






Abstract 

 

With the rising environmental and resultant health awareness, there are increasing 

concerns on particulate emissions due to the continuously growing vehicle numbers 

and kilometers driven in Hong Kong. Thus, investigation on particulate emissions 

related to vehicles is needed in order to improve urban air quality. This thesis is aimed 

to explore the characteristics and sources of airborne particles in ultrafine (Dp<0.1 μm), 

fine (Dp<2.5 μm), and coarse (2.5 μm <Dp<10 μm) size ranges in the urban roadside 

environment.  

Investigation on the chemical compositions and abundance of aerosols shows distinct 

differences between ultrafine, fine and coarse particles at PU (PolyU) Supersite, a 

typical roadside site with heavy traffic. Aerosol mass and number concentrations are 

studied in different scenarios (daily cycles, large-scale weather systems and aerosol 

episodes). Distinct variations are shown on a daily basis in the number concentrations 

of ultrafine particles. In addition, high number concentrations of ultrafine particles are 

found in winter and low in summer. The diurnal cycles of fine particle mass 

concentrations track the fluctuations of the local vehicle numbers, on the other hand, 

the seasonal cycles are influenced by East Asia monsoons, which bring pollutants from 

 II



upwind areas. For coarse particles, a good relationship is found between the hourly 

mean mass concentration and wind speed. The study of aerosol chemical compositions 

in each scenario indicates substantial variations for each fraction. Due to unfavorable 

synoptic systems, particulate episodes are observed in both summer and winter. The 

PSCF (Potential Source Contribution Function) receptor model identifies the coastal 

areas of southeastern China and the PRD (Pearl River Delta) region as the source areas 

of regional pollution in cold and warm seasons respectively.  

By analyzing the emissions from vehicles in the Shing Mun tunnel, a higher emission 

rate for diesel-fueled vehicle and unique chemical profiles for vehicles with different 

fuels are found. To better understand the sources of particles at PU Supersite, various 

techniques, including OC/EC ratios, linear/multilinear regression, PMF (Positive 

Matrix Factorization) and CMB (Chemical Mass Balance) receptor model, are applied 

in this study. Vehicle exhaust is identified as the major source for both ultrafine and 

fine particles, while resuspensions being the main source for coarse particles. 

Regional-scale pollution is another important source for fine particles. The 

contributions from regional pollution can increase to nearly half of the total fine 

particulate mass when air masses are from Mainland China.  
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Chapter 1 Introduction 

 

1.1 Background information of air quality in Hong Kong 

On-road emission is a major source of air pollution in mega-cities. Among those 

emissions, particulate matter (PM) is one of the major pollutants present in vehicle 

exhausts and urban air (MAGE et al. 1996). In addition to the minor sources from 

ambient areas, on-road emissions occur in three categories: (i) vehicle exhausts (both 

fuel and lubricating oil combustion); (ii) vehicle-related particles from tire and brake 

wear, and (iii) fugitive dust from paved and unpaved dust caused by the 

vehicle-generated turbulence and winds. PM adversely affects human health through 

the cardiovascular and respiratory systems and is associated with premature mortality 

as well as sickness (http://www.epa.gov/). 

As a result of city development and urbanization, Hong Kong has been experiencing 

serious air pollution problems for decades. These problems are largely due to high 

emission motor vehicles that are coupled with high kilometer traveled. There were 

540641 licensed vehicles in Hong Kong at the end of 2005 (The Annual Traffic 

Census, 2005), representing an increase of 16% when compared with the 

corresponding figure in 1995. New vehicles are added each year to the existing large 

 1



vehicle population and the inadequate street and roadways networks. The vehicle 

density in Hong Kong has ranked one of the highest in the world, with 540641 

vehicles on only 1900 km of road.  

Hong Kong is one of the most populated cities in Asia, containing seven million 

people within its 1100 km2 of territory. Consequently, streets with heavy traffic are 

close to public and buildings. The on-road pollutants are often trapped in between the 

very tall buildings along the streets, indicating poor dispersion of pollutants and high 

human exposure. Thus, particulate matters associated with vehicles pose risks to the 

environment and human health in Hong Kong.  

Although the Government has been working for years to control emissions from motor 

vehicles, improvements from those measures have tended to be offset by the 

increasing emission levels from the continuously growing vehicle numbers and 

kilometers driven. Nonetheless, there has been limited air quality studies related to 

real-world emissions at the roadside environment in Hong Kong. 

Besides the particulate matter due to local vehicles, the regional or remote pollution 

can also influence air quality in Hong Kong because of its location and climate 

scheme. The PM10 concentrations in urban ambient areas of Hong Kong have shown a 

primarily downward trend between 1995 and 2002 but have rebounded afterwards 
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(The Annual Air Quality Report, 2004). Such territory-wide rise in PM10 

concentrations reflects an increase in regional background PM10 levels in recent years.  

1.2 The location of Hong Kong and the climate scheme 

Hong Kong is located on the southeastern coast of the Asian continent with marked 

spatial variations in relief and topography. Surrounding Hong Kong’s east and south 

sides is the South China Sea, the PRD region on the northwest, and mainland China to 

its north (Figure 1.1). There are few industries inside the territory of Hong Kong since 

the industries have been moved to the PRD region. Only a few fossil-fuel fired power 

plants are located in the south edge of Hong Kong Island and the northwest of 

Kowloon Peninsula. 

The climate of Hong Kong is governed by the East Asia monsoons, and it is 

dominated by the Asian continental high pressure system, which builds up in the 

autumn and winter, collapses in the spring and then become a low-pressure system in 

the summer (Chin, 1986). This seasonal cycle of wind fields gives rise to a marked 

alteration in the properties of the air masses reaching Hong Kong. During the autumn 

and winter, a northwesterly wind prevails in north China, Korea and Japan while a 

northeasterly wind prevails in South China, South China Sea and Hong Kong. The 

cool and dry air masses that originate from the Asian continent as far as Siberia 
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usually travel over the Asian continent. Therefore, the air masses carry a number of 

continental pollutants during its transport to downwind area, like Hong Kong and the 

South China Sea. In summer, the southwesterly wind becomes the prevalent wind in 

South China, South China Sea and Hong Kong. The warm and humid marine air 

masses that originate from the South China Sea are carried to Hong Kong by a 

southwesterly wind, bringing clean air to Hong Kong. Moreover, spring is the season 

where the northeasterly monsoon changes into southwesterly monsoon. 

1.3 Limitation of previous PM studies in Hong Kong 

The air quality standards must protect human health. However, the current standards 

of air quality in Hong Kong are for the Total Suspended Particulates (TSP) and 

Respirable Suspended Particulates (RSP/PM10, particles with aerodynamic diameter 

less than 10 μm), which do not provide a total picture of human exposure to pollution 

and the effects of exposure on health and welfare since fine particles (or PM2.5, 

particles with aerodynamic diameter less than 2.5 μm) have closer relationship with 

health effect when compared with coarse particles (or PMcoarse, particles with 

aerodynamic diameters between 2.5 and 10 μm).  

Previously, individual aerosol studies in Hong Kong include the studies on chemical 

characteristics of 24-hr integrated TSP, PM10, and PM2.5 (e.g., Qin et al. 1997; Lam et 
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al. 1999; Cheng et al. 2000; Zheng et al. 2000), and a few studies on mass size 

distribution (e.g., Zhuang et al. 1999a,b; Yu et al. 2004a). The main research fields 

have focused on temporal and spatial variations of PM in ambient areas of Hong Kong 

(e.g., Qin et al. 1997; Lam et al. 1999; Cao et al. 2003; Louie et al. 2002; 2005a), but 

few characterize the PM at a source-dominated site, namely the roadside environment. 

Obtaining city-specific data related to on-road vehicles is important since the 

fundamental knowledge on particles near sources can help us to better understand of 

the factors that influence air qualities, and further find a solution to particulate 

pollutions. In addition, the size range over the impactors operating in the studies of the 

size distribution does not extend to the very small sizes, such as ultrafine particles (or 

PM0.1, particles with aerodynamic diameters less than 0.1 μm), which have strong 

effects on human health even in a low concentration (Ferin et al. 1992; Oberdörster et 

al. 1995; Donaldson et al. 1998; Oberdörster et al. 2001). Finally, source profiles for 

different air pollutant sources are still unavailable for Hong Kong, which are needed 

for the purpose of source identification in ambient particulate pollution.  

1.4 Objectives  

To fill in those gaps mentioned above, the main objectives in this thesis were to: 

1. Explore the characteristics of particulate matters at PU Supersite through the 
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measurements of the ultrafine particles, PM2.5, PM10, and PMcoarse, and size 

distribution of particle mass; 

2. Understand the particulate origin and regular evolution on a daily and seasonal 

basis;  

3. Evaluate the changes of particles in chemical compositions during pollution 

episodes and identify the source areas for the long-range-transported pollution; 

4. Determine the emission factors and chemical profiles of fine particles for 

vehicles with different fuels; 

5. Apportion source contributions for fine and coarse particles observed at PU 

Supersite using PMF and CMB receptor model. 

The objectives of this study have been introduced above. In the next chapter, the 

background literature will be reviewed and then the subject methodology will be 

explained. Chapters 4 and 6 in particular will report the results of the investigation of 

the chemical and physical characteristics of particles in various size fractions. The 

pollution episodes will be studied in Chapter 5. The emission factors and chemical 

profiles of vehicle emissions will be presented in Chapter 7, followed by the 

estimation of various source contributions for fine and coarse particles in the next 

chapter. Finally, the thesis will end with a brief conclusion. 
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Chapter 2 Literature Review 

 

In this chapter the background literature on particulate emissions will be discussed. 

First I will look at the nature of atmospheric particles, followed by a description of 

tunnel studies and modeling. The chapter ends with a brief discussion of previous 

investigations of aerosol. 

2.1 Physics and chemistry of atmospheric particles 

Airborne particles, a mixture of solid particles and liquid droplets found in the air 

(http://www.epa.gov), are also called PM in scientific communities.  PM includes 

dust, dirt, soot, smoke, and liquid droplets. They embrace a very wide range of sizes, 

the smallest being only a few nanometers in diameter whilst the largest range up to 

more than 100 μm in diameter. Particles can be suspended in the air for long periods of 

time and are present in virtually all tropospheric air masses.  

Knowledge of the physical and chemical properties of particles in the urban area is 

important because of its role in climate change and health effects on human beings. 

Particles can be characterized by their physical properties, such as size, shape, color, 

number, gas/particle phase equilibrium, as well as be classified by chemical 

characterizations, e.g. chemical composition and origin. TSP, PM10, PMcoarse, PM2.5 
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and PM1.0 commonly are used in scientific communities.  

2.1.1 Air quality standards for particulate matter  

In recognition of the important role of particles to human health, the US 

Environmental Protection Agency (EPA) established the national ambient air quality 

standards for PM10 in 1987 and for PM2.5 in 1997 (http://www.epa.gov). The long-term 

standard specifies an expected annual arithmetic mean not to exceed 15 μg m-³ 

averaged over three years for PM2.5. Due to a lack of evidence linking health problems 

to long-term exposure to coarse particle pollution, the agency revoked the annual PM10 

standard in 2006 (effective December 17, 2006). The short-term (24-hr) standard of 

150 μg m-³ for PM10 and 35 μg m-³ for PM2.5 is not to be exceeded more than once per 

year on an average over three years. TSP, PM10, and PM2.5 are widely monitored by air 

quality agencies in recent years. Over the next few months, the US EPA will be 

finalizing its proposal to revise the NAAQS for fine and coarse particulate matter in 

recognition of different health effects that may be associated with different particle 

components.  

To protect Hong Kong's air quality, in 1989, the entire territory was declared as air 

control zones with a set of Air Quality Objectives (AQOs) for seven pollutants. TSP 

and RSP were included as two air standards. The AQOs set target concentrations for 
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these pollutants at levels which are consistent with international health standards. The 

annual AQOs are 80 μg m-³ for TSP and for 55 μg m-³ RSP; the 24-hr AQOs are 260 

μg m-³ for TSP and 180 μg m-³ for RSP.  

2.1.2 Particle size  

Particle size is the most important parameter for characterizing the behavior of 

aerosols. Not only do aerosol properties depend on particle size, but also the nature of 

the laws governing these properties may change with particle size. As measured by 

various investigators, particle size mass distributions usually show four typical modes: 

nucleation mode (e.g., Whitby, 1978; Fitzgerald et al. 1991; Oberdörster et al. 1995), 

ultrafine mode (e.g., Fitzgerald et al. 1991), accumulation mode (e.g., Willeke and 

Whitby, 1975; Meng and Seinfeld, 1994), and coarse mode (e.g., Seinfeld, 1986). The 

term of these three modes do not have a universally agreed definition but is widely 

accepted as describing particles of less than 0.05 µm in diameter, 0.1 µm, 0.1-1µm, 

and 2.5-100 µm, respectively. Nucleation, ultrafine and accumulation ranges constitute 

the “fine” particle size fraction (Harrison, 2004).  

The “nucleation” range (Whitby, 1978; Fitzgerald et al. 1991; Oberdörster et al. 1995), 

consists of particles with diameters less than ~0.05 µm. Nucleation particles are 

typically fresh hydrocarbons or sulfate that are emitted directly from combustion 
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sources (Puxbaum and Wopenka, 1984) or that condense on primary particles from 

cooled gases soon after emission (Kittelson, 1998), or that freshly nucleate resulting 

from atmospheric reactions (Fitzgerald et al. 1991). The nucleation range is detected 

only when fresh emissions are close to a measurement site or when new particles have 

been recently formed in the atmosphere (Willeke and Whitby, 1975) since they will 

rapidly coagulate with larger particles or serve as nuclei for cloud or fog droplets 

(Rodhe et al. 1999; Facchini et al. 1999) in 1-2 hours after emission.  

The “ultrafine” particles consist of particles with diameters less than 0.1 µm. 

Nucleation particles are the main proportion in ultrafine size range. Ultrafine particles 

typically dominate the particle number count, and make a significant contribution to 

surface area, but very little to mass (Fitzgerald et al. 1991). Due to their high number 

concentration, especially near their source, these small particles coagulate rapidly with 

each other and with particles in the accumulation mode. Similar to nuclei particles, 

ultrafine particles have relatively short lifetimes in the atmosphere and end up in the 

accumulation mode. The mode in the number distribution of ultrafine mode particles is 

typically ca. 20-30 nm in diameter (Harrison et al. 2000). Generally, direct emissions 

from vehicles and stationary fuel combustion sources have been considered the main 

sources of ultrafine particles in the urban atmosphere (Case et al. 2000). Few data are 
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available on the chemical composition of ultrafine particles due to the fact that the 

chemical characterization of submicron aerosol particles is made difficult by the 

requirement to fractionate and collect sufficient aerosol mass for subsequent chemical 

analysis. An earlier investigation was conducted near a street with heavy traffic in 

Vienna by Puxbaum and Wopenka (1984), showing a clear dominated peak in the 

nucleation mode size fraction for total carbon, Pb, and Br-. More detailed 

measurements (Cass et al. 2000) for chemical composition of ultrafine particles in 

seven Southern California cities show that ultrafine particle concentrations in the size 

range of 0.056-0.1 µm average 0.55-1.16 µg m-3. The chemical composition of these 

ultrafine particle samples averages 50% organic compounds, 14% trace metal oxides, 

8.7% elemental carbon, 8.2% sulphate, 6.8% nitrate, 3.7% ammonium ion (excluding 

one outlier), 0.6% sodium and 0.5% chloride. The most abundant catalytic metal 

measured in the ultrafine particles is Fe. A source emissions inventory constructed for 

the South Coast Air Basin that surrounds Los Angeles shows a primary ultrafine 

particle emissions rate of 13 tonnes per day.  

The “accumulation” range consists of particles with diameters between 0.1 and l µm 

(Willeke and Whitby, 1975; Meng and Seinfeld, 1994). These particles originate from 

the coagulation of smaller particles emitted from: (i) combustion sources, (ii) 
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gas-to-particle conversion, (iii) condensation of volatile species, and (iv) finely ground 

dust particles. Accumulation mode particles are subject to rather inefficient loss from 

the atmosphere by wet and dry deposition processes and are of primary importance for 

potential toxicity of species present in urban aerosols due to the surface adsorption or 

condensation that promotes toxicity (Natusch and Wallace, 1974). Particles in this 

mode are not subject to significant further growth through coagulation because of low 

coagulation rates. They have an atmospheric lifetime of several days and can therefore 

travel over very long distances within the atmosphere. Particles can be removed by 

rainout or washout. The size range of the accumulation mode includes the wavelengths 

of visible light, and these particles account for most of the visibility effects of 

atmospheric aerosols. John et al. (1990) observed two modes in accumulation size 

ranges for nitrate, ammonium ion and sulfate size distributions measured in the 

Southern California air quality study. He interpreted the peak centered at ~0.2 µm as a 

“condensation” mode containing gas-phase reaction products, and the ~0.7 µm peak as 

a “droplet” mode resulting from growth by nucleation of particles in the smaller size 

ranges and by reactions that take place in water droplets. The terms of “condensation” 

and “droplet” were widely used afterwards. Recently, the bimodal character of the 

accumulation mode for mass, number concentration, and chemical-specific size 

 12



distributions was reported by several studies (Kerminen and Wexler, 1995; Hering et 

al. 1997). Meng and Seinfeld (1994) examined the mechanisms of formation of the 

droplet mode. They found that coagulation, secondary formation by condensation 

growth, or growth due to water accretion cannot explain the formation of the droplet 

mode particles, although activation of condensation mode particles to form fog or 

cloud drops followed by aqueous-phase chemistry and fog evaporation was shown to 

be a plausible mechanism for formation of the droplet mode (Blando and Turpin, 

2000).  

The coarse mode, corresponding to particles above 2 or 2.5 µm in diameter, is formed 

through mechanical attrition and disintegration processes such as the formation of sea 

spray from bubble bursting in the ocean and the wind-blown suspension of land 

surface dusts, soil, trash, pollen and spore and abrasion of leaves, tyres, brake linings. 

Because of their large size, the coarse particles readily settle out or impact on surfaces, 

thus their lifetime is rather short. There is comparatively little mass exchange between 

the fine mode and coarse mode. In the urban atmosphere, there is an inverse 

correlation between mass concentrations in the two modes. Low wind velocity reduces 

the concentration of windblown soil particles and high wind velocity does the 

opposite. 
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2.1.3 Particle number 

The size distributions of particle number are quite different compared to mass 

distribution because of the cube dependence of volume and mass on diameter. 

Harrison, et al. (2000) showed that 109 particles of 10 nm diameter have the same 

mass as 1000 particles of 1 µm diameter or one particle of 10 µm diameter. Therefore 

quite a large number of particles in nuclei mode may represent only a small proportion 

of total particle mass, while several particles in coarse mode may occupy the majority 

of mass.  

The typical average number concentration (3-500 nm) is 22000 cm-3 with an average 

mode size of 40 nm in a Pittsburgh urban area (Stainer et al. 2004). Rural number 

concentrations are a factor of 2-3 lower (on average) than the urban values. The 

patterns in number concentrations are influenced by the sources of particles 

(atmospheric nucleation, traffic, and other combustion sources). New particle 

formation from homogeneous nucleation is significant at a site far away from emitters.  

The number concentration of particles, per log-diameter interval of the size 

distribution (dN dlogDp-1), are shown on the y-axis; N is the particle number and Dp 

is the particle diameter. When data are plotted in this way, the area under the curve 

gives the number concentration of particles in that size range, given that the y-axis is 
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on a linear scale and the x-axis is on a log scale. 

2.1.4 Major chemical composition and sources  

The chemical components in particulate matter have been intensively investigated 

throughout the world. Most of the particulate mass in urban and non-urban areas can 

be explained by a combination of the five major chemical components (Solomon et al. 

1989), including: carbonaceous material, sulfate, nitrate, ammonium soil-related 

material. Carbonaceous material comprises elemental carbon and organic matter. The 

organic matter is estimated by multiplying the measured concentration of organic 

carbon by a factor of 1.2-2.1, which varies with location, season, and time of day as 

the mix of organic compounds in the aerosols (Turpin and Lim, 2001). Sulfate, nitrate, 

and ammonium are the most common inorganic components that can be analyzed by 

ion chromatography. The thermodynamic equilibrium among atmospheric ammonium, 

sulfate, and nitrate has been an important problem since early 1980’s. Soil-related 

material is the sum of soil-related oxides from elemental analyses by X-ray 

fluorescence. Sea salt was the most abundant aerosols in the marine atmosphere. 

Sometimes, it was found near coastal areas. Furthermore, a portion of the liquid water 

is generally present in the samples despite sample equilibration at round 40-50% 

relative humidity prior to weighing (Solomon et al. 1989). It is rarely measured but is 
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sometimes estimated.  

Organic carbon (OC) and elemental carbon (EC) are the most abundant species in 

motor vehicle related emissions (e.g., tailpipe exhausts, brake and tire wear, and oil 

drips), accounting for ~80% of the total mass in real-world on-road measurements 

(Gilles et al. 2001). Particulate organic carbon is a component of particles emitted 

from incomplete combustion of organic materials, the degradation of carbon 

containing products such as vehicle tyres (Rogge et al. 1993a) and of vegetation 

(Rogge et al. 1993b), but it also can consist of secondary organic aerosol (SOA) 

formed through the condensation or sorption onto other particles of organic carbon 

gases (gas-phase degradation routes) in the atmosphere (Stern et al. 1987; Jones and 

Harrison, 2005). Sources of organic carbon gases may arise from the combustion of 

organic material, the evaporation of fuels, or the natural emission of volatile organic 

compounds from vegetation (Jones and Harrison, 2005). Both primary and secondary 

OC consist of hundreds of separate compounds that contain more than 20 carbon 

atoms (>C20), oxygen, and hydrogen, many of which are known to be toxic (i.e. PAHs, 

nitro-PAHs, etc.) (Schauer et al. 1996; Reisen and Arey, 2005). Therefore OC 

volatilizes and decomposes upon heating in an oxygen-free environment. While most 

of the primary organic carbons and all of secondary organic carbons are in particles 
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with diameter of less than accumulation size range (Pandis et al. 1993), degradation of 

any material is likely to give rise to particles with larger sizes than those resulting 

from combustion (Jones and Harrison, 2005). Certain fractions of particulate organic 

matter, especially those containing polycyclic aromatic hydrocarbons (PAHs), have a 

potential effect on human health since organic carbon aerosols have been shown to be 

mutagenic and carcinogenic in a number of bioassays and animal studies (Klingenberg 

and Winneke, 1990).  

EC is black, often called “soot.” EC contains pure, graphitic carbon, but it also 

contains high molecular weight, dark-colored, non-volatile organic materials such as 

tar, biogenics, and coke, as a surface coating. EC is emitted from incomplete 

combustion, occurring in sources such as diesel engines (Hamilton and Mansfield, 

1991; Hansen and Rosen, 1990; Gray and Cass, 1998; Heintzenberg and Winkler, 

1984), biomass burning (Cachier et al. 1989; Kirchstetter et al. 2003), and the 

pyrolysis of biological material during combustion (Jones and Harrison, 2005). EC 

only combusts in the presence of oxygen and it comprises all visible-light absorbing 

carbon. Most elemental carbon exists in the accumulation mode. The lifetimes of 

elemental carbon range from 40 hours in rainy climates to well over 1 week in clean, 

dry regions (Ogren and Charlson, 1983). Although wet scavenging is likely to be the 
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dominant removal mechanism for EC (Ogren and Charlson, 1983), the effect is 

believed to depend on the extent to which the EC is coated with hygroscopic 

substances (Ogren et al. 1984). In other words, it depends on whether EC is an internal 

mixture or external mixture. An internal mixture is one where EC is physically in 

contact with other, perhaps more abundant, hygroscopic aerosol constituents (e.g., 

sulfates), with the other compounds dominating the physical and chemical properties 

of the EC-containing particles. External mixture defines EC physically isolated from 

other constituents, so that the properties of the EC-containing particles with respect to 

water are determined by EC alone (Ogren and Charlson, 1983). 

Sulfate (SO4
2-) is the most abundant inorganic component of the atmospheric aerosol. 

Primary emissions of sulfate arise from industries, production, vehicle exhausts, and 

use of sulfate minerals such as gypsum. In general, however, these represent only a 

small proportion of atmospheric sulfate, by far the major proportion arising from the 

oxidation of sulfur dioxide in the atmosphere (secondary aerosol) (Claes et al. 1998). 

The concentrations of sulfate in the atmosphere are strongly influenced by ambient 

temperature. Ammonium sulfate ((NH4)2SO4), ammonium bisulfate (NH4HSO4), and 

sulfuric acid (H2SO4) are the most common forms of sulfate found in atmospheric 

particles, resulting from conversion of gases to particles. The conversion of gases to 
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particles fall into two groupings, either homogeneous reactions taking place in the gas 

phase, or heterogeneous processes in cloud, fog water or aerosol droplets phase with 

subsequent liquid phase oxidation (Claes et al. 1998). Sulfate, being essentially 

non-volatile, have a size distribution controlled by gas-phase diffusion, therefore it 

almost exclusively tends to accumulate in the smaller particles less than 2 µm in 

diameter (Bassett and Seinfeld, 1984). Bimodal distributions were found for sulfate in 

the accumulation mode by Hering and Friedlander (1982). The 0.17-0.25 um mode 

was ascribed to homogeneous gas phase reactions and the larger mode to the reaction 

of sulfur dioxide with pre-existing accumulation mode particles in liquid droplets 

(Hering and Friedlander, 1982). Sodium sulfate (Na2SO4) may be found in coastal 

areas where sulfuric acid has been neutralized by sodium chloride (NaCl) in sea salt.  

Typically, nitrate (NO3
-) is the second most abundant secondary aerosol component in 

polluted atmospheres. There is little primary particulate nitrate in the atmosphere other 

than close to industrial sources such as ammonium nitrate fertilizer works which can 

provide appreciable point sources. Generally, atmospheric nitrate arises from the 

oxidation of nitrogen dioxide to nitric acid which may either react reversibly with 

ammonia forming ammonium nitrate, or irreversibly with sodium chloride to form 

sodium nitrate (Claes et al. 1998). Ammonium nitrate (NH4NO3) is the most abundant 
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nitrate compound, occurring when ammonia or HNO3 is introduced into an air parcel 

in amounts above that needed for the necessary concentration product of HNO3 times 

NH3 to equal the equilibrium dissociation constant for NH4NO3 (Russell et al. 1983). 

Bimodal distributions were found for NH4NO3 in the accumulation mode by Wall et al. 

(1988). Gas phase reaction of nitric acid with ammonia formed the 0.1-0.3 µm mode 

and reaction of nitric acid with pre-existing fine particles to form the 0.5-0.7 µm mode. 

Being more volatile than sulfate, in practice, it seems most unlikely that sufficient 

super-saturation is achieved to cause homogeneous nucleation for ammonium nitrate, 

and most probably these compounds condense onto existing particles (Claes et al. 

1998). Ammonium nitrate centered at 0.5-0.7 µm tends to evaporate from the smaller 

particles and deposit on larger particles (Bassett and Seinfeld, 1984) because 

submicron ammonium nitrate particles are subject to a significant Kelvin effect which 

destabilizes them if compared with larger particles (Claes et al. 1998). Large sodium 

nitrate (NaNO3) particles may be formed in marine-influenced terrestrial atmospheres 

with low ammonia concentrations (Wall et al. 1988; Claes et al. 1998). While sodium 

nitrate (NaNO3) exists only in the surface layers of 1-4 μm coastal aerosol (Bruynseels 

and Van Grieken, 1985), and the reaction rate is dependent on the NaCl surface area 

presented to the nitric acid as well as on the mass of sodium chloride available to react 
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(Wall et al. 1988). The non-volatile sodium nitrate serves as a permanent removal 

mechanism for nitric acid (Wall et al. 1988). 

Geological material or suspended dust consists mainly of oxides of aluminum, silicon, 

calcium, titanium, iron, and other metal oxides. The precise combinations of these 

minerals depend on the geology of the area and other human activities, such as 

industrial processes and constructions. Geological material is mostly in the coarse 

particle fraction (Patterson and Gillette, 1977). 

2.1.5 Urban particle and its impacts on climate and health 

In the current debate on global change, the effect of tropospheric aerosols on the 

global radiative balance and climate has resulted in more investigations. Particles play 

an important role in radiative transfer and climate directly and indirectly, the former 

by scattering and absorbing radiation (Langner and Rodhe, 1991; Taylor and Penner, 

1994; Haywood and Shine, 1995; Schult et al., 1997; Charlson et al. 1992; Penner et al. 

1992; Jacobson, 2001) and the latter by influencing the droplet size distribution and 

albedo of planetary layer clouds (Charlson et al. 1987). Fine particles emitted at the 

tropical and sub-tropical surface, in a geographical location like Hong Kong, might be 

transported into the stratosphere rather than particles emitted at northern mid-latitudes 

because the main physical process, deep convection that is responsible for the vertical 
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transport of gases and particles, is most intensive in the tropics and sub-tropical zones 

in respect of cloud top height and number of events (Köhler et al. 2001).  

More recently, anthropogenic aerosol in particular was found to impose a major 

perturbation to this forcing, for example cooling effect resulting from sulfate 

(Charlson et al. 1992) and warming effect as a result of soot (Jacobson, 2001). Soot is 

large and dark particles tending to absorb light, thus warming Earth’s atmosphere. In 

contrast, very small particles such as sulfate and organic material, regardless of color 

and composition, tend to scatter light, thus increasing the albedo of the atmosphere. 

The light-scattering effect seems to prevail at most latitudes, but at high latitude, 

where snow and ice covered surfaces are highly reflective, absorption effects can 

dominate (Harvey, 1988). Whether carbonaceous particles principally warm or cool 

the atmosphere depends on the aerosol single scattering albedo, which is the ratio of 

incident radiation that is scattered to the incident radiation that is absorbed. It follows 

that the aerosol SSA depends on the relative amounts of absorbing EC and scattering 

OC, represented by OC/EC ratios (Novakov et al. 2005).  

Particles also exert an indirect effect in their role as a major source of cloud 

condensation nuclei (Novakov and Penner, 1993). They increase the concentration of 

cloud droplets with the increased concentration of condensation nuclei, like sulfate 
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and organic aerosols, resulting in an increase in the scattering surface of clouds. Also, 

rain may be inhibited, since the mean droplet size decreases with increasing numbers 

of droplets, leading to a further increase in the cloud cover. On the other hand, clouds 

also absorb solar and terrestrial radiation (Rodhe, 1999); heat gained from this 

absorption will counter the heat lost by the scattering effect of clouds. Although the 

relative strengths of these two processes are not known with precision, evidence 

accumulated thus far indicates that the scattering effect dominates, with sulfates and 

cloud formation resulting in a net cooling of the planet. 

Evidence from epidemiology and toxicology (Dockery et al. 1993; Schwartz et al. 

1996; Katsouyanni et al. 2001; Horak et al. 2001) has suggested statistically 

significant association between morbidity and ambient particle concentrations. Coarse 

inhalable particles may be deposited in the upper respiratory tract whereas fine 

particles travel deeper into the lungs. An influential study, conducted by Dockery et al. 

(1993), of six US cities monitored a cohort of 8111 adult subjects for 14-16 years from 

the mid-1970s and found that increased fine particle concentrations were correlated 

with increased mortality (26% increase over an 18.6 µg m-3 range of particle 

concentrations) from all causes, but especially from cardiopulmonary disease. More 

previous studies have found a linkage between morbidity with PM10 (Dockery et al. 
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1992; Seaton et al. 1995). The evidence showed that coarse particles contribute to 

increased risk of hospitalization for heart and lung disease (Zanobetti et al. 2003), 

increased respiratory symptoms (Mar et al. 2004), and decreased lung function 

(Gauderman et al. 2000). During the last decade, PM2.5 has been increasingly 

emphasized. Various toxicological and physiological considerations suggest that fine 

particles may play an important role in affecting human health. For example, they may 

be more toxic because they include sulfates, nitrates, acids, metals, and carbon on their 

surface. Currently, ultrafine particles (PM0.1) are considered to be another important 

fraction because they serve as a primary source of fine particle exposure and because 

poorly soluble ultrafine particles may be more likely than larger particles to 

translocate from the lung to the blood and other parts of the body (Hughes et al. 1998, 

Oberdörster et al. 2005). Several studies (Ferin et al. 1992; Donaldson, 1998; 

Oberdörster, 2001; Li et al. 2003) have demonstrated the increased toxicity or 

interstitialisation of ultrafine articles compared to fine particles of the same material.  

Toxic response of particulate matter is dependent less upon the mass of the particles 

than the number, size and composition. Particles in accumulation mode (0.1-1 µm) 

have the greatest health impact because they penetrate most deeply into the lung 

(Natusch, 1974). Carbonaceous aerosols (organic compounds and elemental carbon), 
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especially those found in diesel exhausts, have been demonstrated to induce disease in 

human or animals (Klingenberg and Winneke, 1990; Mar et al. 2000; Metzger et al. 

2004). Sulfuric acid has been shown to impair lung clearance (Schlesinger, 1990). In 

addition, several trace metals, such as iron, nickel, and zinc, are found to suppress the 

human immune system (Goyer, 1986; Burnett et al. 2000). The well-established toxic 

effects of lead resulted in specific US NAAQS for this metal and the phase-out of 

leaded fuels over the past two decades. 

Although much has been learned upon the health effects of PM, there are important 

gaps in our knowledge, such as what kind of PM or which part of PM is most at risk 

and what specific air pollutants, combination of pollutants, and sources of pollutants 

are most responsible for the observed health effects (Pope III and Dockery, 2006). 

These questions can be answered partly because there is some unknown knowledge on 

PM by far. Unresolved scientific issue dealing with the health effects of PM air 

pollution motivates further study on PM in atmosphere.  

2.2 Tunnel studies 

The on-road transport related emissions may be estimated from tunnel studies. 

Engine-related particulate emissions are composed primarily of lead halides, sulfates, 

and carbonaceous matter and are mostly smaller than 1 μm in diameter. About 40% of 
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particles from tire wear are less than 10 μm (about 20% less than 1.0 μm) and are 

primarily carbon. Particles from brake linings are less than 1 μm and are composed of 

asbestos and carbon mainly. Fugitive dust emissions are mostly large particles that 

usually settle a short distance from the source, therefore resulting in a limited impact 

on the environment.  

Particulate emitted from vehicles are by-products of the fuel and lube oil combustion 

process (exhausts) and from evaporation of the fuel itself. The nature and rates of 

vehicle emissions are controlled by many factors such as fuel composition (Mulawa et 

al. 1997; Wang et al. 2000; Alander et al. 2004), engine condition and efficiency 

(Cadle et al. 1997; Norbeck et al. 1998; Shah et al. 2004), vehicle loading (Morawska 

et al. 1998) and road surface situations. In order to obtain an accurate characterization 

of vehicle emissions, tunnel studies (Moeckli et al. 1996; Pierson et al. 1996; 

Weingartner et al. 1997; Fraser et al., 1998; Allen et al. 2001; Gillies et al. 2001; 

Schmid et al. 2001; Gertler et al. 2002; Jamriska et al. 2004; Lough et al. 2005) are 

commonly conducted, by measuring the pollutant concentrations simultaneously at the 

entrance and exit of a tunnel as well as monitoring aspects such as traffic counts, 

vehicle speed, temperature, wind speed and pressure in  the tunnel. This method is 

believed to result in representative emission factors for the on-road vehicles and is 
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lower in cost and complexity than the traditional dynamometer method (Jamriska et al. 

2004).  

Several tunnel studies (Allen et al. 2001; Gillies et al. 2001; Gertler et al. 2002; 

Jamriska et al. 2004; Lough et al. 2005) have measured emission factors for PM2.5  

that represent the particle fraction emitted mainly from vehicle exhausts. Gillies et al. 

(2001) reported the average PM2.5 emission factor for the mixed light-duty (97.4%) 

and heavy-duty vehicles (2.6%) as 0.052±0.027 g veh-1km-1 in the Sepulveda Tunnel, 

Los Angeles, California during 1996. In a 1997 study conducted in the Caldecott 

Tunnel, San Francisco Bay, Allen et al. (2001) measured fine particle (diameter less 

than 1.9 μm) mass emission rates of 0.430±0.079 g veh-1 km-1 and 0.006±0.000 g veh-1 

km-1 from heavy- and light-duty vehicles. In the Tuscarora Mountain Tunnel of 

Pennsylvania, Gertler et al. (2002) reported the average PM2.5 emission factors for 

heavy- and light-fleets during 1999 as 0.135±0.018 and 0.014±0.013 g veh-1km-1 

respectively. Carbonaceous aerosols were generally major components in fine particle 

emissions reported by above studies. A more recent study used continuous monitoring 

instruments, TEOM (the Tapered Element Oscillating Microbalance) and DustTrak 

(TSI Inc.), in the Woolloonngabba Tunnel of Brisbane, Australia (Jamriska et al. 2004). 

The mean PM2.5 emission factor of diesel buses using TEOM was 0.267±0.207 g 
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veh-1km-1, which was thought to be possibly 20-30% lower than the true value, while a 

higher emission factor of 0.583±0.451 g veh-1km-1 was obtained using DustTrak.  

2.3 Modeling 

2.3.1 The Positive Matrix Factorization (PMF) receptor model 

Positive matrix factorization (PMF) receptor model has been developed by Dr. Paatero 

at the University of Helsinki in Finland in the mid 1990’s. It has provided a flexible 

modeling approach that can effectively use the information content in the data. PMF 

uses a least squares approach to solve the factor analysis problem by integrating 

non-negativity constraints into the optimization process and utilizing the error 

estimates for each data value as point-by-point weights. PMF has been successfully 

applied to a number of data sets (Polissar et al. 1998; Xie et al. 1999; Chueinta et al. 

2000; Willis, 2000; Song et al. 2001). Lee et al. (1999) used PMF to identify the 

sources of RSP in Hong Kong. The species analyzed in the study were Al, Ca, Mg, Pb, 

Na+, V, Cl-, NH4
+, SO4

2-, Br-, Mn, Fe, Ni, Zn, Cd, K+, Ba, Cu, and As. Unlike the 

conventional receptor modeling algorithm, factor analysis PMF only generates 

non-negative source profiles. More recently, Yuan et al. (2006) reanalyzed the PM10 

data in Hong Kong with more accurate carbon data and they concluded secondary 
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sulfate and local vehicle emissions were responsible for the largest contribution to 

PM10 in HK (25% each), followed by secondary nitrate (12%).  

2.3.2 The Chemical Mass Balance (CMB) receptor model  

The CMB receptor model (Watson et al. 1990, 2004) is one of the several receptor 

models that have been applied to air resources management. It has become a popular 

tool for determining the contribution of particulate matter to ambient levels in the past 

decade (e.g., SCAQMD, 1996). The CMB receptor model consists of a solution to 

linear equations that express each receptor’s chemical concentration as a linear sum of 

products of source profile abundances and source contributions (Watson et al. 2004). 

The source profile abundances (i.e., the mass fraction of a chemical or other property 

in the emissions from each source type) and the receptor concentrations, with 

appropriate uncertainty estimates, serve as input data to CMB. In order to distinguish 

between source type contributions, the measured chemical and physical characteristics 

must be such that they are present in different proportions in different source 

emissions and changes in these proportions between source and receptor are negligible 

or can be approximated. The CMB model calculates values for the contributions from 

each source and the uncertainties of those values.  

CMB model assumptions (Watson et al. 2004) are: 1) compositions of source 
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emissions are constant over the period of ambient and source sampling; 2) chemical 

species do not react with each other (i.e., they add linearly); 3) all sources with a 

potential for contributing to the receptor have been identified and have had their 

emissions characterized; 4) the number of sources or source categories is less than or 

equal to the number of species; 5) the source profiles are linearly independent of each 

other; and 6) measurement uncertainties are random, uncorrelated, and normally 

distributed. The six assumptions are fairly restrictive and they will never be totally 

complied with in practice. Fortunately, the CMB model can tolerate reasonable 

deviations from these assumptions, though these deviations increase the stated 

uncertainties of the source contribution estimates (Watson et al. 2004).  

The formalized protocol for CMB model application and validation is applicable to the 

apportionment of gaseous organic compounds and particles.  The seven-step protocol 

are: 1) determine model applicability, 2) select a variety of profiles to represent 

identified contributors, 3) evaluate model outputs and performance measures, 4) 

identify and evaluate deviations from model assumptions, 5) identify and correct input 

data deficiencies, 6) verify consistency and stability of source contribution estimates, 

and 7) evaluate CMB results with respect to other data analysis and source assessment 

methods. Particulate matter elements, ions, and carbon have been used in the CMB to 
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distinguish sources.  

2.3.3 The Potential Source Contribution Function (PSCF) receptor model 

From a receptor point of view, pollutants can be roughly categorized into two source 

types: source known and source unknown. When significant knowledge about the 

source profile exists, the CMB receptor models can be used to estimate the 

contribution of each of the various source categories to the concentration measured at 

the receptor. For sources that have known tracers but do not have complete emission 

profiles, factor analysis tools, like Principal Component Analysis (PCA), UNMIX, 

PMF, can be used to identify source tracers. For pollutant sources that are unknown, 

hybrid models that incorporate wind trajectories, like PSCF, can be used to resolve 

source locations.  

PSCF analysis has been employed in a number of prior studies to develop a 

conditional probability function that can be used to identify the possible locations of 

the sources of pollution that is being detected at a given location (Gao et al. 1994; 

1996; Cheng et al. 1993; Hopke et al. 1995). The PSCF function is the conditional 

probability that an air parcel with a level of pollutant concentration above a criterion 

value arrives at a receptor site after having passed through a specific geographical area. 

By using the chemical concentrations and wind trajectories to give a model of the 
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locations where pollutants are emitted, the PSCF model combines chemical along with 

meteorological data (Gao et al. 1996). 

