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Abstract 

Abstract 

Due to the influences on climate, economy and human health, air pollution has become a 

significant concern of both scientists and the public all over the word, especially in the 

developing countries. Beijing, the capital of China, a typical megacity in Asian countries, 

has been suffering from severe air pollution owing to high loads of aerosol particulates. 

The swift growth of population, economy and number of automobiles was accompanied 

by the increase in total energy consumption and pollutants emission. To improve air 

quality, series of intervention measures were established by the government. And in order 

to hold a ‘Green’ Olympic Games in 2008, the most intensive mitigation measures were 

put into force in Beijing. This large ‘experiment’ performed by the government provided 

unique opportunity to study the impact of the intervention measures on air quality. 

These intervention measures included particular mitigation measures on specific pollution 

sources, such as improved emission standards, traffic restriction, construction limitation 

and afforestation, and macro intervention policies such as energy structure transformation. 

In this context, with long-term sampling and analyses of atmospheric particulates from 

2005 to 2014, the main aims of this dissertation were 1) to study the characteristics of the 

aerosol particulates and define their sources, 2) to evaluate and quantify the effects of 

various governmental measures on air quality, 3) to analyze the effects of meteorological 

conditions, such as precipitation and sand-dust weather, on aerosol distribution, 4) and to 

provide a substantial scientific contribution to aerosol study, human health research related 

to air pollution, as well as policy-making for improving air quality in China. 

The annual mean concentration of PM2.5 from 2005 to 2014 was 65.6 μg/m
3 

and the annual 

mean of TSP from 2007 to 2014 was 227 μg/m
3
. They both exceeded the annual mean 

standards (level II) for PM2.5 (35 μg/m
3
) and TSP (200 μg/m

3
) according to the Ambient 

Air Quality Standard (GB3095-2012) in China. The concentrations of most elements of 

PM2.5 in Beijing were higher than the corresponding concentrations in other studies in 

European or American countries. Of the four elemental concentrations mentioned in the 

iv 
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Ambient Air Quality Standard, only As average concentration of PM2.5 exceeded the 

standard (2.5 times), based on nine-year (2005-2013) measured data. 

Principle component analysis (PCA) was performed to categorize and identify the main 

sources of fine particles according to the element associations: typical anthropogenic 

sources (i.e. traffic and smelting), geogenic dust, agriculture sources (i.e. fertilizers), coal 

combustion, steel-related industry, comprehensive combustion emission and diffuse urban 

pollution. 

Concentrations of traffic-related elements, such as Pb, Sb and Sn, varied with the strictness 

of traffic restriction measures. The pollution level was inversely correlated with the 

intensity of the measures. The introduction of license plate lottery policy for car 

registration since the beginning of 2011 in Beijing led to the largest annual growth during 

the ten years of total amount of vehicles from 2009 to 2010. This was considered as a 

contributor to the relatively high concentrations of traffic-related elements in 2010 

compared to 2009, especially in summer time when other sources for these elements 

played a minor role. 

Chromium (Cr), Co and Ni were used to evaluate the influence of the relocation of the 

Capital Steel Company. Annual mean concentrations of Cr, Co, Ni decreased in 2010 

compared to those in 2008 if only three-year measured data were analyzed. However, from 

the view of nine-year (2005-2013) data, the decrease in Cr, Co and Ni between 2008 and 

2010 did not continue but reversed slightly between 2011 and 2013, which was attributed 

to the nearby relocation with the recovery of production. 

Temporal distribution of black carbon (BC) showed a distinct declining trend from 2005 to 

2013, which was well correlated to the declining consumption of coal and coke. Gallium 

(Ga) was recommended as a tracer for coal combustion for the first time, due to its strong 

correlation with BC and coal consumption, as well as its concentration variation between 

the heating- and non-heating periods. From a long-term perspective, particulate mercury 

(HgP) concentration fell even with increasing total energy consumption and growing total 
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Abstract 

vehicle number. The strong correlations between HgP and BC/Ga in winter, together with 

the success of energy structure transformation on reducing BC/Ga suggested the 

effectiveness of this transformation on HgP emission control. The effects of this macro 

intervention measure in improving air quality were quantified according to the reduced 

concentrations of these relative pollutants. 

Mass concentrations of different size fractions of coarse particles (2.5-80 µm) all showed 

slightly decreasing trends during the long-term observation period. Most of the peaks 

correlated to the sand dust or dust storms. The Olympic Games period displayed lower 

concentrations than the rest of the sampling time, demonstrating the effectiveness of 

mitigation measures on reducing coarse particles. The different size distribution patterns 

during different pollution days provide reference information for the enactment of 

mitigation measures on aerosol particles. 

Precipitation had direct scavenging effects on aerosol particles. Thus periods with similar 

precipitation were selected for comparison when studying the effects of mitigation 

measures. PM2.5 and BC were responsible for visibility deterioration. Temperature had an 

indirect effect on aerosol distribution, as the heating activity – mainly coal combustion – 

occurred with low temperature in winter and led to high aerosol load. Wind condition 

affected aerosol distribution by re-suspending local dust or introducing aerosol pollution 

from the surrounding areas. Wind carrying dust from the north and the northwest with high 

wind velocity triggered sand dust or dust storms, especially in spring. Year-by-year 

variations of temperature and wind conditions were similar from the ten-year observation 

and played a minor role in aerosol distribution. 

The year 2008 was a milestone for air quality improvement during the ten years. Effective 

governmental mitigation measures for specific sources (e.g. traffic restriction measures) 

and macro intervention measures (e.g. energy structure transformation) are recommended 

to be continued and improved in order to obtain more “blue sky” days in the future. One 

the one hand, industry relocation is not recommended as a long-term effective measure to 

mitigate air pollution, but on the other hand the concurrent improved emission standards 

vi 
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Abstract 

are considered promising. For both environmental sustainability and human health, aerosol 

pollution is a crucial issue to be mitigated in Beijing and more efforts are required for 

better air quality. 
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Zusammenfassung 

Zusammenfassung 

Aufgrund der Einflüsse auf Klima, Wirtschaft und Gesundheit ist die Luftverschmutzung 

für die Wissenschaftler und Öffentlichkeit der ganzen Welt ein bedeutender Grund zur 

Sorge geworden, insbesondere in den Entwicklungsländern. Peking ist als Hauptstadt von 

China eine typische Megastadt in asiatischen Ländern. Aufgrund der hohen Belastung 

durch Aerosolpartikeln ist Peking von schwerer Luftverschmutzung betroffen. Mit dem 

schnellen Wachstum von Bevölkerung, Wirtschaft und Anzahlan Fahrzeugen nimmt auch 

gleichzeitig der Energieverbrauch und die Emission der Schadstoffe zu. Zur Verbesserung 

der Luftqualität wurde eine Reihe von Maßnahmen durch die Regierung durchgefährt. Um 

‚grünen‘ olympische Spiele im Jahr 2008 abhalten zu können, wurden intensivste 

Schutzmaßnahmen in Peking durchgesetzt. Dieses von Regierung durchgeführte große 

‚Experiment‘ bietet die einzigartige Gelegenheit, die Auswirkungen dieser 

Interventionsmaßnahmen auf die Luftqualität zu untersuchen. 

Die Interventionsmaßnahmen enthalten besondere Schutzmaßnahmen zu spezifischen 

Verschmutzungsquellen, z.B. verbesserte Emissionsstandards, Verkehrssteuerung, 

Baubeschränkung, Aufforstung, und Makrointerventionspolitik, wie z.B. Innovation der 

Energiestruktur. Unter diesem Gesichtspunkt und des langfristigen Probennahme und 

Analyse der atmosphärischen Partikel von 2005 bis 2014 sind die Hauptziele dieser 

Dissertation 1) die Untersuchung der Eigenschaften der Aerosolpartikel und die 

Feststellung ihrer Quellen, 2) die Bewertung und Quantifizierung der Auswirkungen 

verschiedener staatlicher Maßnahmen auf die Luftqualität, 3) die Analyse der 

Auswirkungen der meteorologische Bedingungen, wie z.B. Niederschläge und Sandstürme, 

auf die Aerosolverteilung, 4) und das Liefern eines erheblichen wissenschaftlichen 

Beitrags zur Aerosolforschung, Gesundheitsforschung bezüglich der Luftverschmutzung 

sowie Politikgestaltung zur Verbesserung der Luftqualität in China. 

Die mittlere jährliche PM2.5-Konzentration von 2005 bis 2014 war 65.6 μg/m
3 

und die 

mittlere jährliche TSP-Konzentration von 2007 bis 2014 war 227 μg/m
3 
. Beide 

überschritten die mittleren jährlichen Standards (Stufe II) für die PM2.5- (35 μg/m
3
) und 

TSP- (200 μg/m
3
) Konzentration, anhand vom Umgebungsluftqualitätsstandard 

(GB3095-2012) in China. Die meisten PM2.5-Elementkonzentrationen in Peking sind 

höher als die entsprechenden Konzentrationen in anderen Untersuchungen in europäischen 

viii 
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Zusammenfassung 

oder amerikanischen Ländern. Von den vier Umgebungsluftqualitätsstandard erwähnten 

Elementkonzentrationen überschreitet, basierend auf den neunjährigen Messdaten 

(2005-2013), nur die durchschnittliche As-Konzentration von PM2.5 den Standard (Faktor 

2.5). 

Eine Hauptkomponentenanalyse (PCA) wurde durchgeführt, um die wichtigsten Quellen 

des Feinstaubs je nach Elementgruppierung zu kategorisieren und zu identifizieren. Die 

wichtigsten Quellen enthalten typische anthropogene Quellen (z.B. Verkehr, Verhüttung), 

geogenen Staub, Landwirtschaftsquellen, (z.B Düngemittel), Kohleverbrennung, 

Stahlherstellungs-und-verarbeitungsindustrie, Gesamtemissionen aus Verbrennung und 

diffuse Städtische Luftverschmutzung. 

Die Konzentrationen der verkehrsbezogenen Elemente, wie z.B. Pb, Sb und Sn, variieren 

je nach Strenge der Verkehrsteuerungsmaßnahmen. Der Verschmutzungsgrad war invers 

mit der Intensität der Maßnahmen korreliert. Die Einführung der Nummernschild 

Lotteriepolitik für Kfz-Zulassungen seit Anfang des Jahres 2011 in Peking führte von 2009 

bis 2010 zum größten jährlichen Wachstum der Fahrzeuggesamtmenge in zehn Jahren. 

Besonders in der Sommerzeit, wenn andere Quellen für diese verkehrsbezogenen 

Elemente eine kleine Rolle spielten, wird dies als Beitrag zu den relativ hohen 

Konzentrationen von verkehrsbezogenen Elementen in 2010, Vergleichen mit 2009, 

betrachtet. 

Chrom (Cr), Co und Ni werden zur Bewertung des Einflusses der Verlegung des 

Hauptstadtischen Stahlunternehmens. Wenn nur dreijährige Messdaten analysiert wurden, 

sanken die mittleren jährlichen Konzentrationen von Cr, Co, Ni im Jahr 2010, im 

Vergleich zu 2008. Aber aus der Sicht von neunjährigen (2005-2013) Daten nehmen Cr, 

Co und Ni zwischen 2008 und 2010 ab und nehmen dann leicht zwischen 2011 und 2013 

zu. Dies wurde der nahegelegenen Verlegung und der Wiederaufnahme der Produktion 

zugeschrieben. 

Die zeitliche Verteilung des schwarzen Kohlenstoffs (BC) zeigt eine deutliche rückläufige 

Tendenz zwischen 2005 und 2013, die gut mit dem rückläufigen Verbrauch von Kohle und 

Koks korreliert. Aufgrund seiner starken Korrelation mit BC, Kohleverbrauch und seiner 

Konzentrationsschwankung zwischen den Heiz- und Nicht Heizperioden wird Gallium 

(Ga) als Tracer für die Verbrennung von Kohle zum ersten Mal empfohlen. Aus einer 

ix 
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langfristigen Perspektive sank die partikuläre Quecksilberkonzentration (HgP), trotz 

erhöhtem Gesamtenergieverbrauch und wachsendes Fahrzeugegesamtzahl. Die starken 

Korrelationen zwischen HgP und BC/Ga im Winter zusammen mit dem Erfolg der 

Energiestruktur Umwandlung auf die BC/Ga-reduktion weisen auf die Effektivität dieser 

Umwandlung auf die HgP-Emissionskontrolle. Die Auswirkungen dieser 

Makrointerventionsmaßnahme zur Verbesserung der Luftqualität wurden anhand der 

reduzierten Konzentrationen dieser relativen Schadstoffe quantifiziert. 

