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Abstract 

iv 

Abstract  

Particulate matter (PM) air pollution adversely affects human health and can lead to premature deaths. 

The sources of air pollution, however, remain poorly understood especially in urban areas with 

intense human activities. This thesis presents source apportionment studies of PM air pollution to 

improve our knowledge of the most important sources in urban cities regarded as typical of those 

found in moderately populated developed-world countries (e.g. Ireland) and heavily-polluted 

megacities in developing-world countries (e.g. China). 

An advanced nation-wide air quality (AQ) pilot monitoring network was established in Ireland using 

high-time resolution aerosol chemical speciation monitors. The AQ network is capable of providing 

real-time information about PM mass concentration and chemical composition. Using the 

sophisticated fingerprinting techniques associated with the mass spectrometry technology, we can 

better inform emissions reduction policies and help to ensure the most appropriate air pollution 

sources are targeted. Dublin experienced frequent particulate air pollution events during winter 2016, 

with episodic PM1 concentrations exceeding 300 μg m-3. Solid fuel, such as peat and wood, though 

consumed by <13% of the households, contributed up to 70% of the pollution during these 

exceedance episodes. Pollution events due to solid fuel burning were also observed in Galway. Thus, 

emission control of solid fuel burning, especially peat burning, should be targeted to improve the air 

quality across Ireland in winter. In contrast, in summer, the PM was dominated by secondary organic 

and inorganic aerosol which was found to originate from the long-range transport. 

In urban cities in North China, traffic, biomass burning, cooking, and coal combustion were the major 

pollution sources. In addition, secondary aerosol was found to contribute substantially (up to 55%) to 

PM in episodic events. In Beijing, traffic-related emissions were dominant during low pollution 

periods, contributing ~65% of total trace element mass. However, coal combustion-related particulate 

trace elements dominate (58%) during pollution periods. Therefore, reducing the primary emission 

and controlling the emission of secondary precursor gases are important to improve the air quality in 

China.
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1. Introduction 

1.1 Motivation and Objectives of this Study 

Atmospheric particulate matter (PM) or aerosol particles are condensed (solid or liquid) material 

suspended in the atmosphere. They influence the Earth’s radiative budget, and ultimately climate, by 

scattering and absorbing radiation (Twomey, 1974; Albrecht, 1989). They also play an important role 

in the formation of cloud and precipitation by serving as cloud condensation (CCN) and ice nuclei 

(IN) (Fuzzi et al., 2015). In addition, aerosol particles influence air quality both locally and regionally, 

and adversely affects human health, causing morbidity and even premature mortality. A recent World 

Health Organization (WHO) report highlights that approximately 7 million premature deaths every 

year are associated with particulate air pollution and demonstrates that the pollution risks are far 

greater than previously thought (WHO, 2018). However, there remain significant uncertainties in the 

true impact of atmospheric aerosols on climate and health, due in large part to the lack of detailed 

knowledge on their sources, composition, chemical and physical properties, and the mechanisms of 

formation (Hallquist et al., 2009). A quantitative understanding of atmospheric aerosol particles has 

proven extremely challenging because of spatial and temporal variability in the sources of aerosols 

and their precursor gases, the complexity of particle composition, and the uncertainties associated 

with the nature and timescales of atmospheric aging processes of existing particles. 

Today, over half the world’s population resides in urban areas, and this proportion is expected to 

grow to 66% by 2050 (UN, 2014). Urban areas are usually more polluted than rural areas due to 

proximity to emission sources such as motor vehicles, residential heating, cooking, and some industry 

activities. It has been reported that over 80% of the people living in urban areas are exposed to PM 

air pollution (WHO, 2016). One of the key trends is that the global urban PM air pollution levels 

increased by 8% from 2008 to 2013, despite some improvements in some regions (WHO, 2016). As 

the air quality declines, the risk of respiratory diseases, stroke, heart disease, lung cancer, and other 

long-term health problems increases for the people living in urban areas. In general, the population 

in low- and mid-income countries are most at risk as 98% of cities with more than 1 million 
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inhabitants do not meet the WHO air quality guidelines, according to the WHO report in 2016. By 

way of comparison, in high-income countries, that percentage is 56% (WHO, 2016). WHO urges 

countries with areas not meeting the air quality guideline values to undertake immediate action to 

improve air quality. It is worth noting that reducing air pollution is also an important part of countries’ 

commitment to the Paris Agreement on climate change.  

This project aims to elucidate the chemical nature and sources of aerosol particles in urban areas in 

Ireland, a moderately populated developed-world country, and in China, a heavily-polluted 

developing-world country. The aims are achieved via the analysis of data collected from the 

deployment of high-time resolution aerosol chemical speciation monitor (ACSM) and a suit of other 

in-situ instrument measuring the chemical and physical properties of aerosol particles in the cities in 

both Ireland and China in combination with source apportionment model of Positive Matrix 

Factorization (PMF) and Multilinear Engine (ME-2). 

The objectives of this research are: 

1. To identify the major sources of PM and assess their impact on air quality in Dublin city (Paper 

1) and Galway city (Paper 2) in Ireland during winter; 

2. To quantify the impact of long-range aerosol transport on air quality in Galway during summer 

(Paper 3); 

3. To identify and quantify the primary and secondary sources of PM and to assess their impact 

on air quality in wintertime Shijiazhuang, China (Paper 4); 

4. To quantify the contribution of traffic and coal burning to trace elements and to assess their 

impact on health risks in wintertime Beijing, China (Paper 5); 

5. To identify the sources of organosulfates in ambient aerosols (Paper 6) and to assess the link 

between the chemical composition and optical properties of brown carbon (Paper 7) in Xi’an, 

China.  
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1.2 Review of the Current State of Knowledge 

1.2.1 Sources and Compositions of Particulate Matter  

Atmospheric aerosol particles consist of liquid or solid particles suspended in the air. The sources of 

PM can be natural and anthropogenic. As shown in Figure 1, natural processes such as volcanic 

activity, forest fires, marine activity generate aerosol particles such as volcano ash, dust, soot, and 

sea salt. Natural biological emissions include spores, pollen, and other microscopic particles. Human 

activities, such as the combustion of fossil fuel in engines, power plants, and various industrial 

processes, also generates a significant amount of PM in the atmosphere. Generally, airborne aerosols 

are divided into two types, primary and secondary (Hallquist et al., 2009; Fuzzi et al., 2015). Primary 

aerosols are directly emitted or injected into the atmosphere while secondary aerosols are formed by 

the nucleation/oxidation/condensation of its precursor gases. Human activities such as traffic, 

cooking, and coal burning emit both primary aerosol (e.g., black carbon and organic matter) and 

secondary aerosol precursor gases such as sulfur dioxide, nitrogen oxides, and volatile organic 

compounds (VOCs) which are converted into their corresponding particulate phase upon 

oxidation/nucleation/condensation (Hallquist et al., 2009). Note that both primary and secondary 

aerosols undergo a dynamic change in both composition and properties resulting from oxidation, gas-

to-particle partitioning, fragmentation and cloud processing (Kroll and Seinfeld, 2008; Gentner et al., 

2017).  
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Figure 1. Sources of particulate matter in the environment, reproduced from Kemp et al. (2004). 

Volcanic activity, forest fires, natural organic emission, and marine activity are the natural sources of 

aerosol particles while mining and quarrying, urban-industrial activities, transport, agriculture are the 

man-made sources.  

Airborne aerosol particles have very complex and variable chemical composition ranging from 

inorganic compounds (e.g., sulfate, nitrate, sea salt, and elemental carbon) to organic matter (e.g., n-

alkanes, fatty acids, sugars, hopanes, fatty alcohols, phthalates, polyols/polyacids, sterols, lignin, and 

resin products). Due to the various sources and transformations, the chemical composition of aerosols 

can vary a lot depending on the location, time, season or weather conditions (Figure 2).  

Inorganic compounds are found in both marine and continental aerosols. For example, primary sea 

salt particles including ions like Na+, Cl-, Mg2+, K+, and Ca2+ are generated through bubble bursting 

and wave breaking at the sea surface (O'Dowd and de Leeuw, 2007). Therefore, sea salt generation 

is strongly correlated with wind speed. Sulfate (SO4
2-) is secondary and formed from the gas-to-

particle conversion of sulfur dioxide (SO2) which is emitted from anthropogenic sources (e.g., coal 

burning (Zhang et al., 2012)) and volcanoes. In the marine environment, dimethyl sulfide (DMS) 

from biogenic sources, especially from marine planktons is also an important sulfur dioxide source 

which is then converted into sulfate upon oxidation (O'Dowd et al., 1997; Ovadnevaite et al., 2014). 
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Nitrate (NO3
-) is common in continental aerosols and is formed mainly from the oxidation of 

atmospheric nitrogen dioxide (NO2) which is mainly emitted from anthropogenic sources e.g., traffic 

emissions (Geng et al., 2008). In contrast, seawater contains negligible amounts of nitrate 

(Ovadnevaite et al., 2014).  

 

Figure 2. Average mass concentration (in μg m-3) and fractions of nonrefractory inorganic species 

(sulfate, nitrate, ammonium, and chloride) and organic components in PM1 aerosols measured with 

the Aerosol Mass Spectrometer at multiple surface locations, reproduced from Jimenez et al. (2009). 

Ammonium salts (NH4
+) are formed when gas ammonia (NH3) reacts with various acids, such as 

sulfuric (H2SO4) and nitric acid (HNO3). With sufficient amount of ammonia in the atmosphere, the 

sulfuric acid is fully neutralized and forms ammonium sulfate, (NH4)2SO4, with the molar ratio of 

NH4
+ to SO4

2− equal to 2 (Wang et al., 2013). However, in the marine environment, due to the lack 

of ammonia source, the aerosol phase sulfuric acid is not always fully neutralized and has molar ratios 

<2 and even <1. Therefore, sulfate is mainly in the form of NH4HSO4 or H2SO4 in marine aerosol 

(Ovadnevaite et al., 2014).  
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Elemental carbon is the sooty black materials emitted during the combustion of fossil fuel or biomass 

burning, often with other chemicals attached to its surface. BC is a strong absorber of solar radiation 

and its emissions are the second largest contribution to current global warming after carbon dioxide 

(Ramanathan and Carmichael, 2008).  

Organic aerosol (OA) comprises numerous individual organic compounds (Bi et al., 2003). In 

comparison to inorganic aerosol, organic aerosol remains poorly understood due to the various 

sources and transformation (Jimenez et al., 2009). Primary OA (POA) are directly emitted by biogenic 

(e.g., marine (O'Dowd et al., 2004)) or anthropogenic sources (e.g., traffic) (Hallquist et al., 2009). 

Secondary OA (SOA) are formed from the oxidation of biogenic or anthropogenic volatile organic 

compounds (VOC) (Kroll and Seinfeld, 2008). As a result of strict regulations for sulfur-containing 

compounds, the atmospheric concentrations of SO2 and sulfate reduced significantly (~ 80% over 35 

year period), resulting in an aerosol composition dominated by organic matter (Grigas et al., 2017). 

As observed at the Mace Head research station on the Irish coast, organic aerosol prevails over 

inorganic compounds under polluted conditions, contributing 50% or more of the submicron PM ( 

PM1) mass and exhibiting a trend whereby its contribution increases with increasing pollution levels 

(Grigas et al., 2017).  

1.2.2 Health Effects 

The size of the particle is an important parameter to evaluate where in the respiratory tract the particle 

will come to rest when inhaled. Larger particles tend to be filtered in the nose, throat or mouth, but 

particulate matter smaller than 10 μm (i.e., PM10) can settle in the lungs, causing health problems. 

Similarly, PM2.5 is PM smaller than 2.5 μm. PM2.5 is generally described as fine particulate matter 

and it tends to penetrate deeper into the lungs, reaching the gas-exchange regions of the lungs 

(alveolus). As a comparison, a human hair is about 100 μm, so roughly 40 times the size of PM2.5. 

Ultrafine particulate matter (PM0.1) may be more damaging to humans as it tends to pass through cell 

membranes of the lungs and affect other organs. The particles emitted from the modern diesel engine 

are typically in the same size ranges as PM0.1 (Neer and Koylu, 2006), and therefore, potentially cause 

more health problems than coarse and fine particulate matter. However, penetration of particles is not 

wholly dependent on their size because the particle shape and its chemical composition also play a 

part. Despite this, most regulatory agencies including the European Environmental Agency 
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(2008/50/EC) and the World Health Organization have used the particulate mass concentration as a 

guideline value to regulate the air quality. 

The inhalation of atmospheric particulate matter increases the risk of lung cancer, respiratory 

diseases, cardiovascular disease, premature delivery, birth defects, low birth weight, and premature 

death (Sandström et al., 2005). Globally, millions of premature deaths per year have been estimated 

to be associated with outdoor air pollution caused by fine particulate matter (Lelieveld et al., 2015). 

As shown in Figure 3, China, India, and many of the large urban centers are the hotspot locations 

with higher premature mortality rates (Lelieveld et al., 2015). Most of the premature deaths are caused 

by cerebrovascular disease and ischaemic heart disease (Lelieveld et al., 2015). Moreover, Lelieveld 

et al. (2015) predicted that the contribution of outdoor pollution to premature death could double by 

2050 if the current trend of energy usages continued.  

 

Figure 3. Mortality linked to outdoor air pollution in 2010, reproduced from Lelieveld et al. (2015). 

The health effects of long-term exposure to atmospheric aerosol particles are stronger than short-term 

exposure (Liang et al., 2018). However, even short-term exposure to outdoor PM2.5 pollution is 

associated with an increased risk of mortality, morbidity, and increased emergence admission to the 

hospital (Atkinson et al., 2014). World Health Organization (WHO) recommends a 24 h average 
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concentration of 25 μg m-3 as the short-term guideline value for PM2.5 and urges countries with areas 

not meeting the 24 h guideline values to undertake immediate action to achieve these levels in the 

shortest possible time. As for the long-term guideline for PM2.5, an annual average of 10 μg m-3 was 

recommended. 

Particulate mass concentration is not a proper measure of the health effects because not every PM 

component is equally important in causing adverse health effects. Certain aerosol chemical 

components (e.g., PAHs) and sources such as traffic and biomass burning have been reported to have 

a higher association with mortality or adverse health effects (Sbihi et al., 2013; Kamal et al., 2015). 

Therefore, elucidating the link between the pollution source and their corresponding adverse health 

effects is important to get the maximized health effects from air quality controls by targeting the 

sources most closely related to adverse health effects.  

The oxidative potential of atmospheric PM is a measure of its capacity of generating reactive oxygen 

species (ROS) in vivo that induces oxidative stress, damaging the living cells (Künzli et al., 2006). 

This is recognized as one of the major mechanisms responsible for the negative effects of PM on 

human health. Generally, there are two types of methods for the measurement of the oxidative 

potential of PM, i.e., cellular and acellular (or cell-free) methods (Valavanidis et al., 2008). Xia et al., 

(2006) tested the cellular effects of ambient ultrafine particles in a phagocytic cell line that is 

representative of a lung target for ultrafine particles. It was found that the particles induced toxicity 

involves mitochondrial injury through increased calcium uptake and structural organellar damage 

(Xia et al., 2006). In addition, they have demonstrated that ROS generation and oxidative stress are a 

valid test paradigm to compare cellular toxicity caused by the ambient particles and various 

manufactured particles including titanium dioxide (TiO2), carbon black, fullerol, and polystyrene (PS) 

nanoparticles. However, the direct measurements of the cellular effects of PM require a highly-

controlled environment and are labor intensive. In contrast, cell-free methods are relatively simple 

and provide faster readouts of PM oxidative potential. DTT (Dithiothreitol, 

HSCH2(CH(OH))2CH2SH) essay is one of the most widely used cell-free methods to measure the 

oxidative potential of PM (Charrier and Anastasio, 2012; Delfino et al., 2013). The in vivo production 

of ROS involves the reduction of molecular oxygen (O2) to superoxide anion (O2
-) by accepting 

electrons from cellular reductants in mitochondria and endoplasmic reticulum. The DTT assay 

simulates this electron-transfer mechanism by transferring electrons from DTT to oxygen, and the 

DDT consumption rate is proportional to the concentration of redox-active species in PM extracts. 
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Thus, DDT assay is considered as a surrogate measure of the in vivo oxidative potential of PM. 

Various chemical components have been found to induce oxidative stress initiated by ROS, including 

PAHs (Totlandsdal et al., 2015), quinones (Charrier and Anastasio, 2012), transition metals (Charrier 

and Anastasio, 2012), water-soluble organic carbon (WSOC) (Verma et al., 2009), and HUmic-LIke 

Substances (HULIS) (Verma et al., 2015). 

1.2.3 Climate Effects 

Atmospheric aerosol particles affect the Earth’s radiation budget, causing changes to the Earth’s 

climate system (Myhre et al., 2013). Through several distinct mechanisms such as direct and indirect 

aerosol effects, aerosol alters the Earth’s radiative equilibrium, forcing the temperature to rise or fall. 

Positive forcing means a net gain of energy which causes warming; negative forcing means a net loss 

of energy which causes cooling. As shown in Figure 4, aerosol generally causes a negative forcing 

which could counter the warming effect of greenhouse gases (Myhre et al., 2013). However, the 

Intergovernmental Panel on Climate Change (IPCC) highlighted that uncertainty related to aerosol 

radiative forcing remain large, limiting the capability of future climate prediction models. The 

uncertainty arises mainly from a poor understanding of the aerosol sources, composition, and 

properties, as well as their interaction with climate (Fuzzi et al., 2015).  

Direct interaction between the atmospheric aerosols and radiation include scattering and absorption 

of both the incoming shortwave radiation and outgoing longwave radiation, producing a net negative 

radiative forcing (Ramaswamy et al., 2001).  Typically, the direct aerosol effects change the albedo 

of the atmosphere which affects the net amount of radiation scattered or absorbed. Highly scattering 

atmospheric aerosol, such as sea salt and sulfate, increases the albedo of the atmosphere, indicating a 

larger amount of solar energy is reflected back into space than being absorbed. Conversely, some 

absorbing aerosol such as black carbon (BC) decreases the albedo of atmosphere, absorbing more 

solar radiation than scattering. BC has been reported to be the second largest contribution to current 

global warming after carbon dioxide (Ramanathan and Carmichael, 2008). Therefore, the cooling 

effect of some natural aerosols, such as sea salt from marine and sulfate from volcanic eruptions, may 

be compensated by some anthropogenic aerosols primarily by BC from fossil fuel and biomass 

burning. For example, the radiative forcing for sulfate is in the range of -0.2 to -0.8 watts per square 

meter (W m-2) while it is +0.1 to + 0.4 W m-2 for BC (IPCC).  
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Figure 4. Radiative forcing for various anthropogenic and natural sources including greenhouse gases, 

ozone, and aerosol, reproduced from Myhre et al. (2013).  

Aerosol also affects the climate indirectly as it involves the formation of clouds (Lohmann and 

Feichter, 2005). Cloud droplets are formed onto pre-existing aerosol particles through the 

condensation of water vapor in the atmosphere. These aerosol particles are known as cloud 

condensation nuclei (CCN) or ice nuclei (IN) (Pöschl, 2005). Therefore, the properties and the 

number of aerosol particles can affect the properties of clouds, changing the climate. Generally, an 

increase in the number of CCN leads to an increase in the cloud droplet number (Radke et al., 1989). 

As a result, it reduces the sizes of the cloud droplet as the same amount of water is divided by a larger 

number of cloud droplets. The more numerous smaller cloud droplets lead to more scattering and 

therefore increase the cloud albedo, reflecting more solar radiation. Moreover, smaller cloud droplets 

decrease precipitation efficiency, thereby increasing the cloud lifetime (Ferek et al., 2000). However, 

the absorbing atmospheric aerosol such as black carbon may heat the surrounding air which may 

cause evaporation of cloud particles, resulting in fewer cloud droplets. Although large uncertainty 

remains, the net indirect effect of aerosols was estimated to cause a negative radiative forcing in the 

range of –0.3 to –1.8 W m–2 (Figure 4).    
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1.2.4 Historical Measurements of Particulate Air Pollution: Black Smoke 

Black smoke (BS) measurements were the earliest systematic measurements of particulate air 

pollution in Ireland (Kelly and Clancy, 1984). BS has been reported to be a useful metric for health 

studies, showing a strong correlation with morbidity and mortality in epidemiological studies (Clancy 

et al., 2002; Kelly and Clancy, 1984).  

Ireland experienced severe air pollution in the 1980s due to the use of solid fuel (e.g., coal and peat) 

for space heating (Figure 5). In 1982, one serious pollution episode featured a city-wide BS 

concentration of over 750 μg m-3 in Dublin City and was associated with a doubling in fatality rates 

at a central Dublin hospital (Kelly and Clancy, 1984). After the introduction of the ban on marketing, 

sale, and distribution of coal in 1990, a significant reduction in BS (up to 70 %) has been observed in 

Dublin (Figure 5). Later, the coal ban was extended to other areas with over 15,000 population 

including Cork and Galway (Goodman et al., 2009).  

 

Figure 5. Season-specific black smoke concentrations before and after the 1990 ban on coal in Dublin, 

reproduced from Goodman et al. (2009). 

Measurement of BS is based on the optical reflectance of the PM sample collected on a filter by 

pumping a known volume of air through a known area of the filter. The reflectance, volume, and filter 

area are converted to a BS Index, given in units of μg m-3. BS measurement is based on the optical 

darkness of total PM which is, however, dominated by sub-micron (PM1) elementary carbon particles 
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(Heal et al., 2005). Black smoke is a good surrogate of primary combustion emissions but it is 

insensitive to secondary inorganic aerosols such as sulfate and nitrate. Therefore, black smoke cannot 

represent the total mass concentration of PM when the composition of the PM has changed greatly, 

notably as coal burning in cities has declined. For example, Heal et al., (2005) reported that the daily 

BS: PM10 ratios at an urban background site in Edinburgh were significantly lower in summer than 

in winter because secondary particles dominate the PM mass in summer which failed to be 

represented by BS measurement.  

Interpretation of historical Black Smoke data is important for human health and climate change 

studies. Measurement of black carbon (BC) has been made available only recently with real time 

measurement. It is to measure the mass concentration of the elementary carbon by the absorption of 

light passing through PM collected on a filter (Drinovec et al., 2015). BC measurement is based on 

different instrumentation and data processing than the black smoke method (Quincey, 2007). 

However, a simple quadratic relationship between BS and BC has been reported by Quincey et al., 

(2007), which could be useful in the interpretation of historical BS data.  

1.2.5 Aerosol Mass Spectrometer  

The development of high time resolution Aerosol Mass Spectrometer (AMS) has greatly improved 

our understanding about the chemical composition and sources of ambient aerosol (Jayne et al., 2000; 

Jimenez et al., 2009; Lanz et al., 2010). AMS determines the mass spectra of the major non-refractory 

(organic and inorganic) components of the ambient aerosol in near real-time (Canagaratna et al., 

2007). Through the typical mass spectral fragmentation patterns, the measured mass spectra are 

assigned to several inorganic components (i.e., sulfate, nitrate, ammonium, and chloride) and to the 

organic fraction (Jayne et al., 2000; Allan et al., 2004; Drewnick et al., 2005; DeCarlo et al., 2006; 

Canagaratna et al., 2007; Ng et al., 2011; Fröhlich et al., 2013).  

Figure 6 shows the basic schematic of the AMS. The particle inlet with a critical orifice controls the 

flow into the instrument and a skimmer cone subsequently removes most of the gas from the sample 

flow before the aerosol beam enters the second chamber (the time of flight (ToF) region). The PM1 

inlet is the most commonly used inlet (Canagaratna et al., 2007). The PM1 inlet allows particles 

between diameters of 30 nm and 600 nm to be focused with near 100% efficiency, which quantifies 
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the majority of accumulation mode aerosol particles (Canagaratna et al., 2007). Particles not in this 

size range are either too small to be aerodynamically focused or have a low transmission efficiency 

(DeCarlo et al., 2006). PM2.5 inlet allows particles sizes between 80 nm and at least 3 μm to be 

efficiently transmitted (Williams et al., 2013; Elser et al., 2016).  

 

Figure 6. Schematic of the Aerodyne Aerosol Mass Spectrometer, reproduced from Canagaratna et 

al. (2007). Submicron particles that enter the aerodynamic lens are focused into a narrow beam that 

impacts a hot vaporizer. The resulting vapor is ionized with electron impact and chemically 

characterized with a quadrupole mass spectrometer.  

In the ToF region, a chopper wheel controls the passage of the beam; it can either let the beam pass 

freely or completely block it (Figure 6). Because the particle velocity is associated with the particle 

size, the time taken to reach the detection region after passing the chopper is used to calculate the 

particle velocity and the corresponding particle size. The third chamber is equipped with a vaporizer 

(usually 600 oC) and an ionizer. Non-refractory particles are flash-vaporized as they hit a hot surface 

of the vaporizer. The resulting vapor plume is ionized by electron impact and then the positive ions 

are introduced into the mass spectrometer to be identified and quantified. Note that the pump for each 

chamber ensures a vacuum condition to reduce interference of vapor component in the measured 

particulate mass spectrum. Research grade High-Resolution Time of Flight Aerosol Mass 

Spectrometer (HR-ToF-AMS) has better resolution than Quadrupole-AMS. HR-ToF-AMS allows the 

quantification of several types of organic fragments (CxHy, CxHyOz, CxHyNp, and CxHyOzNp) and the 
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direct identification of some organic nitrogen and organosulfur content (DeCarlo et al., 2006), 

providing valuable information on the chemical composition of the measured aerosol. Decarlo et al., 

(2016) provided detailed information on the operation of HR-ToF-AMS and deployed this instrument 

in Riverside, CA, for ambient aerosol measurement, in which the spectra of organic species are 

dominated by CxHy and CxHyOz fragments. 

While the research grade AMS provides valuable information about the aerosol, it is not well suited 

for routine air quality monitoring applications due to the high cost and complexity of maintenance 

(Ng et al., 2011). Aerodyne Aerosol Chemical Speciation Monitor (ACSM), a simplified version of 

AMS, is specially designed for long-term monitoring applications (Parworth et al., 2015; Petit et al., 

2015; Ripoll et al., 2015; Sun et al., 2015; Sun et al., 2018). ACSM has a smaller size, weight, cost 

and power requirements than the AMS (Ng et al., 2011). As shown in Figure 7, ACSM is not equipped 

with a particle beam chopper system for measuring particle time-of-flight to obtain particle size 

information. In addition, it uses a lower performance residual gas analyzer (RGA) type quadrupole 

mass spectrometer instead of the high-performance quadrupole and time-of-flight spectrometers used 

on AMS systems. However, the sensitivity and time resolution of ACSM has proved to be sufficient 

to identify and quantify the major types of aerosols in the urban environment (Parworth et al., 2015; 

Petit et al., 2015; Ripoll et al., 2015; Sun et al., 2015; Sun et al., 2018). Moreover, ACSM has been 

deployed for periods of up to two years (Petit et al., 2015; Sun et al., 2018), showing that such systems 

can be used in a routine manner. 
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Figure 7. Schematic of the ACSM, reproduced from Ng et al. (2011). Submicron particles are focused 

into a narrow beam which are vaporized and ionized in the ACSM chamber. The resulting ions are 

chemically characterized with an RGA quadrupole mass spectrometer. Naphthalene is used for 

calibration and routine monitoring of instrument performance (Ng et al., 2011). 

1.2.6 Source Apportionment 

Source apportionment identifies the specific types of aerosol particles that make up the particulate air 

pollution and identifies the contributing sources. Source apportionment improves our quantitative 

understanding of each source’s contribution to particulate air pollution.  

Receptor-based models are the most widely used source apportionment technique (Lee et al., 2008). 

Typically, receptor models attribute the observed concentrations to specific sources using the 

chemical composition or mass spectra in those samples as tracers for the particular source type. The 

outcome of such an analysis is the identification of the pollution source types and their corresponding 

contributions to the observed concentrations. Receptor models are based on the mass balance of the 

measured species which can be written in the form:  

Xij=∑ GikFkj
N
k=1 +Eij i=1, …, m; j=1, …, n; k=1, …, N (1) 
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where Xij represents the ambient concentration of species j in sample i, Fkj represents the profile (or 

mass spectra) of species j in Factor k, Gik represents the source contribution of Factor k, and Eij 

represents the residue not represented by the model.  

Chemical mass balance (CMB) and positive matrix factorization (PMF) are the two types of the 

receptor-based bilinear algorithms that represent the time series of ambient measurement as a linear 

combination of static factor profiles and their respective time series (Lee et al., 2008; Canonaco et 

al., 2013). CMB requires a priori knowledge of major sources (e.g., chemical composition or mass 

spectra), while PMF does not require any priori assumptions for either source or time profiles. 

However, PMF requires non-negative entries for G and F to be physically meaningful. PMF uses a 

least squares algorithm that iteratively minimizes the objective function Q, defined as 

Q
m

=∑ ∑ (
eij

σij
)n

j=1
m
i=1   (2) 

where σij represents measurement uncertainty. 

Both CMB (i.e., known sources) and PMF (i.e., unknown sources) have their own advantages and 

disadvantages. CMB source apportionment relies on the source-specific chemical composition or 

mass spectra as the input to the bilinear algorithm model to assess the contribution of certain emission 

source to the air pollution. However, CMB is unable to directly apportion secondary sources. Instead, 

the fraction that is not attributed to the primary sources in the CMB model is regarded as the upper 

limit of the secondary sources. Although PMF does not require any priori source information, the 

model solution often suffers from high rotational ambiguity resulting in non-meaningful or mixed 

factors especially when all the measured species exhibit temporal co-variation, e.g., due to boundary 

layer evolution or certain meteorological conditions such as rainfall. As a solver of PMF, the 

multilinear engine (ME-2) is capable of directing the PMF model towards an optimal solution by 

utilizing a priori information in the form of the factor profiles and/or time series. The ME-2 can be 

defined as: 

Fkj, solution =Fkj, reference ± a×Fkj, reference (3) 

Gik, solution = Gik, reference ± a×Gik, reference (4) 

where the scalar a value determines the extent to which the output solution of Fkj, solution/Gik, solution is 

allowed to vary from the reference Fkj, reference/Gik, reference. For example, an a value of 0.05 represents 
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5% variation. 

ME-2 has been utilized in several source apportionment studies to find acceptable solutions in which 

PMF did not properly represent the measured data (Lanz et al., 2008; Canonaco et al., 2013; Reyes-

Villegas et al., 2016). Typically, the ME-2 engine is constructed in a way to solve (1) free PMF, if no 

factor profiles are constrained or an a value set at 1 as 100% variation; (2) ME-2, if some factors are 

constrained; and (3) CMB, if all factors are constrained i.e., an a value of 0. In addition, different 

variabilities of the reference profiles can be chosen for the factors in ME-2 analysis (Paatero et al., 

2002; Canonaco et al., 2013).   

The application of source apportionment techniques on high time resolution data (seconds to minutes) 

enables the identification and quantification of the pollution sources on a near real-time basis. This is 

very important to understand the sources of particularly intense and time-limited (a few hours) 

pollution events which would otherwise be missed by the poor time resolution (days to weeks) 

measurement e.g., filter-based sampling. 

1.2.7 Source Apportionment of Organic Aerosol 

Organic aerosol has been found to make up a large fraction (20 - 90%) of the submicron particulate 

mass and has, thus, attracted much attention to infer its sources (Jimenez et al., 2009). However, the 

source apportionment of organic aerosol is still challenging because of very large chemical space 

with respect to molecular weight, functional groups, and polarity (Jimenez et al., 2009; Huang et al., 

2014). Over the past decade, numerous studies have successfully exploited the resolving power of 

PMF to apportion the AMS measured organic mass spectra to different sources based on the 

source/process-specific factor profiles or time series (Zhang et al., 2011; Li et al., 2017). Typically, 

PMF interprets the time series of measured organic mass spectra as a linear combination of static 

factor profiles (i.e. mass spectra) and their respective time series (Paatero and Tapper, 1994; 

Canonaco et al., 2013).  

AMS-PMF studies have been carried out at a variety of sites including urban, rural, and remote 

stations across the world (Jimenez et al., 2009; Lanz et al., 2010; Crippa et al., 2014; Li et al., 2017). 

Depending on sites, different sets of organic factors, including various POA and SOA factors 

corresponding to different sources/processes, have been identified (Jimenez et al., 2009; Li et al., 
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2017). For example, hydrocarbon-like OA (HOA) is a POA factor and is associated with vehicular 

emission which is common in urban areas (Canagaratna et al., 2004; DeWitt et al., 2015). Cooking-

like OA (COA) represents POA from cooking activities and its diurnal cycle usually exhibits 

mealtime peaks (e.g., lunch or dinner; Mohr et al., 2012). Biomass burning OA (BBOA) is associated 

with emissions from wood burning, as well as crop residue burning which is popular in rural China 

after harvesting (Zhang et al., 2015). Coal combustion OA (CCOA) is associated with the emission 

from coal combustion which has been identified in Beijing for its widespread use for domestic heating 

(Sun et al., 2013). Oxygenated OA (OOA) is characterized by high oxygen content with a high atomic 

O:C ration (0.25 - ~1; Jimenez et al., 2009). Most OOA is secondary and the increase in OOA mass 

is usually associated with strong photochemical activities and other secondary species e.g., sulfate. 

