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Abstract 

A year-round campaign was completed for comprehensive characterization of PM2.5 over four 

key emission regions in China. The annual average PM2.5 mass concentrations ranged from 60.5 

to 148.9 μg m-3. Nine water-soluble ions collectively contributed 33–41% of PM2.5 mass, with 

three dominant ionic species being SO4
2-, NO3

-, NH4
+, and carbonaceous particulate matter 

contributed 16-23% of the PM2.5 mass. The characteristic chemical species combined with back 

trajectory analysis indicated that Wuqing site was heavily influenced by air masses originating 

from Mongolia and North China Plain regions, whereas Deyang site suffered from both local 

emissions of Sichuan Basin and biomass burning via long-range transport from South Asia. A 

molecular marker-chemical mass balance (MM-CMB) receptor model revealed that the major 

primary contributors to PM2.5 OC were vehicle emission, coal combustion, biomass burning, 

meat cooking and natural gas combustion, which collectively accounted for 84±24% of 

measured OC. The major contributors to PM2.5 mass were secondary sulfate (26-30%), vehicle 

emission (12-26%), secondary nitrate (12-23%), coal combustion (6-12%), secondary 

ammonium (7-9%), biomass burning (4-12%), meat cooking (2-5%), natural gas combustion (1-

2%), and other OM (2-13%) on annual average at these sites. This study found the source 

apportionment has distinct regional and seasonal characteristics. This knowledge is essential for 

government to make region specific control strategies for fine particles pollution in China.  

Keywords: PM2.5; air quality; source apportionment; carbonaceous aerosol; China  
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Chapter 1: Introduction 

1.1 Background and motivation 

Atmospheric aerosols have significant impacts on global climate, human health, and visibility 

reduction. Aerosol particulate matter (PM) in the lower atmosphere is composed of water soluble 

inorganic salts, insoluble mineral dust, and carbonaceous material. Numerous epidemiological 

studies indicated that elevated concentration of fine particulate matter in the atmosphere is 

associated with adverse effects on the respiratory and cardiovascular systems (Harrison and Yin, 

2000; Pope and Dockery, 2006).  

The impairment of visibility is attributed primarily to the scattering and absorption of visible 

light by suspended particles, and gaseous pollutants, as well as meteorological conditions. 

Among them, the aerosol fine particulate matter is believed to be mostly responsible for the 

scattering of visible light and to cause the degradation of visibility. PM is a mixture of physical 

and chemical characteristics varying by location. On a global scale, the distribution of fine PM in 

the atmosphere is highly non-homogeneous. According to the WHO, there is mounting evidence 

that concentration of PM is increasing in Asia. In many cities the levels of fine PM are exceeding 

the critical limit, specifically in densely populated, fast-growing and less developed countries 

like India, China, Pakistan. Nowadays, most of the megacities in China suffered haze pollution 

with a high level of PM2.5 pollutants (PM with an aerodynamic diameter of 2.5 μm or less) due 

to fast industrialization and urbanization in the past decades. Ambient PM2.5 has become as the 

primary pollutant since most of the Chinese cities cannot meet the new National Ambient Air 

Quality Standards (NAAQS) of China for PM2.5 (Annual mean: 35 μg m-3; 24-hour mean: 75 μg 

m-3). Previous studies revealed that Beijing-Tianjin-Hebei area (BTH), Yangtze River Delta area 
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(YRD), Pearl River Delta area (PRD) and Sichuan Basin area (SB) are the four major black 

carbon (BC) emission areas in China (Cao et al., 2006; Xing et al., 2014).  

Atmospheric aerosols are formed from a wide variety of natural and anthropogenic sources. 

Particulate matter may be either directly emitted from the primary sources or formed from gas 

precursors undergo chemical reactions and physical transformations. Aerosol particulate matter 

consists of a host of chemical species including carbonaceous components, trace metals, sulfate, 

nitrate, ammonium, and many others. It is important to understand what make up the aerosol and 

how the chemical composition of the aerosol is temporally and spatially distributed in the 

ambient environment. Source apportionment method is a valuable tool to estimate emissions 

contributions to particulate matter thereby the effective control strategies can be developed. The 

chemical compositions of atmospheric PM, especially molecular marker, are the primary input 

data that can be used to get reliable model results (Paode et al., 1999). Due to the complex nature 

of air pollution as well as the limitations of each individual source apportionment approach, there 

is considerable uncertainty in the estimation of source contributions. Therefore, there is a great 

need to validate these models so as to establish consistency between model predictions and 

ambient observations.   

 

1.2 Research objectives 

The main objectives of this study are to 

(1) Investigate the detailed chemical composition of PM2.5 over four key emission regions in 

China. 

(2) Study the effect of regional transport on the seasonal variation of PM2.5 across the sites. 
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(3) Estimate the source contributions to organic carbon (OC) and PM2.5 mass using receptor 

model. 

 

1.3 Thesis overview 

Besides this chapter, five chapters are remaining in this thesis. Chapter 2 provides literature 

reviews on aerosol PM sizes and chemical characterization, climate and health effects of PM, 

chemical transformation and regional transport, and source apportionment of PM. Chapter 3 

provides sampling sites information and experimental method including sampling and chemical 

analysis, air masses back trajectories analysis, CMB receptor model. Chapter 4 focuses on water 

soluble ions observed over the four sites in China, and their potential sources and transport 

processes are also discussed in detail. Chapter 5 discusses organic composition and source 

apportionment of PM2.5 using molecular marker based CMB model. Finally, conclusions along 

with future research expectation are summarized in Chapter 6.  

During the study, my group members collected PM2.5 samples and conducted measurement of 

water soluble ions, EC and OC. I made PCA analysis to identify the major sources for water 

soluble ions. I extracted organic fractions from aerosol samples and quantified individual organic 

compounds using GC-MS. Meanwhile, I investigated the transport of air mass using HYSPLIT 

model, and set up the MM-CMB model to estimate the primary source contributions to OC and 

PM2.5 mass.  
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Chapter 2: Literature Review 

2.1 PM sizes and chemical composition 

Atmospheric PM is ubiquitous in the earth’s atmosphere and consists of a heterogeneous mixture 

of small particles and liquid droplets varying greatly in size, composition, and origin (WHO, 

2013; Kim et al., 2015). Atmospheric PM is of considerable concern because it has pronounced 

effect on global climate, human health, and visibility reduction.  

Atmospheric aerosol particles range in size over a few orders of magnitude. PM is commonly 

defined by three general categories (U.S. EPA): coarse (2.5 to 10 µm), fine (2.5 µm or smaller), 

and ultrafine (0.1 µm or smaller). Figure 2-1 illustrates a current understanding of ambient 

particle size distributions with multiple modes. The size of particles is directly linked to their 

potential for causing health problems since it influences how particles deposit in the respiratory 

tract. The health effects of PM mainly depend on particle size, the amount of inhaled particles, 

and the exposure time. Fine particles are more likely to causes adverse health effects than coarse 

particles because it will more deeply penetrate into the lungs and blood streams. Meanwhile, fine 

and ultrafine particles have greater surface area than larger particles of the same mass, and they 

are likely to adsorb more toxic species.  

The PM in the atmosphere is generally composed of a broad range of chemical species, including 

water-soluble ions (e.g., sulfate, nitrate, ammonium), metals (iron, magnesium, copper, nickel, 

vanadium, zinc), crustal material, carbonaceous components (elemental carbon, alkanes, 

polycyclic aromatic hydrocarbons), and biological components (allergens and microbial) 

(Seinfeld and Pandis, 2006; Cheung et al., 2011).  

In general, water-soluble ions commonly account for one-third of particulate matter mass in the 
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Figure 2-1 Idealized example of an ambient particle size distribution, patterned after Chow (1995) 

and Watson (2002), adapted from Cao (2013). 

 

urban atmosphere, among which the main constituents are the secondary particulate compounds 

such as sulfate, nitrate, and ammonium. Particulate sulfate in atmospheric aerosols could account 

for up to approximately 40% of all water-soluble species (Kiss et al., 2000). Sulfate is directly 

emitted or generated by oxidation of sulfur dioxide (SO2), dimethyl sulfide and hydrogen sulfide 

(Brimblecombe, 1996).  Particulate nitrate arises primarily from the oxidation of NOx (Yang et 

al., 2004). Numerous studies indicated that sulfate and ammonium mainly existed in the fine 

particles, while the nitrate can be found in both the coarse and fine modes (Lestaria et al., 2003; 

Zhao and Gao, 2008).  
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The organic aerosol is a significant constituent of aerosol particles mass, contributing 20–50% of 

the total fine aerosol mass at continental mid-latitudes (Saxena and Hildemann., 1996) and as 

high as 70% in tropical forested areas (Roberts et al., 2001). The atmospheric carbonaceous 

aerosol is classified as elemental carbon, organic material, and carbonate minerals. The organic 

material consists of thousands of compounds with very different physical and chemical 

properties.   

A considerable effort has been undertaken to characterize the chemical composition of 

atmospheric aerosols. Currently, hundreds of non-polar organic compounds have been 

characterized in airborne PM. However, little is known about polar and water-soluble organic 

compounds (WSOC), which account for 20 to 70% of the total organic carbon (Saxena and 

Hildemann, 1996; Kiss et al., 2000). Even in the most comprehensive investigations, only 10–40% 

of the organic aerosol particles content estimated from OC measurements has been 

unambiguously identified on a molecular level (Schauer et al., 2002).  

 

2.2 Climate and health effect 

Atmospheric aerosols influence the earth's radiative balance in many ways. Aerosol effects on 

climate are classified as direct or indirect with respect to radiative forcing of the climate system.  

The direct aerosol effect consists of any direct interaction of radiation with atmospheric aerosols, 

such as absorption or scattering. It affects both short and longwave radiation to produce a net 

negative radiative forcing. The magnitude of the resultant radiative forcing due to the direct 

effect of an aerosol is dependent on the albedo of the underlying surface, as this affects the net 

amount of radiation absorbed or scattered to space. 
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The indirect aerosol effect consists of any change to the earth's radiative budget due to the 

modification of clouds by atmospheric aerosols. Cloud droplets form onto pre-existing aerosol 

particles, known as cloud condensation nuclei (CCN). For any given meteorological conditions, 

an increasing amount of CCN leads to an increase in the number of cloud droplets. This could 

cause more scattering of shortwave radiation i.e. an increase in the albedo of the cloud, known as 

the cloud albedo effect (Seinfeld and Pandis, 2006).  

Numerous epidemiological studies have shown that PM is responsible for a wide range of health 

consequences such as cardiovascular and respiratory diseases (Pope and Dockery, 2006; Schulz 

et al., 2005). More than two million deaths occur globally each year is caused by exposure to fine 

particulate matter (Shah et al., 2013).  

In general, the airborne particulate matter is rarely homogeneous, and it may vary greatly in size, 

shape, and chemical composition. The size of the particle is a main determinant of where in the 

respiratory tract the particle will come to rest when inhaled. Because of their small size, particles 

on the order of ~10 micrometers or less (PM10) can penetrate the deepest part of the lungs such 

as the bronchioles or alveoli. Larger particles are generally filtered in the nose and throat. The 

particles smaller than 2.5 micrometers, PM2.5, tend to penetrate into the gas-exchange regions of 

the lung, and very small particles (< 100 nanometers) may pass through the lungs to affect other 

organs. The European Study of Cohorts for Air Pollution Effects (ESCAPE) reported that an 

increase in estimated annual exposure to PM2.5 of 5 μg m-3 was linked with a 13% increased risk 

of heart attacks (Pope et al., 2002; Mohapatra and Biswal, 2014). Researchers suggest that even 

short-term exposure to elevated concentrations could significantly contribute to heart disease. 

The health effect of particles is not wholly dependent on their size, while the chemical constitute 
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plays a part. Particles emitted from modern diesel engines are typically in the size range of 100 

nanometers, and these soot particles can carry carcinogenic components like benzo(a)pyrene 

adsorbed on their surface. It may be even more damaging to the cardiovascular system.  

Scientific studies provide ample evidence of the relationship between exposure to short-term and 

long-term ambient particulate concentrations and human mortality and morbidity effects. To date, 

however, the dose-response mechanism is not yet fully understood. Furthermore, according to 

WHO (2013), there is no safe threshold level below which health damage does not occur.  