Die Massenkonzentrationen verschiedener Größenfraktionen Groberpartikel (2.5-80 µm) 

zeigten alle im langfristigen Beobachtungszeitraum leichte Abwärtstrends. Die meisten 

Peaks korrelieren mit Sandstaub oder Staubstürmen. Die im Zeitraum der olympischen 

Spiele Konzentrationen waren niedriger als die während der restlichen Abtastzeit 

gemessenen. Die Wirksamkeit der Abhilfemaßnahmen zur Verringerung der groben 

Partikel wurde dadurch bewiesen. Die unterschiedlichen Größenverteilungsmuster an 

verschiedenen Verschmutzungstagen liefern Referenzinformationen für den Erlass von 

Minderungsmaßnahmen bezüglich Aerosolpartikel. 

Niederschlag hatte direkte reinigende Auswirkungen auf die Aerosolpartikel. Deshalb 

wurden Perioden mit ähnlichem Niederschlag zum Vergleich ausgewählt, um die 

Auswirkungen von Risikominderungsmaßnahmen zu untersuchen. PM2.5 und BC waren 

für die Verschlechterung der Sichtbarkeit verantwortlich. Die Temperatur hatte eine 

indirekte Wirkung auf die Aerosolverteilung, da die Heizaktivität – hauptsächlich 

Kohleverbrennung – bei niedriger Temperatur im Winter auftritt und zu eines hohen 

Aerosolbelastung führt. Die Windbedingung beeinflusste die Aerosolverteilung durch 

Resuspension lokalen Staubs oder Eintrag von Aerosolbelastung aus der Umgebung. Die 

Winde mit hohen Windgeschwindigkeiten aus dem Norden und Nordwesten brachten 

Sandstaub oder Staubstürmen, besonders im Frühling. Aus der zehnjährigen Beobachtung 

sind die Schwankungen von Temperatur- und Windbedingungen von Jahr zu Jahr ähnlich 

und spielen bei der Aerosolverteilung nur eine kleine Rolle. 

Das Jahr 2008 war ein Meilenstein für die Verbesserung der Luftqualität innerhalb der 

zehn Jahre. Es wurde empfohlen, effektive staatliche Minderungsmaßnahmen für 

bestimmte Quellen (z.B. Verkehr-Beschränkungsmaßnahmen) und 

Makrointerventionsmaßnahme (z.B. Energiestruktur Umwandlung), fortzusetzen und zu 

verbessern, um mehr Tage mit ‚blauem Himmel‘ in der Zukunft zu erhalten. Einerseites 

x 
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Zusammenfassung 

kann der industrielle Standortwechsel nicht als langfristig wirksame Maßnahme zur 

Milderung der Luftverschmutzung empfohlen werden, aber andererseites werden die 

gleichzeitigen verbesserten Emissionsstandards als aussichtsreich angesehen. Sowohl für 

die ökologische Nachhaltigkeit, als auch für die menschliche Gesundheit, ist die 

Aerosolverschmutzung ein Schlüsselproblem, welches in Peking vermindert werden muss 

und es werden mehr Anstrengungen gefordert um eine bessere Luftqualität zu erhalten. 
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Context of this dissertation 

Context of this dissertation 

1.1 Purposes and the whole structure of this dissertation 

Air pollution has become one of the greatest environmental concerns of both the public 

and scientists. It impacts human health via different ways, especially via respiratory tracts. 

Beijing, the Capital of China, a typical Asian megacity, has been suffering serious air 

pollution. To hold a ‘Green’ Olympic Games in 2008, the municipal government took a 

series of mitigation measures, covering industry, traffic, construction and afforestation, to 

control pollutant emission. Meantime, energy structure transformation has been in 

progress in all of China, and particularly in Beijing, by increasing cleaner energy and 

reducing coal consumption. This large ‘experiment’ performed by the government 

provided unique opportunity to study the impact of the intervention policies on air quality. 

In this context, with long-term sampling and analyses of atmospheric particulates from 

2005 to 2014 in Beijing urban area, this dissertation aims to 1) study the characteristics of 

the aerosol particulates and define their sources, 2) to evaluate and quantify the effects of 

various governmental measures on air quality including specific mitigation measures such 

as traffic control and industry relocation, and macro intervention policies such as energy 

structure transformation, 3) to analyze the effects of meteorological conditions, such as the 

precipitation and the sand-dust weather, on aerosol distribution, 4) and to provide a 

substantial scientific contribution to aerosol study, human health research related to air 

pollution, as well as mitigation-policy making in China. 

This dissertation is based on the accumulation of seven scientific publications (sections 2.1 

- 2.4 and 3.1 - 3.3) and two other parts: particulate mercury (HgP) study (section 4) and 

coarse particles study (section 5). I am the first and the corresponding author for four of 

these publications (sections 2.1 - 2.4) and a co-author for the other three (sections 3.1 

3.3). The four first-authorships include three research papers and one conference paper 

published by Springer, while the co-authorships include the other three research papers. 

All the papers are based on sample collection, physical and chemical analyses, bio- and 
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Context of this dissertation 

mineral-analyses and experiments that were performed and gained within the frame of the 

aerosol study on basis of China-German cooperation for the ten years. 

This background of the study area was illustrated in the following section 1.2 in order to 

better understand the purposes of this study. All the experiments and methods used in this 

study were summarized in the section 1.3 so as to get an overview of the contents of this 

study. 

1.2 Study area: Beijing, China 

1.2.1 Beijing and its surroundings 

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

North China Plain and is surrounded by the Yanshan Mountains clockwise from southwest 

to northeast (Fig. 1.1-a, 1.1-b). There are vast desserts and loess areas especially to the 

north, northwest, west and southwest of Beijing, which are the principal domestic sources 

of sand dust or dust storms occurred in Beijing (Fig. 1.1-a). The urban traffic system 

consists of six ring roads in Beijing with additional streets and expressways (like G1) 

connecting to neighboring provinces (Fig. 1.1-b). 

Fig. 1.1 Dimensional topography of the surround area of Beijing and the sampling sites (CUGB and CRAES) 

and the main traffic network of Beijing urban area, including the 2
nd

-6
th 

ring roads (Fig. 1.1-a, data sources: 

National Geomatics Center of China and SRTM 90 m Digital Elevation Data, Fig. 1.1-b, source of the map: 

OpenStreetMap, produced with ArcGIS 10.2 Desktop). 
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Context of this dissertation 

The region of Beijing-Tianjin-Hebei (BTH) is one of three major rapidly developing 

economic zones in China (Xin et al., 2010). Beijing and Tianjin are directly administrated 

municipalities by the national government, surrounded by the Hebei province. It 

contributed to 10.9% of national Gross Domestic Product (GDP) and 7.8% of national 

population in 2010 (Zhao et al., 2013). With the speedy development of economy, BTH 

has become a major study region with respect to air pollution in China. 

In 2014, permanent resident population was approximately 24.5 million in Beijing. The 

green land coverage percentage in 2014 was 47.4%, higher than 42.0% in 2005, and it was 

over 2 times of 22.3% in 1978. The forest coverage rate in 2014 was 41.0%, higher than 

35.9% in 2006 (data in 2005 unavailable). All these statistic data were from Beijing 

Bureau of Statistics (2015). 

1.2.2 Development of Beijing 

The development of population, vehicles (civil automobiles) and GDP of Beijing was 

incredibly fast during the past decades (Fig. 1.2). For the ten years from 2005 to 2014, the 

permanent population increased from 15.4 to 21.5 million, the total amount of motor 

vehicles doubled from 2.5 to 5.6 million, and the GDP boomed from 697 to 2130 billion 

Yuan (the Chinese currency) (Fig. 1.3). 

a b c 

Fig. 1.2 Population, vehicles (civil automobiles) and GDP of Beijing from 1978 to 2014. 

Car registrations have been being allocated by a license plate lottery policy since the 

beginning of 2011 in Beijing. Voluminous citizens purchased cars in 2010 before this 

3
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Context of this dissertation 

policy took effect. Consequently, the growth of the total amount of vehicles from 2009 to 

2010 was the steepest during the ten years with an upswing of 0.79 million, and the 

growth was slow from 2010 to 2011 with only an increase of 0.17 million (Fig. 1.3). 

Fig. 1.3 Population, total vehicles and GDP of Beijing from 2005 to 2014 (observation period of this study). 

Data sources: Beijing Bureau of Statistics, 2006-2015. 

1.2.3 Energy consumption in Beijing 

Total energy consumption increased (Fig. 1.4) with the rapid development of motorization 

and industrialization in Beijing. 

The energy consumption 

structure shifted toward less 

coal and coke, more gas, more 

renewable energy such as wind 

energy and water energy, and 

more nuclear energy. Under 

this energy transformation 

policy, coal consumption in 

Beijing decreased gradually 

from 30.7 million tons SCE 

Fig. 1.4 Total energy consumption and coal consumption in 

Beijing. Data sources: Beijing Bureau of Statistics, 2006-2014. 
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Context of this dissertation 

(Standard Coal Equivalent) in 2005 to 22.7 million tons SCE in 2012 (Fig. 1.4). However, 

coal is still the predominant fuel for industrial processes and domestic life in Beijing and 

the surrounding area, although it has been gradually being replaced by natural gas in 

Beijing urban area since 1999 (Beijing Environmental Protection Bureau, 2012). The 

energy consumption data has been calculated based on new approach according to 

National Bureau of Statistics since 2013. Total energy consumption until 2013 and coal 

consumption data until 2012 are available with the old statistic approach. Here only data 

with the same statistic approach is used to compare. 

1.2.4 Variation of air pollutants during the last decade 

Daily averages of inspiratory particulate matter (PM10), Sulfur oxides (SOx) and nitrogen 

oxides (NOx) from 2005 to 2014 were available from the Beijing Municipal Bureau of 

Environmental Protection (Fig. 1.5). For the three air pollutants, average concentrations in 

the years after 2008 was relatively lower than those before 2008. The year 2008 became a 

milestone for improving air quality in 

Beijing. Annual mean PM10 

concentration kept decreasing from 

2005 to 2013; however, it slightly 

increased from 2013 to 2014. Sulfur 

dioxide shows a decreasing trend for 

the ten years, while NOx 

concentrations increased again after 

2008 but still lower than those before 

2008. 

1.3 Synoptic summary of experiments and methods 

Samples were collected at two sites in Beijing urban area: one was installed near the main 

entrance of the China University of Geosciences, Beijing (CUGB) at a height of 1.5 m, 

and the other one was set up on the roof of the Chinese Research Academy of 

Fig. 1.5 Annual means of daily concentrations of PM10, 

SOx and NOx from2005 to 2014 in Beijing. Data sources: 

Beijing Bureau of Statistics, 2015. 
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Context of this dissertation 

Environmental Sciences (CRAES) at a height of about 20 m (Fig. 1.1-b). 

Atmospheric particulates, including PM2.5 (<2.5 μm), TSP (total suspended particles) and 

coarse particles (2.5-80 μm) were studied within this dissertation. The study contents, the 

applied techniques and instruments were introduced in Table 1.1. 

Table 1.1 The study contents, the applied techniques and instruments within this dissertation. 

Content Technique Instruments Particulate 

types 

Sampling 

site 

Particle mass gravimetric analysis Microbalance (Sartorius SE 

2-F, Göttingen, Germany) 

PM2.5 & 

TSP 

CUGB 

CRAES 

Chemical 

elements 

inductively coupled plasma 

mass spectrometer 

(ICP-MS) 

High-Resolution (HR)-ICP-MS 

Axiom (VG Elemental, USA) 

PM2.5 

PM2.5 & 

TSP 

CUGB 

CRAES 

BC optical transmission 

technique 

SPECORD 50 and SPECORD 

50 PLUS (Analytic Jena AG, 

Jena, Germany). 

