.5−80) were also collected in 12-hour intervals at

site CUG. Transparent particle concentrations varied from 84.5 to 694 µg/m3 with an

average concentration of 299 µg/m3, whereas opaque particle concentrations ranged from
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Figure 4.15: Element concentrations in µg/m3 of seven selected elements from predom-
inantly geogenic sources (Mg, Al, K, Ca, Ti, Fe, and Sr) of 12-hourly PM2.5 (black line
with rhombi) and PM10 (grey lines with circles) samples from the 27th of March to the
16th of April 2007 (period B) at site CUG.
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Figure 4.16: Element concentrations in ng/m3 of seven selected elements from predomi-
nantly anthropogenic sources (Cu, Zn, As, Cd, Sn, Sb, and Pb) of 12-hourly PM2.5 (black
line with rhombi) and PM10 (grey lines with circles) samples from the 27th of March to
the 16th of April 2007 (period B) at site CUG.



4.3. DISCUSSION 51

0 

5 

10 

15 

20 

25 

W
e
d
 

T
h
u
 

F
ri
 

S
a
t 

S
u
n
 

M
o
n
 

T
u
e
 

W
e
d
 

T
h
u
 

F
ri
 

S
a
t 

S
u
n
 

M
o
n
 

T
u
e
 

W
e
d
 

T
h
u
 

F
ri
 

S
a
t B
C
 c
o
n
c
e
n
tr
a
ti
o
n
  

[µ
g
/m

3
] 

PM2.5 PM10 

Figure 4.17: BC concentrations of PM2.5 and PM10 samples in µg/m3 at site CUG from
the 27th of March to the 14th of April 2007 (Period B).
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Figure 4.18: Mass concentrations of transparent and opaque particles between 2.5 and
80 µm dg at site CUG from the 27th of March to the 14th of April 2007 (Period B).

7.60 to 42.4 µg/m3 with average value of 20.3 µg/m3. The course for transparent and

opaque particles, respectively, is shown in Figure 4.18 for the three sampling weeks in

spring 2007.

4.3 Discussion

4.3.1 Spatial variations and their relation to different land-use

patterns

PM2.5 mass concentrations strongly varied between the five sites (site 1 – site 5) along

the transect (Figure 3.1) with lowest concentrations at site 1 north-west of Beijing and

highest at site 4 in the south-eastern parts of the city (Figure 4.4). Moreover, not only the

mass but also the element concentrations differed strongly between the sites. In order to

investigate the spatial pattern of various elements, the deviation of the average element
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Figure 4.19: Deviation of average volume-related element concentrations (Mg, Ca, Ti,
and Fe in ng/m3) from site 1 – site 5 compared to the respective average value of all five
sites; (a) day-time and (b) night-time concentrations.

concentrations of each site from the average value of all five sites were calculated. Firstly,

four elements from predominantly geogenic sources (Mg, Ca, Ti, and Fe) were chosen

(Figure 4.19) in order to investigate the spatial pattern of typical geogenic elements.

Secondly, the same was done for four elements from predominantly anthropogenic sources

(Zn, As, Cd, and Pb; Figure 4.20) in order to obtain information about the spatial

distribution of typical anthropogenic elements.

Site 1 had lowest concentrations for both, geogenic and anthropogenic, elements. On

average, element concentrations were 20–40% lower at this site compared to the average

of all sites. The relatively lower particulate air pollution in this area can be explained by

the location of site 1 in the NW of Beijing. Here, in the outskirts of Beijing the land-use is

agricultural, residential and recreational. The site is located on the area of a hotel owned

by the State Environmental Protection Administration (SEPA). Moreover, the traffic

volume in the area of site 1 is lower and there are only few tall buildings, which could

hinder the dispersion (Liu et al., 2009). Air masses from the mountainous region N and

NW of Beijing reach this site without travelling over large industrial areas first and are,

consequently less loaded with anthropogenic particles. For anthropogenic elements, it is
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Figure 4.20: Deviation of average volume-related element concentrations (Zn, As, Cd,
and Pb in ng/m3) from site 1 – site 5 compared to the respective average value of all five
sites; (a) day-time and (b) night-time concentrations.
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worth mentioning that night-time concentrations were lower than those during daytime

(Figure 4.20). Another special feature of site 1 is that it was the only site with lower BC

concentrations during night- than daytime. The generally lower anthropogenic pollution

during night time in the NW of Beijing can further be explained by the topography

with the Yanshan Mountains in the N and the Taihang Mountains in the W of Beijing

governing the wind fields. Hu et al. (2004) reported southern anabatic wind fields during

day and northern katabatic wind during night time in Beijing. These katabatic winds,

which transport relatively clean air masses towards the city, are probably the main reason

for better air quality during night time in this area.

At site 2 large differences between geogenic and anthropogenic elements were ob-

served. Whereas this site had highest concentrations of geogenic elements compared to

the other sites (Figure 4.19), the concentrations of anthropogenic elements were signif-

icantly lower (Figure 4.20). The specific characteristic of sampling site 2 is that the

sampling devices are located higher above ground (about 40 m) than it is the case for

the other sites (1.5 m for all other sites during period A with exception of site 3 with

about 6 m). At this height, the influence of geogenic particles transported over long dis-

tances from regional and supra-regional sources plays a relatively more important role.

This assumption is further supported by the observation, that concentrations of geogenic

elements were significantly higher at this site because of the dominance of minerals from

semi-arid and arid areas due to long-range transport, whereas anthropogenic particles

from local sources had lower concentrations compared to other sites.

Site 3 had slightly higher concentrations of geogenic elements and also of anthro-

pogenic elements compared to the average of all sites (Figure 4.19 and 4.20). The en-

richment at this site was higher for anthropogenic than for geogenic elements. Site 3 is

located in the center of Beijing only about 500 m SE of the Tiananmen Square in an old

“Hutong” quarter at the roof of an hotel (about 6 m above ground). The surrounding

buildings are mostly the same size or smaller, and, thus, do not shield this sampling

site. The roads in this area are narrow with only low traffic volume. Local sources are

especially coal combustion for heating and cooking as well as resuspension processes of

particles from unpaved streets, or construction and demolition waste.

At site 4, especially the anthropogenic element concentrations were high compared

to the other sites (Figure 4.20). Arsenic had the highest enrichment at this site (about

30% above average). The high concentrations of anthropogenic elements can be explained

by a high density of industry in the south-western parts of Beijing. Geogenic element

concentrations were higher compared to the average of all sites during daytime but were
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very close to the average concentration during night time (Figure 4.19). The traffic

influence at site 4, which is located in the south-eastern bend of the fourth ring road

and is not sheltered from this road by vegetation or buildings, is high. Consequently,

resuspension processes from the road during daytime with higher traffic volume and

congestions (stop-and-go traffic) might explain the higher geogenic element concentrations

of day- compared to night-time samples.

Compared to the average of all five sites, site 5 had lower concentrations of geogenic

elements (Figure 4.19) during daytime and especially during night time. Site 5 is located

in the SE of Beijing in the outskirts of the city in the inner courtyard of a private house.

Therefore, this site is more sheltered compared to the other sites and, thus, less affected by

resuspended particles from bare soils and street surfaces. During night-time, especially

As and Cd concentrations were enriched at this site. This observation highlights the

stronger anthropogenic pollution in the south-eastern part of the city compared to the

north-western areas.

Additional information about the spatial differences of particulate air pollution in

Beijing can be gained by comparing also the mass related element concentrations in

µg/g of the different sites. When considering the toxicity of elements in urban areas

and their health impacts due to air pollution, it is important to considered also these

concentrations in µg/g (equal to mg/kg as it is used in many sediment or soil studies),

because anthropogenic elements are often enriched in the fine particle fraction and, thus,

their proportion might be diluted by coarser particles. The spatial distribution of mass-

related concentrations of Zn, As, Cd, and Pb is illustrated in Figure 4.21.

It is important to highlight the observation that the spatial variations are very dif-

ferent if the concentrations expressed in µg/g are considered for the comparison. In

this context it should be noted that site 1 had relatively lowest concentrations of an-

thropogenic elements if expressed in µg/m3 (Figure 4.20), this was the case for site 2 if

the concentrations were calculated in µg/g (Figure 4.21). Furthermore, the situation at

site 3 located just near to the central Tienamen Square should be pointed out. At this

site the Zn, As, Cd, and Pb concentrations are lower than at the sites northwest and

southeast if expressed in µg/m3, but highest of all sites if expressed in µg/g. Those high

concentrations might contribute to the health harming potential of aerosols although no

standards are set for harmful metal concentrations in µg/g, yet. Consequently, for the

monitoring of toxic element concentrations in urban areas, the values expressed in µg/g

would provide further valuable information for the assessment of potential health effects

in different parts of the city and should be considered in future.
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Figure 4.21: Deviation of average mass-related element concentrations (Zn, As, Cd, and
Pb in µg/g) from site 1 – site 5 compared to the respective average value of all five sites;
(a) day-time and (b) night-time concentrations.
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4.3.2 Influence of meteorological conditions and seasonal sources

on temporal variations

Seasonal variations and the influencing factors

The results from the long-term sampling period A (Sep-05–Aug-07) showed that amount

of total particles varied with the seasonal course, but that also the concentrations of dif-

ferent elements had strong seasonal differences. A good proxy for toxicity of atmospheric

particles are element concentrations from predominantly anthropogenic sources, such as

Cd, As, or Pb. Consequently, seasons with high concentrations of these toxic anthro-

pogenic elements can be considered as especially dangerous for the health of the affected

inhabitants. The varying toxicity over the seasonal course shall be inspected in detail in

the following.

This was done by calculating the deviation of the average TSP element concentra-

tions over each season compared to the average value over all seasons, which is depicted

in Figure 4.22. Four elements representing geogenic sources (Mg, Ca, Ti, Fe) were cho-

sen for Figure 4.22a, whereas Figure 4.22b illustrates the seasonal variations for four

anthropogenic elements (Zn, As, Cd, and Pb).

During the two-year sampling period (period A), summer was always the season

with lowest concentrations for both, geogenic and anthropogenic elements (Figure 4.22).

Consequently, during this time of the year, the population in Beijing is exposed to the

relatively least polluted air. For anthropogenic elements, winter 2006/2007 was the sea-

son with relatively highest enrichments (Figure 4.22b). Zinc, Cd, and Pb were about 50

to 60% above average. Arsenic had even higher concentrations with an increase of about

100% compared to the overall average. In the previous winter, the enrichment of anthro-

pogenic elements was considerably lower but still above average except for Zn. Arsenic

was again the element with the highest enrichment. Consequently, winter is not only a

season with high concentrations of atmospheric particles but also the time when the con-

centrations of toxic elements from anthropogenic sources are especially high. Therefore,

winter can be regarded as the worst season with regard to negative health impacts. In

autumn 2005, geogenic elements were 40 to over 90% higher compared to the average

concentrations of the whole period. Magnesium and Ca had their relatively highest con-

centrations during this season. Titanium and Fe were only higher in spring 2006. In

autumn 2006, Calcium was again the element with the relatively highest enrichment of

all geogenic elements. However, the deviation from the overall average (about 10% for

all geogenic elements) was significantly lower in autumn 2006 compared to the previ-
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Figure 4.22: Deviation of the average volume-related element concentrations (in ng/m3)
of TSP samples of each distinct season compared to the average of all seasons during
period A; (a) typical geogenic elements (Mg, Ca, Ti, Fe) and (b) typical anthropogenic
elements (Zn, As, Cd, Pb). The seasons were defined meteorologically; au: autumn, wi:
winter, sp: spring, su: summer.

ous year. For both years, all anthropogenic elements except As were about 20 to 30%

above average during autumn. In, 2005, Cadmium was even more strongly enriched with

over 60% compared to the average of the whole sampling period A. Even though mass

concentrations were sometimes higher in spring than in autumn, anthropogenic element

concentrations were below average (Figure 4.22b). Hence, autumn must be considered as

more dangerous with regard to negative health impacts than spring.

The effect of the meteorological conditions on these seasonal variations will be evalu-

ated in the following sections.

Figure 4.23 shows the concentrations of passively sampled transparent particles be-

tween 2.5 to 80 µm diameter. The amount of precipitation during the respective sam-

pling intervals is plotted in the same figure. It can be observed that especially in summer,

when precipitation is highest in Beijing, the particle concentrations are lower compared

to periods without precipitation. Wet deposition is an efficient mechanism to reduce par-

ticle concentration in the atmosphere (Seinfeld & Pandis, 2006). In order to illustrate,
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Figure 4.23: Transparent particle concentrations (2.5–80 µm dg) at site CUG from Apr-
05 to Aug-07 together with the amount of precipitation during the respective sampling
intervals (3- and 4-daily sampling).

which particle size classes are reduced most significantly here, size distributions for two

representative time intervals during summer 2005 are considered. In both intervals, 3

sampling days without rain were followed by four days with heavy rainfall. Figure 4.24

shows the size distributions of transparent particles for these two samples without rain

(solid lines in Figure 4.24) and with heavy rainfall (dashed lines in Figure 4.24). The

amount of reduction (in %) for the respective size classes for the two examples was:

SC1 SC2 SC3 SC4 SC5

Jun-05 41 43 47 44 76

Jul-05 37 38 47 40 46

It could be observed that all size classes were reduced strongly and that the amount

of reduction was relative uniform for all particles. The higher reduction of particles larger

than 40 µm dg (SC5) might be due to lower mass concentration of this size class and the

respective higher analytical error. Particles between 10 and 20 µm dg (SC3) are probably

the size class with the strongest reduction by wet deposition.

Figure 4.25 shows the course of passively collected opaque particles and temperature.

A negative correlation in winter between opaque particles and temperature can be seen.

Several effects may be responsible for this. Temperature had an strong indirect effect

on atmospheric pollution in Beijing due to heating activities.

Beside the heating activities, also stagnant wind conditions in Beijing during winter

cause a the higher atmospheric pollution during this season. Air masses remain longer
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Figure 4.24: Size distribution of transparent particle concentrations (2.5–80 µm dg) at
site CUG for two samples in summer 2005 (20th to 23rd of June, 18th to 21st of July)
without rainfall and two subsequent samples (23rd to 27th of June, 21st to 25th of July)
during days with heavy rainfall (> 30 and > 40 mm, respectively).
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Figure 4.25: Opaque particle concentrations (2.5–80 µm dg) at site CUG from Apr-05 to
Aug-07 together with the average temperature during the respective sampling intervals
(3- and 4-daily sampling).
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over the urban area and particles from local sources are consequently more enriched.

Temporal variations of the urban mixing height might further contribute to the high

winter concentrations in Beijing. A lower mixing height can lead to a relative accumula-

tion of local particles in the smaller air volume of the boundary layer (Seinfeld & Pandis,

2006). Hao et al. (2000) studied the mixing height in Beijing and reported that, during

daytime in winter, the mixing height could reach 800 m, whereas during daytime in other

seasons, it could extend to 1000 m. Consequently, the lower mixing height during winter

in Beijing contributes to a relative accumulation of particles from local pollution sources.

Since anthropogenic sources are dominant within the city of Beijing, this assumption

would further explain the relatively higher concentrations of anthropogenic compared to

geogenic particles during winter.

Wind direction is certainly an important factor influencing the particle concentra-

tion and composition. Determining the effect of wind direction on measured concentra-

tions of atmospheric particles is very challenging. Firstly, during the weekly sampling

period, the wind direction may change several times. For this study, it was decided that

it is only meaningful to use the most abundant wind direction of each week, which is de-

fined as the dominant wind direction. Unfortunately, only a few dominant wind directions

occurred more than 7 times during sampling period A, and only these should be used

for data interpretation. These wind directions were 30 (N=9), 150 (N=7), 210 (N=63),

and 330 (N=11) degree for day-time samples and 30 (N=54), 60 (N=11), 210 (N=21),

and 330 (N=9) degree for night-time samples and are marked in black in Figure 4.26. In

Figure 4.26a the average day-time PM2.5 mass concentrations for each wind directions

are plotted for all five sampling sites whereas the same was done for night-time samples

in Figure 4.26b. Variation of mass concentrations with respect to wind direction is small

for all sites during daytime (Figure 4.26a). During night, concentrations were slightly

lower for wind conditions from NNW (330◦) for all sites except site 5, where particle

concentrations were lower under NNE conditions (30◦). Site 2 to site 5 had highest mass

concentrations during westerly winds (60◦) during night-time in Beijing.

Day-night variations and the influencing factors

As mentioned before, many element concentrations, and hereby especially those from

anthropogenic sources, as well as BC concentrations, were often higher during night

compared to day-time concentrations. Consequently, no relief of air pollution can be

expected during night time in Beijing. There are various factors contributing to this

serious night-time air pollution.
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Figure 4.26: Average PM2.5 mass concentration versus dominant wind direction for five
sampling sites of sampling period A. (a) daytime, (b) night-time samples. The wind-angle
bins for each site cover the range from 30 to 360◦ (N) with step size 30◦.

On the one hand, many emission sources operate also during night such as coal com-

bustion or domestic heating and traffic. Furthermore, heavy duty traffic only is allowed

to enter Beijing during night to prevent traffic congestions at daytime and, thus, these

heavy duty vehicles constitute an additional source of atmospheric particles, especially

of BC and traffic related elements.

On the other hand, the atmospheric mixing height might play a very important role

for the observed variations of the daily concentration pattern in Beijing. Especially par-

ticles with strong local sources are determined by the strength of atmospheric mixing

and the height of the mixing layer tends to be lower during night time (Seinfeld & Pan-

dis, 2006). Guinot et al. (2006) investigated the urban boundary layer in Beijing and

reported a strong diurnal pattern with low height values at night (80±50 m) and much

higher values (up to 3000 m) at daytime. This finding explains the lower day-time con-

centrations due to a higher dilution of particles because of the higher boundary-layer

volume of air. Consequently, it can be concluded these strong variation of the mixing

layer height is the most important factor influencing the daily concentration pattern of

atmospheric particles in Beijing. This conclusion is further supported by the finding that

especially anthropogenic elements from the abundant sources in Beijing reached higher

pollution levels during night time whereas geogenic particles originating predominantly

from regional and supra-regional sources had a relatively higher importance during day-

time.
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Figure 4.27: Size distribution of total particle concentrations (2.5–80 µm dg) at site CUG
for all 12-hourly samples of period B. Weekdays were defined from Monday morning to
Friday night (N=29), weekends from Saturday morning to Sunday night (N=12).

Beside the observed differences between day- and night-time samples, also variations

between the different weekdays and especially between workdays and weekends could be

observed. Due to the weekly sampling intervals during the long-term measurement period

A, only the samples collected in spring 2007 during the short-term sampling campaign

with 12-hourly samples (active and passive samples) could be used for the investigation

of diurnal variations of air pollution in Beijing.

In order to investigate, which particle size class was reduced how much during the

weekend, the size distribution of the average of all samples during workdays (Monday

morning to Friday night, N=29) were compared with the average concentrations during

weekends (Saturday morning to Sunday night, N=12). A reduction was observed for all

size classes (Figure 4.27). That indicates that sources for both, finer and coarser particles,

were reduced during the weekends in Beijing. Less traffic volume and traffic congestions,

and, thus, fewer particles from vehicle exhaust, but also fewer particles from resuspension

and abrasion processes, is probably the most important reason for these observed lower

particle concentrations. Furthermore, also a reduction of industrial sources is assumable.

In order to gain more information about the sources, which were reduced during
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Figure 4.28: Element concentrations (Cu, As, Cd, Sn, Sb, Pb) of PM2.5 and PM10 samples
during sampling period B at site CUG (concentrations in ng/m3). Only day values (7 a.m
to 7 p.m) were considered and it was distinguished between weekends (Sat+Sun, N = 6)
and weekdays (Mon–Fri, N = 14).

weekends in Beijing, also the element concentrations during weekends were investigated

in more detail. Figure 4.28 shows the average concentrations of selected anthropogenic

elements (As, Cd, Cu, Sb, Sn, and Pb) during weekdays (workdays, Mon–Fri) and week-

ends (Sat+Sun) for both, PM2.5 and PM10 samples at site CUG. For all these elements,

average concentrations during weekends were considerably lower than during the rest of

the week. In this respect it is worth mentioning that the PM10 concentrations of the an-

thropogenic elements during weekends were also considerably lower than those of PM2.5

samples during working days. The lower concentrations traffic-related elements, such as

Cu, Sn, and Sb support the assumption that the lower traffic volume during weekends is

one of the most important reasons for air pollution reductions. Lower As, Cd, and Pb

concentrations indicate that also industrial sources are fewer during weekends. In this

respect it is worth mentioning that the PM10 concentrations of the anthropogenic ele-

ments during weekends were also considerably lower than those of PM2.5 samples during

working days.
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Figure 4.29: Anion versus cation micro-equivalents for water-soluble ions from TSP sam-
ples (circles) during period A. The 1:1 relation is marked with the dashed line.

4.3.3 Acidity of atmospheric particles

The ion balance is a good indicator to study the acidity in the environment and amongst

others also of aerosols. For the calculation of the the ion balance of TSP samples from

site 4 , the ions’ mass concentrations were converted into anion (A) and cation (C) micro-

equivalents according to equation 3.1 and 3.2. The A/C ratios varied from 0.5 to 1.2 for

TSP samples of the year 2006.

Figure 4.29 illustrates that the ion balance for most TSP samples was close to a 1:1

relation, which indicates that acidity of atmospheric particles seems not to be high in

Beijing. The calendar weeks (CW ww/yy) during which the water-soluble ions deviated

more from the 1:1 relation are additionally marked in this Figure.

In this context, it should be highlighted that the samples with a A/C ratio significantly

<1, and consequently with relatively higher cation concentrations, were collected mostly

in spring (CW 08/06–10/06, CW 12/06, CW 16/06–18/06) and also during two autumn

weeks (CW 39/06–40/06). This observation indicates that the acidity seems to be lower

during dust storm (DS) periods in Beijing. Furthermore, this conclusion confirms findings

from a study by Sun et al. (2010) in which the authors interpreted DSs to play an

important role buffering and neutralising the acidity of aerosol over northern China.

From Xi’an, a large city located about 1000 km south-west of Beijing, Shen et al. (2009)

also reported lower A/C ratios (average of 0.6 for TSP and 0.8 for PM2.5 samples) during

DS days. Consequently, the capacity of DSs to buffer acidity could be regarded as an

positive effect to reduce acidic rainfall over northern China.

For TSP samples, a significant correlation between ammonium and sulphate (r = 0.77,

N = 53) was found, whereas ammonium and nitrate showed no correlation (r = 0.10, N

= 53). Therefore, ammonium in Beijing’s aerosols seems to be mainly present in form
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Figure 4.30: Boxplots of EFs from element concentrations at site 4 for TSP and PM2.5

samples, respectively. The lower end of the box is represented by the lower quartile, the
upper end by the upper quartile, and the median value is illustrated by the line within
the box. The whiskers represent the complete data range (minimum to maximum).

of ammonium sulphate. For PM2.5 from site CUG, the correlation between ammonium

and sulphate is also highly significant (r = 0.86, N = 40) and no correlation was found

between ammonium and nitrate (r = 0.23, N = 42).

4.3.4 Source identification with special focus on geogenic versus

anthropogenic pollution

Enrichment factors

As already mentioned, elements with high EFs were Ni, Cu, Zn, As, Cd, and Pb (Table

4.1) and, consequently, can be interpreted as elements originating from predominantly

anthropogenic sources. PM2.5 samples mostly had higher EFs than it was the case TSP

samples (Table 4.1). The differences between EFs of fine and total particles were espe-

cially large for anthropogenic elements (Figure 4.30). This indicates that anthropogenic

sources contribute relatively more to the fine particle load. Since finer particles are more

harmful to human health and many of the predominantly anthropogenic elements can

be regarded as toxic, the combination of fine and toxic anthropogenic particles poses a

serious threat to the inhabitants of Beijing.
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Figure 4.31: Boxplots of EFs from element concentrations at site 4 for PM2.5 day- and
night-time samples, respectively. The lower end of the box is represented by the lower
quartile, the upper end by the upper quartile. The median value is illustrated by the line
within the box. The whiskers represent the complete data range (minimum to maximum).

Moreover, the EFs for anthropogenic elements were mostly higher during night than

during daytime. This is exemplary shown for site 4 in Figure 4.31. Consequently, night

time can be considered as more critical with regard to negative health effects. The reasons

for the higher night-time concentrations of anthropogenic elements were already discussed

in section 4.3.2.

Indicator elements and element ratios

Concentrations of indicator elements of APM can help to estimate the toxicity of urban

dust for humans and to understand the reasons for seasonal variations, especially due to

varying source contributions, in more detail. Indicator elements are chemical elements,

which mainly are associated to certain sources or source groups, such as specific an-

thropogenic and geogenic sources. However, elements purely indicating geogenic sources

are hardly to be found, because almost any chemical element is used for some technical

material and purpose (Nath et al., 2007).

An example for such indicator elements are Pb and Ti. Lead mainly indicates an-

thropogenic sources, such as fuel combustion and industrial metal processing activities,
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Figure 4.32: Pb/Ti ratio of weekly TSP samples from site 4 from September 2005 to
August 2007 together with the TSP mass concentrations.

which are frequently present in Beijing. Nevertheless, Pb also can occur in geogenic

particles (e.g. galena, cerussite or anglesite) but in most cases to a lesser degree as in

anthropogenic particles, especially in urban areas. Titanium indicates mainly geogenic

sources, although also used in some paints (Reimann & Caritat, 1998). The ratio of

Pb/Ti indicates the variable importance of anthropogenic or geogenic sources of aerosol

particles over time (Figure 4.32). High TSP mass concentrations during autumn 2005

only showed relative low ratios of Pb/Ti, indicating a predominance of geogenic particles

whereas during winter 2005/2006 high ratios indicate the peak of the heating time. Again,

in spring 2006, during dust storms, the ratio decreased to its minimum over the period

of observation because of the predominating geogenic origin of the particles. For the rest

of 2006, both, Pb/Ti and TSP mass were more or less constantly increasing indicating

predominant anthropogenic emissions as cause for increasing TSP mass concentrations.

Winter 2006/2007 again showed high Pb/Ti values due to intensive heating activities. In

spring 2007, the dust storm season was not very pronounced, which was also reflected in

the Pb/Ti ratio.

The Pb/Ti ratio showed a similar annual trend for both day- and night-time samples.

This is illustrated exemplarily for concentrations of PM2.5 samples from site 4 in Figure

4.33a. In this context, however, a distinctive feature was the observation that, for the

majority of samples, the ratio is higher for night- than for day-time samples (Table 4.2).

The same annual trend with higher ratios during night time can also be observed for the

Cd/Ti ratio (Figure 4.33b, Table 4.2). Cadmium, which had highest EFs of all elements
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Figure 4.33: Pb/Ti ratio (a) and Cd/Ti ratio (b) for weekly PM2.5 samples from site 4
from September 2005 to August 2007.

Table 4.2: Percentage of sample weeks, when Pb/Ti and Cd/Ti ratios, respectively, were
higher during night than day time.

ratio site 1 site 2 site 3 site 4 site 5

Pb/Ti 68 78 76 74 73
Cd/Ti 66 75 78 80 70

within this study (Table 4.1), can also be used as an well suited indicator element for

anthropogenic pollution in Beijing. From these observations, it can be concluded that the

anthropogenic sources seem to play a relatively more important role during night time in

Beijing, which was also indicated by higher EFs of night-time samples (see section 4.3.4).

Reasons for these differences, such as the lowering of the atmospheric mixing height

during night time or night-time traffic of heavy duty vehicles, were already discussed in

section 4.3.2.

The Cu/Sb ratio of atmospheric particles was proposed to be a good indicator for

brake wear (Sternbeck et al., 2002) and, consequently, as a good tracer for traffic sources.

Weckwerth (2001) found that a Cu/Sb ratio of 4.6±1.2 for brake linings compared well

with measured enrichments of these elements in Cologne, Germany. Sternbeck et al.
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Figure 4.34: Cu/Sb ratio for weekly TSP samples from site 4 from September 2005 to
August 2007 together with the TSP mass concentrations.

(2002) conducted a tunnel study in Gothenburg, Sweden, and proposed a Cu/Sb ratio

of 4.6±2.3 as diagnostic criteria for brake wear particles in ambient air. Traffic related

Sb in Buenos Aires, Argentina, was investigated by Gómez et al. (2005) and the authors

reported a Cu/Sb ratio between 5.6 and 8.0. Higher ratios varying from 13.2 to 17.4 were

published in a study by Voutsa et al. (2002) about PM10 concentrations from Thessaloniki,

Greece. The Cu/Sb ratio of TSP samples from site 4 varied from 0.9 to 15.6 with an

average ratio of 4.9±1.6. The ratio for PM2.5 samples at the same site was 5.6±4.3 for

day-time and 4.8±2.3 for night-time samples. Over the annual course, the Cu/Sb ratio

showed no clear seasonal pattern (Figure 4.34).

The nitrate/sulphate ratio was proposed to be an indicator of the relative impor-

tance of stationary versus mobile sources of S and N in the atmosphere (Arimoto et al.,

1996) and also investigated in different studies in China (Yao et al., 2002; Shen et al.,

2009). Sulphate mainly originates from stationary sources (industrial or household burn-

ing of fossil fuels/coal), whereas the main source for nitrate are mobile sources (especially

traffic emissions). Figure 4.35 illustrates the nitrate/sulphate ratio of TSP samples at site

4 during period A. The high sulphate concentrations in winter can mainly be associated

with coal burning emissions. In summer, accelerated secondary formation of sulphate

is of importance in Beijing due to high humidity and strong solar radiation (Yao et al.,

2002).

Multivariate statistics (e.g. factor analysis) is another useful tool to identify the

most important sources of atmospheric particles in Beijing. It will be applied in the
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Figure 4.35: Nitrate/sulphate ratio for weekly TSP samples from site 4 from September
2005 to August 2007 together with the TSP mass concentrations.

next chapter (chapter 5, section 5.3.4) in the context of discrimination between sources

responsible for mobile and immobile element concentrations. The mixing of particles

from anthropogenic and geogenic sources will be further discussed on a single particle

level in chapter 7.

4.3.5 Comparison of air pollution in Beijing with other cities

worldwide

Comparison of mass and element concentrations of Beijing with other cities

worldwide

Table 4.3 summarizes the TSP mass and element concentrations of selected elements

(Cr, Mn, Ni, Cu, Zn, As, Cd, Pb) of different cities and megacities in Asia in order

to compare them with the results of this study. Most element concentrations of TSP

samples from sampling period A from Sep-05 to Aug-07 were more or less constant or

slightly increased compared to the concentrations during previous years (2001–2003) in

Beijing (Okuda et al., 2004). Lead concentrations, on the contrary, decreased clearly,

which probably still reflects a long-term effect of phasing out leaded gasoline, which

was done in Beijing already in 1997 (Sun et al., 2006). However, compared with Pb

concentrations of TSP samples from other Chinese cities, such as Guangzhou (Lee et al.,

2007), Hong Kong (Lee et al., 2007), or Qingdao (Hao et al., 2007), the concentrations

in Beijing were still higher (Table 4.3). Only Guiyang (Wu et al., 2008) had even higher
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Pb concentrations than Beijing. Manganese concentrations in Beijing were 3.5- to almost

8-fold higher compared to other Asian cities (Table 4.3) with the exception of Qingdao

(Hao et al., 2007). In Qingdao, where Mn concentrations were 3-fold higher than in

Beijing, the authors assumed soil to be the dominant source of Mn. Unfortunately, most

of the mentioned studies did not report As concentrations. Compared to Ho Chi Minh

City (Hien et al., 2001), As concentrations in Beijing were about 40-fold higher.

In order to evaluate the air pollution in Beijing in a broader global context, TSP

mass and element concentrations were also compared with those of other large cities

outside Asia. Table 4.4 summarises TSP mass and element concentrations from studies in

North America (Mexico, USA), South America (Argentina, Brazil), and Europe (France,

Italy). Cadmium and Pb were higher in Beijing compared to all other studies (Table

4.4). Chromium, Mn, and Zn were only higher in Rio de Janeiro (Quiterio et al., 2004).

Nickel concentrations in Beijing were in the same range than those measured in Mexico

City (Garćıa et al., 2008). Generally, this comparison illustrates that Beijing still is one

of the most polluted cities worldwide and that measures to improve air quality should be

the central focus of future urban planning.

4.4 Summary and conclusions

From the results of this study it could be shown that the spatio-temporal variability of

aerosol concentration and composition was pronounced in the megacity Beijing. Further-

more, it was indicated that the factors influencing these variations were manifold and

often interfered with each other.

With regard to spatial patterns, the north-western parts of the city were less polluted

than regions in the south-western areas. Generally, the air pollution situation is worse

in the central parts of the city compared to the outer regions and, thus, people living

there have to cope with higher concentrations of polluting particles. With respect to the

varying spatial burden of the inhabitants it is noteworthy to emphasize the importance

of calculating the concentrations of toxic elements also as mass-related concentrations in

µg/g in order to assess the potential negative health impact more comprehensive.

Over the annual course, the lowest aerosol concentrations occurred during summer,

due to meteorological conditions (e.g. most rainfall occurs during summer months in

Beijing) and the lack of certain sources (especially emissions from heating processes).

In spring, high aerosol concentrations are predominantly caused by geogenic particles,

whereas the concentrations of toxic elements from anthropogenic sources were consid-
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Table 4.3: Average TSP mass and element concentrations of different Asian cities. Mass concentrations in µg/m3, element concen-
trations in ng/m3.
City (Country) Reference Period N Mass Cr Mn Ni Cu Zn As Cd Pb

Bejing (CN) this study 09/05–08/07 100–103 369 33 294 20 130 880 58 10 353
Bejing (CN) Okuda et al. (2004) 03/01–08/03 618–731 – 19 240 22 110 770 48 6.8 430
Busan (KR) Kim et al. (2009) 2004 12 – 25.9 48.1 15.2 – – – 1.72 53
Guangzhou (CN) Lee et al. (2007) 12/03–01/05 22 – 20.9 84.7 – 82.3 1190 – 7.85 269
Guiyang (CN) Wu et al. (2008) 04/06–01/07 40 – 26.4 – – 31.2 1161 – 14.5 393
Ho Chi Minh City (VN) Hien et al. (2001) 08/96–05/98 61 73.6 8.63 38 – 1.28 203 1.5 – 146
Hong Kong (CN) Lee et al. (2007) 12/03–01/05 25 – 15.3 48.3 – 70.8 298 – 1.61 56.5
Qingdao (CN) Hao et al. (2007) 06/01–05/02 23 – – 910 43.6 57.3 341 – 1.4 185
Seoul (KR) Kim et al. (2009) 2004 12 – 11.5 61.4 8.46 – – – 1.7 78.7
Taichung (TW) Fang et al. (2003) 07/01–04/02 43 114 29.3 83.7 15.8 199 395 – 8.5 574
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Table 4.4: Average TSP mass and element concentrations of different cities worldwide. Mass concentrations in µg/m3, element
concentrations in ng/m3.
City (Country) Reference Period N Mass Cr Mn Ni Cu Zn Cd Pb

Bejing (CN) this study 09/05–08/07 100–103 369 33 294 20 130 880 10 353
North America

Mexico City (MX) Garćıa et al. (2008) 2003–2004 100 – 23.8 19.2 23 – – 2.64 50.8
Los Angeles (US) Lim et al. (2006) 08/02–06/03 – – 4.9 – 9.2 52 84 – 14
South America

La Plata (AR) Bilos et al. (2001) 1993 28–36 – 4.32 25.5 3.15 29.5 273 0.41 64.5
Niteri City (BR) Sella et al. (2004) 07/01 5 248* – 96.3* – – 442* 1.5* 86.6*
Rio de Janeiro (BR) Quiterio et al. (2004) 03/01–02/02 43 87* 421 1216 0.5 335 2120 0.9 101
Salvador (BR) Pereira et al. (2007) 10/04–11/04 7, 8 182, 169 – 19.2, 13.5 – 21, 121 4.5, 4.0 – –
Europe

Paris (FR) Ayrault et al. (2010) 03/02–09/03 21 – 4.12 6.95 2.17 18.4 45.8 0.39 15.4
Tito Scalo (IT) Ragosta et al. (2002) 1997–1999 558–559 60 13 27 5 58 304 2 60
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erably lower. Conclusively it can be stated that the burden of air pollution for the

inhabitants of Beijing are highest during winter due to stagnant meteorological concen-

trations on the one hand, and additional sources, especially coal combustion for heating

purposes, on the other hand. During this time, especially the high concentrations of po-

tentially toxic elements, such as Cd, As, and Pb, are of great concern for human health.

In this context, also the relatively higher concentrations of these anthropogenic elements

compared to less harmful geogenic elements if calculated as mass-related concentration in

µg/g is alarming. In the next chapter (chapter 5) element concentrations in Beijing will

further be investigated with respect to their varying mobility and, consequently, different

bioavailability over the seasonal course in order to gain additional information about the

health harming potential for the exposed inhabitants.

Moreover, this study showed that indicator elements help to understand the differ-

ent roles of geogenic and anthropogenic sources contributing to the aerosol pollution in

Beijing. In this study, the Pb/Ti and Cd/Ti ratio proved to be a good instrument to

discriminate between periods of dominant geogenic and those of dominant anthropogenic

pollution in Beijing. In this regard, it should further be pointed out that anthropogenic

air pollution was relatively higher during night- than during daytime. On the one hand,

the meteorological conditions, especially the lower urban boundary layer during night

time, were responsible for these differences. On the other hand, special anthropogenic

activities, such as the night-time traffic of heavy duty vehicles, contribute to this effect.

Generally, the rapid growth of megacities such as Beijing with regard to the number of

inhabitants, the vehicle fleet and the amount of energy consumption, is a huge challenge

for a sustainable urban planning for the future.
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Chapter 5

Temporal variability of trace metal

mobility determined by sequential

extractions - a contribution to

health impact assessment

5.1 Introduction

Aerosol particles are known to have negative health effects on humans (see chapter 1.3.1).

For the estimation of potential health effects, it is crucial to know not only the total

amounts of toxic substances, but also their chemical forms, which determine the respec-

tive behaviours in the environment. The bioavailability of elements depends on charac-

teristic surface properties of atmospheric particles, the strength of the chemical bonds,

and on the properties of solutions in contact with atmospheric particulate matter (APM)

(Smichowski et al., 2005). Sequential extractions are suitable tools for assessing the mo-

bility of elements, because they provide additional information about the solubility of

the elements in specific reagents, which can be associated to specific matrix components

(Richter et al., 2007). Generally, chemical elements mobilised by weak acids are much

more available for organisms as elements, which can be mobilised only by very strong

acids. Therefore, the chemical mobility of elements determined by leaching procedures is

a good indicator for their bioavailability.

In geochemical studies, sequential extractions have been applied for several decades,

especially for soil and sediment samples (e.g. summarised by Hirner, 1992; Linge, 2008).

For dust filter samples, the small amount of sampling material poses a special challenge.
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In the past 15 years, some fractionation schemes for APM were published and were

summarized in a review article by Smichowski et al. (2005). The authors classified five

main sequential chemical fractionation schemes, that are operationally defined: (a) based

on Tessiers procedure (Tessier et al., 1979), (b) based on Chesters procedure (Chester

et al., 1989), (c) based on Zatkas procedure (Zatka et al., 1992), (d) based on BCR

procedure (Ure et al., 1993), and (e) other procedures. However, the lack of uniformity

of the schemes raises problems when comparing the results of different studies.

For this work, a modified Tessier scheme after Fernández Espinosa et al. (2002) was

applied and the concentrations of 18 selected elements were analysed for each of the

four fractionation steps. The methodology is explained in more detail in chapter 3.2.3.

Fraction f1 is considered to be highly mobile, fraction f2 mobile, fraction f3 less mobile,

and fraction f4 immobile. This extraction scheme was chosen because it was optimised

for filter-collected fine urban particles and provides conditions more similar to the depo-

sition and solubilisation in the human lung (Fernández Espinosa et al., 2002). Within

this chapter, the total element concentrations, the element mobilities estimated by the

sequential fractionation steps and the main sources of these elements are discussed with

a particular focus on the toxicity and mobility of Zn, Cd, Mn, As, Cu, and Pb.

In Beijing already several studies focussed on total element concentrations and sources

of atmospheric particles (He et al., 2001; Okuda et al., 2004; Sun et al., 2004; Duan

et al., 2006; Norra et al., 2007, 2010; Schleicher et al., 2010a,b). All above mentioned

studies on APM carried out in Beijing do not consider the speciation of the elements and

their mobility. Only at few other locations, such as Veszprm, Hungary (Hlavay et al.,

1996), Karlsruhe, Germany (Heiser et al., 1999), Sevilla, Spain (Fernández et al., 2000;

Fernández Espinosa et al., 2002; Fernández Espinosa & Ternero Rodŕıguez, 2004), San

Nicols, Argentina (Fujiwara et al., 2006), Tartous and Darya, Syria (Al-Masri et al.,

2006), Santiago, Chile (Richter et al., 2007), Rome, Italy (Canepari et al., 2008), and

Tirupati, India (Praveen Kumar et al., 2008), investigations using leaching procedures

for urban APM samples were carried out. To the author’s knowledge, the study by Wu

et al. (2008), which focussed on very few elements (Cd, Cr, Cu, Pb, and Zn) from TSP

samples from Guiyang, is the only investigation that applied sequential extractions in

China. Other studies solely determined the speciation of single elements, such as Al

(Wang et al., 2007a).

This study aims at elucidating the mobility of metals in atmospheric particles of

different sizes (TSP and PM2.5) from Beijing for the first time. The knowledge obtained

by this approach helps to identify those elements, which are abundant and at the same
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Figure 5.1: Annual course for weekly TSP mass concentrations at site 4 from September
2005 to August 2007. Filled symbols correspond to TSP samples selected for sequential
extractions.

time highly mobile and are, therefore, the most critical for possible negative effects on

human health. Furthermore, the sources of these especially health-relevant elements are

addressed within this chapter. This information further provides valuable information for

a sustainable urban planning and the implementation of mitigation measures in urban

areas and megacities.

5.2 Results

5.2.1 Mass concentrations of the samples selected for sequential

extractions

TSP mass concentrations for the selected 35 weeks from July 2005 to May 2008 at site

4 and site CRAES varied from 168 to 634 µg/m3 with a median concentration of 373

µg/m3. Lowest mass concentrations were found in summer with a median concentration

of 263 µg/m3 whereas winter concentrations were highest with 462 µg/m3. In spring and

autumn median concentrations were 375 and 393 µg/m3, respectively. Results for TSP

samples from the whole period, including the weeks not selected for sequential extraction,

are reported in chapter 4.3.5. The weekly TSP concentrations at site 4 for a the two-year

period A are illustrated in Figure 5.1.

For sequential extractions, PM2.5 samples from site CUG were selected because of a

higher mass load on the filters due to continuous sampling for a full week. At site 4, on
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Figure 5.2: Annual course for weekly PM2.5 mass concentrations at site CUG from Febru-
ary 2005 to September 2007. Filled symbols correspond to the PM2.5 samples selected
for sequential extractions.

the contrary, the PM2.5 concentrations are too low for the sequential extraction procedure

because of separated day and night sampling. The weekly PM2.5 concentrations from site

CUG from February 2005 to August 2007 are illustrated in Figure 5.2. The PM2.5 mass

concentrations for the selected 32 weeks at site CUG ranged from 28 to 129 µg/m3 with a

median value of 63 µg/m3. Total PM2.5 concentrations showed a similar seasonal pattern

with lowest concentrations in summer (median: 58 µg/m3). Median concentrations for

autumn and winter were 71 and 68 µg/m3, respectively, while spring concentrations were

highest with a median concentration of 80 µg/m3.

5.2.2 Element concentrations in the four different fractions

The median element concentrations in the four fractions are shown for all TSP samples

(N=35) in Figure 5.3, and for all PM2.5 samples (N=32) in Figure 5.4, expressed as

percentage of each element in the considered fraction. The four fractions f1 – f4 can

be interpreted as highly mobile (f1), mobile (f2), less mobile (f3), and immobile (f4).

The detailed methodology is described in chapter 3.2.3. The elements in both figures

are arranged according to their percentage in the water-soluble fraction (f1). Descriptive

statistics for the results of TSP samples are summarised as volume related concentrations

in ng/m3 in Table B.1 and as mass related concentrations in µg/g in Table B.2. The same

results for PM2.5 samples are listed in Table B.3 and Table B.4.

In the following paragraphs, the elements are classified in different groups according
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Figure 5.3: Distribution of the median element concentrations of TSP filter samples
(N=35) in percentage for each fractionation step ((f1) water-extractable, (f2) bound to
carbonates, oxides and reducible metals, (f3) bound to organic matter, oxidised metals
and sulphides, and (f4) residual fraction). Elements are ordered by their percentage in
fraction f1.
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Figure 5.4: Distribution of the median element concentrations of PM2.5 filter samples
(N=32) in percentage for each fractionation step ((f1) water-extractable, (f2) bound to
carbonates, oxides and reducible metals, (f3) bound to organic matter, oxidised metals
and sulphides, and (f4) residual fraction). Elements are ordered by their percentage in
fraction f1.
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to their mobility determined by the sequential extraction, their seasonal pattern, as well

as the amount of anthropogenic influence determined by their enrichment factors (EFs)

(Table 5.1).

Enrichment factors were calculated according to equations 3.5 and 3.6, which are

explained in chapter 3.4. The calculation of EFs provides a good first estimation of

the degree of anthropogenic influence on the concentration of each element and, thus,

supports the distinction between elements originating predominantly from geogenic and

those from anthropogenic sources. The EFs of the mobile elements K, Rb, Ca, Sr, and Mg

are low (Table 5.1), which provides a good indication for their origin from predominantly

geogenic sources. Titanium, Al, and Fe, which were very immobile, also show very low

EFs (EFs ≤ 5, Table 5.1). This supports the interpretation that for those elements

geogenic sources are dominant, too. Cadmium is the element with the highest EFs for

both TSP and PM2.5 samples (Table 5.1). Lead, Zn, As, and Cu also show high EFs. For

all these elements, the EFs for the fine particles (PM2.5) are considerably higher (about

twice as high for As and Pb, 3-fold for Cu, 4-fold for Cd and 5-fold for Zn) than for TSP

samples. Nickel is the only element with high EFs solely in the fine fraction. The higher

EFs for PM2.5 samples indicate that the influence from anthropogenic sources is especially

high for the fine particles. For, As, Cd, Pb, and Zn, the EFs calculated using average

concentrations from Chinese topsoils are lower than those calculated with the average

crustal concentrations (Table 5.1). From the elements with high EFs, Cu is the only one,

which showed slightly higher EFs when calculated with average soil concentrations. It

is believed that the use of local soil concentrations is more representative compared to

concentrations of average earth crust because the metal concentrations in topsoils better

represent the background pollution situation in China.