 

2.3 Light extinction and visibility 

Visibility conditions are commonly expressed in terms of visual range and light extinction. 

Visual range is the maximum distance at which one can identify a black object against the 

horizon. Light extinction, inversely related to visual range, is the sum of light scattering and light 

absorption by particles and gases in the atmosphere. Visibility impairment has become an 

important environmental issue receiving close attention from both the scientific community and 

the public.   

Early in 1987, the IMPROVE visibility monitoring network was established in U.S. It aims to 

provide information for determining the types of pollutants and sources primarily responsible for 

visibility impairment. Chemical analysis of aerosol measurements at more than 70 Class І sites 

provided ambient concentrations and associated light extinction for PM10, PM2.5, sulfates, 

nitrates, organic and elemental carbon, soil dust, and a number of other elements. In Eastern U.S., 

the reduced visibility is mainly attributed to secondary particulate matter, whereas the primary 

emissions from the sources such as wood smoke reduce visibility at a higher percentage in 
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Western U.S. (IMPROVE, 2000). Numerous studies have indicated that the impairment of 

visibility is attributed primarily to the scattering and absorption of visible light by suspended 

particles, and gaseous pollutants, as well as meteorological conditions. Among them, aerosol fine 

PM has a size close to wavelengths in the visible range and thus is believed to be mostly 

responsible for the scattering of visible light and to cause the degradation of visibility.  

Previous studies have demonstrated that the size, chemical composition, and concentration of 

airborne particles heavily influence visibility. Although natural emissions can be involved, 

emissions of anthropogenic pollutants are the primary cause for degrading atmospheric visibility. 

Xiao et al. (2014) investigated the trend in visibility change from 1980 to 2012 in Baoji, China 

based on long-term meteorological data and field measurement on PM compositions, and 

revealed that PM2.5 organic matter (OM) contributes to 34.2% of the light extinction coefficient 

(bext) on an annual basis (Figure 2-2), followed by (NH4)2SO4 (30.0%), NH4NO3 (20.1%), 

elemental carbon (9.2%) and soil dust (6.5%). Tiwari et al. (2014) analyzed the mass of PM2.5 

particles, BC, NOx, extinction coefficient (bext), and meteorological parameters over Delhi, India 

during the winter period. It was found that the largest contribution in the light extinction 

coefficients was organic carbon (46%), followed by elemental carbon (24%), coarse mode 

particles (18%), ammonium sulfate (8%) and ammonium nitrate (4%). 
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Figure 2-2 Relative source contributions to chemical light extinction for the best 20% and the 

worst 20% of the annual visual range in Baoji between 2012 and 2013 

 

2.4 Chemical transformation and regional transport  

Airborne PM may be either directly emitted into the atmosphere (primary sources) or formed by 

gas-particle conversion (secondary sources). Atmospheric aerosol transformations and gas-

particle interactions generally involve multiple physicochemical processes such as mass transport, 

phase transition, nucleation, condensation, heterogeneous and multiphase chemical reactions. 

The relative contributions of these two source processes depend on the local types of emissions, 

meteorology and atmospheric chemical conditions in the area.  

The formation of aerosol sulfate from SO2 is usually by means of homogeneous gas phase 

reaction of SO2 with OH radical, heterogeneous reactions in the aqueous surface layer of pre-

existing particles, and in-cloud processes (Meng and Seinfeld, 1994). Du et al. (2011) 

investigated the water-soluble ionic composition of aerosols over Shanghai during summertime 
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haze pollution events and revealed that substantial amount of precursor gases of SO2 and NO2 

were oxidized into SO4
2- and NO3

- on the surface of pre-existing KCl particles under high 

atmospheric oxidation ability and steady atmosphere condition.  

Gaseous HNO3 and N2O5 are major precursors of aerosol nitrate. HNO3 is predominantly 

formed by homogeneous gas phase reactions of NO2 with OH radical and heterogeneous 

chemistry involving the hydrolysis of N2O5 on aerosol surfaces (Pathak et al., 2009).  

Organic aerosol components can be classified as primary or secondary. Both primary and 

secondary aerosols can be of either anthropogenic or natural origin. Primary organic aerosol 

(POA) components are directly emitted in the condensed phase (liquid or solid particles) or as 

semi-volatile vapors, which are condensable under atmospheric conditions.  

Most of the information on sources of secondary organics comes from controlled laboratory 

smog chamber experiments where gases that have been measured in the atmosphere are 

introduced into a chamber and allowed to react with an oxidant. Secondary organic aerosol 

(SOA) is commonly produced by ozone or radical-initiated reactions of hydrocarbon precursors, 

producing nonvolatile and semi-volatile organic products which can undergo nucleation 

reactions to form new particles or condense onto pre-existing particulate matter (Seinfeld et al., 

2001). 

The major classes of SOA precursors are volatile and semi-volatile alkanes, alkenes, aromatic 

hydrocarbons, and oxygenated compounds. Anthropogenic emissions consist of ~40% alkanes, 

~10% alkenes, and ~20% aromatics, with the rest being oxygenated and unidentified compounds. 

Biogenic emissions are mostly alkenes, being ~50% isoprene and ~10% monoterpenes, with the 

rest being other reactive and unidentified VOC (some of which are also alkenes, such as 
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sesquiterpenes). Biogenic emissions contribute ~90% of non-methane VOCs globally, with 

anthropogenic emissions being more important in urban areas (Robinson et al., 2007).  

Secondary organic aerosol (SOA) components are formed through the chemical reaction of 

biogenic and anthropogenic gaseous precursors in the atmosphere, which may proceed through 

different pathways. It is possibly formed by new particle formation, gas-particle partitioning, 

heterogeneous or multiphase reactions (Seinfeld et al., 2001). The actual atmospheric SOA 

formation pathways and involved chemical reaction mechanisms, however, still remain to be 

clarified.  

In the atmosphere, coarse and fine particles behave in different ways. Coarse particles may settle 

out from the air more rapidly than fine particles and will be found close to their emission sources. 

Fine particles, however, is easily subject to long-range transport by wind and can travel 

thousands of miles from the source of origin.  

Findings from previous studies indicate that anthropogenic air pollutants from European sources 

can be transported over long distances, reaching Africa, the Atlantic Ocean, and North America. 

The PM of natural origin, like Saharan dust, can be transported toward the Atlantic Ocean and 

North America mostly during the warm period of the year (Kallos et al., 2007). Both local and 

regional sources contribute to particle pollution. It was found that in the eastern half of the U.S., 

regional anthropogenic emissions, natural aerosols, and long-range transport of anthropogenic 

aerosols from other regions contribute about 62%, 32%, and 6% to surface PM2.5, respectively, 

while in the western U.S. the percentages are 28%, 60%, and 12% base on the global model 

GOCART (Chin et al., 2002).   
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2.5 Source apportionment of PM 

Source apportionment is the process of apportioning ambient air pollutants at a receptor site to 

their respective sources. Source apportionment is a valuable scientific and regulatory tool to 

quantitatively understand the impact of individual source emission on air pollutants. In principle, 

source apportionment can be performed in complementary ways. The traditional approach is 

dispersion model, which implements mathematical simulation of how air pollutants disperse in 

the atmosphere. It is performed with pollutant emission rate and meteorological data, generating 

a prediction of resulting downwind ambient concentration of pollutants. The alternative is 

receptor model, which is defined as "a specified mathematical procedure for identifying and 

quantifying the sources of ambient air contaminants at a receptor primarily on the basis of 

concentration measurements at that receptor" (Chow et al., 2006).  

Receptor models are mathematical or statistical procedures for identifying and quantifying the 

sources of air pollutants at a receptor location. The key outputs are the percentage contributions 

of different sources to pollutant concentration. Such models are particularly helpful in cases 

where complete emissions inventories are not available (Hopke, 1991). Unlike dispersion air 

quality models, receptor models do not use pollutant emissions, meteorological data, and 

chemical transformation mechanisms to estimate the contribution of sources to receptor 

concentrations. Instead, receptor models use the chemical and physical characteristics of gases 

and particles measured at source and receptor to both identify the presence of and to quantify 

source contributions to receptor concentrations. These models are therefore a natural 

complement to other air quality models.  

Source apportionment for primary aerosol is relatively simple to obtain because source-receptor 
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relationships are essentially linear for primary pollutants. The dispersion models, such as 

Gaussian steady-state models and Lagrangian puff models, have been used extensively to model 

primary aerosol pollution from specific sources (Dunker et al., 2002; Kleeman and Cass, 2001). 

The Gaussian and Lagrangian approaches work for primary aerosol because the models assume 

that emissions from separate sources do not interact. This assumption, however, breaks down for 

secondary aerosol pollutants (e.g., sulfate, nitrate, ammonium, SOA).  

Receptor modeling techniques are based on the evaluation of data acquired at receptor sites, and 

most of them do not require previously identified emission sources. Examples of receptor models 

are Chemical Mass Balance (CMB), Positive Matrix Factorization (PMF) and Principal 

Component Analysis (PCA). CMB fully apportions receptor concentrations to chemically 

distinct source-types depending upon a source profile database, while PMF does not require any 

information as input to the model and generate source profiles and contributions from the 

ambient data.  

Since PM is composed of both inorganic (trace metals, cations, and anions) and organic species, 

a range of source markers are used in receptor modeling studies. Traditionally, most studies were 

carried out using inorganic trace elements such as Fe, Zn, Pb, Ca, Mg, and Al. However, since 

many of the trace elements are emitted from a range of sources (e.g., Zn is emitted from tyre 

wear as well as refuse burning), it was difficult to apportion the PM to sources with a high degree 

of confidence. Additionally, with the removal of some elements (i.e. Pb) from gasoline, there has 

been a need to develop new source markers. In the last two decades, research has focused on 

developing organic molecular markers that can be characteristic of sources. These molecular 

markers once applied to receptor model, and it could greatly reduce the source ambiguity 
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(Simoneit et al., 1999; Schauer et al., 1996; Robinson et al., 2006). Receptor-based models have 

been used in the past to understand sources of elemental carbon and organic carbon (EC, OC), 

which comprise carbonaceous aerosols. Two types of receptor-based models are extensively used 

to determine the origin of PM. 

 

2.5.1  CMB model 

The CMB model is based on the principle of conservation of mass between the source and the 

receiver site considered. It permits to express the concentration of species i at the receptor site Ci 

(in µg/m3) as follows, which requires relatively few observations to be reliable,  

𝐶𝐶𝑖𝑖 = �𝑎𝑎𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖

𝑃𝑃

𝑖𝑖=1

,         𝑖𝑖 = 1, … ,𝑛𝑛                   (2 − 1) 

where Ci is the concentration of species i measured at the receptor site in µg/m3, 

aij is the mass fraction of species i in the profile of the source j (%),  

n is the number of species, 

Sj is the mass concentration at the receptor site of all species assigned to the source j (µg/m3). 

Sj is the contribution of a source at the receptor site, which could be determined through the 

application of CMB model. Therefore, the constraint of using such a model is the need to know 

precisely the emission sources profiles. The number of selected chemical species to describe the 

sources profile must be greater than the number of sources.  

The effective variance weighted least squares minimization solution (Watson et al., 1984) is most 

commonly used for obtaining source contribution estimates (Sj), as implemented with CMB8 

software (Watson et al., 1998).   
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CMB receptor model expresses concentrations of different chemical species measured at a 

monitoring site (or “receptor”) as a linear sum of products of source profile abundances and 

source contribution estimates. Source profile abundances are the mass fraction of a chemical or 

other property in the emissions from each source type that might contribute. Profiles are 

measured on samples from these sources at times and places believed to represent emissions 

compositions while receptor measurements are made. Differences in fuels and operating 

conditions are sought in these tests so that averages and standard deviations of the chemical 

abundances can be determined.  

The elemental composition of the sources, especially metals, was once used for this purpose, but 

a large number of sources that produce particulate matter do not have emissions that contain only 

elemental components but emit large amounts of organic compounds and elemental carbon 

(Schauer et al., 1996).  