PM2.5 CUGB 

CRAES 

HgP cold vapor atomic 

absorption spectrometry 

(CVAAS) 

Direct Mercury Analyzer 

(Milestone DMA-80, Italy) 

PM2.5 

PM2.5 & 

TSP 

CUGB 

CRAES 

Particle 

species 

scanning electron 

microscopy and electron 

dispersive X-ray 

fluorescence spectrometry 

(SEM-EDX) 

Quanta FEG 650 (FEI, USA) 

coupled to EDXRF 

coarse 

particles 

CUGB 

Size 

distribution 

and mass 

concentration 

a PC-aided automatic image 

analysis system 

An optical microscope (ZEISS 

Axioplan 2), an adapted 

automatic scanning stage (Prior 

Scientific), a high-resolution 

CCD camera (SVS-VISTEK) 

with the image analysis system 

Digitrace V.3.4 (IMATEC) 

coarse 

particles 

CUGB 

References 

Beijing Bureau of Statistics, 2006-2015. Beijing Statistical Yearbook, 2005-2014. China Statistics Press, 

Beijing, China. (a series of Yearbook, in Chinese) 
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Beijing Environmental Protection Bureau (BEPB), 2012. Report on the State of the Environment in Beijing 

(1994-2011). http://www.bjepb.gov.cn/portal0/tab181/. 

Xin, J., Wang, Y., Tang, G., Wang, L., Sun, Y., Wang, Y., Hu, B., Song, T., Ji, D., Wang, W., Li, L., Liu, G., 

2010. Variability and reduction of atmospheric pollutants in Beijing and its surrounding area during the 

Beijing 2008 Olympic Games. Chinese Science Bulletin, 55(18), 1937-1944. 

Zhao, P. S., F. Dong, D. He, X. J. Zhao, X. L. Zhang, W. Z. Zhang, Q. Yao, H. Y. Liu., 2013. Characteristics 

of concentrations and chemical compositions for PM2.5 in the region of Beijing, Tianjin, and Hebei, China. 

Atmospheric Chemistry and Physics, 13(9), 4631-4644. 
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2 First author scientific publications 

2.1 The influence of governmental mitigation measures on contamination 

characteristics of PM2.5 in Beijing 

Authors: Yuan Chen, Nina Schleicher, Yizhen Chen, Fahe Chai, Stefan Norra 

In: Science of the Total Environment, 2014, 490, 647-658. DOI: 

http://dx.doi.org/10.1016/j.scitotenv.2014.05.049 

Authorship statement 

This peer-reviewed scientific journal 

article was written by me and is based 

on data obtained from the CRAES site 

from 2007 to 2010. The data included 

PM2.5 mass concentrations, and 

concentrations of 25 elements in PM2.5 

samples. I was responsible for 

gravimetric analyses of part of the 

loaded filters and performed the 

corresponding chemical analyses in the 

laboratories at KIT-AGW with the 

support from the technicians Cornelia 

Haug for filter digestions and Claudia 

Mößner for ICP-MS analyses. The 

statistical analysis of all data and influence evaluation of governmental mitigation 

measures on PM2.5 were finalized by me. Nina Schleicher contributed to sample 

preparation, data processing and communication with CRAES. Yizhen Chen and Fahe 

Chai were the responsible scientists and primary cooperation partners from CRAES. They 
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offered the possibility of long-term aerosol sampling at CRAES and arranged all the 

sampling work in China. Stefan Norra designed and supervised the whole study structure. 

All co-authors critically reviewed the manuscript and agreed to the publication in Science 

of the Total Environment. 

Abstract 

Beijing, the capital of China, has become one of the most air-polluted cities due to its 

rapid economic growth. Weekly PM2.5 samples – collected continuously from 2007 to 

2010 – were used to study the contamination characteristics of atmospheric particles and 

effects of governmental mitigation measures especially since the 2008 Summer Olympic 

Games. PM2.5 mass concentrations during the sampling period were reduced compared to 

the previous studies before 2005, although they were still too high in comparison with 

environmental standards of China and many other countries as well as WHO standards. 

Results of principle component analysis show that elements of primary anthropogenic 

origin had an obvious decline while elements mainly from the natural environment kept a 

relatively stable course. The governmental macro-control measures influenced both 

anthropogenic and geogenic sources, but they also led to some pollution peaks prior to 

implementation of the respective measures. Some element concentrations correlated to the 

restrictiveness of relative measures, especially during different traffic restrictions. The 

comparison with other countries and international standards shows that there is a long way 

to go in order to improve air quality in Beijing, and that governmental mitigation measures 

need to be continued and reinforced. 

© The full article is reprinted with kind permission from Science of the Total Environment 

in Appendix A.1. Copyright © 2014 Elsevier B.V. 
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2.2 Long-term variation of black carbon and PM2.5 in Beijing, China 

with respect to meteorological conditions and governmental measures 

Authors: Yuan Chen, Nina Schleicher, Mathieu Fricker, Kuang Cen, Xiu-li Liu, Uwe 

Kaminski, Yang Yu, Xue-fang Wu, Stefan Norra 

In: Environmental Pollution, 2016, 212, 269-278, DOI: 

http://dx.doi.org/10.1016/j.envpol.2016.01.008 

Authorship statement 

This peer-reviewed scientific journal 

article was written by me and is based on 

data obtained from the CUGB site from 

2005 to 2013. The data included PM2.5 

and black carbon mass concentrations 

with meteorological data collected from 

a meteorological station in Beijing 

registered at the World Meteorological 

Organization (WMO) with the code 

54511. I was responsible for part of the 

sampling, gravimetric analyses of the 

unloaded and loaded filters and 

performed the corresponding black 

carbon analyses in the laboratory at the 

German Meteorological Service (DWD) with the support from Mathieu Fricker and Uwe 

Kaminski. Furthermore, all the scientific data evaluation was performed by me. Mathieu 

Fricker and Uwe Kaminski were the responsible scientists and primary research partners 

from DWD. They offered the instruments for black carbon analysis. Nina Schleicher and 

Yang Yu contributed to part of the sample preparation and data processing. Kuang Cen 

was responsible for the long-term running of the CUGB site. Xiu-li Liu and Xue-fang Wu 
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contributed to sample collection at the CUGB site. Stefan Norra designed and supervised 

the whole study structure. All co-authors critically reviewed the manuscript and agreed to 

the publication in Environmental Pollution. 

Abstract 

Black carbon (BC) and PM2.5 were studied for nine years from 2005 to 2013 in the Beijing 

urban area. The overall weekly average mass concentrations of BC and PM2.5 were 4.3 and 

66.8 µg/m³. PM2.5 annual means of the nine years are around 2 times of the standard 

(GB3095-2012) in China, and are 5-7 times higher than the WHO standard. The Beijing 

Olympic Games in 2008 was a milestone to mitigate aerosol pollution. Temporal 

distribution of BC shows a distinct declining trend, and annual mean mass concentrations 

of PM2.5 after 2008 were lower than those before 2008 but increased from 2011 to 2013. 

Wind rose plots show that high BC concentrations are usually associated with low wind 

speed of northeastern or southwestern winds, generally causing poor visibility. 

Governmental mitigation measures such as traffic restriction despite increased motor 

vehicle numbers and gasoline consumption and industry relocation with declining 

consumption of coal and coke were successful in reducing BC emissions. Annual mean of 

BC was reduced by 38% in 2013 compared to 2005. However, BC contamination in 

Beijing is still severe when compared to other urban areas around the world. 

© The full article is reprinted with kind permission from Environmental Pollution in 

Appendix A.2. Copyright © 2016 Elsevier Ltd. 
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2.3 Evaluation of impact factors on PM2.5 based on long-term chemical 

components analyses in the megacity Beijing, China 

Authors: Yuan Chen, Nina Schleicher, Kuang Cen, Xiuli Liu, Yang Yu, Volker Zibat, 

Volker Dietze, Mathieu Fricker, Uwe Kaminski, Yizhen Chen, Fahe Chai, Stefan Norra 

In: Chemosphere, 2016, 155, 234-242, DOI: 10.1016/j.chemosphere.2016.04.052 

Authorship statement 

This peer-reviewed scientific journal 

article was written by me and is based 

on data obtained from the CUGB site 

from 2005 to 2013. This data was used 

to compare with the data obtained from 

the CRAES site. I was responsible for 

part of the sampling, gravimetric 

analyses of the unloaded and loaded 

filters and performed the corresponding 

chemical analyses (27 elements) in the 

laboratories at KIT-AGW with the 

support from the technicians Cornelia 

Haug for filter digestions and Claudia 

Mößner for ICP-MS analyses. 

Furthermore, all the scientific data statistics and evaluation of impact factors on PM2.5 

were performed by me. Nina Schleicher and Yang Yu contributed to part of the sample 

preparation and data processing. Kuang Cen was responsible for the long-term running of 

the CUGB site. Xiu-li Liu contributed to sample collection at the CUGB site. Volker 

Dietze, Mathieu Fricker and Uwe Kaminski were the responsible scientists and primary 

research partners from DWD. Yizhen Chen and Fahe Chai were the responsible scientists 

and primary research partners from CRAES. Stefan Norra designed and supervised the 
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whole study structure. All co-authors critically reviewed the manuscript and agreed to the 

publication in Chemosphere. 

Abstract 

Nine years of sampling and analyses of fine particles (PM2.5) were performed in Beijing 

from 2005 to 2013. Twenty-seven chemical elements and black carbon (BC) in PM2.5 were 

analyzed in order to study chemical characteristics and temporal distribution of Beijing 

aerosols. Principle component analysis defined different types of elemental sources, based 

on which, the influences of a variety of anthropogenic activities including governmental 

intervention measures and natural sources on air quality were evaluated. For the first time, 

Ga is used as a tracer element for heating activities mainly using coal in Beijing, due to its 

correlation with BC and coal combustion, as well as its concentration variation between 

the heating- and non-heating periods. The traffic restrictions effectively reduced emissions 

of relevant heavy metals such as As, Cd, Sn and Sb. The expected long-term effectiveness 

of the steel smelters relocation was not observed due to the nearby relocation with 

increased capacity. Firework display during every Chinese spring festival season and 

special events such as the Olympic Games resulted in several times higher concentrations 

of K, Sr and Ba than other days and thus they were proposed as tracers for firework 

display. The impacts of all these factors were quantified and evaluated. Sand dust or dust 

storms induced higher concentrations of geogenic elements in PM2.5 compared to non-dust 

days. Sustainable mitigation measures, such as traffic restrictions, are necessary to be 

continued and improved to obtain more “blue sky” days in the future. 

© The full article is reprinted with kind permission from Chemosphere in Appendix A.3. 

Copyright © 2016 Elsevier Ltd. 
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2.4 The effect of government policies on the temporal development of 

contamination characteristics within the aerosol distribution in Beijing, 

China 

Authors: Yuan Chen, Nina Schleicher, Yizhen Chen, Fahe Chai, Shulan Wang, Stefan 

Norra 

In: Rauch, S., Morrison, G., Norra, S., Schleicher, N., (eds.), Urban Environment, 

Springer, 2013, 313-321. DOI: 10.1007/978-94-007-7756-9_27 

Authorship statement 

This scientific article was written by 

me and is based on data obtained from 

the CRAES site from 2007 to 2010. I 

was responsible for gravimetric 

analyses of part of the loaded filters 

and performed the corresponding 

chemical analyses (7 elements) in the 

laboratories at KIT-AGW with the 

support from the technicians Cornelia 

Haug for filter digestions and Claudia 

Mößner for ICP-MS analyses. Nina 

Schleicher contributed to sample 

preparation, data processing and 

communication with CRAES. Yizhen 

Chen and Fahe Chai were the 

responsible scientists and primary 

research partners from CRAES. They offered the possibility of long-term aerosol sampling 

at CRAES and arranged all the sampling work in China. Shulan Wang contributed to 
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sample collection at the CRAES site. Stefan Norra designed and supervised the whole 

study structure. All co-authors critically reviewed the manuscript and agreed to its 

publication. 

Abstract 

To host Green Olympic Games, the Beijing municipal government took comprehensive 

measures to improve air quality in 2008, which partly are still in force in 2012. The aim of 

this study is to investigate the temporal distribution of aerosol contamination 

characteristics and their variations under different government intervention policies. PM2.5 

samples were collected continuously from 2007 to 2010 in the north of Beijing City. 