Mobile, less toxic, and predominantly geogenic elements

The EFs of K, Rb, Ca, Sr, and Mg are low (Table 5.1). Concurrently, their relative

abundance in the mobile fractions f1 and f2 is high (Figure 5.3 and Figure 5.4). Potassium

and Rb are the most mobile elements for TSP as well as for PM2.5 samples within this

study. All five elements have lowest concentrations in summer (median values of 3.98 (K),

0.02 (Rb), 19.88 (Ca), 0.08 (Sr), and 4.26 (Mg) µg/m3 in TSP samples, respectively).

Highest concentrations were measured in winter for K, Rb, and Sr (median values of 6.80,

0.03, and 0.23 µg/m3, respectively) and in autumn for Ca and Mg (median values of 40.00

and 8.40 µg/m3, respectively). The annual course of each fraction is illustrated for K,
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Table 5.1: Calculated enrichment factors (EF) referring to Ti for all analysed elements.
EFs were calculated using the median concentrations for the sum of all extraction steps
of all TSP (N=35) and PM2.5 (N=32) samples, respectively. Crustal concentrations (A)
were taken from Reimann & Caritat (1998) and soil concentrations (B) from Chinese
topsoils from Chen et al. (2008). For some elements (-), no soil data were available from
literature.

(A) TSP (B) TSP (A) PM2.5 (B) PM2.5

EF(crust) EF(soil) EF(crust) EF(soil)

Mg 6 16 2 6
Al 1 - 1 -
K 5 - 15 -
Ca 16 - 9 -
Ti 1 1 1 1
V 3 4 4 5
Cr 3 6 4 8
Mn 10 12 12 14
Fe 4 5 2 2
Co 4 8 4 7
Ni 5 10 47 88
Cu 122 133 403 439
Zn 437 418 2320 2220
As 731 155 1640 349
Rb 6 - 19 -
Sr 8 - 10 -
Cd 2670 2080 9500 7400
Pb 589 391 1380 917
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Rb, Ca, Sr, and Mg concentrations in TSP samples in Figure 5.5a-e and their relative

abundance in the mobile fractions is displayed in Figure 5.5f-j.

Immobile, less toxic, and predominantly geogenic elements

Titanium, Al, and Fe are most abundant in the residual fraction f4 for TSP as well as

for PM2.5 samples and are consequently the most immobile elements within this study

(Figure 5.3 and Figure 5.4). Moreover, all of them show very low EFs (EFs ≤ 5, Table 5.1).

Their seasonal course is similar to each other (Figure 5.6 a-c) with highest concentrations

in spring (median values of 0.29 (Ti), 7.22 (Al), and 10.26 (Fe) µg/m3, respectively).

Concentrations in autumn and winter are also elevated (median values of 0.21 (Ti), 5.51

(Al), and 8.96 (Fe) µg/m3, respectively, for autumn and 0.23, 6.33, and 9.80 µg/m3,

respectively, for winter). Lowest Ti, Al, and Fe concentrations occur in summer (median

values of 0.18 (Ti), 3.17 (Al), and 6.43 (Fe) µg/m3, respectively). The seasonal variability

of the relative occurrence in the different fractions is less pronounced for Fe and a little

more variable for Ti and Al (Figure 5.6 d-f).

Highly mobile, toxic, and predominantly anthropogenic elements

Cadmium is the element with the highest EFs for both TSP and PM2.5 samples (Table

5.1). Lead, Zn, As, and Cu also show high EFs. The relative abundance in the mobile

fractions f1 and f2 is high for all those elements. In samples including the coarser fraction

(TSP), Pb occurs predominantly in fraction f2, while this is the case for Cd in the fine

fraction (PM2.5). Within the seasonal course, the relative abundance of all elements in

the mobile fractions is lowest in spring and autumn and highest in summer (Figure 5.8).

Zinc, Cd, As, Pb, Cu, and Ni concentrations are highest in winter (median values of

1940 (Zn), 23.5 (Cd), 101 (As), 692 (Pb), 194 (Cu), and 21.7 (Ni) ng/m3, respectively).

Autumn concentrations are also elevated (median values of 1690 (Zn), 20.0 (Cd), 60.9

(As), 539 (Pb), 178 (Cu), and 18.3 (Ni) ng/m3, respectively). For all of these elements,

concentrations are lowest in summer (median values of 1060 (Zn), 7.9 (Cd), 44.6 (As),

281 (Pb), 119 (Cu), and 10.1 (Ni) ng/m3, respectively), while spring concentrations are

also relatively low (median values of 1280 (Zn), 8.3 (Cd), 52.6 (As), 408 (Pb), 133 (Cu),

and 17.0 (Ni) ng/m3, respectively). The annual courses for the element concentrations

for all four fractions are illustrated in Figure 5.7.
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Figure 5.5: Annual courses of element concentrations in TSP filter samples in µg/m3

(a–e) and in percentage for each of the four fractions (f-j) from July 2005 to May 2008.
The selected elements are (a, f) K, (b, g) Rb, (c, h) Sr, and (i, j) Mg. Fraction (1)
water-extractable, (2) bound to carbonates, oxides and reducible metals, (3) bound to
organic matter, oxidisable and sulfidic metals, and (4) residual fraction.



86 CHAPTER 5. MOBILITY OF TRACE METALS

0 

0.1 

0.2 

0.3 

0.4 

0.5 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

T
i 
c
o
n
c
e
n
tr
a
ti
o
n
 [
µ
g
/m

3
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(a)

0% 

20% 

40% 

60% 

80% 

100% 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

T
i 
c
o
n
c
e
n
tr
a
ti
o
n
 [
%
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(d)

0 

2 

4 

6 

8 

10 

12 

14 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

A
l 
c
o
n
c
e
n
tr
a
ti
o
n
 [
µ
g
/m

3
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(b)

0% 

20% 

40% 

60% 

80% 

100% 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

A
l 
c
o
n
c
e
n
tr
a
ti
o
n
 [
%
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(e)

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

F
e
 c
o
n
c
e
n
tr
a
ti
o
n
 [
µ
g
/m

3
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(c)

0% 

20% 

40% 

60% 

80% 

100% 

Ju
l-0
5 

S
ep
-0
5 

N
ov
-0
5 

Ja
n-
06
 

M
ar
-0
6 

M
ay
-0
6 

Ju
l-0
6 

S
ep
-0
6 

N
ov
-0
6 

Ja
n-
07
 

M
ar
-0
7 

M
ay
-0
7 

Ju
l-0
7 

S
ep
-0
7 

N
ov
-0
7 

Ja
n-
08
 

M
ar
-0
8 

M
ay
-0
8 

F
e
 c
o
n
c
e
n
tr
a
ti
o
n
 [
%
] 

fraction 1 fraction 2 fraction 3 fraction 4 

(f)

Figure 5.6: Annual courses of element concentrations in TSP filter samples in µg/m3 (a–
c) and in percentage for each of the four fractions (d-f) from July 2005 to May 2008. The
selected elements are (a, d) Ti, (b, e) Al, and (c, f) Fe. Fraction (1) water-extractable, (2)
bound to carbonates, oxides and reducible metals, (3) bound to organic matter, oxidisable
and sulfidic metals, and (4) residual fraction.
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Figure 5.7: Annual courses of element concentrations in TSP filter samples in ng/m3

from July 2005 to May 2008. The selected elements are (a) Zn, (b) Cd, c) As, (d) Pb,
(e) Cu, and (f) Ni. Fraction (1) water-extractable, (2) bound to carbonates, oxides and
reducible metals, (3) bound to organic matter, oxidisable and sulfidic metals, and (4)
residual fraction.
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Figure 5.8: Annual courses of element concentrations in TSP filter samples in percentage
for each of the four fractions from July 2005 to May 2008. The selected elements are (a)
Zn, (b) Cd, c) As, (d) Pb, (e) Cu, and (f) Ni. Fraction (1) water-extractable, (2) bound
to carbonates, oxides and reducible metals, (3) bound to organic matter, oxidisable and
sulfidic metals, and (4) residual fraction.
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Table 5.2: Range of deviation in % of element concentrations of TSP samples from
sequential extractions (sum of all four fractions f1–f4) compared to element concentrations
from total digestions.

Element N Min (%) Max (%)

Mg 32 -20 69
Al 32 -74 -38
K 32 -46 52
Ca 32 -19 104
Ti 32 -80 -48
V 32 -50 0
Cr 31 -47 21
Mn 32 -14 80
Fe 32 -52 18
Co 32 -33 35
Ni 31 -60 56
Cu 32 -26 80
Zn 31 13 200
As 32 3 84
Rb 32 -53 60
Sr 32 -28 71
Cd 32 13 137
Pb 32 5 88

5.2.3 Comparison with results of total digestion

The results of element concentrations from the sequential extractions (sum of all four

fractions) were compared to the results of total acid digestion of the same samples. How-

ever, the deviation between the results of both methods was quite large. Some elements,

such as Al, Ti, and V, had higher concentrations after total digestion than after summing

up the four extraction steps. Other elements, however, such as Zn, As, Cd, and Pb,

had lower concentrations after the total digestion. Some element concentrations, such as

Mg, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Rb, and Sr, were sometimes lower and sometimes

higher after the total digestion. The range of the deviation (minima and maxima) of TSP

samples is shown in Table 5.2.

There are various reasons for the wide differences. First, different acids are applied for

the two methods. For total digestion, hydrofluoric acid (HF) is used. With this acid, it

is possible to digest elements incorporated in residual mineral phases, including silicates.

On the contrary, in the fourth step of the applied sequential extractions procedure, no

HF is used, leaving silicates undissolved. This explains why the concentrations measured

after total digestion were higher for Al, Ti, and V. Those elements often occur in silicates
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(e.g. feldspars, pyroxenes, amphibols) and, thus, in very stable forms. Consequently, the

silicates are dissolved during total digestion with HF, which leads to higher Al, Ti, and

V concentrations after this digestion method than after the four digestion steps.

Since the total element concentrations for the extractions are calculated from four

independent steps, the error of each fraction results in a larger overall error and, therefore,

the uncertainty is higher for the sequential extraction method. Moreover, the dilution

factor applied for the ICP-MS measurements was higher for some of the extractions steps

than for the solution obtained after total digestion. Consequently, a dilution error might

additionally contribute to the larger deviation.

The most important reason for the different results and, therefore, the most important

reason why it is difficult to compare both results, is probably caused by inhomogeneities

of the filter load. For each analysis, a different share of the filter was used. A single, com-

paratively large, particle with a high concentration of a distinct element, could already

change the overall result. Since the particle size is very variable for the TSP samples,

elements, which are very frequently incorporated in larger particles, are probably less ho-

mogeneously distributed over the whole filter area. The inhomogeneity of single particles

is discussed in chapter 7 in more detail. There are only very few studies, which inves-

tigated the homogeneity of element distribution on filter samples. Pöykiö et al. (2003)

studied the deposition of Cd, Cr, Cu, Fe, and Ni collected with a high-volume sampler

on glass fibre filters. Their results indicated that Cr, Cu, Fe, and Ni were not necessarily

uniformly distributed over the filter. Another study by Marrero et al. (2005) tested the

uniformity of deposition of 12 elements of PM10 samples collected with a HV-sampler

on glass fibre filters. The authors reported the largest variations for Cd > Ni > Fe >

Sb. The most homogeneous pattern was found for As > Ti > V > Al, while variations

within an intermediate range were observed for Cr, Cu, Mn and Pb. In contrast to the

mentioned studies, QF filters were used for this study. Their surface area is a lot rougher

than it is the case for glass filters. The quartz fibres vary in size and diameters and are

arranged irregularly resulting in a even more inhomogeneous pattern of the distributed

elements.
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Figure 5.9: Precipitation (mm), average temperature (◦C), average wind speed (m s−1),
and predominant wind direction (◦) for the selected TSP sampling weeks (one week of
each month) in Beijing, China.

5.3 Discussion

5.3.1 Temporal variability of trace metal mobility due to mete-

orological conditions and seasonal sources

Particle concentrations in the atmosphere in Beijing and in general are controlled by

source emissions and meteorological factors. The influence of wind speed, wind direction,

air temperature, relative humidity, precipitation, and atmospheric stability on particle

number and mass concentrations, as well as size distributions was investigated in different

APM studies worldwide (e.g. Davidson, 1994; Whiteaker et al., 2002; Gietl & Klemm,

2009; Nicolás et al., 2009). Usually, particle mass concentrations decrease with less stable

atmospheric layering as indicated by higher wind speeds, unless resuspension processes

play a dominant role at very high wind speeds. Wet deposition due to precipitation leads

to a reduction of particles in the atmosphere. Air mass origin is highly responsible for the

composition of the particles because it determines the source areas. The meteorological

parameters for Beijing for the weeks in which the samples were analysed by sequential

extractions (one sampling week each month) are illustrated in Figure 5.9.

Summer is the season with highest precipitation leading to the lowest particle mass

concentration in Beijing due to wet deposition. Average TSP concentrations in summer

06 were about 40% lower than the average concentrations of spring and autumn 2006,
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respectively, and more than 50% lower than TSP concentrations in winter 2006/2007. In

winter, wind speed is usually very low in Beijing, which leads to stagnant wind conditions

and a relative accumulation of APM. Average TSP concentrations in winter 2005/2006

and 2006/2007 were 351 and 485µg/m3, respectively. Moreover, temperature has an in-

direct effect in winter. Winters in Beijing are cold (average temperature of -1.7◦C for

winter 2005/2006 and 0.4◦C for winter 2006/2007) and, thus, extensive heating activities

(usually from Mid-November to Mid-March, He et al., 2001) contribute as an additional

source to higher particulate air pollution. The heating period is associated with high

concentrations of potentially mobile Cd, As, and Pb (Figure 5.7b-d). In spring, geogenic

sources are predominant, especially during so-called dust storm days (Xie et al., 2005;

Wang et al., 2006a, 2007b). However, while contributing widely to total mass concen-

trations, geogenic dust is less problematic concerning potential bioavailable metal loads,

which is illustrated by predominantly low Cd, As, and Pb total concentrations (Figure

5.7b-d), as well as lower percentages of toxic elements in the highly mobile fraction (f1),

which can exemplary be shown for the toxic Cd (Figure 5.8b).

Due to meteorological conditions and varying influences of different sources, the air

pollution situation in Beijing is different for the four seasons. In the following paragraph,

four characteristic sampling weeks are discussed in detail representing the distinct seasons.

In addition to the meteorological conditions illustrated in Figure 5.9, also the respective

air mass origins for those selected weeks are shown in Figure 5.10 (NOAA HYSPLIT

Model).

For autumn, the sampling week from the 6th to the 12th of October 2005 was

chosen (CW 40/05, Figure 5.10a). Here, the air masses reach Beijing from southern

directions and remain over densely populated and industrialized areas for several days.

As a consequence, elements typically associated with anthropogenic activities, such as

Cd and Cu, have their maximum concentrations during this week (Figure 5.7b+e), and

also Pb concentration is above the WHO guideline value of 500 ng/m3 (Figure 5.7d).

Figure 5.10b illustrates the air masses in the week from the 15th to the 22nd of March

2006 (CW 11/06) during a dust storm situation, as it often occurs in spring (Xie et al.,

2005; Wang et al., 2006a, 2007b). The air masses originate from the semi-arid and arid

areas northwest of Beijing and transport geogenic minerals over long distances. This

special situation could explain why predominantly typical geogenic elements, such as Fe,

Ti, and Al (Figure 5.6a-c) or Ca, Sr, and Mg (Figure 5.5b-d) have high concentrations

in spring. On the other hand, concentrations of toxic elements, such as Cd, Pb, and As,

are lower during this time (Figure 5.7b-d), and also their relative amount in the mobile
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Figure 5.10: Backward trajectories for three different heights (100, 500, and 1000 m AGL)
calculated with the NOAA Hysplit Model. Four sampling weeks were chosen, which stand
for the four seasons: a) autumn (CW 40/05), b) spring (CW 11/06), c) summer (CW
29/06), d) winter (CW 02/07).
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fraction is low (Figure 5.8b-d). As a consequence, it can be concluded that although

spring is a season with high particle mass concentrations, it has at the same time lower

shares of critical elements with respect to toxicity and bioavailability than other seasons.

Therefore, it is important to bear in mind that during the annual course, times with

highest atmospheric mass concentrations are not necessarily the periods most threatening

for human health and the environment.

The sampling week from the 19th to the 26th of July 2006 (CW 29/06, Figure 5.10c)

was the week with highest precipitation within this study and represents a typical sum-

mer situation in Beijing. As expected, the TSP and PM2.5 mass concentrations are very

low due to wet deposition (168 and 45 µg/m3, respectively, Figure 5.1 and 5.2). Many

elements, such as Fe, Ti, Al, Ca, Sr, and Mg also show minimum or at least very low

absolute concentrations during this week. However, As concentrations are still quite high

(72 ng/m3) and the percentage of As in the highly mobile fraction f1 is also high (37%).

Consequently, negative health implications from distinct metals can also occur during

summer.

The sampling week from the 10th to the 17th of January 2007 (CW 02/07, Figure

5.10d) represents winter conditions in Beijing with lowest temperatures and, conse-

quently, a high amount of heating activities. Moreover, wind speed is very low and,

therefore, mass concentrations are high due to stagnant meteorological conditions. Ar-

senic has its maximum concentration (271 ng/m3) during this sampling week and the

WHO guideline values for TSP in air of 5 ng Cd/m3 and 500 ng Pb/m3 in air are ex-

ceeded by factor 10 and 2, respectively. With respect to overall concentrations of toxic

metals, as well as a high bioavailability of those elements, in Beijing, winter is the season

most problematic regarding potential negative health effects.

The varying importance of anthropogenic sources during the annual course can also be

illustrated by the EFs of elements from predominantly anthropogenic origin, such as Cd,

Pb, and As (Figure 5.11). The high EFs of those elements in winter and autumn indicate

that anthropogenic sources dominate during this time of the year. On the contrary, in

spring and some autumn weeks (e.g. the sampling week in November 2005), the EFs are

lower and, consequently, the relative importance of geogenic sources is higher.

5.3.2 Assessment of health impacts based on guideline values

and the estimated mobility of potential toxic metals

The possible health effects of certain elements and their compounds is discussed in more

detail in chapter 1.3.1. Within this chapter, the health effects of the mobile and, thus,
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Figure 5.11: Enrichment factors (EF) for Cd, Pb, and As from TSP samples (sum of
all four fractions) calculated with average values of Chinese soils (Chen et al., 2008)
according to equation 3.6.

bioavailable elements Mn, Ni, Zn, As, Cd, and Pb are of special interest. Manganese is

considered as especially toxic if taken up through inhalation causing various psychiatric

and movement disorders, respiratory effects such as pneumonitis and pneumonia, as well

as reproductive dysfunction (WHO, 2000). Lippmann et al. (2006) found Ni and V to be

significantly associated with daily mortality rates in 60 U.S. cities included in their study.

Although Zn is essential for all organisms, toxicological studies proved that elevated Zn

concentrations have negative health effects (Adamson et al., 2000). Arsenic, Cd and their

chemical compounds are considered as highly carcinogenic by the International Agency

for Research on Cancer, while Pb and inorganic Pb compounds are classified as less

carcinogenic (IARC, 2008).

Guideline and threshold values for element concentrations in the atmosphere do not

exist for all potential toxic elements. For some metals considered within this chapter, the

WHO guideline values for total concentrations in air of 5 ng Cd/m3, 150 ng Mn/m3, and

500 ng Pb/m3 were regularly exceeded. For Mn, this was the case for all samples. The

minimum value of Mn (sum of all fractions for TSP samples) within this study of 151

ng/m3 was equal to the recommended threshold level and the maximum Mn concentration

of 812 ng/m3 exceeds this value by more than factor 5. On the contrary, the WHO

guideline value for V in air of 1000 ng V/m3 was never reached within this study. Highest

V concentrations (sum of all four fractions) in Beijing were 33 ng/m3 for TSP and 2.7

ng/m3 for PM2.5 samples. In addition to the elevated total Cd concentrations in Beijing

(median of 14 ng/m3 and maximum of 57 ng/m3 for the sum of all four fractions), its high

proportion in the two mobile fractions (f1+f2 > 70%) indicates a high mobility and, thus,
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a potential high bioavailability. In this context, it is notably that even when considering

only the Cd concentrations in the most bioavailable fraction, 60% of all samples exceed

the WHO guideline value. Therefore, Cd can be considered as a key element when

assessing the toxicity of urban dust in Beijing. In PM2.5 samples, As was detected to a

even higher percentage in the highly mobile fraction (median: 50%) than in TSP samples.

Since smaller particles can penetrate deeper into the human respiratory tract, the high

concentration of very mobile As in the fine particles is of particular concern.

While the volume related metal concentrations expressed in ng/m3 are higher for

most elements in TSP samples, some concentrations are higher in PM2.5 samples, when

expressed in mass related values in µg/g (for the different fractions as well as for the sum

of all fractions). Based on this observation, it should be highlighted that the particle size

fraction above 2.5 µm considerable contributes to the overall particle mass, but dilutes the

metal concentrations within the particle mass. This is the case for many toxic elements

predominantly from anthropogenic sources, such as Cd, As, Cu, or Cr (Figure 5.12). Only

Ni and Zn show higher concentrations in PM2.5 as in TSP when expressed in ng/m3 as

well as expressed in µg/g, a strong indication for a very high anthropogenic share of these

elements in aerosols. For other elements, which are less toxic and mostly originated from

geogenic sources, such as Mg, Al, Ca, and Fe, TSP concentrations are higher expressed

in ng/m3 as expressed in µg/g. Consequently, when considering the toxicity of elements

in urban areas and their health impacts due to air pollution, it is important to know also

their total concentrations in µg/g (equal to mg/kg as it is used in many sediment or soil

studies) as well as the concentrations in the bioavailable fractions in µg/g.

5.3.3 Particulate air pollution and associated metal mobility in

Beijing in a global context

Compared to other large cities, the air pollution situation in Beijing is serious. In chapter

4.3.5 it was already shown that the total TSP and metal concentrations in Beijing were

often elevated in comparison to other cities worldwide. Since there are only few studies

applying sequential extractions for atmospheric particles and the leaching schemes and

samples particle fractions are often different, a comparison of metal mobilities with other

cities is difficult. In Table 5.3 the results for TSP and PM2.5 samples from this study were

compared to those from studies using similar leaching procedures for samples in Seville,

Spain (Fernández Espinosa & Ternero Rodŕıguez, 2004) and Santiago, Chile (Richter

et al., 2007). The total metal concentrations (sum of all fractions) of all metals included

in the comparison are higher in Beijing than in Seville or Santiago. That means that the
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Figure 5.12: Selected metal concentrations for PM2.5 and TSP samples in ng/m3 (a) and
µg/g (b). The arrows indicate those elements with higher concentrations in PM2.5 relative
to TSP samples when expressed in µg/g.

overall atmospheric pollution is even more serious for the inhabitants of Beijing. Besides

the total concentrations, also the distribution in the distinct fractions varies between

the different studies, which will be discussed for a few selected elements in the following

paragraphs. The mobile metal concentrations are the crucial key-points for health impact

assessment in the different cities.

The toxic elements Cd and Pb are present to an even higher percentage in the easily

mobile fraction in the study of PM10 from Santiago (55 and 43%, respectively) compared

to PM2.5 from Beijing (34 and 20%, respectively). In this regard, it is important to

note that the study from Santiago comprised the years 1997 to 2003 and that leaded

fuel was allowed in Chile until March 2001 (Richter et al., 2007). In Beijing, on the

contrary, leaded fuel was already banned in 1997 (Sun et al., 2006), followed by other

Chinese megacities, such as Shanghai, Guangzhou, and Tianjin, and, finally, in 2000 all

over China. This explains why the percentages of Pb from Beijing and Santiago in the

highly mobile and the mobile fraction are more similar, if only the year 2003 of the study

from Santiago is chosen for comparison. In 2003, the percentage of Pb in Santiago was

18% in the highly mobile fraction and 52% in the mobile fraction. Iron was found to be

one of the most immobile metals in all studies and can, consequently, be considered as

not bioavailable. As a consequence, such immobile elements do not need to be focussed

in health impact studies and air quality guideline values.
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Table 5.3: Comparison of average APM concentrations for the distinct fractions for dif-
ferent cities in China, Spain and Chile. A and B: this study, median values of TSP and
PM2.5 quartz fibre filter samples from Beijing, China (N=35 and N=32, respectively);
C: Fernández Espinosa & Ternero Rodŕıguez (2004), PM0.6 quartz filter samples from
Seville, Spain; D: Richter et al. (2007), PM10 quartz fibre filter samples from Santiago,
Chile (average values of the reported years 1997-2003 during winter).

f1 f2 f3 f4 sum
Study ng/m3 (%) ng/m3 (%) ng/m3 (%) [ng/m3] (%) ng/m3

As A 18.9 (31) 24.6 (40) 9.8 (16) 8.6 (14) 60.9
B 13.3 (52) 6.5 (26) 3.7 (15) 1.9 (7) 25.3
C – (–) – (–) – (–) – (–) –
D – (56) – (14) – (25) – (9 ) 110

Cd A 5.3 (39) 4.9 (36) 2.2 (16) 1.2 (9) 13.5
B 2.5 (34) 1 (13) 3.2 (42) 0.9 (11) 7.5
C 0.1 (20.5) 0.1 (31.3) 0.1 (28.8) 0.1 (19.5) 0.4
D – (83) – (9) – (5 ) – (8) 3.6

Cu A 30.4 (19) 39.4 (25) 60 (38) 27.9 (18) 158
B 16.5 (17) 20.1 (21) 10.5 (11) 48.3 (51) 95.3
C 1.6 (15.6) 1.4 (13.4) 5.3 (51.9) 2 (19) 10.2
D – (55) – (4) – (12) – (30) 176

Fe A 137 (2) 1060 (12) 4380 (48) 3490 (38) 9060
B 55.3 (7) 145 (19) 154 (21) 394 (53) 749
C 1.5 (0.5) 1.2 (6.2) 140 (45.3) 149 (48) 310
D – (–) – (–) – (–) – (–) –

Mn A 129 (34) 103 (27) 105 (28) 44 (12) 382
B 33.3 (44) 18.6 (25) 19.5 (26) 3.8 (5) 75.2
C 2.4 (31) 1.7 (21.1) 2.5 (32.5) 1.2 (15.4) 7.8
D – (64) – (5) – (10) – (21) 81

Ni A 2.7 (17) 2.8 (18) 8.4 (54) 1.8 (11) 15.7
B 1.6 (4) 27 (65) 10.2 (25) 2.6 (6) 41.4
C 1 (30.9) 0.3 (11) 1.4 (44.2) 0.4 (13.8) 3.1
D – (30) – (ND) – (27) – (49) 27

Pb A 23.9 (5) 265 (60) 90.1 (20) 63.6 (14) 443
B 31.7 (20) 63.5 (41) 35.2 (23) 24.4 (16) 155
C 5 (3.5) 49.3 (34.6) 71.2 (49.9) 17 (12) 143
D – (43) – (37) – (14) – (5) 394

V A 2.4 (16) 4.8 (31) 5.8 (37) 2.7 (17) 15.7
B 1.3 (20) 0.9 (15) 0.9 (14) 3.2 (51) 6.2
C 1.7 (39.2) 1.1 (24.9) 1.1 (26.1) 0.4 (9.8) 4.2
D – (4 ) – (ND) – (93) – (2 ) 681

Zn A 625 (41) 533 (35) 287 (19) 96.5 (6) 1540
B 336 (20) 515 (30) 466 (27) 390 (23) 1710
C 14.4 (36.3) 10.5 (26.4) 13.5 (34) 1.3 (3.2) 39.7
D – (70) – (7) – (4) – (21) 756
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As already mentioned in the previous chapter 5.3.2, the mobile As concentrations in

Beijing are problematic with regard to negative health impacts. In a study carried out in

an industrial city in Argentina, Fujiwara et al. (2006) also observed high concentrations

of mobile As. The authors distinguished between summer and winter samples and con-

cluded that the higher mobile As concentrations in winter originate from coal combustion

processes. The situation in Beijing is quite similar and the important sources, such as

coal combustion, are discussed in the following sections (see chapter 5.3.4).

5.3.4 Source apportionment and varying influences of geogenic

and anthropogenic sources

For the successful implementation of mitigation measures, it is essential to know the main

sources of those elements considered to be most toxic and at the same time very mobile

and, therefore, easily bioavailable. Factor analysis (FA) is a frequently used tool to group

related elements and, thus, provides indications of possible sources. Factor analysis was

carried out separately for the sum of the two mobile fractions f1+f2 and the sum of

the two immobile fractions f3+f4 in order to distinguish between sources contributing to

the bioavailable element concentrations and those, which represent the less bioavailable

shares of element concentrations.

Mobile fractions of TSP samples

First, FA was carried out for the concentrations of 18 elements (concentrations in µg/g) of

the two mobile fractions (sum of f1+f2) of TSP samples together with some meteorological

parameters such as temperature, precipitation, wind direction, and wind speed. Here, six

factors were extracted (Table 5.4). These factors accounted for 82% of the total explained

variance (Expl. Var.) of the whole data set.

Factor 1 has high positive loadings for Mg, Ca, Fe, and Ti, and a negative load-

ing for Ni (Table 5.4). Wind direction is also included in this factor (loading of 0.50).

This association comprises typical crustal elements representing predominantly geogenic

sources, which is also supported by their low EFs (Table 5.1). Therefore, this factor can

be interpreted as a predominantly geogenic factor. However, a certain influence of anthro-

pogenic sources cannot be excluded in a megacity like Beijing, especially for the soluble

shares of those elements. Magnesium and Ca can originate from minerals such as calcite

or dolomite. However, building materials, such as mortar and concrete, are also possible

source materials. Gypsum is another possible source for Ca. As white color pigment,
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Table 5.4: Factor (Fa) loadings of the seven extracted factors (Principal Component
Analysis, case by case exclusion of missing data, Varimax standardized rotation) for sum
of the two mobile fractions f1+f2 of TSP samples (concentrations in µg/g), together with
the respective communalities (comm). Meteorological parameters (predominant wind
direction, wind speed, precipitation, and temperature) are included. Loadings ≥ ±0.55
are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 comm

Mg 0.89 0.06 -0.29 0.07 0.01 -0.06 0.06 0.94
Al 0.32 -0.04 0.11 -0.13 0.84 0.15 -0.06 0.91
K -0.29 0.02 -0.29 -0.81 0.29 0.05 0.02 0.90
Ca 0.87 -0.15 -0.22 0.31 -0.09 0.00 0.06 0.97
Ti 0.62 0.02 0.25 -0.13 0.15 0.61 -0.04 0.92
V -0.13 0.10 0.54 -0.69 0.00 -0.01 -0.11 0.83
Cr 0.05 0.27 0.21 -0.38 0.55 0.53 -0.02 0.89
Mn -0.07 -0.07 0.87 -0.05 -0.02 0.05 0.10 0.79
Fe 0.81 0.04 0.15 0.17 0.03 0.33 -0.02 0.92
Co -0.16 0.18 0.86 -0.02 0.18 0.02 -0.14 0.89
Ni -0.56 0.34 0.30 -0.01 0.00 -0.02 0.25 0.86
Cu 0.07 0.49 -0.24 0.30 -0.05 0.68 -0.10 0.80
Zn -0.02 0.84 0.23 -0.27 -0.10 0.19 0.09 0.92
As 0.00 0.49 0.02 0.34 0.27 0.01 0.59 0.80
Rb -0.18 0.47 0.16 -0.79 -0.10 0.11 0.08 0.95
Sr -0.31 0.04 0.04 0.06 0.89 -0.17 0.02 0.92
Cd 0.00 0.86 -0.12 0.08 0.01 -0.02 0.04 0.80
Pb -0.27 0.82 0.02 -0.13 0.11 0.08 0.26 0.94
mass -0.07 0.09 -0.04 0.11 -0.01 -0.88 -0.24 0.78
wind dir 0.50 -0.14 -0.12 0.25 -0.01 0.24 -0.59 0.69
wind v -0.04 -0.68 -0.18 0.28 -0.08 0.16 0.17 0.82
precip 0.09 0.00 -0.13 0.00 -0.15 0.32 0.75 0.68
temp 0.40 -0.16 -0.54 -0.05 -0.24 0.50 0.12 0.80

% of Expl. 16 16 12 11 9 11 7
Var.
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Table 5.5: Factor (Fa) scores of the seven extracted factors (Principal Component Anal-
ysis, case by case exclusion of missing data, Varimax standardized rotation) for sum of
the two mobile fractions f1+f2 of TSP samples (concentrations in µg/g) together with
some meteorological parameters (predominant wind direction, wind speed, precipitation,
and temperature). Scores > ±1 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7

Aug-05 0.43 -0.12 -1.28 0.00 -0.72 -0.56 -0.67
Sep-05 0.92 1.67 -0.82 0.81 0.05 -0.09 -0.54
Oct-05 -0.23 1.45 -1.26 1.05 -0.62 0.00 -0.87
Nov-05 1.45 -0.79 -0.98 0.11 -0.37 -1.94 -0.53
Dec-05 -1.58 -0.16 -0.54 0.85 -0.52 -0.97 0.01
Jan-06 -2.20 0.83 1.04 0.57 0.05 -0.59 0.12
Feb-06 -1.02 -0.54 -0.30 1.03 0.23 -0.38 -0.36
Mar-06 0.05 -1.22 0.34 0.71 0.03 -1.11 -0.28
Apr-06 -0.92 -1.55 -0.31 0.98 -0.36 0.27 0.48
May-06 -0.56 -0.16 -0.02 0.23 -0.53 -0.38 1.50

Jun-06 0.16 -1.07 -1.05 -0.28 0.11 -0.06 -0.19
Jul-06 0.43 -0.21 -0.63 0.33 -0.28 0.96 4.45

Aug-06 0.97 0.99 -0.16 0.87 0.85 1.09 0.75
Sep-06 0.92 -0.11 -0.28 -0.28 0.06 -0.01 -0.52
Oct-06 -0.36 1.88 -0.45 0.05 -0.85 0.82 0.42
Nov-06 0.48 1.90 -0.58 -0.86 -0.01 -1.31 -0.24
Dec-06 -0.31 0.34 0.18 0.25 0.31 -1.76 0.12
Jan-07 -0.01 0.70 0.49 0.96 1.15 -1.57 1.23

Feb-07 -1.77 -0.38 -1.21 -1.41 4.55 0.37 -0.28
Mar-07 -0.72 1.38 0.54 -1.24 -0.83 0.10 0.10
Apr-07 0.99 -1.19 -0.45 0.68 0.34 0.00 -0.84
May-07 1.12 -0.50 0.15 0.75 0.91 0.58 0.37
Jun-07 -0.57 -0.79 -1.63 -3.79 -1.12 0.17 0.09
Jul-07 -0.15 -0.27 -0.47 -0.14 -0.68 1.27 -0.07
Aug-07 -0.49 0.91 -0.39 0.50 -0.24 2.60 -1.53

Sep-07 1.44 0.92 0.25 -0.81 0.12 1.12 0.19
Oct-07 2.64 -0.74 1.28 -0.49 1.06 0.04 -0.17
Nov-07 0.51 -0.11 1.41 -1.07 -0.24 -0.63 0.23
Dec-07 0.14 0.63 0.87 -0.31 -0.06 -0.53 -0.99
Jan-08 -0.13 0.60 2.49 0.06 0.24 -0.04 -0.77
Feb-08 -0.92 -0.45 2.83 -1.08 -0.10 0.78 0.27
Mar-08 -1.06 -1.45 0.16 0.90 -1.07 0.29 -0.52
Apr-08 0.16 -1.35 0.25 0.92 -0.16 2.04 -0.88
May-08 0.17 -1.04 0.54 -0.84 -1.32 -0.56 -0.08
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TiO2 is widely used in paints, paper, and plastics (Reimann & Caritat, 1998). Nickel can

originate from waste disposal and waste incineration or chemical industry (Reimann &

Caritat, 1998).

Factor 2 comprises Cd, Zn, and Pb with high loadings, as well as As with a lower

loading (Table 5.4). These elements are among the elements with highest EFs in this

study and, thus, originate mostly from anthropogenic sources. Therefore, factor 2 can be

seen as an anthropogenic factor. This interpretation is supported by the fact, that factor

scores for factor 2 are most negative in April (Table 5.5), the time when geogenic sources

are more important than during other seasons due to the transport of minerals from arid

areas NW of Beijing, which leads in turn to a relative less importance of anthropogenic

sources. Moreover, a high percentage of the total concentration of Cd, Zn, Pb, and As

was determined to be very mobile. Therefore, this factor not only represents mostly

anthropogenic sources, but also is of special importance with regard to negative health

effects. Coal combustion can be regarded as the dominant source for Cd, Pb, and As

in Beijing and combustion processes can also emit Zn. Gong et al. (2010) investigated

coal ash dumps in China and found an enrichment of leachable Cr, Cd, Pb, Zn, and

Co. A significant correlation between water-soluble sulphate and mobile Pb (Pearson

correlation factor of 0.79, Spearman correlation factor of 0.64, N=25) reveals that coal

combustion is the major source for these elements. This aspect will be discussed in the

following paragraph in more detail. The negative correlation with wind speed indicates

that these elements accumulate especially under stagnant atmospheric conditions with

low wind speeds.

As already mentioned, water-soluble sulphate and the environmentally mobile Pb

(sum of the fractions f1+f2) correlate significantly and show a similar annual trend. The

annual courses are illustrated in Figure 5.13 for a time period of two years. Both show

their maximum concentrations in winter and minimum concentrations in April. The high

sulphate and Pb concentrations in winter can mainly be associated with coal burning

emissions. In summer, however, the sulphate concentration increases relatively more than

the mobile Pb concentration. As an additional source, accelerated secondary formation

of sulphate could be of importance in Beijing during summer due to high humidity and

strong solar radiation (Yao et al., 2002).

Manganese and Co have high loadings in factor 3 (Table 5.4). Moreover, V is included

with a lower loading (0.54) in this factor. These elements can originate from geogenic,

as well as anthropogenic sources. However, all three had low EFs within this study (EF

≤ 5 for V, EF ≤ 8 for Co, EF ≤ 14 for Mn). Therefore, the geogenic sources seem to
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Figure 5.13: Annual courses for water-soluble sulphate and mobile Pb (sum of the frac-
tions f1+f2) concentrations in TSP samples from Beijing.

prevail for Mn, Co, and especially for V in Beijing. Possible host minerals for all three

elements are pyroxenes, amphibols, micas, as well as garnets and olivins for Mn and Co.

Anthropogenic sources are mining and smelting processes, the use as catalysts and Mn

and Co are also used in fertilisers (Reimann & Caritat, 1998). Nevertheless, coal com-

bustion is also an important Co source and Mn and V can also be emitted by combustion

processes. The negative correlation of temperature (-0.54) is an additional indication that

coal combustion for heating processes in winter is an important anthropogenic source.

Consequently, factor 3 can be interpreted as an mixed geogenic-anthropogenic factor.

Factor 4 comprises K, Rb, and V with negative loadings (Table 5.4). Vanadium

is higher correlated with this factor than with factor 3. In contrast to other elements

from mostly geogenic origin, K and Rb showed a high mobility. In a study of Kuang

et al. (2004) about street sediments in Beijing in 2004, which included mineral analysis,

the authors concluded that K and Rb concentrations in Beijing originated mainly from

clay minerals. Fertiliser and chemical industry are possible anthropogenic sources for K

(Reimann & Caritat, 1998).

Factor 5 has very high loadings for Sr and Al (Table 5.4). Moreover, Cr has also

a loading of 0.55 in this factor. Generally, geogenic sources are more important for Sr

and Al, which is supported by their low EFs (average EFs of 1 for Al, and 8 for Sr).

However, anthropogenic sources also contribute. Aluminium and Sr are both used in

alloys (Reimann & Caritat, 1998), while Sr is also used as pigments against corrosion

(Kuang et al., 2004).
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Copper and Ti are positively correlated with factor 6 (Table 5.4). Moreover, mass

concentration has a negative loading in this factor. It is important to emphasize that Ti

concentrations were very low in the two mobile fractions and, thus, mainly the immobile

sources, and especially geogenic minerals, such as oxides and silicates are probably im-

portant. Anthropogenic uses for Cu and Ti are pigments and alloys (Reimann & Caritat,

1998).

Precipitation and As have positive loadings and wind direction has a negative loading

in factor 7. For the interpretation of wind direction results it is important to act with

caution. Due to the continuous sampling over a whole week, only the predominant wind

direction could be considered. Coal combustion, which is the main energy source in

China, is probably the most important source for As in Beijing.

Immobile fractions of TSP samples

Furthermore, FA was also carried out for the two less mobile fractions f3+f4. Here,

also the concentrations of 18 elements (concentrations in µg/g) of TSP samples were

considered together with the same meteorological parameters (temperature, precipitation,

wind direction, and wind speed). The factor loadings for the seven extracted factors for

the immobile fractions are listed in Table 5.6, while the corresponding factor scores are

shown in Table 5.7. All extracted factors accounted for 83% of the total explained variance

(Expl. Var.) of the whole data set.

Factor 1 has high loadings for Al, Mg, Mn, Fe, Ca, Co, and Ti and accounts for

26 % of the Expl. Var. of the data set. All these elements have low EFs (Table 5.1)

and originate predominantly from geogenic sources. However, an additional possible

anthropogenic influence should not be neglected, for example from steel manufacturing

and other industrial activities are probably additional anthropogenic sources for these

elements. The predominant geogenic origin of the elements within this factor is supported

by the factor scores (Table 5.7), which were highest in Mar-06, Apr-06, and May-07 (factor

scores > 2). During these three months, severe dust storm episodes occurred in Beijing.

Wind speed is also included in factor 1 (loading of 0.81). The average wind speed for the

three sampling weeks in Mar-06, Apr-06, and May-07 was > 3 m·s−1. At this high wind

speeds, resuspension processes from street surfaces, fallow land, and dry soils play an

important role for the transport of minerals and lead to a high concentration of geogenic

elements.

Factor 2 comprises wind direction and Sr (Table 5.6). Moreover, Pb is included in

this factor. A possible anthropogenic source for both elements are alloys (Reimann &
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Table 5.6: Factor (Fa) loadings of the seven extracted factors (Principal Component
Analysis, case by case exclusion of missing data, Varimax standardized rotation) for sum
of the two immobile fractions f3+f4 of TSP samples (concentrations in µg/g), together
with the respective communalities (comm). Meteorological parameters (predominant
wind direction, wind speed, precipitation, and temperature) are included. Loadings ≥

±0.55 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 comm

Mg 0.88 -0.37 -0.08 0.05 -0.04 0.03 -0.02 0.97
Al 0.92 0.05 0.02 -0.07 -0.17 -0.10 0.02 0.96
K -0.11 0.02 -0.21 0.03 -0.84 -0.16 -0.02 0.86
Ca 0.76 -0.34 -0.06 0.23 0.17 0.05 -0.06 0.97
Ti 0.58 -0.16 0.45 -0.13 -0.29 -0.19 0.34 0.87
V 0.51 -0.07 0.37 0.02 -0.62 -0.05 0.06 0.92
Cr -0.01 -0.10 0.01 -0.04 0.18 0.90 0.06 0.93
Mn 0.83 0.08 0.38 -0.16 0.04 0.13 -0.11 0.92
Fe 0.80 -0.09 0.06 -0.24 -0.06 0.26 0.11 0.94
Co 0.75 0.29 0.39 -0.07 0.16 0.03 -0.20 0.92
Ni 0.07 0.16 0.02 0.35 -0.01 0.84 -0.21 0.95
Cu -0.32 0.06 0.45 0.41 0.49 0.05 0.02 0.74
Zn 0.15 0.10 0.88 0.06 0.12 0.03 -0.05 0.85
As -0.04 0.37 0.07 0.80 0.16 0.18 0.05 0.82
Rb 0.30 -0.02 0.42 -0.55 -0.48 0.04 0.21 0.94
Sr 0.10 0.63 0.00 0.08 0.29 -0.29 -0.27 0.88
Cd -0.11 -0.08 0.02 0.91 -0.14 0.06 -0.06 0.78
Pb -0.55 0.50 0.14 0.35 0.23 0.23 -0.20 0.92
mass 0.07 0.13 -0.39 0.19 0.04 0.33 -0.73 0.86
wind dir 0.15 -0.80 -0.01 -0.05 0.16 -0.11 -0.15 0.80
wind v 0.81 0.04 -0.05 -0.15 -0.12 -0.13 0.17 0.87
precip 0.03 0.10 -0.10 0.08 0.01 0.08 0.85 0.73
temp 0.19 -0.54 -0.25 -0.17 -0.05 -0.05 0.60 0.86

% of Expl. 26 10 9 11 9 9 9
Var.
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Table 5.7: Factor (Fa) scores of the seven extracted factors (Principal Component Anal-
ysis, case by case exclusion of missing data, Varimax standardized rotation) for sum of
the two immobile fractions f3+f4 of TSP samples (concentrations in µg/g) together with
some meteorological parameters (predominant wind direction, wind speed, precipitation,
and temperature). Scores > ±1 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7

Aug-05 -0.83 -1.16 -1.28 0.46 -0.59 0.01 0.10
Sep-05 -0.73 -1.04 0.09 0.83 1.49 -0.62 0.02
Oct-05 -0.86 -1.42 0.13 3.46 -1.26 -0.30 -0.01
Nov-05 0.83 -1.21 -1.77 1.55 -1.91 -0.12 -1.38

Dec-05 -0.42 1.19 -0.11 1.34 -1.06 0.51 -0.47
Jan-06 -0.98 1.70 -0.22 0.34 0.22 0.02 -0.49
Feb-06 0.93 0.71 0.09 0.91 0.83 -0.63 -0.61
Mar-06 2.39 0.17 -0.48 -0.23 0.49 0.18 -1.22

Apr-06 2.42 1.04 0.40 -0.05 -0.70 0.07 0.45
May-06 0.81 0.79 -0.60 -0.26 -0.40 0.28 0.64
Jun-06 0.51 -0.69 -1.17 -0.38 0.57 -0.51 -0.07
Jul-06 0.65 1.15 -0.86 1.04 0.66 0.62 4.18

Aug-06 0.09 -0.52 -0.06 0.75 1.40 -0.50 0.82
Sep-06 -0.16 -1.23 -0.67 -0.69 1.12 0.38 -0.16
Oct-06 -0.65 -0.13 1.52 0.22 1.03 0.22 0.40
Nov-06 -0.36 -0.47 0.04 -0.22 0.35 4.90 -0.71
Dec-06 -0.35 1.02 -0.42 0.14 1.09 0.08 -1.23

Jan-07 -0.19 1.79 0.26 1.34 0.88 0.31 -0.62
Feb-07 -1.19 2.36 -1.75 -0.67 0.21 -1.59 -0.39
Mar-07 -1.13 0.37 -0.58 -0.62 0.23 -0.13 0.05
Apr-07 0.71 -1.27 -1.07 -0.87 0.94 -0.73 -0.36
May-07 2.11 -0.08 1.20 0.14 -0.29 0.01 0.38
Jun-07 -1.32 0.08 -1.00 -1.55 -2.68 -0.13 0.64
Jul-07 -0.64 -0.59 -0.32 -1.12 -0.09 0.32 1.42

Aug-07 -0.80 -0.83 0.66 -0.77 0.64 0.35 0.74
Sep-07 -0.85 -0.85 0.93 -0.13 -0.88 -0.45 1.17

Oct-07 0.42 -0.79 0.16 -1.10 0.67 -0.46 -0.44
Nov-07 -0.51 0.56 0.59 -1.08 -0.28 0.04 -0.57
Dec-07 -0.61 -0.20 0.54 -0.07 0.57 0.01 -1.20

Jan-08 -1.05 -0.02 1.09 -0.27 0.48 -0.57 -0.71
Feb-08 -0.31 0.89 3.14 -0.10 -1.46 -0.22 -0.24
Mar-08 0.65 -0.15 0.21 -0.87 -0.91 -0.09 -0.07
Apr-08 0.55 -1.24 1.46 -0.23 0.04 -1.52 0.19
May-08 0.86 0.07 -0.16 -1.23 -1.35 0.26 -0.26



5.3. DISCUSSION 107

Caritat, 1998). The EFs of Sr were low (≤10) and therefore, the geogenic sources seem

to prevail. Typical Sr-minerals are strontianite and celestite. During the sampling weeks

in Dec-05, Jan-06, Apr-06, Jul-06, Dec-06, Jan-07, and Feb-07 factor scores were high

(>+1) and the predominant wind direction was 30◦ (NNE), except for Feb-07 when the

wind direction was 60◦ (ENE). Therefore, a source north-east of Beijing seems to prevail.