Another aspect of the receptor-oriented source apportionment work is the identification and 

quantification of the organic tracer compounds collected at the receptor site. It is worthy to note 

that Schauer and Cass (2000) have developed molecular marker CMB models, which require 

measurements of organic tracers having unique association with specific sources of atmospheric 

fine particulate matter. These organic tracers have been identified for sources including wood 

smoke, mobile sources, road dust, and biomass burning as well as secondary organic aerosol 

formation (Schauer and Cass, 2000). A disadvantage with CMB source apportionment is the 

requirement of a priori knowledge of the source profiles. When CMB model is applied, it 

assumes that the composition of all sources is well defined and known. This technique is ideal 

when changes between the source and the receptor are minimal, although this barely happens in 
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real atmospheric conditions and the constraints may add a high level of uncertainty. To this end, 

questions are always raised with CMB models as to the accuracy of the source profiles and the 

ability to quantify errors associated with using source profiles that may not be representative of 

the sources impacting receptor sites.  

 

2.5.2  PMF model 

Positive matrix factorization (PMF) is a factor analysis method that utilizes non-negativity 

constraints for the analysis of environmental data and associated error estimates. PMF solves the 

mass balance equations for each observation xij made for the j-th species on the i-th day. The 

model assumes factor profiles fkj consisting of the j-th species in the k-th factor, and factor 

contributions gik consisting of the k-th factor on the i-th day. Mathematically stated, the mass 

balance equation is as follows: 

𝑋𝑋𝑖𝑖𝑖𝑖 = �𝑔𝑔𝑖𝑖𝑖𝑖𝑓𝑓𝑖𝑖𝑖𝑖 + 𝑒𝑒𝑖𝑖𝑖𝑖

𝑃𝑃

𝑖𝑖=1

                            (2 − 2) 

where eij is the residual concentration for each observation.   

The model requires data for all concentration and uncertainty values for all j species and i days. 

Positive matrix factorization (PMF) does not require source profiles as model inputs but it does 

require knowledge of source profiles to determine the relationship of factors derived from the 

model with air pollution sources. Although PMF do not use source profiles as input data, it is 

untrue that source profiles are unnecessary for these models. PMF model derive source factors 

that must be associated with measured source profiles to achieve reliable source apportionment 

result.  
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The PMF source apportionment analysis requires an assumption of the number of significant 

factors affecting the monitored data. Because robust PMF analysis typically uses at least 60-200 

required sets of observations, the model has typically been driven by trace elements, EC/OC 

measurements, and secondary inorganic ions, which are less specific than the molecular markers 

which were included in CMB source apportionment study (Jaeckels et al., 2007). Recently, 

Pekney et al. (2006) enhanced their analysis by including organic markers into the PMF model. 

A few organic compounds have been shown to be effective source indicators, including hopanes 

for vehicle exhaust, levoglucosan for vegetative burning. When these markers applied in PMF 

model to identify the sources of PM2.5 in Pittsburgh, the primary OC/EC factor can be split into 

two factors: one associated with vehicle exhaust and road dust, and the other associated with 

vegetative burning, cooking, and vegetative detritus. These two factors usually cannot be 

separated based only on elemental, ionic, and thermal C fraction measurements.  

Although these receptor models are becoming more and more widely used by researchers and 

regulators, there have been very limited studies to validate these models and evaluate the 

uncertainty with the model calculation. We noticed that Jaeckels et al. (2007) directly compared 

the use of molecular markers in CMB and PMF over two year period at the St. Louis Midwest 

Supersite and gained insight into the uncertainties of these source apportionment applications. In 

the context of the goals of source apportionment, the two models agree reasonably well and 

provide an important baseline to better evaluate the accuracy and biases of the source 

apportionment models. Therefore, it is needed to implement inter-comparison efforts among 

receptor-based models, thereby better understanding the source types and source contributions of 

airborne PM at receptor site.  
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2.5.3 PCA  

One commonly used multivariate receptor model is Principal Component Analysis (PCA). It has 

been successfully applied to identify sources in several studies (Lu et al., 2011; Eder et al., 

2014). PCA is a statistical technique that transforms the original set of inter-correlated variables 

into a new set of independent principal components. Since PCA can be used to reduce 

dimensionality, the number of extracted principal components is usually smaller than that of 

original variables. In other words, PCA finds linear combinations of variables that describe major 

trends in a data set. Mathematically, PCA relies on eigenvalue decomposition of the covariance 

or the correlation matrix.  

In PCA application, it supposes that several air pollutants were measured at a receptor site for 

long periods of time. The results then form a multivariate data set which contains concentrations 

of several pollutants in several ambient measurements. PCA simply suggests that ambient 

concentrations of pollutants involve fingerprints of sources that they have been emitted from, and 

these fingerprints can be extracted from the data set (Seinfeld and Pandis, 1998). The application 

of this method for interpretation of the complex databases permits understanding of the air 

quality in the study area, especially for developing suitable plans for management of the air 

quality monitoring programs and control strategies for air pollution.  

However, the source apportionment of air pollutants using a simple mathematical analysis faces 

various challenges. One major drawback of PCA is that it is not a way to quantitatively estimate 

the source contributions to ambient pollutant concentrations.   
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 Chapter 3 Methodology 

3.1 Sampling sites and descriptions 

For a representative air quality in China, four sampling sites in this study were chosen at Wuqing, 

Haining, Zhongshan, Deyang, respectively. The four sites were located in four satellite cities of 

their corresponding megacities Beijing, Shanghai, Guangzhou, Chengdu, and approximate 100 

kilometers away from the megacities (Figure 3-1).  

Previous studies indicated that there are four major black carbon (BC) emission areas in China 

(Cao et al., 2006; Xing et al., 2014). They are Beijing-Tianjin-Hebei area (BTH), Yangtze River 

Delta area (YRD), Pearl River Delta area (PRD) and Sichuan Basin area (SB). The chosen sites 

in this study are within major black carbon (BC) emission areas in China.  

The meteorological data over the last few years indicated that the chosen sites locate on the 

dispersion path of air mass from their corresponding megacities. Therefore, PM2.5 collected at 

these sites could represent overall aged aerosol from corresponding megacities and are free from 

individual pollution plume. 

Wuqing (39º39’N, 117º39’E) is located between Beijing and Tianjin. Since ancient times it 

serves as a transport hub and is known as the "Beijing-Tianjin corridor. Wuqing is 80 km away 

from Beijing downtown. It has a population of 0.84 million. The Wuqing landscape is mostly flat 

and riches with vegetation. Wuqing also has four distinct seasons.  

Haining (30º51’N, 120º69’E) is a county-level city in Zhejiang Province, China. It is in the south 

side of Yangtze River Delta, and in the north of Zhejiang. It is 125 km west of Shanghai. The 

city has a population of 0.81 million. Haining is known for its leather industry and spectacular 

tide in the Qiantang River.  
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Figure 3-1 Location of four sampling sites in China 
 

Zhongshan (22º56’N, 113º33’E) is a city located in Guangdong province with the population of 

around 3 million.  It is located along the west side of the estuary of the Pearl River, 64 km away 

from Guangzhou, China. Zhongshan’s climate is warm and humid most of the year, with an 

average temperature of 22 °C and 175 centimetres of rainfall each year. It experiences fairly 

frequent typhoons and thunderstorms, and most rain falls between April and September.  

Deyang (31º10’N, 104º39’E) is located in the northeast of the Chengdu Plain in central Sichuan 
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Province, 66 km away from Chengdu, China. Deyang is a high-tech industrial city with the 

population of around 3.8 million. Major industry sector includes manufacturing, pharmaceuticals, 

chemicals, food, construction materials, and textiles. The city has a subtropical humid monsoon 

climate bearing obvious features of continental climate. The weather is humid with clear four 

seasons and abundant in rainfall during the period from May to October.  

 

3.2 Sample collection 

Atmospheric PM2.5 samples were collected at four sites located in Wuqing, Haining, Zhongshan, 

Deyang in China during the period in November 2012, January 2013, April 2013 and July 2013. 

Daily samples were collected continuously for one week during each season of a year. Aerosol 

PM2.5 samples were collected on quartz fiber filters (Ф90 mm, Millipore) at a flow rate of 100 

L/min with approximate 24 hours on the roofs of the buildings with the height of about 10-30 

meters using a medium volume air sampler (TH-150C III, Tianhong, Wuhan, China) with a 

PM2.5 impactor (TH-PM2.5-100, Tianhong, Wuhan, China). After sampling, the quartz filters 

were immediately placed in pre-baked aluminum foil and then stored frozen at -18 oC until 

analyzed.  

 

3.3 Chemical analysis 

Blank and sample filters were weighed on an electronic balance (Sartorius-BT125D, Germany) 

with a reading precision of 0.01 mg to determine the aerosol mass concentration after its having 

been equilibrated at 25±0.5 oC and 40±5 % relative humidity for 24 h. To better understand the 

detailed composition of fine PM in China, the chemical analysis of PM2.5 samples in this study 
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includes water-soluble ions, carbonaceous components EC and OC, organic compounds.  

 

3.3.1 water-soluble ions 

The collected aerosol PM2.5 filter was ultrasonically extracted with 20 mL Milli-Q water (18.2 

MΩcm) for 40 min. Then the extracted solution was filtered through 0.45 μm PTFE syringe filter 

(Pall Co. Ltd, USA). Analysis of extracted solutions was performed with an ion chromatograph 

(Metrohm, Switzerland) equipped with a conductivity detector. The concentrations of water-

soluble components including five cations (NH4
+, Na+, K+, Ca2+, Mg2+) and four anions (F−, Cl−, 

NO3
−, SO4

2−) were determined in this study. Quality assurance and quality control tests 

including field blank, laboratory blank, method detection limit, and recovery efficiency were 

conducted. Multi-point calibrations using standard solutions were carried out, and the result of 

correlation coefficient was higher than 0.999. All the reported ion concentrations have been 

corrected using field blanks.  

 

3.3.2 carbonaceous components EC and OC 

The concentrations of organic carbon (OC) and elemental carbon (EC) were measured using a 

Sunset Carbon Aerosol Analyzer (Sunset Laboratory Inc., USA), following the NIOSH TOT 

protocol and assuming carbonate carbon in the sample to be negligible. Typically, a 1.5 cm2 

punch of the filter was placed in a quartz boat inside the thermal desorption chamber of the 

analyzer, and then stepwise heating was applied (Schauer and Cass, 2000).  

 

 



 

24 

 

3.3.3 organic compounds 

One half of each filter was cut into small species and then extracted twice with dichloromethane 

(TEDIA) and twice with methanol (ACROS) using an ultrasonic bath, followed by a rotary 

evaporator to concentrate the extracts to about 5 mL. The mixture of isotopically labeled 

compounds was spiked into each sample prior to extraction. The extracts were further blown 

down to reduce the volume to 0.5 mL under high-purity nitrogen (99.99 %). Each extract was 

split into two fractions, and a half of extracts were derivatized by BSTFA/TMCS 99:1 (Regis 

Technologies, Inc. USA) in sealed vials at 70 °C for 2 h to convert organic acids to their silylated 

analogues. Organic speciation was conducted using gas chromatography mass spectrometry 

(Agilent Technologies GC-6890, MS-5973).  

One microliter of derivatized extracts was injected into GC-MS for identification and 

quantification of organic species. GC fitted with a fused silica capillary column (DB-5, 30 m, 

0.25 mm i.d., 0.25 µm film thickness) and its condition was: initially, isothermal hold at 60 °C 

for 5 mins, temperature ramp of 5 °C/min to 300 °C, isothermal hold at 300 °C for 30 mins. The 

pure helium (99.999 % purity) is used as a carrier gas with a flow rate of 1.0 mL/min. The 

interface temperature of GC/MS was maintained at 300 °C. Organic compounds were ionized by 

electron impact (70 eV) and scanned from 50 amu to 550 amu in MS. The GC-MS data were 

acquired and analyzed by an Agilent Chemstation. According to GC retention times, MS 

spectrum and prepared authentic standards, individual organic compounds were identified and 

quantified, including alkanes, organic acids, polycyclic aromatic hydrocarbons (PAHs), and 

some molecular tracer compounds such as levoglucosan, hopanes, and steranes. 
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Filter blanks and solvent blanks throughout the field campaign and laboratory measurement, and 

duplicate samples analysis were performed for about 10 % of all PM2.5 samples according to 

standard operating procedures. Spike recoveries of authentic standards were found in the range 

of 85% ~ 118%. All concentrations were blank corrected, and uncertainties were estimated on 

the basis of the standard deviation of field blanks and detection limit of the instruments.  