Element concentrations were analyzed by HR-ICP-MS. Results showed that 

concentrations of traffic-related elements such as Sn, Sb and Pb varied with the strength of 

traffic restrictions. Elements like Cr, Co and Ni, which are correlated with industries, were 

reduced under special policies like the relocation of Capital Steel Company. In general, the 

improving air quality demonstrates the success of government intervention policies 

although still the concentrations are too high if compared to international threshold values. 

© The full article is reprinted with kind permission from Springer Science and Business 

Media in Appendix A.4. 
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3 Co-authored related scientific publications 

3.1 Atmospheric particulate mercury in the megacity Beijing: Efficiency 

of mitigation measures and assessment of health effects 

Authors: Schleicher, N.J., Schäfer, J., Chen, Y., Blanc, G., Chai, F., Cen, K. and Norra, S. 

In: Atmospheric Environment, 2016, 124, 396-403, DOI: 

http://dx.doi.org/10.1016/j.atmosenv.2015.09.040 

Authorship statement 

This peer-reviewed scientific journal 

article is based on atmospheric 

particulate mercury (HgP) analysis of 

samples collected at the CRAES site 

and a site in the southeast of Beijing. 

Specifically, I prepared part of the TSP 

samples for HgP analysis. Furthermore, 

I contributed to part of the TSP mass 

concentration calculation. In total my 

contribution to this article amounts to 

around 15%. 

Abstract 

Atmospheric particulate mercury (HgP) 

was studied before, during, and after the Olympic Summer Games in Beijing, China, in 

August 2008 in order to investigate the efficiency of the emission control measures 

implemented by the Chinese Government. These source control measures comprised 

traffic reductions, increase in public transportation, planting of vegetation, establishment 

of parks, building freeze at construction sites, cleaner production techniques for industries 
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and industry closures in Beijing and also in the surrounding areas. Strictest measures 

including the “odd-even ban” to halve the vehicle volume were enforced from the 20th of 

July to the 20th of September 2008. The Olympic period provided the unique opportunity 

to investigate the efficiency of these comprehensive actions implemented in order to 

reduce air pollution on a large scale. Therefore, the sampling period covered summer 

(August, September) and winter (December and January) samples over several years from 

December 2005 to September 2013. Average HgP concentrations in total suspended 

particulates (TSP) sampled in August 2008 were 81 ± 39 pg/m
3 

while TSP mass 

concentrations were 93 ± 49 µg/m
3
. This equals a reduction by about 63% for TSP mass 

and 65% for HgP, respectively, compared to the previous two years demonstrating the 

short-term success of the measures. However, after the Olympic Games, HgP 

concentrations increased again to pre-Olympic levels in August 2009 while values in 

August 2010 decreased again by 30%. Moreover, winter samples, which were 2- to 

11-fold higher than corresponding August values, showed decreasing concentrations over 

the years indicating a long-term improvement of HgP pollution in Beijing. However, 

regarding adverse health effects, comparisons with soil guideline values and studies from 

other cities highlighted that HgP concentrations in TSP remained high in Beijing despite 

respective control measures. Consequently, future mitigation measures need to be tailored 

more specifically to further reduce HgP concentrations in Beijing. 

© The full article is reprinted with kind permission from Atmospheric Environment in 

Appendix B.1. Copyright © 2015 Elsevier Ltd. 
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3.2 Seasonal dynamics of coarse atmospheric particulate matter between 

2.5 µm and 80 µm in Beijing and the impact of 2008 Olympic Games 

Authors: Stefan Norra, Yang Yu, Volker Dietze, Nina Schleicher, Mathieu Fricker, Uwe 

Kaminski, Yuan Chen, Doris Stüben, Kuang Cen 

In: Atmospheric Environment, 2016, 124, 109-118, DOI: 

http://dx.doi.org/10.1016/j.atmosenv.2015.08.029 

Authorship statement 

This peer-reviewed scientific journal 

article is based on size distribution data 

of coarse particles (2.5-80 µm) samples 

collected at the CUGB site. Specifically, 

I collected part of the samples and 

meteorological data. Further, 

contributed to the revision and 

correction of the draft manuscript. In 

total my contribution to this article 

amounts to around 5%. 

Abstract 

Beijing is well known as a megacity 

facing severe atmospheric pollution 

problems. One very important kind of pollution is the high amount of particles in Beijing's 

atmosphere. Numerous studies investigated the dynamics of fine particles smaller 10 µm. 

Less information is available on the coarse particle fraction larger 10 µm, although 

geogenic dusts, which often are composed by those coarser particles, frequently affect the 

air quality in Beijing. Therefore, systematic sampling and analysis of size fractionated 

particulate matter between 2.5 and 80 µm was performed in Beijing from April 2005 till 
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October 2009. Atmospheric particles were collected in the North-West of Beijing using a 

cost-effective passive sampling method called Sigma-2. Altogether, 200 weeks could be 

analysed and assessed. Concentrations and size distribution of atmospheric coarse particles 

were determined by automated microscopic single particle analysis. Seasonal variability of 

the total mass of different size fractions was identified as follows: spring> winter > 

autumn > summer. High concentrations of transparent mineral particles indicate the 

activity of geogenic sources in spring and winter time, due to asian dust events and 

resuspension of soil from local bare land during dry and windy periods. The percentage of 

opaque particle components differs seasonally with relatively high values in winter, 

confirming combustion of fossil fuels for heating purposes as a predominant pollution 

source in this season. The influence of meteorological conditions on concentrations and 

size distribution of atmospheric particulate matter between 2.5 and 80 µm is demonstrated 

for the whole sampling period. Lowest pollution by coarse aerosols occurred during the 

period of the 2008 Olympic Summer Games. A general trend of decreasing total coarse 

particle mass concentrations was observed. Due to frequently observed high total coarse 

particle mass concentrations of several 100 µm·m
-3 

it is strongly recommended to enhance 

research and observation regarding these air pollutants to gain a better understanding of 

their dynamics, health effects, well-being impacts on Beijing inhabitants and the 

effectiveness of mitigation measures. 

© The full article is reprinted with kind permission from Atmospheric Environment in 

Appendix B.2. Copyright © 2015 Elsevier Ltd. 
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3.3 Characteristics and sources of PM in seasonal perspective – A case 

study from one year continuously sampling in Beijing 

Authors: Rongrong Shen, Klaus Schäfer, Jürgen Schnelle-Kreis, Longyi Shao, Stefan 

Norra, Utz Kramar, Bernhard Michalke, Gülcin Abbaszade, Thorsten Streibel, Mathieu 

Fricker, Yuan Chen, Ralf Zimmermann, Stefan Emeis, Hans Peter Schmid 

In: Atmospheric Pollution Research, 2016, 7, 235-248, DOI: 

http://dx.doi.org/10.1016/j.apr.2015.09.008 

Authorship statement 

This peer-reviewed scientific journal 

article is based on comprehensive 

chemical analyses of aerosol particle 

samples collected at the CUGB site with 

different instruments from this 

dissertation. Specifically, I contributed to 

the establishment of the sampling point at 

the CUGB site. Further, I contributed to 

inorganic chemical analysis with ED-XRF. 

In total my contribution to this article 

amounts to around 5%. 

Abstract 

Daily mass concentrations and chemical compositions (elemental carbon, organic carbon, 

water soluble ions, chemical elements and organic species) of PM were measured 

continuously in Beijing for one year from June 2010 to June 2011 (365 samples). The 

seasonal variation of PM mass concentration followed the order of spring 2011 > winter 

2010 > summer 2010 > autumn 2010. Organic matter (OM) and secondary inorganic 

aerosol components (SNA: SO4 
2-

, NO3 
-

and NH4 
+
) were the two major fractions of PM 
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during the whole year. Source apportionment by PMF performed on the basis of a full year 

of data, including both inorganic and organic species, showed that biomass burning, 

secondary sulfate and nitrate formation, mineral dust, industry, coal combustion and traffic 

were the main sources of PM in Beijing during 2010-2011. Specifically, comparison 

among the four seasons shows that the contribution of secondary sulfate and biomass 

burning, secondary nitrate formation, mineral dust, and coal combustion were the 

dominating sources of PM in summer, autumn, spring and winter, respectively. The 

contributions of industry to PM was distributed evenly in four seasons, while traffic 

contributed more in summer and autumn than in winter and spring. Backward trajectory 

analysis was applied in combination with PMF and showed that air flow from the South 

contributed mostly to high PM mass concentrations in Beijing. Meteorological parameters 

(temperature, wind speed, wind direction, precipitation and mixing layer height) influence 

such a variation. In general, high relative humidity and low mixing layer height can raise 

PM mass concentration, while high wind speed and precipitation can reduce pollutants. In 

addition, wind direction also plays a key role in influencing PM because different wind 

directions can bring different pollutants to Beijing from different regions. 

© The full article is reprinted with kind permission from Atmospheric Pollution Research 

in Appendix B.3. Copyright © 2015 Turkish National Committee for Air Pollution 

Research and Control. Production and hosting by Elsevier B.V. 
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4 Particulate Mercury (HgP) 

4.1 Introduction and background 

Mercury in the atmosphere generally exists in three species: gaseous elemental Hg (GEM), 

reactive gaseous Hg (RGM), and particulate-bound Hg (HgP). GEM accounts for > 95% 

of the total atmospheric mercury while RGM together with HgP account only for < 5% (cf. 

Schroeder and Munthe, 1998). The residence time of GEM was estimated to be several 

months to up to two years due to the low chemical reactivity and water solubility, and thus 

GEM was considered as a global pollutant (Schroeder and Munthe, 1998). GRM and HgP 

have shorter residence time, hours to days and hours to weeks, respectively, and thus 

represent the local pollution or small-scale regional sources (HgP) (Lindqvist and Rodhe, 

1985; Schroeder and Munthe, 1998). 

Anthropogenic Hg emissions in China mainly attribute to fossil fuel combustion, cement 

production, metal mining and smelting, waste incineration and biomass burning (Zhao et 

al., 2015). Atmospheric Hg can be input to terrestrial and aquatic ecosystems by dry or wet 

deposition and adversely affects human health via bioaccumulation (Lindqvist et al., 1991; 

Zhu et al., 2014). It became a research hot point not only for natural scientists but also for 

pathologists. 

China is the largest mercury emitting country (AMAP and UNEP, 2008), especially for 

HgP, which was considered to be higher in China than in the rest of the world due to coal 

combustion (Streets et al., 2005). In Beijing, coal combustion was reported as the major 

HgP source, while traffic, industrial and metallurgical activities and the red pigment from 

historical buildings contributed as minor sources (Schleicher et al., 2015). Heating supply 

in Beijing which usually starts in Mid-November and ends in the following Mid-March 

(cover the whole winter) is one of the major applications of coal consumption. In order to 

mitigate the influences of urban air pollutants emitted by coal-based heating, Chinese 

authorities have been promoting the transformation of coal into natural gas for heating 
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system in major cities since 1999 (Wu and Wang, 2014; Zhao et al., 2013). However, this 

action alone was not enough for eliminating the pollution (Liang et al., 2015). Energy 

structure transformation has been in progress in all of China, and particularly in Beijing, 

by increasing cleaner energy and reducing coal consumption (Chen et al., 2016a, 2016b). 

Traffic restriction measure according to the digit of the license plates, higher emission 

standards for industries and even relocation of industries were implemented to improve air 

quality as well. 

This study evaluated the meteorological impact factors and the mitigation measures on 

HgP emissions based on long-term measurement data together with black carbon (BC) and 

Gallium (Ga) emissions which were also used to study the efficiency of energy structure 

transformation in Beijing in the sections 2.2 and 2.3 (Chen et al., 2016a, 2016b). To the 

authors’ knowledge, only limited studies have investigated long-term HgP distribution of 

aerosol particles in Asian megacity and the long-term effects of mitigation measures on 

HgP. This study will contribute to both scientific researches and policy-making of 

pollution control measures. 