Based on the volatility, OOA can be divided into semi-volatile OOA (SV-OOA) and low-volatile 

oxygenated OA (LV-OOA), representing newly formed and aged OOA, accordingly (Zhang et al., 

2011; Canonaco et al., 2015). The formation of SV-OOA depends on the emission of its precursor 

gases (e.g., VOC) and subsequent photo-oxidation process (Jimenez et al., 2009). The concentration 

of SV-OOA is usually more elevated in the afternoon due to the stronger solar radiation. Further 

oxidation of SV-OOA forms LV-OOA which is more oxidized than SV-OOA.  

As shown in Figure 8, AMS-PMF studies conducted across Europe show that for most sites four 

organic factors were retrieved including two POA factors (i.e., HOA and BBOA) and two SOA 

factors (SV-OOA and LV-OOA) (Crippa et al., 2014). Cooking-related COA was only resolved at 

urban locations while MSA (marine related sources) was only separated in the marine environment. 

The traffic-related HOA was season independent and represented 11 ± 6% of total OA across Europe. 

In contrast, domestic heating-related BBOA was more intense during winter and represented 12 ± 5% 

of the total OA mass. However, SOA (the sum of SV-OOA and LV-OOA) was the dominant fraction 

of OA (>70%). Therefore, in general, it is an urgent need to control the sources of SOA precursors 

while governing the POA emissions at the same time over Europe. 
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Figure 8. 17 measurement sites across Europe and average organic aerosol factor contributions 

resulting from PMF conducted on AMS organic spectra with ME-2 (Crippa et al., 2014).  

As part of the Aerosol, Clouds, Trace gas Research InfraStructure network (ACTRIS) program 

aiming at pooling high-quality data from the state-of-the-art instrument, ACSM was widely used 

throughout Europe (Fröhlich et al., 2015; Minguillón et al., 2015; Crenn et al., 2015). The 1-year 

campaign in Cabauw, Netherlands using an ACSM in combination with PMF found OOA dominated 

the OA throughout the campaign (61-84%) (Schlag et al., 2016). Due to the large secondary fraction 

(ammonium nitrate, sulfate, and OOA), the reduction of particulate air pollution is challenging on a 

local scale but requires a regional effort (Schlag et al., 2016). The 1-year deployment of ACSM at 

Montseny regional background site in the western Mediterranean, Spain, found OA was the major 

component of PM1 mass (53%) (Ripoll et al., 2015). Source apportionment revealed that OOA 

dominated the OA, with a higher contribution in summer (85% of OA) than winter (60%). Two POA 

factors (BBOA and HOA) were found in winter while only one POA (i.e., traffic-related HOA) was 

resolved in summer (Ripoll et al., 2015). Petit et al. (2015) launched a two-year campaign in the 

region of Paris using an ACSM and other collocated instruments (e.g., Aethalometer). PMF analysis 

found OOA was a major component of OA during spring and summer while POA was more 
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pronounced during wintertime (Petit et al., 2015).  

As mentioned above, Ireland experienced severe air pollution in the 1980s due to the solid fuel 

burning especially from coal burning (Kelly and Clancy, 1984). After the introduction of the ban on 

the marketing, sale, and distribution of coal in 1990, the air quality has improved significantly 

(Goodman et al., 2009). However, a recent study in Cork (Kourtchev et al., 2011) found that domestic 

solid fuel is still the major source of organic carbon during autumn (66.4%) and winter (74.9%), 

despite the ban on bituminous coal. Later, the AMS-PMF study in winter Cork (Dall'Osto et al., 2013) 

found 4 types of POA (HOA, BBOA, COA, and peat/coal burning (PCOA)) and one type of OOA 

(LV-OOA). The sum of POA accounted for 82% of OA, indicating an important role of local emission 

especially from wood, peat, and coal burning. These studies suggest that the ban on bituminous coal 

alone is not sufficient to improve air quality since peat and wood emit similar or higher amounts of 

PM when burned. 

The two studies mentioned above were conducted in Cork city, located in the southern part of Ireland 

(Kourtchev et al., 2011; Dall'Osto et al., 2013). However, sources contributing to air quality in other 

locations, such as Dublin or west coast of Ireland, remain poorly understood. Therefore, more source 

apportionment studies are still needed in order to investigate the spatial distribution of aerosol and to 

evaluate local and regional aerosol sources. What’s more, the information on sources retrieved from 

the source apportionment is important to study the particle related health effects.  

1.2.8 AQ Network 

AQ (air quality) monitoring network provides real-time, publicly accessible data from a number of 

monitoring stations in a specific region or country. AQ networks allow the public and authorities to 

gauge the air quality in relation to international standards and to report air pollution to encourage 

individual participation in improving the air quality. However, regulatory AQ networks mainly focus 

on PM mass monitoring and have no requirement to routinely measure chemical composition, let 

alone source apportionment. However, without the capabilities of source-apportionment, and the 

ability to unravel which sources contribute most to air pollution, effective emissions reduction 

strategies can perhaps only be a shot-in-the-dark. Sophisticated emissions reductions strategies are 

clearly required and these strategies need to be accurately informed by a next-generation observation 
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AQ network. 

During historic air pollution events, Sulphur (Sulphur dioxide and sulfate) and black smoke often 

dominated the pollution levels, and were relatively straight forward to analytically quantify; however, 

as sulfate emissions have more or less been reduced by an order of magnitude since the acid rain days 

(Grigas et al., 2017), OA has typically replaced Sulphur as the main contributor to PM1 pollution and 

its relative contribution, at least in developed regions like Europe and the USA, contributing 50% or 

more during the most severe pollution events (Grigas et al., 2017). The problem with OA dominating 

PM levels lies in the diversity of sources, both natural and anthropogenic, and the chemical 

complexity of the organic matter further compounded by the analytical challenges to source apportion 

organic species many of which have not yet even been identified. Without even broaching the 

aforementioned problems, the biggest problem is that OA is not chemically quantified in any AQ 

network, to begin with, let alone speciated. Therefore, sophisticated fingerprinting strategies in a next-

generation air pollution observation network are critically required to better inform the development 

of effective mitigation policies and to ensure the most appropriate air pollution sources are targeted. 
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 2. Summary of Research Papers 

This thesis consists of 7 peer-reviewed articles; 3 publications as lead author, 2 with major roles, and 

2 with a moderate contribution. 

 

Paper 1: lead author 

Extreme air pollution from residential solid fuel burning 

Lin, C., Huang, R.-J., Ceburnis, D., Buckley, P., Preissler, J., Wenger, J., Rinaldi, M., Facchini, M. 

C., O’Dowd, C., and Ovadnevaite, J., Nature Sustainability, 2018, 10.1038/s41893-018-0125-x. 

This article provides a detailed characterization of the chemical composition and source 

apportionment of particulate air pollution in Dublin, stemming from the deployment of the national 

AQ network. Extraordinary levels of air pollution, with submicron aerosol (PM1) mass concentration 

surpassing 300 µg m-3, were observed in winter 2016. Carbonaceous aerosol (OA+BC) was the major 

component of PM1, accounting for 88-89% of the total PM1 mass while all inorganic components, 

sulfate (4%), nitrate (3-4%), ammonium (2%) and chloride (2%), were minor parts of the PM1. Using 

the source apportionment technique (ME-2), up to 70% of the pollution were attributed to emissions 

from residential solid fuel - specifically peat and wood. Furthermore, we find that the consumption 

of peat and wood in up to 12% and 1% of households, respectively, contributed up to 70% of PM1. 

The results from this approach can better inform emissions reduction policies and help to ensure the 

most appropriate air pollution sources are targeted.  

I am credited with the ACSM data collection and quality assurance, as well as the instrument 

maintenance. I am also responsible for the processing of the ACSM data and writing ~60% of 

the manuscript.  
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Paper 2: lead author 

Characterization of primary organic aerosol from domestic wood, peat, and 

coal burning in Ireland 

Lin, C., Ceburnis, D., Hellebust, S., Buckley, P., Wenger, J., Canonaco, F., Prévôt, A. S. H., Huang, 

R.-J., O’Dowd, C., and Ovadnevaite, J., Environmental Science and Technology 2017, 51, 10624-

10632. 

In this article, an ACSM was deployed to sample the PM emitted from the burning of commercially 

available solid fuels (peat, coal, and wood). Organic mass spectra (MS) or fingerprints from burning 

wood, peat, and coal were characterized and intercompared. Their mass spectral profiles were 

constrained with the multilinear engine (ME-2) to estimate the contribution of solid fuel sources to 

ambient pollution in Galway, Ireland. The source apportionment results show that local source 

contribution had a dominant impact and comprised up to 88% of the total organic aerosol mass. Peat 

was found to be the dominant source, contributing 39% of OA, followed by oil (21%), coal (17%), 

and wood (11%). The source apportionment results suggest that the use of domestic solid fuels (peat, 

wood, and coal) for home heating is the major source of evening and night-time particulate pollution 

events despite their small use. 

I am credited with the collection of PM samples emitted by peat, wood, and coal burning using 

an ACSM. I am also credited with the collection of the ambient PM sample in Galway. I am 

responsible for the processing of the data, forming the conclusion, and writing ~90% of the 

manuscript. 
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Paper 3: lead author 

Non-marine summer time aerosol over the west of Ireland dominated by 

secondary processes during long range transport 

Lin, C.; Ceburnis, D.; Huang, R.-J.; Canonaco, F.; Prévôt, A.S.H.; O’Dowd, C.; Ovadnevaite, J. 

Atmosphere 2019, 10, 59. 

This article investigates the chemical composition and sources of non-refractory submicron aerosol 

(NR-PM1) in Galway, during summer time in June 2016. Organic aerosol (OA) was found to be the 

major part of NR-PM1 (54%). Free PMF and ME-2 factor analysis were conducted on the organic 

fraction. OOA was found to be the dominant OA factor, on average, accounting for 84% of the total 

OA. The rest 16% of OA were attributed to the emission from peat burning. Therefore, secondary 

organic and inorganic aerosol (sulfate (25%), ammonium (11%), and nitrate (10%)) together 

accounted for 91% of the total NR-PM1. Concentration-Weighted Trajectory analysis indicates these 

secondary aerosols were mainly associated with easterly long-range transport from the UK and/or 

France. 

I am credited with the data collection using an ACSM. I am also responsible for processing the 

data, forming the conclusion, and writing 90% of the manuscript. 
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Paper 4: Contributing author role – major 

Primary emissions versus secondary formation of fine particulate matter in 

the most polluted city (Shijiazhuang) in North China 

Huang, R.J.; Wang, Y.; Cao, J.; Lin, C.; Duan, J.; Chen, Q.; Li, Y.; Gu, Y.; Yan, J.; Xu, W.; Fröhlich, 

R.; Canonaco, F.; Bozzetti, C.; Ovadnevaite, J.; Ceburnis, D.; Canagaratna, M.R.; Jayne, J.; Worsnop, 

D.R.; El-Haddad, I.; Prévôt, A.S.H.; O'Dowd, C.D. Atmospheric Chemistry and Physics 2019, 19, 

2283-2298. 

This article studies the chemical composition and sources of PM1 in urban Shijiazhuang (the capital 

of Hebei province), China, from 11 January to 18 February in 2014. The average mass concentration 

(± one standard deviation) of NR-PM1 was 178 ± 101 µg m-3. OA was the dominant component, 

accounting for 50% of the total NR-PM1 mass, followed by sulfate (21%), nitrate (12%), ammonium 

(11%), and chloride (6%). Five OA sources were identified and quantified with ME-2, including 

HOA (13%), COA (16%), BBOA (17%), CCOA (27%), and OOA (27%). Secondary aerosol 

including sulfate, nitrate, ammonium, and OOA was found to contribute substantially (up to 55%) to 

PM in episodic events. However, the low OOA fraction (27%) in OA and the low sulfur oxidation 

degree (FSO4) of 0.18 indicated the importance of primary particulate emissions. This study highlights 

an urgent need to reduce the primary emission while controlling the emission of secondary precursor 

gases in this highly polluted city in North China. 

I am credited with ACSM data processing, ME-2 source apportionment, and interpretation of 

the results. I contributed to ~30% of the scientific input and writing 
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Paper 5: Contributing author role – major 

Source-Specific Health Risk Analysis on Particulate Trace Elements: Coal 

Combustion and Traffic Emission as Major Contributors in Wintertime 

Beijing. 

Huang, R.J.; Cheng, R.; Jing, M.; Yang, L.; Li, Y.; Chen, Q.; Chen, Y.; Yan, J.; Lin, C.; Wu, Y.; 

Zhang, R.; El Haddad, I.; Prevot, A.S.H.; O'Dowd, C.D.; Cao, J. Environmental Science and 

Technology 2018, 52, 10967-10974. 

This article presents the link between emission sources of particulate trace elements and health risks 

in wintertime Beijing. Fe, Zn, and Pb were the most abundant elements over the measurement period 

and were up to 7.3 times higher during the pollution period. Pb, Mn, Cd, As, Sr, Co, V, Cu, and Ni 

were found to be present mainly in the bioavailable fraction. Using PMF, four sources were identified 

including dust, oil combustion, coal combustion, and traffic. Traffic-related emission was dominant 

during low pollution periods, contributing ~65% of total trace element mass. However, during severe 

pollution periods, coal combustion increased its contribution to 58%. Through the combination of the 

source apportionment results and element-specific health risk evaluation, coal combustion-related 

particulate trace elements were found to dominate the health risks during pollution periods. 

I contributed to this paper by providing expertise in PMF analysis of the trace elements source 

apportionment, as well as interpretation of the results. I contributed to ~20% of the scientific 

input and writing.  
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Organosulfates in atmospheric aerosol: Synthesis and quantitative analysis 

of PM2.5 from Xi'an, Northwestern China 

Huang, R.J.; Cao, J.; Chen, Y.; Yang, L.; Shen, J.; You, Q.; Wang, K.; Lin, C.; Xu, W.; Gao, B.; Li, 

Y.; Chen, Q.; Hoffmann, T.; O'Dowd, C.D.; Bilde, M.; Glasius, M. Atmospheric Measurement 

Techniques 2018, 11, 3447-3456. 

This article reports the synthesis of nine authentic organosulfate standards which were used to 

quantify their ambient concentrations. Ambient PM2.5 samples were collected in winter 2013/2014 in 

urban Xi’an, northwestern China. Glycolic acid sulfate was found to be the most abundant species 

among the identified organosulfates, with an average concentration of 77.3 ± 49.2 ng m-3. 

Hydroxyacetone sulfate (1.3 ± 0.5 ng m-3), phenyl sulfate (0.14 ± 0.09 ng m-3), and benzyl sulfate 

(0.04 ± 0.01 ng m-3) were the minor species. Most of the organosulfates quantified show an increasing 

trend with an increase in the mass concentrations of organic carbon, indicating their anthropogenic 

origin. In contrast, Hydroxyacetone sulfate seems to have a biogenic origin in this region. 

I contributed to this paper by providing expertise in the interpretation of the ambient 

organosulfate data. I contributed to ~10% of the scientific input and writing. 
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Paper 7: contributing author role – moderate 

Brown Carbon Aerosol in Urban Xi'an, Northwest China: The Composition 

and Light Absorption Properties. 

Huang, R.J.; Yang, L.; Cao, J.; Chen, Y.; Chen, Q.; Li, Y.; Duan, J.; Zhu, C.; Dai, W.; Wang, K.; 

Lin, C.; Ni, H.; Corbin, J.C.; Wu, Y.; Zhang, R.; Tie, X.; Hoffmann, T.; O'Dowd, C.; Dusek, U. 

Environmental Science and Technology 2018, 52, 6825-6833. 

This article reports the link between BrC optical properties and chemical composition. The 

spectrophotometric measurements and chemical analyses of BrC samples were collected in Xi’an, 

Northwest China from July 2008 to June 2009. BrC concentration was 5 times higher in winter than 

that in summer, due to an increased biomass burning. The light absorption coefficient of methanol-

soluble BrC at 365 nm was, on average, twice that of the water-soluble BrC. In addition, it correlated 

strongly with (r2 > 0.61) that parent-PAHs and carbonyl-OPAHs. The fractional solar absorption by 

BrC relative to element carbon (EC) in the ultraviolet range (300-400 nm) is 42 ± 18% for water-

soluble BrC and 76 ± 29% for methanol-soluble BrC, suggesting the significant role of BrC in 

affecting the radiative balance and tropospheric photochemistry, therefore, affecting the climate and 

air quality. 

I contributed to this paper by providing expertise in the interpretation of the ambient brown 

carbon data. I contributed to ~10% of the scientific input and writing 
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Particulate matter (PM) is well known to have adverse effects on 
human health, both in terms of mortality rates and reduced lifes-
pan1–3. The World Health Organization (WHO) recommends 

a 24 hour average PM2.5 (that is, PM mass occurring at sizes less 
than 2.5 μ m diameter) limit value of 25 μ g m−3 not to be exceeded4. 
However, WHO also notes that there is no identifiable PM2.5 thresh-
old below which no adverse health effects would be anticipated4. 
While the quantification of the health effects of PM2.5 is still under 
intense scientific investigation5, reduction in PM2.5 emissions from 
power6, transport7 and industry8 sectors has mainly been the focus of 
policy development. As a result, measures such as the introduction 
of strict emission standards, fuel regulation (from the Euro 4 to Euro 
5 standard) and after treatment, such as an end-of-tailpipe particle 
filter, have been widely deployed with great success9–11. For instance, 
a French study found that only ~20% of organic PM mass was attrib-
uted to traffic emission, even directly adjacent to heavy-traffic roads, 
with the rest being modern carbon sources (for example, biomass 
and biogenic sources)12. Other studies have also reported high mod-
ern carbon fractions, even in cities with high vehicular volume (for 
example, Mexico City13 and Barcelona14). In contrast, the emissions 
from private households are relatively less emphasized although they 
are potentially important sources of air pollution15.

Solid fuels, such as wood and coal, are widely consumed as pri-
mary cooking and heating fuels especially in developing countries16. 
Due to the poor combustion efficiency and lack of emission con-
trols, domestic burning of solid fuels has caused severe air pollution 
leading to millions of premature deaths17. Even in highly developed 
areas (for example, London and Paris), domestic solid fuel burning 
was found to affect local air quality significantly18–22. For example, 
25–34% of organic aerosol (OA) mass was attributed to solid fuel 

burning in a study conducted in London22; however, the implica-
tions for policymaking are not clear due to poorly investigated links 
between solid fuel type, consumption and ultimately their contribu-
tion to air pollution.

Regulatory air quality monitoring networks in Europe (for 
example, www.aqicn.org/map/europe/) mainly focus on PM mass 
monitoring and have no requirement to routinely measure chemical 
composition in urban areas. Without information on chemical com-
position and the ability to unravel which sources contribute most to 
particulate air pollution, effective emissions reduction strategies can 
perhaps only be a shot in the dark. Air monitoring networks such as 
the United State’s IMPROVE (Interagency Monitoring of Protected 
Visual Environments) and CSN (Chemical Speciation Networks)23 
monitor chemically speciated PM in support of regulations; how-
ever, sophisticated fingerprinting strategies in a next-generation 
air pollution observation network are critically required to better 
inform the development of effective and specifically targeted emis-
sion controls24.

In attempting to meet these challenges, we demonstrate success 
in identifying dominant contributions from specific sources, despite 
their consumption not being dominant, stemming from the deploy-
ment of the pilot submicrometre aerosol (PM1) national monitoring 
network. The pilot network incorporates four nodes that are strate-
gically positioned across Ireland to capture and quantify the import 
and export of air pollution. In this study, we focus on the source-
apportionment results from one node of the network deployed in a 
low-density residential area of south Dublin due to extremely large 
PM1 concentrations registered there.

Details of the methods and measurement sites are available in the 
Methods. Briefly, an aerosol chemical speciation monitor (ACSM)25 

Extreme air pollution from residential solid fuel 
burning
Chunshui Lin   1,2,3, Ru-Jin Huang1,3*, Darius Ceburnis1,2, Paul Buckley4, Jana Preissler1,2, John Wenger4, 
Matteo Rinaldi5, Maria Christina Facchini5, Colin O’Dowd1,2* and Jurgita Ovadnevaite   1,2

Atmospheric aerosol particles (also known as particulate matter) are central to the cause of the two greatest threats to human 
security: air pollution (~5 million premature deaths per year) and climate change (~0.5 million per year). Addressing these 
threats requires an understanding of particulate matter sources responsible for both extreme air pollution immediately affect-
ing human health and less extreme levels affecting climate over longer timescales. Here, extraordinary levels of air pollution, 
with submicrometre aerosol (PM1) mass concentration surpassing 300 µ g m−3, were observed in a moderately sized European 
city and are attributed to emissions from residential solid fuel—specifically peat and wood, often promoted as ‘slow-renew-
able’, ‘low-carbon’ or ‘carbon-neutral’ biomass. Using sophisticated fingerprinting techniques, we find that consumption of 
peat and wood in up to 12% and 1% of households, respectively, contributed up to 70% of PM1. The results from this approach 
can better inform emissions reduction policies and help to ensure the most appropriate air pollution sources are targeted. Given 
the far greater abundance of solid fuels and concomitant emissions required to match the calorific benefit of liquid fuels, even 
modest increases in the consumption of ‘green’-marketed solid fuels will disproportionally increase the frequency of extreme 
pollution events.
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and an aethalometer (AE-33)26 were deployed at University College 
Dublin (UCD) to measure the PM1 composition and mass with 
continuous measurements and have been running since August 
2016. Source apportionment of OA was performed on the ACSM 
data using positive matrix factorization (PMF) with the multilinear 
engine (ME-2)27–31. Equivalent black carbon (eBC) source appor-
tionment was performed with an Ångström exponent model32.

PM1 mass concentration and size distribution
Extreme pollution events were observed frequently by the air quality  
network between 15 November 2016 and 31 January 2017 (Fig. 1). 
Two events, on 19 November 2016 (P1) and 22 January 2017 (P2), 
are the focus of this study due to the particularly high concentra-
tions encountered. The PM1 peak concentrations were 302 μ g m−3 
for P1 and 273 μ g m−3 for P2.

During winter, the WHO daily limit4 of PM2.5 (25 μ g m−3) was 
frequently exceeded (~20% of the time, or 1 in 5 days; Fig. 1c). 
PM2.5 mass concentration was simultaneously monitored at the 
Rathmines regulatory air quality station approximately 3 km away 
from the UCD measurement site. Despite such a distance, an excel-
lent temporal coherence is seen (R2 =  0.87) between PM1 and PM2.5 
(Supplementary Fig. 1). The good agreement between the PM con-
centrations at both locations indicate that these events were not 
due to a single local source (for example, a car passing by) but were 
simultaneously influenced by a pollution plume, covering a spatial 
scale of at least 3 km in radius. Indeed, for a wind speed of 2 m s−1, 
a 30 min sample time corresponds to a spatial scale of 3.6 km. The 
slope of the correlation between PM1 and PM2.5 indicates that PM1 
mass, on average, accounted for 74% of PM2.5 during the entire mea-
surement period. However, the mass ratios of PM1/PM2.5 were close 
to 1 during P1 and P2 events, indicating the dominance of smaller 
particles. For the two events, the observed PM1 size distribution 
comprised a monomodal size distribution with modal diameter 
at 90 nm (Supplementary Fig. 2), present in concentrations 20–25 

times higher than those of non-event. Smaller particles can pen-
etrate deeper into lungs and potentially into the bloodstream5, to 
cause more acute health problems than larger particles that are 
mostly removed by the upper respiratory system. However, WHO 
PM pollution standards are based on mass concentrations of PM2.5 
and PM10 (ref. 4) and do not account for particle sizes and/or com-
position.

The observed events demonstrate that the magnitude of PM  
pollution in Dublin can even rival that in megacities in develop-
ing countries. For example, we took a three-week period in Beijing, 
China, starting on 19 November 2016 (that is, the first of our main 
events) and found that while Dublin had 8 exceedance days out of 
21, Beijing had 18 out of 21 (Supplementary Fig. 3), with the median 
PM2.5 concentration over the exceedance days amounting to 35 μ g m−3  
for Dublin and 95 μ g m−3 for Beijing. For a city with ~15 times less 
population and population density33,34, the number of exceedance 
days is roughly less than half that of Beijing’s, and the median PM2.5 
concentration is roughly 2.5 times less.

Chemical composition of PM1
As shown in Fig. 1b, carbonaceous aerosol (OA +  eBC) was the 
major component of PM1, accounting for 89% of the total PM1 
measured in the P1 pollution peak, and 88% in the P2 pollution 
peak, while all inorganic components, sulfate (4%), nitrate (3–4%), 
ammonium (2%) and chloride (2%), were minor parts of the PM1.

During the P1 event, OA increased from 1.3 μ g m−3 during the day  
(from 08:00 to 16:00, local time) to 221.3 μ g m−3 at ~21:30 while eBC 
increased from 0.5 μ g m−3 to 48 μ g m−3 (Supplementary Table 1).  
During P2, OA increased from 8.3 μ g m−3 during the day to  
163.6 μ g m−3 at ~21:30 and eBC increased from 1.9 μ g m−3 to 76.1 μ g m−3.  
For OA, the peak concentration in the evening was 20–170 times 
higher than that during the day. Similarly, for eBC, the peak con-
centration was 40–96 times higher. A shallower planetary boundary 
layer (PBL) could partially contribute to an increase in the evening 
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Fig. 1 | Chemical composition of PM1 during two extreme pollution events. a, Two extreme pollution events on 19 November 2016 (P1) and 22 January 
2017 (P2) in Dublin were picked out to be the focus of this study. Organics (Org), sulfate (SO4), nitrate (NO3), ammonium (NH4) and chloride (Chl)  
were measured at UCD by an Aerodyne ACSM with 30 min resolution. eBC was measured by a collocated aethalometer (AE-33) with 1 min resolution.  
b, Relative contribution of the PM1 components at the peak concentrations of 302 μ g m−3 (P1) and 273 μ g m−3 (P2). c, Time series of PM2.5 mass 
concentration measured in Dublin and the WHO4 daily limit (25 μ g m−3). PM2.5 was measured with a tapered element oscillating microbalance at 
Rathmines station, ~3 km away from UCD. Hourly PM2.5 data were averaged to 24 h.
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concentrations; therefore, the ratio of the daytime (08:00–16:00, 
local time) PBL to the evening (18:00–23:00) PBL was used to esti-
mate the impact of PBL reduction. Assuming no horizontal losses 
in a simple box model, we calculate that after accounting for the 
1.1–1.8 times PBL reduction (Supplementary Fig. 4), eBC concen-
tration in the evening was still 36–53 times higher than that during 
the day. eBC is produced exclusively by the combustion processes, 
such as the combustion of fossil fuel and biomass35–37. The coinci-
dent increase in both eBC and OA in the evening indicates combus-
tion sources associated with residential heating.

The two selected extreme events (P1 and P2) also have differ-
ent features due to meteorological conditions and air mass origin. 
The concentration of the PM1 components during the day of P2 was 
higher than P1 (Supplementary Table 1). For example, nitrate was 
10.7 μ g m−3 during the day for P2 and was 0.2 μ g m−3 for P1 owing to 
the differences in air masses; for example, an air mass was arriving 
from Europe for the P2 event while P1 occurred during a westerly 
marine air mass. The difference was also related to the difference 
in meteorological conditions (Supplementary Fig. 5). P1 featured 
a sudden change in wind speed and wind direction in the evening 
while P2 featured stagnant conditions throughout the day that 
were favourable for the build-up of pollutants. For P1, wind speed 
changed from ~6 m s−1 during the day to < 2 m s−1 in the evening and 
the wind direction changed from the west to north. For P2, the wind 
was < 2 m s−1 throughout the day with easterly–northerly wind. 
The lowest temperature was − 1.2 °C for the evening of P1 and was  
− 2.0 °C for P2. Thus, the freezing evening and night-time tempera-
tures during the P1 and P2 events likely resulted in an increase in 
the burning of extra fuels in houses. However, these burning activi-
ties, coupled with low wind speed, could cause recurring PM pollu-
tion. It is, therefore, very important to understand what fuels people 
were burning and how much was consumed.

Sources of PM1. Natural gas, electricity, oil, coal, peat and wood 
are mainly used for heating in Dublin33 (Supplementary Table 2) 
with natural gas and electricity being the most popular sources. 
However, they are not expected to emit PM. In contrast, liquid 
(oil) and solid fuels (peat, coal and wood) are the potential sources 
of PM1 due to emission from incomplete combustion. To evalu-
ate their contribution, ME-2 source-apportionment analysis, using 
the a-value approach, was utilized. For this approach, factors are 
constrained to certain reference profiles allowing them to vary to 
some degree called the a value (for example, an a value of 0.1 allows 
a variability of 10%). Here, the reference profiles of peat, coal and 
wood were obtained from locally sourced fuels that were burned 
in a stove typical for Irish households31 while that for oil was  
taken from the literature18. Based on a correlation with eBC, ME-2 

solutions with an a value of 0–0.2 were selected as environmentally 
reasonable ones (Supplementary Fig. 6). All accepted solutions 
were then averaged to obtain the mean concentration and contri-
bution for each factor (Supplementary Table 3) while the variation 
between the solutions represented the overall approach uncertainty 
and ranged from 9% to 28%.

Supplementary Figs. 7 and 8 show the mass spectra and time 
series of individual OA factors, respectively. The mass spectrum 
of oil, known as hydrocarbon OA18,38, is dominated by the signals 
at mass to charge (m/z) ratios of 27, 29, 41, 43, 55, 57, 69 and 71, 
characteristic of aliphatic hydrocarbons. The pyrosis of cellulose or 
wood produces levoglucosan and the fragmentation of levoglucosan 
gives rise to a signal at m/z 60 in ACSM spectra39. Peat is the transi-
tion state between wood and coal40. The incomplete decay of cel-
lulose during peat formation results in a signal at m/z 60. However, 
the contribution of m/z 60 (that is, f60) in the peat profile is less than 
that in the wood profile. Coal is formed from biomass after millions 
of years under pressure and heat. In the coal profile, f60 is reduced 
to nearly 0, because of the complete decay of vegetation during coal 
formation. The concentrations of oil, peat, coal and wood increase 
significantly in the evening (Supplementary Fig. 8), which is consis-
tent with the time when people are most likely to stay at home and 
burn these fuels for heating.

In addition to these fuel factors, an oxygenated organic aerosol 
(OOA) factor was also resolved. As shown in Supplementary Fig. 7,  
the mass spectrum of OOA shows a great contribution from m/z 
44, mainly arising from the fragmentation of oxygenated species 
such as organic acids41. OOA can be of several origins, the most 
likely and common one is related to regional transport of aged/
oxidized aerosol42. In this study, moderate OOA correlation with 
sulfate (R2 =  0.59) indicates a contribution from long-range trans-
port or secondary formation processes during the day; however, 
its simultaneous increase with primary factors, during the evening 
(Supplementary Fig. 8), points to a condensation of semi-volatile 
species as also being an important source of OOA43, (R2 =  0.64 with 
nitrate). The increase in locally formed OOA concentration was 
also partially due to the decreasing PBL during the evening. In this 
study, OOA could not be separated into low-volatility and semi-
volatility42 OOA even by increasing the number of factors, probably 
due to the unit mass resolution of ACSM.

Concentrations and contributions from each factor during the 
P1 and P2 events are presented in Supplementary Table 3. The 
peat factor shows the highest concentration of 101.7 μ g m−3 during  
P1 and 89.6 μ g m−3 during P2. The contribution to OA mass was 
46% and 55%, respectively. As shown in Fig. 2, peat burning was 
the most dominant factor in the evening (18:00–23:00; local time) 
and, in the case of stagnant meteorological conditions for P2  
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(Fig. 2b), peat dominance was persistent until early morning 
(06:00). Such a significant contribution from peat burning is rather 
surprising because, to the best of our knowledge, no other countries 
have ever reported similar kind of pollution from peat burning so 
far. Our previous study in Galway, a small city in Ireland, also found 
a prominent peat factor but with lower concentrations (~10 μ g m−3 
or 39% of total OA)31.

The other solid fuel factors, the coal factor (3.4–13.9 μ g m−3) and 
the wood factor (27.2–32.7 μ g m−3), contributed 2–6% and 15–17% 
to the total OA (Supplementary Table 3), respectively. In total, 
solid fuels (the sum of peat, coal and wood) contributed 67–74% 
to the total OA in the evening. Peat and wood, two types of bio-
mass, collectively contributed 61–72% to the total OA, which was 
greater than that from fossil fuels (the sum of oil and coal; 26–35%). 
During the daytime, however, the concentration (0.5–3.4 μ g m−3; 
Supplementary Fig. 8) and contributions (36–59%; Fig. 2) of solid 
fuel factors decreased, corresponding to the reduction in domestic 
heating activities. In contrast, OOA was the dominant OA factor 
(0.8–4.0 μ g m−3; 41–64%) during the day, which is likely related to 
its secondary production and/or aerosol aging.

eBC source apportionment, using the Ångström exponent (α) 
model31, separated eBC into fossil fuel (eBCff) and biomass burning 
(eBCbb) sources. However, the model was not capable of separating 
eBCbb further into peat burning or wood burning eBC or separating 
eBCff into oil or coal burning eBC due to the similarities in α values. 
In this study, αff was set to 1.0 and αbb was set to 2, the mid-range 
values of the ones used in previous studies, for example, α =  0.9–1.1 
for eBCff and α =  1.8–2.2 for eBCbb

32,44–47. Sensitivity tests were per-
formed here by varying αff from 0.9 to 1.1 and αbb from 1.8 to 2.2, 
showing an overall uncertainty of the model ranging from 5% to 
28%. Supplementary Table 4 shows the apportionment result for 
eBCbb and eBCff during P1 and P2 events. For the P1 and P2 events, 
23.2 μ g m−3 (or 48%) and 72.1 μ g m−3 (or 95%) of eBC was attributed 
to eBCbb, respectively. This, again, highlights the importance of bio-
mass burning.