2.4 Previous studies on aerosols in Hong Kong 

HKEPD has monitored the air quality in Hong Kong since 1984 with a monitoring 

network of about 10 stations. Three roadside stations and one ambient station were 

established later. The measurements for particulate matter include OC/EC, ion, and 

elements in TSP and RSP. The data provided by HKEPD (Qin et al. 1997) showed that 

the concentration of atmospheric aerosols was low in Hong Kong compared to some 

large cities located in East Asia. RSP and most of the chemical species show seasonal 

variations which reflect the weather conditions: low concentrations in the rainy season 

of summer and high concentrations for the rest of the year. The higher temperatures in 

summer months induce larger mixing heights, which favors the dispersion of 

pollutants. The rains in summer help to wash out pollutants more frequently. The 

south-westerly prevailing wind in the summer also helps to replenish the region with 

cleaner oceanic air. Carbonaceous aerosols accounted for approximately half of the 

mass and dominated the seasonal and spatial variations of RSP concentrations. Sulfate, 

ammonium and nitrate accounted for a quarter of RSP mass. Chemically speciated 

PM2.5 and PM10 data from a 1998-99 pilot at TW, Hong Kong, showed that: 1) ~70% 
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of PM10 is in the PM2.5 fraction, 2) carbonaceous aerosol and secondary ammonium 

sulfate constituted a major portion of PM2.5, 3) PM2.5 concentrations and compositions 

varied over twofold between the warm and cold seasons, and 4) elevated levels of OC 

were the main contributor to elevated PM2.5 concentrations during winter. Recently, 

HKEPD conducted a 12-month study of PM2.5 mass concentration levels at strategic 

locations in Hong Kong to represent urban ambient (TW), roadside (MK) and rural 

(HT) environment from November 2000 to October 2001 (Louie et al. 2002). The 

main focus of the study is on chemical speciation of PM2.5 particulate with special 

focus on organic speciation. Carbonaceous aerosol concentrations at MK are 1-2 times 

higher than those at TW, and the values at TW are more than 2 times higher than those 

at HT. Chemical characterization of the water-soluble organic compounds (WSOC) 

was performed as part of the 12-month PM2.5 study. The WSOC accounts for a 

significant portion of the total organic carbon mass, ranging from 14% to 64%. The 

highest WSOC contribution occurs in the fall composite at HT, and the lowest in the 

summer composite at MK. The WSOC concentrations are comparable in their 

concentration levels at the three sites. This is similar to the spatial distribution of 

secondary inorganic aerosols in Hong Kong (i.e., sulfate and nitrate). These 

observations seem to suggest that the WSOC fraction is mainly of secondary origin. 
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The WSOC/OC ratio shows a clear spatial pattern, highest at Hok Tsui and lowest at 

Mong Kok. The OC/EC ratio also exhibits the same spatial pattern. Both observations 

indicate that the contribution of secondary organic aerosol is more prominent at the 

rural site. Several past studies in PM10 (Yu et al. 2004b; Qin et al. 1997) and PM2.5 

(Cao et al. 2003; Ho et al. 2003; Pathak et al. 2003; Louie et al. 2005) have been 

conducted in Hong Kong including the investigation of aerosol characterization and 

source apportionment. Characteristics of particulates and its major chemical 

components in Hong Kong ambient atmosphere is the combined effects of emissions 

from local and regional sources. In ambient atmosphere, carbonaceous materials, i.e., 

sum of EC and organic mass, take up 37% of PM10 mass, being the most abundant 

component of the Hong Kong PM10 mass (Yu et al. 2004b). OC has dominant sources 

of local vehicle exhausts while it is also influenced by polluted air mass that transport 

from Asian continent. The wintertime OC is two times higher than the summertime 

OC at the ambient monitoring stations in Hong Kong (Ho et al. 2003; Yu et al. 2004b; 

Louie et al. 2005) because of the OC transported from northern China in winter (Yu et 

al. 2004b; Louie et al. 2005). To the contrary, the seasonality of EC is much weaker 

and variable among the monitoring sites. EC seasonality is found to depend on the 

distance from and relative location of the nearby road (Louie et al. 2005) and the city’s 
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container port (Yu et al. 2004b). Sulfate and ammonium were the secondary important 

species in particles. In total, about 40% of the sulfate and ammonium of PM2.5 in Hong 

Kong measured in Pathak’s study (Pathak et al. 2003) was from continental air masses 

and most of them occurred in autumn, winter, and spring.  

Ho et al. (2003) conducted a study for PM10 and PM2.5 aerosol samples that were 

collected in wintertime from November 2000 to February 2001 at three different 

sampling locations in Hong Kong. PM10 and PM2.5 were collected by high-volume 

samplers and the concentrations of major elements, ions, organic and elemental 

carbons were quantified. The ratios of PM2.5/PM10 were 0.61 and 0.78 at the PolyU 

campus and Kwun Tong (KT), respectively. The concentrations of anthropogenic 

species (e.g. Pb and Cu) in PM10 and PM2.5 measured at urban areas were generally 

higher than at an urban background site of Hok Tsui (HT). The major fractions of 

sulfate at three monitoring sites are non-sea-salt sulfates. Fung and Wang (1995) 

applied receptor modeling with SAS statistical software and regression analysis to 

apportion the sources of aerosols at five stations in the New Territories of Hong Kong 

with trace elements as markers. Six sources were identified including sea aerosol, 

coal-fired power plants, oil combustion, wind-blown dust, construction work, and 

automobile/incineration.  
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With a MOUDI cascade impactor (Micro-Orifice Uniform Deposit Impactor) at Hong 

Kong University of Science and Technology (HKUST) station, the size distributions of 

particulate sulfate, nitrate, and ammonium in Hong Kong were measured (Zhuang et al. 

1999a). They were tri-modally distributed in the size range of 0.052-10 μm in diameter. 

Sulfate and ammonium were particularly abundant in fine particles with a 

condensation mode (0.2 μm in diameter) and a droplet mode (0.57 μm in diameter) 

while nitrate was mainly associated with coarse mode. Yu et al. (2004a) investigated 

the size distributions of water soluble organic carbon in HKUST. Regardless of air 

mass origins being mainly marine or continental, WSOC exhibited bimodal size 

distributions with a dominant fine mode and a minor coarse mode in the size range of 

>0.43 μm. The two modes had a mass mean aerodynamic diameter (MMAD) of 0.77 

and 4.07 μm, respectively. The fine WSOC accounted for the major proportion of the 

total WSOC, ranging from 66% to 80%.  
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Chapter 3 Methodology 

 

In this chapter the methodology of the study will be organized by first describing the 

choice of sampling locations and then discussing sampling details. The summary 

tables (Table 3.1, 3.2, and 3.3) show all sampling information. This will be followed 

by reviewing principles of models that were used in this study. The chapter ends with a 

brief section on quality assurance and quality control for sampling and experiments.  

3.1 Sampling locations  

3.1.1 The PU Supersite  

This PU air quality monitoring Supersite (22.30° N, 114.17° E, Figure 3.1 and 

Appendix B-Photo 3.1) has been established by the Hong Kong Polytechnic 

University, located in a street canyon in a residential and commercial area near 

Victoria Harbor. PU Supersite is about 1 meter away from the curb of Hong Chong 

Road (Photo 3.2). The Hong Chong Road is approximately 30 m in width with four 

lanes for both directions, leading to the busiest cross-harbour tunnel in Hong Kong. 

The sampling site is about 400 m away from the tunnel entrance. Vehicle numbers, 

speeds and types were counted by the toll gate of the cross-harbour tunnel. Besides 

restaurant/household cooking, industries or other anthropogenic sources were not 
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found in the vicinity.  

The traffic numbers are extremely high on the Road. Traffic density changes in both 

directions nearly simultaneously. The maximum and minimum daily average of traffic 

number in 2005 is 125853 in November and 120426 in February (the annual traffic 

census, 2005). The traffic data were obtained in terms of the number of cars running in 

both directions per day. The average speed of traffic in the lane close to the sampling 

location is slow mainly due to periodic slowing down of the traffic by the traffic lights 

before passing the sampling site. But all vehicle engines are warmed up.  

There are two traffic rush hours with one in the morning (8:00-10:00) and the other in 

the evening (17:00-19:00). The diurnal variations of vehicle fractions (the annual 

traffic census, 2004) are quite similar over days on this road with higher traffic 

number in daytime and lower values at nighttime. During daytime, over 6000 vehicles 

per hour pass the sampling site, of which about 30% are diesel-fueled vehicles, 60% 

are gasoline-fueled vehicles, and 10% are Taxis (liquefied petroleum gas fueled). Most 

of diesel-fueled vehicles are light goods vehicles (about 90%). Only 10 % are medium 

and heavy goods vehicles. The average hourly gasoline-fueled vehicles ranged from 

35% at 11:00-12:00 to 60% at 19:00-20:00 and diesel-fueled vehicles varied from 10% 

at 22:00-23:00 to 50% at 11:00-12:00. Similar traffic conditions were found in 2003 
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and 2004. 

3.1.2 The Shing Mun Tunnel  

The Shing Mun Tunnel is an urban two-bore tunnel (Figure 3.1) with two lanes of 

traffic per bore (without walkways), and is currently used on average by 53300 

vehicles per day (the annual traffic census, 2004). The tunnel has a length of 2.6 km 

and is separated into two sections, including the east side and the west side. Two 

sampling stations were located in the south bore of the west side (Figure 3.2), which 

carries the vehicle flow from Shatin to Tsuen Wan. The length of the west side of the 

tunnel is approximately 1.6 km and there is an upgrade of 1.054% towards the exit 

from the entrance. The cross sectional area of the tunnel is 70.0 m2. The vehicle speed 

limit is 80 km h-1. The ventilation mode is longitudinal, and is achieved from the 

piston effect of the vehicles traversing it. There are 80 jet fans and 4 exhaust air fans 

positioned along the ceiling throughout the tunnel. They are only activated 

occasionally during morning rush hours periods (8:00-10:00). Therefore, the emissions 

measured during morning rush hours might be underestimated in this study. The 

average wind speed in the tunnel is obtained from the two sensors near the sampling 

stations installed on the inside top roof of the tunnel. The distance between the sensors 

and tunnel roof top was approximately 1.2 meters. The measured air velocities were 
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assumed to represent average air velocities at the cross section of the tunnel. 

3.1.3 The rural sampling site (Hok Tsui) 

A background observation station (Figure 3.1 and Appendix B-Photo 3.3), Hok Tsui 

(HT), was selected to carry out measurements in order to trace the sources of 

long-range transported air masses from the Asian continent. HT background station 

(22.22° N, 114.25° E, Figure 1) has been established by the Hong Kong Polytechnic 

University, ~10 km to the southeastern of PU Supersite. It is surrounded by a coastal 

setting (60 m above sea level) with 240° of ocean view from northeast to southwest. 

Air masses arriving at HT from the northeast or east regions normally do not pass the 

urban areas in Hong Kong. No other anthropogenic sources were found in the vicinity 

of sampling site. Therefore, during winter, the particle characteristics at this study site 

are expected to be largely determined by the transport of air masses from South China 

or PRD region. Occasionally, air masses from the island of Taiwan and passing ships 

can reach the sampling site. The pollutants originating from the inland of Hong Kong 

have little impact on marine aerosols. In summer, it is influenced by clean marine air.  

3.2 Measurements at sampling locations 

3.2.1 Sample collection at PU Supersite  

The detailed sampling program at PU Supersite is shown in Table 3.1. Photos for parts 
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of instruments used at PU Supersite are displayed in Appendix B.  

3.2.1.1 Integrated PM1.0/ PM2.5/ PM10 and speciation sampling 

PM1, PM2.5, and PM10 were collected simultaneously with a URG sampler 

(URG-3000ABC, Chapel Hill, USA, Photo 3.4) on 47 mm quartz fiber (# 1851047, 

QMA, Whatman International Ltd., Maidstone, England) and Teflon filters (# 42254, 

TefloTM, Pall Corporation. Life Science, Michigan, USA) for each size fraction in 

order to better understand the characteristics and relationships of PM1, PM2.5, PM10, 

and PMcoarse.  URG-3000ABC particulate sampler is made by Air Sampling 

Instrumentation, Chapel Hill, USA, which is designed for specific sampling needs. 

The eight channels of URG-3000ABC, 4 channels for PM10, 2 channels for PM2.5, and 

2 channels for PM1.0, can be operated at 8.3 l min-1 at the same time with one pump to 

provide a comparable data set for different size fractions. The detailed information 

related to the sampling at PU Supersite is shown in Table 3.1. 

Daily PM1.0 and PM2.5 samples were acquired at PU Supersite with two-collocated 

Partisol Plus Model 2025 Sequential Air Sampler (RP2025, Rupprecht and Patashnick 

Co. Inc., Albany, NY, Photo 3.5) operated at 16.7 l min-1, for gravimetric and OC/EC 

analyses. The collection membrane was 47 mm quartz fiber filter (# 1851047, QMA, 

Whatman International Ltd., Maidstone, England). The Plus Model 2025 Sequential 
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Air Sampler (Rupprecht and Patashnick Co. Inc., Albany, NY) is a multi-filter sampler 

(up to 16 filters) that performs automatic exchanges according to a user-defined 

sampling schedule. The sampling is stopped if 5% bias of flow rate is detected. The 

sampler stores records of input data every 30 minutes by default. These include the 

averages over the data storage interval of meteorological inputs and sampling 

information. The sampling took place from January to May 2004 to characterize the 

PM during winter episode days. Two- or three-hr sampling was also taken using the 

RP2025 sequential sampler in order to obtain the diurnal patterns of PM2.5 and 

chemical species during summer episode days.  

3.2.1.2 Sampling for ultrafine particles  

The Micro-Orifice Uniform Deposit Impactor (MOUDI) was used for size distribution 

measurements in this study. The ten-stage MOUDI 110 (MSP Corp. USA, Photo 3.6), 

operated at 30 l min-1, and three-stage Nano-MOUDI 115 (Photo 3.7), operated at 10 l 

min-1 were used at PU Supersite. Particles were classified by the MOUDI in the 

following aerodynamic particle diameter ranges: 0.010-0.018, 0.018-0.032, 

0.032-0.056, 0.056-0.10, 0.10-0.18, 0.18-0.32, 0.32-0.56, 0.56-1.0, 1.0-1.8, and 

1.8-2.5 μm. One backup filter was used in this study and an artificially lower “cut 

size” of 0.001 μm was used. Teflon membranes (# 42254, TefloTM, Pall Corporation. 
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Life Science, Michigan, USA) or aluminum foils (MSP Corp. USA) in diameters of 47 

mm were used to collect particles in all stages. The MOUDI was operated on a 48- or 

70-hr schedule in order to collect enough particles on individual stages for chemical 

analyses. OC and EC analyses on aluminum foils were done by thermal/optical 

reflectance (TOR) following the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) protocol (Chow et al. 1993), however, the pyrolysis 

correction could not be done directly for samples collected on aluminum foils because 

of the uneven distribution of particles on sampling substrates. The OC concentrations 

were not used in this study because there was lubricant in the MOUDI system, easily 

leading to contaminant for OC under high ambient temperature. However, organic 

matter concentrations can be roughly estimated by subtracting the sum of the rest other 

species from the total mass concentrations in this study. This estimation may 

overestimate the concentrations of organic matters since the water content was not 

considered. Half of aluminum foils was extracted to conduct water-soluble ion 

analyses using IC (Ion Chromatography). The mass and elemental concentrations were 

determined from the Teflon membranes. Forty elements on Teflon filters were 

determined at the Desert Research Institute, USA, with X-ray fluorescence (EDXRF) 

method (Watson et al, 1999), including Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, 
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Fe, Co, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Y, Zr, Mo, Pd, Ag, Cd, In, Sn, Sb, Ba, La, 

Au, Hg, Tl, Pb, and U. During the sampling periods in this study, the effects of particle 

bounce were neglected since the relative humidity was high (60% to 80%) enough to 

prevent particle bounce. 

3.2.1.3 Continuous monitoring for PM2.5, PMcoarse, and BC 

A model SPM-613D dichotomous beta gauge monitor (Photo 3.8), manufactured by 

Kimoto Electric Co., LTD., Japan, was used to take the real time data for PM2.5, 

PMcoarse (PM2.5-10), and OBC (optical black carbon). The concept of a beta gauge is to 

determine the mass collected on a filter by measuring the relative change in the 

β-particle intensity passing through the filter when clean and then loaded with the 

collected particle mass (Chueinta and Hopke, 2001). The SPM-613D aspirates the 

ambient aerosol through a standard 16.7 l min-1 inlet and introduces the fractionated 

PM10 aerosol into a custom designed virtual impactor. The particles are then separated 

by the virtual impactor into two channels, namely PM2.5 and PMcoarse. The PM2.5 

deposited on Teflon filter was quantified by beta gauge method. A heater (30 °C) is 

located downstream of the sampler’s inlet to maintain the relative humidity of the 

aspirated air stream because beta rays are attenuated by condensed water, resulting in 

an overestimation of the particle mass (Chang et al. 2001).  
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Black carbon on the Teflon filters is estimated by measuring the reflection of LED 

light by the samples (I) and reference (I0). BC concentrations (C) can be calculated 

based on the following formula: 

 
)/ln( 0IIAC ×−=                                          3.1 

 

where A is the static span coefficient. The previous span calibrations performed by 

users, the theoretical relationship between reflection of LED light and collected BC 

mass are used to estimate the mass of BC on Teflon filter. 

3.2.1.4 Measurements of particle numbers in fine and ultrafine size ranges 

Due to the different physical characteristics of particulates in different size ranges, 

different methods have to be applied for measurements of size spectra of small 

particles and large particles (Morawska et al. 1998). In the present study, particles of 

diameter 7-217 nm were measured using a TSI Scanning Mobility Particle Sizer 

(SMPS3936, TSI Inc., US, Photo 3.9). The SMPS system comprises a Model 3081 

Electrostatic Classifier (EC) and a Model 3022A Condensation Particle Counter (CPC). 

Particles are first drawn into the EC and classified into 64 channels in a range of 7-217 

nm in diameter using an electrical mobility detection technique, and then counted by 

the CPC. The flow rate of aerosols is 1.5 l min-1. A PMS (Particle Measuring Sytem, 
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US, Photo 3.10) Optical Particle Counter (OPC) Model 1003 measured the particle 

sizes from 100 to 2000 nm in eight channels. Sampled air is drawn through the laser 

beam by a small vacuum pump operated at 0.028 l min-1. As entrained particles in the 

air pass through the laser beam, the laser light interacts with the particles and is 

scattered. The burst of light energy from each particle is converted into a pulse of 

electrical energy to determine the size and quantity of particle. Both the SMPS system 

and PMS OPC 1003 used in the present study are brand-new instruments, which were 

pre-calibrated by the manufacturer. 

To avoid the rainy days, intermitted sampling was conducted on weekdays during 

January 5-31, 2005 and July 8-27, 2005. Once sampling was started, the SMPS and 

the OPC were operating simultaneously. The sampling interval is 30-minutes. The 

instruments were placed on a bench in a shelter with an air conditioner. The inlet was 

connected with a 2.5-meter sampling line with a silicagel drier installed in the middle. 

Although the drier possibly results in ~20% losses of particles (Aalto et al. 2005), it is 

essential to add it because the penetration of water into the sampling lines would lead 

to unstable flow of the CPC. The PMS OPC 1003 was also placed in the shelter with a 

1-meter sampling line outside.  
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3.2.2 Measurements in the Shing Mun Tunnel 

The PM2.5 was measured at the entrance and exit of the Shing Mun Tunnel to obtain 

the emission factors for vehicles. The sampling was made during varying times that 

encompassed different traffic fractions of diesel-fueled vehicles. The sampling 

duration, environmental conditions, and traffic counts for each run are given in Table 

3.2. The average temperature during the sampling periods was 24.0 °C, and the 

average pressure was 761.1 mmHg. A total of 27310 vehicles traversed the tunnel 

during the study with the number per hour ranging from 786 to 2842 vehicles. 

Diesel-fueled vehicles represented the highest proportion (more than 60%) during 

11:00-13:00 and 14:00-16:00, whereas the lowest (~30%) was found during 

8:00-10:00 (morning rush hours), 17:00-19:00 (evening rush hours) and 21:00-23:00 

(evening). The traffic speed for every run did not vary significantly, with most speeds 

recorded within the range of 60 to 70 km h-1. The average wind speed recorded in the 

tunnel during the sampling periods was 4.7 m s-1.  

For the filter-based PM2.5 samples, the sampling schedule consisted of 16 sampling 

periods (Run 1-16), including 4 runs in summer and 12 runs in winter of 2003 (Table 

3.2). The sampling interval was 2 hours in the summer, changing to 1 hour in the 

winter to avoid possible risk of saturating the filters. The sampling time was chosen to 
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cover a wide range of diesel-fueled vehicle proportions at different time periods. Two 

samples were collected simultaneously at the tunnel entrance and exit during each 

sampling run, using two DRI (Desert Research Institute, US) particulate samplers 

(Watson et al. 1994a). The inlet sampling station was located 686 m inside the 

entrance of the Shing Mun Tunnel south bore and the outlet sampling station was 

located 350 m upwind of the exit (Figure 1). The sampling system (Photo 3.12) 

included a fine-particle size-selective inlet (Bendix/Sensidyne 240 cyclone for PM2.5); 

an inverted U-shaped copper tube (~1.2 cm diameter); an homogenizing chamber (~4 

cm diameter by 50 cm); a flow splitter (~5 cm diameter); two 47-mm filter holders; 

two flow control valves; and a Gast 1023 ¾ HP carbon-vane vacuum pump. A total of 

113 l min-1 was drawn through the inlet and then was divided into two equal air 

streams leading to the different sampling substrates (47 mm quartz and 47 mm Teflon 

filter). PM2.5 samples were simultaneously collected on Teflon-membrane and 

quartz-fiber filter substrates using this sampling system. The sampler was fixed at 

ground level, ~1.2 m away from the tunnel wall, with an inlet at a height of ~1.5 m. 

The flow rates were checked in the field before and after each run using a calibrated 

flow meter. All loaded samples were stored inside a cooler chilled with blue ice during 

delivery of samples to the laboratory. They were then stored in a refrigerator before 
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being sent to DRI (packed in blue ice) for chemical analyses. Teflon membrane filters 

were pre- and post- weighed at least twice (the difference between two weights 

deviating less than 10%) on a Mettler Toledo MT5 Microbalance in DRI, with a 

sensitivity of ±1 μg, to determine mass concentrations. Before weighing, the filters 

were equilibrated in a desiccator at 20-30ºC with a relative humidity of 30-40% for 24 

hours.  

Two DustTrak air monitors (Model 8520, TSI Inc., US, Photo 3.13) were operated to 

monitor PM2.5 concentrations alongside the DRI particulate samplers at the tunnel’s 

entrance and exit for 9 of the 16 runs (Table 3.2). One-minute means of PM2.5 was 

collected during each sampling run from which 15-minute, 1-hour or 2-hour means 

were calculated. DustTrak is a simple instrument, which gives a direct reading of mass 

concentration based on the scattering of laser light by aerosols. The particulate 

concentrations for diesel exhausts derived from DustTrak were found to correlate well 

with the data measured gravimetrically (R=0.93 to 0.99), but the slope of the 

correlation varied between 0.55 and 1.3 (Moosmuller et al. 2001). Therefore, in this 

study, to obtain more precise values, a calibration test was conducted to convert the 

results given by the DustTrak into corresponding concentrations, using gravimetric 

methods. The two DustTrak air monitors used in tunnel measurements were calibrated 
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separately against the DRI particulate samplers for the entrance and exit. PM2.5 

measurements using DustTrak were firstly averaged for the same sampling periods 

with the DRI sampler. The correlation coefficient (R) was 0.78 and 0.86 for the 

entrance and exit, respectively. DustTrak measurements were ~1.7 times the 

gravimetrically obtained values at the tunnel entrance and ~1.4 times those at the exit. 

Traffic composition and volume were determined by manual counts at the entrance of 

the tunnel tube at 15-minute intervals during the sampling periods. Video-recording 

was also taken for data validation and review purposes. The vehicle types were 

classified into three major categories, namely gasoline-fueled vehicles (motor cycle 

and private car), LPG-fueled taxis and diesel-fueled vehicles (big bus, heavy goods 

vehicle, light goods vehicle and minibus). The manual traffic counts were compared to 

the records of Toll Plaza, approximately 200 m away from the tunnel entrance. The 

data obtained from the manual counts and toll plazas were in reasonable agreement 

with a deviation of less than 10%. Traffic speed surveys were periodically conducted 

at Shing Mun Tunnel using the car chasing method. The “chasing” vehicle was 

equipped with a Darwin microwave speed sensor, the tachometer recording vehicle 

speed on a second-by-second basis. 
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3.2.3 Measurements at Hok Tsui 

3.2.3.1 BC monitoring  

A model AE-42 Aethalometer (Magee Scientific Inc. Berkeley CA, Photo 3.11) was 

used to measure aerosol BC in real time at HT background station from June 2004 to 

May 2005 (Table 3.3). The Model AE-42 is a portable unit that embodies all of the 

standard Aethalometer features. It measures optical absorption at 880 nm for particles 

deposited on the 1.6 cm2 quartz-fiber filter (PALL Corp., NY). The Aethalometer was 

placed at 1.5 m above ground and operated at 5 l min-1. The principle is to measure the 

attenuation of a beam of the light transmitted through a fibrous quartz filter at 

successive regular intervals of a time-base period, while the filter is continuously 

collecting an aerosol sample. The increase in optical attenuation from one period to 

the next is due to the increment of aerosol BC collected from the air stream during the 

period. Dividing this increment by the volume of air sample during that time, the mean 

BC concentration in the sampled air stream during the period is calculated by the 

optical attenuation method. The measurement is assumed to be continuous as the 

time-base is short compared to the time scale of other variations in the air mass under 

study. Conventionally a specific attenuation cross section (σaeth) of 16.6 m2 g-1, 

recommended by the manufacturer and based on the study of Gundel et al. (1984), has 
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been applied to calculate BC (or EC) concentrations.  

The Aethalometer measures the attenuation of a beam of light (ATN(λ)) transmitted 

through a filter, as particles are collected on the filter. The instrument has two 

photo-detectors. One, RB (reference beam), measures the intensity of light that crosses 

a ‘clean’ spot of quartz filter; the other, SB (sensing beam), measures the intensity of 

the same light that crosses the sample spot where the aerosol is continuously 

accumulating. The Aethalometer also measures the signals at the sensors when the 

light source is turned off (RZ for the reference beam and SZ for the sensing beam). 

These values are subtracted from the sensors’ levels when the light source is turned on 

in order to correct the measurements from the dark currents. The attenuation is defined 

as: 

 

))/()ln((100)( RZRBSZSBATN −−×−=λ                      3.2 

 

Where the factor of 100 is introduced for numerical convenience. By using the 

appropriate value of the specific attenuation cross-section (σ(1/λ)), the black carbon 

content of the aerosol deposit can be determined at each time-base cycle, as follows: 
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Where ATN(0) and ATN(T) are the initial and the final attenuations due to the aerosol 

deposit on the filter during each timebase cycle; A (m2) is the area of the exposed spot 

on the filter; and V (m3) is the volume of air drawn through the filter. The BC 

minimum detection limit (MDL) is below 10 ng m-3 for the Aethalometer AE-42 used 

in this study. This is the standard deviation in small fluctuations determined by 

sampling filtered air in a cleaning room with the Aethalometer for eight hours. All data 

measured at HT have higher concentrations than the MDL. The 5-m BC data were 

subsequently averaged to a time resolution of one hour in order to be aligned with 

meteorological data and other studies.  

3.2.3.2 EC measurements in parallel 

For comparison, time-integrated PM2.5 samples were collected, in parallel with the 

Aethalometer, at 24-hr interval on quartz-fiber filters (QMA, Whatman International 

Ltd., Maidstone, England, 47mm in diameter) with a Plus Model 2025 Sequential Air 

Sampler (Rupprecht and Patashnick Co. Inc., Albany, NY) at HT (Table 3.3). The 

details of RP2025 sequential sampler has been described previously. The 

carbonaceous content was determined using a DRI Model 2001 Thermal/Optical 

Carbon Analyzer (AtmAA Inc, Calabasas, CA, US) with the IMPROVE TOR protocol 
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(Chow et al. 1993; 2004).  

The comparison between the collocated Aethalometer BC data and the TOR EC data 

from June 2004 to May 2005 were performed, as shown in Figure 3.3. Five-minute 

Aethalometer BC data were averaged into 24-hr values temporally matching the 249 

EC data derived from in-parallel, filter-based samples. A good relationship is found 

between the Aethalometer and TOR measurements, with a high correlation coefficient 

of 0.88 (R), indicating that they respond similarly. The BC concentrations derived 

from the Aethalometer were ~20% lower than TOR measurements. These results 

provide the information needed to adjust the BC concentrations determined by the 

Aethalometer, so that BC determined by Aethalometer agrees with BC determined 

from the TOR technique.  

3.2.4 Hourly PM2.5 data collection by HKEPD 

To compare with our data, the real time PM2.5 data from two HKEPD stations, Tusen 

Wan (TW) and Tung Chung (TC), was used in this study. Figure 3.1 shows the 

locations of two HKEPD stations that measured hourly PM2.5 mass with the Tapered 

Element Oscillating Microbalance 1400a PM2.5 Monitor (TEOM, Rupprecht & 

Patashnick Co., Inc., Albany, NY, US). The TEOM is a true “gravimetric” instrument 

that draws ambient air through a filter at 16.7 l min-1 (a 3 l min-1 air stream is for the 
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instrument’s mass transducer and a 13.7 l min-1 air stream is bypassed), continuously 

weighing the Teflon-coated glass filter and calculating near real-time PM2.5 mass 

concentrations. The sample stream is preheated to 50 °C before entering the mass 

transducer to eliminate the necessity of humidity equilibration for the hydrophobic 

filter. The data are saved to a microcomputer, which can interface with external data 

collection systems.  

3.3 Chemical analysis 

3.3.1 Gravimetric analysis 

To determine particle mass by gravimetric analysis, all filters used in this study were 

pre- and post- weighed at least twice (more times can be done if the difference 

between two weights deviated more than ±10%), and the net weights were obtained by 

subtracting the initial weights from the final weights. The net weights are divided by 

the total sampling volume with consideration of the temperature and pressure during 

sampling periods, thus the mass concentrations were obtained.  

Before weighing, filters are exposed for a minimum of 24 hours at the equilibration 

temperature of 20-23 °C and relative humidity of 30-40%. The filters were weighted 

twice before and after sampling using a Microbalance (Model MC5, Sartorius AG, 

Goettingen, Germany) with the sensitivity of ±1 μg in the 0-250 mg range. The Model 
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MC5 Sartorius Microbalance contains separated weighing cell and evaluation unit, 

which ensures maximum precision-disturbing thermal influences are practically 

eliminated. The weighing cell and evaluation unit are interfaced together and also 

interfaced with a power supply unit. Automatic door functions on the glass draft shield 

facilitated operation and prevented vibrations. The Model MC5 Sartorius 

Microbalance contains a fully automatic, temperature-controlled internal calibration 

and linearization feature, which automatically calibrates the balance when necessary. 

In operation, a filter is placed on the weighing pan and the door of the glass draft 

shield is automatically closed. After approximately 20 to 30 seconds, the filter weight 

is registered on the digital display of the evaluation unit.  

3.3.2 Carbonaceous analysis 

The methods currently being applied for the determination of organic and elemental 

carbon in particulate filters are operationally defined and it is currently a popular 

subject of investigation owing to the important roles carbon play in atmospheric 

chemistry and policy formulation. A major uncertainty in determining total carbon 

using thermal evolution methods results from differences in volatilization of certain 

organic compounds during sampling and storage (Fitz, 1990; Chow et al. 1996a; 

Watson et al. 2001a; Watson et al. 1994b; Watson and Chow, 2002a; Watson and 
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Chow, 2002b).  The split of organic and elemental carbon in thermal analysis is even 

more ambiguous because it depends on temperature setpoints and a number of 

operating parameters, and these parameters are only empirically defined. To overcome 

this problem, a laser is used to monitor changes in filter darkness during the thermal 

evolution process by reflectance or transmittance method. 

In this study, samples were analyzed for OC and EC using DRI Model 2001 

Thermal/Optical Carbon Analyzer (AtmAA Inc, Calabasas, CA, US) with the 

IMPROVE TOR protocol (Chow et al. 1993) that has been demonstrated to be much 

suitable for Hong Kong aerosol samples rather than transmittance protocol (Chow et al. 

2005). The DRI Model 2001 carbon analyzer (Chow et al. 2004) is based on the 

preferential oxidation of OC and EC compounds at different temperatures. It relies on 

the fact that OC is volatilized from the sample deposit in a helium (He) atmosphere at 

low temperatures, while EC is not consumed. The TOR protocol heats the sample 

(0.526 cm2 per punch) stepwise at temperatures of 120 °C (OC1), 250 °C (OC2), 450 

°C (OC3) and 550 °C (OC4) in a non-oxidizing He atmosphere, and 550 °C (EC1), 

700 °C (EC2) and 800 °C (EC3) in an oxidizing atmosphere with 2% oxygen (O2) in 

He. The carbon evolved was oxidized to carbon oxide (CO2) and then reduced to 

methane (CH4) for quantification with a flame ionization detector (FID). The pyrolysis 
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of OC was continuously monitored by a helium-neon (He-Ne) laser at a wavelength of 

632.8 nm. OC is defined as the portion of carbon that evolved before the temperature 

at which the filter reflectance resumes the initial level, whereas the carbon evolved 

beyond this temperature is defined as EC. The MDL of carbon combustion methods is 

0.82 µg cm-2 for OC, 0.19 µg cm-2 for EC, and 0.93 µg cm-2 for total carbon (sum of 

OC and EC). All of the samples in this study have concentrations higher than MDL. 

Replicated analyses were performed for ~10% of all samples.  

3.3.3 Ion analysis 

Ion analysis was performed on the quartz fiber filters. Half of the quartz filter was 

extracted with 10 ml of distilled-deionized water and the extracted materials were 

analyzed for chloride, nitrate, sulfate, sodium, ammonium and potassium ions by IC 

(Chow and Watson, 1999). Ion Chromatography is a liquid chromatographic technique 

based on an ion exchange mechanism and suppressed conductivity detection for the 

separation and determination of anions. Each ion’s affinity for the exchange site, 

known as its selectivity quotients, is largely determined by its radius and its valence. 

Ions are identified by its retention time within the ion exchange column and ionic 

concentrations are quantitatively determined from conductivity peak area. The 

detection limits of chloride, nitrate, sulfate, sodium, ammonium and potassium were 
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0.5, 15, 20, 15, 15 and 15 μg l-1, respectively. Blank and replicate analyses were 

performed for 10 % of all samples according to standard operating procedures. 

3.3.4 Elemental Analysis  

All elemental analyses for the samples in this study were conducted in DRI using the 

energy dispersive X-ray fluorescence (XRF) method. The XRF analytical method 

(Watson et al. 1999) was applied to determine the concentrations of about 40 different 

elements in particles on Teflon filters without destroying the sample, including Na, Mg, 

Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Y, Zr, 

Mo, Pd, Ag, Cd, In, Sn, Sb, Ba, La, Au, Hg, Tl, Pb, and U. XRF spectroscopy is based 

on the measurement of X-ray energy produced by the ejection of an inner shell 

electron from an atom in the sample. The X-ray is specific for different atoms and the 

intensity of the X-ray is proportional to the number of atoms in the sample. Therefore 

the concentrations of elements can be quantitatively determined through a comparison 

with known standards. A few blank Teflon filters were also analyzed to minimize the 

contamination during transportation. For the detection limits of each element, readers 

should refer to the study of Louie et al. (2005). 

3.4 Calculations and modeling  

3.4.1 Estimation of emission factors during the tunnel study 
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The calculation of the emission factor follows the method of Pierson (Pierson et al. 

1983, 1996). The vehicle emission factor is the mass of specific pollutants produced in 

a unit kilometer. It can be determined from: 

 

NL
AUtCC

EF inout
veh

)( −
=   3.4 

 

where EFveh is the average vehicle emission factor in mg vehicle-1 km-1 traveled. Cout 

and Cin represent the mass concentration of specific pollutants in mg m-3, at the tunnel 

exit and entrance. A is the tunnel cross-section area in m2, U is the wind speed in m s-1, 

and t is the sampling duration. N is the total traffic number during the sampling period. 

L is the distance in km between the two monitoring stations.  

The emissions of the diesel-fueled vehicles (DV) and non-diesel-fueled vehicles (NDV, 

the combination of gasoline- and LPG-fueled vehicles) can be differentiated, 

according to the method described by Pierson et al. (1996). For the nth sampling period, 

EF can be written as:  
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where x  is the DV fraction; 1- x  is the NDV fraction; and EF is the emission factor 
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for mixed vehicles during each run. The plot of a series of EF during each run versus 

x  gives a straight line with EFDV at x =1. By choosing varying times of day and 

night for performing the experimental measurements, a wide range in the fraction of 

diesel-fueled vehicles can be sampled, thus minimizing extrapolation errors (Gertler et 

al. 2002).  

3.4.2 PMF receptor model 

EPA PMF 1.1 solves the general receptor modeling problem using constrained, 

weighted, least-squares. The general model assumes there are p sources, source types 

or source regions (termed factors) impacting a receptor, and linear combinations of the 

impacts from the p factors give rise to the observed concentrations of the various 

species. Mathematically stated as:  
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where xij is the concentration at a receptor for the jth species on the ith day, gik is the 

contribution of the kth factor to the receptor on the ith day, fkj is the fraction of the kth 

factor that is species j, and eij is the residual for the jth species on the ith day. In EPA 

PMF, it is assumed that only the xij’s are known and that the goal is to estimate the 
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contributions (gik) and the fractions (or profiles) (fkj).  

The task of EPA PMF is to minimize the sum of squares: 
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where uij is the uncertainty in the jth species for day i. EPA PMF 1.1 operates in a 

robust mode, meaning that “outliers” are not allowed to overly influence the fitting of 

the contributions and profiles. 

If the model is appropriate for the data and if the uncertainties specified are truly 

reflective of the uncertainties in the data, then Q should be approximately equal to the 

number of data points in the concentration data set. The application of PMF depends 

on the estimated uncertainties for each of the data values. The uncertainty estimation 

provides a useful tool to decrease the weight of missing and below detection limit data 

in the solution as well as account for the variability in the source profiles. 

3.4.3 CMB receptor model  

The CMB model quantifies contributions from chemically distinct source types by 

using a variance weighted least squares solution to the following equation to solve for 
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the mass contribution of each source (Sj). 
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where Ci is the concentration of species i measured at the receptor, and aij is the 

fraction of species i in the emissions from source j, S is the total mass concentration 

contributed by source j, and p is the number of sources, and n is the number of species, 

with n≥p. The Ci and aij are known and the Sj are found by a least squares solution of 

the over-determined system of equations. The CMB model is a simple, linear mixing 

model which requires conservation of composition between source and receptor but 

makes no assumptions about transport or removal processes and it requires an accurate 

knowledge of all significant source emissions compositions (Chow et al. 1996b). The 

model cannot separate emissions of particular emitters with the same source profiles.  

3.4.4 PSCF receptor model 

PSCF is a statistical method that evaluates the source contribution of air pollution at a 

receptor site by counting each trajectory segment endpoint that terminates within each 

cell (Ashbaugh, 1983, Malm et al. 1985). The probability of an event at the receptor 

site is related to that cell. The PSCF value can be interpreted as the conditional 
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probability that concentrations larger than a given criterion value are related to the 

passage of air parcels through the cell during transport to the receptor site. The PSCF 

value for a single grid cell is a normalized value that can be calculated as follows: 
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where mij is the number of endpoints for ijth cell recording times of arrival at the 

sampling site corresponding to pollutant concentrations higher than a given criterion 

value. nij means the number of all endpoints that fall in the same cell. Cells with high 

PSCF values indicate that the regions are high potential contributions to the pollution 

at the receptor site.  

3.5 Quality assurance and quality control 

3.5.1 Filter handling, sampling, experiments 

Before sampling, quartz fiber filters were preheated in an electric furnace at 900 °C 

for at least 3 hours in order to remove carbonaceous contaminants, while the 

temperature is 550 °C for aluminum foil to prevent melting of membranes. The filters 

such as quartz, aluminum, Teflon filters were equilibrated in a desiccator with 

temperature of 20-30 °C and relative humidity of 30%-40% for 24 hours before 
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pre-sampling weighing. At the end of each sampling interval, filters were placed into 

plastic petri dishes, and then all petri dishes were put into a sealed plastic bag before 

quick transportation to a desiccator, followed by post-sampling weighing. The filters 

were handled only with tweezers cleaned by dry KimWipes (Kimberly-Clark 

Corporation, US) to reduce the possibility of contamination. After weighing, samples 

were stored in a refrigerator at about 4 °C before chemical analysis to prevent the 

evaporation of volatile components.  

3.5.2 Calibration and flow check 

 For RP2025 and URG Sampler, the flow rates were checked before and at the end 

of each sampling campaign to assure a constant flow rate through the size 

separator. Routine cleaning of the samplers and their components were conducted 

to make sure that all the parts functioned well and contamination could be 

minimized.  

 For size segregated samplers, such as: MOUDI 110 and Nano MOUDI 115, the 

flow rates were checked before and at the end of the study to assure a constant 

flow rate. Routine cleaning of the samplers and their components were conducted. 

The multi-orifice in stages, which were used to collect very fine particles, was 

further cleaned by compressed air. 
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 For Kimoto monitor, the Teflon tape (GS-25K, Kimoto Electric Co., LTD., Japan) 

was changed and the calibration was routinely made every month.  

 The SMPS3936 is a brand new instrument and it was calibrated in the factory. 

During the study, a schedule of maintenance activities was adhered to, including 

daily, weekly, and monthly equipment inspections focusing on maintenance of dry 

butanol in condensation particle counters, leak checks, and flow calibration. In 

addition, the impactor was cleaned with dry KimWipes and a think layer of Dow 

Corning High Vacuum Grease (TSI Incorporated, US) was put on it before 

sampling. 

 Although the self-maintained Aethalometer doesn’t need any more special action, 

it was deemed necessary to compare the BC data, obtained from Aethalometer, 

Kimoto PMS-316D, to that of filter-based EC to confirm the reliability of the 

measurements. 

3.5.3 Chemical analysis 

Field blanks, which accompanied samples to the sampling sites, were used to 

determine any background contamination. They were analyzed by the same approach 

for chemical analysis with samples.   