4.2 Methodology 

4.2.1 Sampling 

Aerosol samples were collected at two sampling sites: one was installed near the main 

entrance of the China University of Geosciences, Beijing (CUGB) at a height of 1.5 m, 

and the other one was set up on the roof of the Chinese Research Academy of 

Environmental Sciences (CRAES) at a height of about 20 m. CUGB site was located near 

th th
the 4 ring road in the urban area and CRAES site was located between the 5 ring road 

and the 6
th 

ring road (Fig. 1.1). All samples were collected on quartz fiber filters 

(Whatman Inc., Maidstone, UK) actively. PM2.5 samples were collected by Mini-Volume 

Samplers (Leckel, Berlin) with a flow-rate of 200 L/h at the CUGB site, while TSP 

samples were collected by a TSP-Sampler (Leckel, Berlin) with a flow-rate of 1 m
3
/h at 

the CRAES site. 
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4.2.2 Analytic methods 

Particulate mass on filters were obtained by subtraction of loaded filter mass to unloaded 

filter mass which were determined with a microbalance (Satorius SE 2-F, Göttingen, 

Germany). All the gravimetrical analyses were carried out at constant temperature (22 ± 

3C) and relative humidity (40 ± 3%). Filter blanks and laboratory blanks were used for 

quality control and accuracy improvement. Each filter was weighed at least triplicates 

before and after sampling, respectively, at the Institute of Applied Geosciences, Karlsruhe 

Institute of Technology (AGW-KIT), Germany. 

Four or six circles (diameter 5 mm) were punched out from the each filter sample and then 

placed in a metal sample carrier, ready for analysis without any further preparation. A 

Direct Mercury Analyzer (Milestone DMA-80, Italy) equipped with a cold vapor atomic 

absorption spectrometry (CVAAS) was used for analyzing HgP in aerosol samples. Firstly 

samples were combusted in an O2 stream. Then the released Hg vapor was collected in a 

gold amalgamator and was transported to a heated cuvette for HgP analysis with the 

CVAAS. 

Standard protocols included the use of filter blanks, laboratory blanks, and an external 

reference standard IAEA 433 (marine sediment, International Atomic Energy Agency) for 

all HgP analyses for quality control and quality assurance purpose. 

The HgP contents (91 pg in 6 circles) in blank filters (N=28) were in the same range as the 

measurements (86 pg) of the laboratory blanks (N=184) which refer to empty metal 

carriers without any sample inside. The values of filter blanks were subtracted from the 

sample filters to improve the accuracy of HgP concentration calculation. The certified 

concentration of IAEA 433 is 168 ± 17 ng/g. The average concentration of this reference 

material throughout the measurements was 148 ± 19 ng/g (N=70). The measured results 

were corrected with a factor of 1.135 (ratio of certified value to measured average value of 

the reference standard material). Moreover, some PM2.5 samples (N=6) and TSP samples 

(N=5) were analyzed triplicates. The average standard deviation of these triplicates was 8 

pg/m
3 

and 20 pg/m
3 

perceptively. 
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4.2.3 Meteorological data 

Meteorological data were obtained from the German Meteorological Service (DWD). The 

3-hourly parameters including precipitation, wind direction and wind speed were collected 

from a meteorological station in Beijing registered at the World Meteorological 

Organization (WMO) with the code 54511. 

4.3 Temporal distribution of HgP in aerosol particles (PM2.5 and TSP) 

To observe the variation during a year, HgP analysis was performed with weekly aerosol 

samples collected from Dec. 2012 to Nov. 2013. To observe the long-term variation of 

HgP, aerosol samples in Augusts from 2005 to 2013 were used for HgP analysis to 

represent summer variation, while aerosol samples in Januaries from 2006 to 2013 were 

used for HgP analysis to represent winter variation. 

During a year (from Dec. 2012 to Nov. 2013), HgP concentrations in PM2.5 particle 

samples ranged from 500 to 4150 ng/g (ng (HgP) per g (particles)), from 13 to 529 pg/m
3 

(pg (HgP) per m
3 

(air volume)). The annual average HgP concentration in PM2.5 was 2010 

± 1030 ng/g (136 ± 111 pg/m
3
). 

At the same time, HgP concentrations in TSP particle samples ranged from 454 to 2590 

ng/g, from 73 to 862 pg/m
3
. The annual average HgP concentration in TSP was 1160 ± 428 

ng/g (297 ± 179 pg/m
3
). 

4.3.1 Monthly and seasonal variation of HgP in aerosol particles 

According to the meteorological conditions in China, winter includes the months 

December, the following January and February, spring includes March, April and May, 

summer covers June, July and August, and autumn covers September, October and 

November. The monthly variation (Fig. 4.1) shows that the highest HgP concentration in 

both PM2.5 and TSP occurred in January and the lowest occurred in July. The highest TSP 

and PM2.5 mass concentrations were also in January, and the lowest TSP and PM2.5 mass 

concentrations were in July with most precipitation (there was no TSP data in August due 
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to sampler error). Most precipitation occurred in summer (Fig. 4.1, Fig. 4.2). The lowest 

seasonal concentration occurred in summer with maximum precipitation and the highest 

occurred in winter with minimum precipitation. Therefore, precipitation was a significant 

factor to wash out aerosol particulates and thus leads to low HgP concentration in aerosols 

as well. 

Fig. 4.1 HgP monthly variation in TSP and PM2.5 with precipitation. The whiskers represent standard 

deviations. 

Fig. 4.2 HgP seasonal variation in TSP and PM2.5 with precipitation. The whiskers represent standard 

deviations. 
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4.3.2 Long-term variation of HgP in aerosol particles from 2005 to 2013 

The Pearson correlation coefficient of HgP concentration in winter and in January was 

0.98 (data in ng/g) and 0.91 (data in pg/m
3
). January was used to represent for winter. 

August was used to represent for summer. The PM2.5 samples during 2008 Olympic Games 

were used out for other chemical analyses and thus there was no HgP data for August 

2008. 

For PM2.5 samples, average HgP concentration (352 pg/m
3
) of the eight successive 

Januaries from 2006 to 2013 was around 5 times of HgP (74 pg/m
3
) of the eight Augusts 

from 2005 to 2013 (besides August 2008). In general, the Olympic year 2008 was a 

turning point for HgP winter concentration (Fig. 4.3). In winter, HgP average 

concentration after 2008 was 57% of that before 2008. HgP concentrations in August did 

not show obvious decreasing or increasing trend from 2005 to 2013 (Fig. 4.3-b). The 

concentrations in August 2012 and 2013 sharply reduced compared to those before 2012 

(Fig. 4.3-b). 

Fig 4.3. HgP concentrations in PM2.5 with precipitation in January and August from 2005 to 2013. The 

whiskers represent standard deviations. 

For TSP samples, average HgP concentration of the six successive winters from 2007 to 

2013 was 458 pg/m
3
, it was around 1.6 times that in PM2.5 (294 pg/m

3
) in the same time. 

In general, HgP concentrations in winter show a slightly declining trend during the 

observation periods (Fig. 4.4). HgP average concentration in Win_12/13 was 61% of that 

in Win_07/08. The concentration in Win_11/12 was lower than that in Win_07/08 with 
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similar precipitation to Win_11/12 (Fig. 4.4). HgP concentrations in August/September 

from 2005 to 2013 were reported by Schleicher et al. (2016). The lowest concentration 

was observed in August 2008 (Olympic Games period) but no long-term decrease or 

increase trend was observed for summer months with two sites data. 

Fig 4.4. HgP winter concentrations in TSP and PM2.5 with precipitation from 2007 to 2013. The whiskers 

represent standard deviations. The X-axis represents the winter in different years; for example, Win_07/08 

means winter from 2007 to 2008, namely Dec. 2007, Jan. 2008 and Feb. 2008. 

4.4 Influence of meteorological conditions 

Beside the direct wash out effects of precipitation as described in the section 4.3, wind 

direction and wind speed can also play roles on aerosol distribution (Chen et al., 2016b), 

thus can affect HgP concentrations. 

Aerosol samples were collected weekly in this study. During a week, wind direction 

usually changed several times and the weekly average wind direction did not reflect the 

real wind direction at every time point. Therefore, 3-hourly meteorological data and the 

weekly mean concentration for each of the 3-h in a week were used to interpret the 

correlation. Wind directions were defined briefly as N (north), NE (northeast), E (east), SE 

(southeast), S (south), SW (southwest), W (west), and NW (northwest). Based on the 

meteorological data for a whole year from Dec. 2012 to Nov. 2013, the main wind 

directions were from NE and SW. Wind from NW and N mainly occurred in winter, spring 
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and autumn. And most of the high wind speed mainly occured with wind from NW and N, 

some from SW in spring. These seasonal variations were similar to the results with nine 

year data from 2005 to 2013 in the section 2.2 (Chen et al., 2016b), which means that the 

predominating wind condition were relatively parallel from a long-term perspective. 

Seasonal variation of HgP with wind direction was presented in Fig. 4.5. Wind from N and 

NW with relatively higher HgP concentration occurred more frequently in winter and 

autumn than in spring and summer. High or low HgP concentration in a certain season can 

occur with winds from different directions. Through a whole year, wind seasonal variation 

could affect HgP concentration to some extent (sources seasonality could also play a part 

at the same time). However, wind condition was considered to play only a small role in 

HgP distribution from the long-term perspective. 
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Fig. 4.5 HgP concentrations in PM2.5 and wind direction during four seasons from Dec. 2012 to Nov. 2013. 

The legends display HgP concentration ranges in pg/m
3 

and the left scales display the percentage 

frequencies. 
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4.5 Influence of governmental mitigations 

Coal combustion is a major source for HgP emission in Beijing (Schleicher et al., 2015). 

Heating supply in winter is one of the major consumes of coal. However, the coal 

consumption quantity for heating in each winter was unavailable, hence the direct 

correlation between HgP and coal consumption cannot be calculated. In the sections 2.2 

and 2.3 (Chen et al., 2016a, 2016b), black carbon (BC) and Ga concentrations were 

reported to well correlate to coal combustion with nine years data. And Ga had good 

correlation with BC as well, especially in the heating period which covers the whole 

winter (Chen et al., 2016a). Energy structure transformation policies (less coal and more 

clean energy) in Beijing have being been implemented and were demonstrated to be 

effective to reduce BC and Ga in aerosols. Correspondingly, correlations between HgP and 

BC/Ga were investigated to help to interpret the influence of coal consumption on HgP. 

Fig. 4.6 Correlations between HgP and BC (Fig. 4.6-a)/Ga (Fig. 4.6-b) concentrations in PM2.5 during winter 

(Win), January (Jan) and August (Aug) from 2005 to 2013. 

Fig. 4.6-a shows the correlations between HgP and BC during the whole winter, January 

and August for PM2.5. The strongest correlation was observed between HgP and BC during 

winter. January shows similar correlation to winter. The correlations between HgP and Ga 

(Fig. 4.6-b) were similar to the correlations between HgP and BC but relatively weaker. 

This seasonal difference of these correlations depends on the sources seasonality of HgP. 

The effectiveness of energy structure transformation on reducing BC/Ga (Chen et al., 
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2016a, 2016b) together with the strong correlations between HgP and BC/Ga in winter 

(Fig. 4.6) suggested the effectiveness of reduced coal consumption on HgP emission 

control. 

For TSP, the lowest HgP concentration (pg/m
3
) in August 2008 during the summer months 

from 2005 to 2013 demonstrated the short-term intensive governmental mitigation 

measures on HgP reduction but no long-term effect of the mitigation measures on HgP 

observed for summer months due to the relative stable sources in summer (Schleicher et 

al., 2016). 

The lowest HgP concentrations in both TSP and PM2.5 in winter were observed in 

Win_10/11 (Dec. 2010, Jan. 2011 and Feb. 2011) (Fig. 4.4). And the lowest HgP 

concentration in January occurred in Jan_11 (Fig. 4.3). These attribute to the largest 

annual decline of coal and coke consumption from 2010 to 2011 during the observation 

period (Beijing Bureau of Statistics, 2015). 

Besides the energy structure transformation as a governmental macro intervention policy, 

specific mitigation measures during specific periods should be considered as well, for 

example, the relocation of the Capital Steel Company (CSC) and traffic restriction 

measures. They played a role along a whole year not mainly in winter. 