 

3.4 Air mass transport model 

In order to characterize the origin and transport pathway of the air masses to the sampling sites, 

back trajectory simulation was performed by using Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model developed by NOAA/ARL (Draxler and Hess, 1998). 72-h back 

trajectories were calculated using the HYSPLIT model with an endpoint height of 500 m, 1000 

m, and 1500 m, respectively. The meteorological data used for back trajectory simulation are six-

hourly archived data from GDAS (Global Data Assimilation System) of NCEP (National Centers 

for Environmental Prediction).  

 

3.5 Source apportionment model 

Using molecular marker-based chemical mass balance (MM-CMB) approach, the specific source 

contributions to ambient OC and PM2.5 mass concentrations were determined by calculating 

linear combination of the product of source effluents and its concentrations of a set of chemical 

species in ambient aerosol (Schauer et al., 1996; Watson et al., 1984). The organic compounds 

selected as tracers in the model should be chemically stable and conserved during transport from 

sources to receptor sampling sites, and all main sources were included in the model (Schauer et 
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al., 1996). The species selected for use in the present study were based upon the 

recommendations of previous studies (Lough et al., 2007; Schauer and Cass, 2000). Twenty one 

fitting species were included in the model, consisting of a continuous series of n-alkanes from 

C25-C33, levoglucosan, αββ-20R-C27-cholestane, αββ-20R-C29-sitostane, 17α(H)-21 β(H)-

hopane, 17α(H)-22,29,30-Trinorhopane, 17β(H)-21α(H)-30-norhopane, benzo(e)pyrene, benzo(b) 

fluoranthene, benzo(k)fluranthene, indeno(1,2,3-cd)pyrene, benzo(ghi)perylene and picene. The 

picene, specific to coal combustion (Oros and Simoneit, 2000), was selected to infer whether 

coal combustion is a major contributor to ambient OC (Stone et al., 2008). The series of n-

alkanes from C25-C33 were used to distinguish the biogenic and anthropogenic contributors 

according to carbon preference index (CPI). The hopanes and steranes were included to estimate 

the contributions from the combustion of fossil fuels (Manchester-Neesvig et al., 2003). 

The source profiles used in this study were mainly obtained from US recent and comprehensive 

studies since fully constructed the local source profiles for these sites in China were not available. 

These source profiles included: woodsmoke (Fine et al., 2004; Sheesley et al., 2007), vegetative 

detritus (Rogge et al., 1993), diesel emission (Lough et al., 2007), gasoline vehicle (Lough et al., 

2007), meat cooking (Rogge et al., 1991). Meanwhile, the coal combustion profile was obtained 

from measurement of particulate carbon emissions from real-world Chinese coal combustion 

experiment (Zhang et al., 2008). In addition, the criteria for acceptable CMB results included the 

square regression coefficient R2>0.85, the sum of residual square value CHI2<4, the degree of 

the freedom DF>5, and the percentage of explained mass to total mass ranging from 80 to 120 %.  
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Chapter 4 Seasonal Variation and Sources of Water-Soluble Ions and Carbonaceous 

Fractions in PM2.5 

 

4.1 Introduction 

Atmospheric aerosols consist of a mixture of suspended solid and liquid particles ranging over a 

few orders of magnitudes in sizes from natural or anthropogenic origin (Seinfeld and Pandis, 

2006). The chemical composition of aerosol particles depends on multiple factors including 

primary emission source as well as post-formation processes. In general, water-soluble ions and 

carbonaceous components comprise a significant fraction of the ambient aerosol mass and 

influence the climate, visibility and human health through aerosol direct or indirect effects 

(Jacobson et al., 2000; Putaud et al., 2004; Raizenne et al., 1996).  

The atmosphere in China has been increasingly contaminated by anthropogenic gases and 

aerosols due to fast industrialization and urbanization in the past decades. Recently, most of the 

megacities in China suffered haze pollution with severe atmospheric visibility degradation, 

which was mainly due to light extinction effects of fine aerosols in the atmosphere. Previous 

studies revealed that Beijing-Tianjin-Hebei area (BTH), Yangtze River Delta area (YRD), Pearl 

River Delta area (PRD) and Sichuan Basin area (SB) are the four major black carbon (BC) 

emission areas in China (Cao et al., 2006; Xing et al., 2014). Black carbon contributes to 

visibility impairment by efficiently absorbing light. In contrast, water-soluble inorganic ions 

such as SO4
2- and NO3

- were generally considered to be the major chemical species that 

contribute to the visibility reduction via light scattering effect. Although a number of studies 

concerning inorganic ions in aerosol have been conducted in China (He et al., 2001; Hu et al., 
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2002; Wang et al., 2002; Wang et al., 2006; Shen et al., 2009; Pathak et al., 2009; Tan et al., 

2009; Cao et al., 2012), they mainly focused on individual large cities or seasons. Due to the 

complexity of air pollution in nature and limitations of each individual analytical approach, the 

conclusions are sometimes perplexing and even contradicting (Zhang et al. 2013).Therefore, 

characterizing aerosol chemical compositions at large spatial scale in China using multiple 

analytical techniques are necessary to evaluate aerosols’ effects on atmospheric visibility, human 

health, and climate change. In this study, we conducted a year-round sampling campaign at four 

key emission regions and investigated the effects of sources and long-range transportation by 

analyzing the ionic component, OC/EC, organic molecular markers, and carbon isotope. In this 

chapter, we focused on seasonal characterization of PM2.5 ionic and carbonaceous components at 

four regional sites that have large pollution footprint to investigate the impact of potential 

sources and long-range transportation on regional air quality. 

The four sites were located in four satellite cities of their corresponding megacities Beijing, 

Shanghai, Guangzhou, Chengdu, and approximate 100 kilometers away from the megacities. The 

sites are within major black carbon (BC) emission areas in China. Daily samples were collected 

continuously for one week during each season of a year. The meteorological data over the last 

few years indicated that the chosen sites locate on the dispersion path of air mass from their 

corresponding megacities. Therefore, PM2.5 collected at these sites could represent overall aged 

aerosol from corresponding megacities and are free from individual pollution plume. The 

objectives of this work are to investigate the seasonal variations of water-soluble ions and 

carbonaceous components in PM2.5 at four sites of China and reveal their potential sources and 

transport processes. The results presented here would shed light on some major factors 
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determining the distributions of major chemical components in PM2.5 aerosol which is useful for 

making effective strategies for regional air quality improvement in China.  

 

4.2 Characterization of PM2.5 and major components 

Table 4-1 presented a summary of statistics of water-soluble ions as well as EC, OC in PM2.5 

over the sampling period. The annual average PM2.5 mass concentrations at Wuqing, Haining, 

Zhongshan, Deyang sampling sites were 148.9±91.1 μg m-3, 109.6±59.4μg m-3, 60.5±46.5 μg m-3, 

and 121.5±101.1 μg m-3, respectively. It is note that relatively high standard deviation is due to 

large seasonal variation of PM2.5 in the whole year.  

Table 4-1 Summary of water-soluble ions, OC, EC in PM2.5 at four cities of China 

Parameter/Species 
(Mean±SD μg m-3)        

Wuqing, 
Tianjin 

Haining,  
Zhejiang 

Zhongshan, 
Guangdong 

Deyang,  
Sichuan 

PM2.5 148.9±91.1 109.6±59.4 60.5±46.5 121.5±101.1 
NH4

+ 8.5±5.9 6.1±4.3 2.8±2.8 6.3±6.4 
Na+ 0.5±0.3 0.3±0.2 0.3±0.3 0.3±0.3 
Ca2+ 0.9±0.8 0.4±0.2 0.3±0.2 0.5±0.3 
Mg2+ 0.2±0.1 0.2±0.0 0.1±0.0 0.2±0.1 
K+ 3.9±3.3 2.1±1.6 1.4±1.8 2.7±3.1 
F- 0.4±0.2 0.2±0.1 0.1±0.1 0.1±0.2 
Cl- 6.0±5.1 2.3±1.8 1.2±1.1 2.0±2.0 
NO3

- 19.6±16.5 13.9±12.0 6.4±7.7 10.2±12.7 
SO4

2- 24.2±21.8 16.5±9.9 9.8±6.3 21.6±18.3 
Total ions/PM2.5 0.41±0.18 0.37±0.10 0.33±0.12 0.35±0.06 
OC 14.1±13.8 9.0±3.7 7.0±5.0 13.8±13.2 
EC 1.6±0.5 1.4±0.5 1.2±0.6 1.4±0.7 
TC 15.7±14.1 10.3±3.9 8.2±5.5 15.1±13.7 
TC/PM2.5 0.10±0.04 0.11±0.04 0.15±0.04 0.13±0.04 
Carbonaceous 
PM/PM2.5 

0.16±0.06 0.17±0.07 0.23±0.05 0.20±0.07 
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The PM2.5 mass concentration in this campaign is comparable to those measured in other 

Chinese cities (Wang et al., 2005; Tao et al., 2014; Zhang et al., 2011; Hu et al., 2014) and India 

site (Verma et al. 2010), however its value is much higher than the new National Ambient Air 

Quality Standards of China for annual PM2.5 (35 μg m-3). As can be seen from the Table 4-1, 

sulfate was the most abundant water-soluble species. The concentrations of individual ions were 

in the order of SO4
2- > NO3

- > NH4
+ > K+ > Na+ > Mg2+, respectively. On average, nine water-

soluble ions together contributed 33–41% of the PM2.5 mass. Meanwhile, the carbonaceous 

matter was also found as a major component in PM2.5 aerosol. The average total carbon (OC+EC) 

accounted for 10–15% of PM2.5 mass during the campaign period. Assuming that the ratio of 

organic matter (OM) to OC was 1.6 (Turpin and Lim, 2001), the total carbonaceous particle 

matter (OM+EC) can be estimated, and it approximately comprised 16-23% of the PM2.5 mass. It 

is worthy to note that the OM in this study might be underestimated especially during the warmer 

seasons when the fractions of secondary organic components and biological material are very 

high (Hueglin et al., 2005). The PM2.5 aerosol at Wuqing site is characterized by higher water-

soluble inorganic ions and lower OM composition. In contrast, fine aerosol at Zhongshan site 

showed higher relative abundance of OM particles whereas lower water-soluble ions.  

 

4.3 Seasonal variation of water-soluble ions 

The seasonal variation of PM2.5 and major constituents at four sites in China are shown in Figure 

4-1. The annual average SO4
2- concentration ranged from 9.8 to 24.2 μg m-3 at four sites, 

accounting for 38-49 % of the total mass of water-soluble ions. Specifically, Wuqing site
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Figure 4-1 Seasonal variation of PM2.5 and major constituents at four sites of China 
 

suffered from the highest loading of water-soluble ions, while Zhongshan site recorded the 

lowest. The sulfate aerosols are mainly produced by chemical reactions of gaseous precursors 

(i.e. SO2 gas from anthropogenic sources, dimethyl sulfide from oceans), which occur either in 

the gas phase with the OH radical or in cloud droplets with hydrogen peroxide (H2O2) or ozone 

(Pandis et al., 1990). The seasonal variation of sulfate was obvious and slightly different 
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temporal trend was found among these sites. In general, sulfate showed the highest concentration 

in winter. Such high level of SO4
2- in winter is likely due to anthropogenic emissions (i.e. coal 

combustion) coupled with poor dispersion condition during the cold season (He et al., 2001). It is 

noticed that summer samples at Wuqing and Deyang showed an elevated level of sulfate with 

respect to fall. As secondary ion in fine aerosol, SO4
2- might be caused by enhanced 

photochemical reaction and aqueous processing at high temperature, intensive solar radiation, 

and high relative humidity.  