The OA factors of peat and wood together with eBCbb were 
directly associated with biomass burning emission; thus, in total, 
the biomass burning factor (the sum of peat, wood and eBCbb)  
contributed 52–70% of PM1 mass during the pollution events.  
The fossil fuel factor (the sum of oil, coal and eBCff) contributed 
17–34% of PM1 mass, about 1.5–4.1 times smaller than the biomass-
related contribution. Inorganic aerosol (sulfate, nitrate, ammonium 
and chloride) and OOA accounted for the remaining 13–14%  
of PM1, but we could not apportion them into biomass or fossil  
fuel exclusively.

Disproportionate impact from solid fuel burning
The emission factors and calorific values for each fuel common 
in residential use are shown in Supplementary Table 5. The calo-
rific value of oil (43 MJ kg−1) is approximately three times higher 
than that of peat (13.1 MJ kg−1); therefore, approximately three 
times more peat should be burned to get an equal amount of 
heat. Moreover, peat has a four times higher PM2.5 emission fac-
tor (0.79 g PM2.5 kg−1) compared with oil (0.22 g PM2.5 kg−1), further 
increasing the emissions per unit of heat. Using these numbers 
(Supplementary Methods), it is estimated that 87–88% of the house-
holds had to consume oil, 9–12% peat, 1–2% coal and < 1% wood 
to get the fractional contribution of organic factors for the P1 and 
P2 events. This estimation is consistent with the latest census data33 
(Supplementary Table 2), which show only a few households use 
solid fuels as primary heating sources. Note that most households 
use relatively clean fuels such as natural gas (26,317 households) 
and electricity (8,800 households), which are not supposed to emit 
PM directly. Among those households that don’t use clean fuels,  
oil burning (429 households) is the most popular choice followed 
by wood (81), coal (23) and peat (2). However, 260 unstated  

households and the households that claim to use clean fuels are 
likely to turn to solid fuels as a secondary choice.

Dublin, as the capital city of Ireland with a population of ~1.4 
million, has historically suffered from severe air pollution mainly 
arising from coal burning activities with a seasonal mean black 
smoke concentration of ~100 μ g m−3 during the heating season in 
the 1980s48. After the ban on the marketing, sale and distribution of 
smoky coal was introduced in 1990, a 70% reduction in black smoke 
was observed49. As shown in Supplementary Table 2, more and more 
households are turning to clean fuel. For example, the households 
that claim to use coal for heating decreased from 608 in 1980 (before 
the coal ban) to 23 in 2011 (after the coal ban). However, this study 
demonstrates how only a few households (< 13%) that burn biomass 
for heating (especially peat) could cause recurring extreme pollu-
tion events, influencing the overall air quality in the city.

implication for policymaking
This study demonstrates how critical it is to augment standard regu-
latory air quality networks with analytically advanced measurement 
approaches that can essentially fingerprint the main pollution con-
tributors, which, in turn, can enable and better inform policy mea-
sures to develop specifically targeted and sophisticated emission 
reductions while minimizing the economic impact.

The current advanced ACSM network, comprising four strategi-
cally positioned nodes, augments and overlies the national air qual-
ity monitoring network. In this study, we estimate that specifically 
targeting 100% reduction of emissions of wood (< 1% households) 
and peat (9–12% households) would reduce the PM1 concentrations 
by 52–70%. Assuming that PM2.5 concentration would reduce pro-
portionally, the elimination of wood and peat burning would reduce 
exceedance of the WHO PM2.5 daily limit to 1 in 75 days, compared 
with the currently observed 1 in 5 days. However, 100% reduction 
of peat and wood emission is unlikely in real terms. It is further 
estimated that reducing peat and wood consumption by 50% leads 
to approximately 1 in 10 days exceedance while increasing by 50% 
leads to 1 in 3 days exceedance.

Discussion
The Renewable Energy Directive50 requires all European Union 
countries to obtain at least 20% of their energy from renewable 
sources by 2020. The green agenda promotes low-carbon or car-
bon-neutral usage, which is considered an environmentally friendly 
solution for the mitigation of global warming from emissions of 
greenhouse gases51. One of the most popular choices of ‘green’ solid 
biomass is wood pellets52, regarded as a low-carbon fuel, where cur-
rently Europe accounts for about 60% of the global demand (equiv-
alent to 10 Mt of solid biomass). Biomass-based heating in Europe 
is set to increase to more than 20 Mt by 2020 and similar growth is 
expected from other world markets leading to a conservative esti-
mate of a factor of three increase in global consumption from 2010 
to 2030 (ref. 53).

Peat, similarly, is perceived as a ‘green’ energy source and was 
added to the list of renewable energy sources by European Parliament 
in 2000. Peat is widely used for both residential and energy produc-
tion area54. As we have illustrated, in addition to wood, residential 
peat burning could cause severe PM pollution. The results from this 
study suggest that rather than promoting low-carbon or carbon-
neutral solid fuels, it is especially urgent to introduce new emission 
controls on residential solid fuel burning.

Methods
Sites and instrumentation. An Aerodyne ACSM (Aerodyne Research), an 
aethalometer (AE-33, Magee Scientific) and a scanning mobility particle sizer 
(SMPS, TSI) were deployed at UCD (53.3053° N, 6.2207° W). All three instruments 
were located in the same laboratory, sampling from one PM2.5 inlet on the roof of 
the School of Physics building (~30 m above the ground). The ACSM was deployed 
to measure OA, sulfate, nitrate, ammonium and chloride with a time resolution of 
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30 min. The AE-33 was used to measure eBC with 1 min resolution. The SMPS was 
deployed to measure the number and size distribution of particles in the range of 
10–495 nm with 15 min resolution.

A tapered element oscillating microbalance (ThermoFisher Scientific)  
was deployed to measure PM2.5 with 1 h resolution at the Environmental  
Protection Agency’s Rathmines station, which is ~3 km away from the UCD 
measurement site.

Meteorological variables (temperature, relative humidity, wind speed, wind 
direction, mean sea-level pressure) were recorded at the meteorological stations 
(Irish meteorological service) of Dublin airport. The time resolution is 1 h for 
meteorological data.

PBL height was calculated with a ceilometer (CL31) model from Vaisala at 
Casement, Dublin, which is ~15 km away from the UCD site. The time resolution 
for CL31 is 1 min. The PBL is defined by dynamic processes leading to movement 
of heat and air; however, with a ceilometer, we can only see surrogates such as 
aerosols. Hence, by observing the vertical aerosol abundance and how it changes 
with time, this proxy elucidates the stability structure and the contribution of a 
mixing layer, if present, to the location and extent of the PBL55.

The ACSM was operated following the recommendation on calibration and 
data analysis provided by the ACSM manufacturer (Aerodyne Research) and  
Ng et al.25. Briefly, the ambient air was drawn into the cyclone with a size cut-off 
of 2.5 μ m at a flow rate of 3 l min−1 to remove coarse mode particles. The resulting 
flow was dried by passing through a Nafion dryer before reaching the ACSM inlet. 
In the ACSM, the dried aerosol particles were focused into a narrow beam by 
the aerodynamic lens (~2 torrs) and entered a vacuum chamber where they were 
vaporized, ionized and analysed by a quadrupole mass spectrometer. A response 
factor of 2.72 ×  10−11 with a standard deviation of 15% and relative ionization 
efficiencies of 5.56 for ammonium and 0.76 for sulfate were adopted based on 
ammonium nitrate and ammonium sulfate calibrations.

ACSM data were analysed by the software of ACSM_local (version 1.6.0.3). 
OA, sulfate, nitrate, ammonium and chloride mass concentrations were extracted 
from aerosol mass spectra data using the fragmentation table56. A collection 
efficiency of 1 was used for ACSM data. This was supported by the comparison 
between PM1 and SMPS volume (Supplementary Fig. 9), as well as PM1 and PM2.5 
mass concentrations (Supplementary Fig. 1). The estimated PM1 volume was 
calculated by assuming a composition-dependent density of the ACSM species and 
AE-33 eBC. The slope was 1.05 ±  0.01.

The operation of AE-33 followed the recommendation of its manufacturer 
(Magee Scientific)26. The aerosol attenuation was measured at seven different 
wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) with a time resolution of 
1 min. The optical properties of aerosol and eBC concentrations were retrieved 
from the change in the light attenuation. Mass absorption coefficients (babs) at 
880 nm were used to calculate the eBC concentration using the mass absorption 
cross-section 7.77 m2 g−1.

OA source apportionment. The preparation of organic matter data and its related 
uncertainty followed the recommendation of Ulbrich et al.57. Data points with a 
low signal-to-noise ratio (SNR <  0.2) were removed, whereas data with a SNR in 
the range of 0.2–2 were downweighted by a factor of 2. PMF was run in a robust 
mode. In this study, organic fragments with m/z ≤  100 were analysed. Higher m/z 
ratios were not included because of the low SNR.

PMF does not require any prior information but may have a substantial degree 
of rotational ambiguity27. The rotational ambiguity may result in fewer factors or 
inaccurate factor attributions when some factors have similar temporal variation. 
To reduce rotational ambiguity, a priori information such as factor profile can be 
used to constrain the PMF model.

The multilinear engine (ME-2) is a solver of PMF. ME-2 can partly constrain 
the factors based on a priori information such as factor profiles (used in this study) 
and time series. The so-called a-value approach within ME-2 was used, where the 
a value represents the extent to which the reference profiles are allowed to vary 
(for example, an a value of 0.1 allows a variability of 10%). The interface of SoFi 
(Source Finder)29 was used to run ME-2. a values from 0 to 0.6 with a step of 0.1 
were used to constrain the refence profiles of oil, peat, coal and wood, leaving one 
unconstrained factor31.

eBC source apportionment. Light absorption of the aerosol samples was 
measured at seven wavelengths from the near-infrared (950 nm) to the near-
ultraviolet (370 nm). The light absorption of traffic-related eBC particles shows 
a low dependence on wavelength while biomass burning eBC particles feature 
enhanced light absorption at shorter wavelengths47. Increases in optical absorption 
in the near-ultraviolet and blue parts of the light spectrum indicate a possible 
emission from biomass burning.

A linear regression model was used to perform eBC source apportionment into 
biomass burning eBC (eBCbb) and fossil fuel burning eBC (eBCff). The detailed 
description of eBC source apportionment is given by Sandradewi et al32. Aerosol 
absorption coefficients (babs) follow the relationship
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where λ is the wavelength and α is the absorption Ångström exponent. babs at 
470 nm and 880 nm were used. An α of 1 was used for fossil fuel (αff =  1) and 2 for 
biomass (αbb =  2) (Magee Scientific).

The Ångström exponent model assumed constant αff and αbb values. However, 
αff and αbb are highly variable and have been shown to be dependent on variables 
such as combustion efficiency58 and the type of fuel32, ranging at least from 0.9 
to 1.1 and from 1.8 to 2.2 (refs 44–46), respectively. In our previous fingerprinting 
experiment (C.L. et al., manuscript in preparation), AE-33 was used to measure 
the light absorption of eBC from peat, wood and coal burning directly from a stove 
typical for Irish households. Aerosol particles emitted from both peat and wood 
burning show strong absorption at the near-ultraviolet wavelength with α in the 
range of 1.4–3.8 (10th–90th percentile) for wood burning and 2.0–4.0 for peat 
burning aerosol. The eBC source-apportionment model is capable of separating 
eBC into eBCff and eBCbb. However, due to the similarity in α values for wood and 
peat burning aerosol, the model is not capable of separating eBCbb further into peat 
burning or wood burning eBC. The same is true for coal and oil due to similar  
α values (that is, 1.1–1.4 for coal and 0.9– 1.1 for oil).

Data availability. The data that support the findings of this study are available 
from the corresponding author on request.
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ABSTRACT: An aerosol chemical speciation monitor (ACSM)
was deployed to study the primary nonrefractory submicron
particulate matter emissions from the burning of commercially
available solid fuels (peat, coal, and wood) typically used in
European domestic fuel stoves. Organic mass spectra (MS)
from burning wood, peat, and coal were characterized and
intercompared for factor analysis against ambient data. The
reference profiles characterized in this study were used to
estimate the contribution of solid fuel sources, along with oil
combustion, to ambient pollution in Galway, Ireland using the
multilinear engine (ME-2). During periods influenced by marine
air masses, local source contribution had dominant impact and
nonsea-spray primary organic emissions comprised 88% of total
organic aerosol mass, with peat burning found to be the greatest contributor (39%), followed by oil (21%), coal (17%), and
wood (11%). In contrast, the resolved oxygenated organic aerosol (OOA) dominated the aerosol composition in continental air
masses, with contributions of 50%, compared to 12% in marine air masses. The source apportionment results suggest that the use
of domestic solid fuels (peat, wood, and coal) for home heating is the major source of evening and night-time particulate
pollution events despite their small use.

1. INTRODUCTION

Ambient particulate matter (PM) adversely affects human
health1,2 and has been credited with a more positive effect on
climate through directly scattering or absorbing solar radiation
and indirectly acting as cloud condensation nuclei,3 both
leading to a partial negation of global warming induced by
greenhouse gas emissions. In Ireland, domestic coal burning
was the cause of numerous air pollution events in the 1980s,
which led to increased mortality rates.4 The introduction of the
ban on marketing, sale, and distribution of bituminous (smoky)
coal in Dublin in 1990, which was subsequently extended to
urban areas with a population over 15 000, resulted in
significant reductions in black smoke concentrations and in
noticeable improvements in air quality.5,6 However, a recent
study in the city of Cork, Ireland,7 using polar organic
compounds to estimate the contribution of domestic solid fuel
(DSF) combustion indicates that, despite the ban on
bituminous coal, DSF is still the major source of PM2.5 organic
carbon (0.6−23.7 μg/m3; OC) during the winter (contributing

around 75% to total PM2.5). Thus, the ban on bituminous coal
alone may not be sufficient because peat and wood emit similar
or higher amounts of PM when burned. In fact, according to
the report from International Energy Agency (2013),8 the
annual consumption of bituminous coal in Ireland was 404 kt in
2013, while annual peat consumption was 611 kt, which makes
peat one of the most commonly used solid fuels. In contrast,
the annual consumption of wood for domestic heating was only
34 kt in 2015. Different types of DSF have different emissions
factors that are dependent on the type of fuel and burning
conditions.9−11 However, developing a way to identify and
evaluate the contribution of DSF burning to particulate matter
with high time resolution is limited.
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The identification of specific marker compounds in aerosol
particles produced from different solid fuels, and the use of
markers for subsequent evaluation of the DSF contribution to
airborne pollution has been reported by Kourtchev et al.7 Polar
organic maker compounds (i.e., levoglucosan, galactosan, and
mannosan) determined by gas chromatography−mass spec-
trometry (GC/MS) and the levoglucosan-to-OC ratio derived
from combustion experiments of coal, peat, and wood were
used to identify and evaluate their contributions to ambient
PM.7 However, GC/MS suffers from low time resolution (6 h),
and the levoglucosan-to-OC ratio might differ greatly under
different burning conditions that limit this tracer approach.
Recently, the aerosol mass spectrometer (AMS), which
determines the chemical composition and concentration of
submicron aerosols online and at high time resolution, has
proven to be a robust tool for evaluating the contribution of
various sources.12−17 Based on thermal vaporization and
electron impact, AMS classifies organic aerosols (OAs) by
mass spectrometric fingerprint rather than individual specific
marker compounds.18 Several major components of OA have
been identified through positive matrix factorization (PMF)
analysis of AMS mass spectra such as hydrocarbon-like (HOA),
biomass burning (BBOA), oxygenated (OOA), and several
other primary OA.19−21 Direct AMS measurement of OA from
various primary emissions can help understand the MS
signatures of different primary OA sources and thus help the
interpretation of AMS data. Emissions from motor vehicles,22,23

meat cooking,24 and solid fuels10,25,26 have been intensively
studied and compared in terms of their AMS mass spectral
signatures. However, the source profiles may differ with fuel
types and combustion conditions, and relevant studies are very
scarce, hindering the efforts for a better apportionment of
sources with PMF-AMS. Healy et al.25 and Dall’Osto et al.26

carried out a series of experiments on wood, smokeless coal,
and peat burning in an open-door grate using aerosol time-of-
flight mass spectrometer (ATOFMS) and high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS), respec-
tively, which provides high-mass-resolution characterization of
emitted PM. Wang et al.9 characterized OA formation during
pulverized coal combustion in a drop-tube furnace. Zhou et
al.11 studied the evolution of OA from burning different types
of coal in a typical Chinese stove using an aerosol chemical
speciation monitor (ACSM, a compact version of AMS).27

However, to the best of our knowledge, direct Q-ACSM
measurements and comparison of domestic wood, peat, and
coal burning have not been reported, which should get more
attention for their significant impacts on air quality in Ireland
and other places (e.g., the United Kingdom and Finland) where
these fuels are popular for domestic heating.6,7,25,26

In this study, seven solid fuel samples including dry wood
(15%−20% moisture, DW), wet wood (>20% moisture, WW),
dry raw peat (DP), wet raw peat (WP), peat briquettes (PB),
bituminous (smoky) coal (SC), and ovoids (smokeless, based
on anthracite) coal (SLC) were burned in a typical residential
stove in Ireland. Characterization of PM emitted from burning
these samples was conducted using an ACSM. OA was found to
be the major contributor to the total submicron nonrefractory
(NR-PM1) aerosol particles. Mass spectral signatures of OA
from each fuel type were obtained at unit mass resolution and
compared. These signatures were used to apportion ambient
OA measured by ACSM in Galway, Ireland to estimate the
relative contribution of each type of fuel to air pollution and

characterize their emission and formation process by comparing
the influence of continental and marine air masses.

2. EXPERIMENTAL SECTION
Solid Fuel Types. Wood (oak), raw peat, peat briquettes,

bituminous (smoky) coal, and smokeless coal ovoids were
purchased locally in County (Co.) Tipperary, where the
burning experiments were performed. Peat products are locally
produced, and smoky coal is imported from Colombia (78% of
the coal in Ireland is imported from Colombia in 2014; SEAI
2016). Smokeless coal (ovoids) is purchased from ArignaBio-
fuels (based in Ireland) where coal is roasted, blended with
other biomass products, and briquetted as ovoids. Stored, dried
wood had a moisture content less than 20%. Wet wood had a
moisture content from 20% up to 40%. Peat is an accumulation
of partially decayed vegetation and is the first step for the
formation of coal. Raw peat is cut from peatlands, and peat
briquettes are compressed peat.28 Raw peat was dry when
purchased and was exposed to the outdoor atmosphere to
achieve wet raw peat. Smoky coal and smokeless coal were
directly burned because they are more water resistant.

Fingerprinting Experiment Setup. The solid fuel burning
experiments were performed using a solid fuel stove located in
a cottage in Co. Tipperary from January 16 to 21 2016 with an
average ambient temperature of 6 ± 3 °C and RH of 92 ± 5%.
A schematic of the stove and sampling system is provided in
Scheme S1. Each type of sampling fuel was continuously
burned for at least 1 h with a total use of each type of fuel >5
kg. The stove was cleared of residue following combustion of
each fuel sample. An ACSM device (Aerodyne Research Inc.)
was used to characterize the chemical composition of the NR-
PM1 and obtain unique mass spectral signatures of aerosols
produced from burning each of the solid fuels. In the ACSM,27

nafion dried submicron particles sampled through the inlet are
deposited on the heated surface (600 °C), and only the NR-
PM1 are vaporized and ionized by the ion source. The resulting
ions are analyzed by quadrupole mass spectrometer. Black
carbon and other refractory components are not analyzed by
ACSM. The time resolution of ACSM for ambient measure-
ment is usually set at ∼15−30 min due to the low
concentration, while in this direct fuel combustion measure-
ment, it was set at ∼1 min (1 set of sample and filter cycle) for
the high aerosol emission (10−500 μg/m3) during the
sampling period. The emissions from the 1 h burning were
averaged to get the relative mass contribution and mass spectral
signatures of OA for each type of fuel.

Ambient Aerosol Measurements in Galway. The
ambient aerosol measurements were conducted in the National
University of Ireland Galway’s Center of Climate and Air
Pollution Studies (53.28° N and 9.06° W) from October 17th
to November 23rd, 2015. This site is located adjacent to and
east off the main urban residential area and at least 200 m away
from the main road to avoid the direct influence from traffic.
Ambient air was drawn from a height of around 6 m above the
ground through a tube at a flow rate at 3 LPM. A substream of
∼85 mL/min was analyzed by ACSM at a time resolution of 30
min. Meteorological data recorded at the engineering building
(1 km from the monitoring site) was used to compare and
analyze the origin and transport of aerosol in this study.

Data Analysis. In this study, we employ ME-229−31 within
the SoFi software package (version 6.1), an Igor-based software,
for source apportionment. A detailed description of ME-2 and
the software package can be found in Canonaco et al.29 Briefly,
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in a typical PMF algorithm in which a measured matrix X can
be deconvolved into two matrices (G and F) and the remaining
residue matrix (E), multiple combinations of G and F due to
rotational ambiguity can lead to mathematically meaningful but
not interpretable PMF solutions especially when factors show
temporal covariations. An a-value approach within ME-2 has
been successfully used to explore the rotational ambiguity for
online and offline data set in which users can direct the
algorithm toward environmentally reasonable rotations by
constraining reference factor profiles (currently the case) or
time series based on priori information.17,32,33 The a value
determines the extent to which a reference profile is allowed to
vary (e.g., an a value of 0.1 allows a variability of 10%). In this
study, the pollution events mostly happened during evening or
night-time, indicating their emission sources from domestic
heating. Thus, we conducted the source apportionment by
constraining the primary components, i.e., oil (HOA), peat,
coal, and wood using the a-value approach and allowed for one
additional free factor representing OOA. The HOA reference
profile, taken from Crippa et al.,21 usually represents emission
profile from traffic.34,35 However, oil burning has similar
particulate emissions to that of traffic emission in terms of mass
spectra as indicated in the diesel burning work by Schneider et
al.23 and the vehicles chase study by Canagaratna et al.22

Actually, oil burning for domestic heating is quite popular in
Galway, Ireland (around 85% of the non-natural gas and
nonelectricity households) based on the census data from
Central Statistics Office on the households by the type of
central heating (CSO)36 (Figure S1). The night-time peaks of
HOA (Figure 4a,b) indicates its source from domestic heating;
HOA is, therefore, denoted as oil burning thereafter. The a
value of 0.1 (an a value of 0−0.2 was explored, and more
information is provided in the OA Source Apportionment
section) was used for all primary factors (oil, peat, coal, and
wood).

3. RESULTS AND DISCUSSION

Relative Fraction of Solid-Fuel Burning NR-PM1
Emissions. Organics constitute the largest fraction of total
NR-PM1 emissions from burning fuels (e.g., ∼98% for dry
wood, ∼91% for peat briquettes, and ∼94% smoky coal) except
for the smokeless coal (∼26%) (Figure S2). For the latter,

chloride is the major component of the aerosol particles, with a
value of about 53%, followed by organics (26%), sulfate (11%),
and ammonium (8%). Burning conditions have minor effects
on the relative contribution of ACSM species by comparing dry
and wet wood and dry and wet raw peat. In contrast, the
compositions of fuel type result in differences in contributions
to NR-PM1 mass between different types of fuels. For example,
wood burning emissions contain little sulfate and little
ammonium (∼0.3%), while all types of peat burning emissions
have higher levels of sulfate, with around 5% of the total NR-
PM1 mass being sulfate for peat briquettes.

ACSM Mass Spectra Profiles of Different Fuels.
Averaged normalized ACSM unit mass resolution (UMR)
mass spectra (MS) of OA particles obtained for dry wood, peat,
and coal are shown in Figure 1. All three MS are dominated by
CnH2n+1 (29, 43, 57, 71···) and CnH2n−1 (27, 41, 55, 69···),
indicating the large contribution from saturated alkanes,
alkenes, and also possible cycloalkanes in the primary OA
emissions from wood, peat, and coal. However, the MS profile
patterns and signals at specific m/z (e.g., m/z 60) of different
fuels vary significantly corresponding to the composition of the
fuels. For example, the most prominent ion in wood burning
aerosol MS profile is the signal at m/z (mass to charge ratio)
29, followed by m/z 43, while m/z 43 is the most abundant ion
in peat emissions, followed by m/z 29. In contrast, m/z 43 and
m/z 41 are the most abundant ions in coal emissions MS. In
addition, there was a relatively higher contribution from heavier
ions (>100) in the coal emission spectra most likely from PAH
emissions if compared to the peat and wood spectra.

Wood. The prominent signals at m/z 29 and 43 in wood
emissions (Figure 1a) are consistent with the previous reports
using HR-ToF-AMS.24 The large presence of CHO+ and
C2H3O

+ in HR-ToF-AMS are found to be responsible for the
high signal at m/z 29 and m/z 43, respectively.24 Mass
fragments at m/z 60 are often regarded as marker fragments for
wood burning aerosols,37 which mainly arise from the thermal
decomposition of cellulose, the pyrolysis of which produces
levoglucosan. The electron impact ionization of levoglucosan
shows intense signals at m/z 60.26 Fragment m/z 44 (CO2

+,
strongly influenced by di or poly(carboxylic acid)s), a marker
for OOA,38 which arises together with m/z 18 (which is set to
equal to m/z 44 in the fragmentation table as in the Q-AMS)
contributes to around 2% of total BBOA signal.39,40 Fragment

Figure 1. Normalized mass spectra of organics from the combustion of (a) dry wood, (b) peat briquettes, and (c) smoky coal.
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m/z 29 has the highest fraction of the signal in the dry wood
profile. However, it is not a unique marker for wood burning
due to its presence in all other fuel profiles. These
characteristics are consistent with other UMR MS of OA
from pine burning and PMF results of ambient OA data.10,37

Wet wood profile shows a higher contribution from larger m/z
fragments especially at m/z 137 (Figure S3), which may be due
to the fact that wet wood has a lower burning temperature that
leads to incomplete combustion. Despite the differences
between dry wood and wet wood profile, wood marker
fragments m/z 60, 73, and 137 are still prominent. The MS
signal fractions of m/z > 80 for dry wood are 31%, which
implies that primary OA from wood burning contains high-
molecular-weight organic compounds. This high fraction is
consistent with the previous fingerprinting experiment reported
by He et al.24 in which high signal fractions of m/z > 100 could
reach 13%. However, the absolute amount is strongly
influenced by the transmission function applied in the ACSM
in which small errors in the higher m/z range can cause the
behavior of slowly increasing calculated signal at m/z above
100.
Peat. Mass spectrometry of primary OA from peat shows

the highest signal fraction at m/z 43 (Figure 1b), which is
consistent with the HR-ToF-AMS measurement of open-grate
peat burning26 and the ToF-ACSM measurement of peat
burning in closed chamber.41 Ions at m/z 43 are dominated by
C3H7

+ in peat emissions, while C2H3O
+ dominate the same

nominal ions in wood emissions in HR-ToF-AMS.26 CxHy
+-

type ions make up 71% of peat MS, which implies a high
fraction of hydrocarbon in peat emissions.26 In addition, typical
aromatic ion series at m/z 77 and 91 are present in the peat MS
and are more prominent than that in wood MS. The presence
of m/z 60 in peat MS profiles is due to the incomplete decay of
vegetation, which contains cellulose.42 Cellulose is one of the
most common chemical substances that exist in peat.42

Although these ion series in peat profile are not as prominent
as in the wood profile, ions at m/z 60 are enough to distinguish
the peat MS profile from coal and oil whose formation involves
a complete decay of vegetation. For example, HOA from traffic
typically has the most prominent peak at m/z 57, characteristic
of saturated hydrocarbons but no signal at m/z 60.20,43 High
similarity in MS profiles for dry, wet raw peat and peat
briquettes (R2 > 0.95) can be observed, which suggests that the
state of the peat (raw, wet, shredded, and compressed into
briquettes) does not make a difference to the OA mass spectra
(Figure S4). The MS signal fractions of m/z > 80 for peat are
34%, which is slightly higher than wood, indicating that high-
molecular-weight compounds are forming in peat.
Coal. The burning of smoky coal visibly produces a larger

amount of black carbon than smokeless coal. However, the
mass spectral signatures of smoky and smokeless coal appear
very similar (Figure S5), both with large contribution from
heavier ions. The similarity in MS patterns between smoky and
smokeless coal indicates that the compositions in ovoids
responsible for the emission of primary OA are similar to that
of smoky coal. The strongest peak in coal MS is the signal at m/
z 43, followed by m/z 41 (Figure 1c). This is similar to peat
and consistent with a previous HR-ToF-AMS measurement of
emissions from open-grate coal burning.26 CxHy

+-type ions
dominate the MS of coal with a fraction of 71%, which is the
same as peat MS profile.26 Coal is formed through a process
called “coalification”44 when peat is physically and chemically
altered as a result of bacterial decay, compaction, heat and time.

No signal at m/z 60 was observed for smoky coal MS (Figure
1c), which might be due to the complete decomposition of
cellulose in the formation of coal. In contrast, m/z 60 is slightly
elevated in ovoids MS, which might be due to its complex
composition that contains biomass. The absence of m/z 60
distinguishes smoky coal MS from contemporary biomass
burning. In addition, the signal at m/z 57 is slightly higher than
m/z 55 in coal profile, while the opposite is the case for peat,
indicating that coal has more saturated hydrocarbon than peat.
Further, fragments at m/z 77, 91, and 115 are stronger in coal
MS than in peat MS likely due to the high fraction of aromatic
compounds in coal. The signal fractions of m/z > 80 are 51%,
which is significantly higher than wood and peat.

Differences between ACSM Profiles and Implications
for PMF Analysis. The differences between the MS shown in
Figure 1 are compared by plotting the relative differences of
individual m/z values compared to peat (i.e., ( f(m/z, wood and
coal) − f(m/z, peat))/f(m/z, peat); see Figure S6). The peat
MS was chosen as the reference MS due to the fact peat is the
middle evolution state between wood and coal. Wood and peat
MS show moderate similarity with the correlation value R2 of
0.69 (Table S2). Differences at values of m/z 29, 31, 41, 60, 73,
83, 96, and 137 are mainly responsible for the discrepancy.
Higher values of m/z 29, 31, 60, 73, and 137 (positive relative
difference for wood) are observed for wood, while higher values
of m/z 41, 83, and 96 (negative relative difference) are
observed for peat. Coal and peat MS also show moderate
similarity, with R2 being 0.77. Higher values at m/z 29, 31, 45,
60, and 73 for peat and higher values at m/z > 115 for coal
contribute mainly to the discrepancy. The differences in
intensities at the m/z values mentioned above are expected
to play an important role in PMF to separate OA emissions
from wood, peat, and coal.
For the comparison between MS profiles of all the burning

sources in this study and PMF factors of ambient measurement
from literature, R2 values were calculated and summarized in
Table S2. The dry and wet raw peat MS shows a good
intercorrelation with R2 being 0.98, which was higher than that
between dry wood and wet wood (R2 = 0.91), indicating that
wood burning emissions are more influenced by moisture.
Smoky coal and smokeless coal show the poorest intercorre-
lation (R2 = 0.78), which is in part due to the production
process of smokeless coal from smoky coal that leaves out most
of the volatile content in smoky coal responsible for the high
smoke output. In fact, the signal fractions in the range m/z > 80
for smokeless coal MS are 40.9%, which is less than that of
smoky coal (51.3%). The discrepancy in the MS between
smoky coal and smokeless coal can also be explained by
complicated compositions of ovoids that are blended with
biomass (www.arignabiofuels.ie). This might also be the reason
that the correlation coefficient between smokeless coal and peat
could reach 0.92. In this regard, it is hard to separate peat and
smokeless coal in factor analysis of the ambient data set. Peat
briquettes MS is better correlated with PMF factor BBOA
(taken from Ng et al.43) (mean R2 = 0.88) than dry wood (R2 =
0.77), which implies that in areas where peat is widely used
(e.g., Ireland and the United Kingdom), extreme care is
required to separate peat and BBOA because they have similar
MS and usually show temporal covariation as domestic heating
fuels. Peat shows moderate correlation (mean R2 = 0.8) with
HOA (taken from Crippa et al.),21 but an elevated signal at m/z
60 for peat should be enough to distinguish them in PMF
analysis. Wood and HOA shows a bad correlation (mean R2 =
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0.25), which means that wood-burning emissions can be easily
separated from HOA in factor analysis of the ambient data set.
Ambient Measurement of NR-PM1 in Galway, Ireland.