Only Zn has high loadings in factor 3. With lower loadings of 0.45, Cu and Ti

probably also contribute somewhat to this factor. Zinc and Ba are often used as tracers

for tyre wear (e.g. Monaci et al., 2000), while Cu can originate from brake abrasion (e.g.

Muschak, 1990; Sternbeck et al., 2002). Therefore, traffic is an important source for this

factor. However, Ba was not analysed within this study. Nevertheless, traffic abrasion

products seem to be an important source. Another important anthropogenic source for

Zn are smelting processes.

Factor 4 includes Cd and As with high positive loadings, as well as Rb with a negative

loading (Table 5.6). All these elements were highly mobile and could be associated with

coal combustion. Their less mobile shares can also originate from geogenic minerals.

Sphalerite is a mineral, which can incorporate both elements, As and Cd.

Potassium and V have high negative loadings in factor 5 (Table 5.6). Both elements

had low EFs and geogenic sources seem to prevail. Many of the major silicate minerals

contain K, e.g. K-feldspar or mica. Host minerals for V are e.g. pyroxens, amphiboles,

micas, apatite, or magnetite.

Factor 6 has high positive loadings for Cr and Ni (Table 5.6). Both elements can

originate from various anthropogenic sources including chemical industry, steel works and

waste incineration (Reimann & Caritat, 1998). Chromium and Ni both had their maxi-

mum concentrations in Nov-06. Therefore, the factor scores for the November sampling

week are extremely high (Table 5.7).

Factor 7 is negatively correlated with total mass. Furthermore, the two meteorolog-

ical factors precipitation and temperature have positive loadings. Therefore, this factor

represents the overall diffuse pollution with higher mass concentrations during colder

episodes (winter) and lower concentrations due to wet deposition in summer. This is also

reflected by high negative factor scores in winter and positive factor scores in summer

(Table 5.7).

Factor analysis was also applied for PM2.5 samples separately for the sum of the

two mobile fractions f1+f2 and for the sum of the two immobile fractions f3+f4. For

PM2.5, also 18 elements, the total mass concentration and meteorological parameters

were considered for FA.
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Table 5.8: Factor (Fa) loadings of the seven extracted factors (Principal Component
Analysis, case by case exclusion of missing data, Varimax standardized rotation) for sum
of the two mobile fractions f1+f2 of PM2.5 samples (concentrations in µg/g), together
with the respective communalities (comm). Meteorological parameters (predominant
wind direction, wind speed, precipitation, and temperature) are included. Loadings ≥

±0.55 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 comm

Mg -0.16 0.50 0.22 -0.13 0.77 0.04 0.99
Al 0.11 0.29 -0.02 0.07 0.86 0.15 0.99
K 0.91 -0.16 -0.06 0.10 0.13 -0.05 0.93
Ca -0.43 0.58 0.35 -0.18 0.48 -0.10 0.99
Ti 0.03 0.91 0.08 -0.09 0.17 -0.20 0.94
V 0.25 -0.16 -0.29 0.58 0.12 -0.12 0.78
Cr 0.80 0.21 0.30 -0.03 0.07 0.14 0.95
Mn 0.31 0.53 -0.05 0.25 0.21 0.62 0.95
Fe 0.66 0.67 -0.08 0.01 0.05 0.14 0.93
Co 0.06 -0.12 -0.13 0.08 0.30 0.85 0.96
Ni -0.04 0.00 0.76 -0.10 0.37 -0.08 0.83
Cu -0.01 -0.04 0.24 0.34 -0.06 0.67 0.86
Zn 0.04 0.18 0.84 -0.10 -0.08 0.21 0.95
As 0.19 0.18 -0.05 0.61 -0.12 0.53 0.88
Rb 0.79 0.12 0.05 0.40 -0.25 0.04 0.94
Sr 0.12 -0.11 0.12 -0.24 0.87 0.18 0.98
Cd 0.22 0.13 0.17 0.71 -0.20 0.22 0.91
Pb -0.11 -0.16 0.13 0.85 -0.10 0.18 0.93
mass -0.40 -0.44 -0.58 -0.14 -0.15 -0.19 0.87
wind dir -0.29 0.01 -0.28 -0.06 0.19 -0.50 0.87
wind v -0.48 0.10 0.00 0.00 0.49 -0.36 0.94
precip 0.07 -0.12 0.77 0.29 0.01 -0.18 0.93
temp 0.19 0.11 0.37 0.10 -0.43 -0.66 0.98

% of Expl. 15 12 13 11 14 13
Var.

Mobile fractions of PM2.5 samples

For the mobile fractions of PM2.5 samples, 6 factors were extracted and these factors

accounted for 78% of the Expl. Var. of the whole data set. The factor loadings are listed

in Table 5.8, while the corresponding factor scores are shown in Table 5.9.

Factor 1 has high loadings for K, Cr, Rb, and Fe (Table 5.8). Geogenic sources are

dominant for these elements, which is reflected by their low EFs. While Cr, and Fe had

very low EFs of 4 and 2, respectively, the EFs of K and Rb were 15 and 19, and, thus,

the anthropogenic influence is higher for these two elements. Potassium, Cr, and Rb
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Table 5.9: Factor (Fa) scores of the seven extracted factors (Principal Component Anal-
ysis, case by case exclusion of missing data, Varimax standardized rotation) for sum of
the two mobile fractions f1+f2 of PM2.5 samples (concentrations in µg/g) together with
some meteorological parameters (predominant wind direction, wind speed, precipitation,
and temperature). Scores > ±1 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6

Feb-05 -0.36 -1.27 -0.35 0.83 1.28 0.23
Mar-05 -1.24 0.09 0.06 1.06 0.38 0.49
Apr-05 -1.80 0.65 -0.63 -0.51 0.95 -1.11

May-05 -0.58 0.41 2.03 0.60 0.52 -0.39
Jun-05 0.46 -0.93 0.57 -0.49 -0.26 -0.96
Jul-05 0.43 -0.53 2.15 0.71 0.14 -0.86
Aug-05 0.35 -0.43 3.07 0.08 -0.27 0.05
Sep-05 -0.66 -0.60 0.49 0.36 -0.95 0.13
Oct-05 -0.76 -0.38 -0.02 0.24 -0.79 0.24
Nov-05 -0.82 0.12 0.31 -1.15 0.39 0.67
Dec-05 -0.80 -0.15 0.27 -0.20 0.06 1.52

Jan-06 -0.03 -0.77 -0.50 1.78 0.14 3.26

Feb-06 -0.29 0.23 -0.95 0.82 0.61 0.42
Mar-06 -1.16 -0.55 -1.35 -0.81 0.54 -1.02

Apr-06 -0.31 1.15 -0.50 0.14 0.96 -0.24
May-06 0.18 -1.21 -1.32 2.11 -0.14 -1.68

Jun-06 0.45 -0.64 -0.41 0.02 -0.16 -1.22

Jul-06 0.14 -0.10 0.49 2.12 -0.15 -0.16
Aug-06 0.31 1.02 -0.49 1.19 -1.00 -0.35
Sep-06 0.86 0.74 -0.84 0.88 -0.90 -0.53
Oct-06 3.18 1.90 -0.74 0.10 0.05 0.11
Nov-06 0.78 0.30 -1.15 -0.37 -0.03 0.01
Dec-06 -0.22 0.00 -1.32 -1.03 -0.17 1.12

Jan-07 -0.28 0.94 -0.01 -0.95 -0.32 1.96

Feb-07 1.92 -1.65 0.23 -1.32 3.70 0.34
Mar-07 0.26 0.05 -0.03 -0.75 -1.06 0.39
Apr-07 -1.49 -1.18 -0.62 -1.50 -0.80 -0.98
May-07 -0.93 3.39 0.68 -0.12 1.55 -0.99
Jun-07 1.34 -0.91 -0.39 -0.67 -0.74 -0.89
Jul-07 -0.16 -0.12 0.50 -0.75 -1.12 0.12
Aug-07 0.64 0.19 0.44 -1.33 -1.27 0.14
Sep-07 0.61 0.23 0.38 -1.07 -1.13 0.19
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concentrations in PM2.5 samples were high in the mobile fractions (Figure 5.4), whereas

Fe was one of the most immobile elements within this study.

Factor 2 comprises Ti, Fe, and Ca with high loadings (Table 5.8). This factor can be

interpreted a second geogenic factor, which is supported by the low enrichment factors

of these elements (Table 5.1). Titanium and Fe were the two most immobile elements in

PM2.5 samples and, consequently, the mobile shares of these elements only play a minor

role. As already mentioned before, the use of TiO2 as a white color pigment, is a possible

anthropogenic source for Ti.

Zinc and Ni have high positive loadings in factor 3 (Table 5.8). Furthermore, pre-

cipitation and mass (negative loading) are included in this factor. Especially in PM2.5

samples, anthropogenic sources play an important role for both elements. The observa-

tion, that the EFs of PM2.5 results are approximately 9-fold higher for Ni, and 5-fold

higher for Zn if compared to the respective EFs of the TSP samples supports this inter-

pretation.

Factor 4 comprises Pb, Cd, As, and V with high loadings (Table 5.8). With the

exception of V, all these elements had very high EFs (Table 5.1), which were even higher

for PM2.5 than for TSP samples, and, consequently, anthropogenic sources seem to pre-

vail for this factor. Furthermore, all these elements had high shares in the very mobile

fractions, which is also important with regard to negative health effects. As already dis-

cussed for TSP samples, coal combustion is probably the most important source for the

mobile shares of all these elements.

Strontium, Al, and Mg have high loadings in factor 5 (Table 5.8). These elements

mainly originate from geogenic sources and therefore, this factor represents a third ge-

ogenic factor. However, for the mobile shares of these elements, anthropogenic sources

most likely also contribute. For the mobile fractions of TSP samples, Sr and Al were also

combined in one factor.

Factor 6 comprises Co, Cu, and Mn with positive loadings (Table 5.8). Moreover,

temperature has also a high loading (negative loading) in this factor. Coal combustion

is an important source for Co. The negative correlation with temperature indicates

that coal combustion for heating purposes in winter are an important Co source. This

interpretation is further supported by high positive factor scores in Dec-05, Jan-06, Dec-

06, and Jan-07, respectively, indicating the high importance of this factor during that

time. Furthermore, Co, Cu, and Mn could be related to agriculture. Cobalt and Mn are

used in fertilisers, while high Cu levels on farmland can arise from fertilizing with sludge

from pig farms (Reimann & Caritat, 1998). The influence from farmland is probably
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Table 5.10: Factor (Fa) loadings of the seven extracted factors (Principal Component
Analysis, case by case exclusion of missing data, Varimax standardized rotation) for sum
of the two immobile fractions f3+f4 of PM2.5 samples (concentrations in µg/g), together
with the respective communalities (comm). Meteorological parameters (predominant
wind direction, wind speed, precipitation, and temperature) are included. Loadings ≥

±0.55 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 comm

Mg 0.28 0.84 0.00 0.19 0.22 0.21 -0.01 0.98
Al 0.03 0.95 -0.12 0.02 -0.02 -0.09 0.02 0.96
K -0.05 -0.09 0.00 -0.07 -0.03 0.85 0.07 0.75
Ca -0.06 -0.07 -0.02 -0.07 0.93 0.00 -0.22 0.87
Ti 0.21 0.85 0.14 0.03 0.00 -0.22 0.14 0.98
V 0.24 0.28 -0.01 0.83 0.03 -0.06 0.14 0.86
Cr 0.81 0.01 0.17 0.02 -0.07 0.22 -0.09 0.96
Mn 0.13 0.25 0.44 0.31 0.08 0.24 0.62 0.97
Fe 0.03 0.89 0.17 0.02 -0.13 0.07 0.12 0.99
Co -0.13 0.57 0.45 0.05 -0.06 0.07 0.43 0.91
Ni 0.72 -0.04 -0.09 -0.03 0.03 -0.10 -0.03 0.90
Cu 0.86 0.22 0.15 0.24 0.09 -0.08 0.06 0.98
Zn 0.81 0.19 0.15 0.46 0.10 -0.06 -0.05 0.98
As 0.14 0.08 0.10 0.94 0.05 0.02 -0.04 0.93
Rb 0.34 0.04 0.76 0.29 -0.07 0.34 -0.15 0.99
Sr 0.47 0.13 0.18 0.34 0.70 -0.08 0.17 0.93
Cd -0.17 -0.11 0.44 0.54 0.02 -0.10 0.47 0.91
Pb -0.19 -0.22 0.63 0.45 -0.10 0.41 0.28 0.97
mass -0.23 -0.14 -0.77 -0.04 -0.23 0.15 0.11 0.73
wind dir -0.12 0.29 -0.60 0.29 0.15 0.29 -0.34 0.74
wind v -0.07 0.74 -0.21 0.14 0.04 -0.11 -0.12 0.83
precip 0.56 0.06 0.33 -0.32 0.12 -0.18 -0.36 0.80
temp 0.13 -0.09 0.13 0.00 0.16 -0.02 -0.88 0.94

% of Expl. 16 19 13 13 7 6 9
Var.

lower, when the vegetation is growing in spring and summer, and higher when wind

transport from fallow land without vegetation plays an more important role in winter.

The factor scores, which are most negative in spring and summer, and, as mentioned

before, most positive in winter, support this statement.

Immobile fractions of PM2.5 samples

For the FA of the immobile fractions f3+f4 of PM2.5 samples, seven factors were extracted

(Table 5.10). These factors accounted for 83% of the Expl. Var. of the whole data set.

Factor 1 comprises Cu, Cr, Zn, and Ni with high loadings (Table 5.10). With the
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Table 5.11: Factor (Fa) scores of the seven extracted factors (Principal Component Anal-
ysis, case by case exclusion of missing data, Varimax standardized rotation) for sum of
the two immobile fractions f3+f4 of PM2.5 samples (concentrations in µg/g) together with
some meteorological parameters (predominant wind direction, wind speed, precipitation,
and temperature). Scores > ±1 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7

Feb-05 0.21 0.05 -1.12 -0.03 -0.07 -0.36 0.40
Mar-05 0.81 0.89 -0.70 -0.05 0.65 0.54 1.04

Apr-05 -0.09 2.97 -0.96 -0.22 -0.23 0.63 -0.22
May-05 1.67 1.27 0.46 -0.41 0.46 -0.12 -0.73
Jun-05 0.39 -0.45 -0.18 -0.39 -0.21 -0.74 -0.56
Jul-05 2.09 0.02 0.97 -0.98 -0.34 -0.41 -0.86
Aug-05 2.68 -0.01 1.16 -1.05 0.74 -0.42 -0.43
Sep-05 1.73 -1.00 -1.26 -0.46 -0.67 0.01 0.16
Oct-05 0.06 -0.56 -0.80 -0.38 -0.73 0.03 0.07
Nov-05 0.47 0.70 -0.08 -1.19 -0.42 -0.27 1.08

Dec-05 -0.05 -0.07 -0.07 -0.55 0.08 -0.84 1.36

Jan-06 -1.06 -0.30 0.89 -0.21 -0.62 -1.31 1.42

Feb-06 -0.94 -0.10 -0.09 -0.11 0.03 -0.71 0.57
Mar-06 -0.99 1.49 -1.04 -0.42 -0.61 0.05 -0.07
Apr-06 -1.26 2.02 0.76 -1.07 -0.71 -0.88 -0.27
May-06 -0.82 -0.90 -1.13 0.14 -1.02 -0.32 -0.79
Jun-06 -0.98 -0.27 -0.24 -0.91 2.29 -0.04 -0.91
Jul-06 -0.88 -0.52 0.97 -0.79 -0.78 -1.15 -1.33

Aug-06 -1.19 -0.76 -0.17 -0.81 4.04 -0.08 -0.49
Sep-06 -0.93 -1.11 -0.45 -0.45 -0.46 -0.36 -0.73
Oct-06 -1.12 0.01 3.55 -0.31 -0.67 1.24 0.48
Nov-06 -0.47 -0.38 -0.22 -0.85 -0.26 4.53 0.46
Dec-06 -0.35 -0.74 -0.63 -0.81 -0.74 0.14 1.76

Jan-07 0.37 -0.60 0.83 1.63 0.90 -0.48 2.84

Feb-07 0.95 -0.34 -0.42 1.32 0.65 0.32 0.91
Mar-07 0.02 -0.59 0.48 1.63 -0.26 -0.18 0.39
Apr-07 -0.48 -0.36 -1.91 0.74 -0.41 -0.48 -0.32
May-07 -0.25 2.25 0.20 2.97 0.71 -0.03 -0.56
Jun-07 0.39 -0.59 -0.13 0.28 -0.11 1.02 -1.11

Jul-07 -0.35 -0.62 0.65 0.89 -0.08 -0.01 -1.25

Aug-07 0.21 -0.65 0.49 1.50 -0.40 0.42 -1.20

Sep-07 0.18 -0.76 0.20 1.33 -0.75 0.27 -1.11
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exception of Cr, all these elements had high EFs (Table 5.1). Compared to TSP samples

the EFs of PM2.5 samples were more than 3-times higher for Cu, 5-times higher for Zn,

and 9-times higher for Ni. This means that the anthropogenic influence is even higher if

only the small size classes are considered. Consequently, those elements originate from

predominantly anthropogenic sources and their association can be classified as a diffuse

anthropogenic factor. The most important sources are probably smelting processes and

steel works. This factor had high factor scores mainly in 2005 (Table 5.11). This indicates,

that steel industry is the most important source for the immobile shares of Cu, Cr, Zn,

and Ni in Beijing PM2.5 samples. A big steel factory (’Capital Steel Group Company’)

was located in the western part of Beijing (Shijingshan district). This plant was built in

1950 and was one of the biggest steel-producing factories in China (Kuang et al., 2004).

However, the production was reduced bit by bit starting in summer 2005 and the factory

was further relocated in order to improve air quality in the run-up to the Olympic Games

(see also chap. 6). By 2010, all production facilities have been moved to Tangshan, a city

in the neighboring Hebei Province (XINHUA online, 2010). Traffic, and especially the

involved abrasion processes from tyres, brakes, and asphalt, is another important source

for the element association of this factor.

Aluminium, Fe, Ti, Mg, and Co have high loadings in factor 2 (Table 5.10). Fur-

thermore, wind speed is included in this factor. All these elements had low EFs and,

thus, geogenic sources seem to prevail. This is supported by the factor scores, which are

highest in Apr-05, May-05, Mar-06, Apr-06, and May-07. Similar to the geogenic factor

1 extracted from the immobile element concentrations of TSP samples, the average wind

speed was high during these five sampling weeks (>3 m·s−1, except for Apr-06 with 2.5

m·s−1) and, thus, resuspension processes of minerals played an important role during

these sampling weeks. However, it has to be considered that steel works is a possible

additional anthropogenic sources for Fe.

Rubidium and Pb are positively correlated to factor 3, while total mass and the

predominant wind direction have negative loadings (Table 5.10). In fraction f3, Rb had

only low concentrations and no Rb (concentrations were below the LOD) was found in

the residual fraction f4. Therefore, the immobile concentrations of Rb do not play an

important role for source apportionment. Lead occurred in higher concentration in the

fractions f3 and f4 than Rb, but highest Pb concentrations occurred in the mobile fraction

f2. Immobile Pb can be present in form of minerals, such as galena, cerussite or anglesite.

Rubidium is a common element in many silicates (mainly by replacing K).

Factor 4 comprises As and V with high loadings, as well as Cd with a lower loading
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(Table 5.10). Coal combustion is probably the dominant source for these three elements.

However, insoluble parts can also originate from alloys and other industrial products.

Calcium and Sr are positively correlated to factor 5 (Table 5.10). Geogenic sources,

such as carbonates, seem to prevail for this factor, which is supported by their low

EFs (Table 5.1). In various samples from Beijing, Ca-bearing minerals, such as calcite,

dolomite, and gypsum, were abundant (see also SEM analysis results in chapter 7.2.2).

Manganese is the only element with high loadings in factor 7 (Table 5.10). Only

Cd and Co also contribute slightly to this factor. Temperature shows a strong negative

correlation with factor 7. Therefore, the factor scores are highest during winter (Nov-

05 – Jan-06, Dec-06 – Feb-07). The high importance of Mn during winter leads to the

interpretation that it is also associated to an additional source during winter, which is

probably combustion of fossil fuels.

5.4 Summary and conclusions

Regularly, metal concentrations in Beijing’s atmosphere exceed international guideline

values. Within this study, this was reported for Mn, Cd, Pb and partially also for As.

With regard to negative health effects, it should be highlighted that sometimes even the

sum of the two mobile fractions already exceeds the guideline values. In this context, it is

notably that even when considering only the Cd concentrations in the most bioavailable

fraction, 60% of all samples exceed the WHO guideline value. Moreover, some toxic ele-

ments, such as As, had higher percentages in the very mobile fractions for PM2.5 than for

TSP samples. This is health-relevant because the smaller particles can penetrate deeper

into the human lung system. Seasonal variations over the annual course were pronounced.

The seasonal trend observed for most elements showed lowest concentrations in summer,

which is also the time with lowest TSP total mass concentrations caused by wet deposi-

tion due to the high precipitation. In spring, geogenic sources are predominant. However,

while contributing widely to total mass concentrations, geogenic dust is less problematic

with regard to potential bioavailable metal loads, because of low concentrations of highly

toxic metals in the mobile fractions. Winter, on the contrary, is the season most problem-

atic regarding potential negative health effects because of maximum total concentrations

of toxic metals, as well as a high bioavailability of those elements.

The study showed that the mobility of the particular metals is indicated to be very

different. In this regard, a cause of concern is the high assumed mobility and, thus, high

bioavailability of toxic metals, such as Zn, Cd, Mn, As, Cu and Pb, in Beijing. Fur-
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thermore, the study showed that bioavailable eco-toxicological critical elements Zn, Cd,

As, Cu and Pb originate mainly from anthropogenic sources. Many of those sources, like

industry or traffic, are more or less constant during the whole year and mainly meteoro-

logical parameters determine the level of pollution, while other sources, like combustion

processes for heating activities, occur only at distinct seasons and superimpose the over-

all air pollution during this time. For the implementation of mitigation measures for air

pollution in urban areas and megacities the focus should, therefore, be on the reduction of

these sources, which are closely related to high emissions of potentially toxic elements in

mobile and, thus, bioavailable speciation. With regard to seasonal anthropogenic sources,

coal combustion seems to play the most important role in Beijing during autumn and

winter. Coal combustion, which is still widely used in Beijing for heating and cooking

purposes, seems to be a crucial source for airborne concentrations of toxic and easily mo-

bile metals, especially for Cd, As, and Pb. Therefore, the implementation of alternative

energy sources instead of coal combustion is crucial for a sustainable urban development

in Beijing. In preparation of the Olympic Games, which were hosted in Beijing in Au-

gust 2008, the percentage of natural gas used for domestic heating was already increased

(Wang et al., 2010a), which seems to mark a first effort in the right direction.

In general, the approach to use sequential extraction procedures for APM charac-

terisation, which was applied for the first time for atmospheric particles in a Chinese

megacity, proved to be a good tool in order to gain important additional information

needed for a future sustainable urban planning and especially for selecting mitigation

measures. With regard to health studies, especially the mobile and bioavailable fraction

of toxic metals from anthropogenic sources, as well as the concentration of those element

fractions not only in ng/m3, but also in absolute concentrations in µg/g should be con-

sidered. For Beijing, the enormous growth rates of the urban population, the industry

and the energy consumption, will demand considerable efforts to reduce air pollution in

the future.



116 CHAPTER 5. MOBILITY OF TRACE METALS



Chapter 6

Influence of mitigation measures on

air quality: the example of the

Olympic Summer Games 2008

6.1 Introduction

The period of the 2008 Olympic Summer Games in Beijing can be considered as a large

field experiment and unique opportunity to study the influence of emission reduction

measures on air quality improvement. Both within and outside China, the air quality

in Beijing during the Olympic Games was of huge concern and discussed extensively not

only in the scientific world, but also in the international press. The importance of the

event was tremendous for the Chinese Government and, therefore, unprecedented efforts

were undertaken to reduce air pollution. Half of the budget for the Games was allocated

to making the Games ”green” and in total, US$12.2 billion (85.4 billion RMB) have been

provided so that Beijing could present green Olympics to the world (Fang et al., 2009).

The mitigation measures, which will be described in more detail in the following section

6.2, comprised traffic reductions, expansion of public transportation, planting of plants

and parks, cleaner production techniques for industries, as well as industry closures in

Beijing and also in the surrounding areas, such as in Tianjin.

Measuring atmospheric particulate matter (APM) at the time before, during, and

after the Olympic (8th – 24th of August 2008) and Paralympic (6th – 17th of September

2008) Games offered the unique possibility to observe and assess the success of short-term

measures to mitigate extreme urban aerosol pollution and also to investigate the increase

of aerosol pollution that was expected after the Olympic Games when many of the sources



118 CHAPTER 6. OLYMPIC SUMMER GAMES 2008

operated again. Within this chapter, the results of TSP, PM2.5 and PM1 measurements

at two sampling sites (labelled CRAES and CUG, see Figure 3.1 in chapter 3.1.1) from

October 2007 to February 2009 will be discussed. While sampling site CRAES was

operated for the first time in October 2007, site CUG has already been in use since 2005.

At this long-term measurement site also the passive sampling of particles between 2.5 and

80 µm geometrical diameter (dg) with the Sigma-2 device was continued for the Olympic

Games sampling period. With this comprehensive approach, detailed information about

mass and element concentrations, water-soluble ions, BC, and size distribution of APM

was obtained. The central questions of this study, which will be discussed later in more

detail, were:

• How fast and to what extend was the particulate air pollution reduced?

• Which particle size class was reduced most efficiently?

• To what extend did the weather conditions influence the particle decrease?

• What was the chemical composition of atmospheric particulate matter during the

Olympic Games and how did the composition change?

• Which sources can be identified to contribute to the aerosol concentration during

the Olympic Games?

• How fast and to what extend did the aerosol pollution increase again after the

Olympic Games?

6.2 Mitigation measures

In order to fulfil the air quality commitment made in the Olympic bid, which Beijing

won in 2001, Beijing and neighbouring Tianjin (both are Olympic cities) and the sur-

rounding provinces of Hebei, Shanxi, Shandong and the Inner Mongolia Autonomous

Region formed an air pollution abatement region to minimize the transport of air pollu-

tants to Beijing. This abatement region geographically covers a distance of 500-1000 km

(Fang et al., 2009). In early 2008, the Fourteenth Phase Intensive Control Program went

into effect. Fang et al. (2009) gave an English summary of this program and its ”5655”

strategy:

• Five schemes to control pollutants associated with coal combustion:
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1. Particulate removal, desulfurization and denitrification of coal-fired power

plant plumes and decommissioning of hundreds of coal-fired boilers in manu-

facturing facilities and small power plants

2. More stringent control regulations for boiler emissions

3. Conversion of domestic coal use to cleaner fuels involving some 50,000 homes

4. Banning of the ad hoc burning of coal in the city/village boundary areas

5. Strict control of illegal small boilers and open air burning including barbecues

• Six vehicular emissions control schemes:

1. Issuance of new automobile emissions standards

2. Decommissioning of high emissions vehicles, buses and taxis

3. Recovery of fuel vapors at pumping stations and from tankers

4. Restricted use of high emissions vehicles

5. Banning of large polluting vehicles from the roads

6. Control of emissions from small stationary diesel generators

• Five retrofitting and upgrading of manufacturing facilities schemes:

1. Closing of polluting petrochemical, cement, and other facilities

2. Control of emissions from facilities not closed

3. Control of industrial emissions of volatile organic compounds

4. Abatement of emissions from kitchens

5. Implementation of more stringent emission regulations

• Five schemes to abate resuspended particulates:

1. Strict control of dust emissions from construction sites

2. Elimination of barren earth by planting of vegetation or paving

3. Citywide sanitary and cleaning activities by the residents

4. Management of dust from farms and planting fields in the countryside

5. Citizen and community participation in environmental protection projects
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The vehicular emission control scheme was implemented successively. During the first

stage from the 1st of July to the 20th of July 2008, all vehicles not meeting the European

Euro I standard for exhaust emissions were forbidden all-day from the roads (Wang et al.,

2010a). The ”odd-even” ban to halve the vehicle volume was enforced from the 20th of

July to the 20th of September 2008. During this time, private vehicles could only operate

on odd or even days depending on the last digit of their license plates. Seventy percent

of government vehicles were ordered off the road during the event (Zhou et al., 2010).

Moreover, since the beginning of 2008, the sulphur content of vehicle fuel has been reduced

below 50 ppm (Zhou et al., 2010). Road sweeping and washing were increased to reduce

fugitive dust (Fan et al., 2009). Public transportation was promoted by a new fleet of

buses, many of them using compressed natural gas (Zhou et al., 2010). Moreover, the

subway network was expanded. Subway line 13, Batong line, line 5, line 10, the Olympic

line, and, the airport line were put into use so that Beijing’s total number of subway lines

increased to 8 with a rise in length from 42 km when bidding for the host in 2001 to 200

km in 2008 (Liu et al., 2008). Daily flow of light-duty vehicles (LDV) and heavy-duty

trucks (HDT) was reduced by 30% and 54%, respectively, during the Games while the

flow of taxis and buses was increased by 30% and 10%, respectively (Zhou et al., 2010).

For industries, the emission standards were also raised. Many factories, especially

those that used a lot of coal, were relocated to other provinces and 19 industries around

Beijing were ordered in 2007 to cut 2008 emissions by 30% (Stone, 2008). The relocation

of heavily polluting enterprises included the Capital Iron and Steel Company and the

Yanshan Petrochemical Plant (Yang et al., 2010). Most construction material manufac-

turers were shut down during the period and all construction activities were temporarily

ceased (Wang et al., 2010a).

6.3 Results

6.3.1 Total suspended particles

Mass and element concentrations

Results of mass and element concentrations of TSP samples from site CRAES are sum-

marized in Table C.1, Table C.2, and Table C.3, for the sampling periods before (period

C1, weekly sampling from Oct-07 – Jul-08), during (period C2, daily sampling from Jul-

08 – Sep-08), and after (period C3, weekly sampling from Oct-08 – Feb-09) the Olympic

and Paralympic Games. Descriptive statistics for the whole Period C are summarized
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Figure 6.1: Average TSP concentration of each month of sampling period C from October
2007 to February 2009 at site CRAES. Whiskers represent the standard deviation. The
Olympic Rings mark the month with the Olympic Summer Games.

in Table C.4. Besides these data in volume air, the same tables are provided for mass

related concentrations in µg/g (Table C.5, Table C.6, Table C.7, and Table C.8).

The average monthly TSP mass concentrations for the whole period C at site CRAES

are shown in Figure 6.1. The annual course is characteristic for Beijing with highest

concentrations in winter and lowest in summer and is similar to the results of the previous

2-year-long sampling period at site 4 (period A from August 2005 to August 2007, see

chapter 4.1.2).

As expected and hoped from the implementation of the mitigation measures, Au-

gust was the month with lowest TSP concentrations (93±49 µg/m3). To what extent

meteorological conditions were responsible for the low August values and how much the

mitigation measures contributed will be discussed later. The winter concentrations before

the Olympic Games were distinctly higher (average of 296±156 µg/m3 (N=13) for Dec-

07, Jan-08, and Feb-08), compared to the winter concentrations after the Olympic Games

(average of 245±77 µg/m3 (N=12) for Dec-08, Jan-09, and Feb-09). The difference is

even higher if only the averages of the respective December and January are considered

(371±149 µg/m3 (N=8) for Dec-07 and Jan-08 compared to 247±85 µg/m3 (N=9) for

Dec-08 and Jan-09).

The monthly average of four selected elements from predominantly geogenic sources

(Mg, Ca, Ti, and Fe) and four representative elements from predominantly anthropogenic

sources (Zn, As, Cd, and Pb) is shown in Figure 6.2. For all those elements, Aug-08 was
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the month with lowest concentrations, followed by Sep-08 and Jul-08. In December 2007

highest concentrations for both, geogenic and anthropogenic, elements were measured.

However, the deviation from the overall average of all months of the respective elements

is higher for the anthropogenic than for geogenic elements (150–175 % compared to 95–

110 %, respectively). A wide difference between geogenic and anthropogenic elements

becomes obvious in spring 2008. Dust storm events occurred in March and May 2008,

which is reflected by relative high concentrations of typical geogenic elements.

TSP concentrations at site CRAES during the Olympic Games (8th – 24th of August

2008) varied from 37 to 194 µg/m3 with an average value of 78 µg/m3. For the daily

samples, also the course of different elements was considered and for better comparison

the element concentrations were standardized using z-transformation (Equation 3.4, see

chapter 3.3.2). In Figure 6.3 seven elements (Li, Al, K, Ti, Fe, Rb, and Sr), which had

low EFs (Table 6.1) and, therefore, can be interpreted to originate from predominantly

geogenic sources, were chosen to illustrate the diurnal course during period C2 with

strictly enforced mitigation measures. The same course is shown in Figure 6.4 for seven

elements, which had high EFs and, thus, can be interpreted to originate mainly from

anthropogenic sources (S, Cu, Zn, As, Cd, Sn, and Pb).

All those element concentrations drop strongly during the first four days after the

opening ceremony at the 8th of August and remain quite constant during the following

days. Elements from predominantly anthropogenic sources, such as S, Cu, As, or Cd, had

a less variable course (Figure 6.4) than elements, which originate mainly from geogenic

sources, such as Fe, Al, or Rb (Figure 6.3). Element concentrations increase again at

the 20th of August 2008. This concentration peak is visible for geogenic as well as for

anthropogenic elements. Few days before, at the 13th of August, there is also a small

concentration peak, which is pronounced only for the geogenic elements. During the

Paralympic Games, when the mitigation measures were probably not enforced as strictly

any more, daily differences of element concentrations are more pronounced than during

the Olympic period. Only Cu and Sb concentrations remain quite low and do not vary

significantly also during the Paralympic Games in September 2008.

Enrichment factors (EFs)

The EFs of TSP element concentrations of the three intervals of sampling period C are

summarised in Table 6.1. Elements with high EFs, and, consequently, with an important

influence of anthropogenic sources, are S, Cu, Zn, As, Cd, Sn, Sb, and Pb. The EFs

calculated with average crustal concentrations and those with concentrations from Chi-
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Figure 6.2: Deviation of monthly average concentrations from overall average value of
all months of period C for element concentrations of TSP samples from site CRAES. (a)
Elements from predominantly geogenic sources (Mg, Ca, Ti, and Fe); (b) elements from
predominantly anthropogenic sources (Zn, As, Cd, and Pb).
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Figure 6.3: Standardized (Equation 3.4) element concentrations of seven selected elements
from predominantly geogenic sources (Li, Al, K, Ti, Fe, Rb, and Sr) of daily TSP samples
during period C2 at site CRAES.
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Figure 6.4: Standardized (Equation 3.4) element concentrations of seven selected elements
from predominantly anthropogenic sources (S, Cu, Zn, As, Cd, Sn, Pb) of daily TSP
samples during period C2 at site CRAES.
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nese soils are similar for Cu, Zn, Cd, and with a little higher deviation also for Pb. For

As and Sb, on the contrary, the EFs are significantly lower when calculated with aver-

age concentrations of Chinese topsoils. This means that those two elements are already

highly enriched in Chinese topsoils. All elements, for which anthropogenic sources played

a major role, had highest EFs during the daily sampling period C2. For weekly samples,

the EFs after the Olympic Games (C3) were a little higher than before the event (C1).

Water-soluble ions

Additional to total element concentrations, also water-soluble ions were analysed for TSP

samples. Nitrate and sulphate were the dominant anions, while fluoride, chloride, and

phosphate concentrations were often below the detection limit of IC analysis (LODs see

chapter 3.2.2). For cations, which were analysed by ICP-MS, the results of 28 elements

(Li, Na, Mg, Al, P, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Cu, Zn, Ga, As, Rb, Sr, Y, Cd,

Sn, Sb, Cs, Ba, Pb) were included in the study. Descriptive statistics for all water-soluble

ions during the Olympic Games period C2 (daily samples) are summarized in Table C.23

as volume-related concentrations and in Table C.24 as mass-related concentrations. The

course of seven selected ions (nitrate, sulphate, S, Cu, As, Cd, and Pb), which had

high concentrations in the water-soluble fraction, is illustrated in Figure 6.5. For better

comparison, the data were standardized using z-transformation (Equation 3.4 in chapter

3.3.2).

During the Olympic Games (8th – 24th of August 2008), sulphate concentrations of

TSP samples varied from 4.1 to 57.5 µg/m3 with an average value of 19.7 µg/m3, while

nitrate concentrations ranged from 0.6 to 6.0 µg/m3 with an average value of 2.1 µg/m3.

The nitrate/sulphate ratio during the Olympic event ranged from 0.01 to 0.83 with an

average ratio of 0.22. The average ratio for the whole Aug-08 is quite similar with 0.20. As

already mentioned in chapter 4.1.3, summer is the season with the lowest nitrate/sulphate

ratio in Beijing. The average ratio in Aug-06 and Aug-07 for TSP samples was 0.26 and

0.47, respectively. Consequently, the ratio in Aug-08 was lower compared to the two

previous years, indicating a relatively lower importance of nitrate.

Elements, which had only low concentrations in the water-soluble fraction were Al,

Sc, Ti, Fe, Ga, and Ba (on average ≤ 25%). Other elements, such as S, K, As, and Cd,

on the contrary, had a high percentage of their total concentrations in the water-soluble

share (on average ≥ 75%). The relative amount (in %) of the water-soluble concentration

from the total concentration is summarised in Table 6.2.
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Table 6.1: Calculated enrichment factors (EF) referring to Ti for all analysed elements.
EFs were calculated using the median concentrations of all TSP samples (N=42 for
period C1 (weekly samples), N=66 for period C2 (daily samples), and N=21 for period C3
(weekly samples), respectively). Crustal concentrations (crust) were taken from Reimann
& Caritat (1998) and soil concentrations (soil) from Chinese topsoils from Chen et al.

(2008). For some elements (-), no soil data were available from literature.

Period C1 Period C2 Period C3
EF(crust) EF(soil) EF(crust) EF(soil) EF(crust) EF(soil)

Li 4 - 3 - - -
Mg 1 4 1 2 1 3
Al 1 - 1 - 1 -
P 2 - 18 - 3 -
S 90 - 274 - 83 -
K 1 - 2 - 2 -
Ca 3 - 2 - 3 -
Sc 1 - 1 - 1 -
Ti 1 1 1 1 1 1
V 1 1 1 1 1 2
Cr 1 2 2 4 1 3
Mn 2 3 3 3 2 2
Fe 1 2 1 2 1 2
Co 1 2 1 2 1 2
Ni 2 3 2 3 2 3
Cu 19 21 30 33 26 28
Zn 71 68 86 82 62 59
Ga 4 - 4 - 7 -
As 97 21 157 33 111 24
Rb 2 - 2 - 2 -
Sr 2 - 2 - 2 -
Cd 267 208 407 317 349 272
Sn 42 - 53 - 43 -
Sb 510 13 770 20 618 16
Cs 5 - 6 - 5 -
Ba 2 3 3 5 2 3
Pb 97 64 138 92 113 75
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Figure 6.5: Standardized (Equation 3.4) element concentrations of seven selected water-
soluble ions from predominantly geogenic sources (Sulphate, Nitrate, S, Cu, As, Cd, and
Pb) of daily TSP samples of period C2 at site CRAES.
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Table 6.2: Percentage of water-soluble element concentrations from total element concen-
trations after total digestion of all TSP samples from sampling period C2 (daily samples)
at site CRAES.

N avg (%) min (%) max (%)

Al 63 10 1 35
S 62 106 90 128
K 65 76 41 130
Sc 65 13 5 49
Ti 65 3 1 6
V 65 40 15 82
Cr 60 63 9 144
Mn 65 56 38 83
Fe 65 10 5 23
Co 65 47 19 103
Cu 65 59 34 92
Zn 61 93 32 165
Ga 65 18 6 37
As 63 84 26 131
Rb 65 61 25 92
Sr 65 53 23 96
Cd 63 89 66 115
Sn 64 40 13 70
Sb 64 30 14 87
Cs 62 68 25 111
Ba 65 22 3 61
Pb 65 51 36 73
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6.3.2 PM2.5 and PM1

Mass and element concentrations

PM2.5 samples at site CRAES were collected separately for day- and night-time before,

during and after the Olympic Games (periods C1, C2, and C3, respectively). In period

C1 and C3, the filters were exposed for a whole week, while in period C2 the samples

were collected in 12-hour intervals. Additionally, PM1 sampling started for the first time

in July 2008 with 24-hour intervals at site CRAES and was continued after the Olympic

Games in weekly intervals (Oct-08 to Feb-09). At site CUG, PM2.5 samples were collected

in 24-hour intervals during period C2 and in weekly intervals in period C1 and C3 before

and after the Olympic Games. Here, no distinction between day and night samples was

made. During sampling period C2, some sampling failures occurred at both sites (see

chapter 3.1.2 for details). In the following paragraphs, the focus will be on samples from

site CRAES.

Descriptive statistics for mass and element concentrations of day-time PM2.5 samples

from site CRAES are summarized in Table C.9, Table C.10, and Table C.11, for the sam-

pling periods C1, C2, and C3, respectively, as volume-related concentrations in ng/m3.

The corresponding night-time PM2.5 results are listed in Table C.12, Table C.13, and

Table C.14. Moreover, mass-related concentrations in µg/g are also summarized for the

three sampling intervals (Table C.15, Table C.16, and Table C.17 for day-time samples,

and Table C.18, Table C.19, and Table C.20 for night-time samples). The monthly aver-

age PM2.5 concentrations of the whole period C at site CRAES, is illustrated in Figure

6.6 for day- and night-time samples, respectively.

This monthly course of PM2.5 concentrations is quite similar to the course of TSP

concentrations (see Figure 6.1). However, whereas winter TSP concentrations were higher

before than after the Olympic Games, this is contrary for PM2.5 samples. Here, the

average winter concentrations were higher after than before the Olympic Games. In

winter 07/08, the average PM2.5 concentrations were 95±45 for day-time (N=13), and

100±43 µg/m3 (N=13) for night-time samples (Dec-07, Jan-08, and Feb-08), compared to

winter 08/09 (Dec-08, Jan-09, and Feb-09) with concentrations of 132±44 µg/m3 (N=12)

for day-time, and 125±47 for night-time samples (N=12).

Day-time PM2.5 concentrations during the Olympic Games varied from 5.7 to 87.4

µg/m3 with an average concentration of 48.0 µg/m3 (N=15). Night-time concentrations

ranged from 6.6 to 73.0 µg/m3 with an average value of 42.5 µg/m3 (N=12). For the

12-hour PM2.5 samples, the course of different elements was considered and for better

comparison the element concentrations were standardized using z-transformation (Equa-
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Figure 6.6: Average PM2.5 concentration of each month of sampling period C from Oc-
tober 2007 to February 2009 at site CRAES. Whiskers represent the standard deviation.
The Olympic Rings mark the month with the Olympic Summer Games.

tion 3.4 in chapter 3.3.2). In Figure 6.7 seven elements (Li, Al, K, Ti, Fe, Rb, and Sr),

which had low EFs (Table 6.3) and are known to originate from predominantly geogenic

sources, were chosen. The same course is shown in Figure 6.8 for seven elements, which

had high EFs (Table 6.3) and originate mainly from anthropogenic sources (S, Cu, Zn,

As, Cd, Sn, and Pb). It is noticeable, that especially for the anthropogenic elements, the

course is a lot less variable during the Olympic Games. This is the case especially for S,

As, and Cd, and with the exception of one peak concentration (19th of August) also for

Cu. During the Paralympic Games, on the contrary, the daily variations are a lot more

pronounced.

PM1 concentrations during the Olympic Games ranged from 9.6 to 55.7 µg/m3 with

an average concentration of 27.1 µg/m3 (N=13). The average mass concentration for

the whole August was a little higher with 38.8 µg/m3 (N=24). Descriptive statistics for

mass and element concentrations of 24-hour PM1 samples is summarized in Table C.21 as

volume-related concentrations in ng/m3 and in Table C.22 as mass-related concentration

in µg/g.

Enrichment factors

The EFs of PM2.5 and PM1 element concentrations of sampling period C2 are summarised

in Table 6.3. Elements with very high EFs, and, consequently, an important influence
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Figure 6.7: Standardized (Equation 3.4) element concentrations of seven selected elements
from predominantly geogenic sources (Li, Al, K, Ca, Ti, and Fe) of 12-hour PM2.5 samples
from period C2 at site CRAES.
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Figure 6.8: Standardized (Equation 3.4) element concentrations of seven selected elements
from predominantly anthropogenic sources (S, Cu, Zn, As, Cd, Sn, Pb) of 12-hour PM2.5

samples from period C2 at site CRAES.
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Figure 6.9: BC concentrations for 24-hour PM1 and PM2.5 samples from site CRAES
from the 25th of July to the 28th of September 2008 (period C2).

of anthropogenic sources, are S, Cu, Zn, As, Cd, Sn, Sb, and Pb. These are the same

elements, which had also high EFs for TSP samples (6.1). To a lower extend, Ni, Cs,

and Ba showed EFs, which also indicate an influence of anthropogenic sources. For

most elements, the EFs of PM2.5 and PM1 concentrations are quite similar, indicating a

comparable anthropogenic influence for both size classes.