The annual concentration of NO3
- varied from 6.4 to 19.6 μg m-3, and it contributed to 23-33% 

of total mass of water-soluble ions. The seasonal variations of NO3
- are characterized by 

winter/spring maxima and summer minima at these sites. These findings were consistent with 

those reported in other Chinese cities (Duan et al., 2006; Hu et al., 2008; Cao et al., 2012). The 

nitrate aerosol is formed through heterogeneous reactions of nitrogen radicals such as NOx, and 

HNO3 on aerosol surfaces (Bauer et al., 2007), depending mainly on the thermodynamic state of 

its precursor and the environmental conditions such as atmospheric temperature and relative 

humidity (Lin et al., 2010). The highest values of nitrate measured in winter might be ascribed to 

local pollution sources, such as vehicular traffic (Paraskevopoulou et al., 2015). Meanwhile, the 

low temperature in winter and spring is beneficial to the formation of nitrate aerosol.  

The annual concentration of NH4
+ varied from 2.8 to 8.5 μg m-3, and it showed a strong seasonal 

cycle with peak values in winter/spring and relatively low in summer. NH4
+ was observed as the 

most abundant cation in this study and contributed to 13-15% of total mass of water-soluble ions. 

Ammonium (NH4
+) in the aerosol is produced from the reaction between NH3 and acidic species 

present in either the gas or aerosol phase. In winter, lower temperature and higher acid species 
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such as sulfate and nitrate will favor the gas-particle reactions of NH3 to NH4
+ (Pathak et al., 

2009; Meng et al., 2014). Compared to the other sites over the world, the SO4
2-, NO3

-, NH4
+ 

concentrations observed in this study were higher than Athens, Greece (Paraskevopoulou et al., 

2015) and Seoul, Korea (Shon et al., 2013) except Raipur, India (Verma et al., 2010).  

 

4.4 Seasonal variation of carbonaceous matter 

The yearly mean concentration of elemental carbon (EC) is 1.6 μg m-3, 1.4 μg m-3, 1.2 μg m-3 

and 1.4 μg m-3 for sampling sites at Wuqing, Haining, Zhongshan, and Deyang, respectively 

(Figure 4-2). EC concentration exhibited least seasonal variability at these sites, suggesting a 

fairly uniform local source, i.e. primary particles from fossil fuel incomplete combustion. The 

OC concentration varied between 9.0 and 14.1 μg m-3 at these sampling sites. The OC mass  
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Figure 4-2 Seasonal variation of OC and EC in PM2.5 at four sites of China. 
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concentrations at Wuqing and Deyang sites are around 80% higher than those measured at 

Haining and Zhongshan sites. Furthermore, OC concentration showed strong seasonal variation 

with highest in winter, followed by fall and spring, and lowest in summer.  

OC/EC ratios during this campaign period were found to be 3.0-27.9 with a mean of 5.8-8.9. 

These ratios are higher than those reported for the megacities in China (Yao et al., 2002; Cao et 

al., 2003; Ho et al., 2003). The high OC/EC ratios at these sites suggest that OC is largely 

produced by photochemical processes during long-range transport. Furthermore, secondary 

organic carbon (SOC) concentration was estimated with the EC-tracer method based on the 

following equation (Turpin and Huntzicker, 1995),  

SOC=OCtot — EC×( OC/EC)pri                  (4—1) 

where OCtot is the total OC, and (OC/EC)pri is the primary OC/EC ratio.  

It should be noted that some uncertainty in the estimation method since primary OC/EC emission 

ratio vary between sources and it is usually influenced by meteorology condition (Strader et al., 

1999; Zhou et al., 2012). In this study, we selected data with OC/EC ratio in the lowest 10% to 

determine the primary OC/EC ratio, assuming that the primary OC/EC ratio can be determined 

during the periods in which conditions are highly unfavorable for the production of SOC. 

Primary OC/EC ratio of 2.2 was determined by least-square regression as the threshold value to 

estimate the concentration of SOC.  

It is worthy to note that OC/EC ratios at Haining and Zhongshan sites observed highest in 

summer are likely due to the local photochemical production of secondary OC during the warm 

season. Actually, the contribution of SOC to the total OC ranged from 42.5 to 74.3% with an 

average of 62.5%, indicating that more SOA was formed through photochemical reaction during 



 

35 

 

summertime at these sites. Interestingly, the observations of increasing ratios of OC/EC (14.2-

15.5) at Deyang and Wuqing sites during wintertime might be attributed to additional input of 

primary OC from different sources which enhance the OC value on transport pathway to these 

sites (Aggarwal and Kawamura, 2009). In fact, the high percentage of SOC/OC (61.2 to 78.9%) 

observed during wintertime was probably due to the biomass burning emissions because this 

source has much higher primary OC/EC ratio and can cause overestimation of SOC.  

Table 4-2 listed the concentrations of PM2.5, water-soluble ions, and carbonaceous species at 

different sites over the world. In this study, the concentrations of OC and EC are comparable to 

some urban sites in China, e.g. Chengdu (Tao et al., 2014), and much higher than Athens, Greece 

(Paraskevopoulou et al., 2015), however apparently lower than tropical pasture site in Rondônia, 

Brazil (Kundu et al., 2010).  

 

4.5 Aerosol chemistry and ions balance 

The molar ratios of cation equivalents (CE) and anion equivalents (AE) are frequently employed 

to infer the acidity of aerosol (Chow et al. 1994; Hennigan et al., 2015). At this study, ions 

balance was evaluated using the following equations. 

𝐶𝐶𝐶𝐶 =
[𝑁𝑁𝑎𝑎+]

23
+

[𝑁𝑁𝑁𝑁4+]
18

+
[𝐾𝐾+]

39
+

[𝐶𝐶𝑎𝑎2+]
20

+
[𝑀𝑀𝑔𝑔2+]

12
           (4 − 2) 

𝐴𝐴𝐶𝐶 =
[𝑆𝑆𝑆𝑆42−]

48
+

[𝑁𝑁𝑆𝑆3−]
62

+
[𝐶𝐶𝐶𝐶−]
35.5

+
[𝐹𝐹−]
19

                                  (4 − 3) 

As shown in Figure 4-3, both anions and cations are strongly correlated, and the ratios of AE/CE 

were slightly higher than one, indicating the PM2.5 aerosols at four sites were characterized by 

acidic in nature. It means the neutralization of sulfate and nitrate in aerosol was not completely  
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Table 4-2  Comparison of PM2.5, water-soluble ions and carbonaceous species at different sites 
over the world 

Location Period PM2.5 
μg m-3 

OC 
μg m-3 

EC 
μg m-3 

SO4
2- 

μg m-3 
NO3

- 
μg m-3 

NH4
+ 

μg m-3 
Beijing, 
China a 

2001-
2003 

154.26± 
145.65 - - 17.07± 16.52 11.52± 

11.37 8.72 ±7.66 

Chengdu, 
China b 2011 119±56 17±8 7±4 25.0±14.1 10.7±7.8 11.6±7.3 

Xi’an, 
China c 

2006-
2007 194.1±78.6 - - 35.6±19.5 16.4±10.1 11.4±6.8 

Athens, 
Greece d 

2008-
2013 20±11 2.1±1.3 0.54±0.39 3.1 ± 0. 8 0.45 ± 0.19 0.67± 0.26 

Seoul, 
Korea e 2010 25.2± 19.0 - - 5.19±4.58 12.3 ± 7.17 3.73± 3.59 

Raipur, 
India f 

2005-
2006 167.0±75.3 - - 46.5±32.8 8.2±7.1 8.8±7.7 

Rondônia, 
Brazil g 2002 - 19.5-

86.4 0.6–3.6 2.7 ± 0.3 2.1 ± 1.4 1.26± 0.51 

Four sites in 
China h 

2012-
2013 60.5-148.9 7.0-14.1 1.2-1.6 9.8-24.2 6.4-19.6 2.8-8.5 

a Wang et al. 2005 
b Tao et al. 2014 
c Zhang et al. 2011 

d Paraskevopoulou et al. 2015 
e Shon et al. 2013  
f Verma et al. 2010 
g Kundu et al. 2010 
h This study 
 
achieved at these sites. It is known that among the ammonium-associated compounds, 

(NH4)2SO4 is preferentially formed due to its least volatility, while NH4NO3 is relatively 

volatile, and NH4Cl is the most volatile. Furthermore, the non-sea-salt fractions of sulfate (nss-

SO4
2-), potassium (nss-K+) and calcium (nss-Ca2+) were estimated with the following equations 

using measured sodium concentrations and the known ratios of each ion to Na+ in the bulk sea 

water, assuming the soluble Na+ in aerosol particulate comes only from sea-salts and sea-salts 

has the same chemical composition as the sea water (Morales et al., 1998; Harrison and van 

Grieken, 1998).  
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Figure 4-3 Correlations between anion equivalents and cation equivalents at four sampling sites 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

Wuqing

An
io

n 
eq

ui
va

le
nt

s

Cation equivalents

1:1

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

 

 

Haining

An
io

n 
eq

ui
va

le
nt

s

Cation equivalents

1:1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 

 

An
io

n 
eq

ui
va

le
nt

s

Cation equivalents

Zhongshan

1:1

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

 

 

An
io

n 
eq

ui
va

le
nt

s

Cation equivalents

Deyang
1:1



 

38 

 

 

Figure 4-4 Relationship between Cl-/K+ and NO3
-/SO4

2- 
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nss-SO4
2- = [SO4

2-] − [Na+]×0.2455     (4—4) 

nss-K+ = [K+] − [Na+]×0.0355              (4—5) 

nss-Ca2+ = [Ca2+]− [Na+]×0.0373        (4—6) 

Under the ammonium-poor condition, the positive correlations between nss-SO4
2- and NH4

+ (R=0.92-

0.98) at a very significant level (P<0.001) revealed the sulfate aerosol primarily existed in the form of 

(NH4)2SO4 in the atmosphere at these sites.  

Previous studies showed that the mass ratio of nitrate/sulfate is generally used to evaluate the relative 

contribution of mobile and stationary sources in the atmosphere (Wang et al., 2005). The average mass 

ratios of NO3
-/SO4

2- were 0.43, 0.57, 0.83, 0.93 for Deyang, Zhongshan, Wuqing, and Haining, 

respectively, suggesting that the stationary source emissions were predominant at these sites (Khoder 

and Hassan, 2008). Comparatively among the sites, Deyang has been influenced by more emissions 

from coal burning, whereas Haining received more loadings from vehicle emissions. Chloride (Cl-) in 

coarse aerosol particles is mainly from marine source, and it might also accumulate in fine particulate 

originating from anthropogenic emissions such as coal combustion, biomass burning. Potassium (K+) in 

fine mode aerosols is generally served as a diagnostic tracer for biomass burning source (Andreae et al., 

1998). The ratios of Cl-/K+ at this study are relatively higher in summer with large variation, and lower 

in fall and winter (Figure 4-4). Since K+ is steady, it remains in particulate phase once emitted from fire 

source. Thus its accumulation in the aerosol phase decreased the ratio of Cl-/K+ in the cold season. The 

emission of biomass burning in the cold season and regional long-range transport in summer are likely 

most responsible for this observation (Yin et al., 2014). It is worth noting that the highest ratios of Cl-

/K+ were found at Wuqing site during summer might be associated with coal combustion (McCulloch 

et al., 1999). Similarly, ratios of Cl-/K+ ranging from 2.8 to 6.5 combined with ratios of NO3
-/SO4

2- 

ranging between 0.1 and 0.2 confirmed the coal combustion emissions at Haining site during the 

summer period. Moreover, a significant increase in concentrations of PM2.5 (116.4-135.4 μg m-3) 
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coupled with high Ca2+ (0.7-1.2 μg m-3) were observed at Wuqing and Deyang sites during spring, 

implying these sites were affected by local emissions and continental dust through long-range transport.  

 

4.6 Influence of air masses transport 

72-h back trajectories were calculated by HYSPLIT model to get insight into the origin and transport 

pathway of the air masses arriving at these sites. As illustrated in Figure 4-5, the majority of the air 

masses during summertime reaching these sites were from western Pacific Ocean passing over Yangtze 

River Delta (YRD), Pearl River Delta (PRD) regions, whereas at Deyang site the air mass originated 

from southern mainland coupling with local Sichuan Basin (SB) emissions and long-range transport 

from South Asia. This is confirmed by the high concentration of Na+ (0.2-0.3 μg m-3) in marine air 

masses, while lower Na+ values observed at Deyang on July 14, 2013.  