An overview of the NR-PM1 components (organics, nitrate,
sulfate, and ammonium) in Galway during early winter (from
October 17th to November 23rd, 2015) is shown in Figure 2 as

well as meteorological parameters (wind direction, wind speed,
relative humidity, and temperature). During the measurement
period, the temperatures were mild, with an average of 10.6 ±
2.6 °C ranging from 3 to 16 °C. The ambient relative humidity
had a mean value of 90.8 ± 8.8%, ranging from 56% to 100%.
The wind mainly blew from the southwest (46% of the time)
with a mean wind velocity of 3.1 ± 1.6 m/s ranging from 0.4 to
9.2 m/s. The ACSM yielded a range of NR-PM1 concentrations
from 0.1 to 43.5 μg/m3, with a low mean value of 3.4 ± 4.5 μg/
m3 mainly due to the frequent influence of clean marine air
masses. However, under certain meteorological conditions of
continental air masses (periods S1 and S2) and low wind speed
(<2 m/s), a high concentration of NR-PM1 can build up
throughout the day, with an average of 7.8 μg/m3 and 11.2 μg/
m3 for S1 and S2, respectively. Even with marine air masses and
associated low wind speed (M3), high peak NR-PM1
concentration (34 μg/m3, 10 times mean NR-PM1 value) can
be seen in the evening and night-time, indicating the large
emissions from domestic heating in Galway. A very low
background concentration of lower than 1 μg/m3 was observed
during the daytime of the period M3 despite high pollution at

night. Thus, it is insightful to analyze the composition during
different periods.
On average, the NR-PM1 mass mainly composed of OA

(50%), followed by sulfate (24%), ammonium (13%), and
nitrate (13%) for the entire measurement period in Galway
(Figure 2d). However, under different meteorological con-
ditions, their fractions vary significantly. During stagnant time
periods (S2) with continental air masses, the pollution levels
were elevated throughout the day and the fraction of secondary
inorganic aerosols (sulfate, nitrate, and ammonium) increased
to around 63% (Figure 2e), indicating a regional source. In
contrast, during marine time periods, OA alone accounts for
76% of total NR-PM1 mass (Figure 2f). The recurring evening
and night-time pollution events, with OA being the dominant
component, underline the importance of source apportionment
of OA.

OA Source Apportionment. For source apportionment of
OA, we take advantage of ME-2, which can direct the PMF
analysis to environmentally reasonable solutions by constrain-
ing the a priori ACSM-derived source profiles of peat, coal, and
wood as well as oil (HOA) from Crippa et al.21 An a value of
0.1 (i.e., 10% variation in profile) was applied due to the fact
that most primary OA was freshly emitted, with peak
concentrations occurring at the early nighttime and thus should
have small variation from the ACSM derived fingerprints. Due
to the lack of possible tracer marker for each type of domestic
fuel combustions, the best a value will be further investigated as
indicated in Elser et al.17 As illustrated in Figure 3a, a five-factor
solution including four constrained primary factors and one
additional unconstrained OOA is found to be the environ-
mentally reasonable solution. Further increase of the number of
factors leads to uninterpretable factors (Figure S7). The time
series of four primary factors (Figure 3b) show similar temporal
variation due to the similar emission time from domestic
heating activities during the evening, which was also the reason
why ME-2 is necessary to separate preconstrained factors to
estimate the contribution of candidate sources. Otherwise,
highly mixed and non-meaningful factors would be achieved
with a totally unconstrained PMF (Figure S8) and, thus, an
unconstrained PMF would be unable to estimate the
contribution of the different combustion fuels to the air
pollution. In contrast, the OOA could be easily resolved both in
constrained and unconstrained PMF due to its time series
distinct from primary factors. OOA is characterized with a
prominent signal at m/z 44 and has a high correlation with
sulfate (R2 = 0.83). The OOA time series show a relatively
constant high level during periods S1 and S2, indicating the
importance of OOA formation under these conditions.
However, during periods M1, M2, and M3, some evening
peaks of OOA can also be observed, indicating an additional
contribution from a more local and evening and night-time
production process. Unlike OOA, the resulting time series of
primary factors only show elevated evening and night-time
pollution levels, corresponding to emission time.
When running ME-2 using the a-value approach on ACSM

data sets, the selection of best a value is critical. An a value that
is too small (i.e., very tightly constrained) might not give
enough freedom to the unconstrained factor (e.g., OOA), while
a large a value might lead to interfactor mixing. Thus, an
optimized a value need to be explored in ME-2. Previous work
by Elser et al.17 suggests the selection criteria of using factor-
tracer correlation to find the best a value corresponding
solution that best describes the organic aerosols. A combination

Figure 2. Time series of (a) wind direction (wd) and wind speed
(ws); (b) relative humidity (RH) and temperature (T); (c) pressure
(P); and (d) submicron species, i.e., organics, sulfate, ammonium, and
nitrate. The inset pie chart shows average composition for the entire
study the and pie chart contribution of submicron species during
selected periods (e) S2 and (f) M3. The colors and characters on the
top of the graph represent the different air masses classifications: light
red, stagnant continental (S1 and S2); light green, marine with high
wind speed (M1 and M2); dark green, marine with low wind speed
(M3). Back-trajectory analysis for the whole periods is shown in Figure
S11.
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of different a values for a specific factor can be derived using
this method. However, in cases in which the constrained
factors’ corresponding tracer data are not available, we assume a
same a value for all constrained factors. To explore the
influence of a value, a value of 0, 0.05, 0.1, and 0.2 were run in
ME-2. The constrained factors’ relative fraction and the
correlation between the unconstrained OOA and sulfate are
found to be affected by a value differently (Figure S10). The
factors’ relative contribution to total OA for oil, coal, and wood
burning remain nearly unchanged for this a value range (0−
0.2). In contrast, OOA fraction decreases sharply from 45% to
35% as a value of increases from 0 to 0.1 but slowly from 35%

to 34% as a value increases from 0.1 to 0.2, while peat burning
fraction increases from 21% (a value of 0) to 32% (a value of
0.1) and decreases to 28% (a value of 0.2). R2 between the
OOA and sulfate increases from 0.71 to 0.83 as the a value
increases from 0 to 0.1 and starts to level off after 0.1. Thus, 0.1
is found to be the most-optimized a value because it can give
enough freedom to OOA and prevent further mixing between
factors by increasing the a value. It is also important to note
that peat is always the largest primary fraction with the same a
value.

Local versus Regional OA Sources. During the measure-
ment periods, the frequent marine air masses bring a very clean

Figure 3. (a) Factor profiles (mass spectra) of 5-factor ME-2 solution. The a-value method within SoFi was applied (matrix with m/z up to 100 was
used for PMF). Oil-burning profile is from ambient data PMF-derived hydrocarbon-like organic aerosol (HOA).21 Peat, wood, and coal reference
profiles are from previous fingerprinting experiments. Gray bar in the back represents reference profile employed. (b) The factor time series (color-
coded with the same periods of S1, M1, S2, M2, and M3 as in Figure 2) of source apportionment and comparison of primary factors with typical
ACSM fragments (HOA vs m/z 43 (R2 = 0.88); peat vs m/z 60 (R2 = 0.84); coal vs m/z 91 (R2 = 0.63); wood vs m/z 60 (R2 = 0.79)) and a
comparison of secondary factors (OOA) with an external source of sulfate (R2 = 0.83).

Figure 4. Diurnal cycle of resolved factors (i.e., oil, peat, coal, wood, and OOA) during (a) periods of relatively stagnant and continental air masses
(S2) and (b) marine air masses (M3) (insets are relative contribution of the resolved OA factors). Polar plot of hourly averaged major component of
OA (i.e., peat and OOA; color-coded based on concentration of each species in μg/m3) as a function of wind speed (radial axis) and wind direction
during periods (c) S2 and (d) M3. Polar-plot figures were generated with OpenAir software.48
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background OA level (<0.1 μg/m3) that provides a perfect
chance to study the anthropogenic pollutants especially for the
local sources. In addition, occasional continental air masses
bring the opportunity to study the regional OA sources from
the United Kingdom and mainland Europe. The relationship
between resolved OA factors and meteorology is, therefore,
demonstrated by comparing two distinct pollution patterns
corresponding to continental and marine air masses (Figure
S11). Continental air masses and marine air masses alternated
during the measurement period and led to different
contributions of OA factors as well as diurnal patterns,
especially for OOA. As shown in Figure 4a, OOA is the
major component of OA in continental air masses (S2; 50%),
and its diurnal cycle shows higher concentration during the
night than day, which might be due to the influence of
planetary boundary layer that is shallower during night and
higher during the day. Wind roses of OOA during S2 show that
higher OOA concentrations are related to air masses from the
north and southeast side rather than the west side of
measurement location, indicating that its origin might come
from mainland Europe or the United Kingdom rather than the
ocean (Figure 4c). In contrast, in the marine air masses (i.e.,
M3 period), OOA only comprises 12% of total OA (Figure 4b),
and its diurnal cycle shows a peak at evening and night-time,
which coincides with primary factors, indicating a possible
night-time OOA formation process of the condensation of
semivolatile organic matter emitted from fuel combustion.47 In
addition, the wind roses of OOA (Figure 4d) during M3 show
no preference for wind direction but for low wind speed, which
might be required for the formation process as semivolatile
organic matter dissipate more quickly with high wind speed.
The wind rose of OOA between S2 and M3 shows a clear
different pattern indicating the difference in transport and
formation of OOA under different meteorological conditions.
Similarly, inorganic aerosols (sulfate, nitrate, and ammonium)
also show obvious peaks during M3 nighttime, which should
also come from primary emissions or fast night-time formation
(Figure 2).
Unlike OOA, all primary factors (oil, peat, coal, and wood

burning), show peak concentrations at early night (at around
19:00) and very low concentrations (<0.5 μg/m3) during the
day (8:00−16:00, sunrise at around 8:00 and sunset at around
16:00 during the measurement period), corresponding to their
emission time and locally produced nature. Primary OA
contributes around 50% during S2 and 88% during M3,
indicating its importance for air pollution over the wintertime,
especially during marine periods. Peat burning contributes 39%
during M3 and 16% during S2 (Figure 4a,b), making it the
largest primary contributor to the total ambient OA during cold
winter nights in Galway. This is in great contrast to the
relatively small usage of peat, as indicated by the census data
(Figure S1) from Central Statistics Office, which shows only
around 10% of the non-natural gas and non-electricity
households use peat for heating. However, the emission-factor
profile (Table S1),45 which indicates a large emission factor and
a low net calorific value for peat can help explain the
dominance of peat. Similarly, smoky coal has a large emission
factor and claim for 17% of total OA mass during M3 when less
than 1% of the households report the use of smoky coal for
heating probably due to the ban on coal in Galway. In contrast,
most households use oil for heating (around 85%) but, due to
the low emission factor for oil burning, a relatively small
fraction (21% during M3) is observed. HOA is usually used to

quantify the traffic emissions.21 However, the time series of
HOA in this study show a huge early evening peak (at around
19:00) and the absence of a morning rush hour peak (Figure
4a,b), which points to its major source from domestic heating
activities rather than traffic as reported by previous papers.34,35

It is possible that the interference from oil burning due to their
similar mass spectra22,23 and the low mass resolution of ACSM
leads to the difficulties in resolving the traffic factor with a low
contribution (e.g., <5%), particularly when it co-varies with a
source with higher emissions. Previous work by Ulbrich et al.
suggests that true components with <5% of the mass are
difficult to retrieve accurately using PMF.46 In contrast to
OOA, the wind roses of major primary factor (i.e., peat
burning) always show an origin from the west of the
measurement site during both the S2 and the M3 periods,
which is consistent with the location of the residential area.
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Abstract: The chemical composition and sources of non-refractory submicron aerosol (NR-PM1)
on Galway, a west coast city of Ireland, were characterized using an aerosol chemical speciation
monitor during summertime in June 2016. Organic aerosol (OA) was found to be the major part
of NR-PM1 (54%), followed by secondary inorganic sulfate (25%), ammonium (11%), and nitrate
(10%). Factor analysis revealed that oxygenated OA (OOA) was the dominant OA factor, on average
accounting for 84% of the total OA. The remaining 16% of OA was attributed to primary peat burning
associated with domestic heating activities. As a result, secondary organic and inorganic aerosol
together accounted for 91% of the total NR-PM1, pointing to an aged aerosol population originating
from secondary formation during long-range transport. Concentration-weighted trajectory analysis
indicated that these secondary aerosols were mainly associated with easterly long-range transport
from the UK and/or France.

Keywords: PM1; ACSM; air pollution sources; organic aerosol; source apportionment

1. Introduction

Atmospheric aerosol has a significant impact on visibility and air quality both locally and
regionally, and plays an important role in climate by scattering and absorbing solar radiation, or by
acting as a nucleus for cloud condensation [1–4]. It also has a serious impact on human health,
increasing the risk of respiratory and cardiovascular diseases and even decreasing life expectancy [5–8].
Aerosol particles can be directly emitted from primary sources (e.g., traffic, domestic heating, wild fires,
and volcano emissions) or be formed via gas-to-particle formation. These are known as primary and
secondary aerosols, respectively. In order to design effective mitigation strategies for improving the air
quality, knowledge of emission sources affecting the urban aerosol population has to be expanded.

With the advent of aerosol mass spectrometry (AMS) [9–13], chemical characterization and source
apportionment of submicron aerosol has significantly improved [14–16]. AMS can provide near
real-time measurements of non-refractory submicron aerosol species (NR-PM1): Organic aerosol
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(OA), sulfate, nitrate, ammonium, and chloride [17–22]. In addition, the application of positive matrix
factorization (PMF) on the AMS OA matrix has demonstrated its source apportionment potential which
could result in different sets of OA factors depending on the site [23–29]. These OA factors include
primary OA (POA) and secondary OA (SOA) corresponding to specific sources and processes [30].
For example, hydrocarbon-like OA (HOA) factor is primary and is usually associated with traffic
emission [31]. Oxygenated OA (OOA) is more related to secondary processes or aging primary and
could be associated with both regional transport and local secondary production [32].

Galway city, located on the west coast of Ireland, with a population of ~80,000, has been
designated as the 2020 European Capital of Culture. However, the knowledge of particulate matter
(PM) components in Galway is very limited [33]. Our winter campaign has indicated that pollution
events, with peak NR-PM1 concentration >20 µg m−3, were mainly caused by local domestic heating
sources [33]. However, sources dominating PM concentrations during summer remain unknown.

In this study, the chemical composition of NR-PM1 in June 2016 was characterized using an
aerosol chemical speciation monitor (ACSM) and OA source apportionment was performed using
both PMF and multi-linear engine (ME-2). Finally, the possible geographic origins of the NR-PM1

components were analyzed through examination of the influence of air mass trajectories.

2. Methods

2.1. Aerosol Measurements

Non-refractory submicron (NR-PM1) aerosol species including organics, sulfate, nitrate, and
ammonium were measured in situ at the same location as Lin et al. [33] (i.e., at the National University of
Ireland, Galway (53.28◦ N and 9.06◦ W)) from 1 to 22 June 2016. The measurement site is representative
of the regional background conditions over the region of Galway, on the west coast of Ireland.
The aerosol sampling setup and the ACSM operation in this study were also the same as those
in Lin et al. [33]. Briefly, the ambient air was drawn from a height of around 6 m above the ground at
a flow rate of 3 L/min with a sub-stream of 85 mL/min being drawn into the ACSM. In the ACSM,
the NR-PM1 was vaporized at 600 ◦C with a standard vaporizer and subsequently ionized by electron
impact. The resulting ions were analyzed by quadrupole mass analyzer. The time resolution of ACSM
in this study was set to 30 min.

ACSM standard data analysis software (v 1.6.0.3) was used to process the mass concentrations
of organics, sulfate, nitrate, and ammonium. Chloride accounted for a minor fraction (<1%) of the
total NR-PM1 and was not included in the discussion. A collection efficiency (CE) of 1 was applied
for all species, which provides a lower limit for ACSM-measured mass concentration. This CE was
validated against a collocated scanning mobility particle sizer (SMPS) in our previous study with
the same instrument [29]. The sum of the calculated ACSM volume and black carbon (BC) volume
correlated well with the PM1 volume from the SMPS, with a slope close to unity and correlation
coefficient r = 0.96 [29]. It is worthy to note that changes in CE will not affect the relative contribution
of chemical species, since the same CE was applied to all measured species. OA mass spectra matrix
and error matrix were also extracted using this software for subsequent PMF analysis.

2.2. OA Source Apportionment

A PMF model was used to analyze the ACSM organic mass spectra to separate OA into different
factors in terms of their mass spectra and time series. The PMF model is defined as

Xij =
p

∑
k=1

GikFkj + Eij, (1)

where X represents the ACSM OA matrix, F represents the profile (or mass spectra) of this factor, G
represents the time series of this factor, and E represents the residue. Column i corresponds to time,
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and j to m/z. p is the number of factors of the chosen solution. PMF requires non-negative entries for
G and F to be physically meaningful. PMF uses a least squares algorithm that iteratively minimizes the
objective function Q, defined as

Qm =
m

∑
i=1

n

∑
j=1

(
eij

σij

)
, (2)

where σij represents measurement uncertainty. The preparation of organic and uncertainty matrix
followed the recommendation of Ulbrich et al. [34]. Data points with a low signal-to-noise ratio
(SNR; < 0.2) were removed, whereas data with SNR in the range of 0.2–2 were down-weighted by a
factor of 2. PMF was run with a robust mode. In this study, organic fragments with m/z ≤ 100 were
analyzed. Higher m/z values were not included because of the low SNR.

PMF does not require any prior information but may have a substantial degree of rotational
ambiguity [35]. The rotational ambiguity may result in fewer factors or inaccurate factor attributions
when some factors have similar temporal variation. To reduce rotational ambiguity, a priori
information, such as factor profile, can be used to constrain the PMF model.

Multi-linear engine (ME-2) is a solver of PMF. ME-2 can partly constrain the factors based on a
priori information such as factor profiles (used in this study) and time series. The so-called a value
approach within ME-2 was used, where a value represents the extent to which the reference profiles
are allowed to vary (e.g., an a value of 0.05 allows a variability of 5%). The interface of Source Finder
(SoFi) [27] was used to run both PMF and ME-2.

2.3. Back Trajectory Analysis

Air mass back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT), a transport and dispersion model developed by the NOAA Air Resources
Laboratory [36]. The back trajectories were calculated every 6 h for an arrival height of 500 m and
length of 72 h.

The concentration-weighted trajectory (CWT) approach was used to investigate the potential
transport of pollution [37] on the interface of ZeFir [38]. CWT couples concentration data with air mass
history to identify potential source regions that may be responsible for high concentrations observed
at the receptor site. A weighing function was added to the CWT calculation to down-weight cells
associated with a low count of trajectory endpoints. The setup of the different weights is empirical,
and our setup followed the recommendation of Petit et al., [37]. The weighing function was based on
the trajectory density; the weighing coefficients were relative to the maximum of this density.

3. Results

3.1. Mass Concentration and Chemical Composition

Time series of the OA, sulfate, nitrate, and ammonium, as well as meteorological parameters
(temperature, wind speed, wind direction, relative humidity, pressure, and precipitation), are presented
in Figure 1. Over the measurement period, the average temperature was 15.4 ± 3.4 ◦C (± standard
deviation) varying from 4.5 to 23.3 ◦C. The ambient relative humidity had a mean value of 79 ± 14%,
ranging from 39% to 97%. Westerly and easterly winds alternated during the measurement period,
with a mean wind velocity of 2.2 ± 1.6 m/s ranging from 0.5 to 8.0 m/s. The median and mean value
of total NR-PM1 mass were 2.3 and 2.7 ± 2.3 µg m−3 (ranging from <0.5 to 14.4 µg m−3), respectively.
These values were much lower than the ones reported for summer in Paris (with a mean NR-PM1 of
~4.0 µg m−3) [15] and London (with a mean NR-PM1 of ~9.0 µg m−3) [39]. The mean value was also
lower than that measured at the same site in winter (winter mean NR-PM1 = 3.4 µg m−3) [33]. Overall,
NR-PM1 was dominated by OA, which accounted for 54% of the total mass, followed by sulfate
(25%), ammonium (11%), and nitrate (10%). The absolute NR-PM1 concentration was dependent on
specific meteorological parameters. For example, high NR-PM1 concentrations (4–9 June) were mainly
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associated with easterly winds and relatively low wind speed. In contrast, low NR-PM1 concentrations
(12–14 June) were mainly associated with westerly winds and relatively high wind speed.Atmosphere 2017, 8, x FOR PEER REVIEW  4 of 12 
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during 1–22 June 2016. Inset pie chart shows the relative contribution over the whole period. The 
value above the pie chart is the mean NR-PM1 concentration ± 1 standard deviation. Meteorology data 
were obtained from the Irish National Meteorological Service (Met Éireann) with 1 h resolution. OA, 
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with 30 min resolution. The bars above the figure highlight the different periods under the influence 
of different air masses for further discussion. The three periods include northeast (NE) continental 
(light gray), southeast (SE) continental (dark gray), and marine (light blue) air masses. See Section 3.3 
for the classification of air masses. 
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air masses are shown in Figure 2. OA was flat throughout the day, with a slight increase in the midday 
and in the evening in southeast (SE) continental air masses (Figure 2a), indicating that the 
measurement site was not influenced by any strong local emission. OA remained at the level of 
around 2.7 μg m−3, more than 2 times higher than other species. Sulfate and ammonium showed a 
similar pattern, with no obvious trend. However, nitrate presented in relatively higher concentrations 
during the night (with a maximum at 5:00 am, local time) and lower concentrations during the day 
(with a minimum at 16:00), suggesting strong influences from evaporative loss and gas–aerosol 
partitioning. As discussed in Section 3.4, the major source of nitrate was from regional transport. 
Therefore, the diurnal variation of nitrate was driven solely by evaporative loss and gas-to-particle 
partitioning. In northeast (NE) continental air masses, none of the NR-PM1 species showed any 
obvious trend and all were relatively flat except for OA, which showed a slight drop in the evening 
(Figure 2b). The concentrations of NR-PM1 species were 1.6–3.6 times lower in NE continental air 
masses than in SE continental air masses. In marine air masses, all the NR-PM1 concentrations were 
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Figure 1. Time series of (a) wind speed (ws) and wind direction (wd); (b) relative humidity (RH)
and pressure; (c) temperature; and (d) organics (OA), sulfate (SO4), ammonium (NH4), and nitrate
(NO3) during 1–22 June 2016. Inset pie chart shows the relative contribution over the whole period.
The value above the pie chart is the mean NR-PM1 concentration ± 1 standard deviation. Meteorology
data were obtained from the Irish National Meteorological Service (Met Éireann) with 1 h resolution.
OA, sulfate, ammonium, and nitrate were measured by an aerosol chemical speciation monitor (ACSM)
with 30 min resolution. The bars above the figure highlight the different periods under the influence of
different air masses for further discussion. The three periods include northeast (NE) continental (light
gray), southeast (SE) continental (dark gray), and marine (light blue) air masses. See Section 3.3 for the
classification of air masses.

Average diurnal cycles of OA, sulfate, nitrate, and ammonium over the three periods in different
air masses are shown in Figure 2. OA was flat throughout the day, with a slight increase in the midday
and in the evening in southeast (SE) continental air masses (Figure 2a), indicating that the measurement
site was not influenced by any strong local emission. OA remained at the level of around 2.7 µg m−3,
more than 2 times higher than other species. Sulfate and ammonium showed a similar pattern, with no
obvious trend. However, nitrate presented in relatively higher concentrations during the night (with a
maximum at 5:00 am, local time) and lower concentrations during the day (with a minimum at 16:00),
suggesting strong influences from evaporative loss and gas–aerosol partitioning. As discussed in
Section 3.4, the major source of nitrate was from regional transport. Therefore, the diurnal variation
of nitrate was driven solely by evaporative loss and gas-to-particle partitioning. In northeast (NE)
continental air masses, none of the NR-PM1 species showed any obvious trend and all were relatively
flat except for OA, which showed a slight drop in the evening (Figure 2b). The concentrations of
NR-PM1 species were 1.6–3.6 times lower in NE continental air masses than in SE continental air
masses. In marine air masses, all the NR-PM1 concentrations were the lowest among the three studied
periods (Figure 2c). OA and sulfate showed a similar trend, with an increase from ~13:00 until 20:00,
indicating a similar source or an aging process.
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Figure 2. The diurnal variation of NR-PM1 species (OA, sulfate, nitrate, and ammonium) over the
period influenced by (a) SE continental; (b) NE continental; and (c) marine air masses.

3.2. OA Source Apportionment

Unconstrained PMF (or free PMF) identified two factors: peat-like factors and OOA factors
(Figures S1–S4 and Table S1). No other physically meaningful factors could be identified even by
increasing the number of factors. However, the profile of peat-like factor contained no mass to charge
ratio (m/z) 44 fraction (f44) and higher than expected f29 when compared to a reference peat profile [33],
compromising its attribution. Therefore, multilinear engine (ME-2) was utilized by constraining the
reference peat profile with the a value approach [27,33]. Sensitivity analysis by varying the a value
showed that the relative contribution did not vary significantly (only by a few percent) within the
considered a value (Figure S5). Having analyzed the residual, the ME-2 solution was mathematically
acceptable and represented the dataset well (Figure S6).

Figure 3 shows the mass spectra and temporal variations of peat and oxygenated OA (OOA) at
an a value of 0.1. Peat was classified as primary OA and was associated with peat burning activities.
The peat profile shows prominent peaks at mass to charge ratios (m/z) 41, 43, 55, and 57, characteristic
of aliphatic hydrocarbons. It was also characterized by higher contribution at m/z 60 compared to
traffic-related hydrocarbon-like OA factor (known as HOA). m/z 60 was associated with fragments of
sugars, such as levoglucosan, which is produced by cellulose pyrolysis [40]. The time series of peat
correlates well with that m/z 60 (R = 0.81). Most of the time, peat factor shows low concentrations
(< 0.2 µg m−3) but with few pollution spikes (> 1 µg m−3) observed during the evening. As shown in
Figure 1c, the temperature during summer in Galway could drop below 10 ◦C during the evening,
so it is likely that some peat burning could occur during these cold summer evenings. On the other
hand, the profile of OOA shows a high f44, arising mainly from CO2

+, which is associated with aerosol
aging or secondary formation. The time series of OOA shows a good correlation with sulfate (R = 0.83),
pointing to secondary and/or regional sources.

The average diurnal cycles of peat and OOA factors over the three periods in different air masses
are presented in Figure 4. In the three studied periods, OOA showed a dominant contribution over
peat factor, on average accounting for ~84% (or 1.0–2.2 µg m−3) of the total OA in the continental air
masses (Table 1) and 72% (or 0.2 µg m−3) in the marine air masses, suggesting the strong influence of
secondary formation. The strong influence of secondary formation on urban PM levels have also been
reported in summer in Paris [41] and London [39], where ~50% of the total OA was found to be OOA
in both cities. As will be discussed in Section 3.4, France and the UK were potential geographic origins
of the secondary aerosol observed in Galway. The higher OOA fraction in Galway than in London or
Paris suggests an aging process during long-range transport. In addition, peat burning accounted for a
minor fraction of the total OA (16–28%, or 0.09–0.4 µg m−3) of the total OA, suggesting a relatively
low influence from local sources. As shown in Figure 1a, peat had an increased concentration during
the evening (at ~22:00, local time) which was mainly associated with emissions from domestic heating
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activities coupled with the shallower planetary boundary layer in the evening. In addition, a slight
peak at noon (at ~13:00) was also observed, which might be due to emission from peat burning
for barbecues.Atmosphere 2017, 8, x FOR PEER REVIEW  6 of 12 
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Figure 3. Profile (at a value of 0.1) and time series of peat and OOA (oxygenated organic aerosol).
Also shown are the time series of m/z 60 and sulfate.
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Figure 4. The average diurnal cycle of OOA and peat over the period influenced by (a) SE continental;
(b) NE continental; and (c) marine air masses.

It is important to note that traffic-related factor, HOA, was not identified, probably due to its
low contribution and/or mixing with peat-like factor. To evaluate the upper limit of the contribution
from traffic emission, a reference HOA profile [25] was forced to be constrained in ME-2, along with a
reference peat profile (Figures S7–S8). As expected, HOA comprised a small fraction of total OA (~4%).
Furthermore, the diurnal cycle of HOA was relatively flat, and no morning or evening rush hour peaks
could be observed, indicating very little influence from local traffic (Figure S9). The low contribution
of HOA was consistent with low concentration of NOx, with an average morning rush hour (8:00,
local time) peak concentration of ~3 ppb (Figure S10). Nevertheless, OOA was still the dominant
factor, accounting for 85% of OA, followed by peat (11%). What’s more, the resulting peat and OOA
time series were well correlated with the 2-factor ME-2 solution, with R = 0.91–1 and slope = 0.9–0.97
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(Figure S11). Thus, constraining HOA and peat in the ME-2 analysis did not affect the attribution of
peat and OOA significantly, and only by 3–10%. In conclusion, the upper limit of the contribution of
traffic emission to OA at the urban background site was small (only 4%).

Table 1. NR-PM1 chemical compositions in different air masses (µg m−3).

Continental (SE) Continental (NE) Marine

N Mean Median SD % N Mean Median SD % N Mean Median SD %

OA 184 2.7 2.6 1.3 55 159 1.3 1.1 0.8 55 156 0.3 0.3 0.2 41
SO4 1.1 1.1 0.4 22 0.6 0.6 0.2 27 0.3 0.3 0.2 42
NO3 0.6 0.4 0.6 12 0.2 0.1 0.2 7 0.03 0.03 0.03 4
NH4 0.6 0.5 0.3 11 0.2 0.2 0.1 11 0.1 0.1 0.1 13
Total 4.9 2.3 0.8

OA factors

Peat 0.4 0.3 0.4 14 0.1 0.08 0.2 14 0.09 0.06 0.08 28
OOA 2.2 2.3 1.1 86 1.0 0.9 0.6 86 0.20 0.2 0.2 72

N stands for number of data points. One data point corresponds to one-hourly-averaged data. % is calculated from
the means. SD stands for one standard deviation.

3.3. Continental versus Marine Air Masses Impacts

Continental and marine air masses alternatively arrived at the measurement site, featuring
different NR-PM1 chemical compositions and OA factors. Figure 5 presents the back trajectory (BT)
clusters of air mass at an arrival height of 500 m above the ground at intervals of 6 h (00:00, 06:00, 12:00,
etc.) using the HYSPLIT model [36]. Using a nonhierarchical clustering algorithm [36], the BTs were
classified into three clusters of air masses based on their spatial distribution during the measurement
period. The three clusters included southeasterly (SE) continental BTs, northeasterly (NE) continental
BTs, and marine BTs. Continental (SE) air masses originated over mainland Europe (e.g., France),
the UK, and southeast Ireland (Figure 5a), while continental (NE) air masses advected over Scotland
and Northern Ireland (Figure 5b). Finally, marine air masses had nearly 3 days of no contact with land
but advected over the rural area on the west coast of Ireland before arriving at the measurement site
(Figure 5c). It is worth noting that the total number of the calculated BTs were nearly evenly distributed
into the three clusters (Figure S12): 37% for continental (SE), 32% for continental (NE), and 31% for
marine, providing unbiased results for the subsequent analysis of chemical composition and OA factor
contribution in each air mass cluster (Table 1).
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the length is 72 h.

Speciated aerosol mass concentration, fractional contribution, and OA factors associated with
different air mass clusters are presented in Table 1. The NR-PM1 concentrations were higher during
continental events, especially with SE air mass origins. The average NR-PM1 concentration was
4.9 µg m−3 for continental (SE) air masses, which was 2.1 times higher than that for continental
(NE) air masses (2.3 µg m−3) and 6.1 times higher than that for marine air masses (0.8 µg m−3).
Also, the NR-PM1 chemical composition was affected by air mass origins. Continental air masses
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featured higher nitrate contribution (7–12%, or 0.2–0.6 µg m−3) whereas marine air masses contained a
very low contribution of nitrate to the total NR-PM1 (4%, or 0.03 µg m−3). Low nitrate contribution
during marine events was due to the absence of marine sources of particulate nitrate [21,41].
For OA factors, continental OOA concentration was 5–11 times higher for continental air masses
(1.0–2.2 µg m−3) than for marine air masses (0.2 µg m−3). However, fractional contributions of OOA
during continental (86% of OA) and marine (72%) events were similarly high, indicating the aerosols
were highly aged in both cases. Note that although peat had a higher contribution in marine air masses
(28%) than in continental air masses (~14%), its absolute concentration was lower in marine air masses
(0.09 µg m−3) than in continental air masses (0.1–0.4 µg m−3).

3.4. Geographic Origins of Major NR-PM1 Components

The potential geographic origins (Figure 6) of the sulfate, nitrate, and OOA were investigated
by coupling the concentration data with back trajectories using the CWT approach [38]. The CWT
results for sulfate, nitrate, and OOA show that long-range transport from the UK and France were
responsible for the high NR-PM1 concentrations (>0.8 µg m−3 for OOA) observed in Galway. Only
very low concentrations of sulfate (<0.3 µg m−3) and OOA (<0.2 µg m−3) could be associated with
marine regions. CWT uses residence time information to geographically identify air parcels that
may be responsible for high concentrations observed at the receptor site. Secondary aerosol (i.e.,
OOA, nitrate, and sulfate) concentrations were relatively high in the southeast continental air masses
(Table 1). The cluster of SE continental air masses had originated over France and the UK but advected
over southeast Ireland before reaching the measurement site. Therefore, the CWT result shows
that southeast Ireland was also a potential geographic source of secondary aerosols, in addition to
France and the UK. The formation of secondary aerosols involves the photochemical reactions of their
precursors (e.g., VOC, NOx, and SO2). As shown in Figure S10, the local nitrate precursor concentration
of NOx was very low even during the morning rush hour peak (~3 ppb on average). Some small
cities are located in southeast Ireland and, similarly, low levels of precursor emissions are expected.
Therefore, we believe most of the precursors of secondary aerosol were from other countries, and their
photochemical reactions formed the secondary aerosol during transport, which was subsequently
observed at the measurement site. Peat is a primary OA factor, and its diurnal cycle shows peaks in
the evening, indicating a local source emission from nearby households. One of the disadvantages
of CWT and other wind analysis tools are their inability to analyse local sources. This is because the
wind speed cannot be directly related to a distance, leading to a risk of misinterpreting plotted results
on top of a map [38]. Therefore, Peat–OA was not included in the CWT plot.Atmosphere 2017, 8, x FOR PEER REVIEW  9 of 12 
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Figure 6. CWT results of hourly averaged (a) sulfate (SO4), (b) nitrate (NO3), and (c) OOA; color-coded
based on the concentration of each species in µg m−3. The CWT were plotted using ZeFir [38].