The relocation project of the CSC started in 2005 and was completed at the end of 2010 in 

Beijing. The new company in Caofeidian, which is around 225 km to the southeast of the 

former location in Beijing, went into operation in the middle of 2010, and has gradually 

recovered the capacity at the new location. The sections 2.1 and 2.4 (Chen et al., 2013, 

2014) reported the short-term effectiveness of this relocation project in reducing 

steel-related elements in PM2.5 from 2008 to 2010. However, from a long-term perspective, 

the reduction did not continue and an increase of these elements was found since 2011, 

especially in 2012 and 2013 which was illustrated in the section 2.3 (Chen et al., 2016a). 

This is parallel to the higher HgP concentrations in Jan_12 and Jan_13 (Fig. 4.3) and could 

be also a reason for the higher HgP concentrations in Win_11/12 and Win_12/13 than in 
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Win_10/11 (Fig. 4.4). 

The total amount of vehicles kept increasing over the entire investigation time (Fig. 1.3). 

The license plate lottery policy for car registration since the beginning of 2011 in Beijing 

caused the largest annual growth of total amount of vehicles from 2009 to 2010 (Fig. 1.3). 

This might contribute to the higher HgP concentration in Jan_10 (even with more 

precipitation) than in Jan_09 (Fig. 4.3). The average concentration in Aug_10 was lower 

than in Aug_09, which might attribute to the more precipitation in Aug_10 than in Aug_09 

(Fig. 4.3). 

4.6 Summary 

In conclusion, for the long-term observation period from 2005 to 2013, meteorological 

conditions as well as mitigation measures can affect HgP distribution. Precipitation has 

direct scavenging effects on aerosol particles and thus reduced HgP. Wind condition plays 

a small role in HgP distribution from the long-term perspective, besides in the seasonal 

variation. Long-term HgP distribution was predominated by the control measures. 

In winter, HgP average concentration in PM2.5 after 2008 was 57% of that before 2008, 

and the concentration in TSP in Win_12/13 was 61% of that in Win_07/08. Under the 

rapid economic and industrial developments in China, the total energy consumption kept 

increasing while the coal consumption reduced due to the energy structure transformation. 

HgP concentration fell from a long-term perspective even under the rapid development 

with increasing total energy consumption and growing total vehicle number. This 

demonstrated the effectiveness of the macro energy structure transformation policy and the 

specific mitigation measures on improving air quality and thus on HgP distribution. The 

Olympic year 2008 was a turning point for HgP winter concentrations. 

This is not only an HgP case study, but also a representative mercury study in China, 

which reflect the mercury atmospheric pollution in developing countries. Improved 

technique to control HgP emission and governmental intervention measures are still on 
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demand to mitigate atmospheric mercury pollution in China. 
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5 Coarse particles (2.5-80 µm) 

5.1 Introduction and background 

Aerosol particles can be collected with both active samplers and passive samples. One 

disadvantage of active samplers is the requirement of auxiliaries such as power supply and 

air-flow meters, which leads to application inconvenience in the field. Passive samplers 

can be installed in various environments, even at quite remote locations. Due to the 

cost-efficient property, they can be employed as a network for large-scale air quality 

monitoring (Guéguen et al., 2012). However, sampling interval with passive samplers 

should be considered according to sampling purposes and local aerosol pollution levels. 

For example, to collect sufficient material for trace element and isotope analysis in France, 

1-4 weeks sampling time was necessary depending on the different environments 

(Guéguen et al., 2012); to analyze the size distribution and mass concentrations of coarse 

particles in Beijing, a megacity and the capital of China, 3-4-day interval was utilized to 

avoid excessively high loads and superimpositions of particulates (Norra et al., 2016). 

For the recent decade, increasing studies about fine particles were published with growing 

attention due to the adverse health impacts, environmental and climatic effects, especially 

in developing counties. In Beijing, the highest concentrations of aerosol particles mostly 

correlated to the dust events (Chen et al., 2016; Norra et al., 2016) which resulted in an 

increase of aerosol particulates predominantly in coarse fraction (Zhang et al., 2009). Sand 

dust or dust storms have direct impacts on visibility and thus affect residents’ commute 

(Zhao et al., 2007; Akhlaq et al., 2012; Cao et al., 2014); they can also affect human health 

(Chen and Yang, 2005; Honda et al., 2014) and even act as conveyance medias of 

anthropogenic pollutants (Kim et al., 2012). Therefore, coarse particles were significant as 

well when investigating air pollution. 

Within this dissertation, PM2.5 and TSP were collected with active samplers which were 

studied in the former sections (section 2, 3 and 4), while coarse particles were collected 
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with a passive sampler from 2005 to 2012, which were studied in this section. This study 

is the first study of long-term variation of size distribution of coarse particles and the 

effects of mitigation measures on different size fractions. 

5.2 Methodology 

5.2.1 Sampling 

Coarse particle (>2.5 µm) samples were collected using a passive sampling device 

Sigma-2 (Grobéty et al., 2010, VDI, 2013) at the CUGB site. Technical details can be 

found in the guideline VDI 2119:2013-06 (VDI, 2013) and sampler description can be 

found in Norra et al. (2016). Particles were collected on highly transparent collection 

plates for optical microscopy (Norra et al., 2016). Generally, two samples in each week 

were collected in interval of three and four days in order to prevent too high loads and 

superimpositions of particulates from 2005 to 2012. To investigate the effects of the 

special governmental policies during the Olympic Games period in 2008, daily samples 

were collected in August and September 2008 (Schleicher et al., 2011, 2012). Weekly 

averages were calculated with daily samples or 3-4-day samples in one week. Part of the 

data (2005-2009) was used for studying the seasonal dynamics of opaque and transparent 

particles in different size intervals in Norra et al. (2016). Over the entire observation 

period, 763 samples were analyzed, and a few samples (N=77) were not available due to 

external errors such as sampler problem and sampling absence, accounting for 9% of total 

samples. 

PM2.5 samples and TSP samples used for comparison and evaluation were collected at the 

CUGB site and the CRAES site, respectively. Detail information can be found in the 

former sections (section 2, 3 and 4). 

5.2.2 Analytic methods 

5.2.2.1 Types and morphology of coarse particles 

Scanning Electron Microscopy (SEM) was used to study the morphology of minerals and 
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other solid particles in aerosol. With a Quanta FEG 650 (FEI, USA) coupled to electron 

dispersive X-ray fluorescence spectrometry (EDX), particle composition and type were 

identified at the Laboratory for Electron Microscopy (LEM) at KIT by comparing the 

spectrograms of particles provided by Reed (2005). The excitation energy was 10 kV. 

5.2.2.2 Size distribution and mass concentration 

The method collected coarse particles up to 160 μm (geometrical equivalent diameter). 

Mass concentrations of different size fractions can be analyzed in intervals of 2.5-5, 5-10, 

10-20, 20-40, 40-80 and 80-160 μm. For 92% of the samples (N=447) which were 

analyzed in all the intervals, the mass concentrations of particles larger than 80 μm were 

less than 0.5% of mass concentrations of particles between 2.5 and 80 μm. The largest 

particles usually occurred when the mass concentrations of particles between 2.5 and 80 

μm were larger than 300 μg/m
3
, especially during sand dust or dust storms. Thus the size 

fraction >80 µm was neglected within this study. The five size fractions in this study were 

defined as SF1 (2.5-5 μm), SF2 (5-10 μm), SF3 (10-20 μm), SF4 (20-40 μm) and SF5 

(40-80 μm). 

A computer-aided automatic image analysis system Digitrace V.3.4 (IMATEC) together 

with a motorized optical microscope (ZEISS Axioplan 2), an adapted automatic scanning 

stage (Prior Scientific) and a CCD-digital-camera (SVS-VISTEK) were used for 

quantitative optical microscopic analysis of single particles at the German Meteorological 

Service (DWD) in Freiburg, Germany. Technical details of this method were depicted by 

Dietze et al. (2006). Mass concentrations were calculated as described in Dietze et al. 

(2006) and Schleicher et al. (2010). 

5.2.3 Meteorological data 

Meteorological data were obtained from the German Meteorological Service (DWD). The 

3-hourly parameters including precipitation, temperature, visibility, wind direction and 

wind speed were collected from a meteorological station in Beijing registered at the World 

Meteorological Organization (WMO) with the code 54511. 
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5.3 Types and morphology of coarse particles 

SEM combined with EDX analysis of coarse particles identified particles types from 

various sources, including geogenic, anthropogenic and biogenic. During sand dust or dust 

storms which often occurred in spring but also were contingent in other seasons, geogenic 

mineral particles predominated, for example, quartz, mica, feldspar (albite), amphibole, 

dolomite, and clay minerals (Fig. 5.1). These minerals were less frequent during non-dust 

days. Special biogenic particles, such as pollen and diatoms (Fig. 5.2-a, Fig. 5.2-b) were 

found to accumulate in spring especially during sand dust or dust storm events with high 

wind velocity. Organic remains of different morphology were also observed (Fig. 5.2-c, 

Fig. 5.2-d). Soot chains, fly ash and iron oxides (Fig. 5.3) were the leading anthropogenic 

particles in most Beijing aerosol samples. Particles containing Fe-Cr-Ni were also 

observed, and they mostly attributed to steel-related work. Carbon fibers (Fig. 5.3-f) were 

found in some samples, which might come from car brakes. A number of particles 

agglomerated with each other, which caused uncertainly when counting particle numbers 

of different size fractions. 

Fig. 5.1 Typical geogenic aerosol particles during sand dust or dust storms: a) quartz; b) mica; c) feldspar 

(albite); d) amphibole; e) dolomite; f) clay minerals. 
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Fig. 5.2 Biogenic particles: a) pollen; b) diatom; c) and d) organic remains. 

Fig. 5.3 Anthropogenic aerosol particles: a) fly ash; b) soot chain with iron oxides; c) soot chains with 

Fe-Cr-Ni; d) chromium oxide; c) iron oxides agglomerated on clay minerals; f) carbon fiber. 

In general, geogenic particles contributed most to the total coarse particles in Beijing. 

Biogenic particles appeared seldom and only played a minor role in coarse particles. 

Anthropogenic particles appeared more frequently than biogenic particles but less than 

geogenic particles. 
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5.4 Comparison with TSP and PM2.5 data 

For long-term period, the calculation method of mass concentration with coarse particles 

collected by Sigma-2 was not compared with other methods. To evaluate this method, 

mass concentrations of PM2.5 and TSP samples were used for comparison. The sum of 

mass concentrations of total coarse particles (2.5-80 µm) from the passive sampler and 

PM2.5 (<2.5 µm) from an active sampler at the same sampling site was used to compare 

with the mass concentrations of TSP from an active sampler. 

TSP and PM2.5 samples were collected from different sampling sites. And for some weeks, 

the sampling periods of the two sites were not identical with one- or two-day malposition 

(earlier or later). This should be considered when discussing the comparison results of 

passive and active methods. Weighted mean of mass concentration (C(n)wm) of a week 

(week number n) was calculated according to C(n)wm = (C(n-1) + 2C(n) + C(n+1))/4 and was 

used for comparison (Fig. 5.4). 

Fig. 5.4 Comparison of mass concentrations between TSP and the sum of PM2.5 and coarse particles (2.5-80 

µm). 
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For 62% of the sampling weeks (N=179) when three kinds of aerosol samples were all 

available, the sum concentration of PM2.5 and coarse particles was larger than TSP mass 

concentration. On average, TSP mass concentration was 96% ± 1 9 % of the sum of PM2.5 

and coarse particles. 

For 85% of spring weeks and 70% of winter weeks, TSP mass concentrations were usually 

less than the sum concentration. These weeks covered all the sand dust or dust storm 

events in spring. This indicated that the passive sampler overestimated the particles 

compared to the active samplers. The average overestimated concentration was 50.7, 36.1, 

23.6, 57.9 µg/m
3
, accounting for 21%, 28%, 14%, 26% of the average concentration of 

coarse particles for these weeks in spring, summer, autumn and winter, respectively. For 

the weeks with underestimated concentrations by the Sigma-2 system, 72 % were from 

summer and autumn. The average underestimated concentration was 20.1, 21.8, 22.2, 27.7 

µg/m
3 
, accounting for 10%, 17%, 12%, 16% of the average concentration of coarse 

particles for these weeks in spring, summer, autumn and winter, respectively. On the 

whole, the underestimation extent was not as strong as the overestimation. It went through 

all the four seasons with a similar level (around 20 µg/m
3
). 