Black carbon

Figure 6.9 shows the course of BC concentrations for 24-hour PM1 and PM2.5 samples

from site CRAES (for PM2.5 samples, the 24-hour-average was calculated from the 12-

hour day and night samples). Black carbon concentrations decrease during the first days

of the Olympic Games and remain quite low for the rest of this period. The course

is quite similar for BC concentrations of both particle size classes (Pearson correlation

coefficient of 0.65). A high share of BC concentration of PM2.5 is presented in the small

fraction (PM1). In average, BC concentrations of PM1 samples constitutes 67% of BC

concentrations of PM2.5 samples (N=53, the portion ranges from 11 to 91%).

Descriptive statistics for sampling period C2 (24th of July – 29th of September 2008)

are summarised in Table C.25. Black carbon concentrations during this period ranged
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Table 6.3: Calculated enrichment factors (EF) referring to Ti for all analysed elements.
EFs were calculated using the median concentrations of all PM2.5 and PM1 samples of
period C2. Crustal concentrations (crust) were taken from Reimann & Caritat (1998)
and soil concentrations (soil) from Chinese topsoils from Chen et al. (2008). For some
elements (-), no soil data were available from literature.

PM2.5 PM1

EF(crust) EF(soil) EF(crust) EF(soil)

Li 30 - 22 -
Na 73 - 91 -
Mg 14 37 7 19
Al 7 - 5 -
S 2111 - 1655 -
K 14 - 10 -
Ca 25 - 39 -
Sc 1 - 1 -
Ti 1 1 1 1
V 3 4 3 3
Cr 26 49 25 47
Mn 10 12 8 10
Fe 3 4 2 2
Co 6 10 5 8
Ni 35 66 53 99
Cu 339 370 265 289
Zn 886 847 1165 1113
Ga 35 - 37 -
As 1201 255 1250 266
Rb 14 - 11 -
Sr 13 - 11 -
Cd 3347 2606 2675 2083
Sn 398 - 367 -
Sb 2279 59 7451 194
Cs 79 - 72 -
Ba 70 105 37 55
Pb 1006 668 787 523
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from 0.24 to 4.42 µg/m3 with an average value of 1.67 µg/m3 for PM1 and from 0.53

to 6.21 µg/m3 with an average value of 2.26 µg/m3 for PM2.5 samples. During the

Olympic Games (8th – 24th of August), average BC concentrations were 1.4±0.7 for day-

time PM2.5, 1.7±0.7 for night-time PM2.5, and 1.2±0.6 µg/m3 for 24-hour PM1 samples.

Average BC concentrations of all 12-hour PM2.5 samples were 2.1±1.1 for day and 2.4±1.2

µg/m3 for night samples. Night-time BC concentrations were higher in 67% of the cases

(N=54) than those of the respective day samples.

At site CUG, the BC concentration of 24-hour PM2.5 samples range from 0.21 to 5.76

µg/m3 with an average value of 2.33 µg/m3 (sampling period C2). Descriptive statistics

are also included in Table C.25.

6.3.3 Passively sampled atmospheric particulate matter

Descriptive statistics of passively collected APM2.5−80 at site CUG from the 21st of July

to the 26th of September 2008 are summarised in Table C.26. Transparent particles

between 2.5 and 5 (size class one = SC1) and between 5 and 10 µm dg (sice class two

= SC2) showed a similar course in August and September 2008 (Figure 6.10a). Mass

concentrations of coarser particles (size class three = SC3: 10 – 20 µm dg; size class four

= SC4: 20 – 40 µm dg) are shown in Figure 6.10b.

Mass concentrations during the Olympic Games varied from 7.2 to 85.1 µg/m3 with

an average value of 21.3 µg/m3 for SC1 and from 8.4 to 86.4 µg/m3 with an average

value of 22.6 µg/m3 for SC2. Average concentrations for SC3 and SC4 were 17.2 µg/m3

(range: 6.9 – 52.9 µg/m3) and 5.2 µg/m3 (range: 1.5 – 11.0 µg/m3), respectively. At

the 8th of August, the day of the opening ceremony of the Olympic Games, as well as

at the following day, APM concentrations were particularly high (165 and 235 µg/m3 for

particles between 2.5 and 80 µm dg). In the following days, the concentrations decreased

significantly.

In Figure 6.11, the size distribution of the 9th of August, 2008, the day with highest

APM concentrations in August, is compared to the size distribution of the following day,

when APM concentrations were 78% lower. It is noticeable, that the transparent particle

concentration of the smallest particle size class (2.5 – 5 µm dg) decreased most strongly

during this two particular days.
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Figure 6.10: Daily concentrations of transparent APM samples from July to September
2008 (period C2) at site CUG. Top: Particle size class SC1 (2.5 – 5 µm dg) and SC2 (5
– 10 µm dg), bottom: particle size class SC3: 10 – 20 µm dg) and SC4 (20 – 40 µm dg).
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Figure 6.11: Size distribution for transparent and opaque particles at site CUG on the
9th and 10th of August, respectively.

6.4 Discussion

6.4.1 Evaluation of the amount of particle reduction in August

2008

Comparison of the Olympic source control period in August 2008 with the

pre-Olympic period

The measured PM2.5 concentrations at site CRAES during the Olympic Games (8th–

24th of August) of 48±25 µg/m3 for day-time, and 42±22 µg/m3 for night-time samples,

respectively, are in line with concentrations reported by other studies. For example,

Xin et al. (2010) measured average PM2.5 concentrations in Beijing of 42±31 µg/m3 for

the same time interval. The authors concluded, that PM2.5 mass decreased by 52% if

compared to the pre-Olympic period (1th of June–7th of August). In this study, the

PM2.5 concentrations during the Olympic Games were reduced by 48% for day-time and

46% for night-time samples at site CRAES if compared to the average concentrations of

12-hour samples before the Olympic Games (23th of June–07th of August). For 24-hour

TSP concentrations at site CRAES during the same time intervals the reduction was
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49%. To what extent the mitigation measures were responsible for this reduction and

what influence the weather conditions had, will be discussed later in sections 6.4.2 and

6.4.3.

Comparison of the Olympic source control period in August 2008 with the

previous Augusts

For a comprehensive evaluation of the amount of air pollution reduction, the mass and

element concentrations of August 2008 were compared not only to the periods directly

before and after the Olympic Games, but also to those concentrations of the same time

period during the previous years. For TSP samples, it is complicated to compare the

values of Aug-06 and Aug-07 with those of Aug-08, because the sampling site was re-

located in Oct-07 from site 4 to site CRAES (see also Figure 3.1). The same problem

occurs with PM2.5 samples from site CRAES. Therefore, the August concentrations from

site CRAES can only be compared to those from the other sampling locations (e.g. site

4 during sampling period A), which operated during the previous years. PM1 samples

were not collected at all during the previous years.

At site CUG, concentrations of actively collected PM2.5 samples and passively col-

lected APM samples of different size classes (from 2.5 to 80 µm dg) are available from

Aug-05 till Aug-09 for comparison. Nevertheless, it should be pointed out that for both

methods, the sampling intervals were different in 2008 due to a higher time-resolution

during the Olympic Games period. Consequently, a certain influence of the exposure time

might also contribute to differences in the measured particle concentrations. However,

compared to the overall differences in concentration this effect should only play a minor

role.

In Figure 6.12, the average TSP and PM2.5 of site CRAES in Aug-08 are compared

to those of site 4 in Aug-06 and Aug-07. However, it is impossible to quantify the exact

effect of the relocation of the sampling site on the particle reduction. An approach for

a rough estimation would be the comparison between site 4 and site 2, because the

latter site is also on a roof like site CRAES and in a predominantly residential area.

The difference between average PM2.5 concentrations of site 2 and 4 in Aug-06 was only

2% for day-time samples and 1% for night-time samples in Aug-07. The differences for

night-time samples in Aug-06, and for day-time samples in Aug-07 were higher (+22

and -42%, respectively), however, this higher deviation can be explained by missing data

and, therefore, can be neglected. Therefore, the August values of site 4 and site CRAES

should also be comparable.
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Figure 6.12: Average TSP and PM2.5 concentrations of each August of the years 2006 to
2008. Whisker represent the standard deviation. Samples in Aug-06 and Aug-07 (N=4,
weekly sampling) were from site 4, whereas samples in Aug-08 (N=31, daily sampling)
were collected at site CRAES.

The particle concentration in Aug-08 was reduced by 63% for TSP, and by 15 and 51%

for day-time and night-time PM2.5, respectively, compared to the average concentration of

the previous two Augusts (average of Aug-06 and Aug-07) at site 4. The wide difference

of the reduction proportion of day- and night-time PM2.5 concentrations is noticeable.

This observation shows that sources present during day-time were more difficult to control

than those during night-time. One possible explanation is the higher traffic volume during

day-time with all the additional ”Olympic traffic” of athletes and visitors travelling to the

different Olympic venues. Moreover, in 2006 and 2007, the exclusive night-time traffic of

heavy-duty vehicles contributed to high night-time concentrations of PM2.5 mass and also

BC concentrations (see also chapter 4.3.2), which was not allowed during the Olympic

Games. The predominant sources contributing to the aerosol concentrations during the

Olympic Games will be discussed in more detail in section 6.4.3.

With the objective to evaluate, which particle size class was reduced most efficiently,

the size distribution for the passive collected APM samples at site CUG are compared in

Figure 6.13 for August 2005, 2006, 2007, and 2008.

The concentrations in Aug-08 were lower than those of the previous years for all size

classes (SC). The reduction was quite similar for SC4, SC3, and SC2 with a reduction of

51, 48, and 45%, respectively, if compared to Aug-07 and a reduction of 57, 51, and 44%,
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Figure 6.13: Size distribution of average APM concentrations of each August of the years
2005 to 2008.

respectively, if compared to the average value of Aug-05, Aug-06, and Aug-07. The finest

particles in SC1 were reduced by 36% if compared to Aug-07, and 34% if compared to the

average of all three previous Augusts. Consequently, the smallest size fraction between

2.5 and 5 µm dg was reduced less than coarser particles during the source control period

in August 2008. This might be due to the fact, that the long-range transport plays a more

important role for this particle size fraction, because the residence time of finer particles

in the atmosphere is longer (Seinfeld & Pandis, 2006) and, thus, sources out-side the

abatement region around Beijing have a relatively higher contribution.

6.4.2 Evaluation of the influence of meteorological conditions

on particle reduction

In order to evaluate the influence of meteorological conditions on the particle concentra-

tions in August 2008 compared to the previous years, the meteorological parameters for

each August of the years 2005–2009 are listed in Table 6.4.

The average temperature was similar for the five years and, therefore, should not have

an impact on any particle mass differences between the distinct Augusts. Within these
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Table 6.4: Meteorological parameters (temperature, precipitation, and wind speed) in
August for the years 2005 – 2009. Weather data were obtained from the international
weather station at the airport (WMO code: 54511).

Aug-05 Aug-06 Aug-07 Aug-08 Aug-09

Temp avg total [◦C] 26.0 26.5 26.7 26.0 25.8
avg day [◦C] 26.0 26.4 26.6 25.9 25.6
avg night [◦C] 26.0 26.7 26.8 26.0 26.0

Precip sum [mm] 127 50 99 135 61

Wind v avg [m/s] 2.0 1.9 2.1 1.9 1.9

Number of days in
Aug-05 Aug-06 Aug-07 Aug-08 Aug-09

Precip 0 [mm] 18 16 19 21 18
<1 [mm] 5 7 8 2 8
[1–5) [mm] 4 6 0 0 2
[5–10) [mm] 0 0 2 3 0
[10–20) [mm] 1 2 0 2 2
[20–40) [mm] 2 0 1 3 1
≥ 40 [mm] 1 0 1 0 0

Wind v < 1 [m/s] 0 0 0 0 0
[1.0–1.5) [m/s] 4 3 1 4 6
[1.5–2.0) [m/s] 15 18 15 11 11
[2.0–2.5) [m/s] 9 8 9 11 8
[2.5–3.0) [m/s] 2 1 5 5 3
≥ 3 [m/s] 1 1 1 0 2
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five years, maximum precipitation occurred in Aug-08. The total amount of precipitation

in Aug-08 was most similar in Aug-05. Besides the total amount, also the number of

days with a high amount of precipitation is of special interest, which are also included

in Table 6.4. In order to illustrate the influence of weather conditions on the particle

mass concentrations, the course of TSP mass concentration, together with meteorological

parameters (rainfall, wind speed, predominant wind direction), for the 24-hour samples

from the 24th of July to the 28th of September 2008 is shown in Figure 6.14.

Rainfall started at the 9th of August, one day after the Opening Ceremony of the

Olympic Games and continued also for the following two days. At the 10th of August

almost 50 mm of precipitation was measured and, hence, this was the day with most

precipitation of the whole August. A total of six days with precipitation > 1 mm was

recorded during the Olympic Games. Consequently, the importance of wet deposition for

particle reductions during the first days of the Olympic Games seems to be high, which

is reflected by the strong decrease in TSP mass the day after considerable amount of

precipitation occurred (see Figure 6.14a).

The course of the nitrate/sulphate ratio is another indication for the influence of

precipitation not only on particle concentration, but also on the composition of APM.

During the sampling period C2 (24-hour), the ratio was 0.11 on average for the days with

more than 5 mm precipitation (N=15) and 0.27 for those days without any precipitation

(N=41).

Also the wind speed is known to influence the particle concentrations. During days

with low wind speeds, APM accumulates and mass concentrations are high. An example

for such a case was on the 27th and 28th of August, when the average wind speed

was relative low (1.4 m/s), and the TSP mass concentration increased to 125 µg/m3

on the 27th and even 195 µg/m3 at the 28th of August (see Figure 6.14b). At very

high wind speeds, on the contrary, especially the coarse particle fraction can show high

concentrations due to resuspension processes. The concentration peak on the 30th of

July might be an example for such a case. On this day, the average wind speed was with

3 m/s considerably higher than during the previous and following day (1.9 and 1.8 m/s,

respectively), which might explain the more than 2-fold higher concentrations at the 30th

of July (113 µg/m3 compared to 44 µg/m3 at the 29th and 52 µg/m3 at the 31st of July,

respectively). In Aug-08, however, no day with average wind speeds > 3 m/s occurred.
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Figure 6.14: TSP concentration of the daily samples from the 24th of July to the 29th of
September 2008 (period C2) at site CRAES together with (top) the amount of precipi-
tation, as well as (bottom) wind speed and predominant wind direction.
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6.4.3 Evaluation of the sources still contributing to particulate

pollution during the Olympic Games

With the objective to gain more detailed knowledge about the most important sources

and their impact during the Olympic Games period, factor analysis (FA) was carried

out. With this multivariate statistical approach it is possible to reduce the number of

variables and to detect structures in the relationship between variables and, thus, to

group element associations probably indicating an origin from certain sources. This was

done separately for TSP, and PM1 samples during the Olympic Games period (sampling

period C2) in order to gain further information about the sources responsible for particles

of different size classes. Furthermore, the sources for water-soluble ion concentrations

were investigated in the same way, because the mobile elements and their sources are of

special interest with regard to negative health impacts due to their high bioavailability.

Source apportionment for total suspended particulates during the Olympic

Games

First, FA was carried out for 24-hour TSP samples from site CRAES. Here, seven factors

were extracted, which accounted for 78% of the Explained Variance (Expl. Var.) of the

whole data set. The factor loadings are listed in Table 6.5 and the corresponding factor

scores can be found in the appendix in Table C.27.

Factor 1 comprises numerous elements with high positive loadings (Table 6.5) and

accounts for 19% of the Expl. Var. These elements are Cs, Rb, Pb, Cd, K, Zn, Ga, Mn.

Moreover, precipitation is also included in this factor with a lower positive loading. On

the one hand, some of these elements, such as Pb, Cd, and Zn had high EFs, whereas Cs,

Rb, K, Ga, Mn, on the other hand, had low EFs (Table 6.1). Therefore, this factor can be

interpreted to represent mixed geogenic-anthropogenic pollution. Typical anthropogenic

sources for Pb, Cd, and Zn are coal combustion and traffic (Reimann & Caritat, 1998).

Rubidium, K, and Ga can also be emitted during coal combustion. Possible geogenic

sources of these elements are various minerals, such as silicates. The higher factor scores

(Table 6.5) on days with precipitation indicate that the elements of this association were

relatively stronger reduced by wet deposition.

Aluminium, Sc, Mg, Ca, Ti have high loadings in factor 2 (Table 6.5). All these

elements have low EFs (Table 6.1) and, therefore, geogenic sources seem to prevail for

this element association. Consequently, factor 2 can be interpreted to represent pre-

dominantly geogenic influences. Typical host minerals for these elements are silicates,

carbonates, and oxides. Possible anthropogenic sources contributing additionally to the
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Table 6.5: Factor (Fa) loadings of the seven extracted factors (Principal Component
Analysis, substitution of missing data by average value, Varimax standardized rotation)
for TSP samples (element concentrations of 24-hour samples in µg/g), together with
the respective communalities (comm). Meteorological parameters (visibility, dew point,
temperature, wind speed, and predominant wind direction) are included. Loadings ≥

±0.55 are marked in bold.
Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 comm

mass -0.06 0.31 0.79 0.06 -0.11 -0.17 0.15 0.90
Mg 0.12 0.84 -0.21 0.20 -0.03 0.02 -0.19 0.89
Al 0.10 0.90 -0.07 0.14 -0.01 -0.07 0.11 0.90
S 0.33 -0.35 0.78 0.18 0.05 -0.12 0.07 0.98
K 0.68 0.32 0.09 0.01 0.35 -0.04 -0.05 0.91
Ca 0.10 0.74 -0.26 0.04 0.11 -0.08 0.08 0.75
Sc -0.05 0.85 -0.04 -0.07 0.01 0.37 0.15 0.94
Ti 0.01 0.64 -0.36 0.11 0.25 0.50 -0.01 0.94
V 0.48 0.51 0.18 -0.04 0.05 0.42 0.14 0.82
Cr 0.02 -0.01 -0.10 0.30 -0.09 0.71 0.03 0.68
Mn 0.55 0.45 -0.22 -0.07 -0.13 0.47 -0.02 0.86
Fe 0.30 0.54 -0.25 -0.04 0.05 0.69 0.03 0.95
Co 0.26 0.00 -0.23 -0.04 0.27 0.62 -0.28 0.80
Cu 0.12 0.00 0.21 0.78 0.12 0.00 -0.04 0.80
Zn 0.68 0.00 0.19 0.13 0.59 0.01 0.07 0.97
Ga 0.64 0.14 0.20 0.39 0.03 0.21 -0.26 0.92
As 0.60 -0.11 0.15 0.06 0.68 0.03 -0.04 0.95
Rb 0.91 0.08 0.05 -0.11 0.17 0.21 0.04 0.98
Sr 0.16 0.46 0.01 0.02 0.73 0.09 0.16 0.92
Cd 0.70 0.18 0.10 0.26 0.08 -0.04 -0.02 0.76
Sn 0.41 0.11 0.17 0.66 -0.18 0.16 0.07 0.72
Sb -0.13 0.14 -0.10 0.82 0.10 0.12 -0.06 0.82
Cs 0.92 0.03 0.10 -0.13 0.15 0.09 0.09 0.98
Ba 0.27 -0.04 -0.12 0.02 0.91 0.00 -0.07 0.94
Pb 0.90 -0.10 0.19 0.17 0.14 0.15 0.10 0.96
vis -0.18 0.06 -0.81 -0.33 0.17 0.21 0.06 0.92
dew pt 0.19 -0.25 0.81 -0.12 0.14 0.11 -0.27 0.96
temp -0.13 -0.15 0.72 -0.50 0.17 0.17 -0.06 0.96
precip 0.53 -0.05 0.07 0.07 0.02 -0.35 -0.29 0.65
wind v 0.23 -0.05 -0.01 -0.12 -0.09 -0.06 0.75 0.57
wind dir -0.23 0.21 0.08 0.08 0.15 0.01 0.74 0.58
Nitrate -0.15 0.24 -0.73 -0.02 -0.01 0.29 -0.11 0.86
Sulphate 0.28 -0.35 0.77 0.16 0.03 -0.09 0.13 0.97

% of Expl. 19 15 15 8 8 8 5
Var.
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Figure 6.15: Daily course of sulphate concentrations (µg/m3) of TSP samples at site
CRAES during period C2 together with the visibility conditions (km). The scatter plot
in the upper right corner of the figure further illustrates the negative correlation between
sulphate concentration and visibility.

element association of this factor might be construction activities, because of the occur-

rence of these elements in building materials, such as concrete, mortar, lime or bricks

(Nath et al., 2007).

Factor 3 has high positive loadings for TSP mass, S, and sulphate and a negative

loading for nitrate (Table 6.5). Moreover, the meteorological parameters dew point and

temperature are positively and visibility is negatively correlated with this factor. Sulphate

and nitrate are usually formed by chemical reactions resulting in gas-to-particle conversion

in the atmosphere (Seinfeld & Pandis, 2006) and are, consequently, often present as

secondary aerosols. Therefore, factor 3 can be interpreted as diffuse pollution factor and

secondary particles seem to dominate. The formation of secondary aerosols is favoured by

high temperature and humidity (Yao et al., 2002), which explains the positive correlation

of this factor with temperature and dew point.

High levels of particulate air pollution are known to lead to a strong visibility impair-

ment. This study showed that especially the sulphate concentration has a high negative

correlation with visibility (Pearsons correlation coefficient of -0.74, Spearman correlation

coefficient of -0.88, N=65), which is illustrated in Figure 6.15.
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Antimony, Cu, and Sn have high loadings in factor 4 (Table 6.5). All these elements

are common tracers for traffic emissions. Copper, Sb, and also Sn were identified as

characteristic components of brake wear (e.g. Sternbeck et al., 2002; Wåhlin et al., 2006).

Consequently, this factor can be interpreted to represent influence from traffic. During the

Olympic Games, the factor scores of this factor were low (Table C.27), which indicates,

that the strict enforcement of traffic reduction measures was successful.

Factor 5 comprises Ba, Sr, As, and Zn, with high loadings (Table 6.5). Traffic, and

especially traffic related abrasion of tyre and brake wear, but also asphalt surfaces and

resuspension processes, are possible sources for all elements within this association. Zinc

and Ba are often used as tracers for tyre wear (e.g. Monaci et al., 2000), but were also

found in brake wear (e.g. Gietl et al., 2010). Construction materials were also interpreted

to be a possible source for Sr and Ba (Norra et al., 2008). Firework displays are other

possible sources for this element association. However, this is a source, which is present

only over short time spans. At the opening day of the Olympic Games, when a huge

firework was displayed, factor five has a high factor score (>2), which supports the

interpretation, that fireworks at least contribute to this factor temporarily. The impact

of fireworks on atmospheric pollution, especially on the Opening Day of the Olympic

Games, will be discussed in more detail in the next section. In general, factor 5 can be

interpreted to represent diffuse anthropogenic pollution.

Chromium, Fe, and Co are the elements with high loadings in factor 6 (Table 6.5).

All three elements have low EFs (Table 6.1) and, therefore, geogenic sources seem to

prevail. However, metal processing industry is a possible additional anthropogenic source

contributing to the element association of this factor (Nath et al., 2007).

None of the elements has high loadings in factor 7. Only wind speed and wind direc-

tion are positively correlated to this factor. Therefore, this factor can not be interpreted

with regard to possible sources, but indicates that the wind conditions did not have any

specific influence on certain TSP element concentrations.

Estimation of possible short-term impacts of firework displays

Another special, only short-term operating source for atmospheric particles are firework

displays. Wang et al. (2007c) investigated the impact of fireworks on air pollution in

Beijing during the lantern festival in February 2006. The authors found out that the

concentration of some elements (Ba, K, Sr, Cl, Pb, Mg) as well as ions (including sulphate

and nitrate) were over five times higher during the lantern days than during other days.

Other studies on firework emissions were performed for example by Moreno et al. (2007)
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and Moreno et al. (2010) in Spain. They found the largest enrichment of Sr (86-times), K

(26-times), and Ba (11-times) in PM2.5 samples. Similar results were reported by Vecchi

et al. (2008) from a study in Italy, where the authors found distinct enrichments of the

following elments: Sr (120-times), Mg (22-times), Ba (12-times), K (11-times), and Cu

(6-times).

At the opening ceremony of the Olympic Games, a huge firework was displayed at

the Olympic Stadium and surroundings, which is quite close (< 6 km) to the sampling

site CRAES. Moreover, the predominant wind direction at this day of 210◦ suggest a

transport from the stadium towards the sampling site. TSP concentrations of Mg, K,

and Sr had a relative high concentration at the 8th of August. For K and Sr this date is

the maximum for the whole period C2, whereas other elements, such as Al, Ti or Fe have

relatively lower values at this date. The concentrations of this day were 2-times higher

for Mg, and 3-times higher for K, Sr, and Ba compared to the average concentration of

the previous fourteen days. The water-soluble TSP concentrations were also compared

to the average concentration of the previous two weeks. Here, the Ba concentration was

7-times, the Sr concentration 3.5-times, and the K concentrations 3-times higher. In PM1

samples, Sr concentrations at the 8th of August were 4-times, and K concentrations 2-

times higher compared to the average of the previous 7 days. The standardized course of

K, Sr, and Ba, in the total and the water-soluble fraction of TSP samples is illustrated in

Figure 6.16. Here, the concentration peak for these elements is clearly visible at Opening

Day of the Olympic Games (8th of August), and, to a lower extend, also at the 6th of

September, the Opening Day of the Paralympic Games.

The elevated concentrations of the mentioned indicator elements, together with the

spatial proximity between the sampling site and the Olympic stadium, as well as the

prevailing wind direction, lead to the conclusion that firework displays at the 8th of

August significantly contributed to particulate air pollution and were evident even in the

averaged 24-hour samples of this study.

Evaluation of sources contributing to the fine particle load

The chemical composition of the fine particles (e.g. PM1) is of special interest due

to their higher health-relevance (Schwartz et al., 1996). Whereas the volume-related

concentrations in ng/m3 are lower for all elements if concentrations of PM1 and TSP

samples are compared, this is not the case if the mass-related concentrations in µg/g are

considered. Figure 6.17 illustrates, which elements are of special importance in the fine

fraction compared to total particulates. Elements with the relatively highest enrichment
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Figure 6.16: Standardized (Equation 3.4) element concentrations of three selected ele-
ments (K, Sr, and Ba) in the total and water-soluble fraction of daily TSP samples during
period C2 at site CRAES.



6.4. DISCUSSION 151

in the fine fraction were Na, Ni, and Cr. Generally, it can be observed, that elements

with low EFs, where geogenic sources prevail, dominate in the TSP samples (e.g. Fe,

Ti), whereas elements with high EFs, which originate from predominantly anthropogenic

sources, had higher mass-related concentrations in the fine PM1 fraction (e.g. Zn, As).

In order to investigate in more detail, which sources are mainly responsible for the fine

particles during the Olympic Games, FA was also carried out for PM1 samples (sampling

period C2). The concentrations of 24 elements, PM1 mass concentrations and the meteo-

rological factors were included and eight factors were extracted. These factors accounted

for 80% of the Expl. Var. The factor loadings are listed in Table 6.6.

Factor 1 comprises several elements (Cd, Ga, As, Rb, Mn, Pb, Li, Cs, Sn, and Fe)

with positive loadings (Table 6.6). Some elements within this association had high EFs

(Cd, As, Pb, and Sn, Table 6.3) and, consequently, anthropogenic sources seem to have

a high contribution to this factor. However, also elements from predominantly geogenic

sources are included within this association, such as Fe, Rb, and Mn. Noticeable is that

combustion processes, and especially coal combustion, is a possible source for most (Cd,

Ga, As, Rb, Mn, Pb, Li and Cs) of these elements (Xu et al., 2003).

Barium, Zn, Sr, Al, K, Ni, and Na have loadings in factor 2 (Table 6.6). From this

element association, Zn had by far the highest EFs (Table 6.3). The EFs of Na, Ni, and

Ba also indicate a strong impact of anthropogenic sources (Table 6.3). Aluminium, K,

and Sr had only low EFs (Table 6.3), and, thus, geogenic sources seem to prevails for

these elements. An important source for Zn in the fine fraction is possible brake wear

(Wåhlin et al., 2006). Chemical industry is a possible anthropogenic source for K, Ni,

and Na (Reimann & Caritat, 1998).

Factor 3 includes mass, S, and K with positive loadings (Table 6.6). Moreover, dew

point and temperature are also load of this factor. Sulphur in the fine fraction had very

high EFs >1500 (Table 6.3), which indicates a high contribution from anthropogenic

sources. Furthermore, S concentrations were highly correlated to BC concentrations

(r=0.77), which suggests combustion as the major source. Potassium can also originate

from coal combustion (Xu et al., 2003).

Only Cr has high positive loadings in factor 4 (Table 6.6). Furthermore, with a lower

loading (Table 6.6), Co is also included in factor 4. Wind direction is negatively correlated

to factor 4. Possible anthropogenic sources for Cr are industrial or coal combustion

emissions. However, geogenic dust is also a possible natural source.

Factor 5 comprises Ti, Fe, and visibility with negative loadings (Table 6.6). With a

lower loading, Mn might also play a minor role within this association (Table 6.6). Usu-
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Figure 6.17: Element concentrations of PM1 versus TSP samples of the 8th of August
2008 (24-hour samples) at site CRAES.
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Table 6.6: Factor (Fa) loadings of the eight extracted factors (Principal Component
Analysis, case by case exclusion of missing data, Varimax standardized rotation) for
PM1 samples (element concentrations of 24-hour samples in ng/m3), together with the
respective communalities (comm). Meteorological parameters (visibility, dew point, tem-
perature, wind speed, and predominant wind direction) are included. Loadings ≥ ±0.55
are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8 comm

mass 0.27 -0.19 0.72 0.00 0.20 -0.01 0.01 -0.07 0.86
Li 0.74 0.20 -0.19 -0.06 0.00 -0.12 -0.02 0.21 0.97
Na -0.20 0.56 0.08 0.41 -0.24 -0.24 0.16 0.11 0.93
Al -0.03 0.76 0.05 0.40 -0.21 -0.29 -0.01 0.13 0.98
S 0.50 0.03 0.64 0.02 0.21 0.08 0.36 0.16 0.99
K 0.24 0.66 0.59 -0.11 0.01 0.02 0.03 0.12 0.99
Ca -0.17 0.01 -0.11 0.07 -0.02 -0.82 -0.18 0.01 0.95
Ti 0.24 0.28 -0.10 0.04 -0.74 -0.19 -0.05 0.04 0.90
V 0.21 -0.03 0.15 0.01 -0.07 0.17 0.77 0.02 0.87
Cr 0.19 -0.02 -0.06 0.74 0.05 0.07 0.05 -0.19 0.91
Mn 0.77 0.13 -0.02 0.12 -0.44 0.17 0.18 -0.13 0.98
Fe 0.58 0.12 -0.04 0.11 -0.70 0.19 0.14 -0.11 0.99
Co -0.03 -0.08 0.10 0.52 0.13 0.62 -0.13 -0.01 0.90
Ni 0.33 0.62 -0.23 0.15 -0.12 0.11 0.02 0.07 0.80
Cu 0.28 -0.02 0.22 -0.03 0.10 -0.05 0.83 0.09 0.97
Zn 0.07 0.86 0.08 -0.15 -0.13 -0.02 -0.08 -0.18 0.99
Ga 0.83 0.15 0.27 0.16 -0.11 0.10 0.17 -0.21 0.99
As 0.81 -0.03 0.45 -0.07 0.09 -0.06 0.04 0.18 0.98
Rb 0.81 0.16 0.22 0.09 -0.30 0.21 0.06 0.07 0.98
Sr 0.12 0.84 0.10 -0.13 0.07 -0.02 0.03 0.13 0.96
Cd 0.85 -0.02 0.24 -0.01 -0.01 0.06 0.31 -0.15 0.99
Sn 0.68 0.02 0.05 -0.06 0.11 -0.12 0.45 -0.31 0.93
Cs 0.73 0.19 -0.51 -0.01 -0.03 0.14 0.00 0.18 0.96
Ba 0.05 0.94 -0.07 -0.12 -0.05 0.12 -0.07 -0.11 0.99
Pb 0.76 -0.06 0.44 -0.08 0.08 0.02 0.27 0.01 0.98
vis -0.34 -0.01 -0.43 -0.23 -0.62 -0.12 -0.33 0.15 0.96
dew pt 0.07 0.10 0.88 0.16 0.11 0.08 0.21 -0.09 0.98
temp 0.00 0.17 0.86 -0.02 -0.14 0.13 0.11 0.09 0.97
precip 0.15 -0.07 -0.09 0.19 0.28 -0.31 0.18 -0.67 0.91
wind v 0.07 -0.03 -0.03 -0.17 0.12 -0.21 0.18 0.85 0.94
wind dir 0.23 0.19 -0.26 -0.56 0.21 0.09 0.16 0.34 0.87

% of Expl. 22 14 13 6 7 5 7 6
Var.
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ally, the geogenic sources, such as minerals from soils or resuspension processes, prevail

for those elements, which is also reflected by their low EFs (6.3). However, steel factory

emissions are another possible anthropogenic source for Fe and Ti (Kuang et al., 2004).

Calcium has high negative loadings in factor 6 while Co is positively correlated to

this factor (Table 6.6). Calcium had significantly higher EFs for the fine fraction (PM1,

average EF of 39) in contrast to Ca concentrations of TSP samples (EFs around 3, Table

6.1). This indicates that the anthropogenic contribution of Ca sources is higher for the

finer particles. Lime and cement factories or calcareous construction waste are possible

anthropogenic sources for Ca (Reimann & Caritat, 1998; Kuang et al., 2004).

Copper and V are positively correlated to factor 7 (Table 6.6). Steel production is

a possible anthropogenic source for both elements (Reimann & Caritat, 1998). However,

weathering and geogenic dust is a possible natural source for this element association

(Reimann & Caritat, 1998). Vanadium had very low EFs, whereas the EFs of Cu indicate

an important influence of anthropogenic sources (6.3).

Factor 8 comprises only wind speed and precipitation and, thus, can not be inter-

preted with regard to source apportionment.

Evaluation of sources contributing to the mobile element concentrations

Average sulphate concentrations of TSP samples at site CRAES in Aug-08 (27.1 µg/m3)

were slightly lower than those during the same month in the previous years at site 4 (38.3

and 32.3 µg/m3 for 2006 and 2007, respectively). For nitrate, the reduction in Aug-08

compared to Aug-06 and Aug-07 was very high (2.0 µg/m3 in Aug-08 compared to 9.1

and 14.2 µg/m3 in Aug-06 and Aug-07, respectively). Consequently, the nitrate/sulphate

ratio in Aug-08 was also considerably lower. As mentioned in chapter 4.3.2, the ni-

trate/sulphate ratio is often used as an indicator for the influence of mobile traffic sources

versus stationary industrial sources. The relatively higher reduction of nitrate compared

to sulphate concentrations during the source control period indicates that the traffic mit-

igation measures were more effective than the reduction of other combustion sources,

presumably coal combustion for energy generation.

Factor analysis was also carried out for the water-soluble ions of the 24-hour TSP sam-

ples (concentrations in µg/g). TSP mass concentration, water-soluble element concen-

trations of 28 elements, concentration of three anions (nitrate, phosphate, and sulphate),

as well as some meteorological factors (visibility, dew point, temperature, precipitation,

wind speed, and predominant wind direction) were taken into account. Eight factors were

extracted, which accounted for 79% of the Expl. Var. of the whole data set. The factor
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loadings are listed in Table 6.7 and the corresponding factor scores can be found in the

appendix (Table C.28).

Factor 1 comprises Rb, Cs, Pb, K, Zn, As, Mn, Al and V with positive loadings

(Table 6.7). All those elements had, on average, a share of more than 50% of their total

concentration in the water-soluble fraction (except for V with 40%, Table 6.2). On the

one hand, some of these elements, such as Rb, Cs, K, Mn, Al, and V, had low EFs (Table

6.1). On the other hand, also elements with high EFs (Pb, Zn, and As) are included in

this factor. Therefore, factor 1 can be interpreted as an mixed geogenic-anthropogenic

factor that represents the diffuse atmospheric particle load.

The water-soluble cations, which have positive loadings in factor 2 are Na, P, Ni, Li,

and Cr and as an anion, phosphate is also included in this factor (Table 6.7). Moreover,

visibility with a positive loading, and mass concentration with a high negative loading

are included in this factor. Salt particles are a possible source contributing to this fac-

tor. Chemical industry is a possible anthropogenic source for this element association

(Reimann & Caritat, 1998).

Factor 3 includes Ga, Cu, sulphate, S, Sn, and Al with positive loadings and nitrate

with a negative loading (Table 6.7). Combustion processes, such as coal combustion, and

traffic exhaust is a possible source for this element association.

Yttrium, Ca, Mg and Ti have positive loadings in factor 4 (Table 6.7). All these

elements have low EFs (Table 6.1) and, therefore, this factor can be interpreted to repre-

sent predominantly geogenic sources. However, it is believed that anthropogenic sources,

especially for the soluble shares of those elements, do have an influence. Magnesium and

Ca might originate from building materials, such as mortar and concrete. Gypsum is

another possible source for Ca. As white color pigment, TiO2 is widely used in paints,

paper, and plastics (Reimann & Caritat, 1998). Of all elements included in this study,

Ti had the lowest share in the water-soluble fraction (average of 3%).

Factor 5 comprises Sr and Ba with high negative loadings (Table 6.7). As mentioned

before, fireworks constitute a possible short-term source for both elements. The conjec-

ture, that the firework display at the Opening Ceremony of the Olympic Games at the

8th of August released a high amount of these elements, is supported by the high factor

score of factor 5 at this day (Table C.28). The daily course of the water-soluble fraction

of these two elements is shown in Figure 6.16, where the concentration peak at the 8th

of August is pronounced.

The water-soluble cations Sb and Cd have high negative loadings in Factor 6 (Table
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Table 6.7: Factor (Fa) loadings of the eight extracted factors (Principal Component Anal-
ysis, case by case exclusion of missing data, Varimax standardized rotation) for water-
soluble element concentrations of TSP samples (data from 24-hour samples in µg/g),
together with the respective communalities (comm). Loadings > 0.55 are marked in
bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8 comm

mass -0.08 -0.84 0.28 -0.04 0.01 0.05 -0.14 0.27 0.95
Li 0.19 0.85 0.11 0.10 0.05 0.07 -0.09 -0.11 0.93
Na -0.02 0.96 -0.17 0.03 0.04 0.05 0.04 -0.13 1.00
Mg 0.35 0.27 0.25 0.62 -0.17 -0.22 0.27 0.06 0.92
Al 0.61 -0.11 0.55 0.32 -0.16 -0.16 0.13 0.19 0.95
P -0.09 0.94 -0.21 0.06 0.04 0.06 0.01 -0.15 1.00
S 0.30 -0.20 0.67 -0.15 -0.10 0.25 -0.05 0.46 0.98
K 0.81 -0.03 0.13 -0.04 -0.39 -0.07 -0.01 -0.12 0.96
Ca 0.02 0.28 -0.33 0.73 -0.04 0.09 -0.06 -0.36 0.94
Sc -0.26 0.51 -0.15 0.12 0.13 -0.04 -0.23 -0.12 0.68
Ti 0.43 0.09 0.47 0.59 -0.05 -0.07 0.20 0.17 0.93
V 0.60 0.09 0.32 0.10 0.03 0.03 -0.10 0.37 0.84
Cr 0.01 0.61 -0.06 0.04 0.01 -0.36 0.17 -0.18 0.70
Mn 0.72 0.09 -0.02 0.36 0.13 -0.02 0.06 -0.02 0.86
Fe 0.52 0.12 0.51 0.27 -0.03 -0.08 0.37 0.22 0.96
Co 0.51 0.46 0.01 0.04 0.02 0.14 0.22 0.08 0.69
Ni 0.11 0.86 0.14 0.13 0.05 0.00 0.01 0.09 0.93
Cu 0.09 0.01 0.75 -0.12 -0.04 -0.14 -0.16 -0.10 0.86
Zn 0.78 -0.20 0.46 0.04 0.06 -0.09 -0.14 0.03 0.97
Ga 0.18 -0.15 0.76 0.02 -0.08 0.03 0.07 0.15 0.85
As 0.75 0.08 0.17 -0.05 -0.23 -0.04 0.02 0.19 0.89
Rb 0.96 0.03 0.06 0.03 0.01 -0.02 0.04 0.03 0.99
Sr -0.01 -0.17 0.00 0.07 -0.92 0.03 -0.24 0.07 0.95
Y -0.19 0.06 -0.27 0.84 0.15 -0.11 -0.13 -0.10 0.94
Cd 0.46 -0.14 0.17 0.01 0.02 -0.77 0.05 -0.06 0.88
Sn 0.43 -0.29 0.63 -0.02 0.09 -0.20 -0.15 -0.15 0.91
Sb -0.14 0.05 0.06 0.12 0.00 -0.91 0.07 0.00 0.94
Cs 0.94 0.04 0.16 -0.05 0.02 0.01 0.06 0.14 0.99
Ba 0.14 -0.04 0.21 -0.09 -0.90 -0.01 -0.03 0.16 0.95
Pb 0.91 0.06 0.19 -0.18 0.00 -0.01 -0.10 -0.02 0.97
vis -0.11 0.57 -0.64 0.09 0.13 0.09 -0.13 -0.26 0.94
dew pt 0.28 -0.30 0.28 -0.08 -0.12 -0.02 0.21 0.74 0.97
temp -0.02 -0.22 -0.04 -0.03 -0.09 0.10 -0.05 0.89 0.95
precip 0.42 0.00 0.44 -0.03 -0.02 0.20 0.36 -0.18 0.77
wind v 0.25 0.00 0.04 -0.10 -0.15 0.01 -0.71 -0.06 0.60
wind dir -0.18 -0.11 0.06 0.08 -0.10 0.13 -0.72 0.03 0.66
NO−

3 -0.10 0.31 -0.52 0.16 0.17 0.06 0.01 -0.53 0.84

PO3−
4 0.08 0.95 -0.16 0.00 0.01 0.01 0.12 -0.01 0.99

SO2−
4 0.30 -0.17 0.69 -0.18 -0.11 -0.11 -0.06 0.52 0.99

% of Expl. 20 17 13 6 5 5 5 8
Var.
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6.7). A possible anthropogenic source for the water-soluble fraction of both elements is

car exhaust (Reimann & Caritat, 1998).

Only wind speed and wind direction have loadings in factor 7 (Table 6.7). Both

variables have only low communalities (0.60 and 0.66, respectively) and, therefore, no

special influence of wind conditions on certain soluble element concentrations can be

observed during period C2.

Factor 8 comprises dew point and temperature with high loadings (Table 6.7). With

only low loadings, nitrate and sulphate, might also be included in this factor. High

temperature and high humidity were reported to accelerate the secondary formation of

particulate aerosols, such as nitrate and sulphate, in Beijing (Yao et al., 2002). Both ions

are known to dominate in the fine fraction (Seinfeld & Pandis, 2006).

Evaluation of the influence of combustion processes during the Olympic Games

Black carbon mainly originates from incomplete combustion processes and, in China,

especially from the usage of coal and biofuels (Streets et al., 2001). Consequently, BC

can be used as a good tracer for the impact of combustion processes from industry and

traffic during the source control period in Beijing. This statement is further supported

by the good correlations between BC and certain indicator elements. Black carbon con-

centrations were highly correlated with Sb, Ga, Mn, Pb, As, and Fe (r>0.70 for PM2.5

samples at site CRAES during period C2) and also showed a good correlation with Cd,

Rb, and Sn (r>0.64). The average BC concentrations of PM2.5 samples at site CUG for

each August of the years 2005 – 2009 are displayed in Figure 6.18. The BC concentra-

tions in Aug-08 were significantly lower if compared to the same month in the previous

years (Aug-05, Aug-06, and Aug-07, respectively). This observation indicates, that the

mitigation measures during the Olympic Games probably reduced combustion sources

quite effectively. In Aug-09, the BC concentrations were again higher than during the

Olympic Games (Figure 6.18).

6.4.4 Evaluation of the effectiveness of the applied mitigation

measures

Since the days with precipitation during the first days of the Olympic Games definitively

reduced atmospheric particle concentrations due to wet deposition, it is not clear what

proportion of the improvements can be attributed to the mitigation measures and what
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Figure 6.18: Average BC concentrations of PM2.5 samples at site CUG in Aug-05 (N=4,
weekly samples), Aug-06 (N=4, weekly samples), Aug-07 (N=5, weekly samples), Aug-08
(N=31, daily samples), Aug-09 (N=4, weekly samples), respectively. Whiskers represent
the standard deviation.

to favourable weather conditions. Other studies mention the same problem (e.g. Branis

& Vetvicka, 2010).

The data from the passive samples were further studied, in order to estimate, if the

contribution from anthropogenic or geogenic sources decreased more in August 2008.

As mentioned before, the transparent particles represent predominantly geogenic sources

while the anthropogenic share for the opaque particles is high (Grobéty et al., 2010) and,

thus, the two superordinate source types can be distinguished. It was already shown in

section 6.4.1, that the total APM concentrations for all size classes were reduced effectively

in Aug-08 compared to the previous years. In order to discriminate further between

geogenic and anthropogenic contributions to the total particle load in the different size

fractions, also the size distributions for the average August concentrations are plotted

separately for transparent and opaque particles in Figure 6.19.

As illustrated in Figure 6.19, the size distribution for the average August concen-

trations are very different for both particle types. For transparent particles, Aug-08

had lowest concentrations for all size classes and the amount of reduction was very high

(Figure 6.19a). On the contrary, opaque particle concentrations were lower in Aug-08

compared to the previous years only for the finest size class (2.5–5 µm dg). For opaque

particles the strongest decrease already occurred between Aug-05 and Aug-06 and there-

after the August concentrations remained quite similar (Figure 6.19b). Consequently, the

particles considered to originate predominantly from anthropogenic sources were reduced

less than the particle group with a high share of geogenic minerals. This observation
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Figure 6.19: Size distribution of each August of the years 2005 to 2008 of APM samples
from site CUG. (Top) average concentrations of transparent particles, (bottom) average
concentrations of opaque particles.
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indicates that the influence of the weather conditions on particle reductions, which does

not distinguish between the origin of the particles, seems to have an even stronger effect

than the source reduction measures.

6.4.5 Evaluation of the increase of particulate air pollution after

the Olympic Games

Many of the closed down sources operated again after the Olympic Games, e.g. the traffic

volume increased, construction sites operated and many industries produced with full

capacity. However, some of the mitigation measures stayed activated, e.g. some industries

were relocated permanently, cleaner production technologies were applied permanently,

or the public transportation system was enlarged and still widely used.