Galway city is located on the west coast of Ireland, facing the northern Atlantic Ocean.
The sampling site in Galway provides a good opportunity to study arriving aerosol from both the
ocean and other European countries as marine air masses and continental air masses alternatively
arrive at the sampling site. Our measurement is representative of the cases in western European
countries, especially in similarly sized cities in the UK and western France, with similar air mass back
trajectories in summer.
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4. Conclusions

An aerosol chemical speciation monitor (ACSM) was used to measure non-refractory submicron
particles at the urban background site of Galway city, on the west coast of Ireland, during summer
2016. PMF was conducted on OA mass spectra to investigate the OA sources. The results show that
the summertime average NR-PM1 concentration of 2.7 ± 2.3 µg m−3 in Galway is lower than that
observed in other European cities (e.g., London and Paris), and lower than that observed in winter at
the same location. On average, 54% of the NR-PM1 was comprised of organic aerosol, 84% of which
was attributed to secondary production (OOA factor), which shows a good time series correlation
with sulfate (R = 0.83), and only 16% of which was coming from primary peat burning. Together with
secondary inorganic species (sulfate (25%), nitrate (10%), and ammonium (11%)), 91% of NR-PM1

was of secondary origin and only 9% was coming from primary sources. Concentration-weighted
trajectory analysis points to long-range transport from the UK and France being the major source of the
secondary organic and inorganic species. Paris and London are much larger than Galway; however,
the comparison of the factor contribution shows that higher a OOA fraction (84% of total OA) was
found in Galway than in London or Paris (50%), suggesting aerosol aging during long-range transport.
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Figure S9: The diurnal cycle and the relative contribution of the HOA, peat, and OOA to the total OA at a value of
0.1, Figure S10: Diurnal cycle of NOx, Figure S11: Linear correlation between the time series of ME-2 solution and
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Abstract. Particulate matter (PM) pollution is a severe envi-
ronmental problem in the Beijing–Tianjin–Hebei (BTH) re-
gion in North China. PM studies have been conducted ex-
tensively in Beijing, but the chemical composition, sources,
and atmospheric processes of PM are still relatively less
known in nearby Tianjin and Hebei. In this study, fine
PM in urban Shijiazhuang (the capital of Hebei Province)
was characterized using an Aerodyne quadrupole aerosol
chemical speciation monitor (Q-ACSM) from 11 January to
18 February in 2014. The average mass concentration of
non-refractory submicron PM (diameter < 1 µm, NR-PM1)
was 178±101 µgm−3, and it was composed of 50 % organic
aerosol (OA), 21 % sulfate, 12 % nitrate, 11 % ammonium,
and 6 % chloride. Using the multilinear engine (ME-2) re-
ceptor model, five OA sources were identified and quanti-
fied, including hydrocarbon-like OA from vehicle emissions
(HOA, 13 %), cooking OA (COA, 16 %), biomass burning
OA (BBOA, 17 %), coal combustion OA (CCOA, 27 %), and
oxygenated OA (OOA, 27 %). We found that secondary for-
mation contributed substantially to PM in episodic events,
whereas primary emissions were dominant (most significant)

on average. The episodic events with the highest NR-PM1
mass range of 300–360 µgm−3 were comprised of 55 % of
secondary species. On the contrary, a campaign-average low
OOA fraction (27 %) in OA indicated the importance of pri-
mary emissions, and a low sulfur oxidation degree (FSO4 )
of 0.18 even at RH> 90 % hinted at insufficient oxidation.
These results suggested that in Shijiazhuang in wintertime
fine PM was mostly from primary emissions without suf-
ficient atmospheric aging, indicating opportunities for air
quality improvement by mitigating direct emissions. In addi-
tion, secondary inorganic and organic (OOA) species dom-
inated in pollution events with high-RH conditions, most
likely due to enhanced aqueous-phase chemistry, whereas
primary organic aerosol (POA) dominated in pollution events
with low-RH and stagnant conditions. These results also
highlighted the importance of meteorological conditions for
PM pollution in this highly polluted city in North China.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Particulate pollution in China is a serious environmental
problem, influencing air quality, regional and global climate,
and human health. Especially during recent winters, large-
scale and severe haze pollution has brought China’s particu-
late pollution at the forefront of world-wide media and has
evoked great scientific interest in air pollution studies. Mea-
surements at a number of major cities showed that the winter-
time daily average mass concentrations of PM2.5 (particulate
matter with an aerodynamic diameter< 2.5 µm) are approx-
imately 1–2 orders of magnitude higher than those observed
in urban areas in the US and Europe (Huang et al., 2014). Se-
vere particulate pollution is often accompanied by extremely
poor visibility and poor air quality leading to a sharp in-
crease in respiratory diseases. Long-term exposure to high
levels of particulate pollution was estimated to have resulted
in 1.1 million deaths in China in 2015, ranking China first in
the world with respect to air-pollution-related mortality (Co-
hen et al., 2017).

The Beijing–Tianjin–Hebei (BTH) region is one of the
important city clusters in China, but also suffers from se-
rious air pollution. Seven cities in this region ranked the
top 10 most polluted cities in China in the year 2014–2015
(http://www.zhb.gov.cn, last acces: 7 February 2017). The ur-
gent need for an air quality improvement in this region has
been recognized by central and local governments as well
as the public, which has led to mitigating actions being un-
dertaken by the authorities. In particular, various emission
control measures have been implemented in this region to
clean Beijing’s air, e.g., during the 2014 Asia-Pacific Eco-
nomic Cooperation (APEC) summit. These temporal mea-
sures include the odd–even ban on vehicles and shutdowns
of factories and construction sites, which have led to seri-
ous side effects on daily life and economic growth. There-
fore, the identification of the major sources and atmospheric
processes producing airborne particles is required for imple-
menting targeted and optimized emission control strategies.

The first step for quantifying PM sources requires the
measurement of inorganic and organic tracers and/or mass
spectrometric fingerprints of ambient PM samples. This can
be realized by online ambient measurements using aerosol
mass spectrometric (AMS) techniques to determine aerosol
composition (Jimenez et al., 2009; Ng et al., 2011b; Elser
et al., 2016b). In particular, the quadrupole aerosol chem-
ical speciation monitor (Q-ACSM) and, recently, the time-
of-flight aerosol chemical speciation monitor (TOF-ACSM)
have been developed for long-term continuous measurements
of non-refractory submicron aerosols (Ng et al., 2011a; Fröh-
lich et al., 2013). Aerosol sources have been successfully
identified from AMS measurements using positive matrix
factorization (PMF) analysis (Ulbrich et al., 2009; Crippa
et al., 2013; Elser et al., 2016a). In terms of Q-ACSM data
sets, the use of PMF often fails to resolve sources with sim-
ilar mass spectral profiles, e.g., the mixing of cooking or-

ganic aerosol with traffic organic aerosol in Nanjing (Zhang
et al., 2015), or those present in low contributions, e.g., the
lack of success in resolving a factor related to biomass burn-
ing in Beijing (Jiang et al., 2015). It has also been pointed
out that PMF cannot separate the aerosol sources of tem-
poral covariations driven by low temperature and periods of
strong inversions (Canonaco et al., 2013; Reyes-Villegas et
al., 2016). Several source apportionment studies (in which
PMF did not find optimal results) have utilized the multilin-
ear engine (ME-2) solver, which enables the constraint of the
factor profiles/time series, providing a superior separation of
the PM sources (e.g., Canonaco et al., 2013, 2015; Fröhlich
et al., 2015a, b; Minguillón et al., 2015; Petit et al., 2015;
Ripoll et al., 2015; Reyes-Villegas et al., 2016; Bressi et al.,
2016; Schlag et al., 2016; Wang et al., 2017; Zhu et al., 2018).
However, studies using ME-2 to resolve OA sources from the
ACSM measurements are scarce in the BTH region.

Apart from the lack of applications of ME-2 for OA source
apportionment, most field studies have mainly focused on the
aerosol pollution in Beijing (Sun et al., 2013, 2014, 2016;
Jiang et al., 2015; Xu et al., 2015; Elser et al., 2016a; Hu et
al., 2016a). These and related studies have clearly shown that
Beijing is sensitive to the regional transport of aerosols from
its surrounding areas (Xu et al., 2008; Zhang et al., 2012;
P. Li et al., 2015). For example, Guo et al. (2010) estimated
that the regional pollutants accounted for 69 % of PM10 and
87 % of PM1.8 on average in Beijing during summer, with
sulfate, ammonium, and oxalate mostly formed regionally
(regional contributions> 87 %). Sun et al. (2014) reported
that 66 % of NR-PM1 was from regional transport in Beijing
during the 2013 winter haze event. Among the surrounding
areas of Beijing, the Hebei Province is the main source area
leading to high aerosol loadings in Beijing (Chen et al., 2007;
Xu et al., 2008; Lang et al., 2013; P. Li et al., 2015).

Shijiazhuang, the capital of Hebei Province, is located
∼ 270 km south of Beijing and has a population approxi-
mately half that of Beijing. P. Zhao et al. (2013) and P. S.
Zhao et al. (2013) characterized the spatial and seasonal vari-
ations of the PM2.5 chemical composition in the BTH region,
and Shijiazhuang was selected as the representative of the
polluted cities in Hebei Province. The off-line analysis re-
sults showed that organic carbon (OC) and elemental carbon
(EC) concentrations in Shijiazhuang were lower in the spring
and summer than those in the autumn and winter. The sum
of secondary inorganic species (SO2−

4 , NO−3 , and NH+4 ) was
highest in the autumn. However, the temporal profiles of PM
composition cannot be captured by off-line analyses, hinder-
ing more detailed study of the sources and formation of PM.
In this work, we present for the first time the 30 min time
resolved NR-PM1 measurements in Shijiazhuang during the
winter heating season. The characteristics of NR-PM1 are an-
alyzed, which include the following: (1) time series, mass
fraction, and diurnal variation of NR-PM1 species; (2) mul-
tilinear engine (ME-2)-resolved OA sources and their mass
fraction as well as their diurnal variation; and (3) the char-
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acteristics and atmospheric evolution of aerosol composition
and sources under different aerosol loadings and meteorolog-
ical conditions.

2 Methods

2.1 Sampling site

Shijiazhuang, the capital of Hebei Province, is located ∼
270 km south of Beijing. In 2014, ∼ 10 million residents
and 2.1 million vehicles were reported in this city. It is of-
ten ranked first on the list of the top 10 most polluted cities
in China, especially during wintertime heating periods (from
15 November to 15 March of the next year). For example,
the average concentration of PM2.5 was 226.5 µgm−3 with
a peak hourly concentration of 933 µg m−3 during the 2013–
2014 wintertime heating period, largely exceeding the Chi-
nese air pollution limit of 75 µgm−3. In this study, we per-
formed an intensive field measurement campaign at an ur-
ban site in Shijiazhuang to investigate the chemical com-
position, sources, and atmospheric processes of fine par-
ticles. The campaign was carried out from 11 January to
18 February 2014 on the building roof (15 m) of the Institute
of Genetics and Developmental Biology, Chinese Academy
of Sciences (38◦2′3′′ N, 114◦32′29′′ E), a site located in a
residential–business mixed zone.

2.2 Instrumentation

NR-PM1 was measured using an Aerodyne quadrupole
aerosol chemical speciation monitor (Q-ACSM), which can
provide quantitative mass concentration and mass spectra
of non-refractory species including organics, sulfate, nitrate,
ammonium, and chloride. The operation principles of Q-
ACSM can be found elsewhere (Ng et al., 2011a). The am-
bient aerosol was drawn through a Nafion dryer (Perma
Pure PD-50T-24SS) following a URG cyclone (model: URG-
2000-30ED) with a cutoff size of 2.5 µm to remove coarse
particles. The sampling flow was ∼ 3 L min−1, of which ∼
85 mL min−1 was isokinetically sampled into the Q-ACSM.
The residence time in the sampling tube was ∼ 5 s. The Q-
ACSM was operated with a time resolution of 30 min and
scanned fromm/z 10 to 150 at 200 ms amu−1. Dry monodis-
persed 300 nm ammonium nitrate and ammonium sulfate
particles (selected by a differential mobility analyzer, DMA,
TSI model 3080) were nebulized from a custom-built atom-
izer and sampled into the Q-ACSM and a condensation par-
ticle counter (CPC, TSI model 3772) calibrating ionization
efficiency (IE). Therefore, IE can be determined by compar-
ing the response factors of Q-ACSM to the mass calculated
with the known particle size and the number concentration
from the CPC.

Ozone (O3) was measured by a Thermo Scientific Model
49i ozone analyzer, CO by a Thermo Scientific Model 48i
carbon monoxide analyzer, SO2 by an Ecotech EC 9850 sul-

fur dioxide analyzer, and NO2 by a Thermo Scientific Model
42i NO–NO2–NOx analyzer. The meteorological data, in-
cluding temperature, relative humidity (RH), precipitation,
wind speed, and wind direction, were measured by an auto-
matic weather station (MAWS201, Vaisala, Vantaa, Finland)
and a wind sensor (Vaisala Model QMW101-M2).

2.3 Data analysis

2.3.1 Q-ACSM data analysis

The mass concentrations and composition of NR-PM1 were
analyzed with the standard Q-ACSM data analysis software
written in Igor Pro (WaveMetrics, Inc., OR, USA). Standard
relative ionization efficiencies (RIEs) were used for organics,
nitrate, and chloride (i.e., 1.4 for organics, 1.1 for nitrate, and
1.3 for chloride) (Ng et al., 2011a), and RIEs for ammonium
(6.0) and sulfate (1.2) were derived from the IE calibrations.
The particle collection efficiency (CE) was applied to correct
for the particle loss at the vaporizer due to particle bounce,
which is influenced by aerosol acidity, composition, and the
aerosol water content. Given that aerosol was dried before
entering into Q-ACSM and that the ammonium nitrate mass
fraction (ANMF) during the observation period was lower
than 0.4, the composition dependent CE was estimated fol-
lowing the method described in Middlebrook et al. (2012).

2.3.2 The multilinear engine (ME-2)

PMF is a bilinear receptor model that represents an input
data matrix as a linear combination of a set of factor profiles
and their time-dependent concentrations (Paatero and Tap-
per, 1994). Factors typically correspond to unique sources
and/or processes. This allows for a quantitative apportion-
ment of bulk mass spectral time series into several factors
through the minimization of a quantity Q, which is the sum
of the squares of the error-weighted residuals of the model.
The PMF-AMS/ACSM analyses have been widely used for
apportioning the sources of organic aerosol. However, in con-
ventional PMF analyses, rotational ambiguity with limited
rotational controls can lead to unclear factor resolution, es-
pecially in China where the emission sources are very com-
plex and covariant during haze events. In contrast, the mul-
tilinear engine (ME-2), used in this study, enables efficient
exploration of the entire solution space and can direct the
apportionment towards an environmentally meaningful solu-
tion through the constraints of a subset of a priori factor pro-
files or time series using the a value approach (Canonaco et
al., 2013). The a value can vary between 0 and 1. An a value
of 0.1 accounts for maximum ±10 % variability of each m/z
signal of the final solution spectra that may differ from the
anchor, implying that somem/z signals might increase while
some might decrease.
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Figure 1. Time series of relative humidity and temperature (a), O3 and SO2 (b), NO2 and CO (c), and the NR-PM1 species (d) during the
observation period. Six high-RH (> 80 %) polluted episodes (H1–H6), four low-RH (< 60 %) polluted episodes (L1–L4), and four clean
episodes (C1–C4) are marked for further discussion.

The source finder (SoFi, Canonaco et al., 2013) tool ver-
sion 4.9 for Igor Pro was used for ME-2 input preparation and
result analysis. The number of factors resolved is determined
by the user and the solutions of the model are not mathe-
matically unique due to rotational ambiguity. Therefore, it is
critical to study other parameters, e.g., the chemical finger-
print of the factor profiles, diurnal cycles, and time series of
factors and external measurements, to support factor identi-
fication and interpretation (Canonaco et al., 2013; Crippa et
al., 2014; Elser et al., 2016b).

3 Results and discussion

3.1 Concentration and chemical composition of
NR-PM1

Figure 1 shows the time series of NR-PM1 species, trace
gases, and meteorological conditions during the entire mea-
surement period. The measured mass concentrations of NR-
PM1 for the entire campaign period ranged from a few to
508.4 µgm−3, with an average of 178± 101 µg m−3. That
was much higher than the wintertime/summertime concen-
trations measured in many other cities (see Table 1). The
mass concentration of NR-PM1 correlated strongly with that
of PM2.5 (R2

= 0.76) with a regression slope of 0.72, indicat-
ing that NR-PM1 represents a majority of PM2.5 mass. The
NR-PM1 concentrations exceeded the Chinese PM2.5 limit
of 75 µgm−3 for 90 % of days during the measurement pe-

riod, showing the severity of particulate air pollution at Shi-
jiazhuang.

Similar to measurements at other urban sites, OA was
the dominant fraction of NR-PM1, with an average of 50 %
(31 %–80 %), followed by 21 % of sulfate (4 %–36 %), 12 %
of nitrate (2 %–26 %), 11 % of ammonium (4 %–21 %), and
6 % of chloride (2 %–20 %). The dominant contribution of
organics in NR-PM1 is also consistent with measurements
from other urban sites in the BTH region during winter heat-
ing seasons (see Table 1). Sulfate was the second largest
contributor to NR-PM1. The large fraction of sulfate was
likely associated with the large consumption of coal in Hebei
Province, i.e., 296 million tons was used in coal-fired power
plants and steel industry (producing ∼ 11 % of global steel
output) in 2014. The enhancement of chloride fraction from
> 1 % to 4 % in other Chinese cities in summer (see Ta-
ble 1) to 6 % in Shijiazhuang in winter (within the range of
> 2 %–7 % in other Chinese cities in winter, see Table 1) can
be attributed to the substantial emissions from coal and/or
biomass burning activities.

Figure 2a shows the diurnal variations of NR-PM1 com-
ponents, which were affected by the evolution of the plane-
tary boundary layer (PBL) height that governed the vertical
dispersion of pollutants and by the diurnal cycle of the emis-
sions and atmospheric processes. The concentrations of pol-
lutants increased at night as a result of enhanced emissions
from residential heating (in particular, for organics and chlo-
ride) and a progressively shallower PBL. During daytime the
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Table 1. The fine PM mass concentrations and fractional contribution of different compositions at different locations.

City Season NR-PM1 OA % SO2−
4 % NO−3 % NH+4 % Cl−% Ref.

(µgm−3)

Beijing Winter, 2010 60 54 14 11 12 9 Hu et al. (2016a)
Beijing Winter, 2011 59 51 13 17 14 5 Sun et al. (2015)
Beijing Winter, 2012 66.8 52 14 16 13 5 Sun et al. (2013)
Beijing Winter, 2012 79 52 17 14 10 7 Wang et al. (2015)
Beijing Winter, 2013 77 50 19 16 12 3 Sun et al. (2014)
Beijing Winter, 2013 13.0 52 17 14 10 7 Jiang et al. (2015)
Beijing Winter, 2013 64 60 15 11 8 6 Sun et al. (2016)
Beijing Winter, 2014 75∗ 56 16 10 7 11 Elser et al. (2016a)
Beijing Summer, 2011 80 32 28 21 17 2 Hu et al. (2016a)
Beijing Summer, 2012 52 41 14 25 17 3 Sun et al. (2015)
Lanzhou Winter, 2014 57.3 55 13 18 11 3 Xu et al. (2016)
Lanzhou Summer, 2012 24 53 18 11 13 5 Xu et al. (2014)
Ziyang Winter, 2012 60 40 24 15 17 4 Hu et al. (2016b)
Handan Winter, 2015 178 47 16 15 13 9 Li et al. (2017)
Shenzhen Autumn, 2009 38.3 46 29 12 11 2 He et al. (2011)
Shanghai Summer, 2010 27 31 36 17 14 2 Huang et al. (2012)
Nanjing Summer, 2013 36.8 42 14 24 19 1 Zhang et al. (2015)
Hong Kong Winter, 2012 14.5 33 40 10 16 1 Y. J. Li et al. (2015)
Hong Kong Summer, 2011 8.7 26 56 3 15 0.1 Y. J. Li et al. (2015)
Paris Winter, 2010 16.7 35 16 33 15 1 Crippa et al. (2013)
Fresno, California Winter, 2010 11.8 67 3 20 8 2 Ge et al. (2012)
Shijiazhuang Winter, 2014 178 50 21 12 11 6 This study

∗ NR-PM2.5

PBL height was developed by solar radiation; thus, the pol-
lutants became diluted resulting in the decrease of organics,
sulfate, ammonium, and chloride in the afternoon. In con-
trast, the concentrations of nitrate increased after sunrise but
then remained rather constant throughout the afternoon, sug-
gesting a strong source or production of nitrate which off-
sets the dilution from PBL development. To minimize the
effects of PBL heights, data were normalized by 1CO. CO
is often used as an emission tracer to account for dilution
on timescales of hours to days because of its relatively long
lifetime against oxidation by OH radicals (approximately
1 month) (DeCarlo et al., 2010). After offsetting the PBL
dilution effect, sulfate, nitrate, and ammonium showed clear
increases from 07:00 to 15:00 LT (local time; Fig. 2c), indi-
cating the efficient daytime production of these secondary
inorganic species. It should be noted that the increase of
nitrate (about 2 times, from ∼ 6 to ∼ 12 µg m−3 ppm−1) is
slightly larger than that of sulfate (about 1.6 times, from∼ 11
to ∼ 17.5 µgm−3 ppm−1), indicating more efficient photo-
chemical production of nitrate than sulfate, given that the loss
rate of sulfate could not be higher than that of nitrate as ni-
tric acid is semi-volatile and may be further lost by evapora-
tion. Furthermore, the continuous increase of organics after
sunrise suggested efficient photochemical production of sec-
ondary organic aerosol (SOA).

3.2 Sources of organic aerosol

From the PMF analysis, we first examined a range of solu-
tions with three to eight factors. The solution that best repre-
sents the data is the five-factor solution (Fig. S1 in the Sup-
plement). The solutions with factor numbers more than five
provide no new meaningful factors (see Fig. S2 and more
details in the Supplement).

Although the five-factor solution can reasonably repre-
sent the data, HOA is still mixed with BBOA because the
HOA profile contains a higher than expected contribution
fromm/z 60. In addition, COA contains no signal atm/z 44,
which might indicate a suboptimal splitting between the con-
tributing sources. To better separate HOA from BBOA, we
constrained the HOA profile from Ng et al. (2011b), which
is an average profile over 15 cities from China, Japan, Eu-
rope, and the US. Although gasoline vehicles dominate in
China while diesel vehicles dominate in Europe, HOA mass
spectra do not show significant variability when compared to
different sites in China and Europe (Ng et al., 2011b; Reyes-
Villegas et al., 2016; Bozzetti et al., 2017), indicating that
traffic emissions from different types of vehicles have simi-
lar profiles. To avoid the influences of other sources on COA,
the COA profile from Paris (Crippa et al., 2013) was used
as a constraint because high similarities were found between
the COA profile from Paris and four COA profiles from dif-
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Figure 2. Diurnal variations of NR-PM1 composition (a), OA sources (b), NR-PM1 species/1CO (c), and OA sources/1CO (d).

ferent types of Chinese cooking activities (He et al., 2010;
Crippa et al., 2013). However, the constraint on HOA and
COA profiles still seems to sub-optimally resolve the appor-
tionment of BBOA from CCOA, as one unconstrained fac-
tor contains high contributions from both m/z 60 and PAH-
related m/z’s (m/z 77, 91, and 115, as shown in Fig. S3)
which indicates the mixing between BBOA and CCOA. To
separate BBOA and CCOA, we constrained BBOA using the
average of BBOA profiles from the five-factor unconstrained
PMF solutions.

To explore the solution space, an a value of 0–0.5 with
an interval of 0.1 was used to constrain both the HOA and
COA reference profiles from literature while BBOA was con-
strained with an a value of 0 because the BBOA profile
was resolved from an unconstrained PMF solution which is
not expected to vary significantly. Thirty-six possible results
were obtained by limiting the range of a values. Three crite-
ria for optimizing OA source appointment are as follows:

1. The diurnal pattern of COA. The diurnal cycle of COA
should have higher concentrations during mealtimes.

2. Minimization of m/z 60 in HOA. The upper limit of
m/z 60 in the HOA profile is 0.006, which is the maxi-
mal fractional contribution derived from multiple ambi-

ent data sets in different regions (mean +2σ ) (Ng et al.,
2011b).

3. The rationality of unconstrained factors. OOA should
have abundant signal at m/z 44 and should contain
much lower signals at PAH-related ion peaks compared
with CCOA.

Nine solutions match the criteria above. Therefore, the final
time series and mass spectra are the averages of these nine
solutions. The diurnal variations of mass concentrations of
the OA factors and their PBL-corrected results are shown in
Fig. 2b and d, respectively. The mass spectra and time series
of the OA factors and their correlation with external tracers
are shown in Fig. 3. The relative contributions of each OA
source to the m/z’s are shown in Fig. S4. Potential source
contribution function (PSCF) analysis was also performed
and the result is shown in Fig. S5.

OOA is characterized by high signals at m/z 44 (CO+2 )
and m/z 43 (C3H+7 or C2H3O+) and accounts for 85 %
of m/z 44 signal, which is much higher than other OA
sources. The time series of OOA is highly correlated with
that of sulfate (R2

= 0.70), nitrate (R2
= 0.75), and ammo-

nium (R2
= 0.76), confirming the secondary nature of this

factor. The diurnal cycle of OOA shows an increase from
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Figure 3. Mass spectrums (left) and time series (right) of five OA sources. Error bars of the mass spectrums represent the standard deviation
of each m/z over all accepted solutions.

07:00 to 11:00 LT, followed by a decrease in the afternoon
due to the PBL evolution effect. After normalizing the PBL
effect, OOA increased continuously from 07:00 to 15:00 LT,
indicating the importance of photochemical oxidation. This
diurnal feature in combination with the PSCF results indi-
cated that a large fraction of OOA was produced locally
and/or produced from the highly populated and industrial-
ized surrounding areas, consistent with the sulfate production
discussed below.

The mass spectrum of CCOA is featured by promi-
nent contributions of unsaturated hydrocarbons, particularly
PAH-related ion peaks (e.g., 77, 91, and 115). The CCOA
profile shows a weaker signal at m/z 44 than that observed
in Beijing (Hu et al., 2016a) and Lanzhou (Xu et al., 2016).
This difference can be caused by the difference in coal types,
burning conditions, and aging processes (Zhou et al., 2016).
CCOA accounts for 42 %–66 % of PAH-related ion peaks,
much higher than those in other OA sources. This result sug-
gested that the major source of PAHs was coal combustion
in Shijiazhuang in wintertime. The campaign-averaged mass
concentration of CCOA was 23.2 µgm−3, which is higher
than that in Xi’an (10.1 µgm−3) but is similar to that in
Beijing (23.5 µgm−3) observed in the same winter (Elser et
al., 2016a). Nevertheless, during haze extremes, the aver-
age CCOA concentration was 77.5 µgm−3 in Shijiazhuang,
much higher than that in Beijing (48.2 µgm−3, Elser et al.,
2016a). CCOA showed distinct diurnal variations with low
concentrations (down to 12.6 µgm−3) during the day and
high concentrations (up to 37.6 µgm−3) at night, correspond-
ing to 19 % and 35 % of OA, respectively. The elevated
CCOA concentrations at night suggested a large emission

from residential heating activities using coal as the fuel com-
pounded by the shallow PBL. The average contribution of
CCOA to the total OA was 27 %, which is consistent with
studies in Beijing and Handan (∼ 160 km south to Shiji-
azhuang) where CCOA was found to be the dominant pri-
mary OA (Elser et al., 2016a; Sun et al., 2016; Li et al.,
2017). Given this large fraction of OA from coal combus-
tion, mitigating residential coal combustion is of significant
importance for improving air quality in the BTH regions.

The BBOA mass spectrum is featured by prominent
m/z 60 (mainly C2H4O+2 ) and 73 (mainly C3H5O+2 ) signals
(He et al., 2010). These two ions (C2H4O+2 and C3H5O+2 )
are fragments of anhydrous sugars produced from the incom-
plete combustion and pyrolysis of cellulose and hemicellu-
loses (Alfarra et al., 2007; Lanz et al., 2007; Mohr et al.,
2009). Consistently, BBOA accounts for 50 % ofm/z 60 and
56 % of m/z 73, which is much higher than those in other
sources. In addition, BBOA accounts for 9 %–27 % of the
PAH-relatedm/z’s (i.e.,m/z 77, 91, and 115), which is lower
than those in CCOA but higher than those in other primary
OA sources. This suggested that BBOA was also an impor-
tant PAH source in Shijiazhuang in wintertime. A high corre-
lation was found between the time series of BBOA and that
of chloride (R2

= 0.75), the latter of which was suggested to
be one of the tracers of biomass burning. BBOA accounted
for 17 % of OA on average, which is higher than those (9 %–
12 %) observed in Beijing during wintertime heating seasons
(Elser et al., 2016a; Hu et al., 2016a; Sun et al., 2016). The
higher BBOA contribution in Shijiazhuang in wintertime is
likely associated with the widespread use of wood and crop
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residuals for heating and cooking in Shijiazhuang and sur-
rounding areas, as supported by the PSCF results (Fig. S5).

The COA profile is characterized by a high m/z 55/57 ra-
tio of 2.7, which is much higher than that in non-cooking
POA (0.6–1.1) but within the range of 2.2–2.8 in COA pro-
files reported by Mohr et al. (2012). COA shows a clear diur-
nal cycle with distinct peaks at lunchtime (between 11:00 and
13:00 LT) and dinnertime (between 19:00 and 21:00 LT). A
small peak was also observed in the morning between 06:00
and 07:00 LT, consistent with breakfast time. COA accounted
for 16 % of total OA on average with the highest contribution
of 24 % during dinnertime.

The HOA mass spectrum is dominated by hydrocarbon ion
series of [CnH2n+1]

+ and [CnH2n−1]
+ (Canagaratna et al.,

2004; Mohr et al., 2009). The diurnal variation of HOA is
featured by a high concentration at night, likely due to en-
hanced truck emissions (only allowed to drive on the road
between 23:00 and 06:00 LT) and a shallow PBL at night.
Similar diurnal cycles were found in Beijing and Xi’an in
wintertime (Sun et al., 2016; Elser et al., 2016a). HOA, on
average, accounted for 13 % of total OA for the entire obser-
vation period, which was higher than that in Beijing (9 %–
10 %) but lower than that in Xi’an (15 %) measured in the
same winter (Elser et al., 2016a; Sun et al., 2016).

3.3 Chemical nature and sources at different PM levels

Figure 4 shows the mass fractions of NR-PM1 species and
OA sources on reference days and extremely polluted days.
Here, the days with a NR-PM1 daily average mass concen-
tration higher than the 75th percentile (i.e., ≥ 238 µg m−3)
are denoted as extremely polluted days and the rest of days
are as designated as reference days. The average concentra-
tion of NR-PM1 was 310 µg m−3 during extremely polluted
days, about 2 times higher than that during reference days
(162 µgm−3). The average concentration of secondary inor-
ganic aerosol was 65 µgm−3 (40 % of NR-PM1 mass) during
reference days and increased to 143 µgm−3 (46 % of NR-
PM1 mass) during extremely polluted days. Secondary or-
ganic aerosol also increased from 19 µgm−3 (22 % of OA)
during reference days to 40 µg m−3 (26 % of OA) during ex-
tremely polluted days. The enhanced mass concentrations
(∼ 2 times) of both secondary inorganic aerosol and sec-
ondary organic aerosol during extremely pollution days sug-
gested strong secondary aerosol production during pollu-
tion events. Such enhancement was likely confounded by
stagnant weather conditions (e.g., average wind speed of
0.9 ms−1) and a high RH of 69.4 % which facilitated the pro-
duction and accumulation of secondary aerosol. Note that it
was already very polluted during the reference days with an
average NR-PM1 concentration of 162 µgm−3, which may
explain the relatively small increase in the fractional contri-
bution of secondary aerosol from reference days to extremely
polluted days.

Figure 4. Relative contributions of NR-PM1 species and OA
sources (OOA, CCOA, BBOA, COA, and HOA) on reference
days (a) and extremely polluted days (b). Extremely polluted days
are defined as days with a NR-PM1 daily average mass concentra-
tion higher than the 75th percentile (237.3 µgm−3), and the remain-
ing days are referred to the reference days. Data collected during the
Chinese Spring Festival are excluded to eliminate the influence of
the change in emission patterns during the holiday.