Figure 4-6 showed that the dust originating in the Mongolia moved southeastward and mixed with air 

masses passing over North China Plain (Hebei Province and Shanxi Province), and finally arrived at 

Wuqing site during wintertime. The aerosol chemical data on January 18, 2013 is characterized by high 

level of Ca2+ (1.3 μg m-3) and Mg2+ (0.2 μg m-3), together with high concentration of NO3
- (25.2 μg m-3), 

SO4
2- (40.9 μg m-3), OC (27.3 μg m-3), K+ (7.2 μg m-3), suggesting the polluted air masses on that day 

was mixed with fossil fuel combustion and continental dust via long-range transport. 
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Figure 4-5 The 3-day back trajectories of air masses arriving at sampling sites in Wuqing (a), Haining 

(b), Zhongshan (c), Deyang (d) during summertime 
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Figure 4-6 The 3-day back trajectories of air masses arriving at sampling sites in Wuqing (a), Haining 

(b), Zhongshan (c), Deyang (d) during wintertime 
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We noted that high correlation of K+ with SO4
2- (R2=0.90) during winter, hence K+ may exist as 

K2SO4 which is often present in aged smoke especially when the aerosol in this campaign is acidic and 

ammonium-deficient (Li et al. 2003).  

Meanwhile, air masses arrived at Deyang site on January 19, 2013, carrying high level of SO4
2- (46.0 

μg m-3), NO3
- (28.4 μg m-3), K+ (7.0 μg m-3). It indicated that the aerosol was under the influence of 

fossil fuel combustion and biomass burning from both the lower part of atmospheric boundary layer 

(ABL) in Central China and long-range transport from South Asia (Figure 4-6). These results together 

suggest that both long-range transport and local sources have important impact on ions and 

carbonaceous particles in the aerosol at these sites.  

It is worth noting that a haze event in eastern China was recorded in January 2013. The overall higher 

SO4
2-/PM2.5 ratios for Wuqing (0.18) compared with Haining and Zhongshan site during the winter 

sampling campaign indicate relatively higher coal combustion emission in North China Plain (NCP) 

region. In contrast, NO3
-/PM2.5 ratios at Haining and Zhongshan sites (0.13-0.15) in winter have been 

found to be significantly higher than in Wuqing, suggesting a relatively greater contribution from 

traffic emissions. Interestingly, the ratios of K+/ PM2.5 (0.02-0.03) varied little during winter among the 

four sites, which imply that these haze events were equally affected by biomass combustion in all four 

regions. The present results are in general agreement with the findings of Andersson et al. during the 

same study period which revealed that high coal contributions to EC in NCP region and more liquid 

fossil in YRD and PRD region using dual carbon isotope constrained (Δ14C and δ13C) source 

apportionment method (Andersson et al., 2015).  

 

4.7 Source identification of ions 

In this study, principal component analysis (PCA) technique was applied with major aerosol data to 

identify the main contributions of processes and emission sources of water-soluble ions. Table 4-3 



 

44 

 

presented PCA results with varimax rotation using PM2.5 chemical component data at four sites 

respectively. All principal factors with eigenvalues > 1 were extracted.  

At Wuqing site, three principal components were extracted and accounted for 90% of the total variance. 

The principal component 1 had highly positive loading from NH4
+ (0.942), SO4

2- (0.912), K+ (0.934), 

nss-SO4
2- (0.911), nss-K+ (0.934), OC (0.920), indicating industry source mixing with biomass burning. 

The principal component 2 is only characterized by Cl- (0.543), which can be related to coal 

combustion. Additionally, the principal component 3 is linked with a high value of NO3
- (0.543). It can 

be identified as vehicle emission.  

We noted that the first component at Haining site is characterized by NH4
+ (0.946), K+ (0.929), nss-

K+ (0.929), suggesting likely origins from industry source mixing with biomass burning. The second 

factor, explaining 14.59% of the variance, had high factor loading for Ca2+ (0.881) and nss-Ca2+ (0.896), 

indicating the possible source from soil dust. The third factor is dominated by EC, which implies the 

component is associated with primary particles from incomplete combustion. The fourth factor with 

high loading for Cl- (0.558) and low loading for Na+ (0.339) indicated the possible source from coal 

combustion.  

Similarly, the principal component analysis performed on aerosol data set for Zhongshan site revealed 

industry source, soil dust, and coal/biomass combustion as the main source of the ions in PM2.5. At 

Deyang site, water-soluble ionic components in PM2.5 are possibly affected by industry source and soil 

dust. It is worth noting that the nss-SO4
2- together with OC had high loading on the first factor, which 

might be attributed to the secondary photochemical formation at this site.  
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Table 4-3  Factor loading from PCA in PM2.5 at four sites of China 

 Wuqing  Haining 

Species  PC1 PC2 PC3  PC1 PC2 PC3 PC4 

NH4
+ 0.942 0.075 0.077  0.946 -0.038 -0.276 -0.089 

Na+ 0.876 0.028 -0.354  0.848 -0.283 -0.156 0.339 
Ca2+ 0.715 -0.592 0.33  0.371 0.881 0.049 0.253 
Mg2+ 0.875 -0.33 0.049  0.611 0.293 0.497 -0.099 
K+ 0.934 0.101 -0.293  0.929 -0.155 0.183 -0.006 
F- 0.679 0.027 -0.531  0.366 0.064 0.303 -0.699 
Cl- 0.413 0.677 0.461  0.596 -0.424 0.005 0.558 

NO3
- 0.673 0.456 0.543  0.879 0.055 -0.18 -0.251 

SO4
2- 0.912 0.043 0.291  0.878 0.033 -0.405 -0.209 

nss-SO4
2- 0.911 0.043 0.292  0.877 0.034 -0.406 -0.211 

nss-K+ 0.934 0.101 -0.293  0.929 -0.155 0.184 -0.008 
nss-Ca2+ 0.707 -0.596 0.337  0.341 0.896 0.055 0.242 

OC 0.920 -0.159 -0.258  0.655 -0.079 0.3 0.347 
EC 0.718 0.438 -0.309  0.324 -0.231 0.835 -0.068 

% Variance 66.283 12.349 11.786  52.166 14.59 11.865 9.507 

Probable source 
Industry 
source  

Coal 
combustion 

Vehicle 
emission 

 
Industry 
source 

Soil 
dust 

Incomplete 
combustion 

Coal 
combustion 

            Zhongshan  Deyang 

Species  PC1 PC2 PC3  PC1 PC2 

NH4
+ 0.973 -0.088 0.127  0.975 -0.162 

Na+ 0.946 -0.141 -0.245  0.956 -0.141 
Ca2+ 0.282 0.936 0.181  0.614 0.766 
Mg2+ 0.489 0.802 -0.12  0.873 0.156 

K+ 0.946 -0.287 -0.057  0.977 -0.117 
F- 0.505 -0.181 0.18  0.898 -0.279 
Cl- 0.641 0.434 -0.574  0.937 -0.019 

NO3
- 0.945 -0.141 0.029  0.896 -0.333 

SO4
2- 0.915 -0.036 0.359  0.963 -0.045 

nss-SO4
2- 0.912 -0.035 0.365  0.962 -0.045 

nss-K+ 0.946 -0.287 -0.056  0.976 -0.117 
nss-Ca2+ 0.245 0.945 0.192  0.585 0.787 

OC 0.87 -0.034 -0.451  0.954 -0.12 
EC 0.961 -0.088 0.16  0.565 0.395 

% Variance 63.690 20.411 7.291  77.311 11.908 
Probable source Industry source Soil dust Coal combustion  Industry source Soil dust 
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4.8 Summary 

The seasonal variation of aerosol PM2.5 and its ionic constituents as well as carbonaceous matter from 

four satellite city sites in China over a one-year period are presented. The annual average PM2.5 mass 

concentrations ranged from 60.5 to 148.9 μg m-3. On average, Wuqing site had the highest 

concentration of aerosol PM2.5 and chemical species, followed by Deyang and Haining, while 

Zhongshan site was found being the lowest. The water-soluble ions were dominated by three ionic 

species (SO4
2-, NO3

-, NH4
+) accounting for 33-41% of the PM2.5 mass. In general, water-soluble ions 

exhibited a clear seasonal pattern with the highest concentration in winter while lowest in summer. 

Additionally, the total carbonaceous particle matter approximately comprised 16-23% of the PM2.5 

mass.  

Ion balance calculations showed the aerosols at four sites were characterized by acidic in nature. The 

aerosol chemical composition combined with back trajectory analysis confirmed that both long-range 

transport and local emissions have important impact on ions and carbonaceous particles in the aerosol 

at these sites. PCA indicated that major sources of ions are vehicular emissions, coal/biomass 

combustion, industry source, as well as soil dust. This study provided us with valuable information on 

spatiotemporal variability of major chemical constituents in PM2.5, and therefore will give a better 

understanding on the impact of aerosol chemical compositions on atmospheric visibility impairment 

during haze events in China.  
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Chapter 5 Organic Composition and Source Apportionment of PM2.5 in China 

5.1 Introduction 

Atmospheric aerosols have been shown to have pronounced effect on human health, visibility reduction 

and global climate (Charlson et al., 1992; Seinfeld and Pandis, 1998). The organic aerosol is a 

significant constituent of aerosol particles mass, comprising thousands of compounds with very 

different physical and chemical properties (Saxena and Hildemann, 1996). The complex nature of 

organic aerosol makes it difficult to fully characterize all organic compounds in the atmospheric 

particulate matter at the molecular level (Nolte, et al., 2002; Schauer, et al., 2002).  

Primary organic aerosols (POA) are those emitted directly into the atmosphere in particle form, while 

secondary organic aerosols (SOA) are formed through the chemical reaction of biogenic and 

anthropogenic gaseous precursors. Biogenic volatile organic compounds have been positively identified 

as a precursor to the formation of SOA in the atmosphere (Kavouras et al., 1999; Jaoui and Kamens, 

2003). Among the precursor substances, isoprene and terpenes are generally considered as the major 

producers to SOA (Kleindienst et al., 2006). Meanwhile, aromatic compounds have also the potential to 

form SOA (Odum et al., 1997). Note that these anthropogenic aromatics emissions in South and East 

Asia may have significantly increased during last three decades (Kanakidou, et al., 2005).  

Currently, China is facing serious ambient particulate matter pollution as rapid economic development 

and urbanization. Previous studies revealed that Beijing-Tianjin-Hebei area (BTH), Yangtze River 

Delta area (YRD), Pearl River Delta area (PRD) and Sichuan Basin area (SB) are the four major black 

carbon (BC) emission areas in China (Cao et al., 2006; Xing et al., 2014). Herein, sampling sites 

(shown in Figure 3-1) were chosen in four satellite cities of their corresponding megacities Beijing, 

Shanghai, Guangzhou, and Chengdu, which was described in our previous paper (Zhou et al., 2016). To 

the best of our knowledge, only limited data on individual organic composition of aerosol particles is 

available in these areas.  
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The present study aims to compare the compositions of individual organic compound in PM2.5 and to 

evaluate source contributions to OC and PM2.5 mass using organic tracer-chemical mass balance (CMB) 

receptor model. The results of this study will be helpful for designing effective ambient particulate 

matter pollution control strategies and human exposure studies.  

 

5.2 Organic species and source identification 

The annual average OC concentration varied between 9.0 and 14.1 μg m-3 at these sampling sites, while 

the EC concentrations were observed to be 1.2-1.6 μg m-3. More than one hundred of organic 

compounds including alkanes, PAHs, n-alkanoic acids, aliphatic and aromatic dicarboxylic acids were 

identified and quantified in each sample. Among them, some molecular markers or indicator 

compounds were well documented as the tracers to the source of organic matter (Simoneit, 1985). In 

this work, some selected organic molecular markers in PM2.5 including hopanes, picene, high-

molecular-weight (HMW) PAHs, levoglucosan, cholesterol, dicarboxylic acids are presented in Figure 

5-1.  