As mentioned before, winter TSP mass concentrations were lower in winter 08/09 after

the Olympic Games than in the previous winter. This might be a first indication that even

without the complete set of mitigation measures, still some air quality improvements were

made. Moreover, BC concentrations of PM2.5 samples from site CUG were 80% higher

again in Aug-09 compared to Aug-08 (Figure 6.18), when the strict mitigation measures

were in effect. This could be expected since many of the controlled sources operated

again (e.g. higher traffic volume, more industry emissions). However, it has to be noted,

that BC mass was still lower than in the years 2005 – 2007 and, consequently, the BC

concentrations after the Olympic Games did not reach again the levels before the first

introduction of mitigation measures. This observation might be another indication, that

some of the mitigation measures seem to have also long-term effects.

With the objective to investigate, which particle size group increased most after the

Olympic Games, the size distribution for average concentrations of August and September

2008 and 2009 are compared in Figure 6.20. Mass concentrations were about 100% higher

again for all size classes in August and September 2009. The increase was quite similar

for SC1–SC4 (105, 104, 94, and 113%, respectively). Only larger particles with 40–80

µm dg showed a different trend with an increase of only 46%. This observation indicates

that the increase after the source control period was strong for atmospheric particles of

different size classes.

The same comparison was done separately for transparent and opaque particles (Fig-

ure 6.21), in order to further discriminate between those two particle groups, which repre-

sent particles from predominantly geogenic and anthropogenic sources, respectively. For

transparent particles, the concentrations increased again considerably for all size classes

in 2009 for both months. This indicates that the overall diffuse atmospheric pollution
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Figure 6.20: Size distribution of Aug-08, Aug-09, Sep-08, and Sep-09, respectively, of
total concentrations of passive collected APM samples from site CUG.

was higher again in 2009. On the contrary, concentrations of opaque particles increased

in 2009 only for the finest fraction (2.5–5 µm dg). Within this size class, combustion

residues, such as soot agglomerates and fly ashes, constitute most of the opaque parti-

cles. Consequently, this observation is an indication that the combustion sources emitted

more particles in summer 2009 than during the source control period in 2008, whereas

other sources for larger opaque particles, such as tyre wear, did not increase significantly.

However, since the overall concentration of opaque particles is significantly lower than

for transparent particles, it is important to keep in mind, that also the shorter sampling

times in Aug-08 might contribute to this effect and, thus, the interpretation of the data

of opaque particles is especially critical if periods with different sampling intervals are

compared.

6.5 Summary and conclusions

This study showed that particulate air pollution in Beijing decreased considerably during

the Olympic Summer Games in August 2008, a period with strictly enforced mitigation

measures. Mass as well as element concentrations during the Olympic source control
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Figure 6.21: Size distribution of Aug-08, Aug-09, Sep-08, and Sep-09, respectively, of pas-
sive collected APM samples from site CUG. (Top) Average concentrations of transparent
particles, (bottom) average concentrations of opaque particles.
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period were lower than the respective concentrations during the time directly before and

after the Olympic Games, and also lower than total August concentrations during the

previous years. However, the discrimination between the influence of weather conditions

and the effects of mitigation measures on the particle reductions turned out to be difficult

in the case of Beijing with very heavy precipitation in the first week of the Olympic Games.

Therefore, it has to be stated that the meteorological conditions certainly contributed to

and probably had a high stake in the successful reduction of particulate air pollution. The

large variety of sources still contributing to the particle load during the source control

period makes the evaluation of the reduction success of the individual mitigation measures

difficult.

Fine particles which are typically transported over long ranges from outside of Bei-

jing were less efficiently reduced than coarser particles. This indicates that long distance

transport of atmospheric particles is difficult to control and that presumably the estab-

lished mitigation area was not large enough to also reduce fine particles more efficiently.

The study further showed that elements from predominantly anthropogenic sources, such

as S, Cu, As, or Cd, had a less variable course during the Olympic Games than elements

for which geogenic sources are more important, such as Al, Fe or Rb. Consequently,

it can be assumed that the mitigation measures, as intended, were mainly successful in

reducing more toxic, anthropogenic sources. Firework displays, especially at the Opening

Ceremony, could be identified as a special short-time source for atmospheric particles

during the Olympic Games.

After the Olympic Games, when many of the sources operated again, mass and element

concentrations increased considerably. However, concentrations in 2009 remained lower

than during the years prior to the source control period. Moreover, BC concentrations,

which represent combustion sources, were also higher again in August 2009 than during

the source control period in August 2008, but remained clearly lower than during the

previous years (August 2005–2007). These observations might be a first indication, that

some of the mitigation measures seem to also have long-term effects.

Conclusively, it can be said that the implementation of mitigation measures is one

possible approach to improve air quality in urban areas. Those measures must be strictly

enforced, should include all major pollution sources, and moreover, need to embrace

a large area also outside the city. Consequently, only a comprehensive set of various

measures can provide success. In Beijing, the next years will show if the indicated long-

term success of the Olympic mitigation measures will go on and/or if further measures

are implemented to control and further reduce the serious particulate air pollution.
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Chapter 7

Towards a better understanding of

inhomogeneities within single

atmospheric particles and particle

agglomerates

7.1 Introduction

Numerous studies on particulate air pollution in cities and megacities, including Beijing

(e.g. He et al., 2001; Okuda et al., 2004; Sun et al., 2004; Duan et al., 2006; Norra

et al., 2010; Schleicher et al., 2010a), were conducted in the last decade (see also chapter

1.4). Yet, all of these studies focus merely on total particle load or chemical analysis

of bulk samples. On the contrary, only very limited knowledge is available on mineral

and chemical composition of single atmospheric particles. An overview about results

of individual-particle studies that use microscopy-based techniques, with emphasize on

transmission electron microscopy, is given by Pósfai & Buseck (2010). Only few studies

focussed on single atmospheric particles. Especially synchrotron radiation based mirco X-

ray fluorescence analysis (µS-XRF) was not often applied for atmospheric particles, yet.

One of the very rare studies using µS-XRF on PM2.5 samples from urban atmosphere was

carried out by Li et al. (2007) in Shanghai. The authors focussed on source identification

and individual particles analysed by µS-XRF were additionally examined by Scanning

Electron Microscopy (SEM) to gain more morphological information. In this work the

authors focused on source identification of atmospheric particles by fingerprints obtained

by µS-XRF spectra. Results of the same PM2.5 samples from Shanghai were also discussed
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in Yue et al. (2006). The same method was already shortly presented by the same authors

(Yue et al., 2004) at the examples of PM10 particles from a roadside and an industrial

area in Shanghai. Till now, no such approach was used for source identification of the

complex atmospheric particle distribution in Beijing. To the author’s knowledge, no study

has investigated the small scale element distribution within single atmospheric particles,

yet.

However, it is of particular importance to investigate the properties of single par-

ticles since, depending on their individual composition, these particles differ in their

specific impact on climate change, negative environment and health effects, as well as

acceleration of weathering of stone buildings in urban areas.

Generally, health effects of coarse particles are regarded as negligible. Therefore,

most epidemiological studies focus on fine or ultrafine particles, because they can enter

deep into the human respiratory tract and are, therefore, considered especially dangerous

(e.g. Schwartz et al., 1996). However, humans can inhale even larger particles through

mouth breathing, which plays an important role during physical exercise, while speaking

or if the nasal airways are obstructed (Bowes & Swift, 1989). Kennedy & Hinds (2002)

applied wind tunnel experiments with full-torso mannequins and showed with this ap-

proach that mouth inhalability is relevant up to particle sizes of 116 µm. Bartra et al.

(2007) investigated the effect of “air pollution” and especially diesel exhaust particles on

the allergenic potential of pollen and assumed that they might increase the exposure to

the allergen, the concentration and/or biological allergenic activity.

Agglomeration of fine particles on the surface of coarser particles is one of the central

points investigated in this chapter. Two different aggregation processes are distinguished

(Blum, 2006): (i) either that two colliding dust aggregates stick together and form a new

dust agglomerate, which preserves the shapes of the educts, or, (ii) that an aggregate

is formed due to restructuring processes during the collision, which does not resemble

the morphologies of the two collision partners. These agglomerations between different

particles are of importance because they

• can provide a scavenging effect for fine toxic particles in the atmosphere,

• change the optical properties and, thus, the climate impact of these particles, and

• produce a new particle type consisting of coarse geogenic and fine anthropogenic

particles, which has not yet been investigated, thoroughly.

In order to investigate these different aspects, single particle analysis of passively and

actively collected samples from Beijing was performed and the results are discussed in
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this chapter. On the one hand, scanning electron microscopy (SEM) coupled to energy-

dispersive X-ray analysis (EDX) was applied in order to identify the most abundant

geogenic and anthropogenic particles from Beijing, as well as to investigate agglomerated

particles. On the other hand, the small scale element concentrations within single parti-

cles were investigated by synchrotron radiation based micro X-ray fluorescence analysis

(µS-XRF).

7.2 Results

7.2.1 Single particles analysed by optical microscopy

By means of automated optical microscopy, single particles between 2.5 and 80 µm dg

(APM2.5−80), which were collected passively on transparent plates, were analysed. The

methodology is described in section 3.2.5. Hereby, three particle groups were distin-

guished: “transparent particles”, “opaque particles”, as well as “pollen”.

The optical microscopy was primarily used for the calculation of mass concentrations

and size distributions of total, transparent, and opaque particles, respectively. Therefore,

these results were described and discussed in chapter 4 with special regard to seasonal

variations and in chapter 6 with special attention to applied mitigation measures. The

single particles were not further characterized individually by optical microscopy.

7.2.2 Single particles analysed by SEM-EDX

Scanning Electron Microscopy was used to identify typical particles visually and to ad-

ditionally analyse their elemental composition by EDX measurements. This method was

applied to particles from TSP and PM2.5 filter samples as well as to APM2.5−80 from

the adhesive collection plates (Sigma-2 sampling). In the following sections, the particles

found most commonly in Beijing are presented.

Characteristic particles in Beijing’s atmosphere

The most common geogenic minerals identified by SEM-EDX in APM from Beijing

were quartz, feldspars, clay minerals, dolomite, calcite, and gypsum (Figure 7.1). The

detected minerals are consistent with findings of Xu (2010). In the framework of the

master thesis of Xu (2010), TSP samples from site 4 in 2006 were analysed by means of

XRD analysis and the major mineral components identified in this study were calcite,

chlorite, dolomite, gypsum, kaolinite, mica, K-feldspar, plagioclase and quartz. By means
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of SEM-EDX these minerals were found in most samples, but were more abundant during

dust storm periods in spring. The study by (Xu, 2010) also reported a high consistency

over the whole year 2006, but higher abundances in spring (March, April and May)

compared to other seasons.

Anthropogenic particles (Figure 7.2) were numerous and variable in APM samples

from Beijing. They comprised soot, fly ash, and different abrasion products as well as

some not identifiable particles. Fly ashes of various chemical composition were detected,

some consisted of Fe-oxide others of Al-Si-oxides. Soot was also very abundant in all

samples from Beijing, however, more soot particles were found in winter compared to

summer samples from Beijing.

Biogenic particles, such as pollen, spores, or plant debris, only were a minor fraction

of the total particulate aerosols in Beijing (Figure 7.3), but spring was the season with

most pollen.

7.2.3 Single particles analysed by µS-XRF

The particles analysed by µS-XRF were inhomogeneous with regard to their chemical

composition. This is shown using the example of two selected particles, labelled “particle

A” (Figure 7.4) and “particle B” (Figure 7.5). Both particles were collected passively in

January and April 2006, respectively. The maximum concentration for each element is

listed for both particles in Table 7.1.

The inhomogeneity is more pronounced in particle A (Figure 7.4). Here, the agglom-

erated particle can be divided into three to five different parts. Particle B (Figure 7.5)

seems to be a more homogeneous particle surrounded by some kind of crust. Factor anal-

ysis helped to distinguish between these different parts of the particles and to identify

the origin of the parts based on typical fingerprints. While the factor loadings show the

importance of each element in the corresponding factor and the element associations,

the factor scores help to illustrate the importance of each factor in a certain area of the

particle. Thus, different areas of the inhomogeneous particle can be discriminated. For

each of the particles three factors were extracted.

The factor loadings and factor scores for particle A are shown in Figure 7.6. For

particle A, factor 1, which represents a siliceous particle, dominates in the upper area of

the agglomerate, while the middle part consists of a salt particle, characterized by factor

2. In factor 3, the metals Cr, Fe, and Mn are dominant.

The factor loadings and factor scores for particle B are shown in Figure 7.7. The main

part of particle B is represented by factor 1, which comprises many different elements
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Figure 7.1: Typical geogenic particles collected in Beijing during sampling period A
(Sep-05 to Aug-07). (a) Quartz, (b) albite, (c) K-feldspar, (d) kaolinite, (e) calcite, (d)
dolomite.
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Figure 7.2: Typical anthropogenic particles collected in Beijing during sampling period
A (Sep-05 to Aug-07). (a) Soot chains, (b) soot sphere, (c) fly ash (Al-Si-Oxide), (d) fly
ash (Fe-Oxide), (e) thin (few hundred nm) carbon foil, (d) molten particles, (e) particle
with a high amount of rare earth elements (SEE, mostly Ce), (f) particle with a high
concentration of Al, As, and SEE.
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Figure 7.3: Typical biogenic particles collected in Beijing during sampling period A (Sep-
05 to Aug-07). (a) Coniferous pollen, (b) insect wing, (c) not identified pollen, (d) not
identified pollen.
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Figure 7.4: Agglomerated aerosol particle (Particle A) (approx. 150x120 µm) from Bei-
jing (19/01/2006 to 23/01/2006). Displayed is the distribution and respective concentra-
tions of Ca, S, Cl, Fe, Ti (in g/kg) and Cu, Ni, Zn, Cr, Pb, As (in mg/kg).
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Figure 7.5: Atmospheric particle (Particle B) (approx. 100x100 µm) from Beijing
(06/04/2006 to 10/04/2006). Displayed is the distribution and respective concentrations
of Ca, S, Cl, Fe, K, Ti (in g/kg) and Cu, Pb, Zn, Cr, V (in mg/kg).
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Table 7.1: Maximum concentrations of each element in the selected particles A and B.
Concentrations in italic are in g/kg while all other values are in mg/kg.

Element Max. conc. Max. conc.
in particle A in particle B

P 15 40

S 40 100

Cl 200 10

K 30 190

Ca 310 220

Ti 5 70

V 200 1580
Cr 140 440
Mn 590 5570
Fe 130 280

Ni 30 180
Cu 180 160
Zn 100 780
Ga 10 90
As 20 70
Rb 60 410
Sr 260 2300
Y 10 80
Zr 45 920
Nb 5 200
Mo 5 20
Pb 80 300
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Figure 7.6: Agglomerated aerosol particle (Particle A) (approx. 150x120 µm) from Bei-
jing (19/01/2006 to 23/01/2006). Displayed are the factor loadings and the factor scores.
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and no mineral phase can be clearly identified. Factor 3, on the other hand illustrates a

salt crust that surrounds the particle.

7.3 Discussion

7.3.1 Coarse particles as scavenger for smaller toxic particles

Identified interactions between geogenic and anthropogenic particles were numerous,

which highlights the importance to investigate these agglomerated particles more de-

tailed. As discovered with SEM, small anthropogenic particles like soot or fly ash were

often adsorbed to surfaces of larger minerals (Figure 7.8). These coarse particles were

mainly of geogenic origin and can be seen as less toxic due to their composition and

because they are less capable to infiltrate deep into the lungs. Such absorption can occur

early during transport processes by impaction. However, generally it has to be mentioned

that fine particles also can be deposited on coarse particles during sampling. The dis-

tinction between both processes forming aerosol agglomerations in the environment or on

the filter is fairly difficult. Nevertheless, in cases of complex nested agglomerates (Figure

7.8) it is highly probable that these aerosol agglomerates were formed in the atmosphere

and not on the filter, where just plain overlays are most likely to occur.

The most important effect of the agglomeration of fine particles on the surface of

larger ones, is the scavenging effect of these fine and with regard to adverse health

effects more dangerous particles, by the coarse ones. Since the frequency with which

such agglomerations occur was not yet investigated in detail, also the removal efficiency

of fine particles by coarser ones is also not known. Air pollution control normally starts

with reducing the coarse particle concentration. This was also observed in Beijing during

the Olympic Games periods with the applied mitigation measures (chapter 6). Thus, in

this context an open question is how the fine particle mass concentration will respond

when the coarse particle concentration is lowered. Since it was observed that many toxic

elements, such as Cd or As, were especially enriched in the fine particle fraction (see

chapter 4 or 5) the reduction of coarse particles and, consequently, a lower scavenging

effect, could lead to an even more critical air pollution situation with regard to adverse

health effects. As seen from these examples, a better knowledge about the amount of

this scavenging effect would help to predict the changes in aerosol composition expected

by the introduction of mitigation measures in the future.

The mapping of particle agglomerates by means of µS-XRF also highlighted the im-

portance of the mentioned scavenging effect. Particle A is a good example of an agglom-
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Figure 7.7: Atmospheric particle (Particle B) (approx. 100x100 µm) from Beijing
(06/04/2006 to 10/04/2006). Displayed are the factor loadings and the factor scores.
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Figure 7.8: Agglomerated particles collected in Beijing during sampling period A (Sep-05
to Aug-07). (a) Soot on particle surface, (b) fly ash with many different particles on its
surface (c) fly ash on a feldspar, (d) cluster of many fly ashes, (e) fly ash on gibbs particle,
(d) carbon particles with soot on the rim and fly ashes and other particles on its surface.
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eration, where a small particle with a high concentration of potential harmful metals

(Factor 3 in Figure 7.6) is agglomerated to the surface of a larger particle of different

composition.

7.3.2 Accelerated stone decay in urban areas

Stone decay of monuments is favoured by wet and dry deposition of APM. Often the

formation of salt efflorescence, e.g. sulphates, plays a decisive role for the soiling of

buildings. Particles with sulphate and nitrate coatings together with sufficient moisture

increase metal solubility and possibly catalyse further surface reactions on stone facades

of buildings. For example, McAlister et al. (2008) investigated transition metals and

water-soluble ions in deposits on a building and their potential catalysis of stone decay in

Budapest, Hungary. Schleicher & Recio Hernández (2010) focused on sulphate formation

on sandstones from monuments in Salamanca, Spain, and concluded that atmospheric

pollution was one of the main sulphur sources for salt formation in their case study.

Abundant gypsum and salt particles were found by single particle analysis within this

study. Consequently, a contribution of these particles to the weathering of buildings in

Beijing can be expected. Particle B (Figure 7.5) is another example of a particle with

a salt coating and high sulphur concentrations (Factor 3 in Figure 7.7), which can be

regard as critical for stone decay.

7.4 Summary and conclusions

Single particle analysis highlighted the large variety of different geogenic and anthro-

pogenic particles contributing to the overall air pollution in Beijing. On the contrary to

bulk chemical analysis, it was possible to identify the most important individual parti-

cles. Furthermore, µS-XRF analysis showed varying concentrations of trace and main

elements within the particles. Conclusively, this study demonstrates that the µS-XRF

is an excellent tool for the detection of spatial distribution of main and trace elements

within individual atmospheric particles.

The high abundance of minerals, such as quartz, feldspars, or carbonates, emphasizes

the high importance of geogenic particles in Beijing. The strong anthropogenic input

from a variety of sources, such as traffic, industry, coal burning and intensive construc-

tion activities, was reflected by the various anthropogenic particles. Especially the high

amount of fly ashes and soot in most samples from Beijing, is considered to be dangerous

with regard to adverse health effects for the population.
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Abundant interactions between geogenic and anthropogenic particles were observed.

This observation is of special interest in the context of an expected scavenging effect of

fine particles by larger ones. Since a higher reduction of coarse particles can be expected

by air pollution control, the open question is how the fine particle mass concentration will

respond and if even more hazardous small particles can be expected in the atmosphere

due to missing scavengers.

Generally, this study was only a first attempt to apply a set of combined tools of

single particle analysis to atmospheric particles. More analysis have to be carried out

in order to classify specific particles according to their chemical composition and to use

this approach for source identification and the characterization of pollution levels of at-

mospheric particles. Consequently, µS-XRF analysis of more atmospheric particles from

Beijing should be applied in future in order to gain more knowledge about the complex

urban mixture of airborne particles and their respective toxicities. A quantitative state-

ment about elemental distribution within individual particles in Beijing should then be

realistic. Another aim for further studies could be to illustrate, (i) which particles are re-

sponsible for the spatial and temporal variations in chemical compositions of atmospheric

aerosols at ground level, (ii) which particles are responsible for health impairment, and

(iii) which particles accelerate the stone decay on buildings in urban areas.



Executive summary and outlook

The scope of this work was to develop a comprehensive understanding of the anthro-

pogenic and geogenic aerosol pollution in the megacity Beijing. The results of this study

emphasize the high complexity of the urban aerosol pollution in Beijing and the large

spatio-temporal variations in mass concentration but also elemental composition.

It was shown that for a comprehensive assessment of environmental effects of atmo-

spheric particles it is important not to solely monitor and reduce the total burden but

to focus on toxic metal concentrations. Furthermore, the study highlighted the impor-

tance to discriminate further between mobile and immobile metal concentration in order

address the bioavailable and, thus, health-relevant fraction of metal pollution. Based on

the results of this study it is highly recommended that future health assessment studies

should focus on the bioavailable metal concentrations instead of applying only total con-

centrations. This approach would enhance the quality of predictions with regard to the

health harming potential of aerosol pollution.

The study shows that even the long-term detailed measurements carried out here are

not sufficient to completely assess all factors influencing the spatio-temporal variations

and the exact shares of the different sources. For a better understanding of the numerous

aerosol sources, better source profiles and detailed information about industrial emissions

are needed. Therefore, more source apportionment studies should be carried out in future

in order to assess the origin of major pollutants more precisely. In this context, espe-

cially the anthropogenic sources are of interest. As seen in this study, industry, traffic and

combustion processes contributed most to the toxic particle concentrations. This became

especially apparent by the high burden of air pollutants in the inner city related to traffic,

in the southeastern parts of Beijing related to industry and, additionally, by the domi-

nance of night-time pollution due to heavy duty vehicles. However, the meteorological

conditions, such as precipitation, wind speed, wind direction and mixing height, which

can not be addressed by mitigation measures, also strongly influence the spatio-seasonal

pattern of air pollution. A better understanding of the extent of influence of these pa-
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rameters and possible interactions, the worst pollution episodes could be predicted and,

thus, the urban population could at least be forewarned.

Over the annual course, the inhabitants of Beijing are exposed to varying air pollution

levels. High mass concentration episodes in spring can be considered less harmful due to

lower concentrations of toxic particles from anthropogenic sources and especially a lower

percentage of bioavailable metal fractions. Winter pollution episodes, on the contrary,

constitute a great threat for human health because concentrations of bioavailable toxic

elements, such as Cd, As, or Pb, are high.

It was shown that coal combustion is responsible for high particulate air pollution in

Beijing, especially in winter, and is the dominant source for bioavailable metal fractions.

About ten years after phasing out leaded gasoline, Beijing still has a higher Pb pollution

than most cities worldwide, which can largely be attributed to coal combustion. The

switching to natural gas for domestic heating purposes, which was started in preparation

of the Olympic Games, will probably not be sufficient because of a high industrial usage

of coal. Since China’s natural resources are rich in coal but poor in natural gas deposits,

it is likely that coal combustion will remain on high levels in China for the next decades.

The detailed investigation of the atmospheric particulate matter during a period with

strictly enforced mitigation measures during the Olympic Games offered a unique possi-

bility to assess the effects and potential of abatement measures. The stronger reduction

of coarse particle concentrations compared to the finer particle fraction highlights the

importance of large abatement regions in order to improve air quality, since long-range

transport of fine particles is difficult to reduce. It is well known that fine particles consti-

tute a high health risk because they can transport their toxic constituents deep into the

human body. By means of sequential extractions it could be shown that health effects of

fine atmospheric particles may even be more adverse than previously known due to a high

portion of bioavailable toxic element concentrations from anthropogenic sources. Natu-

rally, some of these fine particles are mitigated by coarse particles as shown within this

study. This prevents a deep inhalation of the fine particles and enhances their removal

from the atmosphere due to sedimentation. It remains to investigate, however, to what

extend the concentrations of these hazardous small particles might increase due to miss-

ing scavengers after reducing mainly coarse particles by air pollution control. In order

to clarify this point, more detailed single particle studies are necessary in the future. An

investigation of a limited number of particles showed that a good tool for these studies is

µS-XRF analysis, which could be performed in addition to common SEM-EDX analysis.

Conclusively, it can be stated that urban air pollution remains a complex challenge
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for scientists and policy makers. Very detailed information is needed in order to improve

air quality and, thus, to provide liveable conditions for the growing urban population

worldwide. Since the meteorological conditions, the geographical setting, and the aerosol

sources are different in each urban area, the monitoring of air pollution should be indi-

vidually adjusted to each city in order to assess the most harmful sources and to apply

appropriate mitigation measures.
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Table A.1: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site 4 during period A from Sep-05 to Aug-07. Mass concentrations in µg/m3,
all element concentrations in ng/m3.

SITE 4 lower upper 10th 90th
TSP N avg stdev QT QT median PCT PCT

mass 103 369 154 250 451 359 204 567
Na 101 3080 1350 1970 3890 2960 1470 4940
Mg 101 5640 2820 3670 7130 5080 2740 8780
Al 101 13100 6810 8480 15900 12000 6390 21700
K 101 6040 2970 3710 7250 5700 2810 9570
Ca 101 23000 12200 14400 28600 20600 10900 34400
Sc 101 2.76 1.49 1.65 3.41 2.42 1.22 4.97
Ti 101 664 328 403 826 599 326 1100
V 101 23.1 10.6 14.5 28.7 20.8 12.5 39.3
Cr 101 33.4 14.5 24.0 41.7 31.0 17.0 51.6
Mn 101 294 124 198 375 278 151 451
Fe 101 10200 4330 7030 12400 9280 4850 15600
Co 101 5.31 2.39 3.29 7.13 4.95 2.78 8.35
Ni 100 19.8 9.09 12.3 25.9 17.1 10.5 32.7
Cu 101 130 62.9 90.4 156 121 63.7 196
Zn 101 880 415 588 1110 806 424 1550
Ga 101 11.9 7.73 6.30 14.2 9.57 5.27 25.9
As 101 58.5 46.1 31.0 70.6 49.4 20.6 101
Rb 101 32.8 14.7 22.3 41.2 30.7 16.4 50.8
Sr 101 137 64.4 90.9 181 129 65.0 227
Y 100 4.83 2.51 2.94 6.42 4.39 2.06 8.19
Zr 101 26.3 11.4 17.1 32.4 23.9 13.7 38.0
Nb 100 2.87 1.41 1.84 3.75 2.58 1.39 4.67
Mo 51 3.42 3.48 1.30 4.31 2.29 0.77 6.71
Ag 100 1.21 0.55 0.83 1.42 1.06 0.66 2.08
Cd 101 9.90 7.08 4.32 12.5 8.34 3.41 18.1
Sn 101 29.9 16.8 18.8 38.3 25.9 12.1 53.3
Sb 101 29.3 16.7 16.9 37.6 27.0 12.4 45.5
Cs 101 3.15 1.40 2.18 3.93 2.84 1.68 5.24
Ba 99 263 131 168 344 230 121 425
Pb 101 353 181 237 438 309 157 628
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Table A.2: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site 4 during period A from Sep-05 to Aug-07. Mass concentrations in µg/m3,
all element concentrations in µg/g.

SITE 4 lower upper 10th 90th
TSP N avg stdev QT QT median PCT PCT

mass 103 369 154 250 451 359 204 567
Na 102 8650 3310 7100 9660 7930 6430 11300
Mg 102 15300 3940 12600 17300 15400 9590 20500
Al 102 35700 11500 28800 39700 33100 24500 51600
K 102 16900 7250 13500 18900 15200 11700 22600
Ca 102 63000 16900 53200 74000 64400 42200 85500
Sc 102 7.34 2.38 5.98 8.41 6.87 5.12 10.1
Ti 102 1790 527 1430 2020 1770 1230 2410
V 102 62.8 15.4 53.8 69.9 59.0 45.5 87.6
Cr 102 95.2 48.2 74.4 99.7 88.7 69.7 114
Mn 102 807 148 714 887 781 658 994
Fe 102 27900 6920 23100 31300 27053 19900 37404
Co 102 14.4 2.75 12.6 16.0 14.1 11.4 17.5
Ni 101 58.4 39.6 43.4 63.3 48.7 39.3 71.2
Cu 102 373 183 281 406 330 221 605
Zn 102 2500 962 1870 3050 2450 1390 3510
Ga 102 31.6 13.4 23.1 41.3 26.4 20.7 48.6
As 102 159 99.5 102 188 132 73.3 273
Rb 102 90.5 24.9 73.9 103 86.1 65.0 120
Sr 102 370 92.6 308 426 363 260 471
Y 101 12.9 3.44 10.6 14.7 12.4 9.16 18.8
Zr 101 73.1 17.8 61.0 81.9 68.7 55.4 99.7
Nb 100 7.73 1.82 6.48 8.88 7.34 5.64 9.94
Mo 52 15.2 37.5 4.45 15.4 7.93 1.93 26.8
Ag 100 3.39 1.03 2.64 3.94 3.34 2.23 4.71
Cd 102 27.0 15.9 15.7 32.7 23.1 12.5 47.1
Sn 102 83.9 41.6 52.7 109 79.9 42.9 142
Sb 102 80.3 38.3 56.4 94.6 74.8 47.5 121
Cs 102 8.79 2.81 6.99 9.94 8.51 6.19 12.8
Ba 100 733 320 586 768 700 526 880
Pb 102 969 321 796 1120 969 559 1430
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Table A.3: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass, BC and
element concentrations at site 1 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 1 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 93 67.9 33.6 46.7 88.2 64.8 26.9 106
Na 94 543 311 302 755 491 199 994
Mg 94 447 340 169 623 325 120 1010
Al 95 1270 1190 365 1770 877 213 2780
K 94 2060 1270 1350 2520 1850 845 3150
Ca 90 1950 1520 873 2740 1490 324 4500
Sc 93 0.25 0.23 0.07 0.35 0.17 0.05 0.56
Ti 95 69.4 60.8 24.3 98.8 45.5 16.2 135
V 95 3.75 2.43 1.82 5.25 3.09 1.24 7.21
Cr 68 5.83 9.02 2.42 6.27 3.78 1.32 10.5
Mn 94 72.3 38.8 42.7 101 68.8 29.2 125
Fe 94 1160 795 556 1590 902 409 2160
Co 94 0.80 0.58 0.29 1.27 0.63 0.15 1.74
Ni 83 10.6 15.4 3.28 11.5 6.28 1.72 20.5
Cu 95 38.7 32.2 19.2 43.1 33.2 12.7 67.4
Zn 95 268 136 163 353 256 98.4 426
Ga 95 4.08 3.25 1.62 6.10 3.01 1.21 8.69
As 95 15.6 10.3 7.69 21.7 13.4 4.54 29.1
Rb 95 9.83 4.73 6.90 12.3 9.18 4.59 16.4
Sr 94 12.0 12.1 3.59 15.6 8.94 2.74 24.1
Y 66 1.35 1.05 0.52 1.94 1.10 0.18 3.16
Zr 79 18.1 11.6 8.42 25.8 17.1 4.85 31.7
Nb 53 0.51 0.36 0.21 0.64 0.51 0.10 1.15
Mo 35 14.3 15.6 3.31 17.3 8.66 1.47 34.1
Ag 82 0.88 0.57 0.46 1.08 0.78 0.32 1.82
Cd 95 3.29 2.08 1.80 4.51 2.92 0.87 5.79
Sn 95 10.3 7.09 4.82 13.6 8.74 3.37 18.6
Sb 94 8.01 5.98 4.36 9.89 7.10 2.40 14.0
Cs 94 1.47 1.50 0.87 1.69 1.25 0.58 2.25
Ba 73 46.4 78.5 11.6 52.8 23.6 5.60 80.9
Pb 94 154 82.3 95.0 180 145 53.4 280
BC 93 3.77 2.16 2.43 5.38 4.24 1.57 6.22
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Table A.4: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass, BC and
element concentrations at site 1 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 1 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 95 57.1 32.2 36.5 76.9 50.5 21.6 108
Na 93 450 322 236 596 350 137 878
Mg 93 307 255 122 400 223 88 698
Al 93 901 830 360 1180 549 192 2230
K 93 1810 1660 906 2110 1540 586 2540
Ca 87 1650 1520 473 2340 1210 151 3540
Sc 90 0.17 0.17 0.05 0.23 0.10 0.04 0.48
Ti 92 43.8 39.9 14.6 55.1 29.7 11.6 106
V 92 2.57 1.74 1.21 3.47 1.96 0.92 5.39
Cr 59 4.25 3.87 1.42 5.60 3.54 0.67 9.20
Mn 92 55.9 31.0 34.0 68.4 50.6 20.1 109
Fe 93 798 580 469 961 595 226 1750
Co 92 0.69 0.94 0.24 0.90 0.45 0.16 1.40
Ni 76 11.2 22.0 2.79 12.2 4.60 1.56 24.6
Cu 93 31.6 18.2 18.0 37.1 30.8 11.2 57.8
Zn 93 238 122 134 313 238 78.7 396
Ga 93 3.43 2.63 1.73 4.13 2.22 1.15 8.04
As 93 13.2 8.73 7.58 17.1 11.4 3.99 26.8
Rb 93 7.86 4.16 5.19 10.1 7.31 3.03 13.0
Sr 92 9.63 14.4 2.97 9.92 5.36 1.80 22.8
Y 62 0.67 0.55 0.23 0.84 0.60 0.15 1.31
Zr 75 15.8 9.24 9.18 22.1 13.6 5.40 27.1
Nb 44 0.42 0.31 0.17 0.57 0.34 0.11 0.86
Mo 34 11.3 13.9 1.72 12.5 6.50 1.05 39.6
Ag 79 0.79 0.69 0.35 0.95 0.66 0.23 1.37
Cd 93 2.68 1.55 1.61 3.56 2.46 0.74 4.74
Sn 93 9.67 6.35 4.97 12.7 9.11 2.66 17.4
Sb 92 6.19 3.77 3.54 7.90 5.61 2.03 10.8
Cs 92 1.05 0.50 0.68 1.35 1.00 0.42 1.69
Ba 61 42.3 85.9 9.08 39.9 19.2 7.13 69.0
Pb 93 132 81.0 85.9 172 111 51.8 235
BC 92 3.39 1.77 1.88 4.75 3.11 1.32 5.69
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Table A.5: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass, BC and
element concentrations at site 2 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 2 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 82 94.3 47.2 67.3 115 85.7 47.7 150
Na 83 779 483 425 1030 641 327 1430
Mg 83 820 729 327 1060 538 219 2040
Al 83 2260 2340 839 2500 1420 524 5970
K 83 2200 1160 1530 2600 2030 1030 3530
Ca 83 3530 3260 1220 4310 2650 690 7720
Sc 83 0.44 0.44 0.15 0.57 0.30 0.09 1.14
Ti 83 116 114 40.9 144 69.8 23.0 269
V 83 4.65 3.42 2.42 5.78 3.64 1.71 10.0
Cr 67 6.60 4.78 3.05 8.39 5.47 1.65 12.3
Mn 83 87.9 42.1 55.1 119 74.2 45.9 151
Fe 83 1860 1390 929 2290 1410 677 3840
Co 82 1.33 1.03 0.58 1.83 1.05 0.31 2.64
Ni 70 7.78 9.38 3.61 8.11 5.80 1.88 13.1
Cu 83 49.9 22.3 33.6 67.1 44.2 24.7 80.9
Zn 82 379 147 257 491 357 207 573
Ga 82 6.11 6.12 2.42 8.41 3.88 1.69 12.5
As 83 19.6 12.7 9.88 24.9 16.5 7.96 39.4
Rb 83 11.6 4.83 7.77 14.4 11.7 6.25 17.1
Sr 83 21.1 20.1 8.69 29.0 14.3 4.81 41.0
Y 67 1.09 1.01 0.42 1.43 0.74 0.11 2.67
Zr 69 17.9 9.10 11.8 24.5 16.5 5.84 31.2
Nb 54 0.62 0.53 0.25 0.86 0.46 0.17 1.28
Mo 42 9.25 8.94 3.45 13.7 5.95 0.80 22.4
Ag 73 0.85 0.59 0.49 0.95 0.74 0.31 1.76
Cd 83 3.74 1.91 2.42 4.76 3.49 1.74 5.90
Sn 83 38.1 230 8.74 16.5 12.8 5.11 20.3
Sb 83 13.6 6.98 8.33 18.7 12.0 5.60 21.8
Cs 83 1.41 0.59 0.97 1.75 1.41 0.73 2.12
Ba 64 51.5 38.6 23.3 71.1 38.7 14.6 107
Pb 83 181 88.8 118 225 169 79.1 293
BC (2007) 31 4.32 2.00 2.85 5.72 3.74 2.39 6.41
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Table A.6: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass, BC and
element concentrations at site 2 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 2 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 87 105 56.8 64.0 140 91.3 49.0 179
Na 88 878 530 457 1120 837 336 1450
Mg 88 753 788 289 787 447 188 2090
Al 87 2080 2470 629 2030 1150 380 5970
K 88 2530 2080 1420 2910 2020 879 3750
Ca 88 3140 2980 1330 4200 2240 738 6540
Sc 88 0.41 0.49 0.13 0.43 0.22 0.08 1.10
Ti 88 108 117 40.4 111 61.4 24.0 280
V 88 4.98 4.07 2.20 5.56 3.56 1.65 11.7
Cr 72 6.94 5.55 2.35 10.5 5.25 0.98 14.6
Mn 88 87.3 46.1 57.5 110 76.2 41.0 145
Fe 88 1720 1540 834 1870 1180 604 4010
Co 88 1.41 1.27 0.43 2.01 0.96 0.26 3.00
Ni 75 8.91 10.7 3.29 10.4 5.13 1.82 16.4
Cu 88 75.8 37.1 52.2 93.4 71.1 35.5 118
Zn 88 427 185 285 549 402 186 630
Ga 87 7.33 6.40 2.93 11.6 4.86 2.18 15.1
As 88 24.1 16.7 11.5 31.3 18.2 8.03 48.2
Rb 88 11.0 4.81 7.36 14.3 10.1 5.53 18.0
Sr 88 25.9 33.9 7.60 28.1 11.7 4.61 97.2
Y 67 1.21 1.25 0.43 1.36 0.82 0.25 3.26
Zr 73 19.4 11.3 10.4 29.4 18.8 5.58 32.7
Nb 58 0.63 0.61 0.18 0.86 0.45 0.06 1.61
Mo 42 9.89 8.55 4.48 12.2 7.74 2.45 18.6
Ag 76 1.06 0.75 0.53 1.34 0.82 0.35 1.99
Cd 88 4.70 3.04 2.72 5.22 4.27 1.81 8.50
Sn 88 18.5 10.4 12.0 24.0 15.7 6.57 32.1
Sb 88 24.1 12.9 15.6 31.7 21.1 8.08 42.3
Cs 88 1.33 0.57 0.91 1.68 1.29 0.59 2.06
Ba 67 101 184 19.7 74.8 49.4 12.7 180
Pb 88 237 121 146 315 209 94.4 412
BC (2007) 35 6.69 3.30 4.49 8.30 5.24 3.44 11.83
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Table A.7: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass, BC and
element concentrations at site 3 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 3 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 94 83.2 37.2 52.3 106 77.4 42.6 133
Na 94 756 468 407 1030 589 305 1330
Mg 94 679 659 294 799 451 210 1410
Al 94 1920 2360 737 1940 1040 510 4790
K 94 2230 1210 1450 2684 2020 1040 3530
Ca 94 3080 3170 1320 4105 2200 791 5750
Sc 94 0.36 0.44 0.13 0.37 0.19 0.08 0.84
Ti 94 96.9 115 36.8 98.8 56.4 24.0 201
V 94 3.97 3.53 2.00 4.46 2.73 1.45 8.69
Cr 66 7.05 7.50 2.92 7.56 5.14 2.20 17.2
Mn 94 78.8 39.3 52.1 103 66.1 37.8 135
Fe 94 1650 1460 823 1770 1120 628 3070
Co 92 1.02 0.86 0.39 1.36 0.72 0.27 2.03
Ni 71 11.2 36.1 2.44 7.35 3.91 1.36 16.3
Cu 94 53.2 35.2 31.6 67.6 41.6 21.1 92.7
Zn 94 418 199 262 532 394 185 697
Ga 94 6.47 14.3 2.28 6.58 3.39 1.79 11.2
As 94 21.6 13.8 13.1 27.1 17.6 10.1 37.5
Rb 94 12.1 6.31 8.23 15.5 11.0 5.12 19.2
Sr 94 17.1 14.1 7.85 22.1 11.8 6.14 34.3
Y 68 1.00 1.19 0.32 1.02 0.61 0.12 3.03
Zr 78 18.4 13.0 10.7 25.0 15.8 4.35 33.1
Nb 61 0.53 0.61 0.14 0.65 0.33 0.05 1.33
Mo 41 11.6 13.8 3.49 13.7 7.75 1.43 24.2
Ag 82 0.89 0.50 0.53 1.11 0.81 0.34 1.58
Cd 94 4.36 2.75 2.37 5.35 3.74 1.75 7.49
Sn 94 15.6 9.83 9.02 18.8 14.3 6.11 25.9
Sb 94 11.1 6.55 6.35 14.3 9.34 4.28 18.2
Cs 94 1.48 0.73 1.04 1.80 1.35 0.73 2.48
Ba 72 42.3 31.7 21.1 54.0 33.7 12.9 95.8
Pb 94 211 104 133 279 181 101 327
BC 94 4.32 2.00 2.89 5.80 4.02 2.07 6.42
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Table A.8: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass, BC and
element concentrations at site 3 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 3 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 95 82.8 43.7 52.0 106 73.1 31.0 148
Na 96 687 440 346 962 565 205 1390
Mg 96 491 458 174 617 282 136 1330
Al 96 1640 2560 406 1540 677 284 4524
K 96 2320 2040 1190 2720 1760 718 4049
Ca 93 2250 1960 796 2980 1750 439 4670
Sc 95 0.27 0.34 0.08 0.26 0.12 0.05 0.86
Ti 96 68.7 86.5 22.5 67.5 32.3 17.5 213
V 96 3.71 3.25 1.49 4.60 2.49 1.04 9.21
Cr 70 6.62 14.2 1.87 6.47 4.00 0.76 11.7
Mn 96 70.8 40.2 41.3 95.3 58.4 31.0 139
Fe 96 1240 1150 525 1390 783 399 3120
Co 95 1.06 1.32 0.31 1.44 0.59 0.18 2.08
Ni 74 9.10 17.1 2.30 8.11 4.45 1.01 13.0
Cu 96 55.5 37.9 30.4 72.0 45.1 19.5 95.7
Zn 95 390 222 225 549 347 123 663
Ga 96 5.58 5.10 2.31 8.14 3.10 1.38 12.4
As 96 24.5 20.8 12.6 29.5 19.9 7.43 48.4
Rb 96 10.2 5.82 5.85 13.5 8.63 4.13 18.9
Sr 96 14.5 13.6 6.02 16.4 9.97 3.43 33.8
Y 64 0.79 0.67 0.33 1.09 0.57 0.15 1.81
Zr 77 17.1 10.3 9.52 22.3 15.6 6.22 28.2
Nb 50 0.48 0.46 0.12 0.62 0.30 0.05 1.25
Mo 44 9.82 9.90 3.31 12.8 7.43 0.30 27.3
Ag 82 0.91 0.80 0.45 1.12 0.72 0.27 1.73
Cd 96 5.24 4.59 2.48 6.99 3.78 1.35 9.84
Sn 96 17.2 10.9 9.64 21.4 15.3 6.40 31.6
Sb 96 12.5 8.32 7.11 15.7 10.6 4.07 20.1
Cs 96 1.24 0.68 0.74 1.62 1.07 0.56 2.22
Ba 76 48.4 68.7 13.5 58.8 28.1 6.01 75.5
Pb 96 223 155 130 263 174 71.3 418
BC 95 5.24 2.89 3.26 6.85 4.57 2.00 8.60
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Table A.9: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass, BC and
element concentrations at site 4 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 4 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 102 102 44.9 68.8 121 95.6 54.0 160
Na 103 826 433 528 1100 716 375 1320
Mg 102 757 526 365 1020 590 231 1450
Al 102 1980 1830 830 2372 1471 563 3820
K 102 2500 1450 1480 3270 2190 935 4420
Ca 100 3330 2240 1590 4490 2990 878 6570
Sc 102 0.37 0.34 0.15 0.49 0.29 0.10 0.77
Ti 102 102 92.5 39.1 124 76.1 21.2 208
V 103 4.28 3.25 2.18 5.24 3.48 1.48 7.77
Cr 84 8.88 5.53 5.20 12.5 7.78 2.62 17.0
Mn 101 87.9 44.3 59.8 107 79.0 41.1 142
Fe 101 1770 1270 955 2210 1510 636 3090
Co 102 1.14 0.88 0.49 1.57 0.97 0.33 1.92
Ni 86 15.5 17.2 6.86 17.4 10.3 4.38 28.8
Cu 103 65.6 34.7 43.3 85.8 58.7 27.4 112
Zn 103 452 228 296 565 410 182 705
Ga 102 5.47 4.75 2.63 6.84 3.62 1.83 10.3
As 102 28.5 20.7 15.2 34.0 25.1 9.98 49.5
Rb 102 12.9 7.10 7.73 17.4 11.5 5.99 22.2
Sr 101 19.3 13.1 9.67 26.4 17.0 5.38 37.1
Y 80 0.92 0.72 0.43 1.20 0.75 0.23 1.88
Zr 85 19.6 11.7 10.5 27.4 18.4 5.45 34.2
Nb 71 0.53 0.51 0.17 0.65 0.40 0.07 1.33
Mo 37 11.8 11.7 3.57 15.3 6.83 0.67 33.9
Ag 88 0.93 0.58 0.52 1.17 0.82 0.35 1.76
Cd 103 4.91 3.37 2.54 6.41 4.07 1.55 9.05
Sn 102 17.4 11.3 9.78 22.1 16.6 5.99 26.8
Sb 103 14.1 8.86 8.12 18.4 13.4 4.90 24.5
Cs 102 1.57 0.82 1.00 2.08 1.42 0.76 2.67
Ba 79 71.0 131 28.5 71.6 47.2 21.6 115
Pb 102 228 138 142 307 190 89.2 399
BC 101 7.86 3.83 4.86 9.73 7.44 3.86 13.20
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Table A.10: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass, BC and
element concentrations at site 4 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 4 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 98 96.7 59.6 51.8 117 87.3 32.4 190
Na 101 738 532 373 850 589 288 1540
Mg 100 521 442 228 745 401 140 1080
Al 100 1280 1300 497 1670 843 304 2560
K 100 2250 2040 1230 2620 1690 719 4220
Ca 99 2340 1920 959 3200 1770 506 4760
Sc 99 0.23 0.24 0.09 0.32 0.16 0.06 0.49
Ti 100 61.9 63.4 25.0 80.8 43.7 14.4 118.8
V 101 2.94 2.28 1.41 4.00 2.32 0.89 5.20
Cr 77 6.74 6.50 2.86 9.75 4.74 1.67 13.2
Mn 99 71.6 45.9 45.1 86.2 61.4 24.4 120
Fe 99 1170 893 620 1550 954 353 2040
Co 100 1.05 1.55 0.39 1.16 0.64 0.21 2.14
Ni 84 15.2 15.5 6.25 17.3 11.7 2.64 32.2
Cu 101 72.6 42.1 43.6 95.4 64.6 25.0 128
Zn 101 398 228 244 507 380 143 680
Ga 101 5.19 4.66 2.37 6.60 3.17 1.76 12.7
As 100 28.7 25.6 14.2 35.2 22.9 7.17 53.3
Rb 100 9.40 5.58 5.70 11.5 8.42 2.97 16.7
Sr 101 16.0 17.4 6.59 18.3 10.7 3.21 31.4
Y 70 0.67 0.62 0.25 0.97 0.49 0.10 1.50
Zr 83 19.7 11.0 11.4 27.2 17.5 6.74 36.3
Nb 52 0.49 0.37 0.23 0.65 0.38 0.12 0.98
Mo 39 11.4 12.6 3.22 15.0 6.57 1.45 33.3
Ag 81 0.98 0.83 0.49 1.14 0.74 0.30 1.95
Cd 101 5.29 4.30 2.51 6.26 4.15 1.25 10.1
Sn 100 19.4 13.5 9.46 25.4 16.7 6.14 35.4
Sb 101 18.0 15.2 8.86 22.0 14.9 5.18 31.6
Cs 100 1.13 0.62 0.72 1.36 1.11 0.38 1.97
Ba 79 53.1 96.1 14.5 52.5 31.0 5.72 95.7
Pb 100 217.8 143 113 269 182 68.5 393
BC 100 10.21 6.28 4.94 13.0 9.36 3.38 19.32
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Table A.11: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass, BC and
element concentrations at site 5 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 5 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 94 94.8 54.8 60.2 119 80.0 37.7 160
Na 94 863 1399 405 1038 654 279 1378
Mg 94 666 695 227 845 419 156 1470
Al 94 1670 1695 519 2240 1060 329 4230
K 94 2820 1840 1590 3550 2540 884 4590
Ca 91 2630 2190 987 3380 2000 563 5010
Sc 93 0.32 0.33 0.09 0.42 0.20 0.06 0.84
Ti 94 81.1 81.0 24.0 109 49.6 15.9 189
V 94 3.73 2.82 1.86 4.72 2.98 1.01 7.77
Cr 69 6.11 6.61 2.39 7.46 4.87 0.95 11.4
Mn 94 74.9 40.4 43.2 98.9 64.4 31.2 125
Fe 94 1500 1140 681 1900 1200 441 2960
Co 92 0.98 0.70 0.39 1.36 0.84 0.22 2.03
Ni 79 10.0 9.81 4.26 13.3 7.19 2.15 19.8
Cu 94 86.7 60.9 45.6 106 70.1 36.7 137
Zn 94 401 191 246 535 385 185 673
Ga 94 4.72 3.58 2.05 7.02 3.24 1.65 9.29
As 94 23.7 17.5 12.9 27.4 19.8 7.38 42.5
Rb 94 13.1 7.33 8.19 18.0 11.4 5.04 23.1
Sr 94 14.6 12.4 5.57 18.0 11.4 3.46 31.3
Y 67 0.90 0.92 0.33 1.13 0.64 0.22 1.78
Zr 78 17.9 10.7 10.3 23.1 15.8 5.43 31.0
Nb 56 0.54 0.43 0.18 0.74 0.44 0.11 1.10
Mo 46 12.9 22.1 2.84 14.5 5.71 1.47 28.5
Ag 82 1.07 1.06 0.58 1.28 0.86 0.42 1.80
Cd 94 4.74 2.83 2.38 6.29 4.55 1.63 8.55
Sn 94 16.3 9.74 9.64 20.0 14.4 5.98 28.3
Sb 94 12.1 7.45 6.84 15.3 11.4 4.14 21.3
Cs 94 1.57 0.88 0.92 2.12 1.41 0.58 2.61
Ba 71 62.1 78.1 22.2 69.5 34.3 11.7 113
Pb 94 217 123 128 287 194 80.1 376
BC 94 6.00 3.78 3.15 7.55 5.17 2.16 10.8
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Table A.12: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass, BC and
element concentrations at site 5 during period A from Sep-05 to Aug-07. Mass and BC
concentrations in µg/m3, all element concentrations in ng/m3.