For the DRI Model 2001 OC/EC analyzer, regular operation for the analyzer involves 
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cleaning the punching tool and tweezers between each sample with dry Kimwipes 

(Kimberly-Clark Corporation). It was noted that with usage, the quartz rods will lose 

transparency due to deposition of material from the samples and a white deposit forms 

on quartz when it is heated at high temperature, which may influence the output 

signals. Cleaning or replacement of the quartz rods was carried out to restore the 

performance. It was also ensured that calibration was done after any repairs. Four 

standards are used in calibrating the carbon analyzers: 5% nominal CH4 in He, 5% 

nominal CO2 in He, KHP, and sucrose. Analyzer calibration was routinely performed 

every six months with one of the four calibration standards. The calibration was done 

by injection of known volumes of the standard to yield a calibration curve of peak area 

ratio of injected carbon: CH4 (internal standard) versus μg of carbon injected (Internal 

Standard Calibration Method). There is also a CH4 in He that is injected at the end of 

each analysis to serve as an internal standard. System blank and standard samples 

(samples that were conducted by inter-laboratory comparisons) were run on a weekly 

basis. Replication from a prior sample was run with each set of 10 samples. When a 

standard sample differed from others by more than ±10% or when a replicate 

concentration differed from the original value by more than ±10%, the samples are 

re-analyzed. Other else, inter-laboratory comparisons and spiked sample analysis (a 
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filter on which known carbon concentrations were deposited) were conducted. 

It was noted that for the XRF analysis, the samples on the filters should not be too 

heavy because the ideal conditions are designed specifically for thin films. Otherwise 

the internal absorption of both incident and emitted X-rays within the samples will 

influence the determined concentrations of elements. Optimum filter loading was 

approximately 150 μg m-3 (1 mg per filter for 37 mm filters, and 2 mg per filter for 47 

mm filter) to comply with these assumptions. Three types of XRF standards were used 

for calibration, performance testing, and auditing: vacuum-deposited thin-film 

elements and compounds (Micromatter), polymer films, and NIST standards. A 

separate Micromatter thin-film standard was used to calibrate the system for each 

element. The vacuum deposits cover the largest number of elements and are used as 

calibration standards. The polymer film and NIST standards were employed as quality 

control (QC) standards. NIST standards are the definitive standard reference material,  

such as SRM, 1832 (species Al, Ca, Co, Cu, Mn) and SRM, 1833 (Si and Fe, Pb, K, Si, 

Ti and Zn). A QC standard and a replicate from a previous batch were analyzed with 

each set of 10 samples. When a QC value differed from specifications by more than 

±5% or when a replicate concentration differs from the original value by more than 

±10%, the samples are re-analyzed. In order to allow the blank spectra to be developed 
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and the subsequent calculations to proceed, analysis was done for the lab blanks in the 

first run for any batch. 

The plastic-tube and glassware used during the pretreatment of ion analysis by IC 

were first washed with detergent and soaked in a detergent bath overnight, then rinsed 

thoroughly with tap water. After they were soaked in a 10% concentrated nitric acid 

bath for twenty-four hours, all the plastic-tube and glassware were then washed 

thoroughly with double-distilled deionized water. They were ready to use after 

air-drying in a clean cabinet with luminar flow. The ion standards (DIONEX) were 

used to prepare working standards on a monthly basis. Calibration standards were 

prepared from the working standards weekly or biweekly in routine operations. For 

ion analysis with IC, calibration standard for each ion spanned the entire range of 

sample concentrations, and separate calibration curves were required for samples with 

low and high concentrations. During instrument calibration, if any calibration point 

varied by more than ±5% of the specified value, a new calibration standard was 

prepared to assure the accuracy of the analysis. Replicates from a prior sample were 

run with each set of 10 samples. Inter-comparisons amongst different laboratories and 

spiked sample analysis (a filter on which known ionic concentrations were deposited) 

were conducted.
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Figure 3.1 Hong Kong map, locations of major cities in the PRD region, and locations 

of sampling sites in this study.  
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Figure 3.2 The schematic diagram of the west side of the Shing Mun Tunnel. 
 
 
 
 
 

 

Figure 3.3 Comparison of 24-hour average BC mass concentrations between the 

Aethalometer and TOR method; n is the number of sampling days.   
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Table 3.1 Sampling program at PU Supersite. 

Observation and Method Period Sampling Interval Frequency Filter Chapter

Kimoto SPM-613D for PM2.5, PMcoarse, 
BC mass

01/15/2005-12/9/2005 1-hr Continuous Chapter 4

60 T (47mm)

60 Q (47mm)

PM2.5 mass and carbon (RP2025 / Quartz 
filters)

01/21/2004-05/31/2004 24-hr Daily 193 Q (47mm) Chapter 5

PM1.0 mass and carbon (RP2025 / Quartz 
filters) 

01/21/2004-05/31/2004 24-hr Daily 193 Q (47mm) Chapter 5

Diurnal variation of PM2.5 , ions, carbon 
(RP2025 / Quartz filters)

07/20-22/2005  07/26-28/2005 2-hr Intensive 65 Q (47mm) Chapter 5

06/03/2005-07/28/2005 36 T (47mm and 
37 mm)

11/15/2005-01/13/2006 72 Q (47mm and 
37 mm)

Jan-Feb 05
Jul-05

Particle numbers in size range of 0.1-2 
μm (OPC 1003)

The same as the SMPS 30-min Continuous Chapter 6

Continuous Particle Mass and Chemistry

Bulk Aerosol (Mass and Chemistry)
PM1.0, PM2.5, PM10 mass, ions, carbon, 
Elements (URG sampler with 
Quartz/Teflon filters)

10/01/2004-09/30/2005 24-hr 3 or 4 sample sets per 
month

Chapter 4

Size Segrated Aerosol (Mass and Chemistry)
Mass, ion and elemental size distribution 
(MOUDI 0.010-2.5 μm in 11 fraction 
with Teflon & Aluminum foils)

48-hr to 72-hr 3 sets on Aluminum 
foils and 2 sets on 
Teflon substrats for 
each season 

Chapter 6

Particle Counts
Particle numbers in size range of 0.007-
0.217 μm (TSI SMPS 3936)

30-min Continuous monitor in 
days without rainfall

Chapter 6

 

Table 3.2 Sampling program in the Shing Mun Tunnel study.  

Run No. Date Duration Sampling items WSc VSd Tempe Presf

Hour Non-diesela Dieselb Total m s-1 km h-1 °C mmHg
Run 1 Aug/13/03 1700-1900 DRI sampler DustTrak 1526 1656 3182 5.0 60.5 31.0 747.5
Run 2 Aug/16/03 1700-1900 DRI sampler DustTrak 1372 646 2018 4.6 28.9 748.2
Run 3 Aug/17/03 0800-1000 DRI sampler DustTrak 1000 692 1692 3.9 68.3 31.1 748.1
Run 4 Aug/31/03 0800-1000 DRI sampler DustTrak 1072 676 1748 3.9 30.6 749.1
Run 5 Jan/12/04 1700-1800 DRI sampler DustTrak 904 1040 1944 5.2 62.2 23.0 766.8

Run 6 Jan/13/04 1400-1500 DRI sampler 516 824 1340 5.1 62.7 22.3 767.0
Run 7 Jan/14/04 2200-2300 DRI sampler 626 356 982 4.0 64.3 21.0 765.9
Run 8 Feb/1/04 0800-0900 DRI sampler 464 322 786 3.5 67.4 20.9 760.5

Run 9 Feb/9/04 0900-1000 DRI sampler DustTrak 1384 1108 2492 4.9 16.3 768.8
Run 10 Feb/10/04 0800-0900 DRI sampler 1736 1106 2842 4.8 18.7 769.0
Run 11 Feb/11/04 1400-1500 DRI sampler DustTrak 516 824 1340 5.3 23.3 767.4
Run 12 Feb/11/04 1500-1600 DRI sampler DustTrak 534 906 1440 5.3 21.8 767.4
Run 13 Feb/14/04 2100-2200 DRI sampler 624 294 918 3.8 21.1 763.2
Run 14 Feb/23/04 1700-1800 DRI sampler 688 892 1580 5.4 23.7 763.5

Run 15 Feb/23/04 1800-1900 DRI sampler 896 752 1648 4.8 23.7 763.5
Run 16 Feb/25/04 1100-1200 DRI sampler DustTrak 484 874 1358 5.3 26.1 761.9
Average 896 811 1707 4.7 64.2 24.0 761.1

Traffic number

a number of gasoline-fueled vehicles and LPG-fueled taxis; b number of diesel-fueled vehicles; c wind speed; d vehicle speed; e temperature; f pressure.  

Table 3.3 Sampling program at HT rural station. 

Observation and Method Period Sampling Interval Frequency Filter Chapter

Aethalometer (AE-42) for BC 06/2004-05/2005 5-min Continuous Chapter 5
Continuous Particle Mass and Chemistry

Bulk Aerosol (Mass and Chemistry)
PM2.5 mass and carbon (RP2025 / Quartz 
filters)

06/2004-05/2005 24-hr Daily Chapter 5249 Q (47mm)
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Chapter 4 Comparisons of Chemical Characteristics of 

Fine and Coarse Particles  

 

4.1 Introduction 

Particle emissions from on-road vehicles have a wide range of particle sizes from 

ultrafine particulate matter (vehicle exhausts, brake-wear emissions), to fine 

particulate matter (most of vehicle exhausts by mass), to coarse particulate matter (tire 

wear emissions, resuspension from moving vehicles). To correctly characterize the 

particulates at the roadside environment, these different size fractions must be 

considered. On January 17, 2006, the USEPA Administrator proposed to introduce a 

24-hour PMcoarse standard of 70 μg m-3 and eliminate the PM10 NAAQS. However, 

investigations on the new standards are still quite limited throughout the world so far, 

thus the advantage of the proposed new standards is not clear. Moreover, there is a 

suspicion that the PMcoarse can be represented by the current air quality standard of 

PM10. In this Chapter, the comparison of chemical characteristics of fine (PM2.5) and 

coarse (PMcoarse) particles was conducted to identify the commonality and difference 

among them at PU Supersite, which may provide valuable information for 

toxicological study. The question of whether PM10 can reflect PMcoarse has been 
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answered in this chapter. The ultrafine fraction will be examined in Chapter 6.  

Besides the chemical properties of aerosols, a new technique capable of measuring 

new PMcoarse standard was tested in this chapter. Multi-site evaluations of candidate 

methodologies for determining coarse particulate matter (PMcoarse) concentrations have 

been already conducted by USEPA (Vanderpool et al. 2004). The Kimoto System 

(SPM-613D) was tested to make comparison for PM2.5, PM10, and PMcoarse with FRM 

samplers in the Vanderpool et al. (2004) study and satisfactory success was achieved. 

In the present study, the SPM-613D sampler was employed at PU Supersite as a semi-

continuous monitor for measuring PM2.5, PMcoarse, as well as BC, and the results were 

compared with collocated filter-based URG sampler and Aethalometer. The diurnal, 

weekly, and seasonal variations of fine and coarse particles were examined and the 

influencing factors on fine and coarse particulate concentrations were also determined. 

These details are presented in this chapter. 

4.2 Results and discussion 

4.2.1 The comparison of chemical characteristics of 24-hr integrated PM1.0, PM2.5, 

PM10, and PMcoarse  

4.2.1.1 Measurement validation 

The 24-hr integrated PM1.0, PM2.5, PM10 and PMcoarse data reported in this section were 
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derived from the URG sampler, which took samples on the collocated Teflon filter 

membranes and quartz fiber filter, simultaneously, from October 2003 to September 

2004, with about three or four sets of samples for each month. The Teflon filter 

membrane collected particles for mass determination by gravimetry in Air laboratory 

of HK PolyU and for 40 elements (Na to U) by XRF (Watson et al. 1999) in DRI. The 

quartz fiber filter was analyzed for mass by gravimetry and for OC and EC by DRI 

model 2001 OC/EC analyzer and for ion species (i.e., Cl-, NO3
-, SO4

2-, NH4
+, K+) by 

IC in Air laboratory of HK PolyU. Major mass constituents, including OC, EC, SO4
2-, 

NO3
-, NH4

+, and elements (e.g., Mg, Al, Si, Ca, Fe, and Zn) were detected in almost 

every sample. Of the 40 elements, 28 were found to have higher concentrations than 

three times the minimum detection limit for fine particles, including Na, Mg, Al, Si, P, 

S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Zr, Sn, Sb, Au, Pb; 

and 25 elements exceeding three times of the minimum detection limit for coarse 

particles, including Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, 

As, Se, Br, Rb, Sr, Y, and Zr. 

It is often necessary to conduct consistency tests based on known physical 

relationships between variables to the assembled data because particles were sampled 

on multiple substrates when chemical characterization is desired and chemical 
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analyses were performed with several instruments at different laboratories. The 

consistency tests include a number of measures as shown in previous studies (Chow et 

al. 2002; Louie et al. 2005). (1) comparisons between mass concentrations and the 

weighted sum of chemical species; (2) comparisons between concentrations of the 

same species measured by different analysis methods (e.g., sulfate by IC versus total 

sulfur by XRF; soluble potassium by IC versus total potassium by XRF; and chloride 

by IC versus chlorine by XRF); (3) charge balances between anions and cations; and 

(4) comparisons between mass and chemical concentrations in different size fractions 

(e.g., PM2.5 concentrations must always be less than or equal to PM10 concentrations). 

Figure 4.1 shows the comparison between gravimetric mass measurements from the 

collocated Teflon filter membranes and quartz fiber filter membranes. The data 

displayed in the figure includes PM1.0, PM2.5, and PM10, with 40 samples for each 

fraction. Good agreements (slope and ratio close to 1) and high correlation (R=0.97) 

indicates consistent sampling and gravimetrical analysis results from the Teflon- and 

quartz-fiber filter membranes in the present study. A similar phenomenon was found 

from the observations of Engelbrecht et al. (2001) in US and of Louie et al. (2005a) in 

Hong Kong. Since quartz filters are known to have positive sampling artifacts by 

absorbing gaseous organic compounds and water (Turpin et al. 1994; Kirchstetter et al. 
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2001; Arhami et al. 2006) and tend to shred and loose part of material after heating 

(Chow and Watson, 1998), the following discussion refers to Teflon-membrane filter 

mass unless otherwise specified.   

The relationship between gravimetrical mass and the sum of species in this study is 

shown in Figure 4.2 for PM1.0, PM2.5, and PM10, respectively. Total sulfur (S), soluble 

chloride (Cl–), and soluble potassium (K+) are excluded from the sum to avoid double 

counting since sulfate (SO4
2-), chlorine (Cl), and total potassium (K) are included in 

the sum. On average, the PM1.0 and PM2.5 sum agree well with the corresponding 

measured mass (y/x ratio and R close to 1), although there is slight fluctuation around 

the one to one line. The sum of individual chemical species measured in PM1.0 and 

PM2.5 explains almost all fine particulate mass. Theoretically, the gravimetrically 

measured particulate mass should be equal to or higher than the sum of the individual 

chemical species concentrations because the measurements do not account for metal 

oxides in crustal material, unmeasured cations, or hydrogen and oxygen associated 

with organic carbon. The sum of individual species exceeded the PM1.0 and PM2.5 

mass concentrations for samples with low mass concentrations, which is perhaps due 

to the greater uncertainty of chemical analyses on low loading samples. The sum of 

individual species for PM10 only accounted for ~91% of the total mass concentrations 
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in the present study. It is not surprising because PM10 were expected to consist of more 

crustal material than fine particles; as a consequence, more unmeasured metal and 

oxides, hydrogen, and oxygen should exist in PM10, leading to significantly decreased 

mass from the sum of the individual species.  

The composition of chemical species concentrations measured by different chemical 

analysis methods was examined. As seen from Figure 4.3, the water-soluble ions 

determined by IC from the quartz fiber membranes, namely sulfate, potassium, and 

chloride, show good correlations with the total elemental concentrations by XRF from 

the Teflon filter membrane, with the correlation coefficients (R) ranging from 0.95 to 

0.97. The ratio of sulfate to total sulfur was close to three with small intercept less 

than 1 in this study, indicating that more than 90% of sulfur was present as soluble 

sulfate in the atmosphere and that both XRF and IC measurements are valid. The 

scattering plot of soluble and elemental potassium also gave a small intercept close to 

zero, which means the slope is nearly close to the ratio of y-axis and x-axis, meaning 

near 90% of potassium element present as soluble potassium in the atmosphere. This 

probably indicates the major sources of potassium are vegetative burning or cooking 

aerosols rather than of geological origins. The correlation coefficient between chloride 

and chlorine was a bit lower than the others. This is because the uncertainties of 
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chloride and chlorine measurements were higher: the chloride’s elution peak in ion 

chromatographic analysis is close to the distilled water dip which, in turn, shifts the 

baseline of the chromatogram (Chow and Watson, 1999).  

Ammonium sulfate, ammonium bisulfate and ammonium nitrate are the dominant 

forms of ammonium in aerosols. Ammonium can be calculated based on the 

stoichiometric ratios of the different compounds. Ammonium is calculated from nitrate 

and sulfate, assuming that all nitrate was in the form of ammonium nitrate and all 

sulfate was in the form of either ammonium sulfate (i.e., calculated ammonium = 

[0.38×sulfate] + [0.29×nitrate]) or ammonium bisulfate (i.e., ammonium = 

[0.192×sulfate] + [0.29×nitrate]). Figure 4.3 shows the correlations between calculated 

and measured ammonium, which were good for both cases. The slope is 1.87 when 

ammonium sulfate is assumed and close to one when ammonium bisulfate is assumed. 

This result seems to support the premise that majority of ammonium is in the form of 

ammonium bisulfate during the study period because the calculated ammonium can be 

explained completely by actual ammonium in the atmosphere in this case. PM10 

showed higher slope (1.90) than PM1.0 and PM2.5 when ammonium sulfate is assumed. 

This is perhaps because of the presence of sulfate and/or nitrate salts that might be 

associated with water-soluble calcium (Ca2+) or sodium (Na+) ions.  
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The anion and cation balance in Figure 4.4 also shows the correlations were high 

(R=0.97) for all determined size fractions. A deficiency in cations that is not accounted 

for by measured anions was found, especially for high loading samples, which maybe 

because there are other cations in atmosphere that were not measured in this study 

concerning the marine view of Hong Kong. The data shown in Figure 4.4 was 

calculated from Cl-, NO3
-, SO4

2- for anions, and from Na+, K+, NH4
+ for cations.  

Most of the particulate mass in urban and non-urban areas can be explained by a 

combination of the five major chemical components (Solomon et al. 1989), including: 

carbonaceous material, sulfate, nitrate, ammonium, and mineral material and minor 

elements. In the present study, sea salt was added since Hong Kong is located in a 

coastal area in South Asia. To correct for unmeasured oxygen, hydrogen, sulfur, and 

nitrogen from the organic matter, OC concentrations were multiplied by 1.4 (Grosjean 

and Friedlander, 1975; Gray et al. 1986). The geological material was equal to 

1.89×Al + 2.14×Si + 1.40×Ca + 1.43×Fe (Solomon et al. 1989). Non-crustal minor 

elements are the sum of other-than-geological minor elements. Figure 4.2 displays the 

scattering plot of the reconstructed particle mass and gravimetrical mass. The 

reconstructed particle mass was almost equal to the gravimetric mass with some 

fluctuations along the 1:1 line. On average, the ratio of reconstructed and gravimetric 
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mass in this study was 1.07±0.13 for PM1.0, 1.04±0.21 for PM2.5, and 0.91±0.19 for 

PM10. The reconstructed PM10 mass concentrations were much lower than 

gravimetrical mass due to unmeasured abundant mineral materials in it.  

The comparisons between particulate mass can be performed in different size fractions 

to check the internal consistency of the data obtained in this study. Figure 4.5 

illustrates the scatter plots of PM2.5 against other particulate fractions, such as PM1.0, 

PM1.0-2.5, PMcoarse, and PM10. With three exceptions during the study period, Figure 4.5 

shows all PM2.5 mass concentrations are higher than PM1.0 (PM1.0/PM2.5=0.81±0.18) 

and all PM10 mass concentrations are higher than PM2.5 (PM2.5/PM10=0.69±0.09). The 

correlation coefficient (R=0.97) was higher between PM1.0 and PM2.5 than that 

(R=0.88) between PM1-2.5 and PM2.5, indicating the sources of PM2.5 are more similar 

to PM1.0. While the relationship was poor between PM2.5 and PMcoarse (R=0.66), 

showing they are different aerosols in nature, the correlation between PM10 and PM2.5 

was good (R=0.95).  

4.2.1.2 Annual average mass concentrations  

Annual mean and standard deviations of PM1.0, PM2.5, PM10, and PMcoarse species 

concentrations are presented in Table 4.1, 4.2, 4.3, 4.4. The particulate mass 

concentrations fluctuated significantly during the study period, ranging from 14.3 to 
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93.6 μg m-3 for PM1.0, from 14.4 to 118.1 μg m-3 for PM2.5, from 28.0 to 172.8 μg m-3 

for PM10, and from 5.8 to 60.6 μg m-3 for PMcoarse. The annual mean was 44.5±19.5 μg 

m-3, 55.4±25.5 μg m-3, 81.3±37.7 μg m-3, and 25.9±15.5 μg m-3 for PM1.0, PM2.5, PM10, 

and PMcoarse, respectively. On average, PM1.0 accounted for ~80% of PM2.5 and PM2.5 

contributed ~70% to PM10. As a result, PMcoarse only occupied nearly 30% of PM10. 

The annual average of PM2.5 at PU Supersite was similar with that measured during 

2000/2001 at MK (a typical roadside in Hong Kong) (Louie et al. 2005a), but much 

higher than the HT background site of Hong Kong (Louie et al. 2005a) by a factor of 

2.3 and higher than the US EPA’s annual PM2.5 NAAQS of 15 μg m-3 by a factor of 3.7. 

The annual mean of PM10 at PU Supersite was 1.2 times the 2005 annual mean of 68.6 

μg m-3 at MK by HKEPD, which is reasonable because the instruments used by 

HKEPD is TEOM were supposed to underestimate the true values due to loss of semi-

volatile compounds, like ammonium nitrate (Charron et al. 2004). Approximately one-

third of the PM2.5 acquired at PU Supersite exceeded 65 μg m-3 (short-term 24-hr 

average standard in US) and was less than five percent of the PM10 exceed 180 μg m-3 

(short-term 24-hr average standard in HK).   

The majority of aerosol mass for individual species exist in different size fractions. 

The details are shown in Figure 4.6. In addition to abundant species such as OC, EC, 
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and sulfate, some other species also mainly exist in fine particle fractions (more than 

60%), like ammonium, K, P, V, Ni, and Zn, although the concentrations were low. On 

the contrary, some elements have the majority of mass in coarse mode (more than 

60%), like soluble chloride, Al, Si, Ca, Ti, Fe and Cl.  

4.2.1.3 Chemical mass closure 

Figure 4.7 shows the chemical mass closure charts for PM1.0, PM2.5, PM10, and 

PMcoarse data acquired at PU Supersite. Overall, EC, organic matter (OM), and sulfate 

comprised the majority of PM1.0 and PM2.5, accounting for ~81% of total PM1.0 mass 

and ~78% of the total PM2.5 mass. The total amount of nitrate, ammonium, sea salt, 

and geological material and minor elements only contributed about ~18% and ~20% to 

PM1.0 and PM2.5, respectively. OM, EC, and sulfate were still the major constituents in 

PM10, while the total percentage decreased to ~62% as the increase of the total 

percentage of the remained constituents. PMcoarse showed difference in chemical 

composition with other size fractions, with the geological material and minor elements 

being the most abundant components (~32%) followed by unidentified material 

(~17%). The unidentified material mainly represents unmeasured metal and oxides, 

hydrogen, and oxygen that related to geological materials, organics, and water. The 

third abundant component was OM that has been found to be partly present in coarse 
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fractions (Yu et al. 2004). The percentage of sea salt and nitrate in PMcoarse was much 

higher than that in PM1.0, PM2.5, and PM10. This is consistent with the expectation and 

previous studies on sea salts (Yao et al. 2001) and nitrate (Zhuang et al. 1999a). EC 

and sulfate, the major components in fine particles, accounted only ~7% of PMcoarse 

for each.  

4.2.1.4 Seasonal patterns of aerosols 

The seasonal average mass concentrations of particulate matter (including PM1.0, PM2.5, 

PM10, and PMcoarse) indicate identical seasonal patterns (Figure 4.8), with high value 

during cold seasons (e.g., winter, spring, and autumn) and low value in warm season 

(e.g., summer). As shown in Table 4.1, 4.2, 4.3, 4.4, the seasonal variability of PM1.0 

was lowest, with about 1.4-fold difference between wintertime and summertime PM1.0. 

The average wintertime PMcoarse mass was ~2.3 times of the summertime PMcoarse, 

which is the highest seasonal difference, followed by PM10, PM2.5.  

The highest OC concentrations were found in winter for PM1.0, PM2.5, and PM10, 

approximately 1.5 times of those OC in the other three seasons. This seasonal pattern 

is similar with particulate mass, reflecting the fact that changes in the fine OC aerosols 

are generally proportional to the particulate matter loadings. Regional or long range 

transport of continental aerosols was believed to be the dominating factor leading to 
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higher OC levels during winter because Hong Kong is a downwind receptor for 

continental air masses that contain higher carbonaceous aerosol loading during the 

wintertime (Pathak et al. 2003; Wang et al. 2003; Yu et al. 2004; Louie et al. 2005b). 

Local vehicles emissions would not have significant day-to-day variations due to the 

consistent traffic flow each day (The Annual Traffic Census, 2004). Several pollutants 

in the Hong Kong atmosphere have been affected by long-range transport of 

continental aerosols, which lead to higher pollution levels in cold seasons than warm 

season (Pathak et al. 2003; Louie et al. 2005b; Yu et al. 2004). Most of these pollutants 

are secondary aerosols, such as OC (Louie et al. 2005b; Yu et al. 2004), and sulfate 

and ammonium (Pathak et al. 2003), that were thought to be produced by gas-to-

particle conversion, or chemical reaction, during the long-range transport. OC was 

also an important species in PMcoarse. The fluctuations in PMcoarse OC concentrations 

were not found to be significant in different seasons, as shown in Figure 4.8, 

indicating that there are stable sources for coarse mode OC. Most coarse OC in 

atmosphere is of biologic origin based on the observation in the US (Mamane et al. 

1990; Graham et al. 2003). The water-soluble organic carbon (WSOC) has been 

studied in Hong Kong by Yu et al. (2004) and it was found that the coarse mode 

WSOC, centered at 4.0±0.3 μm, was largely made of the polar compound group with 
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low molecular weight. Tire dust is another potentially stable source for coarse OC 

(Rogge et al. 1993). The instant OC concentrations throughout the entire year indicate 

that coarse OC is unlike the fine OC that is mainly formed from local vehicle emission 

and is influenced by the winter monsoon. 

The average wintertime EC in the four fractions was lower than the summertime EC, 

which is consistent with prior investigations on PM2.5 EC (Yu et al. 2004; Louie et al. 

2005b; Lee et al. 2006). EC originates from relatively simple sources and does not 

form in atmosphere due to its nearly inert property (Ogren and Charlson, 1983). It 

mainly originates from incomplete combustion of carbon-containing material (Ogren 

and Charlson, 1983). The prior studies concluded that the EC spatiality and 

seasonality in urban area of Hong Kong depends on whether the location is near a road 

(Louie et al. 2005b) and/or at the downwind area of a container terminal (Yu et al. 

2004) because both primary emissions from on-road vehicle and ship are the dominant 

sources for EC. Situated at the south tip of Kowloon Peninsula, the PU roadside site is 

within 1 km away from the Victoria Harbour, one of the finest deep-water ports in the 

world. Several container ports stretch for miles along the south coast of Kowloon 

Peninsula. Therefore, we concluded that the major reason of increased EC loading in 

summer is that the site’s location becomes downwind of Victoria Harbour under the 
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prevailing winds. A report released recently by the Institute for the Environment at the 

Hong Kong University of Science and Technology and Civic Exchange (http://civic-

exchange.org/) also reports elevated pollution levels around Victoria Harbour due to 

the influences of local vehicle and marine under southerly prevailing wind conditions.  

Sulfate and ammonium had similar seasonal variations and the patterns of seasonal 

variations were similar for the four fractions. The average concentration of sulfate was 

at the same level during cold seasons, which is about 2-3 times of that in summer 

(Table 4.1, 4.2, 4.3, 4.4, Figure 4.8). Previous study on ions in Hong Kong, performed 

by Pathak et al. (2003), showed that the concentrations of sulfate and ammonium can 

be elevated to about 40% by long-range transported continental air massed during 

autumn, spring, and winter. The trend of increase is supported by the data acquired in 

this study. Nitrate showed higher concentrations in spring and winter than that in 

summer and autumn for each fraction by factors of ~3. In the study done by Pathak et 

al. (2003), continental long-range transport of aerosols contributes a little to nitrate.   

There were different seasonal patterns of chloride between fine (PM1.0 and PM2.5) and 

coarse particles (PMcoarse and PM10). Only less than 30% of total chloride was in fine 

particles, with the highest average concentration in winter and lowest in the summer. 

On the contrary, the majority of chloride was in PMcoarse, with the highest 
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concentrations in summer and the lowest in autumn. The coarse mode chloride was 

generally associated with marine aerosols in Hong Kong (Zhuang et al. 1999a; Yao et 

al. 2001). It is reasonable to obtain the highest chloride concentration in summer 

because southerly wind prevails in summer, bringing marine aerosols into Hong Kong. 

Chloride depletion of sea salt by both nitrate and sulfate formation was observed when 

Hong Kong was under prevailing easterly wind accompanied with high relative 

humidity (Zhuang et al. 1999a; Yao et al. 2001).  

Silicon is a representative element related to geological material, which mainly 

presents in PMcoarse. In the present study, the average concentration of silicon in coarse 

particles was high during cold seasons. The summertime silicon was the low. The 

elevated concentrations during cold seasons are probably associated with the 

combined effects of dry road surface and high wind speed, while the low 

concentrations in summer are maybe due to the frequent rainfall that results in wet 

road surface. Regional transportation is less important for coarse particles due to the 

large sizes. Resuspension of roadway dust was previously reported to depend on 

weather, road surface conditions, traffic volumes, and fractions of heavy trucks 

(Lough et al. 2005). 

Elements associated with tailpipe emissions and brake and tire wear, including coarse 
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mode Cu, Zn, Ba, Pb, and S (Lough et al. 2005), did not show significant seasonal 

variations, which is consistent with the stable traffic flow and composition from day to 

day.  

4.2.1.5 Sources and transformation of aerosols 

Through above investigation in this study, it is found that substantial differences exist 

in chemical characteristics and seasonal variations between fine and coarse aerosols. 

In this section, the sources and formation of major chemical constituents will be 

further identified for fine and coarse aerosols using enrichment factor (EF), OC/EC 

ratio and linear regression method.  

It is very useful to use enrichment factor to examine the origin of elements. Based 

upon the assumption that all detected Al in each size range originate from resuspended 

soil material, the earth crust is considered the dominant source of the elements that 

show EF values close to one using Al as a reference element (EFcrust = (X/Al)air/(X/ 

Al)crust). Elements with EFcrust value larger than five are called enriched elements and 

have some sources other than crustal weathering, which may be anthropogenic. Based 

on the results of EF analyses (Table 4.5), five elements (Al, Si, Ca, Ti, and Fe) at PU 

Supersite station closely resembled material from the earth crust (Taylor and 

McLennand, 1995), regardless of size ranges. Coarse Na, Mg, K, and Mn were also 
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related to crustal elements, while the fine mode part possibly combined with those in 

origin of non-crustal sources, showing slightly higher EF. Several trace elements in 

coarse particles, including Se, Sr, and Zr, were also mainly from upper crust. For the 

remaining species, anthropogenic sources dominate their emissions.  

The ratio of OC to EC concentrations has been used to study emission and 

transformation characteristics of carbonaceous aerosols. The underlying hypothesis is 

EC is from primary anthropogenic sources and is not formed by reactions involving 

gaseous hydrocarbon precursors in the atmosphere, while OC may be emitted directly 

from sources as primary particles, but secondary organic aerosols can also be formed 

in the atmosphere from the low vapor pressure products by atmospheric chemical 

reactions. At a source-dominated site, like roadside, the OC/EC ratios should reflect 

the properties of primary source. Numerous studies on vehicle emissions (e.g., 

Norbeck et al. 1998; Gillies et al. 2001; Laschober et al. 2004) indicated low primary 

OC/EC ratios of around or less than 1. In this study, the average OC/EC ratios at PU 

Supersite were less than 1 for PM1.0 (0.7±0.3), PM2.5 (0.7±0.3), and PM10 (0.8±0.3), 

showing the characteristics of local primary vehicle emissions. Moreover, the time 

series of OC and EC in fine particles follow each other through years (Figure 4.9), 

indicating OC and EC have the same origin. However the average OC/EC ratio for 
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PMcoarse (7.8±14.2) was much higher than that for fine particles and the trends of 

coarse OC and EC were different, as shown in Figure 4.9. These indicate that OC and 

EC have different sources. Coarse organic aerosols are perhaps secondary or formed 

from other sources. Since the concentrations of coarse OC aerosols are stable through 

years, the biologic aerosols and tire dust are expected to be potential sources. Coarse 

EC showed similar trend to fine EC in summer, suggesting soot macro-aggregates 

from ships are main sources.  

Fine sulfate and nitrate were mainly associated with ammonium in this study, which is 

supported by the similar temporal variations and high inter-species correlation 

coefficients, as shown in Figure 4.10 and Table 4.6-4.7, respectively. Ammonium 

sulfate (or ammonium bisulfate) and ammonium nitrate are formed from conversion of 

gases to particles. Significant increase was found in concentrations of ammonium, 

sulfate and nitrate when the air mass was from upwind areas in this study, indicating 

they are mainly regional inputs. Based on previous studies, sulfate is a representative 

species for regional inputs in Hong Kong, and ~40% of fine mode sulfate has been 

found to arise from the Mainland China (Pathak et al. 2003). Coarse sulfate and nitrate 

had better relationship with Na, rather than ammonium, as shown in Figure 4.10 and 

Table 4.8. Since the coarse sulfate and nitrate did not accurately follow the 
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fluctuations of fine sulfate and nitrate (R=0.39), it is concluded that regional inputs 

have less contributions to coarse sulfate and nitrate. However, it is clear that coarse 

sulfate and nitrate were influenced by seasonal variation because the concentrations 

were higher in cold seasons than in warm season. The underlying reasons for the 

sources of coarse sulfate and nitrate may need further study.  

Inter-species correlations of fine particles also give information on elements (Table 4.6 

and 4.7). Both K+ (K) and Pb also had good relationships with Br and Rb, which is 

supported by a previous study by Louie et al. (2005a). Both K+ and Pb associate with 

material burning, like field burning (biomass burning) and lead fueled burning, 

suggesting these four elements were from material burning process. In addition, good 

relationships were found between As and Au, as well as Cr and Ni, which is most 

likely to be related to some emissions that transported from upwind region since there 

are no industries in the Hong Kong Territory. The crustal-elements correlated 

moderately (R>0.70) for each other, e.g., Al, Si, Ca, Ti, and Fe.  

As can be seen from Table 4.8, the typical crustal elements, such as Mg, Al, Si, K Ca, 

Ti, Fe, and Mn, mainly presented in coarse mode, showed good correlations with each 

other. These elements were most likely to have originated from the resuspended road 

dust. Previous studies have reported a strong contribution of resuspended road dust to 
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the coarse particles (e.g., Manoli et al. 2002; Lin et al. 2005). Elements K and Rb were 

probably also from burning process, the same as fine particles. Coarse Cl and Na 

correlated moderately to each other, which is consistent with the expectation since 

both elements in coarse fraction are representative for marine aerosols (Fitzgerald, 

1991).  

Correlations among different size fractions were conducted and the results were shown 

in Table 4.9. It can be seen that the species were split into two groups. Nearly half of 

the species showed good correlations among PM1.0, PM2.5, and PM10, while these 

species had poor relationships with PMcoarse. Overall, both PM1.0 and PM2.5 indicate 

totally different properties, compared with PMcoarse. Moreover, PM10 have properties of 

fine particles, rather than PMcoarse.   

4.2.2 Semi-continuous measurements of PM2.5, PMcoarse, and BC 

4.2.2.1 Evaluation of the Kimoto system (SPM-613D) as a semi-continuous monitor 

for measuring PM2.5, PMcoarse, and BC 

Measurement methods developed by different organizations may give different results 

when sampling the same atmosphere even though the techniques appear to be similar 

(e.g., Hitzenberger et al. 2004). Therefore, inter-comparison of samplers is very 

important in determining how well various samplers agree and how various design 
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choices influence what is actually measured. Continuous monitors can not only 

capture the prosperities of particles in better resolution but also prove more 

economical to operate by reducing sampling site visits and eliminating the need for 

laboratory facilities and analysis costs. It is currently impractical to perform better 

time resolution samples using traditional time-integrated particulate samplers, like 

Partisol RP2025 and URG sampler, for a long-term scale, thus developing continuous 

monitors is extremely important.  

At present, a steadily increasing literature describing the development and evaluation 

of continuous PM monitors with β-gauge method at minimum cost has emerged over 

the past decade (Chang et al. 2001; Chueinta and Hopke, 2001). The previous studies 

found that the β-gauge system provides satisfactory precision when the deliquescent 

point is not exceeded. One of the major targets at PU Supersite program is to evaluate 

the new techniques, a semi-continuous automated dichotomous monitor SPM-613D 

(Kimoto electric co. LTD., Japan) for hourly PM2.5, PM10, and BC, by making 

comparison with traditional filter-based samplers. Twenty four hour average 

concentrations were calculated from the semi-continuous measurements to temporally 

match the time-integrated quartz filter samples in the following discussion.  

The PM2.5 mass concentrations derived from TEOM and URG sampler were used to 
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make comparison with the SPM-613D β-gauge monitor. Figure 4.11 shows the 

scattering plot of hourly PM2.5 mass concentrations determined by SPM-613D against 

those measured by TEOM. The data in Figure 4.11 was a result of nearly 5-month 

measurements, from 15 January to 8 June 2005. The comparison revealed a good 

correlation of the PM2.5 concentrations measured by two methods (R=0.85). However, 

on average, the SPM-613D overestimated the TEOM PM2.5 by a factor of 1.3±0.4. 

This is partly due to the higher setting temperature (50 °C) at the drying tank of the 

TEOM than that (30 °C) of SPM-613D. The temperature is an important factor 

influencing the particle mass determined since the presence of volatile and semi-

volatile organic materials in aerosols. Both of TEOM and SPM 613D need preheating 

the air stream before particles are deposited on filters due to the limitation of detect 

techniques. The TEOM is operated at 50 °C in order to eliminate the effect of 

condensation or evaporation of particle-bound water. However, at 50 °C most semi-

volatile material is also evaporated. Therefore, the TEOM, operated at 50 °C, may be 

considered to measure the mass of non-volatile PM, leading to lower readings than 

filter-based methods (e.g., Allen et al. 1997; Ayers et al. 1999; Salter et al. 1999; 

Soutar et al. 1999). The SPM-613D β-gauge mass monitor heats the inlet at 30 °C, but 

does not otherwise control the temperature at the filter. This heating theoretically 
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causes evaporation of a fraction of the particle-bound water and an unknown fraction 

of the semi-volatile PM if the heating is effective. Thus, the β-gauge may be 

considered to measure the non-volatile PM plus a small fraction of the particle-bound 

water and an unknown fraction of the semi-volatile PM.  

The hourly data derived from the semi-continuous instruments (SPM-613D and 

TEOM) was taken average at 24-hr interval in order to align with the time-integrated 

samplers. The daily PM2.5 mass concentrations showed less fluctuation than the hourly 

PM2.5 mass concentrations for both SPM-613D and TEOM, leading to a much higher 

correlation coefficient of 0.93, as shown in Figure 4.12. The daily PM2.5 were also 

collected by one collocated URG sampler that took about three sets of samples each 

month on quartz and Teflon membranes simultaneously from January to December 

2005. In Figure 4.13, we can find the comparison between the semi-continuous 

method (SPM-613D and TEOM) and the bulk aerosol concentrations obtained from 

URG sampler. The results showed good correlations (R=0.73 and 0.89) between the 

semi-continuous methods and the gravimetric method on Teflon filters. The PM2.5 

mass concentrations by URG sampler were slightly lower than those by SPM-613D. 

The higher PM concentrations obtained by SPM-613D might be associated with the 

high relative humidity in Hong Kong that ranges from 64% to 86% reported as 
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monthly average in 2005. When the particle-bound water can not be removed 

efficiently at 30 °C because of high passing air volume, water absorption by the 

inorganics of aerosols leads to higher PM concentrations of the β-gauge compared to 

those of the manual sampler (Chang et al. 2001).  The ratio of the URG sampler to 

TEOM was 1.32±0.46, which is reasonable because gravimetrical method by Teflon 

filter samples avoid loosing labile particle-bound water and volatile materials resulting 

from preheating of sampling air stream for TEOM.  

Figure 4.14 presents the comparison between 24-hr coarse particle mass 

concentrations measured by the Kimoto SPM-613D and URG sampler. A good 

correlation was found between the instruments (R=0.86). The average PMcoarse ratio of 

the URG (Teflon) to SPM-613D was 0.83±0.25. The mass difference is perhaps due to 

the same reason as the overestimation of fine particles by the SPM-613D 

measurements. A previous study by USEPA concluded that the SPM-613D sampler 

prove precise, highly correlated results for PMcoarse measurements, with the PMcoarse 

measurements within ±10% of that of the collocated FRM samplers (Vanderpool et al. 

2004). 

Two methods for measuring aerosol EC were compared (Figure 4.15). One sample set 

in Figure 4.15 wass from the semi-continuous monitoring of SPM-613D by optical 
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method, the other was from the PM2.5 samples taken by URG sampler, which then 

were analyzed for EC using TOR protocol. The BC and EC concentrations were 

highly correlated over the study period (R=0.84). The regression equation is 

BC=1.38×EC-4.82. Meanwhile, the mean BC (19.4±6.1 μg m-3) and EC (18.7±7.8 μg 

m-3) concentrations were quite similar and the range was from 9.8 to 32.3 μg m-3 and 

from 7.6 to 36.0 μg m-3, respectively.  