Overlapping of particles could lead to underestimation of particle number. Particle 

superimposition was a major problem when calculating the mass concentrations of 

particles from different size factions. Additional errors also existed during active sampling 

and filter analyses. For examples, too high aerosol loads during extremely polluted days 

can reduce the air flow. The sampler can even automatically stop when the filter is totally 

loaded and the air flow cannot pass through the filter. This can also result in 

underestimation of particle concentrations by active sampling. 

In general, analytical results of samples from the passive sampler and those from active 

samplers were comparable from the long-term perspective (Fig. 5.4). For Beijing, one of 

the most polluted megacities, short interval (one day if possible) is recommended for size 

distribution study due to high loads of particles. 
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5.5 Temporal distribution of coarse particles and weather condition 

Beijing hosted the Summer Olympic Games (8-24
th 

in August) and the Paralympic Games 

(6-17
th 

in September) in 2008. The corresponding weeks included calendar week (CW) 

32/08 to CW34/08 and CW36/08 to CW38/08, respectively. These two periods together 

were called the Olympic Games period in this study. 

From the long-term perspective, mass concentrations of different size fractions show 

slightly decreasing trends during the whole observation period. The Olympic Games 

period displayed lower concentrations compared to the other sampling time (Fig. 5.5). 

Most of the peaks correlated to the sand dust or dust storms. In most cases, wind from the 

north and the northwest with high wind velocity carrying dust triggered sand dust or dust 

storms especially in spring. 

With increased planting and afforestation to prevent desertification and dust erosion, the 

day number of sand-dust weather (including sand dust and dust) showed a decreasing 

trend since the 1950s but only on a long term time sequence (An and Liu, 2004; Zhou et 

al., 2002) whereas year-to-year variations were not stable. According to the Sand-Dust 

Weather Almanacs for 2005-2012 (CMA, 2007-2014), there was no obvious increasing or 

decreasing trend for day number of sand-dust weather. The Beijing Observatory observed 

most days of sand-dust weather in 2006, which all occurred in spring. The highest peaks 

for mass concentrations of all size fractions during the whole observation period (Fig. 5.5) 

were observed with the most intensive sand-dust days in spring 2006. 

This intensive sand-dust weather was triggered by several factors. The area around Beijing, 

including the east of Northwest China, the central and the north of North China, the most 

area of Inner Mongolia and the north of Northeast China, which covered the main areas of 

sand-dust domestic sources, had less precipitation in summer and autumn 2005 compared 

to the same periods in previous years, and the precipitation reduction in some areas was 

more than 50% (CMA, 2008). The prolonged drought in these areas from summer to 

autumn 2005 which attribute to El Niño resulted in decreased soil moisture and negatively 
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impacted land vegetation growth and thus impaired the ability of vegetation to retain soil. 

And relatively higher temperature (1-2℃ higher) in spring 2006 compared to the same 

periods of previous years, which contributed to more evaporation of soil moisture, also 

resulted in soil loosening in the surrounding areas of Beijing. Furthermore, in early spring 

2006, low precipitation with relatively high temperature thickened the surface dry soil 

layer. These all provided advantaged conditions for the high frequency of sand-dust 

weather, especially under windy circumstance (CMA, 2008). Therefore, climate and 

weather conditions in the areas around Beijing played an important role in sand-dust 

weather which could lead to high pollution of coarse particles. 

Seasonal variation was characterized as the mass concentrations in sequence from high to 

low in: spring, winter, autumn and summer for the total coarse particles and also for all the 

five size fractions. This seasonal characteristic was identical to those of PM2.5 and TSP. 

Among the 31 investigation season periods, summer 2012 presented the lowest 

concentrations for all size factions with the maximum precipitation. Spring 2006 presented 

the highest concentrations due to the frequent sand-dust weather but not with the least 

precipitation. If spring 2006 with extreme weather events was excluded for the long-term 

observation, the former slightly decreasing trends for mass concentrations of different size 

fractions get weaker. This should be considered when long-term study was conducted. 
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Fig. 5.5 Temporal distribution of coarse particle mass concentrations in different size fractions SF 1-5, The 

Olympic Rings indicate the period from CW32/08-CW38/08 which covered the whole Olympic Games 

period, including the Olympic Summer Games (8-24
th 

in August, CW32/08 to CW34/08) and the Paralympic 

Games (6-17
th 

in September, CW36/08 to CW38/08) in 2008. 

From yearly variation perspective, temperature and wind condition were similar from 

2005 to 2012. Annual mean mass concentrations of total coarse particles were well 

correlated with precipitation (Fig. 5.6). High mass concentrations of total coarse particles 

in 2005 and 2006 occurred with the low precipitation. Precipitation was a significant 

factor for scavenging coarse particles. However, mass concentrations of total coarse 

particles in 2009 were lower than that in 2007 with similar precipitation (Fig. 5.6), which 

might attribute to the mitigation measures which will be discussed in the following 

section. 

Fig. 5.6 Annual mean mass concentrations of total coarse particles (2.5-80 µm) with overall precipitation in 

each period. 

5.6 Evaluation of governmental mitigations on coarse particles 

To host a “Green” Olympic Games in 2008 in Beijing, a series of governmental measures 

for improving air quality were put into force step by step, including improvement of 

emission standards, restriction measures on traffic and construction, industry relocation 
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and afforestation to prevent desertification and sand dust erosion (Chen et al., 2013, 2014; 

Schleicher et al., 2011, 2012; Wang et al., 2009, 2010). The most intensive mitigation 

measures were implemented during the Olympic Games. 

For the five size fractions of the coarse particles, the lowest monthly-average mass 

concentrations during the eight successive Augusts from 2005 to 2012 all occurred in 

Aug_2008 (Fig. 5.7), when the Summer Olympic Games took place. Average mass 

concentrations of different size fractions were calculated with four week data for seven 

Augusts except Aug_2009 only with three-week data due to sampler problem. TSP and 

PM2.5 mass concentrations were calculated all with four week data in every August. 

Precipitation presented in Fig. 5.7 was the total precipitation in every August. Other 

meteorological parameters, such as temperature, visibility, wind direction and wind speed 

were similar for the eight Augusts and thus did not play a significant role for the long-term 

variation of coarse particle concentrations. 

Compared to the average concentration in Augusts before 2008 (2005-2007), the mass 

concentration of total coarse particles (2.5-80 µm) in Aug_2008 was reduced by 47%, 

namely 60.6 µg/m
3
. In Aug_2009, mass concentrations of all size fractions increased by 

65% (45.1 µg/m
3
) compared to Aug_2008. However, average concentrations of all size 

fractions after 2008 (2009-2012) were still lower in comparison with the averages in 

Augusts before 2008 (2005-2007). The average mass concentration of total coarse 

particles in Augusts after 2008 was reduced by 24.4 µg/m
3 

compared to that before 2008. 

The reduction mainly fell to the coarse fraction (>5 µm) of the coarse particles, which was 

identical to the results of Schleicher et al. (2011) with short-term observation. 

Precipitation was an important factor for scavenging aerosol particles. Therefore, periods 

with similar precipitation were selected for comparison in order to study the effects of 

mitigation measures. Aug_2008 had similar precipitation to Aug_2005 and Aug_2007, 

while their mass concentrations of all size fractions were higher than those in Aug_2008 

(Fig. 5.7). Aug_2010 and Aug_2011 had more precipitation than Aug_2008; however, 
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concentrations of the former period were much higher than those in Aug_2008 (Fig. 5.6). 

These documented the effects of mitigation measures on reducing coarse particles. 

The largest decline in 2008 and the continuous decline of mass concentrations of all size 

fractions of coarse particles indicated the effectiveness of the measures on improving air 

quality, especially reducing coarse fractions. The intensity of the mitigation measures 

determined the reduction of coarse particles. 

Fig. 5.7 Monthly average mass concentrations of coarse particles (2.5-80 µm) in different size fractions, 

together with PM2.5, TSP and precipitation in August from 2005 to 2012. The Olympic Rings indicate the 

Olympic Games period in Aug_2008. 

5.7 Cases study of size distribution patterns 

According to the previous sections (section 2, 3 and 4), sand dust or dust storms and 

heating supply were investigated to represent the heavy pollution caused by natural 

sources and anthropogenic sources respectively. Calendar week 17, 34, 44 and 51 with 

similar precipitation (to diminish the scavenging effects of precipitation on coarse particles) 

were selected to represent for days with sand dust storm in spring, normal days in summer, 

normal days without heating in autumn and days with heating in winter. Fig. 5.8 shows the 

size distribution of the five size fractions during these weeks. 
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Fig. 5.8 Size distribution of coarse particles in four representative weeks from four seasons. 

Coarse particles in CW 17/06 with sand dust storm were predominated by the coarse 

fraction SF3 and SF4 (10-40 µm). Compared to other weeks, mass concentrations 

increased in all size factions. The increased percentage for each size fraction grew with the 

particle size. Coarse particles in CW 51/06 with heating activities were predominated by 

SF2 and SF3 (5-20 µm). During normal days in summer and autumn (CW 34/06 and CW 

44/06), SF2 (5-10 µm) contributed most to the coarse particles. The different size 

distribution patterns during different pollution days provide reference information for the 

enactment of mitigation measures on aerosol particles by the government. 

5.8 Summary 

Various kinds of aerosol particles were observed, including geogenic particles which 

contributed most to the total coarse particles in Beijing, a small number of biogenic 

particles and anthropogenic particles which appeared more frequently than biogenic 

particles but less than geogenic particles. 

With a long-term sampling and analyses, the comparable mass concentration data from 

active samplers (TSP and PM2.5) and the passive sampler Sigma-2 (coarse particles) 

demonstrated the feasibility of the passive sampler system for aerosol study for the first 

time. 
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From the long-term perspective, mass concentrations of different size fractions show 

slightly decreasing trends during the whole observation period. Precipitation was an 

important contributor for this. The Olympic Games period displayed lower concentrations 

compared to the other sampling time. Most of the peaks correlated to the sand dust or dust 

storms. The highest peaks for mass concentrations of all size fractions were observed with 

the most intensive sand-dust days in spring 2006 due to global climate change caused by 

El Niño. 

Seasonal variation was characterized as the mass concentrations in sequence from high to 

low in: spring, winter, autumn and summer for the total coarse particles and also for all the 

five size fractions. 

During the eight successive Augusts from 2005 to 2012, the lowest monthly average mass 

concentrations for the five size fractions all occurred in Aug_2008. Compared to the 

average concentration in Augusts before 2008 (2005-2007), the mass concentration of 

total coarse particles (2.5-80 µm) in Aug_2008 was reduced by 47%, namely 60.6 µg/m
3 
. 

From the long-term perspective, the average mass concentration of total coarse particles in 

Augusts after 2008 was reduced by 24.4 µg/m
3 

compared to that before 2008. These all 

demonstrated the effectiveness of the mitigation measures on improving air quality. And 

the most intensive measures led to the highest air quality. 

During sand dust days, mass concentrations increased in all size factions compared to 

other weeks. The increased percentage for each size fraction grew with the particle size. 

The different size distribution patterns during different pollution days provide reference 

information for the enactment of mitigation measures on aerosol particles by the 

government. 
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Synoptic conclusions 

6 Synoptic conclusions 

As the capital of China, Beijing, a typical megacity in Asian countries, has been suffering 

from severe air pollution owing to high loads of aerosol particulates. To improve air 

quality, series of control measures were implemented by the government. And in order to 

hold a ‘Green’ Olympic Games in 2008, the most intensive mitigation measures were put 

into force in Beijing. With long-term sampling and analyses of atmospheric particulates 

from 2005 to 2014, this dissertation aims to study the characteristics of the aerosol 

particulates in Beijing and the effects of the mitigation measures in improving air quality 

with consideration of meteorological influences. 

6.1 Air quality in Beijing 

The annual mean concentration of PM2.5 from 2005 to 2014 was 65.6 μg/m
3 

and the annual 

mean of TSP from 2007 to 2014 was 227 μg/m
3 
. They both exceeded the annual mean 

standards (level II) for PM2.5 and TSP according to the Ambient Air Quality Standard 

(GB3095-2012) in China and were several times higher than the standards from other 

countries and World Health Organization (WHO) (Table 6.1). The concentrations of most 

elements of PM2.5 in Beijing were higher than the corresponding concentrations in other 

studies in European or American countries. Of the four elemental concentrations 

mentioned in the Ambient Air Quality Standard, only As average concentration of PM2.5 

exceeded the standard (2.5 times), based on nine-year (2005-2013) measured data. 