SITE 5 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 95 80.0 57.9 40.7 97.6 70.7 17.1 149
Na 93 567 339 311 752 507 200 1030
Mg 95 350 326 116 522 227 65 883
Al 94 999 1070 282 1400 536 168 2410
K 96 2280 2300 1010 2940 1830 476 3720
Ca 85 1410 1470 539 1820 1010 146 2930
Sc 90 0.19 0.20 0.05 0.25 0.12 0.03 0.49
Ti 96 44.7 43.9 14.1 55.1 28.4 6.35 114
V 96 2.59 2.00 1.07 3.65 2.05 0.57 5.81
Cr 69 7.10 18.2 2.09 6.06 3.60 0.53 10.7
Mn 96 60.3 35.7 27.6 87.1 61.6 13.2 108
Fe 96 915 711 384 1350 726 201 1750
Co 96 0.80 0.62 0.36 1.09 0.66 0.19 1.67
Ni 76 10.1 13.2 3.27 9.25 5.33 1.89 29.1
Cu 96 71.6 50.3 39.9 87.0 59.2 22.5 124
Zn 96 328 208 149 449 328 70.5 659
Ga 96 3.92 2.87 2.14 5.36 2.94 1.28 7.51
As 96 22.5 24.8 11.5 25.7 17.4 7.10 35.1
Rb 96 9.21 6.08 4.29 13.6 7.89 2.22 18.2
Sr 95 9.24 11.0 3.08 12.3 6.12 1.56 17.2
Y 58 0.61 0.42 0.36 0.78 0.49 0.24 1.13
Zr 72 17.9 9.70 10.5 24.6 15.7 7.39 34.1
Nb 49 0.37 0.31 0.13 0.56 0.25 0.08 0.75
Mo 40 12.0 17.6 1.75 12.3 4.71 0.81 30.9
Ag 81 0.84 0.57 0.43 1.15 0.78 0.16 1.41
Cd 95 4.69 4.12 1.91 6.20 3.76 1.12 9.38
Sn 96 15.5 11.6 7.61 20.7 13.0 4.07 28.3
Sb 96 10.7 7.67 4.90 13.4 8.72 2.56 23.0
Cs 96 1.10 0.69 0.56 1.62 0.93 0.37 1.98
Ba 65 53.6 121 12.6 51.5 26.1 6.29 73.7
Pb 96 181 121 84.2 257 164 50.9 301
BC 87 6.49 4.11 3.79 9.01 5.41 2.14 10.9
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Table A.13: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site 1 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 1 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 93 68.4 33.4 46.7 88.2 65.1 26.9 106
Na 92 8490 5490 5140 9940 7120 3880 14400
Mg 92 7310 7090 3320 9230 5360 1990 12800
Al 92 20200 20500 6940 26100 14400 5350 44000
K 92 33300 20800 22900 37400 28000 19000 46100
Ca 88 32000 32900 13600 38800 25000 5290 62200
Sc 91 3.79 3.76 1.21 4.87 2.70 0.84 7.19
Ti 92 1120 1140 447 1330 843 292 2280
V 92 61.2 49.6 36.8 71.6 51.6 25.2 92.9
Cr 67 101 159 37.0 105 55.4 27.7 184
Mn 92 1210 887 756 1350 1070 603 1590
Fe 92 18000 13700 10200 20200 15400 8270 28800
Co 92 12.9 11.4 6.45 14.5 10.6 4.28 22.1
Ni 82 174 227 56.2 166 94.6 29.9 435
Cu 92 670 502 353 787 508 300 1138
Zn 92 4630 2930 2980 5150 4070 2080 6760
Ga 92 66.2 57.6 34.8 82.2 51.1 27.5 107
As 92 261 194 163 298 216 127 354
Rb 92 166 88.1 116 179 152 99.3 242
Sr 91 179 172 74.1 240 120 48.5 312
Y 66 21.2 18.8 7.84 27.2 17.1 4.70 41.3
Zr 78 344 347 164 372 212 79.3 756
Nb 51 8.69 10.8 3.37 10.0 5.37 1.69 16.6
Mo 32 376 786 74.3 303 231 34.9 647
Ag 81 16.5 17.5 7.14 19.2 11.3 5.30 31.5
Cd 92 55.4 42.4 38.1 58.8 47.9 27.2 86.5
Sn 92 179 155 107 201 145 76.6 304
Sb 92 136 113 80.4 137 106 59.3 214
Cs 92 23.4 15.0 15.2 26.2 20.1 13.1 33.9
Ba 70 636 798 153 698 381 103 1490
Pb 92 2540 1260 1900 2950 2410 1490 3490
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Table A.14: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site 1 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 1 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 95 58.1 32.1 37.9 76.9 50.7 22.7 108
Na 91 8750 5260 4990 10900 7780 3300 14500
Mg 91 6450 5640 2810 9180 5190 1860 11300
Al 91 18100 18100 6950 24300 11100 4000 38900
K 91 35000 23000 21500 39300 29100 17300 61100
Ca 85 35400 42000 10400 41500 23200 4270 83000
Sc 91 3.25 3.32 1.12 5.04 1.98 0.66 6.89
Ti 91 883 857 318 1300 624 207 1811
V 91 50.0 31.2 30.8 64.1 45.1 23.3 84.0
Cr 56 96.8 129 31.1 104 62.6 16.4 203
Mn 91 1120 559 729 1390 1040 534 1710
Fe 91 16000 11900 9010 21200 12900 7150 26600
Co 91 13.4 13.6 6.13 16.7 11.1 3.44 21.5
Ni 75 288 957 49.9 236 77.8 36.1 523
Cu 91 657 405 397 759 574 312 1100
Zn 91 4970 2690 3100 6260 4340 2520 8190
Ga 91 69.3 49.0 34.5 86.3 59.3 27.1 119
As 91 263 139 184 323 241 130 398
Rb 91 159 69.5 106 199 146 87.9 252
Sr 91 164 135 62 229 135 38.0 318
Y 61 13.6 12.9 6.58 19.3 10.1 2.27 24.7
Zr 73 384 394 162 497 293 96.2 775
Nb 44 10.8 17.0 3.49 12.3 5.91 1.66 24.6
Mo 33 262 411 31.7 196 107 18.8 769
Ag 77 17.1 14.8 8.39 22.0 13.0 5.75 36.0
Cd 91 54.0 25.8 37.5 65.5 51.5 25.3 82.3
Sn 91 203 172 123 228 167 68.5 354
Sb 91 123 61.9 79.4 155 114 63.2 189
Cs 90 21.2 8.56 14.4 25.6 19.5 12.6 31.1
Ba 60 646 794 187 778 346 153 1450
Pb 91 2720 1690 1820 3220 2210 1450 4140
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Table A.15: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site 2 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 2 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 88 89.9 49.1 58.5 113 82.1 29.2 150
Na 84 8560 4530 5450 9920 7810 4370 13200
Mg 86 9050 8990 4080 10900 6940 2500 14700
Al 86 24800 28600 11000 28400 17900 5110 43700
K 86 24700 12900 17700 28900 23800 13300 34700
Ca 85 40800 56100 13700 46400 29600 7140 64800
Sc 86 4.75 5.02 2.02 5.74 3.65 1.06 7.73
Ti 86 1250 1270 550 1390 973 256 2080
V 86 52.3 41.1 30.9 59.3 42.8 20.4 86.1
Cr 71 94.9 140 35.1 91.0 61.7 20.4 152
Mn 86 954 448 743 1100 904 517 1340
Fe 86 20700 16200 12100 23900 17600 7970 33300
Co 86 14.8 12.7 7.70 19.0 11.4 4.21 22.2
Ni 74 101 124 40.7 109 68.9 21.6 148
Cu 86 606 372 344 803 541 261 1020
Zn 83 4480 2330 2900 5630 4190 1870 6910
Ga 85 65.8 64.2 28.4 81.8 42.5 21.7 135
As 85 214 137 126 272 195 70.4 351
Rb 86 131 54.9 92.0 161 132 62.7 202
Sr 86 223 207 104 284 194 58.7 395
Y 69 11.4 11.8 4.88 14.3 8.07 1.34 23.1
Zr 67 199 145 117 235 156 82.7 378
Nb 54 6.55 6.25 3.02 8.56 4.99 1.41 12.7
Mo 42 104 117 26.5 159 54.4 7.73 214
Ag 76 10.1 8.06 5.89 11.2 8.12 3.04 15.9
Cd 86 41.8 24.0 25.9 54.5 39.7 14.2 62.5
Sn 84 150 88.4 89.4 194 137 44.2 270
Sb 84 155 98.8 92.9 195 144 61.6 265
Cs 86 15.7 6.96 11.1 20.5 16.3 5.39 24.9
Ba 65 547 406 292 624 438 240 921
Pb 86 1990 904 1570 2550 2080 705 3180
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Table A.16: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site 2 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 2 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 91 103 56.9 64.0 133 90.8 41.3 172
Na 88 8910 4260 6410 9850 8380 4750 12700
Mg 88 7580 7590 3680 9810 6310 1980 14100
Al 87 21100 25300 8350 24500 15400 5000 42000
K 88 24900 15700 18000 28000 21700 12600 39100
Ca 87 34300 40900 16400 41300 25500 9190 62700
Sc 88 4.00 4.52 1.51 4.45 3.22 0.98 7.98
Ti 88 1090 1170 563 1240 864 317 1970
V 88 50.5 36.0 31.0 60.8 41.5 22.0 84.2
Cr 72 72.5 71.8 32.6 85.5 59.7 10.7 127
Mn 88 914 376 709 1060 867 537 1371
Fe 88 18000 14900 10200 21000 14700 7190 28700
Co 88 14.3 12.7 5.97 17.2 11.8 3.67 30.4
Ni 75 102 137 36.5 87.0 61.6 22 278
Cu 88 813 368 565 1020 773 403 1240
Zn 87 4830 2755 2770 6090 4360 2260 7200
Ga 87 74.9 62.3 37.7 94.1 52.7 28.1 135
As 88 239 120 159 306 219 108 395
Rb 88 118 46.9 86.4 143 106 68.8 175
Sr 88 224 218 98.1 269 171 59.6 417
Y 68 11.3 10.9 6.07 13.9 9.91 1.43 20.4
Zr 72 213 152 125 282 157 68.9 388
Nb 56 6.35 6.49 2.21 8.42 4.23 0.89 14.1
Mo 40 127 129 39.8 171 85.0 21.3 302
Ag 75 12.1 11.3 5.33 13.0 9.68 3.69 22.5
Cd 88 48.8 25.6 33.2 56.2 46.8 21.8 75.6
Sn 87 207 123 137 243 186 60.7 334
Sb 88 259 130 171 330 256 88.4 436
Cs 88 14.1 5.79 9.70 17.6 13.0 7.96 22.0
Ba 66 718 894 259 675 475 170 1210
Pb 88 2450 996 1820 2980 2530 901 3500
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Table A.17: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site 3 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 3 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 94 83.8 37.2 52.5 106 78.4 42.6 133
Na 92 9700 7420 6000 10600 7740 4620 15500
Mg 92 8020 6060 4000 9800 6370 2610 14700
Al 92 21700 20500 9620 24200 15200 7170 44100
K 92 27800 15100 20600 31000 24900 16100 40900
Ca 92 37500 35900 19600 44900 27800 12000 62500
Sc 92 4.08 3.82 1.80 4.91 3.12 1.02 8.16
Ti 92 1100 972 527 1360 834 328 2010
V 92 47.2 33.1 27.9 53.4 40.5 19.1 79.0
Cr 64 77.5 75.5 35.6 86.5 60.2 26.7 125
Mn 92 1000 501 699 1120 916 579 1560
Fe 92 19600 13000 12000 22500 16500 8840 32100
Co 90 13.5 15.1 5.78 14.5 9.7 4.42 23.7
Ni 69 153 476 26.5 89.1 53.1 11.8 266
Cu 92 682 409 402 844 590 321 1130
Zn 92 5540 3100 3680 6320 4700 2930 8550
Ga 92 81.6 137 31.0 84.0 40.3 26.9 147
As 92 287 211 177 318 251 112 475
Rb 92 150 65.2 107 171 138 90.5 222
Sr 92 207 152 126 249 172 80.1 321
Y 66 11.5 12.3 4.30 12.7 8.56 1.76 21.7
Zr 76 263 258 121 295 191 66.7 525
Nb 61 5.25 5.18 2.03 6.01 3.86 0.40 12.1
Mo 41 175 241 40.3 186 80.5 25.5 501
Ag 80 11.6 7.36 7.11 13.2 10.4 5.05 17.4
Cd 92 55.9 40.6 36.3 62.9 45.4 25.6 81.8
Sn 92 206 139 117 244 181 100 317
Sb 92 143 85.0 89.0 160 130 64.3 251
Cs 92 19.0 10.0 12.9 21.7 16.4 10.5 26.5
Ba 77 554 676 228 594 443 150 1000
Pb 92 2820 1790 1800 3260 2330 1490 4230
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Table A.18: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site 3 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 3 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 96 82.6 44.1 52.0 106 75.3 30.2 148
Na 96 8750 5550 5280 10300 7490 3770 16000
Mg 96 6380 5020 2770 8370 5010 2000 11700
Al 96 18300 20200 6660 20900 11700 4550 48400
K 96 29400 18400 20400 31900 24600 14900 46500
Ca 93 30600 28800 11700 43800 22900 7110 59500
Sc 95 3.19 3.18 1.29 3.76 2.03 0.94 7.13
Ti 96 841 831 354 1000 565 240 2240
V 96 46.3 33.7 24.9 50.2 37.7 19.0 90.2
Cr 70 77.3 102 26.1 90.8 43.2 12.6 156
Mn 96 948 522 657 1060 864 492 1350
Fe 96 16100 12800 8250 18600 12400 6900 31500
Co 95 15.2 24.6 5.28 15.3 9.95 3.09 26.7
Ni 74 104 131 28.4 112 52.3 16.7 325
Cu 96 795 671 465 864 625 343 1360
Zn 95 5230 2860 3380 6320 5060 2270 7520
Ga 96 78.6 74.0 33.0 104 43.7 26.2 173
As 96 325 198 183 414 284 127 582
Rb 96 135 66.0 95.3 160 124 78.8 208
Sr 96 182 142 100 210 144 67.7 327
Y 64 9.6 7.17 4.49 11.4 7.78 2.70 20.0
Zr 77 230 163 130 288 192 84.5 417
Nb 52 5.60 5.67 1.66 9.23 3.77 0.39 10.8
Mo 44 236 460 29.0 196 81.2 7.63 571
Ag 82 12.9 12.1 6.09 15.7 9.94 4.24 20.1
Cd 96 70.2 55.3 36.3 77.1 57.5 26.6 149
Sn 96 242 163 150 293 215 104 380
Sb 96 175 120 112 206 153 76.0 271
Cs 96 16.8 8.27 11.8 20.3 15.4 8.91 23.5
Ba 83 576 791 208 657 388 113 858
Pb 96 2990 1680 1950 3890 2570 1450 4680
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Table A.19: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site 4 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 4 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 102 102 44.6 68.8 121 95.6 54.0 160
Na 102 8650 3690 6220 10300 7900 4610 13300
Mg 101 7890 4690 4230 10100 7660 2840 15300
Al 101 20200 15600 10500 23500 17900 6210 39700
K 100 26200 13500 19700 30600 23500 13300 38800
Ca 99 35100 24600 19800 46600 31900 8440 59900
Sc 101 3.82 2.81 1.73 4.73 3.44 1.15 6.99
Ti 101 1020 760 462 1380 927 247 1820
V 102 44.4 34.8 28.4 50.4 35.8 18.6 69.5
Cr 83 89.6 49.6 50.5 120 76.6 29.9 158
Mn 101 905 397 690 1040 876 568 1270
Fe 101 17900 9910 10200 22300 16900 8590 27900
Co 101 11.4 7.24 7.20 13.8 11.5 4.24 17.3
Ni 85 180 264 75.9 173 106 52.6 408
Cu 102 712 403 429 851 636 347 1190
Zn 102 4890 2880 3460 5410 4200 2550 7300
Ga 101 54.7 47.9 29.2 68.1 40.5 24.3 95.0
As 101 294 184 179 362 270 134 513
Rb 101 134 68.1 98.4 160 121 74.6 191
Sr 100 198 124 118 260 174 69.4 328
Y 78 9.9 7.53 4.84 12.4 8.37 1.79 19.9
Zr 84 207 148 101 270 199 67.2 355
Nb 71 5.33 4.61 1.62 7.26 4.44 0.85 11.2
Mo 34 145 158 33.4 220 76.8 8.15 430
Ag 87 10.2 7.83 6.13 11.8 7.78 4.56 17.5
Cd 102 51.1 37.0 32.8 63.1 43.6 23.1 73.8
Sn 101 185 128 110 221 168 85.8 276
Sb 102 149 86.5 98.8 181 126 59.9 251
Cs 101 16.5 8.44 12.3 18.1 15.7 9.08 23.2
Ba 78 903 2060 291 770 482 206 1440
Pb 102 2300 1270 1670 2720 2140 1180 3290
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Table A.20: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site 4 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 4 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 98 97.6 59.1 55.5 117 87.9 32.4 190
Na 98 8530 4760 5370 11200 6940 4170 15400
Mg 98 6380 5470 2860 8790 4540 1700 13800
Al 98 16000 16300 6390 19300 10800 4010 38800
K 97 25300 16100 16700 28600 20100 13800 45100
Ca 96 33900 38300 12200 39400 18900 6130 95800
Sc 98 2.78 3.02 1.01 3.39 1.79 0.55 7.02
Ti 97 769 781 294 869 503 194 1900
V 98 35.7 28.3 18.5 38.9 26.3 14.3 66.8
Cr 75 88.3 142 33.3 87.1 56.8 20.3 148
Mn 97 791 376 599 962 719 455 1210
Fe 97 14100 11000 7470 16900 10300 5764 26000
Co 97 10.7 8.58 5.45 12.7 9.15 3.34 17.1
Ni 81 252 395 64.1 235 112 37.4 387
Cu 98 896 694 522 1090 715 434 1350
Zn 98 4740 2690 3090 5730 4070 2510 7620
Ga 98 56.5 32.7 33.7 80.7 42.9 26.4 104
As 97 303 145 221 348 290 156 463
Rb 97 110 53.9 78.7 132 100 57.4 183
Sr 98 176 127 84.7 226 152 50.1 322
Y 70 8.35 8.06 3.47 11.5 5.51 1.29 17.9
Zr 80 271 243 117 304 186 80.8 725
Nb 51 7.19 7.71 1.53 10.7 4.44 0.56 18.9
Mo 40 180 277 37.0 220 77.6 16.6 478
Ag 78 12.0 13.6 5.41 12.3 7.40 3.96 21.6
Cd 98 57.9 33.9 37.3 67.8 49.0 23.7 104
Sn 97 221 111 146 279 197 111 388
Sb 98 204 150 128 227 176 80.6 304
Cs 97 13.5 6.60 9.6 16.3 12.6 7.54 25.1
Ba 77 607 743 195 691 369 101 1220
Pb 98 2450 1240 1810 2770 2290 1290 3510
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Table A.21: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site 5 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 5 lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 93 96.2 54.3 61.7 119 81.0 43.4 160
Na 92 11000 28600 5960 9270 7500 4690 14100
Mg 92 7690 10500 2900 9370 5550 1910 13200
Al 91 18300 14600 7580 25200 15000 4160 34600
K 92 31900 17400 22600 37700 28800 14700 48400
Ca 89 30000 29600 14400 34000 22700 7450 55700
Sc 92 3.33 2.62 1.37 4.91 2.56 0.66 6.57
Ti 92 853 685 328 1120 644 197 1720
V 92 41.9 28.3 24.6 52.8 33.4 14.4 84.3
Cr 67 69.7 81.1 32.1 77.8 53.3 14.9 110.5
Mn 92 827 340 631 952 763 478 1208
Fe 92 16500 9500 9560 21600 13670 6020 30600
Co 91 10.6 7.16 5.90 12.2 9.9 4.06 16.8
Ni 77 143 216 46.1 152 68.7 35.4 303
Cu 92 1190 1200 541 1240 888 349 2510
Zn 92 4760 2530 3150 5540 4230 2150 7860
Ga 92 50.6 29.7 30.2 67.0 40.9 24.2 93.5
As 92 263 145 166 342 234 105 496
Rb 92 153 80.0 104 179 139 79.9 255
Sr 92 160 117 77.4 207 150 50.9 266
Y 67 9.60 10.0 3.51 10.6 6.55 2.40 19.8
Zr 76 238 283 109 274 184 68.2 382
Nb 57 5.40 4.44 2.89 7.62 4.22 1.25 11.1
Mo 45 136 199 29.2 147 56.1 19.8 289
Ag 80 12.5 10.0 6.21 15.3 9.17 4.61 23.8
Cd 92 53.6 28.2 30.8 67.3 50.8 24.0 81.1
Sn 92 192 114 110 242 157 75.9 345
Sb 92 139 81.6 81.8 176 124 55.8 252
Cs 92 18.5 10.2 13.3 22.2 16.6 8.01 28.7
Ba 70 787 1280 235 582 419 157 1690
Pb 92 2480 1110 1820 3090 2380 1190 3880
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Table A.22: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site 5 during period A from Sep-05 to Aug-07. Mass concentrations in
µg/m3, all element concentrations in µg/g.

SITE 5 lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 96 80.0 57.9 41.8 96.3 72.5 13.4 149
Na 89 8160 4050 5450 10000 7830 3900 12500
Mg 91 5360 5920 2090 6510 3430 1160 10200
Al 90 14600 17300 5280 16600 8920 2770 36400
K 92 31800 19000 20400 39500 28400 12700 52100
Ca 81 22400 28300 6910 27700 11900 2300 48500
Sc 91 2.55 3.27 0.85 3.03 1.32 0.44 6.63
Ti 92 655 669 253 722 389 163 1610
V 92 37.8 34.5 18.2 47.9 26.1 12.7 78.0
Cr 66 107 244 30.9 75.3 47.1 15.9 162
Mn 92 880 412 637 1060 808 419 1427
Fe 92 13800 10900 6860 17400 9870 4790 29200
Co 92 12.1 9.90 6.42 13.6 9.21 4.00 20.3
Ni 72 175 276 44.6 145 62.9 33.6 510
Cu 92 1300 1310 607 1378 807 349 3150
Zn 92 4840 2730 2850 6040 4460 2230 8050
Ga 92 57.8 32.4 35.1 71.8 52.7 28.0 108
As 92 324 185 202 377 286 151 516
Rb 92 137 75.4 80.3 179 120 64.8 234
Sr 91 129 117 51.4 163 98.2 28.7 269
Y 54 10.0 9.76 4.42 11.0 7.42 2.37 25.1
Zr 70 286 283 121 324 210 83.5 456
Nb 46 6.36 9.30 2.13 7.67 4.28 0.86 10.8
Mo 39 260 488 21.9 216 65.8 8.63 1110
Ag 79 14.4 20.2 5.66 15.6 9.81 2.66 24.4
Cd 91 68.6 43.5 40.3 86.3 56.6 27.3 112
Sn 92 248 193 132 305 200 92.2 456
Sb 92 157 89.0 104 190 139 60.0 263
Cs 92 17.3 11.7 10.6 20.6 15.0 7.91 27.7
Ba 61 651 956 165 712 315 103 1580
Pb 92 2660 1170 1860 3350 2490 1580 4060
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Table A.23: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for APM mass concentrations at site
CUG from the 25th of April 2005 to the 30th of August 2007 (sampling in intervals
of 3 and 4 days). Mass concentrations in µg/m3 for the different size classes for total,
transparent, and opaque particles, respectively.

lower upper 10th 90th
Size class N avg stdev QT QT median PCT PCT

Total
2.5 – 5 243 50.0 23.4 34.8 59.8 44.1 27.2 77.2
5 – 10 243 62.6 25.6 44.7 75.5 58.9 36.2 91.9
10 – 20 243 61.7 27.8 42.6 76.9 55.0 31.9 94.4
20 – 40 243 35.5 26.2 18.6 43.6 26.6 14.0 68.1
40 – 80 243 8.66 12.8 2.14 8.15 4.53 1.23 23.2
2.5 – 80 243 218 104 148 267 193 117 329
2.5 – 10 243 113 48.3 79.1 135 104 64.0 169

Transparent
2.5 – 5 243 44.5 22.0 30.6 54.3 39.4 23.8 68.6
5 – 10 243 55.0 24.6 37.8 66.8 50.9 30.4 82.4
10 – 20 243 55.0 26.9 36.2 68.4 48.9 28.4 85.6
20 – 40 243 32.1 25.2 16.2 39.0 23.3 11.9 60.8
40 – 80 243 7.84 12.2 1.71 7.53 3.90 1.07 19.3
2.5 – 80 243 194 100 128 236 169 99.7 291
2.5 – 10 243 99.6 45.8 68.4 119 92.7 54.2 151

Opaque
2.5 – 5 243 5.44 2.53 3.70 6.56 4.82 2.82 8.86
5 – 10 243 7.56 2.92 5.39 9.03 6.98 4.33 11.6
10 – 20 243 6.74 2.86 4.53 8.64 6.41 3.33 10.5
20 – 40 243 3.50 2.35 1.75 4.54 3.13 1.09 6.12
40 – 80 243 0.82 1.09 0.00 1.11 0.45 0.00 1.99
2.5 – 80 243 24.1 9.57 16.5 29.8 22.1 12.7 36.7
2.5 – 10 243 13.0 5.33 9.3 16.0 11.9 7.11 20.6
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Table A.24: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM2.5 mass and element concen-
trations at site CUG during period B in Spring 2007. Mass concentrations in µg/m3, all
element concentrations in ng/m3.

valid lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 36 149 35 124 168 138 113 201
Li 33 1.7 1.4 0.5 2.7 1.5 0.3 3.9
Na 32 688 542 255 987 581 144 1490
Mg 36 342 286 139 404 276 98 695
Al 33 897 572 416 1340 849 252 1750
P 31 31 21 14 47 28 2.5 56
K 36 1550 1330 502 2180 1080 351 3790
Ca 33 2360 2250 754 3040 1490 371 6540
Sc 34 0.2 0.1 0.1 0.2 0.1 0.02 0.3
Ti 36 49 52 21 59 38 10 87
V 36 2.6 1.9 1.0 3.3 2.5 0.6 4.4
Cr 31 9.0 9.7 2.5 9.3 6.5 1.4 20
Mn 36 61 39 30 77 54 18 124
Fe 36 1040 662 524 1360 894 370 2090
Co 36 0.5 0.3 0.3 0.8 0.5 0.1 1.0
Ni 17 11 8.7 5.6 15 8.1 1.6 24
Cu 34 36 68 11 34 22 5.4 47
Zn 34 366 234 206 486 344 71 727
Ga 36 2.0 1.3 1.0 2.7 1.9 0.5 3.8
As 36 9.4 11 2.8 12 8.2 0.7 19
Rb 36 8.2 8.3 2.0 11 4.6 1.2 22
Sr 34 8.0 5.7 3.9 11 6.5 2.1 14
Y 20 0.5 0.4 0.2 0.8 0.4 0.1 1.1
Zr 30 13 8.4 5.5 17 11 3.0 26
Mo 30 21 13 12 28 20 2.1 38
Ag 35 0.6 0.6 0.1 0.8 0.5 0.1 1.6
Cd 33 2.6 3.4 0.3 2.7 1.9 0.1 4.6
Sn 34 11 11 5.2 14 8.3 2.4 19
Sb 36 8.9 14 3.7 7.6 6.1 1.2 14
Cs 30 1.2 1.1 0.3 1.9 0.6 0.1 3.0
Ba 28 72 82 21 101 33 8.6 202
Pb 36 104 98 27 151 86 10 243
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Table A.25: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM10 mass and element concen-
trations at site CUG during period B in Spring 2007. Mass concentrations in µg/m3, all
element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 35 222 80 155 267 211 140 312
Li 36 5.2 4.1 3.0 6.7 4.3 1.4 8.3
Na 34 946 666 411 1345 766 279 1890
Mg 36 1710 1270 879 2140 1560 473 2690
Al 36 4420 3040 2100 6830 3640 1320 8280
P 36 104 66 57 140 98 20 196
K 36 2830 1830 1290 3940 2640 692 5340
Ca 36 9100 5820 5550 10400 7410 3960 16700
Sc 36 0.8 0.6 0.4 1.3 0.7 0.2 1.6
Ti 36 196 133 99 297 165 57 365
V 36 9.1 5.9 4.9 12 7.7 2.7 17
Cr 35 18 21 8.8 17 13 5.4 26
Mn 36 131 83 84 160 117 39 248
Fe 36 4340 2590 2540 5980 3430 1630 6850
Co 36 2.2 1.9 1.1 2.5 1.7 0.8 3.7
Ni 33 14 19 5.5 15 9.3 1.8 18
Cu 36 51 77 13 52 39 7.9 66
Zn 35 422 278 221 628 378 38 860
Ga 36 3.3 2.0 2.0 4.2 3.3 0.9 5.9
As 36 13 13 5.6 16 9.8 2.2 25
Rb 36 14 11 5.1 20 12 2.8 28
Sr 36 32 22 20 38 29 9.1 62
Y 27 1.3 1.3 0.4 2.0 1.0 0.1 2.2
Zr 35 19 12 12 23 18 3.2 33
Mo 30 19 15 11 25 16 3.1 35
Ag 35 0.5 0.3 0.2 0.7 0.5 0.1 0.9
Cd 32 3.2 3.9 0.5 3.8 2.4 0.2 5.8
Sn 36 12 12 3.7 16 9.2 2.1 25
Sb 36 12 16 5.6 13 9.5 2.2 16
Cs 36 1.6 1.4 0.4 2.3 1.3 0.3 3.2
Ba 28 83 71 33 105 71 7.1 209
Pb 36 128 105 36 188 112 16 268
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Table A.26: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM2.5 mass and element concen-
trations at site CUG during period B in Spring 2007. Mass concentrations in µg/m3, all
element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 36 149 35 124 168 138 113 201
Li 33 11 7.2 3.6 16 10 1.9 19
Na 32 4560 3700 1830 6390 3110 1080 9050
Mg 36 2130 1330 1100 2820 1810 697 4300
Al 33 5840 3410 2930 8840 5140 1890 9650
P 31 191 116 108 281 193 15 335
K 36 9490 6470 3950 12800 8020 2540 20000
Ca 33 16200 16800 5280 19200 10700 2900 47300
Sc 34 1.0 0.7 0.4 1.5 0.8 0.2 2.2
Ti 36 311 286 165 394 238 82 573
V 36 16 9.5 7.2 21 16 4.6 29
Cr 31 58 64 19 62 37 12 121
Mn 36 381 182 241 498 402 142 577
Fe 36 6600 3160 3860 9010 6290 2900 11300
Co 36 3.5 1.8 2.2 4.5 3.3 1.0 6.4
Ni 17 68 52 31 114 49 8.8 128
Cu 34 208 317 86 222 141 40 299
Zn 34 2380 1350 1470 3010 2660 691 3750
Ga 36 13 6.1 8.9 17 12 4.0 20
As 36 57 52 23 80 47 4.9 95
Rb 36 49 41 15 68 36 8.8 120
Sr 34 51 30 30 71 44 15 97
Y 20 3.4 3.2 1.3 3.9 2.9 0.5 9.1
Zr 30 84 59 40 111 78 20 149
Mo 30 145 111 83 165 137 19 258
Ag 35 3.5 3.3 0.8 5.0 2.8 0.5 9.5
Cd 33 16 18 2.2 17 13 0.6 40
Sn 34 68 57 38 80 57 18 138
Sb 36 52 62 29 55 41 9.2 72
Cs 30 6.8 5.6 2.5 11 4.4 1.1 15
Ba 28 520 642 141 633 238 47 1490
Pb 36 624 472 254 924 579 98 1180
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Table A.27: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM10 mass and element concen-
trations at site CUG during period B in Spring 2007. Mass concentrations in µg/m3, all
element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 35 222 80 155 267 211 140 312
Li 35 21 8.7 16 26 20 12 28
Na 33 3880 1960 2310 4770 3740 1320 6140
Mg 35 6910 2640 4310 8610 7000 3530 9470
Al 35 18000 7830 10700 23000 16900 9430 28300
P 35 436 208 298 546 434 142 690
K 35 11700 4580 7190 15300 12100 5380 17700
Ca 35 39200 13200 31100 44100 38200 21300 59400
Sc 35 3.4 1.6 2.0 4.4 3.3 1.5 5.3
Ti 35 800 345 485 1030 774 400 1250
V 35 38 16 24 44 38 19 53
Cr 34 76 71 45 74 52 38 167
Mn 35 560 303 424 656 566 251 714
Fe 35 18200 6170 13900 21500 17000 11400 26300
Co 35 9.6 7.6 5.7 10 7.3 5.2 16
Ni 32 59 66 24 74 38 12 111
Cu 35 200 233 102 213 158 56 286
Zn 34 1830 1040 1140 2710 1800 196 3070
Ga 35 14 4.6 11 17 15 6.7 19
As 35 54 43 30 66 44 16 80
Rb 35 57 29 26 82 56 20 99
Sr 35 133 46 106 157 136 64 187
Y 26 4.9 3.7 2.1 6.7 3.9 0.6 10
Zr 34 80 38 64 105 81 21 122
Mo 29 98 71 42 140 87 7.4 224
Ag 34 2.1 1.3 1.2 2.6 2.1 0.4 3.5
Cd 31 12 13 3.2 16 9.6 1.3 24
Sn 35 50 43 24 65 35 11 95
Sb 35 49 42 34 52 41 15 63
Cs 35 6.4 4.4 2.3 9.0 5.8 1.9 13
Ba 27 348 241 123 555 315 25 695
Pb 35 522 334 230 787 526 102 932
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Appendix B

Tables corresponding to chapter 5

Table B.1: Descriptive statistics (valid number, average,
standard deviation, lower and upper quartiles, median, 10th
and 90th percentile for TSP element concentrations in ng/m3

at site TSP and TSP-2 for all 4 fractions obtained by sequen-
tial extraction.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 1

Mg 35 1360 436 1040 1680 1330 752 1810
Al 35 270 302 82 295 138 60 756
K 35 3780 2980 1790 4410 3110 1300 7290
Ca 35 14500 4790 11100 19200 14000 8780 21400
Ti 35 6.4 3.6 3.5 8.2 5.8 1.8 11
V 35 3.0 1.4 1.9 4.4 2.4 1.6 4.8
Cr 35 2.2 1.2 1.2 3.1 1.9 1.1 3.9
Mn 35 135 52 96 182 129 71 203
Fe 35 144 67 104 178 137 57 250
Co 35 1.2 0.5 0.7 1.5 1.0 0.6 1.9
Ni 35 3.4 2.4 1.9 4.3 2.7 1.2 5.9
Cu 35 34 15 23 42 30 18 48
Zn 35 665 463 283 935 625 102 1290
As 35 21 12 10 28 19 8.1 40
Rb 35 14 8.9 7.4 18 12 5.1 23
Sr 35 65 29 42 77 61 34 112
Cd 35 6.9 6.4 2.1 10 5.3 1.0 16
Pb 35 37 33 13 50 24 9.8 73

Fraction 2

Mg 35 2990 1600 1600 3900 2740 1330 4530
Al 35 1400 531 943 1710 1400 679 2290
K 35 1690 1040 1150 1820 1380 904 2930
Ca 35 12400 7360 7170 15700 11500 5320 18700
Ti 35 15 6.3 9.2 18 16 7.2 22
V 35 4.9 1.8 3.6 5.7 4.8 2.6 7.7

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Cr 34 2.4 0.8 1.8 3.0 2.3 1.3 3.7
Mn 35 110 51 74 135 103 55 159
Fe 35 1040 392 702 1270 1060 478 1510
Co 35 1.2 0.5 0.8 1.5 1.0 0.6 1.9
Ni 33 2.9 1.8 1.4 3.8 2.8 0.8 5.6
Cu 35 45 20 31 54 39 26 83
Zn 35 498 210 319 652 533 243 780
As 35 31 26 15 39 25 10 52
Rb 35 7.6 3.2 5.5 9.6 6.9 4.5 12
Sr 35 50 28 34 64 43 21 91
Cd 35 5.7 4.1 2.9 7.7 4.9 1.9 9.7
Pb 35 262 123 161 339 265 124 421

Fraction 3

Mg 35 2070 1050 1340 2530 2110 983 2930
Al 35 2150 1080 1460 2600 2040 937 4080
K 35 1230 472 887 1480 1150 720 2020
Ca 34 4470 2610 2360 5500 4170 1920 6130
Ti 35 110 55 76 133 95 53 188
V 35 6.7 2.9 4.7 7.6 5.8 3.7 12
Cr 34 15 10 11 16 13 8.1 20
Mn 35 108 46 72 118 105 59 175
Fe 35 4360 1940 3080 4930 4380 1960 6810
Co 35 2.4 1.0 1.6 3.1 2.3 1.3 3.6
Ni 34 9.9 5.5 6.3 12 8.4 5.3 15
Cu 35 62 28 41 86 60 28 103
Zn 35 285 126 190 334 287 136 463
As 35 11 7.9 5.3 15 9.8 3.0 24
Rb 35 6.5 2.3 4.9 7.6 6.5 4.1 9.5
Sr 34 29 16 19 37 25 11 48
Cd 34 3.1 2.8 1.0 4.1 2.2 0.8 6.7
Pb 35 104 77 38 141 90 31 246

Fraction 4

Mg 35 951 458 567 1260 871 506 1430
Al 35 1840 836 1200 2360 1750 956 2870
K 6 712 675 21 973 726 9.3 1810
Ca 34 2380 1290 1230 3080 2230 1030 3910
Ti 35 96 42 58 121 93 53 168
V 34 3.0 1.8 1.5 4.3 2.7 1.1 5.2
Cr 32 5.4 5.9 3.4 5.7 4.2 2.7 6.9
Mn 34 45 18 31 54 44 24 65
Fe 35 3430 1320 2360 3980 3490 2190 4780
Co 34 1.0 0.4 0.7 1.2 1.0 0.6 1.5
Ni 30 2.6 3.0 0.5 3.3 1.8 0.2 6.3
Cu 34 30 13 18 36 28 16 48
Zn 35 136 243 67 127 96 42 154
As 34 11 8.6 4.8 17 8.6 3.2 20

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Rb 0 – – – – – – –
Sr 35 15 10 7.5 20 10 6.1 32
Cd 35 1.5 1.3 0.5 2.2 1.2 0.4 3.4
Pb 35 72 39 39 93 64 33 144

Sum 1–4

Mg 35 7370 3180 4740 8600 7140 3400 11100
Al 35 5670 2250 4220 7020 5710 2790 8350
K 35 6830 4340 3950 7920 5900 3180 11800
Ca 35 33600 14600 20100 40000 32900 18500 48500
Ti 35 227 73 175 250 207 156 334
V 35 18 6.3 13 21 17 11 25
Cr 35 24 17 18 25 21 13 32
Mn 35 396 146 304 498 389 207 598
Fe 35 8970 3330 6610 10300 8960 4280 14300
Co 35 5.7 2.2 3.9 7.5 5.5 3.1 8.3
Ni 35 18 10 10 22 16 8.4 31
Cu 35 169 64 112 208 165 87 263
Zn 35 1580 688 1080 2050 1350 754 2630
As 35 74 50 39 99 61 26 127
Rb 35 28 13 19 34 23 16 43
Sr 35 157 78 101 191 148 68 293
Cd 35 17 13 7.6 23 14 5.8 33
Pb 35 475 248 260 649 417 210 861

Table B.2: Descriptive statistics (valid number, average,
standard deviation, lower and upper quartiles, median, 10th
and 90th percentile for TSP element concentrations in ng/m3

at site TSP and TSP-2 for all 4 fractions obtained by sequen-
tial extraction.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 1

Mg 35 3800 1170 2960 4440 3550 2720 4880
Al 35 718 736 267 1050 372 187 1780
K 35 10400 8650 6130 10400 7960 4040 16700
Ca 35 39900 8280 33600 45000 38800 30000 52100
Ti 35 18.1 9.3 10 23 17 7.0 31
V 35 8.4 3.5 5.7 10 7.0 5.1 15
Cr 35 6.6 3.9 4.0 8.6 5.8 2.5 11
Mn 35 369 87 323 422 360 308 476
Fe 35 412 188 260 563 408 144 691
Co 35 3.1 1.1 2.4 3.8 2.8 2.1 4.5

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Ni 35 9.4 5.4 4.8 12 8.0 3.9 18
Cu 35 99 58 60 120 80 55 153
Zn 35 1830 1060 973 2630 1840 363 3130
As 35 59 33 31 76 53 26 93
Rb 35 37 20 24 47 33 14 63
Sr 35 174 45 136 196 174 119 217
Cd 35 19 14 4.8 28 16 3.5 42
Pb 35 104 83 38 157 79 25 239

Fraction 2

Mg 35 7910 2690 5880 9580 7880 5180 11200
Al 35 3820 957 3150 4320 3760 2700 4760
K 35 4850 3390 3010 5280 3600 2830 7730
Ca 35 32800 12700 24900 36900 30700 18400 50500
Ti 35 44 24 26 55 39 18 74
V 35 13 2.1 12 14 13 11 17
Cr 34 6.6 2.2 5.2 7.8 6.0 4.3 10
Mn 35 291 79 225 322 282 203 408
Fe 35 2820 688 2420 3100 2720 2020 3700
Co 35 3.1 0.9 2.4 3.8 3.1 2.0 4.1
Ni 33 7.7 4.5 4.5 10 6.8 3.1 15
Cu 35 129 63 95 150 109 66 236
Zn 35 1330 448 1030 1550 1350 913 1760
As 35 82 56 44 100 65 30 126
Rb 35 21 8.6 15 27 20 12 33
Sr 35 131 55 97 164 114 85 190
Cd 35 15 9.3 8.8 20 13 6.3 25
Pb 35 703 230 548 839 641 454 1020