Hopanes, petroleum biomarkers, are commonly utilized to as tracers for motor vehicle exhaust in the 

atmosphere (Rogge et al., 1993; Schauer et al., 2000). As shown in Figure 5-1a, the hopanes including 

17α(H)-22,29,30-Trisnorhopane, 17α(H),21β(H)-30-Norhopane, 17α(H),21β(H)-Hopane contributed to 

PM2.5 mass with an annual average concentration (±sd) of 2.3±1.8 ng m-3. The maximum values at 

these sites were observed in fall and winter and the minimum values were in spring, except highest 

level occurred at Deyang during the summer period. The hopanes in the aerosol confirmed the input 

source from fossil fuel utilization and engine lubricating oil at these sites.  

The concentrations of picene, a tracer for coal combustion, was found the highest value in winter and 

lowest in summer with an annual average of 0.2±0.1 ng m-3 (Figure 5-1b). Wuqing site exhibited much 
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higher picene level than that at Zhongshan site. The maximum value occurred in winter at Wuqing (0.4 

ng m-3), which might be due to coal combustion for residential heating in the cold season.  

The selected polycyclic aromatic hydrocarbons (PAH) were determined and shown in Figure 5-1c. The 

annual average concentration of the PAHs was 7.4±7.1 ng m-3. These PAHs (indeno(1,2,3-cd) pyrene, 

benzo(g,h,i)perylene, coronene) with high molecular weight (MW>228) are common product of 

incomplete combustion and usually associated with vehicle emission particulate matter. The highest 

concentration was measured in winter and lowest in summer. The seasonal trend of these tracers 

indicted that the meteorological factors have a substantial impact on increased PAHs levels during the 

winter period. Such high-molecular-weight PAHs are stable enough to resist chemical reaction and 

evaporation (Schauer et al., 1996), and are preferentially accumulated on the fine particulate once 

emitted from motor vehicle exhaust when radiation inversion occurs in winter.  

Levoglucosan, which is considered as a cellulose pyrolysis tracer (Simoneit et al., 1999), was observed 

higher in samples during fall and winter periods and lower level in summer with an annual average 

concentration of 452.7±337.6 ng m-3 (Figure 5-1d). The measured concentrations of levoglucosan are 

much higher than reported value in some US sites (Lough et al., 2006). It is worthy to note that the 

concentration of levoglucosan observed in Zhongshan site increased dramatically with a much higher 

ratio of levoglucosan to OC (0.079) than that at other sites, which could be resulted from local biomass 

burning activity.  

Meanwhile, cholesterol is thought as a tracer in meat charbroiling smoke (Rogge et al., 1991). As 

shown in Figure 5-1e, the cholesterol exhibited slightly higher level in winter than that in summer with 

an annual average concentration of 1.4±2.5 ng m-3. Interestingly, the maximum value of 10.7 ng m-3 

was observed at Deyang site. Compared to other sites, such a sharp increase of cholesterol seemed to be 

impacted by local sources, i.e. meat cooking emissions. 
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Figure 5-1  
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Figure 5-1 Seasonal variation of organic molecular marker at the sites in China 

Wuqing (WQ), Haining (HN), Zhongshan (ZS), Deyang (DY) 
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Aliphatic and aromatic diacids are commonly used as secondary organic aerosol tracers (Schauer et al., 

2002; Zheng et al., 2002). The annual average concentration of collective these acids was 432.4±412.5 

ng m-3. The measured dicarboxylic acids (terephthalic acid, phthalic acid, isophthalic acid) had almost 

no clear seasonal trends and varied slightly across the sites except the samples at Zhongshan site during 

the fall period (Figure 5-1f). The similar treads in organic acids were observed in Baghdad, Iraq 

(Hamad, et al., 2015). It is possibly influenced by regional sources and also some meteorological 

factors.  

 

5.3 Source apportionment of PM2.5 OC 

The primary source contributions to organic carbon in PM2.5 was computed by molecular marker based 

CMB modeling method with the source profiles discussed previously as well as the concentration of 

fitting species determined from the ambient PM2.5 samples (Schauer et al., 1996; Turpin et al., 2000).  

The source apportionment model results for OC in PM2.5 are shown in Figure 5-2. Analytical 

diagnostic values from MM-CMB model were listed in Table 5-1. The CMB results in this study are 

statistically significant with the average R2, CHI2 and the percent mass explained as 0.96, 1.01, and 

84%, respectively. The other organic carbon category represents the difference between the measured 

total organic carbon concentration and the summed concentration of the primary source contributions 

quantified from the receptor model. Five sources are identified that contribute to the fine OC in this 

study, which varied in site and season. On an annual average, the vehicle emission, coal combustion, 

and biomass burning were found to be the most significant contributors to fine OC at these sites. Other 

identified primary sources include meat cooking and natural gas combustion.  

The contribution to fine OC from these primary sources showed a distinct seasonal pattern. In spring, 

the vehicle emission was the largest contributor, which account for on average 47% of measured OC. 

The contribution to fine OC from this source were 5.03±1.65 µg m-3, 2.21±0.69 µg m-3 , 3.14±0.57 µg 
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m-3, 9.56±2.76 µg m-3  at Wuqing, Haining, Zhongshan, Deyang site, respectively. Vehicle emission 

dominated the sources contributing to the OC in summer, explaining on average 29% of OC. The 

lowest percentage of explained organic carbon to measured organic carbon was in summer at all sites 

(averaging 67%), possibly reflecting an increase in secondary organic aerosol formation in the hot 

season. A trend toward a higher contribution to the OC from biomass burning was found in fall, 

accounting for on average 41% of measured OC. Similar results were found at the urban sites in China 

and U.S. (Zheng et al., 2005; Zheng et al., 2007). Such dramatic increase of biomass aerosol 

contribution is possibly due to straw burning widely present around China at the time of the year. 

Interestingly, meat cooking showed a pronounced seasonal pattern, peaking in spring, with an average 

PM2.5 OC contribution of 19% at these sites. In contrast, contributions from coal combustion increased 

greatly during cold months, accounting for 20% and 12% of OC in fall and winter, respectively.  
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Figure 5-2 Seasonal variation in source apportionment of OC in PM2.5 at the sites in China 

Wuqing (WQ), Haining (HN), Zhongshan (ZS), Deyang (DY) 
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Table 5-1 Seasonal source contributions to OC in PM2.5 at four sites of China (mean ± SD in µg m-3) 

 

 

 

 

 

 

 

 

 

 

 

a Source contribution to OC is insignificantly different from zero.  

Site Season Meat 
cooking 

Natural gas 
combustion 

Biomass 
burning 

Vehicle 
emission 

Coal 
combustion 

Sum of 
identified 
sources 

Measured 
OC R2 CHI2 %Mass 

explained 

WQ Fall 2.05±0.58 0.12±0.76 5.49±1.76 2.40±0.59 4.42±0.60 14.5±2.1 14.9±3.0 0.97 0.80 97.2 
HN Fall 0.67±0.25 0.68±0.23 4.66±1.33 5.68±1.15 2.00±0.38 13.7±1.8 10.7±2.1 0.97 0.91 128.0 
ZS Fall 0.59±0.17 0.16±0.05 1.98±0.55 1.96±0.78 0.46±0.08 5.1±0.8 5.0±1.0 0.97 0.70 102.8 
DY Fall 0.56±0.16 0.14±0.04 2.58±0.82 0.91±0.15 0.23±0.07 4.4±1.1 4.8±1.0 0.97 0.98 91.6 
            
WQ Winter 2.64±0.74 1.25±0.54 5.01±1.60 2.69±0.56 5.35±0.82 16.9±3.1 27.3±3.5 0.97 0.81 62.1 
HN Winter 1.10±0.30 2.55±0.46 2.97±0.83 2.69±0.64 1.32±0.25 10.6±2.0 10.8±2.2 0.98 0.43 98.4 
ZS Winter 2.66±0.75 0.52±0.15 ---a 5.10±1.03 1.26±0.21 9.5±1.1 13.3±2.1 0.96 0.97 71.7 
DY Winter ---a 0.97±0.23 9.17±2.87 ---a 1.64±0.25 11.8±3.0 31.2±4.2 0.96 0.85 37.8 
            
WQ Spring 1.88±0.53 0.63±0.15 2.13±0.60 5.03±1.65 1.15±0.21 10.8±1.4 11.4±2.3 0.95 1.47 94.8 
HN Spring 0.89±0.25 0.40±0.12 2.25±0.73 2.21±0.69 1.28±0.21 7.0±1.2 7.6±1.5 0.94 1.73 92.1 
ZS Spring 0.72±0.20 0.11±0.04 1.06±0.34 3.14±0.57 0.35±0.07 5.4±1.1 6.2±1.2 0.97 0.98 86.6 
DY Spring 4.85±1.37 0.55±0.12 4.14±1.15 9.56±2.76 0.65±0.14 19.8±2.6 16.9±3.4 0.95 1.59 116.9 
            
WQ Summer 0.73±0.21 0.40±0.09 1.52±0.48 1.16±0.22 0.69±0.15 4.5±0.6 6.8±1.4 0.95 1.34 66.2 
HN Summer 0.59±0.17 0.04±0.02 0.42±0.13 3.67±0.65 0.29±0.06 5.0±0.8 7.0±1.4 0.97 0.92 71.8 
ZS Summer 0.32±0.09 0.08±0.02 0.28±0.08 1.71±0.52 0.65±0.11 3.1±0.6 6.5±1.3 0.97 0.79 46.8 
DY Summer 0.28±0.15 ---a 1.53±0.45 1.23±0.34 2.13±0.26 5.2±1.0 6.1±1.2 0.97 0.85 84.5 
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Model results revealed that the primary sources contributing to the PM2.5 OC varied significantly by 

sites in this study.  At Wuqing and Deyang site, the largest contributor to OC was biomass burning, 

explaining 23% and 30% of measured OC, respectively. While the vehicle emission had the most 

important impact on OC at Haining and Zhongshan site, with an annual average of 39% and 38% 

contributing to OC, respectively. When examining the CMB result, it is worthy to note that there is 

slight variation in vehicle emission, contributing between 2.82 and 3.56 ug m-3 to OC across the sites.  

 

5.4 Source apportionment of PM2.5 mass 

Since the ratio of the emissions of fine organic carbon to fine particle mass is known for each of the 

sources in the model, source contributions to fine particle mass concentrations also can be calculated. 

The following factors are used to convert fine organic carbon to fine particulate mass: 0.304 for vehicle 

emission, 0.336 for coal combustion, 0.588 for biomass burning, 0.849 for natural gas combustion, and 

0.556 for meat cooking (Schauer et al., 1996; Schauer et al., 2000; Zheng et al., 2005). “Other mass” 

refers to the difference between PM2.5 mass and the sum of identified sources. The other organic matter 

was calculated by multiplying the other organic carbon by 1.6. Figure 5-3 and Table 5-2 show the fine 

particle mass contributions from the primary sources plus the other organic matter as well as secondary 

sulfate, nitrate, and ammonium ion concentrations. The sum of identified primary sources and 

secondary aerosol formation accounted for between 47% and 60% of the measured PM2.5 mass during 

different seasons. The major contributors to PM2.5 mass in this study were calculated as secondary 

sulfate (16.1±9.3 µg m-3), secondary nitrate (11.1±8.6 µg m-3), vehicle emission (10.1±7.7 µg m-3), 

secondary ammonium (5.0±4.0 µg m-3), biomass burning (4.8±4.1 µg m-3), coal combustion (4.4±4.3 

µg m-3), meat cooking (2.3±2.2 µg m-3), other organic matter (4.5±8.2 µg m-3), and natural gas 

combustion (0.6±0.7 µg m-3) on annual average.  
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From the source apportionment results, the secondary inorganic ions including sulfate, nitrate and 

ammonium were found the major components in PM2.5. Meanwhile, the other organic matter varied 

greatly between the seasons, especially contributing average 11% of the sum of identified sources in 

summer. A high portion of “other OM” in summer is mainly associated with secondary organic aerosol 

formed when volatile organic precursor compound and oxidant species exists at warm months of the 

year. However, we note that it may also have other small sources of primary organics, which are not 

included in the model such as industrial sources and road dust.  