Figure 5a and b show the factors driving the pollu-
tion events by binning the fractional contribution of each
chemical species and OA source to total NR-PM1 and OA
mass, respectively. The data clearly show that high pollu-
tion events are characterized by an increasing secondary frac-
tion, reaching∼ 55 % at the highest NR-PM1 mass bin (300–
360 µgm−3). In particular, from the lowest NR-PM1 bin to
the highest NR-PM1 bin, the fractional contribution increases
from 14 % to 25 % for sulfate in NR-PM1 and from 18 % to
25 % for OOA in OA, demonstrating the importance of sec-
ondary aerosol formation in driving particulate air pollution
(Huang et al., 2014; Elser et al., 2016a; Wang et al., 2017).
To investigate the oxidation degree of sulfur at different NR-
PM1 mass, the sulfur oxidation ratio (FSO4 ) was calculated
according to Eq. (1):

FSO2−
4
=

n[SO2−
4 ]

n[SO2−
4

, (1)

where n is the molar concentration. As can be seen from
Fig. 6, FSO4 shows a clear increasing trend with NR-PM1
mass, climbing from 0.08 in the lowest mass bin to 0.21 in
the highest mass bin. However, the highest FSO4 value is still
much lower than that reported in previous studies, e.g., 0.62
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in Xi’an (Elser et al., 2016a), suggesting a low atmospheric
oxidative capacity during the measurement period in Shiji-
azhuang. This may also explain the relatively low OOA frac-
tion (see Fig. 5b). Certainly, it should be noted that the mass
concentration of sulfate may also be affected by other pa-
rameters, including aerosol liquid water content, aerosol, or
cloud water pH, besides atmospheric oxidative capacity.

3.4 Evolution of aerosol composition and sources at
different RH levels

Figure 7a and b show the mass concentrations of the NR-
PM1 species and of the OA sources as a function of RH,
with RH bins of 10 % increments. The absolute mass con-
centrations of secondary inorganic species increased as RH
increased from 60 %, whereas chloride showed a decreas-
ing trend. Among the OA sources, OOA and HOA were en-
hanced with RH – increasing from< 60 % to 90 % – whereas
other OA sources did not show a clear trend. As RH increased
gradually with the decrease in wind speed (Fig. 6a), the de-
velopment of stagnant weather conditions (including a shal-
lower PBL) promoted both the accumulation of pollutants
and the formation of secondary aerosol (Tie et al., 2017). To
minimize the effects of PBL variations, the NR-PM1 species
and OA fractions were normalized by the sum of the POA, as
a surrogate of secondary aerosol precursors. The resulting ra-
tios were further normalized by the values at the first RH bin
(< 60 %) for better visualization. As shown in Fig. 7c, when
RH increased from 60 % to 100 %, the normalized sulfate in-
creased by a factor of ∼ 1.7, suggesting the importance of
aqueous-phase SO2 oxidation in the formation of sulfate at
high RH. The enhancements for nitrate and ammonium were
slightly lower (∼ 1.2) compared to that of sulfate, because
NH4NO3 is thermally labile and its gas–particle partition-
ing is affected by both temperature and RH. The importance
of aqueous-phase chemistry is further supported by the in-
crease of FSO4 as a function of RH (Fig. 6b). At RH< 60 %,
FSO4 was rather constant, with an average of 0.09, indicating
a low sulfur oxidation degree. At RH> 60 %, FSO4 increased
rapidly with the increase in RH, reaching a maximal average
of 0.18 at the last RH bin (90 %–100 %). Note that the sulfur
oxidation degree at high RH (> 60 %) was much lower com-
pared with those measured in Xi’an during the same win-
ter (average FSO4 0.62 at a RH of 90 %–100 %, Elser et al.,
2016a). The low sulfur oxidation degree observed in Shi-
jiazhuang (i.e., > 80 % of sulfur is still not oxidized) indi-
cated insufficient atmospheric processing and also suggested
a large fraction of pollutants in Shijiazhuang was likely emit-
ted locally and/or transported from the heavily populated and
industrialized surrounding areas. With a longer atmospheric
processing time in the downwind region, e.g., Beijing, higher
secondary aerosol fractions are expected, as observed in pre-
vious studies (e.g., Huang et al., 2014). Similar to sulfate, the
normalized OOA increased by a factor of∼ 1.2 when RH in-
creased from 60 % to 100 % (Fig. 7d). The mass fraction of

OOA increased from 29 % to 41 % when RH increased from
70 % to 100 %, whereas POA contribution decreased corre-
spondingly from 71 % to 59 % (Fig. 6d). These results sup-
port the above discussion that aqueous-phase chemistry also
plays an important role in the formation of OOA under high-
RH conditions during haze pollution episodes.

3.5 Primary emissions versus secondary formation

Frequent changes between clean and polluted episodes were
observed in this study. To get a better insight into aerosol
sources and atmospheric processes, four clean periods (C1–
C4) with a daily average NR-PM1 mass concentration lower
than the 25th percentile, six high-RH (> 80 %) polluted
episodes (H1–H6), and four low-RH (< 60 %) polluted
episodes (L1–L4) with daily average NR-PM1 mass concen-
tration higher than the 75th percentile were selected for fur-
ther analysis. As shown in Fig. 8, the chemical composition
and sources differed during different episodes. The contribu-
tions of organics showed a decreasing trend, from 54 %–64 %
during C1–C4 to 49 %–58 % during L1–L4, and to 35 %–
44 % during H1–H6, while the corresponding contributions
of secondary inorganic species increased. This indicated a
notable production and accumulation of secondary inorganic
aerosol during severe haze pollution events. For example, the
mass fraction of sulfate in NR-PM1 was much higher during
high-RH pollution events (H1–H6, 27 %–30 %) compared to
those during low-RH pollution events (L1–L4, 11 %–18 %)
and clean events (C1–C4, 11 %–17 %). OOA also showed a
much higher contribution to OA during high-RH pollution
events (H1–H6, 29 %–50 %) than during low-RH pollution
events (L1–L3, 17 %–26 %) and clean events (C1–C4, 10 %–
34 %). Interestingly, when comparing high-RH and low-RH
pollution events of similar PM levels (Fig. 8), secondary in-
organic species and OOA dominated the particulate pollu-
tion during high-RH pollution events, which was likely due
to enhanced secondary formation, similar to previous studies
(e.g., Wang et al., 2017), whereas POA dominated the par-
ticulate pollution at low RH and under stagnant conditions.
The concentrations of POA are determined by both emissions
and meteorological conditions. The different significance of
primary aerosol and secondary aerosol in low- and high-RH
pollution events highlights the importance of meteorological
conditions in driving particulate pollution.

Figure 9 shows the evolution of aerosol species in two
cases with different RH levels. The first case had an aver-
age RH< 50 % from 20 to 24 January (C2 and L3 episodes).
The high wind speed (> 6 ms−1) from the northwest before
the L3 episode led to a significant reduction of air pollutants
(the C3 episode, a clean-up period). When the wind direction
switched from northwest to the 90–270◦ sector and the wind
speed decreased to < 3 ms−1, the measured pollutants (ex-
cept O3 which was reacted out by increasing NO emissions)
started to build up. Specifically, NR-PM1 showed a dramatic
increase by a factor of 19 over the first 11 h (from 20 January
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Figure 5. Relative contributions of NR-PM1 species (a) and OA sources (b) as a function of the daily average NR-PM1 mass concentrations.
The numbers above the bars refer to the OA mass concentration (µgm−3). Data collected during the Chinese Spring Festival are excluded to
eliminate the influence of the change in emission patterns during the holiday.

Figure 6. Variations of wind speed as a function of RH (a), FSO4 as a function of RH (b) and of the NR-PM1 mass concentrations (c), and
the mass fraction of OA as a function of RH (d).

16:00 to 21 January 03:00 LT) from 12 to 233 µg m−3. During
this process POA contributed to an average 69 % of NR-PM1
mass. The other three processes were also characterized by
a rapid increase of NR-PM1 mass (39–50 µg m−3 h−1) and a
high contribution of POA, i.e., from 22 January 00:00–03:00,
22 January 16:00–20:00, and 23 January 12:00–19:00 LT.
Such rapid increases in NR-PM1 mass under low RH were
associated with stagnant weather conditions (e.g., low wind
speed) which promoted the accumulation of pollutants. The

second case had an average RH> 80 % from 5 to 8 February
(H3 and H4 episodes). In this case, the wind speed was low
(< 3 m s−1) throughout the 4-day period. Under these very
stagnant weather conditions, POA accumulated continuously
(Fig. 9). However, unlike from the low-RH case, the con-
centration of secondary species also showed continuous in-
creases in this high-RH case. The enhancement of secondary
aerosol formation was likely driven by aqueous-phase chem-
istry at high-RH levels (Elser et al., 2016a; Wang et al., 2017)
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Figure 7. The average mass concentration of NR-PM1 species (a) and OA sources (b) as a function of RH. The average mass concentration
of NR-PM1 species (c) and OA sources (d) normalized to the sum of primary sources (HOA, COA, BBOA, and CCOA) as a function of RH.
All ratios are further normalized to the values at the first RH bin (< 60 %) for better illustration.

Figure 8. Summary of relative humidity and temperature, gaseous species, organic sources, and NR-PM1 chemical composition for high-RH
(H1–H6) polluted, low-RH (L1–L4) polluted, and clean (C1–C4) episodes.
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Figure 9. Time series of meteorological factors (relative humidity, temperature, wind speed, and wind direction), gaseous species, OA factors,
and NR-PM1 chemical composition for the first period (average RH< 50 %) (a) and the second period (average RH> 80 %) (b).

and the accumulation of pollutants under stagnant weather
conditions (Tie et al., 2017) which further promoted the for-
mation of secondary species.

4 Conclusions

The chemical nature, sources, and atmospheric processes of
wintertime fine particles in Shijiazhuang were investigated.
The mass fractions of secondary inorganic species and SOA
increased with the increase of NR-PM1 mass, suggesting
the importance of secondary formation in driving PM pol-
lution. However, the low sulfur oxidation degree and low
OOA fraction indicated an insufficient atmospheric oxida-
tion capacity. Together with the diurnal variations and PSCF
results, these observations suggested that a large fraction of
pollutants in Shijiazhuang was most likely produced locally
and/or transported from the heavily populated and industri-
alized surrounding areas without sufficient atmospheric ag-
ing. Two different regimes were found to be responsible for
the high PM pollution in Shijiazhuang. At low RH under
stagnant weather conditions, the accumulation of primary

emissions was the main culprit. In contrast, at high RH, the
enhanced formation of secondary aerosol through aqueous-
phase chemistry was the main issue. To conclude, we found
that in this highly polluted city in North China, (1) secondary
formation is important in high-PM episodes, (2) primary
emissions are still important on an average basis, and (3) me-
teorological conditions play an key role in pollutant accumu-
lation and transformation. Thus, the findings from this study
suggest that (a) there are still opportunities for air pollution
mitigation by controlling direct emissions such as coal com-
bustion, and (b) control on precursors (e.g., NOx , SO2, and
volatile organic compounds) for secondary formation, espe-
cially during high-PM episodes with unfavorable meteoro-
logical conditions, can ease the situation substantially.

Data availability. All data needed to evaluate the conclusions pre-
sented in this study are present in the paper and the Supplement.
Additional data related to this paper are available upon request from
the corresponding author.
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ABSTRACT: Source apportionment studies of particulate
matter (PM) link chemical composition to emission sources,
while health risk analyses link health outcomes and chemical
composition. There are limited studies to link emission
sources and health risks from ambient measurements. We
show such an attempt for particulate trace elements. Elements
in PM2.5 were measured in wintertime Beijing, and the total
concentrations of 14 trace elements were 1.3−7.3 times higher
during severe pollution days than during low pollution days.
Fe, Zn, and Pb were the most abundant elements independent
of the PM pollution levels. Chemical fractionation shows that
Pb, Mn, Cd, As, Sr, Co, V, Cu, and Ni were present mainly in
the bioavailable fraction. Positive matrix factorization was
used to resolve the sources of particulate trace elements into dust, oil combustion, coal combustion, and traffic-related
emissions. Traffic-related emission contributed 65% of total mass of the measured elements during low pollution days. However,
coal combustion dominated (58%) during severe pollution days. By combining element-specific health risk analyses and source
apportionment results, we conclude that traffic-related emission dominates the health risks by particulate trace elements during
low pollution days, while coal combustion becomes equally or even more important during moderate and severe pollution days.

■ INTRODUCTION

Atmospheric fine particulate matter (PM2.5 with an aerody-
namic diameter less than 2.5 μm) in urban areas has profound
effects on human health. Particularly, trace elements such as
Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn in PM2.5 can lead to an
array of short-term or long-term adverse health effects,
including pulmonary and heart diseases, and potentially
premature death.1,2 However, there are very few studies that
directly link metals associated with PM2.5 to human health
outcomes. Toxicological studies have revealed some mecha-

nisms of the toxicity of those trace elements. For example,
particulate trace elements can catalyze the formation of
reactive oxygen species (ROS), leading to oxidative stress
and consequently inflammation in respiratory tract epithe-
lium.3−7 Therefore, the link between particulate trace elements
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and health risk constitutes an important health issue. The
adverse health effects induced by trace elements were
determined by their bioavailability and toxicity.8−10 Bioavail-
ability of an element is a measure of the degree to which this
element binds with active sites, such as the pharyngeal and
tracheal region and the alveolar region of lungs, indicating the
extent and rate of its absorption by a living system.11,12 Soluble
metals are more readily bioactivated and bioavailable than less
soluble components in the alveoli of lung tissues.12,13 The
solubility of an element is dependent on the aerosol surface
property, the aerosol-element bonds, the solvent media, and
the chemical form of the element.12 Therefore, for risk
assessment, it is important to investigate the chemical fraction
(e.g., those soluble fractions) of particulate trace elements
instead of their total contents.
A four-step Tessier’s method modified by Espinosa et al.

classifies the heavy metals into four chemical fractions: soluble
and exchangeable metals (F1: exchangeable fraction);
carbonates, oxides and reducible metals (F2: reducible
fraction); metals bound to organic matter, oxidizable and
sulphidic (F3: oxidizable fraction); and residual metals (F4:
residual fraction).8,14 The exchangeable fraction and reducible
fraction are highly soluble in the aqueous phase, often regarded
as the bioavailable fraction.15,16 Many recent studies have
investigated the bioavailable fraction and its associated health
risk. For example, Balasubramanian et al. showed a significant
influence of the size-resolved particulate-bound heavy metals
on the human health.17 Li et al. showed that Cd, Cr, Cu, Pb,
and Zn constitute a large proportion of the exchangeable
fraction in ambient aerosol in a haze episode in wintertime
Nanjing, China.18

The haze pollution has become a severe environmental
problem in China in recent winters, characterized with poor air
quality, high aerosol mass concentration, and high health risk.
A majority of studies have been focused on the chemical nature
and sources of the main components such as sulfate, nitrate,
ammonium, and organic compounds.19−21 Studies on trace
elements, however, are limited. A few studies on trace elements
mainly focused on the total concentration of individual
elements,17,22 or on the speciated/fractionated concentrations
and associated health risk without considering their sour-
ces.15,18,23 There are, however, limited studies on the
relationships between the emission sources and health risks
of particulate trace elements.
In this study, we investigate the trace elements in PM2.5

samples collected in Beijing during winter. The concentration
and fractionation of 14 elements on low pollution days,
moderate pollution days, and severe pollution days are
characterized. The sources of these particulate trace elements
are then quantified using a positive matrix factorization (PMF)
receptor model. The bioavailability and the carcinogenic and
noncarcinogenic health risks of these elements are evaluated
and contributions from each source are quantified.

■ MATERIALS AND METHODS
Aerosol Samples Collection. Daily (from 1st to 25th

January 2014) 24-h integrated PM2.5 samples were collected
on prebaked (780 °C, 3 h) quartz-fiber filters (8 × 10 in2).
Samples were collected using a high-volume sampler (Model
TE-6070VFC, Tisch Environmental Inc., Ohio, U.S.A.) at a
flow rate of 1.13 m3 min−1. The sampling site was at the
campus of the Institute of Atmospheric Physics, Chinese
Academy of Sciences in Beijing (116°20′ E, 39°59′ N), which

is typical of urban site surrounded by residential, commercial,
and education areas. Samples were taken on the roof of a
building, about 10 m above the ground. An overview of the
sampling site is shown in Figure S1 in the Supporting
Information (SI). The samples were stored at −20 °C until
analysis.

Sequential Extraction and Analysis. A four-step
sequential extraction procedure was used for chemical
fractionation of trace elements in PM2.5.

8 This approach can
separate the elements into four fractions: exchangeable
fraction; reducible fraction; oxidizable fraction; and residual
fraction. After extraction, 14 elements (i.e., Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Sr, Cd, Ba, and Pb) in the extracts were
quantified using an inductively coupled plasma mass
spectrometer (ICP-MS, iCAP Q, ThermoFisher Scientific,
Waltham, MA, U.S.A.). More details about the sequential
extraction and quality control of analysis are shown in the SI
(also see Tables S1−S3).

Source Apportionment. A positive matrix factorization
(PMF) receptor model was used to identify and quantify the
main sources of these elements. The receptor model requires
two inputs to run PMF, namely concentration and its
uncertainty. Different source numbers were tested by applying
a trial to determine the optimal solutions. The identification of
sources was conducted based on major marker species. More
details are described in SI (PMF analysis).

Health Risk Assessment. The carcinogenic and non-
carcinogenic risks posed by airborne metals via direct
inhalation of PM2.5 were calculated using US Environmental
Protection Agency human health risk assessment models,
which mainly involve exposure assessment and risk character-
ization.24,25 The bioavailable concentrations (exchangeable
fraction and reducible fraction) of particulate trace elements,
instead of total concentrations, were used for the carcinogenic
and noncarcinogenic risks characterization. Details of health
risk assessment of trace elements and emission sources are
described in the SI (Health risk assessment).

■ RESULTS AND DISCUSSION
Total Concentrations of Particulate Trace Elements.

The daily mean concentrations of PM2.5 ranged from 27.6 to
319.0 μg m-3 with an average of 112.3 μg m-3 during the entire
measurement campaign, which is much higher than the WHO
standard for daily mean PM2.5 concentration (25 μg m−3). We
categorized the 25 measurement days into low, moderate and
severe pollution days according to the Chinese national
ambient air quality standard (NAAQS) of 75 μg m−3 (daily
concentration) and the mean + σ (170 μg m−3), that is, low
pollution days (PM2.5 ≤ 75 μg m−3, 8 days), moderate
pollution days (75 ≤ PM2.5 ≤ 170 μg m−3, 13 days), and severe
pollution days (PM2.5 ≥ 170 μg m−3, 4 days) (see Figure S2a).
The average concentrations of PM2.5 are approximately 2 and 5
times higher during moderate pollution days (112.1 μg m-3)
and severe pollution days (241.4 μg m−3) than during low
pollution days (51.2 μg m−3), respectively. Figure S2b shows
the meteorological data during the measurement period. The
temperature was rather stable (around 0 °C) during the entire
measurement period. The wind speed was generally lower
during moderate and severe pollution days compared to low
pollution days as low wind speed favors the development of
stagnant weather conditions. The relative humidity (RH) was
also generally higher during moderate and severe pollution
days than during low pollution days. The high RH favors the
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decrease of planetary boundary layer (PBL) height and
therefore the accumulation of aerosol.26

There are two main considerations for the selection of those
14 elements. On the one hand, these elements are frequently
used to determine health risks in previous studies.18,23 On the
other hand, they are commonly used in source apportionment
studies because of their source specificity and significant
relative abundance allowing their precious quantification.20,27

The average concentrations of these elements are shown in
Table S4 for different pollution conditions. The total
concentrations of all measured elements constituted 0.9%,
2.2%, 3.3%, and 2.1% of PM2.5 mass during severe pollution
days, moderate pollution days, low pollution days, and the
entire measurement period, respectively. The percentages are
consistent with previous studies. For example, measurements
in Beijing in winter 2006 showed that these 14 elements

Figure 1. Concentration distribution of trace elements in PM2.5: (a) major elements, (b) submajor elements, and (c) minor elements during low
pollution days, moderate pollution days, and severe pollution days.

Figure 2. Exchangeable, reducible, oxidizable, and residual fraction of trace elements in PM2.5 during low pollution days, moderate pollution days,
severe pollution days, and full period. Blue dashed line represents 50% bioavailability index (BI).
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constituted about 1.9% of the PM2.5 mass.20 Another study
showed the total concentration of Fe, Zn, Pb, Ti, Mn, Ni, Cu,
As, Ba, V, and Cr constituted approximately 3.1% of PM2.5
mass in Beijing in December 2010.19 In Lanzhou, the capital of
the Gansu Province in China, the total concentration of these
elements (except Fe) constituted 1.6% (haze days) and 2.0%
(nonhaze days) of the PM2.5 mass in winter 2012.21 The
percentage of particulate trace elements is dependent on the
mass of other chemical composition, particularly sulfate,
nitrate, ammonium, and carbonaceous matter. The decrease
of the elemental fraction with the increase of pollution levels
could be attributed to the enhanced formation of secondary
inorganic aerosol and secondary organic aerosol during
pollution days.27

Figure 1 shows the total concentrations of individual
particulate trace elements during low pollution, moderate
pollution and severe pollution days. Fe, Zn, and Pb are the
most abundant elements (major elements), followed by a
submajor group (including Ba, Mn, Cu, Ni, Ti, and As) and a
minor group (including Co, Cr, V, Cd, and Sr). The
concentrations of each measured element increased as
pollution levels increased. Statistically significant difference
between the concentrations of the elements during severe
pollution days and low pollution days can be observed for all
elements, except for Ti and Sr (t-test, p < 0.05). The
concentrations of trace elements are 1.1−2.5 times higher
during moderate pollution days and 1.3−7.3 times higher
during severe pollution days than those during low pollution
days (see Table S4), indicating a significant accumulation of
the particulate trace elements during pollution days. Among all
elements, the concentrations of carcinogenic elements
including As, Cd, and Pb increased most significantly by a
factor of 4.4−7.3 from low pollution days to severe pollution
days. Therefore, it is crucial to understand the sources of these
elements and whether the sources and their contribution
change with the pollution levels.
Chemical Fractionation and Bioavailability Index of

Trace Elements in PM2.5. Figure 2 shows the fractionation
distribution of individual elements under different pollution
conditions. Fe, Zn, Cr, Ti, and Ba were present mainly in
residual fraction (>50%). The percentage of this fraction was
rather constant from low pollution days to moderate and
severe pollution days (4−8% difference) except for Zn and Ba
which show larger decrease from low pollution days to severe
pollution days (from 49% to 27% for Zn and 81% to 64% for
Ba). The constitution of Ni was rather constant under different
pollution conditions, i.e., about 24% of exchangeable fraction,
23% of reducible fraction, 27% of oxidizable fraction, and 26%

of residual fraction. The characteristics of Ni, Fe, and Zn are
consistent with previous studies in Guangzhou and Nanjing.15

Pb existed predominantly in the reducible fraction (64%) at
different pollution levels, indicating a large potential in
transformation to exchangeable fraction. Mn and V present
mainly in exchangeable fraction (49% for Mn, 41% for V) and
reducible fraction (27% for both Mn and V). Cd, As, Sr, and
Co were presented mainly in exchangeable fraction, which
were consistent with results reported by Schleicher et al.10 Cu
was found mainly in exchangeable fraction (29%), reducible
fraction (28%), and oxidizable fraction (38%), but little in
residual fraction (5%). This observation could be attributed to
its strong ability in combining with organic matter.28

As discussed above, the distribution pattern of these four
fractions determines the bioavailability of an element and
therefore the health risk. The exchangeable fraction is readily
dissolved and penetrates to the bloodstream through lung
fluids, and thus represents a high bioavailability.15 The
reducible fraction is thermodynamically unstable and suscep-
tible to pH changes and redox conditions. This fraction can
become bioavailable and causes a potential risk to human
health under anoxic conditions.29 The exchangeable and
reducible fraction together can lead to “direct effect” on
human health through biochemical reactions within cells and
the formation of reactive oxygen species that can cause cellular
imbalance and oxidative stress.15,16,18 The exchangeable and
reducible fraction of an element is represented as a
bioavailability index (BI) to estimate its potential bioavail-
ability.15,16 The values of BI < 30%, 30% < BI < 50%, and BI >
50% represent low, medium, and high bioavailability,
respectively.30 As shown in Figure 2, the BI values of Cr, Ti,
and Ba were lower than 30% representing low health risk. The
BI values of Ni, Fe, and Zn were between 30% and 50%, while
the BI values of Pb, Cd, Mn, Sr, As, V, Co, and Cu were larger
than 50% indicating high bioavailability and toxicity. It should
be noted that the BI values of Fe, Mn, Ti, Pb, As, Cu, Co, Cr,
and Ni were rather constant at different pollution levels.
However, the BI values of Cd, Sr, V, Zn, and Ba enhanced
significantly in the severe pollution days, compared to those in
low pollution days (p < 0.05). In particular, the largest
transformation of Zn was observed from low pollution days
(BI = 31%) to severe pollution days (BI = 66%), suggesting a
higher risk of some particulate heavy metals to human health in
pollution days than in low pollution days.

Sources of Trace Elements. A receptor model (PMF) has
been widely used for source apportionment of particulate
matter, and it was used to identify and quantify the main
sources of elements measured in this study. Figures S3 and S5

Figure 3. Relative (a) and absolute (b) source contributions to the measured trace elements in PM2.5 during low, moderate, and severe pollution
days and entire measurement period, respectively.
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provide details regarding the estimated source profiles,
indicating the relative intensity of element to each factor and
the fraction of the total predicted concentration for a given
element, which can be useful for qualitative identification of
the sources. In Figure S4 we show the correlation (R2) of each
element with each source identified by PMF. Four factors were
identified, including oil combustion, dust, traffic-related, and
coal combustion emissions. The first factor is characterized by
a high contribution of vanadium (∼50%), often used as a
tracer for oil combustion in many previous studies in
China.31−35 It should be noted that the composition of the
emissions might be different depending on the country of
origin. For example, vanadium may not be a good tracer of oil
combustion in some countries depending on quality and
country of origin of the oil. Selenium is a good tracer for coal
combustion emission in the U.S., but not the case in China.36

Therefore, attention should be paid to the difference in
emission signature for source identification. The second factor
is dominated by crustal elements, e.g., Ti and Fe.18 This factor
represents crustal materials, mainly from unpaved road and/or
construction activities, and constitutes 13.5−30.1% of the total
mass of measured elements (Figure 3a). The third factor is
characterized by high contributions of Ni, Ba, Cr, and Cu,
which have been considered to be from tire abrasion, brake
linings, lubricants, and corrosion of vehicular parts.19,37,38 The
relative contributions of this factor to Cr and Ni are >70%,
most likely from brake wear as reported in Visser et al.38 Also
for this factor, Fe constitutes ∼45% of the total mass of
measured elements, consistent with previous results that traffic-
related emissions are dominated by Fe.38 The fourth factor
contributes more than 80% to As, Cd, and Pb, and ∼50% to
Mn, Co, and Zn. As, Pb, and Cd are found in the exhaust from
the activities associated with coal burning processes and
smelting furnace and have been used as tracers for coal
combustion emissions.35

The relative contribution of each factor to the total mass
concentration of measured elements is shown in Figure 3a. Oil
combustion was a negligible source, contributing <1% of total
mass of elements measured in Beijing, irrespective of the
pollution level. Traffic-related emission was the dominant
source during low pollution days, contributing 65% of total
mass of the measured elements, followed by dust emission
(21%) and coal combustion (14%). During moderate pollution
days, the contribution of traffic-related emission decreased
significantly to 35%, and the contribution of dust (30%) and
coal combustion (34%) increased to around one-third,
respectively. During severe pollution days, the coal combustion
emission increased to be the dominant contribution (58%),
followed by traffic-related (28%) and dust emission (14%).
Figure 3b shows the absolute contribution of each factor to the
mass concentrations of trace elements in PM2.5 at different
pollution levels. With increasing pollution level, the absolute
contribution of coal combustion increased dramatically (from
0.15 to 1.24 μg m−3). However, traffic emissions remained
rather stable (∼0.6 μg m−3). The observed differences in both
relative and absolute source contributions highlight the
changes in emissions and/or accumulation at different
pollution levels.
Health Risk Assessment. The health risk from inhalation

of particulate trace elements in wintertime 2014 in Beijing is
assessed. The calculated values of exposure concentration
(EC), inhalation reference concentration (RfC) and inhalation
unit risk (IUR) are shown in Table S5. Mn (10.8 ng m−3 for

both children and adults) and Pb (3.16 ng m−3 for children
and 12.6 ng m−3 for adults) are found to have the highest
exposure concentrations among the noncarcinogenic and
carcinogenic elements, respectively. The carcinogenic risks of
inhaling particulate Cd, Co, and Ni are lower than the
precautionary criterion (10−6) both for children and adults.
The carcinogenic risks of Pb and As are higher than 10−6 for
adults only, but the carcinogenic risks of Cr for children and
adults both exceed the precautionary criterion (Table S6).
Furthermore, the combined carcinogenic risks from these trace
elements are 2.85 × 10−6 for children and 1.14 × 10−5 for
adults, both higher than the precautionary criterion, indicating
that for every million children and million adults living in local
environment, approximately 3 children and 12 adults may
develop cancer from inhaling these particulate trace elements
during their lifetime. The noncarcinogenic health risks via
inhalation of particulate As, Cd, Co, Cr, Mn, Ni, and V are all
lower than the safe limit (i.e., hazard quotient (HQ) < 1) for
both children and adults (Table S6). However, the sum of HQ
values from these trace elements is 1.14, indicating
accumulative noncarcinogenic risks.
In combination with the source profiles resolved by PMF,

the element-specific risk is then translated into source-specific
risk. The results in Table S7 show that coal combustion has the
highest carcinogenic risk (5.31 × 10−6 for adults and 1.33 ×
10−6 for children), followed by traffic-related emissions (4.84 ×
10−6 for adults and 1.21 × 10−6 for children). The carcinogenic
risk of dust (1.05 × 10−6) is slightly higher than the
precautionary criterion (10−6) for adults only. As for the
noncarcinogenic health risk, the HQ value of individual
emission sources identified in this study is lower than the safe
limit (HQ < 1), but the accumulative HQ values from these
emission sources are higher than 1 for both children and
adults.
The contribution of each source to health risk is finally

calculated by combining the source-specific risk and the PMF
source apportionment results. For carcinogenic risk, traffic-
related emission was the dominant source (76.6%) during low
pollution days. This percentage decreased to 44.4% during
moderate pollution days and contribution from coal
combustion increased from 18.1% to 47.3%. The contribution
from coal combustion increased further to 67% during severe
pollution days (Figure 4). These results suggest that significant
carcinogenic risks can result from coal combustion and traffic-
related emission in wintertime Beijing. The contribution
patterns for noncarcinogenic risks are somewhat different
from those for carcinogenic risks (Figure 4). Traffic-related
emission was the major contributor, but had a higher
contribution (88.6%) during low pollution days. During
moderate pollution days, the traffic-related contribution
decreased to 65.3% and coal combustion increased to 30.2%.
The contribution from coal combustion increased further to
around 50%, showing importance equal to traffic-related
emission. The difference in health risks may be due to
difference in the source composition of PM2.5 at different
pollution levels. Furthermore, the large contribution from
these two sources is associated with the high normalized health
risk (i.e., carcinogenic or noncarcinogenic risk normalized by
element mass) of Cr, Co, Cd, As, and Ni from vehicular
emission and coal combustion (see Figure S6).
The results are in agreement with previous work on source

apportionment that used actual mortality data from six U.S.
cities.39 Our work further extends to source-specific health risk
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assessment from the concentration- and/or component-
response risk assessment.40,41 In addition, other studies relate
specific particulate matter source apportionment with actual
health data (e.g., hospital admissions, or mortality).42−44 For
example, Ozkaynak and Thurston showed that particles from
industrial sources (e.g., from iron/steel emissions) and coal
combustion were more significant contributors to human
mortality than soil-derived particles.42 Ostro et al. found that
several sources of PM2.5, including vehicle exhaust, fuel oil
combustion, secondary nitrate/organics, minerals, secondary
sulfate/organics, and road dust, had statistically significant
associations (p < 0.05) with cardiovascular risks.43 The results
of Bell et al. suggested that some particle sources and
constituents are more harmful than others and that in the
Connecticut/Massachusetts region the most harmful particles
include black carbon, calcium, and road dust PM2.5.

44 In our
work, traffic-related emission is the dominant contributor for
both carcinogenic and noncarcinogenic risks during low
pollution days, while coal combustion becomes equally or
even more important contributor during moderate and severe
pollution days.
Limitations of the Risk Assessment. The carcinogenic

and noncarcinogenic risks through direct inhalation of
particulate trace elements were calculated using US Environ-
mental Protection Agency (US EPA) human health risk
assessment models (US EPA 2009).24 In this study, we extend
such chemical component-response health risk assessment to
source-specific risk assessment by combining with source
apportionment analysis. This assessment was made by a
number of assumptions, including the assessment models used,
reference toxic data, default exposure parameters, and
population characteristic parameters. Other exposure routes,
including ingestion of atmospheric particulates after deposi-
tion, dermal absorption of particles adhered to exposed skin,
and atmospheric particle exposure indoors, were not
considered. Notwithstanding, inhalation is regarded as the
most efficient administration route of particulate matter into
the human blood. Other important toxic constituents in PM2.5,
e.g., atmospheric mercury, elemental carbon, and polycyclic
aromatic hydrocarbons, were not considered. Therefore, health
risk assessments presented here are only limited to trace
elements. Nevertheless, the four sources identified through

trace elements in this study are widespread in China and
therefore estimates are relevant on a regional scale. It should
also be noted that the source-related risks derived may differ
from the sum of the risks from each constitute as the actual
risks of the mixtures may be synergetic. Despite uncertainties
related with the absolute risk assessments provided in this
study, they may serve as useful (although untested here)
indices for comparing our results with previous and future
work aiming at the determination of health risks associated
with the chemical composition and sources of particulate
matter.15,30,45,46 In particular, the risk indices determined in
this study should be validated in future studies against direct
measurements of health impact.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.8b02091.