Fraction 3

Mg 35 5460 1560 4500 6870 5200 3420 7550
Al 35 5700 1860 4220 6700 5160 3970 8250
K 35 3450 1280 2770 3840 3050 2440 4880
Ca 34 11600 3980 9540 12800 11500 6530 16500
Ti 35 319 163 204 431 322 112 505
V 35 19 6.0 14 21 18 11 30
Cr 34 38 16 31 40 35 29 45
Mn 35 289 58 253 335 276 219 371
Fe 35 11400 2920 10300 12500 11400 8840 15500
Co 35 6.3 1.3 5.4 7.1 6.2 4.6 8.2
Ni 34 25 7.3 21 26 24 20 32
Cu 35 164 52 134 189 158 106 246
Zn 35 766 254 626 853 769 473 1090
As 35 29 17 16 43 24 9.6 54
Rb 35 18 4.9 14 22 17 12 24
Sr 34 75 34 52 87 65 49 107
Cd 34 7.7 6.1 3.7 9.9 6.0 2.4 14
Pb 35 260 141 158 389 203 99 464

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 4

Mg 35 2550 840 1920 3090 2610 1530 3490
Al 35 5020 1740 3770 5730 4470 3310 7860
K 6 1480 1210 69 2350 1730 18 3000
Ca 34 6360 2760 4200 8540 6070 3230 9680
Ti 35 264 95 206 304 255 157 367
V 34 7.9 3.5 4.7 10 7.5 3.3 13
Cr 32 14 11 9.5 16 12 6.9 21
Mn 34 119 27 105 133 119 84 153
Fe 35 9420 2400 7670 11000 9000 6100 12700
Co 34 2.7 0.7 2.2 3.0 2.7 1.8 3.8
Ni 30 5.9 5.4 1.3 7.5 5.1 0.8 14
Cu 34 82 29 62 100 79 49 116
Zn 35 492 1346 186 299 254 139 445
As 34 28 17 15 40 23 11 48
Rb 0 – – – – – – –
Sr 35 39 20 24 51 28 20 68
Cd 35 4.1 3.0 1.6 5.6 3.6 1.0 7.6
Pb 35 195 79 128 261 198 97 304

Sum 1–4

Mg 35 19700 4160 16400 23200 20100 15000 24500
Al 35 15300 3520 12800 17400 13800 11600 19200
K 35 18900 12800 12500 21400 14800 11100 25200
Ca 35 90000 21400 75600 109000 87500 65100 115000
Ti 35 645 202 507 753 587 434 877
V 35 48 8.8 41 53 46 37 58
Cr 35 63 27 51 69 57 45 80
Mn 35 1060 156 956 1170 1060 852 1260
Fe 35 24100 4040 21500 26000 23500 20300 29600
Co 35 15 2.9 13 18 15 12 19
Ni 35 46 15 37 57 42 29 66
Cu 35 472 165 373 490 445 327 766
Zn 35 4420 1750 3220 5360 4160 2770 5740
As 35 197 111 109 257 182 89 291
Rb 35 77 29 55 87 69 47 125
Sr 35 416 137 337 478 382 266 560
Cd 35 45 27 27 55 39 17 83
Pb 35 1260 435 880 1510 1280 660 1910
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Table B.3: Descriptive statistics (valid number, average,
standard deviation, lower and upper quartiles, median, 10th
and 90th percentile for PM2.5 element concentrations in
ng/m3 at site CUG for all 4 fractions obtained by sequen-
tial extraction.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 1

mass 32 68 24 54 80 63 43 93
Mg 32 190 74 128 225 182 112 299
Al 32 37 25 20 49 25 17 83
K 32 1720 922 1190 2240 1420 774 3070
Ca 32 1210 731 672 1540 894 634 2190
Ti 32 1.1 1.0 0.4 1.4 0.8 0.3 2.4
V 32 2.0 2.5 0.9 2.0 1.3 0.8 3.2
Cr 32 2.1 0.8 1.5 2.7 1.9 1.0 3.2
Mn 32 36 12 27 43 33 26 56
Fe 32 65 44 35 84 55 26 104
Co 32 0.4 0.3 0.2 0.5 0.4 0.2 0.7
Ni 32 2.0 1.4 1.2 2.2 1.6 0.6 4.5
Cu 32 18 8.0 12 23 16 9.9 28
Zn 32 360 130 266 432 336 219 524
As 32 13 5.8 7.6 16 13 6.3 23
Rb 32 7.5 3.6 5.2 8.6 7.0 4.2 12
Sr 32 6.5 5.9 2.8 6.8 5.5 2.7 9.7
Cd 32 3.0 1.5 1.9 4.4 2.5 1.6 4.9
Pb 32 47 46 17 66 32 9.9 110

Fraction 2

mass 32 68 24 54 80 63 43 93
Mg 32 136 89 79 158 112 53 211
Al 32 131 62 80 171 113 68 204
K 32 983 638 535 1200 808 441 1690
Ca 31 838 529 471 978 730 303 1394
Ti 32 2.0 1.2 1.3 2.4 1.8 1.0 3.0
V 32 1.3 1.5 0.5 1.5 0.9 0.5 2.1
Cr 30 1.8 0.8 1.2 2.2 1.5 1.0 3.0
Mn 32 21 8.5 15 24 19 12 31
Fe 32 145 45 110 162 145 99 207
Co 32 0.2 0.2 0.1 0.3 0.1 0.1 0.4
Ni 22 42 33 12 83 27 6.5 86
Cu 32 26 27 13 29 20 8.4 36
Zn 32 402 271 92 644 515 56 668
As 32 7.1 3.8 4.0 9.8 6.5 3.4 12
Rb 32 3.9 2.1 2.4 5.1 3.2 2.1 6.5
Sr 32 4.3 3.1 2.5 5.2 3.5 0.9 7.6
Cd 31 1.3 0.9 0.6 2.1 1.0 0.5 2.5
Pb 32 69 48 28 90 64 17 145

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 3

mass 32 68 24 54 80 63 43 93
Mg 32 168 145 94 212 125 45 299
Al 32 111 133 41 110 77 34 235
K 31 624 417 298 889 425 205 1170
Ca 26 1700 3670 457 1030 666 110 1870
Ti 32 18 12 9.3 22 13 8.0 32
V 32 1.1 0.9 0.6 1.4 0.9 0.4 2.1
Cr 23 3.2 1.9 1.5 4.3 3.5 1.0 4.9
Mn 32 22 9.0 16 25 19 15 35
Fe 31 141 112 47 195 154 13 223
Co 32 0.3 0.2 0.2 0.4 0.3 0.1 0.6
Ni 27 16 14 6.8 31 11 0.5 36
Cu 32 12 8.6 6.7 17 11 4.2 18
Zn 32 384 288 67 643 466 19 692
As 28 8.1 9.2 1.5 10 4.0 1.0 28
Rb 32 2.7 0.9 2.2 3.2 2.6 1.7 4.0
Sr 32 12 11 2.9 16 7.4 1.2 34
Cd 28 6.0 5.9 2.1 8.6 4.5 0.2 12
Pb 32 52 43 17 95 35 12 117

Fraction 4

mass 32 68 24 54 80 63 43 93
Mg 32 78 61 35 104 60 20 169
Al 32 158 140 77 163 118 54 338
K 0
Ca 25 968 527 679 1410 994 125 1650
Ti 32 21 11 13 25 22 4 33
V 8 2.7 1.0 2.2 3.3 3.2 0.7 3.5
Cr 0
Mn 11 6.5 5.8 2.2 9.1 5.3 0.2 12
Fe 32 480 279 253 672 394 205 843
Co 14 0.2 0.2 0.1 0.4 0.2 0.1 0.5
Ni 5 34 68 2.1 7.8 2.6 1.7 156
Cu 32 42 26 16 61 48 8.9 67
Zn 23 350 142 341 440 390 25 457
As 22 2.0 1.5 0.8 3.0 1.9 0.3 4.2
Rb 0
Sr 32 13 9.0 6.3 19 11 3.7 26
Cd 32 1.1 0.8 0.5 1.5 0.9 0.5 2.1
Pb 32 32 25 18 38 24 9.0 62

Sum 1–4

mass 32 68 24 54 80 63 43 93
Mg 32 572 316 365 750 436 269 948
Al 32 438 309 256 586 335 195 713
K 32 4100 5220 2230 3790 2710 1800 6040
Ca 32 4160 3420 2510 4210 3270 1350 7110

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Ti 32 42 20 32 52 36 25 65
V 32 5.1 4.4 2.8 6.0 4.6 2.4 7.2
Cr 32 6.0 2.7 4.1 7.2 5.7 3.1 9.1
Mn 32 82 29 63 95 73 53 125
Fe 32 826 338 602 1010 692 499 1200
Co 32 1.1 0.6 0.7 1.4 0.8 0.5 1.8
Ni 32 50 62 6 80 24 1.8 123
Cu 32 98 48 60 123 99 45 141
Zn 32 1400 723 640 1990 1630 440 2140
As 32 29 12 17 38 31 12 42
Rb 32 14 5 10 16 13 8.5 20
Sr 32 36 19 23 44 37 15 51
Cd 32 11 6 6 13 9.5 4.5 17
Pb 32 200 83 133 254 179 103 317

Table B.4: Descriptive statistics (valid number, average,
standard deviation, lower and upper quartiles, median, 10th
and 90th percentile for PM2.5 element concentrations in µg/g
at site CUG for all 4 fractions obtained by sequential extrac-
tion.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 1

mass 32 68 24 54 80 63 43 93
Mg 32 2960 1050 2120 3530 2910 1740 4070
Al 32 562 340 383 610 460 293 1260
K 32 26700 12700 18200 35200 24400 13200 45100
Ca 32 18500 10300 11500 20500 16300 9250 30500
Ti 32 17 15 6.8 24 12 4.9 30
V 32 28 22 16 30 22 13 49
Cr 32 33 13 26 42 32 16 50
Mn 32 563 148 458 647 578 401 736
Fe 32 1000 595 675 1260 909 409 1500
Co 32 6.7 4.4 3.5 8.2 5.6 2.8 12
Ni 32 31 21 16 41 27 9.3 55
Cu 32 285 122 192 350 251 157 489
Zn 32 5660 1910 4800 6530 5910 3410 7180
As 32 204 84 159 232 202 117 278
Rb 32 117 50 79 154 110 56 186
Sr 32 99 92 49 112 80 47 147
Cd 32 47 19 38 58 45 22 66
Pb 32 717 656 264 938 428 191 2030
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Fraction 2

mass 32 68 24 54 80 63 43 93
Mg 32 2120 1350 1230 2630 1770 864 3870
Al 32 2040 970 1320 2620 1690 1230 3300
K 32 15400 10300 9370 16800 14000 7550 27900
Ca 31 13400 9130 6100 16700 11600 5000 25700
Ti 32 32 21 18 37 29 11 52
V 32 19 15 8.9 25 15 5.8 33
Cr 30 29 14 17 44 24 15 50
Mn 32 318 112 234 381 286 208 436
Fe 32 2330 1120 1850 2510 2150 1250 2780
Co 32 3.0 2.2 1.4 4.8 2.3 0.8 5.6
Ni 22 743 712 205 1180 407 122 1980
Cu 32 406 409 193 461 358 115 613
Zn 32 6570 5010 1430 10900 7260 882 12200
As 32 109 51 76 130 96 50 189
Rb 32 63 40 40 73 54 30 93
Sr 32 67 50 35 97 51 20 108
Cd 31 19 12 9.3 27 16 7.6 35
Pb 32 1030 619 428 1490 1020 381 1840

Fraction 3

mass 32 68 24 54 80 63 43 93
Mg 32 2570 1980 1230 3260 1840 710 5780
Al 32 1650 1570 728 2160 1000 582 3390
K 31 10000 6930 3660 15200 8550 3000 19500
Ca 26 26900 58600 5830 14300 11400 2260 23900
Ti 32 268 165 162 300 228 124 471
V 32 16 9.8 8.0 22 14 6.1 32
Cr 23 50 32 24 72 51 15 102
Mn 32 345 121 255 421 324 215 479
Fe 31 2230 1660 579 3120 2620 222 4610
Co 32 5.1 2.9 2.9 6.5 4.7 2.4 8.7
Ni 27 288 314 87 434 154 7.6 722
Cu 32 190 117 104 246 167 79 326
Zn 32 6330 5290 746 10600 6090 243 12300
As 28 128 151 37 184 74 10 356
Rb 32 44 19 30 58 39 25 68
Sr 32 187 192 55 259 120 21 462
Cd 28 97 104 26 151 65 3.3 204
Pb 32 848 763 280 1434 428 223 2000

Fraction 4

mass 32 68 24 54 80 63 43 93
Mg 32 1200 862 587 1620 1040 191 2230
Al 32 2380 1990 1170 2730 1720 823 4770
K 0
Ca 25 15800 9700 9200 20600 16500 3260 31200

Continued on next page
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lower upper 10th 90th
N avg stdev QT QT median PCT PCT

Ti 32 338 195 186 473 341 66 544
V 8 44 21 27 60 48 9.6 74
Cr 0
Mn 11 93 102 27 115 61 3.9 172
Fe 32 7220 3900 4690 8680 5950 3290 12600
Co 14 3.9 4.1 1.8 5.6 2.1 1.2 7.0
Ni 5 446 856 48 114 61 29 1980
Cu 32 683 495 211 992 693 113 1185
Zn 23 5860 3160 4370 7390 5960 897 9940
As 22 33 27 9.9 43 28 6.4 77
Rb 0
Sr 32 217 168 95 285 178 40 431
Cd 32 19 15 8.7 25 14 7.0 38
Pb 32 506 437 253 578 409 180 922

Sum 1–4

mass 32 68 24 54 80 63 43 93
Mg 32 8840 4480 6000 10500 7560 5030 15200
Al 32 6630 3990 3830 8030 5370 3570 10900
K 32 61500 63000 35700 60500 47300 29500 111000
Ca 32 65600 55300 33300 76800 49200 23600 100000
Ti 32 656 283 454 822 581 362 1071
V 32 74 40 45 94 62 39 110
Cr 32 96 47 64 133 78 44 163
Mn 32 1260 362 1000 1460 1240 895 1590
Fe 32 12700 4610 9420 14100 11800 8480 21500
Co 32 17 8.5 9.9 23 14 8.0 27
Ni 32 854 1100 62 1370 379 36 2830
Cu 32 1560 795 861 1984 1458 573 2983
Zn 32 22800 14000 8730 32400 21900 6640 38700
As 32 448 207 291 626 404 215 701
Rb 32 224 90 172 275 210 132 324
Sr 32 570 330 358 685 493 245 1010
Cd 32 169 107 111 185 138 78 279
Pb 32 3110 1150 2530 3700 2960 1750 4490



Appendix C

Tables corresponding to chapter 6



226 APPENDIX C. TABLES CORRESPONDING TO CHAPTER 6

Table C.1: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concen-
trations at site CRAES from October 2007 to July 2008 (period C1, weekly sampling).
Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 40 281 122 198 361 254 125 435
Li 42 12 5.8 7.0 16 11 5.2 19
Na 42 2870 1710 1290 3990 2530 1030 4500
Mg 42 5100 2550 2780 6640 5380 2180 8300
Al 42 12100 6830 6650 14800 11300 5210 18900
P 42 315 163 187 422 285 154 529
S 26 13700 8760 7970 15200 10400 6370 26400
K 42 5300 2490 3410 6540 5220 2550 8620
Ca 42 19500 9200 11700 25500 19500 8820 30300
Sc 42 2.3 1.3 1.3 2.9 2.1 1.0 3.9
Ti 42 765 451 426 1030 663 287 1320
V 42 21 11 13 26 20 9.9 34
Cr 42 27 12 17 35 25 15 41
Mn 42 304 151 176 385 278 135 506
Fe 42 9300 4860 5330 12200 8910 4290 15500
Co 42 5.0 2.7 2.6 6.6 4.6 2.1 7.7
Ni 42 17 9.2 8.6 23 15 7.7 28
Cu 42 104 59 58 135 80 50 166
Zn 42 908 591 524 1120 763 268 1700
Ga 42 12 8.5 5.3 16 9.4 4.0 24
As 42 32 22 15 44 27 12 54
Rb 42 30 18 18 37 27 11 49
Sr 42 101 48 56 147 99 42 160
Y 42 4.2 2.2 2.3 5.3 4.1 1.8 6.7
Zr 42 28 16 17 38 24 14 46
Nb 42 2.4 1.2 1.4 3.3 2.3 1.1 3.6
Mo 35 2.6 2.7 0.6 5.0 1.4 0.4 6.2
Ag 42 1.3 0.8 0.8 1.7 1.0 0.6 2.0
Cd 42 5.4 4.3 2.1 6.8 4.4 1.7 12
Sn 42 19 14 8.8 24 16 5.3 30
Sb 42 30 19 17 39 25 12 49
Cs 42 3.1 1.9 2.1 3.9 2.9 1.1 4.8
Ba 42 216 114 120 293 199 99 376
Pb 42 289 193 143 380 237 109 526
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Table C.2: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES from July 2007 to September 2008 (period C2, 24-hourly sampling).
Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 66 104 51 62 131 96 45 177
Li 64 2.2 1.6 0.8 3.4 2.1 0.2 4.3
Na 30 1040 761 229 1660 989 122 2140
Mg 64 794 525 322 1210 704 166 1460
Al 64 2110 1310 881 3090 1990 518 4090
S 66 9390 7590 3570 12600 7380 1750 22300
K 66 1310 696 743 1807 1240 402 2200
Ca 65 3390 1930 1770 4750 3230 738 6230
Sc 66 0.4 0.2 0.2 0.6 0.4 0.1 0.7
Ti 66 166 79 99 233 155 73 260
V 66 5.1 2.9 2.6 6.9 4.3 1.9 8.5
Cr 65 13 12 6 14 9.8 3 20
Mn 66 74 35 43 99 71 28 119
Fe 66 2190 1070 1240 3090 2000 893 3660
Co 66 1.3 0.7 0.8 1.6 1.2 0.5 2.2
Ni 56 4.1 3.1 1.7 5.6 3.7 1.0 7.7
Cu 66 34 23 18 45 29 11 58
Zn 65 258 181 110 389 216 44 525
Ga 66 2.5 1.3 1.3 3.4 2.4 1.0 4.5
As 66 11 7.1 4.7 16 10 3.0 21
Rb 66 7.0 3.8 3.7 10 6.6 2.3 12
Sr 66 24 14 12 32 20 8.5 40
Y 26 0.6 0.6 0.2 0.8 0.4 0.1 1.2
Zr 4 3.2 2.9 1.3 5.1 2.2 1.1 7.4
Nb 59 0.3 0.2 0.1 0.5 0.3 0.0 0.6
Ag 45 0.2 0.2 0.1 0.3 0.2 0.1 0.4
Cd 66 1.9 1.3 0.7 2.8 1.6 0.4 3.8
Sn 66 4.9 3.1 2.4 6.6 4.7 1.1 8.6
Sb 66 9.4 5.5 4.6 13 8.9 2.7 17
Cs 65 0.8 0.5 0.4 1.2 0.8 0.2 1.3
Ba 66 93 83 42 103 74 28 167
Pb 66 88 49 44 127 79 26 156
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Table C.3: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES from October 2008 to February 2009 (period C3, weekly sampling).
Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 21 238 74 187 277 235 145 290
Li 21 8.8 2.8 7.2 10 9.1 5.9 11
Na 21 2310 1080 1740 2800 2340 1100 3020
Mg 21 3290 1250 2320 3900 3300 1840 4600
Al 21 8480 3100 5990 10200 8500 4810 11200
P 21 247 85 181 294 255 145 337
S 21 7140 3470 4320 8380 6840 3500 12000
K 21 4220 2250 2960 4260 3880 2260 5910
Ca 21 12600 5590 8350 15100 12000 6930 19300
Sc 21 1.7 0.7 1.3 2.0 1.7 1.0 2.3
Ti 21 534 213 417 643 472 324 764
V 21 15 5.7 12 19 16 9 20
Cr 21 24 10 16 29 22 15 37
Mn 21 191 62 159 235 167 136 255
Fe 21 6660 2380 5160 8250 6360 3850 9100
Co 21 4.2 1.6 3.2 4.8 3.8 2.7 5.9
Ni 20 11 3.8 8.7 15 11 6.8 16
Cu 21 81 44 54 95 75 37 134
Zn 21 514 238 341 617 476 272 884
Ga 21 11 5.0 7.9 14 12 4.5 17
As 21 25 14 17 28 22 13 39
Rb 21 20 6.9 16 25 20 11 28
Sr 21 92 46 58 103 85 46 152
Y 21 3.1 1.2 2.3 3.6 3.0 1.9 3.9
Zr 18 18 5 16 21 19 12 25
Nb 18 2.0 0.8 1.3 2.3 1.9 1.2 2.8
Mo 9 1.1 0.5 0.6 1.4 1.1 0.3 1.8
Ag 18 0.9 0.2 0.8 1.1 0.9 0.6 1.2
Cd 16 4.1 1.7 2.7 5.3 4.1 2.0 6.9
Sn 21 14 6.9 8.5 19 12 6.9 23
Sb 21 22 9.4 14 28 22 11 32
Cs 21 2.1 0.7 1.7 2.5 2.2 1.2 3.0
Ba 21 219 215 115 215 159 87 294
Pb 21 194 64 147 239 196 111 274
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Table C.4: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES for the whole sampling period C (Oct-07 – Feb-09, weekly and daily
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 128 182 117 92 249 157 52 360
Li 127 6.5 5.8 2.1 10 4.5 0.6 15
Na 93 2150 1550 1110 2810 1960 404 4240
Mg 127 2630 2510 693 3860 1720 279 6460
Al 127 6450 6190 1990 9680 4540 816 14400
P 64 296 147 184 370 268 145 520
S 113 9950 7590 4230 12600 8380 2460 21300
K 129 3080 2540 1220 4190 2150 592 6535
Ca 128 10200 9350 3210 15000 6290 1440 25400
Sc 129 1.2 1.2 0.4 1.8 0.7 0.2 2.8
Ti 129 421 387 154 559 276 90 959
V 129 12 10 4.2 17 8.7 2.3 26
Cr 128 19 13 10 25 16 5.1 37
Mn 129 168 139 69 230 130 40 381
Fe 129 5230 4420 1970 6910 3600 1130 11800
Co 129 3.0 2.5 1.2 4.1 2.2 0.7 6.6
Ni 118 9.9 8.4 3.7 14 7.7 1.2 22
Cu 129 65 52 29 83 50 15 135
Zn 128 513 472 178 648 392 91 1100
Ga 129 6.9 7.0 2.2 10 4.1 1.2 17
As 129 20 17 10 26 15 4.0 43
Rb 129 17 15 6.4 23 12 3.1 36
Sr 129 60 51 19 92 40 11 147
Y 89 2.9 2.2 0.9 4.2 2.6 0.3 5.5
Zr 64 24 15 16 31 21 10 42
Nb 119 1.3 1.3 0.3 2.1 0.7 0.1 3.3
Mo 44 2.3 2.5 0.6 3.7 1.3 0.4 5.9
Ag 105 0.8 0.7 0.2 1.0 0.6 0.1 1.7
Cd 124 3.4 3.1 1.2 4.4 2.5 0.6 6.8
Sn 129 11 11 4.3 15 7.2 1.9 24
Sb 129 18 15 8.7 23 14 3.9 39
Cs 128 1.8 1.6 0.8 2.5 1.3 0.3 3.6
Ba 129 153 137 65 201 114 35 314
Pb 129 171 149 75 216 134 41 344
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Table C.5: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concen-
trations at site CRAES from October 2007 to July 2008 (period C1, weekly sampling).
Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 41 279 122 195 360 254 138 434
Li 41 43 9.4 37 47 41 34 52
Na 41 10100 3130 7450 12100 9720 6560 13500
Mg 41 18300 4430 15400 20800 17300 13100 25000
Al 41 43000 12500 34900 49800 41500 28100 55500
P 41 1140 280 924 1339 1138 851 1480
S 26 51800 24900 30000 69500 43800 23700 88000
K 41 19700 6560 16100 21400 17916 14400 24600
Ca 41 70900 16900 60600 84500 68800 48600 93900
Sc 41 8.2 2.6 6.4 9.9 7.7 5.4 11
Ti 41 2700 833 2100 3210 2520 1800 3904
V 41 77 19 66 91 75 54 98
Cr 41 101 24 87 114 100 76 136
Mn 41 1130 345 886 1350 1020 777 1490
Fe 41 33400 8310 29000 38500 32600 24800 42900
Co 41 18 5.3 15 22 17 12 25
Ni 41 62 19 52 73 57 38 91
Cu 41 389 151 291 419 346 263 652
Zn 41 3310 1390 2280 3990 3310 1650 4920
Ga 41 43 22 26 62 37 22 71
As 41 116 49 79 139 110 64 167
Rb 41 108 33 89 120 95 83 146
Sr 41 378 139 284 446 362 254 498
Y 41 15 4.1 12 17 15 11 22
Zr 41 103 30 87 115 99 72 132
Nb 41 8.9 2.7 7.0 10 8.6 6.2 12
Mo 34 10 8.7 2.1 18 6.8 1.5 22
Ag 41 4.9 1.9 3.5 6.1 4.6 2.7 7.6
Cd 41 19 11 12 23 16 9.6 34
Sn 41 65 31 44 79 59 37 95
Sb 41 109 46 76 135 102 61 163
Cs 41 11 3.7 9.2 13 10 7.7 15
Ba 41 871 741 564 985 752 465 1120
Pb 41 1060 425 742 1170 1080 574 1630
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Table C.6: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES from July 2007 to September 2008 (period C2, 24-hourly sampling).
Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 66 104 51 62 131 96 45 177
Li 64 19 8.9 13 25 18 5.7 29
Na 30 10400 7500 2710 16500 9210 1210 20600
Mg 64 7470 4000 3850 10040 7290 2670 13300
Al 64 19100 7450 13300 24600 18600 9840 27400
S 66 82000 38100 45500 114000 86300 31400 130000
K 66 12600 3760 9940 14400 12400 8520 17700
Ca 65 32300 13200 23000 41300 32600 15800 45800
Sc 66 3.9 1.1 3.1 4.7 3.9 2.6 5.2
Ti 66 1640 362 1400 1840 1630 1160 2130
V 66 48 13 39 54 46 35 69
Cr 65 126 111 65 144 91 50 238
Mn 66 729 188 607 839 683 513 1000
Fe 66 21600 5860 17400 25400 21000 13700 29400
Co 66 14 6.9 8.7 16 12 7.2 21
Ni 56 35 24 22 42 28 12 72
Cu 66 322 126 231 402 296 202 457
Zn 65 2390 1620 1430 2910 2140 863 3820
Ga 66 24 4.6 21 26 23 19 29
As 66 109 66 68 131 97 48 189
Rb 66 68 23 51 74 64 44 103
Sr 66 226 77 176 257 221 153 312
Y 25 4.3 3.8 1.9 4.7 3.1 0.8 10
Zr 4 48 50 10 85 34 8.5 115
Nb 59 2.7 1.3 2.0 3.6 2.8 0.7 4.3
Mo 0
Ag 46 2.3 2.8 0.9 2.6 1.8 0.5 3.7
Cd 66 18 9.2 12 20 15 8.1 30
Sn 66 45 20 33 51 43 29 70
Sb 66 91 43 65 107 83 46 147
Cs 65 7.5 4.3 5.4 9.1 6.5 3.1 14
Ba 66 989 1140 505 931 673 385 2130
Pb 66 839 337 625 973 768 458 1450
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Table C.7: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES from October 2008 to February 2009 (period C3, weekly sampling).
Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 21 238 74 187 277 235 145 290
Li 21 37 6.6 34 41 37 30 45
Na 21 9430 2670 7990 10500 9060 7550 12000
Mg 21 13600 2080 12000 15000 13500 11500 15800
Al 21 35100 4980 33200 38700 35400 29600 39800
P 21 1030 161 962 1080 1030 881 1250
S 21 29500 10500 24300 35300 27600 18600 39700
K 21 17500 7100 14400 18000 15800 13800 18600
Ca 21 52500 12900 42100 62100 56300 36500 66400
Sc 21 7.0 1.2 6.3 7.8 7.1 5.9 8.4
Ti 21 2210 351 2050 2360 2240 1740 2640
V 21 64 9.8 63 69 64 56 71
Cr 21 100 19 86 109 91 83 132
Mn 21 810 153 743 877 798 612 1030
Fe 21 27700 3920 26100 30400 27300 24000 32200
Co 21 17 3.1 17 20 19 13 20
Ni 20 47 6.1 43 50 47 37 55
Cu 21 335 135 259 350 295 224 463
Zn 21 2090 597 1780 2260 1990 1450 2730
Ga 21 46 16 29 55 51 25 63
As 21 101 37 76 111 93 70 133
Rb 21 84 13 78 88 85 75 96
Sr 21 377 134 299 392 363 291 413
Y 21 13 2.7 11 14 13 10 15
Zr 18 84 14 73 92 84 69 101
Nb 18 8.7 1.7 7.8 10 8.9 6.8 10
Mo 9 4.9 2.3 3.3 5.8 4.1 2.1 9.1
Ag 18 3.9 0.9 3.3 4.3 3.9 2.9 5.2
Cd 16 17 6.2 13 18 15 11 26
Sn 21 58 18 44 68 55 39 84
Sb 21 90 24 77 106 87 56 111
Cs 21 9.0 2.0 8.0 10 8.6 7.7 11
Ba 21 876 752 580 741 681 555 1100
Pb 21 817 176 714 918 836 591 1020
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Table C.8: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and element concentra-
tions at site CRAES for the whole sampling period C (Oct-07 – Feb-09, weekly and daily
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 128 182 117 92 249 157 52 360
Li 126 30 14 18 40 31 11 47
Na 92 10000 4890 7210 12300 9640 3970 16500
Mg 126 12000 6250 7290 15800 12000 3460 19500
Al 126 29500 14200 18400 38000 27800 11700 47900
P 63 1160 494 948 1240 1060 851 1430
S 113 65300 38100 31400 93500 59000 24700 121000
K 128 15700 6280 12100 18000 14600 9290 22000
Ca 127 48100 22500 32000 63500 44600 20200 80500
Sc 128 5.8 2.7 3.8 7.4 5.2 3.0 8.9
Ti 128 2070 731 1600 2370 1880 1270 3120
V 128 60 20 44 72 57 37 88
Cr 127 114 82 78 124 94 60 174
Mn 128 869 302 650 993 808 568 1320
Fe 128 26300 8360 20100 30500 26100 15800 36900
Co 128 16 6.3 11 20 15 8.1 23
Ni 117 47 24 28 57 46 18 82
Cu 128 346 138 255 413 309 213 539
Zn 127 2640 1500 1710 3330 2310 1140 4310
Ga 128 33 17 22 39 26 20 63
As 128 110 57 74 132 98 55 185
Rb 128 83 31 63 96 81 48 122
Sr 128 300 133 216 366 268 167 454
Y 87 11 5.9 6.0 15 12 2.3 18
Zr 63 94 31 78 111 90 69 125
Nb 118 5.7 3.6 2.8 8.7 4.7 1.5 10
Mo 43 9.0 8.0 2.3 16 5.8 1.5 21
Ag 105 3.6 2.5 1.9 4.6 3.3 0.9 6.4
Cd 123 18 9.5 12 21 16 8.8 30
Sn 128 54 25 38 67 48 29 84
Sb 128 97 42 70 115 87 57 147
Cs 127 9.0 4.1 6.4 11 8.5 3.9 15
Ba 128 933 964 555 915 685 422 1620
Pb 128 906 362 684 1090 840 532 1450
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Table C.9: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and ele-
ment concentrations at site CRAES from October 2007 to July 2008 (period C1, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 38 97.4 58.6 50.1 141.4 89.6 32.1 158.5
Li 39 3.28 2.16 1.86 4.04 2.88 1.04 6.81
Na 39 919 686 420 1270 664 252 2200
Mg 39 991 905 346 1170 672 225 2260
Al 39 2670 2940 874 3060 1560 701 8470
P 39 94.1 57.4 58.8 120 77.1 34.3 167
S –
K 39 2440 1250 1400 3431 2330 870 3980
Ca 39 3840 3370 1650 4367 2667 1193 9341
Sc 39 0.48 0.51 0.17 0.58 0.31 0.10 1.00
Ti 39 153 149 69.3 167 92.9 48.1 340
V 39 5.17 4.22 2.30 6.11 3.82 1.76 9.92
Cr 38 9.73 7.88 4.94 11.4 7.81 2.59 16.8
Mn 39 119 63.1 80.1 144 113 41.9 199
Fe 39 2190 1850 1130 2640 1550 635 4140
Co 39 1.55 2.23 0.70 1.63 1.10 0.31 2.90
Ni 37 6.97 9.19 2.83 7.09 4.58 1.48 9.68
Cu 39 50.5 29.5 23.3 73.5 43.4 16.2 88.9
Zn 39 519 260 316 760 510 141 888
Ga 39 5.64 3.74 2.65 7.80 5.10 1.56 12.2
As 39 19.1 12.4 8.14 28.5 17.4 5.37 34.9
Rb 39 12.8 6.36 7.21 17.2 12.4 4.92 22.8
Sr 39 21.9 19.7 9.57 23.6 14.7 5.80 45.1
Y 38 0.77 0.89 0.19 0.99 0.43 0.07 1.79
Zr 39 16.7 9.10 10.5 20.5 15.3 6.49 30.1
Nb 39 0.68 0.54 0.31 0.90 0.58 0.17 1.52
Mo 18 6.68 6.81 1.99 8.62 3.88 1.77 17.9
Ag 39 0.80 0.35 0.50 1.04 0.76 0.33 1.37
Cd 39 3.21 2.03 1.44 4.68 2.77 1.00 6.46
Sn 39 11.7 6.84 5.55 17.6 10.4 4.03 22.3
Sb 39 16.4 10.5 7.14 26.6 11.9 4.98 33.7
Cs 39 1.65 0.73 0.93 2.25 1.57 0.72 2.52
Ba 33 41.2 35.0 16.3 60.9 31.9 6.13 93.4
Pb 39 182 95.8 106 270 163 59.7 334
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Table C.10: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site CRAES from July 2007 to September 2008 (period C2, 12-hourly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 56 58.4 37.1 36.8 77.3 52.5 19.6 88.8
Li 61 1.89 1.47 0.85 2.40 1.51 0.48 4.21
Na 52 5620 5540 2310 7760 4040 1380 10500
Mg 46 1090 1050 345 1400 867 162 2320
Al 63 1600 1150 638 2260 1500 323 3353
P 47 2700 2190 1020 3510 2400 308 6100
S 67 6560 6430 2080 8520 4420 1080 17200
K 49 986 831 446 1180 806 219 1990
Ca 34 3390 2610 1760 4160 2840 584 6620
Sc 59 0.06 0.04 0.02 0.08 0.05 0.01 0.13
Ti 55 16.2 15.1 6.33 22.3 10.0 4.60 39.1
V 67 1.31 1.13 0.52 1.86 0.85 0.30 2.95
Cr 64 11.7 12.9 4.15 13.9 7.55 1.78 29.2
Mn 67 24.7 14.1 15.0 32.5 20.6 9.70 43.6
Fe 67 375 204 225 505 336 159 635
Co 67 0.44 0.34 0.21 0.52 0.33 0.14 0.95
Ni 48 7.63 8.78 1.98 8.87 5.22 0.89 18.8
Cu 67 27.2 30.7 9.98 33.6 17.8 6.55 54.4
Zn 51 310 381 83.8 373 160 19.3 780
Ga 67 1.48 0.84 0.85 1.88 1.37 0.60 2.72
As 67 7.03 5.07 3.15 10.8 5.63 2.15 14.3
Rb 67 3.90 2.60 1.91 5.22 3.01 1.55 7.63
Sr 67 12.7 7.20 6.71 16.3 12.3 4.89 22.2
Y 30 0.72 1.09 0.18 0.86 0.34 0.05 1.86
Zr 39 32.6 22.3 13.0 49.4 30.3 5.85 58.3
Nb 15 0.69 0.36 0.38 1.04 0.59 0.26 1.15
Mo 57 16.4 16.7 6.37 21.0 11.9 2.21 36.2
Ag 56 0.77 1.04 0.29 0.96 0.59 0.14 1.29
Cd 67 1.15 0.91 0.42 1.65 0.97 0.18 2.44
Sn 64 2.91 2.15 1.30 3.85 2.52 0.53 5.40
Sb 5 2.66 3.23 0.09 3.31 1.90 0.08 7.91
Cs 67 0.90 0.46 0.53 1.26 0.77 0.39 1.50
Ba 56 267 386 50.9 342 111 22.6 785
Pb 61 48.9 37.8 16.6 70.2 41.4 11.1 99.4
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Table C.11: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site CRAES from October 2008 to February 2009 (period C3, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 16 126 39.2 95.1 138 118 88.3 201
Li 16 4.38 1.34 3.56 4.98 4.41 2.53 6.85
Na 16 1130 479 759 1280 1010 723 1930
Mg 16 1350 631 951 1580 1210 803 2340
Al 16 3540 1670 2400 4345 3190 1850 6440
P 16 125 45.6 88.2 148 117 76.9 208
S 16 5150 2220 2890 6350 5180 2520 7310
K 16 2810 1180 2190 3350 2350 1690 4120
Ca 16 5280 2600 3830 6250 4720 2500 8610
Sc 16 0.71 0.34 0.53 0.82 0.64 0.35 1.38
Ti 16 222 107 161 251 194 123 438
V 16 6.82 2.92 4.58 7.65 6.26 3.89 13.2
Cr 16 11.7 4.39 9.05 15.1 11.2 6.75 18.3
Mn 16 111 35.1 94.1 116 101 81.1 184
Fe 16 2940 1470 2120 3140 2540 1770 5510
Co 16 1.93 0.72 1.45 2.05 1.76 1.33 2.90
Ni 16 6.20 2.38 4.58 8.23 6.15 2.56 9.68
Cu 16 44.9 24.3 29.5 44.9 40.3 26.7 80.6
Zn 16 394 167 263 537 356 192 634
Ga 16 8.39 2.77 6.64 9.50 8.50 5.17 11.6
As 16 17.6 7.76 12.0 21.2 17.0 9.61 29.9
Rb 16 11.9 4.01 8.77 14.6 10.6 7.76 18.1
Sr 16 40.2 18.2 25.9 51.7 36.8 18.8 70.8
Y 16 1.31 0.58 0.95 1.72 1.24 0.58 2.24
Zr 16 21.6 7.00 17.9 25.0 21.7 14.8 26.8
Nb 16 0.86 0.37 0.61 0.98 0.78 0.46 1.38
Mo 8 6.98 4.20 3.19 10.8 7.60 1.03 11.6
Ag 16 0.73 0.25 0.54 0.91 0.66 0.46 1.04
Cd 12 2.84 0.99 2.00 3.45 3.06 1.55 3.99
Sn 16 11.3 4.97 8.20 13.8 10.4 4.57 19.0
Sb 16 12.8 6.59 6.88 16.9 12.0 5.51 22.3
Cs 16 1.52 0.51 1.04 1.91 1.53 0.94 2.19
Ba 15 95.0 90.9 52.3 94.0 65.2 45.1 222
Pb 16 160 43.8 127 188 172 97.6 211
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Table C.12: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and ele-
ment concentrations at site CRAES from October 2007 to July 2008 (period C1, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 36 103 49.3 63.1 138 89.6 46.8 176
Li 36 3.34 2.35 1.64 4.29 2.72 1.40 5.55
Na 36 845 526 490 1140 698 290 1570
Mg 36 864 894 355 1200 452 270 1990
Al 36 2360 3290 759 3370 913 528 5820
P 36 97.4 59.6 57.8 134 75.2 36.0 162
S –
K 36 2820 1820 1460 3680 2480 1190 4510
Ca 35 3030 2790 1120 4270 1650 964 7460
Sc 36 0.44 0.58 0.16 0.56 0.21 0.11 1.07
Ti 36 138 172 53.6 179 74.3 43.2 335
V 36 5.02 4.92 2.20 6.76 3.20 1.74 10.9
Cr 35 7.58 5.12 3.55 10.5 6.43 3.06 15.6
Mn 36 101 49.8 71.8 128 87.2 42.0 156
Fe 36 1940 1980 865 2400 1110 688 4270
Co 36 1.21 0.81 0.70 1.50 1.01 0.53 2.17
Ni 34 6.07 6.54 2.17 6.95 3.83 1.73 11.7
Cu 36 77.2 38.6 54.4 95.3 68.2 32.6 129
Zn 36 507 296 236 691 467 190 819
Ga 36 6.74 4.26 3.41 9.06 6.09 1.97 13.7
As 36 20.8 11.6 10.3 28.9 18.4 8.37 39.7
Rb 36 12.7 6.39 6.89 16.4 12.7 5.46 22.4
Sr 36 25.1 30.0 9.42 25.6 13.4 6.23 66.1
Y 31 0.91 0.92 0.33 1.17 0.57 0.18 1.93
Zr 34 17.5 8.31 12.6 22.0 15.7 9.44 27.5
Nb 36 0.62 0.44 0.31 0.76 0.53 0.15 1.18
Mo 22 7.82 5.80 4.35 10.4 6.49 1.84 13.5
Ag 36 0.81 0.35 0.55 1.03 0.72 0.41 1.38
Cd 36 4.05 2.87 1.69 5.16 3.53 1.36 8.08
Sn 36 14.6 7.15 8.42 18.3 13.8 6.65 27.2
Sb 36 31.7 14.2 22.2 40.7 29.6 12.6 48.9
Cs 36 1.63 0.75 0.94 2.14 1.65 0.77 2.64
Ba 33 76.3 144 23.2 60.3 39.8 10.8 121
Pb 36 213 110 122 274 189 84.2 386
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Table C.13: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site CRAES from July 2007 to September 2008 (period C2, 12-hourly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 47 53.7 38.9 27.2 67.3 43.8 16.6 124
Li 58 1.81 1.45 0.58 2.66 1.46 0.27 4.07
Na 47 8350 7600 3110 10800 6470 511 25200
Mg 46 1320 1230 420 1740 878 189 3800
Al 57 1900 1380 824 2470 1540 323 3990
P 51 3280 2300 1160 4590 2732 798 6430
S 65 6270 6110 2080 8710 3603 1210 16500
K 52 947 713 385 1350 836 197 1883
Ca 39 4170 3450 1360 8030 2580 492 9520
Sc 54 0.06 0.05 0.03 0.08 0.04 0.01 0.11
Ti 53 16.6 14.1 6.36 22.5 12.8 4.60 38.4
V 63 1.48 1.65 0.48 1.85 0.89 0.28 3.24
Cr 61 15.0 14.6 4.33 21.4 12.4 2.16 28.3
Mn 65 24.1 13.3 14.1 31.6 20.9 8.37 43.5
Fe 64 375 210 200 546 331 146 658
Co 65 0.67 0.75 0.27 0.80 0.43 0.14 1.35
Ni 49 9.15 9.58 2.37 11.9 5.62 0.87 29.4
Cu 65 44.1 48.3 15.0 44.1 29.2 8.67 103
Zn 54 365 502 67.7 436 171 13.8 915
Ga 65 1.62 0.85 1.03 1.91 1.49 0.76 2.75
As 65 7.10 4.73 3.75 9.49 6.05 2.26 14.9
Rb 65 3.73 2.48 1.91 5.40 2.93 1.44 7.22
Sr 65 14.6 12.1 6.29 18.1 11.7 4.62 25.5
Y 25 0.80 0.74 0.27 1.33 0.59 0.07 1.45
Zr 31 31.1 22.7 12.4 45.0 28.0 4.26 64.5
Nb 16 0.49 0.33 0.26 0.59 0.45 0.06 0.99
Mo 53 22.5 22.2 7.00 31.2 12.7 3.86 61.1
Ag 58 0.58 0.43 0.29 0.84 0.47 0.15 1.11
Cd 65 1.19 0.99 0.53 1.59 0.91 0.36 2.34
Sn 65 2.98 2.21 1.34 3.84 2.54 0.87 5.79
Sb 6 2.69 3.22 0.09 4.07 1.67 0.08 8.55
Cs 65 0.82 0.46 0.49 1.11 0.64 0.32 1.51
Ba 52 348 589 41.2 373 119 24.2 959
Pb 61 46.4 35.1 16.9 62.7 41.2 13.2 92.6
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Table C.14: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site CRAES from October 2008 to February 2009 (period C3, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 21 102 46.9 71.6 119 96.2 46.0 149
Li 21 2.95 1.45 2.24 3.68 2.56 1.69 4.09
Na 21 835 413 607 993 738 456 1290
Mg 21 710 623 273 907 462 230 1400
Al 21 1790 1630 685 2240 1390 522 3800
P 21 87.9 42.7 60.9 112 79.3 51.5 133
S 21 5170 2400 2980 7330 4460 2760 8660
K 21 3080 3000 1870 2530 2000 1290 4820
Ca 21 2090 1640 1000 2650 1700 821 3330
Sc 21 0.34 0.32 0.13 0.38 0.24 0.10 0.68
Ti 21 111 97.3 46.4 116 76.5 43.5 206
V 21 3.89 2.83 1.91 4.53 2.94 1.73 7.58
Cr 21 14.6 8.66 7.78 20.0 11.3 6.88 28.6
Mn 21 74.5 27.2 62.0 85.7 72.7 44.8 92.7
Fe 21 1500 1110 903 1680 1130 710 2590
Co 21 1.24 0.68 0.91 1.65 1.07 0.39 1.88
Ni 20 4.34 1.67 3.16 5.76 3.89 2.52 6.61
Cu 21 60.2 44.7 31.7 65.0 48.2 25.6 146
Zn 21 350 140 245 411 334 201 549
Ga 21 7.70 3.66 4.22 10.3 7.83 3.27 12.3
As 21 17.9 7.42 12.0 21.1 16.7 10.7 25.6
Rb 21 8.87 3.66 5.59 10.5 8.79 5.07 11.1
Sr 21 35.7 51.9 9.03 30.6 12.3 7.52 80.5
Y 20 0.64 0.66 0.27 0.75 0.42 0.12 1.36
Zr 21 20.1 9.70 14.8 21.3 20.0 11.7 26.4
Nb 21 0.44 0.30 0.22 0.59 0.39 0.16 0.76
Mo 9 14.7 29.4 2.78 7.64 3.71 1.38 92.3
Ag 21 0.83 0.39 0.62 0.93 0.75 0.54 1.06
Cd 16 3.26 1.30 2.14 4.42 2.96 1.71 4.67
Sn 21 13.5 12.3 8.15 15.1 10.4 5.91 16.8
Sb 21 15.6 6.00 10.7 17.8 15.3 8.10 21.8
Cs 21 1.14 0.42 0.79 1.39 1.23 0.64 1.50
Ba 19 131 267 18.6 83.1 33.1 10.5 695
Pb 21 178 70.7 130 214 173 95.8 265
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Table C.15: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and ele-
ment concentrations at site CRAES from October 2007 to July 2008 (period C1, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 39 96.4 58.2 50.1 141 86.4 32.1 158
Li 38 35.4 9.45 28.2 40.1 35.7 24.0 48.9
Na 38 9930 4560 7660 10000 8940 6380 13600
Mg 38 10200 4960 5630 14000 9820 4050 17900
Al 38 27000 17300 17900 34600 22700 7650 46500
P 38 1040 397 785 1120 952 660 1667
S –
K 38 29100 17000 23600 29900 26800 19400 35100
Ca 38 41800 24400 25700 49900 38500 16200 72200
Sc 38 4.73 2.53 2.62 6.22 4.26 1.54 8.71
Ti 38 1590 760 1020 1960 1425 650 2600
V 38 55.7 24.7 37.7 62.6 55.0 28.8 90.6
Cr 37 103 62.8 71.8 106 95.3 55.3 148
Mn 38 1450 873 957 1430 1150 872 2690
Fe 38 23600 12700 15400 29100 20400 12300 39100
Co 38 16.9 21.2 9.18 16.5 12.2 6.21 26.5
Ni 36 71.8 80.4 32.2 67.6 47.4 25.0 132
Cu 38 596 437 378 641 503 288 931
Zn 38 6480 4990 4170 7410 5710 3090 9070
Ga 38 64.2 32.4 34.9 87.3 55.2 32.2 117
As 38 225 165 151 248 202 94.2 314
Rb 38 157 113 114 158 139 99.6 197
Sr 38 240 136 151 283 223 106 453
Y 37 7.79 6.09 2.05 12.8 6.71 1.33 16.3
Zr 38 216 151 134 286 182 69.2 347
Nb 38 7.31 3.89 4.65 9.08 6.79 2.42 13.2
Mo 17 110 150 28.0 129 47.2 7.94 400
Ag 38 10.4 7.40 6.62 11.8 9.26 4.34 14.9
Cd 38 38.6 30.5 24.8 44.9 33.3 15.6 55.4
Sn 38 159 239 90.0 150 110 76.8 196
Sb 38 184 93.0 120 218 168 90.6 320
Cs 38 21.0 15.9 15.2 22.3 19.1 11.0 25.8
Ba 33 526 597 216 630 387 79.8 1030
Pb 38 2200 1290 1480 2600 2040 1200 3170
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Table C.27: Factor (Fa) scores of the seven extracted factors
(Principal Component Analysis, substitution of missing data
by average value, Varimax standardized rotation) for element
concentrations of TSP samples (data from 24-hourly samples
in µg/g) together with some meteorological parameters (visi-
bility, dew point, temperature, wind speed, and predominant
wind direction). Scores > ±1 are marked in bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7