4.2.2.2 Basic statistics of PM2.5, PMcoarse, and BC  

As shown in Figure 4.16, hourly concentrations of PM2.5, PM10, and PMcoarse measured 

by SPM-613D in 2005 fairly followed normal distributions. The annual mean was 

54.7±25.6 µg m-3 for hourly PM2.5, 75.6±32.3 µg m-3 for hourly PM10, 20.9±11.7 µg 

m-3 for hourly PMcoarse, and 18.2±14.6 µg m-3 for hourly BC. PM2.5 accounted for more 

than 70% of PM10, while PMcoarse only accounted for less than 30%. All of these data 

are comparable with those of filter-based data. The hourly PM concentrations vary 

significantly, ranging from 10.0 to 192.9 µg m-3 for PM2.5, 13.1 to 251.7 µg m-3 for 

PM10, 0.0 to 109.3 µg m-3 for PMcoarse, and 1.0 to 95.3 µg m-3 for BC. Nearly 25% of 

daily PM2.5 concentrations were above 65 µg m-3 (the short term air quality standard 

for PM2.5 in US) and no data for PM10 were above 180 µg m-3 (the short term air 

quality standard for PM10 in HK).  
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4.2.2.3 Temporal variations of PM2.5 and PMcoarse

As shown in Figure 4.17, daily PM2.5 and PM10 concentrations followed the same 

trends, with low concentrations in summer and high concentrations during cold 

seasons. The scattering plots also support the close relationships between PM2.5 and 

PM10, as shown in Figure 4.18. Previous studies on 24-hr PM2.5 (Ho et al. 2003; Louie 

et al. 2005b) and PM10 (Qin et al. 1997) reported the same seasonal patterns and the 

continental air masses carried by winter monsoons was found to be the dominant 

reasons for the elevated fine particulate concentrations in winter. However, 24-hr 

average PMcoarse concentrations did not follow the trend of PM2.5 (R=0.46, Figure 

4.18), especially in cold seasons, as shown in Figure 4.17. In addition, the seasonal 

variation of PMcoarse was less important than that of fine particles. This is not 

surprising because coarse particles can not be transported for a long distance by wind 

due to the large size and gravimetry. The major removing processes from atmosphere 

for coarse particles are dry deposition by gravimetry, which differ from the wet 

scavenging for fine particles (PM2.5) by precipitation. Moreover, the wind speeds are 

unusually low when the pollution episodes that are related to the continental air 

masses occur (Louie et al. 2005b; Cheng et al. 2006). As a consequence, the 
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contributions from continental air masses should be less important for PMcoarse. 

PMcoarse at a traffic-impacted urban site has been found to be mainly from the 

resuspended materials by the nearby on-road vehicle generated turbulence (Manoli et 

al. 2002). The wet road surface due to rainfall in summer may be the reason for the 

decreased PMcoarse concentrations during that period.  

4.2.2.4 Influencing factors on the fine and coarse particulate mass concentrations 

The weekly cycles of PM2.5 and PM10 suggest that both PM fractions are related to the 

traffic volume (Figure 4.19). The diurnal patterns were similar for each day, but the 

concentrations were lower on Sunday when compared with other days. This is because 

the decreased traffic flows on Sunday (Public holiday), especially for the diesel-fueled 

vehicles. It should be noted that Saturday is a work day in Hong Kong. Two major 

peaks for PM2.5 and PM10 occurred at 10:00-11:00 and 17:00-18:00, respectively, 

during daytime. The period between 10:00 to 11:00 was recorded as the maximum 

level of diesel-fueled vehicle proportion in a day, accounting for more than 50% of 

total on-road traffic counts during that period. The period of 17:00-18:00 was the 

evening rush hours. The lowest concentrations were measured during early morning 

(2:00-5:00) when all the categories of vehicles were at a minimum level in a day. 

Hourly PMcoarse data generally followed the trends of total traffic volume, with high 
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concentrations in daytime and low concentrations in nighttime. 

The relationship between PM concentrations and traffic counts were examined by 

calculating the correlation coefficients (R) from the hourly data sets, as shown in Table 

4.10. All size fractions, including PM2.5, PM10 and PMcoarse, were related to the total 

traffic volume, which is supported by high correlation coefficients between PM and 

total vehicle numbers. Better correlations were found for PM with diesel- and 

gasoline-fueled vehicles than with the LPG-fueled taxis. Out of the six categories of 

diesel-fueled vehicles, double decker bus and goods vehicles (<=5.5 ton) appear more 

related to PM2.5 and PM10 mass. The exhausts from Taxis contribute very little to PM 

(Cheng et al. 2006), thus poor relationship were observed.  As the most abundant 

species in fine particles, BC was associated with diesel-fueled vehicles, like double 

decker bus and goods vehicles (<=5.5 ton and 5.5-24 ton). PMcoarse had closer 

relationship with private cars, compared to other vehicle categories. 

PMcoarse mass concentrations were also found to depend upon wind speeds when wind 

speeds varied from 0 to 5.6 m s-1, while PM2.5 was not. The hours with wind speeds 

higher than 5.6 m s-1 were found to be temporal events that can not last for more than 

3 hours and only occupied 1.6% of total number of hourly wind speeds (Figure 4.20). 

Figure 4.21 displays the median concentrations of PM2.5, PM10, and PMcoarse measured 
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for each 0.4 m s-1 wind speed bin. Median concentrations were used here to represent 

the concentrations with the largest frequency. The calculation of these medians soothes 

the variability of concentrations due to the other influencing factors. The median PM2.5 

concentrations showed poor correlations with wind speeds (R=0.51), which is to be 

expected because fine particles were mainly emitted from diesel-fueled vehicles. The 

effects of dilution and dispersion of wind seem less important for fine particles at this 

street canyon. However, PM10 and PMcoarse showed obvious increase as the elevation 

of wind speeds with statistical significance (R=0.89 for PM10 and R=0.98 for PMcoarse). 

The median PM10 concentrations increase from about 54 to 70 µg m-3, and from 13 to 

24 µg m-3 for PMcoarse, as wind speeds strengthen from 0 m s-1 to stronger winds of 5.6 

m s-1. This clearly indicates the wind-suspended mechanism have an effect on coarse 

particles. Harrison et al. (2001) considered the coarse particle fraction as comprising 

two components, a nonwind-suspended component that corresponds to particles 

emitted from the anthropogenic sources, like industrial, construction activities, traffic-

generated resuspension, and biological particles, as well as a wind-suspended 

component that arose mainly from natural sources such as sea spray and surface soils, 

or dusts on paved areas. In this study, apparently the coarse particles are also mainly 

from two components, traffic-generated and wind suspended resupension. 
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4.3 Summary 

PMcoarse showed distinguished differences in chemical characteristics when compared 

with other particulate fractions, e.g., PM1.0, PM2.5, and PM10. The annual mean 

particulate mass concentration was 44.5±19.5 μg m-3 for PM1.0, 55.4±25.5 μg m-3 for 

PM2.5, 81.3±37.7 μg m-3 for PM10, and 25.9±15.5 μg m-3 for PMcoarse. PM1.0 and PM2.5 

are main contributors of PM10, accounting for ~54% and ~70% of PM10, respectively; 

while PMcoarse occupies only ~30% of PM10. The three most abundant species for 

PM1.0 and PM2.5 in descending rank are EC, sulfate, and OC. Low OC/EC ratios (less 

than 1) in PM1.0 and PM2.5 were found at PU Supersite, indicating that fresh vehicle 

exhaust is the main source. On the other hand, PMcoarse comprise of multi-components, 

with several abundant species of OC, nitrate, sulfate, Si, Fe, Cl, ammonium, and Na. 

The OC/EC ratios in PMcoarse were much higher than 1, averaging 7.8±14.2, 

suggesting that coarse carbonaceous aerosols have other sources rather than fresh 

vehicular exhaust.  

The diurnal variations of fine particles are closely associated with the daily cycle of 

vehicle numbers, especially the double decker buses, with high concentrations in 

daytime and low concentrations in the early morning. By analyzing the seasonal 
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variations of particles, it is found that the aerosol mass and chemical components of 

PM1.0, PM2.5 and PM10 are also influenced by large-scale weather system, namely the 

East Asia monsoon, showing increased loadings due to the transported continental 

pollution during cold seasons. For PMcoarse, the hourly mass concentrations have 

positive relationships with both traffic volume and wind speeds. Meanwhile the 

seasonal variations are less important for PMcoarse compared to fine particles, since the 

effect of continental pollution transported from Asia on PMcoarse mass concentrations 

was insignificant.  

Like most of other semi-continuous monitors, there are sampling artifacts for SPM-

613D. However, the comparison of aerosol mass indicated close concentrations and 

identical trends between the SPM-613D and those already widely-used methods. 

Based on the analyses of chemical characteristics in each particle fraction, the 

conclusion can be drawn that PMcoarse has different sources from PM1.0 and PM2.5, and 

PM10 cannot reflect the properties of PMcoarse, thus being a poor indicator for coarse 

particulate pollution.  
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Figure 4.1 Particulate gravimetric mass acquired from Teflon-membrane and quartz 

fiber filters at PU Supersite during the 12-month study.  
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Figure 4.2 The scatter plots of Teflon particulate mass concentrations against the sum 

of individual chemical species in PM1.0, PM2.5, and PM10, respectively.  
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Figure 4.3 The physical consistency test with PM1.0, PM2.5, and PM10 in one plot.  
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Figure 4.4 Scatter plots of cation versus anion measurements from PM1.0, PM2.5, and 

PM10 data. 
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Figure 4.5 The comparisons of particulate mass in different size fractions. 
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Figure 4.6 The average PM1.0, PM1.0-2.5, and PMcoarse percentages of the total PM10.  
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Figure 4.7 Mass closure charts for PM1.0, PM2.5, PM10, and PMcoarse data acquired at 

PU Supersite. 
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Figure 4.8 Seasonal patterns of PM and the major species acquired at PU Supersite. 

(24-hour samples taken from midnight to midnight, n=40 in total). 
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Figure 4.9 Time series of carbonaceous aerosol in fine and coarse particles. 
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Figure 4.10 Time series of ions in fine and coarse particles. 
 

 

 

 

 

 

 113



y = 0.96x + 11.40
R= 0.85
n=2658

0

30

60

90

120

0 30 60 90 120

TEOM hourly PM2.5 (μg m-3)

K
im

ot
o 

ho
ur

ly
 P

M
2.

5  (
μg

 m
-3

)

 

Figure 4.11 Scattering plot of hourly PM2.5 from Kimoto SPM-613D against TEOM. 
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Figure 4.12 Scattering plot of daily PM2.5 from Kimoto SPM-613D against TEOM. 
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Figure 4.13 The comparisons of daily PM2.5 mass concentrations among Kimoto SPM-

613D, TEOM and URG sampler. 
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Figure 4.14 The 24-hour PMcoarse mass acquired from Kimoto SPM-613D and URG 

sampler. 
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Figure 4.15 The comparison of 24-hour EC between Kimoto SPM-613D and URG 

sampler. 
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Figure 4.16 Frequency counts for PM2.5, PM10, PMcoarse, and BC concentrations 

measured at PU roadside. Hourly data from January to December 2005 (n=7132). 
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Figure 4.17 Daily average concentrations for PM2.5, PM10, and PMcoarse at PU roadside 

site.  
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Figure 4.18 Scatter plots for daily PM2.5 and PM10, PM2.5 and PMcoarse at PU roadside 

site.  
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Figure 4.19 Weekly cycles of PM2.5, PM10, and PMcoarse concentrations at PU roadside 

site.  
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Figure 4.20 Relative frequency of wind speed when each size bin is 0.4 m s-1. Hourly 

data from Jan to Aug 2005. 
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Table 4.1 Statistical summary of PM1.0 measurements at PU Supersite from Oct 2004 

to Sep 2005 (24-hour samples taken from midnight to midnight, n=40). 

PM1.0 Spring Summer Autumn Winter Total

µg m-3 Mean SD Mean SD Mean SD Mean SD Mean SD

Mass (Teflon) 44.3650 6.6892 34.7893 17.9196 56.3238 21.0964 47.0662 19.1087 44.0438 19.4390

OC 9.6295 0.2771 8.2196 3.2591 11.2981 4.1395 12.7988 6.3811 10.4859 4.8976

EC 13.5285 3.7935 17.7812 5.7607 16.4216 5.2127 14.4830 3.9981 16.0758 5.0587

Chloride (Cl-) 0.2380 0.1078 0.1634 0.1637 0.1704 0.0996 0.4919 0.2272 0.2745 0.2253

Nitrate (NO3
-) 2.5634 0.5757 0.8190 0.6505 1.4880 0.5160 3.2933 2.1017 1.8789 1.6483

Sulphate (SO4
2-) 12.9806 4.7515 6.7441 5.0444 16.5034 8.9384 11.2301 5.7976 10.7077 7.0778

Soluble Sodium (Na+) 1.2386 0.1065 1.2598 0.1999 1.1731 0.1516 1.3723 0.1975 1.2754 0.1928

Ammonium (NH4
+) 3.4808 1.1507 1.4286 1.3080 3.6184 1.7312 2.9400 1.3675 2.5289 1.6485

Soluble Potassium (K+) 0.4201 0.2680 0.1845 0.1729 0.8243 0.5993 0.6154 0.5635 0.4738 0.4947

Sodium (Na) 0.5181 0.1658 0.3901 0.3601 0.6075 0.2682 0.4820 0.2354 0.4752 0.2944

Magnesium (Mg) 0.1309 0.0573 0.1053 0.0690 0.1869 0.0619 0.1300 0.0374 0.1322 0.0631

Aluminum (Al) 0.1450 0.0610 0.1168 0.1079 0.1304 0.0489 0.1468 0.0875 0.1317 0.0868

Silicon (Si) 0.2211 0.0810 0.1401 0.1749 0.2484 0.1049 0.2790 0.1949 0.2148 0.1717

Phosphorus (P) 0.2303 0.0772 0.1230 0.1028 0.2805 0.1388 0.1709 0.0573 0.1795 0.1115

Sulphur (S) 5.4466 2.0059 2.6924 2.3622 6.2716 3.1257 4.2734 1.7939 4.1654 2.6472

Chlorine (Cl) 0.0638 0.0096 0.0984 0.0264 0.0775 0.0045 0.3378 0.3259 0.2096 0.2600

Potassium (K) 0.5099 0.3584 0.1956 0.2090 0.8849 0.5811 0.7242 0.5462 0.5373 0.5126

Calcium (Ca) 0.0671 0.0144 0.0775 0.1113 0.0787 0.0258 0.0700 0.0507 0.0745 0.0743

Scandium (Sc) 0.0000 0.0000 0.0004 0.0007 0.0002 0.0006 0.0001 0.0002 0.0002 0.0006

Titanium (Ti) 0.0046 0.0036 0.0095 0.0131 0.0068 0.0016 0.0084 0.0076 0.0082 0.0091

Vanadium (V) 0.0222 0.0073 0.0166 0.0186 0.0090 0.0059 0.0183 0.0195 0.0162 0.0166

Chromium (Cr) 0.0025 0.0015 0.0022 0.0020 0.0026 0.0011 0.0026 0.0013 0.0025 0.0015

Manganese (Mn) 0.0206 0.0048 0.0152 0.0129 0.0227 0.0089 0.0272 0.0233 0.0212 0.0166

Iron (Fe) 0.1639 0.0359 0.2482 0.3829 0.2128 0.0831 0.2202 0.1868 0.2251 0.2587

Nickel (Ni) 0.0066 0.0036 0.0054 0.0051 0.0025 0.0017 0.0063 0.0065 0.0052 0.0051

Copper (Cu) 0.0112 0.0009 0.0117 0.0128 0.0148 0.0035 0.0149 0.0087 0.0134 0.0095

Zinc (Zn) 0.1422 0.0626 0.1763 0.2091 0.2490 0.0888 0.2365 0.2048 0.2087 0.1800

Gallium (Ga) 0.0001 0.0000 0.0080 0.0057 0.0085 0.0080 0.0093 0.0050 0.0081 0.0060

Arsenic (As) 0.0104 0.0000 0.0050 0.0042 0.0128 0.0064 0.0144 0.0112 0.0127 0.0093

Selenium (Se) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Bromine (Br) 0.0125 0.0058 0.0071 0.0052 0.0114 0.0060 0.0164 0.0151 0.0116 0.0104

Rubidium (Rb) 0.0044 0.0040 0.0017 0.0009 0.0063 0.0039 0.0053 0.0054 0.0045 0.0041

Strontium (Sr) 0.0050 0.0060 0.0041 0.0022 0.0039 0.0012 0.0051 0.0035 0.0045 0.0027

Yttrium (Y) 0.0000 0.0000 0.0007 0.0007 0.0010 0.0015 0.0009 0.0012 0.0008 0.0009

Zerconium (Zr) 0.0085 0.0012 0.0082 0.0049 0.0090 0.0042 0.0050 0.0032 0.0074 0.0043

Niobium (Nb) 0.0014 0.0015 0.0012 0.0017 0.0005 0.0011 0.0012 0.0017 0.0011 0.0016

Palladium (Pd) 0.0120 0.0014 0.0112 0.0080 0.0112 0.0059 0.0098 0.0036 0.0108 0.0060

Silver (Ag) 0.0054 0.0043 0.0065 0.0042 0.0071 0.0057 0.0084 0.0060 0.0073 0.0051

Cadmium (Cd) 0.0047 0.0027 0.0080 0.0058 0.0119 0.0069 0.0071 0.0055 0.0082 0.0059

Indium (In) 0.0117 0.0050 0.0131 0.0050 0.0100 0.0063 0.0111 0.0050 0.0117 0.0052

Tin (Sn) 0.0286 0.0168 0.0154 0.0083 0.0276 0.0123 0.0398 0.0243 0.0274 0.0192

Antimony (Sb) 0.0280 0.0116 0.0380 0.0065 0.0397 0.0085 0.0374 0.0079 0.0374 0.0080

Cesium (Ce) 0.0145 0.0000 0.0086 0.0027 0.0071 0.0026 0.0047 0.0045 0.0078 0.0038

Barium (Ba) 0.0128 0.0007 0.0252 0.0234 0.0323 0.0203 0.0295 0.0140 0.0271 0.0191

Gold (Au) 0.0000 0.0000 0.0080 0.0062 0.0002 0.0000 0.0106 0.0069 0.0077 0.0063

Mercury (Hg) 0.0011 0.0000 0.0000 0.0000 0.0002 0.0000 0.0001 0.0000 0.0005 0.0006

Thallium (Tl) 0.0024 0.0027 0.0024 0.0019 0.0005 0.0000 0.0030 0.0021 0.0022 0.0019

Lead (Pb) 0.0426 0.0298 0.0171 0.0220 0.0736 0.0408 0.0648 0.0508 0.0473 0.0444

Uranium (U) 0.0018 0.0019 0.0016 0.0022 0.0005 0.0010 0.0029 0.0028 0.0018 0.0023  
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Table 4.2 Statistical summary of PM2.5 measurements at PU Supersite from Oct 2004 

to Sep 2005 (24-hour samples taken from midnight to midnight, n=40). 

PM2.5 Spring Summer Autumn Winter Total

µg m-3 Mean SD Mean SD Mean SD Mean SD Mean SD

Mass (Teflon) 60.2375 8.2906 40.9273 21.8575 70.9538 26.5744 61.2285 25.7896 55.4615 25.5361

OC 10.2408 0.6756 9.1090 3.1107 13.7864 5.0666 14.9287 7.6522 12.0491 5.7599

EC 14.7030 3.9079 19.1165 6.2547 18.7572 5.4690 15.9840 4.4859 17.5852 5.4469

Chloride (Cl-) 0.3430 0.1845 0.3393 0.2295 0.2833 0.2192 0.6362 0.3510 0.4196 0.2975

Nitrate (NO3
-) 3.7664 0.4107 1.1820 0.7229 2.1095 0.8796 4.3796 2.6293 2.6212 2.0825

Sulphate (SO4
2-) 14.2187 4.2240 7.5927 5.7159 18.8025 9.4207 14.4781 5.4629 12.6903 7.6033

Soluble Sodium (Na+) 1.5513 0.0685 1.4988 0.2213 1.4950 0.3661 1.6363 0.2798 1.5457 0.2641

Ammonium (NH4
+) 3.6911 0.8277 1.5539 1.4292 3.9527 1.7434 3.3839 1.3711 2.8282 1.7303

Soluble Potassium (K+) 0.4540 0.2604 0.1983 0.1713 1.0030 0.7607 0.8799 0.9200 0.5919 0.6935

Sodium (Na) 0.7421 0.2816 0.5755 0.2151 0.8319 0.2321 0.8119 0.3431 0.7203 0.2865

Magnesium (Mg) 0.2671 0.1027 0.1459 0.0544 0.2314 0.0799 0.2128 0.0692 0.1968 0.0796

Aluminum (Al) 0.4571 0.1384 0.1833 0.1509 0.3970 0.1932 0.3121 0.1896 0.2953 0.1927

Silicon (Si) 0.8953 0.2799 0.2740 0.2502 0.7427 0.3012 0.6051 0.4348 0.5375 0.3911

Phosphorus (P) 0.2397 0.0654 0.1292 0.1032 0.3143 0.1531 0.2051 0.0707 0.2019 0.1211

Sulphur (S) 5.9995 1.7410 2.9776 2.4070 7.3781 3.5537 5.2001 1.7636 4.8822 2.8933

Chlorine (Cl) 0.2069 0.0854 0.2871 0.2855 0.1213 0.0396 0.4556 0.4123 0.3125 0.3230

Potassium (K) 0.6374 0.3927 0.2521 0.2663 1.1684 0.7914 0.9660 0.7796 0.7059 0.6949

Calcium (Ca) 0.2868 0.1024 0.1582 0.0685 0.3130 0.1213 0.2223 0.1379 0.2229 0.1212

Scandium (Sc) 0.0002 0.0004 0.0003 0.0007 0.0001 0.0003 0.0001 0.0004 0.0002 0.0005

Titanium (Ti) 0.0314 0.0104 0.0175 0.0136 0.0281 0.0131 0.0232 0.0165 0.0229 0.0146

Vanadium (V) 0.0233 0.0138 0.0185 0.0212 0.0093 0.0075 0.0204 0.0200 0.0180 0.0183

Chromium (Cr) 0.0051 0.0014 0.0023 0.0015 0.0052 0.0020 0.0048 0.0021 0.0040 0.0022

Manganese (Mn) 0.0302 0.0097 0.0211 0.0154 0.0377 0.0179 0.0399 0.0324 0.0314 0.0234

Iron (Fe) 0.6272 0.1785 0.4786 0.1990 0.6822 0.2623 0.5792 0.3308 0.5669 0.2623

Nickel (Ni) 0.0064 0.0036 0.0057 0.0054 0.0041 0.0018 0.0068 0.0053 0.0058 0.0046

Copper (Cu) 0.0210 0.0031 0.0196 0.0081 0.0278 0.0075 0.0274 0.0127 0.0239 0.0100

Zinc (Zn) 0.2425 0.0769 0.2282 0.2636 0.3915 0.1464 0.3586 0.3050 0.3047 0.2510

Gallium (Ga) 0.0102 0.0101 0.0069 0.0103 0.0077 0.0065 0.0058 0.0062 0.0069 0.0077

Arsenic (As) 0.0180 0.0092 0.0058 0.0052 0.0166 0.0101 0.0209 0.0139 0.0155 0.0116

Selenium (Se) 0.0000 0.0000 0.0000 0.0000 0.0096 0.0000 0.0000 0.0000 0.0096 0.0000

Bromine (Br) 0.0157 0.0080 0.0076 0.0038 0.0132 0.0051 0.0209 0.0190 0.0139 0.0126

Rubidium (Rb) 0.0021 0.0012 0.0022 0.0014 0.0082 0.0044 0.0059 0.0042 0.0052 0.0042

Strontium (Sr) 0.0071 0.0031 0.0034 0.0018 0.0054 0.0042 0.0054 0.0030 0.0048 0.0030

Yttrium (Y) 0.0005 0.0006 0.0023 0.0028 0.0022 0.0016 0.0021 0.0013 0.0018 0.0015

Zerconium (Zr) 0.0037 0.0021 0.0074 0.0044 0.0101 0.0053 0.0080 0.0033 0.0077 0.0043

Niobium (Nb) 0.0018 0.0021 0.0006 0.0014 0.0012 0.0014 0.0009 0.0010 0.0009 0.0014

Palladium (Pd) 0.0065 0.0020 0.0099 0.0056 0.0123 0.0047 0.0138 0.0055 0.0113 0.0055

Silver (Ag) 0.0042 0.0047 0.0068 0.0034 0.0121 0.0107 0.0068 0.0041 0.0075 0.0059

Cadmium (Cd) 0.0055 0.0033 0.0059 0.0049 0.0125 0.0050 0.0075 0.0071 0.0079 0.0060

Indium (In) 0.0079 0.0107 0.0089 0.0056 0.0135 0.0080 0.0080 0.0063 0.0094 0.0068

Tin (Sn) 0.0340 0.0052 0.0183 0.0091 0.0337 0.0168 0.0378 0.0248 0.0293 0.0187

Antimony (Sb) 0.0439 0.0139 0.0403 0.0108 0.0396 0.0151 0.0414 0.0088 0.0409 0.0111

Cesium (Ce) 0.0112 0.0021 0.0091 0.0069 0.0104 0.0006 0.0105 0.0037 0.0103 0.0032

Barium (Ba) 0.0328 0.0148 0.0537 0.0131 0.0512 0.0133 0.0454 0.0192 0.0484 0.0162

Gold (Au) 0.0000 0.0000 0.0078 0.0056 0.0000 0.0000 0.0052 0.0020 0.0070 0.0048

Mercury (Hg) 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000

Thallium (Tl) 0.0019 0.0007 0.0039 0.0023 0.0025 0.0028 0.0029 0.0026 0.0031 0.0022

Lead (Pb) 0.0502 0.0208 0.0198 0.0249 0.0982 0.0550 0.0862 0.0709 0.0611 0.0594

Uranium (U) 0.0014 0.0022 0.0030 0.0026 0.0018 0.0025 0.0017 0.0024 0.0022 0.0025  
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Table 4.3 Statistical summary of PM10 measurements at PU Supersite from Oct 2004 

to Sep 2005 (24-hour samples taken from midnight to midnight, n=40). 

PM10 Spring Summer Autumn Winter Total

µg m-3 Mean SD Mean SD Mean SD Mean SD Mean SD

Mass (Teflon) 87.4925 21.2322 56.2967 27.6935 110.3325 37.3561 90.4800 36.7502 81.3330 37.7013

OC 12.0664 2.2479 11.4166 4.6356 15.6753 5.6518 16.7576 8.3968 14.0691 6.4487

EC 15.3983 4.1697 21.0259 7.9190 21.4546 9.0859 17.0260 4.9316 19.2489 7.1784

Chloride (Cl-) 1.0865 0.5692 1.4661 0.7857 0.9262 0.5901 1.5972 0.7743 1.3568 0.7486

Nitrate (NO3
-) 7.0289 2.3571 1.9180 0.8242 4.1332 1.8803 6.9986 2.8370 4.4599 2.9955

Sulphate (SO4
2-) 16.5339 5.9489 8.0939 5.8745 20.5803 10.5160 16.4610 5.2503 14.0953 8.3260

Soluble Sodium (Na+) 2.7618 1.0509 2.4369 0.5798 2.2700 1.0570 2.6470 1.0013 2.5006 0.8566

Ammonium (NH4
+) 3.8251 0.8722 1.6031 1.4976 4.0992 1.8626 3.6110 1.4017 2.9608 1.8185

Soluble Potassium (K+) 0.5205 0.3662 0.2318 0.1824 1.0591 0.7500 1.0748 1.1330 0.6804 0.7990

Sodium (Na) 1.6559 0.6391 1.3041 0.5516 1.4859 0.6960 1.5444 0.6724 1.4538 0.6184

Magnesium (Mg) 0.6326 0.2305 0.3028 0.1324 0.5081 0.1629 0.4171 0.1336 0.4140 0.1792

Aluminum (Al) 1.2150 0.5511 0.4782 0.4303 1.4915 0.7794 1.1173 0.7506 0.9623 0.7310

Silicon (Si) 2.4525 1.0280 0.8450 0.7600 2.7930 1.4137 2.1428 1.3619 1.8171 1.3615

Phosphorus (P) 0.2413 0.0673 0.1348 0.0982 0.2973 0.1368 0.2013 0.0726 0.1996 0.1120

Sulphur (S) 6.3339 1.5281 3.2061 2.2585 7.4643 3.3194 5.6946 1.8953 5.1793 2.8084

Chlorine (Cl) 1.2700 0.9214 1.3939 1.0279 0.8137 0.8411 1.5709 0.7876 1.3230 0.9156

Potassium (K) 0.9180 0.5047 0.3872 0.3373 1.5319 0.9526 1.2974 1.0022 0.9650 0.8739

Calcium (Ca) 1.0759 0.4058 0.5847 0.2958 1.4281 0.5124 1.0988 0.6695 0.9696 0.5796

Scandium (Sc) 0.0002 0.0004 0.0005 0.0006 0.0004 0.0006 0.0001 0.0003 0.0003 0.0005

Titanium (Ti) 0.0910 0.0405 0.0508 0.0347 0.0997 0.0519 0.0825 0.0543 0.0749 0.0484

Vanadium (V) 0.0241 0.0116 0.0204 0.0236 0.0108 0.0068 0.0218 0.0224 0.0193 0.0198

Chromium (Cr) 0.0105 0.0042 0.0065 0.0039 0.0110 0.0031 0.0088 0.0036 0.0086 0.0040

Manganese (Mn) 0.0525 0.0142 0.0315 0.0192 0.0659 0.0286 0.0615 0.0360 0.0502 0.0304

Iron (Fe) 1.9199 0.5385 1.3755 0.6405 2.2320 0.8323 1.9253 0.8130 1.7799 0.7818

Nickel (Ni) 0.0076 0.0030 0.0063 0.0053 0.0046 0.0029 0.0078 0.0064 0.0066 0.0052

Copper (Cu) 0.0521 0.0088 0.0463 0.0231 0.0714 0.0267 0.0609 0.0253 0.0566 0.0248

Zinc (Zn) 0.2832 0.0810 0.2595 0.2833 0.4593 0.1673 0.4197 0.3042 0.3539 0.2654

Gallium (Ga) 0.0115 0.0099 0.0084 0.0065 0.0079 0.0068 0.0065 0.0053 0.0080 0.0063

Arsenic (As) 0.0079 0.0072 0.0109 0.0097 0.0197 0.0124 0.0193 0.0196 0.0159 0.0147

Selenium (Se) 0.0000 0.0000 0.0020 0.0000 0.0029 0.0000 0.0009 0.0000 0.0019 0.0010

Bromine (Br) 0.0206 0.0101 0.0107 0.0056 0.0192 0.0088 0.0276 0.0212 0.0189 0.0149

Rubidium (Rb) 0.0028 0.0021 0.0028 0.0022 0.0096 0.0056 0.0080 0.0097 0.0066 0.0073

Strontium (Sr) 0.0143 0.0066 0.0060 0.0028 0.0116 0.0060 0.0114 0.0067 0.0098 0.0060

Yttrium (Y) 0.0037 0.0022 0.0018 0.0013 0.0007 0.0007 0.0019 0.0012 0.0021 0.0016

Zerconium (Zr) 0.0144 0.0066 0.0084 0.0050 0.0141 0.0035 0.0155 0.0037 0.0125 0.0054

Niobium (Nb) 0.0000 0.0000 0.0015 0.0017 0.0000 0.0001 0.0015 0.0016 0.0011 0.0015

Palladium (Pd) 0.0091 0.0016 0.0078 0.0038 0.0131 0.0080 0.0121 0.0072 0.0104 0.0062

Silver (Ag) 0.0095 0.0073 0.0081 0.0052 0.0071 0.0046 0.0075 0.0050 0.0079 0.0051

Cadmium (Cd) 0.0051 0.0068 0.0055 0.0052 0.0092 0.0042 0.0106 0.0057 0.0080 0.0056

Indium (In) 0.0111 0.0013 0.0114 0.0085 0.0129 0.0090 0.0098 0.0047 0.0112 0.0070

Tin (Sn) 0.0383 0.0076 0.0151 0.0069 0.0417 0.0163 0.0510 0.0311 0.0344 0.0248

Antimony (Sb) 0.0444 0.0108 0.0478 0.0097 0.0517 0.0079 0.0545 0.0092 0.0504 0.0096

Cesium (Ce) 0.0118 0.0000 0.0065 0.0060 0.0061 0.0061 0.0076 0.0034 0.0072 0.0048

Barium (Ba) 0.0971 0.0089 0.0858 0.0539 0.0899 0.0396 0.0919 0.0407 0.0897 0.0431

Gold (Au) 0.0001 0.0000 0.0021 0.0000 0.0011 0.0000 0.0021 0.0000 0.0015 0.0009

Mercury (Hg) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Thallium (Tl) 0.0000 0.0000 0.0032 0.0040 0.0005 0.0000 0.0023 0.0018 0.0026 0.0031

Lead (Pb) 0.0635 0.0363 0.0229 0.0286 0.1056 0.0659 0.1022 0.0775 0.0693 0.0670

Uranium (U) 0.0024 0.0027 0.0012 0.0018 0.0016 0.0029 0.0005 0.0012 0.0012 0.0020  
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Table 4.4 Statistical summary of PMcoarse  measurements at PU Supersite from Oct 

2004 to Sep 2005 (24-hour samples taken from midnight to midnight, n=40). 

PMcoarse Spring Summer Autumn Winter Total

µg m-3 Mean SD Mean SD Mean SD Mean SD Mean SD

Mass (Teflon) 27.2550 14.1269 15.3693 6.5487 39.3788 17.8834 29.6300 15.5513 25.9013 15.7189

OC 1.8256 1.7291 2.3075 2.0546 1.8889 1.6568 2.1508 1.7168 2.1240 1.7845

EC 0.6953 0.7094 1.9093 3.0336 2.6974 3.9889 1.2510 1.1798 1.7439 2.6756

Chloride (Cl-) 0.7434 0.4201 1.1268 0.5914 0.7433 0.5682 0.9610 0.7774 0.9634 0.6355

Nitrate (NO3
-) 3.2626 2.4164 0.8968 0.4775 2.0238 1.5977 2.6190 1.6663 1.9269 1.6167

Sulphate (SO4
2-) 2.3152 2.4695 0.5011 0.4086 2.0364 2.1285 1.9829 1.3022 1.4428 1.5490

Soluble Sodium (Na+) 1.2105 0.9975 0.9382 0.4784 0.8859 0.8890 1.1050 0.9366 1.0073 0.7481

Ammonium (NH4
+) 0.2380 0.1122 0.0862 0.1486 0.2105 0.2274 0.2270 0.1874 0.1712 0.1816

Soluble Potassium (K+) 0.0915 0.1164 0.0335 0.0417 0.0643 0.0852 0.1949 0.2781 0.0937 0.1725

Sodium (Na) 0.9138 0.4069 0.7822 0.4519 0.6539 0.5635 0.7325 0.4278 0.7528 0.4522

Magnesium (Mg) 0.3656 0.1350 0.1727 0.1009 0.2767 0.1432 0.2044 0.1144 0.2244 0.1289

Aluminum (Al) 0.7579 0.4165 0.3219 0.2838 1.0945 0.5958 0.8052 0.5920 0.6862 0.5538

Silicon (Si) 1.5572 0.7492 0.6232 0.5050 2.0503 1.1353 1.5377 1.0108 1.3166 1.0024

Phosphorus (P) 0.0192 0.0203 0.0147 0.0138 0.0180 0.0024 0.0192 0.0122 0.0168 0.0124

Sulphur (S) 0.3344 0.2258 0.3388 0.2273 0.2822 0.2044 0.4945 0.3179 0.3864 0.2656

Chlorine (Cl) 1.1149 0.8454 1.2026 0.7918 0.7227 0.8135 1.1504 0.6410 1.0809 0.7476

Potassium (K) 0.2807 0.1306 0.1469 0.0769 0.3636 0.1736 0.3315 0.2547 0.2666 0.1953

Calcium (Ca) 0.7891 0.3065 0.4629 0.2045 1.1151 0.3935 0.8765 0.5538 0.7680 0.4592

Scandium (Sc) 0.0002 0.0004 0.0004 0.0005 0.0004 0.0006 0.0001 0.0003 0.0003 0.0005

Titanium (Ti) 0.0596 0.0302 0.0360 0.0234 0.0716 0.0403 0.0593 0.0418 0.0535 0.0362

Vanadium (V) 0.0029 0.0001 0.0045 0.0027 0.0040 0.0021 0.0031 0.0030 0.0038 0.0025

Chromium (Cr) 0.0055 0.0032 0.0054 0.0031 0.0058 0.0027 0.0040 0.0027 0.0050 0.0029

Manganese (Mn) 0.0224 0.0059 0.0119 0.0057 0.0282 0.0127 0.0238 0.0154 0.0202 0.0126

Iron (Fe) 1.2927 0.3613 0.9870 0.3738 1.5498 0.5782 1.3461 0.5941 1.2535 0.5281

Nickel (Ni) 0.0024 0.0020 0.0017 0.0010 0.0022 0.0005 0.0028 0.0015 0.0022 0.0012

Copper (Cu) 0.0312 0.0070 0.0296 0.0129 0.0436 0.0243 0.0335 0.0157 0.0339 0.0166

Zinc (Zn) 0.0407 0.0127 0.0407 0.0408 0.0678 0.0299 0.0813 0.0737 0.0597 0.0524

Gallium (Ga) 0.0153 0.0037 0.0074 0.0069 0.0127 0.0000 0.0076 0.0059 0.0089 0.0063

Arsenic (As) 0.0024 0.0020 0.0093 0.0103 0.0074 0.0054 0.0081 0.0067 0.0077 0.0070

Selenium (Se) 0.0000 0.0000 0.0020 0.0000 0.0029 0.0000 0.0009 0.0000 0.0019 0.0010

Bromine (Br) 0.0079 0.0055 0.0037 0.0028 0.0069 0.0037 0.0093 0.0043 0.0065 0.0043

Rubidium (Rb) 0.0024 0.0007 0.0046 0.0028 0.0027 0.0016 0.0065 0.0066 0.0047 0.0048

Strontium (Sr) 0.0071 0.0038 0.0042 0.0028 0.0083 0.0044 0.0094 0.0068 0.0071 0.0051

Yttrium (Y) 0.0049 0.0001 0.0018 0.0013 0.0000 0.0000 0.0024 0.0009 0.0026 0.0015

Zerconium (Zr) 0.0107 0.0073 0.0066 0.0042 0.0078 0.0036 0.0082 0.0036 0.0081 0.0043

Niobium (Nb) 0.0000 0.0000 0.0013 0.0017 0.0000 0.0001 0.0011 0.0015 0.0008 0.0014

Palladium (Pd) 0.0035 0.0015 0.0086 0.0032 0.0097 0.0031 0.0073 0.0047 0.0075 0.0039

Silver (Ag) 0.0101 0.0072 0.0057 0.0034 0.0054 0.0033 0.0040 0.0026 0.0057 0.0040

Cadmium (Cd) 0.0048 0.0000 0.0075 0.0055 0.0086 0.0000 0.0086 0.0041 0.0080 0.0044

Indium (In) 0.0088 0.0016 0.0082 0.0069 0.0112 0.0105 0.0071 0.0043 0.0083 0.0063

Tin (Sn) 0.0072 0.0054 0.0061 0.0025 0.0138 0.0088 0.0178 0.0129 0.0129 0.0106

Antimony (Sb) 0.0077 0.0075 0.0087 0.0094 0.0140 0.0124 0.0147 0.0096 0.0116 0.0101

Cesium (Ce) 0.0000 0.0000 0.0065 0.0060 0.0074 0.0063 0.0055 0.0029 0.0064 0.0046

Barium (Ba) 0.0643 0.0105 0.0648 0.0495 0.0471 0.0327 0.0577 0.0292 0.0582 0.0348

Gold (Au) 0.0001 0.0000 0.0000 0.0000 0.0011 0.0000 0.0021 0.0000 0.0011 0.0010

Mercury (Hg) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Thallium (Tl) 0.0000 0.0000 0.0044 0.0052 0.0000 0.0000 0.0021 0.0018 0.0033 0.0037

Lead (Pb) 0.0202 0.0163 0.0101 0.0050 0.0171 0.0109 0.0196 0.0244 0.0162 0.0169

Uranium (U) 0.0012 0.0024 0.0006 0.0016 0.0016 0.0029 0.0003 0.0010 0.0008 0.0018  
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Table 4.5 Enrichments factors for elements in PM1.0, PM2.5, and PMcoarse. 

Enrichment Factors PM1.0 PM2.5 PMcoarse

Sodium (Na) 10.0 6.8 3.1
Magnesium (Mg) 6.1 4.0 2.0
Aluminum (Al) 1.0 1.0 1.0
Silicon (Si) 0.4 0.5 0.5
Phosphorus (P) 156.5 78.6 2.8
Potassium (K) 11.7 6.9 1.1
Calcium (Ca) 1.5 2.0 3.0
Titanium (Ti) 1.7 2.1 2.1
Vanadium (V) 165.0 81.7 7.4
Chromium (Cr) 42.9 30.8 16.8
Manganese (Mn) 21.5 14.3 3.9
Iron (Fe) 3.9 4.4 4.2
Nickel (Ni) 159.1 79.1 12.9
Copper (Cu) 326.2 260.2 159.1
Zinc (Zn) 1793.7 1168.6 98.6
Gallium (Ga) 292.5 110.3 61.3
Arsenic (Ar) 5160.0 2817.5 598.4
Selenium (Se) 52.3 4.5
Rubidium (Rb) 24.4 12.7 4.9
Strontium (Sr) 7.8 3.7 2.4
Yttrium (Y) 22.7 22.3 14.0
Zerconium (Zr) 23.7 11.1 5.0
Palladium (Pd) 13200727.7 6155586.5 1764880.8
Silver (Ag) 88702.0 40928.9 13346.8
Cadmium (Cd) 50906.3 21856.2 9505.2
Tin (Sn) 3034.9 1450.8 275.8
Antimony (Sb) 113968.6 55639.6 6791.5
Barium (Ba) 30.1 24.0 12.4
Lead (Pb) 1444.2 832.4 94.9
Uranium (U) 390.1 213.7 32.0
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Table 4.6 Correlation coefficients of inter-species in PM1.0. 