Tables S1−S7 and Figures S1−S6 with addition
experimental procedures and results as described in
the text (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: rujin.huang@ieecas.cn (R.-J.H.).
ORCID
Ru-Jin Huang: 0000-0002-4907-9616
Chunshui Lin: 0000-0003-3175-6778
Imad El Haddad: 0000-0002-2461-7238
Andre S. H. Prevot: 0000-0002-9243-8194
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Key Research and
Development Program of China (No. 2017YFC0212701), the
National Natural Science Foundation of China (NSFC) under
Grant No. 91644219, 41877408, and 91544107.

■ REFERENCES
(1) Cakmak, S.; Dales, R.; Kauri, L. M.; Mahmud, M.; Van Ryswyk,
K.; Vanos, J.; Liu, L.; Kumarathasan, P.; Thomson, E.; Vincent, R.
Metal composition of fine particulate air pollution and acute changes
in cardiorespiratory physiology. Environ. Pollut. 2014, 189, 208−214.
(2) Lu, S.-l.; Yao, Z.-k.; Chen, X.-h.; Wu, M.-h.; Sheng, G.-y.; Fu, J.-
m.; Daly, P. The relationship between physicochemical character-
ization and the potential toxicity of fine particulates (PM2.5) in
Shanghai atmosphere. Atmos. Environ. 2008, 42 (31), 7205−7214.
(3) Bollati, V.; Marinelli, B.; Apostoli, P.; Bonzini, M.; Nordio, F.;
Hoxha, M.; Pegoraro, V.; Motta, V.; Tarantini, L.; Cantone, L.
Exposure to metal-rich particulate matter modifies the expression of
candidate microRNAs in peripheral blood leukocytes. Environ. Health
Perspect. 2010, 118 (6), 763−768.
(4) Gerlofs-Nijland, M. E.; Rummelhard, M.; Boere, A. J. F.;
Leseman, D. L.; Duffin, R.; Schins, R. P.; Borm, P. J.; Sillanpaa, M.;
Salonen, R. O.; Cassee, F. R. Particle induced toxicity in relation to
transition metal and polycyclic aromatic hydrocarbon contents.
Environ. Sci. Technol. 2009, 43 (13), 4729−4736.
(5) Carter, J. D.; Ghio, A. J.; Samet, J. M.; Devlin, R. B. Cytokine
production by human airway epithelial cells after exposure to an air
pollution particle is metal-dependent. Toxicol. Appl. Pharmacol. 1997,
146 (2), 180−188.

Figure 4. Contribution of each source to carcinogenic risks (CR) and
noncarcinogenic risks (NCR) via inhalation exposure to PM2.5-bound
trace elements on low, moderate, severe pollution days, and full
period in wintertime Beijing.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b02091
Environ. Sci. Technol. 2018, 52, 10967−10974

10972

Chapter 3.5 Source-Specific Health Risk Analysis on Particulate Trace Elements: Coal
Combustion and Traffic Emission as Major Contributors in Wintertime Beijing

84



(6) Ghio, A. J.; Stonehuerner, J.; Dailey, L. A.; Carter, J. D. Metals
associated with both the water-soluble and insoluble fractions of an
ambient air pollution particle catalyze an oxidative stress. Inhalation
Toxicol. 1999, 11 (1), 37−49.
(7) Wilson, M. R.; Lightbody, J. H.; Donaldson, K.; Sales, J.; Stone,
V. Interactions between ultrafine particles and transition metals in
vivo and in vitro. Toxicol. Appl. Pharmacol. 2002, 184 (3), 172−179.
(8) Espinosa, A. J. F.; Rodríguez, M. T.; de la Rosa, F. J. B.; Sańchez,
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Abstract. The sources, formation mechanism and amount
of organosulfates (OS) in atmospheric aerosol are not yet
well understood, partly due to the lack of authentic stan-
dards for quantification. In this study, we report an im-
proved robust procedure for the synthesis of organosulfates
with different functional groups. Nine authentic organosul-
fate standards were synthesized and four standards (benzyl
sulfate, phenyl sulfate, glycolic acid sulfate, and hydroxy-
acetone sulfate) were used to quantify their ambient concen-
trations. The authentic standards and ambient aerosol sam-
ples were analyzed using an optimized ultra performance
liquid chromatography–electrospray ionization-tandem mass
spectrometric method (UPLC–ESI–MS/MS). The recovery
ranged from 80.4 to 93.2 %, the limits of detection and
limits of quantification obtained were 1.1–16.7 and 3.4–
55.6 pg m−3, respectively. Measurements of ambient aerosol

particle samples collected in winter 2013/2014 in urban
Xi’an, northwestern China, show that glycolic acid sulfate
(77.3± 49.2 ng m−3) is the most abundant species of the
identified organosulfates followed by hydroxyacetone sul-
fate (1.3± 0.5 ng m−3), phenyl sulfate (0.14± 0.09 ng m−3),
and benzyl sulfate (0.04± 0.01 ng m−3). Except for hydrox-
yacetone sulfate, which seems to form mainly from biogenic
emissions in this region, the organosulfates quantified during
winter in Xi’an show an increasing trend with an increase
in the mass concentrations of organic carbon indicating their
anthropogenic origin.
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Figure 1. General scheme for the synthesis of organosulfate, modified from Staudt et al. (2014) and Hettiyadura et al. (2015).

1 Introduction

Atmospheric aerosol particles represent a highly complex
blend of inorganic and organic matter originating from a
wide variety of both natural and anthropogenic sources. The
organic fraction typically constitutes 20–90 % of the total
submicron aerosol mass and is much less constrained in
terms of chemical composition than the inorganic fraction
(Jimenez et al., 2009; Hallquist et al., 2009). Only ∼ 10–
30 % of the particulate organic matter has been identified
as specific compounds despite years of effort and the use of
the most sophisticated techniques available (Hoffmann et al.,
2011). The insufficient knowledge of the composition of or-
ganic aerosol particles at the molecular level hinders a bet-
ter understanding of the sources, formation and atmospheric
processes of organic aerosol as well as their physicochemical
properties and effects on climate and human health (Noziere
et al., 2015).

Organosulfates are ubiquitous in atmospheric aerosol and
have been detected in ambient aerosol particles from Amer-
ica, Europe, Asia and the Arctic during the last decade (e.g.,
Surratt et al., 2008; Iinuma et al., 2007; Stone et al., 2012;
Hansen et al., 2014; Kourtchev et al., 2016; Surratt et al.,
2007). Due to the presence of the deprotonated functional
group R–O–SO−3 , organosulfates are acidic and highly wa-
ter soluble and thus can enhance the aerosol hygroscopicity.
These characteristics, together with the light-absorbing prop-
erty of organosulfates, lead to potential impacts on climate
(Lin et al., 2014).

Organosulfates are tracers of secondary organic aerosol
(SOA) formation and have been demonstrated to be pro-
duced from heterogeneous and multiphase reactions (e.g.,
Surratt et al., 2008; Iinuma et al., 2007; Chan et al., 2011;
Zhang et al., 2012). Chamber studies have found that the
oxidation of biogenic volatile organic compounds (BVOCs)
including isoprene, monoterpenes and sesquiterpenes can
form organosulfates on acidified sulfate particles (e.g., Sur-
ratt et al., 2008; Iinuma et al., 2007; Chan et al., 2011;
Zhang et al., 2012). A very recent study revealed a pre-
viously unrecognized pathway for organosulfate formation

through the heterogeneous reaction of SO2 with the unsat-
urated bond in oleic acid (Shang et al., 2016). A number
of biogenic organosulfates have been observed in ambient
aerosol, in particular, isoprene-derived organosulfates (e.g.,
Kristensen et al., 2011; He et al., 2014; Liao et al., 2015;
Budisulistiorini et al., 2015). A recent study reported the
formation of aromatic organosulfates by photochemical ox-
idation of polycyclic aromatic hydrocarbons (PAHs) in the
presence of sulfate seed particles (Riva et al., 2016). Aro-
matic organosulfates have also recently been observed in ur-
ban aerosol from different locations in Asia. The presence
of aromatic organosulfates was first suggested by Stone et
al. (2012) based on analysis of aerosol samples collected
at four sites in Asia. Kundu et al. (2013) quantified ben-
zyl sulfate (C7H7SO−4 ) and identified its homologous se-
ries with increasing number of methylene groups (C8H9SO−4
and C9H11SO−4 ) in Lahore, Pakistan. Furthermore, Staudt et
al. (2014) synthesized phenyl sulfate, benzyl sulfate, 3- and
4-methylphenyl sulfate and 2-, 3-, and 4-methylbenzyl sul-
fate and quantified them in aerosols collected in urban sam-
ples from Lahore and Pasadena, USA as well as Nepal. Ma
et al. (2014) reported the contribution up to 64 % from aro-
matic organosulfates to the sum of identified organosulfates
during winter in Shanghai, while Wang et al. (2016) found
aromatic organosulfates to constitute less than 22 % of the
detected number of organosulfates in Shanghai, Nanjing and
Wuhan.

Organosulfates have been estimated to contribute 5–10 %
of the organic mass in fine particles in the USA (Tolocka
and Turpin, 2012). However, quantification of organosulfates
is a challenging task due to the lack of authentic standards
and incomplete understanding of the sources, precursors and
formation processes of organosulfates. To date, many stud-
ies of organosulfates have remained at the qualitative level,
although a limited number of studies have provided quan-
titative or semi-quantitative analysis of certain organosul-
fates (e.g., Kundu et al., 2013; Staudt et al., 2014; Ma et al.,
2014; Olson et al., 2011; Hettiyadura et al., 2017). More-
over, several studies show that organosulfates are present as
a wide range of species with individual species such as the
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organosulfate derived from isoprene epoxydiols (IEPOXs)
contributing 0.2–1.4 % of the total organic aerosol mass
(Liao et al., 2015). This further complicates the quantifica-
tion of organosulfates. A few organosulfate standards have
been synthesized for quantification purposes. For example,
Olsen et al. (2011) measured 0.4–3.8 ng m−3 lactic acid sul-
fate and 1.9–11.3 ng m−3 glycolic acid sulfate in samples
of PM2.5 (particulate matter with an aerodynamic diameter
< 2.5 µm) from the US, Mexico City, and Pakistan. Kundu
et al. (2013) measured monthly average concentrations of
benzyl sulfate ranging from 0.05 to 0.5 ng m−3 in PM2.5
samples from Lahore, Pakistan. Staudt et al. (2014) quan-
tified benzyl sulfate ranging from 4 to 90 pg m−3 in PM2.5
samples from Lahore (Pakistan), Godavari (Nepal), and
Pasadena (California), while methylbenzyl sulfates, phenyl
sulfate, and methylphenyl sulfates were observed intermit-
tently in these three locations. Furthermore, Hettiyadura et
al. (2015) developed a hydrophilic interaction liquid chro-
matography method using an amide stationary phase pro-
viding excellent retention of carboxy-organosulfates and
isoprene-derived organosulfates, which was validated using
six model organosulfates including aliphatic and aromatic
organosulfates.

Previous field studies focusing on organosulfates were
conducted mainly in Europe (e.g., Iinuma et al., 2007; Kris-
tensen et al., 2011; Gómez-González et al., 2008, 2012;
Nguyen et al., 2014; Martinsson et al., 2017), North America
(e.g., Surratt et al., 2007; Nguyen et al., 2012; Worton et al.,
2011) and a few in China (He et al., 2014; Ma et al., 2014).
The particulate air pollution has been a serious environmen-
tal problem during recent winters in China, characterized by
high secondary aerosol concentrations including sulfate and
SOA (e.g., Huang et al., 2014; Elser et al., 2016; Wang et
al., 2017). As organosulfates are tracers for SOA, more stud-
ies on organosulfates will help to better understand and con-
strain the SOA formation mechanisms in highly polluted re-
gions (e.g., China) and to reconcile the underestimation of
particle-phase organic carbon in atmospheric models.

In this study, nine organosulfate standards (phenyl sulfate,
3-methylphenyl sulfate, benzyl sulfate, 2-methyl benzyl sul-
fate, 3-methyl benzyl sulfate, 2, 4-dimethyl benzyl sulfate, 3,
5-dimethyl benzyl sulfate, hydroxyacetone sulfate and gly-
colic acid sulfate) were synthesized using an approach mod-
ified from Staudt et al. (2014) and Hettiyadura et al. (2015).
These authentic standards were used to optimize an ultra
performance liquid chromatography electrospray ionization-
tandem mass spectrometric method (UPLC–ESI–MS/MS)
for the quantification of organosulfates. The presence and
concentration of four of these organosulfates, namely, benzyl
sulfate, phenyl sulfate, glycolic acid sulfate and hydroxyace-
tone sulfate, were determined in ambient PM2,5 collected in
urban air in Xi’an, China. The rest five organosulfates were
not quantified in ambient PM2.5 because the standards were
synthesized at a later stage of the study.

2 Material and methods

2.1 Chemicals and synthesis

The chemicals used for the synthesis of organosulfates in-
cluded hydroxyacetone (99 %, Sigma Aldrich), glycolic acid
(99 %, Sigma Aldrich), phenol (99.5 %, Tic), benzyl alcohol
(99.8 %, Aladdin, Shanghai, China), m-cresol (99 %, Sigma
Aldrich), sulfur trioxide pyridine complex (98 %, Sigma
Aldrich), pyridine (99.9 %, Sigma Aldrich) and Dowex®

50WX8 (hydrogen form, 100–200 mesh, Sigma Aldrich).
MilliQ water (18.2 M�) was used, and all other reagents
were analytical grade and used without further purification.

The organosulfate standards were synthesized using a gen-
eral approach modified from Staudt et al. (2014) and Het-
tiyadura et al. (2015). Figure 1 shows the reaction scheme.
In general, alcohol (7.0 mmol) and sulfur trioxide pyridine
complex (1.2 equiv.) was dissolved in dry pyridine (10 mL)
in an oven-dried, three-necked flask provided with magnetic
stirring under nitrogen. The reaction mixture was stirred at
30 ◦C for 24 h, and then the solvent was removed via distil-
lation under vacuum at 50 ◦C. The residue was redissolved
in distilled water (10 mL) and titrated with 0.9 M KOH until
pH was above 12. Neat ethanol (40 mL, 65 ◦C) was added
to the aqueous solution. The resulting solution was heated to
reflux followed by a quick vacuum filtration to remove the
stark white precipitate. The mother liquor was then placed
in a freezer (−25 ◦C) overnight. The potassium salts of
organosulfate formed in the mother liquor were collected by
vacuum filtration, rinsed with cold ethanol three times and
dried to obtain the target product. The synthesized organosul-
fate standards were stored in refrigerator (∼ 4 ◦C) and no de-
composition was observed after 2 years as confirmed by nu-
clear magnetic resonance (NMR) analysis.

2.2 Characterization

The synthesized products were characterized with NMR and
ESI–MS. 1H NMR and 13C NMR spectra were recorded
on a Bruker Advance-III 40 MHz spectrometer at 400 and
100 MHz, respectively using trimethylsilane (TMS) as an in-
ternal standard. Chemical shifts are reported in ppm down-
field from the internal reference. The NMR spectra are
shown in Supplement. The following abbreviations are used
for the multiplicities: s= singlet, m=multiplet. The yield
for phenyl sulfate was 45 %, 1H NMR (400 MHz, D2O):
δ/ppm 7.29–7.43 (m, 5H), 13C NMR (100 MHz, D2O):
δ/ppm 121.6, 126.4, 129.8 and 151.2. The yield for benzyl
sulfate was 70 %, 1H NMR (400 MHz, DMSO-d6): δ/ppm
7.25–7.40 (m, 5 H), 4.76 (s, 2 H), 13C NMR (100 MHz,
DMSO-d6): δ/ppm 67.9, 127.8, 128.0, 128.6 and 138.4.
The yield for hydroxyacetone sulfate was 45 %, 1H NMR
(400 MHz, DMSO-d6): δ/ppm 4.22 (s, 2 H), 2.11 (s, 3 H),
13C NMR (100 MHz, DMSO-d6): δ/ppm 26.9, 71.4 and
207.0. The yield for glycolic acid sulfate was 35 %, 1H NMR
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Table 1. The optimized ESI-MS/MS parameters and UPLC retention time of measured organosulfates.

Organosulfate Deprotonate molecule Product ion Cone voltage Collision energy Retention time
(m/z) (m/z) (V) (eV) (min)

Phenyl sulfate C6H5SO−4 SO−3 (80) 41 20 0.86± 0.02
(173) C6H5O− (93) 21

Benzyl sulfate C7H7SO−4 (187) HSO−3 (81) 42 19 0.96± 0.02
(187) SO−4 (96) 22

Hydroxyacetone C3H5SO−5 SO−3 (80) 32 18 1.10± 0.02
sulfate (153) HSO−4 (97) 20
Glycolic acid C2H3SO−6 C2H3O−3 (75) 26 18 5.78± 0.03
sulfate (155) HSO−4 (97) 14

Figure 2. The fragmentation (left) and mass spectra (right) of ben-
zyl sulfate (a), phenyl sulfate (b), hydroxyacetone sulfate (c) and
glycolic acid sulfate (d).

(400 MHz, DMSO-d6): δ/ppm 4.07 (s, 2 H) and 13C NMR
(100 MHz, DMSO-d6): δ/ppm 65.0, 173.1. The organosul-
fate standards were recrystallized in ethanol for purification
and purity of these synthesized standards is > 95 %, con-
firmed by NMR analysis. Exact mass spectra were recorded
on a high-resolution mass spectrometer (HR–MS, Q Exactive
Plus, Thermo Scientific, USA) equipped with an ESI source
in the negative ion mode (ESI-). The ESI conditions were as
follows: spray voltage −3.2 kV, collision energy (CE) 40 V
for benzyl sulfate and 45 V for hydroxyacetone sulfate, 3-
methylphenyl sulfate, glycolic acid sulfate and phenyl sul-
fate, capillary temperature 350 ◦C, aux gas heater tempera-
ture 320 ◦C, sheath gas flow rate 35 and aux gas flow rate 10.
The mass resolving power was 70 000. Data acquisition was
performed with m/z ranging from 50 to 200.

2.3 PM2.5 samples

The 24 h integrated PM2.5 samples were collected on pre-
baked (780 ◦C, 3 h) quartz-fiber filters (8× 10 inch, What-
man, QM-A, USA) using a high-volume sampler (Tisch,
Cleveland, OH, USA) at a flow rate of 1.05 m3 min−1 from
18 December 2013 to 17 February 2014. After collection,
the filter samples were immediately wrapped in pre-baked
aluminum foil and stored in a freezer (below −20 ◦C) un-
til analysis. The sampling site was located on the rooftop
of the Institute of Earth and Environment (∼ 10 m above the
ground), Chinese Academy of Sciences (IEECAS, 34.23◦ N,
108.88◦ E), which is surrounded by residential, commercial
and trafficked areas.

2.4 Sample analysis

A portion of the filter (6× 0.526 cm2 punch) taken from
each sample was sonicated for 25 min in 9 mL of acetoni-
trile (ACN)/water mixture (95 : 5, V/V ). The extracts were
filtered through a 0.22 µm polypropylene membrane syringe
filter to remove insoluble material. The eluate was concen-
trated almost to dryness with a gentle stream of purified
nitrogen (99.999 %) at 45 ◦C using an evaporation system
(TurboVap® LV, biotage), then redissolved in 500 µL of ace-
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Figure 3. Typical chromatograms of organosulfates from the mix-
ture of authentic standard solution and ambient PM2.5 samples,
measured with the UPLC–ESI–MS/MS method. Note, the intensity
of benzyl sulfate and phenyl sulfate refers to the left y axis, and the
intensity of hydroxyacetone sulfate and glycolic acid sulfate refers
to right y axis.

tonitrile/water mixture (V/V , 95 : 5). The prepared samples
were stored at 4 ◦C in the refrigerator and analyzed within
24 h. The separation and quantification were realized using a
ACQUITY UPLC system (equipped with a quaternary pump,
autosampler, and thermostated column compartment) cou-
pled to a tandem mass spectrometer (Xevo TQ MS, Wa-
ters, USA). The separation was carried out using a BEH
amide column (2.1 mm× 100 mm, 1.7 µm particle size, Wa-
ters, USA) equipped with a pre-column. The column was
maintained at 35 ◦C and the flow rate of mobile phase was
0.25 mL min−1. A 5 µL injection volume was used for quan-
titative analysis of samples and standards. The optimized mo-
bile phase A (organic) consisted of ammonium acetate buffer
(5 mM, pH 8.5) in ACN and ultra-pure water (95 : 5, V/V )
and mobile phase B (aqueous) consisted of ammonium ac-
etate buffer (5 mM, pH 9) in ultra-pure water. A mobile phase
gradient was used: mobile phase A was maintained at 98 %
for 2 min, then decreased to 60 % from 2 to 5 min and then
held there for 2 min; from 7 to 12 min mobile phase A was
returned to 98 %. Organosulfates were detected by a TQ MS
equipped with an ESI source in the negative ion mode. The
mass spectrometer was operated in multiple reaction moni-
toring (MRM) mode. Optimized MS conditions for the four
organosulfates chosen for the field studies (e.g., cone volt-
ages and collision energies) are listed in Table 1. The capil-
lary voltage was 2.7 kV, source temperature was 150 ◦C, de-
solvation temperature was 350 ◦C, desolvation gas (N2) flow
rate at 800 L h−1, cone gas (N2) flow rate was 150 L h−1,
and collision gas (Ar) flow rate was 0.16 mL min−1. All data
were acquired and processed using MassLynx software (ver-
sion 4.1). All samples and standard spectra were background
subtracted.

2.5 Quality control

For every 10 analyses, a procedural blank and a spiked sam-
ple, real ambient samples spiked with known amounts of a
standard solution of organosulfates to be quantified, were
measured to check for interference and cross-contamination.
The external standard method was used for quantitative de-
termination of the analytes. The limits of detection are de-
fined as the minimum detectable peaks of individual species
with a signal-to-noise (S/N) ratio of 3 : 1. The recoveries
were determined by the analysis of the spiked samples: we
first measured a filter punch without spike and then measured
the second punch from the identical filter spiked with known
amounts of a standard solution of organosulfates. The differ-
ences between these two measurements were divided by the
amounts of organosulfates spiked to calculate the recoveries
of individual organosulfates. This recovery test also provides
an indication of potential matrix effect. The reproducibility
(relative standard deviation, RSD) was determined by mea-
suring five identical samples that were subjected to the same
pretreatment procedure. The field blank samples were col-
lected and analyzed, and the data reported here were cor-
rected for the field blanks.

3 Results and discussion

3.1 Mass spectral fragmentation and UPLC separation

Each synthesized organosulfate was analyzed by high res-
olution tandem MS (MS/MS). The molecular ion for each
organosulfate was assigned to the deprotonated molecule (R–
O–SO−3 ). Major sulfur-containing product ions included the
sulfite ion radical ( qSO−3 , m/z 80) that is formed from the
homolytic cleavage of the O–S bond, the sulfate ion radical
( qSO−4 , m/z 96) that is formed from the homolytic cleav-
age of the C–O bond, the bisulfite anion (HSO−3 , m/z 81)
that is formed from hydrogen abstraction followed by the
heterolytic cleavage of the O–S bond, and the bisulfate an-
ion (HSO−4 , m/z 97). Phenyl sulfate, 3-methylphenyl sul-
fate, and glycolic acid sulfate produce phenoxide (C6H5O−,
m/z 93), 3-methylphenoxide (C7H7O−, m/z 107) and gly-
colate (C2H3O−3 , m/z 75) anions, respectively, formed from
neutral loss of SO3. The mass spectra of these compounds are
shown in Fig. 2. The mass spectrum of phenyl sulfate is simi-
lar to that reported by Staudt et al. (2014), the mass spectra of
hydroxy acetone sulfate and glycolic acid sulfate are similar
to those reported by Hettiyadura et al. (2015) and the spec-
trum of benzyl sulfate is similar to that reported by Kundu et
al. (2013), confirming the identity of the compounds.

The ESI-MS/MS in MRM mode is applied for the quan-
tification of individual organosulfates. This can greatly en-
hance the selectivity and sensitivity by monitoring a transi-
tion pair of precursor and product ions and thus eliminating
potential interferences from the complex aerosol matrix. Ta-
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Table 2. Analytical performance of the UPLC-ESI-MS/MS method for organosulfate analysis.

Organosulfate Linear range Linearity Recovery LOD (pg), LOQ (pg), LOD∗ LOQ∗

(ng mL−1) (R2) % injection volume injection volume (pg m−3) (pg m−3)
(5 µL) (5 µL)

Phenyl sulfate 0.1–40 0.998 80.4 0.13 0.43 1.1 3.5
Benzyl sulfate 0.1–40 0.998 89.6 0.13 0.43 1.1 3.4
Hydroxyacetone sulfate 0.3–120 0.997 93.2 2.1 6.9 16.7 55.6
Glycolic acid sulfate 2–800 0.995 92.0 0.27 0.88 2.1 7.1

∗ For analyzing 6× 0.526 cm punches of filters collected with high-volume samplers (sampling at 1.13 m3 min−1 for 24 h on 8”× 10” filters).

Table 3. The quantification of organosulfates at Xi’an and comparison with data reported in the literature.

Organosulfate ng m−3

Location Date PM2.5 OC benzyl phenyl hydroxyacetone glycolic acid Ref.
µg m−3 µg m−3 sulfate sulfate sulfate sulfate

Riverside, CA 27/07/05 16.5 7.6 – – – 3.3 Olson et al. (2011)
Mexico City (T0) 26/03/06 40 8.5 – – – 4.1
Mexico City (T1) 26/03/06 33 5.2 – – – 7.0
Cleveland, OH 15/07/07 12.7 3.9 – – – 1.9
Bakersfield, CA 16–18/06/10 11.1–12.0 4.0-4.8 – – – 4.5–5.4
Lahore, Pakistan 02/11/07 327.5 174.7 – – – 11.3
Lahore, Pakistan 12/01/2007– – – 0.05–0.50 – – – Kundu et al. (2013)

13/01/2008
Lahore, Pakistan Mar/07 177.1 44.6 0.09 0.004 – – Staudt et al. (2014)
Godavari, Nepal Feb/07 42.0 4.7 0.004 ND – –
Pasadena, CA 5–6/06/10 41.8–44.1 7.3–7.6 0.006–0.007 ND – –
Centreville, AL 10–11/07/13 – – ND ND 2.7–5.8 9–14 Hettiyadura et al. (2015)
Shanghai 5–7/04/12 – – 0.3–0.8 – – – Ma et al. (2014)

12–14/07/12
27–29/10/12
14–16/01/13

Xi’an (n= 10) 18/12/13– 94.7–314.5 14.9–68.5 0.03–0.06 0.04–0.31 0.9–2.6 18.1–155.5 This study
17/02/14

ble 1 shows the optimized ESI- conditions and the transi-
tion pairs for each organosulfate studied. The organosulfate
standards were separated by UPLC using a BEH amide col-
umn that retains extremely polar compounds through ionic,
hydrogen bonding and dipole interactions. A gradient elu-
tion procedure was applied and the aqueous portion of the
mobile phase increased from 7–43 %, leading to the base-
line separation of four organosulfates within 6 min (Fig. 3a).
The retention time was 0.86 min for phenyl sulfate, 0.96 min
for benzyl sulfate, 1.10 min for hydroxyacetone sulfate and
5.78 min for glycolic acid sulfate, respectively. The mobile
phase was buffered to slightly basic pH to maintain the de-
protonated state of the organosulfates, which favors the sep-
aration. The amide functionalization of the BEH stationary
phase introduces hydrogen bonding and strengthens inter-
action with organosulfates particularly for those containing
carboxyl and hydroxyl functional groups. It should be noted
that the chromatographic peak-broadening occurred partic-
ularly for phenyl sulfate and hydroxyacetone sulfate when
analyzing the ambient samples (Fig. 3b). This might be ex-
plained by matrix effects due to the complex samples, which

can influence the partitioning of analyte between the station-
ary phase and mobile phase, particularly for those analytes
with weak retention on the column. However, the quantifica-
tion of organosulfates is not affected by the peak broadening
because the transition pair of precursor and product ions used
in the MRM mode of the mass spectrometer guarantees se-
lectivity and accuracy.

3.2 Method validation

Table 2 shows the analytical performance of the method un-
der optimized UPLC and MS/MS conditions. The calibration
curves of each organosulfate are highly linear (R2

≥ 0.995),
ranging from 0.1–40 ng mL−1 for phenyl sulfate and ben-
zyl sulfate, from 0.3–120 ng mL−1 for hydroxyacetone sul-
fate, and 2.0–800 ng mL−1 for glycolic acid sulfate. The re-
coveries, determined by analyzing ambient samples spiked
with known amounts of organosulfate standards, ranging
from 80.4–93.2 %. The good recoveries indicate high extrac-
tion efficiency, low sample matrix effect and low error from
sample pretreatment and the UPLC-MS measurement. The
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Figure 4. Time series of organosulfates (ng m−3), OC (µg m−3), SO2−
4 (µg m−3) and the fraction of individual organosulfates in total sulfur

and OC (a). The average concentrations of individual organosulfates and the fractional contribution in total sulfur and OC during high and
low pollution days are also shown (b).

limit of detection (LOD, S/N= 3) and limit of quantifica-
tion (LOQ, S/N= 10) ranged from 0.03 to 0.42 ng mL−1 and
0.09 to 1.4 ng mL−1 of the extracts, respectively. This corre-
sponds to LODs of 1.1 to 16.7 pg m−3 and LOQs of 3.4 to
55.6 pg m−3, respectively, using the current set-up (see ex-
perimental section).

3.3 Quantification of organosulfates in ambient aerosol

Ambient PM2.5 samples were extracted and analyzed by
UPLC-MS/MS following the same procedure as the OS
standards. The four selected organosulfates were identi-
fied according to the transition pairs of precursor and
product ions of individual compounds on the MS/MS as
well as the UPLC retention time. Table 3 shows the con-
centrations of phenyl sulfate, benzyl sulfate, hydroxyace-
tone sulfate, and glycolic acid sulfate in PM2.5 samples
collected at Xi’an (this work), together with concentra-
tions reported in the literature from other locations world-
wide for comparison. In our samples from Xi’an gly-
colic acid sulfate (average 77.3± 49.2 ng m−3, range 18.1–
155.5 ng m−3) was the most abundant species of the identi-
fied organosulfate followed by hydroxyacetone sulfate (av-
erage 1.3± 0.5 ng m−3, range 0.9–2.6 ng m−3), phenyl sul-
fate (average 0.14± 0.09 ng m−3, range 0.04–0.31 ng m−3)

and benzyl sulfate (average 0.04± 0.01 ng m−3, range 0.03–
0.06 ng m−3).

The concentration of glycolic acid sulfate quantified in
this study is about one order of magnitude higher than those
reported in the literature (see Table 3), indicating the sub-
stantial formation of this secondary organic compound in

polluted urban Xi’an. Glycolic acid sulfate can form effi-
ciently from glycolic acid relative to glyoxal in the presence
of acidic sulfate particles (Olson et al., 2011). While both or-
ganic precursors (glycolic acid and glyoxal) have biogenic
and anthropogenic origins, they form mainly from the oxida-
tion of anthropogenic emissions during winter in Xi’an. The
concentrations of particle-phase glyoxal and glycolic acid
measured at Xi’an during winter have been reported to be
significantly higher compared to other studied regions (e.g.,
Kawamura and Yasui, 2005; Miyazaki et al., 2009; Cheng et
al., 2013), which thus may explain the elevated glycolic acid
sulfate. The concentration of the other three organosulfates
quantified in this study was much lower, but falling into the
ranges measured in other regions.

It is noted that the time series of glycolic acid sulfate,
phenyl sulfate and benzyl sulfate is similar to that of or-
ganic carbon (OC) and SO2−

4 , while the concentration of
hydroxyacetone sulfate did not show an increasing trend
when the concentrations of OC increased (Fig. 4a). Hy-
droxyacetone sulfate can form from photochemical oxida-
tion of isoprene and/or isoprene ozonolysis in the presence
of acidic sulfate aerosols (Surratt et al., 2008; Riva et al.,
2015), although hydroxyacetone was also suggested to orig-
inate from anthropogenic emissions (e.g., biomass burning
and fossil fuel combustion) (Hansen et al., 2014). Also,
the formation rate of biogenic hydroxyacetone sulfate and
anthropogenic hydroxyacetone sulfate may different. This
may explain the lack of correlation between hydroxyace-
tone sulfate and OC during winter in Xi’an. The average
concentrations of glycolic acid sulfate, phenyl sulfate and
benzyl sulfate were 1.3–3.2× higher during high pollution
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days (PM2.5 range of 293.7–314.5 µg m−3 with an average of
300.6 µg m−3) than during low pollution days (PM2.5 range
of 94.7–121.2 µg m−3 with an average of 106.4 µg m−3),
while the average concentrations of hydroxyacetone sulfate
were rather similar between high pollution days and low pol-
lution days (Fig. 4b). These four organosulfates together ac-
count for 0.25 % of total sulfur and 0.05 % of OC, respec-
tively.