24/07/2008 -0.98 -0.60 1.68 1.15 -0.04 -0.26 1.03

25/07/2008 -0.89 0.35 1.92 -0.32 0.22 -0.39 0.76
26/07/2008 -0.78 -0.55 1.67 0.37 -0.15 -0.24 0.92
27/07/2008 -0.41 0.66 2.04 0.08 -0.33 0.66 0.78
28/07/2008 -0.76 -0.49 1.45 -0.27 -0.22 -0.21 0.95
29/07/2008 -0.72 -1.04 0.16 1.40 0.31 5.71 -0.62
30/07/2008 2.51 -1.37 0.37 -1.60 -1.07 0.66 1.65

31/07/2008 1.48 -1.60 0.23 -1.51 -1.32 2.19 0.08
01/08/2008 -1.18 -1.03 -0.65 -0.59 1.93 0.93 0.47
02/08/2008 -1.46 0.04 -0.64 -1.71 0.23 0.18 -1.03

03/08/2008 -0.62 0.13 1.07 -0.04 0.51 0.83 1.24

04/08/2008 -0.31 0.13 1.13 -0.64 0.29 -0.39 1.01

05/08/2008 -0.50 0.12 1.02 -0.30 0.31 0.14 -0.26
06/08/2008 -0.28 1.45 1.66 -0.41 -0.14 0.78 0.26
07/08/2008 -0.84 -0.64 1.77 -0.43 -0.31 -0.66 1.26

08/08/2008 -0.52 0.56 1.58 -0.30 2.08 -1.13 1.30

09/08/2008 0.82 0.67 1.36 -0.98 -0.51 -0.32 0.22
10/08/2008 3.18 -0.69 -0.23 -0.29 0.08 -1.45 -0.41
11/08/2008 2.11 -1.63 -0.95 -0.61 5.42 -0.30 -0.87
12/08/2008 0.53 -1.55 0.44 -0.99 -0.85 0.18 -0.71
13/08/2008 0.20 -0.61 0.43 -0.60 -0.75 -0.74 -1.49

14/08/2008 -0.52 -1.37 -0.75 -0.77 -0.47 -1.22 -0.62
15/08/2008 -1.07 0.01 -0.79 -0.79 0.10 0.56 -0.77
16/08/2008 -1.12 -0.76 -0.72 0.60 -0.34 0.46 -0.90
17/08/2008 0.10 -1.18 -0.95 -0.92 -0.64 0.05 -0.54
18/08/2008 -0.16 -0.51 -0.55 -1.16 0.08 -0.59 -1.10

19/08/2008 -1.02 -0.86 -0.09 -1.03 0.09 0.30 -1.14

20/08/2008 2.29 1.84 0.61 0.85 1.34 0.89 0.08
21/08/2008 -0.16 -1.37 -0.05 1.13 -0.50 -0.41 -0.11

22/08/2008 -0.15 0.00 -0.86 -1.15 -0.27 0.60 -0.79
23/08/2008 -0.63 1.16 -0.65 -1.09 -0.01 0.99 -0.03
24/08/2008 -0.84 -0.78 0.23 -0.69 -0.26 -0.91 0.22
25/08/2008 -0.75 -0.57 0.18 0.67 1.57 -0.48 0.74
26/08/2008 -0.25 -1.79 0.29 0.42 -0.70 -0.12 0.00
27/08/2008 -0.42 -0.43 0.86 -0.66 -0.63 -0.54 -1.09

28/08/2008 -0.52 0.39 1.33 -0.23 1.00 -1.19 -1.04

29/08/2008 0.14 -1.06 0.67 1.96 -0.26 -0.81 -0.60
30/08/2008 0.14 -0.05 -1.32 -0.28 0.18 0.49 2.50

31/08/2008 -0.89 -0.21 -1.23 -0.17 1.77 -0.21 -0.66

Continued on next page
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Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7

01/09/2008 -0.41 0.39 -0.98 -0.83 -0.26 1.06 -0.12
02/09/2008 0.53 1.33 -0.10 -0.64 -0.36 0.43 0.44
03/09/2008 1.23 0.40 -0.37 0.21 1.76 0.63 1.07

04/09/2008 -0.53 0.36 -0.16 0.75 0.12 -0.22 -0.20
05/09/2008 -0.26 0.45 -0.13 -0.10 -0.39 -0.33 -0.75
06/09/2008 0.91 0.98 0.71 0.05 -0.72 -0.58 -0.51
07/09/2008 -0.58 -0.35 -0.07 1.54 -0.05 0.08 -1.66

08/09/2008 2.27 0.56 0.21 1.39 -0.39 -0.09 0.50
09/09/2008 1.35 -1.96 -0.16 1.76 -0.94 -0.88 0.89
10/09/2008 -0.20 0.99 -0.80 -0.11 -0.64 0.30 1.22

11/09/2008 -0.22 1.92 -0.49 -0.90 -0.44 0.82 -0.79
12/09/2008 1.06 1.15 -0.90 -0.62 -0.83 -0.36 -0.38
13/09/2008 0.63 2.16 -0.53 -0.25 -0.21 -0.25 -1.02

14/09/2008 0.22 0.75 0.11 0.54 0.40 -0.58 -0.68
15/09/2008 -0.25 0.39 -0.14 -0.10 -0.41 -0.75 -1.77

16/09/2008 1.43 0.94 -0.16 0.37 -0.21 0.47 -0.12
17/09/2008 -0.06 0.26 0.20 1.19 -0.47 0.78 -0.61
18/09/2008 0.16 0.89 -0.31 -0.14 -0.33 -0.18 -0.59
19/09/2008 -0.35 0.90 0.00 1.70 0.92 -0.29 -0.17
20/09/2008 0.13 1.08 0.39 0.07 -0.46 -1.09 -2.02

21/09/2008 0.93 -0.57 0.22 2.04 -0.98 -0.15 -0.92
22/09/2008 -0.56 -0.58 -2.08 -1.02 -1.10 -1.37 1.67

23/09/2008 -1.51 0.76 -1.81 3.01 0.10 -0.67 0.43
24/09/2008 -0.34 -1.01 -1.96 1.95 -0.70 -0.36 0.54
25/09/2008 -0.95 0.37 -2.05 -0.97 0.02 -1.06 2.73

26/09/2008 -0.41 2.31 -1.16 0.36 -0.27 -0.08 0.81
27/09/2008 1.01 0.36 -1.23 0.65 -0.91 0.66 1.34

Table C.28: Factor (Fa) scores of the eight extracted fac-
tors (Principal Component Analysis, case by case exclusion
of missing data, Varimax standardized rotation) for watersol-
uble ion concentrations of TSP samples (data from 24-hourly
samples in µg/g) together with some meteorological param-
eters (visibility, dew point, temperature, wind speed, and
predominant wind direction). Scores > ±1 are marked in
bold.

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8

Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8

24/07/2008 -0.87 -0.79 1.50 -0.13 0.55 -0.09 -1.37 0.62
25/07/2008 -0.77 -1.24 0.60 -0.15 0.03 0.39 -0.83 1.18

26/07/2008 -0.58 -1.23 0.50 -1.05 0.87 -0.14 -1.13 1.01

27/07/2008 -0.45 -1.13 0.41 -1.20 1.35 -0.09 -1.06 1.43

28/07/2008 -0.47 -0.91 0.50 -0.36 0.75 0.12 -1.00 1.23

Continued on next page
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Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8

29/07/2008 0.07 1.76 0.33 2.10 -0.54 -0.39 -0.32 0.43
30/07/2008 3.22 -0.47 -1.09 0.90 0.27 0.35 -0.87 1.27

31/07/2008 1.90 1.25 -1.32 -1.25 0.75 0.35 0.24 1.94

01/08/2008 -0.25 0.95 -0.92 0.53 -0.48 0.74 -0.19 0.61
02/08/2008 -1.19 0.39 -1.23 0.34 0.20 0.57 0.49 0.50
03/08/2008 -0.11 -0.57 -0.46 -0.05 -1.66 0.15 -1.02 1.06

04/08/2008 0.00 -0.80 -0.04 -0.27 -0.98 0.13 -0.95 0.76
05/08/2008 -0.30 -0.67 0.00 0.40 0.35 0.41 -0.02 1.00

06/08/2008 -0.26 -0.77 0.95 1.52 0.98 0.44 -0.78 1.24

07/08/2008 -0.77 -0.94 0.82 -1.49 0.94 0.31 -1.22 1.46

08/08/2008 -0.38 -0.40 0.06 -1.56 -6.85 0.02 -1.11 0.76
09/08/2008 0.50 -0.53 1.18 -0.13 0.59 0.60 0.03 0.95
10/08/2008 2.91 1.19 1.59 -0.53 0.04 0.69 0.24 -0.66
11/08/2008 2.68 2.15 -0.61 -0.77 -0.53 0.58 1.34 0.77
12/08/2008 0.62 -0.11 -0.50 -0.66 0.24 0.10 1.29 1.12

13/08/2008 -0.10 -0.26 0.90 0.78 -0.32 0.95 2.36 0.41
14/08/2008 -0.19 1.93 0.46 -0.25 -0.24 0.47 0.71 0.10
15/08/2008 -1.32 2.07 -0.55 -0.41 0.51 0.19 -0.49 0.48
16/08/2008 -1.02 0.29 -0.75 0.28 0.37 0.10 0.59 -0.27
17/08/2008 -0.16 1.54 -0.20 0.35 0.27 0.02 0.14 0.12
18/08/2008 -0.23 1.45 -0.47 -0.37 0.42 -0.16 0.73 1.03

19/08/2008 -0.75 0.53 -0.57 0.23 0.02 0.37 1.24 0.92
20/08/2008 1.49 0.46 1.81 2.94 -0.17 -0.17 -0.47 0.03
21/08/2008 -0.21 2.53 1.90 -0.52 -0.14 0.09 -0.15 0.67
22/08/2008 0.05 0.56 -0.95 0.40 0.47 0.47 0.33 0.41
23/08/2008 -0.36 0.08 -1.52 0.34 0.11 0.59 -0.39 0.11
24/08/2008 -0.78 -0.58 -0.55 -1.02 0.40 -0.03 -0.23 0.51
25/08/2008 -0.47 -0.19 0.65 0.86 -0.36 -0.08 -0.47 0.39
26/08/2008 -0.51 0.51 0.13 0.65 -0.09 -7.10 0.64 0.82
27/08/2008 -0.78 -0.63 0.07 -0.89 0.22 0.19 1.63 0.93
28/08/2008 -0.65 -1.12 1.11 2.18 -0.39 0.74 1.32 0.82
29/08/2008 -0.50 0.02 2.43 -0.67 0.18 0.07 0.52 -0.69
30/08/2008 -0.18 1.32 -0.26 0.52 0.60 -0.27 -2.47 -0.53
31/08/2008 -0.95 1.30 -0.78 0.18 -0.01 -0.08 0.44 -0.50
01/09/2008 -0.50 0.53 -1.13 0.37 0.56 0.08 -0.18 -0.24
02/09/2008 0.64 -0.97 -1.05 1.38 0.55 -0.12 -0.76 -0.18
03/09/2008 1.26 -0.43 -0.55 1.07 0.05 -0.58 -1.53 -0.45
04/09/2008 -0.71 -0.14 -0.20 0.32 0.04 -0.02 0.06 -0.13
05/09/2008 -0.35 -0.48 -0.39 1.01 0.01 0.13 0.38 -0.11
06/09/2008 0.22 -1.05 1.58 1.14 -0.12 0.75 0.50 -0.80
07/09/2008 -0.90 0.36 0.15 -1.02 -0.12 -0.41 1.97 -0.22
08/09/2008 1.61 -0.48 0.64 0.90 -0.60 -0.70 -0.25 -0.43
09/09/2008 1.15 0.50 1.72 -3.41 0.68 -0.48 -0.57 -0.90
10/09/2008 -0.26 -0.32 -1.11 -0.73 -0.09 0.03 -0.95 -0.88
11/09/2008 -0.39 -0.79 -1.50 -0.61 0.09 0.31 0.48 -0.75
12/09/2008 1.04 -1.18 -1.91 -1.46 0.77 -1.21 0.13 -0.97
13/09/2008 0.54 -0.95 -1.61 0.31 0.48 -0.12 0.58 -0.63

Continued on next page
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Fa1 Fa2 Fa3 Fa4 Fa5 Fa6 Fa7 Fa8

14/09/2008 0.28 -0.56 0.09 -0.15 -0.15 -0.06 0.27 -0.74
15/09/2008 -0.47 -0.62 -0.23 -0.41 -0.40 0.61 2.11 -0.80
16/09/2008 2.04 -0.79 -0.41 -0.32 -0.45 -0.46 -0.30 -1.41

17/09/2008 -0.13 -0.49 0.15 0.43 -0.33 -1.19 1.24 -0.51
18/09/2008 0.12 -1.21 -1.41 -0.44 0.07 -0.21 0.49 -0.80
19/09/2008 -0.25 -0.86 -0.18 0.45 -0.53 -0.05 0.35 -0.66
20/09/2008 -0.17 -1.38 0.32 0.17 -0.18 0.72 2.39 -0.94
21/09/2008 0.60 -0.41 2.43 -1.32 0.85 -0.35 0.39 -1.63

22/09/2008 -0.72 1.18 -0.65 -0.90 0.35 0.62 -1.22 -1.45

23/09/2008 -1.53 0.67 0.33 0.10 0.07 -0.30 -0.64 -2.34

24/09/2008 -0.42 0.58 0.49 0.06 -0.24 0.02 -0.05 -2.55

25/09/2008 -1.45 1.36 -0.17 0.88 0.03 1.06 -1.71 -1.67

26/09/2008
27/09/2008 0.87 -1.04 -0.54 0.41 -0.10 0.34 -0.94 -2.25
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Table C.16: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site CRAES from July 2007 to September 2008 (period C2, 12-hourly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 56 58.4 37.1 36.8 77.3 52.5 19.6 88.8
Li 52 45.1 62.6 14.4 57.8 24.3 8.53 86.8
Na 44 109000 98900 40500 139000 84400 21100 219000
Mg 40 17800 15295 7240 20600 13900 3040 42000
Al 53 28400 18828 17000 36900 23400 5430 62900
P 39 39500 26332 18000 58800 37400 7560 73900
S 56 110000 53500 68900 150000 118000 33500 181000
K 42 16500 12400 8790 19600 14300 5230 31500
Ca 28 52900 45500 35200 60100 48300 8470 84600
Sc 51 1.47 1.79 0.45 1.63 1.06 0.33 3.00
Ti 50 268 179 122 331 250 73.3 527
V 56 25.1 16.8 14.7 29.9 21.3 9.16 44.2
Cr 56 222 239 84.4 264 148 47.0 430
Mn 56 505 365 281 583 401 223 792
Fe 56 7730 5560 4280 8730 6240 3370 14000
Co 56 8.48 7.10 4.20 9.34 5.51 2.80 21.0
Ni 40 114 108 32.7 144 69.6 18.2 287
Cu 56 459 436 224 509 347 163 756
Zn 45 4630 7070 1195 4400 2820 492 9730
Ga 56 28.5 13.7 19.8 32.9 24.0 15.9 46.9
As 56 140 94.0 79.9 162 121 54.8 209
Rb 56 78.7 58.6 46.5 91.1 63.5 33.4 141
Sr 56 251 193 127 307 198 86.7 507
Y 26 11.2 11.1 4.46 11.4 8.94 1.58 21.0
Zr 33 909 1310 191 1250 497 73.1 1680
Nb 14 31.1 52.5 5.23 36.4 7.80 3.99 85.3
Mo 47 280 234 114 378 202 62.9 660
Ag 49 16.8 23.8 5.56 16.0 10.5 1.29 39.4
Cd 56 25.3 28.5 11.8 28.9 16.9 6.58 40.4
Sn 54 62.1 57.3 36.3 74.4 46.2 13.8 99.0
Sb 5 14.8 14.1 2.04 23.6 12.7 1.33 34.1
Cs 56 18.9 15.2 11.2 21.7 15.7 6.77 28.7
Ba 48 4720 8040 811 5270 1700 291 10200
Pb 54 866 579 535 1130 743 215 1610
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Table C.17: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for day-time PM2.5 mass and element
concentrations at site CRAES from October 2008 to February 2009 (period C3, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
DAY N avg stdev QT QT median PCT PCT

mass 16 126 39.2 95.1 138 118 88.3 201
Li 16 35.2 6.19 30.8 38.3 34.1 27.9 43.4
Na 16 8860 1490 7720 10300 8530 7430 11100
Mg 16 10500 2620 8480 12200 10500 7850 13900
Al 16 27400 6880 23100 32500 26400 16800 37600
P 16 987 134 843 1087 995 824 1150
S 16 41400 14500 27200 52700 40900 24700 61300
K 16 22600 7420 18300 26700 20200 16400 29300
Ca 16 41300 14200 32200 51100 41400 25500 58900
Sc 16 5.51 1.35 4.81 6.46 5.59 3.22 7.47
Ti 16 1720 453 1460 2020 1680 1120 2370
V 16 53.4 10.1 46.1 60.4 52.1 40.9 67.0
Cr 16 93.8 33.7 78.6 99.2 87.1 70.8 116
Mn 16 892 171 810 973 862 682 1098
Fe 16 22700 5380 18900 25700 22400 16300 30100
Co 16 15.3 2.26 14.3 16.0 15.1 12.3 19.2
Ni 16 50.4 18.6 39.9 56.3 47.9 27.7 80.0
Cu 16 353 125 279 414 329 221 587
Zn 16 3160 1060 2240 3900 3020 2050 4770
Ga 16 68.0 18.1 56.5 76.4 63.6 50.1 86.7
As 16 143 61.7 105 164 126 82.5 191
Rb 16 94.7 17.5 79.8 109 93.3 73.7 115
Sr 16 312 84.7 249 360 313 204 439
Y 16 10.4 3.33 7.97 13.2 11.0 5.44 14.6
Zr 16 179 50.7 135 220 193 88.5 229
Nb 16 6.70 1.38 5.86 7.26 6.90 4.60 9.01
Mo 8 68.1 50.3 17.4 109 76.4 7.50 132
Ag 16 6.05 2.12 4.79 7.53 5.25 3.78 9.22
Cd 12 24.4 9.84 16.1 34.4 22.4 14.3 37.9
Sn 16 89.4 28.6 69.4 113 90.2 39.2 119
Sb 16 103 48.9 66.5 121 98.1 52.2 177
Cs 16 12.2 3.08 9.84 14.1 12.7 8.07 15.5
Ba 15 739 648 411 655 574 334 1716
Pb 16 1300 310 1070 1530 1250 951 1800
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Table C.18: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and ele-
ment concentrations at site CRAES from October 2007 to July 2008 (period C1, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 36 103 49.3 63.1 138 89.6 46.8 176
Li 35 32.3 8.71 25.1 38.7 30.7 23.5 42.6
Na 35 8270 2170 6590 9670 8130 5860 11000
Mg 35 8160 4770 4060 10700 7350 2920 14900
Al 35 20700 15900 8280 28600 15800 5620 36700
P 35 965 254 774 1090 960 685 1240
S –
K 35 29000 14500 23200 28800 25200 19900 33100
Ca 35 28700 17000 13600 45300 24400 10100 51700
Sc 35 3.86 2.72 1.84 5.13 2.99 1.40 6.64
Ti 35 1240 803 653 1680 988 495 2080
V 35 47.3 23.1 27.2 61.7 46.8 21.8 78.7
Cr 35 74.4 38.3 49.2 86.8 68.6 38.4 103
Mn 35 1060 335 878 1080 976 776 1570
Fe 35 17900 8780 10200 22600 15500 9260 26500
Co 35 12.1 4.51 9.18 13.7 11.6 6.53 18.5
Ni 33 69.5 103 28.2 63.3 40.4 14.6 148
Cu 35 825 335 573 994 797 429 1280
Zn 35 5320 2340 4060 6200 5050 3000 7700
Ga 35 71.2 39.3 41.1 100 53.7 34.5 131
As 35 224 108 160 259 212 99.8 357
Rb 35 129 39.0 103 145 127 97.9 163
Sr 35 260 314 103 297 190 74.2 361
Y 30 8.57 5.77 3.60 14.2 7.40 2.82 14.8
Zr 33 191 87.5 128 260 160 106 336
Nb 35 5.98 2.83 3.70 7.75 5.93 2.52 9.51
Mo 22 81.1 54.7 47.5 133 63.7 19.9 168
Ag 35 9.04 4.51 7.24 9.88 8.20 4.48 12.6
Cd 35 44.9 43.5 26.1 51.6 38.5 20.6 56.0
Sn 35 157 62.2 113 189 153 87.2 228
Sb 35 340 130 235 441 337 178 504
Cs 35 17.2 6.09 13.5 19.5 16.9 11.1 21.6
Ba 32 858 1495 187 752 401 97.7 1480
Pb 35 2280 837 1790 2700 2310 1260 3170
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Table C.19: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site CRAES from July 2007 to September 2008 (period C2, 12-hourly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 48 57.1 45.1 27.4 68.9 43.9 16.6 127
Li 42 36.0 32.8 14.1 50.6 26.0 5.56 86.8
Na 36 117000 104000 42700 149000 92900 12200 267200
Mg 33 24000 24600 8000 35500 12500 4000 59600
Al 42 36500 43100 11300 51500 25200 5640 67300
P 34 60000 53400 25000 73900 41500 15000 141000
S 48 121000 114000 53300 130000 96800 33500 225000
K 37 16600 11800 7550 25100 13300 3660 37300
Ca 27 57900 59500 17000 74100 41900 8760 129000
Sc 39 1.41 2.51 0.29 1.52 0.75 0.14 3.17
Ti 38 279 258 156 325 216 102 431
V 47 25.2 19.7 12.3 32.3 20.3 6.51 56.9
Cr 46 283 321 65.0 367 168 38.9 787
Mn 48 501 353 276 556 418 155 1050
Fe 47 7210 4520 4120 8490 6620 2220 13800
Co 48 12.2 13.3 4.82 14.6 7.12 2.06 31.7
Ni 35 119 110 27.8 179 103 13.1 251
Cu 48 817 765 309 1060 548 163 2020
Zn 41 5590 7920 1110 4980 2710 417 14700
Ga 48 33.8 23.9 20.9 37.0 25.2 13.2 66.4
As 48 148 123 82.3 162 122 48.3 267
Rb 48 78.1 63.9 43.4 95.5 65.1 26.3 129
Sr 48 265 237 133 300 203 76.3 474
Y 19 13.9 20.1 2.58 11.3 8.08 0.92 59.5
Zr 23 659 674 257 900 427 78.6 1680
Nb 13 10.2 8.94 2.17 14.6 8.14 0.93 20.0
Mo 38 279 268 105 355 206 38.4 642
Ag 43 13.2 13.2 3.96 16.4 8.96 1.27 32.5
Cd 48 23.7 20.9 12.9 26.3 17.9 8.64 46.4
Sn 48 59.8 49.6 28.5 75.7 48.4 14.6 113
Sb 6 21.3 25.6 2.04 30.3 13.5 1.33 67.3
Cs 48 17.2 12.0 8.45 21.2 14.4 5.37 30.6
Ba 36 5609 9479 772 5761 2030 299 17099
Pb 46 958 821 499 1158 757 294 1663
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Table C.20: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for night-time PM2.5 mass and element
concentrations at site CRAES from October 2008 to February 2009 (period C3, weekly
sampling). Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
NIGHT N avg stdev QT QT median PCT PCT

mass 21 102 46.9 71.6 119 96.2 46.0 149
Li 21 29.3 9.36 21.5 33.6 27.9 20.3 40.3
Na 21 8280 1810 6530 9350 8610 5800 11000
Mg 21 6340 3000 4370 8390 5430 3560 10800
Al 21 16300 9090 10500 20400 13700 6300 29900
P 21 887 316 655 975 851 568 1100
S 21 52400 17400 39000 67300 45000 36600 75200
K 21 29100 17500 19500 31100 21500 18700 37900
Ca 21 20200 8590 14900 26500 19400 8620 31400
Sc 21 3.13 1.66 1.98 3.95 2.89 1.30 5.07
Ti 21 1030 505 650 1350 940 463 1450
V 21 36.6 13.0 30.1 45.2 36.4 19.5 45.9
Cr 21 176 153 83.9 237 109 68.4 347
Mn 21 779 211 633 891 746 568 1030
Fe 21 14400 5950 9850 16500 13000 9480 22200
Co 21 11.9 3.37 9.00 14.0 12.7 7.51 15.9
Ni 20 43.8 13.4 36.6 51.3 43.3 29.0 61.2
Cu 21 668 647 372 707 444 286 1070
Zn 21 3690 1210 2800 4640 4010 2210 4840
Ga 21 75.9 24.1 56.9 96.2 73.0 44.8 100
As 21 193 77.7 144 249 172 105 301
Rb 21 90.3 20.0 74.9 100 84.5 70.6 113
Sr 21 292 319 151 309 174 81.5 417
Y 20 6.53 6.86 2.66 7.11 4.63 1.53 12.2
Zr 21 242 209 165 298 181 97.2 357
Nb 21 4.34 1.99 2.78 5.29 4.11 2.24 7.07
Mo 9 281 668 29.2 80.8 57.7 11.7 2060
Ag 21 9.11 4.59 6.39 10.9 6.98 5.03 13.6
Cd 16 36.3 13.4 27.9 41.9 33.5 17.0 61.1
Sn 21 181 294 78.7 155 109 68.2 220
Sb 21 175 80.9 128 217 178 64.8 261
Cs 21 11.7 3.01 9.71 12.7 11.1 8.96 16.5
Ba 19 1000 1730 240 553 427 158 5590
Pb 21 1840 519 1460 2070 1820 1180 2290
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Table C.21: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM1 mass and element concentra-
tions at site CRAES from July 2007 to September 2008 (period C2, 24-hourly sampling).
Mass concentrations in µg/m3, all element concentrations in ng/m3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 49 34.1 17.2 20.8 45.1 31.4 14.5 63.6
Li 52 1.18 0.81 0.69 1.38 1.04 0.43 2.01
Na 51 5740 2710 4010 8520 5560 1730 9190
Mg 41 531 384 249 732 409 113 1130
Al 53 1090 451 794 1240 1020 630 1580
P 47 1290 829 646 1650 1280 238 2180
S 54 4420 3600 1660 5734 3000 1140 9850
K 52 585 344 394 702 536 216 933
Ca 54 4030 977 3400 4760 3880 2916 5540
Sc 36 0.05 0.04 0.02 0.06 0.04 0.01 0.09
Ti 53 12.4 8.05 8.06 15.6 10.4 4.15 24.0
V 54 0.97 0.72 0.53 1.29 0.73 0.30 1.82
Cr 51 10.2 6.71 5.86 13.2 8.21 4.10 19.9
Mn 54 16.7 7.27 10.3 22.2 15.8 7.79 26.9
Fe 54 205 96.9 147 255 188 97.0 333
Co 54 0.79 2.79 0.21 0.51 0.29 0.19 0.85
Ni 54 9.33 11.1 6.46 9.78 7.68 4.85 11.5
Cu 54 20.2 13.9 9.28 25.8 17.2 7.00 32.7
Zn 49 273 214 166 281 197 121 503
Ga 54 1.51 0.67 0.98 1.94 1.44 0.67 2.69
As 54 6.09 2.95 3.51 8.13 5.52 2.93 9.94
Rb 54 2.36 1.60 1.23 3.14 2.13 0.93 3.94
Sr 54 10.8 5.48 7.77 11.6 9.12 6.88 15.1
Mo 54 28.3 7.07 23.5 33.4 29.3 18.7 36.5
Cd 54 0.84 0.49 0.44 1.31 0.69 0.28 1.48
Sn 54 2.67 1.75 1.42 3.54 2.19 0.90 4.73
Sb 45 5.87 3.46 3.17 8.42 5.81 1.33 10.4
Cs 54 0.66 0.31 0.44 0.79 0.64 0.30 1.10
Ba 49 136 235 29.5 86.6 55.4 19.8 433
Pb 53 33.5 23.9 13.8 52.4 30.3 6.87 61.1
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Table C.22: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for PM1 mass and element concentra-
tions at site CRAES from July 2007 to September 2008 (period C2, 24-hourly sampling).
Mass concentrations in µg/m3, all element concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 49 34.1 17.2 20.8 45.1 31.4 14.5 63.6
Li 47 45.9 50.7 15.6 57.1 30.6 10.2 90.6
Na 46 249000 200000 96600 356000 194000 44200 561000
Mg 37 22400 20300 7200 34900 17100 4490 52500
Al 48 45700 44500 19800 55800 31800 12700 99200
P 42 56600 75800 20300 63800 35500 8490 120000
S 49 128000 77700 85600 170000 105792 55400 206000
K 47 21600 18600 10500 22900 17033 9410 42500
Ca 49 181000 202000 81000 200000 130000 60500 246000
Sc 36 2.27 4.01 0.38 2.61 0.88 0.17 3.56
Ti 48 588 912 185 618 300 83.1 1310
V 49 34.8 32.2 15.5 37.9 26.1 11.5 76.9
Cr 46 419 391 141 511 306 92.6 940
Mn 49 657 581 334 810 422 268 1160
Fe 49 8360 7960 3420 9880 5030 2410 20400
Co 49 25.6 64.7 5.86 21.0 10.9 3.44 52.1
Ni 49 453 892 140 404 281 102 551
Cu 49 744 692 434 903 550 201 1230
Zn 45 12100 15900 4300 10100 6700 3180 26900
Ga 49 54.8 38.7 32.5 60.0 41.3 27.7 92.2
As 49 218 145 127 227 164 106 468
Rb 49 82.5 65.3 41.5 103 59.5 29.8 158
Sr 49 477 515 214 479 345 130 1030
Mo 49 1240 1230 571 1440 917 409 2550
Cd 49 29.7 21.1 16.3 34.9 22.8 12.5 60.6
Sn 49 99.5 101 47.8 114 71.5 31.7 193
Sb 42 255 379 77.9 243 151 54.1 477
Cs 49 29.1 34.9 11.8 28.7 17.7 8.05 50.3
Ba 44 7450 15900 840 3830 1623 567 17400
Pb 48 1080 729 592 1420 888 292 1970
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Table C.23: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and watersoluble ion
concentrations at site CRAES from July 2008 to September 2008 (period C2, 24-hourly
sampling). Mass concentrations in µg/m3, all ion concentrations in ng/3.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 66 104 51 62 131 96 45 177

Li 65 1.7 0.6 1.2 2.1 1.6 1.1 2.5
Na 65 7560 555 7170 7930 7530 6830 8240
Mg 65 460 232 259 589 431 221 736
Al 65 162 96 76 225 142 58 278
P 65 5010 458 4740 5260 5010 4470 5720
S 65 10600 9470 3720 13800 8550 2040 26600
K 65 983 571 492 1320 889 300 1650
Ca 65 3490 1540 2260 4580 3360 1580 5830
Sc 65 0.04 0.02 0.03 0.05 0.04 0.02 0.06
Ti 65 5.2 2.8 2.9 6.9 4.7 2.3 9.7
V 65 2.1 1.6 0.9 2.8 1.6 0.7 4.1
Cr 65 6.0 3.5 4.6 6.5 5.3 3.7 8.0
Mn 65 41 19 24 55 37 16 69
Fe 65 209 108 111 290 191 86 356
Co 65 0.6 0.3 0.4 0.7 0.5 0.3 0.9
Ni 65 4.7 1.7 3.7 5.5 4.6 2.5 6.6
Cu 65 21 16 9.4 25 16 6.0 37
Zn 65 221 148 77 341 193 58 434
Ga 65 0.5 0.4 0.2 0.7 0.3 0.1 1.2
As 65 8.4 4.6 4.6 12 7.4 3.3 15
Rb 65 4.4 2.7 2.1 6.1 4.4 1.3 7.6
Sr 65 12 9.1 6.2 14 10 4.5 23
Y 65 0.2 0.1 0.1 0.2 0.2 0.1 0.3
Cd 65 1.7 1.2 0.6 2.5 1.7 0.4 3.1
Sn 65 2.0 1.4 0.9 2.7 1.7 0.5 4.0
Sb 65 3.4 4.9 1.5 3.9 2.4 0.7 5.8
Cs 65 0.6 0.4 0.2 0.8 0.6 0.1 1.0
Ba 65 16 17 7.9 22 12 4.8 26
Pb 65 44 25 22 62 39 15 78

Chloride 45 299 378 131 350 196 83 491
Nitrate 64 2880 2020 1250 3870 2070 997 6020
Phosphate 65 7530 1090 6890 8120 7640 5880 8640
Sulphate 65 28200 23000 10600 37400 22800 5650 70600
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Table C.24: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for TSP mass and watersoluble ion
concentrations at site CRAES from July 2008 to September 2008 (period C2, 24-hourly
sampling). Mass concentrations in µg/m3, all ion concentrations in µg/g.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

mass 66 104 51 62 131 96 45 177

Li 65 18 5 14 21 17 13 25
Na 65 91900 44600 57100 121000 77400 41700 169000
Mg 65 4530 883 3940 4900 4480 3590 5720
Al 65 1510 488 1214 1825 1494 891 2080
P 65 62100 32800 36400 85800 50700 26500 119000
S 65 85700 39400 49100 120000 85900 33700 135000
K 65 9520 3849 6946 11100 8600 5910 14300
Ca 65 35000 6920 30400 39300 35800 25200 43400
Sc 65 0.5 0.3 0.3 0.5 0.4 0.3 0.7
Ti 65 50 11 42 56 50 38 64
V 65 20 11 12 21 16 10 37
Cr 65 68 38 39 83 56 31 121
Mn 65 401 103 326 442 385 284 584
Fe 65 2020 541 1620 2370 1960 1370 2670
Co 65 6.0 3.2 3.9 7.1 5.2 3.3 10
Ni 65 55 29 32 73 45 25 100
Cu 65 189 90 122 225 170 106 303
Zn 65 2010 938 1330 2400 1810 1030 3390
Ga 65 4.3 2.1 2.6 5.4 3.8 2.2 7.4
As 65 81 26 64 93 77 53 119
Rb 65 43 24 29 49 36 22 75
Sr 65 115 45 96 121 106 86 140
Y 65 1.7 0.4 1.5 2.0 1.7 1.4 2.2
Cd 65 16 10 11 19 14 7 29
Sn 65 18 8 13 21 16 9 28
Sb 65 35 62 18 33 23 13 50
Cs 65 5.3 3.8 3.4 5.7 4.5 1.7 11
Ba 65 152 112 105 163 128 85 243
Pb 65 429 190 334 473 373 243 691

Chloride 45 3510 3160 1130 5420 2390 649 8170
Nitrate 64 33200 21600 11000 51800 30700 7480 60400
Phosphate 65 93500 50600 57800 121000 77800 36100 182000
Sulphate 65 246000 110000 140000 341000 243000 95500 397000
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Table C.25: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for BC concentrations in µg/m3 from
PM2.5 and PM1 samples at site CRAES during sampling period C (24th of July – 28th
of September 2008). Sampling intervals of 12 hours for PM2.5 and 24-hours for PM1.

lower upper 10th 90th
N avg stdev QT QT median PCT PCT

CRAES
PM2.5 (all) 132 2.26 1.15 1.39 2.97 2.10 0.91 3.74
PM2.5 (day) 66 2.11 1.11 1.29 2.65 1.96 0.86 3.59
PM2.5 (night) 66 2.41 1.18 1.41 3.16 2.31 0.97 3.86
PM1 66 1.67 0.88 1.06 2.18 1.60 0.47 2.81

CUG
PM2.5 67 2.33 1.18 1.43 3.13 2.19 0.83 3.98

Table C.26: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for APM mass concentrations at site
CUG from the 21th of July to the 26th of September 2008 (24-hourly sampling). Mass
concentrations in µg/m3 for the different size classes for total, transparent, and opaque
particles, respectively.

lower upper 10th 90th
Size class N avg stdev QT QT median PCT PCT

Total
2.5 – 5 67 23.5 12.7 14.8 28.0 21.7 11.8 35.8
5 – 10 67 26.3 13.8 16.5 32.4 23.4 11.8 45.1
10 – 20 67 20.9 9.66 14.5 24.6 18.8 10.1 31.1
20 – 40 67 7.84 3.89 4.83 11.0 7.37 3.28 12.7
40 – 80 67 1.45 1.93 0.00 1.74 1.07 0.00 4.99
2.5 – 80 67 79.9 36.9 53.8 96.0 74.3 40.6 123.5
2.5 – 10 67 49.8 26.1 31.5 59.2 45.8 23.6 76.8

Transparent
2.5 – 5 67 20.5 11.1 12.8 24.6 19.4 9.72 30.2
5 – 10 67 20.8 11.1 12.7 26.2 17.9 9.66 35.0
10 – 20 67 16.9 7.98 11.2 20.7 15.7 9.01 26.7
20 – 40 67 6.48 3.37 3.83 8.46 6.11 2.20 11.5
40 – 80 67 1.25 1.65 0.00 1.61 1.04 0.00 3.05
2.5 – 80 67 65.9 30.6 42.8 81.6 62.6 31.1 97.6
2.5 – 10 67 41.3 21.8 26.5 51.0 36.8 18.4 62.4

Opaque
2.5 – 5 67 2.95 2.04 1.76 3.56 2.64 1.13 5.04
5 – 10 67 5.51 3.93 3.06 7.15 4.35 1.96 11.8
10 – 20 67 4.00 2.77 2.09 4.93 3.09 1.41 7.54
20 – 40 67 1.35 1.25 0.00 2.32 1.22 0.00 3.31
40 – 80 67 0.20 0.70 0.00 0.00 0.00 0.00 0.00
2.5 – 80 67 14.0 8.84 7.98 18.4 11.1 6.70 25.0
2.5 – 10 67 8.46 5.77 4.74 10.6 6.65 3.37 15.9
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Table D.1: Descriptive statistics (valid number, average, standard deviation, lower and
upper quartiles, median, 10th and 90th percentile) for APM mass concentrations at site
CUG from the 25th of April 2005 to the 30th of August 2007 (sampling in three and
four day-intervals). Mass concentrations in µg/m3 for the different size classes for all,
transparent, and opaque particles, respectively.

lower upper 10th 90th
Particle size N avg stdev QT QT median PCT PCT

Total
2.5 – 5 243 50.0 23.4 34.8 59.8 44.1 27.2 77.2
5 – 10 243 62.6 25.6 44.7 75.5 58.9 36.2 91.9
10 – 20 243 61.7 27.8 42.6 76.9 55.0 31.9 94.4
20 – 40 243 35.5 26.2 18.6 43.6 26.6 14.0 68.1
40 – 80 243 8.7 12.8 2.1 8.1 4.5 1.2 23.2
2.5 – 80 243 218.5 103.6 148.2 267.2 193.2 116.7 329.4
2.5 – 10 243 112.5 48.3 79.1 135.3 104.2 64.0 169.0

Transparent
2.5 – 5 243 44.5 22.0 30.6 54.3 39.4 23.8 68.6
5 – 10 243 55.0 24.6 37.8 66.8 50.9 30.4 82.4
10 – 20 243 55.0 26.9 36.2 68.4 48.9 28.4 85.6
20 – 40 243 32.1 25.2 16.2 39.0 23.3 11.9 60.8
40 – 80 243 7.8 12.2 1.7 7.5 3.9 1.1 19.3
2.5 – 80 243 194.4 100.3 128.0 235.8 168.9 99.7 291.5
2.5 – 10 243 99.6 45.8 68.4 119.5 92.7 54.2 151.2

Opaque
2.5 – 5 243 5.4 2.5 3.7 6.6 4.8 2.8 8.9
5 – 10 243 7.6 2.9 5.4 9.0 7.0 4.3 11.6
10 – 20 243 6.7 2.9 4.5 8.6 6.4 3.3 10.5
20 – 40 243 3.5 2.3 1.8 4.5 3.1 1.1 6.1
40 – 80 243 0.8 1.1 0.0 1.1 0.5 0.0 2.0
2.5 – 80 243 24.1 9.6 16.5 29.8 22.1 12.7 36.7
2.5 – 10 243 13.0 5.3 9.3 16.0 11.9 7.1 20.6
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ical composition of street sediments in Beijing. Environmental Science and Pollution

Research 11, 73–83.

Lee, C., Li, X.-D., Zhang, G., Li, J., Ding, A.-J. & Wang, T. 2007 Heavy metals

and Pb isotopic composition of aerosols in urban and suburban areas of Hong Kong and

Guangzhou, South China – Evidence of the long-range transport of air contaminants.

Atmospheric Environment 41, 432–447.

Li, X., Brown, D., Smith, S., MacNee, W. & Donaldson, K. 1999 Short-term

inflammatory responses following intratracheal instillation of fine and ultrafine carbon

black in rats. Inhalation Toxicology 11, 709–731.

Li, X., Yue, W., Iida, A., Li, Y. & Zhang, G. 2007 A study of the origin of individ-

ual PM2.5 particles in Shanghai air with synchrotron X-ray fluorescence microprobe.

Nuclear Instruments and Methods in Physics Research B 260, 336–342.

Li, Y., Wang, W., Kan, H., Xu, X. & Chen, B. 2010 Air quality and outpatient

visits for asthma in adults during the 2008 Summer Olympic Games in Beijing. Science

of the Total Environment 408, 1226–1227.

Lim, J.-H., Sabin, L., Schiff, K. & Stolzenbach, K. 2006 Concentration, size

distribution, and dry deposition rate of particle-associated metals in the Los Angeles

region. Atmospheric Environment 40, 7810–7823.



281

Lin, J.-M., Fang, G.-C., Holsen, T. & Noll, K. 1993 A comparison of dry deposi-

tion modeled from size distribution data and measured with a smooth surface for total

particle mass, lead and calcium in Chicago. Atmospheric Environment 27, 1131–1138.

Linge, K. 2008 Methods for investigating trace element binding in sediments. Critical

Reviews in Environmental Science and Technology 38, 165–196.

Lippmann, M., Ito, K., Hwang, J., Maciejczyk, P. & Chen, L. 2006 Cardiovascu-

lar effects of nickel in ambient air. Environmental Health Perspectives 114, 1662–1669.

Liu, H., Yujun, J., Liang, B., Zhu, F., Zhang, B. & Sang, J. 2009 Studies on

wind environment around high buildings in urban areas. Science in China Series D –

Earth Science 48, 102–115, suppl. II.

Liu, L. & Zhang, J. 2009 Ambient air pollution and children’s lung function in China.

Environment International 35, 178–186.

Liu, X., Guo, J. & Sun, Z. 2008 Traffic operation with comments during Bei-

jing Olympic Games. Journal of Transportation Systems Engineering and Information

Technology 8, 16–24.

Lu, S., Shao, L., Wu, M., Jones, T., Merolla, L. & Richard, R. 2006 Corre-

lation between plasmid DNA damage induced by PM10 and trace metals in inhalable

particulate matters in Beijing air. Science in China Series D: Earth Sciences 49, 1323–

1331.

Lu, S., Yao, Z., Chen, X., Wu, M., Sheng, G., Fu, J. & Daly, P. 2008 The

relationship between physicochemical characterization and the potential toxicity of fine

particulates (PM2.5) in Shanghai atmosphere. Atmospheric Environment 42, 7205–

7214.

Marrero, J., Jiménez Rebagliati, R., Gómez, D. & Smichowski, P. 2005 A

study of uniformity of elements deposition on glass fiber filters after collection of air-

borne particulate matter (pm-10), using a high-volume sampler. Talanta 68, 442–447.

Maynard, D. 2000 Overview of methods for analysing single ultrafine particles. Philo-

sophical Transactions of the Royal Society A 358, 2593–2610.

McAlister, J., Smith, B. & Török, A. 2008 Transition metals and water-soluble

ions in deposits on a building and their potential catalysis of stone decay. Atmospheric

Environment 42, 7657–7668.



BIBLIOGRAPHY

McClellan, R. 2002 Setting ambient air quality standards for particulate matter.

Toxicology 181–182, 329–347.

Menon, S., Hansen, J., Nazarenko, L. & Luo, Y. 2002 Climate effects of black

carbon aerosols in China and India. Science 297, 2250–2253.

Monaci, F., Moni, F., Lanciotti, E., Grechi, D. & Bargagli, R. 2000 Biomon-

itoring of airborne metals in urban environments: new tracers of vehicle emission, in

place of lead. Environmental Pollution 107, 321–327.

Moreno, T., Querol, X., Alastuey, A., Amato, F., Pey, J., Pandolfi, M.,

Kuenzli, N., Bouso, L., Rivera, M. & Gibbons, W. 2010 Effect of fireworks

events on urban background trace metal aerosol concentrations: Is the cocktail worth

the show? Journal of Hazardous Materials 183, 945–949.

Moreno, T., Querol, X., Alastuey, A., Minguillón, M., Pey, J., Rodriguez,
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