PM1.0 Mass OC EC Cl- NO3
- SO4

2- Na+ NH4
+ K+ Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn Ga As Br Rb Sr Y Zr Sn Sb Au Pb

Mass 1.00

OC 0.84 1.00

EC 0.46 0.45 1.00

Cl- 0.11 0.29 -0.32 1.00

NO3
- 0.64 0.77 0.03 0.55 1.00

SO4
2- 0.82 0.52 0.10 0.03 0.44 1.00

Na+ 0.24 0.26 -0.07 0.49 0.38 0.32 1.00

NH4
+ 0.87 0.64 0.12 0.16 0.64 0.96 0.32 1.00

K+ 0.84 0.86 0.19 0.24 0.61 0.65 0.22 0.69 1.00

Na 0.50 0.31 0.24 -0.13 0.27 0.57 -0.01 0.58 0.34 1.00

Mg 0.59 0.38 0.22 0.00 0.29 0.66 0.13 0.65 0.47 0.72 1.00

Al 0.46 0.34 0.31 -0.08 0.40 0.44 0.14 0.50 0.33 0.78 0.67 1.00

Si 0.59 0.54 0.33 0.08 0.52 0.51 0.17 0.57 0.55 0.77 0.65 0.88 1.00

P 0.78 0.39 0.15 -0.06 0.36 0.94 0.20 0.91 0.52 0.65 0.70 0.51 0.50 1.00
S 0.80 0.44 0.11 0.01 0.44 0.97 0.26 0.96 0.56 0.64 0.68 0.53 0.54 0.98 1.00
Cl 0.09 0.29 -0.08 0.89 0.53 -0.18 0.22 0.07 0.07 -0.20 -0.11 -0.17 -0.07 -0.24 -0.14 1.00
K 0.83 0.83 0.17 0.26 0.63 0.66 0.21 0.71 0.98 0.41 0.50 0.41 0.65 0.54 0.60 0.06 1.00
Ca 0.16 0.12 0.29 -0.14 0.12 0.16 0.00 0.19 0.13 0.71 0.59 0.83 0.77 0.23 0.23 -0.17 0.20 1.00
Ti 0.04 0.04 0.29 -0.14 0.08 0.02 -0.06 0.04 0.00 0.57 0.39 0.75 0.67 0.08 0.08 -0.18 0.07 0.84 1.00
V 0.53 0.50 0.46 -0.01 0.58 0.29 0.27 0.41 0.23 0.32 0.26 0.52 0.42 0.39 0.38 0.16 0.23 0.18 0.21 1.00
Cr 0.21 0.17 0.13 0.07 0.18 0.24 0.14 0.25 0.21 0.54 0.46 0.58 0.65 0.25 0.27 0.01 0.28 0.71 0.54 0.09 1.00
Mn 0.40 0.37 0.18 0.10 0.27 0.34 0.08 0.34 0.41 0.61 0.26 0.42 0.66 0.28 0.34 -0.03 0.51 0.30 0.32 0.12 0.39 1.00
Fe 0.10 0.08 0.26 -0.11 0.07 0.09 -0.04 0.11 0.07 0.78 0.49 0.75 0.73 0.15 0.16 -0.17 0.16 0.92 0.82 0.12 0.68 0.52 1.00
Ni 0.52 0.54 0.43 0.00 0.62 0.26 0.22 0.38 0.27 0.32 0.20 0.52 0.47 0.33 0.33 0.18 0.26 0.21 0.24 0.97 0.12 0.20 0.17 1.00
Cu 0.48 0.51 0.39 0.03 0.45 0.35 0.05 0.43 0.42 0.80 0.66 0.84 0.86 0.38 0.40 0.03 0.47 0.85 0.71 0.46 0.70 0.44 0.82 0.49 1.00
Zn 0.54 0.44 0.32 -0.08 0.30 0.47 0.08 0.46 0.41 0.65 0.30 0.47 0.59 0.46 0.50 -0.11 0.46 0.22 0.26 0.45 0.21 0.83 0.42 0.50 0.48 1.00
Ga 0.09 -0.04 -0.06 -0.13 0.01 0.28 0.21 0.24 -0.07 0.39 0.19 0.20 0.14 0.32 0.31 -0.26 -0.06 0.18 0.26 0.30 0.04 0.02 0.27 0.31 0.33 0.29 1.00
As 0.47 0.52 -0.01 0.14 0.56 0.39 0.30 0.47 0.52 0.29 0.16 0.18 0.54 0.09 0.26 0.05 0.59 0.22 0.22 0.07 0.55 0.55 0.43 0.15 0.38 0.47 -0.13 1.00
Br 0.66 0.80 0.12 0.36 0.81 0.37 0.35 0.51 0.72 0.28 0.29 0.36 0.51 0.29 0.34 0.29 0.73 0.13 0.08 0.55 0.11 0.30 0.08 0.57 0.49 0.34 -0.20 0.37 1.00
Rb 0.74 0.73 0.14 0.38 0.52 0.47 0.03 0.51 0.88 0.40 0.49 0.27 0.49 0.34 0.37 0.57 0.85 0.19 0.02 0.22 0.15 0.30 0.13 0.22 0.56 0.29 -0.51 0.25 0.76 1.00
Sr -0.15 -0.20 -0.17 0.05 -0.10 -0.02 -0.01 -0.07 -0.13 0.27 0.08 0.15 0.13 -0.03 -0.01 -0.26 -0.08 0.12 0.32 -0.18 0.05 0.34 0.29 -0.15 0.04 0.28 0.41 0.25 -0.20 -0.19 1.00
Y -0.16 -0.15 0.04 -0.34 0.18 -0.17 -0.48 -0.08 -0.18 0.32 0.26 0.33 0.41 -0.10 -0.07 0.69 -0.06 0.46 0.45 0.04 0.08 0.25 0.45 0.07 0.42 0.05 0.33 0.58 0.09 -0.27 0.16 1.00
Zr -0.20 -0.35 -0.12 -0.37 -0.36 -0.16 -0.28 -0.22 -0.11 -0.16 -0.25 -0.18 -0.23 -0.09 -0.12 -0.42 -0.11 -0.20 -0.13 -0.25 -0.19 -0.01 -0.19 -0.24 -0.37 -0.07 -0.20 -0.14 -0.22 -0.09 -0.11 -0.16 1.00
Sn 0.52 0.51 0.20 0.35 0.63 0.46 0.32 0.53 0.43 0.26 0.34 0.40 0.51 0.36 0.44 0.12 0.49 0.19 0.10 0.31 0.03 0.24 0.12 0.31 0.30 0.26 -0.06 0.33 0.44 0.32 0.16 0.20 -0.25 1.00
Sb 0.35 0.15 0.19 -0.01 0.05 0.36 0.07 0.30 0.20 0.29 0.13 0.10 0.23 0.33 0.35 0.02 0.21 0.03 0.06 0.14 0.05 0.32 0.13 0.09 0.13 0.38 0.34 0.35 0.14 0.34 0.23 0.11 -0.21 0.19 1.00
Au 0.11 0.02 -0.16 0.17 0.35 0.38 0.27 0.28 0.27 0.02 -0.28 -0.09 0.16 0.26 0.32 1.00 0.16 0.12 0.34 -0.38 0.91 -0.02 -0.09 -0.50 0.15 -0.01 0.30 0.88 0.02 0.01 0.36 -0.49 -0.02 0.31 0.64 1.00
Pb 0.85 0.86 0.25 0.25 0.69 0.68 0.23 0.74 0.93 0.37 0.50 0.45 0.68 0.56 0.62 0.10 0.95 0.20 0.17 0.39 0.25 0.45 0.12 0.42 0.51 0.49 0.06 0.56 0.73 0.76 -0.16 -0.04 -0.22 0.56 0.22 0.09 1.00  
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Table 4.7 Correlation coefficients of inter-species in PM2.5.  

PM2.5 Mass OC EC Cl- NO3
- SO4

2- Na+ NH4
+ K+ Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn Ga As Br Rb Sr Y Zr Sn Sb Au Pb

Mass 1.00
OC 0.81 1.00
EC 0.45 0.41 1.00

Cl- 0.18 0.33 -0.25 1.00

NO3
- 0.63 0.72 0.01 0.58 1.00

SO4
2- 0.86 0.54 0.18 0.10 0.48 1.00

Na+ 0.21 0.12 -0.21 0.34 0.29 0.27 1.00

NH4
+ 0.89 0.60 0.20 0.13 0.61 0.96 0.22 1.00

K+ 0.82 0.91 0.19 0.32 0.64 0.65 0.15 0.66 1.00
Na 0.46 0.25 -0.16 0.24 0.30 0.49 0.31 0.48 0.35 1.00
Mg 0.51 0.30 -0.14 0.11 0.33 0.55 0.12 0.57 0.40 0.67 1.00
Al 0.80 0.67 0.21 0.14 0.49 0.70 0.09 0.72 0.72 0.57 0.71 1.00
Si 0.77 0.66 0.16 0.13 0.49 0.65 0.14 0.67 0.70 0.61 0.75 0.97 1.00
P 0.83 0.42 0.24 -0.07 0.34 0.96 0.17 0.93 0.53 0.51 0.55 0.65 0.62 1.00
S 0.85 0.47 0.20 -0.01 0.40 0.97 0.21 0.95 0.59 0.55 0.60 0.70 0.67 0.99 1.00
Cl 0.12 0.21 -0.12 0.87 0.52 0.05 0.08 0.14 0.15 0.06 0.03 0.06 0.01 -0.11 -0.06 1.00
K 0.83 0.88 0.19 0.27 0.58 0.68 0.12 0.67 0.98 0.40 0.50 0.78 0.78 0.58 0.64 0.10 1.00
Ca 0.73 0.67 0.23 0.06 0.35 0.60 -0.01 0.59 0.73 0.54 0.72 0.93 0.94 0.59 0.63 -0.05 0.82 1.00
Ti 0.71 0.63 0.30 0.11 0.38 0.55 0.12 0.57 0.61 0.57 0.66 0.92 0.90 0.54 0.58 -0.01 0.68 0.89 1.00
V 0.51 0.46 0.49 0.01 0.54 0.28 0.09 0.40 0.22 0.17 0.10 0.39 0.33 0.29 0.29 0.11 0.20 0.23 0.49 1.00
Cr 0.61 0.55 0.00 0.11 0.48 0.58 0.09 0.60 0.62 0.50 0.69 0.73 0.75 0.54 0.59 -0.02 0.66 0.75 0.72 0.26 1.00
Mn 0.56 0.49 0.11 0.24 0.28 0.50 0.12 0.46 0.56 0.62 0.54 0.71 0.77 0.44 0.49 0.12 0.65 0.73 0.69 0.07 0.55 1.00
Fe 0.63 0.61 0.39 0.10 0.22 0.47 -0.01 0.46 0.59 0.50 0.49 0.78 0.81 0.46 0.49 -0.05 0.67 0.84 0.85 0.22 0.57 0.84 1.00
Ni 0.53 0.50 0.38 0.03 0.57 0.31 0.09 0.43 0.30 0.25 0.17 0.41 0.35 0.31 0.32 0.11 0.27 0.26 0.47 0.95 0.30 0.09 0.20 1.00
Cu 0.77 0.89 0.51 0.14 0.53 0.56 -0.02 0.62 0.80 0.35 0.38 0.73 0.71 0.51 0.53 0.05 0.79 0.76 0.76 0.49 0.61 0.55 0.76 0.51 1.00
Zn 0.66 0.64 0.29 0.23 0.37 0.51 0.20 0.50 0.61 0.59 0.34 0.71 0.72 0.46 0.49 0.15 0.64 0.67 0.77 0.39 0.51 0.83 0.82 0.38 0.70 1.00
Ga 0.41 0.31 0.10 0.00 0.26 0.38 0.25 0.40 0.24 0.21 0.28 0.37 0.31 0.35 0.36 -0.02 0.16 0.26 0.37 0.43 0.26 0.02 0.20 0.55 0.33 0.22 1.00
As 0.66 0.81 0.13 0.24 0.69 0.35 0.09 0.47 0.86 0.05 0.25 0.50 0.53 0.21 0.27 0.11 0.82 0.51 0.30 0.17 0.43 0.17 0.25 0.30 0.56 0.20 0.06 1.00
Br 0.61 0.80 0.07 0.50 0.81 0.34 0.22 0.45 0.74 0.46 0.40 0.61 0.64 0.24 0.31 0.39 0.72 0.58 0.58 0.48 0.51 0.43 0.45 0.50 0.67 0.54 0.15 0.66 1.00
Rb 0.67 0.70 0.17 0.15 0.37 0.58 0.08 0.52 0.87 0.32 0.18 0.49 0.48 0.51 0.53 -0.09 0.85 0.58 0.44 0.05 0.56 0.36 0.41 0.12 0.63 0.43 0.03 0.64 0.54 1.00
Sr 0.05 0.11 -0.25 0.02 0.08 0.16 -0.19 0.17 0.15 0.10 0.50 0.25 0.28 0.15 0.17 -0.10 0.23 0.27 0.13 -0.18 0.29 0.09 0.15 -0.09 0.13 -0.05 0.28 0.17 0.03 0.04 1.00
Y 0.64 0.40 0.45 0.02 0.12 0.67 -0.41 0.65 0.31 0.31 0.09 0.17 0.00 0.63 0.61 0.27 0.22 0.12 0.30 0.46 0.48 0.47 0.27 0.49 0.64 0.63 0.12 -0.69 -0.15 0.37 -0.26 1.00
Zr 0.29 0.27 0.15 0.16 0.17 0.27 -0.05 0.22 0.33 0.14 0.17 0.22 0.18 0.25 0.23 0.19 0.30 0.23 0.27 0.21 0.30 0.15 0.14 0.23 0.33 0.21 0.03 0.26 0.24 0.42 -0.10 0.39 1.00
Sn 0.42 0.38 0.05 0.16 0.42 0.38 0.13 0.42 0.53 0.18 0.30 0.36 0.38 0.29 0.34 0.01 0.44 0.37 0.25 0.12 0.49 0.33 0.22 0.20 0.31 0.24 0.04 0.48 0.30 0.16 0.04 0.31 -0.12 1.00
Sb 0.22 0.27 0.22 0.17 0.10 0.14 0.09 0.12 0.23 0.13 0.22 0.40 0.40 0.08 0.11 -0.13 0.27 0.39 0.46 0.25 0.20 0.34 0.45 0.21 0.31 0.27 0.12 0.10 0.23 0.01 0.11 -0.03 0.04 0.28 1.00
Au -0.13 -0.34 -0.10 -0.11 -0.10 -0.45 0.17 -0.56 -0.44 0.10 0.02 -0.04 -0.03 -0.67 -0.61 0.00 -0.40 0.09 0.16 0.11 0.34 -0.23 -0.13 0.73 -0.31 -0.06 0.99 1.00 -0.18 -1.00 -0.28 . 0.13 -0.29 -0.61 1.00
Pb 0.84 0.87 0.18 0.23 0.57 0.71 0.18 0.72 0.95 0.43 0.50 0.80 0.80 0.61 0.66 0.11 0.96 0.80 0.70 0.24 0.73 0.65 0.66 0.31 0.82 0.68 0.23 0.77 0.70 0.83 0.15 0.42 0.33 0.42 0.23 -0.42 1.00  
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Table 4.8 Correlation coefficients of inter-species in PMcoarse. 

PMc Mass OC EC Cl- NO3
- SO4

2- Na+ NH4
+ K+ Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Ni Cu Zn Ga As Br Rb Sr Y Zr Sn Sb Pb

Mass 1.00
OC 0.20 1.00
EC -0.14 0.33 1.00

Cl- -0.14 -0.28 -0.19 1.00

NO3
- 0.50 -0.11 -0.34 0.27 1.00

SO4
2- 0.55 -0.03 -0.22 0.25 0.70 1.00

Na+ 0.23 -0.22 -0.32 0.66 0.73 0.63 1.00

NH4
+ 0.30 0.15 0.11 -0.20 -0.06 0.31 0.00 1.00

K+ 0.49 0.18 -0.02 -0.08 0.23 0.35 0.08 0.41 1.00
Na 0.22 -0.04 -0.38 0.70 0.47 0.35 0.58 -0.03 0.12 1.00
Mg 0.75 0.19 -0.15 0.08 0.41 0.52 0.36 0.34 0.39 0.39 1.00
Al 0.84 0.24 0.05 -0.40 0.25 0.40 -0.04 0.40 0.59 -0.12 0.63 1.00
Si 0.84 0.25 0.05 -0.43 0.26 0.40 -0.05 0.39 0.55 -0.13 0.64 0.99 1.00
P -0.07 -0.14 0.08 0.30 -0.17 0.17 0.15 0.17 -0.02 0.36 0.23 -0.09 -0.10 1.00
S 0.23 0.07 -0.04 -0.07 0.01 -0.12 -0.14 0.21 0.29 0.20 0.21 0.14 0.15 0.32 1.00
Cl -0.08 -0.22 -0.30 0.88 0.39 0.29 0.65 -0.17 0.13 0.78 0.09 -0.35 -0.38 0.24 0.06 1.00
K 0.81 0.25 0.07 -0.35 0.23 0.34 -0.02 0.43 0.73 -0.02 0.61 0.94 0.93 -0.01 0.32 -0.24 1.00
Ca 0.78 0.25 0.07 -0.42 0.21 0.36 -0.09 0.37 0.63 -0.13 0.55 0.96 0.96 -0.10 0.09 -0.36 0.90 1.00
Ti 0.78 0.28 0.08 -0.43 0.20 0.32 -0.06 0.42 0.59 -0.10 0.66 0.94 0.94 -0.12 0.30 -0.36 0.91 0.91 1.00
V 0.29 0.08 0.02 -0.14 -0.18 -0.10 0.08 0.19 0.37 -0.18 0.15 0.37 0.34 -0.03 0.13 -0.18 0.43 0.32 0.35 1.00
Cr 0.25 0.35 0.00 -0.54 -0.31 -0.20 -0.34 0.09 0.05 -0.34 0.28 0.43 0.42 -0.20 0.00 -0.60 0.35 0.40 0.49 0.40 1.00
Mn 0.73 0.17 0.12 -0.46 0.17 0.37 -0.15 0.43 0.57 -0.19 0.48 0.90 0.88 -0.08 0.15 -0.45 0.86 0.88 0.83 0.40 0.37 1.00
Fe 0.74 0.40 0.22 -0.55 0.06 0.24 -0.21 0.42 0.48 -0.28 0.57 0.91 0.92 -0.02 0.15 -0.53 0.84 0.90 0.92 0.36 0.57 0.84 1.00
Ni 0.25 -0.10 -0.14 -0.15 0.21 0.25 0.00 0.24 0.61 -0.12 0.17 0.47 0.42 0.03 0.10 -0.07 0.46 0.51 0.50 0.33 0.19 0.53 0.43 1.00
Cu 0.55 0.35 0.17 -0.38 0.13 0.35 0.03 0.20 0.35 -0.15 0.37 0.60 0.61 0.00 -0.05 -0.37 0.53 0.62 0.59 0.46 0.32 0.53 0.67 0.35 1.00
Zn 0.67 0.39 0.00 -0.46 0.24 0.14 -0.08 0.16 0.37 -0.09 0.35 0.65 0.67 0.07 0.56 -0.43 0.69 0.62 0.68 0.43 0.38 0.66 0.68 0.21 0.60 1.00
Ga 0.56 0.07 0.05 -0.16 0.52 0.41 0.04 0.17 0.36 0.05 0.31 0.36 0.38 -0.38 -0.32 -0.06 0.34 0.24 0.21 0.10 -0.20 0.46 0.19 -0.16 0.07 0.29 1.00
As 0.04 0.37 0.02 -0.37 0.00 -0.09 -0.34 -0.20 0.02 -0.35 -0.20 0.19 0.19 -0.83 0.35 -0.33 0.09 0.15 0.23 0.12 0.38 0.26 0.27 -0.14 0.04 0.53 0.26 1.00
Br 0.55 0.07 -0.35 0.00 0.70 0.47 0.38 0.05 0.34 0.27 0.33 0.41 0.40 0.07 0.35 0.20 0.45 0.33 0.35 0.04 -0.05 0.35 0.23 0.38 0.22 0.49 0.01 0.14 1.00
Rb 0.35 0.38 0.04 -0.37 -0.27 -0.28 -0.40 0.38 0.87 -0.10 0.10 0.62 0.57 -0.14 0.55 -0.20 0.73 0.69 0.63 0.68 0.29 0.72 0.63 0.64 0.24 0.71 0.33 0.16 0.04 1.00
Sr 0.63 0.14 -0.10 0.03 0.38 0.45 0.31 0.39 0.78 0.12 0.44 0.64 0.60 -0.15 0.10 0.10 0.67 0.66 0.62 0.55 0.10 0.59 0.50 0.54 0.38 0.42 0.28 -0.15 0.33 0.71 1.00
Y 0.22 0.22 0.02 0.03 0.26 0.61 0.20 0.42 -0.11 -0.02 0.51 0.12 0.18 -0.39 0.10 0.09 0.05 0.07 0.06 0.15 0.04 0.18 0.14 -0.18 0.10 0.04 0.80 -0.03 -0.16 -0.89 -0.02 1.00
Zr 0.14 0.10 -0.20 0.00 0.14 0.06 0.04 -0.12 -0.33 0.19 0.30 -0.04 0.03 0.03 0.02 0.09 -0.07 -0.03 0.06 -0.48 0.04 -0.16 0.06 -0.07 -0.10 -0.08 -0.48 -0.10 0.09 -0.38 -0.22 0.42 1.00
Sn 0.31 0.39 0.11 -0.22 0.22 0.16 -0.10 0.16 0.21 0.09 0.01 0.27 0.29 0.70 0.52 -0.22 0.40 0.23 0.29 -0.09 -0.05 0.34 0.23 0.11 0.16 0.68 0.28 0.33 0.56 0.22 0.05 -0.50 -0.20 1.00
Sb 0.00 0.03 0.31 -0.32 0.02 0.03 -0.19 -0.03 0.08 -0.34 -0.23 0.03 0.05 0.19 0.30 -0.33 0.07 0.08 0.06 0.02 -0.05 0.13 0.13 0.42 0.37 0.31 -0.07 -0.09 0.29 0.05 -0.01 -0.11 -0.31 0.42 1.00
Pb 0.55 0.40 0.11 -0.32 0.27 0.20 -0.07 0.08 0.27 0.12 0.30 0.40 0.42 0.19 0.41 -0.24 0.53 0.37 0.45 0.15 0.07 0.45 0.44 0.15 0.32 0.73 0.38 0.04 0.46 0.37 0.27 -0.20 0.14 0.79 0.35 1.00  
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Table 4.9 Correlations among different size factions. 

R PM1.0&PM2.5 PM2.5&PM10 PM1.0&PM10 PM10&PMc PM1.0&PMc PM2.5&PMc

Mass 0.99 0.95 0.93 0.86 0.64 0.67
OC 0.98 0.96 0.96 0.51 0.31 0.25
EC 0.96 0.95 0.92 0.76 0.51 0.51
Cl- 0.76 0.51 0.34 0.92 0.04 0.14
NO3

- 0.97 0.84 0.83 0.74 0.28 0.26
SO4

2- 0.96 0.99 0.95 0.54 0.38 0.39
Na+ 0.53 0.49 0.22 0.96 0.09 0.23
NH4

+ 0.98 0.99 0.98 0.51 0.41 0.42
K+ 0.98 0.98 0.96 0.69 0.52 0.55
Na 0.42 0.71 0.06 0.86 -0.03 0.30
Mg 0.46 0.71 0.31 0.91 0.17 0.34
Al 0.39 0.92 0.38 0.99 0.38 0.85
Si 0.58 0.91 0.62 0.99 0.62 0.84
P 0.96 0.98 0.95 -0.12 -0.17 -0.26
S 0.97 0.99 0.96 0.01 -0.11 -0.11
Cl 0.82 0.59 0.22 0.95 -0.08 0.26
K 0.99 0.99 0.99 0.92 0.89 0.88
Ca 0.09 0.90 0.04 0.99 0.05 0.86
Sc -0.16 0.03 0.05 0.85 0.09 -0.23
Ti -0.01 0.85 0.03 0.98 0.05 0.72
V 0.98 0.99 0.99 0.59 0.55 0.47
Cr 0.32 0.62 0.21 0.84 0.07 0.09
Mn 0.91 0.90 0.76 0.71 0.22 0.33
Fe 0.24 0.84 -0.01 0.97 -0.05 0.69
Ni 0.11 -0.13 0.94 1.00 0.27 0.08
Cu 0.93 0.94 0.30 0.39 0.21 0.56
Zn 0.52 0.79 0.90 0.94 0.42 0.38
Ga 0.93 0.97 -0.17 0.58 -0.22 -0.25
As 0.74 0.75 0.69 0.75 0.35 0.24
Br 0.91 0.95 0.92 0.61 0.46 0.33
Rb 0.86 0.79 0.89 0.90 0.88 0.61
Sr 0.03 0.26 0.08 0.88 0.04 -0.19
Sn 0.70 0.82 0.84 0.65 0.59 0.15
Sb -0.18 0.15 0.20 0.57 0.12 -0.64
Pb 0.93 0.97 0.97 0.42 0.47 0.18  
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Table 4.10 Correlation coefficients between hourly particle concentrations and vehicle 

numbers. (hourly samples for one week, n=168). 

R PM2.5 PM10 BC PMcoarse

Private cars 0.85  0.85  0.74  0.80  
Motocycles 0.77  0.78  0.73  0.74  
Light Buses -0.58  -0.55  -0.73  -0.34  
Single deck bus 0.74  0.73  0.75  0.58  
Double deck bus 0.90  0.89  0.94  0.75  
Goods vehicles (<=5.5 ton) 0.80  0.77  0.93  0.57  
Goods vehicles (5.5-24 ton) 0.66  0.63  0.84  0.42  
Goods vehicles (>24 ton) 0.31  0.33  0.26  0.41  
     
Taxis -0.30  -0.27  -0.42  -0.06  
Gasoline-fueled vehicles 0.85  0.86  0.75  0.80  
Diesel-fueled vehicles 0.85  0.83  0.96  0.64  
Total vehicle numbers 0.90  0.90  0.86  0.83  
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Chapter 5 Case Study on Fine Particulate Episode in Cold 

and Warm Seasons 

 

5.1 Introduction 

As reported in previous studies, the air pollution in Hong Kong has close relations to 

synoptic systems, especially frequently continental high pressure emerged in cold 

seasons (Pathak et al. 2003; Wang et al. 1997; 2003; Louie et al. 2005b) and 

occasionally tropical storms in the warm seasons (Cheng et al. 2006; Wang et al. 2006). 

Under suitable synoptic systems, the pollution originating from upwind areas 

(normally the Asian continent) can be carried to Hong Kong territory, forming fine 

particulate episodes in atmosphere.  

Most previous studies on pollution episodes have focused on the cold seasons (Pathak 

et al. 2003; Wang et al. 1997; 2003; Louie et al. 2005a), but only a few attentions have 

been paid to the warm seasons like Tanner’s studies (Tanner, 1999; Tanner and Law, 

2002). Meanwhile, the knowledge of the air mass transport pathways and the source 

areas for the long-range-transported pollution have remained largely unexplored. In 

this chapter, the results of two case studies are presented in order to characterize the 

PM during pollution episodes at PU Supersite in both cold and warm seasons. 
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Carbonaceous aerosols, e.g. OC and EC, were the main study objectives in cold 

seasons, for the previous studies have demonstrated the existence of a significant 

impact of regional pollution on secondary aerosols (e.g., sulfate, nitrate, and 

ammonium). On the other hand, both carbonaceous aerosols and water-soluble ions 

were investigated in the summer case study. Another aim of this chapter is to identify 

the source areas of continental pollution by using the PSCF receptor model (Ashbaugh, 

1983). This work is valuable because it is the first step in the process of devising 

effective strategies to control pollutants through the co-operation of Hong Kong and 

Mainland. Once the previously unknown sources are identified, advanced 

characterization can then be implemented (e.g., stack sampling, upwind sampling) to 

obtain the characterization of the source’s emission, followed by the development of a 

control strategy including the possibility of revised or new regulations. 

5.2 Results and discussion 

5.2.1 Case study in cold seasons 

PM1.0 and PM2.5 were collected daily by one RP2025 sequential sampler at PU 

Supersite from January to May 2004. An integrated data set, including aerosol mass 

(by gravimetrical method) and concentrations of carbonaceous aerosols (by 

IMPROVE TOR) associated with pollution episode and non-episode days, has been 
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obtained from the quartz filters. The HKEPD PM2.5 data monitored by TEOM at 

ambient stations, e.g., TW and TC, were used to make comparison with the roadside 

PM2.5 concentrations. The information obtained and presented below is especially 

important for us to improve the current understanding of the fine particle pollution.  

5.2.1.1 Meteorological parameters during sampling period 

Throughout the sampling period from January to May 2004, the mean air pressure, 

temperature, and relative humidity did not vary significantly. During wintertime, the 

prevailing surface wind direction was northeasterly with ~82% of hourly winds from 

the resultant vector of 38º, as shown in Figure 5.1 a. This means that nearly all winter 

winds traveled over China’s continental land mass before reaching Hong Kong. 

During springtime, however, the mean directions of hourly surface winds varied in all 

vectors. The resultant vector is 77º, as shown in Figure 5.1 b, accounting for ~48% of 

wind distribution. Wind from the south (90º-270º) was ~38% of distribution. 

Wind-rose analysis suggests that the air masses arriving at Hong Kong in spring were 

not only from the continent, but also sometimes from the South China Sea. The above 

weather parameters were measured at Waglan Meteorological Station (22.18º N, 

114.30º E) of Hong Kong Observation, which is located on Waglan Island in an open 

landscape. 
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5.2.1.2 Pollution episodes in winter 

As shown in Figure 5.2, time series of PM1.0 and PM2.5 at PU Supersite exhibited 

seven episode days, January 30, February 14-15, February 23, February 26, April 

19-20, respectively, during which PM2.5 exceeded the average concentration by a 

factor of two. It was found that the PM occurring during episode days differed 

statistically from non-episode days (p-values <0.05, t-test). Concurrent peaks for 

PM2.5 were also found at two urban ambient monitoring stations (TC and TW). For 

instance, the average PM2.5 loading during the episodes at TW exceeded the average 

level throughout the study period by a factor of 2.4.  

Five-day back trajectories were conducted for those episode days using a HYSPLIT 

model (Draxler and Hess, 1997). All of the air masses during episode days originated 

from north China, traveling across southeastern China along the coastline before 

reaching Hong Kong and bringing aged, polluted aerosols. Similar pollution episodes 

have been found in prior studies (Yu et al. 2004; Louie et al. 2005b).  

Regression analysis in Figure 5.3 a shows that PM2.5 collected at TW and TC 

generally had good relationship with a correlation coefficient (R) equal to 0.86 in 

non-episode days, and 0.90 during episode days. This indicates that they are controlled 

by similar urban- and regional-scale sources, including remote sources. The particulate 
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spatial distribution tended to be more even in the ambient atmosphere, due to the 

effects of remote sources. As seen in Figure 5.3 b, PU roadside PM2.5 moderately 

correlated with PM2.5 at TW in non-episode days (R=0.75), implying that vehicular 

emissions, as an urban plume, had contributed to urban ambient PM2.5 during 

non-episode days. Poor relationship (R=0.28) was found during episode days, which 

suggests that particles at PU roadside comprised sources that do not contribute much 

to urban atmosphere. Most likely, nearby vehicular emissions were those sources.  

Occurrence of episodes in Hong Kong during winter was found to be associated with a 

mesoscale subsiding airstream with a moderate to stagnant easterly transport (Louie et 

al. 2005b). In this study, the average mixing height during episode days was 666 m, 

which was much lower than average mixing height during the non-episode days (936 

m). This indicated poor dispersion conditions when the episodes occurred. Thus, the 

elevated concentrations of pollutants observed at PU during episode days were 

attributed to the combination of stagnant vehicular emissions from the nearby road, 

and subsiding continental aerosols from long-range transport.  

Table 5.1 shows concentrations of mass and carbonaceous aerosols for each episode 

day. Carbonaceous aerosols on 14 February were found to be much higher than on 

other episode days (Table 5.1), making up of ~67.4% of PM1.0 and ~54.3% of PM2.5. It 
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is suspected that the PM high concentrations were attributed to some unknown local 

event. Therefore, the calculation of average values for episode days excludes the data 

on 14 February.  

On episode days, the average OC concentration in PM1.0 and PM2.5 increased ~70% 

and ~100%, respectively, compared to average values. EC showed only a 20-30% 

increase. Regional or long-range transport of continental aerosols was believed to be 

the dominant factor leading to higher OC levels in Hong Kong during winter, because 

vehicles emissions would not have significant day-to-day variations due to the 

consistent traffic flow on each day (source: 2004 Annual Traffic Census). As 

mentioned before, several pollutants in the Hong Kong atmosphere have been affected 

by long-range transport of continental aerosols, which leads to higher pollution levels 

in winter; when compared with other seasons (Pathak et al. 2003; Louie et al. 2005; Yu 

et al. 2004). Most of these pollutants are secondary aerosols, such as OC (Louie et al. 

2005; Yu et al. 2004) and sulfate and ammonium (Pathak et al. 2003), that were 

thought to be produced by gas-to-particle conversion or chemical reaction during 

transport. In a study done by Pathak et al. (2003), continental long-range transport of 

aerosols was found to increase sulfate and ammonium concentrations in Hong Kong’s 

air by 49% to 383%, and 33% to 302%, in 2000-2001. On the contrary, EC originates 
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from relatively simple sources and does not form in the atmosphere due to its nearly 

inert property (Ogren and Charlson, 1983). It mainly originates from incomplete 

combustion of carbon-containing material (Ogren and Charlson, 1983). In addition, 

the air masses reaching Hong Kong did not travel over the main source regions for EC 

in mainland China as mentioned in the study of Streets et al. (2001). Therefore, EC 

observed in this case study is controlled by local sources, such as vehicular exhausts 

that continuously emit EC into the atmosphere.  

During episode days, total carbonaceous aerosols accounted for ~33% and ~37% of 

PM1.0 and PM2.5, respectively (Table 5.1), which were lower than average 

contributions in sampling period, ~47% and ~46% of TC in PM1.0 and PM2.5, 

respectively. Moreover, the average OC/EC ratio increased from 0.9 during 

non-episode days to 1.5 during episode days. This indicates that particles at PU 

roadside were influenced by remote sources that had different sources for 

carbonaceous aerosols with higher OC/EC ratios.  

5.2.2 Case study in warm seasons 

In this summer case study, one RP2025 sampler was deployed to collect sufficient 

mass for chemical analyses at two- or three-hour intervals on 20-22 and 26-28 July 

2005. The mass concentrations of PM2.5 (by gravimetrical method), organic and 
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elemental carbon (by IMPROVE TOR), sulfate, nitrate, and ammonium (by IC) were 

determined from the integrated samples on quartz filters.  

5.2.2.1 Classification of air masses 

Figure 5.4 shows the 48-hour isentropic back trajectories reaching the sampling 

location at 500 m height. The back trajectories were calculated at six-hour interval 

over each day (20, 21, 22, 26, 27, and 28 July 2005), using the HYSPLIT model. 

Three categories of back trajectories were identified. The first was from south China 

on 20 July 2005. The air pathways illustrated that the air parcels traveled 

anti-clockwise over south China before reaching Hong Kong, starting from the North 

Pacific, which was due to the influence of Typhoon Haitang over the western North 

Pacific (http://www.hko.gov.hk/informtc/tc2005/tc0507.htm). The second pathway 

was from the west regions to Hong Kong, passing some countries in South Asia (on 21 

and 22 July 2005). The third was from South China Sea, which brought clean marine 

aerosols into Hong Kong (on 26-28 July 2005). To make it simple, we named the three 

conditions as Case I, II, and III. Case I and III represented the air masses experiencing 

long-range transport over continental areas and air masses dominantly originating 

from local sources, respectively, and Case II was the transit period.  
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5.2.2.2 Pollution episodes in summer 

The temporal variations of the PM2.5, elemental carbon, organic carbon, sulfate, nitrate, 

and ammonium are shown in Figure 5.5. It can be seen that there is significant 

increase in mass concentrations of particles and chemical species during Case I 

compared to those during Case III and the increase was not from vehicle emissions. 

Meanwhile, high ozone levels, with a maximum of 138 ppbv, were observed in 

ambient atmosphere of Hong Kong on 20 July (http://www.epd.gov.hk). Previous 

studies (Wang, 2003; Wang et al. 2006) have shown that the stagnation caused by the 

descending air mass at the outskirt of a low-pressure system is the dominant synoptic 

cause of photochemical pollution in summer in the atmosphere of Hong Kong.  

In this study, fine particle pollution was observed also due to the influence of Typhoon 

Haitang, which was originally generated over the western North Pacific on 14 July 

(http://www.hko.gov.hk/informtc/tc2005/tc0507.htm). On 20 July, the reduced 

visibility to less than 1000 m was recorded in Hong Kong. There were intense 

isolation active thunderstorms over Guangdong on 20 July, and then it drifted into 

Hong Kong at around 22:00 on 20 July under the northwesterly winds, leading to a 

total amount of 20.4 mm rainfall during two-hour period over Hong Kong. Sulfate 

concentrations reached the minimum level in a day during the rainfall period. This is 
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believed to be the effect of wet scavenging of rainfall (Figure 5.5). 

The air mass arriving at Hong Kong on 20 July carried a number of anthropogenic 

pollutants, for it had experienced long-range transportation over south China (PRD 

region) before reaching Hong Kong. The average concentrations of particles and 

chemical components in PM2.5 during the three Cases are shown in Table 5.2. Out of 

the three Cases, the average PM2.5 mass concentration was the highest during Case I 

(103.9±35.6 μg m-3) and the lowest during Case III (37.9±10.8 μg m-3). Assuming that 

Case III represents the locally generated emission in Hong Kong, continental 

transportation of aerosols was found to increase the PM2.5 mass concentrations by 

~174%. The OC, EC, sulfate, nitrate, and ammonium increased by ~125%, ~100%, 

~120%, ~150%, and ~200%, respectively.  

During Case I, total carbonaceous aerosols accounted for ~38% of the total PM2.5 

mass, which were lower than Case III (~51% of the PM2.5 mass). However, the 

average OC/EC ratio of 0.9 during Case I was at the same level of the average OC/EC 

ratio (0.9) during Case III. This is because the increase in EC concentrations is also 

significant during Case I in this summer case study, which differs from the episode 

days observed in the winter case study. The different magnitude of increase in EC 
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concentrations between winter and summer may imply the air masses had traveled 

over different areas over Mainland China before reaching Hong Kong.  

5.2.2.3 Evolution of OC/EC ratios 

EC is a sensitive indicator for primary emissions and there is a representative ratio of 

OC/EC for each primary aerosol (Novakov, 1984; Gray et al., 1986; Turpin and 

Huntzicker, 1991). The ratio of OC and EC changes with the changes of sources, even 

at a source-dominated site. In this summer case study, the ratios of OC/EC were low to 

0.4 during daytime and high to 2.8 during nighttime, as shown in Figure 5.5. These 

differences are because aerosol is a superposition of source emissions with perceptible 

contributions at multiple scales, such as micro (~10 m), middle (~100-1000m), 

neighborhood (~1-5 km), urban (~5-50 km), regional (~50-1000 km), continental 

(~1000-5000 km) and global (>5000 km) spatial scales (Watson and Chow, 2001b). 

During daytime, the low OC/EC ratios (from 0.4 to 1.1) showed characteristics of 

vehicle emissions at micro scale, sometimes combined with anthropogenic pollutants 

from an upwind area at continental scale. The anthropogenic pollutants from the 

upwind areas maybe have similar OC/EC ratios with the PU Supersite, as previously 

mentioned. During nighttime, on the other hand, the high OC/EC ratios (from1.0 to 
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2.8) showed characteristics of regional background aerosols due to lack of nearby 

sources at micro scale. The 24-hr OC/EC ratios measured at the regional background 

site (HT) of Hong Kong ranged from 2.0-8.0 in July 2004 (unpublished data). The 

nighttime OC/EC ratios were much lower during Case I and Case II than Case III 

because of the influence of continental pollution. Figure 5.6 shows the scatter plots of 

OC against EC in the summer case study, which clearly indicates the different 

relationship of OC and EC between daytime (8:00-20:00) and nighttime (20:00-24:00 

and 24:00-8:00).  

5.2.2.4 Diurnal variations of aerosols 

As the compliance metric of air quality standards for particulate matter, 24-hr 

integrated measurements of particulate mass was used throughout the world so far. 

However, the key influencing factors to ambient particle concentration and size 

distribution, such as the emission strengths of particle sources, temperature, RH, wind 

direction and speed as well as mixing height, fluctuate in time scales that are 

substantially shorter than 12-24 hours (Shen et al. 2002). Individual human activity 

also varies in time period considerably shorter than 24 hours. Therefore, the 24-hr 

particulate mass is a rough indication of particles exposures to which the population is 
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subjected (Tanner et al. 2005). The value of semi-continuous/continuous 

measurements, not only for fine particles but also for individual chemical species, has 

been recognized in recent years and a number of studies (Turpin and Huntzicker, 1995; 

Hogrefe et al. 2004; Tanner et al. 2005) have disseminated information on the 

formation and nature of airborne particles in practice by investigating the diurnal 

variations of species.  

As seen from Figure 5.5, PM2.5 had obvious diurnal patterns with high concentrations 

in daytime and low concentrations at night, which is similar to the daily cycle of total 

traffic flows. We take Case III as an example in the following description, because it 

had less impact from continental pollutants. During Case III, the average PM2.5 mass 

concentrations were 50.1±10.7 μg m-3 at rush hours (8:00-10:00), 43.5±12.0 μg m-3 at 

midday (14:00-16:00) and 18.4±14.6 μg m-3 at midnight (1:00-4:00), respectively. The 

highest traffic density normally occurs at rush hours, suggesting that the emissions 

observed over this period are more representative for primary vehicle emissions. At 

rush hours, EC was the most abundant chemical components (~38% of PM2.5), 

followed by OC (~22% of PM2.5). Sulfate was the third species, contributing to ~14% 

of PM2.5. The lowest PM2.5 concentration was found at midnight due to lack of 

emission sources, like vehicles. OC was the most abundant chemical component, 
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amounting to ~32% of PM2.5, followed by EC (~23% of PM2.5) and sulfate (~22% of 

PM2.5).  

Sulfate was the most important species among the water-soluble inorganic ions. It 

correlated well with ammonium (R=0.88), with a minimum in the early morning hours 

before dawn and a maximum in the afternoon (Figure 5.5). In the atmosphere of Hong 

Kong, sulfate and ammonium were mainly in droplet mode (0.57 µm) (Zhuang et al. 