4 Conclusions

Nine authentic organosulfate standards, including phenyl sul-
fate, 3-methylphenyl sulfate, benzyl sulfate, 2-methyl benzyl
sulfate, 3-methyl benzyl sulfate, 2, 4-dimethyl benzyl sulfate,
3, 5-dimethyl benzyl sulfate, hydroxyacetone sulfate and gly-
colic acid sulfate, were synthesized in this study using an
improved robust procedure. The synthesized compounds of
benzyl sulfate, phenyl sulfate, glycolic acid sulfate, and hy-
droxyacetone sulfate were used as standards for quantifica-
tion of these molecules in ambient PM2.5 samples. The other
five organosulfate standards were synthesized, but not used
for quantification of ambient samples in this study. An im-
proved UPLC-ESI-MS/MS method was developed and opti-
mized for the quantification. The recovery ranges from 80.4–
93.2 %, and the limits of detection and limits of quantifi-
cation obtained are 1.1–16.7 and 3.4–55.6 pg m−3, respec-
tively. Measurements of PM2.5 samples from Xi’an show
that glycolic acid sulfate (77.3± 49.2 ng m−3) is the most
abundant organosulfate followed by hydroxyacetone sulfate
(1.3± 0.5 ng m−3), phenyl sulfate (0.14± 0.09 ng m−3) and
benzyl sulfate (0.04± 0.01 ng m−3). Glycolic acid sulfate,
phenyl sulfate and benzyl sulfate show an increasing trend
with the increase of OC concentrations indicating their an-
thropogenic origin.
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ABSTRACT: Light-absorbing organic carbon (i.e., brown carbon or BrC) in the atmospheric aerosol has significant con-
tribution to light absorption and radiative forcing. However, the link between BrC optical properties and chemical composition
remains poorly constrained. In this study, we combine spectrophotometric measurements and chemical analyses of BrC samples
collected from July 2008 to June 2009 in urban Xi’an, Northwest China. Elevated BrC was observed in winter (5 times higher
than in summer), largely due to increased emissions from wintertime domestic biomass burning. The light absorption coefficient
of methanol-soluble BrC at 365 nm (on average approximately twice that of water-soluble BrC) was found to correlate strongly
with both parent polycyclic aromatic hydrocarbons (parent-PAHs, 27 species) and their carbonyl oxygenated derivatives
(carbonyl-OPAHs, 15 species) in all seasons (r2 > 0.61). These measured parent-PAHs and carbonyl-OPAHs account for on
average ∼1.7% of the overall absorption of methanol-soluble BrC, about 5 times higher than their mass fraction in total organic
carbon (OC, ∼0.35%). The fractional solar absorption by BrC relative to element carbon (EC) in the ultraviolet range (300−400 nm)
is significant during winter (42 ± 18% for water-soluble BrC and 76 ± 29% for methanol-soluble BrC), which may greatly affect
the radiative balance and tropospheric photochemistry and therefore the climate and air quality.

■ INTRODUCTION
Carbonaceous aerosol, including organic carbon (OC) and black
carbon (BC), constitutes a large fraction of atmospheric aerosol
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and influences Earth’s climate directly by absorbing and scat-
tering radiation. The importance of BC has been well docu-
mented over the past decades because of its strong light absorp-
tion coefficient.1−4 However, only in recent years has the role of
brown carbon (BrC) been recognized.5−16 BrC is a group of light
absorbing organic compounds with absorption increasing sharply
from the visible (Vis) to ultraviolet (UV) range. Although the
mass absorption efficiency of BrC is lower than that of BC, its
contribution to the UV absorption of carbonaceous aerosol is
potentially significant due to the much higher abundance of OC
compared to BC in continental aerosol. In addition to the direct
effect on solar radiation, BrC immersed in cloud droplets absorbs
light and might facilitate water evaporation and cloud dispersion,
which is an additional indirect effect that counteracts the cooling
effect of cloud droplet nucleation by aerosol.17

The sources of BrC are not well characterized so far. Emissions
from incomplete and smoldering combustion of biomass, including
forest fires, burning of wood and agricultural waste, are known to
be a main source of BrC.18−22 Coal combustion is also recog-
nized to be the source of BrC, particularly in areas with res-
idential coal combustion.23−25 BrC can also be produced from
atmospheric processes other than direct combustion emissions.
As summarized in a recent review paper,15 “secondary BrC” can
be formed from atmospheric multiphase reactions between the
gas-phase, particle-phase, and cloud droplet constituents. The
difference in BrC emission sources together with the formation
of secondary BrC result in the complexity in BrC chemical com-
position and absorption properties. Additional complications
stem from the dynamic evolution of BrC in its physicochemical
properties as a consequence of atmospheric aging, which can
either enhance or reduce light absorption by BrC.26−29 It is there-
fore a challenging task to investigate the effect of the dynamically
evolving BrC composition on its absorption properties.
Measurements of BrC absorption properties can be realized by

spectrophotometric analysis of aerosol extracts. As solution extracts
of aerosol do not contain BC or mineral dust, the light absorption
of BrC contained in these extracts can be measured without
interference of BC or mineral dust.30 Spectrophotometric ana-
lysis of solution extracts can also provide highly spectrally resolved
data over a wide wavelength range. Further, chemical analysis of
individual chromophores in the solution extracts and their cor-
relation with spectrophotometric measurements can provide a
better understanding of the effects of BrCmolecular composition
and chemistry on its optical properties. Such correlation studies
are still in their early stages but are of importance because recent
evidence shows that the overall absorption properties of some
BrC compounds may be determined by the very minor presence
of highly absorbing chromophores with unique molecular struc-
tures and precursor-specific chemistry in their formation and
evolution.15,31

Model studies show elevated BrC annual burden in the areas
with large biomass burning activities, such as in Africa, India, and
China.32,33 High concentrations of BrC in China may greatly
influence the visibility, air quality, climate, and the tropospheric
photochemistry. However, BrC related studies are still very scarce
in China, with very limited studies focusing on the light absorption
properties in megacities, for example, Beijing.34−36 Here, we
extended the BrC studies to Xi’an, a megacity in northwest China
experiencing severe particulate air pollution, especially in the
wintertime domestic heating season due to enhanced biomass
burning activities. The objectives of this study were to investigate
(1) the concentrations and seasonal variations of BrC in urban
Xi’an; (2) the correlation of BrC absorption with individual

chromophores; and (3) the fractional solar absorption by BrC
relative to EC.

■ EXPERIMENTAL SECTION
Ambient Sample Collection. 24-h integrated PM2.5 sam-

ples were collected every 6 days on prebaked (780 °C, 3 h)
quartz-fiber filters (8 × 10 in., Whatman, QM-A) using a Hi-Vol
PM2.5 air sampler (Tisch, Cleveland, OH) at a flow rate of
1.05 m3 min−1 from 5 July 2008 to 27 June 2009. After collection,
the filter samples were immediately wrapped in baked aluminum
foils and stored in a freezer (below −10 °C) until analysis. The
sampling site was located on the rooftop of the Institute of Earth
and Environment (∼10 m above the ground), Chinese Academy
of Sciences (IEECAS), which was surrounded by residential,
commercial and traffic area (see Supporting Information (SI)
Figure S1).The seasonal division was made according to the
meteorological characteristics, that is, the period from 15November
to 14 March was designated as winter, from 15March to 31 May as
spring, from 1 June to 31 August as summer and from 1 September
to 14 November as Fall.37 SI Figure S2 show the seasonal
frequency distribution of wind speed and wind direction.

Filter Extraction and Absorption Spectra Analysis.
A portion of filter (0.526 cm2 punch) taken from each sample was
sonicated for 1 h in 10mL of ultrapure water (>18.2MΩ) or meth-
anol (J. T. Baker, HPLC grade). The extracts were then filtered
with a 0.45 μm PTFE pore syringe filter to remove insoluble
material. The extraction efficiencies were tested by analyzing the
absorption (365 nm) of the second extracts of the same filters
and the OC remained on the filter after the first extraction (see
SI and Figure S3). Absorption spectra of the extracts (water or
methanol) were measured using a Liquid Waveguide Capillary
Cell (LWCC-3100, World Precision Instrument) equipped with
a UV−vis spectrophotometer (300−700 nm), following themethod
established by Hecobian et al. (2010).8 The extracts were diluted
to the rangewhere the Beer−Lambert law is valid before absorption
spectra measurements. The spectra recorded were corrected for
the filter blanks. The absorption data were converted to the absorp-
tion coefficient following eq 1

= ‐ × ×λ λ l
Abs (A A )

V
V

ln(10)l
700

a (1)

where Absλ (Mm−1) represents the absorption coefficient of filter
extracts at wavelength of λ. Aλ (arbitrary unit) is the absorbance
recorded. Vl (in mL) corresponds to the volume of solvent (water
or methanol) used to extract the filter sample, and Va (in m

3) is the
volume of the air sampled through the filter punch. The optical
length (l) of LWCCused here is 0.94m and ln(10) converts the log
base-10 (recorded by UV−vis spectrophotometer) to natural log-
arithm to provide base-e absorption coefficient. To account for
baseline shift that may occur during analysis, absorption at all wave-
lengths below 700 nm are referenced to that of 700 nmwhere there
is no absorption for ambient aerosol extracts. The average
absorption coefficient between 360 and 370 nm (Abs365) is used
to represent BrC absorption in order to avoid interferences from
nonorganic compounds (e.g., nitrate) and to maintain consistence
with previous reported results.
The mass absorption efficiency (MAE) of the filter extract at

wavelength of λ can be described as

=λ
λMAE

Abs
M (2)

where M (μgC m−3) is the water-soluble organic carbon (WSOC)
concentration for water extracts or methanol-soluble organic
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carbon (MSOC) concentration for methanol extracts. Note that
for methanol extracts the use of an organic solvent prohibits deter-
mining carbonmass and therefore the OC concentrationmeasured
by the thermal/optical carbon analyzer is used assuming OC is
completely extracted by methanol. This assumption may lead to
underestimate of the MAE of methanol extracted BrC, although
previous studies show high OC extraction efficiencies by meth-
anol (e.g.,∼95% for biomass burning OC and∼85% for ambient
OC in Beijing).36,38

The wavelength dependence for light absorption by chromo-
phores in solution can be characterized by a power law equation:

= ·λλ
‐KAbs AAE

(3)

where K is a constant related to chromophores concentration
and AAE is termed the absorption Ångström exponent, which
depends on the types of the chromophores in solution. The AAE
of filter extracts is calculated by a linear regression of log Absλ
versus log λ in the wavelength range of 330−550 nm. This range
is chosen to (1) avoid interferences from nonorganic compounds
at lower wavelength; (2) ensure sufficient signal-noise ratio for
the investigate samples.
Chemical Analysis. OC and EC were measured by a DRI

Model 2001 thermal/optical carbon analyzer following the
IMPROVE-A temperature protocol. More details were described
in previous studies.39,40 WSOC concentration was determined by a
TOC/TN analyzer (TOC−L, Shimadzu, Japan) and details were
described elsewhere.41 The concentrations of levoglucosan and
water-soluble inorganic ions (NH4

+, SO4
2−, NO3

−, Cl−, Na+, K+,
Ca2+, Mg2+) were determined with ion chromatography
following procedures described by Zhang et al.37 The concen-
trations of particulate polycyclic aromatic hydrocarbons (PAHs)
and their oxygenated (OPAHs) and nitro derivatives, including
27 parent-PAHs, 15 carbonyl-OPAHs, 8 hydroxyl- and carboxyl-
OPAHs, and 9 nitro-PAHs, were analyzed with a gas chromatog-
raphy−mass spectrometer (GC−MS) followingmethods described
by Wang et al.42

Direct Solar Absorption of Brown Carbon Relative to
Element Carbon. The measurement of EC light absorption
coefficient by thermal/optical carbon analyzer is similar to the
determination of BC light absorption by Aethalometer, which
measure the light attenuation through a particle-loaded and a
particle-free reference quartz filter. Intercomparison between atten-
uation coefficient derived by the carbon analyzer and Aethalometer
showed good agreement, indicating the equivalence of light
absorption measurement by the two analytical methods.43 The
artifacts associated with the filter-based measurement of EC absorp-
tion coefficient were corrected following the method of Ram and
Sarin43 (see SI for more details). The direct solar absorption of
brown carbon relative to EC was estimated by the approach
similar to Kirchstetter and Thatcher44 and Kirillova et al.45

Briefly, light absorption by absorbing species x (BrC or EC
herein) follows the Beer−Lambert’s law as

λ
− = − − ·λ

I I
I

e( ) 1 b h0

0

xap, , ABL

(4)

where hABL corresponds to the boundary layer height (assuming
1000 m), bap,x,λ for EC denotes the absorption coefficient derived
from the thermal/optical carbon analysis described above, and
for BrC bap,x,λ represents the absorption coefficient of particulate
BrC. Previous studies reported that the light absorption
coefficient of particulate BrC is about 0.7−2.0 times that of
BrC aerosol extract.46,47 Here, a conversion factor of 1 is applied

and the uncertainties are estimated. Then, the fraction of solar
radiation absorbed by water- or methanol-soluble BrC aerosol
relative to EC is given by

∫
∫
λ λ

λ λ
= −

−
− ·

− ·
λ

λ
f

I e

I e

( ){1 }d

( ){1 }d

b h

b h
0

0

ap ABL

ap ABL

, BrC(water/methanol),

,EC,
(5)

where I0(λ) is the clear sky Air Mass 1 Global Horizontal solar
irradiance.48 The fraction f is obtained by numerical integration
of the above formula in the wavelength range of 300−2500 nm,
300−700 nm and 300−400 nm for each sample, respectively.
This approximate estimation is based on the following assump-
tions (1) the ground measurement results represent the whole
atmospheric boundary layer; (2) the light absorption coefficient
of BrC aerosol extract is equal to that of particulate BrC.

■ RESULTS AND DISCUSSION
Light Absorption Properties of Soluble BrC. Figure 1

shows the seasonal average absorption spectra of WSOC and
MSOC at the wavelengths between 300 and 700 nm, which
exhibit the common characteristic of BrC with sharply increasing
absorbance toward shorter wavelength and is obviously different
from the absorption properties of BC which are only weakly
wavelength dependent with an AAE close to 1. The seasonal
average AAE of WSOC varies slightly between 5.7 and 6.1 with
mean values of 5.9, within the range of previous studies in, for
example, the New Delhi, Beijing and outflow from northern
China.35,45,49 The AAE of MSOC (6.0± 0.2) is comparable with
that of WSOC, consistent with a previous study in urban Beijing
during winter.36 This feature is different from measurements in
the Los Angeles Basin and the North American continental tro-
posphere where the AAE values of MSOC are lower compared to
AAE values ofWSOC.13,50 The difference in AAE between China
andNorth America might reflect the difference in emission sources
and atmospheric processes which determine the composition of
BrC chromophores. Another evident feature of BrC absorption
spectra shown in Figure 1 is that absorption coefficient of MSOC
is always greater than that of WSOC across all measurement
wavelengths, which is consistent with previous studies. This can
be attributed to the difference in type and amount of chromo-
phores extracted, i.e., more chromophores are extracted in meth-
anol (e.g., PAHs from biomass burning and fossil fuel com-
bustion) but not in water.38,50 It should be noted that the change
of pH from particles to water extracts may affect BrC absorption,
as Phillips et al.51 showed that the BrC absorption increases by
10% per pH unit from pH 2−12. We calculated the particle
pH value of the NH4

+-SO4
2−-NO3

−-Cl−-Na+-K+-Ca2+-Mg2+

system using the thermodynamic model ISORROPIA-II which
was run in “forward” mode.52 Our results show that the average
particle pH during the entire measurement period was 5.97,
similar to previous studies in Xi’an.53 Therefore, the pH change
from particle to water extracts is likely less than 1 pH unit and the
effect on BrC absorption is less than 10%.
Figure 2a and b show the time series of absorption coefficient

ofWSOC andMSOC at 365 nm (i.e., Abs365,WSOC and Abs365,MSOC)
as well as the concentrations of WSOC, OC, levoglucosan, parent-
PAHs and carbonyl-OPAHs. They all show clear seasonal variations
with enhanced values in winter. The seasonal averages for all
measured parameters peak in winter, decreasing in fall and spring
and reaching the minimum in summer (see SI Table S1). It should
be noted that Abs365,MSOC is approximately two times (1.7−2.1)
higher than Abs365,WSOC in all seasons, indicating that MSOC
provides a better estimation of BrC thanWSOC. Figure 2c shows
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the comparison with previous studies in East Asia, South Asia,
and the U.S. Note that Abs365,MSOC was not measured in
most previous studies and therefore only Abs365,WSOC values are
compared here. It can be seen from the figure that Abs365,WSOC

in the urban regions of South Asia and East Asia is much higher
than that in the U.S., indicating the large difference in the
composition and concentration of chromophores. The winter-
time Abs365,WSOC is significantly higher than the summertime
Abs365,WSOC in China (P < 0.001), which could be attributed

to the enhanced emissions of BrC from residential heating in
winter.
Figure 3a and b show the correlation between Abs365,WSOC and

WSOC and between Abs365,MSOC andOC, respectively. The slopes
represent the seasonal average of mass absorption efficiency at
the wavelength of 365 nm (MAE365), which follows the descending
order of winter > fall > spring > summer for both WSOC and
MSOC (see also SI Table S1). The seasonal difference in
MAE365,WSOC and MAE365,MSOC indicates the seasonal difference

Figure 2. Time series of the light absorption coefficient of WSOC and MSOC at 365 nm (Abs365,WSOC and Abs365, MSOC, respectively) as well as OC,
WSOC (a) and levoglucosan, parent-PAHs, carbonyl-OPAHs concentrations (b) and comparison of Abs365,WSOC in South Asia, East Asia, and the
United States (c).

Figure 1. Seasonal average absorption spectra ofMSOC (a and b) andWSOC (c and d) plotted on a linear (top) and logarithmic (bottom) scale. AAE is
determined by a linear regression of log(Absλ) versus log(λ) in the wavelength range of 330−550 nm.
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in the chemical composition and sources of BrC, the latter is
further supported by the seasonal difference in correlation coef-
ficient (r2) of the linear regression. For example, a high corre-
lation was observed in winter for both WSOC (r2=0.81) and
MSOC (r2 = 0.79), which is consistent with the high correlation
between Abs365,WSOC and levoglucosan (r2 = 0.65) and between
Abs365,MSOC and levoglucosan (r

2 = 0.71) inwinter (Figure 3c and d),
indicating that biomass burning emissions are the major source
contributing to the absorption of BrC at Xi’an in winter (Biomass
burning was found to be the dominant source of organic aerosol
in Xi’an during winter37,54). Furthermore, the MAE values
(average of 1.65 for WSOC and 1.33 for MSOC) in winter are
within the range of MAE of biomass burning ((e.g., 1.3−1.8 for
corn stalk,55 1.37 for rice straw,56∼ 1.9 for BB smoke particles57),
which further supports that biomass burning is the major BrC
source in winter in Xi’an. In contrast to the wintertime case, a
lower correlation was observed in summer for both WSOC (r2 =
0.49) and MSOC (r2 = 0.31) because more WSOC and MSOC
in summer are derived from secondary organic aerosol (SOA)
and many low molecular weight SOA compounds are colorless.
The diversity in the sources of BrC in different seasons is further
supported by the descending order of spring > winter > fall >
summer for the correlation coefficient between Abs365,WSOC and
levoglucosan and betweenAbs365,MSOC and levoglucosan (Figure 3c
and d), and by the smaller correlation coefficient (except spring)
between Abs365,WSOC and levoglucosan and between Abs365,MSOC
and levoglucosan when compared to the corresponding correla-
tion coefficient between Abs365,WSOC and WSOC and between
Abs365,MSOC and OC. In other words, there existed other sources
contributing to BrC in Xi’an in all seasons, particularly in summer
(e.g., secondary BrC). Note that the high correlation suggests
similar sources and lifetimes in the atmosphere and are not likely
to be driven by changes in the boundary layer mixing volumes
which are more like to promote changes in absolute concen-
tration by a factor of ∼2 as we observed in Xi’an between winter
and summer (The boundary layer heights were 600−700 m in
winter and 1300−1500 m in summer, respectively58).
PAHs: An Efficient BrC Chromophore. PAHs are ubiq-

uitous in atmospheric particles from incomplete combustion of
biomass and coal. Data available in the literature show that some

PAHs, due to the large conjugated polycyclic structure, are strongly
light-absorbing compounds at near-UV wavelength range
(i.e., 300−400 nm, also see SI Figure S4) and therefore have
been suggested to be important BrC chromophores.47,59,60

In order to understand the potential contribution of PAHs to
BrC absorption, the relationships between light absorption of BrC
and the concentrations of parent-PAHs and carbonyl-OPAHs are
examined. Scatter plots of parent-PAHs and carbonyl−OPAHs
against Abs365,WSOC and Abs365,MSOC are shown in Figure 4.
In general, parent-PAHs and carbonyl-OPAHs are correlated
well with Abs365,MSOC in all seasons (r2 > 0.61). This result indi-
cates that a significant part of BrC comes from a similar source as
PAHs (i.e., incomplete combustion of biofuel or fossil fuel), or
that PAHs are a significant fraction of BrC chromophores.
Correlations of Abs365,WSOC with parent-PAHs and carbonyl-
OPAHs are lower compared to corresponding correlations with
Abs365,MSOC in all seasons. This is reasonable because parent-PAHs
and carbonyl-OPAHs are organic solvent extractable (e.g.,methanol)
but mostly insoluble in water. Therefore, they contribute to
methanol-soluble but not to water-soluble BrC absorption. The
moderate correlation coefficient of Abs365,WSOC with parent-PAHs
and carbonyl-OPAHs may be ascribed to the water-soluble
chromophores that coemitted with parent-PAHs and carbonyl-
OPAHs from sources such as biomass burning and coal combus-
tion. Again the extremely low correlations between Abs365,WSOC
and parent-PAHs and carbonyl-OPAHs in summer indicate that
extra sources, not associated with PAHs (e.g., SOA), contribute
to the light absorption of WSOC.
The potential contribution of PAHs to the bulk light absorp-

tion of BrC (300−700 nm) in ambient air is estimated following
a method modified from Samburova et al.60 who estimated the
contribution of PAHs to BrC light absorption in biomass burning
source emission. Here, the contribution was calculated based on
two parameters: ambient mass concentrations of individual PAHs
and its solar-spectrum-weighed light absorption efficiency−
MAEPAH_av. The latter was obtained by multiplying MAE of
individual PAHs with the power distribution of the solar
spectrum and spectrally integrated (see SI and Figure S5).56

SI Table S2 summarizes the MAEPAH_av of individual parent-
PAHs and carbonyl-OPAHs studied here. The PAHs with

Figure 3. Scatter plots of Abs365,WSOC and Abs365, MSOC against WSOC and OC (a and b) and levoglucosan concentrations (c and d) and the
corresponding linear correlation coefficients (e and f).
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MAEPAH_av > 0.1 m2 g−1 are named BrC_PAHs, which have
strong light absorption properties in the blue and near-UV
spectral region. Individual BrC_PAHs shows good correlation
with Abs365,MSOC (r

2 > 0.73, see Table 1), indicating further that
these PAHs are likely a significant fraction of BrC chromophores.
The contributions of individual BrC_PAHs to the BrC bulk
light absorption (300−700 nm) are estimated by dividing solar-
spectrum-weighed absorption coefficient of MSOC by that of
BrC_PAHs (MAEPAH,av×PAHconcentration). The overall annual
average contribution of all BrC_PAHs listed in Table 1 to the BrC
bulk light absorption is about 1.7%. This contribution is about
5 times of their mass contribution to organic carbon (∼0.35%),
indicating that even small amounts of light-absorbing com-
pounds can have a disproportionately high impact on the light
absorption properties of BrC. Besides PAHs, a few compounds
have been identified as BrC chromophore. Laboratory study

showed that N-heterocyclic PAHs (N-PAHs) with 4−6 aromatic
rings emitted from biomass burning are likely important BrC
chromophores but they absorb more solar radiation in the visible
wavelength range (400−500 nm) than their corresponding
PAHs.61 Mohr et al.62 quantified five nitrated phenol compounds
which accounted for ∼4% of BrC light absorption at 370 nm
in ambient air in Detling, United Kingdom. Zhang et al.50 iden-
tified eight nitro-aromatic compounds in aerosol extracts in
Los Angeles Basin, which contributed to ∼4% of water-soluble
BrC light absorption at 365 nm. Teich et al.63 determined eight
nitrated aromatic compounds in aerosol samples collected in
Germany and China. The mean contribution of these nitrated
aromatic compounds to water-soluble BrC light absorption at
370 nm ranged from 0.1 to 1.3% under acidic condition and from
0.1 to 3.7% under alkaline condition. However, in cloudwater sam-
ples heavily affected by biomass burning collected at Mount Tai,

Table 1. Annual Mean Contributions of Main BrC_PAHs Species to Methanol Extracted BrC Light Absorption

compounds r2 (conc.Vs Abs365,MSOC) MAEPAH_av
a (m2 g−1) concentration (ng m−3) contribution to BrC light absorption (%)

indeno[1,2,3-cd]pyrene 0.804 1.0711 6.17 0.272
benzo[b+j+k]fluoranthenes 0.862 0.3475 18.04 0.244
benzo[a]pyrene 0.807 0.7709 8.6 0.241
benzo[e]pyrene 0.863 0.7709 7.94 0.240
pyrene 0.849 0.3530 7.97 0.082
perylene 0.787 1.7942 1.09 0.074
coronene 0.777 0.2774 6.93 0.073
benzo[ghi]perylene 0.759 0.1821 6.64 0.052
retene 0.736 0.1969 10.12 0.044
benzo[a]anthracene 0.786 0.2842 4.81 0.041
fluoranthene 0.867 0.2834 3.52 0.028
dibenzo[a,h]anthracene 0.840 0.2842 1.33 0.015
chrysene 0.887 0.0883 4.99 0.014
anthracene 0.788 0.2801 0.65 0.006
7H-Benz[d,e]anthracene-7-one 0.796 0.4385 9.01 0.138
5,12-naphthacenedione 0.773 0.3069 2.76 0.026
9,10-anthracenedione 0.864 0.1033 5.26 0.015
9-fluorenone 0.847 0.0920 1.79 0.083
total 1.688

aMAEPAH_av of individual PAH is obtained by multiplying MAE of individual PAHs with the power distribution of the solar spectrum and spectrally
integrated (see Supporting Information).

Figure 4. Scatter plots of Abs365,WSOC and Abs365, MSOC versus concentrations of parent-PAHs (a and b) and carbonyl-OPAHs (c and d) and the
corresponding linear correlation coefficients (e and f).
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Desyaterik et al.64 identified 16 major light-absorbing compounds
(mainly nitrophenols and aromatic carbonyls compounds),
which contributed to ∼50% of BrC light absorption between
300 and 400 nm. In general, a large fraction of BrC chromophores
are still not identified so far. More studies are therefore necessary
to better understand the link between BrC light absorption
properties and the chemical composition.
Direct Solar Absorption of Brown Carbon Relative to

Element Carbon. The importance of BrC optical properties is
evaluated by calculating the fractional solar absorption by BrC
relative to EC following eq 5 and the results are shown in Table 2.
In the whole range of solar spectrum (300−2500 nm), the
amount of solar radiation absorbed by WSOC relative to EC is
only 2 ± 1% and 10 ± 4% in summer and winter, respectively,
which are similar to previous studies in Beijing (6 ± 3% in
summer and 11 ± 3% in winter),35 New Delhi (6 ± 3% in
winter)45 and Gosan, Korea (6 ± 2 in winter).49 MOSC shows
slightly higher contribution (i.e., 3± 1% in summer and 18± 7% in
winter). However, when considering theUV range (300−400 nm)
only, the fractional solar absorption by WSOC relative to EC
increases to 9 ± 3% in summer and to 42 ± 18% in winter. The
contribution from MSOC increases further to 15 ± 3% in
summer and to 76± 29% in winter. It should be noted that these
calculated results provide an approximate estimate of the relative
climate effect of BrC relative to EC, which may be affected by the
uncertainties associated with the assumptions (i.e., AAE of EC
(AAEEC) is set to 1 and the light absorption coefficient of par-
ticulate BrC is equal to that of BrC aerosol extract). When the
upper limit value of AAEEC (1.4) is applied, the fractional solar
absorption by BrC relative to EC in the UV range is still signif-
icant (38 ± 16% for WSOC and 68 ± 26% for MSOC during
winter) (see SI Table S3). Likewise, direct solar absorption of
BrC relative to EC is significant when the conversion factor of
light absorption coefficient between BrC aerosol extract and
particulate BrC varies from 0.7 to 2.0 (see SI Table S4), although
this estimate has its limitations derived from the simplifying
assumptions, for example, the light absorption of aerosol extracts
may not be directly translated into the absorption of ambient
aerosol considering the size distribution of aerosol, the effects of
internal mixing and the changes in absorption caused by dis-
solving the chromophores into methanol or water. Note that
although a constant boundary layer height of 1000 m was used
for the calculation, uncertainty analysis indicates that the change
of boundary layer height from 500 to 1500 m has a minor effect
on the results (<2%). These results indicate that although EC is
the main light-absorbing carbonaceous species in the atmos-
phere, the effect of BrC should not be ignored, especially in the
lower wavelength (i.e., below 400 nm) during winter season.
In general, the strong absorption of solar radiation by BrC in the
UV range may significantly affect the radiative balance and there-
fore the tropospheric photochemistry. For example, Jo et al.65

estimated that the inclusion of BrC absorption (traditional scat-
tering only) can lead to the decrease of annual NO2 photolysis
rate by up to ∼8% in surface air over Asia and therefore 6%
reduction of annual mean surface O3 concentration. Hammer
et al.66 examined the effects of BrC absorption on the tropospheric

OH photochemistry and found that OH concentrations
decreased by ∼5% over China in April 2007 due to BrC absorp-
tion. Therefore, future climate and air quality model should
consider the effect of BrC absorption.
Despite the uncertainties derived from assumptions discussed

above, our results show the significance of the direct solar absorp-
tion of BrC relative to EC. Understanding the BrC sources,
molecular composition and chemistry as well as the links with
optical properties are critical for better quantifying the implica-
tions of BrC, but is still in its early stages as discussed in a recent
reviewpaper.15 Similar to nitrated phenols, nitrated aromatics,50,62,63

the PAHs and carbonyl-OPAHs quantified here also only explain
a small fraction of BrC light absorption but their concentrations
are strongly correlated with MSOC absorption. Future studies of
BrC chemical characterization should target the speciation of com-
pounds coemitted with PAHs or the identification of common
features (e.g., functional groups) and proxy compounds.
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4. Conclusion and Future Work 

4.1 Summary of Main Results 

This project investigates the chemical nature and sources of atmospheric particulate matter in urban 

areas in Ireland (Dublin and Galway) and China (Shijiazhuang, Beijing, and Xi’an). The key findings 

are summarized as follows:  

1) Dublin city experiences frequent particulate air pollution events in winter, with episodic PM1 

concentrations reaching 300 μg m-3. Solid fuels, such as peat and wood, though consumed by 

<13% of the households, contribute up to 70% of the pollution. Similarly, in Galway, on the 

west coast of Ireland, pollution from solid fuel burning is a major cause of poor air quality in 

winter. Thus, emissions of solid fuel burning, especially peat burning, should be targeted to 

improve the air quality across Ireland. 

2) The summer time aerosol in Galway is dominated by secondary organic and inorganic aerosol, 

together accounting for up to 91% of the total NR-PM1. Secondary aerosol was found to 

originate from the secondary formation during long-range transport likely from eastern 

Ireland, the UK and/or France. 

3) The sources of PM1 in urban Shijiazhuang, China during winter were mainly from traffic, 

biomass burning, cooking, and coal combustion. The low OOA fraction (27%) in OA and the 

low sulfur oxidation degree (FSO4) of 0.18 indicated the dominance of primary particulate 

emissions in this top polluted city.  

4) Traffic-related emissions were dominant during low pollution periods in wintertime Beijing, 

contributing ~65% of the total trace elements (Fe, Zn, Pb, Mn, Cd, As, Sr, Co, V, Cu, and Ni) 

mass. However, coal combustion-related particulate trace elements were found to dominate 

the health risks during pollution periods. 

5) The sources of glycolic acid sulfate, phenyl sulfate, and benzyl sulfate in wintertime Xi’an, 

China were mainly anthropogenic while hydroxyacetone sulfate had a biogenic origin.  

6) Brown carbon (BrC) was mainly associated with biomass burning in winter Xi’an China, the 

mass concentration of which was ~5 times higher than that in summer. BrC was found to 
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affect the radiative balance significantly as indicated by its high fractional solar absorption 

relative to element carbon (42 - 76%). 

4.2 Future Work 

In light of the results presented in this thesis, several issues related to the chemical nature and sources 

of PM in urban areas remain unanswered and require further research. There is a need to further 

characterize the urban aerosols especially during pollution episodes, including reducing the 

uncertainty of source apportionment, and the quantification of the potential health and climate effects 

associated with emissions from solid fuel burning and traffic. To achieve these goals, measurements 

covering these multiple aspects should be carried out routinely by using state-of-the-art techniques 

including ACSM with source apportionment, multi-wavelength Aethalometer, radiocarbon 

determination, reactive oxygen species (ROS) measurement, and cloud condensation nuclei (CCN) 

counter. The combination of ACSM with radiocarbon measurement will reduce the uncertainty of the 

source apportionment while combining source apportionment with ROS measurement (e.g., using 

DTT essay) will potentially quantify the health risks associated with specific sources. Finally, CCN 

counter will provide some insights on cloud formation efficiency of particles from different sources.  

 