The highest percentage of identified source contribution to PM2.5 was found at Zhongshan site, 

accounting for 63% of total mass, while the lowest at Deyang site explained only 52% of the mass. 

Interestingly, the secondary sulfate, nitrate, and ammonium have minor variation across the sites during 

wintertime, with relative standard deviation of 16.3-33.5%, confirming the influences of regional 

emission sources on these sites.           
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Figure 5-3 Source contributions to PM2.5 mass at the sites in China 

Wuqing (WQ), Haining (HN), Zhongshan (ZS), Deyang (DY) 
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Table 5-2 Seasonal source apportionments of PM2.5 mass concentration at four sites of China (µg m-3) 

a Contribution to PM2.5 mass is insignificantly different from zero.  

 

Site Season Meat 
cooking 

Natural gas 
combustion 

Biomass 
burning 

Vehicle 
emission 

Coal 
combustion 

Other 
organic 
matter 

Secondary 
sulfate 

Secondary 
nitrate 

Secondary 
ammonium 

%Mass 
explain 

WQ Fall 3.69 0.14 9.34 7.89 13.15 0.64 12.83 12.86 5.57 58.2 
HN Fall 1.21 0.80 7.93 18.68 5.95 0.00 17.57 22.10 7.05 51.4 
ZS Fall 1.06 0.19 3.37 6.54 1.37 0.00 5.57 2.47 1.04 71.5 
DY Fall 1.01 0.16 4.39 2.99 0.68 0.61 5.06 2.32 1.01 60.7 
            
WQ Winter 4.75 1.47 8.52 8.85 15.92 16.64 25.55 17.62 9.52 65.2 
HN Winter 1.98 3.00 5.05 8.85 3.93 0.27 24.46 19.98 9.55 60.8 
ZS Winter 4.78 0.61 ---a 16.78 3.75 6.34 16.97 16.60 6.47 62.0 
DY Winter ---a 1.14 15.60 ---a 4.88 31.09 38.22 23.77 12.61 49.6 
            
WQ Spring 3.38 0.74 3.62 16.55 3.42 0.94 24.27 25.06 9.99 59.1 
HN Spring 1.60 0.47 3.83 7.27 3.81 0.91 9.41 6.89 3.75 55.0 
ZS Spring 1.29 0.13 1.80 10.33 1.04 1.30 13.21 5.97 3.39 65.8 
DY Spring 8.72 0.65 7.04 31.45 1.93 0.00 23.99 2.33 6.25 60.7 
            
WQ Summer 1.31 0.47 2.59 3.82 2.05 3.68 14.67 11.39 0.29 37.3 
HN Summer 1.06 0.05 0.71 12.07 0.86 3.17 9.11 3.77 0.18 47.9 
ZS Summer 0.58 0.09 0.48 5.63 1.93 5.52 3.57 0.15 0.09 57.3 
DY Summer 0.50 ---a 2.60 4.05 6.34 1.47 13.24 4.65 3.12 44.0 
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Overall, the annual average source contribution to PM2.5 mass at four sites of China was shown in 

Figure 5-4. At Wuqing and Haining site, the major contributors to PM2.5 mass were secondary sulfate 

(26-27%), secondary nitrate (22-23%) and vehicle emission (12-21%). In contrast, vehicle emission 

(26%) and secondary sulfate (26%) have the highest impact on PM2.5 mass at Zhongshan site.  The 

secondary sulfate was found to the highest contributor, accounting for 30% of PM2.5 mass at Deyang 

site, followed by vehicle emission (15%) and secondary nitrate (12%).  The secondary ammonium 

showed little change across the sites, contributing 7-9% of the PM2.5 mass. Meanwhile, biomass 

burning accounted for 4-12% of fine particles, and it has a higher impact at Deyang compared to other 

sites. The coal combustion has relatively higher contributing to PM2.5 mass at Wuqing site (12%), 

whereas the other sites were found to be around 6%. It is not surprising that the coal combustion is 

widely used for residential heating at Wuqing during the cold months. However, there is no central 

heating in winter at southern cities of China. We note that the present results were confirmed by the 

findings of Andersson et al. using dual carbon isotope constrained (Δ14C and δ13C) source 

apportionment technology during the same study period (Andersson et al., 2015). It was found that 

higher coal combustion is contributing to EC in NCP region and more liquid fossil in YRD and PRD 

region. In addition, small amounts of PM2.5 mass are contributed by meat cooking (2-5%), natural gas 

combustion (1-2%), and other OM (2-13%).  
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Figure 5-4 Annual average source contribution to PM2.5 mass at four sites in China 

 

5.5 Summary 

To investigate the organic constituents of ambient fine PM and quantify the source contributions to 

PM2.5 mass, a sampling campaign was conducted at four satellite city sites in China over a one-year 

period of 2012-2013. A molecular marker-chemical mass balance (CMB) receptor model was applied 

to apportion the seasonal source contributions to OC and PM2.5 mass at these sites. The CMB results 

revealed that the major primary sources of PM2.5 carbonaceous aerosol are vehicle emission, biomass 

burning, coal combustion, meat cooking and natural gas combustion. These primary sources 

collectively accounted for 84±24% of measured OC with a relative lower contribution in summer 



 

61 

 

(67%), which could be associated with secondary formation processes. The sum of identified primary 

sources and secondary aerosol formation accounted for between 47% and 60% of the measured PM2.5 

mass on average. The major contributors to PM2.5 mass were secondary sulfate (26-30%), secondary 

nitrate (12-23%), vehicle emission (12-26%), coal combustion (6-12%), secondary ammonium (7-9%), 

biomass burning (4-12%), meat cooking (2-5%), natural gas combustion (1-2%), and other OM (2-13%) 

on annual average at these sites. Source contribution showed distinct seasonality with higher 

contribution from biomass burning in fall and more coal combustion emission in winter. The secondary 

ammonium has minor variation across the sites, especially during wintertime, which was possibly due 

to the impact from regional emission sources on these sites. Local source contributors to the fine 

particulate matter at these sites were observed, including the highest vehicle emission at Zhongshan site 

(26%) and highest contribution from biomass burning at Deyang site (12%). Therefore, the source 

apportionment results based on molecular marker receptor model in this study is helpful for developing 

both regional and local mitigation strategies for fine particulate matter in the various urban area of 

China.  
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Chapter 6 Conclusions and Recommendations 

6.1 Conclusions 

The chemical composition of airborne fine aerosol PM2.5 collected at four satellite city sites (Wuqing, 

Haining, Zhongshan, Deyang) in China over a one-year period of 2012-2013 were investigated in this 

study. The influence of regional transport on the seasonal variation of PM2.5 across the sites was 

studied by using back trajectories HYSPLIT model. The molecular marker based CMB model was 

applied to estimate source contributions to organic carbon (OC) and PM2.5 mass. The more details are 

summarized herein.  

The annual average PM2.5 mass concentrations ranged from 60.5 to 148.9 µg m-3, which is much higher 

than the National Ambient Air Quality Standards (NAAQS) of China for PM2.5 (35 μg m-3 annual  

average). The Wuqing site had the highest concentration of aerosol PM2.5, followed by Deyang and 

Haining, while Zhongshan site was found being the lowest. The PM2.5 at Wuqing site is characterized 

by higher water-soluble inorganic ions and lower OM composition. In contrast, Zhongshan site showed 

a higher relative abundance of OM particles whereas lower water-soluble ions. 

The water-soluble ions were dominated by three ionic species (SO4
2-, NO3

-, NH4
+) accounting for 33-

41% of the PM2.5 mass. In general, water-soluble ions exhibited a clear seasonal pattern with the 

highest concentration in winter while lower in summer. Additionally, the total carbonaceous particle 

matter approximately comprised 16-23% of the PM2.5 mass.  

The fine aerosols at four sites were characterized by acidic in nature based on ion balance calculations. 

It means the neutralization of sulfate and nitrate in aerosol was not complete. Under the ammonium-

poor condition, the positive correlations between nss-SO4
2- and NH4

+ (R=0.92-0.98) at a very 

significant level (P<0.001) revealed the sulfate aerosol primarily existed in the form of (NH4)2SO4 in 

the atmosphere at these sites.  
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The aerosol chemical composition combined with back trajectory analysis confirmed that both long-

range transport and local emissions have important impact on ions and carbonaceous particles in the 

aerosol at these sites. The majority of the air masses during summertime reaching these sites were from 

western Pacific Ocean passing over Yangtze River Delta (YRD), Pearl River Delta (PRD) regions, 

whereas at Deyang site the air mass originated from southern mainland coupling with local Sichuan 

Basin (SB) emissions and long-range transport from South Asia.  

The dust originating in the Mongolia moved southeastward and mixed with air masses passing over 

North China Plain (NCP), and finally arrived at Wuqing site during wintertime. The fine aerosol 

chemical data in winter is characterized by high level of Ca2+ (1.3 µg m-3), Mg2+ (0.2 µg m-3), NO3
- 

(25.2 µg m-3), SO4
2- (40.9 µg m-3), OC (27.3 µg m-3), and K+ (7.2 µg m-3), suggesting the polluted air 

masses was mixed with fossil fuel combustion and continental dust via long-range transport. 

The characteristic chemical species ratios (SO4
2-/PM2.5, NO3

-/PM2.5) in PM2.5 at these sites implied 

relatively higher coal combustion emission in NCP region, whereas a relatively greater contribution 

from traffic emissions at Haining and Zhongshan sites during the winter.  

The principal component analysis (PCA) technique was applied with major aerosol data to identify the 

main contributions of processes and emission sources of water-soluble ions. PCA result indicated that 

major sources of ions are vehicular emissions, coal/biomass combustion, industry source, as well as 

soil dust.  

A molecular marker-chemical mass balance (CMB) receptor model was applied to apportion the 

seasonal source contributions to OC and PM2.5 mass at these sites. The CMB results revealed that the 

major primary sources of PM2.5 carbonaceous aerosol are vehicle emission, biomass burning, coal 

combustion, meat cooking and natural gas combustion. These primary sources collectively accounted 

for 84±24% of measured OC with a relative lower contribution in summer (67%), which could be 

associated with secondary formation processes.  
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The sum of identified primary sources and secondary aerosol formation accounted for between 47% 

and 60% of the measured PM2.5 mass on average. The major contributors to PM2.5 mass were 

secondary sulfate (26-30%), vehicle emission (12-26%), secondary nitrate (12-23%), secondary 

ammonium (7-9%), coal combustion (6-12%), biomass burning (4-12%), meat cooking (2-5%), natural 

gas combustion (1-2%), and other OM (2-13%) on annual average at these sites.  

Source contribution showed distinct seasonality with higher contribution from biomass burning in fall 

and more coal combustion emission in winter. Local source contributors to the fine particulate matter at 

these sites were observed, including the highest vehicle emission at Zhongshan site (26%) and highest 

contribution from biomass burning at Deyang site (12%).  

The source apportionment results based on molecular marker receptor model in this study is helpful for 

developing both regional and local mitigation strategies to decrease PM2.5 concentrations in the various 

urban area of China.  

This work has contributed to improvement in understanding chemical nature of aerosol fine particulate 

matter. Meanwhile, this work has advanced future source apportionment study to distinguish primary 

and secondary aerosol sources and evaluate the impacts of local and regional emissions on air quality.  

 

6.2 Recommendations 

Based on the experimental and model results in this thesis, several recommendations for the future 

work are proposed below.  

More studies on local source profiles for these sites in China will give a better understanding of sources 

of fine aerosol and improve the accuracy of source apportionment model result.  

It would be valuable to collecting more detailed meteorological data at these sites during sampling 

campaign thereby study some major factors influencing the spatiotemporal variability of PM2.5 aerosol 

chemical compositions.  
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It would be interesting to compare the source apportionment result using other techniques such as 

positive matrix factorization (PMF), UNMIX model, carbon isotope analysis, and therefore provide 

more reliable source apportionment result. 

Because the CMB model applied in this study was only to apportion the primary sources of fine aerosol 

OC, further studies focused on secondary organic aerosol will allow us to fill the gaps between 

identified OC and measured OC in PM2.5.  
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