1999a; 1999b). The formation of the droplet mode cannot be explained by primary 

emission, gas-phase nucleation or condensation (Meng and Seinfeld, 1994). The 

possible formation mechanism of this mode has been explained by SO2 oxidation in 

cloud and fog droplets, most likely by H2O2 (Zhuang et al. 1999a). Here this 

explanation is consistent with the presence of the major sulfate peak in the afternoon, 

because oxidants have their maximum value at the same time. After being oxidized, 

sulfate is initially in the form of sulfuric acid, and then it is neutralized by ammonia in 

the atmosphere, which inevitably progresses as a consequence (Claes et al. 1998). This 

could explain the good correlations between sulfate and ammonium. Given the high 

humidity of air and near combustion sources, the catalytic formation of sulfate on the 

surface of soot particles (Novakov et al. 1974) might occur at the roadside.  
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The concentrations of nitrate in PM2.5 were always low and showed relatively weak 

fluctuations when compared to sulfate and ammonium (Figure 5.5). In a previous 

study (Zhuang et al. 1999b), nitrate in the atmosphere of Hong Kong has 

predominantly been found in coarse-mode sea-salt or soil aerosols centered at 

3.95±0.69 µm, while little fine mode nitrate was found, which is consistent with the 

results of low nitrate levels in PM2.5 during this measurement. Fine mode nitrate 

observed in Hong Kong is mainly formed by the homogeneous gas-phase 

transformation of NOx to HNO3, which later reacts with pre-existing fine particles to 

form the droplet mode nitrate (Zhuang et al. 1999a). Ammonium nitrate centered in 

the droplet mode tends to evaporate from the smaller particles and deposit on larger 

particles (Bassett and Seinfeld, 1984), which is because submicron ammonium nitrate 

particles are subject to a significant Kelvin effect which destabilizes them relative to 

larger particles (Claes et al. 1998).  

5.2.3 Identification of remote source areas using BC as an indicator 

5.2.3.1 Site selection  

Hok Tsui rural station is located a downwind of eastern Asia and China, as described 

in Chapter 3. There the southward outflow of continental pollution prevails in the 

lower atmosphere during cold seasons, e.g., winter, spring, and autumn. A number of 
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past studies (Ho et al. 2003a; Wang et al. 1997; 2001; 2003; Cohen et al. 2004; Louie 

et al. 2005b) have investigated the influence of regional and long-range transport of 

aerosols in the atmosphere of HT. Therefore, BC was monitored at this rural site as an 

indicator of anthropogenic inflow from upwind area. 

5.2.3.2 Pollution rose of BC 

The yearly means for this study were evaluated from hourly average BC data collected 

by Aethalometer. Measured from June 2004 to May 2005, annual average BC 

concentration at Hok Tsui was 2.4±1.8 µg m-3 (Table 5.3). This is comparable to the 

previous studies conducted by Cohen et al. (2004), with a mean of 2.3±1.7 µg m-3, and 

Louie et al. (2005a), with a mean of 2.0±0.9 µg m-3. Cohen et al. (2004) estimated 

PM2.5 BC by measuring the transmission of (He/Ne) laser light (wavelength 0.633 nm) 

through Teflon filters before and after exposure, while Louie et al. (2005a) determined 

PM2.5 EC concentrations on quartz filters using the IMPROVE TOR protocol. 

Throughout the sampling period, the lowest one-hour BC value was 63.0 ng m-3 in 

summer, which is quite similar with the EC concentrations (68-71 ng m-3) observed in 

the central North Pacific Ocean measured by the thermal/combustion technique 

(Kaneyasu and Murayama, 2000).  

Figure 5.7 displays the temporal patterns of hourly BC from June 2004 to May 2005. 
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The diurnal patterns were found to be variable during the study period. Morning peaks 

usually observed during traffic rush hours at PU Supersite, but were not found at HT. 

This proves our previous assumption that contributions from the local major source in 

Hong Kong, namely vehicle exhausts, were less important at this sampling location. 

Moreover, the seasonal pattern of BC observed at HT also reflects the influence of 

regional- or remote-scale pollution, with the highest monthly average in January 

(4.1±2.3 µg m-3) and the lowest in July (1.0±1.3 µg m-3) (Figure 5.8). This seasonal 

patten of BC was opposite to that observed at PU Supersite (see Chapter 4).  

The contribution of BC from different wind directions is illustrated by the pollution 

roses in Figure 5.9. As can be seen, BC loadings during the sampling period increased 

when surface winds were from the north/northeast/east (0-105 degree). Hourly BC 

concentrations from this sector were in the 2-7 µg m-3 range, much higher than the 1-2 

µg m-3 from the southwest. Since mainland China lies north of Hong Kong, high BC 

levels are most likely due to the influence of continental aerosols that transported from 

the mainland by the northeast monsoon, which is generated by the cooling and heating 

of the great Asian land mass. During the sampling period, more than ~70% of surface 

winds were from the northeast with average wind speeds exceeding 6 m s-1. As Figure 

5.9 shows, northerly/northeasterly winds usually prevailed in fall, winter and spring, 
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corresponding with the relatively high BC concentrations during these seasons. In 

contrast, during the summer only ~28% of the surface winds came from the northeast. 

Southerly and northwesterly winds occurred for ~60% and ~12% of summer season, 

respectively. BC concentrations were 1-2 µg m-3 when southerly winds dominated, 

indicating that the air masses bring relatively clean marine aerosols to HT. High BC 

concentrations (3-10 µg m-3), averaging 3.3±2.7 µg m-3, were observed in the winds 

from the northwest, PRD region, although only ~12% of winds came from this sector. 

The hourly wind speed and wind direction was measured at Waglon meteorological 

Station (22.18°C, 114.30°C) of Hong Kong Observation, which is close to the HT 

station and located on Waglon Island in an open landscape. 

5.2.3.3 Source areas identified by PSCF receptor model 

In order to evaluate the potential source contribution to air pollution in the atmosphere 

of Hok Tsui, the PSCF values were calculated based on a total of three hundred and 

sixty two 7-day back trajectories (Draxler and Hess, 1998) arriving at HT at 12:00 

(local time) of each day from 4 June 2004 to 31 May 2005. The 24-hr average BC 

concentration measured at HT in each day was used as an indicator showing whether 

there are the anthropogenic pollution transported from Asian continent to Hong Kong. 

The annual mean concentration of BC data (2.4 µg m-3) was the given criteria value in 
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calculating the PSCF values.  

According to the results of the PSCF analysis shown in Figure 5.10, four potential 

source areas were identified as having important contributions to anthropogenic 

pollution in Hong Kong. Source area I was coastal portion of southeastern China, 

including the Yangtze River Delta region, and Jiangxi, Zhejiang, and Fujian Province. 

Source area II was the region between Hebei and Shandong Province. Source area III 

was on the border between Shangdong and Henan Province. The PRD region 

constituted source area IV. 

Streets et al. (2003) developed a BC emission inventory for China in 2000, which 

included all major anthropogenic sources and biomass burning. As reported by Streets 

et al. (2001; 2003), BC emissions in China were dominated by the residential sector 

(~74%) and were concentrated in a west-to-east swath curving across the agricultural 

heartland of China from Sichuan Province to Hebei Province (Streets et al. 2001, see 

Figure 1). Most air masses arriving at HT do not travel over the major documented BC 

emission source areas in China. Although source areas II and III, identified in the 

present study, are located in the boundary zone of the important BC emission areas, 

few of the polluted air mass trajectories directly pass through these regions. BC 

emissions in source areas I and IV have more effectively influence on the BC in Hong 
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Kong than source areas II and III, because most polluted air parcels arriving at HT 

travel over source area I in cold seasons, and travel over source area IV in warm 

seasons. This can be seen from the polluted air mass back trajectories in four seasons, 

shown in Figure 5.11. 

Rapid industrialization in southeastern China (source area I) recently implies its 

significance as a long-range transport source in the future. Energy consumption in 

southeastern China is expected to increase dramatically and BC emissions are 

predicted to increase from 1996 to 2050, particularly due to the transportation sector 

(Streets et al. 2004). Hong Kong, as a receptor, experiences higher BC levels from 

long-range transport sources in winter, spring, and fall if effective control strategies 

are not implemented. 

The PRD region (source area IV) is an important regional source area for pollutants 

observed at Hong Kong in the summer. Residential coal and biofuel combustion were 

the dominant BC emitters in 1995 (Streets et al. 2001), accounting for ~65% of total 

emitted BC in PRD region. Agricultural burning and other activities made up ~5% and 

~30%, respectively. ‘‘Other activities’’ include motor vehicles, industrial emissions, 

and power plants (available at http://www.epd.gov.hk/epd). In the Hong Kong area, 

high BC emissions are associated with the traffic emissions at roadside sites (Louie et 
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al. 2005b) and marine ship emissions near the port (Yu et al. 2004). BC arriving at 

Hong Kong in summer is a mixture from residential and agricultural combustion, 

industry, power plants, motor vehicles, and ship emissions from the PRD region 

(including Hong Kong). 

5.3 Summary 

Occurrence of episodes during the winter case study was found to be associated with a 

mesoscale subsiding airstream with a moderate to stagnant easterly transport and a low 

mixing height. During the seven fine-particle episodes, PM1.0 and PM2.5 responded in 

similar ways; i.e., with elevated mass and OC concentrations. Moreover, the average 

OC/EC ratio increased from 0.9 for non-episodes to 1.5 for episode days. Combining 

the present and previous findings, the conclusion can be drawn that secondary aerosols 

(e.g., organic materials, sulfate, and ammonium) formed during long-range transport, 

significantly contributing to the air quality of Hong Kong in winter.   

Occurrence of episodes during the summer case study was shown to be associated 

with a tropical storm and a low mixing height. During the episode days, concentrations 

of PM2.5 mass and major chemical species (e.g., OC, EC, sulfate, nitrate, and 

ammonium) significantly increased. Moreover, the average OC/EC ratio (0.9) during 
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episode days was at the same level to that (0.9) of non-episode days. This means that 

the continental pollution contributes significantly to both primary and secondary 

aerosols under this tropical storm system. 

To better understand anthropogenic pollution originating in Asia and its transport into 

Hong Kong, BC emissions, as an indicator of anthropogenic pollutants, were 

measured continuously from June 2004 to May 2005 at HT, a rural location with less 

local sources. On an Aethalometer, the BC concentrations exhibited a clear seasonal 

pattern, with high levels in cold seasons and low levels in warm seasons. During the 

cold seasons, high BC concentrations frequently occurred due to the southward 

long-range transport of polluted air masses in the boundary layer over the southeast 

China. Therefore, coastal areas of southeastern China were identified as the major 

potential source areas. During the warm seasons, the anthropogenic pollutants 

transported from the PRD region were found to be an important cause of particulate 

episodes in Hong Kong. The pollution sources in the PRD region include residential 

and agricultural combustion, industry, power plants, motor vehicles, and ships.  
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Figure 5.1 Frequency distribution of surface wind in winter (a) and in spring (b). 
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Figure 5.2 Time series of daily PM1.0 and PM2.5 concentrations at PU Supersite and 

daily PM2.5 at TC and TW ambient station from January to May 2004. 
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Figure 5.3 Correlations of PM2.5 mass between Tsuen Wan and Tung Chung (a) as 

well as Tsuen Wan and PU Roadside Station (b) during January to May 2004.   
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Figure 5.4 The 48-hour back trajectories every sixth hour during each sampling day of 

the case study.  
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Figure 5.5 Time series of the mass concentrations of PM2.5 and individual chemical 

species, as well as traffic counts. 
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Figure 5.6 Scattering plots of OC against EC during the summer case study. 

 

Figure 5.7 Detailed temporal patterns of black carbon during June 2004 to May 2005. 

C3 represents the BC concentrations in µg m-3. 
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Figure 5.8 Monthly average BC concentrations; the bar represents one standard 

deviation of hourly averages. 
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Figure 5.9 Pollution roses of hourly average BC in summer (a), fall (b), winter (c), and 

spring (d). 
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Figure 5.10 PSCF map for southward outflow of anthropogenic aerosols in 

2004-2005.  
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Figure 5.11 Seven-day air mass back trajectories during those days with BC 

concentrations exceeding the mean value in summer, fall, winter and spring. 
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Table 5.1 Summary statistics for the concentrations of PM, carbonaceous aerosols, and 

ratios during winter episode days in 2004. 

Date   Episode days 

   30  14  15  23  26  19  20  

      Jan Feba Feb Feb Feb Apr Apr 

PM1.0 PM1.0 μg m-3 80.6  85.0  71.0  74.6  70.9  77.3  59.0  

 OC μg C m-3 13.5  23.3  15.4  9.5  13.4  9.4  9.6  

 EC μg C m-3 11.5  22.9  9.2  10.8  15.1  14.8  11.6  

 OC/EC  1.2  1.0  1.7  0.9  0.9  0.6  0.8  

 OC/PM1.0 % 16.7  27.4  21.7  12.7  18.9  12.2  16.3  

 EC/PM1.0 % 14.3  26.9  13.0  14.5  21.3  19.1  19.7  

          

PM2.5 PM2.5  μg m-3 103.7  103.1  86.5  111.4  102.3  84.8  110.8  

 OC μg C m-3 23.2  35.8  21.1  21.9  30.6  13.9  22.4  

 EC μg C m-3 13.9  28.6  11.5  10.9  18.7  15.0  20.3  

 OC/EC  1.7  1.3  1.8  2.0  1.6  0.9  1.1  

 OC/PM2.5 % 22.4  34.7  24.4  19.7  30.0  16.3  20.2  

 EC/PM2.5 % 13.4  27.8  13.3  9.7  18.3  17.6  18.3  
a the sample might be contaminated. 
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Table 5.2 Statistical summaries of 24-hr PM2.5 and species during summer episode 

days (Case I) and non-episode days (Case III). 

Case   PM2.5 OC EC Sulfate Nitrate Ammonium 

          ug m-3     

Case I Mean 103.9 22.3 25.2 14.5 2.0  2.9 

 SD 35.6 7.1 11.7 6.5 0.7  2.4 

        

Case II Mean 62.8 15.0 19.4 7.0 1.1  1.3 

 SD 17.9 3.9 8.8 4.4 0.5  1.3 

        

Case III Mean 37.9 9.9 12.8 6.5 0.8  1.0 

  SD 10.8 2.5 5.9 1.9 0.2  0.8 

 

Table 5.3 Statistical summary from hourly average BC mass concentrations from June 

2004 to May 2005. 

Season na Mean Standard 

Deviation 

Minimum Maximum 

    (µg m-3) (µg m-3) (µg m-3) (µg m-3) 

Summer 2812 1.4 1.6 0.1 13.4 

Fall 1464 2.9 1.8 0.1 12.1 

Winter 2849 3.0 1.7 0.4 17.5 

Spring 1464 2.5 1.5 0.3 13.3 

Total 8589 2.4 1.8 0.1 17.5 
a Number of hours 
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Chapter 6 Physical and Chemical Characteristics of 

Atmospheric Ultrafine Particles  

 

6.1 Introduction 

Experimental evidences in epidemiological studies (Ferin et al. 1992; Oberdörster et al. 

1995; Donaldson et al. 1998; Oberdörster et al. 2001) have shown that exposures to 

ultrafine particles have stronger effects on health than fine and coarse particulates at 

equivalent masses. Several current hypotheses about the possible mechanisms for 

damage to the respiratory system due to ultrafine particles, as summarized in the study 

of Hughes et al. (1998), have been found to depend largely upon the chemical 

composition and size of particles. However, most of current findings and hypotheses 

are based on the laboratory-generated ultrafine particles, like MnO2 and Teflon, 

because of the lack of details regarding the accurate compositions of ultrafine particles 

in the atmosphere. As a result, it is necessary to investigate the chemical composition 

and number concentrations of actual atmospheric ultrafine particles, in order to 

construct future experiments that represent ambient atmospheric ultrafine particles as 

accurately as possible.  
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Ultrafine particles are emitted from certain sources, particularly combustion sources 

(Hildemann et al. 1991a; Eldering and Cass, 1996), thus a typical urban roadside like 

the PU Supersite is an ideal location for studying ultrafine particles. New technologies, 

like Nano-MOUDI and SMPS, have been developed in the past decade, which makes 

chemical composition and number distribution of atmospheric ultrafine particles 

possible. The aim of this chapter is to describe a measurement program designed to 

measure both the chemical composition and number distribution of ultrafine particles 

present in polluted urban air. The chemical composition of the ultrafine particles were 

determined on Teflon substrates and aluminum foils that collected using combined 

Nano-MOUDI 115 (0.010-0.056 μm) and MOUDI 110 (0.056-2.5 μm) and the 

number distribution of the ultrafine particles were derived from SMPS3936 (7-217 nm) 

and OPC 1003 (0.1-2 μm).  

6.2 Results and Discussion 

6.2.1 Ultrafine particle mass concentrations and chemical constituents in summer and 

winter 

6.2.1.1 Concentrations and composition of ultrafine particles  

Table 6.1 summarizes the detailed information for each sample set collected using 

combined MOUDI units, including sample ID, sampling date and interval, and the 

 167



chemical analysis applied. The mean concentrations of the nano, ultrafine, and fine 

particles on Teflon filters were 1.3±0.8, 6.5±1.8, and 99.0±4.7 μg m-3 in summer and 

0.7±0.1, 6.2±0.8, and 109.8± 8.2 μg m-3 in winter, respectively. The mass 

concentrations of ultrafine particles measured at PU Supersite were generally higher 

than that measured in other roadside and urban sites (e.g., Hughes et al. 1998; 

Keywood et al. 1999; Kim et al. 2002; Pakkanen et al. 2001). For example, the 4.12 

μg m-3 for ultrafine particle measured at Downey, LA (Kim et al. 2002); the 0.5 μg m-3 

for ultrafine particle obtained at a height of 3.5 m, at 14 m away from a road in Vallila, 

Helsinki (Pakkanen et al. 2001); the 1.6 μg m-3 on a rooftop in Pasadena, CA (Hughes 

et al. 1998); and the PM0.15 concentrations of 1-4 μg m-3 obtained at six cities in 

Australia (Keywood et al. 1999).  

OC and EC were the most abundant constituents in ultrafine particles among the 

chemical species determined in this study, with the average concentrations of 2.4±0.6 

and 2.7±0.5 μg m-3 in summer and 2.8±0.2 μg m-3 and 2.7±0.5 μg m-3 in winter, 

respectively. The percentage of OC and EC in ultrafine particulate mass was ~38% 

and ~44% in summer and ~45% and 43% in winter. The average concentrations of 

sulfate and ammonium (on quartz fiber filter) were low, 0.6±0.1 and 0.4±0.1 in 

summer and 0.4±0.1, and 0.2±0.0 μg m-3 in winter. According to the concentrations, 
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the elements in ultrafine particles were divided into three groups: major elements, e.g., 

Mg, Al, Si, K, Ca, Fe; sub-major elements, e.g., Zn, Sn, Sb, Pd; and minor elements, 

e.g., Ti, Cu, Br, Sr, Zr, Pb.  Major elements were mainly composed by crustal 

elements, while sub-major and minor elements were anthropogenic. About 60% of the 

measured particulate elements were crustal elements, followed by sub-major elements 

(more than 30%) and minor elements (less than 10%). The concentrations of transition 

metals in atmospheric aerosols are of particular interest to toxicologists because of 

their catalytic function on oxidative reactions. Fe was the most abundant transition 

metal in this study, followed by Cu and Zn, but all toxic metals measured at PU 

Supersite had lower concentrations than the corresponding air quality limits set by the 

World Health Organization (WHO, 2000).  

6.2.1.2 Size-resolved aerosols and chemical composition 

The size distributions of fine particle mass are shown in Figure 6.1. Two modes were 

found, peaking at around 0.4 µm and 1 µm, respectively. The first mode was slightly 

larger than the second one. The size distributions of particle mass were similar in 

winter and summer possibly because the stable sources of vehicle-related emissions 

near the sampling location over years. The size distributions of aerosol mass measured 
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at Pittsburgh supersite has been reported to change with the different aerosol sources 

(Cabada et al. 2004). 

The size distributions of major components are generally similar between summer 

(Figure 6.2) and winter (Figure 6.3), except that the peaks are broader in winter. Most 

of EC mass was in accumulation mode in summer, peaking at around 0.3 µm. In 

addition, another minor EC peak was found in ultrafine particle size range. This small 

portion of EC in ultrafine size range is also observed at Downey where the sampling 

site is impacted primarily by relatively fresh PM emissions (Geller et al. 2002). EC in 

ultrafine size range often occurred as a left tail of the major peak in the accumulation 

mode in most studies, as shown in the results of winter in this study (Figure 6.3) and 

in the Caldecott Tunnel by Allen et al. (2001).  

Sulfate showed a bi-modal distribution with a major peak around 0.5-0.7 µm (droplet 

mode) and a minor peak around 0.2 µm (condensation mode). The two modes were 

generally overlapping and the condensation mode appears as a ‘shoulder’ in the raw 

measurements in Figure 6.2 and 6.3. Measurements in suburban Hong Kong during 

winter of 1996 (Zhuang et al. 1999a) reported  similar major peak and ‘shoulder’ with 

this study; meanwhile, the high concentrations of droplet mode sulfate were believed 

to be associated with high relative humidity and low-cloud weather conditions in 
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Hong Kong. Several authors (Hering and Friedlander, 1982; Wall et al. 1988; John et 

al. 1990; McMurry and Wilson, 1983) have reported the existence of these two modes 

in the size distribution of sulfate and ammonium from ambient samples. The sulfate 

condensation mode, peaking at ~0.2 µm, is associated with the gas phase oxidation of 

SO2 and the droplet mode, peaking at ~0.7 µm, is the product of heterogeneous 

reactions mainly in clouds and the accumulation of material from the lower mode 

(Meng and Seinfeld, 1994). The similar size distributions of sulfate at roadside and 

suburban Hong Kong indicate the similar sources of sulfate over Hong Kong.  

Ammonium size distributions were similar to those of sulfate, indicating two modes 

peaking at ~0.2 µm and ~0.7 µm, respectively, which is reasonable because 

ammonium always co-exists with sulfate in atmosphere by heterogeneous reactions as 

described in Chapter 5. Fine particulate ammonium originates from ammonia vapor, 

which reacts or condenses on an acidic particle surface and accumulates in the droplet 

mode. Alternatively, ammonia directly reacts with acidic gases such as sulfuric acid, 

forming ammonium sulfate in the condensation mode. Ammonia prefers to react with 

sulfuric acid or sulfate rather than nitrate and chloride in atmosphere because 

ammonium sulfate are most stable than other products, e.g., ammonium nitrate and 

ammonium chloride. 
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Nitrate had most of its mass in the coarse mode, while a small fraction was in the fine 

mode. Fine mode nitrate is formed by the homogeneous gas-phase transformation of 

NOx to HNO3, which later reacts with ammonia gas to form ammonium nitrate, or 

reacts with pre-existing fine particles (Seinfeld, 1986). The concentration of fine mode 

nitrate was low because of the high volatility of ammonium nitrate.  

The size distributions of major elements are shown in Figure 6.4 and 6.5 for summer 

and winter measurements. It was noticed that the winter measurements seemed more 

representative than the summer measurements because some elements determined in 

summer were close to the detection limits. According to the characteristics of the size 

distributions, they were divided into several groups. The representative elements for 

each group were shown in the figures. The crustal elements and sea salts mainly 

present in coarse mode such as Mg, Al, Si, K, Ca, Fe, Na, and Cl. Element V and Ni 

had one single mode peaking at ~1.8 µm, implying they may be from the same sources, 

like the residual oil combustion. In a previous study conducted by Yu et al. (2004), 

element V and Ni were found to mainly originate from ship emissions (oil combustion) 

and the levels of  V and Ni depended on the distance from (or relative location to) the 

city’s container port (Yu et al. 2004a). Element Zn in the roadside atmosphere is about 

two times higher than in the suburban atmosphere. It is known that zinc oxide is added 
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as a vulcanization agent in the tire tread. The diameter of particulate ZnO was reported 

to be about 1 µm (Adachi and Tainosho, 2004), which agrees well with the size 

distribution of Zn observed in this study. This further suggests that the tire dust is the 

dominant source for Zn observed in this study. The size distributions of Cu and Ba are 

similar. They were found to mainly originate from brake dust (Adachi and Tainosho, 

2004).   

6.2.2 Ultrafine particle number concentrations in summer and winter 

6.2.2.1 Particle number concentrations  

The particle number concentrations are summarized in Table 6.2 for various size 

ranges, including nanoparticles (7-50 nm), ultrafine particles (7-100 nm), particles in 

SMPS size range (7-217 nm), and in OPC size range (100-2000 nm, accumulation 

mode). The values were integrated from the individually measured value for each 

channel. Throughout the sampling periods, the average particle number concentration 

was 33036±21932 cm-3 for nanoparticles, 39498±24846 cm-3 for ultrafine particles, 

47150±27861 cm-3 for particles in SMPS sizes and 3822±2042 cm-3 for particles in 

OPC size range. Particle numbers in the ultrafine size range significantly contribute to 

the total particle number concentrations in the roadside environment, accounting for 

~85% of total particle counts in SMPS sizes (7 nm-217 nm), while the particles in 
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OPC size range (accumulation mode) were less important, showing about an order of 

magnitude lower concentrations than ultrafine particles. The number concentrations of 

ultrafine particles in this study were much higher than at other roadside measurements 

in the urban atmosphere in U.S. (e.g., Kim et al. 2002) and Europe (e.g., Harrison et al. 

1999). The high ultrafine particle number concentrations are an important potential 

risk for health because it is possible that the sheer number of such particles can 

overwhelm the alveolar macrophages, whose job it is to clear the lungs of inhaled 

substances. 

Obviously a seasonal pattern was seen for the particle concentrations in every size 

range, with high concentrations in winter and low concentrations in summer (Table 

6.2). The particle number concentrations in winter were about 1-2 times higher than 

those in the summer for nanoparticles, ultrafine particles, and particles in SMPS size 

range, and 2-2.5 times for particles in OPC size range. The same seasonal trend for 

particle number concentrations had also been reported in European cities (8-400 nm, 

Hussein et al. 2003; Aalto et al. 2005) and US cities (3-2000 nm, Watson et al. 2006). 

Moreover, Hussein et al. (2003) observed a clear annual periodic behavior of particles, 

which was inversely related to behavior of the temperature, through investigating the 

temporal variations of total particle number concentration (8-400 nm) during 1997-
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2001. This indicates the dependence of particle number concentrations on 

meteorological parameters in the urban atmosphere, especially on ambient temperature 

(Bukowiecki et al. 2003; Kittelson et al. 2004). 

6.2.2.2 Size distributions of particle number 

Figure 6.6 presents the average size distribution of particle number in the roadside 

environment in winter (Figure 6.6 a) and summer (Figure 6.6 b). The results of 

measurement conducted independently by the SMPS and OPC instruments were 

presented on the same figure. The first OPC channel (100-200 nm), overlapping with 

the SMPS, showed good correlation with the SMPS (R=0.87 in winter and R=0.77 in 

summer). The absolute values of the first OPC channel in number concentration were 

almost the same with the SMPS in winter, while they were slightly lower than that 

from SMPS in summer. The low efficiency of capturing particle counts by OPC may 

be caused by some water-soluble inorganic species, like sulfate, which shift to a larger 

size under high-humidity conditions.  

The overall size distributions of particle number were similar in winter and summer. 

The characteristics of particle size distribution can be generalized within two or three 

modes, which maybe present either simultaneously or not. In winter the particle 

number size distribution was characterized by one major peak in ultrafine mode and 
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one minor peak in accumulation mode, centering at 10-50 nm and 100-200 nm, 

respectively (Figure 6.6 a). In summer particles also had two such similar modes, but a 

shoulder at ~80 nm occurred in ‘soot’ mode (Figure 6.6 b). Among three modes, the 

peak area of ultrafine mode contained approximately 90% of the total particle number 

distribution, which indicates the ultrafine mode is a typical size range in terms of 

particle number for measurements at roadside sites (Kittelson, 1998; Molnár et al. 

2002; Charron and Harrison, 2003; Kittelson et al. 2004). 

Figure 6.7 compares size distributions of hourly averaged particle number at different 

time periods in a day, during which the number and proportion of diesel-fueled 

vehicles differ. The particle size distributions were stable over time of day in winter 

season, regardless of changes of diesel vehicle numbers, with one dominant peak in 

the ultrafine mode (Figure 6.7 a). Similar characteristics were observed in summer, but 

the dominant peak in ultrafine mode was broader than that in winter, especially in the 

early morning and late evening (Figure 6.7 b). This might be associated with the low 

temperature and high relative humidity during the periods, leading to part of particles 

increasing in radius.  
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6.2.2.3 The relationship among particle number, mass, volume, and surface 

The size distributions for mass, volume, and surface can be calculated from the 

recorded number size distribution by assuming that particles are in a spherical shape 

with the density of 1.8 g cm-3, which is a typical density for soot (Park et al. 2004). 

We used the density of soot because most particles in this case are in ultrafine size 

ranges and soot is the major species in this fraction. Figure 6.8 illustrates the overall 

size distributions of number, mass, volume and surface. The Gaussian fit was used to 

fit their distributions. It can be seen that particle mass showed substantially different 

distributions with particle numbers in size ranges of 7-2000 nm. Particles in the 

accumulation mode dominated the aerosol mass, while particles in the ultrafine mode 

contributed the main part of particle numbers. The size distributions of volume and 

surface area were similar with mass in this study. Previous investigations in an urban 

atmosphere (Harrison et al. 1999; Harrison et al. 2000; Kittelson et al. 2004; Stanier et 

al. 2004) reported similar size distributions with those in this study, either for particle 

number, mass, volume or surface area.  

The current air quality standards for particles are expressed in terms of particle mass 

concentrations, either for PM2.5 or PM10. As the increasing evidences from 

epidemiological studies (Ferin et al. 1992; Oberdörster et al. 1995; Donaldson et al. 
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1998; Oberdörster et al. 2001) revealed strong relationship between ultrafine particles 

and health effects, it is suspected that whether the current particulate standard of PM2.5 

is able to reflect the level of particle numbers. If it is, the number concentrations of 

ultrafine particles also can be reduced as the eliminations of the current particulate 

standard. In the present study, the hourly ultrafine particle numbers by SMPS were 

compared to hourly PM2.5 and PM10 mass concentrations by co-collocated SPM-613D 

using the linear regression method (Figure 6.9). It can be seen that the correlation was 

poor between ultrafine particle number concentrations and PM mass concentrations 

(R=0.52 for PM2.5 and R=0.51 for PM10) (Figure 6.9), implying no obvious effect on 

ultrafine particle number concentrations when PM2.5 or PM10 mass concentrations are 

reduced. This finding was supported by several previous studies in other cities 

(Molnár et al. 2002; Fine et al. 2004).  

Molnár et al. (2002) had reported a good correlation between accumulation mode 

particles (100-368 nm) and PM2.5. Here this study has found that the correlation 

between accumulation mode particles (100-1000 nm) and PM2.5, PM10 are also good, 

with the correlation coefficients of 0.86 for PM2.5 and 0.73 for PM10 (Figure 6.9). 

Overall, the results from linear regression suggested that PM2.5 and PM10 mass 

concentrations are dominated by particles in the accumulation mode and do not 
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represent the changes of ultrafine particle number concentrations. Therefore, particle 

mass can not be a surrogate measurement of particle number in the roadside 

environment.  

6.2.2.4 Diurnal variations 

Figure 6.7 also reveals that the particle number concentrations observed at PU 

Supersite are impacted significantly by the changes of traffic numbers. For example, 

the number concentrations of ultrafine particle were lowest during early morning (2:00) 

in both winter and summer (Figure 6.7), due to decreased total traffic volume in each 

category compared to day time. The traffic composition is another important 

influencing factor on particle number concentrations. It can be seen from the 

comparison of particle number concentrations at 11:00 and 22:00 in Figure 6.7. 

Although the total traffic flows were almost the same, 6000 vehicles per hour, the 

concentrations of ultrafine particles were much lower at 22:00 than at 11:00. This can 

only be explained by the differences of traffic compositions. Diesel-fueled vehicles 

accounted for ~48% of total traffic numbers at 11:00, while it was only ~16% at 22:00. 

This further enforced the previous findings (Harris and Maricq, 2001, Mathis et al. 

2005) that diesel-fueled vehicles emit much more particles than other-fueled vehicles. 
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The average diurnal patterns of ultrafine particle numbers are examined, as shown in 

Figure 6.10. The variations of ultrafine particles in a day showed a close relationship 

with traffic density, as indicated by the elevated ultrafine particle number 

concentrations (>50000 cm-3) in daytime. The total number of ultrafine particles 

normally showed about 3-5 peaks during daytime, which almost coincided with the 

fluctuations in BC concentrations. The evening peaks were occasionally observed due 

to the late traffic in the evening. The lowest particle number concentration (<30000 

cm-3) was observed during the early morning time (2:00-5:00) when the traffic 

activities were lowest, which can be considered as the background at PU Supersite. 

For entire sampling periods, good correlations were obtained between hourly ultrafine 

particles and BC concentrations (Figure 6.11), with high correlation coefficient (R) of 

0.84 in winter and 0.87 in summer. This is consistent with our previous finding from 

Nano-MOUDI measurements that EC is an important component in ultrafine particles. 

Moreover, the good agreements of ultrafine particles and BC suggested that ultrafine 

particles come from the same primary source with BC, namely the nearby diesel-

fueled vehicle emissions on road, since BC has been demonstrated to be coming 

mainly from diesel-fueled vehicle exhausts in Hong Kong (HKEPD, 2005) and in 

other cities (Norbeck et al. 1998; Gertler et al. 2002).  

 180



The relationship of diurnal patterns of aerosol number concentrations in different size 

ranges also have been examined in this study, and the size ranges include particles less 

than 10 nm in diameter, nanoparticles, ultrafine particles, SMPS sizes (7-217 nm) and 

OPC 1003 sizes (100-2000 nm), and total aerosol number (7-2000 nm). Diurnal 

patterns of nanoparticles, ultrafine particles, SMPS sizes, and total particles were 

almost identical, with the highest correlation coefficients among them (R>0.95) during 

the entire sampling period. Particles of less than 10 nm in diameter also showed good 

correlations with nanoparticles, ultrafine particles, SMPS sizes, and total particles, 

with all correlation coefficients larger than 0.81. Accumulation mode particles (OPC 

size ranges) had the poorest relationship with other size range particles, with the 

correlation coefficients lower than 0.77, which is not surprising because accumulation 

mode particles have been previously demonstrated to relate more to particulate mass, 

rather than particle number. 

6.2.2.5 Influencing factors on ultrafine particle number concentrations  

In a roadside microenvironment, the level of pollutants in the atmosphere depends on 

various factors, such as the emission characteristics of sources, the changes of 

meteorological parameters, and traffic conditions. Multiple Linear Regression, which 

is a statistical method taking more than one variable into account, is often used to 
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model the concentrations of pollutants in the atmosphere (Van der Wal and Janssen, 

2000; Cheng and Tsai, 2000). In order to identify the impact factors for ultrafine 

particle concentrations, the measured hourly meteorological data and vehicle counts 

were initially examined using stepwise multiple linear regression method, which 

involves modelling the ultrafine particle concentrations (y) that contains the fewest 

number of variables (x), while accounting for the greatest variation in the dependent 

variable. The initial variables included hourly traffic number of gasoline- and diesel-

fueled vehicles, and hourly data of temperature, relative humidity, mixing height, wind 

speed, and solar radiation. Considering other minor sources that were not included in 

the model, the constant was configured to be larger than zero. The estimated 

regression coefficients shown in Table 6.3 were examined by the t-test. The results 

showed that all of P values were less than 0.05 at a 95% significant level. The 

comparison between simulated and observed particle number revealed that correlation 

coefficient (R) was 0.70 in winter and 0.74 in summer. 

The results (Table 6.3) from the model indicated that the number of diesel-fueled 

vehicles was the dominant factor to the ultrafine particle concentrations in both winter 

and summer. This interpretation is consistent with the prior findings reported in this 

study and other studies (Harris and Maricq, 2001, Mathis et al. 2005). Meteorological 
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parameters had little impact on the ultrafine particles in winter, while mixing height 

was an important factor in summer, ranking second to the diesel-fueled vehicles. 

Moreover, the standardised regression coefficient showed that relationship between 

mixing height and particle number was negative. It also can be seen from Figure 6.10 

that in addition to the traffic density and composition, the changing of mixing height 

influenced the particle number concentrations in summer. In the morning, the primary 

emissions from vehicle exhausts, including ultrafine particles and BC, begin to 

accumulate continuously in the atmosphere due to the combination of the increasing 

traffic flow and low mixing height (<500 m in most cases). Thus the morning peak of 

ultrafine particles and BC just occurred before the mixing height starts to increase 

rapidly. When the mixing height exceeded ~1000 m, the concentrations of ultrafine 

particles and BC dropped gradually due to strengthened vertical dispersion with a 

larger air volume. The mixing heights were usually in range of 1000-2000 m at 

midday and the maximum occurred at round 14:00-15:00. The absence of afternoon 

rush hour peak in summer might be the result of the high mixing height (~1000 m) and 

wind speed (>2.0 m s-1), diluting the emissions.  

Based on the above analysis, dilution is found to be the main process affecting particle 

concentrations after they are emitted in a street canyon in the present study, whereas 
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rate of coagulation and deposition is too slow to alter the size distribution and total 

particle number concentrations during this period. The same finding has been reported 

by previous studies (Vignati et al. 1999; Ketzel and Berkowicz, 2004; Zhang and 

Wexler, 2004). Zhang and Wexler (2004) claimed that exhausts near roadways usually 

experienced two distinct dilution stages after being emitted, namely ‘tailpipe-to-road’ 

and ‘road-to-ambient’. The first stage dilution is induced by traffic-generated 

turbulence and the second stage dilution is mainly dependent on atmospheric 

turbulence. In this study, the traffic pattern was almost consistent for both winter and 

summer (Figure 6.10), with around 6000 vehicles per hour in daytime (7:00-22:00) 

and around 2000 vehicles per hour in early morning (2:00-5:00). This means the 

traffic-generated turbulence is probably quite similar for each day. Therefore, 

atmospheric turbulence, such as the changes of mixing height in a day, dominated the 

changes of the primary ultrafine particles. 

Besides vehicular emissions, new particle growth by the nucleation process in the 

atmosphere is another important source of ultrafine particles in urban and rural 

atmospheres. A number of recent studies at both rural and urban sites around the world 

have reported the occurrence of nucleation events and two key features were present in 

those reported nucleation events (Harrison et al. 1999; Shi et al. 2001; Alam et al. 
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2003; Stanier et al. 2004; Zhang et al. 2005; Watson et al. 2006). Firstly it was the 

midday peak in nuclei mode (<10 nm) particles accompanied by the peak of solar 

radiation, and the other was the continuous growth of particle sizes from several 

nanometers to around 100 nm. In order to confirm the findings from multi-linear 

regression method, the evolution of particle size distributions on a typical summer day 

(14th July) was further examined in Figure 6.12. On 14th July, particles in diameter less 

than 100 nm had two peaks at 9:30 and 11:00, respectively (Figure 6.12). The first 

peak of ultrafine particle obviously formed due to the increased vehicles during 

morning rush hour because the solar radiation is quite low at this moment. This means 

they are fresh particles that were emitted directly from combustion sources or that had 

condensed on primary particles from cooled gases soon after emission, instead of 

nucleation processes in atmospheric reactions. It seemed that the nanoparticle number 

concentrations reached a high level at 11:00 and accompanied by the occurrence of 

high solar radiation value (Figure 6.10), probably indicated new particle growth by 

nucleation process in atmosphere. However, it is not easy to conclude whether there is 

new particle growth in atmosphere in this case, because the evolution of particle size 

distributions did not exhibit continuous growth of particle sizes, as did particle sizes in 

other studies (Alam et al. 2003; Stanier et al. 2004; Zhang et al. 2005), as shown in 
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Figure 6.12. Moreover, based on the results of multi-linear regression shown in Table 

6.3, solar radiation is not important impactor on ultrafine particles. This at least 

demonstrated that no obvious nucleation process occurred in the atmosphere of the 

roadside microenvironment, or the nucleation process was too poor to be detectable. 

This result agreed with our expectation because the sampling location was a source-

dominated site. A considerable number of fresh particles are continuously emitted into 

atmosphere from 7:00 to 22:00 for each day. New particle growths are less favourable 

in polluted urban atmospheres by nucleation, in comparison to the condensation of 

vapours of low volatility onto existing particles due to the high pre-existing particle 

surface area (Alam et al. 2003; Charron and Harrison, 2003). 

6.3 Summary 

The mass concentrations of ultrafine particle measured at PU Supersite were generally 

higher than those roadside and urban measurements in other cities. The average mass 

concentration of ultrafine particles was 6.5±1.8 μg cm-3 in summer and 6.2±0.8 μg cm-

3 in winter. OC and EC are the largest contributors to the ultrafine particle mass. A 

small amount of sulfate and ammonium is also presented in these particles. Crustal 

elements are the most prominent metals found in the ultrafine particles, including Mg, 
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Al, Si, K, Ca, and Fe. These data may assist the health effects research community in 

constructing realistic animal or human exposure studies involving ultrafine particles.  

Although the particulate mass concentrations contributed by ultrafine particles are 

small by comparison to the air quality standards like PM2.5 and PM10, ultrafine particle 

number concentrations are very large. During the entire sampling period, ultrafine 

particles were found to be the dominant proportion in the roadside environment, 

accounting for ~85% of the total particle counts (7-217 nm) and about one order of 

magnitude higher than particles in accumulation mode (0.1-2.0 μm). Moreover, the 

number concentration of ultrafine particles measured at PU Supersite was much higher 

than those roadside and urban measurements in other cities. Current air quality 

standards are based on the PM mass concentrations, which can not be a surrogate 

measurement of particle number because the mass concentration of PM10, even PM2.5, 

is dominated by accumulation mode particles rather than ultrafine particles.  

Ultrafine particles mainly originate from vehicle exhausts, especially diesel-fueled 

vehicles, which is supported by good correlations between hourly ultrafine particle 

number concentrations and BC concentrations (R=0.84 in winter and R=0.87 in 

summer) and the typical size distributions of ultrafine particles from combustion 

sources. Both ultrafine particles and BC showed the same diurnal patterns, with high 
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loading when the traffic density is high and low loading when the traffic density is low. 

Mixing height is another influencing factor on untrafine particle number 

concentrations, especially in summer, showing inverse relationship with particle 

number concentrations. The possibility worth considering is that new ultrafine particle 

formed by nucleation process in the atmosphere can be ignored at PU Supersite site.  

The particle numbers had one dominant peak in the ultrafine mode, which represents 

the typical size distribution of combustion. The aerosols and most of the chemical 

components showed similar size distributions in winter and summer, which is possibly 

because the sampling location is quite close to the primary source of vehicle emissions.  