Elemental concentrations of Pb, Cd and As in Table 6.1 were measured with the PM2.5 

samples from 2005 to 2013 from the CUGB site. Since only particulate-bond mercury 

(HgP) was measured within this study, annual mean (from Dec. 2012 to Dec.2013) of total 

atmospheric Hg concentration was estimated to 12 ng/m
3 

according to the mean fraction 

2.5% of HgP in total atmospheric Hg in urban area of China (Fu et al., 2015). 

During the entire observation period, TSP concentrations did not present an obvious 

increasing or decreasing trend. Annual mean mass concentrations of PM2.5 after 2008 were 
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Synoptic conclusions 

lower than those before 2008 but it increased from 2011 to 2013, with the lowest annual 

mean concentration in 2011. 

The main sources of fine particle were categorized and identified by factor analysis 

according to the element associations: typical anthropogenic sources (i.e. traffic and 

smelting), geogenic dust, agriculture sources (i.e. fertilizers), coal combustion, 

steel-related industry, comprehensive combustion emission and diffuse urban pollution. 

Temporal distributions of different sources were investigated based on the variations of 

factor scores. 

Table 6.1 Annual mean concentrations of pollutants in this study and corresponding air quality standards 

from different countries and WHO. 

TSP 

(µg/m³) 

PM2.5 

(µg/m³) 

Pb 

(ng/m³) 

Cd 

(ng/m³) 

Hg 

(ng/m³) 

As 

(ng/m³) 

This study 227 65.6 145
(a) 

3
(a) 

12
(b) 

15
(a) 

China Standard 200 (level II) 35 (level II) 500 5 50 6 

EU Standard - 25 500 5 - 6 

USA Standard 75 15 (secondary) 150 - - -

Australia Standard - 8 500 - - -

WHO AQG - 10 500
(c) 

5
(c) 

- -

(a) 
elemental concentrations measured with the PM2.5 samples from 2005 to 2013 from the CUGB site 

(b) 
estimated annual mean concentration of total atmospheric Hg (from Dec. 2012 to Dec.2013 ) 

(c) 
WHO AQG for Europe (WHO, 2000) 

Based on the data base collected in this dissertation, the yearly cycle of Beijing air 

pollution can be characterized as follows: occasional dust or sand dust storms in January 

or February in winter, firework-related pollution during the Chinese spring festival and the 

lantern festival, usually in January or February, typical dust or sand dust storms in spring, 

especially in March and April, biomass burning after harvest season in later summer and 

autumn, heating activities usually from Mid-November to the following Mid-March in 
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Synoptic conclusions 

addition to the pollution baseline by traffic, industry production, construction activities 

and residential emission throughout a whole year. 

6.2 Effects evaluation of mitigation measures and meteorological 

conditions 

Precipitation had direct scavenging effects on aerosol particles. For the long-term 

observation period, precipitation played a significant role in aerosol particle distribution, 

especially in reducing coarse particles. In the sections 2, 4 and 5, aerosol pollutants during 

periods with similar precipitation but different mitigation measures were investigated and 

the effectiveness of these measures on mitigating certain sources were reported and 

quantified. The slightly reduced precipitation from 2011 to 2013 might be a contributor to 

the slightly increased PM2.5 and TSP concentrations. 

PM2.5 and BC were responsible for visibility deterioration. High BC concentrations were 

usually associated with low wind speed of northeastern or southwestern winds. 

Temperature had an indirect effect on aerosol distribution, as the heating activity mainly 

using coal occurred with low temperature in winter and led to high aerosol load. Wind 

condition affected aerosol distribution by re-suspending local dust or introducing aerosol 

pollution from the surrounding areas. Wind from the north and the northwest with high 

wind velocity carrying dust triggered sand dust or dust storms, especially in spring. 

Year-by-year variations of temperature and wind conditions were similar from the ten-year 

observation and played a minor role in aerosol distribution. 

With long-term sampling and analyses of atmospheric particulates from 2005 to 2014, 

effects of mitigation measures were evaluated according to the concentration variations of 

pollutants in the sections 2, 4 and 5. The year 2008 was a milestone for air quality 

improvement during the ten years. Concentrations of pollutants during periods before and 

after 2008 were used for comparison (Table 6.2). When evaluating the differences before 

and after 2008, the meteorological conditions should be considered as well. 
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Synoptic conclusions 

Concentrations of traffic-related elements, such as Pb, Sb and Sn, varied with the strictness 

of traffic restriction measures. The pollution level was inversely correlated with the 

intensity of the measures. The introduction of license plate lottery policy for car 

registration since the beginning of 2011 in Beijing led to the largest annual growth during 

the ten years of total amount of vehicles from 2009 to 2010. This was considered as a 

contributor to the relatively high concentrations of traffic-related elements in 2010 

compared to 2009, especially in summer time when other sources for these elements 

played a minor role. August 2007 had similar precipitation to August 2008. Concentrations 

of Sn, Sb and Pb in August 2008 were reduced by 53%, 50% and 59% respectively with 

the most intensive traffic restrictions, compared to concentrations in August 2007 without 

any restrictions. 

Table 6.2 Concentrations of pollutants and variations in Beijing aerosols. 

Data 

periods 

Years 

before 

2008 

Years 

after 

2008 

Redu 

ction 

Augusts 

Before 

2008 

Augusts 

After 

2008 

Redu 

ction 

PM2.5 mass concentration 

(µg/m³) 

2005

2014 
71.7 60.3 16% 54.3 47.2 13% 

TSP mass concentration 

(µg/m³) 

2008

2014 
- 226 - - 176 -

Coarse particles 

mass concentration (µg/m³) 

2005

2012 
216 173 20% 130 105 19% 

Toxic heavy metal 

elements (e.g. Pb, 

Sb) in PM2.5 

(ng/m³) 

Pb 

Sb 

2005

2013 

165 138 16% 130 102 22% 

11.4 7.92 30% 9.80 5.92 40% 

BC (µg/m³) 
2005

2013 
5.44 3.75 31% 4.47 3.07 31% 

HgP (pg/m³)
(a) 

2005

2013 
300 182 39% 86.3 67.1 22% 

Ga (ng/m³) 
2005

2013 
4.80 3.05 37% 2.30 1.13 51% 

(a) 
annual mean concentrations according to the average of PM2.5 samples in January and August each year 

from 2005 to 2013 from the CUGB site 
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Chromium (Cr), Co and Ni were used to evaluate the influence of the relocation of the 

Capital Steel Company. Annual mean concentrations of Cr, Co, Ni decreased in 2010 

compared to those in 2008 if only three-year measured data were analyzed. However, from 

the view of nine-year (2005-2013) data, the decrease in Cr, Co and Ni between 2008 and 

2010 did not continue but reversed slightly between 2011 and 2013, which was attributed 

to the nearby relocation with the recovery of production. 

BC mass accounted for 7% of PM2.5 mass on average. Temporal distribution of black 

carbon (BC) showed a distinct declining trend from 2005 to 2013, which was well 

correlated to the declining consumption of coal and coke. Gallium (Ga) was recommended 

as a tracer for heating-activities mainly using coal for the first time, due to its strong 

correlation with BC and coal consumption, as well as its concentration variation between 

the heating- and non-heating periods. From a long-term perspective, particulate mercury 

(HgP) concentration fell even with increasing total energy consumption and growing total 

vehicle number. The strong correlations between HgP and BC/Ga in winter, together with 

the success of energy structure transformation on reducing BC/Ga suggested the 

effectiveness of this transformation on HgP emission control. For BC and Ga (in PM2.5), 

concentrations in August 2008 were reduced by 48% and 30% respectively with the most 

intensive mitigation measures, compared to concentrations in August 2007 with similar 

precipitation. 

Mass concentrations of different size fractions of coarse particles (2.5-80 µm) all showed 

slightly decreasing trends from 2005 to 2012. Precipitation was an important contributor 

for this. Most of the peaks correlated to the sand dust or dust storms. The highest peaks for 

mass concentrations of all size fractions were observed with the most intensive sand-dust 

days in spring 2006 due to global climate change caused by El Niño. The Olympic Games 

period displayed lower concentrations than the rest of the sampling time, demonstrating 

the effectiveness of mitigation measures on reducing coarse particles. The diverse size 

distribution patterns during different pollution days provide reference information for the 

enactment of mitigation measures on aerosol particles. 
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Synoptic conclusions 

During the observation periods, aerosol pollution was controlled in Beijing even with 

increasing total energy consumption and growing total vehicle number. Pollution peaks 

before implementation of the corresponding measures were observed as well. Effective 

governmental mitigation measures for specific sources (e.g. traffic restriction measures) 

and macro intervention measures (e.g. energy structure transformation) are recommended 

to be continued and improved in order to obtain more “blue sky” days in the future. One 

the one hand, industry relocation is not recommended as a long-term effective measure to 

mitigate air pollution, but on the other hand the concurrent improved emission standards 

are considered promising. For both environmental sustainability and human health, aerosol 

pollution is a crucial issue to be mitigated in Beijing and more efforts are required for 

better air quality. 

6.3 Estimation for effects of aerosol pollution on human health 

Risk estimates for effects of long-term exposure to particulate matter on the mortality 

associated with a 10 µg/m
3 

increase in the concentration of PM2.5 were 1.14 and 1.07, 

according to Dockery et al. (1993) and Pope et al. (1995). The average risk estimate 1.105 

was used for estimation in this study. For the annual mean 65.6 μg/m
3 

of PM2.5 

concentration, 1.73 times mortality due to PM2.5 pollution was estimated in Beijing 

compared to the areas where meet the WHO standard. 

The estimation method of WHO was used to assess the morbidity effects due to long-term 

exposure to air pollution. The effect on children bronchitis symptoms was estimated as an 

example. According to WHO (2000), assuming that 20% of one million population are 

children, a baseline prevalence of 5% among children are assumed to have bronchitis 

symptoms. Then 3,350 additional children were estimated to be affected per year with a 10 

µg/m
3 

increase in PM2.5 concentration above a background level of 10 µg/m
3 

(WHO, 

2000). Based on this estimation precondition, from 2009 to 2014, in total 335,000 children 

per year were assessed to be affected by bronchitis for the 20-million population in Beijing 

(average after 2008) due to the annual mean 60 μg/m
3 

of PM2.5 concentration after 2008 in 
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Beijing. Compared to the years before 2008 (2005-2007) with a 16-million average 

population, 13,600 children per year were exempted from bronchitis symptoms due to 10 

μg/m
3 

reduction of annual PM2.5 concentration after 2008. 

The effects of unmeasured risk factors cannot be excluded with certainty and the regional 

differences such as population density and health situation, should be considered in the 

future work. 

6.4 Outlook 

Because governmental mitigation measures were enforced to reduce the adverse effects of 

air pollution on environment and human health, this dissertation focused on sampling 

aerosol particles in Beijing. Non-elemental indicators such as gas pollutants were not 

included in this study and thus emissions from industry could not be separated from 

traffic-related emissions. This resulted in uncertainty when evaluating the effects of 

specific mitigation measures such as traffic restrictions and industry relocation. For further 

work, gas pollutants data and aerosol particulates data can be combined for comprehensive 

study on air pollution in Beijing. 

Aerosol pollution in a small scale can be affected by regional synoptic conditions and even 

by global climate change. Within this study, sand-dust weather in Beijing could be 

triggered by both regional meteorological condition and global climate change. Further 

study about synoptic conditions can help to interpret the influence of global climate 

change on regional aerosol distributions. 

The effects of toxic elements in aerosol particles on human health could be estimated 

based on the long-term observation data of pollutants within this study together with more 

epidemiological data. More accurate risk-estimates could be carried out for effects of 

long-term exposure to particulate matters on the local morbidity and mortality. 

This study is a first step towards the long-term systematical research for effects of 

mitigation measures on aerosol pollution with consideration of meteorological influences. 
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Synoptic conclusions 

For further research, an integrated aerosol-climate-human health program could enable 

efficient decisions on pollution mitigation measures. 
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