The size distribution of particulate mass showed two modes peaked at around 0.4 µm 

and 1 µm, respectively. Most of EC mass concentrations were in the accumulation 

mode, which is a typical size range for particles formed from combustion processes. 

Sulfate and ammonium showed a bi-modal distribution with a major peak around 0.7 

µm (droplet mode) and a minor peak around 0.2 µm (condensation mode). Coarse 

mode nitrate was the dominant species, while fine mode nitrate was low in 

concentrations due to its characteristics of volatilization. The crustal elements and sea 

salts mainly present in coarse mode such as Mg, Al, Si, K, Ca, Fe, Na, and Cl. V and 

Ni had one single mode peaking at ~1.8 µm, implying they are from the same source 
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of ship emissions. The size distributions of Cu, Ba, and Zn are similar. They originate 

from break and tire dust.  Since most chemical species present in size range larger than 

0.1 µm, the mass of ultrafine particles seemed less important than larger particles. 
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Figure 6.1 Size distribution of particulate mass (Teflon) in summer (Sample 4 and 5) 

and winter (Sample 9 and 10).  
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Figure 6.2 Size distributions of major chemical species, from the aluminum filters, in 

summer. 
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Figure 6.3 Size distributions of major chemical species, from the aluminum filters, in 

winter. 
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Figure 6.4 Size distributions of metals, from the Teflon substrates, in summer (Sample 

4 and 5). 
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Figure 6.5 Size distributions of metals, from the Teflon substrates, in winter (Sample 

9 and 10). 
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Figure 6.6 The typical size distributions of particle number (7-2000 nm) at roadside in 

winter (a) and in summer (b). 
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Figure 6.7 The size distributions of fine particles during different time period on 11th 

Jan and 15th Jul. 
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Figure 6.8 The typical size distributions for particle number, mass, volume and 

surface in roadside environment (16:00 on 20th Jan 2005). A Gaussian fit was used to 

fit the size distribution of mass, volume, and surface. 
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Figure 6.9 The relationship between ultrafine particle number concentrations and 

PM2.5&PM10, as well as the relationship between accumulation mode particle number 

concentrations and PM2.5&PM10. 
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Figure 6.10 The diurnal patterns of ultrafine particle, BC, total traffic number and 

meteorological parameters. 
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Figure 6.11 Relationships between ultrafine particles and BC in winter and summer. 
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Figure 6.12 Evolution of ultrafine particle size distribution in a typical day. 
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Table 6.1 Sampling information for particulate mass size distribution. 

Sample ID Starting data Starting time Sampling interval (hr) Filter Analyses 
Sample 1 14-Jul-05 10:00 72 quartz fiber EC, Ions 
Sample 2 20-Jul-05 10:00 72 quartz fiber EC, Ions 
Sample 3 26-Jul-05 10:00 72 quartz fiber EC, Ions 
Sample 4 3-Jun-05 10:00 72 Teflon  Mass, elements 
Sample 5 29-Jun-05 10:00 72 Teflon  Mass, elements 
      
Sample 6 15-Nov-05 10:00 72 quartz fiber EC, Ions 
Sample 7 21-Nov-05 10:00 72 quartz fiber EC, Ions 
Sample 8 11-Jan-06 10:00 72 quartz fiber EC, Ions 
Sample 9 7-Dec-05 10:00 72 Teflon  Mass, elements 
Sample 10 14-Dec-05 10:00 72 Teflon  Mass, elements 

 
 
 
 
 
 
 
 
 

Table 6.2 Statistical summary for particle number concentrations in various size 

ranges. 

Season Size range   Particle concentration  (# cm-3) 
   
      

Average Standard 
deviation 

Minima Maxima 

winter Nanoparticles (7-50 nm) 40 426 23 192 2806  118 668 
 Ultrafine particles (7-100 nm) 47 043 26 309 3720  126 246 
 SMPS size range (7-217 nm) 55 050 28 784 6326  143 547 

 
Lasair size range 
(Accumulation mode) (100-2000 nm) 5316 1823 1956  12 090 

       
summer Nanoparticles (7-50 nm) 23 049 15 228 1245  85 630 
 Ultrafine particles (7-100 nm) 29 302 18 357 1659  98 852 
 SMPS size range (7-217 nm) 37 182 23 119 2887  139 350 

  
Lasair size range 
(Accumulation mode) (100-2000 nm) 2505 1104 478  6661 
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Table 6.3 Regression results from stepwise multiple linear regressions of ultrafine 

particles in winter (a) and summer (b). 

Parameter Standardized 
regression  
coefficient 

Estimated 
regression 
coefficient 

Estimated 
standard 
deviation 

ta P value 

      
(a) winter: regression coefficient R is 0.70 (n=77)     
(Constant)  b0=12368.94 5323.71  2.32  0.02  
Diesel-fueled vehicle (number) 0.70  b1=21.06 2.46  8.56  0.00  
Ultrafine particle mass concentration=b0+b1*[Number of diesel-fueled vehicle] 
      
(b) summer: regression coefficient R is 0.74 (n=76)     
(Constant)  b0=9737.30 3748.86  2.60  0.01  
Diesel-fueled vehicle (number) 1.10  b1=22.64 2.57  8.81  0.00  
Mixing height (m) -0.60  b2=-24.16 5.00  -4.83  0.00  
Ultrafine particle mass concentration=b0+b1*[Number of Diesel-fueled vehicle]+b2*[Mixing height] 
a Significant level of tcritical is 95%      
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Chapter 7 Comparisons of PM2.5 at Tunnel, Roadside, and 

Ambient Sites 

 

7.1 Introduction 

In order to obtain the accurate characterization of primary vehicle emissions and to 

evaluate the contributions of different vehicle categories, tunnel studies (e.g., Moeckli 

et al. 1996; Pierson et al. 1996; Weingartner et al. 1997; Fraser et al. 1998; Allen et al. 

2001; Gillies et al. 2001; Schmid et al. 2001; Gertler et al. 2002; Jamriska et al. 2004; 

Lough et al. 2005) are commonly conducted, by measuring the pollutant 

concentrations simultaneously at the entrance and exit of a tunnel as well as 

monitoring traffic counts, vehicle speed, temperature, wind speed, and pressure in  the 

tunnel. This method is believed to result in representative PM emission factor (or 

emission rate) for the on-road vehicles since individual vehicles by traditional 

dynamometer method have diverse emission profiles and cannot be representative of a 

specific fleet (Jamriska et al. 2004). On the other side, the resultant chemical profile 

for vehicles, based on the tunnel study, can serve as one important input to the CMB 

receptor model.  

Although the emission factors from vehicles are fundamental parameters for 
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establishing the source profiles and emission inventories in a specific city, the 

information, based on real-world particulate emissions, is still unavailable in Hong 

Kong. All previous studies only include the emission factors from individual vehicles 

with particular emission characteristics, and the model-generated emission inventory 

as well.  

In the present study, the one/two-hour PM2.5 measurements are conducted in an urban 

highway tunnel, the Shing Mun Tunnel. A total of 16 runs were made during varying 

times that encompassed different traffic fractions of diesel-fueled vehicles. During the 

study, a total of 27310 vehicles traversed the tunnel, comprising approximately 50% 

diesel-fueled vehicles, 41% gasoline-fueled vehicles, and 9% LPG-vehicles.  

The major aim of the tunnel study in the Shing Mun Tunnel was to determine the 

emission factors of PM2.5 and its chemical compositions for vehicles; to evaluate the 

contributions of different vehicle types to the city pollution; and to obtain the typical 

source profile for vehicles that is significant for the source apportionment at PU 

Supersite. Besides the measurements in the tunnel, PM2.5 was also collected at three 

roadside sites and one ambient site using the same sampling method as the tunnel 

measurement. Gravimetric and chemical analyses were performed. The results at each 

sampling station were compared, in order to understand how the vehicle exhausts 
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changed at roadside and urban environment as a major urban-scale plume.  

7.2 Results and discussion 

7.2.1 Emission factors for on-road vehicles 

7.2.1.1 PM2.5 emission factors for mixed vehicles 

The measurements in the Shing Mun Tunnel have been conducted according to the 

method description in Chapter 3. The detailed sampling information can be found in 

Table 3.2. The emission factors were calculated based on the equation 3.4. The 

average PM2.5 emission factor derived from the DRI sampler was 0.131±0.037 g veh-1 

km-1, ranging from 0.066 g veh-1 km-1 to 0.190 g veh-1 km-1 (Table 7.1). The seasonal 

difference of PM2.5 was examined by t-tests. The result (p-values is larger than 0.05, t-

test) showed that no statistical significance exists for PM2.5. High PM2.5 emission 

factors were found for samples taken during the time periods of 11:00-13:00 and 

14:00-1600, which as mentioned in Chapter 3, recorded a high proportion of diesel-

fueled vehicles. For the 4 runs (Run 6, 11, 12, 16) during 11:00-13:00 and 14:00-16:00, 

the average emission factor was the highest (0.173±0.019 g veh-1 km-1). During rush 

hours (Run 1, 2, 3, 4, 5, 8, 9, 10, 14, and 15), the average emission factor was 

0.126±0.033 g veh-1 km-1. For the 2 runs (Run 7 and 13) in the evening, the average 

emission factor was the lowest, 0.090±0.034 g veh-1 km-1, almost two times lower than 
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that for time periods of 11:00-13:00 and 14:00-16:00.  

Comparisons of mean PM2.5 emission factors for the present study and other recent 

tunnel studies conducted elsewhere are shown in Table 7.2. The mean PM2.5 emissions 

for mixed on-road vehicles was the highest in the Shing Mun Tunnel, Hong Kong, 

followed by Tuscarora Tunnel, USA (Gertler et al. 2002), Sepulveda Tunnel, USA 

(Gillies et al. 2001), Kaisermuhlen Tunnel, Austria (Laschober et al. 2004), and 

Howell Tunnel, USA (Lough et al. 2005). The Tuscarora Tunnel (Gertler et al. 2002) 

has similar characteristics to the Shing Mun Tunnel, about 1.6 km in length and is 

relatively flat (an upgrade of 0.3% toward the middle from either end). The proportion 

of heavy-duty vehicles (or diesel-fueled vehicles) ranged from 11.6% to 86.5% during 

the sampling periods and the traffic speed was relatively constant. The average model 

year of traversing vehicles was 1991-1995, which is young, compared to the model 

year of most on-road vehicles in Hong Kong. This may partly explain the low PM2.5 

emissions in the Tuscarora Tunnel. For the other three tunnel studies mentioned above, 

the most important difference is the lower proportion of diesel-fueled vehicles: about 

2.6% for Sepulveda Tunnel; 14.8% for Kaisermuhlen Tunnel; and 1.5-9.4% for 

Howell Tunnel. The low proportion of diesel-fueled vehicles in these tunnel studies 

may lead to low PM emissions.  
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7.2.1.2 Emission Factors of individual chemical species for mixed vehicles 

Table 7.3 shows the emission factors of individual chemical species in PM2.5 

emissions. The chemical profiles of PM2.5 from vehicles are illustrated in Figure 7.1. 

More than half of the PM2.5 emissions were from the elemental carbon 

(65.819±18.429 mg veh-1 km-1) and about one third were from the organic carbon 

fraction (35.685±11.727 mg veh-1 km-1). The third most prominent species was sulfate, 

which accounted for 5.6±2.2% of the PM2.5 emission, followed by ammonium 

(2.3±0.9%) and iron (1.0±1.3%). Typical crustal elements, including Mg, Al, K, Si, Ca, 

Ti and Mn, accounted for 2.2±0.7% of the PM2.5 emissions. Inorganic ions (chloride, 

nitrate, and sodium), except for sulfate, ammonium, and potassium, contributed 

1.5±0.4%, and the remaining trace elements and unidentified material made up 

9.9±2.3% of the total PM2.5 emissions. The seasonal difference was not significant 

statistically for PM2.5 and its chemically speciated compositions (all of p-values are 

larger than 0.05, t-test).  

Figure 7.2 shows the correlations of measured PM2.5 emission factors and the sum of 

emission factors of individual species during 16 runs. On average, the composite sum 

was 10-20% lower than the emission factors derived from the Teflon filter. A similar 

result has been obtained by other researchers (Norbeck et al. 1998). This is due to the 
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fact that not all the species that contribute to the particle composition are measured 

(Norbeck et al. 1998), like oxygen, hydrogen, and sulfur from organic matter.  

7.2.1.3 Annual emission flux of PM2.5 

In the present study, the annual vehicle-related PM2.5 emission flux (1466.0±414.1 

tonnes) during 2003 was roughly estimated as a product of average PM2.5 emission 

factor (0.131±0.037 g veh-1 km-1) and the total road travel distance in Hong Kong, 

30.35 million vehicle kilometers per day (The Annual Traffic Census, 2003). This 

PM2.5 emission flux was ~70% of PM10 as calculated by HKEPD using simulation 

method. The ratio is consistent with typical PM2.5/PM10 ratios at Hong Kong roadside 

environment, as shown in Chapter 4. This result further confirms the validation of 

measurement in the present study. 

It should be noted that the tunnel measurements in this study are representative of 

‘normal’ driving conditions, i.e. the vehicles were running in hot stable conditions and 

at relatively constant speeds on a nearly flat road. However, Hong Kong has a 

significant variation in terrain ranging from sea level to an elevation of several 

hundred meters or higher. The emissions from vehicles would therefore fluctuate with 

the variable speed, acceleration or deceleration in variable terrain outside the Shing 

Mun Tunnel. Therefore the estimated annual emission flux of PM2.5 in the present 
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study can only provide a general guide with a relatively high degree of uncertainty. 

7.2.1.4 Evaluation of particulate emissions from diesel- and gasoline-fueled vehicles 

Regression analysis (Figure 7.3 a) was used to evaluate the PM2.5 emission factors for 

diesel- and non-diesel-fueled vehicles. The emissions from non-diesel-fueled vehicles 

were assumed to represent those from gasoline-fueled vehicles since the LPG-taxis 

contribute little to particulate pollutions. The uncertainties estimate for the emission 

factors were determined from the regression statistics. The estimated PM2.5 emission 

factor for diesel-fueled vehicles was 0.257±0.031 g veh-1 km-1, which is similar to the 

results of Jamriska et al. (2004) in Woolloongabba Tunnel, Brisbane (Table 7.2).  Allen 

et al. (2001) and Gertler et al. (2002) reported the PM2.5 emission factor of 

0.430±0.079 g veh-1 km-1 in Caldecott Tunnel, San Francisco Bay and 0.135±0.018 g 

veh-1 km-1 in Tuscarora Tunnel, respectively. Dynamometer studies usually show 

considerably higher values than tunnel study measurements. For example, the PM2.5 

emissions reported by Norbeck et al. (1998) and Lowenthal et al. (1994) exceeded the 

values in the present study by a factor of 1-3.  

The emissions of individual species for diesel-fueled vehicles, estimated using the 

same method to mass, are listed in Table 7.4. The average organic carbon and 

elemental carbon emission factors for diesel-fueled vehicles was 67.873±10.192 mg 
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veh-1 km-1 and 130.955±14.410 mg veh-1 km-1(see Figures 7.3 b and c for regression 

plots of OC and EC), which are comparable with Gertler et al. (2002)’s study in 

Tuscarora Mountain Tunnel, taking into consideration the high uncertainty in tunnel 

study. Carbonaceous aerosols comprised the largest fraction (77.5±9.7%) of PM2.5 

emissions from diesel-fueled vehicles. The previous reported proportion of 

carbonaceous aerosols (Norbeck et al. 1998; Lowenthal et al. 1994; Allen et al. 2001; 

Gertler et al. 2002) ranged from 71% (Norbeck et al. 1998) to 99.8% (Allen et al. 2001) 

for diesel-fueled vehicles. The chemical profiles of PM2.5 from diesel-fueled vehicles 

are illustrated in Figure 7.4. The reconstructed mass emissions for diesel-fueled 

vehicles comprised 54.6±5.7% EC, 28.3±4.4% OC, and 9.1±2.8% sulfate. The other 

inorganic ions and elements made up 8.0±1.9% of total emissions. This chemical 

profile is similar to the results of the dynamometer studies by Kirchstetter et al. (1999) 

and Lowenthal et al. (1994). Hildemann et al. (1991) reported the ‘best’ case in terms 

of EC emissions through investigating two late model and low-mileage diesel-fueled 

vehicles, with results of about 41% EC and 39% OC for the fine aerosols. The 

percentage of EC was found to increase with increasing age of diesel vehicles 

(Hildemann et al. 1991).  

It was noticed that sulfate accounted for a higher proportion in emissions of diesel-
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fueled vehicles in the Shing Mun Tunnel study than studies in USA (Norbeck et al., 

1998; Gertler et al., 2002). One of the most important reasons is the different sulfur 

content in diesel fuels because sulfate is emitted in direct proportion to the amount of 

sulfur in diesel fuel. In Hong Kong, the maximum sulfur content of 500 ppm was 

reduced to 50 ppm, commonly referred to as “low sulfur (LS)” diesel, since 2002. 

However, except for local vehicles, a number of goods vehicles from mainland, China 

also use the Shing Mun Tunnel. In China, the maximum sulfur content for Motor 

Vehicle Diesel is 2000 ppm, which is much higher than that in Hong Kong and USA.  

The emission factors and chemical profile for gasoline-fueled vehicles showed 

distinctive differences with those for diesel-fueled vehicles (Table 7.5). The PM2.5 

emission factor for gasoline-fueled vehicles were 0.017±0.028 g veh-1 km-1, which is 

about 15-fold lower than the estimated PM2.5 emission factor for diesel-fueled vehicles. 

Elemental and organic carbon were the primary constituents for the emission of 

gasoline-fueled vehicles. On average, organic carbon composed a larger fraction of the 

total carbon, while elemental carbon represented the larger fraction of the total carbon 

for the diesel vehicles. The average percentage carbon breakdown was 62.0±67.4% 

organic carbon and 23.4±96.9% elemental carbon for the gasoline-fueled vehicles. 

Inorganic species, including ions and trace elements, composed an average of 
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12.1±18.7% of the total particulate composition. The most prominent inorganic 

species included ammonium, Na, Cl, P, Ba and Mg for gasoline vehicles. There was 

considerable variability for OC emission factors resulted from the three studies listed 

in Table 7.5, however, the EC emission factors were closely similar. 

 7.2.2 The comparisons of fine particulate matter (PM2.5) at tunnel, roadside, and 

ambient sites 

7.2.2.1 The PM2.5 mass concentrations at tunnel 

The average PM2.5 mass concentration by DRI particulate sampler in the Shing Mun 

Tunnel, including the entrance and exit, was 229.1±90.1 μg m-3. No significant 

seasonal variations were observed, with an average PM2.5 mass of 204.2±75.1 μg m-3 

in summer and 237.4±94.5 μg m-3 in winter. The average PM2.5 concentration given by 

DustTrak after correction by the calculated factors was 157.3±90.2 μg m-3 at the tunnel 

entrance and 260.0±136.4 μg m-3 at the exit. This is comparable with the average 

PM2.5 concentration using the DRI sampler, 172.7±45.1 μg m-3 and 285.4±89.2 μg m-3 

for the entrance and exit, respectively.  

Figure 7.5 shows the average diurnal variation of hourly average PM2.5 mass 

concentrations collected using DustTrak at the tunnel entrance and exit, along with 

corresponding traffic counts of gasoline- and diesel-fueled vehicles. Both PM2.5 curves 
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displayed distinct diurnal variation, with high values during the day and low values in 

the early morning. Low values in the early morning at the entrance and exit 

correspond well to the low traffic density during those time periods. During the day, 

PM2.5 concentrations increased gradually starting from 5:00 due to increased morning 

traffic density. The diurnal patterns of PM2.5 concentrations had a close relationship 

with the daily cycle of diesel-fueled vehicles, with a correlation coefficient (R) of 0.85 

at the entrance and 0.70 at the exit, which is higher than the correlation coefficient of 

PM2.5 and gasoline-fueled vehicles, with a correlation coefficient of 0.77 and 0.56 for 

the exit and entrance, respectively. 

7.2.2.2 Aerosol mass and chemical composition in different environments 

Except for tunnel measurements, the PM2.5 samples were also collected at three 

roadside sites, including PU Supersite, MK, LMC, and one TW ambient station as part 

of the entire tunnel study. The sampling method and instruments were the same during 

the study. The sampling interval was two hours at roadside and six hours at TW. The 

average PM2.5 mass concentrations are shown in Table 7.6. In terms of mass 

concentration levels and assigning the sites in descending order with site 

characteristics, it is observed that tunnel>roadside> ambient. The Shing Mun Tunnel 

south bore (the present study) had the highest PM2.5 mass concentration (229.1±90.1 
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μg m-3). The increase in the PM2.5 emissions, at roadside environments, seemed to 

correlate with the increase in the percentage of passing diesel-fueled vehicles. For 

example, the percentage of diesel-fueled vehicles was ~90%, ~51%, and ~38% at 

LMC, MK, and PU roadside; the corresponding PM2.5 mass concentration was 

129.0±94.8, 69.3±11.9, 66.9±12.3 μg m-3. The PM2.5 level (49.3±17.5 μg m-3) was 

lowest in an ambient atmosphere owing to the longer distance from emission sources.  

Concentrations of individual chemical species in PM2.5 collected in the tunnel, 

roadside, and ambient sites are presented in Table 7.6. The spatial distributions of OC 

and EC were similar to PM2.5 mass concentrations, with relationship to the 

microenvironment and the percentage of diesel-fueled vehicles, suggesting primary 

vehicle emissions were dominant sources locally. The concentrations of sulfate and 

ammonium were evenly distributed outside the tunnel, namely at roadside and ambient 

sites, suggesting they are regional pollutions in Hong Kong, which is consistent with 

previous investigation on sulfate and ammonium in Chapter 4 and 5. Although the 

absolute values of sulfate and ammonium are high in the Shing Mun Tunnel, they only 

contribute ~10% and ~4% of the PM2.5, meaning they are predominantly primary. The 

nitrate concentration was extremely high at LMC roadside, compared to all other sites. 

LMC roadside site was at the cross-border area between Hong Kong and Shenzhen, 

 214



with a considerable number of heavy goods vehicles from Mainland China passing 

this area, while both MK and PU roadside was typical roadside in Hong Kong. These 

vehicles from Shenzhen may use different fuels from the local vehicles in Hong Kong, 

thus showing some characteristics differ from local emissions.  

7.2.2.3 The comparisons of OC/EC ratios in different environment 

The OC/EC ratio, determined in different atmosphere environments, is an important 

factor for determining the relative amounts of scattering and absorption by aerosols 

and currently applied in the aerosol radiative forcing for regional and world warming 

and cooling (Novakov et al. 2005). Elemental carbon has been intensively used as a 

tracer of primary OC (Novakov, 1984; Gray et al. 1986; Turpin and Huntzicker, 1991). 

The OC/EC ratios exceeding 2.0 have been used to indicate the presence of secondary 

organic aerosols (Gray et al., 1986; Chow et al., 1996a). The OC/EC ratio was 

calculated for the samples collected in different environment. The average OC/EC 

ratio (0.6±0.2) at the Shing Mun Tunnel was lowest, while it (1.9±0.7) was highest in 

ambient atmosphere. The ratios at roadside sites were in the middle, 0.9±0.4 for LMC 

roadside, 0.7±0.2 for MK roadside, and 0.9±0.3 for PU roadside. The results agree 

with the expectation because aerosols measured at tunnel and roadside were supposed 

to be primary particles while those measured in ambient environment contain 
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secondary particles. 

Figure 7.6 displays the percentage of major components in PM2.5 at the Shing Mun 

Tunnel, PU and LMC roadside, and TW ambient station. The pie chart at MK roadside 

has not been shown because it was similar with that at PU roadside. As a closed 

microenvironment, the Shing Mun Tunnel represents the primary vehicle emissions, 

with the largest OM and EC fractions (~85%). PU and LMC roadside are typical 

roadside sites, with similar OM and EC fractions (~66%). TW ambient site has the 

lowest carbonaceous components, especially for EC, accounting for less than 50% of 

the total PM2.5.  

7.3 Summary 

To be able to characterize to what extent the traffic or different vehicle types 

contribute to the city pollution, a detailed study on emission rates for vehicles with 

different fuels and attributes is needed. For the mixed vehicle types, the PM2.5 

emission factor ranged from 0.066 g veh-1 km-1 to 0.190 g veh-1 km-1 with an average 

of 0.131±0.037 g veh-1 km-1, which is normally higher than that in other countries. 

More than half of the PM2.5 emission was from elemental carbon (65.819±18.429 mg 

veh-1 km-1) and about one third was from the organic carbon fraction (35.685±11.727 

mg veh-1 km-1). The third most prominent species was sulfate, which accounted for 
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5.6±2.2% of the PM2.5 emission, followed by ammonium (2.3±0.9%) and iron 

(1.0±1.3%). No significant seasonal difference was detected for PM2.5 and its 

chemically speciated compositions (all of p-values are larger than 0.05, t-test).  

This study also found, as expected, that diesel engines emitted particles at a greater 

rate per kilometer than did gasoline engines and that the chemical profiles were 

different for both sources. Elemental and organic carbon were the primary constituents 

for the particulates emitted from gasoline- and diesel-fueled vehicles. On average, 

organic carbon composed a larger fraction of the total carbon for the gasoline-fueled 

vehicles, while elemental carbon represented the larger fraction of the total carbon for 

the diesel-fueled vehicles. 

The annual vehicle-related PM2.5 emission flux in Hong Kong was 1466.0±414.1 

tonnes during 2003 based on the PM2.5 emission factors in this tunnel study, which is 

~70% of PM10 emission flux calculated by HKEPD using simulation method. The 

percentage is consistent with typical PM2.5/PM10 ratios at Hong Kong roadside 

environment. This result further confirms the validation of measurement in the present 

study and the model results by HKEPD.  

The spatial distribution of PM2.5 mass concentrations in Hong Kong was associated 

with the distance from the major roadway networks and the proportion of diesel-fueled 
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vehicles traveling on the road as well. The PM2.5 mass concentrations were the highest 

in the Shing Mun Tunnel, followed by those measured at roadside sites and ambient 

site. In the Shing Mun Tunnel, PM2.5 mass concentrations change with the fluctuation 

of diesel-fueled vehicles. Even at the three roadside sites, the increase in PM2.5 

emissions positively correlates with the increase in the percentage of passing diesel-

fueled vehicles. For example, the percentage of diesel-fueled vehicles was ~90%, 

~51%, and ~38% at LMC, MK, and PU roadside; the corresponding PM2.5 mass 

concentration was 129.0±94.8, 69.3±11.9, 66.9±12.3 μg m-3.  

The characteristics of OC and EC in PM2.5 were also associated with the 

microenvironments. The proportion of total carbonaceous aerosols (sum of OC and 

EC) in PM2.5 was the highest in the tunnel, followed by the roadside and ambient sites; 

on the other hand, the OC/EC ratio was the lowest at tunnel, moderate at roadside, and 

the highest in ambient atmosphere. This is because the Shing Mun Tunnel is a 

relatively closed microenvironment and is capable of providing pure and fresh vehicle 

emissions, compared to the roadside, which in turn is a site with vehicle exhaust as the 

dominant source, by comparison with the ambient site. 
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 Figure 7.1 Chemical profile PM2.5 for mixed vehicles in the Shing Mun Tunnel, Hong 

Kong. 
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Figure 7.3 PM2.5 (a), OC (b), EC (c) emission factors as a function of the fraction of 

diesel-fueled vehicles.  
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Figure 7.4 Chemical profiles of PM2.5 from diesel-fueled vehicles derived from the 

Shing Mun Tunnel study. 

 

Figure 7.5 Hourly average PM2.5 concentrations measured with two DustTrak units at 

the tunnel entrance and exit, along with corresponding average traffic counts of 

gasoline- and diesel-fueled vehicles. The data represents the average values from four 

sampling days on January 26, February 9, 11, 25. 
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Figure 7.6 The PM2.5 chemical compositions in various microenvironments. 
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Table 7.1 Emission factors of PM2.5 in each run. 

Run No. Date Day Duration Diesel Fraction PM2.5 

          Emission factor (g veh-1km-1)  
Run 1 Aug/13/03 Wed 1700-1900 0.52 0.180  
Run 2 Aug/16/03 Sat 1700-1900 0.32 0.141  
Run 3 Aug/17/03 Sun 0800-1000 0.41 0.135  
Run 4 Aug/31/03 Sun 0800-1000 0.39 0.130  
Run 5 Jan/12/04 Mon 1700-1800 0.53 0.151  
Run 6 Jan/13/04 Tue 1400-1500 0.61 0.157  
Run 7 Jan/14/04 Wed 2200-2300 0.36 0.114  
Run 8 Feb/1/04 Sat 0800-0900 0.41 0.092  
Run 9 Feb/9/04 Sun 0900-1000 0.44 0.100  
Run 10 Feb/10/04 Mon 0800-0900 0.39 0.066  
Run 11 Feb/11/04 Tue 1400-1500 0.61 0.147  
Run 12 Feb/11/04 Tue 1500-1600 0.63 0.166  
Run 13 Feb/14/04 Fri 2100-2200 0.32 0.066  
Run 14 Feb/23/04 Sun 1700-1800 0.56 0.147  
Run 15 Feb/23/04 Sun 1800-1900 0.46 0.113  
Run 16 Feb/25/04 Tue 1100-1200 0.64 0.190  
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Table 7.2 PM emission factors in several recent studies. 

Tunnel Vehicle 
speed  

(km h-1) 

Instrument 

  

Diesel-
fueled 
vehicle 
fraction 

Mode 
year/a

ge 

    

PM emission factor 
(g veh-1km-1)  

Shing Mun Tunnel, Hong Kong (this study) 30-60%  60-70  
Tunnel measurements (mean)    0.131±0.037a

DV emission factors    

DRI portable 
sampler 

0.257±0.031a

      
11.6-
86.5% 

33-38  Tuscarora Tunnel, Pennsylvania (Gertler et al., 
2002) 

 

1991-
1995 

 

IMPROVE 
sampler 

 
Tunnel measurements (mean)     0.062±0.042a

HD emission factors     0.135±0.018a

      

2.60% 60.5±11.7 0.052±0.027aSepulveda Tunnel, Los Angeles (Gillies et al., 2001) 

 

1985-
1988  

Medium-vol 
sampler 

 
      
Howell Tunnel, Milwaukee, WI (Lough et al., 2005) 1.5-9.4%    0.033±0.005a

      
14.80%  80** 0.045±0.018dKaisermuhlen Tunnel, Vienna (Laschober et al., 

2004) 
   

Aerosol 
sampler 

 
      

   MOUDI  Caldecott Tunnel, San Francisco Bay (Allen et al., 
2001) 

     
HD emission factors     0.430±0.079b

      
     Woolloongabba Tunnel, Brisbane (Jamriska et al., 

2004) 
     

DV emission factors 100% bus 
1-13 
yr  

TEOM 
0.267±0.207e

      
   Dynamometer, California. (Norbeck et al., 1998) 

 

Pre-
1981 

to 
1997 

 
Designed 
sampler 

 
DV emission factor 100%    0.349±0.260a

      
    Dynamometer (CBD cycle), South Phoenix. 

(Lowenthal et al., 1992) 
    

DV emission factor 
100% 
truck   

DRI aerosol 
sampling 
apparatus 

0.785±0.353a

a PM2.5; b PM1.9; c PM3; d PM size cut not stated; e TEOM PM2.5 equivalent emission factor; f WVU truck cycle with No.2 diesel. 
** the upper limit speed      
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Table 7.3 Emission factors of individual chemical species in PM2.5 for mixed vehicles 

in this study and previous study. 

Reference
PM
Tunnel
City

Year
Diesel Fraction
Mode year/age
Instrument DRI portable sampler Medium-vol sampler Aerosol sampler
Emission factor EF SDb EF SD EFc SD EF SD
Unit 
Mass 130.992 36.886 52.500 27.000 0.068 45.300 17.500
OC 35.685 11.727 19.270 8.460 11.800d

EC 65.819 18.429 25.500 4.980 27.900 4.000
Cl- 0.595 0.509 0.670 0.990
NO3

- 1.081 0.859 3.270 1.170
SO4

= 7.051 3.295 1.770 2.060 2.400 0.900
NH4

- 2.787 0.883 1.610 1.060 1.200 0.400
Na+ 0.263 0.215 0.350 0.160
K+ 0.222 0.171 0.100 0.080
Na 0.998 1.174 0.300 1.170 0.005 0.012
Mg 0.350 0.208 0.260 0.290 0.047 0.043
Al 0.216 0.153 0.220 0.150 0.070 0.201
Si 0.446 0.274 0.560 0.120 0.791 2.255
P 0.067 0.037 0.090 0.150 0.151 0.209
S 2.749 1.559 0.320 0.560 0.169 0.184
Cl 0.354 0.341 0.320 0.180 0.333 2.344
K 0.286 0.418 0.080 0.070 0.009 0.016
Ca 0.549 0.477 0.300 0.070 0.125 0.147
Ti 0.084 0.099 0.090 0.500 0.001 0.002
V 0.012 0.007 0.050 0.210 0.000 0.003
Cr 0.013 0.018 0.020 0.050 0.003 0.007
Mg 0.020 0.020 0.020 0.030 0.003 0.006
Fe 0.950 0.758 2.790 0.290 0.171 0.400
Co 0.013 0.009 0.000 0.100 0.000 0.000
Ni 0.004 0.004 0.010 0.020 0.003 0.011 1.800 2.000
Cu 0.048 0.023 0.170 0.020 0.005 0.088 32.300 20.700
Zn 0.204 0.093 0.140 0.020 0.126 0.164 33.400 28.900
Ga* 0.005 0.010 0.040 0.000 0.000
As* 0.004 0.004 0.000 0.050 0.000 0.000
Se* 0.001 0.001 0.000 0.020 0.000 0.000
Br 0.006 0.004 0.010 0.020 0.004 0.013
Rb 0.008 0.013 0.000 0.020 0.000 0.000
Sr* 0.007 0.010 0.020 0.020 0.000 0.000
Yt 0.003 0.004 0.000 0.030 0.000 0.000
Zr 0.008 0.009 0.010 0.030 0.000 0.000
Mo* 0.000 0.000 0.010 0.060 0.001 0.003
Pd* 0.009 0.003 0.020 0.180 0.001 0.002
Ag* 0.006 0.004 0.040 0.200 0.000 0.000
Cd* 0.013 0.012 0.020 0.220 0.001 0.002
In* 0.008 0.004 0.060 0.250 0.000 0.000
Sn 0.030 0.020 0.100 0.310 0.004 0.005
Sb 0.024 0.016 0.150 0.370 0.003 0.004
Ba 0.073 0.050 0.360 1.370 0.015 0.019
La* 0.130 0.063 0.000 1.830 0.012 0.020
Au* 0.000 0.000 0.000 0.060 0.000 0.000
Hg* 0.003 0.002 0.010 0.050 0.000 0.000
Tl* 0.001 0.000 0.000 0.050 0.000 0.000
Pb 0.024 0.026 0.030 0.060 0.018 0.029 9.500 6.300
U* 0.000 0.000 0.000 0.050

a PM size cut not stated; b Standard deviation; c average prepair value; d OC=TC-EC; * the concentrations below minimum detection limit.

6-22 yr

PM2.5

Gillies et al., 2001 Laschober et al., 2004
PMa

2002
14.80%

1999 1995

Portable dynamometer

This study Cadle et al., 1997
PM2.5

Hong Kong Los Angeles
DynamometerSepulveda Tunnel

Costal Mesa and Santa 

PM10

2.60%

Kaisermuhlen TunnelShing Mun Tunnel

mg veh-1km-1 mg veh-1km-1 mg veh-1km-1 mg veh-1km-1 

2003-2004
30-70%

1985-1988

Vienna
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Table 7.4 Emission factors of individual chemical species in PM2.5 for diesel-fueled 

vehicles in this study and previous studies. 

Reference Lowenthal et al., 1994
PM
Tunnel
City
Year
DV Fraction
Mode year/age
Instrument
Emission factor EF SEa EF SE EF SE EF SE
Unit
Mass 256.713 31.310 785.331 352.552
OC 67.873 10.192 111.747 42.955 153.914 332.869 213.356 127.130
EC 130.955 14.410 184.032 66.157 159.009 102.278 459.054 254.540
Cl- 0.000 0.001 0.075 0.155 0.000 0.269
NO3

- 3.570 1.118 2.268 3.143 0.249 0.385 0.538 0.362
SO4

= 21.931 7.004 1.214 3.505 0.771 0.926 87.100 16.282
NH4

- 5.549 1.298 0.454 0.528 5.179 2.574
Na+ 0.775 0.294 2.297
K+ 0.759 0.299 0.043 0.075
Na 0.542 3.133 -0.411 -0.036 -0.155 0.043
Mg 0.628 0.427 0.509 0.311 0.099 0.199
Al 0.774 0.118 -0.077 -0.058 0.031 0.075 0.000 0.361
Si 1.381 0.301 0.874 0.881 0.826 0.435 0.075 0.563
P 0.000 0.031 0.423 0.789 0.048 0.734
S 8.942 0.962 0.267 0.152 1.056 1.050 20.156 6.441
Cl 0.540 1.102 2.350 2.069 0.398 0.795 0.003 0.108
K 2.039 0.568 0.519 0.694 0.050 0.174 0.001 0.038
Ca 1.614 0.561 0.701 0.402 0.646 0.926 0.242 0.137
Ti 0.504 0.146 0.250 0.109 0.000 0.000 0.002 0.078
V 0.006 0.000 0.009 0.006 0.000 0.000 0.000 0.040
Cr 0.038 0.000 0.006 0.012 0.000 0.014
Mg 0.088 0.023 2.768 0.862 0.006 0.006 0.007 0.008
Fe 2.619 0.891 1.985 0.861 0.833 1.025 0.193 0.103
Co 0.030 0.000 0.000 0.000 0.000 0.007
Ni 0.009 0.000 0.012 0.019 0.000 0.006
Cu 0.071 0.038 0.088 0.110 0.019 0.031 0.023 0.016
Zn 0.483 0.097 0.137 0.092 0.814 1.522 0.625 0.312
Ga 0.000 0.000 0.000 0.000 0.000 0.011
As 0.000 0.000 0.000 0.000 0.005 0.013
Se 0.004 0.000 -0.049 -0.026 0.000 0.000 0.004 0.007
Br 0.003 0.000 0.016 0.014 0.000 0.000 0.002 0.007
Rb 0.021 0.000 0.000 0.000 0.000 0.006
Sr 0.014 0.000 0.038 0.013 0.000 0.000 0.001 0.007
Yt 0.000 0.000 0.000 0.000 0.000 0.008
Zr 0.023 0.000 0.000 0.000 0.000 0.010
Mo 0.000 0.000 0.006 0.012 0.000 0.016
Pd 0.002 0.000 0.000 0.006 0.002 0.072
Ag 0.020 0.000 0.000 0.006 0.014 0.085
Cd 0.000 0.000 -0.012 0.006 0.027 0.085
In 0.000 0.000 0.000 0.006 0.020 0.094
Sn 0.097 0.000 0.000 0.006 0.030 0.126
Sb 0.014 0.000 0.000 0.012 0.000 0.149
Ba 0.001 0.000 0.068 0.075 0.063 0.518
La 0.000 0.000 -0.031 0.068 0.184 0.684
Au 0.000 0.000 0.000 0.000 0.000 0.032
Hg 0.004 0.000 0.011 0.003 0.000 0.000 0.000 0.015
Tl 0.001 0.000 0.000 0.000 0.001 0.014
Pb 0.093 0.000 0.037 0.026 0.019 0.062 0.005 0.019
U 0.000 0.000 0.000 0.000 0.000 0.014
a standard error.

1992

Designed sampler

mg veh-1km-1mg veh-1km-1 mg veh-1km-1mg veh-1km-1

IMPROVE sampler

Hong Kong
Shing Mun Tunnel

1981-1997

1996-1997

Dynamometer
California

2003-2004 1999
Pennsylvania

Dynamometer
South Phoenix

Tuscarora Moutain Tunnel

Gertler et al., 2002
PM2.5

Norbeck et al., 1998
PM2.5

DRI sampling apparatus

PM2.5

This study
PM2.5

30-70% 10%-80% 100%

DRI portable sampler
1991-1995

100% truck
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Table 7.5 Emission factors of individual chemical species in PM2.5 for gasoline-fueled 

vehicles in this study and previous studies. 

Reference This study Gertler, et al. 2002
PM
Tunnel
City
Year
DV Fraction
Mode year/age
Instrument
Emission factor EF SEb EF SEb EF SEb

Unit
Mass 16.646 28.450
OC 8.521 9.262 2.827 1.087 16.547 31.504
EC 3.213 13.316 3.306 1.187 3.480 4.840
Cl- 0.000 0.001 0.050 0.255
NO3

- 0.000 1.007 0.006 0.025
SO4

= 0.000 6.256 0.093 0.193
NH4

- 0.573 1.209 0.068 0.149
Na+ 0.000 0.257
K+ 0.000 0.256
Na 0.356 2.016 2.383 0.210 0.000 0.025
Mg 0.055 0.509 0.290 0.177 0.025 0.031
Al 0.000 0.114 0.544 0.404 0.019 0.037
Si 0.000 0.264 0.738 0.744 0.317 0.702
P 0.162 0.025 0.056 0.075
S 0.000 0.890 1.169 0.664 0.087 0.143
Cl 0.166 0.895 0.559 0.492 0.075 0.311
K 0.000 0.462 0.275 0.369 0.000 0.006
Ca 0.000 0.499 0.280 0.160 0.081 0.118
Ti 0.000 0.116 0.052 0.023 0.000 0.000
V 0.019 0.000 0.007 0.005 0.000 0.000
Cr 0.000 0.000 0.000 0.006
Mg 0.000 0.020 0.400 0.125 0.000 0.006
Fe 0.000 0.793 0.221 0.090 0.280 0.684
Co 0.000 0.000 0.000 0.000
Ni 0.000 0.000 0.006 0.012
Cu 0.027 0.030 0.015 0.018 0.006 0.006
Zn 0.000 0.086 0.046 0.030 0.112 0.174
Ga 0.000 0.000 0.000 0.000
As 0.013 0.000 0.000 0.000
Se 0.000 0.001 0.011 0.006 0.000 0.000
Br 0.008 0.000 -0.001 -0.001 0.000 0.000
Rb 0.000 0.000 0.000
Sr 0.000 0.000 -0.002 -0.001 0.000 0.000
Yt 0.019 0.000 0.000 0.000
Zr 0.000 0.000 0.000 0.000
Mo 0.000 0.000 0.000 0.000
Pd 0.016 0.000 0.000 0.000
Ag 0.000 0.000 0.000 0.000
Cd 0.048 0.000 0.000 0.000
In 0.022 0.000 0.000 0.000
Sn 0.000 0.000 0.000 0.000
Sb 0.035 0.000 0.000 0.000
Ba 0.135 0.000 0.000 0.006
La 0.352 0.000 0.000 0.006
Au 0.000 0.000 0.000 0.000
Hg 0.003 0.000 0.002 0.000 0.000 0.000
Tl 0.001 0.000 0.000 0.000
Pb 0.000 0.000 0.011 0.008 0.025 0.093
U 0.000 0.000 0.000 0.000

Hong Kong
2003-2004

30-70%
1981a

Pennsylvania

IMPROVE sampler
1991-1995
10%-80%

1999

mg veh-1km-1

Norbeck et al. 1998
PM2.5

Dynamometer
California

1996-1997
100%

1981-1997
Designed sampler

PM2.5PM2.5

Shing Mun Tunnel Tuscarora Moutain Tunnel
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Table 7.6 The comparison of PM2.5 mass and chemical compositions in various 

microenvironments. 

Site
 Mean N S.D. Mean N S.D. Mean N S.D. Mean N S.D. Mean N S.D.

Diesel-fueled 
vehicle % of 
total traffic 
counts 90% 51% 38% 50%

Mass 49.31 20 17.90 128.95 11 94.77 69.26 16 11.85 66.89 13 12.26 229.06 32 90.05
Cl- 0.17 18 0.12 0.62 11 1.01 0.29 16 0.07 0.32 12 0.12 0.87 30 0.61
NO3

- 0.79 20 0.59 5.67 11 10.82 1.71 16 0.84 1.60 13 0.84 3.13 32 2.54
SO4

2- 11.62 20 5.68 10.44 11 11.47 11.05 16 5.59 13.33 13 5.84 23.69 32 9.35
NH4

+ 4.33 20 2.06 4.98 11 6.81 4.38 16 2.02 5.46 13 2.31 8.31 32 3.10
Na+ 0.26 20 0.08 0.27 11 0.17 0.33 16 0.12 0.29 13 0.17 0.46 32 0.35
K+ 0.67 20 0.57 0.62 11 0.91 0.56 16 0.48 0.53 11 0.31 0.73 32 0.52
OC1 1.16 20 0.47 7.13 11 4.55 2.41 16 1.31 2.81 13 1.02 14.63 32 8.29
OC2 2.14 20 0.84 6.89 11 4.10 4.51 16 1.15 3.13 13 1.04 13.62 32 6.49
OC3 6.20 20 3.34 12.09 11 7.09 6.58 16 1.46 6.38 13 1.59 14.45 32 5.40
OC4 4.84 20 2.38 11.65 11 10.16 6.41 16 2.61 5.26 13 1.94 14.94 32 9.41
EC1 5.78 20 2.44 31.70 11 17.19 21.64 16 4.68 16.19 13 4.04 67.14 32 30.98
EC2 0.90 20 0.47 8.85 11 8.61 6.38 16 4.19 3.82 13 2.77 47.53 32 32.59
EC3 0.10 13 0.09 0.15 9 0.08 0.10 11 0.06 0.18 8 0.13 0.30 24 0.25
OC 13.78 20 6.48 37.46 11 24.86 19.43 16 4.03 17.59 13 3.45 58.49 32 25.21
EC 7.31 20 3.03 43.89 11 21.10 28.38 16 2.88 20.11 13 4.25 114.08 32 39.92
TC 21.08 20 7.09 81.34 11 43.24 47.81 16 5.32 37.70 13 6.01 172.57 32 62.51
Na 0.27 14 0.21 0.68 8 0.49 0.59 9 0.42 0.58 12 0.41 1.37 27 1.12
Mg 0.05 17 0.03 0.10 4 0.08 0.12 14 0.07 0.11 10 0.06 0.15 23 0.16
Al 0.06 19 0.06 0.19 11 0.11 0.07 13 0.06 0.08 12 0.07 0.26 32 0.33
Si 0.32 20 0.23 0.88 11 0.65 0.35 15 0.22 0.34 13 0.16 0.99 32 1.22
P 0.01 2 0.00 0.00 0 0.00 0.01 2 0.01 0.01 1 0.00 0.04 22 0.05
S 4.45 20 2.37 4.12 11 4.26 4.39 16 1.90 5.38 13 2.47 9.01 32 4.16
Cl 0.07 5 0.04 0.60 8 1.26 0.12 12 0.06 0.08 5 0.04 0.19 28 0.26
K 0.74 20 0.67 0.66 11 0.88 0.57 16 0.51 0.56 13 0.27 0.77 32 0.63
Ca 0.13 20 0.05 0.35 11 0.21 0.19 16 0.09 0.16 13 0.06 0.69 32 0.60
Ti 0.01 16 0.01 0.04 11 0.03 0.02 11 0.01 0.02 12 0.01 0.05 25 0.05
V 0.02 17 0.01 0.02 9 0.03 0.01 12 0.00 0.01 11 0.01 0.01 21 0.01
Cr 0.00 10 0.00 0.01 8 0.01 0.00 5 0.00 0.00 6 0.00 0.01 25 0.01
Mn 0.02 20 0.01 0.03 11 0.02 0.01 16 0.01 0.01 13 0.01 0.03 32 0.02
Fe 0.20 20 0.11 0.65 11 0.41 0.30 16 0.14 0.32 13 0.10 1.14 32 1.11
Co 0.00 12 0.00 0.00 6 0.00 0.00 5 0.00 0.00 5 0.00 0.01 25 0.01
Ni 0.01 17 0.00 0.01 9 0.01 0.01 8 0.00 0.01 8 0.00 0.01 24 0.00
Cu 0.03 20 0.01 0.02 11 0.02 0.02 15 0.01 0.03 13 0.01 0.06 32 0.04
Zn 0.31 20 0.21 0.39 11 0.35 0.31 16 0.14 0.21 13 0.09 0.43 32 0.26
Ga 0.00 6 0.00 0.00 3 0.00 0.00 1 0.00 0.00 3 0.00 0.00 0 0.00
As 0.01 14 0.01 0.01 6 0.02 0.01 10 0.01 0.01 10 0.00 0.01 20 0.01
Se 0.00 15 0.00 0.01 4 0.01 0.00 5 0.00 0.00 5 0.00 0.00 4 0.00
Br 0.01 20 0.01 0.01 11 0.02 0.02 14 0.01 0.01 13 0.01 0.01 31 0.01
Rb 0.01 18 0.01 0.01 10 0.01 0.01 9 0.01 0.00 9 0.00 0.00 20 0.01
Sr 0.00 11 0.00 0.00 4 0.00 0.00 5 0.00 0.00 3 0.00 0.00 17 0.00
Y 0.00 0 0.00 0.00 1 0.00 0.00 0 0.00 0.00 1 0.00 0.00 6 0.00
Zr 0.00 7 0.00 0.00 5 0.00 0.00 4 0.00 0.00 6 0.00 0.00 17 0.00
Mo 0.00 0 0.00 0.00 6 0.00 0.00 4 0.00 0.00 6 0.00 0.00 2 0.00
Pd 0.00 5 0.00 0.00 5 0.00 0.00 1 0.00 0.00 2 0.00 0.00 11 0.00
Ag 0.00 5 0.00 0.00 3 0.00 0.00 4 0.00 0.00 5 0.00 0.00 3 0.00
Cd 0.00 7 0.00 0.00 5 0.00 0.00 5 0.00 0.00 1 0.00 0.00 10 0.01
In 0.00 3 0.00 0.00 2 0.00 0.00 0 0.00 0.00 3 0.00 0.00 11 0.00
Sn 0.02 17 0.01 0.03 9 0.04 0.02 12 0.01 0.02 8 0.01 0.02 22 0.02
Sb 0.01 10 0.00 0.01 6 0.00 0.01 4 0.00 0.01 6 0.00 0.01 20 0.01
Ba 0.02 6 0.01 0.03 9 0.02 0.03 6 0.01 0.03 3 0.01 0.04 22 0.04
La 0.01 8 0.01 0.04 2 0.00 0.04 6 0.03 0.05 1 0.00 0.01 5 0.03
Au 0.00 2 0.00 0.00 2 0.00 0.00 2 0.00 0.00 3 0.00 0.00 1 0.00
Hg 0.00 8 0.00 0.00 3 0.00 0.00 1 0.00 0.00 2 0.00 0.00 3 0.00
Tl 0.00 6 0.00 0.01 3 0.01 0.00 2 0.00 0.00 1 0.00 0.00 7 0.00
Pb 0.08 20 0.08 0.07 11 0.10 0.06 16 0.05 0.05 13 0.04 0.07 31 0.06

SM Tunnel  (µg m-3)TW Ambient (µg m-3) LMC Roadside (µg m-3) PU Supersite (µg m-3)MK Roadside (µg m-3)
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Chapter 8 Source Apportionments for Particles at PU 

Supersite 

 

8.1 Introduction 

One of the main aims in air pollution management is to determine the quantitative 

relationship between ambient air quality and pollutant sources. Receptor models use 

the chemical characteristics of particles measured at source and receptor to identify 

and quantify source contributions to receptor concentrations. PMF has been shown to 

be a powerful tool for airborne particulate matter source identification (Willis, 2000; 

Song et al. 2001) and has been used to assess particle source contributions in the 

Arctic (Xie et al. 1999), Hong Kong (Lee et al. 1999), Thailand (Chueinta et al. 2000), 

Vermont (Polissar et al. 2001), and cities in U.S. (Kim et al. 2003; 2004; Song et al. 

2000).  

Although the previous application of PMF to ambient atmosphere in Hong Kong (Lee 

et al. 1999; Qin et al. 2002; Yuan et al. 2006 ) tend to keep abreast with the 

improvement of sampling technique and chemical analyses, the source apportionments 

are still focused on the PM10 data, which has been found to be a mix of fine and coarse 

particles. As described previously in this thesis, USEPA has suggested that it is better 
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to treat the PM2.5 and PMcoarse as bases for two separated air quality standards. Thus we 

need to advance the progress of source apportionment from PM10 to two separated 

fractions, PM2.5 and PMcoarse, in order to develop an in-depth understanding of the 

nature of particles.  

The CMB receptor model is another tool for source apportionments and it has been 

applied to PM10 and PM2.5 problems throughout the western United States with 

generally acceptable success (e.g., SCAQMD, 1996). PM2.5 chemical profiles for local 

sources, such as vehicle exhaust (see Chapter 7), cooking (HKEPD, 2006), and 

fugitive dust (Ho et al. 2003) etc., has been developed for Hong Kong in recent years, 

which makes source apportionments by the CMB possible.  

In this study, the PMF receptor model was applied to available data to estimate the 

contribution of each of the various source categories to the particulate mass 

concentration, e.g., PM2.5 and PMcoarse, respectively. In order to make comparison with 

the PMF, the CMB was also applied to the PM2.5 data sets in this study. EPA-CMB 8.2 

modeling software used is directly available from the website of USEPA. The PMcoarse 

data was not apportioned by CMB receptor model since the source profiles for coarse 

particles are unavailable. 
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8.2 Results and discussion 

8.2.1 Source apportionments for PM2.5 and PMcoarse using PMF receptor model 

8.2.1.1 Input data 

The PMF was applied to apportion source contributions to PM2.5 and PMcoarse 

measured at PU Supersite, separately. For input data for the PMF, two files are needed, 

one file with the concentrations and one with the uncertainties associated with those 

concentrations. In this study, the measured concentration values were used directly, 

and the uncertainty took account of both sampling and chemical analytical errors. 

Species that are always below their detection limit or species that have a lot of error in 

their measurements relative to the magnitude of their concentrations degrade the 

solution of PMF (Paatero and Hopke, 2003). The signal-to-noise ratios can be used as 

good indicator for those species; smaller signal-to-noise ratios indicate that the species 

is noisier. Thus those with small signal-to-noise ratios were identified in PMF by 

labeling a species as “Weak” or “Bad”. Species that are labeled “Bad” are removed 

from the analysis and species that are labeled “Weak” have their uncertainties 

increased by a factor of 3 prior to modeling. Finally, about twenty-seven species were 

included in the PMF, e.g., Cl-, NO3
-, SO4

2-, NH4
+, K+, OC, EC, Na, Mg, Al, Si, K, Ca, 

Ti, V, Mn, Fe, Ni, Cu, Zn, As, Br, Rb, Sn, Sb, Ba, Pb. 
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8.2.1.2 Determination of the number of sources 

In the PMF, different numbers of factors need to be tested and the optimal number is 

the one that adequately fits the data with the most physically meaningful results. 

Analysis of the goodness of model fit, Q, as defined in Equation 3.7, can be used to 

help determine the optimal number of factors. Two types of Q values are reported by 

PMF, one called robust and one called true. Generally, using the robust Q is preferable 

for understanding how well the model fit the data because the robust Q value is the 

one for which the impact of outliers has been reduced, efficiently preventing 

over-fitting of the extreme values. The true Q value is impacted by extreme values. If 

the model is appropriate for the data and if the uncertainties specified are truly 

reflective of the uncertainties in the data, then the robust Q should be approximately 

equal to the number of data points in the concentration data set. In this study, the PMF 

was initially run several times to find out a factor number, with which the objective 

function Q values are close to the number of data points in the concentrations data set. 

The final acceptable rotations were determined by trail and error and banded on the 

evaluation of the resulting source profiles.  

Explained variation (EV) value is an important parameter resulting from the PMF 

analysis, which is a measure of the contribution of each chemical species in each 
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source. The loading of each chemical species in each factor is normalized to 1. 

Profiles of EV values are useful reference for initial qualitative identification of the 

sources and the mass profiles are the final criteria for source identification (Lee et al. 

1999).  

8.2.1.3 Source profiles and contributions for PM2.5

Seven factors were resolved for PM2.5 data, with robust Q value almost equaling to the 

data numbers in the input mass concentrations file. The EV profiles of each source are 

shown in Figure 8.1 for PM2.5. The corresponding average mass concentrations for 

individual species can be found in Figure 8.2. The annual mass concentrations and 

percentages of each factor to the measured total PM2.5 mass are shown in Figure 8.3. 

For PM2.5, the resolved seven factors are identified as diesel- and gasoline-fueled 

vehicle, secondary aerosol and biomass burning, coal combustion, residual oil 

combustion, paved soil dust, and tire wear.  

Among the seven source categories for PM2.5, vehicle is the most important 

contributor to fine particles, with ~26% from diesel-fueled vehicle and ~13% from 

gasoline-fueled vehicle. The EV profile of diesel-fueled vehicle by PMF is 

characterized with high proportion of EC, followed by OC, and trace elements (e. g. 

Mg, Fe, Cu, Ba), and the source profile of gasoline-fueled vehicle is characterized 
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with high proportion of OC, followed by EC, and trace elements (e. g. K, As, Rb, Pb), 

as shown in Figure 8.1. The properties of these EV profiles are identical with the 

tunnel study in Chapter 7 and previous studies on vehicle emissions (Norbeck et al. 

1998; Gertler et al. 2002): both diesel- and gasoline-fueled vehicles generate large 

amount of carbonaceous compounds but the ratios of OC to EC in the emission profile 

can be quite different, with low OC/EC ratio (<1) for diesel-fueled vehicles and high 

OC/EC ratio (>1) for gasoline-fueled vehicles. Moreover, good agreement was 

observed by comparing the chemical profile of diesel-fueled vehicles derived from the 

PMF factors with that obtained from the tunnel study, as shown in Figure 8.4.   

The second important source, amounting for ~20% of PM2.5, was distinguished by 

large EV values for nitrate, sulfate, ammonium, and soluble potassium, suggesting its 

association with secondary aerosols and biomass burning (Louie et al. 2005b). It has 

been shown through previous analyses in this thesis (see Chapters 4 and 5) that 

long-range transported secondary aerosols and biomass burning impact the air quality 

at the sampling site when the air mass traveled over China before reaching Hong Kong. 

The third source, coal combustion, was ~13% of total PM2.5 mass, characterized by 

multi-elements related with the coal components. The coal combustion is mainly 

generated from several power-plants located at the north and southwest of Hong Kong 
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territory. The fourth source identified by PMF is residual oil combustion (~8% of 

PM2.5), distinguished by Ni and V, which are good indicator for residual oil 

combustion used for ships or utility at container terminal (Yu et al. 2003; Yuan et al. 

2006). The spatial variations of Ni and V in Hong Kong have been found to have 

linkage with the location of container ports in the study of Yu et al. (2003). The paved 

soil dust profile is represented by Mg, Al, Si, Ca, and Ti in this study, which is similar 

with the chemical profiles obtained by Ho et al. (2003b). The paved soil dust 

contributes ~7% of total PM2.5 mass and caused by vehicle- and wind-generated 

turbulence. The last identified source is tire dust, characterized by Zn. Tire wear has 

been reported to be a main source of Zn in atmosphere (Adachi and Yoshiaki, 2004; 

Councell et al. 2004; ). Finally, ~10% of PM2.5 mass can not be explained by the PMF, 

which may be related to some undetermined compounds in particles, such as oxides 

related to metals, and material burning.  

8.2.1.4 Source profiles and contributions for PMcoarse

Five factors were resolved for PMcoarse data, with robust Q value almost equaling to 

the data numbers in the input mass concentrations file. The EV profiles of each source 

are shown in Figure 8.5 for PMcoarse. The corresponding average mass concentrations 

for individual species can be found in Figure 8.6. The annual mass concentrations and 
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percentages of each factor to the measured total PM2.5 mass are shown in Figure 8.3. 

For PMcoarse, the resolved six factors are tire dust, paved soil dust, marine aerosols, 

vehicle, and secondary aerosol and biomass burning. 

Four out of the five sources for PMcoarse data are common with those for PM2.5 data, 

such as vehicle, paved soil dust, tire wear, and secondary and biomass burning. The 

gasoline- and diesel-fueled vehicles are combined into one single vehicle in PMcoarse, 

perhaps because the low proportions of vehicle emission in coarse particles. The 

corresponding profile of EV values for each source also has similar indicators, but the 

contributions of each source to PM mass are different; they are ~20% for tire dust, 

~17% for paved soil dust, ~13% for secondary aerosol and biomass burning, ~11% for 

vehicle in PMcoarse. An extra source is marine aerosols, characterized with Cl and Na, 

occupying ~17% of total PMcoarse mass. 

8.2.1.5 Previous studies on source apportionments in Hong Kong 

In recent years, several groups have tried to apportion source contributions to the 

ambient atmosphere in Hong Kong using the PMF model. Lee et al. (1999) applied 

PMF to PM10 compositional data collected between 1992 and 1994 in Hong Kong. 

Unfortunately, as nitrate and carbon were excluded in their PMF trials, a large fraction 

of their aerosol mass (~31%) remained unexplained because of data quality issues. Qin 
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et al. (2002) used the PM10 compositional dataset from 1986 to 1995 to compare the 

result between PMF and convenient factor analyses (CFA). Qin et al. (2002) did not 

make specific comments on the relative importance of different sources, but concluded 

that PMF was better than CFA. More recently, Yuan et al. (2006) reanalyzed the PM10 

data in Hong Kong with more accurate carbon data using PMF and Unmix receptor 

model. 

Although the application of PMF to the ambient atmosphere in Hong Kong tends to 

keep abreast with the improvement of sampling technique and chemical analyses, the 

source apportionments are still focused on the PM10 data, which has been found to be 

a mix of fine and coarse particles. As described previously in this thesis, USEPA has 

suggested that it is better to treat the PM2.5 and PMcoarse as two separate air quality 

standards. Thus we need to advance the progress of source apportionment from PM10 

to two separated fractions, PM2.5 and PMcoarse, in order to develop an in-depth 

understanding of the nature of particles. 

Although the data set was for PM10 in the study of Yuan et al. (2006), we still observe 

reasonable agreement for the PM2.5 regional source concentrations with the present 

study because particles with regional sources are in fine size ranges rather than coarse 

size ranges. It is found that Yuan and his colleagues reported slightly higher regional 
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source concentrations, 18.5 μg m-3 by Unmix and 14.6 μg m-3 by PMF, than the present 

study. This is reasonable because of the different size fractions used in these two 

studies. On the other hand, the lower concentrations were observed for the local 

sources in the previous study than those in this study, which is because the receptor is 

ambient site in the former study, while it is a source-dominated site in the latter study.  

8.2.2 Source apportionments for PM2.5 using CMB receptor model 

8.2.2.1 Source profiles 

The selected potential sources are comprised of vehicle emission, paved soil dust, tire 

wear, brake lining, cooking fumes, biomass burning, residual oil combustion, marine 

aerosols, coal combustion from plants, and secondary aerosol, based on the 

preliminary analyses on chemical characteristics of particles at PU Supersite. It is 

apparent that the vehicle emission, paved soil dust, tire wear, and brake lining were 

vehicle-related local sources. The chemical profile of mixed vehicle emissions 

determined in the Shing Mun Tunnel study was used to represent vehicle exhaust. The 

paved soil dust profile was based on the resuspended soil dust composition at the 

Hong Chong road near the PU Supersite, which was determined by Ho et al. (2003b). 

This study used a tire wear (Hildemann et al. 1991) and a brake lining profile (Ondov 

et al. 1981) from other studies.  
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Except for the nearby primary profiles described above, two categories of point source 

profiles in PRD region (including Hong Kong), namely biomass burning (Core et al. 

1989) and coal combustion (Klein et al. 1975) were also included. These kinds of 

point sources may influence the Hong Kong atmosphere according to the suitable 

wind direction (Liu et al. 2003, Louie et al. 2005b). In addition, marine aerosols 

(Watson, 1979) and cooking fumes (HKEPD, 2007) were added as potential sources 

due to the location of sampling site. Residual oil combustion profile was also included 

because the occasional contribution of ship emissions to ambient atmosphere has been 

reported previously (Yu et al. 2003, Lee et al. 2006).  

Secondary ammonium sulfate and ammonium nitrate cannot be explained by the 

primary emissions profiles. Therefore, secondary source profiles representing pure 

ammonium sulfate, ammonium bisulfate, and ammonium nitrate were constructed 

(Watson et al. 1994a). These profiles account for sulfate and nitrate formed by gas to 

particle conversion between the source and receptor. Based on the previous 

description in Chapter 4 and 5, most secondary aerosol observed in Hong Kong, 

especially ammonium sulfate, was mainly formed during the transport from mainland 

to Hong Kong regardless of seasonal difference.  
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8.2.2.2 Source apportionments  

The chemical species, including carbonaceous aerosols, water-soluble ions, and 

elements, in PM2.5 aerosols collected from Oct 2004 to Sep 2005 at PU Supersite 

served as input ambient database, applied to the CMB modeling. All the results of the 

CMB model calculations were examined in terms of several performance indices, such 

as r2, Chi square, percent mass explained, and calculated/measured ratio, as well as 

residual/uncertainty ratio according to Watson et al. (2004). The function of ‘Source 

elimination’ was active to eliminate negative source contributions from the calculation 

by EPA-CMB8.2, one at a time. After each fit attempt, if any sources had negative 

contributions, the source with the largest negative contribution was eliminated and 

another fit is attempted. This process is repeated until EPA-CMB8.2 finds no sources 

with negative contributions. Invocation of this option affects the fit obtained by 

effectively removing collinear sources.  

Since some potential sources were influenced by wind direction, the CMB results were 

taken as average for days with similar back trajectories of air masses. Two cases are 

summarized here. Case I mainly occurred in summer, with air masses traveling over 

the South China Sea before reaching Hong Kong. Case II mainly occurred in the rest 

of the seasons, presenting the air masses traveling over south east China or over the 
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marine surface along the southeast coast.  

Average source contribution by mass and percentage calculated by the CMB model 

are tabulated in Table 8.1. Except for cooking fume, all sources present in the lists of 

estimated sources. The cooking fume was deleted automatically during processes by 

the EPA CMB8.2, perhaps due to collinearity between cooking fume and biomass 

burning.  

According to the CMB results, vehicle emission was the most significant source in the 

PU Supersite, accounting for ~72% and ~54% of mass concentration for Case I and 

Case II, respectively. Secondary aerosols, e.g., ammonium sulfate, ammonium 

bisulfate and ammonium nitrate, were the second contributors, occupying ~14% for 

Case I and ~20% for Case II. Ammonium bisulfate was the most important secondary 

aerosols at PU Supersite in either of Cases. Among the four point sources, the most 

significant source was coal combustion from plants, especially power plants, 

contributing ~10% and ~14% of total PM2.5 mass concentrations, respectively. This is 

because several power plants and a number of plants are located on the south and 

north to the Hong Kong territory, respectively. Biomass burning mainly occurred in 

rural area of PRD region (Hong Kong exclusive) in winter, thus easily transported to 

Hong Kong, accounting for ~9% to PM2.5 mass under northern winds (Case II). 
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Contributions from residual oil combustion were quite small in this study, which may 

be due to the limited sample sizes. Paved soil dust, brake lining, tire wear, and marine 

aerosols were minor contributors, accounting for less than 3% of total PM2.5, and they 

were insignificant in statistics. 

Most estimated sources had high contributions (in µg m-3) to PM2.5 mass concentration 

when air masses were from the continent (Case II), compared to when air mass was 

from marine (Case I), indicating obvious impact of continental aerosols on Hong Kong 

air quality. As shown in Table 8.1, the concentrations of both local and regional 

sources increase when air masses are from the continent (Case II) compared with cases 

when air masses are from marine, but the increased magnitudes are different, with a 

factor of 1.5 for local sources and 3.3 for regional sources (Table 8.1). The 

contributions of regional sources to the PM2.5 at PU Supersite increase from less than 

30% in Case I to nearly 50% in Case II, and even higher at ambient atmosphere (Yuan 

et al. 2006). This suggested that besides the local vehicle exhausts elimination, 

regional air quality management strategies are quite important for Hong Kong. 

Beside the contributions by species, another report that may be of interest is the 

Modified Pseudo-Inverse Normalized (MPIN) Matrix for each run. The MPIN matrix 

identifies which fitting species have the largest influence on the source contribution 
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estimates from each profile. MPIN is normalized in such a way that it takes on values 

from -1 to 1. Species with MPIN absolute values of 0.5 to 1.0 are considered 

influential species. Non-influential species have MPIN absolute values of 0.3 or less. 

MPIN values obtained in this study indicated the same marker species with the 

chemical profiles for each sources. Moreover, characteristics of MPIN profile derived 

from the CMB is similar with the EV profile derived from the PMF. For example, we 

found MPIN values between 0.5-1.0 were OC and EC for vehicle emission, Al, Si, Ca 

and Fe for paved soil dust, Mg for brake lining, Zn for tire dust, Cl, Na and Br for 

marine aerosols, V and Ni for residual oil combustion, K+ for biomass burning, and 

Mg, Ca, and Br for coal combustion.  

8.2.3 Comparison between PMF- and CMB-derived PM2.5 source contributions 

Source contribution by mass and percentages calculated by the two models are 

tabulated in Table 8.2. Overall, the PMF underestimated the PM2.5 mass by ~10% 

(equaling 5.5 μg m-3), while the CMB overestimated by ~7% (equaling 3.7 μg m-3). 

This is not surprising because the PMF and CMB use different input data and 

calculation method. For all PM2.5 data set (annual), both PMF and CMB identified 

vehicle, secondary aerosol, and coal combustion as the first three top sources for PM2.5 

at PU Supersite. The three sources almost dominate the total PM2.5 mass. The 
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concentration and contributions of secondary aerosol and coal combustion are 

comparable between the PMF- and CMB-generated results, but it is not true for 

vehicles’ contributions. The concentration and contribution of vehicles derived from 

PMF was lower than those from CMB. It is also noticed that PMF generate high 

concentrations of 5 µg m-3 (~10% of PM2.5) for paved soil dust, tire dust, brake lining, 

while CMB estimate those vehicle-related sources as only 0.6 µg m-3 (less than 2% of 

PM2.5). If we combine all vehicle-related sources, including vehicle, paved soil dust, 

tire dust, brake lining, into one mixed vehicle-related source, we could see the 

difference between PMF and CMB eliminated. In addition, the underestimation of 

PM2.5 by PMF and overestimation of PM2.5 by CMB could be one of important reasons 

for the difference. Minor sources, including paved soil dust, residual oil combustion, 

tire dust, brake lining, and marine aerosols, can/can’t be detected by PMF and CMB 

since their low concentrations and contributions to PM2.5.  

Overall, the contributions from the local, regional, and marine sources showed similar 

results between CMB and PMF method, as shown in Table 8.2. Therefore, for our data 

set, it is hard to conclude which method is able to better resolve the sources, but the 

CMB does provide more details on source contributions on days with different air 

mass in origin.  
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Since the underestimation of PMF and the overestimation of CMB, we assumed the 

source concentrations derived from the two models represent the minimal and 

maximal concentrations, respectively. Thus, the annual concentrations of local sources 

ranged from 31.1 to 37.2 μg m-3, contributing to 56-67% of PM2.5, and the regional 

sources ranged from 18.3 to 21.3 μg m-3, contributing to 33-38% of PM2.5. Marine 

aerosols ranged from 0 to 0.6 μg m-3, only accounting for 0-1% of PM2.5.  

8.3 Summary 

This study has reported above an application of two advanced receptor models, the 

PMF and CMB, for source identification of PM2.5 at PU Supersite using chemical 

composition measurements. Although the PMF and CMB calculate potential factors 

based on totally different principles, both identified three major underlying factors for 

fine particles at PU Supersite. The most important factor is vehicle emissions, with EC 

and OC as indicative species. The secondary factor is secondary aerosols, with high 

proportions of sulfate, ammonium, and nitrate. The third factor is coal combustion, 

with multi-elements related to the coal. Overall, the local sources are major sources for 

PM2.5, contributing 56-67% on annual basis and vehicle exhaust is dominant 

contributor among the local sources. The regional sources contribute 33-38% of PM2.5, 

including secondary aerosol, biomass burning, and coal combustion. The 
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concentrations of both local and regional sources increase when air masses are from 

the continent compared with when air masses are from marine. However the increased 

magnitudes are different, with a factor of 1.5 for local sources and 3.3 for regional 

sources. The contributions of regional sources to the PM2.5 at PU Supersite are less 

than 30% when air masses are from marine direction, while they increase to nearly 

50% when air masses are from continent direction. 

The coarse particles observed at PU Supersite are mainly from local sources, ~20% 

from tire dust, ~17% from paved soil dust, ~11% from vehicles. Reginal source, like 

secondary aerosol and biomass burning, only contribute ~13% of total coarse mass. In 

addition, marine aerosols occupy ~17% of total PMcoarse mass.  

The chemical profile for each resolved source, derived from the two models, reflects a 

mixture of local and regional sources. OC and EC provide indicators of vehicle 

emission; ammonium bisulfate, ammonium sulfate, and ammonium nitrate represent 

secondary aerosol; elements such as Al and Si are associated with paved soil dust, Cl 

and Na are indicators of marine aerosols, V and Ni reflect residual-oil combustion 

(ship), Zn for tire dust, Mg for brake lining, K for biomass burning, and coal 

combustion have multi-elements in it. 
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Figure 8.1 Source profiles for PM2.5 in EV values. 
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Figure 8.2 Source profiles for PM2.5 in mass concentration. 
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Figure 8.3 The average mass concentrations and percentages of identified sources for 

PM2.5 (a) and PMcoarse (b).  
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Figure 8.4 The comparison of chemical profiles for PM2.5 in percentage between PMF and 

measurements. 
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Figure 8.5 Source profiles for PMcoarse in EV values. 
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Figure 8.6 Source profiles for PMcoarse in mass concentration.  
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Table 8.1 PM2.5 source contribution derived from CMB model. 

Source
% of mass % of mass

Vehicle emission 28.9 ± 7.7 72 42.9 ± 13.2 55
Paved road dust 0.0 ± 0.0 0 0.7 ± 2.5 1
Brake lining 0.3 ± 0.4 1 0.2 ± 0.0 0
Tire wear 0.0 ± 0.0 0 0.0 ± 0.0 0
Ammonium sulfate 0.2 ± 0.8 1 0.0 ± 0.0 0
Ammonium bisulfate 4.3 ± 1.9 11 11.0 ± 2.2 14
Ammonium nitrate 0.9 ± 0.4 2 4.5 ± 0.8 6
Coal combustion 3.9 ± 1.9 10 10.9 ± 2.7 14
Field burning 0.8 ± 0.7 2 7.2 ± 1.6 9
Residual oil combustion 0.0 ± 0.1 0 0.1 ± 0.1 0
Marine aerosol 0.4 ± 0.4 1 0.8 ± 1.0 1
Calculated mass 39.9 ± 6.2 78.3 ± 10.0

Local sourcesa 29.3 73 43.9 56
Regional sourcesb 10.2 26 33.6 43
Unidentified -3.0 -8 -4.4 -6

R 0.9 1.0
Chi square 1.2 1.5
Percent mass 108.1 104.2
a Local sources include vehicle exhaust, paved road dust, brake lining, tire dust, and residual oil combustion.
b Regional sources include secondary aerosol, field burning, and coal combustion.

μg m-3 μg m-3

Case I
Marine sector

Case II
Continent sector
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Table 8.2 PM2.5 source contributions derived from two models for the entire analysis 

period. 

Model
μg m-3 % μg m-3 %

Vehicle emission 21.6 39 35.9 64
Paved road dust 3.2 7 0.3 0
Brake lining 0.0 0 0.3 1
Tire dust 1.8 3 0.0 0
Residual oil combustion 4.5 8 0.1 0
Secondary+field burning 10.8 20 14.5 22
Coal combustion 7.4 13 7.4 12
Marine aerosol 0.0 0 0.6 1

Local sourcesa 49.4 56 59.1 67
Regional sourcesb 18.3 33 21.9 39
Unidentified 5.5 10 -3.7 -7

Predicted PM2.5 mass 67.6 81.0
Measured PM2.5 mass 55.5 55.5

b Regional sources include secondary aerosol, field burning, and coal 
combustion.

Annual
PMF CMB

a Local sources include vehicle exhaust, paved road dust, brake lining, 
tire dust, and residual oil combustion.
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Chapter 9  Conclusion  

 

This thesis employs several approaches to investigate the characteristics, influencing 

factors, and sources of airborne aerosols in the roadside environment in Hong Kong. 

Most of the field sampling is conducted at PU Supersite. A few sets of samples are 

collected at the Shing Mun Tunnel and HT station.  

The sampling plan for this study is designed to obtain information on: 1) the chemical 

characteristics of fine and coarse particles with 24-hour chemically speciated PM1.0, 

PM2.5, and PMcoarse samples; 2) the effects of different vehicle categories, large-scale 

weather systems, and synoptic systems on Hong Kong aerosols with semi-continuous 

measurements for PM2.5, BC and chemically speciated aerosols; 3) the chemical 

compositions and size distributions of ultrafine particles with size-fractioned 

particulates; 4) the emission factors and chemical profiles of on-road vehicles with the 

tunnel study; and 5) the contributions of various local and regional sources to fine and 

coarse particles at PU Supersite. Key findings of this study are summarized as below.  

Investigation on the aerosol mass, chemical composition and OC/EC ratios at PU 

Supersite shows that fine particles have distinctive properties of vehicle emissions, 

while coarse particles have typical properties of marine aerosols and resuspensions 
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from road surface. On the other hand, PM10 is a poor indicator for coarse particulate 

pollution because PM10 reflects the properties of PM2.5 rather than PMcoarse. With a 

high density of traffic and population in Hong Kong, the concentrations of 

atmospheric aerosols are higher than those in Europe and the USA.  

The diurnal variations of fine aerosol mass are influenced by nearby sources at micro 

scale, namely the vehicle exhausts. The seasonal variations are affected by long-range-

transported pollutants at continental scale under the prevailing winter monsoon. In 

addition, fine particulate episodes are formed sometimes due to the regional or long-

range transport of air pollution under unfavorable synoptic systems. For PMcoarse, the 

hourly mass concentrations have positive relationships with both traffic volume and 

wind speed; the seasonal variations are less important because continental aerosols 

transported from Asian continent are enriched in the fine size fraction.  

The study of aerosol chemical compositions in each scenario indicated substantial 

variations. Secondary aerosols such as sulfate, nitrate, and ammonium, are formed in 

the atmosphere, showing high loading when air masses are from the Asian continent. 

EC is mainly from the local vehicular exhaust, but the concentrations increase in 

summer due to combined effects of the local and transported pollutants from the 

container terminals in Hong Kong, and also occasionally from the PRD region. The 
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concentrations of fine mode OC indicate increase trend in cold seasons. On the other 

hand, coarse mode OC are evenly distributed through the whole year, suggesting there 

are stable local/regional sources. High concentrations of fine mode Cl- are found in 

winter and low in summer, while the seasonal pattern is opposite for coarse mode Cl-. 

By examining the chemical composition and size distributions of ultrafine particles in 

summer and winter with size-fractionated samples, the typical properties of 

combustion coupled with insignificant seasonal variations are found. The 

concentration of ultrafine particle number at PU Supersite is very large, accounting for 

almost 85% of the total particle counts (7-217 nm). In addition, it is found that the 

elimination of PM10 or PM2.5 mass only leads to the reduction of accumulation mode 

particle numbers rather than ultrafine particle numbers. 

The number concentrations of ultrafine particle are influenced by the adjacent sources 

(exhausts from diesel-fueled vehicles in particular) at the micro scale, indicating good 

correlations with BC concentrations on a daily cycle basis. Mixing height is another 

influencing factor on the daily fluctuations of ultrafine particle number concentrations. 

The seasonal variations of ultrafine particle number appear to associate with the 

temperature, in which higher levels in winter and lower in summer.  
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To study the particulate emissions from vehicles with different fuels, the emission 

rates are calculated based on the tunnel measurements. It is found that the PM2.5 

emission rate for diesel-fueled vehicles is about 15-fold of the emission rate for 

gasoline-fueled vehicles. By comparing the chemical profiles between diesel- and 

gasoline-fueled vehicles, it is found that EC is the main component in particulate 

emissions from diesel-fueled vehicles, while OC is the major constituent in emissions 

from gasoline-fueled vehicles.  

By using the PMF receptor model, the source contributions to PM2.5 at PU Supersite 

are similar to the results estimated by the CMB receptor model. The majority of fine 

particulate mass (56-67%) is from the local source, including particulate emissions 

from motor vehicles, paved soil dust, brake lining, tire dust, and ships. The rest of 

particulate mass (33-39%) can be explained by the regional-scale transport of 

pollutants from Asian continent, including secondary aerosol, coal-combustion power 

plant, and field burning. When air masses are from the Asian continent, the 

contributions of regional sources could increase to about 50% even at the roadside 

environment. This indicates great impact of continental aerosols on Hong Kong air 

quality.  
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The source contributions to PMcoarse at PU Supersite are quantified by PMF receptor 

model. PMcoarse are mainly from local sources, about 20% from tire dust, 17% from 

paved soil dust, 11% from vehicles. Regional sources, like secondary aerosol and 

biomass burning, only contribute 13% of total coarse mass. In addition, marine 

aerosols occupy approximately 17% of total PMcoarse mass.  

In summary, this study presents the characteristics and sources of the particulate 

emissions in different size ranges and their driven mechanism at the roadside 

environment in Hong Kong. Information on aerosol mass and chemical composition 

for ultrafine and coarse particles, which are quite limited resources in the past in Hong 

Kong, has been achieved in this study. Moreover, emission factors and chemical 

profiles are first established based on the local on-road vehicles during the Shing Mun 

tunnel study. Consequently the new chemical profiles for vehicles make the results of 

source apportionments by CMB model more scientifically reasonable. Although there 

are some weaknesses such as limited data sets during the summer case studies and 

several non-local source profiles existing in the CMB modeling, it has achieved its 

main objectives and shed light on the air pollution improvement in Hong Kong.  
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Appendix A: List of Abbreviations 

 

BC    Black Carbon 

CMB   Chemical Mass Balance 

CPC   Condensation Particle Counter  

Dp    Aerodynamic Diameter of Particles 

DV    Diesel-fueled Vehicles  

EC    Elemental Carbon 

EF    Emission Factors 

EPA   Environmental Protection Agency  

FID    Flame Ionization Detector  

HK    Hong Kong 

HKEPD   Hong Kong Environment Protection Department  

HKUST   Hong Kong University of Science and Technology 

HT    Hok Tsui  

IC    Ion Chromatography  

IMPROVE  Interagency Monitoring of Protected Visual Environments 

KT    Kwun Tong 

LMC   Lok Ma Chou 

MDL   Minimum Detection Limit  

MK    Mong Kok 

MOUDI   Micro-Orifice Uniform Deposit Impactor  

NAAQS   National Ambient Air Quality Standards  
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OBC   Optical Black Carbon 

OC    Organic Carbon 

OM    Organic Material 

OPC   Optical Particle Counter  

PAH   Polycyclic Aromatic Hydrocarbons 

PM    Particulate Matter 

PMF   Positive Matrix Factorization  

PRD   Pearl River Delta  

PSCF   Potential Source Contribution Function  

PU    Hong Kong Polytechnic University  

QC    Quality Control  

RSP   Respirable Suspended Particle or PM10

SMPS   Scanning Mobility Particle Sizer  

SOA   Secondary Organic Aerosol  

TC    Tung Chung  

TEOM   Tapered Element Oscillating Microbalance 1400a PM2.5 Monitor  

TOR   Thermal Optical Reflectance  

TOT   Thermal Optical Transmittance 

TSP    Total Suspended Particle 

TW    Tsuen Wan 

WHO   World Health Organization  

WSOC   Water-soluble Organic Compounds  

XRF   X-ray Fluorescence  
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Appendix B: Photos of Sampling Equipments & 
Monitors 

 

 
 
 

Photo 3.1 PU Supersite 

 
 

 
 
 
 
 

Photo 3.2 Hong Chong road 
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Photo 3.3 Background station (HT) 

 
 
 
 
 

Photo 3.4 URG ABC3000 sampler 
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Photo 3.5 RP2025 sequential sampler 

 
 

Photo 3.6 MOUDI 110 impactor 
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Photo 3.7 Nano-MOUD 115 impactor 

Photo 3.8 Kimoto SPM-613D monitor 
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Photo 3.9 SMPS3936 
 

 

 

Photo 3.10 PMS OPC 1003 
 

 

Photo 3.11 Aethalometer AE-42 at HT 
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Photo 3.12 DRI particulate sampler 

 

 

Photo 3.13 Dust rak air monitors 
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